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ABSTRACT: Fluorination of conjugated polymers is a popular way of
designing new electron donors for the bulk heterojunction (BHJ) based
organic solar cells (OSCs). However, not all fluorinated polymers observed
experimentally enhance the power conversion efficiency of OSCs, and the
fundamental understanding of the effect of fluorination is not yet fully
uncovered. Herein, we report the effect of fluorine substitution on the
electronic properties of polythienothiophene-co-benzodithiophenes as well as
their complexes with fullerene, using density functional theory (DFT) and
time-dependent DFT methods at the molecular level. Systematic
computations of energy gaps (Eg

opt and Eg
hl), ionization potentials (IP),

electron affinities (EA), molecular electrostatic potential (MEP) surfaces, and dipole moments (μ) are carried out for these
systems. We found that the fluorination of the thienothiophene unit favors lower Eg

opt, Eg
hl, IP, and EA as well as stronger μ

compared to the fluorination of the benzodithiophene unit, suggesting that efficient exciton dissociation and charge carriers
formation may take place efficiently for the former case. These results support recent experimental findings that the performance
of polythienothiophene-co-benzodithiophene-based organic solar cells enhances when thienothiophene unit is fluorinated. The
present results highlight that more efficient conjugated polymers for OSC can be designed if the gap engineering is carried out by
focusing on the low IP, low EA, and high dipole moment.

KEYWORDS: first-principles calculations, fluorinated copolymers, organic solar cell, band gap, dipole moment,
molecular electrostatic potential surface

1. INTRODUCTION

Bulk heterojunction (BHJ)-based organic solar cells (OSCs)
are promising candidates for clean, renewable and sustainable
energy because of their flexibility, lightweight, ease of
processing, low cost, low potential for adverse environmental
impact and high carrier mobility.1−9 The current power
conversion efficiency (PCE) of BHJ based OSCs has reached
∼9.2%.10 However, the performance of these devices needs to
be further enhanced for their successful commercialization and
practical realization. BHJ-based OSCs are complex systems in
which organic conjugated polymers (electron donors) are
blended with fullerene derivatives (electron acceptors).11,12

Performance of such devices depends on various factors: the
most important of these are the valence-to-conduction band
gaps (energy gaps) of the conjugated polymers, the BHJ
morphology and the distribution of components at inter-
faces.13−17 These factors are directly or indirectly associated
with the chemical structures of the conjugated polymers
because a slight modification in the chemical structure alters the
molecular orbital energies, which in turn affect the electronic
properties and intramolecular and intermolecular interac-
tions.16,18,19 Therefore, structural modification and designing
of high performing conjugated polymers with improved
electronic properties are crucial to enhance the performance
of OSCs.

Several experimental studies16,20−28 on structural modifica-
tion of polymers have revealed that the performance of
polymers can be tuned by introducing the electron-withdrawing
fluorine atom to the polymer backbone. Among the fluorinated
polymers, the partially fluorinated derivative of polythienothio-
phene-co-benzodithiophene (PTB2) (PTB7 in Figure 1) is the
current champion used in OSCs.10 Interestingly, not all the
fluorinated derivatives of PTB2 enhance the PCE of OSCs. For
instance, the fluorination of thienothiophene unit increases,
whereas the fluorination of benzodithiophene unit as well as the
perfluorination of PTB2 decrease the PCE of OSC.16 Although
the synthesis and the performance of fluorinated derivatives of
PTB2 on OSCs are studied experimentally, fundamental
reasons behind their variable performances from the first-
principles study remain unexplored. This requires the
investigation of fundamental properties such as molecular
electrostatic potential, electron affinity, ionization potential,
dipole moments, and donor/acceptor interactions at the
molecular level, which is the focus of the present study.
Understanding of these fundamental properties is crucial for
the structural modification and designing of efficient polymers
for further enhancing the PCE of OSCs.
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In this work, we perform systematic first principle
calculations to investigate the effect of fluorination on the
electronic properties of polythienothiophene-co-benzodithio-
phenes and their fullerene complexes. We compute energy
gaps, electron affinity, ionization potential, molecular electro-
static potential, dipole moment and interactions of fluorinated
derivatives of PTB2 with fullerene at the molecular level. We
discuss implications of the present results in designing efficient
conjugated polymers for BHJ-based OSCs.

2. COMPUTATIONAL METHODS
Our recent studies29,30 have shown that Becke’s three−parameter
Lee−Yang−Parr exchange-correlation functional (B3LYP)31 upon
dispersion correction using Grimme approach32 produces accurate
structural and electronic properties of PTB7. The B3LYP functional is
also well-known to produce accurate structural and electronic
properties of similar conjugated polymers.33−38 In the present study,
we follow our previous approaches29,30 to fully optimize ground state
geometries of PTB2, PTB7, PTBF2 and PTBF3 oligomers up to the
pentamer using B3LYP/3-21G* followed by the ground and the
excited state computations at B3LYP/6-31G*. All density functional
theory (DFT)39 and time-dependent density functional theory
(TDDFT)40 calculations were performed using NWChem 6.141 and
Gaussian 0942 packages.
From ground state calculations, HOMO−LUMO gap of each

oligomer of PTB2, PTB7, PTBF2 and PTBF3 was calculated as the
difference between HOMO and LUMO energies. The vertical
excitation energies (optical gaps) from the ground state (S0) to the
first excited stete (S1) were calculated for these oligomers using
TDDFT. Both computed HOMO−LUMO and optical gaps for finite
oligomers were then extrapolated to the polymer limit using Kuhn
extrapolation technique.43,44 The ionization potential (IP) and
electron affinity (EA) were calculated from the total energies of
neutral and charged oligomers as,

= − −E EEA (0) ( 1) (1)

= + −E EIP ( 1) (0) (2)

Here, E(0), E(−1) ,and E(+1) are total energies of neutral, negatively
charged and positively charged oligomers, respectively. To investigate
the electronic properties of oligomer/fullerene complexes, each of the
oligomer and fullerene was initially optimized separately. The
oligomer/fullerene complexes were then constructed by positioning
the fullerene close to the central benzodithiophene of the backbone.
Each of these complexes was optimized at constrained donor−
acceptor distances to calculate minimum-energy complexes and their
electronic properties.

3. RESULTS AND DISCUSSION
3.1. Isolated Oligomers. 3.1.1. MEP and BLA. We start

with the computed results on isolated PTB2, PTB7, PTBF2,
and PTBF3 oligomers. Fluorine is an electronegative atom and
hence it exhibits inductive effect by pulling the electron density
toward it when bonded with a carbon atom of the backbone.
The changes in the electron density across the oligomers as a
result of inductive effect of the fluorine atom can be visualized
from the three-dimensional molecular electrostatic potential
(MEP) surfaces (Figure 2a). The distribution of positive and

negative charges within the MEP surfaces of PTB2, PTB7,
PTBF2 and PTBF3 are depicted by blue and red colors,
respectively. In Figure 2a, the intense red color in PTB2
corresponds to oxygen atoms and the area covered by red color
increases in the order PTB2 < PTB7 < PTBF2 < PTBF3
because of the increasing composition of fluorine atoms. As a
result of change in electron densities in MEP surfaces upon
fluorination, the atomic charges vary as shown in Figure 2b.
Although the absolute magnitude of Mulliken atomic charges

Figure 1. Schematic representation of polythienothiophene-co-
benzodithiophene and its fluorinated derivatives.

Figure 2. Effect of fluorination on (a) MEP, (b) Mulliken atomic
charges, and (c) bond length of polythienothiophene-co-benzodithio-
phene derivetives. In a, PTB2, PTB7, PTBF2, and PTBF3 are top left,
top right, bottom left, and bottom right, respectively. Refer to Figure 1
for the definition of atom and bond numbers. Dotted lines are guides
for the eyes.
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depends on the size of the basis sets, the change of Mulliken
atomic charges as a function of structural modification provides
chemically meaningful insight even with the minimal basis
sets.45 As can be seen in Figure 2b, relative atomic charges of
C2, C9, and C15 (highlighted with shadow-bars) change not
only in magnitude, but also in sign, drastically upon
fluorination.
The change in the electron density also affects the bond

length alterations (BLAs) in PTB2, PTB7, PTBF2 and PTBF3
because the bond between atoms within these polymers is
formed by sharing the electron density. Figure 2c shows the
change in BLAs for PTB2, PTB7, PTBF2 and PTBF3
pentamers. Atom and bond indices shown in Figure 2 are as
defined in Figure 1. The electronegative fluorine atom exhibits
an inductive effect thereby pulling electron density of the
conjugated system toward it. Consequently, bond lengths in the
neighborhood of fluorine atom are affected. The effect is
noticeable for C−C single and double bonds that are adjacent
to the C−F bond, with the change in bond length reaching as
high as ∼0.01 Å (Figure 2c).
These changes in BLAs in PTB2, PTB7, PTBF2, and PTBF3

oligomers vary the intramolecular interactions, which in turn,
affect the planarity of the backbone. In the present study, these
structurally similar oligomers are found to have slightly different
backbone nonplanarity. This increases with fluorine substitu-
tion and reaches a nonplanarity up to ∼30°. Son et al.16 have
reported the nonplanarity of the backbone in these oligomers
up to ∼20° calculated at B3LYP/6-31G*. Our calculations with
dispersion-corrected B3LYP show slightly increased non-
planarity, which is expected when including dispersion
interactions. Our recent study29 with dispersion-corrected
B3LYP shows a nonplanarity of ∼25° in the PTB7 backbone.
3.1.2. Energy Gaps. The computed vertical excitation

energies (Eg
opt) and HOMO−LUMO gaps (Eg

hl) of PTB2,
PTB7, PTBF2, and PTBF3 are plotted in Figure 3. The

available experimental values of Eg
opt and Eg

hl determined from
UV−vis absorption spectroscopy and cyclic voltametry,
respectively,16 are also included in Figure 3 for comparison.
These experimental data are for long oligomer chains with 1/N
≤ 0.005, where N is the number of carbon−carbon double
bonds along the shortest path through the backbone of chains.
The computed Eg

optand Eg
hl are also estimated to the polymer

limit (i.e., 1/N ≈ 0) to facilitate direct comparison between the

computed and the experimental data. For this, Eg
opt and Eg

hl are
calculated for oligomers up to the pentamer and are
extrapolated to the long chain limit using Kuhn extrapolation
technique.43,44

Both computed and experimental values of Eg
opt and Eg

hl

increase with the substitution of fluorine atom to the
thienothiophene and/or benzodithiophene units of oligomers.
For instance, substitution of a fluorine atom to the
thienothiophene unit increases the calculated values of Eg

opt

and Eg
hl from 1.58 and 1.83 eV to 1.65 and 1.90 eV, respectively.

The corresponding increases in the experimental values of Eg
opt

and Eg
hl are from 1.59 and 1.72 eV to 1.68 and 1.84 eV,

respectively.16 Hence, the computed values show good
agreement with the experimental results in terms of the relative
increment of Eg

opt and Eg
hl upon fluorine substitution for all

oligomers. However, the absolute values of computed energy
gaps, particularly Eg

hl, are slightly overestimated compared to the
experimental values. The small differences between computed
and experimental energy gaps can be due to intermolecular and
solvent effects that are present in the experimental measure-
ments but not in the simulation.

3.1.3. Electron Affinities and Ionization Potentials.
Ionization potentials (IP) and electron affinities (EA) are as
important electronic properties as the energy gaps discussed
above. The values of IP and EA determine the ease of
ionization of PTB2 derivatives in the presence of the sunlight
and efficient electron transfer to the fullerene molecule. In
general, efficient electron transfer from the donor to the
acceptor occurs if the former has lower IP and the later has
higher EA. In other words, the relative IP of the donor and the
EA of the acceptor determines the open-circuit voltage (Voc),
which is the crucial parameter of OSC devices. The higher the
value of Voc, the higher is the PCE of OSCs. Hence, among the
fluorinated derivatives of PTB2, the one with the lowest IP and
EA is expected to be the most efficient candidate.
The computed values of IP and EA for PTB2, PTB7, PTBF2,

and PTBF3 oligomers up to the pentamer are summarized in
Figure 4 as a function of 1/N. Here, N is the number of
carbon−carbon double bonds along the shortest path through
the backbone of each oligomer. Values of IP decrease (Figure
4a), whereas values of EA increase (Figure 4b) with the
increase in polymer chain length for all the oligomers
investigated in the present study. The variation in the values
of IP and EA reaches up to ∼0.2 eV for perfluorinated
oligomers compared to the unfluorinated oligomers (Figure 4).
In general, effect of fluorination on IP and EA in the long-chain
limit follows the order: PTB2 < PTB7 ≈ PTBF2 < PTBF3. To
the best of our knowledge, there are no reported IP and EA
values of these oligomers for the direct comparison of the
present work. However, the nature of the variation of these
values with 1/N (Figure 4) is similar to the reported values for
polythiophene.46

3.2. Fullerene/Polymer Complexes. 3.2.1. Equilibrium
Separation. The donor−acceptor distance (rD−A) of polymer/
fullerene complex is one of the crucial parameters affecting the
performance of OSCs because it controls the electron transfer
process from the donor to the acceptor molecule. For the
efficient intermolecular electron transfer, the donor and the
acceptor molecules have to be spatially very close (≤4 Å) to
promote significant overlap of electronic wave functions.47,48

Hence, it is fundamentally important to investigate if there is
any influence of fluorine substitution on rD−A. For this, isolated
fullerene, PTB2, PTB7, PTBF2 and PTBF3 oligomers were

Figure 3. Effect of fluorination on energy gaps as shown. Experimental
values of energy gaps are from ref 16
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initially optimized using dispersion corrected B3LYP without
any constraint. The fullerene molecule was then placed through
its hexagonal face close to the central hexagonal ring of PTB2,
PTB7, PTBF2, and PTBF3 oligomers. These fullerene/
oligomer complexes were then optimized at several constrained
rD−A.
Figure 5 shows the variation of total energies of polymer/

fullerene complexes as a function of rD−A. Plotted Energies in
Figure 5 are relative to the minimum energy for each complex.
The present study shows a minimum energy at rD−A ≈ 3.5 Å for
all complexes of PTB2, PTB7, PTBF2 and PTBF3 with
fullerene, suggesting that fluorination has negligible effect on
rD−A. Energies of complexes increase when rD−A > 3.5 Å and

rD−A < 3.5 Å, and follow the general order, EC60/PTBF3 >
EC60/PTBF2 > EC60/PTB7 > EC60/PTB2. Although there are no
reported data for direct comparison of such variation of
energies across rD−A, the present results are supported by
reported P3HT/fullerene results. Marchiori and Koehler49 have
found the minimum energy of P3HT/fullerene complex at rD−A
≈ 3.5 Å, consistent with the present study. In a practical OSC
device, conjugated polymer chains are blended with fullerene
molecules. The polymer chain conformations are controlled by
intermolecular interactions, which in turn could be affected by
fluorination. The donor−acceptor distance, which is connected
with the accessibility of the polymer backbone to the fullerene
molecule, could be slightly different from the equilibrium
polymer/fullerene complexes in vacuum.

3.2.2. Molecular Electrostatic Potential Surfaces. Sub-
stitution of an electropositive hydrogen atom of a polymer
backbone with an electronegative fluorine atom is expected to
change the charge distributions of complexes. This can be
better understood by creating molecular electrostatic potential
(MEP) surfaces because they allow three-dimensional visual-
ization of the different charged regions of complexes. Figure 6
shows the distribution of positive and negative charges within
the complexes of fullerene with dimers of PTB2, PTB7, PTBF2,
and PTBF3. In Figure 6, the blue color represents an area of
low electron density and has a positive charge. On the other
hand, areas of red color are characterized by an abundance of
electrons and have negative charges. Hence, the spherical
region of a complex that corresponds to electronegative
fluorine and oxygen atoms has red color in Figure 6. Fluorine
atoms are absent in fullerene/PTB2 complex and hence the
intense-red color corresponds to oxygen atoms (Figure 5a).
Fullerene/PTB7 (Figure 5b) and fullerene/PTBF2 (Figure 5c)
complexes involve fluorinations of thienothiophene and
benzodithiophene units, respectively, that are distinct from
more extended red color compared to Figure 6a. Similarly,
Figure 6d represents the extension of negative charge on both
thienothiophene and benzodithiophene regions of the full-
erene/PTBF3 complex.
An important feature evident from Figure 6 is that the

fluorination increases electron density at the interface of
fullerene and polymer. This affects the atomic charges on
carbon atoms in fullerene, particularly atoms that are cofacial to
the polymer backbone. This effect can be characterized
quantitatively by calculating the atomic charges of carbon
atoms in isolated fullerene and fullerene complexes. Figure 7
shows the change in atomic charges on carbon atoms of
fullerene that are cofacial to the polymer backbone before and
after the complex formation. The atomic charges vary from
∼0.02 au for fullerene/PTB2 to ∼0.05 au for fullerene/PTBF3
complexes. In general, the difference in charges before and after
the complex formation increases with the fluorine substitution.

3.2.3. Dipole Moment. The computed ground state dipole
moments of isolated PTB2, PTB7, PTBF2, and PTBF3
oligomers as well as their complexes with fullerene are
summarized in Figure 8. The change in electron density upon
fluorination causes the fluctuation in dipole moments across the
isolated oligomers. Consequently, PTB2, PTB7, PTBF2, and
PTBF3 dimers have dipole moments of 1.2, 4.13, 1.46, and 4.71
D, respectively. These results indicate that fluorination of the
thienothiophene unit has pronounced effect on the dipole
moments whereas fluorination of the benzodithiophene unit
has negligible effect. Carsten et al.50 have also observed the
similar effect and have reported that the fluorination in the

Figure 4. Variation of (a) IP and (b) EA as a function of the reciprocal
of the number of C−C double bonds across the polymer backbone.
Dotted lines are guide for the eyes.

Figure 5. Relative total energies of fullerene/polymer complexes as a
function of their separation distance. Dotted lines are guides for the
eyes.
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thienothiophene unit of PTB7 dimer results in the ground state
dipole moment of 4.10 D, consistent with the present
calculations. These results can be understood in terms of the
electron pulling effect of electronegative fluorine atoms. In
PTBF2, two fluorine atoms pull electrons in opposite directions

and hence net pulling effect is negligible. As a result, PTBF2 has
comparable dipole moment to that of PTB2. In contrast, the
very high dipole moment of PTB7 is due to the strong pulling
effect of fluorine atom in each thienothiophene unit. Overall,
the dipole moments across the isolated oligomers follow the
order: μPTB2 ≈ μPTBF2 ≪ μPTB7 ≈ μPTBF3. This holds equally
true for fullerene/oligomer complexes (Figure 8). The dipole
moment may control the extent of dissociation of excitons at
the donor/acceptor interface. Strong dipole moment facilitates
the charge separation, whereas weak dipole moment facilitates
charge recombination.

3.3. Implications to OSC Performance. The present
work is beneficial to the BHJ-based OSC community for two
reasons: First, the computed results explain the experimentally
observed variable PCE of PTB2, PTB7, PTBF2 and PTBF3
based OSCs. Second, outcomes of the present work highlight
the important factors that need be considered while designing
the high-performance conjugated polymers of OSCs.
The experimentally reported PCE of OSC is calculated using

the equation51

η =
V J

P

FF
e

oc sc

in (3)

where Voc, Jsc, Pin, and FF are the open-circuit voltage, the
short-circuit current, the incident solar power and the fill factor,
respectively. Jsc and FF are characteristics of mobilities and
lifetimes of charge carriers, and tuning them is complicated.51,52

Hence, the current focus of OSC research is to increase Voc,
which is characteristic of the electronic properties of the donor
and the acceptor as53

= | | − | | −V
e

E E V
1

[ ] 0.3oc HOMO
Donor

LUMO
Acceptor

(4)

For a given PCBM as an electron acceptor, Voc is approximated
by the energy difference between HOMO of conjugated
polymer and the LUMO of PCBM, EDA. In OSCs, EDA
represents the maximum achievable voltage. However, Voc
cannot be increased too far by decreasing the HOMO level
of a polymer because too low HOMO−HOMO offset hinders
hole transport thereby favoring charge recombination. Voc for

Figure 6. MEP surfaces of (a) fullerene/PTB2, (b) fullerene/PTB7, (c) fullerene/PTBF2, and (d) fullerene/PTBF3 complexes.

Figure 7. Variation in Mulliken charges on carbon atoms of fullerene
that are cofacial to the polymer backbone during the complex
formation. Dotted lines are guide for the eyes. See Figure 1 for the
notation.

Figure 8. Computed ground-state dipole moments of isolated PTB2,
PTB7, PTBF2, and PTBF3 dimers and their complexes with fullerene.
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PTB7, PTB2, PTBF2, and PTBF3 are 0.74, 0.58, 0.68, and 0.75
V, respectively and the reported PCE of OSCs with these
polymers follow the order: PTB7 > PTB2 > PTBF2 >
PTBF3.16 The reason for the superiority of PTB7 against PTB2
can be explained by the higher Voc for PTB7 (higher IP of
PTB7 in Figure 4a). However, PTB2 has higher PCE compared
to PTBF2 (or PTBF3) despite the fact that PTB2 has lower
Voc. This may be due to the fact that at the polymer/PCBM
interface the electronic structure is more complicated than just
the energy levels of these individual materials because of the
polarization effect.
The variation of molecular electrostatic potential surfaces

(section 3.2.2) and dipole moments (section 3.2.3) across the
polymer/fullerene complexes points to the significant con-
tribution of polarization to the induced dipole in the ground
state. The charge transfer contribution to the total induced
dipole is calculated from the net atomic charges on polymer
and fullerene and the polarization contribution is calculated by
subtracting the charge transfer component from the total
induced dipole. As seen in Table 1, results of different DFT

methods (B3LYP, CAM-B3LYP,54 LC-wPBE,55 and LC-
BLYP56) agree that the significant contribution to the interfacial
dipole comes from the polarization effect. At the B3LYP level,
the polarization contribution to the resulting dipoles of
complexes of fullerene with PTB7, PTB2, PTBF2, and
PTBF3 are ∼95, 75, 74, and 89%, respectively. The present
results are in agreement with Linares et al.,57 in which they
found that ∼85% of the interfacial dipole at the pentacene/
fullerene complex is due to the polarization effect in the ground
state.
In the excited state, the significant contribution to the

interfacial dipole comes from the charge transfer effect. At the
B3LYP level, the computed charge transfer contribution to the
excited state induced dipole for these complexes range from 65
to 74%. Moreover, the dipole moment of the excited state
increases substantially. The change in the interfacial dipole
moment (Δμge) is calculated from the ground state dipole
moment (μg) and the excited state dipole moment (μe) as

50

μ μ μ μ μ μ μΔ = − + − + −[( ) ( ) ( ) ]ge gx ex
2

gy ey
2

gz ez
2 1/2

(5)

The computed values of Δμge for complexes of fullerene with
PTB7, PTB2, PTBF2, and PTBF3 monomers at the B3LYP
level are 23.7, 19.6, 19.2, and 18.9 D, respectively. The values of
∼4 and ∼16 D are reported for isolated thieno[3,4-b]thiophene
component in a thienothiophene fluorinated PTB2 monomer50

and BnDT-DTffBT monomer,58 respectively. The present
results show that Δμge increases for polymer/fullerene complex
compared to the individual component and PTB7/fullerene has
the largest Δμge indicating efficient charge separation at the
interface. In fact, Zhong et al.59 have reported that the PCE of

P3HT/PCBM device increases with the increase in the
molecular dipole moment at the interface.
At the polymer/fullerene interface, frontier molecular orbitals

are affected by the interfacial dipole. The energy difference
between HOMO levels of polymer and fullerene in the
polymer/fullerene complex (also called the HOMO offset
(ΔHOMO)) is particularly important parameter because a higher
magnitude of ΔHOMO suggests an efficient hole transfer and
hence a charge dissociation at the interface.57 Values of ΔHOMO
calculated at the B3LYP level for PTB7, PTB2, PTBF2, and
PTBF3 are 0.53, 0.50, 0.49, and 0.47 eV, respectively. Although
the absolute values of ΔHOMO in the present calculations suffer
from short chain length and the absence of solid-state effect,
relative variation of ΔHOMO for these complexes are consistent
with the observed PCE in the order: PTB7 > PTB2 > PTBF2 >
PTBF3.
The efficient charge dissociation required for higher quantum

yield of OSC could also be explained in terms of the relative
free energy difference for charge separation, ΔGCS

rel = ES − (IP −
EA), at the donor/acceptor interface.60,61 Here, Es is the singlet
excitation energy, IP is ionization potential of the donor and EA
is electron affinity of the acceptor. A small −ΔGCS

rel favors
recombination loss whereas, a large value of −ΔGCS

rel favors
efficient charge dissociation at the donor/acceptor interface.61

The present calculations at the B3LYP level show that the
values of −ΔGCS

rel for PTB7, PTB2, and PTBF2 are 0.47, 0.39,
and 0.28 higher, respectively, relative to −ΔGCS

rel (0.38 eV) for
PTBF3, again consistent with the observed PCE in the order:
PTB7 > PTB2 > PTBF2 > PTBF3.
All of these facts together imply that efficiency of OSC can

be increased by designing a conjugated polymer that has low
energy gaps, large dipole moment and the proper interfacial
energy level offset. In this study, we explored the influence of
fluorination on electronic properties. It should be noted that
the fluorination may also influence the morphology of the
active layer in OSC. The change in the molecular structure of
active layer components affects the performance of OSC
because of its influence on charge separation and charge carrier
mobility as discussed in the recent review.17 Considering
energy gaps and IP, PTB2, and PTB7 have potential for the
efficient OSC. However, considering dipole moment and
energy level offset, PTB7 is the only promising candidate out
of PTB2 derivatives. Hence, the present study supports the
experimental findings that only the fluorination of thienothio-
phene unit of PTB2 increases the PCE of OSC. The present
study further suggests that the effort to design efficient
conjugated polymers for OSC should be directed not only to
pursuing low energy gaps but also to focusing the low IP, low
EA, and high interfacial dipole moment.

4. CONCLUSIONS

First-principles calculations were employed to investigate the
effect of fluorination on electronic properties of isolated
polythienothiophene-co-benzodithiophenes as well as their
complexes with fullerene. Energy gaps (Eg

optand Eg
hl), ionization

potentials (IP), electron affinities (EA), dipole moments (μ)
and molecular electrostatic potentials (MEP) surfaces of
isolated oligomers were computed using ground state (DFT)
and excited state (TDDFT) calculations. Eg

opt and Eg
hl computed

for isolated oligomers were extrapolated to the infinite chain
limit, which were found to be in good agreement to reported
experimental values. The equilibrium separations (rD−A), MEP

Table 1. Polarization Contribution (%) to the Induced
Dipole at the Polymer/Fullerene Interface Computed Using
Various DFT Functionals Combined with 6-31G(d) Basis
Set

complex B3LYP CAM-B3LYP LC-BLYP LC-wPBE

PTB7/C60 95 95 95 92
PTB2/C60 75 82 87 67
PTBF2/C60 74 82 86 68
PTBF3/C60 89 91 91 87
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and μ for fullerene/polymer complexes were investigated using
DFT calculations.
Fluorinated derivatives were found in the present inves-

tigation to have increased Eg
opt, Eg

hl, IP, EA, and MEP compared
to PTB2. The value of rD−A was found to be independent to the
fluorine substitution whereas μ was found to be strongly
dependent on fluorine substitution to the thienothiophene
units. The relatively smaller energy gaps and stronger dipole
moment of PTB7 compared to PTB2 derivatives indicate that
PTB7 has more potential to be an efficient electron donor for
OSC devices, in agreement with the recent experimental
findings. The present study suggests that IP, EA, and interfacial
dipole should be given equal attention as energy gaps while
further designing the efficient conjugated polymers.
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