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Thermal degradation of polyacrylomtrlle ﬁbres

R B Mathur, O F. Bal! and P Sivaram:

PoLyacryLONITRILE {PAN]) fibres have so far proved {0 be
one of the most successiul precursors for produong
carbon Obres. mainly because of their structure whach
prves high carbon yield and highly oriented carboa
backbone when pyrolysed. In order to obtain high-
performance carbon fibres from PAN, it i- essential to
(st make the strpctute stable enough 1o undertake
high-heat treatment temperatures (HTT 1000°C), so that
no damage 1s caused to the oriented carbon backbone.
PAN has iminally an open chamn structure whach, when
heated to {80 C and above, undergoes thermal
degradation to form a ladder polymer. The process is
konown as fow-temperature thermal stabilization, since
it is generally carried out around 250-300°C. A
thorough understanding of the process is required to
convert PAN mnio a thermaily stable structure, which
could later on lead to high-performance carbon fibres.
Stabitization of PAN involves lengthy isothermal
treatment I air at temperatures ranging from 200 to
200" C for periods 100-300 min' 72, The extended kength
of time required for the stabilization step represents a
limitation to the production of stabilized fibres on a
high oulput industrial scale, However, at the same time,
it provides motivation for many investigators to study
the nature of the thermally induced transtormations
that occur during stabilization. One of the charactensic
features of these chemical transformations 8 the evolution
of considerable heat (Figure 1} Indeed, conditions must
be chosen which moderale the rate of release of this
heat, otherwise the reacting fibres can suffer physical
damage. As stabilization proceeds, the reactants
responsible for this heat generation are diminished. In
general, it is at some point of diminished heat release
that the thermally treated polymer fibre approaches the
condition of being stabilized.

Process description

As shown in Figure 1, PAN initially possesses an open-
chain structure, wherein acrylonitrile molecule s
derived from ethylene by substituting oae hydrogen
atom for a nitrile group. The nitrile group has a highly
polar character. The polymer is largely stable, short
lengths of syndiotactic oF sotactic siruciure may exist.
The polarity of the nitrile group sels up sirong
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intermofecuiar dipole—dipofe forces which act as tross-
bnks and ymparts strength 1o the fibre.

Since nitrle groups are unsaturated, there is a
possibility of an additional palymerizatian reaction
through them, This reaction is induced by simply
heating the polymer, which results in a thermally stable
cyclized structure and is often referred to as ladder
polymer®. Ladder polymers tend to be thermally stable
because they may be heated to greater temperatures
before both the sides of the ladder break at the same
ring. A linear polymer, on the other hand, requires only
one bond to break the chain. The development of a
structure which does not allow molecular disotigntation
and loss in molecular weight, when heated, is very
important for cormpletely stabilized material. The
necessary step to achieve this is to heat-treat it
isothermafly at certain temperature which may cause
maximum cyclization without damaging the structure.
Such polymerization of PAN through nitrile group is
not a simple reaction and 18 wnfluenced by at least the
following factors: (i} heating rate; (i) temperature of
stabilization/oxidation; (i) treatment tme; {iv) envi-
ronment during heating; {v) stretch ratio during the
Process.

Heuoting rate

Smce the conversion o PAN nto & cychized structure 38
an exothermic reaction, it 18 obvious to heat it at a very
slow rate. Thus before going ahead with the stabili-
zation of PAN, it is necessary to first ook into s
complete thermal behaviour, as it gives an indicagion
for the processing parameters. A typical DSC/DTA
curve for PAN is shown in Figure 2. If the heating rate
is high, not only does the peak temperature of exotherm
shift to higher temperatures but it is very steep as well,
causing severe damage 1o the molecular chains. A
heating rate of 5°C min™" up to 180°C and slower
(2°C min~ %) therealter is recommended. Area under the
DSC curve gives the value of total heat flow, which 1s
usually m the ranpe 1200-1300 1/G.

The cyclization reaction is initiated around 18Q°C,
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Figure 1, Cyclization seachion in pelyacrionitnie.
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Figure 2. DTA curves of polyacrylonitrile fibres in presence of
nitrogen at different heating rates (a) at 10°C min~!, (b) at 5°C
min~ ', and (c) at 3°C min"*.

cither by ionic species or comonomers present in the
structure. It has been suggested that acids are
particularly active. The polymer PAN has a largely
atactic structure so that cychzation proceeds through
1Isotactic sequences or when rotation about the carbon
single bonds brings a nitrile group into the vicinity of
the ‘active chain end’. If there are large number of
active sites in the initial structure, the rate of cyclization
reaction can be extremely fast and it would be
impossible to contain the exotherm. An optimum
amount of comonomer content in the PAN fibre is
therefore necessary.

Temperature of stabilization/oxidation

The DSC/DTA curves shown in Figure 2 gives
information regarding maximum heat treatment tempe-
rature, which should generally be lower than the peak
exotherm temperature, ie. 270°C in this case, to be
given during stabilization process. In order to prevent
molecular disorientation, isothermal heating at a
relatively much lower temperature i1s carried out.
However, heating at lower temperatures takes a very
long time for completion of the cyclization reaction and
hence increasing temperature in steps is generally
preferred, e. g. isothermal heating of PAN at 200°C for
several hours stabilizes it enough to withstand higher
temperature, say 220°C, without damaging the structure.
Not only i1s the resulting exotherm much less but the
rate of diffusion of oxygen and cyclization is also much
faster at higher temperatures. By doing so, the total
isothermal heating time may be reduced to just half,
which is vital for commercial production of thermally
stable PAN fibres. An example 1s described below:

Effect of stepwise pre-oxidation on cyelization
reactions

Figure 3 represents the heat flow behaviour of PAN
fibre sample after it has been oxidized for 100 min at
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Figure 3. Effect of stepwise heating on the differential thermal
analysis behaviour of PAN fibres stabilized for 100 min at 230°C.

230°C (ref. 7). Portion ‘AB’ in the curve represents the
heat flow behaviour of this sample when the tempe-
rature is increased from 230°C to 240°C in five min.
Isothermal treatment of this sample for 10 min at 240°C
1s shown by region ‘BC’. As evident from the curve ‘AB’,
sharp exotherm associated with the fibre between 230°C
and 240°C shows the presence of uncyclized structure in
sample at ‘A’. Absence of the exotherm in region ‘BC’
suggests that the rate of cychzation is very slow at
240°C. However, if the temperature is further raised to
250°C 1n five min the exotherm again appears (region
‘CD"} though it is less severe compared to °‘AB’.
Isothermal heating at this temperature again does not
show any peak at all (region ‘DE’). Calculations of
activation energy made at points ‘C’ and ‘E’ show an
increase in the activation energy from 1163 to
128.9kJ mol~*. Similar trend is followed in regions ‘EF
and ‘FG’

In the case of PAN. fibres with a certain average angle
of orientation, 1t is clear that molecular chains
possessing varying degree of orientation are present, At
a given temperature, molecules with certain preferred
ortentations will react. For lesser oriented molecules,
higher activation energy should be required, 1.¢. as the
thermal stabilization of PAN f{ibres increases, higher
activation energies would be required. Figure 3 shows
that, although single low temperature, ¢.g. 240° C, is not
suflicient to cyclize the whole structure, a single high
temperature (say 260°C) may be more suitable,
However, this 1s not practicable since a large exotherm
assoclated with high temperature will destroy the
structure of PAN., A choice of different temperatures in
steps 15 therefore more suitable for the stabilization
ProCess.

Lflect of oxidizing medium

As owntioned earlier, cyclization of PAN can be
inttiated by 1onic initiators present in the form of
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comonomers around 180°C. Some degree of nitrile
polymerization can take place even in the presence of
N, or incrt atmosphere. However, in the presence of
oxidizing agent the reaction rate ts increased and the
stalilization can be achieved 1n a much shorter
Juration. Various oxidizing media used so far are O,,
air, SO,, NO,, etc. (ref. 5).

Fast-reaction rates, on the other hand, cause large
and sudden exothermic reaction. In order to avoid the
sharp exotherm, oxygen m controlled amount has
proved to be more useful. Use of air thus helps in
catalysing the cyclization reaction and cause dehydro-
genation by incorporating oxygen containing functional
groups and keeping the exotherm in check as well, as
shown in Figure 4. The dehydrogenation causes
aromatization, thus making the structure of PAN
thermally more stable. The colour of the fibres during
stabilization changes from yellow or reddish brown to
black. The rate of overall stabilization process is Iimited
by the transport of oxygen to the interior of the fibre
and is diffusion-controlled. The classic diffusion-limited
kinetics vary with ¢3,

Duning the initial period, the sheath or skin becomes
stabilized and forms a barrnier for further diffusion of
oxygen. As such, for smaller durations of time the core
rernains relatively understabilized. This two-zone mor-
phology of the cross-section of PAN can be viewed
under optical microscope or scanning electron micro-
scope.

Increasing temperature may cause further diffusion of
oxygen, causing uniformity of the stabilization. For this
reason the diameter and the denier of the fibre should be
smaller. Moreover, for larger denier fibre it may require
several hours for achieving complete cyclization,
causing overstabilization of sheath. Overstabilization, on
the other hand, causes more intermolecular cross-links,
which inhibits linear movement of molecular chains and
thus strain to failure of the fibre suffers. -Under tensile
loading the mismatch of linear motion of these chains
relative to core and sheath may further cause stress
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Figure 4, DTA curves of polyacrylonitrile {ibre under different
catalysts: {a) nitrogen, (b) asr, {c} Onygen.
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concentrations and hence lower the strength of the
oxtdized fibres. A typical curve for oxygen uptake of

different denier PAN fibres with t* is shown in Figure S.

It also shows that smaller denier fibre has parabolic
dependence whereas oxygen uptake of large denier fibre
1s much slower, increasing almost linearly.

Most important are the very critical mass and heat
transport problems during stabilization. The progress
of stabilization under dehydrogenating effect of oxygen
1s diffusion-controlled. The increase in the temperature
increases the diffusion rate which, however, is limited by
heat transport. The overheating and melting of the
precursor must be avoided. The major requirement is
that the bye-products must be allowed to evaporate
without creating structural defects. Since PAN fibre is a
bad conductor of heat, there is a definite limitation on
heating rate due to heat transfer problems.

Shrinkage/elongation

It is well known that during thermal heating above
180°C, PAN fibres show characteristic shrinkage. The
shrinkage 1s divided into two parts, 1.e. physical and
chemical. Stretching of the atactic noncrystalling PAN
during its fabrication to fibres 1s accompanied by quasi-
reversible decoiling of the molecular structure and in a
subsequent thermal treatment above the glass transition
temperature this decoiling reverses, thus leading to
shrinkage. In other words, the stresses frozen during the
spinning are re¢leased during heating, causing shrinkage
in the molecular chains. This shninkage is known as
physical shrinkage. Shrinkage occurring as a result of
cyclization of nitrile groups is called chemical shrinkage,
leading to imperfect ladder polymer formation. For the
formation of step ladder polymer, it 1s necessary that
the cyclization reaction occurs between two different
molecules which is possible only when the chains are
close enough and the reactive nitrile groups oppose
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Figure 5. Oxygen uptake of vanous demers of PAN f[ibres as a
function of soaking time at 250° C.
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each other. The extent of chemical shrinkage can also
be controlled by applying load.

Tension/load on the fibre tow during stabilization
process

As mentioned earlier, cyclization of PAN fibres causes
shrinkage of the molecular chains and the amount of
this shrinkage can be controlled by applying load to the
fibre tow. The application of this load is essential to
maintain the overall orientation of molecular chains
along the fibre axis. However, excess of load may cause
unwanted elongation in the fibre tow which may result
in the breakage of the dense structure. The higher
density may cause difficulty in the diffusion of O, in the
fibre across the cross-section, which may result in a
core-sheath structure. It 1s then difficult to achieve
sufficient degree of stabilization of PAN. Once the core
becomes dense and sheath becomes stabilized, no
matter how much treatment time 1s increased, further
diffusion of oxygen remains very much restricted. An
optimum amount of load 1s therefore essential for better
stabilization. Figure 6 shows a typical shrinkage vs load
curve for PAN fibres. As shown in the figure, the
behaviour and the amount of the shrinkage change
with increase in the load per filament, so much so that
for 1 kg load on fibre tow there is about 4% elongation
in the fibre. It might be possible that overstretch may
cause severe bond breakage in the molecules. For
example, it is not necessary that an elongation of 60%
achieved by applying a load of 2500 g should give good
carbon fibre. Such a large elongation could be at the
expense of bond breakages.

Chemistry of the process
Several mechanisms for thermal degradation may

operate depending on what kind of initiators are
present in PAN. When ionic species are present,
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Figure 6. Shrinkage/clongation behaviour of PPAN libres under
varying laads.
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cyclization is likely to be initiated by them because in
this, the mnitiation is a comparatively fast reaction. It
has been estimated that 20% of the nitrile groups are
used in 1mtiation reactions. All commercial acrylic
fibres are likely to contain tonic species because the
polymer can be spun only from highly ionizing solvents,
residual quantities of which remain in the fibre. The
tertiary hydrogen atom may have a role in ionic
mitiation, but this is uncertain, It appears that
comonomers can also initiate the cyclization. It has
been shown that acids are particularly more active, and
the following mechanism has been suggested.
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When 1onic species are present they dominate the
initiation and this 1s relevant to the catalysed
cyclization reaction. However, in the absence of
initiators the polymer which has a large atactic
structure undergoes cyclization through short isotactic
sequences or when rotation about the carbon single
bonds brings a nitrile group into vicinity of the active
chain end.
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The main reaction products coming out during
oxidative stabilization are ammonia, water and HCN.
The evolution of ammonia could be the result of two
possible reactions:
1) Aromatization of the propagating colour
causing chain termination site,

aait,
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11) The other possibility 1s derived from the chance
interaction of two oppositely propugating units.
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If reactions are carried out, both in presence of air as
woll as under nitrogen atmosphere, 1S found that the
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product prepared in air has comparatively higher
density. The reaction under nitrogen yielded PAN with
a density of 1.35 gem ™7, while under identical conditions
im air, a density of {.45 gem ™ resufted. The expfana-
tion for this is probably that some aromatization takes
place in the presence of oxygen and this makes the
density (o shift towards the density of completely
aromatic structure, which is 160 gem ™3, Water molecule
is evolved as a result of attack of oxygen on the reactive

CH, site as shown below.

CH A "
e Fen 1 o, “"\cfc e

The evolutiop of HCN has been suggesied as a result
of break-up of unladdered part.
1::»4“15—.::,»4--——r:ma 4 CHy=CH—CHy + HCNT
N

Characterization of stabilized fibres

Mechanical properties

Tensile strength (TS) and Young’s modulus (YM) of
PAN fibres decrease with increase im the degree of
stabilization. As we know that thermal stabilization of
PAN progresses by conversion of polar C=N groups
to =N groups, this causes cyclization of the structure.
The absence of polar forces between molecules is
responsible for the decrease in the strength of the fibres.
As shown in Figure 7 the strength at first decreases
sharply and starts increasing slightly after prolonged
heating, The increase in TS could be due to {formation
of intermolecular cross-links and the aromatization of
the structure. This also results in the decrease of strain
to failure. As the number of intermolecular cross-links
Increases by heating PAN for longer times or keeping
higher treatment temperatures, the strain to failure
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Figure 7. The tensile strength of oxidized Nbres as a function of
oxidation time. PAN fibres were heated in air at 230" C.
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decreases from 25% for untreated PAN to only 5% for
highly stabilized PAN, Care has 1o be taken to restrict
the lormation of intermolecular cross-links, while at the
same time getting a stabilized material This is made
possible by not stretching the molecular chains too
much during oxidation process and also keeping the
maximum heat treatment temperature to around 250°C.
Mechanical properties are measured on the Instron
Tensile testing machine by following the standard
techntiques for Iibres, 1.e. ASTM No. 2101-79.

Density

Another ¢riterion to judge the proper stabilization is
the density, which should be 1.4 gem ™3 for stabitized
fibres. A typical density vs oxidation time curve for
PAN fibres is given tn Figure 8. For continued heating,
the density may further rise beyond 1.5 gcm™3 also, but
strain to failure or the flexibility of fibres suffers. The
theoretical density of the hundred per cent aromatized
structure is 1.6 gcm ™3, It is indeed possible to achieve
this density, but is not conducive {rom carbon fibre
pont of view. A simple method to determine the
density of fibres is sink-{loat method.

Degree of stabilization

A fairly good idea about the degree of stabilization is
obtained by X-ray diffraction analysis of the powdered
samples. As seen from Figure 9, PAN as such gives two
characteristics difftaction maxima corresponding to
(200) and (100) planes of orthorhombic structure at
28 = 17° and 29%° respectively, using CuK, radiation as
source. As the stabilization progresses, there is a
transformation in the structure to naphthyridene-type
structur¢ because of the aromatization of the ring
sequences. This results in the devejopment of new broad
peak at around 26 =255° This peak incidentally
corresponds to (002) basal planes of graphite-like
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Figore 8, Vanalion jn density of PAN fibre with oxidation time
during oxidation under diflerent atmosphere,
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Figore 8. Wide.angle X-ray diffraction records of (a) precursor PAN,
(b} oxidized in SO, for 15 min, (c) oxidized in air for 15 min,

structure. Figure 9 gives a typical example of catalytic
role played by SO, gas in cyclizing the structure of
PAN within just 15 min (curve b). The presence of air,
on the other hand, does not show any transformation
in the structure relative to precursor (curves a and c). It
is in {act at this stage that the seed 1s sown for ultimate
graphite structure to be developed during pyrolysis of
PAN. As the aromatization of the structure increases
the peak at 235.5° becomes stronger and sharper,
whereas the other two peaks at 20 =17 and 29°
corresponding to PAN structure start decreasing in
intensity. A good measure of such conversions in the

structure is denoted by the aromatization index (AI)
{rel. ¥).

Iyss
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where [ represents the total integrated area under the
representative peaks. For a completely stabilized ‘flame
proof material, Al should be 100%. Figure 10 shows
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Figure 10. Aromatizaton mmdex gs 4 function of ondation Gme
{11 PAN Tibre heated at 23X C; {1 8) PAN Hhre heated at 270 €
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variation of Al with oxidation time of the precursor
PAN.

Infrared analysis

Room temperature absorbance IR spectra of undegra-
ded PAN is shown in Figure 1. Of particular interest
are the major IR bands characteristic of the acrylonitrile
unit n the polymer chain at 2240 cm ™! corresponding
to the C=N siretching frequency, and at 1451 cm ™!
corresponding to CH,-bending frequency. Major IR
bands characteristic of the comonomers present in the
three different copolymers are as follows: (i) PAN/VAC-
1735 cm ™! C= O stretching mode of the acetate group,
(i) PAN/AM-1740 cm ™! mixed mode containing con-
tributions of the C=0, (iiij) C=N 1685cm ™! stretching
and N-H bending modes of the acylamide PAN/MMA-
1735 cm™* C = O stretching of the acrylic group. When
fibres are oxidized, the reduction in intensities of peaks
at 2940 cm ™! indicates that the CH; and C=N groups
ate reacting. Also, new absorption peaks are created at
1590 and 800 cm ™! and a shoulder forms at 2180 ¢m !
The absorption at 2180 cm ™! s probably caused by a
nitrile group which is in electron resonance with
another part of the molecule, The formation of C=N
groups is indicative of the development of hetero-
cyclic structures. This is further confirmed by the
fact that the polymer has a highly improved thermal
stability.

The oxidation of polymer PAN also results in the
formation of carbonyl (C = O) groups, but the spectrum
of starting PAN itself contains a strong carbonyl
absorption from the comonomer. It c¢an be seen,
however, from the spectra of oxidized PAN that during
oxidation, carbonyl groups (1710cm™?%) are formed.
Apart from carbon-carbon unsaturation, shoulder at
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Figure 11, 1R spectra of (a) yoheated 'Couttelle” fibtey and of those
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1650 em ™ could be attribuled to a carbonyl group in a
f-diketene. Both these absorbances are absent in the
spectrum of PAN heat treated in Nj. The {ormation of
OH and or NH groups (3330 to 3230cm™') are
prominent reactions and their conceniration steadily
increases during oxidation.

In conclusion, the results of the infrared analysis
indicate that the chemical structure of the oxidized
PAN fibres includes C=C, C=N, C-N, O-—H,
N —H, CH, and C= O groups. Although it is diflicult
to obtain accurate quantitative estimates, the quanti-
tative indications gre that the C={, C=N, C—N,
OH and NH groups are important constituents of the
oxidized fibres, whereas the CH,, C=N and C=0
groups are present in only small quantities. Furthesmore,
the appearance of strong absorption attributable to NH
groups supgests that the number of rings cychzed in a
sequence is small and probably variable. These basic
conclusions have been used to draw Figure 12, which
merely indicates the type of chemical bonds which must
be accounted for, but which cannot be used to make
structural inferences.

The KBr peliet method is the standard technique
used for obtaiming JR spectra of polymer fibres.

A new approach to thermal stabilization of PAN
fibres

As has been discussed in previous sections, PAN fibres
when heated to 180°C and above, undergo thermal
degradation which causes cyclization of the structure.
This cyclization reaction i1s exothermic 13 nature and
has to be controlled to produce good quality carbon
fibres from PAN. A number of studies on this aspect
alone were therefore carried out by Grassie and ¢o-
workers®'® to understand exothermic behaviour of
PAN, using calorimetric techniques. Curve A in
Figure 13 depicts a typical DSC curve of a particular
variety of PAN fibres obtained by maintaining a
heating rate of 5°C min ™! in air. One finds that sharp
exotherm due to cyclization of PAN structure starts at
about 200°C and the peak is formed around 265°C
(maxima 1). Several authors”™'! have taken recourse
to such DSC curves for carrying out proper thermal
stabilization of PAN f{ibres before carbonization, as it
gives vital information regarding the total heat Now,
energy of activation, cyclization initiation temperature,
final temperature of oxidation, etc. A careful study of
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Figure 12. Structure of oxidized (\thermally stabilized) PAN [ibres,
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Figure 13. DSC curves of PAN fibres. A, In the presence of air. B, In
the presence of nitrogen. Heating rate 5°C min ™"

such DSC curves has revealed another small and
relatively broad exotherrn peak at about 325°C
associated with prominent maxima I, centred around
265°C. Surprisingly no importance seems to have been
given to this second maxima, most probably because
thermal stabilization of PAN is usually carried out up
to a maximum temperature of 270°C.

Physical, mechanical and thermal analyses have
shown'? that the following two reactions occut if the
thermal stabilization of PAN fibres 1s carried out to
higher temperatures, covering the second exothermic

maxima:

{1) ~. ,.-"cHi"u ~ \\1#{:"\\3;"
i CH ) ¥)
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Formation of bonds:

Two C~H bonds. (In formation of two molecules
of HCN)

Two C—~C bonds. (Cross-linking between atoms 1-2
& 3-4)
Cleavage of bonds:
Two C-H bonds (X-X)
Two C~C bonds (Y-Y)

'[“} 3 OH |"|'|,| O »
y B &y y & ET
(7] N . M M M N
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Whereas reaction (1) causes intermolecular cross-
linking of the adjacent molecular chatns, the reaction
(1) results into further aromatization of the fibre
structure. Both these reactions have additional influence
on the structure of oxidized fibres which become rigid
and rod-like as revealed by the density values, which 1s
1.5 gcm ™3 for such fibre compared to 1.35gem ™2 for

normally stabilized fibres. As a result of evolution of

HCN and H,0 there is more dehydrogenation of the
backbone during initial stages itself. This may lead one
to believe that these reactions may occur during
carbonization of the oxidized fibres beyond 300°C
under normal pyrolysis conditions and the second
exothermic maxima i1s part of that only. In order to
confirm this, the DSC run of PAN fibres was carried
out in N, atmosphere also and, as shown m Figure 13,
curve B, there 1s no second exothermic maxima
observed here. This shows that there are certain
reactions, described above, that are possible in presence
of oxygen only and remains incomplete if the
stabilization of PAN is restricted to low temperatures.
Preliminary studies show that the carbon fibres
prepared with fibres stabihized by following new
approach possess superior mechanical properties, to
those produced conventionally.

Mathur et al.!? carried out detailed studies on the

structural aspect of such fibres using wide-angle X-ray
diffraction technique and found a new diffraction peak
at 28 = 13" in addition to the usual pregraphitic broad
pecak at 20 = 25.5° observed for conventionally stabilized
fibres. Based on these studies a model has been
proposed'® for the structure of the fibres stabilized up
to second exothermic maxima.
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Models for organic ferromagnetism

T. P. Radhakrishnan

School of Chemistry, University of Hyderabad, Hyderabad 500 134, India

Synthesis of a purely organic ferromagnet is an
outstanding challenge in chemistry today. Theoretical
formulation. of models and their computational and
experimental studies have engaged the attention of
physicists, chemists and material scientists over the past
several years. Various models have been suggested for
ferromagnetism in orgamc systems. Experimental and
computational studies have also dealt with this problem.

Quast  one-dimensional solid-state materials  have
attracted the attention of chemists, physicists and
material scientists in the last few decades, owing to
their unique physical properties and the theoretical
instghts  gaimned from their study. These materials
characterized by highly anisotropic clectrical, magnoetc
and opucal properties include a wide range of systems
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like (1} [inear chain metal salts and complexes, (i)
stacked metal complexes, (i) inorganic and organic
polymers, and (iv} stacked organic charge transfer or
ton-radical compleacs! 71, The anisotropicity of the
physical properties results  either {from the  lincar
polymeric structure or the one-dimensional packing of
atamic or molecular units in the solhid state, with strong
interactions along the column direction and much
weaker interactions in the orthogonal directions. This
revicw will be concerned with purcly organic systems
only.

The discovery of semiconduction in the perylene-
bromine compleat® and the development of tetracy ano-
quinodimethane  salis'? led o the fabrication  of
numerous orgdamc conductapa® eI B0 g ay
estion of an excitonic mode! for vrganie sepervonducti-
vity P sparked ol Intense  research elforts,  and,
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