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Conjugated organic systems such as thiophene are interesting topics in the �eld of organic solar cells. We

theoretically investigate � -conjugated p olymers constituted by n units ( n = 1 � 11 ) based on the thiophene (Tn)

molecule. The computations of the geometries and electronic structures of these comp ounds are p erformed

using the density functional theory (DFT) at the 6 � 31 G( d; p ) level of theory and the Perdew�Burke�Eenzerhof

(PBE) formulation of the generalized gradient approximation with p erio dic b oundary conditions (PBCs) in one

(1D) and two (2D) dimensions. Moreover, the electronic prop erties (HOCO, LUCO, E

g ap

, V

oc

, and V

bi

) are de-

termined from 1D and 2D PBC to understand the e�ect of the numb er of rings in p olythiophene. The absorption

prop erties � excitation energies ( E

ex

), the maximal absorption wavelength ( �

max

), oscillator strengths, and

light harvesting e�ciency are studied using the time-dep endent DFT metho d. Our studies show that changing

the numb er of thiophene units can e�ectively mo dulate the electronic and optical prop erties. On the other

hand, our work demonstrates the e�ciency of theoretical calculation in the PBCs.

DOI : 10.7868/S0044451015120111

1. INTRODUCTION

In recent years, organic solar cells of conjugated

p olymers such as those based on thiophene have shown

improved e�ciencies. Consequently, organic photo-

voltaic (OPV) cells that o�er the advantages of a rel-

atively low fabrication cost compared to silicon-based

materials, easy pro cessing, �exibility, and p ossible re-

cyclability, have gained fo cus despite their relatively

low e�ciencies [1]. Indeed, there are other imp ortant

factors a�ecting the device overall e�ciency and p er-

formance, i. e., the charge carrier mobility, the charge

extraction at the electro des [2], and photo chemical sta-

bility. On the other hand, the development of organic

solar cells has progressed rapidly with the synthesis of

new organic materials, control of the pro cessing con-

dition such as annealing, and the use of additive [3]

*
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as well as the intro duction of various device structures

such as the tandem and inverted structures [4�6]. The

signi�cant improvement of OPV device p erformance

has b een accomplished by intro ducing various OPV

architectures, such as bulk-hetero junction (BHJ) and

inverted device structures, and developing low-band-

gap conjugated p olymers and innovative organic small

molecules as donor materials. However, a new typ e of

solar cells has attracted considerable attention due to

their environmental friendliness and low cost of pro duc-

tion. Therefore, further study is required to increase

the e�ciency, improve the lifetime, and reduce the pro-

duction costs b efore the low-cost goal can b e achieved.

Up to now, main e�orts have fo cused on improving the

photovoltaic conversion e�ciency, and recently ab out

8 % of white light e�ciency has b een realized on the

device level. It is generally considered that a minimum

p ower conversion e�ciency of 10 % is needed in order

to enable realistic applications, in building integrated

OPV cells.

1155 7*



K. Saïl, G. Bassou, M. H. Gafour, F. Miloua ÆÝÒÔ, òîì 148 , âûï. 6 (12), 2015

The ma jor di�erences b etween the underlying

physics of organic solar cells and their inorganic rel-

atives come from the low mobility (b etween 1 and

10

� 5

cm

2

/V � s) of the charge carriers as well as the low

dielectric constant, which results in strong Coulomb

interaction b etween electrons and holes after photo ex-

citation [7].

The appropriate highest o ccupied molecular or-

bital (HOMO), lowest uno ccupied molecular orbital

(LUMO) energy level of the donors and acceptors, and

a low band gap are known to b e imp ortant for high

OPV p erformance, as well as go o d �lm-forming prop-

erties, strong absorption ability, and high charge mo-

bility [8]. Their p erformance is known to b e limited

by the small charge-generating interfacial area b etween

the donor and acceptor layers [9]. Signi�cant e�orts

have b een devoted to developing metho ds for control-

ling the band gaps and the p ositions of the HOMO

and LUMO of conjugated materials with the goal to

pro duce technologically useful low-band-gap p olymers.

Theoretical analysis of the electronic structure of

conjugated systems can establish the relation b etween

molecular structure and electronic prop erties [10].

The values of HOCO (highest o ccupied crystal or-

bital)/LUCO (lowest uno ccupied crystal orbital) and

gap energies can b e estimated by density functional

theory calculations [11�14] with di�erent basis sets.

Therefore, the DFT theoretical calculations give a go o d

description of the absorption prop erties of the studied

comp ound and can b e used to predict the electronic

characteristics of other materials.

Up to now, the photoactive materials for organic

solar cells have b een the sub ject of several theoretical

studies [15�28]. However, it is imp ortant to understand

the nature of the relation b etween the molecular struc-

ture and the electronic prop erties to provide guidelines

for the development of new materials and the neces-

sity to b ene�t from their adaptive prop erties to photo-

voltaic cells.

Di�erent comp ounds with conjugated backb ones

can b e used as the electron donor material in OPV

devices. In particular, p olythiophene and its related

comp ounds have attracted considerable attention over

the past decade in view of their p otential applications

to electronic and opto electronic devices. The choice of

this comp ound dep ends on several parameters includ-

ing the energy gap.

The use of low-band-gap materials is a viable

metho d for b etter harvesting the solar sp ectrum and

increasing its e�ciency [29]. The control of this pa-

rameter of the materials is a research issue of ongoing

interest. In this pap er, quantum chemical investigation

is p erformed to explore the geometric, electronic, and

optical prop erties of these comp ounds with the aim to

evidence the relation b etween molecular structure and

opto electronic prop erties.

2. METHODOLOGY AND COMPUTATIONAL

DETAILS

In the present study, DFT calculations are car-

ried out for thiophene-derived conjugated p olymers

(C

4

H

4

S)

n

, where n denotes the numb er of thiophene

units ( n = 1 to 11). We �rst p erformed B3LYP/6-31G

( d; p ) calculations in order to obtain the optimized con-

formations. This choice was made according to [30]; the

B3LYP calculations give reasonable structures. The

calculations were carried out using the GAUSSIAN 09-

D package [31]. The visualization of any molecule was

carried out using GaussView 05 program [32].

All molecular calculations of optimized structures

were p erformed in the gas phase using the DFT [ 33 ; 34 ]

combined with the 6-31G ( d; p ) level of theory. For the

p erio dic b oundary conditions (PBCs) in one and two

dimensions, the Perdew�Burke�Eenzerhof (PBEPBE)

[35�37] formulation of the generalized gradient approxi-

mation to the exchange correlation functional was used.

The HOCO, LUCO, and energy gap of the studied com-

p ounds have b een calculated and are rep orted.

To gain insight into the optical prop erties, the ex-

citation energy and UV/Vis absorption sp ectra for the

singlet�singlet transition of all comp ounds were sim-

ulated using the time-dep endent DFT with a B3LYP

functional combined with the 6-31G ( d; p ) level of the-

ory. Applications of the time-dep endent DFT have b e-

come reliable approaches for the theoretical treatment

of electronic excitation pro cesses, and recent works

demonstrate the go o d accuracy for a wide range of

organic systems [38�40]. The maximum op en circuit

voltage ( V

oc

) of an organic solar cell is related to the

di�erence b etween the HOMO of the electron donor

and the LUMO of the electron acceptor. The values of

V

oc

can b e calculated from the empirical formula [41]

V

oc

= j E

H O M O

( Donor ) j �

� j E

LU M O

( Acceptor ) j � 0 : 3 : (1)

The light harvesting e�ciency (LHE) of the comp ounds

has to b e as high as p ossible to maximize the photo cur-

rent resp onse. Here, LHE is expressed as [42]

LHE = 1 � 10

� f

; (2)

where f is the absorption (oscillator strength) of

the comp ound asso ciated with �

max

. The oscillator
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Fig. 1. Optimized structure of the studied comp ounds by the B3LYP/6-31G( d; p ) level
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Fig. 2. Optimized structure of the studied comp ounds by the PBEPBE/6-31G( d; p ) level using 1D PBC
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Fig. 3. Optimized structure of the studied comp ounds by the PBEPBE/6-31G( d; p ) level using 2D PBCs

1159



K. Saïl, G. Bassou, M. H. Gafour, F. Miloua ÆÝÒÔ, òîì 148 , âûï. 6 (12), 2015

T1

T2

T3

T4

T5

T6

T7

T8

T9

T10

T11
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Fig. 4. The contour plot of HOCO and LUCO orbitals of the studied comp ounds using 1D PBC
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Fig. 5. The contour plot of HOCO and LUCO orbitals of the studied comp ounds using 2D PBCs
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Fig. 6. HOCO and LUCO of the studied comp ounds

plotted as functions of the numb er of thiophene rings

calculated at the PBEPBE/6-31G( d; p ) using 1D PBCs

and 2D PBCs

strength is directly derived from the time-dep endent

DFT calculations.

3. RESULTS AND DISCUSSION

The optimized structures of all studied comp ounds

are illustrated in Fig. 1. All the molecular geometries

have b een calculated with the hybrid B3LYP func-

tion combined with 6-31G( d; p ) basis sets. The ob-

tained structures are optimized again in PBCs using

the PBEPBE/6-31G( d; p ) level of theory. The opti-

mized geometries obtained for the comp ounds in one

dimension (1D) and two dimensions (2D) are shown in

Figs. 2 and 3. We can clearly see the � -electron delo-

calization b etween the di�erent aromatic units. On the

other hand, results of the optimized structures for all

studied comp ounds show that the planar structure is

mostly stable in all oligo- and p olythiophenes.

It is very imp ortant to analyze the HOCO and the

LOCO for these comp ounds, b ecause the latter pro-

vides a rational qualitative indication of the excitation

prop erties and of the ability of electron or hole trans-

p ort. On the other hand, the HOCO and the LUCO

energy levels of the donor and acceptor comp onents

are very imp ortant factors to determine whether ef-

fective charge transfer o ccurs b etween the donor and

the acceptor. The iso density plots of the mo del com-

p ounds are shown in Figs. 4 and 5 and calculated fron-

tier orbital energy and energy gaps for all considered

molecules are given in Table 1.

Figures 4 and 5 show that the HOCO and LUCO

of all molecules are spread over the whole p -conjugated

backb ones with similar character; the HOCOs display

4.5

1 12
Number of thiophene units

Gap energy,eV

111098765432
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1.5
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3.5

Fig. 7. Energy gap of the studied comp ounds plotted

as a function of the numb er of thiophene rings calcu-

lated at the PBEPBE/6-31G( d; p ) using 1D PBCs and

2D PBCs

4.5

0 0.30
1/Nc

Gap energy,eV

0.250.200.15
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Fig. 8. Energy gap of the studied comp ounds plotted

as a function of the inverse numb er N

c

of the car-

b on atoms along the conjugated chain calculated at the

PBEPBE/6-31G( d; p ) using 1D PBCs and 2D PBCs

the antib onding character b etween two adjacent frag-

ments and the b onding character within each unit. But

the LUCOs exhibit the b onding character b etween two

adjacent fragments. We note that the heteroatoms have

no HOCO lob es, as has b een rep orted earlier [43]. From

Figs. 4 and 5, it is clear that the HOCOs are principally

comp osed of ring C=C b onds and the LUMOs are prin-

cipally comp osed of inter-ring formal C�C single b onds.

The same results were obtained in [44].

The calculated HOCOs energies are in the range

� 5 : 54 eV to � 4 : 14 eV for 1D PBCs and � 5 : 53 to � 4 : 34

for 2D PBCs. However, the HOCO energies were in the

resp ective range � 2 : 91 to � 1 : 08 and � 3 : 20 to � 1 : 24 for

1D PBCs and 2D PBCs. According to the graph shown

in Fig. 6, the HOCO energy decreases sharply for the

comp ounds with n = 1 to those with n = 4 (where n is
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Table 1. The HOCO energy, the LUCO energy, the gap energy, the op en-circuit voltage V

oc

, and the built-in p otential

V

bi

of studied comp ounds obtained by the PBEPBE/6-31G( d; p ) level using 1D and 2D PBCs. n is the numb er of

thiophene units

Comp ound

n

HOCO, eV LUCO, eV Gap, eV V

oc

/C

60

, eV V

bi

, eV

1D 2D 1D 2D 1D 2D 1D 2D 1D 2D

T1 1 � 5 : 54 � 5 : 53 � 1 : 08 � 1 : 24 4.45 4.31 0.26 0.27 2.07 2.06

T2 2 � 4 : 80 � 4 : 94 � 2 : 08 � 2 : 37 2.71 2.56 1 0.86 1.33 1.47

T3 3 � 4 : 51 � 4 : 56 � 2 : 26 � 2 : 47 2.25 2.08 1.29 1.24 1.04 1.09

T4 4 � 4 : 38 � 4 : 62 � 2 : 57 � 2 : 89 1.80 1.72 1.42 1.18 0.91 1.15

T5 5 � 4 : 26 � 4 : 55 � 2 : 61 � 3 : 15 1.65 1.39 1.54 1.25 0.79 1.08

T6 6 � 4 : 27 � 4 : 41 � 2 : 78 � 3 : 07 1.48 1.34 1.53 1.39 0.8 0.94

T7 7 � 4 : 24 � 4 : 51 � 2 : 82 � 3 : 07 1.42 1.44 1.56 1.29 0.77 1.04

T8 8 � 4 : 21 � 4 : 47 � 2 : 86 � 3 : 06 1.35 1.41 1.59 1.33 0.74 1

T9 9 � 4 : 21 � 4 : 32 � 3 : 14 � 3 : 15 1.07 1.17 1.59 1.48 0.74 0.85

T10 10 � 4 : 21 � 4 : 36 � 3 : 14 � 3 : 17 1.07 1.19 1.59 1.44 0.74 0.89

T11 11 � 4 : 14 � 4 : 37 � 2 : 91 � 3 : 20 1.22 1.16 1.66 1.43 0.67 0.9

2.2 Voc 1D
Voc 2D

1.8

1.4

1.0

0.6

0.2

Vbi 1D
Vbi 2D

Voc, Vbi, eV

1 12
Number of thiophene units

111098765432

Fig. 9. Op en circuit voltage V

oc

and the built-in p o-

tential V

bi

of the studied comp ounds plotted as func-

tions of the numb er of thiophene rings calculated using

Eq. (1)

numb er of rings) and slightly for the comp ounds with

n > 4 . The LUCO energy decreases strongly in the

range 1 to 4 and slightly for n > 4 .

In material science, band structure has b ecome im-

p ortant b ecause the band gap is one of the most im-

p ortant factors for controlling the physical prop erties of

solar cells. The band gaps in conjugated p olymers are

governed by their chemical structures. Their value can

b e de�ned by the di�erence b etween the lowest band

energy in the conduction band and the highest band

energy in the valence band.

1 1211102 3 4 5 6 7 8 9
Number of thiophene units

0

10

20

30

40

50

Polarizability, eV

Fig. 10. Polarizability of the studied comp ounds plot-

ted as a function of the numb er of thiophene rings

calculated using the time-dep endent DFT

For 1D PBCs, the calculated band gap of the stud-

ied comp ounds decreases gradually with increasing the

numb er of rings from n = 1 to n = 10 . In [45], it

was also noted that the energy gap decreases as the

chain is elongated. The same observation was noted

for 2D PBC calculated band gap with the numb er of

rings from n = 1 to n = 6 . When the backb one of

a conjugated p olymer is twisted, the � orbital overlap

decreases, resulting in a decrease in the e�ective con-

jugation length, which is the case of comp ounds in the
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Fig. 11. Excitation energy of the studied comp ounds

plotted as a function of the numb er of thiophene rings

calculated using the time-dep endent DFT
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Oscillator strengths

Fig. 12. Oscillator strengths of the studied comp ounds

plotted as a function of the numb er of thiophene rings

calculated using the time-dep endent DFT

range from n = 7 to n = 11 . On the other hand, in-

terchain interactions also have a strong e�ect on the

electronic prop erties of conjugated p olymers. Further-

more, strong � -stacking interactions lead to signi�cant

shifts of the band gap. The size and direction of the

shift also dep end strongly on the relative orientation of

neighb oring chains [ 46 ; 47 ].

The calculated band gaps are in the resp ective range

1.07�2.71 eV and 1.16�2.56 eV for 1D PBCs and 2D

PBCs with the numb er of rings n > 1 . The exp er-

imental in [48] give a value in the range 2.0�2.2 eV.

Low-band-gap p olymers ( E

g

< 2 : 0 eV) are desired for

solar cell application [49] b ecause the p olymer can ab-

sorb more solar energy.

The highest values are those obtained for the

monothiophene, 4.45 eV for 1D PBCs and 4.31 eV for

2D PBCs (Fig. 7). These values are reduced by 1.74 eV

for bithiophene and 2.2 eV for trithiophene. The cal-

culated values of mono-, bi-, and trithiophene are ap-

proximately similar to those obtained in [50] (4.49 eV,

2.93 eV, and 2.21 eV resp ectively).

Theoretical studies of p olymers generally extrap-

olate oligomer prop erties to in�nite chain lengths

[ 51 ; 52 ]. In general, such an approach should b e simi-

lar to using the p erio dic b oundary calculation approx-

imation. The band gap for in�nite chains of p olymers

can b e determined by plotting band gaps in p olymers

against the inverse numb er N

c

of the carb on atoms

along the conjugated chain and extrap olating this num-

b er to in�nity according to the linear equation [12]

E

g

( N

c

) �

a

N

c

+ b (3)

with b determined by linear regression.

According to the graph shown in Fig. 8, the band

gap is extrap olated to b e 0.93 eV for 1D PBCs and

0.88 eV for 2D PBCs.

The maximum op en-circuit voltage ( V

oc

) of a solar

cell is related to the di�erence b etween the HOMO of

the donor (our studied molecules) and the LUMO of

the electron acceptor [53] (PCBM(C60) derivatives in

our case). Figure 9 shows that V

oc

increases with in-

creasing the numb er of rings, inversely to the variation

of � , which decreases with increasing the numb er of

rings.

The op en-circuit voltage V

oc

is related to the built-

in p otential denoted by V

bi

, which is primarily deter-

mined by the relative energy gap b etween the HOMO

of the donor and the LUMO of the acceptor [54]. The

built-in p otential V

bi

across a solar cell is usually de-

scrib ed as an upp er limit of the op en-circuit voltage of

the cell under illumination. Their values are b etween

0.67 and 2.07 for 1D PBCs and b etween 0.85 and 2.06

for 2D PBCs.

Due to the high symmetry of the comp ounds corre-

sp onding to an even numb er of rings, the values of the

electric dip ole moment are very small. For an o dd num-

b er of rings, the values are close to 0.62 D. Generally,

orientations of the p olymer chains are the most imp or-

tant parameters a�ecting the electric charge transp ort

prop erties of p olymers; the electrical conductivity of a

p olymer chain is altered when its orientation and con-

sequently its symmetry and nonisotropic interactions

are changed [55].

Values of p olarizabilities and hyp erp olarizabilities
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Table 2. Dip ole moment � , p olarizability � , hyp erp olarizability � , excitation energy E

ex

, oscillator strengths f , wave-

length �

max

, and LHE of the studied comp ounds obtained by the time-dep endent DFT using 1D and 2D PBCs. n is the

numb er of thiophene units

Comp ound n � , D � , eV � , arb. units E

ex

, eV f � , nm LHE

T1 1 0.62 1.85 21.08 4.35 0 284.83 0

T2 2 0.0004 4.26 0.0028 3.47 0.43 357.00 0.63

T3 3 0.63 7.47 501.38 2.85 0.84 434.36 0.85

T4 4 0.0003 11.45 0.00002 2.49 1.28 497.39 0.94

T5 5 0.63 16.05 1055.74 2.25 1.72 550.84 0.98

T6 6 0.0006 21.14 0.74 2.08 2.14 596.67 0.99

T7 7 0.58 28.25 2199.94 1.95 2.54 635.83 0.99

T8 8 0.0002 32.33 0.27 1.85 2.93 669.04 0.99

T9 9 0.63 38.25 1193.88 1.78 3.30 696.87 0.99

T10 10 0.001 43.24 0.030 1.72 3.65 720.02 0.99

T11 11 0.63 50.50 1172.24 1.67 3.99 739.58 0.99

for all comp ounds have b een calculated and listed in

Table 2. Based on Fig. 10, we can claim that with

an increase of the numb er of rings, p olarization values

increase as well. An increase in the chain length of a

conjugated p olymer (or the length of the � -conjugated

system) increases the p olarizability values of the p oly-

mer. It was shown in [56] that the b ond length alterna-

tion as a parameter related to the molecular structure

strongly a�ects the values of the linear p olarizability

and hyp erp olarizability of organic comp ounds with de-

lo calized � -electron systems.

The excitation to the S

1

state corresp onds almost

exclusively to the promotion of an electron from the

HOMO to the LUMO orbital. The excitation ener-

gies represented in Fig. 11 decreases gradually as the

ring numb er increases. In the case of the oscillator

strength (Fig. 12), the absorption wavelengths arising

from the S

0

! S

1

electronic transition increase pro-

gressively with an increase in conjugation lengths. It is

to b e a�ected by the electron-donating capability from

� -conjugation and heteroaromatic groups [57].

The theoretical absorption sp ectra presented in

Fig. 13 are calculated by using the time-dep endent

DFT approach. The maximum absorptions in UV/Vis

sp ectra are dominated by HOMO ! LUMO � ! �

�

transitions. Furthermore, the absorption prop erties

are an imp ortant factor for applications as a pho-

tovoltaic material, and a go o d photovoltaic material

should have broad and strong visible absorption charac-

teristics. The calculated wavelength �

max

of the stud-

ied comp ounds increases with increasing the conjuga-

0

T1

Epsilon

400 1600
Wavelength, nm

170000
150000
130000
110000
90000
70000
50000
30000
10000

800 1200

T2
T3
T4
T5
T6
T7
T8
T9
T10
T11

Fig. 13. UV/V is sp ectra of the studied comp ounds

plotted as functions of the numb er of thiophene rings

calculated using the time-dep endent DFT

tion length (Fig. 14). This batho chromic e�ect is obvi-

ously due to a higher mean conjugation length and to

the interchain electronic coupling [58].

LHE is a go o d indicator of the incident photon-to-

electron conversion e�ciency (IPCE). Figure 15 shows

that for n = 1 to n = 4 , the LHE increases slightly.

However, for n > 4 , the LHE value remains constant,

b eing close to 0.99. Therefore, the comp ounds having

n > 4 give similar photo current.
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Fig. 14. Wavelength �

max

of the studied comp ounds

plotted as a function of the numb er of thiophene rings

calculated using the time-dep endent DFT
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Fig. 15. LHE of the studied comp ounds plotted as a

function of the numb er of thiophene rings calculated

using Eq. (2)

4. CONCLUSION

This study is a theoretical analysis of the geomet-

rical, optical, and electronic prop erties of various com-

p ounds based on thiophene, which displays the e�ect

of the numb er of rings on the structural and opto elec-

tronic prop erties of these materials. Theoretical cal-

culations of optimized structures were p erformed us-

ing the density functional theory with p erio dic b ound-

ary conditions in one and two dimensions, where the

Perdew�Burke�Eenzerhof formulation was used. The

calculated values of the HOCO, the LUCO, the gap

energy, and V

oc

of the studied molecules can give an

idea on the p ossibility of e�cient electron injection. It

was also found that changing the numb er of thiophene

units can e�ectively mo dulate the electronic and photo-

physical prop erties of these comp ounds. On the other

hand, optical prop erties of all comp ounds were simu-

lated using the time-dep endent DFT with the B3LYP

functional combined with the 6-31G ( d; p ) level of the-

ory. The results show that this pro cedure of theoret-

ical calculations can b e employed to predict the op-

to electronic prop erties of other comp ounds, and fur-

ther to design novel materials for organic solar cells.

Furthermore, the PBC mo del demonstrates a p owerful

approach and can b e used as a mo del system for un-

derstanding the relation b etween electronic prop erties

and molecular structure.
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