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DIACETYLENE POLYMERS

PRODUCTION AND PROPERTIES OF SINGLE CRYSTALS

Perhaps the most striking property
of polymers is their complexity at the
molecular level. Biopolymers have
complex conformations and arrange-
ments of the chemical sub-units. Syn-
thetic polymers have much simpler
chemical structures, but their morpho-
logy remains complex. This complexity
obscures the intrinsic anisotropy of the
polymer chains and results in the phy-
sical properties of bulk samples being
isotropic. While this is valuable in
many technological applications, it has
hindered the observation and under-
standing of the intrinsic molecular
properties of polymers.

A proper understanding of polymer
morphology has required many years
of careful research. Once Staudinger
had established that macromolecules
made from a linear array of simple
repeat units existed, it was assumed
that they would form amorphous solids
consisting of a spaghetti-like mass of
entangled chains. From this, emerged
the fringed-micelle model with locally
ordered and disordered regions and
polymer chains passing through both
sorts of region. Finally, after the ele-
gant work of Keller at Bristol, the pic-
ture of chain folded lamellar crystals
was accepted. Polymer chains are pri-
marily confined to the crystalline la-
mellae or to the intervening amor-
phous regions. Bulk samples can be
characterized by their degree of crys-
tallinity, which may range from zero
to well over 90 %. However, since the
lamellae are microscopic, it is the
bulk morphology which is still the
dominant factor in determining phy-
sical properties. The difficulty en-
countered in observing molecular pro-
perties is illustrated by the fact that
evidence has been produced favou-
ring either, a tight mclecular fold at

the lamellar surface with adjacent re-
entry of the molecule or, a loose
fold with random re-entry.

With a better understanding of po-
lymer morphology has come the rea-
lization that more perfect molecular
ordering is possible. Mechanical de-
formation of polymeric solids and
extrusion of melts have produced ani-
sotropic sampies in which many of
the molecules have considerable chain
extension. Such samples, though tech-
nologically interesting, are still far
from single crystals. The most direct
route to such samples is to form the
molecular and the crystal structures
simultaneously. In the few instances
where this has been found to occur,
the crystals formed are still microsco-
pic. An alternative method is to initiate
polymerization in a monomer crystal
and produce a polymer crystal which
retains the order of the monomer
crystal. This ideal situation has re-
cently been found to obtain for a num-
ber of monomers containing diacety-
lene units.

The interest in the resulting diacety-
lene polymers stems from the fact
that, in addition to providing model
systems for studying mechanical pro-
perties, they exhibit unusual optical
and electrical properties. These origi-
nate in the conjugaticn of the diace-
tylene polymer backbone, as indicated
in Fig. 1. Not all the carbon 2p-elec-
trons are built into o-bonding states.
Some occupy atomic p-orbitals, or-
thogonal to the plane of the backbone,
which can overalp to form delocaliz-
ed =n-states. If the carbon atom sepa-
rations are equal, the de-localized
states form a continuous energy band,
which is half filled, i.e. the chain will
be metallic. If the carbon separations
are unequal. the p-electrons are lo-
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calized in m=-bonds between the closer
atoms and a gap forms in the energy
band corresponding to the energy re-
quired to excite the n-electrons from a
localized to a de-localized state. The
polymer chain will now be a semicon-
ductor with a large band gap, of the
order 2 eV. In relation to currently po-
pular quasi-one dimensional metallic
systems, diacetylene polymers are
systems far below their Peierls tran-
sition.

In addition to studies of the fun-
damental properties of diacetylene po-
lymers, the polymerization process has
attracted interest, a fuller understan-
ding of this process being a step
towards the molecular engineering of
ordered polymers.

As with many phenomena, diace-
tylene polymerization was observed,
but not understood, in the nineteenth
century. More recently, the colouring
of crystals of natural and synthetic
diacetylenes has been described as a
polymerization or a decomposition, but
treated only as a nuisance. Early X-ray
structural studies of diacetylenes re-
ported sample blackening, but poly-
mer formation was discounted as there
was no amorphous scattering. It was

not until 1969 that these reactions
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Fig. 1 [Idealized diacetylene monomer and
polymer structures, | and Il, and the actual
structure of chains in pTS.

were reinvestigated and correctly in-
terpreted by Wegner ).

The polymerization of diacetylene
monomer units is shown schematically
in Fig. 1, where the symbols R repre-
sent the end-groups of the monomer
molecules which become side-groups
in the polymer. A specific example :
R-toluene sulphonate is shown ; this
polymer is further discussed below.
The reaction is a 1-4 polymerization
which can be initiated by uv or ioni-
zing radiation, heat and pressure. The
planar polymer chain can, in principle,
have either of the two conjugated
structures | or Il. Real polymer chains
will have structures which deviate from
these ideal situations. In general the
structure is close to Il, as shown for
R-toluene sulphonate, with an alter-
nation involving single, double and tri-
ple bonds.

If the interfacial energy between
monomer and polymer in the crystal
matrix is small, single polymer chains
can nucleate and grow in the matrix.
Partially polymerized crystals are
solid solutions and, if the polymer is
the more stable form, the reaction can
go to completion. For larger interfa-
cial energies, subsequent nucleation is
favoured near existing chains, while
for much larger values, nucleation
and growth is only possible for bundles
of chains. In these cases, the strain
produced during polymerization can
lead to segregation of monomer and
polymer or termination of the reaction
before completion. Thus, polymer sin-
gle crystals can be obtained only in
the first case.

The packing of the monomer units
governs the reactivity and the reaction
path. In general, solid state reactions
require a separation of reaction cen-
tres of 0.4 nm or less. Baughman ?
has used this criterion and least mo-

tion during reaction to determine the
monomer packing necessary for re-
activity in diacetylene crystals. The
role of the side-groups is found to be
crucial. They must be large enough
to provide a unique direction for poly-
merization. In that direction, they must
pack the diacetylene units in reactive
positions. Lateral molecular contacts
then occur through the sidegroups so
that they are also important in de-
termining the monomer-polymer inter-
facial energy. Since the most reactive
monomers should have the smallest
molecular motion during the reaction,
they should also have low interfacial
energy, as the dimensional changes
between monomer and polymer are
small. The interplay of the factors in-
fluenced by the side-groups is com-
plex, as evidenced by the large chan-
ges in polymerization properties pro-
duced by small changes in the mole-
cular structure of bulky side-groups.
However, the most reactive monomers
are in general found to give the best
polymer crystals.

The bis (p-toluene sulphonate) ester
of 2,4-hexadiyne-1,6-diol, abbreviated
TS, is a highly reactive monomer which
produces high quality polymer crystals
with volumes up to several mls. This
polymer (pTS) has been shown to re-
sult from intermediate solid-solutions
of polymer in monomer. The disloca-
tion content of the polymer crystals
is low suggesting that defects anneal
out during polymerization. The poly-
mer chain structure in fully polymer-
ized crystals, as shown in Fig. 1, is
close to the equilibrium conformation
of isolated chains and, in conse-
quence, the residual strain in the po-
lymer crystals is found to be negli-
gible. The best crystals have low im-
purity content so that the crystal qua-
lity approaches that achieved for in-
organic materials.

The reactive chain ends produced
in TS by thermal polymerization and
uv irradiation at low temperatures

have been observed by electron spin
resonance, and identified as ground
state triplet radicals. Such carbene ra-
dicals have been suggested to provide
a mechanism in which the final chain
structure is reached by a single step.
The full properties of these radicals
are still under investigation. The dis-
appearance of these signals in fully
polymerized crystals suggests a poly-
mer chain length of 10¢ or more re-
peat units, i.e. chain lengths of a few
tenths of a millimetre. However, the
exact chain lengths and distribution
have yet to be determined.

Thus, though an elementary under-
standing of diacetylene polymeriza-
tion has been obtained, many details
remain obscure. This means that while
in principle monomer molecules can
be "‘designed” to produce perfect po-
lymer crystals, this is far from being
realised in practice. Studies of new
materials remain, therefore, a some-
what hit or miss business depending
on the skill and intuition of the syn-
thetic chemist.

Physical Properties

Because of the size and perfection
of pTS cyrstals, most studies of the
physical properties have been made
on this polymer. The optical aniso-
tropy of the polymer crystals is imme-
diately obvious. They have a golden
metallic lustre for light polarized pa-
rallel to the polymer chains and are
black and weakly reflecting for light
polarized normal to the chains. Similar
anisotropy is observed for other dia-
cetylene polymers but in general their
spectra show far less detail than those
of pTS.

The spectra of pTS have been ex-
tensively studied ), both by reflection
from polymer crystals and by trans-
mission through monomer crystals
containing less than 1% polymer.
Thermal polymerization appears to
proceed by a chain reaction so that



partially polymerized samples contain
long polymer chains randomly distri-
buted in the monomer matrix, i.e. they
are orientated matrix-isolated samples.
However, due to the strength of the
polymer absorption, care must be ta-
ken in the interpretation of transmis-
sion to distinguish between effects
which arise from the pleochroism of
the sample and the intrinsic poly-
mer absorption. Typical reflection and
transmission spectra are shown in
Fig. 2. An intense absorption, pola-
rized parallel to the polymer chains,
occurs at about 2 eV with a series of
vibrational side-bands extending into
the blue. By comparison with Raman
spectra, described below, the side-
bands can be identified as polymer
backbone stretching vibrations. At
low temperatures, the absorptions are
split, as shown in Fig. 2. This splitt-
ing has not been observed in other
diacetylene polymers and is due to a
rearrangement of the toluene sulpho-
nate side-groups at about 200 K. This
rearrangement occurs in both polymer
and monomer crystals producing two
non-equivalent polymer chains. The
splitting appears, therefore, to be due
to mechanical deformation of the poly-
mer backbone though an alternative
mechanism, involving interaction of
pairs of polymer chains, has been sug-
gested.

The polymer chain absorption is
very strong, the maximum absorption
coefficient is about 10° cm™, and ani-
sotropic ; the absorption tensor has
principal components in the ratio of
1.5x1072 : 10, The absorption line
has an asymmetric profile with a sharp
rising edge and a slowly falling high
energy tail. The absorption tail fits the
shape of a one-dimensional van Hove
singularity for pTS and a number of
other diacetylene polymers. These re-
sults are consistent with the interpre-
tation of the absorption as an inter-
band transition of the m-electron sy-
stem. However, asymmetric Lorentzian
lineshapes are observed for excitons
with intermediate phonon coupling
and an alternative model is a Wannier
exciton, which lies just below the con-
duction band edge and steals intensity
from the inter-band transition. The
absorption data, on their own, are in-
sufficient to distinguish between these
two possibilities.

The intense electronic absorption
leads to a dramatic resonant enhan-
cement of the Raman scattering of
vibrations which couple with the elec-
tron system. Since the w-electrons are
localized in the polymer backbone,
skeletal vibrations dominate the Ra-
man spectrum. This is illustrated in
Fig. 3 which shows the Raman spec-

trum of pTS at two different excita-
tion wavelengths. The unit cell con-
tains two repeat units, with the struc-
ture shown in Fig. 1, but only four
vibrations, the stretching modes of the
backbone, appear strongly in the re-
sonantly enhanced spectrum. At the
shorter excitation wavelength, har-
monic and combination frequencies
appear, an effect characteristic of re-
sonant Raman scattering. Since the
vibrational frequencies are sensitive
to small changes in force constants,
they reveal fine details of the back-
bone structure. For example, in the
low temperature phase of pTS, some
vibrations are observed to split. By
tuning the Raman source, a dye laser,
through the absorption peaks, one

member of each split vibration was
shown to be coupled to one of the
electronic absorption peaks and not
the other.

The resonant enhancement of the
backbone vibrations closely follows
the absorption profile, behaviour
which has been observed in resonant
scattering involving excitons. The
spectra show an unusual intensity
distribution, the double-bond vibration
near 1500 cm™' is more intense
than the triple-bond vibration near
2100 cm™, see Fig. 3. In general the
reverse is true since triple bonds are
more polarizable than double bonds.
This, and the predominance of com-
binations involving the double-bond
vibration, indicate that electronic ex-
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citation has a large electron density
in the vicinity of the double bond.
These results suggest that the 2 eV
absorption is due to an exciton.

Measurements of electrical conduc-
tivity provide another probe to test the
nature of the electronic states of the
polymer backbone #). pTS is in prin-
ciple a semi-conductor, but the large
energy gap, 2 eV or more, makes it
a good insulator with typical dark
conductivities of the order of 1072
mho. Higher photoconductivity is ex-
pected, but in practice, the much
smaller penetration depth for light at
the absorption peak, leads to a de-
crease in the measured photocurrent.
When allowance is made for this
effect, a photoconduction edge is ob-
served at 2 eV with current parallel
to the polymer chains three orders
of magnitude greater than that per-
pendicular. The quantum efficiencies
and carrier mobilities deduced from
these results are dependent on the
model used. If space charge current
limitation is considered important, the
quantum efficiency is very low and
the mobility is high, suggesting inter-
band transitions with strong geminate
recombination of the carrier pairs. If
space charge is considered negligible,
the quantum efficiency is found to be
higher and the mobility lower, as ex-
pected for auto-ionization of excitons.
Thus, until the role of space charge is
fully understood, these measurements
cannot identify unambiguously which
model for the 2 eV electronic excita-
tion is correct.

Conjugated polymers have been ob-
served to exhibit paramagnetism. A
singlet electron spin resonance spec-
trum with no hyperfine structure and
a wide range of spin concentrations
has been observed in many different
materials and numerous models for
the paramagnetic species have been
proposed. pTS has been used as a
model system to investigate this para-
magnetism ). A weak singlet spec-
trum is observed with a strength de-
pendent on sample perfection. The
spin concentration is least in the most
perfect samples and the paramagne-
tism has been identified as a defect
property. However, since chains com-
pletely free of defects cannot be ob-
tained, some paramagnetism will be
present in all samples.

More conventional polymer proper-
ties, dielectric, thermal and mechan-
ical, have been less thoroughly stu-
died. Negative thermal expansion has
been observed in the chain direction
and attributed to chain contraction
during torsional motion. However, ac-
curate studies of pTS show a small
but positive expansion coefficient at
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Fig. 3 Raman spectra of pTS recorded for excitation at 647.1 nm wavelength, lower
curve, and 562.2 nm wavelength, upper curve, at room temperature. Single, double and
triple bond stretching vibrations occcur near 1000 cm-', 1500 c¢m-' and 2100 cm-

respectively.

room temperature. The mechanical
properties are anisotropic but the
measured elastic modulus and ulti-
mate strength are lower than those
expected for isolated chains. The mo-
dulus is reduced by the large cross-
sectional area per chain due to the
presence of the large side-groups
which do not contribute significantly
to the elasticity. The ultimate strength
is reduced by failure at surface and
bulk defects. pTS crystals have dis-
tinct metal-like twin features with the
twin planes normal to the polymer
chains. These twins differ from those
reported in microscopic polymer crys-
tals where the twin planes are pa-
rallel to the chain direction. Despite
the fact that pTS crystals cleave easily
they can, like metals, be rolled out
to form thin sheets. Such behaviour is
of considerable interest to materials
scientists and there is scope for much
more work in this area in the future.

Future Developments

We have seen that there is still
much room for improvement in our
understanding of diacetylene poly-
mers. Whatever the nature of the 2 eV
excited electronic state of the poly-
mer backbone, there remains the pos-
sibility of energy transport along the
polymer chains. This offers potential
technological applications and in-
teresting parallels with energy trans-
port in living sytems and simple
molecular crystals.

A more quantitative understanding
of the parameters necessary for the
production of good polymer crystals

is needed. This would pave the way
to genuine, rather than speculative,
molecular engineering of polymer
crystals designed to enhance parti-
cular properties. At the simplest level
this would involve a reduction in side-
group size to obtain better mechani-
cal properties. More challenging is
the modification of chain properties
by interacting side-groups. Little’s
model excitonic high temperature
superconductor could be realized by
a diacetylene chain with polarizable
side-groups. Alternatively the diace-
tylene chains could be used as frame-
works to stack sidegroups in a well
defined array, constrained TCNQ
stacks could have very interesting
properties. Finally it should be noted
that diacetylene polymers are the
most nearly one-dimensional of the
quasi one-dimensional materials cur-
rently under investigation. They are,
therefore, excellent model materials
for the exploration of the physics of
one-dimension.

References

1. WEGNER G., Z. Naturf. 24b (1969) 824
and Chimia (Zirich) 28 (1974) 475.

2. BAUGHMAN R.H., J. Polym. Sci., Po-
lym. Phys. Ed. 12 (1974) 1511.

3. BLOOR D. and PRESTON F.H., Phys.
Stat. Sol. (a) 37 (1976) 427 ; 39 (1977)
607 and 40 (1977) and earlier referen-
ces quoted therein.

4. LOCHNER K., REIMER B. and BASS-
LER., Phys. Stat Sol. (b) 76 (1976)
533 ; Chem. Phys. Lett. 41 (1976) 388
and earlier references quoted therein.

5. BLOOR D., Magnetic Resonance and
Related Phenomena (Ed. H. Brunner,
K.H. Hauser and D. Schweitzer, Grou-
pement Ampere, Geneva), 1976, p. 47.



