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Recently, conjugated polymers have attracted much attention because of the organic solar cell (OSC)
application. The low band gap of conjugated polymer is necessary to increase the efficiency of OSC. Finding
the low band gap of polythiophene derivatives is necessary for OSC application. We use B3LYP/6-31G(d,p)
method on this calculations. Then, we use the extrapolation scheme to estimate the band gap of the infinite-
size polymer. The band gaps of polythiophene, P3HT, poly(2-ethenylthiophene), and PITN are close to the
experimental values. The calculated band gaps of polythiophene derivatives are in the range of 1.10 - 1.81
eV, therefore, we have demonstrated that the band gaps can be controlled using polythiophene derivatives.

In this study, we clarify the mechanism of band gap decreases in some of polythiophene derivatives.

1. Chapter 1
1.1 Background

Nowadays, explorations of conjugated polymers are extensively carried out due to the
electronic and optical properties. Many potential applications of conjugated polymers
are conducted, such as light emitting diode, photovoltaic devices, field-effect transistors
and elecro-magnetic shielding.'®

Conjugated polymers consist of alternating double and single bonds of organic
molecules. Conjugated polymers form sp? hybridized and the sp* bonds form three
strong o-bonds with neighbouring atoms. The remaining p.-orbitals of the carbon
atoms form delocalized electrons through the formations of weaker m-bonds. The 7-
electrons move from one bond to the other, which makes conjugated polymers quasi-
one-dimensional semiconductors.

The bands of organic semiconductors contain of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). The top of valence band
corresponds to the HOMO and the lowest of conduction band correspond to the LUMO
in conjugated polymers.

Conjugated polymers have useful electronic and optoelectronic properties and one of
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the well-known application is organic solar cells (OSCs). The development of conjugated
polymers for organic solar cell (OSCs) is widely investigated. In this chapter we overview

the basic of organic solar cell.

1.2 Organic Solar cell

The idea of using organic molecules as organic photovoltaic originated from the pho-
tosynthetic systems in the early of 1950’s. The plant absorbs the light and convert the
solar energy into useful chemical energy. In the early experiment, the organic dyes such
as phtalocyanines, chlorophylls, porphyrins were used and they are located between the
anode and cathode. The efficiency of OSC is less then 1%. In 1990’s, Sariciftci et al.
discovered the highly efficiency organic photovoltaic by using the conjugated polymer

6-10

and buckminster—fullerene (Cg).5'9 Until now, the efficiency of OSC using conjugated

polymer and Cg—like reaches 10%.")
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Fig. 1. Organic solar cell scheme.

Organic solar cell consists of several layers, such as cathode layer, anode layer, sub-
strate, buffer layer and an active layer. The active layer contains conjugated polymers.
The active layer has function as donor and acceptor as shown in Fig.1. The donor (D)
part produces excitons and mainly holes transport. Meanwhile the acceptor (A) part

receives the electron charge.
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The power conversion efficiency (PCE),(n) of solar cell is defined as followed,

Pout Impp . vmpp FF- ]sc : ‘/oc
— pr— = 1
n="p 2 ) (1)

where P,,; is the maximum power output, F;, is the incident power on the solar

cell. I,. is short circuit photocurrent, V,. is the voltage of open circuit and FF is fill

7.10) The photocurrent I, is proportional to the amount of light which is absorbed

factor.
in the active layer. The absorber layer should have a wide absorption spectrum from the
visible spectrum to near infra red spectrum. The V. is related to the built-in potential
and V,, is proportional to the difference between the energy of HOMO at the donor and

the energy of the LUMO at the acceptor

Voe < (1/e)(| Eaonor HOMO | — | Eqcceptor LUMO |) — 6 (2)

where § is the energy loss. The energy loss (). To overcome this problem, we need

a low band gap of conjugated polymer; the band gap energy should be below 2 eV.10)

1.3 The purpose

Conjugated polymers are attractive materials for the OSC application because of the
electronic, optical and mechanical properties. The wide band gap of polythiophene
is an obstacle to increase the OSCs efficiency. Therefore, it is necessary to find out
polythiophene derivatives that have low band gaps. We studied some polythiophene

derivatives as shown in Fig.2.

(a) () (©

~ S
- L e,
N 4 \_zC/sH\n

@ (®

Fig. 2. Polythiophene derivatives: (a) Polythiophene (P1), (b) P3HT (P2), (c)
Poly(2-ethenylthiophene) (P3), (d) PITN (P4), and (e) Poly(2-ethenyl-3-hexylthiophene) (P5).
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2. Chapter 2

In this chapter, we explain the methods for calculation of the band gaps of polythiophene
derivatives. First, we explain the basic concept of density functional theory and the
parameters that we use in this calculation. Next, we confirm the reliability of electronic
structure calculation. Finally, we explain the extrapolation scheme to calculate the band

gap of infinite-size polymers.

2.1 Density Functional Theory
Density functional theory (DFT) is a theoretical calculation to obtain an approximate

12) In a simple way, DFT

solution for the Shrodinger equation of a many-body system.
helps us to to investigate the structural, magnetic and electronic properties of molecules,
materials and defects. The DFT originates from statistical theory of atoms that pro-
posed by Thomas and Fermi in 1972. The kinetic energy of system of electrons is ap-
proximated as an explicit functional of electron density. The Thomas-Fermi approach

neglected exchange and correlation among the electron as shown in Eq.3

ErFn] = C’l/d37’n(r)5/3 + /d?’rvext(r)n(r) +

1
02 / d3TTL<T)4/3 + 5 /d37"d37’/m (3)

2.2 Hybrid-DFT

The hybrid exchange approximation to DFT can be expressed by Becke three parameter
Lee-Yang-Par (B3LYP) functional. BSLYP functional firstly introduce by Axel Becke
in 1993. The functional originally is developed to improve the ground state description.

The definition of the exchange-correlation energy is

aoEaop + (1 —ag)Eips + axEn + (01 —ac)EyWNC +acELY P¢ (4)

where Eg, is the SCF exchange energy, F7p 4 is the LDA exchange energy. The

constant function is ag=0.2, ax = 0.72 and ac = 0.81.

2.3 Basis Set
Among many different approximation methods to solve the Schrodinger equation, one
of the approximation method is basis set. Basis sets are sets of mathematical functions

describe the wavefunction. John. C. Slater proposed Slater Type Orbitals (STOs),")
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VY =a1¢1 + a2 + ... + apdp (5)

where k is the size of basis set, ¢1, ¢o, ..., @i are the basis functions and aq, ao, ..., ay
are the normalizations constants. The solution of the Schrodinger equation for the
hydrogen atom and other one-electron ions gives atomic orbitals which are a product
of a radial functions depend on the distance of the electron from the nucleus and a
spherical harmonic.

Slater-type orbitals describe the real situation for the electron density in the valence
region and beyond, however Slater-type orbitals are not good for the near nucleus region.

The general expression for a basis function is given in Eq.6

XC,n,l,m(T, 07 Sp) = NY},m(ea @)rnileicr (6>

where N is a normalization constant and Y}, is spherical harmonic function. The
exponential depend on the distance between the nucleus and the electron mirror. The
n,l, and m are quantum numbers, angular momentum and magnetic, respectively. STO

is commonly used for atomic and diatomic systems where high accuracy is required.

2.4 Reliability of electronic structure calculation

The reliability of band gap calculations is shown in the basis sets performance. In this
work, besides the 6-31G(d,p) basis set, we also try the band gap calculations using 6-
311(d,p) and cc-pVQZ basis sets. The basis set of 6-31G(d,p) is expected to be reliable.

Table 1. Calculation of the band gap of polythiophene using several basis sets.

Basis set Band gap (eV)

6-31G (d,p) 1.92
6-311G (d,p) 2.09

cc-pVQZ 1.86
Experiment 2.00

2.5 Extrapolation scheme for estimation of band gaps in conjugated polymers

In this work, to calculate the band gaps of infinite-size of conjugated polymers, we
use extrapolation scheme method. First, we calculate the HOMO-LUMO gap energy of
finite-size oligomers of polythiophne derivatives. Then, we fitted the values of HOMO-
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LUMO gap energy using an extrapolation scheme,'®

a

Ey(N) = By + + 7)

where E,(N;) corresponds to the HOMO-LUMO gap of oligomers and JV; is the number
of carbon atoms in the conjugated chain in an oligomer. a and E, are determined by
fitting to the calculated values of E,(N;), and E, corresponds to the band gap of the
infinite-length polymer, E,;(c0).

To predict the infinite-size of HOMO energy level and LUMO energy level of con-
jugated polymers, we use derivation of the Eq.7 and then we plot the HOMO energy
and LUMO energy by the following equation

a
Elevet(N) = bieyer + N (8)

where Fj e is the HOMO or LUMO energies of oligomers, and N is the number of
carbon atoms in a conjugated chain. by, is the HOMO energy or LUMO energy of the
infinite-length polymers.

3. Chapter 3
3.1 Polythiophene (P1)

The band gap of infinite-size polythiophene carried out by using hybrid-DFT [Fig. 2(a)].
After that, we estimate the band gap of the infinite-size polymer using the extrapolation
scheme. As shown in Fig. 3, the calculated HOMO-LUMO gaps of the oligomers are
well fitted to Eq. (7).

LUMO

Eg(N) eV
Energy Level (eV)

Fig. 3. Calculation of P1 oligomers (a) Band gap and (b) HOMO and LUMO energy level.
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The calculations of the oligomers are well fitted, since R? is close to 1. Therefore,
we successfully determine the band gap of the infinite-size polythiophene: the estimated

value is 1.92 eV [Table II], which is close to the experimental value (2.0 eV).%

Table 1. Band gaps of polythiophene derivatives calculated using the extrapolation scheme. N4,
is the number of carbon atoms in the conjugated chain for the maximum oligomer used in the

calculations.

System  HOMO (eV) LUMO (eV) Eg (eV) Eg (Exp.) (eV) R? Nmaz

P1 -4.52 -2.6 1.92 24) 0.9964 120
P2 -4.09 -2.28 1.81 1.8%) 0.9948 52
P3 -4.41 -2.80 1.61 1.89) 0.9955 66
P4 -4.02 -2.92 1.10 1.1% 0.9953 120
P5 -4.08 -2.69 1.39 - 0.9936 106

As shown in Fig. 3(b), the calculated energies of HOMO and LUMO are well fitted
to Eq. (8). In the case of the monomer, the HOMO and LUMO energies are -6.35 and
-0.23 eV, respectively; therefore, the HOMO-LUMO gap is 6.12 €V, as shown in Table
ITI. We estimate that the energies of HOMO and LUMO in the infinite-size polymer
are -4.52 and -2.60 eV, respectively. Therefore, the HOMO-LUMO gap of the polymer

is 4.20 eV lower than that of the monomer.

Table Ill. Calculated HOMO-LUMO gaps of thiophene derivatives monomers.

System  HOMO (eV) LUMO (eV) HOMO-LUMO gap (eV)

P1 -6.35 -0.23 6.12
P2 -6.15 -0.04 6.11
P3 -5.76 -1.02 4.74
P4 -5.62 -0.89 4.73
P5 -5.39 -1.38 4.01

3.2 P3HT (P2)

P2 consists of thiophene and hexyl [Fig. 2(b)]. We estimate the band gap of the infinite-
size polymer to be 1.81 eV [Table II], which is close to the experimental value (1.8
eV).?) Although the band gap of P2 is lower than that of P1, the HOMO-LUMO gap
of the monomer of P2 (6.11 eV) is very similar to that of P1(6.12 eV) [Table III]. This
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similarity in energy is due to the fact that there is no interaction between the hexyl

and the double bond in P1 in the case of the monomer of P2.

3.3 Poly(2-ethenylthiophene)(P3)

We study the band gap of P3 [Fig. 2(c)].The estimated band gap of P2 is 1.61 eV. The
calculated energy of the HOMO in the infinite-size polymer is 0.11 eV higher than that
in P1, and the energy of the LUMO in the infinite-size polymer is 0.20 eV lower than
that of P1. As a result, the band gap of P3 is 0.31 eV lower than that in P1, as shown
in Table II.

3.4 PITN (P4)

P4 consists of thiophene and a benzene ring, as shown in Fig. 2(d). We carry out hybrid-
DFT calculations from the monomer to the 15-mer. Next, we estimate the band gap
of the infinite-length polymer using the extrapolation scheme. The estimated band gap
of PITN is 1.1 eV, which is consistent with the experimental value (1.1 eV).?) The
calculated energy of the HOMO of PITN is 0.50 eV higher than that of polythiophene,
and the energy of the LUMO of PITN is 0.32 eV lower than that of polythiophene. As
a result, the band gap of PITN is 0.82 eV lower than that of polythiophene, as shown
in Table II.

3.5 Poly(2-ethenyl-3-hexylthiophene)(P5)

P5 consists of 3-hexylthiophene and ethenyl, as shown in Fig. 2(e). There is no exper-
imental band gap data for this P5; therefore, we predict the band gap of this system.
We carry out hybrid-DFT calculations up to the 17-mer. Then, we estimate the band
gap of the infinite-length polymer using the extrapolation scheme.

The estimated band gap of P4 is 1.39 eV. Therefore, the band gap of P4 is 0.22
eV lower than that of P2. We evaluate the energies of the HOMO and LUMO in this
polymer, as shown in Table II. The energy of the HOMO in this polymer is 0.33 eV
higher than that of P2, and the energy of the LUMO is 0.11 eV higher than that of P2.
As a result, the band gap of P4 is 0.22 eV lower than that of P2, as shown in Table II.

3.6 Mechanism of band gap decreases
Our finding of the decrease in band gap by modifying polythiophene indicates that the
band gap of polythiophene can be suitably modified using polythiophene derivatives.

Therefore, a theoretical design based on first-principles calculations is important. We
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discuss the mechanisms underlying the decrease in the band gaps in thiophene deriva-

tives in previous sections. Here, we summarize the mechanisms.

(A) Hexyl effect
The calculated band gap of P2 is 0.11 eV lower than that of P1 and the band gap
of P5 is 0.22 eV lower than that of P3. The decreases in the band gaps in the
above-mentioned two polymers cases are due to the hexyl effect: there is interaction
between the hexyl and the double bond in the conjugated chain. The decrease (0.22
eV) in the band gap of P5 is larger than the decrease (0.11 ¢V) that of P2. This
difference is expected to originate from the fact that the ethenyl double bond and
the thiophene double bond are affected by the hexyl in the former and later cases,
respectively.

(B) Ethenyl effect
The band gap of P3 is 0.31 eV lower than that of P1. The difference in band gap
between these two polymers is due to the difference between the m bond chain in
the two systems: the conjugated chain consists of thiophene and ethenyl in the case
of P3 and the chain consists of only thiophene in the case of P1. The weak bond
alternation in P3 contributes to the decreases in band gap.

(C) Eatension of the ™ bond network
The band gap of P4 is 0.82 eV lower than that of P1. In the case of P4, its HOMO
and LUMO have amplitudes not only in thiophene but also in the benzene ring.
This extension of the 7 bond network in P4 is the origin of the decreases in band
gap.
As mentioned above, we discuss the three mechanisms underlying the band gap
decreases in polythiophene derivative. These findings are helpful in the design of
new derivatives having low band gaps. Actually, we predict that P5 has a low band

gap (1.39 eV) due to the ethenyl and hexyl effects.

4. Chapter 4
4.1 Summary

We successfully calculate the band gap of polythiophene derivatives. We have carried
out hybrid-DFT calculations for finite-size of polythiophene derivatives and estimate
the band gaps of the infinite-length of polythiophene derivatives using an extrapola-
tion scheme. The calculated band gaps of polythiophene (P1), P3HT (P2), poly(2-
ethenylthiophene) (P3), and PITN (P4) are close to the experimental values. The cal-
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culated band gaps of polythiophene derivatives studied in this paper are 1.10 - 1.81 eV,
therefore, we have demonstrated that the band gaps can be controlled using suitable of
polythiophene derivatives.

We clarify the mechanisms of the band gap decreases by analyzing the HOMO and
LUMO as summarized in Sect. 3.6. These findings are expected to be useful for band gap
design. In particular, we find that the attachment of the hexyl decreases the band gap.
With the correspond to this mechanism, we design poly(2-ethenyl-3-hexylthiophene)
(P5). We estimate that the band gap of poly(2-ethenyl-3-hexylthiophene) (P5) has low
band gap (1.39 eV).

4.2 Future Scope

In this study, we successfully predict the band gaps of polythiophene derivatives. We
also clarify the mechanism the decreases of band gaps. Therefore, the low band gap of
conjugated polymers can be designed.

However, for OSC besides the low band gap of conjugated polymers, we also need
to achieve the low HOMO energy level. The HOMO energy level is associated to V. as
shown in Eq. 2. The V,, contributes to charge transfer. Therefore, to control the HOMO
energy level, we need to design a push and pull units that allow internal charge transfer
process along the conjugated chain.'® These push pull units can be designed through
the donor-acceptor(D/A) copolymers. D/A conjugated polymers consist of electron rich
conjugated polymers and electron acceptor conjugated polymers as acceptors.

For furhter study, based on the band gap calculations and the mechanism of band
gap decreases in polythiophene derivatives, we would like to design low band gaps
polymers and the low HOMO energy level using combination of donor/acceptor (D/A)
copolymer. These D/A copolymer gives future hope to control the band gap of con-
jugated polymers, and finally we can find the suitable conjugated polymers for OSC

application.
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