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Abstract The low lying unoccupied orbitals of oligomers of 4-dicyanomethyléheytlopenta[2,1-
b:3,4-b’] dithiophene (CDM) are not delocalized over the whole molecule. Is such electron localization
in the conduction band of poly-CDM responsible for its low n-type conductivity? Are polymers of the
tricyclic thioketone (TCT) with more delocalized unoccupied orbitals a better alternative for stable n-
dopable conducting polymers?

Monomer through tetramer of TCT have been optimized with density functional theory. IP, EA, energy
gap, and band width of the corresponding polymer were obtained by extrapolation. Comparison with
data for oligomers of 4-dicyanomethylend-dyclopenta[2,1-b:3,4-b’] dithiophene and of thiophene
indicates that the novel polymer would have a small band gap and would fulfil the conditions for n-
dopability and high mobility of n-type carriers.

Keywords Low band gap polymers, Band widths, Thioketones, Conductivity, Density functional theory

duction potentials required for n-doping are highly nega-
tive. N-doped systems are subject to high self-discharge and
. _low electrode cycle life.[6] Since reversible n-dopability is
Although research on conducting polymers[1] started withhecessary for applicability of organic polymers in devices
the discovery of intrinsically conducting polysulfurnitride,[2] gch as batteries, diodes, and supercapacitors, intensive re-
no other polymer with intrinsic metallic conductivity has search is under way with the aim of lowering valence band
been discovered since. Currently, conducting polymers liknergies. This would simultaneously improve intrinsic con-
polyaniline, polythiophene, polypyrrole, and polypara- quctivity by decreasing the band gap and increasing the
phenylene are among the most studied because of theiharge carrier concentration.[7] Ultimately the goal of de-
chemical stability. All of these systems are semlconductorgigning metallic organic polymers might be achieved by low-
that require doping to become conducting. P-doping work%ring the conduction band energy.

well and conductivities of up to 2000 S €rhave been re- Theoreticians and experimentalists have developed a
ported for alkyl substituted polythiophene.[3,4] In contrast,range of strategies for decreasing band gaps and improving
designing stable n-doped materials proves to be difﬁcu“-[5}1-dopabi|ity.[8-15,5,16,17] One of those is to attach bridg-
Due to the low electronegativities of organic polymers, ré-ing groups with lowying T*-orbitals to cis-dithiophene.

The polymer of 4-dicyanomethylenét4yclopenta[2,1-
b:3,4-b’] dithiophené has a band gap of 0.8 eV, 1 eV smaller

Dedicated to Professor Paul von Ragué Schleyer on the 0Gnan that of polythiophene, and is reversibly n-dopable.[18]
casion of his 70birthday
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Because of these promising properties, dolyas used to poly-1.[21] However, considering that zero band gap poly-
construct a Schottky barrier diode.[19] However, the deviogers are expected to exhibit conductivities larger th&r510
showed little rectificdon. A possible explanation was of-cnrl,[8] this is still disappointingly low. Analysis by Huang
fered in terms of high bulk resistivity in the n-doped statsd Pickup[20] revealed that the n-type charge carriers are
due to excessive undoping. not extensively delocalized. The reduction potentidl dbes
Recentlyl was combined with 3,4-ethylenedioxythinot decrease with growing chain length and the reduction
ophene2, to form a range of copolymers.[20] This approagbotentials of the copolymers do not shift significantly with
afforded the lowest band gap organic polymer synthesizeath@anging composition. The mobility ratio of n- and p-type
date. Electrochemical investigations indicate that the baraitriers in the copolymers is small002. Thus, the more
gap of a 3,4-ethylenedioxythiophene rich copolymer is bmobile p-type carriers mainly account for the intrinsic con-
low 0.16 eV and probably close to zero. Its intrinsic conduductivity. The ratio between the mobilities of n- and p-type
tivity is 103 S cm?, 5 orders of magnitude higher than that afarriers is larger for polyt; 0.025, but p-type carriers are
still 40 times more mobile than n-type carriers. Therefore,
localization of n-type charge carriers appears to be an alter-

N native explanation for the high bulk resistivity of n-doped

Sc. /c”‘N poly-1 and its failure as a diode material.
C /N Theoretical investigations of polly{14,22] and related
! 0 0 systems as well as calculations on the monomeric building
J\ \ /U\ blocks[23] support Huang and Pickupiadings. Thecon-
duction band widths, which can be very roughly correlated
S S S with conductivity,[8] are small for these systems[24] and or-
1 2 bital coefficients at tha-carbon atoms of the building blocks

are small.[23] Tus, the dicyanomethylene group seems to
increase the electron affinity of polythiophene by introduc-
ing low lying but localized r*-orbitals. This means that in

the conduction "band”, the orbitals do not overlap strongly.
Thus polyd and its analogs might be a dead end if n-type

S
s = C .
conductivity is desired.
]\ \ Hong and Song[14] investigated C=S, C=0, and C+CH
S S | bridged cis-dithiophenes with semiempirical solid state cal-
S

culations. The C=S group leads to the smallest band gap. By
introducing the above groups alternatively in the outer and in
the inner rings (comparg and 4 in Scheme 1), it could be
shown that the above groups favor quinoid structures, whereas
electron donating atoms like sulfur favor aromatic structures.

i In the presence of two different bridging groups, the one in
)k the outer ring determines whether the structure is quinoid or

/
|
S
3 4

S

Oﬁ‘ S aromatic. Thus, pohg is aromatic but poly is quinoid. The

= — = quinoid polymers have smaller band gaps than the aromatic

| | /\H/_\H/\ ones, about 1 eV.
S S S S We have investigated a range of monomeric derivatives of
6 1[23] with density functional theory and found that the C=S

group, in systems such & leads to smaller energy gaps
than C=C(CN). This might seem surprising at first since the
small band gap of pol§-is usually attributed to the strong
electron withdrawing power of the C=C(C]yjroup. [18]

5

Natural bond orbital analysis revealed that C=C(G&hot
strongly electron withdrawing but owes is large electronega-
tivity to its high electron affinity arising from the presence of
g a low lying r*-orbital. This is in line with Mulliken’s rather
than with Pauling’s definition of electronegativity. Thus reso-
7 nance rather than inductive effects are responsible for the

Scheme 1Repeat units for conducting polymers. PolymeR@nd gap lowering. The similarity between C=S and
of CDM, 1, and of EDOT2, are experimentally known lowC=C(CN),can be understood by realizing that the C=S group
band gap polymers3 and 4 were investigated theoretically/S0 has a lowying r-orbital and a high electron affinity.
and showed promising proptis. 5 and 6 are focus of the The C=S group appears interesting for the design of con-

resent studvz is the smallest building block 6fand used ducting polymers for several reasons: i) it achieves similar
?or comparis>c/>n g band gap lowering to C=C(CH)ii) it is small enough to be
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incorporated in the all of the rings {n Scheme 1) which out employing end-capped oligomers and closed shell wave
should result in a quinoid structure with a lower band gdpnctions. All calculéions were performed with Gaussian
iii) the C=S group should have less capacity for charge tr&#W[40] and 98W,[41] orbital contours were plotted with
ping than C=C(CN) and finally iv) there is a rich chemistrythe g-openmol program.[42]

involving the competition between single and double carbon

sulfur bonds so that good mechanical properties due to three-

dimensional interactions seem possible. Preliminary Stu%%ults

indicated that the polymer &fmight have a very small band

gap.[23] Here a more detailed electronic structure analysis

of 5 and the extrapolation of the oligomer to polymer proper- :

ties is presented. Extrapolated results for p&yare com- Geometries
pared to those for polythiophene and pbly-

Figure 1 shows bond lengths in the inner rings for monomer
through tetramer 06. The short bonds connecting the rings
and the long bonds where there would be double bonds in
Methods thiophene show that the structures are quinoid. As described
in the methods section, oligomers ®mfare also quinoid de-

Monomer through tetramer dof, 5 and 6, and monomer spite the influence of end-effects that favor aromatic struc-
through hexamer of thiophene were optimized in planar getes. Wen starting from an aromatic carbon framework,
ometries using density functional theory (DFT). Becke's thréégomers of5 optimized smoothly to the quinoid forms,
parameter hybrid functional[25] was combined with Perdesiowing that the quinoid structures of oligomer§ afre not
and Wang's correlation functional.[26] Stevens Basch Kragised by the =CHgroups. In contrast, oligomers afare
pseudopotentials[27] and split valence plus polarization omatic. Attempts to locate quinoid analogs of dimer and
sis sets were employed.[28] Theight of the Hartree-Fock
exchange was increased to 30% since this functional yields
HOMO-LUMO gaps in close agreement with,, values from
UV spectroscopy.[29] IPs and EAs are about 1 eV too low
for oligomerict-systems but trends are reproduced correctly.
This approach is justified from a pragmatic point of view
although the meaning of DFT orbital energies is a controver-
sial subject[30-39] that is beyond the scope of the pres
investigation.

The dimer and all higher oligomers bfare quinoid and
have extremely small energy s A quinoid structure for
the polymer was expected according to Hong and Song’s[14]
work. That the dimer is already quinoid shows that the ten-
dency to switch to a quinoid structure is very strong and that
end effects that favor aromatic geometries do not prevent the
switch to the quinoid form even for very small oligomers.
However, a quinoid structure can not be terminated properly
at the ends of the oligomers. Therefore, the wave functions
were tested for stability. Not surprisingly, the closed shell
wave functions 06 and of its oligomers are singlet unstable.
Reoptimization of the singlets with open shell wave func-
tions let to large spin contaminationg (@lues between 1.1
and 1.8). Thesnergies were only slightly lowered but the
energy gaps increased by more than 1 eV. With the open shell
wave function even the monomer tends to become quinoid.
In an attempt to avoid the use of open shell calculations, the
oligomers were end-capped with CHroups, shown a$
(Scheme 1) and reoptimized. A stability test for monomeric
6 still indicated internal instability, but the spin contamina-
tion of the open shell wave function became smal8.1)
and the total energy lowering was only 0.03 kcal-tat an
open shell calculation, the energy gap increased by 0.06 eV
from 2.81 eV to 2.87 eV. This change is negligible compared
to the inherent inaccuracy of energy gaps as approximhigure 1 Bond lengths in monomer, dimer, trimer, and
excitation energies. Therefore the calculations were carriettamer of6
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Figure 2 Energy levels and
development of bands for thi-
ophene7, and oligomers of 5.0
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Table 1 Enegy levelsfor oligomes of 6, 1, and thiophene

# repeat lower valence IP EA upper cond. E,
units band edge band edge
6

1 -7.04 -4.22 2.82
2 -7.41 -6.99 -4.93 -3.81 2.06
3 -7.62 -7.02 -5.15 -3.71 1.87
4 -7.75 -7.05 -5.26 -3.66 1.79
0 -8.99 -7.02 -5.61 -3.45 1.43

Band width: 1.97 eV Band width: 2.16 eV

1

1 -7.21 -3.98 3.23
2 -7.89 -6.72 -4.19 -4.15 2.53
3 -8.17 -6.55 -4.34 -4.19 221
4 -8.32 -6.48 -4.40 -4.22 2.08
0 -8.66 -6.23 -4.51 -4.30 1.72

Band width: 2.43 eV Band width: 0.21 eV

Thiophene

1 -7.48 -0.75 6.73
2 -7.94 -6.59 -1.78 -0.10 481
3 -7.98 -6.22 -2.22 0.18 4.00
4 -8.07 -6.04 -2.46 0.33 3.58
5 -8.06 -5.93 -2.61 0.42 3.32
6 -8.13 -5.86 -2.71 0.49 3.15
o -8.36 -5.49 -3.21 0.80 2.28

Band width: 2.23 eV Band width: 1.90 eV

(evaluated for polydithiophene) (evaluated for polydithiophene)

trimer d 1 failed likewise. There is thus no indication of theEAs are sumntézed andextrapolated to polymevalues in
existence of two sble forms of either polynre Table 1.The HOMO kvels, and therefore the IPs according
The double bonds connecting the rings of oligoméé oto Koopmanstheorem,[44] of ofjlomers & 6 do not decrease
are 1.403 A long, the dble bonds within the rings are sharte with increasingchain lengthThe IP of polyé is predicted to
1.378 A The single bond lengths in the inner rings 4.468 be about 7 ¥, 1.5 eV lager than that of polythiophene and
and 1.470 A. Cfferences between the inner part of dimé.8 eV lager than that of poly-at the sameevel of theoy.
and the trimer arganishingly smallThus, bond lengths areThe extepolated EA of poly6 is 5.61 &, 2.4 eV lager than
essentially coverged in the innerings of the trime The that of polythiophene and 1.1 e\tdar than that of pohL
maximum bond lengths alternation for p@ys predicted to which is a kiown n-dogble pdymer.
be 0.092 A.For comparison, bond lengths alternation is
0.060 A in sxithiophene[43] and in quatdr Thus quinoid
poly-6 does not tve smaller bond length alternation tha®Band gaps
aromatic polythiophene and pely
Oligomers of6 have smaller engy gaps than oligomers
and of thiophene. Plotting thealuesagainst 1/n andex-
lonization Potentials (IPs) and Eleodn Affinities (EAS) trapolating to infinite chain length (Figure 5) predicts the
band @ps of poly6, poly-1, and polythiophene to be 1.41
In Figues 2 and 3 emgy levels are plottedor monomer eV, 1.72 &/, and 2.30 ¥, respectiely. Experimental band
through tetramerfo6 and d 1, respedtely. Figure 4 shws gaps of polyd and of pdythiophene are 0.8 eV[18] and 1.8
enagy levels of thiophene monomerrdugh lexame. To  €V.[45] A, for ultrathin pdythiophene films is 2.30\&[4]
assign orbitals of the oligomers to bands of the polyme@s§ eV higher than the bamdp value which corresponds to
orbital contours were plotted for the oligomers and visuallye onset ofbsaption.Theoetical estimates from band st-
correlated with those fo7 and of thiopheneThese correla- ture calculations correspond & __ and are theefore in ex-

max

tions are indicated with dotted lines in Figures 2-4. IPs acellent agreement with experimefar pdythiophene As-
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Figure 4 Energy levels and
development of bands for
oligomers of thiophene 50 ¢
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Figure 6 Highest lying occupiedéd and blak) and lowest
lying unoccupiedhbjue and bl&k) rrorbitals of quateré

suming a similar dference batveen onset of absorption andrigure 7 Highest lying occupied€d and blak) and lowest
Ao fOr pdy-1, our calculations predict a bagap of 1.1 eV lying unoccupied (blue and i) 7rorbitals of quaterd
for poly-1, 0.3 eV abve theexperimentalvalue Therfore,
the band gp of pdy-6 is estinated to be about 0.5-0.8/e
tion band stems from the HOMO-1 of thiophene, which splits
into two levels n 7. The higher oneiges rise to two closely
Band widths spaceddvels in 6, one of which forms a wide band, the con-
duction band, the other one forms a flat band that lies within
Tracing back the bands of quarfeshows that itsvalence the conduction bandhus valence and conduction bands of
band arises from the thiophene LUMO which splits into twibhave diferentcharacter than those of pahiophene (com-
levels in quinod 7, the bwer one leading to the HOMO 6 pare Figures 6 and 8). Both bands are delocalized (compare
andgiving rise to thevalence band of poi§. The conduc- Figure 6) and hve substantial band widths. Expokted
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Discussion

umo+2  The basic idea behind conducting polymers is that infinite
chains of conjugad Tesystems act as molecular wires, al-
lowing charge transport through the delocalizesi/stem. In
such a wire, conductivity is related to charge carrier concen-
tration and mobility of charge carriers.[8] Charge carriers are
both electrons and holes and the resulting conductivity is the
LMo sum of their contributions.[46] The charge carrier concentra-
tion at ambient temperature or in the presence of light in-
creases as the band gap decreases. Alternatively, doping can
create charge carriers. The charge carrier mobility along the
chain increases with increasing overlap between repeat units,
which is reflected in the band width. In real systems, band
HOMO widths correlate only very roughly with mobilities of charge
carriers since chains are not infinite and charge carriers have
to hop.[8] That eal polymers are far from molecular wires
can be seen by the fact that properties of polythiophene can
be very well modeled with sexithiophene oligomers, which
in the crystalline state conduct perpendicular to the chain
direction rather than along the chains.[47] On the other hand,
the dramatic increase in conductivity of polyacetylene after
stretch aligning[48] and the improved conductivity of more
Figure 8 Highest lying occupied (red and black) and lowestdered ultrathin polythiophene films[3,4] shows that the
lying unoccupied (blue and blackjorbitals of sexithiophene molecular wire picture is valid if the bulk properties of the
material can be optimized. Thus, small band gaps and large
band widths are necessary though not sufficient conditions
values are 1.97 eV and 2.16 eV, for valence and conducti@hgood conductivity.
bands, respectively. Poly-1 is one of the lowest band gap conducting polymers
The valence band of poljarises from the thiophenesynthesized to this date, copolymersland2[20] might be
HOMO and is practically identical to that of polythiophenehe first zero band gap materials produced since the discov-
since there are nodes at the positions of the dicyanomethyl@reof polysulfurnitride. The low band gaps of these systems
groups (compare Figures 7 and 8). Extrapolation leads tgra due to the presence of theystem of the dicyanomethy-
band width of 2.43 eV. The conduction band originates inene group, which provides for a low lying LUMO. However,
bonding combination of the thiophene LUMO and thgithough polyi is repeatedly n-dopable, the conductivity in
dicyanomethylene gup. With increasing chain lengths, thethe n-doped state is low.[19] Palykas not been investigated
contribution from the dicyanomethylene group leads to lgs thoroughly as polythiophene. The crystal structure has not
calization of the charge density and little overlap betwegBen determined for oligomers. Conjugation lengths and film
the repeat units (compare the four black and blue colotggtkness have not been optimized. Therefore, disorder could
antibonding orbitals in Figure 7) Therefore the conductigse responsible for the low intrinsic conductivity and the low
band widths is very small, 0.21 eV. conductivity of the n-doped forms. Low chemical stability of
The valence and conduction bands of polythiophene atiise n-doped form[19] is another possibility. One factor, how-
from thiophene HOMO and LUMO. Both orbital types leagver, seems to have been overlooked. The conduction band
to significant overlap and wide bands. To compare band widispoly-1 is very flat. This indicates little overlap between
of poly-6 and polyi to those of polythiophene, dithiophenghe repeat units. Figure 7, which displays orbital contours of
has to be used as the repeat unit to assure that the sizes @gifiuction band orbitals, clearly confirms the relation be-
repeat units are comparable. The reason for this is thattween low overlap and small band width. In other words the
solid state physics terms, doubling of the repeat unit leadg.ghduction band is not a band but consists of individual lo-
halving of the Brillouin zone. The smaller Brillouin zonealized orbitals. Dicyanomethylene groups might act as traps
contains twice as many bands of smaller band widths. \Migh the electrons and thus prevent conductivity contributions
dithiophene as a repeat unit, valence and conduction b&oa¢h n-type carriers. Copolymers bfand2 might have zero
widths of polythiophene are 2.23 eV and 1.90 eV. Thuaind gaps but still their intrinsic conductivities are small.
polythiophene and polg-have comparable valence and corfhe n-type carrier mobility is 500 times smaller than that of
duction band widths. The valence band of pblg-also wide, the p-type carriers.[20] Thus polyand copolymers contain-
only the conduction band of polystands out by being ex-ing 1, might be intrinsically poor conductors in the n-doped
tremely narrow. state even if the n-doped forms were chemically stable and if
the chains were infinite and perfectly aligned. This seems to

HOMO-1
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be in agreement with findings of Huang and Pickup that thkout 1.1 eV lower and to be much wider. Thus gotpuld
conduction band energy did not change much with compdsive higher stability and higher conductivity in the n-doped
tion of the copolymers.[20] Disorder or short conjugatiostate. These consideration apply to ideal polymers of infinite
lengths should limit mobilities of both, p- and n-type carriechain length and perfect order. Factors that limit conductiv-
and can not be responsible for these huge differences. Exitgssuch as short conjugation lengths, disorder, unsuitable
sive dedoping can explain the low conductivity of n-dopeshcking in the bulk, and high exciton binding energies are
poly-1, it can however, not account for the low intrinsic corbeyond the scope of the present investigation.
ductivity. Thus, localization of n-type charge carriers remains
as possible reason for the low conductivity of neutral and Aeknowledgment The author wishes to thank Bilkent Uni-
doped polyi. versity for providing computational resources.
Neither poly6 nor its building blocks have been synthe-
sized. Therefore it can only be guessed whether it might be a
stable substance. The smallest unit6ois thiocyclopenta- R
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