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Electronic structure of conducting polymers: Limitations of oligomer extrapolation
approximations and effects of heteroatoms
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Density-functional methods are used to analyze the scaling of discrete oligomericp-electron conducting
molecules towards idealized isolated polymer chains, treated in periodic boundary conditions. The band gaps
of a series of conjugated oligomers of incrementally increasing lengths exactly fit a nearly-free-electron
molecular-orbital picture and exhibit a smooth deviation from the classical empirical ‘‘1/N’’ trend for long
oligomers and infinite polymers. The calculations also show a smooth convergence of bond lengths. The full
band structures and densities of states of a polyacetylene, polypyrrole, polyfuran, and polythiophene show that
band crossing, localized bands, and other effects cannot be accurately determined from simple extrapolation of
oligomer electronic structures. Systematic comparisons of the electronic structure variations of the polymers
investigated indicate that the electron affinity, rather than the electronegativity of the heteroatom or the bond-
length alternation of the conjugated backbone, significantly affects the band gap of the resulting polymer as
indicated by the presence of heteroatom states in the partial density of states of the conduction band, requiring
revision of previous semiempirical analyses. Consequences for doping processes are also studied, along with a
comparison of valence bandwidths, conduction bandwidths, and carrier effective masses as a function of
heteroatom.
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I. INTRODUCTION

Semiconducting and conducting conjugated organic po
mers have received considerable interest since initial la
mark reports of a dramatic increase in conductivity up
halogen doping of polyacetylene by Shirakawaet al., Hee-
ger, and MacDiarmid.1–4 Since these initial discoveries
which paralleled earlier conductivity enhancements repo
for oxidative halogen doping of metallomacrocycl
materials,5,6 numerous studies, both experimental and th
retical, have been performed both on short chain conjuga
oligomers and on the full polymers. Furthermore, appli
tions of conducting polymers now exist in many areas, ra
ing from conducting fabrics,7 antistatic coatings for use in
photographic films or electronic device fabrication,8,9 and
low-voltage electrochromic windows10–15 to organic light-
emitting diodes,16–18 photodiodes, and photovoltai
devices.19,20 In regard to theoretical investigations, som
studies have modeled the electronic structure of the
polymers,21–30 although a great many more have extrap
lated results from the expected convergence, with increa
chain length, of the electronic structures of the compon
oligomers.31–48

Density-functional theory~DFT! methods within the
local-density approximation~LDA ! ~DFT-LDA! are well
known to compute equilibrium geometries in excelle
agreement with experiment for both conjugated organic
gomers and polymers.49–51 However, Kohn-Sham eigenva
ues cannot be formally interpreted as orbital energies
excited states,52 and calculated band gaps are typically on t
order of 40% smaller than the experimental optic
absorption band-gap data for conjugated organic materia50
0163-1829/2003/68~3!/035204~13!/$20.00 68 0352
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In contrast, calculations using the DFT-LDA methodology
predict band diagrams, bandwidths, and densities of st
~DOS!, using periodic boundary conditions to model the i
finite solid via one repeated unit cell, have yielded accur
results for many types of conventional inorgan
semiconductors.53

In order to design new materials with improved prope
ties, the challenge is to understand the basic mechan
involved in conduction and optical processes in conduct
polymers, and use this understanding to predict the pro
ties and to direct the design of completely new materials
this contribution, we investigate the classic conjugated
ganic polymers polythiophene, polypyrrole, and polyfuran
well as the related polyphosphole and polyselenophene u
both a series of discrete oligomers and isolated polym
chains in periodic boundaries, to model an idealized infin
polymer. Although the minimal unit cells used here do n
address such issues as defect states or torsional disorde~nor
do most computational studies!, which may be present to
some extent in the actual materials,54,55 they provide an in-
teresting and informative comparison with experimen
data, especially that reported recently for oligofurans.56 In
principle, a larger ‘‘supercell’’ could be used with explicitl
introduced disorder or torsional effects to further improve
model in future studies. Some previous theoretical studies
conjugated polymers and oligomers have been performed
ing semiempirical Hamiltonians,57,58 empirical adjustments
to density-functional methods,32,33 or uncorrelated Hartree
Fock methods.59–61 Our recent work has compared resu
from multiple methods on a set of 60 neutral conjuga
oligomers.62 As noted above, other investigations have oft
preferred the approach of empirically extrapolating po
meric electronic structure from a series of oligomers of va
©2003 The American Physical Society04-1
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ing lengths.32,35,45 While several studies have analyzed t
band structures of individual polymers such
polyacetylene,49,63–65 polyphenylenevinylene,51,66 or
polythiophene23,67 using density-functional methods, fe
have attempted a systematic comparison between a l
range of analogous polymers and the effects of various s
stituents on the electronic structures, particular in the wid
studied polyheterocycle family.68,69

In the present contribution, we consider the system
scaling of a series of conjugated oligomers and polym
over many lengths, from short oligomers~1–4 unit cells!, to
long oligomers~8–16 unit cells!, to the infinite idealized
polymer. The comparative focus includes one isomer
polyacetylene, polypyrrole, polyfuran, polythiophene, po
phosphole, and polyselenophene~Fig. 1!. It is shown here
that through systematic variation of the conjugated polym
structures, it is possible to deduce explicit trends in el
tronic structure, such as the effect of the heteroatom in p
heterocyclic systems. The results are shown to be in fa
able agreement with experimental data56,70–76and show that
the band gaps of polyheterocycles are directly proportio
to the electron affinity of the heteroatom.

II. COMPUTATIONAL METHODS

The DMol3 program53,77 was used for density-functiona
calculations using the Perdew-Wang exchange-correla
functional78,79and a doubled numeric basis set77,80with vary-
ing local basis cutoffs for each polymer~polyacetylenes, 7.5
a.u.; polyfuran, polypyrrole, polythiophene, polyphospho
and polyselenophene 9.0 a.u.!. No significant changes wer
detected if a larger local basis cutoff was used. For calc
tions on oligomers, equilibrium geometries were calcula
for each compound, and eigenvalues were extracted from
final geometries for chain lengths having 1–36 monom
units ~1/2 to 18 unit cells!.

For calculations on an isolated, infinite, one-dimensio
polymer, one full unit cell was used, starting from the geo
etry of the central portion of the corresponding oligom
Full geometry optimization was performed inside a giv
lattice length and the lattice parameter was then varied
locate both the equilibrium lattice parameter and the lowe
energy structure in that unit cell. To ensure that polym

FIG. 1. Structures of~a! b-polyacetylene,~b! polypyrrole, ~c!
polyfuran, and~d! polythiophene.
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were isolated from neighboring cells in the directions p
pendicular to the polymer chain, cell vectors were set to
least three times the basis radial cutoff point. Note that th
is no difference between the functional or basis set used
tween the oligomer calculations and the periodic unit-c
calculations. Larger supercells were calculated as well,
showed no difference relative to the primitive unit cell.

Band-structure diagrams were calculated along thek vec-
tor of the polymer chain for all polymers and plotted relati
to the calculated valence-band maxima, for ease of comp
son. Densities of states for the polymers were calculated
the tetrahedron method81 using 64k points along the chain
direction and two points in the two perpendicular direction
and were plotted relative to the valence-band maximum
well. Little improvement was found if a larger number o
points were used. Partial DOS for the aromatic heteroato
were computed fors-, p-, andd-orbital electrons, although
only the p electrons are plotted because only these w
found to have a significant influence on the chemically i
portant region from210 eV to 14 eV relative to the
valence-band maximum.

All species studied were in the neutral, undoped form
While the conductivity of the doped polymers is well know
to be significantly higher, it is important to provide a cons
tent background with the neutral, semiconducting species
fore addressing the more complex issues relevant to cha
transfer processes and structural distortions characterist
doped conjugated polymers.

III. RESULTS AND DISCUSSION

We first discuss calculations on isolated oligomers and
scaling of oligomeric properties in the infinite periodic un
cell polymer models. We then discuss the band structures
density of states of each polymer, studied individually, co
paratively, and then as a group.

A. Oligomer electronic structures

Since the exact length distributions and geometries
long-length conducting polymers are usually not well ch
acterized, it is often useful to perform experiments
shorter-length, well-defined oligomers.70,82Additionally, this
approach circumvents experimental difficulties arising fro
the poor solubility and processability of many of the fu
length polymers, although some physical measurements h
been performed on thin-film samples. Since it is possible
synthesize several well-defined lengths of oligomers, pre
ous studies have examined the changes in electronic s
ture as a function of chain length, typically measured as
number of component rings or number of monomer units
the oligomer.83,84

From the calculated energy levels of oligomeric speci
previous workers have attempted to extrapolate the der
electronic structures to those of the corresponding polym
Such an extrapolation for estimating polymer band ga
was generated in the present work by plotting the high
occupied molecular-orbital~HOMO!–lowest unoccupied
molecular-orbital~LUMO! energy gap of the correspondin
4-2
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ELECTRONIC STRUCTURE OF CONDUCTING . . . PHYSICAL REVIEW B68, 035204 ~2003!
FIG. 2. Comparisons of polymer band gaps derived from extrapolating calculated HOMO-LUMO energy gaps to infinite s
calculated using periodic boundary conditions.~a! Comparison between DFT calculated band gaps and experimental absorption en
The dashed lines indicate the extrapolation behavior of the experimental absorption energies in acetonitrile and are given by
regression relationships indicated Refs. 56, 70. The experimental polymer band gaps are not indicated as these are from thin-film
ments and so are not strictly comparable to the solution-phase oligomer values given here.~b! Comparison between empirical 1/N relation-
ship ~Eq. 1! and nearly-free electron molecular orbital curves for DFT results for 2-36 monomer units, showing smooth curve o
oligomer and polymer band gaps and deviation from 1/N relationship at long oligomer lengths.
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oligomers against the reciprocals of the oligomer lengt
given here as the number of monomer units in the oligom
It can be seen in Fig. 2 that this inverse relationship roug
holds since both the number of electrons and the length
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thep system simultaneously increase as additional mono
units are added.84 This empirical relationship, however, pro
vides an incomplete picture for very long oligomers and
infinite polymer since it does not correctly express the act
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asymptotic behavior. Conjugated pseudo-one-dimensionp
systems are often modeled by a free-electron model,
though here as the size of the ‘‘box’’ increases by add
more monomer units, the number of electrons increase
well. This explains the empirical 1/N relationship, but a free-
electron model does not recover a finite band gap at infi
length. A more realistic approach is to use a sine-sha
potential along the chain, which recovers the Peierls dis
tion and finite band gap and gives the relation84–86

DE5
h2

8md2

~N11!

~N1 l !2 1V0S 12
1

ND , ~1!

whereh is Planck’s constant,m is the electron mass,d is the
averaged CuC and CvC bond lengths,N is the number of
p electrons,l is the effective length of the conjugatedp
system, andV0 is a constant corresponding to the band gap
infinite length. This relation fits well for band gaps of sho
and long oligomers as well as the infinite polymer, as sho
in Fig. 2~b!.

Previous work suggesting that the origin of the lon
length deviation from the aforementioned reciprocal scal
in polyacetylenes simply derives from changes in the bo
length alternation still relies on the same physically unre
istic 1/N picture.41,87 If the results for long polyheterocylic
oligomers having up to 18 unit cells~36 monomer units! are
examined, it can be seen that the bond-length alternatio
these systems converges to the infinite value, as show
Fig. 3, while the band gaps still decrease smoothly. Beyon
certain oligomer length, the central region of all oligome
exhibits a ‘‘converged’’ region, where the carbon-carb
bond lengths exhibit the same bond alternation and len
as those of the infinite periodic model. Therefore, it can
suggested that for the polyheterocycles examined here
empirical 1/N relationship may yield a better fit for ver
short oligomers~2–6 monomer units! because of the sligh
variations in the carbon-backbone bond lengths, but the
rect physical behavior is better expressed in terms of
nearly-free-electron relationship above.

It has also been suggested that the total density of st
of the polymers can be extrapolated from calculations o
series of oligomers, as shown in Fig. 4.32 Furthermore, it has
been proposed that features of the band structure ca
readily assigned from such extrapolations,32 however, this is
clearly not straightforward in the case of overlapping ban
Thus, such an extrapolation may look qualitatively corr
~e.g., by using broadening to produce a density of states a
Fig. 4! but it cannot be as accurate as explicit calculation
the band structure of an extended system, especially s
saturation effects will occur at some long chain length
outlined above. For example, extrapolations using theN
relationship fail due to the incorrect description of t
asymptotic behavior, described above. Use of longer oli
mers will improve the accuracy of such extrapolations
quasiband calculations,88 as contributions of the hydroge
end groups diminish and the CuC bond lengths converg
towards the polymer~cf. Fig. 3!, but this is at the cost o
higher computation. Consequently, band-structure calc
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tions present a more accurate electronic structure at lo
computational cost than does a quasiband calculation.88

B. Polymer electronic structures

1. Effective conjugation lengths

As shown in Fig. 2, the present calculated band gaps
the isolated, infinite-length polymers lie significantly high
in energy than the extrapolated values from oligomers, du
saturation effects as the band gap becomes roughly con
at some large length. Experimentally, oligomers longer th
approximately 6 subunits become insoluble; hence it
proven difficult to establish the scaling of experimental ba
gaps for larger oligomers. On the other hand, the ‘‘effect
conjugation length,’’ defined here as the point at which t
band gap no longer decreases for longer-length oligom
materials, can be calculated from linear regression anal
on the 1/N behavior of the calculated energy gaps of sh
oligomers for a series of oligomers as shown in Fig. 2~a!.
From theseT50 K calculations, for both polythiophene an
polyfuran, we find that the computed effective conjugati
length is 21 monomer units, versus 15 monomer units
polypyrrole. This agrees very well with experimental es
mates for polythiophene and similar conjugated polymers
monomer units at 10 K and 15 monomer units at roo
temperature,71,72 even though the calculation here does n
explicitly treat effects such as defects in the conjugatedp
system, torsional disorder, or intermolecular effects fro
neighboring polymer chains.

2. Band structures and densities of states

The full band structures and densities of states of the
lated polymer chains ofb-polyacetylene, polypyrrole, poly
furan, and polythiophene are shown in Figs. 5 and 6, resp
tively, and a comparison of the calculated lattice consta
band gaps, and bandwidths is summarized in Table I. Qu
tatively, the band structures are all quite similar, especially
the size and dispersion of the large carbonp-backbone
bands. The heteroatoms contribute more localized, sh
bands in the valence-band region as well as some more
calized bands in the conduction-band region in the case
polypyrrole and polythiophene. As indicated by the part
DOS plots in Fig. 6, the highest-lying valence bands
exclusively composed of carbonp density, so that the het
eroatoms should contribute little to the exact energy of
valence-band edge. On the other hand, the heteroatom o
als clearly contribute to the lower edge of the conduct
band, indicating that modification of the heteroatom elect
density should have a significant effect on the magnitude
the band gap as long as this does not introduce additio
torsional disorder.

a. Polyacetylene.While the all-trans-isomer of poly-
acetylene is the most thermodynamically stable form,
confine ourselves here to the explicit carbon backbone of
heterocyclic polymers under investigation, as indicated
Figs. 1 and 7.76 We designate this asb-polyacetylene to de-
note the backbone of the heterocyclic polymers. This isom
4-4
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FIG. 3. Comparisons of C–C bond lengths in oligothiophenes, showing~a! fast convergence of bond length alternation for both intra-r
bonds and interring bonds as a function of number of the number of monomer units and~b! converged central region in a 20-me
oligothiophene, with bond lengths and bond alternation at the infinite values.
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resembles acis-polyacetylene chain with twice the norm
unit-cell length and a center of inversion between the t
components~cf. Fig. 7!. The calculated lattice constant fo
the b-polyacetylene isomer in Fig. 7~c! is approximately
double that calculated forcis-polyacetylene~8.86 Å vs 4.41
Å!, while the calculated band gap decreases~0.51 eV vs 0.80
eV!. The latter is not surprising considering that an all-trans-
polyacetylene isomer is calculated to have a lower band
03520
o

p

still ~0.10 eV!. Furthermore,b-polyacetylene has both
smaller conduction bandwidth~3.55 eV vs 6.51 eV forcis-
polyacetylene and 5.11 eV fortrans-polyacetylene! and a
smaller valence bandwidth~3.48 eV vs 4.79 eV forcis-
polyacetylene!. These changes in the electronic structure
thisb-polyacetylene isomer are probably due to a lower sy
metry than either the all-cis-polyacetylene or all-trans-
polyacetylene forms as well as the doubling of the unit-c
4-5
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FIG. 4. Calculated density of states scaling from oligomers~for one to six monomer units! to the infinite polymer structures of:~a!
polypyrrole,~b! polyfuran, and~c! polythiophene.
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size, since in this structure the bands will be ‘‘folded’’ in
the reduced Brillioun zone. All of these calculated band g
are unphysically small and are apparent only for
polyacetylenes87,89—other systems do not appear to be
fected~see below!.

As in the case ofcispolyacetylene,b-polyacetylene does
not have a degenerate ground state lying between the ge
etry indicated in Fig. 7 and the quinoidlike form indicated
Fig. 8~b!. These two forms correspond to the aromatic a
quinoid forms in the heterocyclic polymers, Figs. 8~c! and
8~d!, and the greater stability of the aromatic form holds
03520
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cis-polyacetylene, b-polyacetylene, and the heterocycl
polymers mentioned here. This stability, however, can be
versed by substitutent effects,21 although it has been show
that the most stable form will be that with the largest ba
gap.21

b. Polypyrrole. While polypyrrole currently has many
applications,70 it has a significantly larger band gap an
lower conductivity than polythiophene. On the other han
polypyrrole shows the largest carbonp valence bandwidth of
the five polyheterocycles considered here, and a disper
of the carbon valence band similar to that of the other po
4-6
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FIG. 5. Calculated band structures of:~a! b-polyacetylene,~b! polypyrrole,~c! polyfuran, and~d! polythiophene, plotted relative to th
calculated valence band maxima.
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ent
mers. The effective mass of holes in the valence band, h
ever, is higher than any of the polyheterocycles studied h
and the effective mass of electrons in the conduction ban
similarly higher than any polyheterocycle studied here,
found in Table I.

The calculated LDA band gap compares well with expe
mental thin-film measurements,73 as well as previous oligo
mer and polymeric electronic structure calculations.61,90,91

Both experimental measurements and hybrid functional
culations give band gaps of approximately 2.8–2.9 eV,
plying the LDA band gap calculated here is a factor-of-0.
too small, as shown in Table I. Extrapolated time-depend
DFT ~TDDFT! calculations give slightly larger band gap
but still underestimate the experimental thin-film values.61,91

c. Polyfuran. Experimentally, it has proven difficult to
03520
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nt

consistently convert furan into a well-defined polyme
material.56,74,92,93However, it has a lower calculated ban
gap than polypyrrole and a larger conduction bandwidth
well as similarly broad band dispersion, which would imp
that the material might potentially ben doped and have
higher n-type conductivity than polypyrrole. The ionizatio
potential and electron affinity for doping should lie betwe
those of polypyrrole and polythiophene. Similarly, the effe
tive masses of holes and electrons in the valence and
duction bands lie between those of polypyrrole and poly
ran. The calculated band gap in Table I also compares w
with experimental thin-film measurements,74 and hybrid
density-functional calculations,90 showing that the LDA band
gap is a factor-of-0.57 too small, compared with experime
As with the polypyrrole system, extrapolated time-depend
4-7
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FIG. 6. Calculated total and partial (p-orbital! densities of states~DOS! for ~a! b-polyacetylene,~b! polypyrrole,~c! polyfuran, and~d!
polythiophene. Plots of the partial density of states are shown with they axis inverted to enhance comparison.
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DFT calculations give slightly larger band gaps, but still u
derestimate the experimental thin-film values.61,91

d. Polythiophene.Polythiophene exhibits both the sma
est band gap and the broadest conduction band of the t
aromatic conjugated polymers examined. Recent stu
have treated polythiophene at the high-level G
approximation94,95 and compared isolated chains to the bu
polymer.23,96 As expected, these studies find a significan
increased band gap using the GW approximation relativ
that calculated by the LDA, since it is well known that th
03520
-

ree
es

to

LDA consistently underestimates band gaps.50,52 Compared
with experimental thin-film measurements,75,76 the LDA
band gap is a factor-of-0.55 too small. Finally, the diffe
ences in Kohn-Sham band gaps between the case of an
lated chain, as treated here, and crystalline environments
found to be small,23 which implies that such effects may b
small for conducting polymers in general. Again, as w
polyfurans and polypyrroles, recent extrapolated TDDFT c
culations give slightly larger band gaps, but still underes
mate the experimental thin-film values.61,91
nd
FIG. 7. Structures of~a! all trans-polyacetylene,~b! all cis-polyacetylene, and~c! the carbon backbone of polythiophene, polypyrrole, a
polyfuran (b-polyacetylene!.
4-8
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TABLE I. Comparison of calculated lattice constants, band gaps, valence-band maxima, bandwidt
effective masses of the various heterocyclic polymers. Values in parentheses for band gaps are the c
band gaps divided by 0.60, a common procedure~Ref. 50! to facilitate comparison with experimental value

Polymer

Lattice
constant

~Å!
Band gap

~eV!

Carbon valence
bandwidth~eV!

and effective mass

Carbon conduction
bandwidth~eV!

and effective mass

Polypyrrole 7.12 1.80~3.00!a 3.89 (0.205me) 2.25 (0.244me)
Polyfuran 6.88 1.34~2.23!b 3.23 (0.148me) 2.79 (0.187me)
Polythiophene 7.71c 1.10 ~1.83!d 2.44 (0.137me) 3.23 (0.152me)
Polyphosphole 8.07 1.46~2.43! 1.49 (0.186me) 2.93 (0.218me)
Polyselenophene 8.02 0.89~1.48! 2.06 (0.110me) 3.55 (0.116me)

aExperimental thin-film value 2.85 eV~Ref. 73!.
bExperimental thin-film value 2.35 eV~Ref. 74!.
cExperimental value 7.75 Å~Ref. 108!.
dExperimental thin-film value 2.0 eV~Refs. 75 and 76!.
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of
e. Polyphosphole.Phosphole is not an aromatic heter
cycle, due to the larger size of phosphorus relative to ni
gen, and the phosphorus atom is known to be pyramida
the lowest-energy state.97–100 In this study, to directly com-
pare with the other aromatic heterocycles, we have taken
planar aromatic conformation of polyphosphole.90 The band
gap calculated here is larger than that recently predicted
the nonaromatic phosphole by TDDFT,91 but these are no
directly comparable since the transitions involve differe
sets of orbitals. However, the band gap is approximately 0
times the size recently predicted for the planar arom
eight-ring oligophosphole,90 in line with the typical underes
timation of LDA band gaps. In this work, all polyhetero
cycles considered should have transitions between the s
orbital configurations, leaving the contribution of the he
eroatom as the only variable.

The band structure of polyphosphole exhibits high eff
tive masses for both holes and electrons, and while it sh
a fairly large conduction bandwidth~2.93 eV!, the valence
bandwidth is rather small~1.49 eV!, as summarized in Table
I. This result suggests that polyphosphole probably has

FIG. 8. Aromatic and quinoid bonding patterns
b-polyacetylene and polythiophene:~a! ‘‘aromatic’’ form of
b-polyacetylene,~b! ‘‘quinoid’’ form of b-polyacetylene,~c! aro-
matic form of polythiophene, and~d! quinoid form of poly-
thiophene.
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ited use as a conductive material relative to the other po
heterocycles.

f. Polyselenophene.While not as widely studied as poly
furan or polythiophene, polyselenophene has been syn
sized and studied experimentally.101–106The present results
indicate that while polyselenophene has a smaller carbon
lence band than polythiophene, it also has the lowest ef
tive mass for holes in the valence band, which would in
cate that mobility of holes should be excellent along t
polymer chain. Similarly, the effective mass of electrons
the conduction band is also the smallest of any of the po
heterocycles studied here, and the conduction bandwidt
extremely large~3.55 eV!, indicating that polyselenophene
should be excellentn-type conductors. The calculated ban
gap is a factor-of-0.81 times smaller than polythiophe
which is consistent with previous work involving extrapol
tions from calculated band gaps of oligomers~0.93 times
smaller!.32

3. Analysis and discussion

In comparing the electronic structures of the three hete
cyclic polymers presented here to that of the explicit carb
backbone ofb-polyacetylene, it can be seen that whi
b-polyacetylene has the most broadly dispersed conduc
band and smallest band gap, both the band gap and b
width are highly sensitive to the influence of the heteroato
As noted above, the partial DOS data~cf. Fig. 6! reveal that
the heteroatoms do not contribute to the composition of
valence-band edge, but do contribute significantly to
composition of the bottom of the conduction band. The ba
widths of the heterocyclic polymers are strongly correla
with the atomic electron affinity of the heteroatoms. Nitrog
does not readily accept an electron, oxygen has an elec
affinity of 1.46 eV, and sulfur, 2.08 eV.107 This heteroatom
effect shows that earlier work, implying that heteroatom
fects can be predicted as the basis ofelectronegativity,68

would assign an incorrect band-gap ordering: polyfur
would be predicted to have thelargestband gap, then poly-
pyrrole and polythiophene, as shown in Figs. 9~a! and 9~b!,
employing the widely used Pauling scale of electronegativ
4-9
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FIG. 9. Correlation of the calculated band gaps of the polyheterocycles with the~a! atomic electron affinity and~b! electronegativity
~Pauling scale! of the heteroatoms nitrogen, phosphorous, oxygen, selenium, and sulfur. The indicated line is a linear regression
formula and fit given. Note that the atomic electronegativities show no correlation with calculated band gaps.
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Changing the carbon-carbon bond lengths in thep back-
bone of a conjugated polymer will readily change the ba
gap, for example, a polyacetylene with equal carbon-car
lengths has no band gap and is intrinsically a metal. Prev
work suggested on the basis of semiempirical calculati
that bond-length alternation effects can explain the band g
in polyheterocycles.68 On the basis of the present densit
functional calculations, however, we see that the arom
polymers have quite similar carbon-carbon bond lengths
illustrated in Table II. The outliers are polyfuran, with som
what larger intraring bond-length alternation due to the sm
size of the oxygen atom, and polyphosphole. This bo
length alternation model, however, predicts again that po
furan and oligofurans should have greater gaps than poly
role, which is clearly not found here or in experimen
measurements.56,70 Similarly, since polyphosphole has
smaller bond-length alternation than the rest of the syst
studied here, this would argue that it should have a sign
cantly smaller band gap than polyfuran, polythiophene,
polyselenophene, which is not the case. Thus, bond-len
alternation does not appear to be a reliable predictor of b
gaps in polyheterocycles, in contrast to the correlations w
heteroatom electron affinity, discussed above.

TABLE II. Comparison of the carbon-carbon bond-length alt
nation~BLA ! for intraring and interring bonds between the polyh
erocycles studied here.

Polymer
Intraring BLA

~Å!
Interring BLA

~Å!

Polypyrrole 0.0167 0.0370
Polyfuran 0.0338 0.0370
Polythiophene 0.0139 0.0375
Polyphosphole 0.0022 0.0240
Polyselenophene 0.0183 0.0369
03520
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Calculations on polyphosphole and polyselenophene b
gaps indicate that the band-gap–electron affinity correla
observed for the nitrogen-, oxygen-, and sulfur-based po
heterocycles is a pervasive effect, as indicated in Fig.
However, the trend does not appear to be completely gen
for example, polyselenophene is predicted to have a sma
band gap than polythiophene, although selenium ha
slightly lower electron affinity than sulfur. On the other han
selenium has a significantly lower elemental ionization p
tential than sulfur~9.75 eV vs 10.36 eV!,107 so that other
heteroatom electronic effects, such as atomic ionization
tential, may play a role in the case of larger heteroatoms

Other polyheterocycle properties, such as bandwidth
effective carrier mass, also appear to have periodic beha
similar to that noted for band gaps. Referring to Table I,
effective masses in the conduction bands have exactly
same ordering as the electron affinities: decreasing fr
polypyrrole to polyphospole to polyfuran, polythiophen
and polyselenophene. With the exception of polyphosph
the valence bandwidths and valence-band effective ma
both decrease from polypyrrole to polyfuran to pol
thiophene and polyselenophene. Again, these propertie
better with trends in electron affinity than with those
electronegativity—oxygen has the highest electronegati
of the elements considered here, but the properties of fu
fall distinctly between those of thiophenes and pyrroles.

IV. CONCLUSIONS

While a great deal of research has been performed on
electronic structures of conducting conjugated polymer
gomeric fragments, in large part due to their well-defin
lengths and architectures, it is clear from the present res
that extrapolation from the electronic structures of oligom
cannot accurately model the full band structures of the c
responding polymers. In particular, such extrapolation d

-
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not readily provide information on the shapes and disp
sions of the bands, reveal overlapping bands, or take sa
tion effects into account. Explicit electronic structure calc
lations on the ideal, infinite polymers reveal saturati
effects at large chain lengths that are best expressed in t
of the full nearly-free-electron model. Surprisingly, the ‘‘e
fective conjugation length’’ reached at longer chain leng
agrees well with experimental estimates of conjugat
lengths—even though the model used here only treats
isolated chain and does not attempt to include effects suc
defects, torsional disorder, or interchain interactions.

Additionally, while the electronic structures of polyacet
lenes would seem to be useful comparative benchmarks
the widely studied polyheterocycles such as polythiophe
polypyrrole, and polyfuran, the commoncis-isomers and
trans-isomers of polyacetylene do not accurately model
electronic structures as well as does theb-polyacetylene iso-
mer @Fig. 7~c!#, which includes the lower symmetry an
larger unit cell involved in these heterocyclic polymers.

Finally, while it is well known that varying the heteroa
tom significantly changes the band gap of conjugated p
nd

an
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T
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heterocycles, it has not been obvious whether these eff
arise from geometric distortion of the carbon backbo
~bond-length alternation! or from electronic contributions o
thep orbitals of the heteroatom~electronegativity!. From the
partial density of states projected onto the heteroatoms in
present study, it is clear that the character of the valence b
is largely due to the carbon backbone, but a significant p
tion of the lower edge of the conduction band derives ch
acter from the heteroatom. Thus, the electron affinity of
heteroatom, and neither bond-length alternation nor e
tronegativity as expressed in previous work, directly infl
ence the polymer band gaps as a whole. Heteroatom elec
affinity is therefore crucial in determining polymer optic
properties as well asp- or n-doping characteristics of the
polymers.
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edited by K. Müllen and G. Egner~Wiley-VCH, Weinheim,
1998!, p. 105.

83Y. Luo, P. Norman, K. Ruud, and H. Agren, Chem. Phys. Le
285, 160 ~1998!.

84J. S. de Melo, L. M. Silva, L. G. Arnaut, and R. S. Becker,
Chem. Phys.111, 5427~1999!.

85G. Taubmann, J. Chem. Soc. Dalton Trans.69, 96 ~1992!.
86H. Kuhn, J. Chem. Phys.17, 1198~1949!.
87C. Ho Choi, M. Kertesz, and A. Karpfen, J. Chem. Phys.107,

6712 ~1997!.
88E. Zojer, M. Knupfer, Z. Shuai, J.-L. Bre´das, J. Fink, and G.

Leising, J. Phys.: Condens. Matter12, 1753~2000!.
89Z. L. Cai, K. Sendt, and J. R. Reimers, J. Chem. Phys.117, 5543

~2002!.
90D. Delaere, M. T. Nguyen, and L. G. Vanquickenborne, Ph

Chem. Chem. Phys.4, 1522~2002!.
91J. Ma, S. Li, and Y. Jiang, Macromolecules35, 1109~2002!.
92I. Carrillo, C. Barba, M. J. Gonza´lez-Tejera, and I. Herna´ndez-

Fuentes, Macromolecules29, 5585~1996!.
93T. Kauffmann and H. Lexy, Chem. Ber.114, 3667~1981!.
94L. Hedin, Phys. Rev.139, A796 ~1965!.
95L. Hedin, J. Phys.: Condens. Matter11, R489~1999!.
96J. W. van der Horst, P. A. Bobbert, P. H. L. de Jong, M. A.

Michels, G. Brocks, P. J. Kelly, L. D. A. Siebbeles, J. M. Wa
man, and G. Gelinck, Synth. Met.119, 209 ~2001!.

97E. Mattmann, F. Mathey, A. Sevin, and G. Frison, J. Org. Che
67, 1208~2002!.

98P. v. R. Schleyer, P. K. Freeman, H. Jiao, and B. Goldfuss,
gew. Chem., Int. Ed. Engl.34, 337 ~1995!.

99L. Nyulaszi, J. Phys. Chem.99, 586 ~1995!.
4-12



K.

n

rt

n-

. J.

ELECTRONIC STRUCTURE OF CONDUCTING . . . PHYSICAL REVIEW B68, 035204 ~2003!
100D. B. Chesnut and L. D. Quin, J. Am. Chem. Soc.116, 9638
~1994!.

101K. Yoshino, Y. Kohno, T. Shiraishi, K. Kaneto, S. Inoue, and
Tsukagoshi, Synth. Met.10, 319 ~1985!.

102G. Tourillon, E. Dartyge, D. Guay, C. Mahatsekake, C. G. A
drieu, S. Bernstorff, and W. Braun, J. Electrochem. Soc.137,
1827 ~1990!.

103J. L. Sauvajol, D. Chenouni, S. Hasoon, and J. P. Lere-Po
Synth. Met.28, C293~1989!.
03520
-

e,

104S. Hasoon, M. Galtier, J. L. Sauvajol, J. P. Lere-Porte, A. Bo
niol, and B. Moukala, Synth. Met.28, C317~1989!.

105D. Bertho, C. Jouanin, and J. M. Lussert, Phys. Rev. B37, 4039
~1988!.

106R. Sugimoto, K. Yoshino, S. Inoue, and K. Tsukagoshi, Jpn
Appl. Phys., Part 224, 425 ~1985!.

107Handbook of Chemistry and Physics~Chemical Rubber, Boca
Raton, 1995!.

108S. Bruckner and W. Porzio, Macromol. Chem. Phys.189, 961
~1988!.
4-13


