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Abstract 

Polymer solar cells (PSCs) have seen rapid progress in recent years, whereby the mixture of 

polymer donors and small-molecule acceptors (SMAs) are fine-tuned to realize a favorable kinetically 

trapped morphology and thus a commercially viable device efficiency. However, the thermodynamic 

relaxation of the mixed domains within the blend raises concerns related to the long-term operational 

stability of the devices, especially in the record-holding A-DA’D-A type SMAs (typically identified 
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as Y6). In addressing this challenge, we report a new class of dimeric Y6-based SMAs tethered with 

differential flexible spacers to regulate their aggregation and relaxation behavior. In their polymer 

blends with PM6, we find that they favor an improved structural order relative to that of Y6 

counterpart as evidenced by their shorter facial π-π stacking distance and larger crystal coherence 

length, leading to higher and more balanced charge transport in device. Most importantly, with 

flexible spacers to restrict the motion of individual SMAs, the tethered SMAs show large glass 

transition temperatures to suppress the thermodynamic relaxation in mixed domains, which is also 

evidenced by the larger Flory–Huggins interaction parameter with the polymer donor. For the high 

performing dimeric blend, an unprecedented open circuit voltage of 0.87 V is realized with a 

conversion efficiency of 17.85%, while those of regular Y6-base devices only reach 0.84V and 16.9%, 

respectively. Most importantly, the dimer-based device possess substantially reduced burn-in 

efficiency loss, retaining more than 80% of the initial efficiency after operating at the maximum 

power point under continuous illumination for 700 hours. Our tethering approach provides a new 

direction to simultaneously develop PSCs with high efficiency and excellent operating stability.  

Kew words: Tethered small-molecule acceptor, Thermodynamically stable, Device stability, Organic 

solar cells 

Introduction 

Solution-processable polymer solar cells (PSCs) have attracted immense attention due to their 

advantageous ability to print flexible, lightweight, and large area devices, via roll-to-roll processes.[1-

2] The last five years have witnessed the promising development of non-fullerene small-molecule 

acceptors (SMAs) [2-4] with strong optical absorption and tunable molecular structures, yielding power 

conversion efficiency (PCE) of 18-19%.[5-15] As their PCEs get closer to the requirements for 

commercial viability, focus must critically shift toward the challenges associated with their long-term 

operational stability.[16-20]  

In PSCs, a bulk-heterojunction (BHJ) structure is required to facilitate exciton dissociation and 

carrier collection, in which the blending of the polymer donor and SMAs are kinetically trapped to 

produce a fine-mixed domains.[21-22] Such deliberately tuned BHJ morphology maximize the device 

PCE and, specifically for the case of record-holding PSCs based on Y-series SMAs (such as Y6), [23-
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25] the BHJ is also the source of burn-in degradation throughout the device lifetime. This is because 

the thermodynamic relaxation of the mixed domains within the blend is unavoidable, i.e. from their 

initial trapped state to the bimodal state, which mediates the degradation process over time, especially 

at elevated temperatures.[26-30] Recent studies have discovered that suppressing the demixing and 

crystallization of the SMAs with low diffusion coefficients in the blend can help achieve long-term 

stability of PSCs.[31] To suppress the diffusion of the SMAs, their results further highlight the 

importance of their high glass transition temperature (Tg) for a high activation energy on diffusion.[31]  

Notably, all-polymer solar cells (all-PSCs) with the polymer acceptor, which typically has lower 

diffusivity than small molecules, represent an alternative route to develop stable PSCs.[32-34] Recently, 

polymerized SMAs (PSMAs) have greatly advanced the performance of all-PSCs; however their 

efficiency is still inferior to their SMA-based counterparts.[35] To fill the efficiency gap, further 

investigations are required,[36-38] such as new polymerization methods of PSMAs to avoid device 

performance dependence on the molecular weight, and new conjugated linkages to promote polymer 

interchain stacking. Inspired by the inherent high stability of PSMAs, the use of two or three 

conjugated segments of PSMAs, to develop SMA-based oligomers characterized with a strictly 

uniform molecular structure, offers a promising strategy.[39-42] However, the construction of such 

molecular fragments usually has a low yield (typical 30-40 %) due to the difficulty in the synthesis 

of the key intermediate (monobrominated SMA), which ultimately increases their production cost. A 

heavy reliance on toxic tin compounds and noble metal catalysts to couple the SMA units also causes 

environmental concerns within a commercial setting.  

 

Figure 1. Design concept on tethered SMAs, where n represents the number of the SMAs attached 
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to the core. 

To address these challenges, we propose here an alternative approach of covalently tethering SMAs 

via an environmentally friendly and effective synthesis of dimeric acceptors (design concept provided 

in Figure 1). For the dimeric fragments, under a conventional nucleophilic reaction, the Y6-derived 

SMAs are easily linked to a benzyl core via a flexible spacer. Also, it has been well established that 

the electronic states coupling of the SMAs significantly affect the exciton splitting in devices [43]; thus 

in the dimers (Figure 2), the distance of individual SMAs can be gradually tuned to manipulate their 

molecular packing, resulting in DY1 with a hexyl space (n = 1), DY2 with an octyl spacer (n = 2), 

and DY3 with a decyl spacer (n = 3) attached on the benzyl core. Subsequently, the volume of the 

molecular size is increased with the SMAs being tethered together, which is suggested to reduce their 

diffusivity in the polymer blend due to a restriction in available molecular motion.[31] Through our 

approach we can completely change the molecular aggregation behavior relative to their individual 

SMA counterpart, leading to dramatically increased efficiency and stability in devices.  

Results and discussions 

Materials Synthesis and Characterization 

Our synthesis route for realizing tethered dimeric SMAs is illustrated in Figure 2a. Starting with 

the commercially available precursor 1, the dimeric key skeleton 2 was obtained in a one-pot 

nucleophilic reaction by sequential addition of different alkyl bromides. Followed by a Vilsmeier-

Haack reaction using dry N, N-dimethylformamide (DMF) and POCl3, aldehyde-based compound 3 

was obtained. Notably, the desired dimers can be nearly quantitatively obtained via our newly 

developed BF3∙OEt2-catalyzed Knoevenagel condensation [44] from compound 3. With the flexible 

alkyl side chains to tether the SMAs, it can bring excellent solubility in organic solvents for device 

processing, which is different from the aromatic linkers in PSMAs and SMAs. 

While in a dilute solution, the UV–visible absorption spectra of the dimers (Figure 2b and 2c) are 

slightly redshifted relative to that of Y6. This mainly comes from forcing a closer distance between 

individual SMAs in one dimer molecule, which is nearer than that of neighboring Y6 units in the 

dilute solution. Interestingly, the absorption spectra of the dimer-based films become broader (Figure 
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2c), and their absorption peaks are also blue-shift by ca. 30 nm compared to Y6 film. This 

phenomenon suggests that the linkers of the dimers could inhibit their initial packing behavior in the 

as-cast films, which is further supported by the gradual red-shift of the maximum absorption peak 

from DY1 to DY2, and DY3. This is because a gradually increased linker will provide more freedom 

for packing of the tethered Y6 molecule in film. In the dimers, the distinct intermolecular and 

intramolecular interactions represent valuable parameters for controlling thin-film crystallization and 

morphology when blended with donors in PSCs, which will be discussed further in the following 

section.  

 

Figure 2. (a) Synthetic routes of the dimers. Normalized UV-vis absorption spectra of the SMAs in 

(b) dilute solution and (c) as-cast film. (d) Cyclic voltammograms of the SMAs.  

The electronic energy levels of the dimers and Y6 were measured by cyclic voltammetry (Figure 

2d). The dimers exhibit similar lowest unoccupied molecular orbital (LUMO) energy levels with each 

other, the values are slightly upshift relative to Y6, which may provide a larger open circuit voltage 

(VOC) in devices. With increasing linker length, we can expect that it becomes easier for the dimers 

to break the entanglements for a better molecular motion. From the differential scanning calorimetry 

(DSC) measurements (Figure 3a), they exhibit decreased melt points of 321.7 °C for DY1, 302.5 °C 

for DY2, and 279.8°C for DY3, for which their progressively decreased melting enthalpy (ΔHm) are 
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27.0, 24.6, and 13.3 J g–1, respectively.  

 

 

Figure 3. (a) DSC thermograms of Y6 and the dimers with a higher heating rate of 10 °C min−1 under 

nitrogen atmosphere. (b) Line cuts of the GIWAXS images with the integrated azimuthal angle range 

from 80° to 100°, the inset shows the π-π stacking distance versus the CCL lengths of the SMAs. The 

GIWAXS diffraction patterns of as-cast films: (c) Y6, (d) DY1, (e) DY2, (f) DY3.   

The glass transition temperature (Tg) is a critical thermal property of organic photovoltaic materials 

that can be used to guide the morphology control and predict morphological stability. In general, the 

Tg values of SMAs are connected to their diffusion and crystallization in the active layer. Since all 

the three dimers and Y6 materials exhibit no glass transition signals in the DSC scan, we estimate 

their Tg values with absorption spectroscopy following the method provided by Ade and co-authors.[30] 

All the dimers possess higher Tg values (>122°C) compared to Y6 (101 °C), which can suppress the 

diffusion-enabled demixing in their polymer blend for better device stability. For the dimers, with 

increasing spacer size, their Tg values decrease (Figure S1), i.e. 127 °C for DY1, 122 °C for DY2 and 

115 °C for DY3, suggesting easier thermal relaxation of the molecular structure with a longer spacer.  
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To understand why dimerization can affect the molecular packing, we probed the microstructures 

with two-dimensional grazing-incidence wide angle X-ray scattering (2D GIWAXS). As shown in 

Figure 3b, with the linker gradually changed from hexyl group to octyl group, and decyl group on the 

benzyl core, the π-π stacking distance (dπ-π) in the out-of-plane (OOP) direction showed an increased 

trend compared with Y6 (3.61 Å), although just slightly difference appeared. The results show that 

although the linkers increase the spatial distance, they make weak influence on the molecular packing. 

Accordingly, the crystalline coherence length (CCL) showed slightly decreased crystallinity sizes 

(Figure 3b) in tethered SMAs compared with Y6, which also represent weak influences of the linkers 

on the relative micro-scaled sizes in the neat films. All the fitting results suggests that tethered dimers 

can be used as a general strategy to afford small molecule clusters without influence on the nano- and 

micro-scaled morphologies. 

Table 1. Comparison of the crystallinity, thermal and physicochemical properties of the acceptors. 

Acceptors 
λmax 

(nm) a 

λmax 

(nm) b 

d [010] 

(Å) c 

 CCL[010] 

(Å) 

Tm
 
 

(°C)  

ΔHm 

(J g–1) 

Tg  

(°C) d 

Eg
opt 

(eV) e 

ELUMO 

(eV)f 

EHOMO 

(eV)f
 

Y6 730 820 3.61 24.70 295.6 28.3 90.5 1.369 -3.90 -5.65 

DY1 742 790 3.67 18.94 321.7 27.0 127.4 1.390 -3.93 -5.70 

DY2 734 794 3.66 19.26 302.5 24.6 122.7 1.379 -3.95 -5.75 

DY3 733 802 3.64 19.46 279.8 13.3 115.4 1.376 -3.95 -5.72 

a Solution; b Film; c Calculated from Scherer equation: CCL = 2πK/Δq, where Δq is the full-with at half-maximum of the 

peak and K is a shape factor (0.9 was used here); d Estimated with absorption spectroscopy e Calculated from the 

absorption edge of the films: Eg
opt = 1240/λedge. f Calculated according to the equation: ELUMO/HOMO = −e (Ered/ox + 4.36) 

(eV). 

Photovoltaic Properties 

To evaluate the effect of the dimerization on device performance, we fabricated conventional 

devices with a structure of indium tin oxide (ITO)/PEDOT: PSS (poly (3,4-ethylenedioxythiophene): 

poly(styrene-sulfonate))/PM6: acceptors (w/w, 1: 1.2)/PDINN (aliphatic amine-functionalized 

perylene-diimide)/ Ag cathode. The devices were optimized under a kinetically trapped method with 

annealing time of 100 °C to promote the aggregation of the SMAs and their phase separation with 

PM6. Compared with Y6 which requires an annealing time of 10 min, an extended time of 30 min is 

needed for all the dimers, which may be associate with their lower diffusion coefficients as revealed 
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by their high Tg values.[31] In general, high diffusion coefficients of the SMAs can lead to a higher 

nucleation density of crystals, faster crystal growth and lower stability in device, which will be 

discussed below. 

Table 2. Photovoltaic parameters of the devices based on PM6: acceptors with D/A weight ratio of 1: 

1.2 and thermal annealing under the illumination of AM1.5G, 100 mW/cm2.a  

Acceptor 
Voc 

[V] 

Jsc 

[mA•cm-2] 

FF 

[%] 

PCE 

[%] 

μh 

[10–4cm2v-1s-1] 

μe 

[10–4cm2v-1s-1] 
μh/μe 

Y6 0.84 26.32 76.17 
16.93 

(16.42 ± 0.51) 
3.10 2.24 1.38 

DY1 0.87 25.67 73.24 
16.46 

(15.95 ± 0.51) 
3.94 2.74 1.44 

DY2 0.87 26.60 76.85 
17.85 

(17.33± 0.52) 
4.41 3.29 1.34 

DY3 0.87 26.20 76.21 
17.33 

(16.87 ± 0.46) 
3.87 2.77 1.40 

a Average values based on ten devices.  

PSCs fabricated using Y6 delivered a PCE of 16.93% along with Jsc of 26.32 mA/cm2, FF of 76.17% 

and VOC of 0.84 V. For the dimer-based devices, one obvious advantage is their significantly high 

VOC of ca. 0.87 V. Compared with Y6, the slight blue shift of the film absorption may partially 

contribute to the VOC increase. In order to understand how the tether strategy of the SMAs affect the 

VOC in the devices, we measured the energy losses of the photovoltaic devices by characterizing 

Fourier-transform photocurrent spectroscopy (FTPS-EQE) and electroluminescence (EL) spectra in 

their corresponding PSCs. The total energy loss (∆E) can be quantified via detailed balance theory, 

and is split into three contributions (ΔE = ΔE1 +ΔE2 + ΔE3): Here ΔE1 represents the unavoidable 

radiative recombination loss above the bandgap (Eg), ΔE2 denotes the radiative recombination loss 

below the Eg, and ΔE3 captures the nonradiative energy loss.[45] The values for Eg were calculated 

from the derivatives of the EQE curves using the following equation: 𝐸𝑔
𝑃𝑉 =

∫ 𝐸𝑔∙𝑃(𝐸𝑔)∙𝑑𝐸𝑔
𝑏
𝑎

∫ 𝑃(𝐸𝑔)∙𝑑
𝑏
𝑎

𝐸𝑔
, where 

𝐸𝑔
𝑃𝑉 is the photovoltaic band gap energy in the blends.[46] The Eg values of the two devices were 

calculated to be 1.41 eV and 1.43 eV for PM6/Y6 and PM6/DY2, respectively (Figure S2). From the 

calculation, both blends exhibited similar ΔE1 values (0.26 eV for PM6/Y6 and 0.27 eV for 

PM6/DY2), while the devices based on Y6 and DY2 also displayed a consistent sharp band edge in 

their highly sensitive EQE spectra, resulting in similar ΔE2 values (0.05 eV, 0.06 eV; Figure S3). In 
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addition, the electroluminescence quantum efficiency (EQEEL) of these two blends were also similar, 

resulting in ΔE3 values of 0.26 eV for PM6/DY2 and 0.27 eV for PM6/Y6 (Table S1). Therefore, as 

expected, the VOC increase mainly results from an increase in the bandgap energy, and the energy 

losses are similar. In other words, our tethered dimer strategy by using flexible chains has almost no 

influence on the energy loss in the solar cell while increasing the intrinsic thermodynamic stability of 

the materials and device. For the dimers, DY1 delivered a PCE of 16.46% with Jsc of 25.67 mA/cm2, 

FF of 73.24% along with a VOC of 0.87V. When the chain length is increased, DY2 yielded a 

significantly increased FF of 76.85%, thus a higher PCE of 17.85%. Further increasing the spacer 

slightly decreases the efficiency, resulting in 17.33% for DY3.  
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Figure 4. (a) J-V curves of the best PSCs (w/w, 1: 1.2) under the illumination of AM 1.5G, 100 mW 

cm−2 and (b) IPCE spectra of corresponding PSCs. (c) Light intensity dependence of Jsc and VOC of 

the PSCs. (d) Jph versus Veff of the optimized devices. 

Along with a broad photo response from 300 to 900 nm, the maximum incident photon to converted 

current efficiency (IPCE) values (Figure 4b) are all over 88%, indicating efficient photon harvesting 
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and charge collection in active layers. The JSC values calculated from the IPCE spectra were 25.55 

mA/cm2, 25.17 mA/cm2, 25.70 mA/cm2 and 25.56 mA/cm2 for Y6, DY1, DY2 and DY3-basd device 

respectively, which are in good agreement with the JSC value obtained from the J-V curves within a 

5% mismatch.  

 

Figure 5. (a) Line cuts of the GIWAXS images with the integrated azimuthal angle range from 80° 

to 100°, the inset shows the π-π stacking distances along with the CCL lengths. The GIWAXS 

diffraction patterns of annealed blend films: (b) PM6: Y6, (c) PM6: DY1, (d) PM6: DY2 and (e) PM6: 

DY3. (f) RSoXS profiles under 284.3eV for PM6/Y6, PM6/DY1, PM6/DY2, PM6/DY3, respectively.  

Further examination of the dimer-based blends, we find that they favor a shorter dπ-π distance, 

relative to that of Y6-based blend (Figure 5). Notably, compared with the pristine films, the dπ-π-

stacking distance of the dimers is slightly decreased (inset of Figure 5a), which might result from the 

restriction of the conjugated polymer donor in the dimer-based blend. In parallel, their CCL values 

of the dimers is larger than that of Y6, and gradually increased when the linker length increased (21.66 

Å for DY1-based blend, 23.26 Å for DY2-based blend, 24.24 Å for DY3-based blend). Compared to 

Y6-based blend, the shorter dπ-π-stacking distance and the larger domain size (discussed below) in the 
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dimer-based blends may contributed to an increased CCL value. The relative degree of crystallinity 

(rDOC) was calculated to quantitatively compare the crystallinity degree.[47-48] The obtained rDOC 

values of the π-π stacking are 0.90, 0.91, 0.95, 1.00 for PM6/Y6, PM6/DY1, PM6/DY2, PM6/DY3, 

respectively, which shows relative higher crystallinity degree in tethered systems. In addition, we 

integrated distribution of the (010) diffraction peak under different azimuthal angles (Figure S4), the 

relative face-on/edge-on orientation ratios are 0.94, 1.00, 0.99, 0.98 for PM6/Y6, PM6/DY1, 

PM6/DY2 and PM6/DY3, respectively, suggesting a preferred face-on orientation formed in tethered 

SMAs based blend systems compared with Y6 based blends.[49] In general, strong face-on orientation 

and the shorter π-π stacking distances are desirable for higher charge carrier mobility thereby 

efficiencies.  

Then, the relative domain sizes and domain purities in micro-scaled size are discussed 

quantitatively by using resonant soft X-ray scattering (RSoXS) (Figure 5f and Table S2). From the 

RSoXS profiles, the corresponding long period of phase separation (relating to the center-to-center 

domain spacing) can be estimated from peak positions. All the long period q peaks for tethered-based 

systems show an obvious increasement compared with Y6-based blend (0.138 nm-1 for PM6/Y6, 

0.138 nm-1 for PM6/DY1, 0.165 nm-1 for PM6/DY2, 0.175 nm-1 for PM6/DY3), which represents the 

decreasing of long period from 45.35 nm (PM6/Y6, PM6/DY1), to 38.00 nm (PM6/DY2), and 35.90 

nm (PM6/DY3), respectively. In addition, the average domain sizes (calculated by using Scherrer 

equation) are increased in PM6/DY1 (28.59 nm) and PM6/DY2 (26.62 nm) compared with PM6/Y6 

(22.32 nm), which can improve the exciton diffusion in devices. The relative integrated scattering 

intensity (ISI) is proportional to the root-mean-square composition variations, which are 

monotonically related to the average phase purity. The relative purity of PM6/Y6, PM6/DY1, 

PM6/DY2, PM6/DY3 are calculated to be 0.86, 0.81, 0.99, 1.00, respectively. What we should 

mention here is that although PM6/DY3 shows the highest domain purity, but the decreased average 

domain size limits the further increasement of the short current, which accounts well with the 

evolution of the device parameters.  

  The charge carrier mobilities of the active layers were estimated using the space charge limited 

current (SCLC) method, and the results are shown in Table 2. For the Y6 based device, their hole (µh) 

/electron (µe) mobilities are estimated to be 3.10×10–4 cm2V-1s-1/2.24×10–4cm2V-1s-1 with µh/µe of 
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1.38, whereas for the dimers-based devices, their corresponding hole/electron mobilities are both 

increased: 3.97×10–4 cm2V-1s-1/2.74×10–4cm2V-1s-1 with µh/µe of 1.44 for DY1, 4.41×10–4 cm2V-1s-

1/3.29×10–4cm2V-1s-1 with µh/µe of 1.34 for DY2, 3.87×10–4 cm2V-1s-1/2.77×10–4cm2V-1s-1 with µh/µe 

of 1.40 for DY3. The high and more-balanced hole/electron mobilities for the DY2- and DY3-based 

blend films are beneficial for improving the device performance.  

The role of spacer length in dimers 

The charge carrier recombination behavior of the PSCs was further investigated by the 

dependence of Jsc and Voc on the light intensity (P).[50] The Jsc (and Voc) versus P is shown in Figure 

4c. The typical relationship between Jsc and P is expressed as Jsc ∝P  a.[51-52] The value of α here 

should be equal to 1 if all of the free carriers were extracted by the electrode.[50] It can be seen from 

Figure 4c, the α values for the DY1-based device, DY2-based device, DY3-based device, Y6-based 

device are 0.972, 0.996, 0.979, and 0.975, respectively. This means that there is effective carrier 

collection and negligible bimolecular recombination in the best-performing DY2-based devices at the 

short-circuit condition. Figure 4c also shows the dependence of VOC on the natural logarithm of light 

intensity (lnP), the slopes of which are 1.151 kT/q for DY1, 1.072 kT/q for DY2, 1.075 kT/q for DY3 

and 1.119 kT/q for Y6. The slopes of the DY2 and DY3-based devices approach kT/q, indicating 

dominant bimolecular recombination at the open-circuit condition.[50]  

To gain insights on exciton dissociation and charge collection behavior of the PSCs, the charge 

dissociation probability (P(E,T)) was estimated via its relationship to the photo current density (Jph) 

and the effective voltage (Veff) of the dimer-based devices. The photocurrent density Jph is defined as 

Jph = JL − JD, where JL and JD are the photocurrent densities under AM 1. 5G illumination and in the 

dark condition, respectively. The effective voltage Veff is defined as Veff = V0 − Vbias, where V0 is the 

voltage at which Jph is zero and Vbias is the applied external voltage bias. It can be seen from Figure 

4d that, the increase in Veff results a higher internal electric field in the device and, accordingly, the 

charge recombination will be minimized. In our cases, Jph tends toward an approximate saturation 

value (Jsat) at a sufficiently high Veff of 2.0 V. Thus, it follows that the charge dissociation probability 

(P(E,T)) can be estimated from equation of P(E,T) = Jph/Jsat. Under the short-circuit conditions, the 

DY2 and DY3-based devices have P(E,T) values over 0.980, which are both higher than the DY1-

based device (0.961). This indicates, when designing the dimers, a suitable length for the spacer is 
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necessary to increase exciton dissociation in the device. The results collectively suggest that a suitable 

spacer is important to reduce the bimolecular recombination and increase exciton dissociation in 

device when design dimers, and an octyl group (such as in DY2) is good choice as a spacer for 

tethered dimers.  

The effect of dimerization on device stability 

As the DY2-based device performs best in efficiency, we compare its device stability with Y6-

based device. Initially, device stability was tested at a maximum power point (MPP) under white light 

for glass encapsulated devices in air, with the normalized PCEs shown in Figure 6a. The PCEs of 

Y6-based device decrease over 50% after operating for 80 h, a response of which is typical of light 

induced burn-in losses.[16] The trend of device degradation is consistent with previous report.[53] In 

contrast, the DY2-based devices show substantially less burn-in efficiency loss on this timescale, and 

exhibit a PCE loss of 17% after 700 h. Furthermore, thermal stress was applied for unencapsulated 

devices under dark in nitrogen-filled glovebox. As shown in Figure 6b, the DY2-based device shows 

a negligible PCE loss after 480 h, while that of the Y6-based device dropped by 40% after 120 h.  

Previous work has confirmed that phase separation, and thus the morphological stability, is strongly 

dependent on the diffusion coefficients of the SMAs which can be predicted by their Tgs values.[31] 

To further confirm this concept, we measured the RSoXS for the PM6/Y6 and PM6/DY2 blend before 

and after thermal annealing processed (Figure S5). From the results, we could find the long period in 

PM6/Y6 decreased from 45.47 nm to 38.67 nm, while 38.00 nm to 36.79 nm in PM6/DY2 blends 

when annealing for 3 hours. Furthermore, the average domain sizes in PM6/Y6 decrease from 22.32 

nm to 9.07 nm, while 26.62 nm to 22.55 nm in PM6/DY2 blends respectively. The relative purities 

are 1 for PM6/Y6 (thermal annealed 3 hours at 110 °C) and 0.42 for PM6/DY2 (thermal annealed 3 

hours at 110 °C), which suggests that Y6 molecules moved obviously in the bulk heterojunction 

blends above the Tg. Both long period and average domain sizes show an obvious increased stability 

in PM6/DY2 blends under thermal annealing. As mentioned above, the dimers favor a significantly 

high glass transition relative to that of Y6, and therefore provide a higher activation energy toward 

diffusion in their polymer blend. 
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Figure 6. (a) MPP stability test of the PM6:Y6 and PM6: DY2 based devices under the illumination 

of a 100 mW cm-2 white LED. (b) Normalized PCEs of the PM6: Y6 and PM6: DY2 based devices 

under long-term annealing at 100 °C in nitrogen-filled glovebox. Illustration of thermodynamic 

relaxation from a favorable kinetically trapped morphology of (c) PM6: Y6 and (e) PM6: DY2 blend 

films, along with corresponding aged morphology (e and f). For simplicity, the demixing and 

crystallization of the acceptors in donor-rich domain are highlighted, the behavior of which critically 

degrade the device.   

We further calculated the Flory–Huggins interaction parameter (χ) using the measurement of the 

Tm depression of the acceptor component in their blend through DSC, with the details of the 

calculations provided in the supporting information (Figure S6).[54-55] In this way, the miscibility of 

different blends can be identified via their χ value.[27] It has been disclosed that the PM6:Y6 blend 

features a hypo-miscibility, typically below the percolation threshold.[30] This means that the 

morphologies of PM6: Y6 blend is neither thermodynamically or sufficiently kinetically stabilized 

against over-purification and possibly crystallization, particularly at elevated temperatures where 

diffusion proceeds more readily. According to the Ade-O’Connor-Ghasemi framework, for those 

record-holing A-DA’D-A type acceptors, the increase of the χ value in their polymer blends is 

beneficial to their device stability.[31] In our calculation, χ values of 1.10 for the PM6: DY2 and 0.87  

for PM6: Y6 blend are obtained (Table S3). The higher χ value for PM6: DY2 blend suggests a more 

hypo-miscible system relative to that of PM6: Y6, thus the diffusion-enabled demixing of the 

morphology can be well suppressed in PM6: DY2 blend, improving the thermodynamic stability of 
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devices. 

Conclusions 

To address the morphology stability of record-holding A-DA’D-A type acceptor-based PSCs, here 

we proposed a new approach of covalently tether Y6 acceptors. In the molecular fragment, the Y6-

based SMAs are linked to a benzyl core with a tunable flexible spacer to regulate their aggregation 

and diffusion behavior, which is largely different to their individual Y6 counterpart. This approach 

leads to improved structural order for higher and more balanced charge transport, and an increased 

molecular size to suppress diffusion in blend films, resulting a dramatically increased efficiency and 

stability in devices. The Y6-based device delivers a PCE of 16.93% along with a VOC of 0.844V. For 

the dimer-based devices, one obvious advantage is their higher VOC value of ca. 0.87 eV, leading to a 

higher efficiency of 17.85% for DY2. Thus, the tethered dimer strategy represents one successful 

example to provide an increased VOC and corresponding higher efficiency. Most importantly, the 

dimer-based device shows substantially less burn-in efficiency loss, retaining more than 80% of the 

initial PCE for DY2 based device after operating at MPP under continuous illumination for 700 hours. 

These findings suggest that the tethered Y6 based blend is a more hypo-miscible system relative to 

that of PM6:Y6, with the diffusion-enabled demixing of the morphology being well suppressed, 

resulting in a thermodynamically more stable device. Considering that the photophysical properties 

of the tethered SMAs can be further tuned through molecular engineering on structure (such as the 

SMA units, the spacer as well as the core units and number of the SMA unit tethered), this design 

strategy give a new direction to the future design of photovoltaic acceptors to simultaneously enhance 

the device efficiency and thermodynamically stability.  
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The thermodynamic relaxation of small-molecule acceptor (SMA) in its blend with polymer donor 

raises concerns related to the long-term operational stability of Polymer solar cells. With flexible 

spacers to restrict the motion of individual SMAs, the tethered SMAs show large glass transition 

temperatures to suppress the thermodynamic relaxation in mixed domains. 




