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Conformational energy surfaces are determined as functions of torsional angles of bonds between rings
for an ct-~tpyrrole trimer by using semiempiricalquantum-mechanical calculations (AM1). Isomeric states
for torsional rotations are identified as positions of minimum energy. Statistical weights determined on
this basis are used in calculating the average dimensions of polypyrrole chains by the rotational isomeric
state (RIS) model and the matrix multiplication scheme. Results of calculations indicate that the chains
have unusually large characteristic ratios and persistence lengths with very strong temperature dependence.
Characteristic ratios obtained by the RIS model show perfect agreement, in a wide temperature range,
with the predictions of the worm-like chain model.
(Keywords: conjugated polymers; polypyrroles; semiempirical quantum-mechanical calculations; rotational isomeric state
model; characteristic ratio; persistence length; worm-like chain model; conductivity;single polypyrrolechain configurations;
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INTRODUCTION
Electronic properties and conformational behaviour of
polypyrroles attract a great deal of attention owing to
the high conductivity of polypyrroles upon doping 1-8.
Although pyrrole blacks have been known for a long
time, thorough analysis of polypyrroles started with their
first electrochemical synthesis9. Owing to their high
environmental stabilities, a large number of technological
applications of polypyrroles have been proposed 1°-~3.
Chain organization and morphology in the solid
polypyrrole are of major importance in determining both
the processability and the conductivity of the material.
The semicrystalline structure of the solid polypyrrole
results from the relatively high persistence length of the
single chains. In fact, the departure of the angle between
two successive backbone C-C bonds (ca 44 °, see below)
from that obtained in the near-tetrahedral bond angle of
common polymers results, as in the case of the aromatic
polyamides and polyesters, in a high degree of persistence
of the end-to-end vector. The stiffness of these chains
resulting from the near alignment of the successive bonds
may be termed as the 'geometric stiffness', as opposed to
the 'energetic stiffness' that obtains in chains with very
high energy barriers to rotameric transitions.
In the present paper, we study the configurational
features of the single polypyrrole chain. The persistence
vector and the characteristic ratio of the chain are
obtained by adopting the matrix multiplication scheme
and the rotational isomeric state (RIS) method ~4,15.
The organization of the paper is as follows. In the
*To whomcorrespondenceshould be addressed

theory section the structure of the chain and torsional
energy maps are obtained by quantum-mechanical,
semiempirical calculations, followed by rotational
isomeric state calculations of the end-to-end dimensions.
Values of the mean-square end-to-end distance and the
vector components of the end-to-end vector are presented
in the following section as a function of temperature and
the number of repeat units. In the final section the
correspondence of the single polypyrrole chain to the
worm-like chain model is discussed.
THEORY

Structure of the trimer and torsional energy surfaces
The majority of quantum-mechanical calculations on
the structures of oligomers of pyrroles and derivatives
are based on a semiempirical methodology. The high
number of possible rotational and conformational
isomers makes a detailed analysis of the ab initio
potential hypersurface very difficult. On the other hand,
semiempirical calculations at the AM1 level 16 have been
shown to produce quite reliable descriptions of the
bonding in heterocyclic compounds. In all of the present
calculations, the AM1 option of MOPAC 17 was used
with a graphics interface to the molecular-modelling
program MOLCAD is. The graphics interface allows
a simple investigation of the initial input, thereby
eliminating the costly study of a large number of sterically
improbable structures.
The structures of the pyrrole monomer and ct-~
bipyrrole are obtained by optimizing all parameters. The
torsional map is computed by relaxing six parameters
for each bond (one distance, two valencies and three
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Figure l (a) The structure of the trimer. The labels i, i + 1 and i + 2
in parentheses locate the centre of each ring. (b) Representation of the
chain as a succession of virtual bonds. 0 is the bond angle. The angles
tpi and ~p~+1 represent the torsional angles
Table 1 Structural data for the trimer
Position (A)
Atom number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

x

y

z

0.000
1.088
0.685
-0.686
-- 1.078
3.452
2.364
2.767
4.137
4.583
6.908
7.994
7.599
6.227
5.818

0.000
0.816
2.158
2.150
0.810
1.099
0.281
- 1.064
- 1.064
0.282
0.001
0.821
2.158
2.160
0.817

0.000
--0.333
-0.0203
0.221
0.337
-- 1.062
--0.729
--0.863
- 1.267
- 1.390
-2.104
- 2.422
-2.291
-- 1.884
--1.775

torsional angles) while keeping the other geometrical
parameters frozen. A small number of calculations
optimizing the full 3N-dimensional space did not produce
any significantly different results.
The structure of the trimer is shown in Figure la. The
labels i, i + 1 and i + 2 in parentheses locate the centre of
each ring. Atoms on the ring are numbered in a
counter-clockwise fashion. Nitrogen atoms in the rings
are labelled as 1, 6 and 11. The position of each labelled
atom in the figure, relative to the first nitrogen atom, is
given in Table 1. Calculations based on these coordinates
show that the rings are very close to planar. The angle
between the planes 6-10-9 and 7-6-10, for example, is
0.086 °. The angle between the unit normals of the planes
formed by atoms 1-2-3 and 6-7-8 is less than 1°. The
angle between the plane of the atoms 9-10-11 and bond
10-15 is about 4 °. These calculations indicate that the
minimum energy configuration of the molecules shown
in Figure la is not parallel to the xy plane. The deviations
from planar geometry are not significant, however. In the
interest of simplifying the calculations of chain statistics,
the indicated minimum energy conformation of the
molecule is assumed to be planar. Within the validity of
this assumption, bonds 2-7 and 10-15 intersect at the
point (i + 1). The molecule may thus be represented as a
sequence of virtual bonds joining the centres of the rings,
as shown in Figure lb. These virtual bonds, each of length
3.88/~, represent axes about which torsional rotations of
the rings take place. The angle 0 (Figure lb) formed by
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two successive virtual bond vectors is 43.6 °. This value
of the bond angle is much smaller than the bond angles
of common flexible polymers. The bond angle for
polyethylene is 68 °, for example. The angles ~Pi and ~i+ 1
in Figure lb represent the torsional angles.
The energy surface or the contour map generated by
rotations ~Pi and ~pi+1 is shown in Figure 2. Only half of
the full diagram is shown because of its symmetry,
i.e. the other half may be obtained upon inversion
through the origin. Contour lines are drawn at 0.4 kcal
(1 cal =4.2 J) intervals. The location of minimum energy
is at 0 °, 0 °) and is chosen as the trans-trans (tt) state. The
trans-gauche + (tg +) minimum is located at (0 °, 150°)
and has an energy of 0.79kcalmo1-1 relative to
the tt minimum. The trans-gauche- (tg-) minimum of
0.79 kcal tool- 1 is similarly calculated at (0 °, - 150°).
Owing to errors in optimization a slight asymmetry is
observed along the qh = 0° line, and this is ignored in the
calculations that follow. The minima for the g+g+ and
g+g- states with energies of 2.05 kcal mol- 1 are located
at (150 °, 150 °) and (150 °, -150°), respectively. The g+t
state is at (150 °, 0 °) and has an energy of 0.79 kcal mol- 1.
Two relatively sharp peaks of about 3.4 kcal mol-1 are
observed in the vicinity of (90 °, + 90°). The energy map
is presented in Figure 3 in three dimensions. The g+g+
and g+g- states are very shallow, as can be seen in this
figure.
The results of the present calculations are in
approximate agreement with the molecular mechanics

0

180

180

o

Pi+1
Figure 2 Energy surface generated by rotations tp~ and t&+ r Only
half of the full diagram is shown as the other half may be obtained
upon inversion through the origin. Contour lines are drawn at 0.4 kcal
intervals

g+

g+gFigure 3 Three-dimensional representation of the energy map

Configurational properties of polypyrrole chains." E. Yurtsever and B. Erman
calculations by Orchard et al. 4 with some minor
differences. The energies of the tg +- states, 0.79 kcal m o l - 1,
are the same in the two studies. The present analysis
locates the gauche state at 150 ° relative to the trans,
whereas the work of Orchard et al. locates it at 180 °. The
sharp peaks of about 3.4 kcal mol-1 in the vicinity of
(90 °, _ 90 °) are calculated by Orchard et al. to be about
4.3 kcal m o l - 1 at the same location.

where I is the magnitude of l and the superscript T
denotes the transpose.
The statistical average ( f ) of any quantityfis obtained
as

( f > = .¢r-[1~-(2,- 2 ) ~ n ]

In the present study, f stands either for r or r 2. The
matrices ~- are defined as

Statistical weight matrices

~[I=[F[1

The energy E;, of bond i + 1 in state q when bond i is
in state ( is required for the evaluation of the statistical
weight matrices 14 for the bond pair. Assuming that
interactions between non-bonded atoms are negligible in
the tg + state, the 0.79 kcal m o l - x energy of the tg + state
is assigned to the intrinsic rotational barrier about
individual bonds. With this assignment, the energy matrix
E;. is obtained in kcal mol-1 as

~-,l=COl(F,l

,io 079 0791.
1.26|
g+

t

E~,=g + 0

1.26

g-L0

1.26

0

0

...

F.I

0]

...F.I)

~ - i = (Ui®Es)llFill

(7)

l<i<n

where the matrix F represents the generator matrix A
for r or G for r 2. F[1 and F.I are the first row and the
last column of Fa and F., respectively. E, is the identity
matrix of dimension s. [[Fill is the diagonal array of the
generator matrix for each of the t, g + and g - states.

g-

RESULTS O F C A L C U L A T I O N S
(1)

1.26/

The (t/ element u~, of the statistical weight matrix U is
given as u ; , = e x p ( - - E ; , / R T ) . At 300 K, for example, the
matrix takes the form

U=

(6)

Z - 1

i 0:66 0661
0.121

0.121|

(2)

/

0.121

0.1213

The averages (r2)o and ( r ) for the polypyrrole
chain were calculated according to the general matrix
multiplication scheme outlined in the preceding section.
All calculations were performed for T= 200, 250, 300, 350,
400 and 450 K. In Figure 4, the dependence of (rZ)o on
the number of virtual bonds is shown. The curves from
top to bottom are in ascending order of temperature, the
highest curve being obtained for 200 K and the lowest
for 450 K. The dependence of (r2)o, or the characteristic
ratio C,, defined as
(8)

C n = (r2)o/nl 2
Calculation of averages

The average dimensions of a chain of n virtual bonds
may be calculated following the matrix multiplication
scheme given elsewhere 14'15. The procedure is briefly
outlined in the present section.
The partition function Z for a chain of n bonds is
Z=U(~")

(3)

The right-hand side of equation (3) represents the serial
product of the statistical weight matrices. The subscript
1 and the superscript n indicate that the multiplication
starts from the first and ends at the nth bond.
The generator matrix Ai for calculating the average
end-to-end vector ( r ) is

on temperature is very strong, as can be seen from the
figure. The limiting values of C, for large n, represented
as Coo, are given in the first row of Table 2 as a function
of temperature. The temperature coefficient of the
mean-square end-to-end distance, defined as d ln(r2)o/dT,
is obtained for the infinitely long chain from Figure 5 as
- 3 . 6 9 x 10 -3 deg -1. Since the data points do not lie on
a straight line, only three points in the temperature
range 350 K < T<450 K are adopted in calculating the

150

125

100

Here, the subscript i locates the position of the bond
along the chain. T is the transformation matrix 14 that
transforms a vector in coordinate frame i + 1 to the ith
frame and 1 is the bond vector. The coordinate system
for each bond is chosen as given by Flory. The first and
last bonds are assumed to be in the trans state. A
laboratory-fixed coordinate system is assumed such that
the x axis is parallel to the first bond and the xy plane
contains the first two bonds.
The generator matrix G~ for calculating the unperturbed
mean-square end-to-end distance (r2)o is

A
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v
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I

200

G~ =

T
0

(5)
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Figure 4 Dependenceof (r2)o on the number of virtual bonds. The
curves from top to bottom are in ascending order of temperature,
respectively,for 200, 250, 300, 350, 400 and 450 K
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temperature coefficient. The value of the temperature
coefficient obtained in this manner is more than
three times larger than the temperature coefficient of
polyethylene in the same temperature range.
The dependence of the average value ( x ) of the x
component of the end-to-end vector on chain length is
shown in Figure 6. The x direction represents the direction
of the first bond. Values of ( x ) decrease monotonously
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1O0
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Table 2 Characteristic ratio and the average end-to-end vector for

the infinitely long chain
Temperature (K)

Coo
(x)
(y)

r/l
m'

25

200

250

300

350

400

450

139.1
269.8
112.3
75.3
161.4

77.3
148.5
64.1
41.7
89.3

53.5
102.5
46.0
29.0
62.0

41.3
79.2
36.9
22.5
47.9

33.8
65.0
31.4
18.6
39.2

28.6
55.4
27.6
16.0
33.1
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n
Figure 7 Dependence of the average value (y) of the y component

of the end-to-end vector on chain length. See legend for Figure 4 for
the temperatures
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Figure 5 Temperature coefficient of the mean-square end-to-end
distance for the infinitely long chain
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Figure 8 The x and y components of the persistence vector at
T=300K

with decreasing temperature. Their limiting values for the
infinitely long chain are given in the second row of
Table 2. The averages ( y ) are shown in Figure 7 and their
limiting values for the infinitely long chain are given in
the third row of Table 2. The average of the z component
of the end-to-end vector equates to zero owing to the
assumed symmetry of the chain about the xy plane.
The average vector ( r ) m a y be defined as the
persistence vector, whose magnitude is a measure of the
stiffness of the chain 19. The x and y components of the
persistence vector at T = 300 K are shown in Figure 8.
The persistence vector lies in the plane of the first two
bonds, owing to symmetry, and makes an angle of about
25 ° with the first bond. Its direction is approximately
independent of chain length, as can be seen from the
figure. At this temperature, the persistence vector is
about 112/~. This is significantly larger than that of
polyethylene 19., which is of the order of 7.5/~ at

n

Figure 6 Dependence of the average value (x> of the x component

of the end-to-end vector on chain length. See legend for Figure 4 for
the temperatures
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* The present definition of the persistence vector, adopted following
Flory and Yoon, differs from the more widely used definition which
takes up only the x component as the persistence vector.
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comparable temperatures. The values of the persistence
vector length calculated from the second and third rows
of Table 2 divided by the length of a repeat unit (l = 3.88 A)
are given in the fourth row of Table 2. These values fall
significantly below the predictions of Rossi et al. 2°. The
origin of the disagreement is explained in the Conclusions
and Discussion section.
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CORRELATION WITH THE FREELY JOINTED
AND THE WORM-LIKE CHAIN

J
40

Correlation with the freely jointed chain is established 14
in the limit of the infinitely long chain by the usual method
of equating (i) the mean-squared values (r 2) and
(ii) the stretched end-to-end lengths of the real and
the hypothetical freely jointed chains. Two equations
obtained in this manner yield the length l' and the number
n' of segments of the equivalent freely jointed chain as
l'-

Coo l
cos(0/2)

(9)

and
n' - c°sZ(0/2) n
Coo

2O

0

I
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50

100

150

200

250

300

Figure 9 Values of C, calculated according to equation (14) (solid
curves). The circles represent the results of matrix multiplication
calculations for the real chain. Comparison is made between the results
at three different temperatures: 200 K (upper curve), 300 K (middle
curve) and 400 K (lower curve)

(10)
1 O0

i

The number of bonds m' in a freely jointed segment is
obtained from equation (10) as
80

Coo
m'- - -

(11)

cos2(0/2)

60

Values of m' calculated according to equation (11) are
given in the fifth row of Table 2 as a function of
temperature. The values of m' vary from 161.4 at 200 K
to 33.1 at 450 K. These values are much larger than that
of the polyethylene chain, which is about 10 at 400 K.
These calculations indicate that the polypyrrole chain
may be classified as a semifiexible or worm-like chain.
The worm-like chain 14 is an approximate and simple
model which may represent the behaviour of semiflexible
chains, and is used to advantage in analytical calculations
of chain statistics. It is characterized by two length
parameters, L and a, defined in terms of the variables
used for the real chain as
rma x =

nl cos(0/2)

Coo

2 cos2(0/2)

l

1-exp(-L/a!]
L/a
]

~O

20

0
200

,

I
300

~

1
400

T (°C)

(12)

(13)

CONCLUSIONS AND DISCUSSION

where rrnax is the stretched length of the chain. The
characteristic ratio C, of the real chain is expressed in
terms of the two parameters L and a of the worm-like
chain as
C,=C~I1

40

Figure 10 Comparison of the calculated persistence length values with
those from the work of Rossi et al? ° as a function of temperature.
The solid curve is from the present calculations and the filled circles
are from the work of Rossi et al. The empty circles were also obtained
by Rossi et al. for equal trans and gauche energies

and
a-

¢--

(14)

In Figure 9, values of C. calculated according to
equation (14) (solid curves) are compared with the results
of matrix multiplication calculations (empty circles) for
the real chain. Comparison at the three temperatures
200 K (upper curve), 300 K (middle curve) and 400 K
(lower curve) indicates excellent agreement, pointing to
the fact that a semiflexible chain such as polypyrrole may
safely be treated according to the worm-like chain model.

The dimensions of the individual polypyrrole chain
exhibit unusually large values and very strong dependence
on temperature. The unusually high values of chain
dimensions result both from the significant departure of
the successive backbone bonds from the tetrahedral
structure and from very high energy barriers between
rotational isomeric minima. The latter factor is especially
important in slowing down the local dynamics of the
single chain by diminishing the transition rates from one
isomeric state to the other.
The torsional energy maps obtained in the present
work are also closely predicted in the calculations of
Orchard et al. 4, as described earlier. Our calculations of
the persistence vectors based on these energy maps are
in disagreement with those obtained in a recent study by
Rossi et al. 2°. In Figure 10 the values of r/I, where r is
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