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Conformational disorder in conjugated polymers 
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(Received 19 December 1988; accepted 10 March 1989) 

Conformational disorder plays an important role in determining the electronic properties of 
conjugated polymers. To obtain a better theoretical description of the role and extent of 
conformational disorder, we derive the 1T electron correlation length and the bond correlation 
len~th in terms of t~e effective torsional potential and geometry of the conjugated polymer 
cha~ns. T~ese quantltes are related to the conjugation lengths and persistence lengths of the 
chal~, WhICh are c?~pu~ed for polyacetylene, polydiacetylene, poly thiophene, and polypyrrole. 
In s~lte .of uncertamttes m the torsional potential parameters for these materials, good 
quahtattve agreement is found between experiment and theory. 

INTRODUCTION 

Certain conjugated polymers show remarkable changes 
in their optical properties when the solvent is modified or 
when the temperature is varied. Qualitative explanations of 
these solvatochronic and thermochronic effects have been 
provided by a model l

,2 which links the optical properties to 
the effective conjugation length of the polymer and the latter 
to the solvent or temperature. The conjugation length is, 
loosely speaking, the length at which the 1T orbitals of a unit 
in the polymer are no longer parallel to (i,e., conjugated 
with) the 1T orbitals at the origin. In this paper, we define and 
calculate the temperature dependence of the conjugated 
length for model effective potentials and, using the same 
ideas, compute the persistence length3 of the polymer. We 
then apply these concepts to a number of polymers of current 
interest and compare to experiment where possible. 

We consider a simple model to describe the conforma
tional properties of conjugated polymers. Our model is ap
plied to chains consisting of a series of alternating single and 
multiple carbon-carbon bonds (polyacetylene and polydia
cetylene) and to chains consisting of a sequence of aromatic 
rings (poly thiophene and polypyrrole). Our "course grain
ing" unit is the single aromatic ring (in the case of polythio
phene and polypyrrole) or the single rigid platelet in the case 
of polyacetylene and polydiacetylene (see Fig. 1). We take 
the relative position of the atoms within a single unit to be 
fixed; therefore, a unit can be completely specified in relation 
to other units by giving its center of mass and its orienta
tional coordinates (Euler angles). We describe the polymer 
chains as consisting of a sequence of such units. The stan
dard methods3 found in the literature to deal with the statis
tical mechanics of chain molecules are readily applied to our 
chains, with the coarse grained units playing the role of the 
backbone atoms in the standard treatment. 

Our model owes much to the earlier theoretical work of 
Dobrosavljevic and Stratt,4 Schweizer,5 and Soos and 
Schweizer,6 who were concerned with the effects of confor-
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mational disorder on the optical properties of conjugated 
polymers. Dobrosavljev and Stratt treat polydiacetylenes 
only, in a model similar in spirit to the present paper. They 
use an Ising model (to mimic the hyrogen bonding interac
tions along the chain) which includes correlations between 
adjacent hydrogen bonds, a model which has enough coo
perativity to produce a sharp change in the correlation 
length with temperature. They then use a tight binding 
(Ruckel) model for the electronic states to discuss the effect 
of disorder on those states. In the present paper, we focus on 
the definition of the conjugation length using a model with 
no cooperativity, but which stresses the role ofthe torsional 
potential and allows continuous low energy conformational 
defects. This makes our simple model applicable to a number 
of conjugated polymers. If cooperativity is important (as 
may be the case in polydiacetylene), our model would have 
to be generalized in the direction of Dobrosavljevic and 
Stratt. 

Schweizer5 and Soos and Schweizer6 treat the effect of 
conformational disorder on the optical properties of poly
mers in two limiting cases: (1) the strong disorder limit in 
which the defects completely disrupt the conjugation, so that 
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, ?C " ,pC '" -?C " -?C " -?C " -?C C C C C C C 
I I I I I I 
H H H H H H 

~ L..--

POLYACETYLENE 

~c_ct~ctc-c1~lc-cf~ctc¢ct~ct 
POLYDIACETYLENE 

FIG. 1. Examples of coarse graining units for polyacetylene and polydiace
tylene. 
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a polymer is a connected system of shorter length conjugated 
units, and (2) the weak disorder limit in which the weak 
conformational disorder does not affect the energy levels but 
only the dipole transition moments and hence the optical 
absorption. The latter model, although similar in spirit to 
ours, is on the one hand less detailed than ours (in the treat
ment of the torsional energy and distribution of defects) and 
on the other hand more detailed (in the treatment of the 
transition moments and optical absorption). The former 
model (which implicitly allows only two torsional angles 0 
and 1T/2) is quite different in spirit to either our model or 
that of Dobrosavljevic and Stratt.4 

Available data from Raman and infrared spectroscopy, 
as well as ab initio quantum mechanical calculations suggest 
that different energy scales are associated with different pos
sible distortions of the molcular structure.7

-
to For example, 

when the various distortions of a two ring molecule are para
metrized in terms of simple quadratic potentials 

V( 1]) = K" 1]z /2 (1 ) 

(here 1] represent the generalized coordinate associated with 
the distortion and K" is the force constant associated with 
that coordinate), one can distinguish three different energy 
scales: E torsion ~ E wags ' Ebends < Estretch • 

An analysis of the conformational structure of the polymer 
chain should reflect this difference in energy scales. 

The bond vectors joining successive rings are denoted by 
uI,UZ,,,,uN and the unit vectors perpendicular to the planes 
ofthe rings by o-I,o-Z, ... ,o-N' We expect correlations between 
the directions of the bond vectors as well as correlations 
between the directions of the planes to fall off exponentially 
with distance: 

( A A) -Lll.p 
UO'U L - e 

( Pr uA ) e-L1l.u 
"0' L - . 

(2) 

(3) 

Equation (2) and (3) define the two correlation lengths A p 

and Au, respectively. The bond correlation length Ap ob
tained from Eq. (2) coincides [up to order O( lIAp)] with 
the standard3 persistence length a (see appendix A for de
tails). We also introduce the conformational conjugation 
length Ac by 

« A A )Z) «A A )Z) -LII.,. 
UO'UL - UO'UL o-e , (4) 

where «o-O'o-L )Z)o is the value of «o-O'o-L»Z when the al
lowed motions of the bonds are unhindered (V = 0). The 
length Ac defined by Eq. (4) is a measure of the coplanarity 
of the coarse graining units. It is important to realize that it is 
Ac and notAu that provides the correct measure of the conju
gation along the chain in all cases. This is best seen via an 
imaginary chain where all the u's are parallel to each other 
(Ap = (0) and the angle between adjacent ers has the same 
probability of being either 0 or 1T: in this case (o-O'o-L) van
ishes (i.e., AO' = 0) but Ac is infinite, as expected for the 
conjugation length in this situation. 

In addition, the length Ac is the correct order parameter 
for the optical properties due to 1T electron conjugation. This 

can be seen by examining how the optical gap scales with Ac 
within the simplest model for such effects: a one-dimension
al, nearest-neighbor-coupling Huckel Hamiltonian applied 
to an alternating bond structure, such as in polyacetylene. In 
the planar form, the nearest-neighbor matrix elements alter
nate between f3d and f3s (double and single bonds); in the 
molecule with torsional motion about the single bonds, these 
will alternate between /3d and a value depending on the tor
sion about that bond /3. (</>,,) = /3s cos </>". In the Born-Op
penheimer approximation, we can take the </>" [and hence 
the /3s (</>" )] to be constant. The eigenvalues of this electric 
Hamiltonian (or the equation det IA 1 - H I are functions of 
[/3s (</>,,)] z. If we assume that all the torsional angles </>" are 
independent, we may average the determinental equation 
and find that, to lowest order, we can replace cos </>" by 
(COsZ </>,,) lIZ everywhere. Therefore, to find the eigenvalues 
of H averaged over the possible values ofthe torsional angle 
to this order, we make this replacement. 

In this simple model, the band gap is given by 

Eg =21/3dl(1-x(cOSZ</»I/Z), (5) 

where X = /3J/3d and we have assumed that the average of 
cosz </>" is independent of 1]. The band gap in the absence of 
torsion E~ is 21/3d I (1 - X), so that 

Eg - E~ = 21/3d IxU - (COsZ </» lIZ} (6) 

= 2/3s{ 1 _ [~ + (co~ 2</» rZ} . (7) 

In Sec. III we will show that 

(cos 2</» = e-III., 

so that 

E _EO =2f3 {1- [~+~e_III.,]IIZ}. (8) 
g g s 2 2 

In the limit that Ac is large compared to 1, 

(9) 

Therefore, the band gap is inversely related to the conjugated 
length Ac in agreement with the usual formula used to inter
pret conjugation lengths from fitting the band gap of finite 
sized (N repeat units = n double bonds) conjugated chains 
(e.g., polyenes) II: 

( 10) 

The exact quantitative relationship between Ac and N can 
only be found by more elaborate calculations. Here we are 
content with the qualitative relationship Ac -N. 

Even at the coarse graining scale we have chosen, a 
treatment of the conformational problem which allows all 
the distortions listed above and accounts for long range ex
cluded volume effects requires a large scale Monte Carlo 
simulation. At present such a treatment will, however, prove 
oflittle value because of the large uncertainties in the various 
input parameters (potentials associated with the distor
tions). It seems, therefore, sensible to adopt a less compre
hensive approach and to make full use of the fact that most 
conformational properties will be controlled by distortions 
occurring at the lowest energy scale. 
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Sections II and III are devoted to the treatment of the 
lowest level of approximation: only torsions around bonds 
connecting the platelets are allowed. We assume that the 
torsion potential depends only on nearest neighbor interac
tions: i.e., only on the angle tjJ between the directions of two 
adjacent platelets. This should be a reasonable approxima
tion since conjugated chains are known to be fairly rigid and 
since our coarse graining scale is already of the order of a few 
atomic units. 

With the scheme just outlined, simple expressions are 
obtained in Sec. III relating the form V( tjJ) of the torsional 
potential to the conformational conjugation length A.e de
fined in Eq. (4). These relations are new: to our knowledge, 
in spite ofits obvious usefulness as a conformational measure 
of conjugation, A.e has not been introduced before in the liter
ature. A straightforward application of the classical meth
ods ordinarily used to treat the conformational statistics of 
ideal chains3 also allows us to obtain relations between V( tjJ) 
and the persistence length A.p • Only simple one-dimensional 
integrals are involved: therefore, it is very easy to study the 
dependence of A.e and A.p on different choices of the potential. 
In Sec. III we apply these results to the treatment of particu
lar systems: polyacetylene, polydiacetylene, poly thiophene, 
and polypyrrole. It will be seen that, at this level of approxi
mation, there is some uncertainty on our results due to the 
uncertainty in the form of the input potential V( tjJ ). 

We shall not make any attempt to include in our treat
ment the effect of stretches in the interunit distance, since the 
energy scale involved is so large compared to kT. In addi
tion, we neglect the effect of long range excluded volume 
interactions. We consider this approximation reasonable 
since the ratio of chain length to persistence length is on the 
order of ten or less for the relatively stiff polymers of interest 
here. 

II. CHOICE OF POTENTIALS 

The full potential for the motions of polymer segments 
in solution is, of course, not known. We can estimate the 
potential for torsional motion in the gas phase bsed on Ra
man spectroscopy and in solution by NMR spectroscopy. 
Although these estimates are crude, we can use them to get a 
qualitative picture of the conjugation lengths in polymers. 

In this description, we use model effective potentials for 
torsional motion of the form 

V(tjJ) = - Ee cos(2tjJ) - Es cos tjJ, (11 ) 

where the first term is a "conjugation" energy part and the 
second a "steric hindrance" part. The parameters Ee and Es 
are the effective energy values after solvent effects, etc. are 
taken into account. 

Note that the conjugation energy part has the usual 
cos (2tjJ) form; this term has periodicity 1T with a minimum at 
tjJ = a (when the platelets are aligned) and a maximum at 
tjJ = 1T/2. The second term in Eq. (5) represents a contribu
tion having periodicity 21T. Terms of this form could have 
their origin in steric hindrance, examples being polythio
phen and its alkyl substituted derivatives, and polyacetylene. 
A specific interaction between substituent groups, such as 
the attractive hydrogen bonding in polydiacetylene, would 

also be represented by a term of this form. 
For the calcuations presented in the next section, the 

energies Ee and Es appearing in Eq. (5) are free input pa
rameters. We shall look at the values of Ee and Es in the 
region 0< EoEs < 15kT. If E, < 4Ee, the potential has a 
minimum at tjJ = 1T; such a situation is realized in both po
lythiophene and polypyrrole. 

III. CALCULATION OF CONJUGATION LENGTH 

A. The Simplest case-infinite persistence length 

In this case the "bond vectors" Ui are assumed parallel 
to each other. Therefore, if only torsions around the bonds 
are permitted, the persistence length A.p is infinite. For the 
purpose of obtaining the conjugation length A.e , the chain 
can be idealized in terms of the set of unit vectors o-i located 
on the sites of a one-dimensional lattice. Only rotations in a 
plane perpendicular to the direction of the chain are allowed 
(see Fig. 2). An example where this case would be an excel
lent approximation is poly ( p-phenylene). 

The potential associated with the relative rotation by an 
angle tjJ of two adjacent platelets is denoted by V(tjJ); one can 
then define the partition function3 

Z = r21T 
dtjJl r21T 

dtjJ2 •.• r21T 
dtjJN IT e - V(,p)/kT 

Jo 21T Jo 21T Jo 21T j~ 2 

= [f1T ~! e- V(,p)/kT r- I 

(12) 

Here tjJj is the angle between o-j _ I and o-j. We consider first 
the correlation function 

0-.0- = ~ Sa
21T 

dtjJl Sa
21T 

dtjJ2 Sa
21T 

dtjJN <, ,+n) Z 2 2 2 o 1To 1To 1T 
N 

X II - V(,p;llkT( A •• A • ) e 0", 0",+ n (13) 
j~ 2 

and note that the torsional potential V( tjJ) has periodicity 
21T. We note that 

0-0'0-L = cos( BOL ) = cos ( BOL _ I ) cos tjJL 

- sin(BoL _ I )sin tjJL' (14) 

where BOL is the angle between 0-0 and 0-L; furthermore, since 

FIG. 2. Geometry in the case of all bond vectors, u,' parallel (infinite persis
tence length). The vectors u, can rotate in the plane perpendicular to u i . 
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V( t/J) is symmetric around t/J = 1T, we have 

1
2". 

o 
d'" . '" - V(t/>j)/kT - 0 ,/,SlD,/,e - • 

Therefore, Eq. (13) can be rewritten as 

(aO'aL) = t (aO'aL_ 1 ) = t L = e-LI1n,;1 , 

where 

5~"'dt/J cos t/J exp - V(t/>J)/kT 

t = (cos t/J )-~~--=----
52". d'" - V(t/>j)/kT o ,/,exp 

From Eqs. (3) and (16) one is finally led to 

A =_1_= 1 
u Ilntl Iln<cost/J)I 

(15) 

(16) 

(17) 

(18) 

When the torsional potential has periodicity 1T, [i.e., Es = 0 
in Eq. (17)] the numerator in the right-hand side of Eq. 
( 17) vanishes and so does Au' 

Next we consider the correlation function 

(19) 

Here «ao'aL )2)0= 1/2 is the value of «aO'aL )2) if 
V(t/J) = o. We define 

CL = (cos2 (Ood) 

SL = (sin2 (OoL» = 1-cL 

as well as 

(20) 

(21) 

5~"'dt/J cos 2t/J exp - V(t/>j)/kT 

(cos 2t/J) = , 
5~1Tdt/J exp - V(t/>FkT 

(22) 

so that applying Eqs. (20) and (21) to the analogs of Eq. 
( 14) and making use of 

i2

". dt/J sin(2t/J)e - V(t/»/kT = 0 

we obtain 

CL = (cL _ I - 1/2) (cos 2t/J) + 1/2. 

Eo = 10~_ 

(23) 

(24) 

------~-~---. 

10 

2 4 6 8 10 

FIG. 3. Plot of the conjugation length ..tc for various values of Ec and E, 
using the potential ofEq. (5). The dashed line represents the approximate 
result for..tc given by Eq. (B13). 

100 

90 

80 --
70 ---
60 

Au 50 

40 --30 

20 

10 

0 
0 2 4 6 8 10 

FIG. 4. Plot of correlation length..tO' for various values of Ee and E, using 
the potential ofEq. (5). Note that..tO' goes to zero for small E, in contrast to 
the behavior of ..te' The dashed line represents the approximate result for..tO' 
given by Eqs. (27) and (B13). 

Therefore we have 

eeL) = (cos 2t/J)L 

which compared with Eq. (4) gives 

Ac = 1/lln(cos 2t/J)1. 

(25) 

(26) 

Note that for torsional potentials in which Es'~Ec' 
(cos t/J) ==. e - 2(t/>') so that 

Ac = Au/4. (27) 

In Figs. 3 and 4 we plot values of Ac and Au using the model 
potential ofEq. (5) for various values of Es and Ec. 

B. Nonparallel u; only torsions allowed 

In the previous subsection we have restricted ourselves 
to the case where the bond vectors u j are parallel to each 
other so that the bond correlation length Ap is infinite and is 
unaffected by torsions. In most cases this condition is not 
met (see Fig. 5); however, it is easy to adapt to our model 
chains the classical methods3 used to study the conforma
tional statistics of polymers, and to treat in this way the case 
when the angle between adjacent u j is different from O. 

Again let us consider the case when only torsions around 
connecting successive units are allowed (i.e., the bond angle 
between adjacent U j is restricted to a given value 9 = 9 0), 

This restriction ensures that the center of mass of a platelet 
and the point where the axes of the two bonds relative to that 
platelet intersect are fixed with respect to each other (see 
Fig. 6). One can regard the intersection of the bond axes as 
backbone atoms of a fictitious chain and proceed to intro
duce the standard3 rotation matrices Tj for that chain. Since 
the bond angles are fixed (see Fig. 2), and our torsional 
potentials satisfy Eq. (11), one gets 

(

COS 9 0 

(T) = -t~n90 

sin 9 0 
- tcos90 

o 
~ ), 
-t 

(28) 
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POLYTHIOPHENE 

POLYPYRROLE 

8 = 46.8° 

FIG. 5. Geometry for poly thiophene and polypyrrole indicating nonzero 
9 0 , the angle between two successive interring bonds. Bond angles from 
Bredas et al. (Ref. 16). 

where 5 = (cos <,6) is defined in Eq. (17). It is easy3 from Eq. 
(28) to find the "bond correlation length" A.p and the persis
tence length a (See Appendix A). The latter is directly relat
ed to measurable quantities (i.e., Coo and the radius of gyra
tion of the chain); its expression in terms of eo and 5 is 

a=~[(I+coSeo)(1+5)+I]. (29) 
2 1 - cos eo 1 - 5 

It should be stressed that the quantities 5 and eo controlling 
the persistence length a are different from the parameters 
determining the conformational conjugation length A.e ; 

therefore, in general, there is no direct relation between two 
lengths. It should also be noted that, since A.u depends only 
on 5, the persistence length a is directly related to A.u and eo 
alone. 

It is straightforward to obtain a rough estimate of how 
our result (28) for the persistence length would change if 
wags and bends were allowed. Suppose that distortions from 
the equilibrium position e = eo are controlled by a poten
tial of the form 

V(e) = Ke (e - eo)2/2 (30) 

and are decoupled from the torsional part: i.e., 
V(e,<,6) = V(e) + V(<,6). Under these assumptions Eq. 

FIG. 6. Geometry for nonparallel u, showing that the center for mass of the 
platelet and the point I (intersection of u, and u, _ I ) are fixed with respect 
to each other if only torsional motion is allowed. Note, if blends and wags 
(changes in a and {3) are allowed, this is no longer true. 

(28) should be replaced by 

( 

Y cos eo y sin eo 

(T) = Y5 s~n eo - Y5 ~os eo ~ ), 
-5 

(31) 

where 

y~l- kT/2Ke (32) 

accounts for the effect of V( e) within the harmonic approx
imation. Using the form (31) of the rotational matrices, one 
obtains for the persistence length 

a=~(1 + ycoseo(1 +5) +r5 + 1). (33) 
2 1 - Y cos e o(1 - 5) - r5 

In the next section we shall use Eq. (33) to get rough esti
mates of lower limits on the persistence length. 

IV. RESULTS FOR SPECIFIC POLYMERS 

A. Polyacetylene 

Though soluble versions of polyacetylene have not been 
made, we will consider it first since the torsional potential 
can be inferred from Ackerman and Kohler's results to on 
octatetraene (four double bonds): Ee = 4.5 kcal/mol and 
Es = 1. 5 kcal/mol. These values lead to the following results 
for A.e and a: 

T= 250K 
T= 300K 
T= 350K 

A.e = 19 
A.e = 15 
A.e = 13 

a = 184, 
a = 112, 
a = 71. 

We obtain A.e = 15 at room temperature. Polyene units of 
this length would display optical properties very similar to 
those of polyacetylene. Thus if polyacetylene could be made 
soluble by addition of substituent groups which did not sig
nificantly alter this potential (did not interfere with the 
planar structure), we predict long conjugation lengths and 
optical properties (linear and nonlinear) similar to poly
acetylene. Our results, however, also suggest a relatively stiff 
backbone, which would make solubilization of this molecule 
difficult. We can also infer that polyenes in solution with 
lengths up to about 15 units should remain relatively ordered 
in solution, a result which is consistent with recent experi
mental observations up to a length of 13 units. 12 

B. Polydiacetylene 

Because of the cylindrical symmetry of the triple bond 
in the polydiacetylene backbone, we expect a very soft poten
tial for polydiacetylene (with R = H in Fig. 1), certainly less 
than that of polyacetylene. Estimates 13 in the literature for 
Ee range from 0.2 to 2 kcal/mol. (Recent calculations by 
Bredas l4 yield Ee -0.5 kcal/mol.) Taking Ee and Es equal 
to 1 kcal/mol as reasonable estimates for the H-substituted 
material, we find from Fig. 6 A.e = 3 units at room tempera
ture. Soluble polydiacetylenes have been synthesized and ex
tensively studied. Solubility is effected by introducing a 
large, complicated R group. The most extensively studied 
examples have R groups which are capable of intramolecular 
hydrogen bonds. In a good solvent the hydrogen bond 
network is interrupted to a substantial degree. An estimate 
of the conjugation length from disruption of the hydrogen 
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bond network yields 3-4 units, I which compares favorably 
to our Ac estimate. The "optical conjugation length" is esti
mated from experiment to be 6-7 units. In relatively poor 
solvents, extensive hydrogen bonds reinforce the planar 
backbone and optical properties very similar to that of the 
crystalline solid are obtained. The estimate of the strength of 
the hydrogen formation corresponds to Es. For large Es' 
Eqs.(26) and (27) can be used to estimate Ac = 13 units, 
results which are consistent with the long conjugation 
lengths suggested by experiment. I 

Our results can also be applied to oligomers of these 
polymers. We would expect conformational disorder to play 
a role in the behavior of oligomers when the oligomer length 
approaches the Ac value, i.e., in the polydiacetylene case for 
lengths on the order of 3 units. In fact, Wudl and Bitler's 15 

results on polydiacetylene oligomers indicate progressly 
more disordered structures as the length is increased from 3 
to 19 repeat units. 

Because of the specific architecture of the polydi
acetylene backbone, our estimate of the persistence length is 
essentially infinite. In fact, even in good solvents it is found 
experimentally to be quite large ( ~ 33 units). 16 A complete 
calculation of the persistent length must include other mo
tions of the backbone as has been done with some success by 
Allegra et al. 17 

C. Poly thiophene 

We use the form of the torsional potential quoted from 
Bucci et al. 18 

V[l,6] = VI (1 - cos l,6)/2 + V2 (1 - cos (2l,6) ]12 

+ V3 [1 - cos ( 3l,6 ) ]12 (34) 

with VI = 0.585 kcallmol, V2 = 5.0 ± 1.0 kcallmol, and 
V3 = - 0.371 kcallmol. These values correspond to a fairly 
large conjugation energy Ec = V2/2 with small steric hin
drance contributions from VI and V3. Our results for the 
"conformational conjugation length" Ac and for the persis
tence length a are summarized below. To obtain a we have 
taken 19 8 0 = 30° (see Fig. 5): 

T= 250 K Ac = 8.6 ± 2.0 a = 12.4 ± 0.3 (10.8 ± 0.3) 
T=3OOK Ac=7.0±1.8 a=11.6±0.2(9.9±0.2) 

T= 350 K Ac = 5.8 ± 1.5 a = 11.0 ± 0.2 (9.3 ± 0.3) 

All lengths given here are in polymer repeat units (or 
platelets). These values of the persistence length are about 
twice as large as they would be in the case of equally likely cis 
and trans configurations; unlike Ac ' a changes very little with 
temperature. The uncertainties in Ac and a quoted above are 
due to the uncertainty on the value of V2• The numbers in 
parentheses given on the far right are values of the persis
tence length a calculated using Eq. (33) and choosing for 
Ke the unrealistically small value Ke = 20 kcallmol; there
fore, these numbers are a lower limit on the value of a when 
the torsional potentials has the form given by Eq. (34). 
These results are in remarkably good agreement with experi
ment. The experimental values for a, measured by neutron 
scattering, is 16 units. 20 The experimental value for the con
jugation length is about 6 units.2

•
21 

Recent quantum chemistry calculations 14 on bithienyl 

suggest a form of the potential somewhat different from that 
quoted above. 18 These calculations yield a torsional poten
tial best fitted with a potential having the form given in Eq. 
(16), with Es = 1 kcallmol and Ec = 0.8 kcallmol. This 
leads to the following results for Ac and a: 

T= 250K 
T= 300K 
T= 350K 

Ac = 3.1 
Ac = 2.1 
Ac = 2.0 

a = 105.9 (44.2), 
a = 60.3 (33.2), 
a = 49.7 (26.1). 

The values for the persistence length found in this case are 
much larger than those obtained above because, in the poten
tial of Eq. (34) the difference in energy between the trans 
and cis configurations is very small [V(l,6 = 0) - V(l,6 = 1T') 

~0.2 kcallmol]. On the other hand Bredas" finds 
[V(l,6 = 0) - V(l,6 = 1T') ~ 2 kcallmol], i.e., the two values 
for the cis-trans energy barrier differ by an order of magni
tude. The larger difference between the results for the persis
tence length for the two choices of V( l,6) examined here 
shows how crucial it is in an analysis of this type to have 
reliable experimental data or theoretical calculations on 
these torsional potentials. In fact, since the persistence 
length appears to be so sensitive to the form of V( l,6), 
one might even be in a position where one gets better 
information on V(l,6)-in particular on the difference 
V(l,6 = 0) - V(l,6 = 1T')-from direct measurements of a 
than from other methods. According to our results, the po
tential of Bucci et al. 18 gives better agreement with experi
mental values of Ac and a. 

The numbers quoted in parentheses in the last column 
were again obtained from Eq. (33) with the very soft form of 
V( 8) as before. Since in this case V( l,6) alone gives a very 
large value of a, the effect of wags and bends is more appre
ciable. 

D. Polypyrrole 

We have used a fit of the form of Eq. (34) to the bipyr
role potential V( l,6) given by Bredas et al. 22 We find VI = 1.9 
kcallmol, V2 = 2.75 kcallmol, and V3 = 0.6 kcallmol. This 
potential has a much shallower minimum, at l,6 = 1T', than the 
potentials used in the case of poly thiophene. Choosing 
8 0 = 46.8° (see Fig. 5) 19 we find for Ac and a: 

T= 250 K Ac = 7.4 a = 90.2 (39.9), 
T= 300 K Ac = 5.6 a = 52.7 (27.5), 
T= 350 K Ac = 4.4 a = 33.9 (20.2). 

Although 8 0 is considerably larger for polypyrrole than for 
poly thiophene and although large 8 0 correspond to shorter 
persistence lengths [see Eq. (33)], the value for a is larger 
than the corresponding value for poly thiophene. This is be
cause S is larger (closer to 1 ) in the polypyrrole case, owing 
to the large difference between V(l,6 = 0) and V(l,6 = 1T'). 

v. CONCLUSIONS 

In this paper we have introduced a new model to study 
the conformational properties of conjugated polymers. In 
this model we work at the coarse graining scale of a single 
ring or unit. We have introduced a conformational conjuga
tion length Ac which is a measure of the coplanarity of the 
different units and therefore a measure of conjugation and 
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find simple expressions relating Ae to the torsional potential. 
We also include in our model the classical methods used to 
study the conformational statistics of ideal chains and obtain 
expressions relating the torsional potential to the persistence 
length. We find that in this framework, the conformational 
correlation length and the persistence length are quantities 
whose values are controlled by different statistical averages. 

We have applied this formalism to study a number of 
actual systems, notably polyacetylene, polydiacetylene, 
poly thiophene, and polypyrrole. Since there is a general un
certainty in the form of the input potential needed in our 
analysis, our final results have considerable uncertainties; 
however, we find good qualitative agreement with the 
known experimental behavior of these polymers. 

It must be emphasized that we have assumed that the 
effective torsional potential is separable from the other de
grees offreedom in the polymer. We have also neglected the 
effect of bending, wagging, and stretching motions on Ae 
based on energetic considerations. In those cases for which 
the torsional potential is very stiff, these other degrees of 
freedom will playa role. 
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APPENDIX A: RELATION BETWEEN a AND Ap 

Usually the persistence length a is defined as the average 
sum of the projections of all bonds} > i on bond i in an inde
finite long chain: i.e., if ifJij is the angle between the directions 
of bond i and bond} (and if all bonds have equal length I) the 
persistence length is 

00 

a = I I (cos ifJij)' (AI) 
j=i+1 

For chains with large a, we can see that this coincides with 
our definition in Eq. (2). 

Consider a classical "Heisenberg type" model for the 
bond-bond interaction: then denoting with U i the unit vector 
in the direction of bond i, one finds 

(Uo'U n) = 1/(uo'un_ l ) = 1/n = e- n1ln 1/l, 

where 

f~1T difJ cos ifJ exp - P V( .p) 

f~1T difJ exp - PV( rp) 

(A2) 

(A3) 

and ifJ is the angle between two adjacent bonds; in this case 
one can define a bond correlation length Ap as 

1 A =--
p lIn 1/1 . 

(A4) 

It is easy to see that in this model Ap and a coincide in 
order (1 lAp): in fact, according to Eq. (A2) 

(cos ifJij) = 1/lj-il 

so that (letting I = 1) 

00 

a = L 1/K = 1//(1 -1/). 
K=I 

(A5) 

(A6) 

On the other hand (1 - 1/) is small 

_1_ = lIn 1/1 ~ 1 -1/ + ~ (1 -1/)2 + ". 
Ap 1/ 2 1/ 

so that 

111 -=-+-+"', 
Ap a 2a2 

namely, 

a = Ap [1 + 0(11 Ap)]. 

(A7) 

(AS) 

(A9) 

Similar considerations apply in the case of more compli
cated forms of the interbond potential. 

APPENDIX B: CALCULATIONS OF (cos cf» AND 
(cos 2cf» 

Note that the partition function for a bond with tor
sional potential given by Eq. (5) can be written as 

J { Ee cos 2¢ Es cos ¢} 
q = 1/21T d¢ exp kT + -k-T-

so that 

and 

alnq 
(cos ¢) - -a-(E-.I-k.!....T)-

2 
alnq 

( COS A.) - --~ 
'I' a(EJkT) 

(Bl) 

(B2) 

(B3) 

The use of standard Bessel function identities leads to 
+00 

q = I In (EJkT)I2n (E.lkT) , (B4) 
n = - 00 

where In (Z) are the modified Bessel functions. This formula 
is unwieldy, except when either Ec or Es is very small. For 
example, if Ee = 0 

(cos ¢) = II (E.lkT)110 (EslkT) , 

(cos 2¢) = 12 (E.lkT)110 (EslkT) 

and if Es = 0 

(cos ¢) = 0, 

(cos2¢) = II (EJkT)IIo(EJkT). 

(B5) 

(B6) 

(B7) 

In addition, the formula for q can be used to give a naive 
estimate of Ae when Ee and Es are large compared to kT. In 
this case 

J dA. (Ee + E,)/kT - ( 2Ee + E,)12).p'lkT 
q= 'l'e e 

(Ee + E,)/kT ( 21TkT )112 q=e 
4Ee +Es 

and thus 

and 

(cos 2¢) = 1 _ _ 2_k_T_ 
4Ee +Es 

Ae = (Iln(cos 2¢) 1>-1 

Ae = (lIn [ 1 -4E~:r EJ I) -I 

(BS) 

(B9) 

(BlO) 

(Bll) 

(BI2) 
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A __ 4E_c_+_E_s 
c- 2kT 

(B13) 

The first approximation equation (BI2) is quite good for 
almost the entire range of Ec and Es considered here. 
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