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Abstract

Electronic structure of disordered semiconducting coajed polymers was studied. Atomic
structure was found from a classical molecular dynamicsikition and the charge patching
method was used to calculate the electronic structure Wwéhatcuracy similar to the one of
density functional theory in local density approximatidrhe total density of states, the local
density of states at different points in the system and thefuactions of several states around
the gap were calculated in the case of poly(3-hexylthioph¢éR3HT) and polythiophene (PT)
systems to gain insight into the origin of disorder in thetsys the degree of carrier local-
ization and the role of chain interactions. The resultsdatid that disorder in the electronic
structure of alkyl substituted polythiophenes comes frasorder in the conformation of in-
dividual chains, while in the case of polythiophene therarisadditional contribution due to
disorder in the electronic coupling between the chainshiBéthe first several wavefunctions
in the conduction and valence band of P3HT is localized oeeerml rings of a single chain.
It was shown that the localization can be caused in prindipla by ring torsions and chain
bending, however the effect of ring torsions is much strond&l wavefunctions are more
complicated due to larger interchain electronic coupling are not necessarily localized on a

single chain.
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Semiconducting conjugated polymér® are abundant organic materials that can be processed
from solutions by inexpensive techniques, while exhilgitielatively high carrier mobilities. These
features have led to their applications in electrical articapdevices such as light-emitting diod@$,
solar cells>® and field-effect transistors.

It is currently understood that thin films of these polymesatain both ordered (crystalline)
and disordered (amorphous) regiofi<arriers in the crystalline regions are delocalized antkthe
fore highly mobile, while carrier states in the amorphougals are more localized. Consequently,
electrical transport through the whole structure is largefluenced by the presence of amorphous
regions. It is therefore very important to understand thiineaof electronic states in the amor-
phous region. However, the polymer morphology in the amoughregion is rather complex. It
consists of chains that are both twisted and bent formingaglsgtti-like structure. Furthermore,
side chains are often attached to the main polymer backlmomake the polymer soluble. Due to
such complexity of the material structure, there is a nunolb€uestions that naturally arise and
need to be properly addressed. What is the cause of cardalization? What is the degree of
carrier localization? How does the chain morphology afteetelectronic structure?

As a representative system for our study, we take polytl@oplpolymers and their solution
processable derivative poly(3-hexylthiophene). Stnattiormulas of three units of these polymers
are shown in Scheme la and b, respectively. Theoreticakstbdsed on density functional theory
(DFT) of the electronic structure of polythiophene derives arranged in a crystalline structure
have been recently performé&! however much less is known about the electronic structure of
the amorphous phase where periodicity is broken and mugeri@upercells are required in a
calculation.

The approach we take to tackle the problem of the electranictsire of conjugated polymers
is centered around our recently developed charge patchethaf?—1° for electronic structure
of organic system$ which enables studies of systems with more than ten thousmis with

the accuracy similar to the one of DFT in local density appr@tion (LDA). Atomic structure is
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found from a classical molecular dynamics (MD) simulation.

Theoretical and computational methodology

M D simulations of atomic structure

Atomic structure of amorphous conjugated polymers is fdumah a classical molecular dynamics
(MD) simulation with periodic boundary conditions. Thel&ling set of consecutive steps is
performed in order to generate statistically probable atastructures.N; separate chains each
N; units long are initially randomly placed in a cubic box whamensions are several times
larger than the dimensions of the box corresponding to tinsitieof the system. A temperature
of 1000 K, significantly higher than the room temperatureniially imposed and the system
is allowed to equilibrate for 200 ps at that temperature. 3ize of the box is then gradually
decreased during tinteto the value corresponding to the density of the naturaksysifter that,
the temperature is decreased gradually down to 300 K durinthar timet. This step is followed
by equilibration for 300 ps at 300 K and a final relaxation toe@al minimum. Wherm; = 5, we
choosd = 200ps and wheN. = 20 we takd = 1ns. The procedure described allows the system to
explore a significant amount of configuration space, rathem being trapped in a local minimum
which would highly depend on the random initial conditionSimilar MD based methods for
generation of amorphous atomic structures have been dpplipolyphenylene vinylene (PPV)
oligomersl’ oligothiophened?8 as well as other conjugated polyméfs2°

MD simulations were performed using the LAMMPS code?? CFF91 class Il force fieltf-24
was used to represent all interactions among atoms. Preeadaulations indicated the existence
of atomic structure rearrangements with important conseges for the electronic structure of the
system!! There is therefore a question whether the classical fortedan take into account these
effects and deliver the proper atomic structure. We have played particular attention to this issue
by comparing the force field calculations with quantum clstmicalculations, available in the

literature for small systems. We have found that rotatidrtb® bithiophene molecule around the
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bond connecting the two rings are not well described by thgral force field, i.e. the dependence
of the energy on torsion angle does not reproduce well tleailzdlons based on quantum chemistry
methods?® Since torsion angles determine the overall shape of theactids discrepancy would
have a significant impact on the atomic and consequentlyrelgc structure of the system. We
have therefore corrected this discrepancy by replacingdhas describing this torsion in the
original force field with a term that fits well the quantum chstny calculations, as described
in detail in Supporting Information. The use of interringdional potential of bithiophene for the
study of polythiophenes is justified by the fact that presgistudie$®2’ have indicated that these

potentials are indeed very similar.

Charge patching method for electronic structure

After the atomic structure has been obtained, we proceeal¢alate the electronic structure using
the charge patching methdfi The details of the method have been previously preséfa we
only briefly outline it here. Charge patching method dekvaDFT/LDA quality charge density
without actually doing a self-consistent DFT calculatioGharge density of a large system is
obtained by adding together charge density motifs assigmeadch of the atoms in the system.
The motifs are generated from a DFT/LDA charge density (dated using the code PEfStwith
norm conserving pseudopotentials with kinetic energyftof®0 Ry) of small prototype systems
in a manner previously describé8Three unit long oligomers of thiophene (Scheme 1a) or hexyl-
thiophene (Scheme 1b) were used as prototype systems firgaoération. The type assigned to
each atom based on its bonds and nearest neighbors is sh@&eheme 1, while all atom types
and all motifs of the two systems investigated are listedabld 12°

When the charge density is obtained, the single particleilfaman is created by solving the
Poisson equation for the Hartree potential and using the tddula for the exchange-correlation
potential. The eigenstates can then be found using thedapectrum method? as implemented
in the ESCAN codée! which is a method of choice when we are interested in only adtes

around the gap. From the single particle Hamiltorttgrusing the generalized moments mettéd,
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we also find the projected density of states defined as

px(E) =Y [(Wilx)[?3(E —Ei),

whereE; are the eigenvalues angl;) the eigenstates df. The functiony is chosen either as a
random wavefunction (with an overall uniform distribut)jpr as a random function multiplied
by a Gaussian. In the first case we get the information abeuglttbal density of states, while in
the second case we get the information about local densiyatés. The number of generalized
moments that we calculate corresponds to a spectral resohftthe order of 0.1 eV in the energy
domain. The truncation function in moments sp&oeorresponding to Gaussian broadening in
energy domain was used to get smooth density of states groftlés important to note that the
charge patching procedure scales linearly to the size aftbiem’® as well as the folded spectrum
method for a given number of staf@sind the calculation of the density of states by the genewliz
moments method? Consequently, we can find several states in the spectrairegound the gap,
as well as the density of states in the whole spectral regiosyflstems with even more than ten
thousand atoms.

It is expected that charge patching method should work itegys with covalent bonds where
the charge density around a given atom depends on its logabament only. The systems inves-
tigated here are exactly of this kind. We have previouslysti§ that the method works well for a
range of systems in ordered geometry, including polythem@s, and for disordered alkane chains.
This led us to expect that the method should work well for@ayst investigated here, too. To be
fully certain about this we have performed an additiond fi@sa system containing three 15 unit
long oligomers of thiophene, a total of 321 atoms where itiisfsasible to do a DFT calculation.
The atomic structure of this test system was generated tisingame MD-based procedure (with
the box size proportionally smaller in this case) that waldsr the systems that we investigated
later. Therefore, the test system has a similar distributibbending and torsion angles as the

systems investigated and is fully suitable for testing thgliaability of the charge patching pro-
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cedure. The eigenstates obtained from the DFT/LDA calmnigusing the code PEt#}) have
been compared with those obtained from charge patchingaVérmage error of eigenenergies was

20 meV only, confirming our expectation.

Results and discussion

P3HT

We start the presentation of our results with the case of P3Hstem containingN. = 5 P3HT
chains, each containiny, = 20 thiophene rings was investigated. This system conta®i® 2
atoms alltogether. The initial size of the box for MD simigatwas 74 A, while the final size was
29.286 A, which corresponds to the experimental density. biglcm?®.33-3 At the beginning of
the simulation, all main chains were all trans configuration with hexyl side chains distributed
in the head-to-tail (Scheme 1b) arrangement. The final &tatniicture obtained is presented in
Figure 1la and the density of states of this system is presemt€igure 2a. Since the aim here
is to describe the properties of infinite P3HT material, indld be also checked if the size of the
box is large enough. For that purpose, another simulatichpegaformed on a system containing
Nc = 20 chains, with a box which is proportionally larger comphare the previous case, whose
final atomic structure is shown in Figure 1b. The density afest for this 10040 atom system is
presented in Figure 2b. Since there is a close resemblatwedrethe density of states of the two
systems, a smaller 2510 atom system was chosen for theedies#ildy, later.

The calculated band gap of disordered P3HT is 1.50 eV. Oneldheep in mind that all
calculations are based on LDA and therefore these gaps aceible to the well known LDA
band gap problem’ A direct comparison to experiment is therefore not possike the other
hand, several experimental resdfts'indicate that both the energy gap measured in photolumi-
nescence and absorption is larger in disordered than irredd@3HT by about-0.25-0.5 eV.
We have therefore also calculated the electronic strucuagwo dimensional crystalline system

consisting of periodically replicated infinite polythiogte chains. This kind of system has been
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previously studied® as a representative for electronic structure of cryselkitkyl-thiophenes.
The spacing between chains was taken to be 3.8 Aand the angjiaia rotation about the chain
axis of 30 was assumeé The same bond lengths and angles as in the case of disordaidd P
were taken. The calculated band gap atlthmoint is 1.25 eV and the calculated indirect band gap
is 1.12 eV. This result agrees with previous DFT calculatiohtwo dimensional systent$,and
three dimensional crystalline alkyl-thiophé@nd thiophen#! polymers, where an indirect band
gap, slightly smaller than the gap at thepoint, is obtained. We therefore find that the calculated
difference between the gap of the crystalline and amorpRSHET is consistent with experimental
results reported in the literature. This result can be wtded as a quantum confinement effect
due to wavefunction localization as will be discussed below

To gain understanding into the nature of the electronicctiine of P3HT, we first probe the
electronic structure locally, by calculating the local siéy of states at different points along the
main chain, as well as on side chains. In the case of crys¢alBHT all centers of the rings would
exhibit the same local density of state profile. This is ngknthe case in disordered system and
therefore local probing of the electronic structure givegsight into a degree of disorder present
in the system. A Gaussian with a standard deviation of 1.44sfwsed as a local probe. In Figure 3
we present the results at five points on the same chain comdsp to the centers of rings 6, 8,
10, 12 and 14, which we label respectively as A, B, C, D and E.

A certain degree of fluctuations of the local bandstructworiad the gap as one goes from
point A to E along the main chain is evident from Figure 3. $alveauses of these fluctuations,
and therefore disorder in the system, are possible. Firsfuld be the interaction with other
chains either via electronic coupling or via electrostatieraction. Second, side chains of a given
main chain also exhibit disordered configurations and mdstdtic interaction with them can lead
to spatially fluctuating potential along the main chain.dHy the disorder in the conformation of
the main chain itself is also a likely cause of these fluctureti To distinguish between these three
effects, we have performed several numerical experiments.

We have calculated the density of states along the same ichtii@ same geometrical arrange-
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ment, but in the absence of other chains. The result of tleeikedion is shown for points B and D in
Figure 3 with a thinner line. The difference between this @inedprevious calculation is obviously
very small, so interchain interactions can be safely rulgdas the cause of local bandstructure
fluctuations.

Next, we have analyzed the structure where we have kepoatisadf the main chains of P3HT
in place, but side chains were removed and replaced by H atbonstransforming P3HT chains
to PT chains. The comparison of the electronic structurdigfgtructure with the one of P3HT
presented in Figure 4 gives us information about the efféstde chains on the carrier states on
the main chain. By comparing the global density of statehéndpectral region around the gap
(Figure 4e vs. f), as well as local density of states (Figwergl b and Figure 4c vs. d), we see
only slight changes in the density of states. All main feaguof the electronic structure in this
region remain unchanged. In the region further away frongtye(for example the region around
16 eV in Figure 4) the density of states of the two structutasausly differs because this is the
region where alkyl side chains start to contribute to thesdgrof states.

From the previous analysis, it follows that the electronracture of P3HT is mostly deter-
mined by conformations of individual chains. To gain ingigtto relation between the morphol-
ogy of chains and the electronic structure, we have caledlstveral wavefunctions near the top
of the valence band and the bottom of the conduction bandvaleace band states are shown in
Figure 5a and the conduction band states in Figure 5b. Eatttesé wavefunctions is localized
on a single main chain, as a natural consequence of prevangusions regarding weak inter-
chain interactions. Additional confirmation that interchanteractions are weak comes from the
comparison of HOMO and LUMO wavefunctions of a single chaithie absence of other chains,
presented in Figure 5c, with the corresponding wavefunsttbat are localized on the same chain
in the whole P3HT system. The wavefunctions shown in Figerar® almost identical with the
wavefunctions presented in same colors in Figure 5a anddé-fgo. Valence band states tend to
be mostly localized in the regions dbuble intraring C—C bondswhile conduction band states

are localized in the region &—C interring bondsindsingle intraring C—C bondsValence band
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states therefore fully resemble the HOMO orbital of a sttal@T chain, and conduction band
states resemble the LUMO orbital of a straight PT chain. Tikerder in the chain conformation
comes from two morphological effects: rotation of the rimguand the axis defined by interring
bond (torsion) and rotation of ring around the axis perpemdr to interring bond (bending).

The effect of torsion is currently well understodtilt decreases the overlap between the
orbitals of neighboring rings and sufficiently large torsioreaks the extent of the wavefunction
(conjugation length). Therefore it acts to increase theagp consequence of quantum confine-
ment effect.

On the other hand, less is known about the effect of chainihgndo gain some qualitative
insight, we have calculated the DFT/LDA electronic struetof the three ring thiophene chain for
different bending angles between the end rings and thercente The dependence of the band
gap on bending angle and the HOMO orbitals for bending araflés® and 6@ are presented in
Figure 6. In contrast to the effect of torsion, bending dases the band gap. This is a consequence
of the fact that bending increases the overlaprafrbitals from neighboring rings. In a periodic
structure with equal bending angle between neighboringsrthis would increase the bandwidth
and decrease the band gap. As can be seen from the wavehmictibigure 6 bending also tends
to localize the wavefunction towards the bending regionsdime extent, the effect of bending at
one place in the chain can be understood as the defect tla s localized state in the gap.

The average angle between the interring bond and the rimg gl@ending angle) in our struc-
ture is equal to 7 Bonly. This indicates that the effect of chain bending on tleeteonic structure
is weak, since much larger angles are required for a signifieffect, as can be seen in Figure 6.
Since in our structures, there are practically no bendingesnarger than 1% the difference be-
tween the gaps a@nd 1% which is 45 meV can be considered to be the estimate for therupp
limit for the influence of bending on eigenenergies. Conseatjy, one expects that the electronic
structure and wavefunction localization will be deterntiri/ chain torsions. It has been previ-
ously showrf? that torsion angles of about4(® and more are required to have a pronounced effect

of torsion on the electronic structure. To gain insight itite influence of torsion in our structure
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we have counted the fractidnof torsion angles between neighboring rings that differdsslthan
40P from the angles of ®or 18(°. These values of torsion angles allow the wavefunction to be
spread between neighboring rings. For the analyzed steyctu= 44%* indicating that there

is a significant probability for the extension of the waveftion over several neighboring rings.
Indeed, closer visual inspection of the wavefunctions showFigure 5a and Figure 5b indicates
that they are typically localized along 4—6 rings and thairtlextent is broken by ring torsions.
The 4-6 unit chains have LDA band gap in the region 2.1-1.8%avhich is similar to the local
band gaps of P3HT (Figure 3), which additionally verifiesfdt that the effect of chain bending

is weak, as there is no additional band gap decrease dueitoldrading.

Polythiophene

Further insight into the electronic structure of conjugaielymer systems can be gained by study-
ing PT. The essential difference between PT and P3HT is tatal absence of side chains, one
can expect that electronic coupling between main chainklquay a more significant role in the
case of PT. We have investigated a systemlof 5 thiophene chains, eadlh = 20 units long.
The initial size of the box in MD simulation was 60 Awhich wascdeased during the simulation
down to 21.365 A, corresponding to PT density of 1/4m°.18 The electronic density of states
of this system is presented in Figure 7b, lower panel. Smiddhe case of P3HT we have also
calculated the density of states for the system Wigh= 20 chains to verify that the same features
in the electronic structure are obtained. The results sfdhiculation are also shown in Figure 7b,
upper panel.

To understand the degree of interaction among differeninshae compare in Figure 8 the
local density of states at several points along one thioplekain in the presence and absence of
other chains. Fluctuations in the local electronic strreeas one moves along the chain are present
in the case of PT, similar to the case of P3HT. The essenfigreince is however that there is
now a significant difference between the local densitiedates in the presence and absence of

other chains, which is a clear signature of interaction agncimains. Therefore, in contrast to
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P3HT, where disorder comes solely from the conformationthefmain chain, there is another
component in PT as a consequence of interactions amongschieias been previously inferrét
based on the fits to the mobility measurements that the etiedjeorder is larger in OgCg
compared to OgCio PPV polymers and a larger conformational and configuratifveadom of
0OC,C10 was suggested as a likely cause of the effect. Our resulisaitedthat in principle the
disorder caused by interaction among chains is another aoemb of the disorder which could
explain an increased disorder in a polymer with shorter sidens.

To further understand the nature of disorder in the invastid PT system, we present in Fig-
ure 9a and Figure 9b the wavefunctions of several first statdge conduction and last states in
the valence band. Some of the presented wavefunctionsikitecgtlized on a single chain as in
the case of P3HT, however quite a few of them spread over rharedne chain (see for example
Figure 9c) or over different parts of the same chain. Thetifsacf (previously defined in the
text) of torsion angles allowing the wavefunction to be aged over neighboring rings is equal to
55% in this case, being somewhat larger than in P3#This allows a slightly larger extent of the
wavefunctions along a chain than in the case of P3HT. The HGMOLUMO of a single chain
in the absence of other chains are presented in Figure 9de Wi HOMO orbital still resembles
the first valence band wavefunction of the whole PT systemlibed on that chain (shown in red
in Figure 9a), the LUMO orbital is significantly differentah the first of the conduction band
wavefunctions of PT localized on the same chain (shown int lidue in Figure 9b). As can be
seen from Figure 8, chain interactions act by overall broadgof the density of states profile and
reduction of the local gaps. This is also reflected in the glglp as the calculated LDA band gap
of PT is 1.25 eV which is smaller than in P3HT. We verify thasttlifference does not come from
chain bending as the average bending angle which we cadauldte 6.7 is even slightly smaller
than in P3HT. The effects of the delocalization of the wawefions over more than one chain,
the local band gap reduction and the broadening of the deofsgtates, all indicate that there is a
significant degree of interchain electronic coupling in PT.

Since we have shown the importance of interactions amorigstathe electronic structure of

12
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PT, we would also like to verify the importance of chain canations. Therefore, we present in
Figure 7a the density of states of each of the individualrchin the absence of other chains. There
are significant fluctuations in electronic structures ofedlént chains, as evident from Figure 7a.
This is an additional demonstration of the strong effectladin conformation on the electronic

structure and its disordered nature, both in PT and P3HT.

Conclusion

We have studied the electronic structure of polythiophdaserdered conjugated polymers. Our
findings indicate that in alkyl substituted thiophene podysthe electronic structure in the spectral
region around the band gap is fully determined by the conddion of the main thiophene chains.
We show that interactions with side chains or other mainrchaontribute only weakly to the

disorder in the electronic structure of the main chain. Tdealization of carriers to the region

of several chain units takes place due to the torsions ofitigs rather than due to chain bending
which is weak. Our results indicate to a certain extent thatensity of states in the region around
the gap of alkyl substituted polymers can be understoodlgiaga superposition of the densities
of states of individual main chains and that large scaleutation employed here might not be
therefore necessary. On the other hand, for transportlatilmus which are of high interest and
which we intend to pursue in our future work, single chaircakdtion is not sufficient. This is

because a single chain cannot carry steady state curremtanchain hopping must be taken into
account. On the other hand, in PT without side chains therdvaw components of disorder in

the electronic structure. In addition to the conformatibthe chain, the interaction with the other

chains now plays a more significant role due to wavefunctaupting between different chains.
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Table 1: The list of atom types and charge density motifs fimecharge patching of PT and P3HT
systems. A certain type is assigned to an atom in a way ireticat Scheme 1. In the notation
used for motifs, the central atom of the motif is specified fi@lowed by its nearest neighbors.
In the case of hydrogen central atom, next nearest neiglhlaeesto be indicated as well.

system| atom types| motifs

PT Co,C3,Cy, | G —C3CoH, C3 —C3CoS, Cy — C4CoH,

H,S Cq4 —CoSH, S—C3C3, S—CyCs,
H—-Cy, —C3Cy, H—-Co —CyCo,
H-C4—CoS

P3HT | Gy, C3,Cy, | C5—CgCyCyp, Co — CsC3H, C3 — C3CoS,
Cs, G, C7, | C4 —CsSH, C3 —CsC3S, Cs — CeCaCy,
H,S C4—CSH, G, — CsC4H, S—C3C3,
S—C4C3, Cg — CgCsHH, Cg — CsCeHH,
C; —CgHHH, Cs — C;CgHH,
H—-C,—CsC3,H-C4 -G5S
H—-C,—CsCs, H-C4 - CS

H —Cg —CgCsH, H —Cg —CgCgH,
H-C;—CgHH, H —Cgs — C;CgH
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Scheme 1: Structural formulas of three unit long oligoméra)dT and b) P3HT. The atom
types used for classification of motifs in charge patchinghoe are also indicated.

Figure 1: The atomic structure in the case of: a) P3HT with2&tbms, b) P3HT with 10040
atoms. Hydrogen atoms have been removed for clarity. Maamshare shown in black and side
chains in gray.

Figure 2: The dependence of density of states (arbitrarng uoigarithmic scale) on energy in
the case of: a) P3HT with 2510 atoms, b) P3HT with 10040 atoms.

Figure 3: Local density of states at different points (latlpainic scale, arbitrary units) in the
same chain of P3HT. The points A, B, C, D and E correspond te¢néers of rings 6, 8, 10, 12
and 14 (of 20 unit long chain). Local density of states at B and D in the absence of other
chains is also shown in thinner lines for comparison.

Figure 4. Comparison of the density of states of P3HT andttietsire where side chains were
replaced by H atoms.

Figure 5: Isosurface plots of P3HT wavefunctions. Isosig$ecorrespond to the probability of
finding an electron inside the surface of 50%. Atomic strretaf the main chains is also shown,
while side chains have been removed from the figure for glarit
a) First seven states in the valence band of P3HT. The cécldmergies of the states are 18.910 eV
(dark blue), 18.888 eV (green), 18.755 eV (light blue), £8.6V (red), 18.682 eV (pink), 18.675 eV
(black), 18.654 eV (gray).

b) First seven states in the conduction band of P3HT. Theulzdkd energies of the states are
20.411 eV (dark blue), 20.452 eV (green), 20.486 eV (lighiepl 20.518 eV (red), 20.546 eV
(pink), 20.591 eV (black), 20.596 eV (gray).

c) The HOMO (gray) and LUMO (pink) state of a P3HT chain in theence of other chains.

Figure 6: The dependence of the LDA band gap of the three hioghene chain on bending
angle. Isosurface plots of HOMO orbitals for bending angles5° and 6@ are shown in insets.

Figure 7: Density of states of: a) the individual chains ofifThe absence of other chains; b)

the PT systems containing 5 and 20 chains.
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Figure 8: Local density of states at three points A, C, and feesponding to the centers of
the rings 6, 10 and 14 of the same polythiophene chain in thegpice of other chains (thick line,
lower panels) and their absence (thin line, upper panels).

Figure 9: Isosurface plots of PT wavefunctions. Isosudam@respond to the probability of
finding an electron inside the surface of 50%. Atomic strretf the system is also shown.

a) The last seven states in the valence band of PT. The clduémergies of the states are
18.352 eV (dark blue), 18.157 eV (green), 18.082 eV (lighiep| 18.060 eV (red), 17.998 eV
(pink), 17.950 eV (black), 17.943 eV (gray).

b) The first seven states in the conduction band of PT. Theuleazl energies of the states are
19.599 eV (dark blue), 19.720 eV (green), 19.740 eV (red)729 eV (light blue), 19.800 eV
(pink), 19.839 eV (black), 19.847 eV (gray).

c) A closer look at the wavefunction with energy 18.157 e\e Tivo chains on which the wave-
function is mostly localized are shown in blue and red. Therégvas rotated with respect to the
others for clarity.

d) The HOMO (red) and LUMO (light blue) state of a PT chain ie #tbsence of other chains.
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