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Insight into the electronic structure of disordered poly-2,5-bis(phenylethynyl)-1,3,4-thiadiazole
in an amorphous region, in comparison to an ideal two-planar cofacial oligomer system,

is pursued. The atomic structure of the amorphous polymer was obtained from classical
molecular dynamics. It was subsequently used to calculate the electronic states and inter-

and intrachain electronic coupling integrals using the density functional theory based charge
patching method. The interchain electronic coupling integrals in the amorphous system were
found to be an order of magnitude smaller than in the ordered system with similar distances
between the chains. The results also suggest that the electronic structure of the whole system
cannot be understood as a collection of the electronic structures of individual chains. The band
gap of the whole system is significantly smaller than the band gaps of individual chains.

This decrease originates from the disordered long range electrostatic potential created by the

dipole moments of polymer repeat units, which should be minimized if one seeks good transport

properties.

1. Introduction

Organic electronic materials are receiving significant attention
for their potential use in a wide range of (opto)electronic
applications such as light-emitting diodes (OLEDs), photo-
voltaic cells and field-effect transistors (OFETs)."> The
performance of such devices critically depends on the rate of
charge transport within the organic material.** The mobility
of the “free charge carriers” reaches as high as 75 cm? V™' s7!,
as predicted in single organic crystals,’ which unfortunately is
not practical for large scale production. On the other hand,
routine fabrication techniques produce films which contain
both ordered (crystalline) and disordered (amorphous) regions.®
Carriers in the ordered regions are delocalized and hence
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highly mobile, while carrier states in the disordered regions
are more localized. Whether the overall charge transport in the
polymer material is mainly determined by the ordered or
disordered regions depends on many factors. It often turns
out that the amorphous regions actually limit the transport, as
can be evidenced, for example, by quite low values of the
mobility (much lower than the ones estimated for a single
polymer chain or an ordered array of polymer chains). Even
when the ordered domains are percolated, the connection
between the domains might be amorphous. Besides, as indicated
by our result, the carrier can be trapped in the disordered
region. Moreover, some polymer materials even form completely
amorphous structures. Therefore, the comprehension and
improvement of charge mobilities in those amorphous regions
would greatly contribute to widening the range of applications
and raising the device efficiency.

Homo- and copolymers based on conjugated heterocycles
such as triazole, thiadiazole, or oxadiazole linked to phenyl
units have attracted much attention as a consequence of their
desirable chemical and electrical properties, i.e., narrow
HOMO-LUMO energy gaps, chemical and thermal stabilities,
ability to inhibit corrosion, and high persistence length.”!!
Furthermore, when those aromatic heterocycles and phenyl
units are linked through acetylene groups, the corresponding
perfectly planar polymer, called poly(aryl-ethynylene) or
PAE, presents a m-system which extends throughout the
molecular structure. Also, as a consequence of the axial symmetry
of the triple bond, the conjugation of these molecular wires is

14500 | Phys. Chem. Chem. Phys., 2011, 13, 14500-14509

This journal is © the Owner Societies 2011


http://dx.doi.org/10.1039/c1cp20329k
http://dx.doi.org/10.1039/c1cp20329k

a)

1
s S\Cz/
\
N—-N
| 4n
b)
N—N
1 A S
s C ~
H\cs// 5\\05 \/014 1\C2 C44/C4 o CKC4\C/C5§C;
> bl i
I~ — 2. C
H’Chcf/ EC“\ca,/s\cs/ = \\/C1/C1‘H H/CS\({ N
h W H H
N—N
PhEtTh

Scheme 1

(a) A PhEtTh representation showing the repetitive unit and atoms involved in the inter-ring torsion modified in the force field.

(b) A representation of the dimer used to extract motifs, showing the atom types used.

maintained in varying degrees between adjacent aryl groups at
different relative orientations.'>'7 On the other hand, in
general, rotational barriers as small as 1 kcal mol~! have been
found for PAE systems.'>"!” These low rotational barriers
imply a rather complex polymer morphology in the amorphous
region and raise the questions of whether the extended
n-system will persist to a certain degree, and how the amorphous
region can influence electrical transport.

In previous works we have studied, from a theoretical
perspective, the effect of the ethynyl group (-C=C-) as well
as the replacement of a sulfur atom by oxygen or amino NH
groups on the structure and electronic properties of a PAE
such as 2,5-bis(phenylethynyl)-1,3,4-thiadiazole (PhEtTh, see
Scheme 1). This compound was synthesized by Yasuda et al. in
2005.7 They also reported the synthesis of a closely related
polymer in which the benzene moiety includes two alkoxy
substituents in para (OCi,H,s). Those studies allowed us to
conclude that ideal polymeric planar chains based on PhEtTh
units should behave as good n-type semiconductors, due to
their predicted small band gaps, high electron affinities and
low LUMO energies.'®!’

However, the above studies concerned only ideal infinite
single chains and isolated molecules. In actual applications,
what is important are the amorphous regions, which often
determine the overall charge transport of the whole system.
The electronic structures of the disordered amorphous regions
have rarely been studied at the atomistic level, due to their
high computational costs. Often, empirical assumptions for
their density of states (DOS) and transport hopping rates are
used in model calculations, but atomistic calculations can shed
light on critical features of these systems, e.g., how to control
the DOS near the band edge, and what the role of disorder is in
determining the electronic coupling. The electronic structure
of an amorphous polymer system can be significantly different
from its single straight chain or cofacial stack counter parts. It
is thus not sufficient to study those ideal systems in order to
deduce the electronic structure of an amorphous system.

In the current work, we will use a newly developed charge-
patching method (CPM)'®' to study the electronic structure
of a disordered PhEtTh system containing thousands of
atoms. We will study the validity of the often used assumption
that the electronic structure of the whole amorphous system is
the sum of its individual chains treated in isolation. We will
investigate the electron coupling between chains and inside
each chain. We will search for insight into what determines the
DOS tails in such amorphous systems, and the role of the
dipole moment in each unit of the polymer. This will be
facilitated by comparison with a polythiophene polymer
(without side chain) studied previously®® using this method.
While the polythiophene has no ring to ring dipole moment,
there is a dipole moment in PhEtTh from its aromatic ring to
its phenyl ring. Our results can be used as a designing principle
for how to control the tail DOSs and transport properties of
amorphous polymers. The current work can also serve as an
additional test of the CPM for organic conjugate systems
beyond polythiophenes. The CPM enables studies of systems
with more than 10 000 atoms with accuracy similar to a density
functional theory (DFT) calculation in a local density approx-
imation (LDA). The atomic structure of such an amorphous
region will be obtained from a classical molecular dynamics
(MD) simulation.

2. Computational methods

2.1. Charge-patching method

The charge-patching method is able to produce a DFT/LDA
quality charge density without actually doing a self-consistent
DFT calculation.!” The charge density of a large system is
obtained by adding together the charge density motifs of
each atom in the system. These motifs are generated from
the DFT/LDA charge density of a representative model
compound. The code PEtot,*® with norm conserving pseudo-
potentials having a kinetic energy cut-off of 60 Ry, was used to
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Table 1 A list of the atom types and charge density motifs used for the charge patching of PhEtTh*

Atom types Motifs

CI’ CZ’ C3’ C4, C5, C67 N, S’ H

Ci—GCiH, C=CyCiCy, Co=CsCsCy, C5-CuSN, C4=CyCs, Cy4—CyCs, Cs—CsCoH, Cs—CoCsH, C~CsCsH,

N-C;5N, S-C;C;, H-C;-C,Cy, H-C5-C5C,, H-C5—C(Cs, H-Cc—C5Cs

“ A type is assigned to each atom, as indicated in Scheme 1. The notation used for the motifs implies that the central atom of the motif is specified
first, followed by its nearest neighbors. If the central atom is hydrogen, next nearest neighbors have to be indicated.

obtain the DFT/LDA charge density of a prototype system
made up of two unit-long oligomers (n = 2, see Scheme 1).
The type assigned to each atom, based on its bonds and
nearest neighbors, is shown in Scheme 1, while the atom types
and motifs are listed in Table 1.

Once the charge density for the large system is obtained, the
single-particle Hamiltonian is created by solving the Poisson
equation for the Hartree potential and using the LDA formula
for the exchange—correlation potential. Now, the eigenstates
can be found using the folded spectrum method*! implemented in
the ESCAN code.?? This method is particularly useful when
we are only interested in a few states, 18 in this case, around
the gap. It is important to emphasize that the charge-patching
method scales linearly to the size of the system, while the
folded spectrum method scales linearly to the size of the
system and the number of states calculated.?! Hence, in this
work we analyzed several states around the gap for systems
consisting of up to 4040 atoms.

Three different systems of increasing size, for which it is still
feasible to do a DFT calculation, were used to check the CPM.
The charge densities obtained from direct PEtot calculations
on a two unit- and a four unit-long oligomer were compared to
the corresponding charge-patched densities. A snapshot from
a molecular dynamics run (see below) of a system consisting of
three five unit-long oligomers (321 atoms) was used to test the
CPM. This test is the most clarifying one, since for the former
two systems the motifs are applied to structures from which
the motifs were extracted. As a consequence, the results are
expected to be good. Charge patching should work in systems
wherein the charge density around a given atom only depends
on its local bonding environment.'® Hence, it is important to
check whether this condition is satisfied in the system we
intend to study. The comparison between the LDA/DFT
and CPM results is summarized in Table 2. As expected, the
agreement is excellent for the two and four unit-long planar
oligomers, for which the differences between DFT/LDA and
CPM ecigenvalues amount to 22 and 33 meV for the HOMOs
and 17 and 28 meV for the LUMOs of one dimer and one
tetramer, respectively. In the case of the amorphous system of
three twisted pentamers, the agreement is reasonably good,
with differences of 150 meV for HOMOs and 42 meV for
LUMO:s. These differences are somewhat larger than in our

Table 2 Comparison between DFT/LDA and CPM results

previous studies of polythiophenes.? First, the results for the
amorphous system can be further improved by taking
into account the derivative motifs®>* (as has been done for
polythiophenes),?> which describe the changes of the motifs
with changes in bond lengths and angles. Second, as we will see
later, the PhEtTh polymer repeat unit has a dipole moment in
the direction of the polymer chain (in contrast to poly-
thiophenes, where a repeat unit consists of two identical rings),
which creates a long range electrostatic potential which may
polarize the motifs. This effect can be described in terms of
the polarization motifs.>® For simplicity, the derivative and
polarization motifs were not taken into account in the present
calculation. Nevertheless, the results obtained from the CPM
are still highly satisfactory, as can also be seen from the
comparison of the DOSs obtained from CPM and DFT/LDA,
for the three five unit-long oligomer amorphous system, shown
in Fig. 1.

2.2. MD Simulations

The amorphous region of a polymer obtained from a PhEtTh
building block has been studied from a classical MD simulation
with periodic boundary conditions. We initially chose a system
composed of five chains, each one having n = 10 units. Those
chains were randomly placed in a cubic box whose dimensions
were significantly larger than the dimensions of the box corres-
ponding to the natural density of the system. A 100 x 100 x
100 A box was used, and a temperature of 1000 K, significantly
higher than the room temperature, was imposed. The system is
allowed to equilibrate for 100 ps at that temperature under the
NVT ensemble, and afterwards it is cooled down from 1000 to
300 K over 200 ps. Later on, the initial box is compressed to a
20 x 20 x 20 A® box at 300 K and the ensemble is afterwards
changed to isotropic NPT (P = 1 atm) in order to let the
system to relax and determine the final box size. After a 1.1 ns
MD run under the NPT ensemble, the final box size became
253 x 25.3 x 25.3 A%, implying a predicted density of 1.107 g
cm 3. This step is followed by an equilibration over 300 ps at
constant volume and a final relaxation to a local minimum.
This protocol, similar to other MD-based methods used for
the generation of amorphous atomic structures,?’*® allows the
system to explore a significant amount of conformational

Enomo (€V) ELumo (€V)
% charge density difference DFT/LDA CPM DFT/LDA CPM
1 dimer 0.17 —4.451 —4.429 —2.479 —2.462
1 tetramer 0.18 —4.620 —4.587 —2.852 —2.824
3 pentamers 0.96 5.916 6.064 7.540 7.498
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Fig. 1 The dependence of the density of states (states/eV m?, logarithmic
scale) on energy using DFT/LDA density and CPM density.

space, preventing it from being trapped in a local minimum
which would highly depend on the random initial conditions.

MD simulations were performed using the LAMMPS
code® together with the class I1 polymer consistent force field
(PCFF).*® Unfortunately, similarly to that reported for poly-
thiophenes, the force field torsion parameters were not able
to properly describe rotations of the phenyl and thiadiazole
rings around the ethynyl moiety (torsions defined by atoms
1-2-3-4, see Scheme 1). These torsions are crucial for determining
the overall shape of the chains and consequently the electronic
structure. Therefore, the torsional potential profile was
extracted from a relaxed B3LYP/6-31G* calculation'® The
calculated B3LYP/6-31G* relaxed torsional profile, which
takes the form £ = 0.576 [1 — cos(2¢))] kcal mol~" (¢ represents
the dihedral angle defined by atoms 1-2-3-4, see Scheme 1),
was then added to the force field. The relaxed bond lengths
and angles used in the force field were also extracted from
B3LYP/6-31G* calculations, while the other parameters of the
force field were not changed (see ESIT for full details).

2.3. Interchain and intrachain coupling integrals

The electronic coupling between the different chains and the
evolution of the electronic structure from a single chain to an
amorphous system has been assessed through the coupling
integrals defined as:>

ty = (il Hj) )

where H is the single-particle Kohn—Sham Hamiltonian of the
whole amorphous system, while |i) and [j) are the eigenstates
of a single chain (under Hngie, in the absence of other chains,
which is calculated also by CPM). |i) and |j) could belong
either to different chains (interchain coupling integrals) or to
the same chain (intrachain coupling integrals). Since the
eigenstates of different chains are not strictly orthonormal;
the coupling integrals calculated according to eqn (1) would
depend on the choice of reference energy (an overall constant
energy shift from H). To avoid this issue, we have first ortho-
normalized, using Léwdin’s orthonormalization procedure,’!
the set of states consisting of eigenstates of individual chains.

The coupling integrals were then calculated based on the
orthonormalized states.

3. Results and discussion
3.1. Determination of the initial amorphous model

Since one of the aims of this work is to describe the properties
of an infinite amorphous PAE system, an issue to be solved is
determining an appropriate, representative, size for the system.
An initial system consisting of five chains, each one being ten
units long (1010 atoms in total), was chosen and subjected to
the previously described MD protocol. In order to check that
the chosen system size was big enough to reproduce the
properties of an infinite amorphous material, a system consisting
of 20 oligomers, each being 10 units long (4040 atoms in total),
was also considered. For this latter system, we followed a
similar MD protocol, starting this time with 20 chains randomly
placed in a 400 x 400 x 400 Al box, and chose a final cubic
box size of 40.182 x 40.182 x 40.182 A® to obtain a density of

Fig. 2 Atomic structures in the case of (a) 5 decamers and (b) 20
decamers. Each chain has a different colour and the repetitive box is
outlined. Hydrogen atoms have been removed for clarity.
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Fig. 3 The dependence of the density of states (states/eV m>,
logarithmic scale) on energy in the case of (a) 5 decamers and
(b) 20 decamers.

1.107 g cm™>, the same as the 5 chain case. The atomic
structures of both systems after minimization to a local
minimum are shown in Fig. 2 (molecular graphics images
were produced using the UCSF Chimera package from the
Resource for Biocomputing, Visualization, and Informatics at
the University of California, San Francisco).>> The DOSs
of each system calculated using the generalized moments
method® implemented in the Escan code are shown in
Fig. 3. Since there is a close similarity between the densities
of states of the two systems, the smaller 1010 atom system was
chosen as being representative of an infinite amorphous system
in the following analysis.

3.2. [Eigenfunctions of the amorphous system

To gain insight into the electronic structure of the amorphous
systems, we calculated several wave functions near the top of
the valence band and the bottom of the conduction band.
Valence band states are always localized on the interring
C=C triple bond, never localized on a sulfur atom. They
are also localized in varying degrees on the phenyl and
thiadiazole rings. Conduction band states, on the other hand,
are always localized on both the interring C—C single bonds
and the sulfur atom (see Fig. 4). Therefore, valence and
conduction band states resemble the HOMO and the LUMO
levels, respectively, of a planar PhEtTh oligomer (see Fig. 2S
in the ESIY). All of these are in agreement with our previous
calculations on single chains and molecules using the B3LYP/
6-31G* method. However, there are important differences
that appear when comparing eigenfunctions of the whole
amorphous system to both each individual chain within the
amorphous system and to a planar oligomer.

As already mentioned, the m-conjugation of these systems is
expected to be maintained to varying degrees between adjacent
aryl groups at different relative orientations.'>”'” Although it
is clear that eigenfunctions belonging to the amorphous
PhEtTh oligomer are more localized than those of the planar
oligomers, we can conclude that, indeed, the axial symmetry of
the triple bond allows m-conjugation to extend for dihedral

Fig. 4 Isosurface plots of the amorphous system wavefunctions.
Isosurfaces correspond to a 50% probability of finding an electron
inside the surface. The atomic structure of each chain is also shown,
although hydrogen atoms have been removed for clarity. (a) The last
six states in the valence band. (b) The first seven states in the
conduction band. Isosurfaces are colored as follows: HOMO or
LUMO dark blue, HOMO—1 or LUMO+1 green, HOMO-2 or
LUMO+2 light blue, HOMO-3 or LUMO+3 red, HOMO—4
or LUMO +4 pink, HOMO-5 or LUMO + 5 black, and HOMO-6
or LUMO + 6 grey.

angles up to ~50°. Also, despite there being some resemblance
between the amorphous system states and those corresponding
to each individual oligomer within the amorphous system
(calculated in isolation with no influences of the other chains
while retaining its geometry inside the amorphous system), one
important difference is that one can find eigenfunctions that
spread over 2 chains (in the case of the valence band, see
Fig. 5) and even over 4 chains (in the case of the conduction
band, see Fig. 3S in the ESI{). Fig. 5 shows how the
HOMO-1 of the whole amorphous system could be described
as a linear combination of an HOMO of one isolated oligomer
and the HOMO-1 of another. Despite this similarity between
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Fig. §

Isosurface plots (50% of probability of finding an electron inside each surface) of (a) the HOMO-—1 of the whole amorphous system, and

(b) the HOMO of one isolated oligomer (red) together with the HOMO—1 of another isolated oligomer (blue). The atoms of each oligomer have

been colored differently.

eigenfunctions corresponding to the whole system and the
isolated oligomer chains, as shown in Fig. 5, in general there is
no direct correspondence between them, as they might localize
at different places (see Fig. 4S in the ESIT). These observations
suggest that there is a strong interaction between the chains,
and that the electronic structure of the whole system cannot be
understood as a simple collection of the electronic structures
of isolated individual chains. Although the carrier mobility in
such an amorphous system is complicated, and accurate values
could only be attained after electron—phonon interactions are
taken into account,? the strong interchain coupling and the
spreading of the wavefunctions into multiple chains can help
to increase the carrier mobility according to the following two
factors. First, the hopping rates between neighboring states
will be increased as the wavefunction overlap increases.**
Second, during the molecular dynamics of the amorphous
system, the coupling between neighboring chains might change
in a random way and, as a result, the adiabatic eigenstates
might change dramatically in terms of the wavefunction
spreading crossing multiple chains. This will give rise to a
dynamic contribution to the carrier mobility.>> Another major
factor for carrier transport is the tail DOSs at the band edges.
This will be discussed later.

To gain an understanding of the nature of the above
interchain interaction, we have calculated the electronic
structure of each isolated individual chain. Table 1S in the
ESI+ shows the calculated eigenvalues and the band gaps
together with those obtained for the whole amorphous system.
The calculated band gap of disordered poly-PhEtTh is
0.62 eV, while the band gap for each chain lies in the range
of 1.60-1.85 eV. All the calculations are based on LDA, and
therefore results are susceptible to the well-known LDA band
gap problem.® It is, however, a common procedure for these
polymer systems to increase the LDA band gap values by a
factor of 1/0.60%7 to allow comparisons with experimental
data. In this way, band gap values for individual chains can,
to some extent, be compared to the experimental band gap of
2.81 eV of poly-2-(2,5-bis-didodecyloxy-4-ethynylphenylethynyl)-
1,3,4-thiadiazole,” measured in CHCI; solution. Hence, the

band gap values calculated for each individual chain are
reasonable and their calculated densities of states (see
Fig. 1S in the ESIf) are quite similar. Note that when
calculated in isolation, their energy levels are relatively aligned
among different chains, as shown in Fig. 1S and Table 1S in
the ESIf. Thus, if we took the electronic structure of the whole
system as a collection of the electronic structures of the
isolated individual chains, then the band gap of the whole
system would also be in the range of 1.60-1.85 eV, not the
0.62 eV as directly calculated. The striking difference of the
band gap between the individual chains and for the whole
amorphous system indicates possible strong interactions
between the chains, as can be shown by both the coupling
integral 7; (eqn (1)), and a long range electrostatic interaction
which causes the local electrostatic potential to fluctuate.
Further discussion (in section 3.5) will shed light on the role
of both of these effects. The above difference between the
individual chains and the whole amorphous system is also an
indication that there could be relatively long DOS tails near
the band edge (imagining that the total DOS is a sum of
individual chain DOSs plus some random energy shifts),
although much larger systems and more statistics are needed
to figure out the detailed shapes of the DOS tails (which is
beyond the scope of the current study). These long DOS tails
can significantly diminish the hopping related carrier transport.
This is in sharp contrast with the polythiophenes,?*>° where it
was found that the electronic structure of the whole system can
be approximated as the sum of the electronic structures of
individual chains.

3.3. Eigenfunctions of an ideal ordered system

In order to check the influence of disorder and chain twisting
on the eigenstates of the real system, a reference, ideal, system
will be very useful. Thus, we have analyzed a model system
consisting of two planar cofacial PhEtTh oligomers (n = 10)
separated from each other by a variable distance from 3-5 A,
in steps of 0.5 A. Table 3 shows that band gaps for an
individual, perfectly planar, oligomer are quite similar to those

This journal is © the Owner Societies 2011
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Table 3 Calculated eigenvalues and band gaps (in eV) for a system
composed of 2 planar parallel PhEtTh oligomers (z = 10)

Table 4 Average effective couplings (in meV) between chains of the
amorphous system

Separation HOMO LUMO Band gap Chain_m/Chain_n Conduction band Valence band
3.0 A —3.887 —3.668 0.22 12 11.0 15.7
35A —4.263 —3.322 0.94 1/3 24.0 14.4
40A —4.449 —3.165 1.28 1/4 11.4 6.6
45 A —4.551 —3.108 1.44 1/5 15.2 10.6
5.0A —4.615 —-3.097 1.52 2/3 11.4 7.0
Infinity —5.154 —3.512 1.64 2/4 14.3 9.0
2/5 8.7 12.6
3/4 25.7 13.6
. . . . 3/5 9.1 5.6
obtained for an isolated twisted one (i.e. extracted from the 4/5 67 25

whole amorphous system; compare Table 3 with Table 1S in
the ESIf). The twisted one has a slightly larger band gap, due
to the quantum confinement effect in the chain direction. The
band gap decreases from the single oligomer chain to the two
oligomer system due to the inter oligomer electron coupling.
Its implication for band gap reduction for the amorphous
system will be discussed in the following subsections. The
calculated HOMO and LUMO can be visualized in Fig. 2S
in the ESIt. As can be seen, the HOMO is more localized at
the center, while the LUMO spreads over more monomer
units with a weak amplitude at the middle of the chain.

3.4. Electronic coupling

As shown above, the electronic coupling between chains can
have a strong influence on the overall electronic structure of
the system. Furthermore, it determines the electron transfer
rate between the chains and, consequently, can have a major
impact on electric transport within the system.

We have thus explicitly calculated the electronic coupling
elements (7;) between the orthonormalized wavefunctions
i and j, when they are on different chains or on the same chain
(which we will call off diagonal intrachain elements).
Tables 2S-3S and 4S-5S in the ESI{ show the highest calculated
interchain electronic couplings (absolute value) for the
amorphous system and for the two planar cofacial PhEtTh
oligomers (n = 10) discussed in section 3.3, respectively. For
the amorphous system, the highest interchain 7; value is about
40 meV among conduction states, and 25 meV among valence
states. On the other hand, in the case of two planar cofacial
oligomers, the highest interchain coupling is about 300 meV
for conduction states and 200 meV for valence states at a
distance of 3.5 A, which is close to the average interchain
distance in the amorphous system. These values are clearly
larger than those obtained in the case of the amorphous system.

It has recently been pointed out that when several nearly-

degenerate states appear near the gap, averaging over these
38

states should be used to estimate coupling.” Hence, an
effective coupling squared can be estimated as
(0 = Ny ("™ @

1 Ny N,
rms __ 2
= \/NlNz Z[:l Z/‘:l By G)

where N; and N, are the numbers of (nearly) degenerate states
localized on each chain. We have chosen N = N,, being the
number of states lying within a gap of ~0.3 eV. Hence N, in

Table 5 The average effective couplings between two planar cofacial
PhEtTh oligomers (n = 10), in meV

()

Chain separation 3 A 35A 4A 45A 5A
Conduction band 506.0 246.6 124.0 49.4 25.4
Valence band 325.6 200.0 81.7 30.0 10.6

eqn (2) can be thought of as the number of pathways for the
electron (hole) going from one chain to another. Tables 4 and
5 show the averaged, effective couplings between chains for the
amorphous system and two planar, cofacial PhEtTh oligomers,
respectively. On the other hand, Table 6 shows the corres-
ponding effective average for the off diagonal intrachain
elements calculated in the same way as above for states within
0.3 eV near the band edges.

We first discuss the consequences of interchain effective
coupling elements in terms of the charge transport in the
system. The typical interchain distance in the amorphous
system is between 3.5-4 A. The effective coupling for two
planar cofacial oligomers at that distance is still an order of
magnitude larger than the effective coupling in an amorphous
system, as can be seen in Tables 4 and 5. The reason for the
difference is probably due to the reduced physical contact area
in the amorphous system and the mismatch between the
contact areas and the places of localizations of the band edge
wave functions. The decrease of the interchain electronic
coupling in the amorphous system will certainly have a
detrimental effect on the electrical transport.

3.5. The model of electronic structure of the amorphous system

As we have seen previously, the interchain electronic coupling
elements in the amorphous systems are generally rather small
(of the order of 10 meV) which indicates that the electronic
coupling cannot explain the large band gap reduction in the

Table 6 The average effective off diagonal intrachain elements (meV)

Chain Conduction band Valence band
1 225.4 3.0
2 48.7 129.4
3 69.2 106.8
4 449 66.5
5 69.4 88.5

14506 | Phys. Chem. Chem. Phys., 2011, 13, 14500-14509

This journal is © the Owner Societies 2011



Table 7 Calculated eigenvalues and band gaps (in eV) of the whole
amorphous system. Column (a) shows the eigenvalues for the whole
system calculated with the ESCAN code; column (b) the eigenvalues in
the basis of wavefunctions of single chains; column (c) the eigenvalues
after turning off interchain coupling elements; and column (d) the
eigenvalues after also turning off the off diagonal intrachain elements

(@) (b) (©) (d)

LUMO+7 7.580 7.587 7.592 7.689
LUMO+6 7.556 7.558 7.508 7.685
LUMO+5 7.442 7.468 7.497 7.672
LUMO +4 7.417 7.438 7.464 7.593
LUMO+3 7.397 7.433 7.425 7.529
LUMO +2 7.344 7.402 7.417 7.515
LUMO+1 7.329 7.379 7.383 7.509
LUMO 7.251 7.347 7.349 7.414
HOMO 6.627 6.555 6.548 6.409
HOMO-1 6.509 6.413 6.301 6.247
HOMO-2 6.435 6.272 6.268 6.214
HOMO-3 6.394 6.217 6.247 6.194
HOMO—4 6.325 6.212 6.198 6.036
HOMO-5 6.306 6.173 6.160 6.011
HOMO-6 6.291 6.122 6.116 6.005
HOMO-7 6.069 6.086 5.975
Band gap 0.62 0.79 0.80 1.01

amorphous system, in contrast to the case of two parallel
oligomers discussed in subsection 3.3, where the band
gap reduction can be explained by interchain coupling. In
order to shed light on the factors that determine the electronic
structure and, consequently, the band gap, we have performed
several additional calculations that are summarized in
Table 7. In these calculations we represent the Kohn—Sham
Hamiltonian of the whole system in the basis of eigenstates
of single chains by forming the matrix elements H; = (i|H|)
and S; = (ilj) (where |i) and |j) are the previously calculated
wavefunctions of single chains). This basis is convenient,
as we can easily turn on or turn off certain coupling elements
and therefore understand how they impact the electronic
structure of the system. The eigenvalues of the Hamiltonian
are found by solving the generalized eigenvalue problem,
ie. det(H — ES) = 0.

To check the quality of the basis set used, we first perform
the calculation with all coupling elements turned on. As the
basis set used is not complete, the results differ to some extent
from the ESCAN direct plane wave basis set calculation for
the whole amorphous system (see Table 7). As can be seen, the
differences are small (~0.1 eV), thus this basis set can be used
for comparison purposes to understand the role of different
coupling elements. The calculated band gap with this basis set
is 0.79 eV. Next, we solve the eigenvalue problem again, but
with interchain H;; and Sj; elements turned off. This way, we
measure the effect of the interchain coupling, which, as
expected from () values, is very small (there is a change in
band gap from 0.79 to 0.80 eV). Finally, we calculate the
eigenvalues when we also turn off the H;;and Sj;i # j, elements
with i and j originating from the same chain. As could also be
expected from the corresponding average effective off diagonal
intrachain elements, this has a more pronounced effect on the
electronic structure, and the band gap increases up to 1.01 eV.
Furthermore, if we also ignore the onsite coupling term
(H — Hgingie)is» We reduce down to the single chain band gaps,

and in that case, the band gap rises up to 1.60-1.85 eV
(Table 1S in the ESIY).

These calculations allow us to give a detailed description of
the factors that determine the electronic structure of the
amorphous system. Individual isolated chains have band gaps
in the 1.60-1.85 eV region. The long range electrostatic
potential caused by the presence of other chains leads to
changes in onsite energies H;, and consequently to a band
gap reduction to 1.01 eV, as shown in Table 7(d). The
electrostatic potential also mixes different states within an
isolated chain and causes the observed relocation of the
localized states, as can be expected from the relatively high
values of the intrachain effective coupling elements in
Table 6. This leads to a further reduction of the band
gap (Table 7(c)) from 1.01 to 0.8 eV. Finally, electronic
coupling between different chains is weak and has a minor
effect on the band gap. Nevertheless, it can occasionally
hybridize the states of different chains and cause the wave-
function to be delocalized over two or more chains, as shown
in Fig. 5(a).

These results suggest that the disordered electrostatic
potential caused by the presence of other chains has a
profound effect on the electronic properties of amorphous
PhEtTh polymer materials, as it significantly reduces the band
gap of the material. On the other hand, in our previous study
of polythiophene materials®® no such large effect was observed
for the band gap, although it might still be a major cause of
wavefunction localization and the shape of the band edge
DOS tails. The main difference between these two classes of
materials comes from the fact that the repeat unit of poly-
PhEtTh has a significant dipole moment that originates from a
charge transfer of 0.14 electrons (as obtained from DFT
calculations) from thiadiazole to benzene ring. This dipole
moment induces long range electrostatic interactions. As a
consequence, a stronger interchain electrostatic interaction is
formed in PhEtTh materials compared to polythiophenes,
where there is no large dipole moment due to their single ring
polymer repeat unit.

This band gap reduction in the amorphous region of the
material may possibly even alter the energy level alignment
between the amorphous and ordered region of the material.
A typical situation in polymer materials is that electronic
coupling between the chains in the ordered regions decreases
the band gap of the polymer (in comparison to an isolated
polymer chain), while quantum confinement in the disordered
regions increases the band gap. For these reasons, one usually
argues that the band gap of the ordered region is smaller
than the one of the amorphous region. The carriers then
reside in ordered regions. If the relative content of ordered
regions is sufficiently high to form a percolating network,
transport in the material is determined by the ordered regions.
However, in our case the band gap reduction of the
amorphous material caused by long range electrostatic inter-
actions may completely alter this picture and cause the band
gap of the amorphous region to be smaller than the band
gap of the ordered material. The carriers would then reside in
the amorphous material and the transport would be entirely
determined by the amorphous regions, despite the presence of
ordered regions. A full understanding of this effect would,
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however, require the study of the interface of the ordered and
disordered region of the polymer material, which is beyond the
scope of the current study.

4. Conclusions

We calculated the electronic structure of amorphous PhEtTh
polymer materials and the electronic coupling between
polymer chains using the charge patching method, and
compared the results with polythiophene systems. We found
the following conclusions. (1) The CPM works slightly worse
in this system compared to the polythiophene system, because
there are larger long range electric fields and we have not
included the bond length and angle derivative motifs. (2) The
electronic structure of the whole disordered system cannot
be viewed as a simple collection of the electronic structures
of isolated individual chains. There is a strong coupling
(both electronic and electrostatic) between different chains.
This is in contrast with the polythiophene system. (3) The
whole disordered system has a band gap ~1.0 eV smaller
than the band gap of individual isolated chains (with chain
geometry taken from the disordered system). (4) There are
three types of coupling: interchain electronic coupling; intra-
chain off diagonal electronic coupling; and intrachain onsite
electronic coupling (the onsite potential perturbation caused
by the interchain electrostatic coupling). The interchain
coupling has a very minimal (~10 meV) effect on the
band gap; the intrachain coupling reduces the band gap by
about 0.1 eV, and it also causes re-localization of the electron
states. The biggest band gap reduction comes from onsite
potential fluctuation, which is caused by interchain electro-
static interactions. (5) The interchain electronic coupling for
the amorphous PhEtTh system is one order of magnitude
smaller than the ordered cofacial stacking system with a
similar interchain distance. This will have a negative effect
on the electrical transport throughout the system. Never-
theless, the wavefunctions can be spread out across multiple
chains. (6) While a much larger system and statistics would
be required to obtain reliable information about the shape of
the DOS tail near the band edge,* it is reasonable to deduce
that the reduction of the band gap in the disordered system
means long DOS tails at both sides of the band gap. Because
the hopping mobility of a disordered system depends sensitively
on the width of these DOS tails, this will significantly reduce
carrier mobility in the system. In comparison, the poly-
thiophene disordered system does not have this large reduction
of the band gap. (7) Since the large band gap reduction
in PhEtTh is caused by the electrostatic interchain inter-
action, which, in turn, is caused by the large ring-to-ring
dipole in PhEtTh, we thus propose that, as a design principle
to achieve large mobility in a disordered polymer system,
one should minimize the dipole moment in the polymer
repeat unit.
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