CHALMERS

UNIVERSITY OF TECHNOLOGY

On the Conformation of Dimeric Acceptors and Their Polymer Solar Cells
with Efficiency over 18 %

Downloaded from: https://research.chalmers.se, 2024-05-01 03:20 UTC

Citation for the original published paper (version of record):

Wu, J., Ling, Z., Franco, L. et al (2023). On the Conformation of Dimeric Acceptors and Their
Polymer Solar Cells with Efficiency over 18 %. Angewandte Chemie - International Edition, 62(45).
http://dx.doi.org/10.1002/anie.202302888

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library

(article starts on next page)



© BT vt rore

GDCh
=

Research Articles

W) Check for updates

Angewandte
internatianalditiony Chemie
www.angewandte.org

Angew. Chem. Int. Ed. 2023, e202302888
doi.org/10.1002/anie.202302888

How to cite:

On the Conformation of Dimeric Acceptors and Their Polymer Solar

Cells with Efficiency over 18 %

Jingnan Wu', Zhaoheng Ling', Leandro R. Franco, Sang Young Jeong, Zewdneh Genene,
Josué Mena, Si Chen, Cailing Chen, C. Moyses Araujo, Cleber F. N. Marchiori, Joost Kimpel,
Xiaoming Chang, Furkan H. Isikgor, Qiaonan Chen, Hendrik Faber, Yu Han,

Frédéric Laquai, Maojie Zhang, Han Young Woo, Donghong Yu,* Thomas D. Anthopoulos,*

and Ergang Wang*

=

Abstract: The determination of molecular conformations of oligomeric acceptors (OAs) and their impact on molecular
packing are crucial for understanding the photovoltaic performance of their resulting polymer solar cells (PSCs) but
have not been well studied yet. Herein, we synthesized two dimeric acceptor materials, DIBP3F-Se and DIBP3F-S,
which bridged two segments of Y6-derivatives by selenophene and thiophene, respectively. Theoretical simulation and
experimental 1D and 2D NMR spectroscopic studies prove that both dimers exhibit O-shaped conformations other than
S- or U-shaped counter-ones. Notably, this O-shaped conformation is likely governed by a distinctive “conformational
lock” mechanism, arising from the intensified intramolecular n—n interactions among their two terminal groups within
the dimers. PSCs based on DIBP3F-Se deliver a maximum efficiency of 18.09 %, outperforming DIBP3F-S-based cells
(16.11 %) and ranking among the highest efficiencies for OA-based PSCs. This work demonstrates a facile method to
obtain OA conformations and highlights the potential of dimeric acceptors for high-performance PSCs. )

~

Introduction

Solution-processed polymer solar cells (PSCs) based on
blends of donor- and acceptor-type photoactive materials
have advanced rapidly in recent years due to significant
progress in materials development.) The majority of current
research mainly focuses on the development of small
molecule acceptors (SMAs)? and polymer acceptors
(PAs),P”! which provide power conversion efficiencies
(PCEs) of over 18%. SMAs based on ITIC- and Yo6-

derivatives offer easily tailorable molecular structures with
tunable absorption spectra, suitable energy levels, and
enhanced charge-carrier mobility that leads to lower energy
losses (E).l"! However, SMA-based PSCs still suffer from
device stability related to the fast molecular diffusions and
strong crystallizability of SMAs within the bulk heterojunc-
tions (BHJs).”! On the other hand, PA-based PSCs (espe-
cially for polymerized SMA) have demonstrated enhanced
morphological stability and mechanical flexibility (e.g.
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tensile properties) as compared to SMA-based counterparts
due to their high entropy-elasticity caused by their
entanglement.”! In spite of these, batch-to-batch variations
in these polymers result in poor reproducibility of the
attainable device performance.”’ Moreover, the low misci-
bility between different polymers causes the phase-separated
domain sizes in PA-based BHJs to be larger than those
formed in SMA-based blends and ultimately limits their
device performance.*?

Very recently, oligomeric acceptors (OAs) synthesized
by coupling SMA segments (Y-series) with/without linkage
units have emerged as a new family of acceptor materials.”’
OAs combine the advantages of both SMAs and PAs, which
in turn help to overcome the above-mentioned drawbacks.
Despite their potential, only a handful of OAs have been
investigated for application in PSCs. For example, dimeric
OAs based on two Y6-analogues linked together showed a
high absorption coefficient, enhanced electron mobility, and
more favorable morphology when blended with a polymer
donor (PD), yielding PSCs with PCE values of 15.05 %,
16.06 %! and 18.19 %, respectively. It was also found
that the dimeric-type OA-based devices have shown similar
photo- and thermal-stability™®* to those based on PA and
higher than traditional SMA-based ones, which is associated
with higher glass transition temperatures (7,s) and slower
diffusion kinetics of the dimers due to their enlarged
molecular sizes. Although OA-based PSCs have potential
advantages, the molecular conformations of OAs and their
impact have not been well studied. OAs with extended
conjugated structures can result in different molecular
conformations due to rotatable C—C single bonds between
the conjugated blocks (SMA segments) and linking units.
Some conformations may feature a more twisted backbone
(dihedral angles >20°),**'% which leads to undesirable
molecular packing and blend morphology. Therefore, it is
important to determine the conformations of OAs and
understand the factors that may influence these.'"!! It has
been previously reported that non-covalent intramolecular
interactions among atoms such as H--F, O--S, H--O, and S--F
could act as a “conformational lock” and promote the
planarity of polymer backbones."*! However, it must be
noted that these conformations have primarily relied on
density functional theory (DFT) calculations, which are
simply based on the optimization of molecular geometries to
model their specific isomers. This means that the intrinsic
conformations of the molecules are not experimentally
determined and the actual effect of “conformational lock”
remains unclear. Therefore, further investigations that
address these aforementioned knowledge gaps are imper-
ative for gaining a comprehensive understanding of OAs.

Herein, two dimeric-type acceptor materials were syn-
thesized by bridging two Y-series SMA (BTIC-3F) segments
with selenophene (Se, gives DIBP3F-Se) and thiophene (T,
yields DIBP3F-S) as linkage units, respectively. The con-
formational characteristics of these dimeric acceptors were
investigated through a combination of spectroscopic (proton
nuclear magnetic resonance (‘H NMR), 2D NMR, and "“F
NMR) complemented with DFT simulations. Both theoret-
ical simulations and experimental measurements consis-
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tently reveal that both OAs feature the same preferred
molecular conformations, namely O-shaped conformations
other than S- or U-shaped counterparts. Remarkably, the
formation of this conformation is not governed by the
typical non-covalent intramolecular interactions so-called
“conformational lock” reported in previous studies.'” In-
stead, it may originate from a unique driving force induced
by the strong intramolecular n—n interactions among their
two terminal IC (2-(3-oxo-2,3-dihydro-1H-inden-1-ylidene)
malononitrile) groups. Furthermore, a comparative analysis
of the photophysical-, electronic-properties, and PSC per-
formance of the two OAs was conducted. Compared with
DIBP3F-S, DIBP3F-Se exhibits a more coplanar and rigid
backbone, enhanced light absorption, a slightly upshifted
lowest unoccupied molecular orbital (LUMO) energy level,
tighter n—n stacking, and a more ordered molecular arrange-
ment. When blended with the state-of-the-art PD of PM6,
DIBP3F-Se-based blends show substantially improved de-
vice performance with a maximum PCE of 18.09% and a
reduced E,, of 0.509 eV. Such photovoltaic (PV) perform-
ance is significantly higher than the cells made with
DIBP3F-S which yield a PCE of 16.11%. Moreover, in
combination with other efficient PDs like D18 and PTQ-10
(structures are shown in Figure S1), the resulting DIBP3F-
Se-based PSCs maintained an efficiency level surpassing
17 %, indicating that the dimeric acceptor has good compat-
ibility with other donor polymers for achieving high
performance.

Results and Discussion

The chemical structures of DIBP3F-Se and DIBP3F-S are
shown in Figure la, and the detailed synthesis routes are
presented in Scheme S1 in Supporting Information. The
asymmetric monomer BTIC-3FBr was synthesized by means
of a Knoevenagel reaction via adding mono-bromofluori-
nated and di-fluorinated IC in sequence into BT-2CHO-BO
with two aldehyde end groups. Then, the dimeric-type
acceptors DIBP3F-Se and DIBP3F-S were prepared through
a Stille-coupling reaction catalyzed by Pd,(dba); and P(o-
Tol); between BTIC-3FBr and the linking unit of 2,5-
bis(trimethylstannyl)selenophene  and  2,5-bis(trimeth-
ylstannyl)thiophene, respectively. The structures of the
intermediate BTIC-3FBr and the two target molecules were
confirmed by the experimental results from 'H NMR, "C
NMR, and Matrix-Assisted Laser Desorption/Ionization
Time of Flight Mass Spectrometry (MALDI-TOF MS).
Both acceptors possess good solubility in chloroform and
chlorobenzene, enabling solution-processed device fabrica-
tion. A weight loss of 5% was observed at high temper-
atures of ~320°C detected by thermogravimetric analysis
(TGA, Figure S2), indicating good thermal stability.

DFT calculations, at the B3LYP-D3BJ/6-311G(d,p)
theory level, were carried out to study molecular geometry
and energy levels of frontier molecular orbitals of the two
OAs. As shown in Figure S3, there are three possible
conformations for the dimers, namely U- (conformation U),
S- (conformation §) and O-shape (conformation O) with no
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Figure 1. (a) The chemical structures and synthetic routes of DIBP3F-S and DIBP3F-Se. DFT-simulated molecular geometry from the top-view and
side-view of the O-shaped molecular models for (b) DIBP3F-S and (c) DIBP3F-Se. (d) 'H-'H NMR spectrum (600 MHz) of DIBP3F-S in the CDCl,
solution at 313 K. (e) '"H-"H NMR spectrum (700 MHz) of DIBP3F-Se in the CD,Cl, solution at 333 K.

essential difference in energy levels. To identify the
preferred conformation, the energetic stability was assessed
by calculating the total Gibbs free energy, which encom-
passes the electronic energy, solvation energy, and thermal
corrections. As shown in Table S1, the simulated results
indicate that conformation O exhibits the highest stability
(lowest free energy) for both DIBP3F-S and DIBP3F-Se
compounds. Secondly, electron clouds’ distribution proven
by the chemical shifts (ds) of 'H in their NMR spectra would
also strongly indicate their conformationally isomeric struc-
tures. The ¢ of the protons H, and Hy' of both OAs with
three different conformations in CDCI; solutions was
modelled to compare with the experimental values.!'”
Generally, the Se-based organic molecule presents higher ds
for the protons on Se (H, in Figure 1c) as compared to the
corresponding T-based counterparts. The de-shielding of the
Se-based protons is owing to the larger size and weaker
electron affinity of selenium compared with that of the §-
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based ones.'”! As shown in Table S2, the simulated NMR Js
for H, show agreement with experimental 'H NMR meas-
urements (Figure S4-5) when considering conformation O.
The absolute values of the Js, as well as the trend displaying
an increase in ¢ from DIBP3F-S to DIBP3F-Se, are
accurately reproduced by this conformation. In addition, the
calculations for all other aromatic hydrogen atoms (from H,
to H;) were also performed and a noteworthy agreement
between experimental and theoretical values is observed for
conformation O.

To further confirm the dimers’ conformations, a detailed
analysis of 2D NMR (‘H-'"H-Nuclear Overhauser Effect
Spectroscopy (NOESY)) and "F NMR spectra were con-
ducted. NOESY experiment affords a 2D ¢ correlation map
similar in which through-space connectivities can be traced
out, and the exchange cross-peaks will occur only when the
protons are within a distance of 0.5 nm.'" As shown in
Figure S3, the inter-proton distances of H,-H. (d,.)/H,-Hy
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(dy.q) are estimated to be ~2.10/4.51, ~2.09/4.51 and ~4.75/
6.29 A for O-, S-, and U-shape, respectively, and therefore,
no NOE correlation of H,-H; should be present in
conformation U. As shown in NOESY spectra performed in
CDCl; at 313K (Figure S6 and Figure 1d), the cross-
correlation resonance peaks between the protons of T/Se
and adjacent phenyl protons (H, and Hy) were observed for
two dimers, which can exclude the conformation U. Due to
the poor solubility of DIBP3F-Se in CDCl; at 313 K, the
NOESY signal is not clear enough, therefore, the high-
temperature (333 K) 2D NOESY in CD,Cl, was performed
(Figure 1e), which show a good agreement with the
spectrum in CDCl; at 313 K (Figure S6). The NOESY result
implies that the dimers should exhibit either S or O-shaped
conformation. However, the "F NMR spectra of both
molecules (Figure S7) present only three distinct types of
aromatic fluorine peaks, indicating that the OAs can only
adopt O- or U-shape conformations (with four peaks
corresponding to S-shape). Consequently, based on these
spectral observations, it can be concluded that the dimeric
acceptors can only adopt stable O-shaped conformation. It
is noteworthy that our conclusion is not consistent with the
general belief that hydrogen bonds are stronger than Van
der Waals forces, where the strong F--H interactions should
play a key role in the determination of the conformation
and therefore, U-conformation should be preferred for the
dimers. Surprisingly, our investigations revealed that the
non-covalent intramolecular interactions (discuss below) in
the conformation O were primarily characterized by weak
F-.S and F--Se interactions, rather than F--H interactions.
Furthermore, it was notable to observe that both dimers
exhibited relatively short calculated n—n stacking distances
of 32 A between their two end-groups in the O-shaped
conformation, indicating strong intramolecular interactions
between the two terminal IC moieties. This intriguing
phenomenon can be attributed to the presence of a
“conformational lock” resulting from the close proximity of
the end-groups, ultimately leading to the adoption of the O-
shaped conformation by the OAs.

Then, as presented in Table S3, the interatomic distances
of F--S and F--Se for two acceptors based on O-shape were
calculated to be 2.78 and 2.75 A, respectively, which is
shorter than the sum of the van der Waals radii of F—S
(3.10 A), F-Se (3.27 A), indicating the existence of F--S and
F--Se non-covalent intramolecular interactions in DIBP3F-S
and DIBP3F-Se, respectively, and thus planar backbones
can be expected."””” As shown in Figure 1b-c, a dihedral
angle of 6.2° was obtained between the linker and the
adjacent BFIC-3F blocks in DIBP3F-Se, which is smaller
than that of DIBP3F-S (10.6°) and facilitates the formation
of better intermolecular stacking. Note that the dihedral
angles of both dimeric acceptors are lower than those of the
reported dimers and trimers without fluorine on the
connected end groups.* %

Therefore, the molecular aggregation behavior of the
two OAs in the solution phase was studied at different
temperatures, and temperature-dependent optical absorp-
tion was recorded in a range of 20 to 60°C in diluted
chloroform solutions. As shown in Figure S8, as temperature
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increased, slightly blue shifts are found in the whole
absorption range for both DIBP3F-S and DIBP3F-Se,
clearly indicating a common heating-induced de-aggregating
phenomenon and the existence of pre-aggregation of these
OAs in their solution phase at lower temperatures. Fig-
ure S9 and Figure 2a present the UV/Vis absorption spectra
of OAs in solution and thin film, respectively. Compared to
their absorption in diluted chloroform solution, the spectra
of DIBP3F-Se and DIBP3F-S in thin films exhibit signifi-
cantly broader and red-shifted absorption (58 nm for
DIBP3F-Se and 55 nm for DIBP3F-S in their A,,,, Table S4)
with the identical absorption onset estimated at 904 nm,
corresponding to an optical band gap (E,) of 1.37eV.
Moreover, DIBP3F-Se shows enhanced vibrational shoulder
peaks at 799 nm and a slightly higher absorption coefficient
of 1.49x10°cm™" than that of DIBP3F-S (1.42x10°cm™!,
Figure S10). The former indicates enhanced intermolecular
n—n interactions and therefore more pronounced aggrega-
tion characteristics in thin films, which will be confirmed in
the molecular packing analysis.

Grazing incidence wide-angle X-ray scattering
(GIWAXS)™ was performed to assess the molecular
packing, structure ordering, and crystallinity of acceptors
(Figure S11 and Table S5). Distinct (100) diffraction peaks
in the in-plane (IP) direction and n—n stacking (010) ones in
the out-of-plane (OOP) direction were observed for both
acceptors, suggesting dominant face-on orientations relative
to their substrates, which are often favorable for charge
transport in a vertical direction in PSCs. A similar but
slightly tighter n—n stacking diffraction was observed in
DIBP3F-Se than in DIBP3F-S with a d-spacing of 3.75 A for
the former and 3.77 A for the latter. However, compared
with DIBP3F-S, DIBP3F-Se exhibits obviously reduced d-
spacing (DIBP3F-Se=15.87 A at ¢q=0.40 A™'; DIBP3F-S=
1651 A at ¢=0.38 A™') and increased crystal coherence
length (CCL, 65.07 A for DIBP3F-Se; 58.12 A for DIBP3F-
S) along the IP direction, suggesting that the Se-based OA
exhibits closer in plane molecular stacking and more
ordered molecular packing in film than S-based one does.
As a result, the electron mobility (u.) measured from the
space-charge limited current (SCLC) method™ increases
from 7.77x10*cm?*V~'s™' for DIBP3F-S to 8.95x
10* ecm?V's™! for DIBP3F-Se, which agrees well with their
molecular packing characteristics.

These energy levels in films may be different due to the
molecular-packing and -interactions. Cyclic voltammetry
(CV) was performed to estimate their energy levels (Fig-
ure S12, Table S6). Both OAs exhibit very close HOMO/
LUMO energy levels of —6.00/—4.27 ¢V for DIBP3F-Se and
—6.03/—4.29 eV for DIBP3F-S (a difference of 0.03/0.02 eV)
(Figure 2b). To confirm the small variation in LUMO
energy levels, photoelectron spectroscopy in air (PESA)
measurements were carried out.” The HOMO/LUMO
energy levels of DIBP3F-Se and DIBP3F-S are calculated to
be —5.67/-3.82 eV and —5.68/—3.85 ¢V, respectively (Fig-
ure S13), which are consistent with their CV results. The
upshifted LUMO of DIBP3F-Se, as obtained from both CV
and PESA measurements, could lead to a larger V. of PSCs
when blending with the common PD PM6.
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Figure 2. (a) Normalized UV-vis absorption spectra in pristine films and (b) energy levels of PM6, DIBP3F-Se, and DIBP3F-S. (c) J-V characteristics
and (d) EQE curves and integrated J,. values for optimized devices based on PM6: DIBP3F-Se and PM6: DIBP3F-S.

To investigate the impact of such different center n-
bridge of these OAs as NFAs on their PV performance of
PSCs, we fabricated solar cells using the conventional device
architecture (SI). The device performance was optimized by
varying the amount of solvent additive (1-chloronaphtha-
lene) and thermal annealing conditions of the BHIJ (Fig-
ure S14-15 and Table S7-8). Their current density-voltage
(J-V) characteristics are illustrated in Figure 2¢c, and the
corresponding PV parameters are summarized in Table 1.
DIBP3F-S-based devices exhibit a PCE of 16.11 % with an
open-circuit voltage (V,.) of 0.901 V, a short-circuit current
density (J,) of 2486 mAcm >, and a fill factor (FF) of
72.0 %. Those based on DIBP3F-Se show enhanced V,, of
0.917 V, a considerably improved J, of 25.92 mAcm™ and a

Table 1: Photovoltaic performance of the PSCs based on PM6: accept-
or (1:1, w/w) under the illumination of AM 1.5 G, 100 mWcm ™2,

D:A Voo Jsc Cal.J. ™ FF PCE, .«
M [mAcm™ [mAcm™ [%]
PM6:DIBP3F-Se 0.917 25.92 25.20 0.761 18.09
(17.86+£0.23)™
PM6:DIBP3F-S 0.901 24.86 2437 0.720 16.11

[a] The integral J.. in brackets were calculated from the EQE curves.
[b] The average PCE values were obtained from 20 devices and shown
in brackets.
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higher FF of 76.1 %, leading to a much higher PCE up to
18.09%. The latter value is among the highest PCEs
reported for OAs-based PSCs. Moreover, the
PM6: DIBP3F-Se cells exhibit a relatively lower E\ (Ejp=
E,"V—qV,., where E,”" is determined from the derivatives of
the external quantum efficiency (EQE) curve,” shown in
Figure S16) of ca. 0.509eV, compared to that of
PM6:DIBP3F-S-based devices (0.527 eV). As discussed
above, the upshifted LUMO and higher absorption coef-
ficient of DIBP3F-Se should mainly account for the cell’s
higher V., J, and lower E,,. Figure 2d displays the EQE
curves of the DIBP3F-Se- and DIBP3F-S-based devices.
Both PSCs show comparable photon-to-electron responses
in the range of 350-900 nm with a maximum EQE of over
80 %. Moreover, the integrated J,. values calculated from
the corresponding EQE curves are 25.20 and 24.37 mA cm*
for PM6:DIBP3F-Se and PM6:DIBP3F-S cells, respec-
tively, with a less than 3 % mismatch as compared to the J
measured from J-V curves under simulated solar irradiation.
Furthermore, to explore the compatibility of the OAs with
other donors, the commonly used donor polymers D18 and
PTQ-10 were selected to be paired with DIBP3F-Se (Fig-
ure S17 and Table S9). As demonstrated, the resulting
DIBP3F-Se-based PSCs maintained an efficiency level of
over 17 %.

Moreover, the device stability of the two OAs was also
compared. Firstly, 7, was obtained by means of differential
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scanning calorimetry (DSC) scan, as shown in Figure S18,
both OAs exhibit high 7, values above 180°C, which can
inhibit their diffusion in the polymer blends for de-mixing
and maintain better device stability. DIBP3F-S exhibits a
higher 7, of 199°C than that of DIBP3F-Se (184°C).
Promisingly, the device based on DIBP3F-Se still presents
better long-term stability than the DIBP3F-S-based one. As
shown in Figure S19 after being tracked at the maximum
power point tracking (MPPT) for 140 h, the Se-based cell
could maintain higher initial efficiency than the devices
based on PM6:DIBP3F-S. In addition, after being aged at
85°C, it is obvious that the PM6:DIBP3F-Se-based OPV
cell exhibits a larger Ty, (more stable) of 22 days, followed
by the PM6: DIBP3F-S-based cells with a Ty, of 13 days.
After being aged for 35days, the PCEs for the
PM6:DIBP3F-Se-based cell are also higher compared with
the PM6:DIBP3F-S-based cells (Figure S20) which would
be caused by the relatively stable morphology during the
ageing process.

(@) PM6

",‘"’-S=°"219A’,‘-"T q_ﬂ

P 4000m

(f) PM6:DIBP3F-S

.

RMS=%.089 nm

400 o

Research Articles

DIBP3F-Se

(2) PM6:DIBP3F-S
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The miscibility between the donor and acceptor materi-
als was studied using contact angle measurements. As shown
in Table S10, the surface energy (y)?? was estimated to be
22.90, 28.82, and 30.56 mNm™' for PM6, DIBP3F-Se, and
DIBP3F-S, respectively. The compatibility between the
different materials was then evaluated using the equation
x=K(yp *=ya?)%, where y is the Flory-Huggins interaction
parameter, yp and y, are the y of the donor PM6 and the
OAs, respectively.” The PM6:DIBP3F-Se blend shows a
lower y value (0.340) than that of the PM6: DIBP3F-S blend
(0.552), which indicates better miscibility of PM6 and
DIBP3F-Se. Therefore, a slightly higher root mean square
(RMS) surface roughness of 1.09 nm of the DIBP3F-S-based
blend (0.91 nm for DIBP3F-Se) is shown in their atomic
force microscopy (AFM) images in Figure 3b—e. The trans-
mission electron microscopy (TEM) images of the DIBP3F-
Se-based blend present a more desirable morphology with
relatively smaller phase-separated domains compared to the
DIBP3F-S, which facilitates efficient exciton dissociation

DIBP3F-S

(d) PM6:DIBP3F-Se

(h) PM6:DIBP3F-S

Figure 3. (a) The contact angle images of PM6, DIBP3F-Se, and DIBP3F-S films. (b, c) Tapping mode AFM topography height-, (d, e) phase-image,

and (f, g) TEM images of PM6: DIBP3F-Se, PM6: DIBP3F-S blend films.
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and charge transport, and suppresses charge recombination,
thus leading to such enhanced J. and FF as being measured.

For the molecular orientation and crystalline properties
of the blend films (PM6:DIBP3F-S and PM6:DIBP3F-Se),
both blend films exhibit a predominant face-on molecular
arrangement by following the same trend of the neat films
from OAs (Figure 4) and PM6 (Figure S21). Both blend
films present similar CCL values (DIBP3F-Se=24.88 A;
DIBP3F-S=24.39 A) in the OOP direction. The packing
distance calculated from (100) peak in the IP direction can
be assigned to the donor polymer PM6 as the peak positions
are similar in both neat and blend films of PM6 at
~030 A", Compared with PM6:DIBP3F-S, the
PM6: DIBP3F-Se blend exhibits a similar d-spacing (20.98 A
for DIBP3F-Se; 20.69 A for DIBP3F-S) but a significantly
enhanced CCL (111.23 A for DIBP3F-Se; 93.56 A for
DIBP3F-S) in the IP direction, implying its stronger
crystallization propensity. It is such improved molecular
packing and crystallinity of the blend film that well explains
the enhanced J, and FF of the relative PSCs with effective
exciton dissociation and fewer recombination losses. In
summary, the data and analysis presented so far demon-
strate that the incorporation of selenophene spacer in the
dimeric-type acceptors can prompt better molecular pack-
ing, improved morphology of the blends,* enhanced
charge-separation and -transport in active layers, and there-
by the overall performance of the PSCs.

The hole- (u,) and electron-mobilities of the two blends
were measured by using the SCLC® technique (Figure 5a
and Figure S22), which indicates that the PM6: DIBP3F-Se
blend presents higher p, and p, mobilities and a more
balanced y,/u, ratio as compared to PM6: DIBP3F-S. This is

05 0 05 10 15 20

o

Gy (AT)
(b)

g, (A)

PM6:DIBP3F-S
"\
05 0 05 10 15 20

Qyy (A1)

Figure 4. 2D GIWAXS profiles (a, b) and the corresponding 1D line cuts (c, d) of PM6: DIBP3F-Se and PM6: DIBP3F-S blend films.
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mostly attributed to the improved film morphology (e.g.
smoother and more compact) and the presence of its smaller
phase-separated domains. Moreover, the carrier mobility (u)
determined by photoinduced charge-carrier extraction in
linearly increasing voltage (photo-CELIV) measurement
(Figure 5a and Figure S23) in the PM6:DIBP3F-Se-based
device (7.28x107*cm?V~'s™") is higher than that of the
PM6: DIBP3F-S-based one (6.24x10~* cm*V~'s™"), which is
consistent with the SCLC measurements.

Next, the kinetics of charge recombination in both
devices were studied. We performed light intensity (Pjgn,)
transient photovoltage (TPV) and charge-extraction (CE)
measurements (Figure 5Sb and Figure $24).%°! The carrier
lifetimes (r) of 11.2 us for the DIBP3F-Se-based device is
much longer than that based on DIBP3F-S (7.21 ps),
indicating a lower carrier recombination rate for the case of
the PM6:DIBP3F-Se BHIJ. Moreover, the 7 for the DIBP3F-
Se-based device is higher than that of the DIBP3F-S-based
one at various carrier density (n) with a lower recombina-
tion order (1) of 1.54. Based on these results, the
bimolecular recombination rate constants (k.. were ob-
tained using k.= 1/[(141)] nz.P% Evidently, the k.. for the
device based on DIBP3F-Se is lower than that for the
DIBP3F-S blend (Figure 5c), which explains suppressed
charge recombination and improves the overall performance
of the cells.

To gain further insights into the charge generation and
exciton dissociation in the devices comprising different
acceptors, we plot the photocurrent density (/) with
respect to the effective voltage (V)" (Figure 5d). The
DIBP3F-Se-based device has larger J,,//q, of 98.0 % under
short-circuit condition and 95.4 % under the maximal power
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Figure 5. (a) Hole- and electron-mobilities of the devices and CELIV mobilities. (b) Normalized TPV data for the investigated PM6-based devices.
(c) The k. inferred from T and n, as a function of n. (d) Characteristics of J;, versus V. Light intensity dependence on (e) J, and (f) V,. for the

optimized PSCs.

output condition than that of the DIBP3F-S-based cell
(96.4 % and 94.9 %, respectively), indicating more efficient
charge carrier dissociation in PM6: DIBP3F-Se BHJ. More-
over, the dependencies of J,. (Figure 5e) and V. (Figure 5f)
on Py, were measured in order to further study the charge
recombination mechanism. The relationship between J. and
Py can be defined as J.oc(Pygpn)*, Where an o value close to
1 suggests weak bimolecular recombination.”™ The DIBP3F-
Se-based PSC yields an o value closer to 1 (~0.993) as
compared to DIBP3F-S-based cells (220.981). Moreover, the
slope of V, versus 1g(Py,) is used to estimate the degree of
trap-assisted recombination.” Cells based on DIBP3F-Se
show a smaller slope of 1.10 k37/q (where k is the
Boltzmann constant, T is the absolute temperature (in K)
and q is the elementary charge) than that of DIBP3F-S (1.13

Angew. Chem. Int. Ed. 2023, 202302888 (8 of 10)

kpT/q), revealing that the Se-substituted acceptor has fewer
the trap-assisted recombination or geminate recombination.
As a result, the PM6:DIBP3F-Se-based PSC exhibit en-
hanced exciton dissociation and charge collection, which
explains the boost in both J, and FF.

Conclusion

In conclusion, two new dimeric-type acceptors, DIBP3F-Se
and DIBP3F-S, were synthesized by bridging Y6-derivative
with selenophene and thiophene linkage units, respectively,
and tested with the state-of-the-art polymer donor PM6 in
PSCs. Unlike “routinely recognized” in previous reports,
which suggest that strong hydrogen bonding, such as H--F
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and H--O, should serve as a “conformational lock” in the
determination of molecular conformation (U-conformation
should be preferable by following this suggestion), our
findings propose a different scenario. Through NMR
experimental measurements and DFT simulations, we have
demonstrated that both acceptors adopt an O-shaped
conformations, induced by a unique “conformational lock”
resulting from the robust intramolecular m—n interaction
between their two terminal IC groups. Additionally,
DIBP3F-Se exhibits a higher absorption coefficient, up-
shifted LUMO energy level, higher backbone co-planarity,
and more ordered molecular packing in the solid state than
that of DIBP3F-S, which leads to overall improved photo-
electric performance. When blended with PM6, morpholog-
ical and device studies revealed that the PM6:DIBP3F-Se
system exhibited better phase segregation with improved
molecular packing and crystallinity. These characteristics led
to superior charge photogeneration, enhanced carrier trans-
port, and suppressed charge recombination with decreased
energy loss ultimately yielding solar cells with a PCE value
of 18.09 %, which is one of the highest values reported to
date for oligomeric acceptor-based PSCs. Moreover,
DIBP3F-Se also presents a good compatibility as an accept-
or when being paired with D18 and PTQ-10 as the donor,
resulting in PCE of over 17 % in PSCs, respectively. These
encouraging results close the gap between the PCEs of
oligomeric acceptor-based devices and those of conventional
SMA-based ones, demonstrating the promise of dimeric-
type acceptors for high-performance PSCs. Our study
provides useful insights into the determination of the
conformation of OAs and design guidelines for the develop-
ment of dimeric acceptors for future high-performance
PSCs.
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