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Structural modelling of two relatively stable conducting polymers, poly(thiophene) and poly(pyrrole), has
been carried out using a number of theoretical modelling tools. These have included determination of optimized
valence molecular geometry; conformational properties of single isolated chains and their crystalline packing
arrangements; and finally a correlation of theoretically predicted structures with experimentally determined
properties. While confirming most observed results reported data indicate the possibility of extensive
polymorphism for both polymers and provide a number of starting structures for complete crystal structure
determination using limited X-ray or electron defraction data.
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INTRODUCTION

A considerable amount of effort has been spent in an
attempt to understand the electronic properties of
conducting polymers®. It is expected that these studies
will not only establish clearly the molecular basis for the
electrical properties of these novel materials but will also
help in designing new ones. Evidently, electronic
properties are directly linked to the chemical bonding
topology, the electron distribution and the spatial
arrangement of the atoms that constitute the system. The
paracrystalline nature of polymeric systems often renders
such basic structural information elusive and difficult to
obtain by conventional techniques, e.g. X-ray and
electron diffraction. It is under these circumstances that a
combination of theoretical and experimental methods
may prove invaluable in gaining a more thorough
understanding of the correlation between electronic and
structural properties of conducting polymers. Indeed,
investigations along these lines for the prototype
conducting polymer poly(acetylene) have been very
fruitful. For example, definitive structural characteri-
zation could be carried out with limited diffraction (X-ray
and electron) data by judicious modelling and packing
calculations carried out on these acetylenic systems?.

A large number of conductive polymers have been
identified since the demonstration of electrical
conductivity in poly(acetylene). Polyheterocycles form
one of these important classes of materials. Extensive
research carried out on these polymers indicate them to
be the most stable class of conductive polymers®. In
addition, researchers at GTE and other laboratories*
have determined methods which increase the
processability of these materials. There is, however, still
considerable debate regarding the chain organization and
morphology.

In this paper we have outlined a series of steps to
determine the structural characteristics of two conducting
polymers belonging to this class, poly(pyrrole) and
poly(thiophene) (henceforth referred to as PP and PT,
respectively). At the end of the analysis, ideally, a
complete and thorough structural description will be
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available. The steps of the analysis include the
determination of: (1) the valence molecular geometry; (2)
the conformational properties of a single isolated chain;
(3) the possible crystal packing arrangements of the low
energy conformations identified in step (2); and (4) the
correlation between theoretically predicted structures
and experimentally determined properties.

Several theoretical methods are employed in this study.
The object is to use an accessible method that is both
reliable and computationally feasible. To determine the
reliability of a particular method, it is necessary to
evaluate the degree of accuracy required such that the
uncertainty of a particular result does not obscure a
coherent and logical explanation.

In this paper we investigate the structural and
electronic properties of PP and PT. Both these polymers
have been electrochemically polymerized. The materials
are reasonably conducting (1-100Q ™! cm ™) and are the
most stable among the known conducting polymer
systems. The polymers are poorly crystalline as
synthesized electrochemically. Hence, the theoretical
approach presented here seems all the more applicable.

METHODOLOGY

Intramolecular energy calculations

The total energy of a single chain may be partitioned
into steric repulsive—dispersive, electrostatic and
torsional components within the fixed valence geometry
molecular mechanics methodology®. Steric interactions
are represented by a Lennard—Jones 6-12 potential
function; the electrostatic potentials are calculated via a
simple Coulombic term; and the torsional barrier is fitted
to approximate the difference between the total potential
energy barrier from rotation about the polymer backbone
and the energy calculated within a particular model.

Pair-wise interactions of atoms within a single chain
were properly weighted and counted using a method
developed by Tripathy et al.® 8.1t was assumed that there
were two rotational degrees of freedom along the polymer
backbone. Thus, there are two geometrically unique
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molecular segments in the chain, which each consist of a
single ring for PP and PT. It is the interaction of these two
segments with their neighbours that constitutes the
relative energy of a particular conformation. As is shown
in Figure 1, the atoms within rings 1 and 2 interact with
the atoms of rings {2,3,4,5} and {3,4,5,6}, respectively. The
interaction of rings 3 and 5 with their neighbours need not
be considered since the environment surrounding these
two rings is identical to that found for ring 1. Similarly,
rings 4 and 6 are equivalent to ring 2 and thus may also be
neglected. This method thus excludes redundant
interactions and accurately models the periodic nature of
a long polymer chain.

All interactions within four nearest neighbours are
included for both PP and PT in a complete
conformational analysis. The bonds which connect the
rings assume values between — 180 and + 180 degrees
with a grid size of 5 degrees. The resulting energies of the
5184 conformations per polymer are plotted as a function
of bond rotations. A fixed dielectric of 4 was used for the
electrostatic contribution.

Intermolecular interactions

The relative crystal packing energy is the potential
energy realized by a single repeat segment of a polymer
chain, given a periodic array of polymer chains. The
potential energy is found by summing over all inter-atom
pair-wise interactions between atoms located in the
central polymer chain segment and all those atoms that
form the other chains. Unfortunately, evaluating all pair-
wise interactions for a representative bundle of chains is a
time consuming process that often necessitates the use of
more approximate methods. A method developed by
Tripathy et al.® represents these interactions as infinite
series sums, which are then transformed to more rapidly
converging representations.

The crystal packing energy is subsequently minimized
as a function of the unit cell variables (the cell edges and
angles) and the chain setting angle, which is the angle
between the molecular plane and the crystal b-axis. By
constraining some of the lattice variables to constants, i.e.
assuming that a lower symmetry class exists, the time
required for the minimization process is reduced to a
reasonable level.

Only orthorhombic, hexagonal and monoclinic space
groups are examined in this work. The monoclinic and
hexagonal lattices have polymer chains aligned with their
helical axis coincident with the crystal c-axis and are
located at the four corners of the unit cell. The polymer
chains with unit crystal coordinates (0,0,z) and (0,b,z) have
a chain setting angle ¢, while the remaining two chains,
located at (a,0,z) and (a,b,z), have chain setting angles
equal to ¢ plus 180 degrees. The orthorhombic lattice, on
the other hand, has a chain located at the centre of the
unit cell, whose chain setting angle is the supplement of
the chain setting angle of the chains located at the corners
of the unit cell.

Figure 1 General polymer chain structure depicting the numbering
sequence used to describe the intrachain interactions
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0.110 (6)

l -0.113 (1)

(2) 0.063 0.063 (5)
(3) -0.059 -0.059 (4)
(n -0.003 -0.003 (8)

Figure 2 Numbering scheme and partial atomic éharges of
poly(thiophene) repeat

Table 1 Valence geometry of poly(thiophene)

Bond d (&) Bond angle 0 (degrees)
1-2 1.71 5-1-2 922
23 1.37 1-2-3 s
34 1.42 2-34 1125
4-5 1.37 34-5 1125
5-1 1.71 4-5-1 111.5
3-6 1.08 6-3-2 125.0
4-7 1.08 7-4-5 125.0
5-8 148 8-5-1 125.0

Several randomly chosen sets are used as starting
points in the chain packing analyses of the orthorhombic
and monoclinic/hexagonal cells. (The hexagonal lattice is
a special case of the monoclinic cell). Lennard—Jones 6-12
potential energy parameters developed by Hopfinger®
and Scheraga'® have been used throughout in this study.
The Hopfinger set is known to be ‘softer’ than the
Scheraga values for aromatic systems, perhaps resulting
in the occurrence of tighter packing organizations. Yet
with a softer set, one has a stronger probability of
identifying all possible crystalline packing possibilities.
Once a rough set of optimum packing geometries are
realized, further refining is sought by using these points as
starting points for a further series of minimization.

All calculations were carried out on a GTE
Laboratories VAX 11/780 using the computational
facilities of the CHEMLAB-II'® software environment.

RESULTS

Valence geometry

The valence geometry of PT is assumed to be similar to
that found in model compounds thiophene and
diethienyl'! and is shown in Figure 2. The values of the
bond lengths and angles are listed in Table . The C-H
bond lengths and C—-C-H bond angles are assumed to be
the same as those found in benzene. The bond angle
formed by the atoms that link the thiophene rings (atoms
1, 5 and 8 in Figure 2) were chosen by assuming that the
bond vector 5-8 bisects the angle formed by atoms 1, 5
and 4. An MNDO (modified neglect of diatomic
differential overlap)'? geometric optimization of the
tetramer is also reported, in which the bond lengths and
angles within the inner two rings are independent
variables. The valence geometry of the optimized
structure is shown in Table 2.

The valence geometry of PP has received much
attention in the literature, and a wide range of values have
been reported! 3716, henceforth referred to as structures
A, B, C and D, respectively. Since no good solvent has
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been found for PP and it displays a low degree of
crystallinity, conclusive structural analyses of the
polymer sample are difficult. Thus, the use of low
molecular weight model compounds has been necessary.
The methods employed in these structural determinations
include microwave spectroscopy of the monomer'?,
geometric optimization of the tetramer within a restricted
Hartree-Fock SCF-LCAO-MO methodology!'?; elec-
tron diffraction studies of the dimer!®; and X-ray
diffraction studies of the monomer, dimer and trimer of
pyrrole'®, PP is shown in Figure 3 while the previously
reported geometries are listed in Tables 3 and 4. The bond
length of the link between chains for structure A was found
via a MNDO!? optimization. Extensive analysis carried
out by Dewar and coworkers'? have demonstrated the
reliability and limitations of MNDO for geometry
minimizations.

The positions and relative stabilities of the single chain
conformational energy minima are affected negligibly by
variations in the valence geometry. Thus, in the molecular
mechanics framework, exact description of the valence
geometry is not a rigid requirement. Clearly, this is not the
case for calculations involving electronic structure, since
the valence geometry is more strongly coupled to the
electronic properties. To understand better the valence
geometry, the energies of the proposed structures were
calculated using the MNDO!? approximation. The
relative energies per monomer are shown in Table 5. All:
the energies appearing in Table 5 are the result of
calculations performed on a dimer.

It is evident from this table that the geometries reported
by Bredas'* and Bak'? are both energetically feasible.
The structures suggested based on diffraction
experiments'>'¢ have higher energies and appear to be
energetically less probable geometries. The main
differences between structures B(14) and D(16) concern
the values assigned to the C-N-C and N-C-C bond
angles. Structure D(16) has lower values for both of these
angles and results in a more compact and apparently
strained geometry. It is known that MNDO does not
accurately predict the relative stabilities of heteroatomic

Table 2 Optimized valence geometry of poly(thiophene)

Bond d(A) Bond angle 0 (degrees)
1-2 1.71 5-1-2 94.7
2-3 1.38 1-2-3 1105
34 1.44 2-34 112.0
4-5 1.38 345 112.7
5-1 1.70 4-5-1 110.1
3-6 1.08 6-3-2 125.0
4-7 1.08 7-4-5 125.0
5-8 1.45 8-5-1 122.8
-0.100 (1)
(2) o0.017 0.017 (5)
(3) 0.020 0.020 (4)
(5) 0.007 0.007 (6)

Figure 3 Numbering scheme and partial atomic charges of
poly(pyrrole) repeat

Table 3 Bond lengths of poly(pyrrole)

Structure
Bond A{A) B (A) C(A) D (A)
1-2 1.39 1.39 142 138
2-3 1.37 1.36 1.35 1.35
34 1.43 1.42 1.44 1.41
4-5 1.37 1.36 1.35 1.35
5-1 1.39 1.39 1.42 1.38
1-6 0.99 0.99 1.04 1.15
59 1.47 1.47 1.50 1.44
3-7 1.08 1.08 1.09 0.84
4-8 1.08 1.08 1.09 0.84

Table 4 Bond angles of poly(pyrrole)

Structure

Angle A B C D

5-1-2 109.0 109.3 105.0 1074
1-2-3 108.0 107.5 110.0 108.6
2-3-4 107.5 107.8 107.5 107.7
3-4-5 107.5 107.8 107.5 107.7
4-5-1 108.0 107.5 1100 108.6
6-2-1 125.5 125.4 1275 1263
2-3-7 125.8 126.1 1259 1314
8-4-5 1258 121.2 125.0 121.2
9-5-1 121.0 126.1 1259 1314

Table 5 Relative stabilities of proposed pyrrole structures: MNDO
values

Structure E (kcal mol™1) E (kcal mol™?)
A —17856.9 0.0
B —17356.2 0.7
C —17843.0 139
D —17762.5 944

ringed systems!?, but as the difference in energies is so
large, structure D(16) has some definite shortcomings. In
all molecular mechanics calculations, the valence
geometry proposed by Bak et al.'® was used.

To optimize further the valence geometry of pyrrole,
the structures of Bredas'# and Bak!? were incorporated
as starting points in a MNDO geometric optimization.
Calculations were performed on a tetramer, with only the
two inner rings undergoing optimization. These
calculations produced negligible modifications of the
bond lengths for the Bredas model'* and only slight
alterations of the Bak structure. The bond angles of the
Bak!? ring were more strongly modified.

The Bak'® and Bredas'* optimized structures have
nearly identical energies and thus a further refinement of
the molecular geometry is not possible with this method.

Electron charge distribution

The partial atomic charges were computed via the
CNDO/2 method!”. This semi-empirical MO method
gives reasonable partial atomic charges without
consuming much computer time. Calculations performed
on dimers of PP and PT show that the partial charges are
not a function of the relative orientation of the ring
planes. Thus, a good approximation for the charge
distribution is determined by performing calculations on
successively larger planar oligomers.
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The partial atomic charges rapidly converge to a value
that accurately models an infinite polymer chain. Figures
2and 3 show the converged partial charges of PT and PP,
respectively.

A comparison of these CNDO/2 calculated values and
those obtained by other semi-empirical and ab initio
methods'® reveals that, although there is a quantitative
difference in the partial charges, a clear qualitative picture
remains intact. For example, all methods show the
nitrogen atom to be the most electronegative member of
the ring while the beta carbon is more negative than the
alpha carbon. As a further check of the reliability of
CNDO;/2 results, identical calculations were performed
using the MNDO method. There is only a small difference
between the MNDO and CNDO/2 results. The
quantitative discrepancy between the various methods is
not a serious consequence, since only qualitative
information is being extracted from the molecular
mechanics calculations that will incorporate these
particular results.

Torsional barriers

An important element in the intramolecular
conformational analysis is the form of the torsional
potential energy barrier. Calculations based solely on the
steric repulsive—dispersive forces often lead to an
erroneously low barrier. Also, the symmetry of the
function may be incorrect, resulting from the neglect of
non-steric factors, such as the spatial arrangement of the
bonding and non-bonding electrons.

Two main approaches have been used in evaluating the
intrinsic torsional barrier. Experimentally determined
values, which are most frequently obtained from
microwave spectra on small model molecules, are used
when available. An acceptable model compound must
have both the same symmetry and bonding
characteristics as the polymer. When an appropriate
experimental model is not available, quantum mechanical
calculations are then used as a substitute.

The results for PP and PT as calculated by the
CNDO/2!7 method are shown in Figures4 and 5
respectively. The reference state was arbitrarily chosen as
an alternating structure for both PP and PT, i.e. ¢ equals
zero when the heteroatoms of adjacent rings point in
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Figure 4 CNDO/2 (solid line) and MM (broken line) calculated
rotational energy barriers for poly(pyrrole)
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Figure 5 CNDO/2 (solid line) and MM (broken line) calculated
rotational energy barriers for poly(thiophene)

opposite directions. Clearly, the barriers as predicted by
the CNDO/2 and molecular mechanics methods are
different. The difference between the two will be corrected
by the incorporation of a torsional function.

The calculated rotational barriers have the correct
form that is expected from physical intuition, i.e. there
should be an energy barrier to non-planar structures and
the cis conformer should have a higher energy than the
trans form, resulting from the repulsive interactions of the
beta hydrogens on adjacent rings. This hydrogen—
hydrogen repulsive interaction is greater for PT than for
PP. Although the trans—cis barrier as calculated by
CNDOj2 is greater by approximately 2.8 kcal mol ~! for
PP than for PT, the cis conformer is of comparable energy
to the trans form of PP, while PT shows the cis conformer
to be about 1.3 kcalmol~! higher than the trans form.

The same series of calculations were carried out using
the MNDO!? method. Calculations on the dimers of PP
and PT predict the off-planar conformation to have a
lower energy than the planar form, i.e. the MNDO results
conflict with those found from CNDQ/2. At this point, it
was necessary to combine experimental data, physical
intuition and a good knowledge of the methods and their
limitations to resolve this apparent dilemma.

Two main factors contribute to the rotational barrier of
a system: (1) an increase in energy from the loss of
delocalization of the =n electrons and favourable n-n
overlap as the degree of non-planarity is increased, and
(2) a reduction in the energy from the decrease of possible
steric repulsive interactions between rings!®. To
determine how accurately MNDO and CNDO/2 predict
the first effect, calculations on the trans—cis
transformation of butadiene were carried out.
Experimentally, the barrier to rotation is approximately
4.9 kcal mol ! while the trans form is more stable than
the cis form by about 2kcalmol™!.2° The barrier
calculated with MNDO is only 0.5kcalmol™! while
CNDO/2 predicts the non-planar form to be more stable.
Not only does the MNDO method seriously
underestimate the gain in energy from the loss in
conjugation, but the CNDQO/2 and MNDO results once
again are in conflict with one another.

The CNDO/2 and MNDO results on the model

.compound butadiene suggest that the calculated



Structural study of poly(pyrrole) and poly(thiophene): B. J. Orchard et al.

CNDO;/2 barriers for PP and PT are fortuitously correct
in a qualitative sense, if the intuitive description
previously described is accepted. Although the calculated
symmetries for the rotational barriers appear correct, the
height of the barrier is uncertain. CNDO/2 caiculated
torsional barriers are 3.5 and 1.85kcalmol™!,
respectively, for PP and PT.

Recently, Bredas et al.?! calculated at the ab initio HF -
STO-3G (minimal basis set) level the trans—cis barrier to
be approximately 4kcalmol™! for PP and PT. The
calculations were performed on a dimer with only the
inter-ring bond variable in the energy minimization. For
PP, the ab initio and CNDO/2 results agree fairly well,
although there is a discrepancy concerning the relative
stability of the cis structure. CNDO/2 predicts the
energies of the cis and trans structure of PP to be nearly
equal while ab initio shows the cis form to be
approximately 2.5 kcal mol ~! less stable than trans. The
ab initio and CNDQ/2 energies agree very well for
rotations less than 90 degrees. Thus, the barrier to
perturbations about the lowest energy trans conformer
are the same for both methods. Since this study is
concerned with the identification of the most probable
structure and the relative occurrence of non-ideal
structures, the cruder, but less CPU time-consuming
CNDO/2 method does provide a reasonable estimate of
the important conformational features.

The CNDO/2 and ab initio results for PT are not in as
good an agreement as found for PP, although they are in
good qualitative agreement near the global minimum.
The major differences are: (1) the CNDO/2 trans—cis
energy barrier is approximately 2.5 kcal mol ™! less than
found with STO-3G; (2) the cis form of PT is a local
maximum for CNDOQO/2, but is a local minimum for the
ab initio calculations. Since the symmetry of the CNDQO/2
energy barrier is similar to that of the corresponding
barrier calculated by molecular mechanics, which
includes only steric and electrostatic interactions, it
appears that CNDO/2 more accurately models the steric
and electrostatic component, but is deficient when
modelling the orbital interactions for sulphur-containing
hetero-cyclic compounds. Again, since we are primarily
concerned with only the global minimum structure and
the barrier to small perturbations from that structure, the
use of the CNDOQ)/2 results does not present a significant
problem since the CNDO/2 and ab initio results are
similar in this region.

In addition, Radom and Pople?? proved that it is
necessary to carry out a nearly complete optimization of
the molecular geometry at each step of the bond rotation.
By varying only the length of the single bond which
connects the rings and not allowing for bond angle
deformation, the ab initio calculated barrier may not be
quantitatively correct either.

In summary, since this aspect of the study is only
concerned with identifying the global and local minima,
the possible underestimation of the rotational barrier
does not have any serious effect on calculations. Given the
crudity of the CNDO/2 method, it is reassuring to see the
fairly good agreement with the more reliable ab initio
results. Uncertainties may arise when trying to evaluate
the probability of non-planar chain segments occurring in
a crystalline phase, but extra factors arising from
intermolecular interactions would also need to be
included.

Conformational energetics of a single chain

The basic characteristics of the conformational
encrgies strongly reflect the functional form of the
torsional energy barrier. This is a direct consequence of
the large difference in magnitude between the total
conformational energy and that arising from only steric
and electrostatic interactions. The conformational energy
maps are shown in Figures 6 and 7 for PP and PT,
respectively.

PP and PT both show the planar conjugated structure
to be the most stable. The resistance to non-planar
conformations is higher for PP, which reflects its higher
and steeper torsional barrier. PP and PT show local
minima in the region of ¢, =¢,= +90 with an energy
that is about 3 kcal mol ™! above the global minimum. PT
exhibits more rotational freedom about these local
minima fluctuations of +(—)50 degrees cost only
3kcalmol™! for PT, but result in a destabilization of
about 6kcalmol™! for PP, The other main difference
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Figure 6 Conformational energy map of poly(pyrrole). Energies are in
keal mol ™! per repeat. 1 kcalmol~! per contour level
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Figure 7 Conformational energy map of poly(thiophene). Energies are
in kcal mol™! per repeat. 0.5kcal mol™' per contour level
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between the two polymers concerns the feasibility of the
other planar structure, whereby all the heteroatoms of the
ring (nittogen for PP and sulphur in PT) are on the same
side of the chain. This particular linearly curved
conformation is a local minimum for PP and is within
about 2 kcal mol ~?* of the global minimum. PT has a local
minimum that is slightly off-planar from this alternate
planar form. An examination of the torsional barriers
shown in Figures 4 and 5 clearly demonstrates this basic
difference between PP and PT. For subsequent crystal
packing calculation, a planar geometry was adopted
where the adjacent heteroatoms are on opposite sides of
the backbone.

Crystal packing calculations

A large set of randomly chosen starting points were
used to determine possible crystal packing arrangements.
Each starting point consists of a set of variable lattice
values. Energy minimizations were carried out while
constraining the chains to either a monoclinic or
orthorhombic lattice. Potential energy parameters of
both Hopfinger® and Scheraga'® were used. The resulting
minimized lattices and energies corresponding to each
starting point are shown in Tables 6 and 7 and 8 and 9 for
PP and PT, respectively. The chain setting angles (CSA)
shown in these Tables are defined as the angle between the
molecular plane and the cartesian coordinate Y-axis. The
repeat distances for PP and PT are 7.21 A and 7.84 A,
respectively.

The distribution of minimized lattice energies is much
narrower when using the ‘harder’ potential of Scheraga!®
in contrast to those found with the Hopfinger> potentials
(Tables 6-9). A direct comparison of the absolute energy

Within each set of minimized lattices shown in Tables
6-9, there are several spatially equivalent structures, i.e.
they share common broad characteristics. A further series
of minimizations were carried out using the remaining
non-degenerate lattices as starting points. Each starting
point was chosen using values for the lattice variables that
were close to the values found for the non-degenerate
structures. Only a slight refinement of the lattice energy is
found in this step.

To assess the sensitivity of the lattice energy to
modifications in the relationship between the chain
setting angles within a unit cell, a series of calculations
were carried out in which the (¢, 180— ¢) (orthorhombic)
and (¢, 180+ ¢) (monoclinic) constraints were relaxed.
For the orthorhombic case, the setting angle assigned to
the chains at the corners of the unit cell and to the chain
located at the centre of the cell were allowed to vary
independently. For the monoclinic cell, the setting angles
for all the chains were set equal to each other although the
setting angles were still treated as a single variable. It is
found that PP is much more sensitive than PT for the
monoclinic case as is evidenced by a larger decrease in
energy. The PP lattice is further stabilized by an
additional 7 kcal mol ~* when all the chains have equal or
independent chain setting angles for the monoclinic and
orthorhombic cells, respectively. On the other hand, PT
exhibits a smaller stabilization for both symmetries.
These results verify that rotations about the chain helical
axis are energetically feasible, and slight deviations from

Table 7 Orthorhombic poly(pyrrole)

A A R . Starting Ending
values found with different potential sets is not relevant; Energy
only relative stabilities within each set are physically A B CSA A B CSA  (kcal mol™!)
meaningful. If only the Scheraga values are used, it would 200 600 20 13 282 60
be difficult to determine the best possible lattice, since the 19'00 700 1230 9';2 300 28'0 _:g'gg
. - — 1 - . o . . . - 0
spread of energies is small (about 2kcalmol™'). In 1000 9.00 26.0 926 311 538 _43.69
contrast, the lattice energies found using the Hopfinger 400  6.00 154.0 450  6.50 65.7 —36.67
values have a much wider range. A comparison of the 800 500 1250 906 319 525 ~4396
spatially non-degenerate low energy lattices found within 1300 400 1700 785 357 419 4465
. . . . 4.00 9.00 121.0 8.40 3.36 459 —44.32
each potential set reveals that no new information is 900 400 470 791 3.3 427 _4467
gained by the inclusion of the other set. That is, the 400  4.00 105.0 744 390 86.0 —3244
resulting low energy lattices found are independent of the 13.00  7.00 68.0 269  6.61 126 —39.66
choice of potential energy parameters employed; only the ‘1"88 g-gg 191"0 13-65 3'61 42-6 —44.63
relative stabilities of the different packing arrangements 1L : 0 00 40 447 —22.65
. . 4.00 3.00 28.0 7.32 5.64 46.7 —-16.77
are dependent on the exact form of the potential function.
Table 6 Monoclinic poly(pyrrole)
Starting Ending
Energy
A B ¥ CSA A B Y CSA (kcal mol~?)
12.00 4.00 62.0 125.0 7.86 2.80 50.1 152.8 —4795
14.00 5.00 73.0 174.0 4.37 421 63.6 125.0 —46.87
7.00 7.00 80.0 153.0 441 4.26 82.0 159.6 —38.83
4.00 7.00 59.0 1520 373 6.70 522 159.5 —29.89
12.00 5.00 60.0 150 276 6.65 60.4 26.4 ~47.06
11.00 10.00 57.0 40.0 6.98 3.70 383 89.1 —47.53
4.00 4.00 70.0 125.0 2.62 6.88 66.4 165.1 —49.76
7.00 10.00 58.0 39.0 497 6.69 29.7 62.5 —44.67
6.00 7.00 79.0 10.0 7.14 449 31.3 86.1 —47.81
3.00 5.00 93.0 19.0 3.78 444 64.7 49.1 —50.35
3.00 8.00 91.0 137.0 2.57 7.34 60.3 175.4 —51.08
6.00 9.00 100.0 147.0 340 6.76 41.4 137.6 —51.34
3.00 14.00 118.0 54.0 4.68 5.09 44.1 59.9 —43.01
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Table 8 Monoclinic poly(thiophene)

Starting Ending

Energy

A B Y CSA A B b CSA (kcal mol™ 1)
7.00 9.00 70.0 88.0 6.08 3.12 67.1 39.4 —41.46
9.00 12.00 104.0 170.0 5.08 592 319 66.4 —45.55
9.00 12.00 84.0 179.0 5.12 6.02 303 1137 —4599
8.00 13.00 126.0 116.0 2.87 7.86 49.1 1679 —39.71
4.00 9.00 98.0 68.0 333 6.04 539 30.7 —44.18
9.00 6.00 76.0 25.0 5.59 3.00 93.0 1103 —42.28
12.00 10.00 72.0 54.0 5.34 3.14 82.2 67.7 —42.88
12.00 7.00 75.0 128.0 2.88 177 45.7 9.8 —44.16
4.00 7.00 79.0 109.0 6.57 479 333 95.5 -37.21
14.00 10.00 110.0 22.0 3.16 5.95 57.0 25.5 —45.71

Table 9 Orthorhombic poly(thiophene)

Starting Ending
Energy
A B CSA A B CSA (kcal mol™1)
1200  6.00 62.0 1125 3.68 643 —-11.75
500 9.0 4.0 590 519 19.7 —27.90
6.00 5.00 97.0 505 617 68.6 —28.53
6.00 5.00 63.0 6.10 538 853 —22.68
400 8.00 41.0 1014 298 68.9 —3826
800 7.00 45.0 767 570 46.4 —14.45
500 9.00 350 296 673 13.6 —30.86
700  6.00 51.0 932 309 61.1 —3572
9.00 400 31.0 10.01 3.00 67.6 —3818
7.00  9.00 13.0 5.85 5.29 193 —27.85
7.00 400 54.0 597 519 205 —2793
D
%
c ¢

Figure 8 Monoclinic unit cells of poly(pyrrole)

the ideal case may occur with marked frequency in the
crystal.

The most energetically feasible structures are shown in
Figures 8 and 9 and /0 and /I for PP and PT, respectively.
The corresponding lattice values are shown in Tables 10
and //. The chain setting angles are with respect to the b
crystal cell edge in Tables 10 and /.. Some of the unit cells
listed in Tables 10 and // may be equally represented by
lattices that are more in line with standard usage. These
transformed unit cells are also shown in Figures 8—11 and
in Tables 10 and /1.

PP and PT share common packing characteristics,
which is not surprising since both have similar molecular

\
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Figure 9 Orthorhombic unit cells of poly(pyrrole)
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geometries, i.e. both are planar or nearly planar polymer
chains consisting of 5-membered heterocyclic rings. The
planarity of the polymer chains allows for favourable n—n
interchain interactions within the unit cell which
significantly stabilize the system.

Electronic band structure calculations

Conformational energy calculations of single isolated
chains of PP and PT suggest that the planar alternating
conformer has the lowest energy and thus appears to be
the most probable form present in the crystalline state. It
is believed that non-planar ‘defects’ may also exist, but
molecular mechanics calculations are not a sufficiently
sensitive probe unambiguously to determine the
probability that these defects occur. The electronic band
structure, on the other hand, is sensitive to the spatial
arrangement of the constituent atoms and thus may be
analysed to this end.

Valence effective Hamiltonian (VEH) quantum
mechanical calculations??® were performed on planar and
slightly non-planar conformers of PP and PT to
determine the sensitivity of the band structure to chain
conformation. If the electronic properties of the non-
planar forms are within range of the experimentally
observed values, then non-planar conformations cannot
be ruled out as possible crystalline structures.

The calculations were performed on chains that have

same as found in previous studies®>:2%, The valence
geometry of PP was taken from both Bak!?3 and Bredas'#,
while the geometry suggested by Wachters'! was used for
PT.

The calculated band gaps (E,), band widths (BW) and
Koopman ionization potentials (IP) for PP and PT are
listed in Tables 12 and 13, respectively. As is clearly
evident, slightly non-planar periodic segments do not
induce large changes in the band structure. The changes
calculated are all well within the uncertainty of the
experimentally observed values.

Recent calculations by Bredas et al.?! also examined
the electronic properties as a function of non-planarity for
values of 0, 20, 40, 60 and 90 degrees. As expected, as the
degree of non-planarity increases the band gap and
ionization potential increase while the band gap
decreases. Since the VEH method was parameterized for
nearly planar structures, the calculated electronic
properties for the nearly planar structures should be more
reliable than those calculated for the highly non-planar
systems examined by Bredas?® since the latter are outside
the domain of the molecules employed in the
parameterization process.

As is reported by Bredas et al.25, a slight change in the

Table 12 VEH poly(pyrrole)—Bak structure

alternating bond rotations of 5 and 10 degrees along with Angle
the planar conformation. Even though the reliability of (degrees) Eq (V) BW (eV) 1P (V)
the VEH method dun{nlshes as the degree of _non- 0 3870 3.497 4,089
planarity increases, this extent of non-planarity is 5 3875 3.494 4.095
sufficiently small to ensure confidence in the results?*. The 10 3.889 3.483 4.106
basis set and atomic potential parameters used are the
Table 13 VEH poly(thiophene)
\ / Angle
(degrees) Eg (eV) BW (eV) IP (eV)
I 0 1.855 2.074 5.179
£ 5 1.865 2.065 5.185
o ) 10 1.895 2.038 5.203
Figure 11 Orthorhombic unit cells of poly(thiophene)
Table 10  Poly(pyrrole) unit cells
Energy
Structure A B ¥ CSA1 CSA2 (kcal mol~!)
A1) 4.00 4.03 63.41 84.90 — —59.08
B(1) 3.28'(3.28) 6.61 (4.73) 42.2 (70.0) 185.8 (158.2) — —58.70
CQ2 8.21 3.54 90.0 435 38.0 —51.39
D 7.85 3.56 90.0 420 1380 —44.68
(1): all chains have equal setting angles
(2): two independent chain setting angles per unit cell
Transformed unit cells in parentheses
Table 11 Poly(thiophene) unit cells
Energy
Structure A B e CSAl CSA2 (kcal mol™ 1)
E(1) 4.99 (4.99) 5.81 (3.03) 31.5 (90.6) 171.0(111.8) — —47.64
F(1) 3.16 (3.16) 5.95 (4.97) 56.6 (88.6) 59.5 (27.5) — —46.56
G 5.08 (5.08) 591 (3.12) 319 (91.1) 124.5 (65.2) — —46.31
H 10.13 298 90.0 68.7 111.3 —38.30

(1): all chains have equal setting angles
(2): two independent chain setting angles per unit cell
Transformed unit cells in parentheses
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bond length which connects the pyrrole rings (from 1.45
to 1.49 A) also causes similar changes in the band
structure. These calculations suggest that planar as well
as slightly non-planar conformations can exist within the
crystalline state with no significant alteration of the
electronic properties.

SUMMARY

A series of calculations were performed in an attempt
further to understand the structural characteristics of
poly(pyrrole) and poly(thiophene). The levels of structural
organization addressed concerned the molecular valence
geometry, the probable conformations of the polymer
chain and possible crystalline packing arrangements.

Planar and slightly non-planar (5-10 degrees)
conformations are consistent with energetic and
electronic band structure factors. A number of possible
crystal structures were proposed that may subsequently
be used as starting structures in conjunction with limited
X-ray or electron diffraction information to arrive at the
final structures in an unambiguous manner. Clearly while
all the proposed structures are energetically feasible,
other kinetic and thermodyanamic factors not included
explicitly in this analysis may favour one form over the
other. It could also be very instructive further to
investigate the packing of these lattices while
simultaneously accommodating the various dopant
species that have been investigated.

ACKNOWLEDGEMENT

Dr Mark Druy’s assistance in a critical analysis of the
manuscript is gratefully acknowledged. All calculations
were performed on a VAX 11/780 using the chemical
modelling software package CHEMLAB?’.

REFERENCES

1 (a) See for example, Proceedings of the International Conference
on the Physics and Chemistry of Low Dimensional Synthetic
Metals, Mol. Cryst. Lig. Cryst., 117-118, (1980); (b) Pearlstein,
R., CHEMLAB-II Reference Manual, Molecular Design
Limited, San Leandro, CA, 1985

15

16

17

19

21

22
23

24
25

26

27

Baughman, R. H., Hsu, S. L,, Pez, G. P. and Signorelli, A. J. J.
Chem. Phys. 1978, 68, 5405

Diaz, A. F. and Hall, B. IBM J. Res. Develop. 1983, 27, 342;
Tourillon, G. and Garnier, F. J. Electrochem. Soc. 1983, 130,
2042; Druy, M. A., Seymour, R. J. and Tripathy, S. K. ‘Polymers
in Electronics’, (Ed. T. Davidson), p. 473, 1984

DePaoli, M. A, Waltman, R. J.,, Diaz, A. F. and Bargon, J. J.
Polym. Sci., Polym. Chem. Edn. 1985, 23, 1687; Druy, M. A. J.
Electrochem. Soc., submitted (1985)

Hopfinger, A.J. ‘Conformational Properties of Macromolecules’,
Academic Press, New York (1973)

Tripathy, S. K. PhD Thesis, Case Western Reserve University,
Cleveland, Ohio (1981)

Orchard, B. J., Tripathy, S. K. and Hopfinger, A. I, to be
submitted

Orchard, B. J. M.S. Thesis, Case Western Reserve University,
Cleveland, Ohio (1982)

Tripathy, S. K., Hopfinger, A. J. and Taylor, P. L. J. Phys. Chem.
1980, 1371

Scott, R. A. and Scheraga, H. A. J. Chem. Phys. 1966, 45, 2091
Wachters, A. J. and Davies, D. W. Tetrahedron 1964, 20, 2841
Dewar, M. S. and Thiel, W. J. Am. Chem. Soc. 1977, 99, 4907
Bak, B., Christensen, D., Hansen, L. and Rastrup-Andersen, J. J.
Am. Chem. Soc. 1956, 24(4), 720

Bredas, J. L., Themans, B. and Andre, J. M. Phys. Rev. 1983, B27
7827

Street, G. B, Clarke, T. C., Geiss, R. H., Lee, V. Y., Nazzal, A,
Pfluger, P. and Scott, J. C. J. de Phys., Coll. 1983, C3, Suppl. 6,
599

Street, G. B., Int. Conf. on Phys. and Chem. of Low-Dimensional
Synthetic Metals, Abono Tarmo, Italy (1984)

Pople, J. A. and Segal, G. A. J. Chem. Phys. 1966, 44(9), 3289
Andre, J. M., Vercauteren, D. P,, Street, G. B. and Bredas, J. L. J.
Chem. Phys. 1984, 80(11), 5643

Fischer-Hjalmars, 1. Tetrahedron 1963, 19, 1805

Parczewski, A. Tetrahedron 1970, 26, 3539

Bredas, J. L., Street, G. B., Themans, B. and Andre,J. M. J. Chem.
Phys. 1985, 83(3), 1323

Radom, L. and Pople, J. A. J. Am. Chem. Soc. 1970, 92, 4786
Nicolas, G. and Durand, Ph. J. Chem. Phys. 1979, 70, 2020; 1980,
72, 453

Bredas, J. L., private communication

Bredas, J. L., Themans, B. and Andre, J. M. J. Chem. Phys. 1983,
78(10), 6137

Bredas, J. L., Silbey, R., Nicolas, G. and Durand, Ph. J. Chem.
Phys. 1982, 77(1), 371

Pearlstein, R. A., Malhotra, D., Orchard, B. J., Tripathy, S. K.,
Potenzone, R., Mabilia, M., Grigoras, S., Koehler, M., Doherty,
D. Harr, R. and Hopfinger, A. J, Proceedings of the
International Conference on Molecular Modelling and Design
(Cyprus), ‘3-Dimensional Structure Modeiling and Quantitative
Molecular Design’ (1984)

POLYMER, 1986, Vol 27, October 1541



