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Electronic structure of conducting polymers: Limitations of oligomer extrapolation
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Density-functional methods are used to analyze the scaling of discrete oligomet@ctron 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.
DOI: 10.1103/PhysRevB.68.035204 PACS nunifer73.61.Ph, 78.66.Qn, 71.20.Rv
[. INTRODUCTION In contrast, calculations using the DFT-LDA methodology to

predict band diagrams, bandwidths, and densities of states
Semiconducting and conducting conjugated organic poly4{DOS), using periodic boundary conditions to model the in-
mers have received considerable interest since initial landfinite solid via one repeated unit cell, have yielded accurate
mark reports of a dramatic increase in conductivity uponresults for many types of conventional inorganic
halogen doping of polyacetylene by Shirakaetzal, Hee- semiconductors? . . -
ger, and MacDiarmid-* Since these initial discoveries,  In order to design new materials with improved proper-
which paralleled earlier conductivity enhancements reporte§€S: the challenge is to understand the basic mechanisms
for oxidative halogen doping of metallomacrocyclic involved in conductlor_w and optical processes in conducting
material$>® numerous studies, both experimental and theoPClymers, and use this understanding to predict the proper-

retical, have been performed both on short chain conjugatertkes and to direct the design of completely new materials. In

oligomers and on the full polymers. Furthermore, applica-t ;ii((::org)tlrltr)#élrc;n,ovlv?hligviset:]geateo}he (r:rlglse su;ncdonjcljjlg%tre;n c;rs-
tions of conducting polymers now exist in many areas, rang-g poly POlytriop » POYPY ' POy

ing from conducting fabric$,antistatic coatings for use in well as the related polyphosphole and polyselenophene using

h hic fil I ic device fabricatfshand both a series of discrete oligomers and isolated polymer
photographic fiims or electronic device fabricatiohand  cpains in periodic boundaries, to model an idealized infinite
low-voltage electrochromic window&™® to organic light-

v ] 618 _ . polymer. Although the minimal unit cells used here do not
emlfmngg 23'°d951’ photodiodes, and photovoltaic aqgress such issues as defect states or torsional digoder
devices:®>?° In regard to theoretical investigations, some 4o most computational studieswhich may be present to
StudieS haVe modeled the eIeCtroniC structure Of the fulkome extent in the actual materia‘fé,s they provide an in-
polymers?*~*° although a great many more have extrapo-teresting and informative comparison with experimental
lated results from the expected convergence, with increasingata, especially that reported recently for oligofurghin
chain length, of the electronic structures of the componenprinciple, a larger “supercell” could be used with explicitly
oligomers®1—48 introduced disorder or torsional effects to further improve the
Density-functional theory(DFT) methods within the model in future studies. Some previous theoretical studies on
local-density approximatiofLDA) (DFT-LDA) are well  conjugated polymers and oligomers have been performed us-
known to compute equilibrium geometries in excellenting semiempirical Hamiltonian¥;>® empirical adjustments
agreement with experiment for both conjugated organic olito density-functional method€;*® or uncorrelated Hartree-
gomers and polymefS-5! However, Kohn-Sham eigenval- Fock methods®~®! Our recent work has compared results
ues cannot be formally interpreted as orbital energies fofrom multiple methods on a set of 60 neutral conjugated
excited state$? and calculated band gaps are typically on theoligomers®? As noted above, other investigations have often
order of 40% smaller than the experimental optical-preferred the approach of empirically extrapolating poly-
absorption band-gap data for conjugated organic matéfials.meric electronic structure from a series of oligomers of vary-
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were isolated from neighboring cells in the directions per-
(a) (b) pendicular to the polymer chain, cell vectors were set to at

least three times the basis radial cutoff point. Note that there

7\ / \ : ! . .

is no difference between the functional or basis set used be-
\ / u W/ tween the oligomer calculations and the periodic unit-cell
calculations. Larger supercells were calculated as well, but
showed no difference relative to the primitive unit cell.

Band-structure diagrams were calculated alongkthec-

(c) (d) ¢ . :

or of the polymer chain for all polymers and plotted relative
/N S to the calculated valence-band maxima, for ease of compari-
O \ / S \ / son. Densities of states for the polymers were calculated by
the tetrahedron meth8dusing 64k points along the chain
direction and two points in the two perpendicular directions,
and were plotted relative to the valence-band maximum as
well. Little improvement was found if a larger number of
points were used. Partial DOS for the aromatic heteroatoms
were computed fos-, p-, andd-orbital electrons, although
only the p electrons are plotted because only these were
found to have a significant influence on the chemically im-

=
=

=]
=]

FIG. 1. Structures ofa) b-polyacetylene(b) polypyrrole, (c)
polyfuran, and(d) polythiophene.

ing lengths’2*>#°*While several studies have analyzed the
band structures of individual polymers such as

9,63-65 : ,66
pg:ytahcigtyrl]irr:ééém Lsin pgleynpsri]ter.lzjﬁgﬁglnngller??el’tho ds O;ew portant region from—10eV to +4eV relative to the
polythiop g y : valence-band maximum.

have attempted a systematic comparison between a large All species studied were in the neutral, undoped forms.

range of analogous poly_mers and the effe_cts Of. various SUkV\/hile the conductivity of the doped polymers is well known
stituents on the electronic structures, particular in the W|del){0 be significantly higher, it is important to provide a consis-

H 8,69
stulcrillet?]g)ol)rlgséi;oggﬁlt?igﬁm? we consider the svstemati tent background with the neutral, semiconducting species be-
P ! y Sore addressing the more complex issues relevant to charge-

scaling of a series of conjugate_d oligomers _and pcjlymer‘ct;ransfer processes and structural distortions characteristic of
over many lengths, from short oligomeis—4 unit cells, to doped conjugated polymers

long oligomers(8—16 unit cellg, to the infinite idealized
polymer. The comparative focus includes one isomer of

polyacetylene, polypyrrole, polyfuran, polythiophene, poly- Ill. RESULTS AND DISCUSSION

phosphole, and polyselenopheffég. 1). It is shown here _ ) ) _ )

that through systematic variation of the conjugated polymer Ve first discuss calculations on isolated oligomers and the
structures, it is possible to deduce explicit trends in elecScaling of oligomeric properties in the infinite periodic unit-
tronic structure, such as the effect of the heteroatom in polycell Polymer models. We then discuss the band structures and
heterocyclic systems. The results are shown to be in favoidensity of states of each polymer, studied individually, com-
able agreement with experimental d4t%~"%and show that Paratively, and then as a group.

the band gaps of polyheterocycles are directly proportional

to the electron affinity of the heteroatom. A. Oligomer electronic structures

Since the exact length distributions and geometries of
long-length conducting polymers are usually not well char-

The DMoF progranm?®’’ was used for density-functional acterized, it is often useful to perform experiments on
calculations using the Perdew-Wang exchange-correlatioshorter-length, well-defined oligomef%8? Additionally, this
functional®"®and a doubled numeric basis SéPwith vary-  approach circumvents experimental difficulties arising from
ing local basis cutoffs for each polymggolyacetylenes, 7.5 the poor solubility and processability of many of the full-
a.u.; polyfuran, polypyrrole, polythiophene, polyphosphole,length polymers, although some physical measurements have
and polyselenophene 9.0 g.uNo significant changes were been performed on thin-film samples. Since it is possible to
detected if a larger local basis cutoff was used. For calculasynthesize several well-defined lengths of oligomers, previ-
tions on oligomers, equilibrium geometries were calculatecbus studies have examined the changes in electronic struc-
for each compound, and eigenvalues were extracted from thtere as a function of chain length, typically measured as the
final geometries for chain lengths having 1-36 monomemnumber of component rings or number of monomer units in
units (1/2 to 18 unit cells the oligomef>®*

For calculations on an isolated, infinite, one-dimensional From the calculated energy levels of oligomeric species,
polymer, one full unit cell was used, starting from the geom-previous workers have attempted to extrapolate the derived
etry of the central portion of the corresponding oligomer.electronic structures to those of the corresponding polymers.
Full geometry optimization was performed inside a givenSuch an extrapolation for estimating polymer band gaps
lattice length and the lattice parameter was then varied tovas generated in the present work by plotting the highest
locate both the equilibrium lattice parameter and the lowesteccupied molecular-orbital(HOMO)—lowest unoccupied
energy structure in that unit cell. To ensure that polymersnolecular-orbitallLUMO) energy gap of the corresponding

IIl. COMPUTATIONAL METHODS
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FIG. 2. Comparisons of polymer band gaps derived from extrapolating calculated HOMO-LUMO energy gaps to infinite systems
calculated using periodic boundary conditiof®. Comparison between DFT calculated band gaps and experimental absorption energies.
The dashed lines indicate the extrapolation behavior of the experimental absorption energies in acetonitrile and are given by the linear
regression relationships indicated Refs. 56, 70. The experimental polymer band gaps are not indicated as these are from thin-film measure-
ments and so are not strictly comparable to the solution-phase oligomer values givehh€mmparison between empiricalNLfelation-
ship (Eq. 1) and nearly-free electron molecular orbital curves for DFT results for 2-36 monomer units, showing smooth curve of DFT
oligomer and polymer band gaps and deviation frold délationship at long oligomer lengths.

oligomers against the reciprocals of the oligomer lengthsthe 7r system simultaneously increase as additional monomer
given here as the number of monomer units in the oligomemnits are addeff This empirical relationship, however, pro-

It can be seen in Fig. 2 that this inverse relationship roughlywides an incomplete picture for very long oligomers and the
holds since both the number of electrons and the length ahfinite polymer since it does not correctly express the actual
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asymptotic behavior. Conjugated pseudo-one-dimensignal tions present a more accurate electronic structure at lower
systems are often modeled by a free-electron model, akomputational cost than does a quasiband calcul&fion.
though here as the size of the “box” increases by adding

more monomer units, the number of electrons increases as

well. This explains the empirical i/ relationship, but a free- B. Polymer electronic structures

electron model does not recover a finite band gap at infinite
length. A more realistic approach is to use a sine-shaped
potential along the chain, which recovers the Peierls distor- As shown in Fig. 2, the present calculated band gaps of

1. Effective conjugation lengths

tion and finite band gap and gives the relaffbii® the isolated, infinite-length polymers lie significantly higher
in energy than the extrapolated values from oligomers, due to
h?2 (N+1) 1 saturation effects as the band gap becomes roughly constant
A N — E— at some large length. Experimentally, oligomers longer than
AE smd? (N+I)2+V°( N)’ (1) g g p Yy, olig g

approximately 6 subunits become insoluble; hence it has
proven difficult to establish the scaling of experimental band
whereh is Planck’s constantn is the electron massl, is the  gaps for larger oligomers. On the other hand, the “effective
averaged €-C and G=C bond lengthsN is the number of conjugation length,” defined here as the point at which the
7 electrons,| is the effective length of the conjugateel  band gap no longer decreases for longer-length oligomeric
system, and/q is a constant corresponding to the band gap atnaterials, can be calculated from linear regression analysis
infinite length. This relation fits well for band gaps of short on the 1N behavior of the calculated energy gaps of short
and long oligomers as well as the infinite polymer, as showroligomers for a series of oligomers as shown in Fi¢g).2
in Fig. 2(b). From thesel' =0 K calculations, for both polythiophene and

Previous work suggesting that the origin of the long-polyfuran, we find that the computed effective conjugation
length deviation from the aforementioned reciprocal scalindength is 21 monomer units, versus 15 monomer units for
in polyacetylenes simply derives from changes in the bondpolypyrrole. This agrees very well with experimental esti-
length alternation still relies on the same physically unrealimates for polythiophene and similar conjugated polymers, 21
istic 1N picture*87 If the results for long polyheterocylic monomer units at 10 K and 15 monomer units at room
oligomers having up to 18 unit cell86 monomer unitsare  temperaturél’2 even though the calculation here does not
examined, it can be seen that the bond-length alternation iaxplicitly treat effects such as defects in the conjugated
these systems converges to the infinite value, as shown isystem, torsional disorder, or intermolecular effects from
Fig. 3, while the band gaps still decrease smoothly. Beyond aeighboring polymer chains.
certain oligomer length, the central region of all oligomers
exhibits a “converged” region, where the carbon-carbon
bond lengths exhibit the same bond alternation and lengths
as those of the infinite periodic model. Therefore, it can be The full band structures and densities of states of the iso-
suggested that for the polyheterocycles examined here, tHated polymer chains db-polyacetylene, polypyrrole, poly-
empirical 1N relationship may yield a better fit for very furan, and polythiophene are shown in Figs. 5 and 6, respec-
short oligomers2—6 monomer unifsbecause of the slight tively, and a comparison of the calculated lattice constants,
variations in the carbon-backbone bond lengths, but the coPand gaps, and bandwidths is summarized in Table I. Quali-
rect physical behavior is better expressed in terms of théatively, the band structures are all quite similar, especially in
nearly-free-electron relationship above. the size and dispersion of the large carberbackbone

It has also been suggested that the total density of statd¥nds. The heteroatoms contribute more localized, sharp
of the polymers can be extrapolated from calculations on ®ands in the valence-band region as well as some more lo-
series of oligomers, as shown in Fig®4Furthermore, it has calized bands in the conduction-band region in the case of
been proposed that features of the band structure can W®lypyrrole and polythiophene. As indicated by the partial
readily assigned from such extrapolatiGAsiowever, this is DOS plots in Fig. 6, the highest-lying valence bands are
clearly not straightforward in the case of overlapping bandseéXclusively composed of carbom density, so that the het-
Thus, such an extrapolation may look qualitatively correcteroatoms should contribute little to the exact energy of the
(e.g., by using broadening to produce a density of states as kalence-band edge. On the other hand, the heteroatom orbit-
Fig. 4) but it cannot be as accurate as explicit calculation ofls clearly contribute to the lower edge of the conduction
the band structure of an extended system, especially sindend, indicating that modification of the heteroatom electron
saturation effects will occur at some long chain length aglensity should have a significant effect on the magnitude of
outlined above. For example, extrapolations using th¢ 1/ the band gap as long as this does not introduce additional
relationship fail due to the incorrect description of the torsional disorder.
asymptotic behavior, described above. Use of longer oligo- . PolyacetyleneWhile the alltransisomer of poly-
mers will improve the accuracy of such extrapolations oracetylene is the most thermodynamically stable form, we
quasiband calculatior’§, as contributions of the hydrogen confine ourselves here to the explicit carbon backbone of the
end groups diminish and the-€C bond lengths converge heterocyclic polymers under investigation, as indicated in
towards the polymetcf. Fig. 3, but this is at the cost of Figs. 1 and 7° We designate this as-polyacetylene to de-
higher computation. Consequently, band-structure calculanote the backbone of the heterocyclic polymers. This isomer

2. Band structures and densities of states
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FIG. 3. Comparisons of C—C bond lengths in oligothiophenes, sho@rfgst convergence of bond length alternation for both intra-ring
bonds and interring bonds as a function of number of the number of monomer unité)andnverged central region in a 20-mer
oligothiophene, with bond lengths and bond alternation at the infinite values.

resembles ais-polyacetylene chain with twice the normal still (0.10 e\j. Furthermore,b-polyacetylene has both a
unit-cell length and a center of inversion between the twosmaller conduction bandwidt{8.55 eV vs 6.51 eV focis-
componentgcf. Fig. 7). The calculated lattice constant for polyacetylene and 5.11 eV fdranspolyacetyleng and a
the b-polyacetylene isomer in Fig.(@) is approximately smaller valence bandwidt3.48 eV vs 4.79 eV forcis-
double that calculated fasis-polyacetyleng8.86 A vs 4.41  polyacetyleng These changes in the electronic structure of
A), while the calculated band gap decreage51 eV vs 0.80 this b-polyacetylene isomer are probably due to a lower sym-
eV). The latter is not surprising considering that antedhs metry than either the allis-polyacetylene or altrans
polyacetylene isomer is calculated to have a lower band gapolyacetylene forms as well as the doubling of the unit-cell
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FIG. 4. Calculated density of states scaling from oligoniéos one to six monomer unitso the infinite polymer structures ofa)
polypyrrole, (b) polyfuran, andc) polythiophene.

size, since in this structure the bands will be “folded” into cis-polyacetylene, b-polyacetylene, and the heterocyclic
the reduced Brillioun zone. All of these calculated band gappolymers mentioned here. This stability, however, can be re-
are unphysically small and are apparent only for theversed by substitutent effectsalthough it has been shown
polyacetylene® % —other systems do not appear to be af-that the most stable form will be that with the largest band
fected(see below gap?!

As in the case otispolyacetylenep-polyacetylene does b. Polypyrrole. While polypyrrole currently has many
not have a degenerate ground state lying between the georapplications? it has a significantly larger band gap and
etry indicated in Fig. 7 and the quinoidlike form indicated in lower conductivity than polythiophene. On the other hand,
Fig. 8b). These two forms correspond to the aromatic andpolypyrrole shows the largest carbarvalence bandwidth of
quinoid forms in the heterocyclic polymers, FiggcBand the five polyheterocycles considered here, and a dispersion
8(d), and the greater stability of the aromatic form holds inof the carbon valence band similar to that of the other poly-
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FIG. 5. Calculated band structures &) b-polyacetylene(b) polypyrrole,(c) polyfuran, and(d) polythiophene, plotted relative to the
calculated valence band maxima.

mers. The effective mass of holes in the valence band, howeonsistently convert furan into a well-defined polymeric
ever, is higher than any of the polyheterocycles studied hermaterial®®’4%2°3However, it has a lower calculated band
and the effective mass of electrons in the conduction band igap than polypyrrole and a larger conduction bandwidth as
similarly higher than any polyheterocycle studied here, asvell as similarly broad band dispersion, which would imply
found in Table I. that the material might potentially be doped and have
The calculated LDA band gap compares well with experi-higher n-type conductivity than polypyrrole. The ionization
mental thin-film measurementdas well as previous oligo- potential and electron affinity for doping should lie between
mer and polymeric electronic structure calculatiBh®°  those of polypyrrole and polythiophene. Similarly, the effec-
Both experimental measurements and hybrid functional caltive masses of holes and electrons in the valence and con-
culations give band gaps of approximately 2.8—2.9 eV, im-duction bands lie between those of polypyrrole and polyfu-
plying the LDA band gap calculated here is a factor-of-0.63ran. The calculated band gap in Table | also compares well
too small, as shown in Table I. Extrapolated time-dependenwith experimental thin-film measuremerifs,and hybrid
DFT (TDDFT) calculations give slightly larger band gaps, density-functional calculation,showing that the LDA band
but still underestimate the experimental thin-film valfe®  gap is a factor-of-0.57 too small, compared with experiment.
c. Polyfuran. Experimentally, it has proven difficult to As with the polypyrrole system, extrapolated time-dependent
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FIG. 6. Calculated total and partigb{orbital) densities of state€DQOS) for (a) b-polyacetylene(b) polypyrrole,(c) polyfuran, andd)
polythiophene. Plots of the partial density of states are shown witly teds inverted to enhance comparison.

DFT calculations give slightly larger band gaps, but still un-LDA consistently underestimates band gap¥> Compared
derestimate the experimental thin-film valiég? with experimental thin-film measuremerits’® the LDA

d. PolythiophenePolythiophene exhibits both the small- band gap is a factor-of-0.55 too small. Finally, the differ-
est band gap and the broadest conduction band of the thremces in Kohn-Sham band gaps between the case of an iso-
aromatic conjugated polymers examined. Recent studigsted chain, as treated here, and crystalline environments are
have treated polythiophene at the high-level GWfound to be smalf® which implies that such effects may be
approximatioi*®® and compared isolated chains to the bulksmall for conducting polymers in general. Again, as with
polymer?®® As expected, these studies find a significantlypolyfurans and polypyrroles, recent extrapolated TDDFT cal-
increased band gap using the GW approximation relative taulations give slightly larger band gaps, but still underesti-
that calculated by the LDA, since it is well known that the mate the experimental thin-film valués®!

(a) (b) (©

n n n

FIG. 7. Structures ofa) all trans-polyacetylene(b) all cis-polyacetylene, an¢t) the carbon backbone of polythiophene, polypyrrole, and
polyfuran (b-polyacetyleng
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TABLE I. Comparison of calculated lattice constants, band gaps, valence-band maxima, bandwidths, and
effective masses of the various heterocyclic polymers. Values in parentheses for band gaps are the calculated
band gaps divided by 0.60, a common proced®&ef. 50 to facilitate comparison with experimental values.

Lattice Carbon valence Carbon conduction

constant Band gap bandwidth(eV) bandwidth(eV)
Polymer R (eV) and effective mass and effective mass
Polypyrrole 7.12 1.8@3.002 3.89 (0.20%n,) 2.25 (0.244n,)
Polyfuran 6.88 1.342.23° 3.23(0.148n,) 2.79 (0.187n,)
Polythiophene 7.7 1.10(1.83¢ 2.44 (0.13Tn,) 3.23(0.152n,)
Polyphosphole 8.07 1.4@.43 1.49 (0.186n,) 2.93(0.218,)
Polyselenophene 8.02 0.89.48 2.06 (0.11@n,) 3.55(0.11én,)

3Experimental thin-film value 2.85 e\Ref. 73.
bExperimental thin-film value 2.35 e\Ref. 74.
°Experimental value 7.75 ARef. 108.

dExperimental thin-film value 2.0 eYRefs. 75 and 76

e. PolyphospholePhosphole is not an aromatic hetero- ited use as a conductive material relative to the other poly-
cycle, due to the larger size of phosphorus relative to nitroheterocycles.
gen, and the phosphorus atom is known to be pyramidal in f. Polyselenophenewhile not as widely studied as poly-
the lowest-energy staté-1%In this study, to directly com- furan or polythiophene, polyselenophene has been synthe-
pare with the other aromatic heterocycles, we have taken theized and studied experimentalf}"1% The present results
planar aromatic conformation of polyphosph&léfhe band indicate that while polyselenophene has a smaller carbon va-
gap calculated here is larger than that recently predicted fdence band than polythiophene, it also has the lowest effec-
the nonaromatic phosphole by TDDEput these are not tive mass for holes in the valence band, which would indi-
directly comparable since the transitions involve differentcate that mobility of holes should be excellent along the
sets of orbitals. However, the band gap is approximately 0.6@olymer chain. Similarly, the effective mass of electrons in
times the size recently predicted for the planar aromati¢che conduction band is also the smallest of any of the poly-
eight-ring oligophosphol& in line with the typical underes- heterocycles studied here, and the conduction bandwidth is
timation of LDA band gaps. In this work, all polyhetero- extremely largg(3.55 eV), indicating that polyselenophenes
cycles considered should have transitions between the sansbould be excellemh-type conductors. The calculated band
orbital configurations, leaving the contribution of the het-gap is a factor-of-0.81 times smaller than polythiophene,
eroatom as the only variable. which is consistent with previous work involving extrapola-

The band structure of polyphosphole exhibits high effections from calculated band gaps of oligomédfs93 times
tive masses for both holes and electrons, and while it showsmalle).>?
a fairly large conduction bandwidtt2.93 eV}, the valence
bandwidth is rather sma(lL.49 e\}, as summarized in Table
I. This result suggests that polyphosphole probably has lim- In comparing the electronic structures of the three hetero-
cyclic polymers presented here to that of the explicit carbon
backbone ofb-polyacetylene, it can be seen that while
b-polyacetylene has the most broadly dispersed conduction
band and smallest band gap, both the band gap and band-
width are highly sensitive to the influence of the heteroatom.
As noted above, the partial DOS ddtd. Fig. 6) reveal that
the heteroatoms do not contribute to the composition of the
valence-band edge, but do contribute significantly to the
composition of the bottom of the conduction band. The band-
widths of the heterocyclic polymers are strongly correlated
with the atomic electron affinity of the heteroatoms. Nitrogen
does not readily accept an electron, oxygen has an electron
affinity of 1.46 eV, and sulfur, 2.08 ¥’ This heteroatom
effect shows that earlier work, implying that heteroatom ef-

FIG. 8 Aromatic and quinoid bonding patterns of fects can be predicted as the basis edéctronegativity®
b-polyacetylene and polythiophene(a) “aromatic’ form of would assign an incorrect band-gap ordering: polyfuran
b-polyacetylene(b) “quinoid” form of b-polyacetylene(c) aro-  would be predicted to have thargestband gap, then poly-
matic form of polythiophene, andd) quinoid form of poly-  pyrrole and polythiophene, as shown in Fig&a)%nd 9b),
thiophene. employing the widely used Pauling scale of electronegativity.

3. Analysis and discussion

(a)
/N

=
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FIG. 9. Correlation of the calculated band gaps of the polyheterocycles witfatleomic electron affinity andb) electronegativity

(Pauling scalpof the heteroatoms nitrogen, phosphorous, oxygen, selenium, and sulfur. The indicated line is a linear regression with the

formula and fit given. Note that the atomic electronegativities show no correlation with calculated band gaps.

Changing the carbon-carbon bond lengths in thieack- Calculations on polyphosphole and polyselenophene band
bone of a conjugated polymer will readily change the bandyaps indicate that the band-gap—electron affinity correlation
gap, for example, a polyacetylene with equal carbon-carbonbserved for the nitrogen-, oxygen-, and sulfur-based poly-
lengths has no band gap and is intrinsically a metal. Previouketerocycles is a pervasive effect, as indicated in Fig. 9.
work suggested on the basis of semiempirical calculationslowever, the trend does not appear to be completely general,
that bond-length alternation effects can explain the band gager example, polyselenophene is predicted to have a smaller
in polyheterocycle§® On the basis of the present density- band gap than polythiophene, although selenium has a
functional calculations, however, we see that the aromatislightly lower electron affinity than sulfur. On the other hand,
polymers have quite similar carbon-carbon bond lengths, aselenium has a significantly lower elemental ionization po-
illustrated in Table Il. The outliers are polyfuran, with some- tential than sulfur(9.75 eV vs 10.36 e\’ so that other
what larger intraring bond-length alternation due to the smalheteroatom electronic effects, such as atomic ionization po-
size of the oxygen atom, and polyphosphole. This bondtential, may play a role in the case of larger heteroatoms.
length alternation model, however, predicts again that poly- Other polyheterocycle properties, such as bandwidth and
furan and oligofurans should have greater gaps than polypyeffective carrier mass, also appear to have periodic behavior
role, which is clearly not found here or in experimental similar to that noted for band gaps. Referring to Table I, the
measurement®:’® Similarly, since polyphosphole has a effective masses in the conduction bands have exactly the
smaller bond-length alternation than the rest of the systemsame ordering as the electron affinities: decreasing from
studied here, this would argue that it should have a signifipolypyrrole to polyphospole to polyfuran, polythiophene,
cantly smaller band gap than polyfuran, polythiophene, oland polyselenophene. With the exception of polyphosphole,
polyselenophene, which is not the case. Thus, bond-lengtthe valence bandwidths and valence-band effective masses
alternation does not appear to be a reliable predictor of banboth decrease from polypyrrole to polyfuran to poly-
gaps in polyheterocycles, in contrast to the correlations witlthiophene and polyselenophene. Again, these properties fit
heteroatom electron affinity, discussed above. better with trends in electron affinity than with those in

electronegativity—oxygen has the highest electronegativity

TABLE Il. Comparison of the carbon-carbon bond-length alter- Of the elements considered here, but the properties of furans
nation(BLA) for intraring and interring bonds between the polyhet- fall distinctly between those of thiophenes and pyrroles.
erocycles studied here.

Intraring BLA Interring BLA IV. CONCLUSIONS
Polymer @ o While a great deal of research has been performed on the
Polypyrrole 0.0167 0.0370 electronic structures of conducting conjugated polymer oli-
Polyfuran 0.0338 0.0370 gomeric fragments, in large part due to their well-defined
Polythiophene 0.0139 0.0375 lengths and architectures, it is clear from the present results
Polyphosphole 0.0022 0.0240 that extrapolation from the electronic structures of oligomers
Polyselenophene 0.0183 0.0369 cannot accurately model the full band structures of the cor-

responding polymers. In particular, such extrapolation does
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not readily provide information on the shapes and disperheterocycles, it has not been obvious whether these effects
sions of the bands, reveal overlapping bands, or take saturarise from geometric distortion of the carbon backbone
tion effects into account. Explicit electronic structure calcu-(bond-length alternatioror from electronic contributions of
lations on the ideal, infinite polymers reveal saturationthep orbitals of the heteroatorfelectronegativity. From the
effects at large chain lengths that are best expressed in termartial density of states projected onto the heteroatoms in the
of the full nearly-free-electron model. Surprisingly, the “ef- present study, it is clear that the character of the valence band
fective conjugation length” reached at longer chain lengthss largely due to the carbon backbone, but a significant por-
agrees well with experimental estimates of conjugatiortion of the lower edge of the conduction band derives char-
lengths—even though the model used here only treats aacter from the heteroatom. Thus, the electron affinity of the
isolated chain and does not attempt to include effects such dseteroatom, and neither bond-length alternation nor elec-
defects, torsional disorder, or interchain interactions. tronegativity as expressed in previous work, directly influ-
Additionally, while the electronic structures of polyacety- ence the polymer band gaps as a whole. Heteroatom electron
lenes would seem to be useful comparative benchmarks faffinity is therefore crucial in determining polymer optical
the widely studied polyheterocycles such as polythiopheneproperties as well ap- or n-doping characteristics of the
polypyrrole, and polyfuran, the commocis-isomers and polymers.
transisomers of polyacetylene do not accurately model the
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