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Design of novel polymers with metallic conductivity: Polyazacetylene and polyboracetylene
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With a basis on the idea of controlling the number of m electrons in the polymer skeleton, we have
theoretically designed novel polymers, polyazacetylene and polyboracetylene, that will show metallic con-
ductivity without doping. Examination of the electronic structures of these polymers in planar geometries
sho~s that they have no band gap between the valence and conduction bands.

Much effort has been devoted to experimental and
theoretical investigations of electrically conductive polymers.
Almost all of these polymers have a finite band gap in the
pristine state and hence should be doped with relevant elec-
tron acceptors or donors for the manifestation of high cori-
ductivity. ' Hence, it would also be of interest to propose
new polymers which already show metallic conductivity per
se without the doping process. Such polymers should have
zero band gap between the valence and the conduction
bands. Polythiazyl, (SN)„, is the sole example that satisfies
this condition in actually existing polymers.

In this Rapid Communication, we would like to report a
design of novel polymers with metallic conductivity and
check their electronic structures to confirm that they have
zero band gap. The basic idea of the present design lies in
the control of the number of m electrons in the skeleton of
polyacetylene (PA) by introducing heteroatoms therein. It
will be useful to briefly review here the electronic structure
of trans-PA.

Regular trans PA in Fig-. 1(a) has in its unit cell one m

electron, so that the total m band is half filled. Hence,
trans-PA in this geometry has zero band gap and will show a
metallic conductivity. However, it is well known that this
polymer skeleton spontaneously deforms into the dimerized
geometry with C—C bond alternations [Fig. 1(b)] to achieve
energetic stabilization, which is often termed a Peierls dis-
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FIG. 1. Skeletons of (a) regular trans-PA and (b) dimerized

trans-PA. The unit cells are indicated by dashed lines.
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FIG. 2. Skeletons of (a) PAzA and (b) PBA with bond lengths in
A. Indicated are the formal unit cells required from symmetry.
Those which are actually employed for the calculation consist of the
double size of the formal unit cells, that is (CHNH)2 and (CHBH)2
(see text).

tortion4 or as the generation of a charge-density wave
(CDW).5 As a result, trans PA bec-omes an insulator with a
finite band gap since its new unit cell provides the whole
polymer chain with two ~ electrons.

Here we use the above guiding principle to design the
nitrogen- and boron-substituted PA illustrated in Fig. 2,
termed polyazacetylene (PAzA) and polyboracetylene
(PBA), respectively. In PAzA it is expected that two 7r

electrons are supplied from each trivalent nitrogen atom.
On the other hand, in PBA no m electrons will be contribut-
ed from boron atoms. Therefore, the number of m elec-
trons per CHNH and CHBH unit will vary from three to un-
ity, respectively, which leads to closure of the band gap of
these polymers as long as CHNH and CHBH can be the unit
cells thereof and the chains are kept planar.

In order to assess the above prospect, we have performed
calculations of the band structures of PAzA and PBA with
the use of the one-dimensional tight-binding self-
consistent-field —crystal-orbital method (SCF-CO) at the
CNDO/2 (complete neglect of differential overlap,
parametrization scheme No. 2) level6 including all the
valence electrons. This version has been successfully ap-
plied to the calculations of the electronic structures of PA
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and its fluorinated derivatives as well as to several poly-
mers consisting of condensed aromatic rings. For computa-
tional reasons, the unit cell employed here consists of
(CHNH)2 or (CHBH)2. The number of representative wave
vectors is chosen as 21 with regular intervals in the Brillouin
zone. The overlap and the electron repulsion integrals are
considered as far as the fourth neighboring cell (about 20 A
from the central unit cell).

The point of the assessment lies in the confirmation of
the number of m electrons supplied from a nitrogen or a
boron atom embedded in the polymer chain. %'e consider
the unit cell of the polymer to be CHNH or CHBH, the
reason for which is to be mentioned later. There can be a
combination of two kinds of the C —N (or C—8) bond
lengths, such as C—N and C=N, in this unit cell like in
dimerized trans PA [see F-ig. 1(b)]. These two variables are
optimized so as to achieve the most stable geometries from
the energetic point of view assuming planarity of the poly-
mer chains. This assumption seems to be plausible from
the argument about the nature of the local atomic
geometry. 'a Each C—N (or C —8) bond length is changed
independently with a mesh of 0.001 A in order to find the
best combination of the two variables. All of the bond an-
gles are kept at 120' (sp2 hybridization angle) and the C—H
and N —H (or 8—H) bond lengths are fixed to be the
standard values. '

It is seen in Fig. 2 that there are no bond alternations in
both PAzA and PBA chains after the energetic optimization.
This is rather surprising, but is reminiscent of the vanishing
of the bond alternations in heavily doped PA, that achieves
a metallic conductivity. " Moreover, this feature seems to
be. connected with the fact that one cannot draw ordinary
chemical bonds satisfying the octet rule in both polymers,
being similar to the case of polythiazyl.

The calculated electronic properties of PAzA and PBA in
the optimized geometries are listed in Table I along with
those of trans-PA for the sake of comparison. The distribu-
tion of m-electron densities after the SCF-CO calculation as-
sures that a nitrogen and a boron atom provide the system
with two and no m electrons, respectively. Therefore, there
is no band gap in the band structures of both polymers (Fig.
3) due to sticking of the HO (highest occupied) and the LU
(lowest unoccupied) bands, as is rigorously required from
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TABLE I. Electronic properties of PAzA, PBA, and trans-PA

(from Ref. 8).

FIG. 3. The band structures of (a) PAzA and (b) PBA with the
density of states and its component of m nature (shadowed area).
Dashed and solid lines indicate a- and m bands, respectively, and EF
denotes the Fermi level. The values of a are 4.753 and 5.165 A in

(a) and (b), respectively.

PAzA PBA trans -PA

m-electron densities
(units of lel)

Hp n-band width (eV)
LU n--band width (eV)
Ionization potential (eV)
Electron affinity (e&)
Density of states at

the Fermi level'
Effective mass at

the Fermi level

C: 1.42
N: 1.58

7.86
5.25
0.52
0.52

0.07

—0.82mp

C: 048
B: 052

8.25
11.41
11.39
11~ 39

0.05

0.68mp

'In units of statesleV (CHNH) or states/eV (CHBH).
bmp signifies the mass of a free electron.

C: 1.00

15.55
9.70
7.82
0.36

the symmetry of polymer chains. '2 Note that the bond al-

ternations with a combination of two kinds of C—N (or C
—8) bond lengths cannot separate the HO and the LU
bands since the unit cell remains CHNH (or CHBH) in such
bond-alternant chain.

Application of the formal argument for Peierls distortion
in a purely one-dimensional system4 requires, e.g. , dimeriza-
tion of the present unit cell. The dimerized unit cell
(CHNHCHNH or CHBHCHBH) should involve at least
three different kinds of C—N (or C—8) bond lengths,
which is rather unusual from the ordinary chemical point of
view. Hence, we believe that the vibronic matrix element
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leading to this dimerization would be small or virtually zero,
as in the case of polythiazyl (SN)„, the unit ceii of which
consists of SN having three m electrons-. ' Furthermore,
such dimerization in PAzA and PBA ought to undertake a
considerable decrease in entropy at room temperature.
Hence, manifestation of metallic conductivity in PAzA and
PBA is promising at the higher-temperature range.

It is also seen from Table I that the small ionization po-
tential of PAzA suggests a high efficiency of p-type doping
for this material, whereas n-type doping seems to work well
for PBA with a large electron affinity. Furthermore, doping
of PAzA and PBA with electron acceptors and donors,
respectively, will promote the planarity of these chains ow-

ing to the possible existence of cationic trivalent nitrogen or
anionic trivalent boron atoms, being isoelectronic with sp2

hybridized carbon atoms in a PA chain.
In summary, we have designed PAzA and PBA as new

candidates of polymers with metallic conductivity already in
their pristine states under the condition that the polymer

chains are planar. Even if this condition is not satisfied, p-

type doping of PAzA or n-type doping of PBA will recover
the planarity of the polymer chain. Incidentally, it is also of
interest to note that incorporation of a few molar percent of
CHNH or CHBH unit in the skeleton of trans-PA will make
this polymer conductive. This may open up a new category
of such conductive polymers which already have the dopants
inside their skeletons.

Actual synthesis of these polymers is of obvious interest.
A more detailed investigation from both theoretical and ex-
perimental points of view is now planned and will be report-
ed in the near future.
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