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Abstract Computationally driven material design has
attracted increasing interest to accelerate the search for
optimal conjugated donor materials in bulk heterojunction
organic solar cells. A series of novel copolymers containing
benzo[1,2-b:4,5-b’]dithiophene (BDT) and thieno[3,4-c]pyr-
role-4,6-dione (TPD) derivatives were simulated by density
functional theory (DFT) and time-dependent density function-
al theory (TD-DFT). We performed a systematic study on the
influences on molecular geometry parameters, electronic
properties, optical properties, photovoltaic performances,
and intermolecular stacking as well as hole mobility when
different chalcogenophenes in TPD derivatives were used and
functional groups with different electron-withdrawing abilities
such as alkyl, fluorine, sufonyl, and cyano were introduced to
the nitrogen positions in electron-deficient units. The
substitution position of electron-withdrawing groups
may cause little steric hindrance to the neighboring donor
units, especially fluorine and cyano group. It was found that the
incorporation of these new electron-deficient substituents and
sulfur-selenium exchange can be applicable to further modify
and optimize existing molecular structures. Our findings will
provide valuable guidance and chemical methodologies for a
judicious material design of conjugated polymers for solar cell
applications with desirable photovoltaic characteristics.
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Introduction

In the past few years, organic solar cells, especially the bulk
heterojunction polymer solar cells have attracted much
attention because of their advantages of low cost, easy
fabrication, light weight, and the capability to fabricate
flexible large-area devices [1]. The development of new
device architectures including tandem and ternary solar
cells has enabled organic polymer solar cells to break
through the benchmarking efficiency of 10 % [2—4].
However, the current challenges for organic solar cells are
still to improve the power conversion efficiency (PCE) as well
as durability and costeffectiveness, to compete with their
silicon-based counterparts [2].

When a light irradiates the active layer of the organic solar
cells through the transparent indium tin oxide electrode, the
conjugated polymer donor will absorb photons to produce
electron—hole pairs which will diffuse toward the donor/
acceptor interface where the electrons will transfer from the
LUMO of the donor to the LUMO of the acceptor [3]. In the
meantime, the holes have a similar process of electrons. Then
the separated electrons and holes will be collected by metal
cathode and indium tin oxide anode after a transport along
acceptor and conjugated polymer interpenetrating network to
form photocurrent and photovoltage. The design and synthe-
sis of new conjugated donor materials with desirable chemical
and physical properties was very important in realizing highly
efficient organic solar cells, along with effective control of
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charge generation, separation, transport, and extraction [5-7].
A general strategy to design p-type conjugated polymer is a
donor-acceptor alternating polymer structure [4], which leads
to a low band gap for efficient light harvesting.

Recently, the photovoltaic performances of alternating co-
polymers containing benzo[1,2-b:4,5-b’]dithiophene (BDT)
as the donating moiety have attracted much attention, because
it possesses a planar structure and BDT-containing copoly-
mers have high hole mobility and suitable electronic energy
levels [5, 8]. Some BDT-based small molecules and polymers
show great potential in organic solar cells with high PCEs up
to 8 % with high open-cicuit voltage (V,.) [9-11]. Thieno[3,4-
clpyrrole-4,6-dione (TPD) unit [6, 7] with relatively simple,
compact, symmetric, and planar structure could be beneficial
for electron delocalization when it is incorporated into various
conjugated polymers. The chemical structure of BDT segment
and TPD fragment is illustrated in Scheme 1. Zou and co-
workers have designed, synthesized, and characterized a new
copolymer combining BDT and TPD units with a resulting
PCE reached 5.5 % [12]. However, the relatively weak
electron-withdrawing ability of TPD unit may be the main
factor limiting the polymer solar cell performance [13].
Herein, to maximize the overall performance of organic poly-
mer solar cells, further structural modifications to the electron-
deficient unit are undoubtedly necessary.

Computationally driven material design has attracted in-
creasing interest [9, 14], many quantum mechanical simula-
tions on the polymer systems have focused on the influence of
substituent on the performance of polymer solar cells, includ-
ing TPD-based push-pull conjugated polymers [15-18].
However, a study of electron-withdrawing group on nitrogen
atom with little steric hindrance between neighboring aromat-
ic repeat units in BDT-TPD-based copolymers appears to be
lacking, which can be a useful method for enhancing intramo-
lecular electron transfer in donor-acceptor conjugated poly-
mers. In this study, theoretical analysis on the influences of
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Scheme 1 Chemical structure of BDT segment, TPD fragment, and
studied conjugated polymers. The polymers are named at the bottom
according to the variety of the heteroatom and substitution group
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substitution group with different electron-withdrawing ability
like alkyl, sulfonyl, fluorine, and cyano groups on the inter-
esting position on photophysical properties of the copolymer,
as well as heteroatom effects of chalcogen substitutions
into the thiophene units of TPD derivatives, is reported.
The chemical structure of studied conjugated polymers
is depicted in Scheme 1. Through a series of structural
modifications to the electron-deficient unit, we aim to
provide insightful strategy and chemical methodologies
to the future rational design of conjugated donor materials,
especially to meet the particular requirements of different
device architectures on the donor components, such as a
prominent photocurrent or photovoltage combined with a high
efficiency, to further maximize the overall performance of
polymer solar cells.

Computational details

Geometry optimizations and simulation of optical absorption
spectra were performed by DFT and TD-DFT, as implemented
in the Gaussian09 program suite [10]. The side chain alkyl of
copolymers merely aided in improving solubility without
affecting electronic and optical properties [11], to simplify
the calculation, all alkyl branched-chains were replaced by
ethyl groups, and the terminals of the repeating units were
saturated with hydrogen atoms. In order to find an appropriate
functional and basis set for the calculations of studied poly-
mers, we choose three hybrid functionals including PBEO
[19], PBEh1PBE [20], and mPW1PBE [19] at 6-31G* and
6-311G* basis sets to calculate the dimer models of PBSA and
PBSeA. As shown in Table S1 and Table S2, the calculated
results of HOMO energy levels at mPW1PBE/6-31G* level
(—5.50 and —5.48 eV for DBSA and DBSeA, respectively;
here “D” means dimer) agree well with the experimental
values of the polymers (—5.56 and —5.51 eV for PBSA and
PBSeA, respectively) [21]. Thus, the ground state geometries
of all dimers and monomers were optimized in gas-phase
within the mPWIPBE functional, using 6-31G* basis set,
meanwhile the HOMO energy levels of dimers were predict-
ed. To predict the band gaps (vertical exCitation energy) of
these polymers, three kinds of time-dependent density func-
tional methods of mPW1PBE [19], B3LYP [22], and O3LYP
[23] with different basis sets were applied both in gas phase
and in chloroform solution. As listed in Table S3-S6, all
vertical electronic transition energy of the first excited states
(S1) and oscillator strength (f) are smaller in gas phase
than in chloroform solution, but the energy gaps and f
of the second exited states (S2) are almost unchanged.
Among those methods, the TD-O3LYP/6-311G* approach
in chloroform solution (2.08 and 2.04 ¢V for DBSA and
DBSeA, respectively) is the best choice to save computational
time and in agreement with the experimental values (2.03 and
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1.95 eV for PBSA and PBSeA, respectively) [21]. Moving to
the direct comparison of normalized experimental absorption
spectra and calculated spectra at O3LYP/6-311G* level in
chloroform solution for PBSA and PBSeA, reported in
Fig. 1, we can see our simulations well reproduce the exper-
imental results with slightly blue shift, within 0.1 eV.
Therefore, we conducted the following band gap calculations
and discussions using the same method with a dimer model.
The LUMO energy levels were estimated from the equation
[24], ELumo=Enomo+Egtp. A similar strategy has been
used in the experiments (Er ymo=EnomotEopt) [15]. There
are no imaginary frequencies for all monomers and dimers at
the present theoretical level. It implies that all the optimized
structures are the global minima on the potential energy sur-
face and stable structures.

Electronic density topological analyses were carried out at
the B3LYP/6-31G* level based on the optimized geometries.
The topological analyses are obtained from the atom in mol-
ecule (AIM) calculation [16]. The natural bond orbital (NBO)
[17] analysis is also carried out at the B3LYP/6-31G* level on
the optimized geometries. In the computation of the reorgani-
zation energy, the cation geometry of molecules were also
carried out at mPW1PBE/6-31G* level, and the energy of the
neutral geometry based on the optimized cation geometry, was
obtained from single point energy computation in the same
method [18, 25]. The correlative computations of transfer
integral are performed at PW91PW91/6-31G** level on di-
mers [26] and the 7t-stacking distance between the two adja-
cent segments was scanned by M062X/6-31G** [27].

Results and discussion
Geometry parameters and electronic properties

The geometry parameters and electronic properties of mono-
mers involving MBSA, MBSeA, MBSF, MBSeF, MBSS,
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MBSeS, MBSC, and MBSeC (here “M” means monomer),
as well as intramolecular charge transfer (Dc1) based on
optimized structures, are shown in Fig. 2. Inspected Fig. 2, it
can be seen that the dihedral angles in studied monomers are
in close proximity to 0°. So these compounds all are coplanar
structures. The sum of natural charges (Snc) is positive in
BDT units and negative in TPD derivatives. It indicates that
the charges are partly transferred from BDT units to TPD
derivatives in these monomers. The amount of intramolecular
charge transfer (Dct) which is defined as the absolute value of
Snc could be used to exhibit the electron-withdrawing power
of molecular segment. The Dt in MBSA, MBSeA, MBSF,
MBSeF, MBSS, MBSeS, MBSC, and MBSeC are 0.058,
0.054, 0.079, 0.074, 0.078, 0.075, 0.097, and 0.093,
respectively. It indicates the thiophene-based (S series)
molecules give stronger electron withdrawing ability
than selenophene-based (Se series) molecules. In S se-
ries (a similar trend in Se series), the sequences of the
values of Dct are MBSC>MBSF>MBSS>MBSA, while
the electron-withdrawing abilities of the substituents are
in the order of MBSC>MBSS>MBSF>MBSA. It indi-
cates the sequence of MBSS and MBSF is abnormal,
which may be caused by the steric hindrance of sulfonyl
group between neighboring thiophene unit. However, more
atomic interactions exist in sulfonyl-based compounds, like
0, to O4 and O; to H;, which play a major role in the
electronic properties and molecular stability of these mono-
mers. Compared the bond length of carbon-chalcogen (C,-Y),
C,=C;5 and C;3-C4 in S series molecules with that in Se
series molecules, taking MBSA and MBSeA as exam-
ples, it can be seen that the bond length of C,-Se
(1.886 A) for MBSeA is longer than C,-S (1.758 A) for
MBSA due to the different sizes of sulfur and selenium, while
the C,=C; double bond length (1.374 A) for MBSeA is
slightly shorter than that for MBSA (1.376 A) and C5-C,
single bond length (1.423 A) for MBSeA is slightly longer
than that for MBSA (1.419 A).
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Fig. 1 Comparison between the normalized experimental (black line) and calculated absorption spectra (red line) in chloroform solution by

O3LYP/6-311G* for PBSA (left) and PBSeA (right)
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Fig. 2 Geometry parameters and electronic properties of all studied monomers

In order to obtain detailed bonding character, the complete-
ly topological analyses are performed for the central bonds
(C1-C,) of all studied monomers. The bonding critical points
(BCPs) are points of minimum electron density p(r) along the
bond [16]. It provides a measure for the 7t character of a bond
and structural stability. The charge densities p(r), the Laplacian
V,zj(r), the Wiberg bond indexes (WBIs) [28] as well as the
bond length (Lp) are listed in Table 1. Inspecting Table 1, we
can find that the bond lengths of central bond (in the range of
1.439-1.444 A) are larger than that of C = C (1.33 A) and
smaller than that of C-C (1.54 A). In view of S series mole-
cules, it can be easily found that the order of the bond lengths
of central bond is MBSA>MBSF>MBSS>MBSC by examin-
ing individual compound. In the meantime, the bond
lengths of the Se molecules are smaller than that of
the corresponding S molecules. This trend is tightly related
to the electron-withdrawing capacity of electron-deficient
units. The electron-withdrawing power of S series molecules
(a similar trend in Se series) are sorted in the order of

Table 1 BCP properties of central bond in monomers

Monomers p(r) Vf)(r) EBCP Lg(A) WBIs
MBSA 0.2827 —0.7195 0.134 1.444 1.140
MBSF 0.2832 —0.7220 0.136 1.443 1.144
MBSS 0.2833 -0.7222 0.137 1.442 1.147
MBSC 0.2856 —0.7329 0.144 1.441 1.151
MBSeA 0.2835 -0.7216 0.126 1.442 1.150
MBSeF 0.2840 —0.7243 0.128 1.441 1.154
MBSeS 0.2839 —0.7231 0.129 1.441 1.156
MBSeC 0.2847 —0.7268 0.131 1.439 1.161

@ Springer

MBSC>MBSS>MBSF>MBSA. These analyses indicate that
the electron-withdrawing power of TPD derivatives in push-
pull conjugated compounds has an impact on the structures. In
S series molecules, both electronic density p(r) (more posi-
tive) and Laplacian Vﬁ(r) (more negative) of central bonds
increase with the electron-withdrawing ability of the substitu-
tions. The egcp and WBIs are also increased upon electron-
withdrawing power of the substitutions, which suggest that
the 7t characters of the central bonds are strengthened. It can
also show that there is the same trend from S molecules to Se
molecules which indicate the substitution of sulfur by seleni-
um also strengthen the 7t character. When it comes to Se series
molecules, this trend is changed between MBSeS and MBSeF,
which implies that synergistically incorporating selenium
and fluorine may be a useful approach to enhancing effective
TT-conjugation.

After analysis of these results, it is clear that the changes of
substituted functional group and heteroatom have an impact
on the whole molecular geometry and electron properties.
Both the strengthening of substituent electron-withdrawing
power and substituting sulfur in these TPD-bassed structures
with selenium could contribute to effective 7t-conjugation and
enhance the stability of the whole system. The geometric and
electronic differences may undoubtedly create the changes of
other properties.

Optical properties

The vertical singlet-singlet electronic transition energies and
optical absorption spectra of all polymers were calculated at
O3LYP/6-311G* level in chloroform solution with a dimer
model Fig. 3 shows the simulated absorption spectra
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Fig. 3 Calculated optical absorption spectra of S series molecules (left) and Se series molecules (right)

(considering the first 20 excited states). The calculated
electronic transitions, oscillator strength (f), and main
configurations of all dimers are listed in Table 2.

The main transitions of all donors in visible range corre-
spond to the transitions from HOMO to LUMO, HOMO to
LUMO+1, HOMO to LUMO+2, HOMO-1 to LUMO, and
HOMO-2 to LUMO. As shown in Table 2 and Fig. 3, the
maximum absorbent wavelengths of DBSA, DBSF, DBSS,

and DBSC are 597, 625, 631, and 671 nm, respectively;
indicating S series are red-shifted with the increase of the
substituent electron-withdrawing ability. In the meantime, a
similar tendency for predicted maximum absorption wave-
lengths of Se series could be found. Compared with S series
molecules, the calculated Sy to S; absorptions of DBSeA,
DBSeF, DBSeS and DBSeC are 609, 634, 643, and 681 nm,
respectively, which indicated that the first absorption peaks of

Table 2 Calculated electronic

transitions, oscillator strength (f) dimers E™ Ammax f Major configuration Exp.A
and main configurations of all (eV) (nm) (nm)
dimers
DBSA S 2.08 597 0.75 H—L(98 %) 610°
S, 2.34 554 0.28 H-1-L(93 %), H>L+1(4 %) 550"
Ss 2.67 465 0.76 H-2—L(92 %), H>L+2 (7 %)
DBSF S 1.98 625 0.44 H—L(98 %)
S, 2.16 575 0.45 H-1-L(93 %), H>L+1(4 %)
Se 2.62 474 0.80 H-2—L(90 %), H—L+2 (6 %)
DBSS S, 1.97 631 0.59 H—L(98 %)
S, 2.12 585 0.30 H-1-L (93 %),H—L+1 (4 %)
Se 2.59 478 0.65 H-2—L (62 %), H—>L+2 (34 %)
DBSC S 1.85 671 0.34 H—L(98 %)
S, 2.04 608 0.48 H-1-L(94 %), H>L+1(3 %)
Se 2.50 496 0.72 H-2—L(87 %), H-1>L+2(7 %), H>L+2(4 %)
DBSeA S 2.04 609 0.83 H—L(98 %) 635"
S, 2.19 566 0.23 H-1-L(94 %), H>L+1(3 %) 565"
Ss 2.63 472 0.84 H-2—L (96 %)
DBSeF S 1.96 634 0.53 H—L(98 %)
S, 2.12 585 0.39 H-1-L(95 %), H>L+1 (3 %)
Ss 2.57 482 0.53 H-2—L (66 %), H—L+2 (31 %)
DBSeS S, 1.93 643 0.68 H—L(98 %)
S, 2.07 599 0.24 H-1-L(95 %), H—>L+1 3 %)
Ss 2.54 489 0.84 H-2—L (92 %), H—>L+2 (5 %)
DBSeC S 1.82 681 0.41 H—L(98 %)
S, 2.00 620 0.45 H-1-L(95 %), H>L+1 (2 %)
Se 2.48 501 0.55 H-2—L(61 %), H—>L+2 (34 %)

# from reference [21]

@ Springer
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the studied molecules are red-shifted from S series to Se series
due to the strengthened conjugated effect (see section
Geometry parameters and electronic properties). Hence, com-
pared to the initial structure, the absorption peaks of modified
molecules become much broader, which will facilitate more
efficient sunlight absorption.

For an in-depth research of electron transition, the electron
density difference plots of electronic transitions for the main
excited states of all dimers are illustrated in Fig. 4. As shown
in Table 2 and Fig. 4, three obvious absorption peaks of all
these dimers are assigned to t— 7t* type transitions. The S, to
S; absorption peaks of all dimers are assigned to electron
transfer from HOMO to LUMO correspond to intramolecular
electron transfer direction substantially from the electron-rich
units to the electron-withdrawing units. The second ab-
sorption transitions of all calculated dimers correspond
to HOMO-1 to LUMO and HOMO to LUMO+1, show-
ing more obvious separations of electrons and holes.
When it comes to the third transitions with the largest
absorption intensity, the transitions of almost all dimer
models are assigned to HOMO-2 to LUMO and HOMO
to LUMO+2, showing the most complete charge sepa-
ration. It is thus clear that our structural modifications
make little difference to the transitions above and that all
absorption wavelengths are corresponding to obvious elec-
tronic transitions which implies that all molecules would have
favorable absorption capacity in both visible region and near-
infrared region.
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Photovoltaic properties

Frontier molecular orbital surfaces play a major role in
explaining the changes of energy level with our molecular
modifications. We plotted the contour plots of HOMO and
LUMO orbitals of all dimers in Fig. 5. Figure 5 shows that the
HOMOs of all the molecules are spread over the whole 7-
conjugated backbones and display anti-bonding character be-
tween two adjacent fragments and bonding character within
each unit. Therefore, the structural changes (by incorporating
different electron-withdrawing groups and sulfur-selenium
exchange) on the acceptor units will contribute to the
LUMOs of the donor-acceptor units in the same way as to
the LUMOs of separated acceptor units. In the case of
LUMOs, electrons are withdrawn from the ring junctions
and localized on the accepter moieties. The LUMOs of these
push-pull polymers arise from the bonding linear combination
from the lowest unoccupied orbitals of the corresponding
acceptor units with the right symmetry and the LUMOs of
the corresponding donor units. As a result, our structural
modifications have an impact on the LUMOs of whole mol-
ecules. Moreover, the HOMOs and LUMOs topologies show
certain overlap, which is a prerequisite to allow for an effec-
tive intramolecular charge transfer.

It is interesting to analyze the effect of structural modifica-
tions on photovoltaic properties of the resulting molecules.
The band gap of the polymer should be minimized to maxi-
mize the spectral absorption and thereby achieving better
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Fig.4 Electron density difference plots of transitions for the main excited states of S series (left) and Se series (right). Blue and purple colors correspond

to an increase and decrease of electron density, respectively
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Fig. 5 The contour plots of frontier molecular orbital for all D-A dimer models

performance. With smaller energy gap, it can obtain absorp-
tion in the infrared and near-infrared (NIR) regions, where the
maximal photon flux of the sun is located [29]. In the mean-
time, to obtain efficient charge transfer to the acceptor, donor
must posses a downhill energetic driving force which exceeds
the binding energy. The binding energy from the coulomb
interaction in the donor is estimated to be 0.2~1.0 eV [30].
The photovoltaic parameters of all studied molecules are listed
in Fig. 6

As shown in Fig. 6, for the S molecules and their
corresponding Se molecules, the values of HOMO en-
ergy levels follow the order DBSC<DBSF<DBSS<DBSA,
which agrees with the values of Dcr. The values of LUMO
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S
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_ 057 061 . 056 058 ..
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=
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; 55 571 566 586 O 57 565 5gs

T T : " . T : .
DBSA DBSF DBSS DBSC DBSeA DBSeF DBSeS DBSeC
Fig. 6 Photovoltaic parameters of all studied molecules

levels follow the same trend with the values of HOMO levels.
However, the band gaps follow a different trend, that is,
DBSC<DBSS<DBSF<DBSA. The reason for the difference
may be that the fluorine on DBSF (DBSeF) is less conjugated
with the backbone than sulfonyl group on DBSS (DBSeS).
It obviously shows that DBSC (DBSeC) has the lowest
energy gap due to the strong inductive and conjugative
effect of cyano group. On the other hand, from S
molecules to Se molecules, the values of HOMO levels
are increased by 0.1 eV, which may be caused by a
slightly weaker electronegativity of selenium than that
of sulfur. However, there is a reduced tendency for the
LUMO levels with this sulfur-selenium exchange, which
contributes to a smaller energy gap. These findings verify
the conclusions in the reported works [31] and confirm that
changing the electron withdrawing ability of substituted func-
tional groups on nitrogen atoms of TPD-based conjugated
polymers and thiophene-selenophene exchange in TPD deriv-
atives can be an effective tool to tune their molecular energy
levels.

Another key parameter of bulk heterojunction polymer
solar cells is the open circuit voltage (Voc) [32]. It is well
known that the larger the V¢ value is, the better the perfor-
mance of solar cells will be [33]. In this contribution, the
HOMO (D)-LUMO (A) oftset model was adopted in consid-
eration of the fact that the work function difference between
indium tin oxide and Al electrode is outside the range —3 and
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0 eV [34]. So the V¢ of the polymer-PCqBM solar cell can
be estimated as Eq. (1) [35]:

Voc = é (|EPHOMO|~|E*LUMO|)~0.3 V, (1)

where e represents the elementary charge and the value of
0.3 Vis an empirical factor. E*LUMO is equivalent to —4.3 eV.
In order to obtain high V¢, the lower HOMO level is re-
quired as the p-type materials in organic solar cells. In Fig. 6,
the calculated Vo of DBSA, DBSF, DBSS, and DBSC are
0.90,1.11, 1.06, and 1.26 eV, respectively. These values are
sorted in the order of DBSC>DBSF>DBSS>DBSA,
which agree well with the values of HOMO energy levels. It
obviously shows cyano-contained compounds have the
greatest Voc due to the strongest electron-withdrawing ability
of cyano group. The same as S series molecules, the Ve of Se
molecules follow the order DBSeC>DBSeF>DBSeS>DBSeA.

According to the design criteria, to obtain efficient charge
transfer to the acceptor, donor must possess a downhill ener-
getic driving force which should exceed the binding energy.
The binding energy from the Coulomb interaction in the donor
is estimated to be 0.2~1.0 eV [36]. Empirically, the energetic
driving force for charge transfer from the donor to the acceptor
is represented by the energy difference between the LUMO
levels of donor and acceptor. However, an energy difference
that is too much larger may result in a waste of energy,
accounting for that it does not contribute to the device perfor-
mance. As shown in Fig. 6, in view of S and Se molecules, the
downbhill energetic driving forces are all beyond the binding
energy according to the L-L values. However, an energy
difference that is too much may result in a waste of energy.
It also shows that our molecular modifications are effective
ways to reduce the L-L values to make better use of energy.
And above all, these ways of energy level modulation is
strongly dependent on the material structure and the energy
level matching in different contexts [37, 38], but the trend with
structural modifications may be very insightful in designing
new materials.

Hole transport properties

In the organic solar cells, high hole mobility for the donors as
a hole transport layer is helpful to enhance the charge transport
efficiency of the devices [8]. Currently, there are two types of
models to describe the carrier draft in materials (the coherent
band model and the hoping model) [39, 40]. At very low
temperature, the charge transport in materials can be described
by a bandlike regime. At room temperature, it is generally
accepted that the carrier transport in materials can be described
as carrier hoping between neighboring molecules by hoping
model. According to Marcus-Hush theory [41, 42], the carrier

@ Springer

transport for organic materials can be described by a hoping
mechanism.

The hole mobility is evaluated from the Einstein relation
[43, 44],

(2)

Here e, D, K, and T stand for the electron charge, the
charge diffusion coefficient, Boltzmann constant, and temper-
ature, respectively. Ford-dimensional system,

x(1)?
D=}L12%< ; >%Zﬁf"”’f G)

where d is the spatial dimensionality, i runs overall nearest
adjacent molecules and r;, k;,and p; are the corresponding
m-stacking distance, charge transfer rate, and hopping prob-
ability, respectively. Furthermore, when considering about
only one neighbor, the diffusion constant along a single mo-
lecular dimer is simply defined as [45, 46]:

1
D= Ekrz, (4)

where k and 7 are the charge transfer rate and intermolecular
distance for dimer, herein, the hole mobility is expressed as
[43, 44]:

et
T2KRT

1 (5)

The widely used charge transfer rate from the classical
Marcus theory reads [47]:

exp <7(>\ + AGO) > : (6)

40\kpT

Here ¢ is the transfer integral between the initial and final
states, A is the reorganization energy which is defined as the
energy change associated with the geometry relaxation during
the charge transfer, and AG® is the relevant change of total
Gibbs free energy. Since the studied molecular semiconduc-
tors contain only one kind of molecule, the charge transfer in
an adjacent molecular dimer is a self-exchange reaction pro-
cess. Therefore, AG® equals zero and Eq. (5) then becomes

2 Fs 22
K=\ T P <_ 4)\kBT> ' @
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It is clear that the two key parameters are the reorganization
energy and transfer integral. The reorganization energy A is
composed of two parts [48]: inner reorganization energy \;
and outer reorganization energy \,. In the case of solar cells,
which are condensed-state systems, the latter could be ig-
nored, thus the former becomes dominant. The inner reorga-
nization energy ); could be calculated as follows:

A=A+ = E+_Ei + E*-E. (8)
Here we use E and E. to stand for the energies of the
neutral segment and the cation segment, respectively. Both
of them lie in the lowest energy geometries, while £+ and E*
denote the energies of the neutral segment and the cation
segment with the geometries of the cation segment and the
neutral segment, respectively [18, 25] the transfer integral ¢
represents the electron coupling strength of the adjacent seg-
ments and can be estimated by Koopmans’ theorem [49]. The
transfer integral of hole are given by the following [50]:

1

= 5 (En—Epn-1),

©)

where Ey and E, are the energies of the HOMO and
HOMO-1 in the closed-shell configuration of the neutral state,
respectively.

The transfer integral is directly connected with the carrier
hopping pathways or intermolecular stacking. In this work,
the two adjacent segments are stacked in the face-to-face
direction. The 7t-stacking distance (r,.,) is obtained from the

Table 3 Reorganization energy (M), -stacking distance (,.,), transfer
integral (t,), hole transport rates (ky,), and hole mobility () of all
molecules. All the measure of energies is eV

Dimers An T (M)t ky pp(em®V ' s7h
DBSA 050  0.40 0.03  1.64x10"  5.12x107
DBSS 0.68 040 0.03 245x10'°  7.62x107*
DBSF 051 038 0.04 2.63x10"  7.38x107
DBSC 051 038 0.06 591x10""  1.66x1072
DBSeA 0.64  0.46 001  4.14x10°  1.70x10°*
DBSeS 068  0.38 0.04 435x10"°  122x107°
DBSeF  0.64 037 0.05  1.03x10"  2.75x1073
DBSeC 062 038 0.06 1.84x10"  5.16x10°

lowest point of potential energy surface as shown in Fig. 7.
The calculated reorganization energy (A,), 7i-stacking distance
(tyn), transfer integral (t,), hole transport rates (k;), hole
mobility (i,) of all dimers were listed in Table 3. As shown
in Table 3, the introductions of the substituents have little
influence on the values of A;, except for sulfonyl-substituted
compounds which have the highest A;, (0.68 eV) which may
be due to the largest changes in the geometry of sulfonyl-
based dimer models when the electron transfer takes place. In
the meantime, the 7t-stacking distance of sulfonyl-contained
molecules is relatively high, especially the r,.,, of DBSeA
(0.46). Herein, this kind of molecules has relatively low
mobility at last. On the other hand, there is an increasing
tendency for the values of t, with the strengthening of
electron-withdrawing ability of the substituents, except
for sulfonyl group. Along with the increase of electron-
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Fig. 7 Potential energy surfaces obtained by scan at M062X/6-31G** level
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withdrawing power of functional groups, the mobility goes up
due to the slightly vibrations of the values of A;, and the lager
ty. It also shows that the incorporation of heavier atom
(selenium) into thiophene of TPD derivative is disadvanta-
geous to the hole mobility.

Conclusions

We report a comprehensive computational study of structural
fine-tuning in relation to physical properties and solar cell
performance for future design of conjugated donor polymers.
A calibration study was carried out to test different functionals
and check the basis set. Our results show the methods we used
in this work could reproduce the experimental HOMO energy
levels and optical band gaps of PBSA and PBSeA very well.
We have performed a systematic study on the effects of alkyl,
sulfonyl, fluorine, and cyano substitutions on nitrogen atoms
of TPD derivatives by combination of heteroatom effects,
aimed to get insight into the effects of structural modifications
on the molecular structure, electron properties, optical prop-
erties, and photovoltaic properties as well as hole transport
properties. The calculated results reveal that the incorporation
of three substitution groups can not only obviously reduce the
HOMO and LUMO level of molecules, but also enhance the
light-absorbing efficiency and charge transport ability of poly-
mers. Increasing the electron-withdrawing strength in D-A
type donors is a rational way to improve the electronic, opti-
cal, and transport properties of the copolymers, therefore
enhancing the performances of organic solar cells. On the
other hand, substituting sulfur in original TPD-based struc-
tures with selenium can stabilize the whole molecule system
and reduce the energy gap, although it has a slight impact on
hole mobility. Hence, sulfur-selenium exchange is also an
effective way to modify and optimize some molecular struc-
tures. This work will provide valuable guidance and chemical
methodologies for material design of push-pull copolymers
with desirable photovoltaic characteristics.
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