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Abstract: In the molecular optimizations of non-fullerene acceptors 

(NFAs), extending the central core can tune the energy levels, reduce 

nonradiative energy loss, enhance the intramolecular (donor–

acceptor and acceptor–acceptor) packing, facilitate the charge 

transport, and improve device performance. In this study, a new 

strategy was employed to synthesize acceptors featuring conjugation-

extended electron-deficient cores. Among these, the acceptor CH-

BBQ, embedded with benzobisthiadiazole, exhibited an optimal 

fibrillar network morphology, enhanced crystallinity, and improved 

charge generation/transport in blend films, leading to a power 

conversion efficiency of 18.94% for CH-BBQ-based ternary organic 

solar cells (OSCs; 18.19% for binary OSCs) owing to its delicate 

structure design and electronic configuration tuning. Both 

experimental and theoretical approaches were used to systematically 

investigate the influence of the central electron-deficient core on the 

properties of the acceptor and device performance. The electron-

deficient core modulation paves a new pathway in the molecular 

engineering of NFAs, propelling relevant research forward. 

Introduction 

Organic solar cells (OSCs) are gaining considerable attention for 

being environmentally friendly, solution-processable, and their 

flexibility[1]. In recent years, the revolutionary Y-series non-

fullerene acceptors (NFAs) have emerged, featuring a unique 

electron-deficient unit-centered polycyclic core and electron-

deficient flanks, leading to a remarkable surge in power 

conversion efficiencies (PCEs) of OSCs[2]. State-of-the-art 

polymer donor/NFA binary systems have already achieved PCEs 

over 19% in single-junction OSCs[3]. Compared to previously 

reported NFA derivatives like ITIC[4], the Y-series NFAs exhibit 

highly efficient charge generation with minimal driving force and 

essentially reduced energy loss (Eloss)[5]. Moreover, they enable 

panchromatic light harvesting across the ultraviolet (UV)–visible 

(vis) to near infrared (NIR) region, ensuring satisfactory 

photocurrent density in corresponding OSC devices[6]. 

Numerous characterizations have been conducted to 

investigate the exceptional performance of Y-series NFAs. Single 

crystal X-ray diffraction revealed that Y-series acceptors can form 

a unique three-dimensional (3D) interpenetrated network through 

intermolecular π−π stacking[7]. Unlike previously reported 

acceptor–donor–acceptor (A–D–A) structured NFAs, where 

charge transport relies on the pathway formed through π–π 

stacking between indanone terminal groups[8], the introduction of 

the benzothiadiazole core in Y-series NFAs generates an 

unprecedented “end unit to central core” packing mode in addition 

to the original “end unit to end unit” mode[2c]. This unique 3D 

intermolecular packing network facilitates efficient charge 

separation/transport, accelerates photon-to-electron conversion, 

suppresses charge recombination, and minimizes Eloss while 

retaining high PCE. Density functional theory (DFT) calculations[9] 

further indicated that the benzothiadiazole-centered structure of 

Y-series NFAs grants them unique advantages, such as a 

enhanced quadrupole moment (Qπ, along the π–π stacking 

direction), which can provide a gradual change of electrostatic 

potential induced by charge–quadrupole interactions, leading to 

optimized morphology and barrierless charge generation in bulk-

heterojunctions (BHJs)[10].  

The importance of the central core in high-performance 

NFAs has sparked interest in targeted modifications[5a, 11]. 

Recently, our group reported central core extensions to develop 

high-performance NFAs (CH-series). Using a 3-step “reduction–

oxidation–condensation” tandem reaction, the benzothiazole unit 

of Y-series NFAs can be converted to a π-extended phenazine 

core (Figures 2 and S1). This central core conjugation extension 

resulted in a multimodal and strong 3D intermolecular packing for 

CH-6[2a]. As a result, charge transport in blend films improved, 
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radiative recombination with high luminescence efficiency was 

achieved, and nonradiative recombination loss was alleviated, 

leading to reduced energetic disorder in blend films compared to 

Y6. Consequently, a PCE of 18.33% and an open-circuit voltage 

(VOC) of 0.89 V were achieved. Similarly, Wei’s group developed 

an NFA called Qx-2, containing a dibenzophenazine core[12]. Qx-

2-based devices exhibited drastically reduced Eloss from improved 

exciton dissociation and alleviated nonradiative recombination, 

resulting in a record-high VOC of 0.93 V and a PCE of 18.3%. 

These inspiring results indicate the great potential of breaking the 

PCE bottleneck of OSCs through molecular engineering, 

especially using the central core conjugation extension strategy 

mentioned above (Figure S1). 

The preliminary results verified the effectiveness of the 

central core conjugation extension strategy in designing high-

performance acceptors. However, several crucial questions 

remain unanswered. For example, the impact of fusing electron-

deficient units (e.g., benzothiadiazole) on photovoltaic 

performance is yet to be explored, as most cases involved 

electron-rich unit fusion (phenyl, anthracene, etc.). Additionally, 

the influence of the electron configuration of the central core on 

photovoltaic performance requires further investigation. Bearing 

these questions in mind, we emphasize the necessity and 

importance of utilizing new designs for thorough exploration, 

thereby expanding the application scope of this new strategy. 

 

Figure 1. a) Molecular structures of acceptors. b) Theoretical density distribution ΔQ (ΔQ = Ψ2
LUMO − Ψ2

HOMO) along the longest axis (backbone) of acceptors. c) 

Hole(blue)–electron(yellow) distribution of acceptors calculated at relaxed S1 state. 

In this contribution, three A–D–A featured NFAs (CH-BQ, 

CH-iBQ, and CH-BBQ) were constructed with different electron-

deficient cores (Figure 1a). The two isomeric thiadiazole 

decorated NFAs, CH-BQ and CH-iBQ, differ only in the conjugate 

extension direction of the central core, while CH-BBQ features the 

benzobisthiadiazole-embedded structure. Compared to CH-BQ, 

CH-iBQ demonstrated optimized energy levels, better charge 

transport, and improved miscibility with the polymer donor (PM6). 

Consequently, PM6:CH-iBQ binary OSCs achieved a PCE of 

17.97% with a VOC of 0.875 V, a short-circuit photocurrent density 

(JSC) of 26.04 mA·cm−2, and an excellent fill factor (FF) of 78.5%. 

In contrast, PM6:CH-BQ-based devices demonstrated an inferior 

PCE of 12.85%, VOC of 0.84 V, JSC of 23.61 mA·cm−2, and a low 

FF of 64.8%. The benzobisthiadiazole-embedded acceptor, CH-

BBQ, exhibited optimal fibrillar network morphology, improved 

charge generation/transport in blend films, leading to a PCE of 

18.19% for PM6:CH-BBQ binary OSCs, and a further enhanced 

PCE of 18.94% for PM6:CH-BBQ:BO-4Cl ternary OSCs. To 

further understand the impact of electron-deficient core extension 

on the acceptors, donor/acceptor interactions, and photovoltaic 

device performance, DFT calculations and molecular dynamic 

(MD) simulation[13] were performed. This work paves a new 

pathway for structure modifications and electronic configuration 
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tuning of NFAs, offering new guidelines for the molecular 

engineering of high-performance organic photovoltaic materials. 

Results and Discussion 

Before materializing the new NFAs, several basic DFT 

calculations were conducted to envision their properties. The A–

D–A feature of the acceptors was examined using the 

characteristic peak-valley-peak plots, revealing their frontier 

orbital charge density differences (ΔQ) on the molecular 

backbone in the longest direction (Figure 1b). Surprisingly, while 

CH-iBQ and CH-BBQ exhibited polarized electron distribution and 

typical A–D–A feature, CH-BQ showed a more uniformed electron 

distribution, potentially unfavorable for exciton separation, charge 

transport, and thus suppressing OSC performance compared to 

its counterparts[14]. Meanwhile, the vertically extended CH-BQ 

exhibited a high-lying highest occupied molecular orbital (HOMO) 

energy level, downshifted lowest unoccupied molecular orbital 

(LUMO), and consequently a reduced bandgap, distinct from its 

isomer CH-iBQ with horizontally extended core. The electron 

density distributions of HOMOs and LUMOs of CH-iBQ and CH-

BBQ revealed a notable difference, while their electron-deficient 

cores barely participated in HOMO/LUMO delocalization and CH-

BQ displayed the opposite behavior (Figure S3). This is also 

reconfirmed by the calculated hole–electron distribution at the 

relaxed S1 state (Figure 1c), indicating that the electron tends to 

be trapped in the extended central core in CH-BQ instead of 

shifting to its terminal groups. This anomaly resulted in a 

considerable overlap of hole/electron distribution for CH-BQ, 

potentially causing substantial variations in charge 

separation/recombination behavior compared to CH-iBQ and CH-

BBQ[15]. These calculated results spurred us to realize these 

molecules and investigate them experimentally. 

 

Figure 2. a) Synthetic route of the key π-conjugated backbones. b) Energy level diagram of PM6 and acceptors. c) Normalized absorption spectra of PM6 and 

acceptors. d) thermal gravimetric analysis curves of acceptors. 

The synthetic procedure for the new acceptors is depicted 

in Figure 2a and Scheme S1. Initially, our previously developed 

di-imine intermediated method was adopted to synthesize three 

ring-fused cores, and three vicinal diamines were prepared 

according to the literature[2a, 16]. However, the yield of the 

condensation reaction is almost negligible, probably owing to the 

reduced reactivity of three diamines induced by their electron-

deficient unit. Using the commonly used “diamine-diketone” ring-

closure condensation reaction, we successfully converted the 

diamines into the diketone via a 2-step “oxidation–hydrolysis” 

reaction. Subsequently, three target ring-fused cores were 

synthesized in good yield. Notably, the diketone compound was 

very stable and could be synthesized and stored on a large scale, 

streamlining the subsequent access. After obtaining the core units, 

acetylation and the Knoevenagel condensation reaction were 

conducted, leading to three final products (CH-BQ, CH-iBQ and 

CH-BBQ). This new synthetic method, complements our 

previously developed one and would facilitate versatile structure 

modification of NFAs. 

To determine the energy levels of new acceptors, their 

electrochemical behaviors were investigated using cyclic 

voltammetry (CV) (Figure S7). Compared to axisymmetric CH-BQ, 

CH-iBQ exhibited a downshifted HOMO (−5.70 eV vs. −5.79 eV), 

uplifted LUMO energy levels (−3.87 eV vs. −3.81 eV), and a 

widened bandgap, consistent with DFT calculations, as shown in 

Figure 2b. The vertically fused benzothiadiazole in CH-BQ 

enhanced its quinoidal character, explaining the energy level 

differences with the axisymmetric CH-iBQ, which can be 

explained with annellation theory, further discussed below. 

Furthermore, the HOMO/LUMO energy levels of CH-BBQ were 

further deepened (−5.83 eV/−3.88 eV) owing to an extra electron-

deficient thiadiazole moiety. UV–vis spectroscopy investigated 

the photophysical properties of three acceptors. As shown in 

Figures 2c and S8, CH-BQ exhibited maximum absorption peaks 

located at 761 and 824 nm in dilute chloroform solution and neat 

film, respectively, with an Eopt 

ga  of ~1.37 eV. Accordant with the CV 

results, CH-iBQ and CH-BBQ exhibited sequentially blue-shifted 

absorption profiles, with Eopt 

ga  of ~1.39 and 1.42 eV, respectively. 

Interestingly, CH-BBQ  exhibited the largest redshift (Δλ) of 71 nm 

(63 nm for CH-BQ and 66 nm for CH-iBQ) when transforming from 

solution to film, suggesting that its optimized intermolecular π–π 

stacking[17]. The detailed physicochemical parameters are 
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summarized in Table S5. Additionally, using different ways of 

extending the electron-deficient core, the resulting acceptors 

exhibited varying thermal stability with decomposition 

temperatures ranging from 317 °C to 330 °C, as measured by 

thermal gravimetric analysis (Figure 2d). 

Table 1. Photovoltaic performance parameters of best devices based on CH-BQ, CH-iBQ, and CH-BBQ (PM6 as the polymer donor). 

BHJs[a] 
VOC 
(V) 

JSC 
(mA/cm-2) 

Calc.JSC
[b] 

(mA/cm-2) 
FF (%) PCE (%) 

PM6/CH-BQ 0.840 
(0.847±0.007) 

23.61 
(23.36±0.39) 

22.65 
64.8 

(62.9±0.9) 
12.85 

(12.46±0.20) 

PM6/CH-iBQ 
0.879 

(0.875±0.005) 
26.04 

(26.18±0.22) 
25.13 

78.5 
(77.9±0.5) 

17.97 
(17.84±0.11) 

PM6/CH-BBQ 
0.881 

(0.877±0.003) 
26.15 

(26.12±0.26) 
25.21 

78.9 
(78.8±0.3) 

18.19 
(18.04±0.12) 

PM6/CH-BBQ/BO-4Cl 
0.882 

(0.880±0.001) 
27.05 

(27.02±0.07) 
26.20 

79.4 
(79.0±0.2) 

18.94 
(18.79±0.07) 

[a] Statistical and optimal results are listed in parentheses and outside of parentheses, respectively. The average parameters were calculated from 8 independent 

devices. [b] Current densities calculated from external quantum efficiency curves. 

 

Figure 3. a) Current density–voltage (J–V) characteristics and b) external quantum efficiency curves of the optimized devices. c) Exciton dissociation/charge 

collection efficiencies of the optimized devices. e) The EQEEL spectra for the optimized devices. d) Eloss diagram for the optimized devices. f) Thermal stability 

measurement for the optimized devices. 

To evaluate how variations in the central electron-deficient 

core affect the photovoltaic performance of NFAs, OSCs were 

fabricated and characterized. PM6 was used as the polymer 

donor, and the conventional device architecture of 

ITO/PEDOT:PSS/active blend/PNDIT-F3N/Ag was adopted. 

OSC measurements were conducted under simulated solar 

illumination of AM 1.5G within a nitrogen-filled glovebox. Among 

the three NFAs, CH-BQ-based OSCs afforded the lowest JSC of 

23.61 mA·cm−2, the lowest VOC of 0.84 V, which is partially 

attributed to its deepened LUMO energy level, the minimum FF of 

64.8%, and a mediocre PCE of 12.85% (Table 1). In contrast, the 

isomer of CH-BQ, CH-iBQ demonstrated excellent performance, 

achieving an improved PCE of 17.97% along with a VOC of 0.879 

V, JSC of 26.04 mA·cm−2, and FF of 78.5%. Notably, CH-iBQ-

based OSCs achieved nearly 40% higher PCE compared to CH-

BQ, contributing to its simultaneously improved VOC, JSC, and FF. 

A PCE record of 18.19% was achieved with CH-BBQ-based 

OSCs along with a VOC of 0.881 V, JSC of 26.15 mA·cm−2, and FF 

of 78.9%. Although the largest bandgap of CH-BBQ renders the 

narrow range of external quantum efficiencies (EQEs) spectra, 

(Figure 2b), its considerably high EQE values, especially in short-

wavelength regions, guaranteed its superior JSC and PCE. 

Moreover, by introducing a second NFA BO-4Cl into the PM6:CH-

BBQ blend to construct ternary OSCs, the JSC experienced 

another enhancement, leading to a PCE of 18.94% with VOC of 

0.882 V, JSC of 27.05 mA·cm−2, and FF of 79.4%. 

To investigate the influence of electron-deficient core on the 

Eloss of OSCs, the total Eloss for three binary OSCs was analyzed 

using the following equation[18]: Eloss = EPV 

g  − qVOC = (EPV 

g  − qVSQ 

OC ) + 

(qVSQ 

OC  − qVrad 

OC ) + (qVrad 

OC  − qVOC) = ΔE1 + ΔE2 + ΔE3. Here, EPV 

g  

represents the bandgap of the blend film, estimated via the 

derivatives of the sensitive EQE (EQEPV) spectra, and q stands 

for the elementary charge. In this equation, ΔE1 represents the 

unavoidable radiative loss originating from absorption above the 

bandgap, and V SQ 

OC  is the maximum voltage based on the 

Shockley–Queisser (SQ) limit[19]; ΔE2 accounts for the radiative 
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energy loss caused by absorption below the bandgap, and the V
rad 

OC  is the VOC when only radiative recombination occurs; ΔE3 

represents the nonradiative recombination energy loss from direct 

measurement of the EQE of electroluminescence (EQEEL) of 

OSCs. The detailed Eloss data are summarized in Table 2, and 

further measurements can be found in the Supporting Information 

(Section 7, Figure S9, and Table S10). As shown in Table 2, the 

variation in the central core structure has a marginal impact on 

ΔE1 in the optimized OSC devices. ΔE2, caused by radiative 

recombination below the bandgap, can be effectively reduced by 

narrowing the energy level gap between the donor and acceptor. 

Therefore, CH-iBQ-based OSCs displayed a higher ΔE2 of 0.106 

eV compared to CH-BQ (0.096 eV), mainly owing to its deeper 

HOMO energy level. Surprisingly, CH-BBQ-based devices 

exhibited a comparable ΔE2 (0.105 eV) with CH-iBQ despite 

having the deepest HOMO energy level. The ΔE3 values, 

calculated using two different methods, showed a similar trend for 

the binary OSCs. As plotted in Figure 3e, PM6:CH-iBQ binary 

device yields the highest EQEEL of 1.42 × 10−4, leading to the 

smallest ΔE3. Conversely, the PM6:CH-BQ binary exhibited the 

largest ΔE3 owing to its lowest EQEEL of 0.28 × 10−4. Finally, the 

total Eloss can be quantified, which are 0.602, 0.550, and 0.567 eV 

for CH-BQ-, CH-iBQ-, and CH-BBQ-based binary devices, 

respectively (Figure 3d). Besides, considering the importance of 

device lifespan, the thermal stability of OSCs was preliminarily 

investigated. After heating all devices at 65 °C for 200 h, the PCEs 

of CH-BQ-, CH-iBQ-, and CH-BBQ-based binary OSCs dropped 

to 75.5%, 76.5%, and 81.3% of their initial PCEs, respectively 

(Figure 3f).  

Table 2. The distributions of total energy loss in solar cells based on the SQ limit theory. 

BHJs 
E

PV 

g  
(eV) 

V
SQ 

OC  
(V) 

ΔE1 
(eV) 

V
rad 

OC  
(V) 

ΔE2 
(eV) 

ΔE3
[a] 

(eV) 
ΔE3

[b] 
(eV) 

VOC 
(V)) 

Eloss 
(eV) 

PM6/CH-BQ 1.442 1.175 0.267 1.079 0.096 0.239 0.269 0.840 0.602 

PM6/CH-
iBQ 

1.429 1.163 0.266 1.057 0.106 0.178 0.228 0.879 0.550 

PM6/CH-
BBQ 

1.448 1.181 0.267 1.076 0.105 0.195 0.242 0.881 0.567 

[a] Calculated from V
rad 
OC  through the equation of ΔE3 = qV

rad 
OC  − qVOC; [b] Calculated from EQEEL through the equation of ΔE3 = −kTln(EQEEL). 

 

Figure 4. Morphology characterization of relevant blend films. a) 2D grazing-incidence wide-angle X-ray scattering patterns and b) Atomic force microscopy 

height/phase images of blend films; c) In-plane and out-of-plane line-cut profiles of blend films. 

The abovementioned results indicate the influence of 

different electron-deficient cores on the photovoltaic properties of 

the three NFAs. To explain the intrinsic mechanism of the three 

NFAs, we investigated their charge carrier dynamics and 

morphology and conducted molecular simulation. First, charge 

carrier dynamics in the OSCs were investigated in various ways. 

As displayed in Figure 3c, CH-BQ-based OSCs suffered 

mediocre exciton dissociation efficiency (ηdiss, 93.9%) and charge 

collection efficiency (ηcoll, 75.0%), while CH-iBQ- and CH-BBQ-

based OSCs showed much-enhanced ηdiss (over 98%) and ηcoll 

(over 89%), contributing to improved JSC and EQE. The improved 

ηdiss correlated positively with the downshifted HOMO energy 

levels of CH-iBQ and CH-BBQ, strengthening the driving force for 

exciton dissociation[20]. Enhanced ηcoll is usually attributed to the 

high hole and electron mobilities (μh and μe, respectively) and well 

balanced μh/μe ratios of BHJ blends[21]. As expected, PM6:CH-BQ 

blends exhibited μh and μe of 8.33 × 10−4 and 2.87 × 10−4 

cm2·V−1·s−1, respectively, affording a μh/μe ratio of 2.90, while 

PM6:CH-iBQ and PM6:CH-BBQ blends showed enhanced μh and 

μe (10.3 × 10−4/4.13 × 10−4 and 12.3 × 10−4/4.98 × 10−4 cm2·V−1·s−1, 

respectively) and well balanced μh/μe ratios (2.49 and 2.47, 

respectively) (Figure S10 and Table S11). In OSCs, bimolecular 

recombination and trap-assisted recombination are the two major 

charge recombination channels that would result in the loss of FFs 
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and PCEs. Analysis of the dependence of JSC and VOC on light 

intensity indicated that the bimolecular recombination is unlikely 

to have a major impact on all three binary OSCs, while CH-iBQ- 

and CH-BBQ-based OSCs suffered less trap-assisted 

recombination than CH-BQ-based devices (Figure S11 and Table 

S12). In addition, transient photocurrent/photovoltage 

characterizations were performed to quantitatively analyze 

charge recombination and extraction in the devices. As shown in 

Figure S12, CH-BBQ-based OSCs displayed more efficient 

charge extraction (0.45 μs) and longer carrier lifetime (18.25 μs) 

compared to CH-BQ and CH-iBQ. It is noteworthy that for the 

ternary system of PM6:CH-BBQ:BO-4Cl, it not only exhibited 

essentially enhanced μh and μe (23.0 × 10−4 and 13.7 × 10−4 

cm2·V−1·s−1, respectively) along with more balanced μh/μe ratio 

(1.68) (Figure S10 and Table S11), but also displayed improved 

charge extraction (0.39 μs) and prolonged carrier lifetime (23.85 

μs) as compared with binary systems (Figure S12), which 

coincide well with its high PCE value. 

Film morphology is crucial in achieving favorable charge 

carrier dynamics and PCE records in OSCs. Therefore, the 

grazing-incidence wide-angle X-ray scattering technique was 

employed to probe molecular packing behaviors in thin films. As 

displayed in Figure S13, all the neat films of PM6 and acceptors 

exhibited an evident (010) peak along the out-of-plane (OOP) 

direction at 1.62–1.70 Å−1, corresponding to a π–π stacking 

distance of 3.68–3.87 Å, suggesting a face-on orientation that 

favors charge transport[22]. Meanwhile, the increased coherence 

lengths (CLs) demonstrated the sequentially enhanced 

crystallinity of the acceptors in the OOP direction of the three 

NFAs. Compared with CH-BQ (CL of 29.9 Å), the film of CH-iBQ 

and CH-BBQ showed an increase of 44% (43.2 Å) and 97% (58.9 

Å) in CL, respectively (Figure S14 and Table S13). In the donor 

and acceptor (D:A) blends, the d-spacings and corresponding 

CLs of (010) peak were estimated to be 3.76 and 27.6 Å for 

PM6:CH-BQ, 3.70 and 37.4 Å for PM6:CH-iBQ, and 3.67 and 31.1 

Å for PM6:CH-BBQ (Figure 4a and 4c, Table S14). Thus, 

PM6:CH-iBQ and PM6:CH-BBQ blends exhibited shorter d-

spacings and larger CLs along the OOP direction compared to 

PM6:CH-BQ, which would facilitate the charge 

extraction/transport and boost the FF and JSC of the devices. 

These results coincide well with the enhanced charge carrier 

mobilities and improved ηcoll of PM6:CH-iBQ and PM6:CH-BBQ 

binaries. Compared to CH-BQ, the more ordered intermolecular 

packing and better crystallinity of CH-iBQ- and CH-BBQ-based 

films is highly correlated with their horizontally extended electron-

deficient central core: the more the central core extended, the 

more crystalline the film becomes. Atomic force microscopy (AFM) 

was conducted to observe the phase separation of the active 

layers. The AFM images (Figure 4b) illustrate that all blend films 

present a fiber-like uniform surface and well-defined phase 

separation. The root mean square (RMS) roughness of PM6:CH-

BQ, PM6:CH-iBQ, and PM6:CH-BBQ are 0.98, 0.92, and 1.10 nm, 

respectively. Compared to others, the slightly higher RMS of 

PM6:CH-BQ is probably caused by the inferior miscibility between 

CH-BQ and PM6 donor, as evaluated by their Flory–Huggins 

interaction parameter (χ)[23] (0.0255, 0.0131, and 0.0151 for CH-

BQ-, CH-iBQ-, and CH-BBQ-based blends, respectively, see 

Figure S15 and Table S15 for the details). 

Experimental results indicate that the structure of the central 

electron-deficient core considerably impacts charge carrier 

transport and morphological characteristics in OSCs. However, 

certain questions remain unanswered: Why does CH-BQ have a 

unique electron configuration and the lowest bandgap? Why do 

horizontally extended acceptors (CH-iBQ and CH-BBQ) exhibit 

superior photovoltaic performance compared to the vertically 

extended CH-BQ? For an in-depth study on how the electron 

configuration of the electron-deficient central core of acceptors 

causes substantial differences and to shed light on further 

molecular optimization of NFAs, theoretical calculations were 

conducted to explore the electronic structure of the ground and 

excited state, as well as donor–acceptor (D–A) interactions at the 

molecular level. 

Figure 5a shows the HOMO and LUMO energy levels 

obtained from DFT calculations for the three core fragments, 

indicating that the vertically extended one has the smallest 

HOMO–LUMO gap. This phenomenon can be explained by the 

annellation theory or Clar's model, where the HOMO–LUMO gap 

of a fragment is proportional to the number of aromatic π-

sextets[24]. Therefore, the linear core has the smallest gap and is 

more likely to participate in the frontier orbital of the molecule, 

leading to a reduced bandgap of the entire molecule. Another 

theoretical approach for the reduced bandgap of CH-BQ is the 

symmetry matching of the fragment orbitals. As shown in Figures 

5b and S4, the three NFA molecules were disintegrated into two 

fragments: the core and the base. For CH-BQ, the HOMO of the 

core fragment is anti-symmetric (AS), while the LUMO is 

symmetric (S). The HOMO/LUMO orbitals of the base fragment 

have the same symmetry, enabling HOMO–HOMO and LUMO–

LUMO interactions and disabling HOMO–LUMO interactions 

between the core and base fragments. This promotes the 

HOMO/LUMO contributions of the core fragment to the overall 

molecular HOMO/LUMO, reducing the HOMO–LUMO gap of the 

entire molecule. In contrast, for CH-iBQ, the frontier orbitals of 

core fragments cannot effectively match the base fragment, 

leading to prohibited participation of the core fragment in the 

HOMO–LUMO distribution and widened bandgap. Similarly, in 

CH-BBQ, although LUMO orbitals of the fragment symmetrically 

match with that of the top fragment, the energy levels of LUMO in 

the top and base fragments differ substantially, leading to a similar 

situation as CH-iBQ. In addition, the LUMO distribution of the 

base fragment is minimal at the connecting point, further reducing 

the contribution of the LUMO of the top fragment to the LUMO of 

the whole molecule (Figure S4)[25]. 

Furthermore, the interaction of PM6 and the three acceptors 

in BHJ was simulated using MD (Figure 5c). The simulation 

system contained 15 PM6 octamers and 90 acceptor molecules. 

The GAFF2 force field parameters were used, and the equilibrium 

bond length, bond angle, and dihedral angle parameters were 

optimized using ztop[26]. Five independent trajectories were 

produced for each system, and the last 10 ns (50 frames) of each 

production trajectory were analyzed. Close contacts of the non-

alkyl chain heavy atoms were analyzed (see Section 13 in ESI for 

detail), and the results showed noo visible difference between the 

three acceptors. The number of close contacts involving the donor 

fragment of CH-BBQ was slightly higher than that of CH-iBQ and 

CH-BQ, which is expected because of the larger core area in CH-

BBQ. 
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Figure 5. a) Upper figure illustrates Clar's model with aromatic π-sextets highlighted in red circles. Lower figure below shows the HOMO/LUMO energy levels of 

the core fragment. b) Frontier orbitals of the core and base fragments of CH-BQ, as well as their interactions. The letter ‘S’ represents symmetric, while ‘AS’ 

represents anti-symmetric. c) A snapshot from MD simulation, where green represents PM6 molecules, orange represents CH-BQ molecules, and white represents 

alkyl chains. d) The interaction strengths of the frontier orbitals between the molecules obtained through statistical analysis from the MD trajectory. The upper/lower 

figures represent the LUMO–LUMO/HOMO–HOMO interaction strengths, respectively. In the figures, “A” represents the acceptor molecules, while Adn and Aac 

represent the donor and acceptor fragments of the acceptor molecule types, respectively. e) The left Y-axis shows the HOMO–LUMO interaction strengths between 

the donor and acceptor fragment. The right Y-axis displays the energy difference between the local excited (LE) and charge transfer (CT) states in the complex 

formed by the acceptor and PM6.  f) A representative hole–electron distribution of the LE/CT state in a PM6:CH-BBQ complex. 

Another calculation was processed to quantify the strength 

of the orbital interactions between the fragments, considering the 

distribution of frontier orbitals on each atom and their contact 

distances. The HOMO–HOMO and LUMO–LUMO interaction 

strengths, shown in Figure 5d, represent the hole and electron 

transport pathways, respectively, and the corresponding charge 

separation pathway. For all three acceptors, their HOMO–HOMO 

interaction profile showed a similar pattern, with the donor 

fragment of the acceptor (Adn) being more involved in the HOMO 

interaction than its acceptor fragment (Aac) (Figure S16), 

indicating a higher likelihood of charge separation owing to hole 

transfer when the donor fragment of the acceptor is in contact with 
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PM6. However, the LUMO–LUMO interactions of all three 

acceptors showed considerable differences. The Adn of CH-BQ 

was more involved in LUMO interactions than other acceptors 

owing to the larger electron distribution of LUMO on its central 

core. This means that the hole and electron transport pathways in 

CH-BQ may have more spatial overlap compared to the other two, 

leading to increased charge recombination in CH-BQ-based 

devices, consistent with the experimental results[27]. Similarly, the 

interactions between the donor HOMO and acceptor LUMO were 

quantified and shown in Figure 5e, representing the charge 

recombination pathway at the donor–acceptor interface. Charge 

transfer between CH-BQ and PM6 mainly occurred on the donor 

fragment of CH-BQ, indicating the simultaneous opening of the 

charge separation pathway due to the HOMO–HOMO interaction 

and the charge recombination pathway owing to the HOMO–

LUMO interaction when the donor fragment of CH-BQ comes into 

contact with PM6 (Figure S18 and Table S16)[28]. 

The charge recombination tendency is also analyzed 

thermodynamically. The red line shown in Figure 5e represents 

the energy difference between the local excited (LE) and charge 

transfer (CT) states (see Table S4 for detail). The hole–electron 

distribution of the LE and CT states for a D–A complexes is shown 

in Figures 5f and S6. The lowest energy LE state shows hole–

electron distribution on the acceptor, while the lowest energy CT 

state exhibits complete hole–electron separation. Therefore, a 

smaller energy gap between the LE and CT states implies a 

higher likelihood of charge recombination. Compared to the other 

two acceptors, CH-BQ has a stronger charge recombination 

tendency owing to its smaller energy gap between the LE and CT 

states, mainly attributed to its smaller HOMO–LUMO gap and 

larger HOMO–LUMO overlap. 

Overall, the results of the computational approach indicate 

the substantial impact of the electron configuration of the central 

core on the energy levels and hole/electron distribution of NFA 

molecule and play a decisive role in D–A intermolecular 

interaction, charge carrier dynamics, and device performance. 

The electron-deficient core extension strategy can be a double-

edged sword, meaning that inappropriate design might sabotage 

the device performance. The combination of DFT calculation and 

MD simulation provides a useful tool for structure–property 

prediction and offers some inspiration for solving this conundrum. 

Conclusion 

A new set of NFAs with extended electron-deficient central cores 

was developed for OSC devices. Each central core imparted 

distinct physicochemical properties and electronic configurations 

to the acceptors, leading to a demarcated photovoltaic 

performance in OSC devices. The vertically extended acceptor, 

CH-BQ, exhibited red-shifted absorption but yielded a lower PCE 

of 12.85% with three dissatisfactory parameters owing to its high-

lying energy levels, poor exciton disassociation/charge collection 

efficiency, unsatisfactory charge recombination along with 

mediocre crystallinity and intermolecular packing. In contrast, 

horizontally extended acceptors, CH-iBQ and CH-BBQ, displayed 

a narrower range of light-harvesting but demonstrated suitable 

energy levels, enhanced crystallinity, and well-controlled charge 

carrier dynamics in devices, leading to satisfactory VOC and FF, 

giving out a PCE of 17.97% and 18.19%, respectively. 

Remarkable, CH-BBQ, when combined with NFA BO-4Cl in a 

ternary OSC, achieved a PCE of 18.94% with VOC of 0.882 V, JSC 

of 27.05 mA·cm−2, and FF of 79.4%. In addition, computational 

simulations indicated that only a central core with an appropriate 

electron configuration positively affected energy levels, 

hole/electron distribution, and D–A intermolecular interactions, 

resulting in satisfactory device performance. Conversely, an 

improperly designed central core extension strategy could be 

counterproductive for OSCs. This study not only highlights a new 

pathway in the structure modification of NFAs and the 

effectiveness of central cores for boosting the PCEs of OSCs but 

also provides experimental and computational guidelines for 

developing high-performance NFAs. 
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