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Abstract: The electronic and optical properties of polythiophene (PT) for polymer light-emitting
diodes (PLEDs) were calculated using density functional theory (DFT) and time-dependent DFT.
We calculated the electronic and optical properties of thiophene and PT polymers with degrees of
polymerization (DP) from 2 to 30 monomers (T1–T30) and their derivatives. The associated highest
occupied molecular orbital (HOMO) energy, lowest unoccupied molecular orbital (LUMO) energy,
band gaps, electron orbitals, and molecular structures were determined. As the DP increased, the
LUMO energy gradually decreased, and the HOMO energy gradually increased. The band gap
of PT approached 2 eV as the DP of the PT polymer increased from 1 to 30. The calculations and
exchange–correlation functional were verified against values in the literature and experimental data
from cyclic voltammetry (redox potential) and ultraviolet-visible, photoluminescence, and ultraviolet
photoelectron spectra. The color of PT PLEDs can be adjusted by controlling the DP of the polymer
and the substituents.

Keywords: density function theory (DFT); polythiophene; highest occupied molecular orbital (HOMO);
lowest unoccupied molecular orbital (LUMO); band gap

1. Introduction

Polymer light-emitting diodes (PLEDs) were developed in the Cavendish Lab Bur-
roughs of the University of Cambridge in 1990 using the spin coating method [1]. When
poly(p-phenylene vinylene) was placed between indium tin oxide and aluminum, yellow–
green light was observed. This was the first high-light-efficiency PLED. The quantum
efficiency of PLEDs can reach up to 8%, and their driving voltage is lower as compared to
other LEDs. Developing PLEDs is simple because a vacuum is not required. Furthermore,
PLED materials are made of common polymers, such as polyfluorene, polyphenylene, and
polythiophene (PT). During the development of such materials, the molecular structure
can be changed using different methods of synthesis to obtain PLEDs of different materials
with various functionalization. For example, by changing the molecular bond length [2],
adding a launching group to control the color of the wavelength, or adding various groups
for electron transport to improve carrier injection, the efficiency of illumination [3] or
functionalization can be improved.

To characterize PT for use in PLEDs, Colditz et al. [4] used the semiempirical CNDO/S
method to calculate the ultraviolet–visible (UV/Vis) spectra of thiophene containing two to
six monomers (T2–T6) in 1995. In 1997, Ferro et al. [5] used the molecular mechanics method
(CHAMP, mm2, and mm2p) to calculate the structure of thiophene. Their calculations
were compared against X-ray diffraction spectrometry data. The bond length and bond
angle of the thiophene crystal structure were obtained. In 2002, Ma, Li, and Jing [6] used
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time-dependent density functional theory (TD-DFT) and the Becke, 3-parameter, Lee–
Young–Parr (B3LYP) functional to calculate the excitement energy for PT to be 1.52 eV [6].
However, the calculated values significantly differed from the experimental data. In 2011,
Colle et al. [7] used a method based on DFT with functional B3LYP basis set PSP-31G1**
and the van der Waals force to obtain the structural parameters of poly(3-hexylthiophene),
which coincided with their experimental value. A rr-HT-P3HT crystalline structure consists
of chains of adjacent thiophene rings slightly rotated with respect to each other around the
polythiophene backbone axis. Bella et al. [8] used TD-DFT with functional B3LYP, basis
set 6-31G(d) to evaluate the optoelectronic properties of diphenylamine in conjugation
with biphenyl-based π acceptors, such as bifuran, bithiophene, and bipyrrole. Their
results indicated that relative to other heteroaromatic π-acceptors, bithiophene-substituted
molecules had the highest lowest unoccupied molecular orbital (LUMO) contribution and
thus exhibited a higher absorption, higher emission λmax, and lower highest occupied
molecular orbital (HOMO)–LUMO gap. Taouali et al. [9] using functional B3PW91, basis
set 6-31G(d) study small molecules with an A–D–A–D–A structure, denoted BT(-2T-DCV-
Hex)2, which are synthesized with benzothiadiazole as the core, bithienyl as the donor
unit, and dicyanovinyl as the terminal acceptor groups to investigate the relationships
between structural and material properties. A promising molecular structure [10] with
an acceptable open circuit voltage and high power conversion efficiency for applications
in solar cells was discovered. Model used DFT functional B3LYP, basis set 6-311g(d.p).
DFT and TD-DFT have also been used to investigate the tuning of the optoelectronic
properties of triphenylamine derivatives for solar cell applications [11]. Song et al. [12]
used DFT/B3LYP and TDDFT/B3LYP to calculate the geometric structure, absorption
and emission spectra and to investigate blue and green iridium complexes with a mesityl-
phenyl-imidazole ligand. Nayak and Periasamy [13] used DFT functional B3LYP basis
set 6-31g(d) to investigate the electron affinity, ionization potential, transport gap, optical
band gap (exciton energy), and exciton binding energy of organic molecules in the solid
state. Kuusik et al. [14] used hybrid DFT functional M06 andωB97X-D to investigate the
electronic structure of ionic liquids based on the trifluoromethyl sulfonyl imide anion.

Quites et al. [15] fabricated a single-layer LED comprising blue and green emitters.
When they adjusted the green emitter composition from 0.0075 to 2.4 wt%, they observed
large differences between the electroluminescence and photoluminescence (PL) spectra
of these blends. To calculate the material features organic photovoltaic, Chen et al. [16]
calculated the HOMO-LUMO and bandgap mono- and di-bridged, the heterocyclic quinoid
compound of 4,7-dithien-2-yl-2,1,3- benzothiadiazole using the Gaussian 09 package with
functional B3LYP, basis set 6-31G(d). They conducted electronic absorption in a vacuum;
using TD-DFT, they discovered the C and Si atoms to be the most efficient bridging atoms.
Dibridging and thiophene endcapping were used to create effective building blocks for
organic photovoltaic molecules. Kuusik et al. [17] measured the UV photoelectron spectrum
(UPS) of the ionic liquid (1-ethyl-3-methylimidazolium tetrafluoroborate). They found that
DFT has some shortcomings in describing the electronic structure of bulk ionic liquids; most
importantly, DFT yields inaccurate calculations of the top of the valence band. However,
their DFT used PBE-D3 with vdW-DF functionals C09, optPBE, optB88 and CX results
were in excellent agreement with their experimental UPSs and ab initio reconstructed
spectra. Kuusik et al. [18] measured the UPSs of various gas-phase ion pairs of ionic liquids.
Hybrid DFT functional M06,ωB97X-D, basis set 6-311++G**(d,p) yielded calculations that
accorded well with their experimental data.

The aforementioned studies have used theoretical calculations to first derive the prop-
erties of materials and devices, and such calculations play a key role in the development
of new materials and devices. The accuracy of calculations depends on the DFT module,
calculation procedure, and basis sets used, which in turn affect the development of the
derivative materials.

The use of macromolecules as single-layer PLED devices is becoming attractive be-
cause of their promising physical characteristics and simple coating process. Macro-
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molecules have low manufacturing costs, and various light-emitting polymer materials are
available. However, red-light-emitting materials are difficult to obtain. PT is a material
that emits red light and has rarely been studied. Chemists have attempted to alter the
molecular chain length, add other chromophores, and formulate synthetic derivatives
with hole transport groups to improve the efficiency of these materials. However, these
materials have yet to live up to their promise. Experimental tests and verification are time
consuming and costly, and the use of computational approaches reduces development time
and cost.

Thus, using Gaussian09 software, this study investigated light-emitting PT-conjugated
polymers and their quantum mechanics by using first-principles DFT calculations. Specifi-
cally, the PT-conjugated polymers investigated were the monomer, dimer variants, thio-
phene (T1) and 2,2′-bithiophene (T2), respectively. The basis sets values, as derived from
calculations and experiments, were used to simulate the band gap of polymers containing
3 to 30 as well as infinitely many monomers. We studied the electronic and optical prop-
erties and the behavior of the materials as the degree of polymerization (DP) increased.
Furthermore, we simulated the electron-withdrawing and electron-donating substituents.
This helped us understand the nature of these derivatives, their influence on light emission,
and the electronic differences from molecules without such push-and-pull interaction.

2. Theoretical Calculations, Principles, and Methods

The ground-state geometries of thiophene and PT polymers were fully optimized
using the density functional theory (DFT, functional/basis set) B3LYP/6-31G(d), B3LYP/6-
311G(d), and B3LYP/CEP31G(d) [19], as implemented in Gaussian 09 [20,21]. TD-DFT
(B3LYP) calculations of the excitation energies were then performed at the optimized
geometries of the ground states. The excited-state geometries of thiophene were fully
optimized using the Configuration Interaction Singles (CIS). Throughout the pre-screening,
basis set 6-31G(d) is found to be the most accurate among basis set tested. All the methods
used here are based on the hybrid B3LYP functional [22]. The geometries of all the molecules
were optimized with 6-31G (d) basis functions.

The frontier orbitals of the highest occupied molecular orbitals (HOMOs) and the
lowest unoccupied molecular orbitals (LUMOs) were calculated by B3LYP/6-31G(d) on the
basis of optimized structures at the ground states (S0) of the thiophene and PT polymers.
The bandgap (Eg) was obtained from the energy difference between HOMO and LUMO of
the compound. The HOMO, LUMO, and Eg of the polymers were achieved by plotting the
HOMO, LUMO, and Eg of the corresponding monomers, dimers, trimers, tetramers, and
pentamers against their reciprocal chain length and extrapolating to infinite chain length.

3. Simulation Methods
3.1. PT Polymers

In this study, PT was used as the radiated layer for a PLED. The simulation method
was used to derive the properties of the PT, which is a linear polymer composed of multiple
thiophene monomers. The PT variants with different DPs were named T1–T30, where the
number indicates the DP (degree of polymerization, number of monomers contained in
each polymer).

3.2. PT Derivatives

In organic molecules, substituents can affect material properties, such as reactivity,
melting point, boiling point, pH, band gap, and spectral properties. However, in addition to
the substituents, their position in the molecules affects material properties. In general, sub-
stitution comes in many forms. In this study, we explored how different electron-donating
and electron-withdrawing substituents affect the properties of PT. Five substituents were
chosen for this study: the strong electron-donating group (OCH3), electron-donating group
(OCOCH3), weak electron-donating group (CH3), weak electron-withdrawing group (Br),
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and electron-withdrawing group (COOH). In the present study, the substituents replaced
the H atom The properties of these TP derivatives were also calculated.

3.3. Simulation

The simulation steps are detailed in the flow chart in Figure 1. First, in step A,
the initial structure is established. In step B, the structure is optimized using the DFT,
functional B3LYP, basis 6-31G(d) for the calculations. In step C, the energy required to
transition the ground state to the excited state is calculated using the TD-DFT B3LYP/6-
31-G(d), and the corresponding UV/Vis spectrum is obtained. In step D, the excited-state
structure was optimized. The Configuration Interaction Singles (CIS) B3LYP/6-31G(d)is
used for structural optimization of the first excited state (S1). Finally, in step E, the energy
emitted during transition from the excited state to the ground state is calculated using
the TD-DFT B3LYP/6-31G(d).
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3.4. Exchange–Correlation Functional and Basis Sets Used in Calculation

The exchange–correlation functional and basis sets used in calculation are presented in
Table 1; Table 2, respectively. First, the T1 and T2 data were calculated with the optimization
and frequency (Opt + Freq) using the DFT B3LYP/6-31G(d). Calculation results were com-
pared to the result of other DFT with different basis set (6-311G(d) and CEP-31G(d)). The
result was also compared with the experimental result on Table 3. The error is calculated
by ((C − E)/E) × 100%, where C is the calculated result and E is the experimental data.
The most accurate method was used to calculate T1–T10, T15, T20, T25, and T30 as given
on Table 2. The band gap from the simulated result was analyzed using linear extrapola-
tion. Furthermore, the properties of these PTs were obtained. The functional/basis sets
B3LYP/6-31G(d) yield the most accurate result and it was used throughout the calculation.
Second, the TD-DFT B3LYP/6-31G(d)was used for energy calculations. Third, the excited
state was optimized by using the CIS B3LYP/6-31G(d). Finally, we calculated the energy
using the TD-DFT B3LYP/6-31G(d).
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Table 1. Calculation method, exchange–correlation functional, and basis set used in Gaussian 09 for the calculation of the
band gap, electronic properties, and UV/Vis spectra of the PT polymers T1–T10, T15, T20, T25, and T30.

Polymers Objectives Job Method and Exchange-Correlation
Functional Basis Set

T1–T10,
T15,T20
T25,T30

1. Optimization
2. Band Gap

3.Linear Extrapolation
=> PT Band Gap

Opt + freq DFT B3LYP
6-31G(d)

6-311G(d)
CEP-31G(d)

T1–T10,
T15,T20
T25,T30

1.Electronic Properties
2.UV/Vis Spectrum Energy TD-DFT B3LYP 6-31G(d)

Table 2. Calculation method, exchange–correlation functional, and basis set used in Gaussian 09 for calculation of excited
state of 1. T10, T15, T20, T25, and T30.

Polymers Objectives Job Method and Exchange-Correlation
Functional BASIS SET

T1–T10,
T15,T20,
T25,T30

Excited State Optimization Opt + freq CIS
6-31G(d)

Emission Spectrum Energy TD-DFT B3LYP

Table 3. Calculated and experimental band gaps of T∞. Experimental results are drawn from the literature [23]. Error was
calculated by ((C − E)/E) × 100%. Where C is the calculation result and E is the experimental data.

Exchange-Correlation Functional Used in the Calculation

B3LYP/6-31G(d) B3LYP/6-311G(d) B3LYP/CEP-31G(d)

Calculated band gap (eV) 1.9807 2.2058 1.8654
Literature experimental data 2.00 eV

Error (%) −0.965 10.29 −6.73

3.5. Experimental Setup for Cyclic Voltammetry, UV/Vis Spectrum, PL Spectrum and UPS
Spectrum

Cyclic voltammetry was used to verify the calculation results. The redox potential of
the PT polymers was measured. The PT polymer was spin coated on an indium tin oxide
substrate used as the working electrode. The reference electrode was made of Ag/AgC, and
the counter electrode was made of platinum. These electrodes were immersed in a solution
of 0.1 M tetrabutylammonium phosphorus hexafluoride. The electrode scanning rate was
0.1 V·S−1. The UV/Vis spectrum were measured by CT-2200 UV/VIS Spectrophotometer
with 200~1000 nm wavelength range. The PL spectra were measured by ZEISS LSM 800 and
Axio Observer Z1 TIRF spectroscopy with a 405 nm laser. The ultraviolet photoemission
spectroscopy (UPS) spectra were measured in an ethanol environment by PerkinElmer PHI
5400. The EUV source of UPS was He(I), which supplied 21.2 eV incident power.

4. Discussion

In this section, the DFT calculation results were compared to experimental data for
accuracy and reliability. Only T2 and T6 were tested due to availability from material
supplier. The work function and valence band maximum were calculated from the UPS of
T6 in Section 4.3. The redox potential, UV/Vis spectrum, and PL spectrum of T2 data were
reported in Section 4.4.

4.1. Exchange Functional and Basis Sets Used for Optimization and LUMO and HOMO Energy
Levels of PT Polymers

In this study, we tested three exchange–correlation functionals and basis set. As
listed in Tables 1 and 2, three exchange–correlation functionals and their basis sets (func-
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tional/basis set)—B3LYP/6-31G(d), B3LYP/6-311G(d), and B3LYP/CEP-31G(d)—were
selected because they were the most suitable for theoretically deriving the material proper-
ties of PT polymers. The band gap of T∞ was calculated from those functional/basis sets
and it was listed on Table 3. The experimental data from literature [23] were also listed in
Table 3 for comparison. The B3LYP/6-31G(d) yielded the smallest error among others.

The calculated band gaps of the PT polymers with different DPs (n values, indicating
the number of monomers in the PT polymer) are plotted in Figure 2a against 1/n. A linear
relationship was observed of the form y = ax + b. The slope (a) was 4.2987. The band gap
(1.9807) of the PT polymer with a nearly infinite DP (n→ ∞ or 1/n→ 0) approached the
intercept (b) of the linear equation.
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The band gap calculation results and experimental data of T∞ are listed in Table 3
for comparison. The band gaps, calculated using three selected exchange–correlation
functionals, and basis sets of T∞ are listed in Table 3. The experimental data were drawn
from the literature [23], in which the band gap was 2.0 eV for a T∞ polymer. As indicated in
the table, when the B3LYP functional was used for matching the 6-31G calculation basis sets
with the (d) basis function set, a minimum band gap error of 0.965% was achieved. In the
subsequent calculations of the excited state energy, these basis sets values and minimum
error were used.

The HOMO and LUMO energy levels of T1–T10 and T15, T20, T25, and T30 were
calculated using B3LYP/6-31G(d). The energy levels are plotted in Figure 2b as a function
of DP (Tn). In Figure 2b, as DP increases, the LUMO energy level decreases, and the HOMO
energy level increases; the band gap gradually decreases to 2 eV as n approaches 30. This
phenomenon is similar to the quantum confinement effect. Therefore, organic conjugated
polymers are also known as organic semiconductors.

4.2. Optimized Molecular Structures and Orbital Diagrams of T2, T4, T10, and T20

The optimized structures of the PT polymers are illustrated in Figure 3. The top part
of Figure 3 presents the planar view and side view of T2, T4, T10, and T20. As indicated
in the figure, the large S atom’s steric hindrance between the two C atoms gives the ring
structure a nonplanar staggered form. The curvature of the molecular structure increased
with DP.

The bottom part of Figure 3 presents the HOMO and LUMO diagrams of T2, T4, T10,
and T20. The electron density of the HOMO and LUMO of each polymer are similar. The
difference is that the LUMO has more nodes than the HOMO, indicating more antibonding
orbitals and a higher energy level.

4.3. Work Function, Valance Band Maximum, Conduction Band Minimum, and Band Gap of T6
(α-Sexithiophene)

Figure 4 presents the UPS measurement of α-sexithiophene (T6). Calculated from the
UPS data, the work function and valence band maximum (VBM) of T6 are −4.0 ± 0.1 and
−4.9 ± 0.2 eV versus vacuum, respectively. The work function was calculated by subtract-
ing the He(I) radiation energy of 21.2 eV from the high-binding-energy cutoff at 17.2 eV;
that is, 17.2 (±0.1) eV − 21.2 eV = −4.0 ± 0.1 eV versus vacuum. Referring to the method
that Schulz et al. [24] employed for a bare MAPbI3 surface, we used the low-energy tail of
the UPS to determine the position of the VBM. Correspondingly, the VBM was calculated to
be 4.9 ± 0.2 eV versus vacuum (−4.0 [±0.1] eV − 0.85 [±0.1] eV). As indicated by the UPS,
the T6 optical band gap was approximately 2.8 eV, and the conduction band minimum
was calculated to be −2.1 eV versus vacuum. We verified that the experimental HOMO
position was close to the theoretically calculated HOMO position (Figure 2). This suggests
that the Fermi level of PT lies close to the conduction band and that PT is therefore an
n-type semiconductor.

4.4. Redox Potential, UV/Vis Spectrum, and PL Spectrum of T2 (2,2-Bithiophene)

The redox potential, UV/Vis spectrum, and PL of T2 were experimentally measured.
The redox potential of T2 was evaluated through cyclic voltammetry [25–27]. The electrode
potential was scanned at −4.0 to 4.0 V. The band gap of T2 could be calculated from
the redox potentials [28–31]. The redox potential was identified as the peak shoulder
potential from the current–potential curve [32,33]. The following empirical formula from
Bredas et al. [34] was used:

|HOMO| (eV) = IP = 4.4 + Eox (1)

|LUMO| (eV) = EA = 4.4 + Ered (2)
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where IP is the ionization potential and EA is the electron affinity. As presented in Figure 5a,
the oxidation peak potential was 3.5 V, and the oxidation potential at the peak shoulder,
Eox, was 3.2 V. The reduction peak potential was approximately −2.7 V, and the reduction
potential at the peak shoulder, Ered, was −2.3 V. The experimental readings could be con-
verted into HUMO and LUMO energy values, which were 6.7 eV (2.3 + 4.4 eV) and−1.2 eV
(3.2 − 4.4 eV), respectively. Accordingly, the band gap was 5.5 eV (6.7–1.2 eV). This value
can be treated as reference only because the sample was immersed in a solution during mea-
surement. This measuring environment is far different from DFT calculation environment.

Crystals 2021, 11, x FOR PEER REVIEW 8 of 18 
 

 

 

 
Figure 3. Planar view and side view of optimized molecular structure and orbital diagram of HOMO and LUMO of T2, 
T4, T10, and T20. 

4.3. Work Function, Valance Band Maximum, Conduction Band Minimum, and Band Gap of T6 
(α-Sexithiophene) 

Figure 4 presents the UPS measurement of α-sexithiophene (T6). Calculated from the 
UPS data, the work function and valence band maximum (VBM) of T6 are −4.0 ± 0.1 and 
−4.9 ± 0.2 eV versus vacuum, respectively. The work function was calculated by subtract-
ing the He(I) radiation energy of 21.2 eV from the high-binding-energy cutoff at 17.2 eV; 
that is, 17.2 (±0.1) eV − 21.2 eV = −4.0 ± 0.1 eV versus vacuum. Referring to the method that 
Schulz et al. [24] employed for a bare MAPbI3 surface, we used the low-energy tail of the 
UPS to determine the position of the VBM. Correspondingly, the VBM was calculated to 
be 4.9 ± 0.2 eV versus vacuum (−4.0 [±0.1] eV − 0.85 [±0.1] eV). As indicated by the UPS, 
the T6 optical band gap was approximately 2.8 eV, and the conduction band minimum 
was calculated to be −2.1 eV versus vacuum. We verified that the experimental HOMO 
position was close to the theoretically calculated HOMO position (Figure 2). This suggests 
that the Fermi level of PT lies close to the conduction band and that PT is therefore an n-
type semiconductor. 
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Figure 5b shows the UV/Vis measurements and calculated absorption spectra for T2.
The black line indicates the calculated result, and the red line indicates the measured result
at a concentration of 1.56 × 10−4 M T2/ethanol. The calculated and measured absorption
peaks (λ = 302 nm) nearly overlap. The discrepancy between calculation and measured data
probably due to the environmental factor that DFT calculation do not take into account.

The molecular absorption spectra of various PT polymers were superimposed. The
spectral wavelength increased with monomer number. As the number of monomers
increased, the energy required to transition from the ground state to the excited state
gradually decreased. The absorption peak was due to the transition from the HOMO to the
LUMO. The absorption intensity increased with the number of monomers. Therefore, the
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intensity of the absorption spectra could be used to determine the DP of the polymers. The
polymer absorbs the energy and it transforms from the HOMO state to the LUMO state.
It then releases the energy from the LUMO state and returns to the HOMO state with the
emission of photons. The absorption and emission peaks were both located at the far right
of each spectrum. The radiation peak position red-shifted with the increase in DP.
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The experimental PL results for T2 are illustrated in Figure 5c; the calculated re-
sults are also plotted for comparison. The measured and calculated emission peaks were
345 and 380 nm, respectively. The band gap was then calculated from the emission data.

Figure 6 presents a plot of the experimental T2 band gaps obtained from cyclic voltam-
metry readings and UV/Vis and PL spectra. The experimental data and simulated results
differ. The energy levels, from high to low, were those from the cyclic voltammetry read-
ings, UV/Vis spectrum, and PL spectrum. Present DFT calculation does not count the
solution effect of CV measurement and solvent effect on UV measurement. A 3.59 eV
was obtained from DFT calculation and 3.26 eV from the PL spectrum measurement. The
discrepancy between calculation and measurement of PL are the smallest among CV, UV,
and PL.
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4.5. Free Energy, Electron Affinity, and Electron/Hole Reorganization Energy

According to the Marcus theory formula [35], molecules with smaller hole reorga-
nization energy (λe) or electron reorganization energy (λh) have faster carrier transport.
PLED materials contain delocalized π electrons in the organic semiconductor structure.
The π electrons are free but still confined within the monomer. However, if the difference
in energy level at the interface of the monomer is large, carrier transport is difficult, and the
luminous efficiency is low. To improve the luminous efficiency of PLEDs, we must assess
the carrier transport capacity of organic materials. The electron/hole transfer rate constant
(kh,e) can be calculated from the following equation.

kh,e = 2π
} |HAB|2 1

(4πλh,eKBT)
1/2 exp

(
− (λh,e+∆G0)

2

4λh,eKBT

)
kh,e

= 2π
} |HAB|2 1

(4πλh,eKBT)
1/2 exp

(
− (λh,e+∆G0)

2

4λh,eKBT

) (3)

where kB is Boltzman’s constant (1.3806× 10−3 J·K−1), h is Planck’s constant (1.054× 10−34 J·s),
T is the absolute temperature (in K), HAB is the electron–hole coupling (in eV), λh,e is the elec-
tron/hole reorganization energy (in eV), and ∆G0 is the change in the Gibbs free energy of the
electron transfer (in eV). Per the preceding equation, the electron/hole transfer rate constant
(kh,e) is proportional to λh,e−0.5 exp(−λh,e); this entails that a small value of λh,e results in
a high kh,e and that a low electron reorganization energy λe and low hole reorganization
energy λe result in a high kh,e.

Table 4 details the IP, EA, λh, and λe for the T∞ polymers. IP decreased with the DP,
indicating that free electrons were transferred more easily along the molecule. The higher-
DP variants more easily accept electrons and more attract electrons, thereby facilitating
electron injection. Furthermore, as DP increased, λh and λe decreased, and the conduction
rate increased. The aforementioned electronic properties indicate that the carrier transport
rate of PT makes it highly suitable as a light-emitting material.
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Table 4. Calculated IP, EA, λh, and λe of PT polymer derivatives.

Derivatives of PT Polymer IP EA λh λe

T∞ 5.1 −2.1 0.18 0.15
T∞OCH3 4.36 −1.6 0.22 0.02

T∞OCOCH3 5.77 −2.47 0.25 0.35
T∞CH3 5.42 −1.46 0.71 0.36
T∞Br 5.5 −2.4 0.07 0.08

T∞COOH 8.23 −3.11 0.2 0.23

4.6. Structural Optimization for PT Derivatives

The structural optimization for the Br and COOH derivatives became more difficult
as the DP increased. Thus, we calculated the absorption and emission spectra for T1–T6
(Tables 5 and 6). The structures of the PT polymer derivatives T2OCH3, T2OCOCH3,
T2CH3, T2Br, and T2COOH are plotted in Figure 7a. The T2Br structure formed as a result
of a Br atom replacing a H atom at position 3, which caused steric hindrance within the
ring structure. The polymer chain is not on a planar surface or in a straight chain.

Table 5. Wavelengths of highest peak of absorption spectra of derivatives of T2, T4, and T6.

Derivatives of PT
Polymer

Peak Wavelength
(nm) E (eV) Osc. Strength

(f) Major Contribution

T2OCH3 327.60 3.79 0.43 HOMO → LUMO (99%)
T4OCH3 471.92 2.63 1.18 HOMO → LUMO (100%)
T6OCH3 582.85 2.13 2.05 HOMO → LUMO (100%)

T2OCOCH3 307.76 4.03 0.39 HOMO → LUMO (99%)
T4OCOCH3 430.27 2.88 1.09 HOMO → LUMO (100%)
T6OCOCH3 505.97 2.45 1.82 HOMO → LUMO (99%)

T2CH3 266.34 4.66 0.19 HOMO → LUMO (92%)
T4CH3 359.89 3.45 0.89 HOMO → LUMO (98%)
T6CH3 412.62 3.01 1.43 HOMO → LUMO (99%)

T2Br 299.38 4.15 0.25 HOMO → LUMO (97%)
T4Br 430.14 2.89 1.08 HOMO → LUMO (100%)
T6Br 506.14 2.45 1.82 HOMO → LUMO (100%)

T2COOH 318.32 3.90 0.20 HOMO → LUMO (97%)
T4COOH 332.57 3.73 0.73 HOMO → LUMO (98%)

T6COOH 356.47 3.48 0.53 HOMO → LUMO (92%)
340.81 3.64 1.04 H-1→ L+1 (92%)

Table 6. Wavelengths of highest peaks of emission spectra of derivatives of T2, T4, and T6.

Emission Wavelength (nm) E (eV) Osc. Strength (f)

T2OCH3 360.14 3.45 0.45
T4OCH3 515.14 2.41 1.24
T6OCH3 610.54 2.03 2.12

T2OCOCH3 345.62 3.59 0.40
T4OCOCH3 479.98 2.59 1.19
T6OCOCH3 534.13 2.32 1.62

T2CH3 354.57 3.50 0.37
T4CH3 458.45 2.71 1.15
T6CH3 494.82 2.51 1.74

T2Br 380.28 3.26 0.29
T4Br 469.51 2.64 1.09
T6Br 506.59 2.45 1.63

T2COOH 415.87 2.98 0.27
T4COOH 490.56 2.53 0.63
T6COOH 506.80 2.45 1.25
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4.7. Energy Levels and Band Gaps of PT Derivatives

Figure 7b illustrates the HOMO and LUMO energy levels of the PT derivatives.
Conjugation with the strong electron-withdrawing group reduced the HOMO and LUMO
energy levels, and the effect on the HOMO was greater than that on the LUMO. The
introduction of the –COOH component to the PT polymer increased the band gap. T2
extrapolating to T∞ has the minimum band gap. In summary, the electron push-and-
pull behavior of the substituents can alter the energy levels, band gap, and absorption
and emission spectra. Furthermore, the cathode or anode can be made of a material that
matches the energy level of the light-emitting material.

4.8. Wavelengths of Absorption and Emission Peaks, Band Gaps, and Oscillation Strengths of
PT Derivatives

The wavelengths of the peaks of the absorption and emission spectra of the PT deriva-
tives are listed in Tables 5 and 6, respectively. The band gaps and oscillator strength of the
derivatives are also listed in Tables 5 and 6. The wavelength increased (red-shifted) as the
DP increased (from T2 to T6), which entailed a considerable decrease in excitation energy.
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The absorption peaks of the PT polymer derivatives were similar to those of the
PT polymer. The highest absorption peaks were located at the far right of the spectrum.
As indicated by a comparison of the highest absorption peaks of the PT polymers and
their derivatives, the substituents affected the peak absorption position. Some derivatives
were red-shifted, whereas others were blue-shifted. The type of substituent affected only
the position of the absorption peak and not the configuration of the electron orbitals. In
theory, –OCH3 and –COOH induce red and blue shifts in the absorption peak, respectively.
The factors causing these red and blue shifts are similar to those causing the band gap
variations discussed in Section 4.7. Therefore, different substituents can be added to change
the material’s emission spectrum.

The emission wavelengths of the PT polymers were also affected by the addition of
substituents. In general, the strong electron push due to –OCH3 induced a red shift in
the emission peak, and the weak electron withdrawal due to –OCOCH3 induced a blue
shift. These phenomena resulted from simultaneous electron donation withdrawals and
steric hindrance effects. A highly distorted main chain results in a short conjugate chain,
which causes a blue shift. Thus, the color of the light-emitting element can be adjusted by
using different PT polymer derivatives. The light intensity was greatest for the –OCH3
derivative, followed by T1, and –CH3, –Br, –OCOCH3, and –COOH slightly weakened
fluorescence. As the –CH3 derivatives exhibit steric hindrance and because C=O functional
groups cause electron confinement, the electrons cannot transport effectively. Moreover,
because of the lone pair of electrons with an n→ π* transition, the transition energy is
small to the point where it reduces fluorescence. However, the strong electron push due to
–OCH3 can enhance the material’s fluorescence properties.

4.9. Free Energy (IP), Electron Affinity (EA), and Electron and Hole Reorganization Energy (λh,
λe) of PT Derivatives

Table 6 lists the ionization potential (IP), electron affinity (EA), and electron and hole
reorganization energy (λh, λe) of the PT polymer derivatives as DP approaches infinity.
The values for T∞ were extrapolated from the linear relationship of energy and 1/n, as
mentioned in Section 4.1. The effect of the addition of substituents was substantial. The
addition of –OCH3 reduced the IP of T∞ from 5.1 to 4.36 eV. However, –OCH3 can transport
electrons more easily than PT can. T∞COOH had increased IP of 8.23 eV, which resulted in
low conductivity. The remaining three substituents also caused the IP of the derivatives
to increase.

Through the introduction of derivatives, λe and λh were altered (Table 6), and the
conduction rate changed. These results indicate that the nature of electrons and holes can
be modulated by changing the substituent.

5. Conclusions

DFT and TD-DFT were used to calculate the electronic and optical properties of
PT polymers with different DPs (T1–T6, T10, T15, T20, T25, and T30) and their deriva-
tives formed with five substituents (T2OCH3, T2OCOCH3, T2CH3, T2Br, and T2COOH).
Exchange–correlation functionals and basis set values—B3LYP/6-31G(d), B3LYP/6-311G(d),
and B3LYP/CEP-31G(d)—were selected and optimized for all calculations of the PT poly-
mer properties. Thus, we elucidated the influence of DP and substituents on the electronic
and optical properties of PT polymers and their derivatives.

The optimal structures of T3–T10, T15, T20, T25, and T30 were obtained. Due to the
steric hindrance associated with the S atom, the PT ring structure must be nonplanar to
achieve stability. The band gaps of these PT polymers with different DPs were calculated.
The band gap gradually decreased to 2eV as the DP (n) increased from 1 to 30. A linear
relationship between band gap and 1/n was obtained. This linear equation was used to
extrapolate the PT polymer behavior to T∞ (1/n→ 0).

To verify the calculations, we compared them with experimental data from the lit-
erature and obtained an error of 0.965%. The redox potentials, UV/Vis spectra, PL spec-
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trum of T2, and UPS of T6 were also experimentally obtained and used to evaluate the
calculated results.

The UV/Vis absorption and emission spectra were calculated. With increases in the DP
of the PT polymer, the increasingly conjugated nature of the polymer caused an increasing
red shift in the absorption and emission spectra. Therefore, the color of the light-emitting
material can be controlled by selecting the DP of the PT polymer. The emission intensity
increased as the DP of the PT polymer increased. Therefore, spectral intensity can be used
to quantitatively analyze the DP of PT polymers.

Both the absorption and emission spectra of the PT polymer derivatives, –OCH3,
–OCOCH3, –CH3, –Br, and –COOH, were also calculated. The shapes of the absorption
and emission spectra and peaks of these derivatives did not change significantly from their
corresponding PT polymers. However, the derivatives differed in their HOMO and LUMO
energy levels, band gaps, peak positions of their respective absorption spectra, and light
emission intensity. These properties were dependent on the substituent. In general, the
color of a DP PLED can be tuned by adjusting the DP of the polymer or by using suitable
derivatives.
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