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a b s t r a c t

In this work, semirigid linkers of the alkyl-thiophene-alkyl structure are developed to construct double-

cable polymers. Three alkyl units, propyl (C3H6), hexyl (C6H12), and dodecyl (C12H24), are applied as semi-

rigid linkers, yielding three double-cable polymers: PBC6-T, PBC12-T, and PBC24-T, respectively. PBC12-T

which uses C6H12-thiophene-C6H12 linkers is found to exhibit the best device efficiency of 5.56%, while

PBC6-T and PBC24-T with shorter or longer linkers yield device efficiencies of only 2.65% and 1.09% in

single-component organic solar cells (SCOSCs). Further studies reveal that PBC12-T exhibits higher crys-

tallinity and improved charge transport, resulting in better efficiencies. Our work provides an approach

to construct double-cable conjugated polymers with long alkyl linkers, and it shows the importance of

the linker length for the photovoltaic performance of SCOSCs.

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

Medica, Chinese Academy of Medical Sciences.

Recent development of non-fullerene acceptors with near-

infrared absorptions has propelled power conversion efficiencies

(PCEs) of organic solar cells (OSCs) to over 19% [1–8]. How-

ever, in the laboratory to commercial product translation, one

needs to consider the “golden triangle”: A combination of low

cost, high PCEs, and long-term stability [9,10]. In particular, the

long-term stability of bulk-heterojunction (BHJ) OSCs has im-

peded their wide-scale commercialization [11,12]. As an alter-

native, double-cable conjugated polymers, with covalently-linked

donor and acceptor segments, have been used in single-component

OSCs (SCOSCs), exhibiting improved shelf, photo and thermal sta-

bility [13–17]. Furthermore, SCOSCs offer less processing complex-

ity, which effectively lowers the cost of the photoactive layers and

fabrication processes [18–23]. However, the PCEs of double-cable

conjugated polymer-based SCOSCs are still lacking behind the BHJ-

OSCs due to limited materials and the difficulty to tune the nano-

scale donor–acceptor separation in thin films [16].
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In the search for high-performance SCOSC materials, block poly-

mers, molecular dyads, and double-cable polymers have been de-

veloped, of which double-cable polymers contain conjugated poly-

mers as the electron-donating backbone and aromatic side units

as acceptors [15-17,24,25]. For example, the incorporation of near-

infrared non-fullerene acceptors as side units into double-cable

polymers with an asymmetric structure has promoted the PCEs of

SCOSCs to more than 10% due to enhanced photo-current genera-

tion [15]. Meanwhile, various strategies have been used to obtain

well-ordered nanoscale phase separation for double-cable conju-

gated polymers, including rational material design (such as sym-

metric or asymmetric structures) and post-processing treatment

[26–31]. For instance, the miscibility between the conjugated back-

bone and pendant acceptors can provide a large donor/acceptor in-

terface area, particularly in the amorphous regions, which is ben-

eficial for exciton dissociation and improves the fill factor (FF) of

SCOSCs. This miscibility control has promoted the PCE to 8.4% with

FF values approaching 0.7 in SCOSCs [24,32]. In addition to the

conjugated donor and acceptor units, the linkers, which determine

the degree of freedom of conjugated backbones and side units,

are equally important, since they modulate molecular orientation
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Scheme 1. (a) Schematic diagram and (b) chemical structures of double-cable con-

jugated polymers with semirigid linkers in this work.

and nano-scale phase separation. Our previous works have demon-

strated that the length of the alkyl linkers can significantly change

the morphology of thin films and it can reduce non-radiative re-

combination of charge carriers in SCOSCs [33–35]. However, it re-

mains challenging to obtain materials with very long alkyl linkers

due to the intrinsic low solubility of alkyl molecules longer than

C20H40 which usually are waxy oils or solids, and the highly chal-

lenging synthesis.

In this work, we have successfully incorporated semirigid link-

ers, specifically 2,5-disubstituted alkyl thiophene, into naphthalene

diimides-based double-cable conjugated polymers (Scheme 1). This

molecular design provided a route to realize long linkers with im-

proved solubility in common organic solvents. Three different alkyl

chains, ranging from propyl (C3H6) over hexyl (C6H12) to dodecyl

(C12H24), were introduced into 2,5-disubstituted thiophenes. Fur-

ther material characterizations show that the length of the semi-

rigid linker has a distinct impact on the aggregation and crys-

tallinity of the polymer films. These differences resulted in differ-

ent exciton dynamics and carrier recombination kinetics, as well as

photovoltaic performance. Our results emphasize the importance

of semirigid linkers in tuning the crystallinity and photophysical

processes in SCOSCs.

The structures of the double-cable polymers with semirigid

linkers developed in this work are shown in Scheme 1. The de-

tailed synthesis procedures are summarized in Scheme S1 (Sup-

porting information). The double-cable conjugated polymers were

obtained through Stille coupling polymerization by using the

“functionalization-polymerization” method according to previous

reports [35–37]. These polymers are denoted as PBC6-T, PBC12-T

and PBC24-T corresponding to propyl (C3H6), hexyl (C6H12), and

dodecyl (C12H24) disubstituted thiophene linkers, respectively. All

these polymers exhibited good solubility in chlorobenzene, ortho-

dichlorobenzene (o-DCB), and toluene as solvents. Their molecular

weights were measured by gel permeation chromatography (GPC)

measurements with o-DCB as the eluent against polystyrene stan-

dards at 140 °C. As shown in Table 1, the number-average molec-

Fig. 1. The optical absorption spectra of PBC6-T, PBC12-T and PBC24-T in (a) chloro-

form solution and (b) thin films (with absorption coefficients). (c) The DSC heating

and cooling traces (second cycle) and (d) the energy levels of the polymer PBC6-T,

PBC12-T and PBC24-T.

ular weights (Mn) of PBC6-T, PBC12-T and PBC24-T are 62.2, 38.9

and 23.8 kg/mol, and the polydispersity indexes (PDIs) are 1.50,

2.12 and 1.66, respectively.

The absorption spectra of these double-cable conjugated poly-

mers are shown in Figs. 1a and b, and optical properties are sum-

marized in Table 1. The peaks at 300–400 nm can be attributed

to the contribution of pendant naphthalene diimide (NDI) units,

while the peaks in the range of 500–700 nm can be attributed to

the conjugated backbone. Bathochromic shifts of ∼50 nm are ob-

served between solution and thin films in all polymers. The larger

shifts observed for PBC12-T and PBC24-T indicate stronger aggre-

gations in thin films. The higher 0-0 peaks than 0-1 peaks indicate

a typical J-type aggregation [38]. PBC12-T exhibited larger 0-0/0-1

intensity ratios than those of PBC6-T and PBC24-T, suggesting en-

hanced aggregation of the conjugated backbones [15]. The excel-

lent thermal stability of these polymers was demonstrated by ther-

mal gravimetric analysis (TGA) measurements with only 5% weight

loss at above 400 °C (Fig. S1 in Supporting information). Heating

and cooling traces determined by differential scanning calorime-

try (DSC) measurements are shown in Fig. 1c. PBC6-T and PBC24-T

showed no phase transition peaks, while PBC12-T shows several

transition peaks, indicating crystallization during the cooling cy-

cle. As shown in Fig. 1d and Table 1, the cyclic voltammetry (CV)

measurements (Fig. S2 in Supporting information) determined the

similar highest occupied molecular orbital (HOMO) and lowest un-

occupied molecular orbital (LUMO) energy levels of these polymers

due to the identical donor and acceptor structures.

These double-cable conjugated polymers with semirigid link-

ers were then applied in SCOSCs using the inverted layout

ITO/ZnO/active layers/MoO3/Ag [15]. Representative J-V curves of

devices are shown in Fig. 2a and the figures-of-merit are sum-

marized in Table 2. After optimization of the processing condi-

tions, including processing additives and post-processing thermal

Table 1

Molecular weight and optical properties of the polymers.

Polymer Mn (kg/mol) Mw (kg/mol) PDI Eg
sol, a (eV) Eg

film, a (eV) EHOMO
b (eV) ELUMO

c (eV)

PBC6-T 62.2 93.0 1.50 1.81 1.77 −5.37 −3.77

PBC12-T 38.9 82.6 2.12 1.82 1.77 −5.36 −3.75

PBC24-T 23.8 39.5 1.66 1.85 1.77 −5.39 −3.73

a Optical bandgap was calculated through the onset of the absorption edge.
b Calculated by EHOMO = −4.80 eV − Eox.
c ELUMO = −Ered − 4.80 eV.
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Table 2

Photovoltaic performances of these polymers. Charge carrier mobilities determined by SCLC measurement.

Polymers VOC
a (V) JSC

a (mA/cm2) FFa PCEa (%) μh
b (cm2 V−1 s−1)

PBC6-T 0.92 (0.91±0.016) 7.73 (7.44±0.28) 0.37 (0.37±0.018) 2.65 (2.47±0.19) 2.3×10−3

PBC12-T 0.93 (0.93±0.005) 9.78 (9.64±0.15) 0.61 (0.60±0.005) 5.56 (5.45±0.09) 5.1×10−3

PBC24-T 0.91 (0.90±0.027) 3.50 (3.45±0.07) 0.34 (0.33±0.014) 1.09 (1.02±0.05) 6.4×10−5

a The average parameters are obtained from 6 parallel devices.
b Hole mobility extracted from transfer curves obtained from OFET devices.

Fig. 2. (a) J-V characteristics and (b) the corresponding EQE spectra of SCOSCs

based on PBC6-T, PBC12-T and PBC24-T. (c) Typical p-type transfer curves of repre-

sentative OFET devices of these polymers. (d) The μhs of these polymers calculated

from the OFET measurements.

annealing, the highest performance SCOSCs were obtained from

toluene solution with 0.5 vol% 1,8-diiodooctane (DIO) as an ad-

ditive and thermal annealing at 150 °C for 10 min (Tables S1-

S6 in Supporting information). As shown in Fig. 2a and Table 2,

all the SCOSCs exhibited similar VOCs (open-circuit voltages) of

0.91–0.93 V due to the similar frontier orbital energy levels. Com-

pared with PBC6-T and PBC24-T, PBC12-T-based SCOSCs exhibited

a higher JSC (short-circuit current density) of 9.78 mA/cm2 and FF

of 0.61, resulting in a PCE of 5.56%. The enhanced JSC in PBC12-T-

based SCOSCs is also reflected in their high EQE (external quantum

efficiency) spectra approaching 60%, as shown in Fig. 2b. Moreover,

although the PBC24-T-based devices showed similar FF values com-

pared to PBC6-T, the lower JSC limited the PCE to only 1.09%. Next,

we fabricated organic field-effect transistors (OFETs) on a commer-

cial Si/SiO2 substrate using the bottom-gate bottom contact device

structure and an octadecyltrichlorosilane (OTS) monolayer [39,40].

All the polymers exhibited p-type characteristics, while the elec-

tron mobility was too low to be measured. As shown in Fig. 2c,

the calculated hole mobilities (μh) are plotted in Fig. 2d and sum-

marized also in Table 2. The OFET based on PBC6-T showed a rel-

atively high μh of 2.3×10−3 cm2 V−1 s−1, which was enhanced to

5.1×10−3 cm2 V−1 s−1 for PBC12-T based devices and decreased to

6.4×10−5 cm2 V−1 s−1 for PBC24-T, respectively. The hole mobili-

ties in the SCLC measurement showed a similar trend to those in

the OFETs measurement as shown in Fig. S3 (Supporting informa-

tion). The different charge carrier mobilities are partially responsi-

ble for the different JSCs in SCOSCs. The significantly lower hole

mobility of PBC24-T is surprising and requires further investiga-

tion. In fact, the very long linkers influence the backbone packing

of PBC12-T [34], which could be confirmed in this work, but the

precise relation between the morphology and charge carrier mo-

bility remains unclear and requires further studies.

Fig. 3. The tapping mode AFM (a-c) height and (d-f) phase images (3×3 μm) of

these polymer films.

The thin film morphology of the polymers was characterized

by atomic force microscopy (AFM) measurement. As shown in

Fig. 3, all these polymers exhibited “fiber-like” microstructures in

both the height and phase images. However, the fibers in PBC6-T

and PBC24-T films were significantly smaller with low root-mean-

square (RMS) roughness of 0.58 nm and 0.50 nm (Figs. 3a and c),

respectively. Due to the better crystallinity of PBC12-T, the corre-

sponding films showed larger microfibers in films with a higher

RMS value of 0.82 nm as shown in Fig. 3b. The larger “fiber-like”

grains and better nano-scale phase separation of PBC12-T facilitate

exciton-to-charge conversion and charge carrier transport, enhanc-

ing its PCE in SCOSCs [37].

Next, we employed two-dimensional grazing-incidence X-ray

scattering with wide-angle (GIWAXS) and medium-angle (GIMAXS)

to investigate the molecular packing of the polymers. The GIWAXS

profiles are shown in Figs. 4a-c and the crystallographic parame-

ters are summarized in Table S8 (Supporting information). From

the GIWAXS patterns in Figs. 4a-c, it appears that all three poly-

mers preferentially show a “face-on” orientation [41,42] with in-

plane (IP) lamellar (h00) peaks and out-of-plane (OOP) π-π stack-

ing (010) peak. The intensities of all these peaks were significantly

enhanced after thermally annealing at 150 °C (Fig. S3 in Supporting

information and Figs. 4a-c, Fig. S4 in Supporting information and

Figs. 4d-f). According to the GIMAXS images in Figs. 4d-f, all poly-

mers exhibited multiple scattering peaks in the IP direction, which

have been assigned to the (100) to (300) lattice planes as shown

in Figs. 4g-i. Clearly, as shown in Table S8, the calculated lamellar

d-spacing in the alkyl chain direction increased significantly from

37.0 Å for PBC6-T to 45.5 Å for PBC12-T and to 58.2 Å for PBC24-T,

respectively, as a consequence of the increased linker lengths and

indicates no ordering transition, which is also consistent with the

NDI-based double-cable conjugated polymers [34,35]. The PBC12-

T-based films exhibited the largest coherence length (CL) value of

10.5 nm compared to PBC6-T (5.84 nm) and PBC24-T (3.16 nm) due

to the improved crystallinity of PBC12-T as indicated by the DSC

measurements. For the OOP direction, all three polymers showed

similar π-π stacking with similar d(010) values of 3.66–3.68 nm

3
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Fig. 4. (a-c) GIWAXS and (d-f) GIMAXS profiles on the Si substrates of PBC6-T, PBC12-T and PBC24-T thin films. (g) In-plane and (h) out-of-plane plots of the corresponding

GIWAXS images. (i) In-plane cutlines of the GIMAXS images.

Fig. 5. The ps-ns TA spectra of (a) PBC6-T, (b) PBC12-T, (c) PBC24-T and (d) BHJ

films after exciting at 650 nm. (e) ps-ns TA kinetics of charge-dominated (1.65–

1.75 eV) and singlet-dominated (0.9–1 eV) spectral regions. (f) ns-μs TA kinetics of

1.65–1.75 eV band after exciting at 532 nm.

and corresponding CL values of 1.20–2.35 nm. Hence, we conclude

that the increased linkers increase the degree of freedom of the

covalent-linked donor backbone and NDI acceptors, which helps

the packing of the polymers in thin films. However, excessively

long linkers corrupt the interaction between the donor and accep-

tor parts, and the high crystallinity of NDI hampers the crystalliza-

tion of the polymer donor backbone [30].

Next, we performed ultrafast transient absorption (TA) spec-

troscopy on thin films to unravel the photo-excited state dynamics.

Figs. 5a-d show the picosecond to nanosecond (ps-ns) TA spectra

of thin films after excitation at 650 nm. The positive �T/T signal

represents the material’s ground state bleach (PB), and the nega-

tive �T/T is caused by photo-induced absorption (PA) of excited

states [43]. Fig. 5a shows the ps-ns TA spectra of a PBC6-T film.

We assigned the PA band at ∼1.02 eV to singlet state-induced ab-

sorption of PBEH as it matches with the neat TA spectra of neat

PBEH films (Fig. S5 in Supporting information). We note that the

PA band at 1.02 eV decayed faster than the bands at 1.3–1.34 eV

and 1.65–1.75 eV. This implies that the bands originate from differ-

ent species, namely singlet states and charge carriers. Notably, the

ps-ns TA spectra of both PBC12-T and PBC24-T showed a similar

spectral evolution (Figs. 5b and c). However, we note that the ps-ns

TA spectra of BHJ films point to very limited charge generation, in

line with the poor PCE of the devices based on BHJ-type films (Fig.

5d). Fig. 5e shows the kinetics of selected spectral regions (0.9–

1.0 eV for singlet states and 1.65–1.75 eV for charges). However, in

all samples, the charge generation is concluded within ∼20–30 ps.

We note that, though the PCE is low, the BHJ film showed some

charge generation in the first 20–30 ps, while most of the singlet

excited states decayed back to the ground state without undergo-

ing charge transfer.

Having discussed the impact of linker length on charge gener-

ation, we now discuss charge carrier recombination. The BHJ film

showed fast charge carrier recombination, suggesting that BHJ de-

vices are not only limited by inefficient charge generation, but

also by fast charge carrier recombination. This points to the im-

portance of using linkers that enhance the charge carrier genera-

tion and simultaneously reduce the charge carrier recombination.

The charge carriers in PBC6-T and PBC12-T thin films showed sim-

ilar charge carrier decay dynamics, while PBC24-T exhibited sig-

nificantly faster charge carrier decay. Since the ps-ns TA cannot

probe the entire charge recombination process, we conducted ns-

μs TA experiments to monitor the entire charge carrier recombina-

tion dynamics to understand its impact on device performance. On

the ns-μs time scale, singlet excited states are no longer observed

and charge carriers dominate the TA spectra and dynamics. Fig. 5f

shows the ns-μs charge carrier decay dynamics of all four films af-

ter excitation at 532 nm. The corresponding ns-μs TA spectra are

provided in Fig. S6. Clearly, the decay of the charge-induced ab-

sorption is slower for PB12-T than for PBC6-T. The charge carrier

decay is even faster in PBC24-T and BHJ films.

In conclusion, we introduced three linkers with different

lengths (C6H12, C12H24 and C24H48) using alkyl-thiophene-alkyl

linkers into double-cable polymers. PBC12-T with intermediate

linker length exhibited enhanced crystallinity due to the increased

degree of freedom provided by the linker, which was found to
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be beneficial for charge transport in SCOSCs. The best compro-

mise of charge carrier generation and recombination kinetics pro-

vided PCEs of 5.56% for PBC12-T-based SCOSCs, while PBC6-T with

shorter linkers and PBC24-T with longer linkers showed lower ef-

ficiencies. Our results provide guidance on the design of linkers in

double-cable conjugated polymers and emphasize the importance

of linker length in controlling intermolecular packing, photophysi-

cal processes, and photon-to-electron conversion yields.
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