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ABSTRACT: Organic photovoltaic materials featuring thiophene-
substituted benzo[1,2-b:4,5-b′]dithiophene (BDT-T) units show
great potential. However, the influence of alkyl side-chain
engineering on BDT-T units in these materials remains elusive.
In this study, we focused on a high-performance small-molecule
BTCN series with an acceptor−donor−acceptor architecture,
where BDT-T serves as the donor. We systematically explored
how varying the number and positions of alkyl chains on lateral
thiophene rings affects the photovoltaic properties. The geometric
parameters and ground and excited state properties were calculated
using density functional theory (DFT) and time-dependent DFT
(TDDFT). The experimentally observed differences in photo-
voltaic performance between BTCN-M and BTCN-O due to
different substituted positions of the two alkyl chains can be explained well by our calculated data. Furthermore, the results show
that, out of the BTCN series considered, BTCN-S1 in which the single-alkyl substitution is next to the sulfur atom of the lateral
thiophene molecule could be a promising donor since it has the most negative average electrostatic potential and strongest light
absorption in the visible region. Lastly, compared to double-alkyl-chain substitutions, single-chain substitution on the BDT-T unit
can decrease the exciton binding energy but may increase the singlet−triplet energy differences in BTCNs. These findings offer
valuable insights into alkyl side-chain engineering for optimizing BDT-T-based organic materials.

1. INTRODUCTION
Developing new solar energy materials is crucial for sustainable
human development. Compared to traditional silicon solar
cells, organic solar cells (OSCs) are known for their flexibility,
lightweight, and roll-to-roll production, sparking global
researchers’ interest.1−5 Presently, the power conversion
efficiency (PCE) of single-junction OSC has reached 19.9%.6

In bulk-heterojunction (BHJ) OSCs, the active layers can
contain polymer or small-molecule donor and acceptor
materials, leading to four types of OSCs. The maximum
PCE of ASM OSCs has reached 18%,7 which is still lower than
that of polymer-based OSCs. Since small molecules offer clear
molecular structures, easy synthesis, purification, modifiability,
and no batch-to-batch variation,5,8−12 the development of
ASM materials has become a focus in the OSC field.
There are several types of small-molecule materials,

including oligothiophenes,13 benzodithiophenes (BDTs),14

naphthodithiophenes (NDTs),15 porphyrins, etc.16,17 Among
them, BDT is often used as the core building block for high-
performance photovoltaic materials with an acceptor−donor−
acceptor (A-D-A) molecular framework. The BDT unit was
first introduced by Hou et al. in 2008.18 It features a rigid
conjugated planar structure and multiple reaction sites, as
shown in Figure 1a. Therefore, BDT-based materials have

tunable molecular energy levels and optical gaps, as well as
high hole mobility.19

In BDT-based materials, small, luminescent π-bridges such
as benzene and thiophene rings are commonly introduced to
modulate the conjugated backbones. These bridges influence
the conformation, altering light absorption, energy levels, hole
mobility, and blend morphology. By incorporation of π-
bridges, photovoltaic materials with diverse properties can be
designed. The introduction of thiophene, compared to
benzene, not only adjusts energy levels but also boosts
intermolecular interactions, fostering π−π stacking and charge
transfer.20,21 This stems from sulfur’s larger atomic radii,
facilitating polarization and stronger interactions between
sulfur atoms. Furthermore, the introduction of thiophene
enables 2D conjugation in BDT-containing molecules. For
instance, lateral thiophene rings attached to BDT units
facilitate electron delocalization, promoting two-dimensional
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π-conjugation, as shown in Figure 1a. This enhances π−π
stacking, exciton diffusion, and charge transport.22 Conse-
quently, BDT-T-based ASM OSCs have achieved a PCE of up
to 16.0%.23

Among BDT-T-based small-molecule materials, Liu et al.
designed two A-D-A molecules BTCN-M and BTCN-O,
utilizing thiophene as a π-bridge linking two electron-
withdrawing 2-(3-oxo-2,3-dihydro-1H-inden-1-ylidene)-
malononitrile (DCI) groups, as shown in Figure 1b.24 DCI’s
electron-withdrawing carbonyl and cyano groups lower LUMO
levels.25 Despite similar structures, BTCN-M and BTCN-O
differ in alkyl chain positions on BDT-T’s thiophene rings:
BTCN-O has two octyls at 1,2-positions, while BTCN-M’s are
at 1,3-positions. These subtle changes significantly affect
photovoltaic properties, with BTCN-O excelling as a donor
with PC71BM and BTCN-M as an acceptor with PBDB-T.26

Currently, there are limited reports exploring the mechanism
of side-chain regulation in ASM OSCs. The reported research
includes the substitutions of alkoxy or alkylthiol,27−29 the
adjustment of length of side chain,30,31 the change of number
of side chains,32 the different position of substitutions of side
chains,33,34 the change of position and size of branched
chain,35 and the addition of phenyl or thiophenyl.36−38

Initially, researchers introduced alkyl side chains to improve
their solubility.39 Later, researchers found that as charge
transfer occurs through the delocalization of π-electrons on
conjugated skeleton, which is largely limited by the effective
conjugation length, the substitution position of alkyl side
chains can precisely adjust the steric hindrance effect, thus
impacting the effective conjugation length and charge carrier
mobility.40 However, the mechanisms by which alkyl side
chains regulate photovoltaic properties remain not very clear,
especially regarding how they influence A-D-A small-molecule
interconversion from electron donor to acceptor, which is
currently underexplored.
To investigate the effects of the position and number of alkyl

side chains on the photovoltaic properties of A-D-A-type small
molecules, we designed four new molecules based on the
existing BTCN series (BTCN-M/O), as shown in Figure 1b.
These molecules comprise the double-chain-substituted
BTCN-P and single-chain-substituted molecules BTCN-S1,

BTCN-S2, and BTCN-S3. In BTCN-M, two octyl chains are
introduced at the 2- and 3-positions of the thiophene units of
BDT-T. Conversely, BTCN-S1, S2, and S3 feature a single
octyl chain at the 1-, 2-, and 3-positions, respectively. We have
employed density functional theory (DFT) and time-depend-
ent DFT (TDDFT) to calculate photoelectric properties of the
BTCN series, including molecular planarity, dipole moments,
frontier molecular orbitals, electrostatic potentials, electron−
hole distributions, UV−visible absorption spectra, exciton
binding energies, as well as singlet−triplet energy difference.

2. COMPUTATIONAL DETAILS
GaussView 5.0 was used for molecular modeling.41 DFT and
TDDFT calculations were carried out using Gaussian 2009
Rev E.0142 software packages. In order to simulate the
environment in experiment, an integral equation formalism
variant polarizable continuum model (IEF-PCM) was
applied.43 We chose chloroform (CF) as the solvent with a
relative dielectric constant of ε = 4.71 for keeping consistent
with the experiment.24

Benchmark calculations were run to test the various levels of
theory by comparing the calculated energy of frontier
molecular orbitals (FMOs) and absorption peaks in the visible
region to experimental results of BTCN-M/O.24 Density
functionals considered include pure density functional PBE,44

classical hybrid density functional B3LYP,45 and long-range
corrected (LRC) density functionals CAM-B3LYP,46

ωB97X,47 and ωB97XD.48 Likewise, multiple basis sets were
also considered, including 6-31G(d), 6-311+G(d), 6-311G(d),
6-311G(d), 6-311G(d,p), Def2TZVP, and Def2TZVPP. For
LRC density functionals ωB97X and ωB97XD, we optimized
the range separation parameter ω. B3LYP/6-31G(d)/PCM
was utilized for geometry optimizations of ground state since
this combination has been proved capable of reproducing
experimental geometry well.49,50 Frequency calculations were
also run to confirm that there is no imaginary frequency.
Previous calculations have shown that, after parameter
optimization, ωB97X and ωB97XD can predict ionization
potential (IP), electron affinity (EA), excited state energy level,
and other properties in good agreement with experimental
values.51 This is because LRC density functionals can partly

Figure 1. (a) BDT and BDT-T comparison; (b) molecular structures of BTCN series (BTCN-M and BTCN-O in the figure have been synthesized
experimentally, and others are newly designed in this work. R1 = R2 = R3 = n-octyl).
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solve the derivative discontinuity problem and self-interaction
error, whereas traditional density functional often leads to
inaccurate and underestimated FMO gaps.52

The ω parameter optimization method is as follows:48

= + +J J J( ) ( ) ( )N N
2 2

1
2

(1)

= [ + ]J E N E N E N( ) ( ) ( 1) ( )N
2

HOMO
2

(2)

= [ + + + ]+J E N E N E N( ) ( 1) ( ) ( 1)N 1
2

HOMO
2

(3)

where EHOMO
ω (N) is the highest occupied molecular orbital

(HOMO) energy of N electron system; Eω(N) is the total
energy of N electron system; and N, N − 1, and N + 1,
respectively, represent neutral, cation, and anion states. The
optimized values of ω for BTCN-M and BTCN-O are 0.01 and
0.03 for the ωB97X functional and 0.03 and 0.02 for the
ωB97XD functional, respectively, as shown in Figure S1.
Exciton binding energy (Eb) is the energy required to

separate excited electron−hole pair into free electrons and
holes.53 The excitons generated by photoexcitation in organic
materials are generally Frenkel excitons, so Eb is typically
around 0.1−1 eV.54 Eb is an important factor affecting the
photovoltaic properties of organic materials because those with
small Eb usually show better charge separation efficiency.54 In
this work, Eb was calculated by using the CAM-B3LYP
functional and Def2TZVP basis set according to the following
equations:55

=E E Eb fund opt (4)

=E IP EAfund (5)

= E N E NIP ( 1) ( ) (6)

= +E N E NEA ( ) ( 1) (7)

=E E N E N( , excited) ( )opt (8)

where Efund is fundamental gap energy; Eopt denotes optical gap
energy, which is the vertical excitation energy from ground
state (S0) to the first excited singlet state (S1) obtained by
TDDFT calculation; IP means the ionization potential; and EA
is the electron affinity.
In addition, we carried out TDDFT calculations for BTCN

series at the CAM-B3LYP/Def2TZVP level and used
Multiwfn3.7 software package56 to generate the UV−vis
absorption spectra. To account for the broadening of the
peak width that occurs in experimental conditions, the full
width at half-maximum (FWHM) of the absorption peak was
set to 0.5 eV and Gaussian broadening was applied.
In organic photovoltaic materials, ΔEST is the energy

difference between the first singlet and first triplet excited
states, which can be approximately equal to the sum of ΔECT
and ΔEBET:

57

= = +E E E E EST S T CT BET1 1 (9)

=E E ECT S CT1 (10)

=E E EBET CT T1 (11)

where ΔECT represents the driving force of the charge transfer
(CT) state, and a smaller ΔECT corresponds to a smaller
voltage loss and therefore a higher open-circuit voltage.58,59

The back electron transport (BET) ΔEBET is the energy
difference between ECT and ETd1

, representing the recombina-
tion of the triplet CT exciton to the T1 state. Decreasing ΔEBET
can reduce the recombination of triplet CT excitons.60−62

Thus, a small ΔEST can effectively solve the problem of voltage
loss and charge recombination in OSCs.63,64

To further analyze the properties of excited states of these
molecules, the intramolecular charge transfer distance (DCT)
and amount (qCT) of S1 state were calculated with Multiwfn3.7
software package.56

The formula to obtain DCT is as follows:65,66

= | |D X Xx ele hole (12)

= | |D Y Yy ele hole (13)

= | |D Z Zz ele hole (14)

= + +D D D D( ) ( ) ( )x y zCT
2 2 2

(15)

where Xele, Yele, and Zele represent the X, Y, and Z coordinates
of excited electron, respectively, and Xhole, Yhole, and Zhole
denote the X, Y, and Z coordinates of the corresponding hole,
respectively.
Likewise, qCT means the quantity of charge whose

distribution is perturbed during the process of excitation.
This amount can be obtained from the following equations:66

= = ++r r r( ) ( ) ( )EX GS (16)

= +q dr
r

CT 0 (17)

Here, ρ is the electron density; EX/GS means excited/ground
state, respectively; and Δρ is the electron density difference
during the excitation, and can be divided into positive ρ+ and
negative ρ− parts. Electron−hole distribution diagrams of the
S1 states of the six BTCN molecules were generated using the
Multiwfn3.756 and IQmol software packages.67 In addition,
electrostatic potential (ESP) diagrams were also created using
the Multiwfn3.7 software package.56

The fluorescence quantum yield of BDT and BDT-T was
also calculated with the B3LYP/6-31G(d)/PCM theory level.
We calculated radiative transition rate (kr) and nonradiative
transition rate (kic) with MOMAP-2021A software pack-
age.68,69

3. RESULTS AND DISCUSSION
In this section, we first discuss benchmark calculations. Then,
we compare the molecular geometry parameters and ground
state electronic structures of the BTCN series. Next, the
photovoltaic properties including electronic absorption spectra,
Eb, ΔEST, electron−hole distributions of S1 state, and ESP are
presented and discussed.

3.1. Benchmark Calculations. In the initial molecular
modeling for this study, all possible orientations and
configurations of the BTCN series of molecules were tested.
For example, the side thiophene of the BDT-T unit could
adopt multiple rotational configurations in these molecules.
Geometry optimizations were carried out for all six molecules,
and the configurations that have the lowest energy were
selected as the ground state structures, as shown in Figure S2.
In order to determine the level of theory best suited to the

BTCN series, we first performed benchmark calculations. The
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FMO energy and wavelength of main absorption peaks of
BTCN-M and BTCN-O have been calculated with different
levels of theory and then compared to the experimental
values,24 as shown in Figures 2 and 3. Multiple density
functionals, including PBE, B3YLP, CAM-B3LYP, ωB97X, and
ωB97XD, were used to calculate the FMO energy for BTCN-
M and BTCN-O with the 6-31G(d) basis set, as shown in
Figure 2a. The FMO energy calculated using the B3LYP
functional was in best agreement with the experimental values,
which is consistent with previous reports since B3LYP often
can reproduce experimental energy of FMO due to error
cancellation.49,50

The effects of basis sets were also considered, as presented in
Figure 2b. Six basis sets including 6-31G(d), 6-311+G(d), 6-
311G(d), 6-311G(d,p), Def2TZVP, and Def2TZVPP with the
B3LYP functional are used. Notably, Figure 2b reveals that
both Def2TZVP and Def2TZVPP exhibit superior perform-
ance, as their calculated outcomes align most closely with the
experimental benchmark. In order to save computational cost,

Figure 2. Comparisons between experimental and calculated FMOs. (a) Effects of density functionals: B3YLP, CAM-B3LYP, ωB97X, ωB97XD,
and PBE with 6-31G(d) basis sets. (b) Effects of basis sets: 6-31G(d), 6-311+G(d), 6-311G(d), 6-311G(d,p), Def2TZVP, and Def2TZVPP with
the B3LYP density functional. For all calculations, IEF-PCM (chloroform) was employed.

Figure 3. Simulated absorption spectrum of BTCN-M and BTCN-O
with the CAM-B3LYP/Def2TZVP/PCM theory level. The fwhm is
set to 0.5 eV in the simulation of absorption spectrum.
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the Def2TZVP basis set was selected for the rest of the
calculations.
In addition to predicting accurate FMO energies, the

calculations also correctly reproduce the experimental trend
of FMO energy between BTCN-M and BTCN-O. For
instance, the calculated HOMO energy of BTCN-M is
lower, and the calculated FMO gap energy is higher than
those of BTCN-O, which is consistent with the experiments.
On the other hand, the FMO energy measured in the
experiment actually refers to the change of free energy due to
gaining (acceptor) and losing (donor) an electron at room
temperature, which is not completely consistent with the
changes of SCF energy at 0 K calculated with DFT. We also
have calculated the changes of free energy due to gaining and
losing an electron at room temperature, as shown in Table S1,
but this does not improve the accuracy of these values, so we
still use the calculated HOMO/LUMO energy.
The calculated wavelengths of the main absorption peaks of

BTCN-M and BTCN-O in chloroform were also compared to
the experiments to determine the appropriate level of theory
for excited state properties. The density functionals PBE,
B3YLP, CAM-B3LYP, ωB97X, and ωB97XD with the 6-
31G(d) basis set are considered, as shown in Table S2.
Surprisingly, only the CAM-B3LYP functional reproduces the
experimentally observed red shift of the main absorption peaks
between BTCN-M (622 nm) and BTCN-O (626 nm).24 In
addition, the effect of the basis sets was also tested. As shown
in Table S3 and Figure S3, the calculated wavelength (522/531
nm, respectively) of the main absorption peak of BTCN-M
and BTCN-O with the Def2TZVP basis set is closer to the
experimental values (622 and 626 nm, respectively) than the
other five basis sets.24 Since the simulated absorption spectra
obtained at the CAM-B3LYP/Def2TZVP/PCM level correctly
reproduce the experimental trend, that is, the red shift of
absorption peaks from BTCN-M to BTCN-O,24 this level of
theory was used for excited state calculations in the rest of this
study.
To summarize, various density functionals and basis sets

were rigorously tested against experimental benchmarks. The
nuanced impact of distinct alkyl side-chain substitutions on
both ground and excited electronic structures underscores the
criticality of choosing the appropriate density functional and
basis set. Notably, CAM-B3LYP emerged as the sole candidate
capable of accurately replicating the experimental trend
observed in the absorption peaks of BTCN-M and -O,
highlighting the significance of incorporating the LRC
exchange-correlation kernel within the hybrid B3LYP frame-
work.
3.2. Geometric Parameters. The four major dihedral

angles that determine the planarity of BTCNs, as shown in
Figure 4, are presented in Table 1. The averaged values are
utilized to represent the planarity of these molecules, where a
smaller average value indicates a more planar molecule. The
data in Table 1 show that the BTCN-O molecule has the best
planarity out of the three double-alkyl-side-chain-substituted
molecules, followed by BTCN-M and BTCN-P. This is
consistent with the results reported in the literature.24

Among the three single-alkyl-side-chain-substituted molecules,
BTCN-S2 has the best planarity. Overall, the order of planarity
of six molecules is BTCN-S2 > S1 > O > M > S3 > P. The
substitution at position 3 of the lateral thiophene ring of the
BDT-T unit (as shown in Figure 1) greatly decreases the
planarity because of the steric hindrance between the alkyl

chain and backbone. Not surprisingly, BTCN-M, BTCN-P,
and BTCN-S3 all have this type of substitution and thus are
the least planar out of the six molecules. Finally, the synergistic
effects of the alkyl side chain also affect the planarity of the
molecules. In general, the planarity of the double-alkyl side-
chain-substituted molecules is worse than that of the single-
alkyl side-chain-substituted molecules, except for BTCN-S3.

3.3. FMO Energy and Dipole Moment. Figure 5a shows
the FMO and gap energy of the BTCNs. The differences
among LUMO energies are quite small (<0.04 eV), but the
differences among HOMO energies are quite noticeable (up to
0.21 eV). The larger effect on the HOMO energy is reasonable
because the electron distribution of the HOMO is mainly on
the donor part of these molecules, which is also where the alkyl
side chains are incorporated, but the electron distribution of
the LUMO is mainly on the acceptor part of the molecule. For
the double- and single-alkyl-side-chain substitutions, the gap
energy is generally correlated with the planarity. The orbital
gap becomes lower toward better planarity of these molecules,
and this is consistent with previous research.70 It is the better
planarity that is conducive to electron delocalization, resulting
in a lower fundamental gap.
The dipole moment is another important property because

increasing the dipole moment moderately is conducive to
enhance both the self-assembly of organic molecules and the
charge carrier mobility.71 The influences of double- and single-
alkyl-side-chain substitution on the molecular dipole moment
are quite different. In the double-chain substitutions, the
molecules with better planarity have higher dipole moments
(BTCN-P, BTCN-M, BTCN-O: 0.45, 0.82, and 1.01). For the
single-chain substitutions, the molecules with better planarity
have lower dipole moments (BTCN-S3, BTCN-S1, and
BTCN-S2: 0.95, 0.76, and 0.68). The difference can be
attributed to the difference in the electron-donating ability
based on the number of alkyl side chains. Double-alkyl-side-
chain substitutions have stronger electron-donating generally;

Figure 4. Four key dihedral angles that determine the planarity of the
BTCN series. The lateral thiophene rings (blue) and alkyl side chains
(red) at different positions on the lateral thiophene rings are
highlighted.

Table 1. Four Major Dihedral Angles and the Averaged
Values of the BTCN Series (Unit: Degrees)

φ1 φ2 φ3 φ4 average

BTCN-M 71.7 70.7 30.5 39.5 53.1
BTCN-O 56.2 55.3 29.4 38.6 44.9
BTCN-P 70.5 77.3 41.2 39.3 57.1
BTCN-S1 54.8 55.8 21.6 39.4 42.9
BTCN-S2 57.7 57.1 36.5 2.3 38.4
BTCN-S3 73.8 73.1 40.1 27.1 53.5
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consequently, the donor part of these molecules is more
negative due to the better planarity. But this is not the case for
single-alkyl-side-chain substitutions.
3.4. Absorption Spectra. The simulated absorption

spectra of all six BTCN molecules are provided in Figure 6
and Tables S3 and S4. For double- or single-alkyl-side-chain
substitutions, the trends in the main absorption peaks
correspond to the trends in the FMO energy gap shown in
Figure 5. The wavelengths of the absorption peaks for BTCN-
O, BTCN-M, and BTCN-P are 535, 526, and 508 nm,
respectively, as shown in Figure 6a. The wavelengths of main

absorption peaks for BTCN-S2, BTCN-S1, and BTCN-S3 are
558, 545, and 525 nm, respectively, as displayed in Figure 6b.
Likewise, these trends are opposite to the trends in planarity, as
shown in Table 1. The relationship between the peak
absorption wavelength and planarity is reasonable because
the planarity determines the fundamental gap energy.
Figure 6c illustrates the total oscillator strength of all

molecules in the visible region. BTCN-O exhibits a stronger
absorption value of 3.74 compared to BTCN-M, which has an
absorption of 3.21. This disparity can be attributed to the
smaller fundamental gap in BTCN-M, which not only causes a

Figure 5. (a) FMO and gap energy of the BTCN series. (b) Dipole moments of the BTCN series. All results are obtained at the B3LYP/
Def2TZVP/PCM level.

Figure 6. (a) Simulated absorption spectra of BTCN-M, BTCN-O, and BTCN-P. (b) Simulated absorption spectra of BTCN-S1, BTCN-S2, and
BTCN-S3. (c) Wavelength of main absorption peaks and total oscillator strength in the visible region. All TDDFT calculations are based on CAM-
B3LYP/Def2TZVP/PCM. In the simulation of the absorption spectra, the full width at half-maximum (FWHM) is set to 0.5 eV.
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red shift in the wavelength of the absorption peak but also
enhances the oscillator strength due to the stronger coupling
between the S1 excited state and the ground state. In
experiment, BTCN-M/O is blended with PC71BM in an
actual device,24 and due to the limited light absorption ability
of PC71BM,72 the absorption in blended devices mainly
depends on the BTCN molecules. Indeed, the short-circuit
current density of BTCN-O:PC71BM (11.34 mA cm−2) is
much higher than that of BTCN-M:PC71BM (0.506 mA
cm−2),73 which is consistent with the calculated absorption
strength. On the other hand, BTCN-S1, BTCN-S2, and
BTCN-S3 all show stronger absorption strength than BTCN-
M. In particular, BTCN-S1 has the strongest absorption
strength among the six molecules and the most red-shifted
absorption peak with respect to the three double-alkyl-chain-
substituted molecules. In addition, we also presented the
fluorescence quantum yields of BDT and BDT-T in Figure 1a
and Table S5. Obviously, the introduction of lateral thiophene
rings significantly lowers the quantum yield (from 96.28 to

0.00218%). This is favorable for reducing the radiative energy
loss.

3.5. Exciton Binding Energy (Eb) and Singlet−Triplet
Energy Differences. Figure 7 shows the first singlet and
triplet excitation energies, ΔEST’s and Eb’s of the BTCN series.
As shown in Figure 7a and Table S6, the ΔEST of BTCN-O is
the smallest among the double-alkyl-side-chain-substituted
molecules because it has the smallest value of ESd1

due to its
best planarity. Overall, the double-alkyl-side-chain substitu-
tions seem able to reduce the ΔEST more than the single-alkyl-
side-chain substitutions because they generally have higher
values of ETd1

, and thus could reduce voltage loss and charge
recombination. ΔEST of BTCN-O is slightly lower than that of
BTCN-M, corresponding to the better performance of a
BTCN-O-based OSC previously observed in experiment.24

Among the single-alkyl-side-chain substitutions, ΔEST of
BTCN-S1 is the lowest, followed by BTCN-S2, then BTCN-
S3, and the differences are minor. The reason is the differences
in ETd1

and molecular planarity. This trend suggests that single-

Figure 7. (a) Singlet−triplet energy difference (ΔEST) and (b) exciton binding energy (Eb) of the set of BTCN molecules. All calculations were
obtained at the CAM-B3LYP/Def2TZVP/PCM level of theory.

Figure 8. Electron (purple) and hole (green) pair distribution diagram for the first excited state for each BTCN: (a) BTCN-M; (b) BTCN-O; (c)
BTCN-P; (d) BTCN-S1; (e) BTCN-S2; (f) BTCN-S3. All results are calculated with CAM-B3LYP/Def2TZVP/PCM.
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alkyl-side-chain substitutions closer to the sulfur atom of the
lateral thiophene ring may be favorable for reducing voltage
loss and charge recombination.
The charge separation process in organic materials is

generally difficult due to a large exciton binding energy in
these molecular systems.74 In order to reduce the energy loss
during exciton dissociation, it is necessary to reduce the Eb of
the active-layer material.49 Although Eb is hard to measure
experimentally, Figure 7b and Table S7 show the calculated Eb
values for the molecules considered in this work. The Eb of
BTCN-O is 0.62 eV, which is lower than that of BTCN-M
(0.71 eV). This can be attributed to the smaller difference
between IP and EA of BTCN-O. The result is consistent with
the better photovoltaic performance of BTCN-O in experi-
ment again.24 In general, the Eb of single-alkyl-side-chain-
substituted molecules is lower than those of double-alkyl-side-
chain-substituted molecules (except for BTCN-O) since they
generally have smaller fundamental gaps. Thus, single-alkyl-
side-chain substitution may be more conducive for exciton
separation in the BTCN series of molecules.
3.6. Electron−Hole Distribution of the First Excited

State and ESP. The excited state properties of the BTCN
molecules were also investigated. The electron−hole distribu-
tions of the first excited singlet states are listed in Figure 8 and
Table 2. The charge transfer amount, qCT, calculated for all

BTCNs is the same and thus is not affected by different
positions or numbers of alkyl-side-chain substitutions.
However, the intramolecular charge transfer distance DCT
does depend on the position of the alkyl side substitution.

When the alkyl substitution is adjacent to the sulfur atom of
the lateral thiophene ring of the BDT-T unit, as in BTCN-S1,
BTCN-O, and BTCN-M, there is a greater charge transfer
distance than when the alkyl substitution position is farther
from the sulfur atom, as in BTCN-S3, BTCN-S2, and BTCN-
P. A greater charge transfer distance makes charge recombi-
nation more difficult, and so these trends suggest that alkyl side
substitutions near the sulfur atom of the lateral thiophene ring
can reduce charge recombination.
In the experiment blending BTCN-M and BTCN-O,24

BTCN-O was observed to act as the electron donor and
BTCN-M as the electron acceptor. In order to understand this
phenomenon, the electrostatic potentials (ESPs) of the BTCN
molecules were also analyzed via the mechanism of
intermolecular electric field (IEF).75 The driving force of the
IEF mechanism is the ESP difference between donor and
acceptor, which directly affects the charge separation at the
interface.76,77 The ESP distributions on the surfaces of the
BTCN molecules are shown in Figure 9. Although the ESP
distribution is similar across the set of BTCN molecules, the
average ESP of BTCN-M (−0.076 eV) is slightly less negative
than that of BTCN-O (−0.079 eV). The latter has better
planarity; consequently, the better delocalization of π electrons
lowers ESP. Therefore, in BTCN-M and BTCN-O blend
devices, BTCN-M would be expected to act as the acceptor
and BTCN-O as the donor. In addition, by comparing trends
in ESP (S1 < S2 < O < M < S3 < P) and trends in planarity
(S2 < S1 < O < M < S3 < P), the molecules that are more
planar tend to have a more negative ESP. However, BTCN-S2
and BTCN-S1 do not conform to this rule, which may be a
result of having a single-alkyl side chain that is farther from the
molecular backbone unit. BTCN-S1 has the minimum average
(−0.091 eV) of electrostatic potential out of the six molecules,
and so is predicted to be the best donor molecule in the set of
BTCN molecules. On the other hand, BTCN-P is predicted to
be a better acceptor than BTCN-M and the other BTCN
molecules.

4. CONCLUSIONS
In conclusion, this study systematically investigated the subtle
effects of alkyl-side-chain modifications in BDT-T units on the
photoelectrical properties of the BTCN series. The calculated
data demonstrate that from the perspective of the FMO

Table 2. Intramolecular Charge Transfer Distance (DCT),
Intramolecular Charge Transfer Amount (qCT), the First
Excited State Energy (E), and Its Oscillator Strength ( f)a

DCT (Å) qCT (e) E (eV) f

BTCN-M 1.18 0.49 2.36 2.50
BTCN-O 1.04 0.49 2.32 2.29
BTCN-P 0.22 0.49 2.44 2.61
BTCN-S1 0.93 0.49 2.27 2.31
BTCN-S2 0.57 0.49 2.22 2.38
BTCN-S3 0.65 0.49 2.36 2.63

aAll results are calculated with CAM-B3LYP/Def2TZVP/PCM.

Figure 9. ESP diagrams and the average ESP for each BTCN. The isosurface value is set to 0.001 au. The average of ESP is the average value of all
atomic ESPs, calculated with CAM-B3LYP/Def2TZVP/PCM.
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energy, absorption intensity, and the average of ESP, the
photovoltaic differences between BTCN-M and BTCN-O due
to different positions of alkyl-side-chain substitutions can be
well explained. The results also show that BTCN-S1 appears to
be a promising donor for small-molecule organic photovoltaics
because it has the most negative average ESP and the strongest
light absorption in the visible region. In addition, when the
alkyl-side-chain orientation causes less steric hindrance (as in
the BTCN-O or BTCN-S2 molecules), the overall molecule is
more planar, which results in a smaller energy gap and a more
red-shifted absorption spectrum for the molecule. Finally,
compared with single-chain substitution, double-chain sub-
stitution can reduce the ΔEST in BTCNs, but it also increases
the Eb. These insights provide valuable guidance for alkyl side
chain engineering in optimizing BDT-T-based organic
materials.
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