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Enhanced photovoltaic performance of A–D–A’–D–A type non-fused ring
electron acceptors via side chain engineering
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ABSTRACT Featuring simplified synthesis and flexible
chemical alteration, non-fused ring electron acceptors
(NFREAs) are the ideal candidates for constructing low-cost
organic solar cells (OSCs). Herein, we report three A–D–A’–
D–A type NFREAs, namely ffBTz-BO, ffBTz-EH, and ffBTz-
C4, where difluorinated benzotriazole (ffBTz) with different
side chain lengths were employed as the weak electron-defi-
cient A’ core. Compared with ffBTz-BO and ffBTz-C4, ffBTz-
EH with appropriate side chain length strikes a balance be-
tween the enhanced molecular crystallinity and the favorable
face-on orientation, resulting in high charge mobilities.
Consequently, ffBTz-EH-based OSC delivered the highest
power conversion efficiency (PCE) of 12.96% enabled by its
efficient charge transport and most suitable phase separation,
which represents one of the highest efficiencies among A–D–
A’–D–A type NFREAs. This work demonstrates that alkyl side
chain on the central A’ core plays a critical role in tuning
molecular crystallinity, active layer morphology, and further
device performance, which provides a meaningful perspective
for designing highly efficient A–D–A’–D–A type non-fused
ring electron acceptors in the future.

Keywords: organic solar cells, non-fused ring electron acceptors,
side chain engineering, molecular orientation, power conversion
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INTRODUCTION
As a promising renewable energy technology, organic solar cells
(OSCs) have attracted considerable attention due to their low-
cost, light-weight, and flexibility [1–6]. In conventional OSCs,
the bulk-heterojunction (BHJ) active layer consisting of mixed
donor and acceptor materials can provide a nanoscale mor-
phology for effective exciton dissociation and charge transport
[7,8]. Owing to the rapid development of A–D–A and A–DA’D–
A type fused-ring electron acceptors, the power conversion
efficiencies (PCEs) of OSCs have exceeded over 19% [9–13].
However, the synthesis of A–D–A and A–DA’D–A type fused-
ring electron acceptors are generally laborious, due to the
complex ring closure reaction, which inevitably limits the large-
scale manufacturing of OSCs [14]. As the counterparts of fused-

ring electron acceptors, non-fused ring electron acceptors
(NFREAs) featuring single-bond connected structures have
drawn increasing attentions because of their much lower syn-
thetic complexity and flexible chemical alteration [15–18]. At
early stage, Li et al. [19] reported an A–D–D’–D–A type NFREA
by employing difluorobenzene as the central D’ core, namely
DF-PCIC. It is found that the noncovalent F···H intramolecular
interactions can guarantee the molecular planarity and further
facilitate charge transport. However, due to the limited
absorption range where the absorption onset of neat DF-PCIC
film was only 781 nm, the champion device exhibited a relatively
low short-circuit current density (Jsc) of 15.66 mA cm−2 and a
PCE of 10.14%. Later, Chen et al. [20] reported an A–D–D’–D–
A type NFREA, namely o-4TBC-2F, where four ortho-sub-
stituted side chains can encapsulate the central part of the planar
molecular backbone. Particularly, J-aggregates were formed after
thermal annealing, leading the absorption onset of the neat
acceptor film to 925 nm. The corresponding OSC exhibited a
much higher Jsc value of 20.48 mA cm−2. Encouragingly, bene-
fitting from the advanced molecular design and delicate device
optimization, the PCEs of OSCs based on A–D–D’–D–A type
NFREAs have achieved over 16% recently [21–23].

Apart from A–D–D’–D–A type NFREAs, to enhance the
intramolecular charge transfer (ICT) effect and broaden the
absorption range, A–D–A’–D–A type NFREAs have received
much interest by replacing the central electron-donating D’ core
with the central electron-deficient A’ core [24–27]. In 2020, our
group developed an A–D–A’–D–A type NFREA, namely
BTCIC-4Cl, by introducing benzothiadiazole (BT) as the central
A’ core, and successfully extended the film absorption up to
946 nm [28]. Using PBDB-T-2Cl as the polymer donor, the
photovoltaic device obtained a high Jsc value of 21.0 mA cm−2.
Yet, due to the deep-lying lowest unoccupied molecular orbital
(LUMO) energy level of BTCIC-4Cl, the reduced open-circuit
voltage (Voc) of 0.75 V resulted in a moderate PCE of 10.5%. To
solve this issue, introducing a weaker electron-deficient A’ core
can endow NFREAs with shallow-lying LUMO level, thus a
higher Voc. Afterwards, Zhou et al. [29] reported a NFREA based
on the weaker electron-deficient difluorinated benzotriazole
(ffBTz) as a central A’ core, namely ffBTz-HD, and the corre-
sponding device exhibited a much higher Voc of 0.86 V when
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pairing with PM6. However, the fill factor (FF) of 62.6% limited
the device performance (10.56%) to some extent.

Compared with other molecular design strategies, side chain
engineering can provide a more effective and straightforward
approach to regulating the molecular crystallinity, further
affecting the charge transport, FF value, and device efficiency
[30]. This strategy has been successfully employed in many
highly efficient small molecular acceptors [31–34]. For example,
Ma et al. [35] designed two ladder-type FREAs with different
alkyl side chain length and found the molecular orientation of
thin film could be altered from edge-on (n-cetyl-modified) to
face-on (2-hexyldecyl-modified). Generally, face-on orientation
is conducive to the vertical carrier transport, thus yielding the
A–D–A type fused-ring electron acceptor M3 (2-hexyldecyl-
modified) with an outstanding FF value (0.76) and a power
conversion efficiency of 16.66%. Furthermore, Zhang et al. [36]
developed an A–D–A’–D–A type NFREA, namely NoCA-5, by
introducing an additional n-octyl side chain into cyclopenta-
dithiophene (CPDT) unit. Different from the reference acceptor
NoCA-1 (without n-octyl side chain), NoCA-5 exhibited the
enhanced intermolecular π–π stacking, smaller Urbach energy,
and a more favorable phase separation. Consequently, the cor-
responding OSC obtained a certified PCE of 14.5% with an
improved FF value from 61.7% (NoCA-1) to 72.6% (NoCA-5).
Therefore, cooperated with the strategy of side chain engineer-
ing, it possesses a huge potential for difluorinated benzotriazole
(ffBTz) building block to develop more efficient NFREAs.

In this work, we rationally designed and synthesized three A–
D–A’–D–A type NFREAs by utilizing ffBTz as the central A’
core, where the alkyl side chains on benzotriazole have been
systematically altered from BO (2-butyloctcyl substitution), to
EH (2-ethylhexyl substitution). It is revealed that not only the
chain length but also the chain type on benzotriazole could
largely affect the photovoltaic performance [37]. Thus, to
explore the potential of NFREA, ffBTz-C4 with linear n-butyl
substitution was further included, as shown in Fig. 1a. We then

investigated their optoelectronic properties, photovoltaic per-
formance, as well as the morphological characteristics. Grazing
incidence wide-angle X-ray scattering (GIWAXS) results
revealed that shortening side chain length could not only
enhance the molecular crystallinity but also affect the orientation
of thin film. Among them, ffBTz-EH, with a relatively strong
crystallinity, exhibited the most favorable face-on orientation.
Accordingly, by blending with the polymer donor PM6, the
ffBTz-EH-based OSC delivered one of the highest PCE (12.96%)
among A–D–A’–D–A type NFREAs, with simultaneously
enhanced Jsc (21.4 mA cm−2) and FF value (69.7%), which is
contributed to the faster charge transport, less charge recombi-
nation, and the formation of interpenetrated fibrous networks of
the active layer.

RESULTS AND DISCUSSION

Synthesis and characterization
The synthetic routes of ffBTz-BO, ffBTz-EH, and ffBTz-C4 are
shown in Scheme S1 [29,38]. The critical intermediates com-
pound 3a‒3c were prepared via direct arylation coupling with
the catalyst of Pd2(dba)3. The organotin-free synthesis not only
affords higher atom economy but also is more environmentally
benign, which is promising for the future large quantity synth-
esis and large-scale device manufacturing. Subsequently, Knoe-
venagel condensations under mild conditions were carried out,
giving the three target NFREAs. The molecular structures and
purities of the key intermediates and the target NFREAs were
fully characterized by 1H NMR, 13C NMR, and matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (Figs S1‒S18). All three NFREAs displayed good
solubilities in common organic solvents, such as chloroform
(> 15 mg mL−1). Thermogravimetric analysis (TGA) demon-
strates good thermal stabilities of ffBTz-BO, ffBTz-EH, and
ffBTz-C4 (Fig. S19 and Table S1), with thermal decomposition
temperatures (Td, 5% weight loss) of 354, 353, and 350°C,

Figure 1 (a) Chemical structures, (b) DSC curves, and (c) film absorption spectra of ffBTz-BO, ffBTz-EH, and ffBTz-C4. (d) Energy level diagrams of PM6
and the three NFREAs.
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respectively. To explore their phase transition behaviors, dif-
ferential scanning calorimetry (DSC) analysis was performed
(Fig. 1b). During the heating process, the melting peaks at 273
and 296°C were observed for ffBTz-BO and ffBTz-EH, respec-
tively. The melting enthalpies (ΔHms) were increased from
42.6 J g−1 of ffBTz-BO to 53.2 J g−1 ffBTz-EH. Additionally, the
crystallization peaks were also appeared during the cooling
process, at 219°C for ffBTz-BO, and 250°C for ffBTz-EH with
crystallization enthalpies (ΔHcs) of 28.2 and 31.3 J g−1, respec-
tively. However, neither melting nor crystallization peaks were
observed for ffBTz-C4, probably due to the decomposition of
ffBTz-C4 before its melting. These observations indicate that
shortening alkyl side chain could induce a stronger crystallinity
of NFREAs.

The ultraviolet–visible–near-infrared (UV–vis–NIR) spectra of
the NFREAs in solutions and as thin films are shown in Fig. S20
and Fig. 1c, respectively. In diluted chloroform solutions, the
absorption peaks of the NFREAs all appeared at 740 nm, which
suggests the alteration of alkyl side chain has a negligible effect
on the electronic structure of the conjugated skeleton. In solid
states, the absorption peaks were all red-shifted to over 810 nm,
indicating the significantly enhanced intermolecular interactions
from solutions to solid states. The absorption onsets of ffBTz-
BO, ffBTz-EH, and ffBTz-C4 as thin films were determined to be
861, 862, and 867 nm, corresponding to an optical bandgap
(Eg

opt) of 1.44, 1.44, and 1.43 eV, respectively (Table S2).
Noticeably, the intensity of A0–0 peaks has been increased fol-
lowing the order of ffBTz-BO < ffBTz-EH < ffBTz-C4 in the
normalized A0–1 absorption spectra. This observation illustrates
that the molecular aggregation in solid state has been gradually
enhanced as side chain length being shorter, echoing the results
of DSC characterization [39,40]. Square wave voltammetry
(SWV) was used to measure the energy levels. The oxidation/
reduction curves are shown in Fig. S21, and the energy level

diagram is presented in Fig. 1d. Although the varied side chain
length, similar highest occupied molecular orbital (HOMO) and
LUMO energy levels of three acceptors were determined, as
−5.60/−4.10 eV (ffBTz-BO), −5.58/−4.10 eV (ffBTz-EH), and
−5.59/−4.12 eV (ffBTz-C4), respectively.

Photovoltaic performance
To evaluate photovoltaic properties of the NFREAs, we fabri-
cated OSCs with an architecture of ITO/PEDOT:PSS/active
layer/PFN-Br/Ag. Due to the complementary light absorption
and matched energy levels, a widely-used polymer PM6 was
selected as electron donor to pair with the NFREAs [41]. The
optimal devices were screened by donor/acceptor weight ratios,
the type of solvent additives, thermal annealing (TA), and active
layer thickness (Tables S3‒S5). The current density–voltage
(J–V) curves of the optimal devices are shown in Fig. 2a and the
photovoltaic parameters are summarized in Table 1. The optimal
OSC based on PM6:ffBTz-BO showed a PCE of 11.55% with an
Voc of 0.87 V, a Jsc of 20.85 mA cm−2, and an FF of 63.4%. On the
other hand, despite the slightly enhanced Jsc (21.42 mA cm−2)
and FF value (65.9%), ffBTz-C4 with the shortest side chain
length, the corresponding device delivered a similar PCE of
11.74%, mainly due to the reduced Voc value (0.83 V). For the
PM6:ffBTz-EH-based OSC, all device parameters were simulta-
neously elevated, as 0.86 V for Voc, 21.42 mA cm−2 for Jsc, and
69.7% for FF, finally resulting in the champion PCE of 12.96%,
which is comparable to the state-of-the-art highly efficient A‒D–
A’–D–A type NFREA (Table S6). Noted that the devices based
on ffBTz-BO and ffBTz-EH exhibited the similar Voc (~ 0.86 V),
while the value of ffBTz-C4-based device was decreased to
0.83 V. Therefore, we performed the energy loss (Eloss) analysis
(Fig. S22 and Table S7) of ffBTz-C4 and ffBTz-EH to understand
the intriguing observation. It is found that the inevitable energy
loss above optical bandgap (∆E1) and the nonradiative recom-

Figure 2 (a) J−V curves, (b) EQE spectra, (c) Jph as a function of Veff of the optimal OSCs based on ffBTz-BO, ffBTz-EH, and ffBTz-C4. (d) Hole and
electron mobilities of the blend films acquired from single-carrier devices. (e) Voc versus light intensity characteristics, (f) TPC of the optimal OSCs based on
ffBTz-BO, ffBTz-EH, and ffBTz-C4.
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bination energy loss (∆E3) of both devices were similar, whereas
the energy loss below optical bandgap (∆E2) of PM6:ffBTz-C4
was slightly lower than that of PM6:ffBTz-EH. Therefore, the
overall energy loss of PM6:ffBTz-C4 is slightly lower than that of
PM6:ffBTz-EH (0.575 versus 0.584 eV). However, the qVoc,SQ,
which refers to the maximum Voc in a solar cell in the Shockley–
Queisser limit without considering any recombination losses
differs between the two devices (1.200 eV of ffBTz-EH versus
1.177 eV of ffBTz-C4). Thus, the liner n-butyl modified ffBTz-
C4 exhibited smaller Voc value. The external quantum efficiency
(EQE) spectra of the OSCs are shown in Fig. 2b. All three
devices gave strong and flat EQE profiles within the broad range
between 450 and 850 nm. Particularly in the range of
700–800 nm, the ffBTz-EH- and ffBTz-C4-based devices
achieved higher EQE response approaching 80%, which indi-
cates more efficient photoelectron conversion processes and
responsible for the higher current densities. Furthermore, the
integrated current densities from the EQE spectra (JscEQE) mat-
ched well with the Jsc values calculated from the J–V tests (within
the 5% error range), which suggests good accuracy and reliability
of the device metrics.

Charge generation, transfer, transport, and recombination
To verify the photon-induced charge transfer at the donor/
acceptor interface, the photoluminescence (PL) emission spectra
of neat and blend films were measured (Fig. S23). Under the
excitation wavelength of 530 nm, the donor emissions were
largely suppressed, as the quenching efficiencies over 97% for
the investigated blend films, indicating that efficient electron
transfer occurring from PM6 to NFREAs. When the blend films
were excited at 730 nm, the acceptor quenching efficiencies were
calculated to 78% for ffBTz-BO, 90% for ffBTz-EH, and 80% for
ffBTz-C4, respectively. Among them, PM6:ffBTz-EH exhibited
the most efficient hole transfer from acceptor to donor. The
dependence of photocurrent density (Jph) on effective voltage
(Veff) was further analyzed. Normally, Jph is calculated from the
equation, Jph = JL − JD, where JL and JD represent the current
densities under light and dark condition, respectively. Veff is
given by the equation Veff = V0 − Va, where V0 is the voltage
when Jph is zero, and Va is the applied bias voltage. The exciton
dissociation probability P(E, T) can be obtained by the Jph/Jsat
ratio under the short-circuit conditions. As shown in Fig. 2c, the
P(E, T) of the OSCs were calculated to be 93.6% for ffBTz-BO,
96.0% for ffBTz-EH, and 95.1% for ffBTz-C4, respectively,
suggesting efficient exciton dissociation in these devices.

Moreover, we employed the space-charge-limited current
(SCLC) model to gain insight into the charge transport beha-
viors (Fig. 2d and Fig. S24) [42]. The hole mobility (μh) and

electron mobility (μe) of blend films were acquired from hole-
only and electron-only devices, respectively. The hole/electron
mobilities of the blends were extracted to be 2.02 × 10−3/1.55 ×
10−3 for ffBTz-BO, 2.45 × 10−3/2.01 × 10−3 for ffBTz-EH, and
2.09 × 10−3/1.57 × 10−3 cm2 V−1 s−1 for ffBTz-C4, and the cor-
responding μh/μe ratio was calculated to be 1.30, 1.22 and 1.33,
respectively (Table S8). The high carrier mobilities of blend films
endowed the devices with high Jsc values. Particularly, for PM6:
ffBTz-EH system, the more balanced μh/μe ratio could mitigate
space charge accumulation and thereby enhance FF value. Fur-
thermore, the light intensity (Plight)-dependent Jsc and Voc mea-
surements were conducted to understand charge recombination
process of the devices [43]. The relationship between Jsc and Plight
follows a power-law equation of Jsc∝Plight

α, in which the power-
law factor α value close to 1 represents the negligible bimolecular
recombination in the devices. As shown in Fig. S25, the PM6:
ffBTz-EH-based device exhibited the highest α value of 0.995
and the most suppressed bimolecular recombination, compared
with the other two devices (both α values were 0.980). On the
other hand, the correlation between Voc and Plight is described as
Voc∝ (nkT/q)ln(Plight), where k, T, and q represent the Boltzmann
constant, the Kelvin temperature, and the elementary charge,
respectively. The Voc versus ln(Plight) characteristics are displayed
in Fig. 2e. Generally, the slope close to kT/q indicates the
dominating mechanism of bimolecular recombination, while the
slope close to 2kT/q means the device would be prone to the
trap-assisted recombination. The slope values fitted from Fig. 2e
are 1.25, 1.14, and 1.20 for PM6:ffBTz-BO, PM6:ffBTz-EH and
PM6:ffBTz-C4, respectively, suggesting trap-assisted charge
recombination was all suppressed in these devices. Moreover,
the transient photocurrent (TPC) was measured to evaluate the
impact of side chain length on the extraction lifetime of charge
carriers in the devices [44]. As shown in Fig. 2f, the device based
on ffBTz-EH exhibited the shortest photocurrent decay time of
0.258 μs, compared with ffBTz-BO (0.416 μs) and ffBTz-C4
(0.773 μs), suggesting the most effective charge extraction cap-
ability, and echoing with the increased mobilities and reduced
recombination.

Film morphology
To further verify the role of alkyl side chain and get deeper
understanding of the morphology, GIWAXS was employed to
characterize the crystalline behaviors in thin films. The corre-
sponding two-dimensional scattering patterns and the one-
dimensional line-cut profiles are displayed in Fig. 3 [45]. The
numerical data are summarized in Table S9. For neat acceptor
films, the (010) diffraction peaks in out-of-plane (OOP) direc-
tion are located at 1.74 Å−1 for ffBTz-BO, 1.75 Å−1 for ffBTz-EH,

Table 1 Photovoltaic parameters of OSCs based on ffBTz-BO, ffBTz-EH, and ffBTz-C4

Active layer Voc

(V)
Jsca

(mA cm−2)
Jsc (EQE)b
(mA cm−2)

FF
(%)

PCE
(%)

PM6:ffBTz-BO 0.87
(0.86 ± 0.01)

20.85
(20.73 ± 0.12) 20.23 63.4

(63.3 ± 0.1)
11.55

(8.68 ± 0.13)

PM6:ffBTz-EH 0.86
(0.85 ± 0.01)

21.42
(21.32 ± 0.10) 21.12 69.7

(69.5 ± 0.2)
12.96

(12.84 ± 0.12)

PM6:ffBTz-C4 0.83
(0.82 ± 0.01)

21.42
(21.29 ± 0.13) 21.01 65.9

(65.7 ± 0.2)
11.74

(11.61 ± 0.13)

a) Values in bracket were obtained from over 10 devices. b) Integrated Jsc from EQE spectra.
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and 1.79 Å−1 for ffBTz-C4, corresponding to the gradually
reduced π–π stacking distances (dπ–π) of 3.61, 3.59, and 3.51 Å,
respectively. Moreover, the crystal coherence lengths (CCLs) for
the (010) diffraction peaks in the OOP direction are calculated to
be 19.41 Å for ffBTz-BO and 20.09 Å for ffBTz-EH according to
Scherrer equation, indicative of the more compact and more
ordered intermolecular packing after shortening the branched
side chain length. When the side chain type was changed to
linear n-butyl, ffBTz-C4 neat film exhibited the highest value of
23.06 Å. Intriguingly, it is noteworthy that besides the (010)
diffraction peaks, the ffBTz-C4 neat film appeared a (100) dif-
fraction peak (located at 0.44 Å−1) in OOP direction. Thus,
different from the shortening of branched side chain length
where the neat films based on ffBTz-BO and ffBTz-EH adopted
similar face-on molecular orientation relative to the substrate,
the mixed face-on and edge-on orientation were coexisted in
ffBTz-C4 neat film after the side chain type was changed from
branched to linear one. Further, the electron mobilities of neat
acceptor films were characterized (Fig. S26). It is indicated that
the highest electron mobility (4.61 × 10–3 cm2 V–1 s–1) was
achieved in ffBTz-EH neat film. On the other hand, despite the
strongest crystallinity, the linear chain modified ffBTz-C4

exhibited slightly lower value (4.11 × 10–3 cm2 V–1 s–1), which
might be attributed to the mixed molecular orientation. The neat
PM6 film was also characterized (Fig. S27), in which a (100)
diffraction peak (q = 0.33 Å–1) in OOP direction was recorded,
suggesting a mixed orientation (face-on and edge-on coexisted).
After blending with PM6, the alkyl side chain engineering has
varied effect on three NFREAs. All blend films exhibited pro-
nounced (100) diffraction peaks at 0.33 Å−1 in OOP direction,
which should belong to the lamellar stacking of PM6. For (010)
diffraction peaks in OOP direction, ffBTz-BO-based blend film
showed relatively weakened diffraction intensity (located at
1.72 Å−1). We attributed this to its intrinsic weak crystallinity of
ffBTz-BO, thus the face-on orientation is prone to being dis-
turbed after the introduction of polymer donor. When the side
chain length continues to decrease, the more pronounced (010)
diffraction peaks in OOP direction revealed that the acceptor
packing has been preserved at maximum extent in PM6:ffBTz-
EH system, and keeping the strong face-on orientation in blend
film. The face-on orientation in thin film is essential for solar
cells to improve the vertical charge transport within the active
layer, as evidenced by the effective charge dynamics analysis. On
the other hand, due to the mixed orientation in neat film, the

Figure 3 (a) Two-dimensional GIWAXS patterns of neat and blend films. (b, c) One-dimensional GIWAXS line-cut profiles of neat (b) and blend films (c).
For the line-cut profiles, solid line depicts out-of-plane morphology and dashed line depicts in-plane film morphology.
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intensity of (010) diffraction peaks in OOP direction is
becoming weaker in PM6:ffBTz-C4 blend film, suggesting the
suppression of face-on orientation.

Furthermore, we investigated the nanoscale separation mor-
phology of active layer using atomic force microscopy (AFM)
and transmission electron microscopy (TEM). As shown in
Fig. 4a, the ffBTz-BO-based blend film exhibited a relatively
smooth surface with root mean square (RMS) surface roughness
of 1.66 nm, indicating good miscibility with polymer PM6.
Whereas larger RMS values, as 3.48 nm for ffBTz-EH and
2.77 nm for ffBTz-C4, are presented, mainly due to the stronger
crystallinities of the electron acceptors. In TEM images (Fig. 4b),
PM6:ffBTz-BO exhibited smaller grain, while PM6:ffBTz-EH
and PM6:ffBTz-C4 blend films afforded more suitable nano-
scale phase separation along with the more interpenetrated
fibrous networks, which is conducive to exciton dissociation as
well as charge transport. From the above results, it is observed
that the morphological evolution has been occurred by fine-

tuning alkyl side chain length. Among them, ffBTz-EH, with a
middle chain length, possesses a proper crystallinity, pre-
dominant face-on orientation, and suitable phase separation,
which is beneficial for charge transport in the vertical direction,
thus giving rise to the superior FF value and champion PCE.

Furthermore, contact angle and surface energy (γ) measure-
ments were conducted to investigate the miscibility of between
polymer donor and acceptors (Fig. 5). As summarized in Table
S10, the γ values of ffBTz-BO, ffBTz-EH, ffBTz-C4 neat films are
32.44, 34.96, and 34.84 mN m−1, respectively. According to the

empirical equation ( )K= D A
2
, where K is a positive

constant, γD and γA refer to the surface energies of donor and
NFREA neat films, the Flory–Huggins interaction parameters (χ)
were calculated to be 0.33, 0.63 and 0.61 for PM6 blended with
ffBTz-BO, ffBTz-EH, and ffBTz-C4, respectively. The smallest χ
value suggests the increased miscibility between PM6 and ffBTz-
BO, which explained the smaller surface roughness in AFM

Figure 4 (a) AFM height images, and (b) TEM images of PM6:ffBTz-BO, PM6:ffBTz-EH, and PM6:ffBTz-C4 blend films.

Figure 5 Contact angles of water (a) and ethylene glycol (b) on the neat films of ffBTz-BO, ffBTz-EH, ffBTz-C4, and PM6.
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results. On the other hand, the higher χ values of PM6:ffBTz-EH
and PM6:ffBTz-C4 blends indicate the higher domain purity,
which is beneficial for charge collection and suppressing charge
recombination, thus resulting in higher FF.

CONCLUSIONS
In summary, three A–D–A’–D–A type NFREAs, namely ffBTz-
BO, ffBTz-EH, and ffBTz-C4, were designed and synthesized to
systematically investigate the influence of alkyl chain length on
the photoelectric, morphological, and photovoltaic properties.
By shortening the alkyl side chain length, the crystallinity and
molecular orientation of NFREAs were successfully manipu-
lated. Particularly, ffBTz-EH, with an appropriate chain length
and chain type, strikes a balance and possesses not only a strong
crystallinity but also a favorable face-on orientation of thin films.
As a result, the photovoltaic device based on PM6:ffBTz-EH
presents one of the highest PCEs (12.96%) among A–D–A’–D–A
type NFREAs, with simultaneously improved Jsc and FF, which
benefits from its effective charge dynamics and suitable film
morphology. This work emphasizes the critical role of alkyl side
chain in fine-tuning the crystallinity, molecular packing, and
active layer morphology of A–D–A’–D–A type NFREAs to
construct high-performance and low-cost OSCs in the future.
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通过侧链工程提高A–D–A’–D–A型非稠环电子受体
的光伏性能
周霞1,2†, 魏文魁2†, 庞淑婷2†, 袁熙越2, 李俊宇3*, 黄飞2, 曹镛2,
段春晖2*

摘要 非稠环电子受体(NFREA)具有合成简单和结构修饰灵活的特点,
是制备高性能低成本有机太阳电池(OSCs)的理想材料. 本工作以不同
侧链修饰的二氟苯并三氮唑(ffBTz)作为弱缺电子核(A’), 分别设计合
成了三种A–D–A’–D–A型NFREA, 即ffBTz-BO、ffBTz-EH和ffBTz-C4.
其中, ffBTz-EH, 由于其合适的侧链长度, 在分子结晶度和分子堆积优
势取向之间取得了平衡, 从而获得了更高的电荷迁移率. 并且得益于高
效的电荷传输和最合适的相分离形貌 , 基于 f fBTz-EH的OSC获得
12.96%的最高能量转换效率, 这也是A–D–A’–D–A型NFREA获得的最
高效率之一. 本研究表明, A’核心上的烷基侧链在调节分子结晶度、活
性层形貌和进一步调控器件性能方面起着至关重要的作用, 这为未来
设计高效低成本的A–D–A’–D–A型非稠环电子受体提供了思路.
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