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The conversion of donor to acceptor and rational
design for diketopyrrolopyrrole-containing small
molecule acceptors by introducing nitrogen-atoms
for organic solar cellst

i ") Check for updates ‘

Cite this: RSC Adv., 2017, 7, 31800

/ﬁ) *a

Jie Pan,? Hang Yin,® Yu-Zhong Xie,® Guang-Yan Sun =

and Zhong-Min Su @ *P

For the purpose of improving the power conversion efficiencies (PCEs) of bulk heterojunction (BHJ)
devices, non-fullerene small acceptors have been presented by modifying desirable donors, such as
a diketopyrrolopyrrole (DPP)-based acceptor with two thiazoles, namely poly{3,6-bis(5-hexyldecyl-
2thenyl)-2,5-dihydro-2,5-di(alkyl)pyrrolo[3,4]pyrrolo-1,4-dionethiazole} (PDPP2TzT), synthesized by
introducing two nitrogens onto the copolymer based on DPP and terthiophene (polyl{2,5-bis(2-
hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-clpyrrole-1,4-diy}]-alt-{[2,2":5',2" -terthiophene-5,5" -
diyl}]) (PDPP3T). In order to clarify the transfer mechanism, we put forward a comparative theoretical study of
PDPP3T and PDPP2TZT using density functional theory/time-dependent density functional theory (DFT/TD-
DFT) calculations. Subsequently, we determined that the mechanism of the conversion from a donor to an

acceptor was that the insertion of nitrogen could reduce the LUMO energy by changing the electron density
Received 25th February 2017 dint l lar int i Based thi hani . ¢ t desi d with th
Accepted 30th May 2017 and intramolecular interactions. Based on this mechanism, a series of acceptors were designed wi e
advantages of PDPP2TzT. The results illustrate that b4 showed the best performance when blended with

DOI: 10.1039/c7ra02360j PDPP5T as the donor for BHJ devices. Finally, we hope our investigations will provide guidelines for
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1. Introduction

Bulk heterojunction (BHJ) devices, which exhibit clear phase
separation, are famous for converting solar energy into elec-
trical energy.' Ordinarily, a classical BH] device contains both
donors and acceptors to enable the entire photoelectric
conversion process to occur at the heterojunction interface.”
However, in contrast to the great deal of experimental and
theoretical studies on electron donor materials, the electron
acceptor materials have fallen far behind.** For the purpose of
improving the power conversion efficiencies (PCEs), more
researchers have begun to pay attention to the polymer accep-
tors and they have determined that it is possible to secure
prominent acceptors by introducing electron-withdrawing
groups into low level donors. For instance, Barbarella and
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further rational design of acceptor materials for BHJ devices.

co-workers reported a dendritic oligothiophene-s,s-dioxide
acceptor by adding oxygen to one thienyl ring of oligothio-
phene, and when it was combined with poly(3-hexylthiophene-
2,5-diyl) (P3HT), a PCE of 0.3% could be achieved.® Anthony
and co-workers synthesized cyano-pentacene acceptors via
cyano functionalization of pentacenes, finding that the energy
levels would drop by 0.14 eV with the reduction of each cyano
group.” Sonar and co-workers designed a series of diketo-
pyrrolopyrrole (DPP)-based acceptors by inserting fluoride
groups, resulting in an excellent PCE as high as 2.05%.% On
this basis, Janssen and co-workers synthesized a new n-type
acceptor  (poly{3,6-bis(5-hexyldecyl-2thenyl)-2,5-dihydro-2,5-
di(alkyl)pyrrolo[3,4]pyrrolo-1,4-dionethiazole})  (PDPP2TzT)
(Fig. 1) by replacing adjacent thiophene groups in the copol-
ymer based on DPP and terthiophene (poly[{2,5-bis(2-hex-
yldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-
diyl}]-alt-{[2,2":5',2"-terthiophene]-5,5"-diyl}) (PDDP3T) (Fig. 1)
with thiazole units and transforming the donor to an
acceptor.”* Here, the introduction of nitrogen is performed
with the aim of improving the open circuit voltage (V,.) and
short-circuit current density (/i) by reducing the energy levels
and band gap.'>'® PDPP2TzT is a promising acceptor material
candidate because of its relatively low energy levels (—5.63 eV
and —4.00 eV), high electron mobility (0.13 cm® V™' s7%), and
broad infrared absorption (300-900 nm)."”

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Molecular structures of PDPP3T, PDPP2TzT, and PDPP5T.

To the best of our knowledge, small molecule acceptor (SMA)
materials, which can be acquired from polymer units, have
better-defined molecular structures, higher purity without
batch-to-batch variations and higher V,. than polymers.***
Therefore, in this context, we deeply studied the monomer of
PDPP3T and PDPP2TzT (b1) as a SMA material to investigate the
reason why the introduction of nitrogen made the donor
convert into an acceptor using density functional theory (DFT)
and time-dependent density functional theory (TD-DFT) calcu-
lations. Moreover, for the purpose of achieving a superior PCE,
we designed a series of SMA materials according to the transfer
mechanism of donors to acceptors. Also, we chose (poly[{2,5-bis-
(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-diox-opyrrolo[ 3,4-c|pyrrole-
1,4-diyl}-alt-{[2,2':5',2" pentathiophene]-5,5"-diyl}])  (PDPP5T),
which is based on DPP and penta-thiophene (Fig. 1), as the
complementary donor to construct interface models, PDPP5T/
b1-10."” Some parameters such as the Frontier molecular
orbitals (FMOs), energy levels, absorption spectra and charge
transport abilities related to V., Js., and PCE were estimated
to evaluate the performance of the SMAs in organic solar
cells (OSCs).

2. Computational method

2.1. Models

According to the computed results, the alkyl-branched chains
(R1 and R2, shown in Fig. 1) were proved to make no difference
to the electronic structures and optical properties of the mate-
rials (shown in Table S1t}), therefore these chains were replaced
with hydrogen during the whole calculation for the purpose of
reducing the computational cost.>** We tested four hybrid
functions, B3LYP, PBEO, B3P86 and B3PW91, to obtain the
equilibrium geometries with the 6-31G(d) basis set for the
monomer models PDPP5T and PDPP2TzT."*° It turned out that
the B3P86/6-31G(d) level is in good accordance with the exper-
imental values; therefore, all of the ground-state geometries
were optimized at this level (shown in Table S2t). As for the
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absorption spectra and excited-state energies, the TD-B3P86/6-
31G(d) level was utilized. In addition, the fragment orbital
correlation maps and charge density difference (CDD) maps,
which were used to account for the conversion of the donors
and acceptors, were implemented in Multiwfn 3.3.>*

For the interfaces, the intermolecular distance between the
isolated donor and acceptor (monomer, n = 1) is a vital factor
that affects the performance of the active layers.”> Therefore, we
screened plenty of distances. Firstly, we made the left donor
unit, the acceptor unit and the right donor unit of the donor
correspond to the right donor unit, the acceptor unit and the
left donor unit, respectively. This way we obtained nine
distances and determined the most stable configuration when
the acceptor units of the donor and acceptor corresponded,
namely, X = 0 A (shown in Table $31). Secondly, we made 0 A the
basis and 1 A the interval, and filtered four distances in the
positive and negative direction, respectively, along the Y axis.
The results are summarized in Table S4,} and indicate that Y =
2 A gives the most stable configuration. A number of researchers
have proved that 3.5 A is the optimal distance for the Z axis of D/
A interfaces, which is accordance with the similar system of
Bredas and co-workers.”® Therefore, we thirdly made 3.5 A the
basis and 0.1 A the interval, and filtered nine distances along
the Z axis. The results summarized in Table S5t show that Z =
3.4 A is the most suitable distance. Therefore, we formed face-
to-face m-m stacking between the donor units, as well as the
acceptor units, as the final structure (as an example, the struc-
tural model of PDPP5T/b1 is shown in Fig. S1f). Then the
ground-state geometries of the PDPP5T/b1-10 interface models
were optimized using the dispersion-corrected B3LYP-D3(B]J)
functional with the 6-31G(d) basis set, which has been
demonstrated to afford a reasonable interpretation of the
interface model of heterojunction structures by Troisi and co-
workers.”* To further study the relevant parameters at the D/A
interface, all calculations related to excited states were evalu-
ated by TD-DFT theory at the CAM-B3LYP/6-31G(d) level, taking
long-rang correction into account, which has been proved to be
suitable for evaluating the excitation energies for D/A
systems.”*>” All of the above calculations were completed in
the Gaussian 09 program package.?®

2.2. Marcus rate expression

For the weak coupling between D and A, the non-adiabatic
electron transfer theory was employed to describe the inter-CT
and inter-CR. The inter-CT (kinter-cr) and inter-CR (Kinter-cr)
rates at the interface formed by PDPP5T and b1-b10 can be
expressed by the Marcus semi-classical model:***°

(AG + A)2>

4'1'C3 2

where A and Vp, represents the total reorganization energy and
the electronic coupling at the D/A interface, respectively. AG is
the Gibbs free energy change of the reaction, 4 is the Planck
constant, kg is the Boltzmann constant, and T is the tempera-
ture defined as 300 K in our calculations. The computational
details of A and AG are given in Section S1 of the ESL{ In

4k T (1)
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addition, the transfer integrals (Vp,) were calculated using the
site-energy corrected method with the PW91 functional through
the ADF package.>?*"*

3. Results and discussion

3.1. Comparative study of PDPP3T and b1

In order to investigate the mechanism via which the donor
converts to an acceptor, we calculated some parameters, such as
the FMOs, energy levels, CDD maps, and fragment orbital
correlation maps. Then we defined PDPP5T as the donor and b1
as the acceptor to construct a BHJ device and computed some
parameters concerned with the PCE.

3.1.1. FMOs and energy levels. As is well-known, the stim-
ulation, separation, and transfer of excitons is closely related to
the distribution of the FMOs, especially the HOMO and LUMO
energy levels. Meanwhile, parameters such as V,. and AE;_p,
which affect the photoelectric conversion efficiency, are corre-
lated with the energy levels. Therefore, choosing an efficient
calculation method to obtain the energy levels is a high priority.
For the FMOs displayed in Fig. 2, the consummate distribution
could be seen for the HOMOs and LUMOs of both PDPP3T and
b1, indicating that the energy of photoelectric conversion is
mainly created by the transition of # — w* and the introduc-
tion of nitrogen is unable to change the w-electron delocaliza-
tion of the molecule through which efficient charge separation
could easily be achieved. In addition, we can directly observe the
phase changes of the LUMO energy level between PDPP3T and
b1. As the delocalization changed slightly, the LUMO energy
level decreased a little as shown in Fig. 2. It is feasible for b1 to
be an acceptor compared with PDPP3T. It is also credible to
some extent that the LUMO level (—3.67 eV) is close to that of
poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-dithieno[3,2-5:20,30-d]
pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothiadiazole)]/[6,6] phenyl-
C71-butyric acid methyl ester ([70]JPCBM), which is the most
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Fig. 2 The Frontier molecular orbitals and energy levels for PDPP3T
and bl (PDPP2TzT) at the B3P86/6-31G(d) level, where the navy and
red colors represent the HOMO energy levels (eV) and LUMO energy
levels (eV), respectively.
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common acceptor material.”” Thus we deduce that the intro-
duction of nitrogen may affect the electron density and the
intramolecular interactions, and then reduce the LUMO energy
level which makes the donors convert to acceptors.

3.1.2. The fragment orbital correlation maps and CDD
maps. In order to probe into the internal construction of the
LUMO energy level, the fragment orbital correlation is well
used, as stated in Fig. 3. We partitioned PDPP3T into thiophene,
DPP, and bithiophene. Other than substituting bithiophene for
thiophene and thiazole, b1 is divided similarly. It is obviously
seen that the low-lying LUMO in PDPP3T is mainly attributed to
the contribution from the LUMO of thiophene (about 12%), the
LUMO+1 of DPP (about 49%) and the LUMO of bithiophene
(about 18%). Meanwhile, when bithiophene is replaced with
thiophene and thiazole, the contribution rose to 24% leading to
an increase in the total electron density for the low-lying LUMO
energy level. To this end, the LUMO energy level is greatly
decreased and this improves the probability of exciton transi-
tion and the AE;_; of exciton separation. Meanwhile, the
intramolecular and intermolecular interactions, including the
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Fig.3 The molecular orbital correlation diagram for PDPP3T (top) and
b1 (bottom) calculated at the B3P86/6-31G(d) level of theory, where H
and L stand for the HOMO energy levels and LUMO energy levels,
respectively.
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A-A and D-A interactions, may increase as a result of adjusting
the device configuration and the charge transfer.

CDD is the charge density difference between the ground
and excited states and can be used to analyze the charge transfer
in conjugated backbones.** Hence, we obtained CDD maps of
PDPP3T and b1 to prove the deduction that the charge transfer
increases with the addition of nitrogen, as shown in Fig. 4. From
the plot, we can intuitively see that the predominant charge
transfers for the S, — S; transitions of PDPP3T and b1 are
practically identical. Therefore, we are left with nothing better
than the second choice of S; for PDPP3T and S, for bil. It is
obvious that the electron density of thiazole is elevated
compared with thiophene due to the existence of electron-
withdrawing nitrogen, which may enhance the charge transfer
and the electron mobility of b1. This result is highly in agree-
ment with the analysis of the FMOs and the fragment orbital
correlation maps.

In short, we can conclude that the introduction of nitrogen
can change the electron density and intramolecular interac-
tions, which then causes the conversion of donors to acceptors.

3.1.3. The BHJ device of PDPP5T/b1. The general rule is
that the energy levels of acceptors must be inferior to the energy
levels of donors. Furthermore, only when the difference in
LUMO energy between the donors and acceptors, namely AE; ;,
is larger than 0.3 eV can charge separation occur at the inter-
face.” According to the details above, we use b1 as the acceptor
together with PDPP5T as the donor to construct a BHJ device
and characterize some parameters as summarized Table S6.7 As
you can see, the AE;; is large enough to split the charge,
pointing to the existence of the device. Furthermore, V. is in
accordance with the experimental value, suggesting the high
performance of the BHJ device (the formulation of V. is shown
in Section S2 of the ESIY).

In addition, we also figured out the energy gap, which
directly determines the absorption spectra. As a consequence of
the low-lying energy gap, the absorption spectrum exhibits

PDPP3T b1 (PDPP2TzT)
Y A PR X F
L

9

Fig.4 The CDD map for PDPP3T and bl (PDPP2TzT) at the B3P86/6-
31G(d) level, where the violet and turquoise colors represent an
increase and a decrease in electron density, respectively.
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Fig. 5 Molecular structures of all the designed molecules b1-b10.

a broad absorption in the visible region as shown in Fig. 6.
Hence, the device could capture a great deal of photons and
increase Jg.. Eventually we acquired the kinter-cr and Kinger-cr Vi@
the Marcus rate expression to evaluate the charge separation
and recombination. The result is satisfactory as the kiter-cr iS
large enough to cause the charge to separate and the Kinter-cr 1S
low enough to avoid charge recombination. As all of the results
have indicated the electron accepting ability of b1, we infer that
the introduction of nitrogen may be a helpful mechanism to
design novel acceptors.

3.2. Rational design of acceptors based on b1

According to the mechanism above, we simultaneously
designed acceptors b1-b10 with electron-withdrawing groups
such as benzothiazole, thiadiazole, and benzodithiazole, which
are shown in Fig. 5, and hoped to make a contribution to
improve the performance of BHJ devices.

All of the designed acceptors were calculated with the same
methods as b1. The calculated FMOs and energy levels are
displayed in Fig. S1 and S2.1 As seen in the FMOs, the delo-
calization of b2-b10 is in accordance with that of b1, with both
the HOMOs and LUMOs distributed over the whole molecule,
except for in b7. In b7, there is obvious charge transfer, which
means that the HOMO and LUMO are mainly delocalized at the
right and left side, respectively. This may be due to the electron-
donating benzodithiazole compared to the thiophene-capped
diketopyrrolopyrrole (TDPP) units, which can form “push-
pull” electronic structures to facilitate charge separation and
tune the energy levels.**** However, b4, whose connection
position is different from that of b7, cannot form the same
peculiar structure and possesses plenty of electrons. Therefore,
it is more delocalized and shows a relatively high LUMO energy
level, which may enhance the V,,. of the BH]J device, as seen from
Table 1. In addition, we can see that the AE;_; of all molecules is
larger than 0.3 eV, which means that efficient charge separation
is guaranteed. Hence, all of the designed acceptors could be
electron acceptors relative to PDPP5T.

RSC Adv., 2017, 7, 31800-31806 | 31803
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The energy gap is the difference between the LUMO and
HOMO, and may have an impact on the absorption properties of
the molecules. Therefore, we should regard it as a reference. As
shown in Fig. S2,T we can sort the energy gaps into the following
order: b4 > b5 > b8 >b10 > b7 > b6 > b1 > b2 > b3 > b9. As you can

Table1 Calculated energy level values (eV), Eq (eV), AE _ (eV) and V¢
(V), for PDPP5T and b1-b10 at the B3P86/6-31G(d) level

HOMO LUMO E, AE; ;. Voo
PDPP5T —5.10 —2.93
b1 —5.93 —3.67 2.26 0.74 1.13
b2 —6.01 —-3.76 2.25 0.83 1.04
b3 —6.05 —3.83 2.22 0.90 0.97
b4 —6.07 —3.68 2.39 0.75 1.12
b5 —6.12 —3.74 2.38 0.81 1.06
b6 —6.04 —3.77 2.27 0.84 1.03
b7 —6.04 —-3.76 2.28 0.83 1.04
b8 —6.19 —3.83 2.36 0.90 0.97
b9 —6.05 -3.91 2.14 0.98 0.89
b10 —6.29 —3.95 2.34 1.02 0.85
150000 S PDPPST
1 —eo-bl
135000 —aeb2
1 —¥-b3
120000 Sy
| el
105000 b0
—eo-b7
= h R
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300 400 500 600 700 800 900
wavelength (nm)
Fig. 6 The absorption spectra of all the designed molecules b1-b10

and PDPP5T calculated at the B3P86/6-31G(d) level in a chloroform
solvent. The value of the FWHM is 3000 cm™%.
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see, b9 exhibits the lowest energy gap, probably because of the
strongest electron-withdrawing ability of thiadiazole. Therefore,
b9 may show the best conjugation and satisfactory absorption
properties, which will be further discussed with reference to the
absorption spectra below.

The simulated absorption spectra are provided in Fig. 6; all
of the designed molecules exhibit wide absorption from 300 nm
to 900 nm, which matches well with the solar spectrum. The
maximum absorption peak with the largest oscillator strength
mainly ranges from S, — S; generated by the transition from
the HOMO to the LUMO, as seen in ESI Table S7.T Furthermore,
the range of the maximum absorption highly overlaps with that
of PDPP5T, which has been proved to be helpful for achieving
high photovoltaic efficiency.* It is worth nothing that b9 with
the lowest energy gap is bathochromically shifted compared to
the other molecules. As the red shift of the absorption spectrum
could result in the absorption of more sunlight in the visible
spectrum and increase the J. of the corresponding OSCs, we
deduce that b9 will give a preeminent charge separation at the
D/A interface, though the maximum oscillator strength is
slightly lower than that of b4 and b10.” Certainly, b4 and b10 are
also capable of achieving outstanding charge separation due to
their superior inter-chain m-m* stacking, which will be dis-
cussed in the following section.

It is widely known that not only charge separation but also
charge recombination occurs during photovoltaic conversions.
Hence, both the inter-CT and inter-CR should be considered to
probe the charge properties. The parameters related to inter-CT
and inter-CR for S; — S, are summarized in Table 2. Upon
inspection of Table 2, we find that b2-b10 together with PDPP5T
possess comparatively high kiner.cr at about 10** s~ indicating
the electron accepting abilities of the designed molecules.
Unfortunately, we find that the kinter-ck Of b10 is 1 order of
magnitude larger than the kjner-ct, SO the photovoltaic property
of PDPP5T/b10 is doubtful. Subsequently, the kinter-cr Of b9 is
relatively large, which is harmful to the charge separation even
though the kinter-cr is quite large. As far as we are concerned, the
bigger kinter-cr Originates from the inferior |AG| of b9 and b10,
as shown in Table 2. It is widely accepted that both the inter-
molecular CT and CR processes are regarded as exothermic
reactions (AG < 0).*” And the electron transfer rate will reach
a maximum where the values of |AG| and 4 are equal. When

Table 2 Calculated internal reorganization energy A (eV), external reorganization energy Ay (€V), total reorganization energy A (e€V), AGinter-cr
(eV) and AGinter-ct (€V), Vi (€V), Kinter-cr (5% and Kinter-c (s™*) of PDPP5T/b1-b10

)\int Aext A AGinter-CR AGinter-CT Vba kinter»CR kinter-CT
PDPP5T/b1 0.33 0.19 0.52 —1.43 —0.83 0.059 1.64 x 107 1.34 x 10*
PDPP5T/b2 0.33 0.18 0.51 —1.34 —0.91 —0.187 1.74 x 10° 3.94 x 10"
PDPP5T/b3 0.34 0.18 0.52 —1.27 —0.95 0.067 2.98 x 10° 3.34 x 10**
PDPP5T/b4 0.34 0.16 0.50 —1.42 —0.97 0.013 2.93 x 10° 5.26 x 10'°
PDPP5T/b5 0.33 0.18 0.51 1.36 —1.02 0.028 2.07 x 107 1.33 x 10!
PDPP5T/b6 0.33 0.18 0.51 —1.33 —0.94 0.049 1.65 x 10° 1.71 x 10*2
PDPP5T/b7 0.34 0.17 0.51 —1.34 —0.94 0.075 2.83 x 10° 3.40 x 10"
PDPP5T/b8 0.24 0.16 0.50 -1.27 —1.09 0.001 3.63 x 10° 4.13 x 10’
PDPP5T/b9 0.34 0.17 0.51 —1.19 —0.95 0.075 2.08 x 10'° 3.40 x 10"
PDPP5T/b10 0.34 0.15 0.49 —1.15 -1.19 —0.160 1.13 x 10" 3.87 x 10"
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|AG| > 4, the electron transfer rate will increase with a decrease
in the |AG|.” For b4, the kinercr is large enough to promote
charge separation and the Kjnercr i the lowest of all. This
suggests that the BH]J device constructed from PDPP5T and b4
will exhibit the best photovoltaic properties. Overall, when we
define PDPP5T as the donor, b4 is considered to be the most
promising acceptor material because of its high LUMO energy
level, broad absorption, large kinter-cr and small kineer-cr-

4. Conclusion

In summary, we have studied the mechanism of the conversion
of donors to acceptors by taking the difference of PDPP3T and
PDPP2TZT as an example through DFT and TD-DFT methods.
The mechanism of the conversion from a donor to an acceptor
is that the insertion of nitrogen reduces the LUMO energy by
changing the electron density and intramolecular interactions,
which can be observed from the distribution of the FMOs, the
fragment orbital correlation maps and CDD maps. Further-
more, on the basis of this mechanism, we designed a series of
SMAs and calculated some parameters for the PDPP5T/b1-b10
models to preliminarily characterize their performance in BH]J
devices. The device not only supplies sufficient AE;_;, to ensure
exciton separation but also has a high V,, which is beneficial to
the performance of the devices. In addition, the absorption
spectra are satisfactory for light absorption, which facilitates
the Js.. Sequentially, we calculated the kjter-cr and kinger-cr to
clarify the electron accepting abilities of the SMAs, but unfor-
tunately we found that the ki, eer.cr 0f b10 is larger than the ki er-
cr, putting the photovoltaic properties of b10 in doubt. By
integrating all of the calculated parameters we found that all of
the designed molecules with electron-withdrawing groups
exhibited outstanding acceptor abilities and b4 may be optimal
due to its high LUMO energy level, broad absorption, and small
kinter-cr- Finally, we hope that our work will provide a novel
direction for designing electron acceptors and then accelerate
the development of BH]J devices.
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