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ABSTRACT: We report the results of computer simulations of polymers with excluded-volume interac- 
tions, in simple shear flow between impenetrable walls. The projections of the polymer radius and the 
end-to-end distance along and perpendicular to the flow direction, the monomer and center of mass distri- 
butions, and the surface excess are studied as a function of the distance from the wall. Contrary to recent 
evanescent wave-induced fluorescence studies, we find that the width of the depletion layer near the wall 
decreases with increasing shear rate. Possible reasons for the discrepancy are discussed. 

1. Introduction 

Extensive literature exists on polymer solutions in homo- 
geneous unbounded flows, where one may assume that 
the polymer concentration is everywhere uniform.’ Much 
less is understood about polymer behavior in inhomoge- 
neous flows where one might expect gradients in the poly- 
mer concentration profile, due to either the position depen- 
dence of the velocity gradients in bulk flow2q3 or due to 
the presence of b~undar ies .~  While the former case occurs 
in many important flows where macroscopically observ- 
able effects are produced, the latter effects are more sub- 
tle and involve concentration inhomogeneities on length 
scales comparable to polymer dimensions. Since these 
length scales are typically smaller than the wavelength 
of visible light, they cannot be probed by standard opti- 
cal techniques. The direct observation of such phenom- 
ena became possible only recently, with the advent of 
new experimental techniques, such as the evanescent wave- 
induced fluorescence (EWIF) method, that can probe the 
polymer concentration profile in the depletion layer adja- 
cent to the wallsa5 The unexpected findings of shear-in- 
duced thickening of the depletion layers6 provoked our 
initial interest in this problem. 

In this work we study the conformations and the con- 
centration profiles of two-dimensional polymers in good 
solvents, subjected to simple shear flow between repul- 
sive walls. Since there is no analytical solution even for 
the equilibrium (no flow) problem of polymers with 
excluded volume, in the presence of a wall, we have to 
resort to computer simulations. The calculations were 
performed on the Convex computer at  the Weizmann Insti- 
tute of Science (Rehovot, Israel). The model used in the 
simulations is described in section 2 .  In order to test 
the model and the computer code, the Monte Carlo (MC) 
algorithm is applied to the equilibrium problem of 
unbounded polymer solutions in good and 8 solvents (with 
and without excluded volume, respectively), in section 3. 
Good agreement is found between our simulation and 
the analytical (exact) results for the exponents of the radius 
of gyration, the end-to-end distance, and the relaxation 
time. The case of polymers in good solvents, confined 
to move between two parallel repulsive walls, is studied 
in section 4. The monomer and center of mass distribu- 
tions, the projections of the radius of gyration parallel 
and perpendicular to the flow direction, and the surface 
excess are studied, first in equilibrium and then in the 
presence of simple shear flow. The main findings are 
the existence of shear-dominated bulk and wall- 
dominated boundary regions and the shear-induced nar- 
rowing of depletion layers. These results are discussed 
in section 5 and are compared with recent observations 
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of shear thickening of the depletion layers.6 Possible rea- 
sons for the observed discrepancy are also considered. 
2. Model 

The polymer consists of N spherical monomers, each 
one of radius b = 0.5. Monomers are free to move, sub- 
ject to the following constraints: the maximum distance 
between nearest neighbors along the chain contour is 
d,,, and the minimum distance between any pair of mono- 
mers is dmin. We take dmin = 0 in the absence of exclud- 
ed-volume effects and dmin = 1 when these effects are 
i n ~ l u d e d . ~  d,,, is close to 2 and will be discussed later. 
Since the constraints can be replaced by a hard-core effec- 
tive potential that does not introduce an energy scale 
into the problem, the results are independent of temper- 
ature and the free energy is of entropic origin. Such a 
potential generates small persistence lengths, and good 
agreement with asymptotic (e.g., N - m) results is expected 
for reasonably small values of N .  Another advantage of 
this potential lies in the simplicity of the MC procedure, 
since the statistical weights (Boltzmann factors) are 0 or 
1 for forbidden and allowed moves, respectively. 

In the absence of shear we sample the configuration 
space using the Brownian dynamics method? we choose 
a monomer at  random and attempt to update its loca- 
tion by adding a vector of fixed length s and randomly 
chosen direction to its current position. This process is 
then repeated N times during a “MC time unit” that is 
taken to be the unit time in the calculations. Since an 
attempted move is accepted only if the new position of 
the monomer is allowed by the potential, the acceptance 
rate p is different with and without excluded-volume 
effects. This acceptance rate depends on the step length 
s and does not tend to unity when s - 0, owing to the 
finite values of d,,, and dmin (the latter nonvanishing 
only in presence of excluded-volume interactions), but 
gets close to it. For a single isolated monomer this algo- 
rithm generates Brownian motion with a diffusion coef- 
ficient Do = p s 2 / 4 .  The diffusion constant of the whole 
polymer is thus D = D, /N = ps2 /4N.  In order to pre- 
vent the polymer from crossing itself in the presence of 
excluded-volume interactions, via processes in which a 
monomer “squeezes” through the space between two other, 
nearest-neighbor monomers, s was chosen to satisfy s2 < 

The above procedure is a simplified version of the gen- 
eral Brownian dynamics algorithm. It satisfies the detailed 
balance conditions,8 and therefore we may expect that 
after a sufficient time the polymer approaches equilib- 
rium. 

We perform the MC simulation for a polymer of N 
monomers with 5 5 N 5 40 and evaluate the root-mean- 

4 - dmax2. 
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square (rms) end-to-end distance 
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T 0.80 1 

and the radius of gyration 
(2.1) 

where [xcm, y,,] is the position of the center of mass. 
If G ( R )  is some property that depends on the instan- 

taneous configuration of the polymer {R( t ) ) ,  then the auto- 
correlation function of G is defined as 

The correlation functions of R,, and R, were evaluated 
for different values of N and were observed to decay expo- 
nentially 

in agreement with the Rouse model. 
Although there is some ambiguity in the definition of 

the polymer correlation time, different choices involve 
different prefactors and do not affect the exponents. We 
define the correlation time as the time it takes for the 
center of mass of a polymer to diffuse over a distance 
equal to its radius of gyration, R, 

= R;/D = ~ R , ~ N / P ~ ~  = (2.5) 
where to  is a proportionality constant, and we assume 
that R, a N', where u is the excluded-volume exponent. 

The computation time is now estimated as follows: 
because the MC procedure generates a highly correlated 
sequence of configurations, the time required to obtain 
independent sample configurations has to be of the order 
of the correlation time. As the correlation time increases 
as 7 = and as there are N monomers in each poly- 
mer, without excluded-volume interactions, u = 0.5, and 
the computation time increases as t@. With excluded- 
volume interactions, u = 0.75, and, in addition, each 
attempt to move a monomer requires N excluded- 
volume checks with other monomers. This leads to com- 
putation time t,'N4.5, where t,' can be different from to. 

3. Monte Carlo Simulation 

In order to prevent the polymer from crossing itself in 
the presence of excluded-volume interaction, the step 
length s and the maximum possible distance between near- 
est neighbors were set a t  s = 0.35 and d,,, = 1.97. For 
5 I N I 40 this gives a rejection rate of 0.3 < 1 - p < 0.4 
due to constraints associated with d,,, (1 - p N 0.25) 
and dmin (1 - p N OJO), where the rejection rate is defined 
as the probability that a monomer does not execute a 
move since such a move would violate the model con- 
straints. These numbers were checked during the simu- 
lations to make sure that one is not trapped in a meta- 
stable configuration (that would give rise to large rejec- 
tion rates). 

In order to check that the simulation code is working 
properly, we have compared our simulation against known 
results for the scaling exponents of equilibrium quanti- 
ties such as the radius of gyration and the end-to-end 
distance of the polymer. We have also evaluated the cor- 
relation time of these quantities, which plays an impor- 
tant role in the nonequilibrium situation (it sets the time 
scale for the polymer dynamics in shear flow). 
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Figure 1. v ( L )  versus 1/L for R, (0) and R,, (A). 
The radius of gyration and the end-to-end distance are 

first calculated as functions of polymer length, L = N - 
1. They are expected to depend on L as 

R,, a Rg a Lv (3.1) 
Owing to the relatively small values of N used in the sim- 
ulation, we expect to obtain values of u that have some 
residual dependence on L that is different for R and 
Rln. In Figure 1 we plot the L-dependent values ofu(L) ,  
as a function of 1/L. Least-squares fits to these points 
are also shown. In the asymptotic limit, L - a, we obtain 
vR = 0.73 f 0.05 and uR = 0.75 f 0.04, both consistent 
wfih the exact result 0.7%. At finite values of L we also 
observe that uR,,(L) is larger and less L-dependent than 
uRg(L). This means that careful analysis of the data 
obtained from calculations on relatively small polymers, 
5 I N I 50, can give a reliable extrapolation to the asymp- 
totic limit. The above applies particularly well to the 
calculation of the end-to-end distance and is somewhat 
less correct with regard to the radius of gyration. The 
later result is more strongly dependent on L because the 
calculation of R, involves the positions of all the mono- 
mers and in that sense all the intrapolymer length scales, 
while only the positions of the end monomers enter the 
calculation of the end-to-end distance. The above obser- 
vations are used in the next section where both the end- 
to-end distance and the radius of gyration are studied as 
functions of the position of the center of mass of a poly- 
mer confined to move between parallel walls. There we 
consider a polymer of 10 monomers for which we have 
measured (Figure 1) the equilibrium exponents uR1,(10) 
N 0.74 and u R g ( l O )  N 0.70, e.g., values that are still close 
to the excluded-volume result 0.75. These values are far 
from the u = 0.50 f 0.02 exponent we obtain for both 
quantities in the absence of excluded-volume interac- 
tions, which shows that excluded-volume effects play an 
important role even for such short chains. 

The correlation functions were studied for polymers 
of size 4 I L 5 39. The autocorrelation functions of both 
the end-to-end distance and the radius of gyration, with- 
out excluded-volume interactions, give the correlation times 
rRI = rR,, = (0.50 f 0.02)T0, where To = L'+2"/~2 .  In the 
presence of excluded-volume interactions, 7 R  = 7R = 7 

= (0.35 f 0.02)T0. Note that To with excluded vohme 
is larger than the corresponding time without excluded 
volume, owing to a higher value of u. 

4. Shea r  Flow between Repulsive Boundaries 
Consider a polymer of N = 10 monomers, restricted to 

move in the (x ,y )  plane between two hard walls parallel 
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Figure 2. Distribution of monomers, qm (single line), and of 
centers of mass, qcm (dashed line), as a function of the dis- 
tance from the left wall, y (no shear). 

to the x axis. The left wall is located a t  y L  = 0, and the 
right wall is at  yR = 20. In fact, the distance between 
the walls is fixed at  21, but since a monomer has a finite 
radius, b = 0.5, the total accessible separation between 
the walls is 20. The choice of this particular separation 
is dictated by the need to satisfy two opposing demands: 
(1) Polymers located in the "bulk" region a t  the center 
of the flow channel should not interact with the wall. 
This condition is satisfied when 2Rg << yR - yL. (2) The 
depletion region, which is roughly of polymer dimen- 
sions (Rg, in the zero shear case), is much smaller but 
not negligible with respect to the size of the bulk region. 
This ensures that equilibrium is achieved with respect 
to the slowest process in the problem (which is polymer 
diffusion transverse to the wall), for practically accessi- 
ble simulation times. The spatial resolution is defined 
by dividing the separation between the boundaries into 
100 equal intervals. 

We calculate the normalized monomer (qm) and cen- 
ter of mass (qcm) distributions as a function of the dis- 
tance from the wall, y. These distributions are plotted 
in Figure 2, for the case of excluded-volume interactions 
and no shear. While am decreases faster than qcm as 
one starts to approach the wall, the situation is reversed 
closer to the wall where Qcm decreases faster than Qm. 

We also study the dependence of the perpendicular 
and parallel (to the wall) components of the radius of 
gyration, R ,  e and R respectively, on the position of 
the center of mass ogf"%e polymer. The above quanti- 
ties are plotted in parts a and b of Figure 3, for the case 
of excluded interactions and no shear flow. The main 
features observed in this case are as follows: (1) The effects 
of the boundaries are negligible in the bulk region away 
from the walls, i.e., R ,pa (and similarly for the 
end-to-end distance, #ln,pa==%pe ) , and the value of R 
(and of R1,) is the same as in free space. (2) Rg,,, (and 
Rln,pa) increases, while Rg,pe (and Rln, e) decreases as we 
approach the wall, in agreement with tge intuitive expec- 
tation that the polymer becomes stretched and oriented 
parallel to the wall. Since the behavior of R, and R,, is 
qualitatively similar, from here on we omit the sub- 
scripts g and In. 

Near the walls R,, decreases more strongly than R,, 
increases, such that the area, A = RpaRpe, still decreases 
(Figure 3c). At  the same time we find that the distance 
between nearest-neighboring monomers is independent 
of the distance from the wall, indicating that while the 
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Figure 3. (a) Rgpa versus yc , without (single line) and with 
(dashed line) shear flow. (b) %g,pe versus ycm, no shear. ( e )  A 
= Rg,paRg,w versus ycm, no shear. 

presence of the boundary has a large effect on the global 
conformation of the polymer, the small scales are not 
affected by it. 

A simple shear flow is introduced such that the veloc- 
ity field in the space between the walls is given by u, = 
gy, where g is the shear rate (the magnitude of the veloc- 
ity gradient). The simulation technique is analogous to 
that in the absence of shear; i.e., a monomer is chosen at  
random and its position is updated in the following man- 
ner: we pick a vector of fixed length s and random direc- 
tion and add to its projection on the x axis a flow- 
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(0) and Rln,pe ( X )  versus g ~ .  Figure 4. Bulk values of 

induced displacement g(y - ycm) dt. The y component 
of the random vector is not affected by the flow. The 
resulting vector is then added to the current position of 
the monomer, and the process is repeated N times dur- 
ing a time unit, dt = 1. Note that the above algorithm 
involves a first-order approximation (replacing differen- 
tials by differences) to the numerical integration of the 
equations of motion for the monomers in the presence 
of shear flow. 

We now turn to study the distributions of monomers 
and center of mass as well as R,, and Rpe, in the pres- 
ence of excluded-volume interactions and shear flow. The 
main difference compared to the no-flow case is that the 
polymer is distorted and oriented along the flow axis, 
even in the central bulk region, resulting in smaller val- 
ues of R,, and larger values of R,,. Very close to the 
wall, the polymer conformation is not affected by the flow 
and depends only upon the distance from the boundary. 
Further away from the wall, a transition zone is observed 
that separates the shear-dominated bulk region from the 
wall region in which the distortion is dominated by wall 
exclusion effects. The transition region moves close to 
the wall as the rate of shear is increased. This behavior 
is shown in Figure 3a where R,,,, is plotted as a func- 
tion of the distance to the wall in presence of excluded- 
volume interactions and shear flow. Rather unexpect- 
edly, a dip is observed in the transition region, which 
means that polymer extension/orientation has a mini- 
mum in this region. The behavior of the parallel and 
the perpendicular components to the end-to-end dis- 
tance as a function of the dimensionless rate of shear 
( g i )  is shown in Figure 4. The apparent saturation 
observed in both R and R,, in the limit of strong shear, 
g i  L 25, may be ta&n as an indication that the polymer 
approaches full extension. Notice, however, that, for the 
largest shear rate, the extension is only about half of the 
maximum. Furthermore, calculation of the separation 
between nearest-neighboring monomers shows that it 
increases by less than 1% over its equilibrium value for 
the largest shear rates investigated and thus that the shear 
is still “weak” on a monomer scale. 

Shear flow has only a small effect on the monomer and 
center of mass distributions, a t  least in the investigated 
range of shear rates. We may define the effective width, 
td, of the depletion layer as the distance of the appro- 
priate distribution (qcm or qm) from the wall, a t  the point 
where it reaches a given fraction of its bulk value, and 
plot it as a function of gr. Unfortunately, the results 
appear to be sensitive to the shape of the distribution 
function in the region near the wall, where the statistics 
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Figure 5. Total surface excess rm (X)  and rcm (0) versus g7. 

are relatively poor. In view of that above we choose to 
study the integrated properties of the density profiles, 
Le., the total surface excesss rm and rem, defined as 

rmkd = 1 (Q,(y) - *,b) dy (4.1) 

r0k7) = 1 ( q c m b )  - qcd) dy (4.2) 

where qmb and qcmb are the bulk values of the mono- 
mer and center of mass distribution functions, respec- 
tively, and where the integration is over the complete 
interval between the walls. A further advantage of con- 
sidering the surface excess (or its negative, Le., wall deple- 
tion) is that it has been studied experimentally, using 
the EWIF technique.6 We find that both rm and rcm 
increase with the rate of shear (Figure 5), indicating that 
in the presence of shear flow the polymers move closer 
to the wall. 

and 

5. Discussion 
We have investigated the behavior of two-dimensional 

polymers with excluded-volume interactions, near repul- 
sive boundaries, both in equilibrium and in the presence 
of simple shear flow. The equilibrium properties of dilute 
polymer solutions near repulsive walls were previously 
studied only for the case of Gaussian chains in 8 sol- 
vents, where exact analytical results for the monomer dis- 
tribution function are a~a i l ab le .~  Some of the consider- 
ations originally made for semidilute solutions in good 
solventslO,’l apply equally well to the dilute case, pro- 
vided that one replaces the bulk correlation length by 
the radius of gyration of the polymer. In particular, one 
expects that well inside the depletion region, i.e., for b 
<< y << R,, the distance to the wall, y, is the only rele- 
vant length scale in the problem and that, as a conse- 
quence, R decreases linearly with polymer distance from 
the boun8&y, ycm. This conclusion (and the associated 
increase of Rp,) is consistent with our observations, parts 
a and b of Figure 3. 

The case of a dilute solution of elastic dumbbells with- 
out excluded volume, flowing through a narrow channel, 
has been considered by several investigators. However, 
as has been pointed out in connection with inhomoge- 
neous (i.e., with position-dependent velocity gradients) 

most authors assume that the distribution func- 
tion for the “beads” is separable, that is, can be expressed 
as a product of distribution functions for the center of 
mass and the relative coordinates. While this separa- 
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tion of coordinates is an exact property of the Rouse model 
in homogeneous space, the symmetry of the underlying 
equation is broken by the boundary conditions (the con- 
fining walls), even in the absence of flow. The break- 
down of the separability assumption in the vicinity of 
the walls (even in equilibrium!) becomes evident when 
one examines the dependence of polymer conformations 
on the distance from the wall (parts a and b of Figure 3) 
and compares it to the assumption that the end-to-end 
distance of the dumbbell (i.e., the relative displacement 
of the beads) is independent of the position of its center 
of mass. Similar effects are observed in simple shear flow. 
The bulk region is strongly affected by shear, which induces 
increasingly large deformation of the polymers. Near the 
wall, the effect of shear-induced deformation is small com- 
pared to that of wall exclusion. As expected, the transi- 
tion zone moves closer to the wall and the difference 
between the magnitudes of the distortion in both regions 
is reduced when the shear rate is increased (see Figure 
3a). Notice, however, that the distortion and the orien- 
tation effects are different in the two cases: while wall 
exclusion distorts and orients the polymers parallel to 
the wall, the steady-state conformation of a polymer in 
two-dimensional shear flow is that of an elongated ellip- 
soid with the major axis oriented at  a finite, shear- 
dependent angle to the direction of flow.12 The polymer 
conformation becomes position independent only in the 
limit of infinite shear rates. 

What happens to the polymer concentration profile in 
the presence of shear flow? A theoretical analysis of the 
problem of wall effects in unidirectional flow has been 
carried out for a dilute solution of elastic dumbbells, and 
it has been concluded that the shear does not affect the 
monomer distribution near the wall.4 We believe that 
the difference between this conclusion and our results 
can be traced back to the choice of a particular solution 
for the joint probability distribution of the positions of 
the beads that depends only on the relative coordinates 
and does not involve the center of mass position.* 

Very recently, an EWIF study of the polymer concen- 
tration profile in shear reported that the surface excess 
decreases with the rate of shear.6 This observation con- 
tradicts our results, and we can only speculate about the 
reasons for the discrepancy. If theory is at  fault, it is 
conceivable that the observed effect is caused by hydro- 
dynamic interactions that are not taken into account in 
our work. While these interactions may be screened by 
the presence of a wall, leading to a decrease of the poly- 
mer diffusion coefficient near the boundary, it is not clear 
in what way this “slowing down” affects the polymer dis- 
tribution in the depletion layer. Another possibility 
involves the fact that the flow field in the experiment is 
a plane Poiseuille (rather than simple shear) flow in which 
the velocity gradient is a linearly decreasing function of 
the distance from the wall. Although it is known that 
the inhomogeneity of the flow may affect the polymer 
concentration profile, it is believed that the above applies 
only to curvilinear flows in which the direction, as well 
as the magnitude, of the velocity gradients changes with 
position and that the effect does not occur in unidirec- 
tional On the experimental side, one has to rule 
out the possibility of polymer adsorption on the walls of 
the flow device. High shear rates are known to induce 
desorption (and possibly degradation) of the polymers 
from the thus leading to the decrease of the 
polymer concentration in the depletion layer that is con- 
sistent with the observed effect. While we cannot com- 
ment on whether the above mechanism is present in the 
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Figure 6. Sequence of polymer configurations in strong shear 
flow, gr = 32.11, sampled during a correlation time, r. 

EWIF experiments, we will discuss the model proposed 
by Ausserrb et al. and compare it with our findings. 

Wall depletion results from the fact that many poly- 
mer configurations are prohibited by the presence of a 
repulsive boundary. Since in steady state the polymer 
becomes distorted and oriented along the flow and since 
its transverse dimensions decrease with the shear rate, 
the intuitive expectation is that, in the presence of shear 
flow, polymers approach the wall more closely than in 
equilibrium. In order to explain their observations, 
Ausserrb et al. introduce an interesting idea that involves 
the dynamics of fluctuations about the steady state. They 
assume that the polymer (xanthan) can be thought of as 
a rigid rod that rotates owing to the combined effects of 
the frictional force exerted by the shear flow and the ran- 
dom Brownian force. When the rod is oriented at  a suf- 
ficiently large angle to the flow axis, in the limit of strong 
shear (g7 >> 1) the flow-induced moment, which is pro- 
portional to the projection of the rod on the y axis, dom- 
inates over that of the random force. As the rod rotates 
to smaller angles, the relative magnitude of the deter- 
ministic force goes down, such that, a t  angles smaller than 
the critical one (ecr), the Brownian forces dominate. Thus, 
at  an arbitrary shear rate g, there exists an angle B&) 
that divides the space into shear flow and Brownian motion 
dominated regions. Since the size of the Brownian sec- 
tor goes down as the shear rate is increased, the rod finds 
it increasingly easier to diffuse out of this sector and spends 
more time rotating through the shear-dominated sector. 
One concludes that the frequency of collisions with the 
wall (and hence, the number of forbidden configura- 
tions) goes up with the shear rate, resulting in an increased 
wall depletion. The authors emphasize that the pro- 
posed mechanism applies only to rigid rods and that flex- 
ible polymers may behave differently. 

In order to test whether the above model applies to 
flexible polymers, we study the polymer configurations 
in strong shear flow (9. = 32.11). A typical sequence of 
configurations sampled during a single correlation time, 
7, is plotted in Figure 6. Note that there is a strong cou- 
pling between polymer rotation and deformation. The 
polymer reaches maximum elongation at  a finite angle 
with respect to the flow direction, and when Brownian 
forces rotate i t  away from this angle, it tends to fold and 
assumes a relatively compact conformation. Thus, unlike 
in the rigid rod case, configurations in which the poly- 
mer is stretched perpendicular to the axis of maximal 
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extension are increasingly suppressed at higher shear rates. 
The conclusion that shear decreases the number of con- 
figurations in which the polymer would feel the presence 
of the wall is consistent with our observation of shear- 
induced enhancement of the surface excess r. 
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ABSTRACT: PRDDO and ab initio molecular orbital calculations are employed to show that polyisothianaph- 
thene and polyisonaphthothiophene are nonplanar polymers in their aromatic forms, due to steric interac- 
tions between the sulfur and hydrogen atoms from adjacent monomeric units; however, the planar quinoid 
form of polyisothianaphthene is calculated to be -2 kcal/mol more stable than the aromatic nonplanar 
form. A simple procedure is introduced for extrapolating the conformational energetics calculated from 
oligomers to the infinite polymeric system. Similar calculations show that polythieno(3,4-b)pyrazine and 
polythieno(3,4-b)quinoxaline are perfectly planar systems in both the aromatic and quinoid forms. The 
extended Huckel technique is used to evaluate the electronic properties of both the aromatic and quinoid 
forms of these polymers. The band gaps obtained for the quinoid structure of these polymers are in good 
agreement with the experimental and other theoretical findings. These results have important implica- 
tions for the design of new conducting polymers. 

Introduction 

Among electrically conducting polymers, poly- 
thiophenes have emerged as versatile conducting mate- 
rials upon redox doping.' Substitution on the carbons 
a t  the &positions has led to new polymers that are solu- 
tion processible and others in which optical properties 
can be enhanced.* The "nonclassical" polythiophenes, 
polyisothianaphthene ( P I T N ) ,  and  polyisonaph- 
thothiophene (polynaphtho[2,3-c] thiophene) (PINT), 
whose monomers were initially prepared by Cava et  
al.,3*4 are of particular interest, since both experimental"" 
and the~retical"-'~ work suggest that these systems have 
very small or even vanishing band gaps. From the the- 
oretical perspective, a number of studies"-17 have appeared 
leading to a controversy concerning the relative energies 
of the aromatic and quinoid forms of polythiophene and 
its derivatives. 

Isothianaphthene (ITN) can be viewed as a thiophene 
ring on which a benzene rin has been fused along the CBC, bond. Wudl et al.5-' f have successfully synthe- 
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sized PITN and have reported the reduction in the energy 
gap of PITN to about half that  of the parent poly- 
thiophene (E,(PT) - E,(PITN) = 1 eV). These poly- 
mers may assume two distinctly different electronic struc- 
tures, commonly referred to as the "aromatic" and "qui- 
noid" forms, as shown below. Bredas et al.11-13 have also 

AROMATIC QUINOID 

reported theoretical calculations that suggest a very small 
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