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Linker Group Fluorination Boosts Photovoltaic Performance
of Branch-Connected Dimerized Acceptors

Yuxin Wang, Xinyuan Jia, Kanggiao Ma, Wenkai Zhao, Huazhe Liang, Zhaoyang Yao,*
Guankui Long, Chenxi Li, Xiangjian Wan, and Yongsheng Chen*

Branch-connected dimerized acceptors can take full advantages of four end
units in enhancing molecular packing comparing to that of
terminal-connected ones, thus potentially reaching the best balance between
stability and power conversion efficiency (PCE) of organic solar cells (OSCs).
Herein, two branch-connected dimerized acceptors, namely D1 and D2, are
developed by employing bithiophene and difluorinated bithiophene as linker
groups, respectively. Induced by the fluorine atoms on linker group, D2
affords a larger molar extinction coefficient, more importantly, the optimized
nanoscale film morphology and superior charge transport behavior
comparing to D1. Consequently, D2-based binary OSCs render a good PCE of
16.66%, outperforming that of 15.08% for D1-based ones. This work
highlights the great significance of linker group screening in designing

of long-term operational stability.[1%12]
Among the multiple factors, a determining
one may be the diffusion of SMAs from
a dynamic equilibrium state to a thermo-
dynamic state.*%] To address this issue,
polymerized SMAs (PSMAs) have been
proposed by Li et al., and indeed revealed
better stability of OSCs according to lots of
systematic investigations.''8] Currently,
all-polymer solar cells have reached PCEs
over 19%.19211 Nevertheless, compared
to SMAs with a definite structure, PS-
MAs generally suffer from batch-to-batch
variations, 2224l which limits their potential
in the practical application of OSCs. There-

high-performance branch-connected dimerized acceptors.

1. Introduction

Organic solar cells (OSCs), as a promising photovoltaic technol-
ogy, have been paid enormous attention due to their intrinsic
lightweight, excellent flexibility, and low-cost characteristics.'™*!
In recent years, with the great development of acceptor—donor—
acceptor type small molecular acceptors (SMAs), OSCs have
achieved outstanding power conversion efficiencies (PCEs) ex-
ceeding 20%,°~ however, are still faced with the great challenge
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fore, by combining the advantages of clear
structure for SMAs and high glass transi-
tion temperature for PSMAs, dimerized
acceptors come into being, exhibiting great
potential in the industrialization of organic
photovoltaics.25-%7]

At present, most of the dimerized SMAs were constructed
by coupling the electron-withdrawing terminal of SMAs with a
linker group.*=% This type of connection usually leads to some
defects. First of all, the efficient intermolecular packing may be
affected. Due to the electron-withdrawing terminal being greatly
involved in the coupling reaction, half of the end units on SMAs
will be fixed or buried in the conjugated backbone of the molec-
ular chain.B-*3] In view of their vital role in enhancing molecu-
lar packing,** the efficient intermolecular packings through end
units will be harmed. Second, the halogen density on molecular
backbone is reduced. As it is known, the introduction of halogens
on molecular skeletons is one of the most effective and practi-
cal ways to regulate energy levels of SMAs, more importantly, in-
duce more favorable intermolecular packings through noncova-
lent bonds or interactions.!*] At last, the great difficulty in mate-
rial purification. For now, 1,1-dicyanomethylene-3-indanone (IC)
and its halides are still the most widely used end units and mono-
brominated IC is the key to synthesizing dimers.?®! Unfortu-
nately, due to the poor reaction selectivity, a mixture of two mono-
brominated isomers is afforded.l*’] The quite similar polarity of
isomers makes their separation and purification highly challeng-
ing. This issue not only brings troubles in synthesis but also indi-
rectly increases the material cost, which is not conducive to the in-
dustrialization of OSCs. Accordingly, developing a new connect-
ing approach of dimers, like branch-connected dimerized accep-
tors rather than terminal-connected ones,!?”*8] becomes a quite
promising issue.

© 2024 Wiley-VCH GmbH
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Figure 1. a) Molecular structures of D1and D2. b) Calculated frontier molecular orbitals of D1and D2. c) Absorption spectra of D1 and D2 in chloroform
solutions and solid films. d) Energy level alighments derived from CV measurements.

With those in mind, two branch-connected dimerized ac-
ceptors, namely D1 and D2, were developed by employing
bithiophene and difluorinated bithiophene as linker groups,
respectively (Figure 1a). The fluorination on linker groups is
expected to increase the intermolecular noncovalent interac-
tions, thus inducing better intermolecular stackings and more
favorable carrier transports. Therefore, the D2 acceptor af-
fords a larger molar extinction coefficient, more importantly,
a more ordered intermolecular stacking, and a clearer fiber
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network compared to D1. Finally, PM6:D2-based OSC yields
a good PCE of 16.66%, accompanied by a good short-circuit
current density (Jsc) of 24.33 mA cm™. On the contrary,
PM6:D1-based device only shows a PCE of 15.08% and a
much lower Ji. of 21.73 mA cm™2. These achievements in-
dicate the great significance of the linker group in construct-
ing high-performance branch-connected dimerized acceptors
and provide a promising approach for further molecular de-
sign.

© 2024 Wiley-VCH GmbH
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2. Results and Discussion

2.1. Synthesis and Physical Properties

The synthetic routes to D1 and D2 were shown in Scheme
S1 (Supporting Information), and the corresponding struc-
tural characterizations including nuclear magnetic resonance
(NMR) spectra and matrix-assisted laser desorption/ionization
time-of-flight (MALDI-ToF) mass spectra were displayed in
Figures S14-S28 (Supporting Information). First, the mono-
brominated intermediate f was prepared based on our pre-
viously reported synthetic methods (Scheme S1, Supporting
Information).*®! Immediately, f underwent the Stille coupling re-
actions with organotin of bithiophene and difluorinated bithio-
phene, affording two aldehyde compounds gl and g2, re-
spectively. Lastly, 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-
ylidene)malononitrile (2F-IC) was employed as the end unit to
deliver target D1 and D2 via fourfold Knoevenagel condensation
reactions. Note that both D1 and D2 could be easily dissolved in
organic solvents that are commonly used in device processing,
such as chloroform and chlorobenzene.

The energy levels, distribution of frontier molecular orbitals,
and molecular geometries for two dimers were first calculated
by using the density functional theory method. As illustrated in
Figure 1b, the lowest unoccupied molecular orbitals (LUMOs)
mainly emerge along the molecular skeleton of SMAs, whereas
the highest occupied molecular orbitals (HOMOs) mostly dis-
tribute on the linker groups. This suggests that the fluorination
on linker groups will inevitably affect the energy levels of result-
ing dimerized acceptors. As expected, the large electronegativity
of fluorine atoms causes the downshifting of HOMO and LUMO
energy levels of D2 by ~0.03 and 0.02 eV, respectively, compared
to D1. In terms of the molecular geometries, it is worth noting
that the two backbones of composed SMAs tend to be parallel in
dimerized acceptors (Figure S1, Supporting Information), which
may be conducive to forming the enhanced and more ordered
intermolecular packings in aggregates of D1 and D2 dimerized
acceptors.

UV-vis absorption spectra of D1 and D2 chloroform solutions
and neat films are presented in Figure 1c. It is obvious that the
maximum absorption peaks (4,,,,) and the redshift absorptions
(AA) from the solution to the thin film are almost the same for D1
and D2 (Table S1, Supporting Information). Besides, owing to the
identical onset absorption (4,,.), the derived optical bandgaps
(E,°P') are also equal for D1 and D2 films. As shown in Figure S2
(Supporting Information), both dimers exhibit a slight blueshift
at the maximum absorption peak from 20 to 100 °C, ~5 nm,
which indicates the similar molecular interactions and aggrega-
tion behavior of these acceptors in chlorobenzene. This may be
due to their almost identical conjugated skeleton. However, the
molar extinction coefficient (e,,,,) of D2 is estimated as 3.04 x
10° L mol~! cm™! while that of D1 is only 2.87 X 10° L mol~!
cm™! (Figure S3, Supporting Information). This indicates that
D2 has the more powerful light harvesting ability, which should
be advantageous for obtaining higher Ji- in OSCs. The experi-
mental HOMO and LUMO energy levels of D1 and D2 were esti-
mated by resorting to cyclic voltammograms (CV) measurements
(Figure S4, Supporting Information). As exhibited in Figure 1d,
the HOMO energy levels of D1 and D2 are —5.66 and —5.70 eV,
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while the LUMOs are —3.87 and —3.89 eV, respectively. The rel-
ative arrangements of energy levels are consistent with the re-
sults predicted by the DFT method. In theory, the downshift of
the HOMO energy level of D2, which is caused by fluorination
on linker groups, will provide more driving force for exciton dis-
sociation at the D/A interface.

2.2. Photovoltaic Performance

Given the complementary absorption and well-matched energy
levels (Figure S5, Supporting Information), PM6 was selected as
the donor and mixed with D1 and D2 to compose OSCs with
a structure of ITO/PEDOT:PSS/PM6:D1 (or PM6:D2)/PNDIT-
F3N/Ag.*! The structures of PNDIT-F3N and PM6 are shown
in Figure S6 (Supporting Information). Then, the careful opti-
mization of the weight ratio of donor and acceptor, post-thermal-
annealing treatment, and the ratio of additive were conducted
and the detailed device parameters were listed in Tables S2 and
S3 (Supporting Information). Among them, the best J-V curves
for D1 and D2-based devices were presented in Figure 2a and the
derived photovoltaic data were enumerated in Table 1. The OSCs
based on D2 achieved a superior PCE of 16.66%, accompanied by
an open-circuit voltage (Vo) of 0.876 V, a Jyc of 24.33 mA cm™
and a fill factor (FF) of 78.17%. As a comparison, the device based
on D1 only obtained a modest PCE of 15.08% with a V. of
0.887 V, a Jsc of 21.73 mA cm~? and an FF of 78.61%. The po-
tential reason for the slightly lower V. of D2-based devices is
the deeper LUMO energy level of D2, considering that the V.
is roughly in proportion to the energy offset of the HOMO of
donors versus the LUMO of acceptors.[*0-#2]

The external quantum efficiencies (EQEs) are also shown in
Figure 2b. Despite the similar photoelectron response ranges,
the fully improved EQEs for D2-based OSCs have contributed
to a much larger integrated Ji.. As expected, the integrated
Jscs obtained from the devices based on D1 and D2 are 20.75
and 23.35 mA cm™?, respectively. It is worth noting that EQEs
are typically influenced by various ingredients,***! herein,
the improved EQEs and PCEs for D2-based OSCs should at-
tributed to both the enhanced light-harvesting ability (Figure
S7, Supporting Information) and fluorine-induced better charge
transfer/transport processes (discussed below) in D2 blended
films.

2.3. Charge Dynamics and Energy Loss Analysis

In order to uncover the charge generation and collection
changes in two devices, the dependence of photocurrent den-
sity (Jou) on the effective voltage (V.4) was characterized and
displayed in Figure 2c. The ratios of [ under short-circuit
condition/saturation current density (J,,) and Js- under maxi-
mum output condition/],, could reflect the exciton dissociation
efficiency (Py;) and charge collection efficiency (P.;) of OSCs,
respectively.*l As a result, the D2-based device achieved the
P and P values of 98.01% and 89.39%, respectively, which
are larger than those of D1-based devices (97.12% and 86.61%,
respectively). Moreover, the higher photoluminescence quench-
ing yield of 89.45% for the D2-based device, compared with
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Figure 2. a) J—V curves for OSCs. b) EQE plots and integrated Jsc curves. c) J,, versus Vg curves indicating Pg;ss and Py d) Hole and electron

mobilities of PM6:D2 and PM6:D1 based devices.

that of 80.35% for the D1-based device, also proves its superior
exciton dissociation of D2-based OSC (Figure S8, Supporting
Information). The higher Py and P_ values should account
for the increased EQEs and J. of D2-based OSCs, as it has been
mentioned above. Furthermore, the space-charge-limited current
(SCLC) method was used to examine the electron (u,) and hole
(4,) mobilities for D1, D2, and their blended films (Figure 2d;
Figure S9 and Table S6, Supporting Information).[*”~*1 The u,_s
for D1 and D2 neat films are 4.19 x 10~* and 5.17 x 10~* cm?
V=1 71, respectively. Moreover, the u, /u, for blended films could
be confirmed as 1.46 x 107*/6.07 x 10~* cm? V~! 57! for D2 and
1.06 x 107*/4.91 x 10~* for D1. Notably, the slightly improved
charge carrier mobilities for D2 can be attributed to its superior
film morphology, which is induced by fluorination on linker
groups.

To further elucidate the difference in V. between the two
devices, a detailed energy losses (E) analysis was conducted
(Table S7, Supporting Information).>*>2] The optical bandgaps
(E,) of blended films were estimated by the derivatives of EQE
curves (Figure S10, Supporting Information), being 1.446 and

Table 1. Summary of photovoltaic parameters for OSCs.

1.438 eV for D1- and D2-based OSCs, respectively. Inferred from
the equation of E,, = E,~qV,c (where ¢ is the elementary
charge), the corresponding E, . for D1- and D2-based OSCs are
0.591 and 0.611 eV, respectively. In detail, the values of AE, (ra-
diative recombination loss above the bandgap) of D1 and D2-
based OSCs are 0.261 and 0.266 eV, respectively. The second
parts (AE,, radiative recombination loss below the bandgap) are
0.087 eV for D1 and 0.091 eV for D2. Then, the last parts of AE,
(non-radiative energy loss) for D1 and D2 are 0.243 and 0.254 eV
according to the equation of AE; = —kTIn(EQEEL), 5351 where k
is the Boltzmann constant and T represents the Kelvin temper-
ature. This is consistent with the photoluminescence quantum
yield results in Figure S11 (Supporting Information). Generally,
fluorination on linker groups of dimerized acceptors seems to
have no obvious effects on the energy losses in resulting OSCs.
Besides, the Urbach energies (E) for D1 and D2 blended films
were also measured, being 53.81 and 53.55 meV, respectively
(Figure S12, Supporting Information).l>*8] The nearly identical
Eys are consistent with similar energy losses for D1- and D2-
based OSCs.

Active Layers Voc [V] Jsc [MAcm™ Cal. Jsc® [mA cm™2] FF [%)] PCE [%]")

PM6:D1 0.887 21.73 20.75 78.61 15.08
(0.879 + 0.010) (21.64 + 0.46) (78.03 + 0.96) (14.90 + 0.24)

PM6:D2 0.876 2433 23.35 78.17 16.66
(0.877 + 0.004) (24.15 + 0.22) (78.26 + 0.26) (16.56 + 0.10)

? Current densities by integrating EQE plots. ) Average parameters derived from 15 independent OSCs (Tables S4 and S5, Supporting Information);
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Figure 3. a) 2D GIWAXS patterns of neat films and blended films. Extracted line-cut profiles from 2D GIWAXS patterns of b) neat films and c) blended

films.

2.4. Morphology Analysis

As we have discussed above, the higher Js. of D2-based devices
may be ascribed to a superior nanoscale bulk heterojunction
(BHJ) morphology in active layers.[*>l Thus, we further resorted
to the grazing incident wide-angle X-ray scattering (GIWAXs)
measurement, to elucidate the molecular crystallinity, and pack-
ing orientations of D1 and D2 (Figure 3a; Table S8, Supporting
Information).l®”) The predominant face-on orientation can be ob-
served in both D1 and D2 neat films since both of them showed
the evident (010) peaks at 1.56 A~! in the out-of-plane (OOP) di-
rection (Figure 3b), moreover, indicating the similar z7—z stacking

(a)
PM6:D1

Figure 4. a) AFM and b) AFM-IR images of blended films.
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distance of 4.03 A. However, whether in the OOP or in-plane (IP)
directions, an enlarged crystal coherence length (CCL) can be ob-
served for D2 (37.68 A in OOP and 28.26 A in IP) compared to
D1 (29.75 A for OOP and 25.69 A for IP), indicating the superior
crystalline ordering in D2 neat films. What’s more, although the
7—n stacking distance in two blended films is semblable (~3.89 A,
Figure 3c), an enlarged CCL (29.75 A) for PM6:D2 compared to
that of PM6:D1 (23.55 A) still reveals the more ordered inter-
molecular packing in D2 films, which should be induced by the
fluorination on linker groups.

Atomic force microscopy (AFM) and AFM-based infrared
spectroscopy (AFM-IR) were also employed to characterize the

v

(VA
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surface morphologies of PM6:D1 and PM6:D2 blended films.
As shown in Figure 4a, both the blended films exhibited
smooth and uniform surfaces with root-mean-square values of
0.91 nm for PM6:D1 and 1.01 nm for PM6:D2. More impor-
tantly, PM6:D2 blend possesses a better fibrillary morphology
compared to PM6:D1, which in theory could facilitate charge
transport.[°!l This phenomenon could be confirmed by the AFM-
IR images (Figure 4b, blue and red colors represent PM6 and
acceptor, respectively). The IR spectra of D1, D2, and PM6
are shown in Figure S13 (Supporting Information). Markedly,
more pronounced acceptor domains were discovered in PM6:D2
blended film. Theoretically speaking, the desirable morphology
in PM6:D2 blended films is closely related to its better charge
transfer/transport dynamics and even determines the better pho-
tovoltaic performance of PM6:D2-based OSCs.

3. Conclusion

Two branch-connected dimerized acceptors, namely D1 and D2,
were developed by employing bithiophene and difluorinated
bithiophene as linker groups, respectively. After an in-depth anal-
ysis, it has been revealed that D2, which benefits from the fluori-
nation on linker groups, possesses a larger molar extinction co-
efficient, better molecular planarity, more ordered intermolecu-
lar packing, and superior charge transport behavior compared to
that D1. Subsequently, when blending with a suitable donor PM6,
the favorable face-on molecular packing orientation and better
crystalline ordering of D2 can be remained in blended films, pro-
viding an enhanced fibrillary network with respect to that of D1.
As a consequence, D2-based OSCs reached an excellent PCE of
16.66% with a significantly higher [ than D1-based ones. Our
work demonstrates the great significance of linker group screen-
ing in constructing high-performance branch-connected dimer-
ized acceptors and will stimulate more efforts to explore highly
efficient dimerized SMAs through delicately linker group design.

4. Experimental Section

Experimental methods are available in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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