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a b s t r a c t

Optimal bulk-heterojunction (BHJ) morphology is crucial for efficient charge transport and good photo-

voltaic performance in organic solar cells (OSCs). Yet, the correlation between chemical structures of non-

fullerene acceptors (NFAs) and molecular interaction in the BHJ blends remains opaque. Herein, we study

three isomeric NFAs referred to as MQ1-x (x=β , γ , or δ) that shared an asymmetric selenophene-fused

heteroheptacene backbone end-capped by two monochlorinated end groups. Remarkably, miscibility be-

tween the polymer donor of PM6 and MQ1-x successively elevates as the chlorine atoms move from β-,

to γ -, to δ-position of terminals. Combined with the varied molecular crystallinity of these NFAs, diverse

BHJ morphologies are observed in their blend films. As a result, the MQ1-δ-based devices present the

highest PCE of 12.08% owing to the efficient charge dissociation and transport induced by the compact

molecular packing and optimal BHJ morphology. Our investigation provides a new insight in the material

design that has a good balance in molecular packing and film morphology for high-performance OSCs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solution-processed bulk-heterojunction (BHJ) organic solar cells

(OSCs) are recognized as good candidates for portable applica-

tions compared to conventional silicon-based counterparts owing

to their unique merits such as good flexibility, translucent po-

tential, and light-weight nature [1–3]. Nowadays, acceptor-donor-

acceptor (A-D-A)-type non-fullerene acceptors (NFAs) with three-

dimensional (3D) packing networks and anisotropic charge trans-

port properties have been widely researched for OSCs, which

rekindled a new round of passion for the investigation on re-

newable energy conversion technology over the past decade [4–

7]. Generally, A-D-A-type NFAs are composed of three indepen-

dently tuneable modules: an electron-donating π-conjugated core

(D unit), a pair of electron-withdrawing end groups (A units), and

sets of side chains, leading to both the structural diversity and self-

assembly complexity of the NFAs. With enormous efforts on the A-

D-A-type NFAs, power conversion efficiencies (PCEs) of OSCs have

exceeded 17% and some even reached 19% [8–13].
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The precise control of the molecular configuration of NFAs

would strongly affect molecular aggregation behaviors, optoelec-

tronic properties as well as related photovoltaic responses [13–17].

Initially, NFAs featuring IDT/IDTT cores contain both suitable solu-

bility and crystallinity thanks to the side chains on sp3-hydridized-

carbons that remarkably prevent the over-aggregation of the large

conjugated skeletons [18]. However, the large steric hindrance of

the side chains also prevents the effective π-orbital overlap be-

tween neighboring NFA molecules, resulting in monotonous in-

termolecular interaction and vulnerable stacking networks [19,20].

Therefore, side chains on sp2-hydridized-nitrogens were incorpo-

rated into NFAs, which boost the development of ladder-type fused

ring cores readily to self-assemble and in turn endowing outstand-

ing light-harvesting capacities, charge-transport abilities, and pho-

tovoltaic performance of the related NFAs, such as M36, MQ6, Y6,

and L8-BO [21–24]. The minimized steric hindrance of side chains

on the sp2-hydridized-nitrogens gives BDTPT-type (M-series) and

BTP-type (Y6-family) NFAs more freedom in fabricating intricate

3D packing networks with aid of “A to A”, “D to A” or “D to

D” π-π interactions [25–28]. Furthermore, NFAs with asymmetric

selenophene-fused central π-backbone showed enhanced molecu-

lar interaction with increased dipole moment in comparison with

the symmetric counterparts [22,29].

https://doi.org/10.1016/j.cclet.2023.108448

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



R. Liao, C. Tang, Y. Ma et al. Chinese Chemical Letters 34 (2023) 108448

Fig. 1. (a) Chemical structures of MQ1-β , MQ1-γ , and MQ1-δ. (b) CV-derived frontier molecular orbital (FMO) energetics of active layer materials applied in this work. (c)

Linear absorption spectra in chloroform solution and solid film of MQ1-β , MQ1-γ , and MQ1-δ.

Multiform molecular packing modes and noncovalent interac-

tions induced by end groups lie at the heart of the long-range

order and anisotropic charge transport channels of NFAs [13,30–

32]. Typically, halogenated 1,1-dicyanomethylene-3-indanone (IC)

end groups were frequently applied to dictate the self-assembly

of NFAs, which are driven by diverse noncovalent interaction, in-

cluding hydrogen bonds (e.g., CN···H, CO···H, F···H, and Cl···H in-

teraction), π-π stacking, S···F, or Cl···O/Cl interaction [5,27,33,34].

Therefore, studies on halogenated end groups are significant in

comprehending the relative molecular interaction and photovoltaic

performances of NFAs. For instance, Marks et al. developed two iso-

meric NFAs with the π-extension and fluorination strategies, pro-

moting “π-face-to-face” packing and achieving a PCE of 10.3% [35].

In addition, Zhan et al. reported a series of NFAs with varied fluori-

nated IC end groups. Among these acceptors, the tetra-fluorinated

NFA (INIC3) exhibited the best crystallinity in BHJ morphology and

afforded a PCE of 11.5% [36]. Previous studies on terminal-mediated

NFAs mainly focus on the crystallinity of NFAs and seldom on

the impact of terminal groups on the miscibility between donors

and acceptors. In fact, halogen atoms anchored in the conjugated

skeletons would affect the surface energy of organic compounds

thereby leading to the varied miscibility with other components

[37]. Especially, chlorine atoms in end groups could notably tune

the electron density, non-covalent interaction, and crystallinity of

NFAs owing to their great electron affinity [6,38]. Hence, the inves-

tigation on how chlorinated-end-group-mediated packing affects

crystallinity, D/A miscibility, and optoelectronic properties of NFAs

merits attention.

In this work, we report three isomer-free dichlorinated NFAs

with the same asymmetric selenophene-fused backbone (T-BDTP-

Se) yet exhibiting varied molecular aggregation behaviors by al-

tering the chlorine position in the end groups, namely, MQ1-β ,

MQ1-γ , and MQ1-δ. The change in the chlorine substitute posi-

tion of terminals induces fine control of molecular aggregation,

even in the complex BHJ blends. Intriguingly, the D/A miscibility

of NFA with polymer donor PM6 increases as the chlorine sub-

stitute changes from β-, to γ -, to δ-position of terminal benzene

rings, leading to diverse BHJ blends. In detail, the MQ1-γ -based

OSCs outperform the MQ1-β-based counterparts in photovoltaic

performance due to the compact molecular packing and better D/A

miscibility of MQ1-γ . Remarkably, both compact molecular pack-

ing and intermingled BHJ blend of PM6:MQ1-δ guarantee well-

balanced carrier transport in the MQ1-δ-based devices thereby

leading to its highest PCE of 12.08%.

The synthetic details of MQ1-β , MQ1-γ , and MQ1-δ are dis-

played in Scheme S1 (Supporting information). As the chlo-

rine changes from β-, to γ -, and to δ-position, the solubil-

ity of the related IC end group (IC-Cl-β , IC-Cl-γ , and IC-Cl-

δ) in dichloromethane sequentially increases from 16mg/mL, to

26mg/mL, and to 130mg/mL. This result implied that the tendency

to crystallization of IC-Cl-β , IC-Cl-γ , and IC-Cl-δ was successively

decreased. The varied noncovalent interaction of the three end

groups could be ascribed to the resonance effects of chlorine lo-

cated in different positions of the end groups (Fig. S1 in Supporting

information). Specifically, the Cl···O interaction in IC-Cl-β may be

responsible for its strongest inclination to self-aggregation, which

could partly persevere to corresponding NFAs. Moreover, as de-

picted in Fig. 1a, the three isomeric small molecules share identical

selenophene-containing asymmetric heptacene central π-core an-

chored by four sets of branched (2-butyloctyl) side-chains. MQ1-β ,

MQ1-γ , and MQ1-δ were obtained via Knoevenagel condensation

reactions between the corresponding monochlorinated end groups

and the corresponding aldehyde intermediate reported in our pre-

vious work [22], with yields of 84%, 91%, and 88%, respectively. The

three acceptors were characterized by 1H NMR, 13C NMR, elemen-

tal analysis, and high-resolution mass spectrometry (Supporting in-

formation).

To evaluate the energy levels of the three acceptors, cyclic

voltammetry (CV) and ultraviolet photo-electron spectroscopy

(UPS) experiments were performed. As depicted in Fig. 1b and

Table 1, energy levels of MQ1-γ and MQ1-δ obtained from the

CV measurement are obviously deeper than those of MQ1-β .

Similarly, based on the UPS spectra (Fig. S2 in Supporting in-

formation), the LUMO/HOMO of MQ1-γ (-4.15/-5.55 eV) and

MQ1-δ (-4.17/-5.55 eV) are also deeper than those of MQ1-β
(-4.12/-5.51 eV), which is consistent with the energy level trend

from the CV results. UV–vis absorption spectra of the three NFAs

were shown in Fig. 1c, and the relevant data are summarized

in Table 1. In the CF solution (5×10−6 mol/L), the maximum

absorption peaks of MQ1-β (755nm) and MQ1-δ (754nm) were

slightly red-shifted than the counterpart of MQ1-γ (748nm). This

may come from the diverse intramolecular S/Se···O interaction

related to the carboxylic oxygen of A units, which are vulnerable

to the resonance effect of β/δ-chlorine in the benzene rings (Fig.

S1). According to the resonance analysis (Supporting information),

the intramolecular Cl···O interaction (ca. 3.10 Å) induced by charge

polarization between β-chlorine and carboxylic group may ac-

count for the higher εmax of MQ1-β (2.51×105 L mol−1 cm−1) in

comparison with MQ1-δ (2.35×105 L mol−1 cm−1). Owing to in-

tense molecular aggregation in solid film, the film state absorption

maxima (λmax) of MQ1-β (813nm), MQ1-γ (807nm), and MQ1-δ
(819nm) are conspicuously red-shifted than their solution state

counterparts (Fig. 1c). The optical bandgap of MQ1-β , MQ1-γ ,

and MQ1-δ are 1.39, 1.40, and 1.38 eV, respectively, which are

calculated from the λonset edges in thin films (889nm for MQ1-β ,

883nm for MQ1-γ , and 896nm for MQ1-δ), respectively (Fig. 1c).
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Table 1

Photophysical and electrochemical parameters of the nonfullerene acceptors.

Acceptors εmax
sol (Lmol−1 cm−1) λmax

sol (nm) λmax
film (nm) Eg

opt (eV)a ELUMO/HOMO (eV)b

MQ1-δ 2.35×105 754 819 1.38 −3.91/−5.58

MQ1-γ 2.69×105 748 807 1.40 −3.90/−5.59

MQ1-β 2.51×105 755 813 1.39 −3.87/−5.54

a Eg
opt =1240/λonset

film.
b HOMO/LUMO energy levels were obtained from CV measurements.

Fig. 2. Single crystal structures and packing modes diagrams. The 3D interpenetrating networks of MQ1-β (a) and MQ1-γ (b). The stacking modes and noncovalent in-

teraction distance of MQ1-β (c) and MQ1-γ (d) from the side view of π-face-on perspective. The noncovalent interaction diagrams about the similar dimer and adjacent

molecules of MQ1-β (e) and MQ1-γ (f) from the π-face-on perspective. Alkyl chains are omitted for ease of viewing.

Moreover, the absorption coefficient of MQ1-δ-based film (εmax of

3.41×105 cm−1), is larger than those of MQ1-β- (3.15×105 cm−1)

and MQ1-γ -based films (3.37×105 cm−1), which could be due to

the more compact molecular stacking for the MQ1-δ-based film.

The polymer of PM6 (Fig. S2) with a wide bandgap was selected

as the donor material for fabricating photovoltaic devices. In addi-

tion, λonset edges of the PM6:MQ1-β , PM6:MQ1-γ , and PM6:MQ1-

δ blend films are 870, 868 and 882nm, respectively (Fig. S2). The

light-harvesting trend in pristine films of the three acceptors was

consistent with those in blend films, indicating that MQ1-δ can

capture more photons in both pristine and blend films, which is

one of prerequisites for good photovoltaic responses.

Diffraction quality crystals of MQ1-β and MQ1-γ (CCDC Nos.

2213581 and 2213582) were cultured by liquid-liquid diffusion

method using toluene as a good solvent, tetrahydrofuran as a

buffer-layer solvent, and methanol as a poor solvent. The sin-

gle crystal X-ray diffraction results (Fig. S3 in Supporting infor-

mation) indicate that both MQ1-β and MQ1-γ share the slightly

twisted configuration interlocked by S/Se···O intramolecular in-

teraction. Specifically, owing to intramolecular Cl···O interaction

(DCl-O =3.10 Å), MQ1-β possesses smaller DS/Se-O (2.60 Å) than

those of MQ1-γ (2.64 Å). These strong intramolecular interactions

may partially account for the conspicuously red-shifted absorp-

tion peak of the MQ1-β solution compared to the two other

isomeric acceptors. Nonetheless, MQ1-β exhibits worse molecu-

lar planarity than MQ1-γ owing to the greater absolute value of

the D-A torsion (ϕ) of MQ1-β (12.7°) than that of MQ1-γ (8.2°).
Furthermore, the single-crystal packing diagrams were systemati-

cally investigated and presented in Fig. 2. MQ1-β crystal belongs

to the triclinic system (Table S1 in Supporting information), pre-

senting the three-dimension (3D) network with quadrangular voids

(18.23 Å/14.54 Å). As the chlorine anchored in γ -position, IC-Cl-γ
terminals impart the senior crystal system (monoclinic) and the

3D network with smaller voids (15.27 Å/10.87 Å) to MQ1-γ crystal.

As shown in Figs. 2c and d, dramatic differences in intermolecu-

lar packing vertical to the “π-face-on” direction are observed. Ow-

ing to the highly twisted (D-A dihedral angle: 22.4°) conformers

in MQ1-β , there is only four kinds of independent π-π interac-

tion supporting the bent π-planes of MQ1-β molecules, including

π-π interaction between end groups (“A-A” type: 3.41 Å) and π-

π interaction between an end group and partially central π-core

(“D-A” type: 3.37–3.47 Å). In contrast, the “brick-work” planes of

MQ1-γ crystal are fabricated by more intense independent π-π
interaction with shorter distances (“A-A” type: 3.40 Å; “D-A” type:

3.33–3.45 Å). Besides the “face-to-face” packing, the “edge-to-edge”

intermolecular interactions are of equal importance in probing 3D

networks. As shown in Figs. 2e and f, similar dimers linked by

four pairs of CN···H hydrogen bonds (2.69–2.70 Å for MQ1-β and

2.67–2.80 Å for MQ1-γ ) are both observed in the two acceptors.

Nonetheless, the CN···H hydrogen bonds in MQ1-β incline to form

clusters rather than the extended chain-like aggregation (Fig. S4

in Supporting information). Moreover, the other “edge-to-edge” in-

teraction in MQ1-β (Cl···Cl: 3.35 Å) has no contribution in form-

ing compact and ordered packing networks, thereby leading to

the separated “CN···H” clusters (Fig. S4) and slack packing mode

of MQ1-β . While the intense and multiform noncovalent interac-

tions (CN···H: 2.47 Å, Cl···Cl: 3.43 Å, and Cl···H: 2.93 Å) exhibited in

MQ1-γ all collaborate on the formation of highly interlocked pack-

ing motifs and chain-like J-aggregation (Fig. 2f and Fig. S5 in Sup-

porting information). As expected, such a little modification on the
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Fig. 3. (a) J-V plots, (b) PCE statistical distribution histograms, (c) EQE spectra and the corresponding integrated currents of the OSCs based on PM6:MQ1-δ, PM6:MQ1-γ ,

PM6:MQ1-β .

Table 2

Photovoltaic parameters of the optimal OSCs based on MQ1-δ, MQ1-γ , and MQ1-β .

Active layer VOC (V)a JSC (mA/cm2)b FF (%)a PCE (%)a

PM6:MQ1-δ 0.912 (0.910± 0.002) 20.93 (19.91) 63.26 (62.32± 0.53) 12.08 (11.51± 0.18)

PM6:MQ1-γ 0.936 (0.935±0.002) 18.90 (17.97) 57.96 (57.24± 0.45) 10.26 (10.00±0.11)

PM6:MQ1-β 0.968 (0.963±0.003) 14.54 (13.92) 45.93 (44.35± 0.70) 6.46 (6.02± 0.17)

a In parentheses are average values based on more than 10 devices.
b In parentheses are integrated JSC values from the EQE spectra.

substitution position of chlorine on π-backbone affects both in the

symmetry of crystal systems and packing motifs.

To evaluate the photovoltaic performance of the three iso-

meric acceptors, we fabricated the binary BHJ OSCs with a de-

vice structure of ITO/PEDOT:PSS/active layer/PDIN/Ag. The specific

photovoltaic parameters of all optimized conditions such as D/A

weight ratios (1:1), the volume amount of 1-chloronaphthalene

(CN) additive (0.5 vol%), and thermal annealing temperatures (90

°C) were summarized in Tables S2-S4 (Supporting information).

The current density-voltage (J-V) curves and the critical param-

eters including PCE, open-circuit voltage (VOC), short-circuit cur-

rent density (JSC) and fill factor (FF) were presented in Fig. 3a and

Table 2, respectively. Fig. 3b showed the histograms and corre-

sponding Gaussian distribution of PCE counts for PM6:MQ1-β-,

PM6:MQ1-γ -, and PM6:MQ1-δ-based devices. As chlorine changes

from β-, to γ -, and to δ-position in the end groups of NFAs, the

VOC of related devices diminishes, while the JSC, FF, and PCE of

related devices increases, successively. In detail, the PM6:MQ1-β-

based cell showed the highest VOC of 0.968V but the lowest PCE

of 6.46% due to the inferior JSC (14.54mA/cm2) and FF (45.93%).

The PM6:MQ1-γ -based cell delivered a PCE of 10.26% accompa-

nied by a VOC of 0.936V, a JSC of 18.90mA/cm2, and an FF of

57.96%. The improved PCE of PM6:MQ1-γ -based device can be at-

tributed to the efficient charge transport in the nanocrystalline

zones of MQ1-γ . Furthermore, a PCE of 12.08% (VOC =0.912V,

JSC =20.93mA/cm2, FF=63.26%) was recorded for the PM6:MQ1-

δ-based device. Notably, the highest JSC of the PM6:MQ1-δ-based
device was mainly derived from its smallest bandgap among the

three acceptors. As shown in the external quantum efficiency (EQE)

spectra (Fig. 3c), the integrated JSC of the PM6:MQ1-β-, PM6:MQ1-

γ -, and PM6:MQ1-δ-based devices are calculated to 13.92, 17.97,

and 19.91mA/cm2, respectively, in which the mismatches between

the JSC from the J-V measurements and the integrated JSC from EQE

spectra were all lower than 5%, indicating that the PCEs reported

in this work are trustworthy.

Photoluminescence (PL) quenching experiments were employed

to further probe the charge transfer behaviors of the blends based

on these NFAs. As shown in Fig. S7 (Supporting information),

the PL of PM6 was almost quenched by the acceptors in the

blend films, and the PL of the three acceptors was also practically

quenched by the PM6 donor. In detail, when excited at 780nm, the

three NFAs showed evident emission peaks of 868nm for MQ1-

γ , 879nm for MQ1-δ, and 881nm for MQ1-β , respectively. The

quenching efficiency of 95.6% for MQ1-δ-based blend was higher

than those of MQ1-β- (87.1%) and MQ1-γ -based (93.2%) counter-

parts, indicating the most efficient exciton dissociation and charge

transfer between PM6 and MQ1-δ. To further investigate the exci-

ton dissociation and charge extraction behavior of the three OSCs,

the curves of photocurrent (Jph) versus efficient voltage (Veff) were

plotted in Fig. S7. Based on the equation of Pdis = Jph/Jsat, the ex-

citon dissociation efficiency (Pdis) was applied to gage the incli-

nation of exciton dissociation, in which Jsat is the saturation cur-

rent density. As Veff ascended, the Jph reached saturation (Jsat) at

a high Veff (>2.0V). The Pdis values were calculated as 74.4% for

PM6:MQ1-β-, 91.5% for PM6:MQ1-γ -, and 92.6% for PM6:MQ1-δ-
based devices, respectively. The higher the Pdis value is, the more

efficient exciton and charge extraction in OSCs are. To probe the

recombination behavior, the correlation between JSC and light in-

tensity (Plight), described as JSC∝Plight
α , was established by record-

ing the J-V curves under varied Plight values. Indicating the degree

of bimolecular recombination, the α value near 1 indicates mini-

mal or no bimolecular recombination in devices. The α values for

PM6:MQ1-β-, PM6:MQ1-γ - and PM6:MQ1-δ-based devices were

0.984, 0.994, and 0.998, respectively, indicating that PM6:MQ1-δ-
based device exhibits the weakest recombination among all the

three isomeric acceptor-based devices thanks to the good miscibil-

ity between MQ1-δ and PM6. In all, the Pdis and α values for the

three different OSCs follow the order of PM6:MQ1-δ > PM6:MQ1-

γ > PM6:MQ1-β , which is consistent with their PCE variation.

To further investigate the difference in charge transport

abilities of the three blend films, hole (μh) and electron (μe)

mobilities were measured by the space-charge-limited-current

(SCLC) method, and the related data were presented in Fig. S8

and Table S5 (Supporting information). PM6:MQ1-β-based devices

had μh and μe values of 6.0×10−5 and 2.2×10−5 cm2 V−1 s−1,

respectively, with a μh/μe ratio of 2.8. The most unbalanced

μh and μe values for the PM6:MQ1-β-based blend are partly

responsible for its lowest JSC, FF, and PCE values, which are mainly

derived from the high surface energy of MQ1-β and the poor

miscibility of PM6 and MQ1-β . In contrast, PM6:MQ1-γ -based

devices exhibited champion μh and μe values of 6.4×10−5 and

3.5×10−5 cm2 V−1 s−1 among the three acceptor blends, which

was ascribed not only to the interlocked π-π packing motif in the

nanocrystal zone of MQ1-γ but also to the suitable interaction be-
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Fig. 4. The measured (a-c) DIM (diiodomethane) and (d-f) water contact angles

of MQ1-δ, MQ1-γ , and MQ1-β . (g) Bar chart visualization of interfacial interac-

tion analysis about surface energy (γ ) and Flory-Huggins interaction parameter (χ )

based on PM6:MQ1-δ, PM6:MQ1-γ , PM6:MQ1-β .

tween the PM6 donor and MQ1-γ . Nonetheless, the μh/μe ratio of

PM6:MQ1-γ blend (1.8) is higher than that of PM6:MQ1-δ blend

(1.5), pointing to the imbalance of hole and electron transport in

the PM6:MQ1-γ -based devices, thereby resulting in lower FF and

JSC values of PM6:MQ1-γ -based devices than MQ1-δ-based coun-

terparts. Moreover, although the μe value (3.3×10−5 cm2 V−1 s−1)

of MQ1-δ-based blend was slightly lower than the MQ1-γ -based

counterpart, the lowest μh/μe ratio of PM6:MQ1-δ-based device

guaranteed the most balanced charge transport thereby leading to

the highest FF, JSC, and PCE values among the three acceptors.

To get insight into the effect of substitution position of chlorine

on the miscibility between the acceptor and donor (D/A miscibil-

ity), contact angle (CA) experiments of PM6 and the three isomeric

acceptors were implemented with two solvents: diiodomethane

(DIM) and deionized water. As shown in Fig. 4, the water (DIM)

contact angles on the surfaces of MQ1-δ, MQ1-γ , and MQ1-β were

95.5° (51.0°), 102.5° (48.0°), and 98.5° (35.0°), respectively. Further-
more, the surface energy (γ ) value of MQ1-β (42.04 mN/m) was

remarkably higher than those of MQ1-γ (35.39 mN/m) and MQ1-

δ (34.37 mN/m), which may be related to the inclination of self-

aggregation of MQ1-β induced by the Cl···O interaction of IC-Cl-

β . Moreover, the miscibility between PM6 and the three acceptors

was gauged by Flory-Huggins interaction parameter (χ ) that was

calculated from the surface energies of donors and acceptors (Ta-

ble S6 in Supporting information). In principle, the smaller the χ
value is, the better the miscibility is, and vice versa [39]. As de-

picted in Fig. 4g, PM6:MQ1-δ-based blend exhibited the lowest

χ value (0.165K) among the three acceptors, indicating that ho-

mogenous BHJ blend may be obtained by the congenial interac-

tion and impressive miscibility between PM6 and MQ1-δ. Besides,
the slightly higher χ value of PM6:MQ1-γ (0.243K) is also an in-

dicator of suitable morphology of blend films. Compared to the

PM6:MQ1-δ-based blend, the almost six-fold χ value of PM6:MQ1-

β (1.06K) represents the poorest D/A miscibility of MQ1-β among

the three acceptors. Moreover, the undermixed morphology of the

PM6:MQ1-β blend is detrimental to charge extraction and charge

transport between donor and acceptors, thereby leading to the

lowest JSC, FF, and PCE of PM6:MQ1-β-based devices. In compar-

ison, the excellent D/A miscibility between PM6 and MQ1-δ is

beneficial for suitable morphology and less defect in their blends,

which facilitate charge dissociation and transfer between the two

domains.

To further probe the impact of D/A miscibility on molecu-

lar packing behaviors and crystalline inclination of NFAs in blend

films, grazing incidence wide-angle X-ray scattering (GIWAXS) ex-

periments were implemented. Two-dimensional (2D) GIWAXS pat-

terns and related 1D linecuts in Fig. 5 demonstrated the blend

films of three acceptors also showed evident (010) diffraction

peaks (qz =1.731–1.742 Å−1) in the out-of-plane (OOP) direction

and (100) diffraction peaks (qxy =0.305–0.313 Å−1) in the in-plane

Fig. 5. (a) GIWAXS 1D linecuts in the out-of-plane and in-plane directions, (b-d)

2D GIWAXS patterns, (e-g) AFM height images of annealed blend films based on

PM6:MQ1-δ, PM6:MQ1-γ , and PM6:MQ1-β .

(IP) direction, respectively. The π-π stacking distances estimated

from the (010) peaks decreased as the acceptor in blend film

changed from MQ1-β (3.63 Å), to MQ1-γ (3.62 Å), and to MQ1-

δ (3.61 Å). Notably, the trend of π-π stacking distances in blend

film is consistent with that of pristine film (Table S7 in Supporting

information), indicating the molecular aggregation behavior of the

three acceptors was preserved in blend film. In the OOP direction,

the crystal coherence lengths (CCLs) of pristine films/blend films

were 27.8/19.9 Å for MQ1-β , 25.4/18.0 Å for MQ1-γ , and 28.6/18.4 Å

for MQ1-δ, respectively. The biggest domain size of acceptors in

MQ1-β-based blend film is mainly originated from its poor D/A

miscibility. In comparison, the excellent miscibility of MQ1-δ and

PM6 mitigates the strong crystallinity of MQ1-δ thereby lead-

ing to the suitable crystalline size and favorable morphology of

PM6:MQ1-δ blends, matching with the improved charge-carrier

mobility in the correlated BHJ film. Furthermore, atomic force mi-

croscopy (AFM) images in Figs. 5e–g demonstrated the fiber-like

structure and conspicuous phase separation features in the blend

films of the three acceptors The root-mean-square roughness (Rq)

values of the three PM6-based blend films are successively el-

evated from 0.79nm of MQ1-δ, to 0.88nm of MQ1-γ , and to

0.94nm of MQ1-β , in agreement with the trend of D/A miscibility

of the three acceptors. The smallest Rq value of PM6:MQ1-δ-based
blend indicates the smoothest surface which would lead to the fa-

vorable contact between active layer and interfacial layer thereby

leading to efficient charge extraction.

In summary, we provided a facile yet effective approach to engi-

neering molecular packing and miscibility of isomeric asymmetric

NFAs in BHJ blends. The strong intramolecular Cl···O interaction de-

rived from the IC-Cl-β end group induces the great surface energy

and slack molecular packing of MQ1-β , as well as the undermixed

BHJ blends with PM6, which impede the efficient charge transport

thereby leading to the lowest JSC, FF, and PCE of the MQ1-β-based

devices. Owing to interlocked π-π packing and the better D/A mis-

cibility of MQ1-γ , the PM6:MQ1-γ blend presented improved and

more balanced mobility compared to PM6:MQ1-β-based counter-

parts, hence yielding the enhanced PCE of 10.26% of the resulting

OSC devices. Finally, the strong crystallinity and compact molecular

packing endowed by δ-chlorine substituted end groups for MQ1-

δ lead to the most bathochromic absorption both in pristine and

blend films. As a result, the PM6:MQ1-δ-based device presented

the most balanced carrier transport and the highest PCE of 12.08%,

which is supported by its superior D/A miscibility and shortest

molecular packing distances. Overall, our investigation offers an in-
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sight into the effect of monochlorinated terminals on molecular

interaction, crystallinity, miscibility, and photovoltaic responds of

NFAs.
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