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Abstract
To lower the HOMO energy level of polythiophenes, carboxylate groups were introduced to the β-position of the thio-
phene unit, by which two polythiophenes with tetrathiophene (poly[5,5′′-(bis-3,3′′-((2-butyloctyl)-carboxylate)-2,2′:2′,2′′-
terthiophene)-alt-5-thiophene], P-4T-2COOR) or pentathiophene (poly[5,5′′-(bis-3,3′′-((2-butyloctyl)-carboxylate)-
2,2′:2′,2′′-terthiophene)-alt-5,5′-(2,2′-bithiophene)], P-5T-2COOR) repeating unit were synthesized. Absorption spectroscopy 
and cyclic voltammetry measurements revealed that the β-carboxylate substitution red-shifts the maximum absorption 
wavelength (λmax

abs) in solution owing to the electron accepting nature of the carboxylate group. In addition, the introduction 
of β-carboxylate reduces the HOMO level from -5.09 eV for P3HT to -5.34 eV and -5.18 eV for P-4T-2COOR and P-5T-
2COOR, respectively, which is in good agreement with quantum chemisty calculation results. However, the β-carboxylate 
side chain showed different orientation to that of P3HT, which leads to weaker intermolecular π-π interaction as confirmed 
by less red-shited absorption in thin solid film and the quantum calculation results. Polymer solar cells using P-4T-2COOR 
and P-5T-2COOR as the electron donor, 3,9‐bis(2‐methylene‐(3‐(1,1‐dicyanomethylene)‐indanone))‐5,5,11,11‐tetrakis(4‐
hexylphenyl)‐dithieno[2,3‐d:2′,3′‐d′]‐s‐indaceno‐[1,2‐b:5,6-b′]di‐thiophene (ITIC) as the electron acceptor were fabricated 
and tested. The P-4T-2COOR and P-5T-2COOR based cells showed high open circuit (VOC) of 0.73–0.99 V, significantly 
higher than that of P3HT based cell (VOC of 0.52 V), which can be ascribed to the lower HOMO energy levels and less 
condensed molecular packing of these two polymers.

Keywords Polymer solar cells · Polythiophenes derivatives · Carboxylate substitution · Side chain engineering · Energy 
band-gap engineering

Introduction

Solution-processed polymer bulk-heterojunction solar 
cells have attracted significant attention because of their 
unique advantages: low cost, lightweight, easy large-scale 
production, solution processability, and flexibility [1–4]. 
To date, the highest power conversion efficiency (PCE) 
for a single-junction solar cell has exceeded 18% [5]. The 
rapid development mainly results from the development 
of polymer donors and small molecular acceptors [6–8].  
However, these highly efficient donor materials usually have  
complex molecular structures and require multiple steps 
preparation, [9–11], which could limit their commercial 
application [9]. It is therefore of great interest to simplify the  
molecular structure of polymers and thus ease the synthesis.  
Polythiophenes (PT), known for their simple molecular  
structure, easy synthesis, and excellent electronic properties,  
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[10–12] are the most widely studied conjugated polymers in  
PSCs. Especially, poly(3-hexylthiophene) (P3HT) has been  
the most excellent photovoltaic donor material with high  
crystallinity, good thermal stability, and high hole mobility  
[13]. The P3HT:IC71BA (indene-C71 bis-adduct) cell showed  
a high PCE of 7%, [10] and has been used in organic tandem  
solar cells [14]. However, the PCE of P3HT based cells 
remains lower than 10%. The main limiting factor for the 
relatively low PCE of P3HT-based cells is the low open-
circuit voltage (VOC, typically 0.6 V),  [10, 13, 15–17] 
owing to the relatively high-lying HOMO level. Chemical 
modification on P3HT to lower the HOMO energy level and  
improve the open-circuit voltage is of interest in finding 
high-performance polythiophene derivatives for PSCs.

In 2006, Hou et al. reported that introducing alkylthio 
group into the conjugated chain can effectively down-shift 
the HOMO levels in poly(p-phenylenevinylene) derivatives 
[18]. Inspired by this finding, the same group functionalized 
P3HT with alkylthio chains to yield P3HST. The VOC of the 
P3HST:PC61BM reaches a slightly higher value of 0.63 V 
[19]. In 2009, Hou et al. reported the synthesis of a new PT 
derivative P3HDTTT,  [20] which is based on a terthiophene 
repeating unit with branched 2-hexyldecyl side chains. Com-
pared to P3HT, P3HDTTT has a lower alkyl chain density 
and bulky branch chain, ensure P3HDTTT a lower HOMO 
level and thus a higher VOC (0.82 V) in P3HDTTT:PC61BM 
cell.

Introducing electron-withdrawing substituents, such as 
fluorine,  [3, 21–24] chlorine, [25] and carboxylate  [25–29] 
into the molecules unit has been proved to be another fea-
sible strategy to lower the HOMO energy level of organic 
semiconductors. For example, by introducing the electron-
withdrawing chlorine atom onto PDCBT, the HOMO energy 
level of PDCBT-Cl was decreased from -5.20 to -5.34 eV. As 
a result, the PDCBT-2Cl:ITIC-Th1 cells showed a high VOC 
of 0.98 V [25]. Russell and co-workers systematically inves-
tigated the impact of fluorine atom content on the photovol-
taic performance of PBDTTT-EFT, and found that the best 
PCE of 8.75% was realized from the PBDTTT polymer with 
the highest fluorine content along with a high VOC of 0.79 V, 
which is much higher than that (0.72 V) of PBDTTT poly-
mer with no fluorine atom substituents [24]. In addition, car-
boxylate is another good substituent for the functionalization 
of conjugated polymers for its electron-withdrawing nature 
and the possibility of tuning the resulting polymer’s solubil-
ity. In 2011, Li et al. reported the synthesis and characteriza-
tion of a polythiophene derivative (PT-C3), which has one 
ester substitution on every terthiophene repeating unit. The 
resulting PT-C3 showed a low HOMO level of − 5.10 eV 
and a consequent VOC of 0.77 V in PT-C3:PC70BM cell  
[29]. Further increase of the density of electron-withdrawing 
groups is expected to deeper the HOMO level of the con-
jugated polymers. With this, polythiophene derivative with 

one carboxylate substitution for every bithiophene repeat-
ing unit, named PDCBT, was designed and synthesized. As 
expected, the stronger electron-withdrawing effect of alkyl 
ester groups further decreased the HOMO level to − 5.26 eV 
[16]. Following a similar structure modification strategy, 
polythiophenes with carboxylate side chains and vinylene 
linker (PBT and PTT) were synthesized [27]. Both polymers 
displayed deep HOMO energy levels owing to the electron-
withdrawing carboxylate groups, and high VOC of 0.8 V was 
achieved for the corresponding polymers:fullerene cells.

Although new conjugated polymers having carboxylate 
side chains were reported in the literature,  [16, 24–27] car-
boxylate side-chain functionalized polythiophene was rarely 
reported [16, 26, 27]. Inspired by these works, we designed 
and synthesized two new polythiophenes having electron-
withdrawing carboxylate substitutions on the β-position 
of thiophene ring with tetrathiophene (poly[5,5′′-(bis-
3,3′′-((2-butyloctyl)-carboxylate)-2,2′:2′,2′′-terthiophene)-
alt-5-thiophene], P-4T-2COOR) or pentathiophene 
(poly[5,5′′-(bis-3,3′′-((2-butyloctyl)-carboxylate)-2,2′:2′,2′′-
terthiophene)-alt-5,5′-(2,2′-bithiophene)], (P-5T-2COOR) 
repeating unit. Owing to the electron-withdrawing effect of  
the carboxylate side chain, the HOMO levels of the two 
polymers were effectively reduced from -5.09 eV for P3HT 
to -5.18 eV and -5.34 eV, respectively. Bulk heterojunc-
tion PSCs based on polymer as the electron donor blended 
with ITIC as the electron acceptor exhibited PCE and VOC 
of 3.63% and 0.87 V for P-4T-2COOR and 3.73% and 
0.80 V for P-5T-2COOR, which are much higher than that 
of P3HT:ITIC cell (1.25%, 0.52 V) [30]. The current work 
provides a feasible method to lower the HOMO energy of 
polythiophene derivatives that is important for developing 
high-performance polymers for polymer solar cells.

Experimental section

Materials

All reagents and chemicals were purchased from commercial 
sources and used without further purification unless specifi-
cally stated. The starting material 3-methylthiophene was 
purchased from J&K China Chemical Ltd. N-Bromosuccin-
imide (NBS), benzoyl peroxide (BPO), N,N’-dicyclohexyl-
carbodiimide (DCC), 4-dimethylaminopyridine (DMAP), 
trifluoroacetic acid (TFA) and Tetrakis(triphenylphosphine)
palladium (Pd(PPh3)4) were purchased from Adamas. Hex-
amethylenetetramine (HMTA) and Silver nitrate  (AgNO3) 
were purchased from China National Pharmaceutical Group 
Chemical Reagent Co. Ltd. 2,5-bis(trimethylstannyl)thio-
phene and 5,5′-bis(triMethylstannyl)-2,2′-bithiophene were 
purchased from SunaTech Inc. All solvents came from the 
purification system. ITIC for solar cell fabrication was 
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purchased from Solarmer (Beijing) Co. Ltd., and used with-
out further purification.

Synthesis

The target polymers were synthesized via a Stille couple 
reaction of bis-brominated terthiophene (compound 3) with 
bis-trimethylstannyl mono- and bithiophenes (Scheme 1). 
Detailed synthesis procedures and the structural characteri-
zation of these compounds are describing as following:

Synthesis 
of 2‑butyloctyl‑2‑bromothiophene‑3‑carboxylate 
(1)

To the mixture of 2-bromo-3-thiophenoic acid (0.40 g, 
1.9 mmol), N,N’-dicyclohexylcarbodiimide (DCC, 0.46 g, 
2.2  mmol), 4-dimethylaminopyridine (DMAP, 85  mg, 
0.6 mmol), and 15 mL  CH2Cl2 in a 50 mL round-bottom 
flask were added 2-butyloctan-1-ol (0.36 g, 1.9 mmol). After 
being stirred for 6 h under  N2, the reaction mixture was 
poured into 30 mL water and then extracted with  CH2Cl2. 
The organic phases were dried with sodium sulfate, and the 
solvent was removed. The product was purified with column 

chromatography on silica gel using hexane/CH2Cl2 (5:1), 
yielding the pure compound as a colorless oil (0.61 g, 85%).

1H NMR  (CDCl3, 400  MHz) δ (ppm): 7.216 (d, 
1H, J = 6 Hz), 7.365 (d, 1H, J = 5.6 Hz), 4.201 (d, 2H, 
J = 5.6 Hz), 1.761 (m, 1H), 1.275 (m, 16H), 0.876 (m, 6H). 
13C NMR  (CDCl3, 100 MHz) δ (ppm): 162.14, 131.42, 
129.47, 125.75, 119.39, 67.64, 37.29, 31.77, 31.32, 31.01, 
29.57, 28.91, 26.67, 22.95, 22.61, 14.06, 14.03.

Synthesis of 3T‑2COOR (2)

The compound 1  (310  mg, 0.82  mmol)  and 
2,5-bis(trimethylstannyl)thiophene (140 mg, 0.34 mmol) 
were mixed in DMF (6 mL). After the solution was flushed 
with  N2 for 5 min, Pd(PPh3)4 (714 mg, 0.1 mmol) was added, 
and the mixture was further flushed with  N2 for 10 min. The 
reactants were heated to 80 ℃ for 24 h. The mixture was 
extracted with chloroform several times, and the organic 
phases were combined. The solvent was removed, and the 
crude product was purified with flash column chromatogra-
phy using hexane/CH2Cl2 (2:1) as eluent. The pure product 
was obtained as a green oil (180 mg, 78%).

1H NMR  (CDCl3, 400 MHz) δ (ppm): 7.395 (s, 2H), 
7.485 (d, 2H, J = 5.2 Hz), 7.206 (d, 2H, J = 5.2 Hz), 4.151 
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Scheme 1  The synthetic routes for the monmer and polymers. Rea-
gents and conditions: (i) 2-butyloctan-1-ol, DCC, DMAP,  CH2Cl2, 
nitrogen, 6  h, room temperature; (ii) 2,5-bis(trimethylstannyl)thio-

phene, Pd(PPh3)4, DMF, 24  h, 80 ºC; (iii) NBS,  CF3COOH, DMF, 
8  h, room temperature; (iv) Pd(PPh3)4, toluene, nitrogen, 40  h, 125 
ºC.
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(d, 4H, J = 5.6 Hz), 1.671 (m, 2H), 1.267 (m, 32H), 0.870 
(m, 12H). 13C NMR  (CDCl3, 100 MHz) δ (ppm): 163.18, 
142.44, 135.92, 130.46, 129.09, 128.23, 124.02, 67.57, 
37.24, 31.77, 31.25, 30.93, 29.58, 28.87, 26.64, 22.94, 
22.60, 14.05, 14.01.

Synthesis of Br‑3T‑2COOR (3)

Compound 2 (268 mg, 0.4 mmol) was dissolved in DMF 
(10 mL) and  CF3COOH (1 mL). NBS (170 mg, 0.9 mmol) 
was then added to the solution, and the resulted solution was 
stirred for 8 h in the dark. The mixture was then extracted 
with chloroform several times, and the organic phases were 
combined. The solvent was removed, and the crude product 
was purified with flash column chromatography using hex-
ane/CH2Cl2 (3:1) as eluent. The pure product was obtained 
as a green oil (198 mg, 70%).

1H NMR  (CDCl3, 400 MHz) δ (ppm): 7.423 (s, 2H), 
7.335 (s, 2H), 4.132 (d, 4H, J = 5.6 Hz), 1.671 (m, 2H), 
1.267 (m, 32H), 0.870 (m, 12H). 13C NMR  (CDCl3, 
100 MHz) δ (ppm): 161.95, 143.50, 135.27, 132.72, 129.41, 
128.54, 111.05, 67.92, 37.22, 31.80, 31.24, 30.92, 29.58, 
28.89, 26.65, 22.95, 22.63, 14.09, 14.04.

Synthesis of P‑5T‑2COOR

The monomer 3  (317  mg, 0.38  mmol) and 2 
5,5′-bis(trimethylstannyl)-2,2′-bithiophene (188  mg, 
0.38 mmol) were mixed in 20 mL toluene. After the solu-
tion was flushed with  N2 for 5 min, Pd(PPh3)4 (8 mol%) 
was added, and the mixture was further flushed with  N2 for 
10 min. The reactants were heated to 125 ºC for 40 h. After 
cooling to room temperature, the crude polymer was precipi-
tated by the addition of methanol (100 mL) and then filtered. 
It was then subjected to Soxhlet extraction with methanol, 
hexane, and chloroform. The corresponding polymer was 
recovered as a solid powder from the chloroform fraction 
by precipitation from methanol. After the polymer was dried 
under vacuum and the desired product was obtained as a 
solid with a yield of 94%.

GPC  (CHCl3, 45  °C):  Mn = 17.3  K,  Mw = 77.8  K, 
PDI = 4.5.

P-4T-2COOR was synthesized by the same method and 
got the yield of 89%, GPC  (CHCl3, 45 °C):  Mn = 22.4 K, 
 Mw = 56.7 K, PDI = 2.5.

Measurements and characterization

The 1H NMR and 13C NMR spectrum of the synthesized 
chemical were obtained on Varian MR 400  MHz and 
on a Brucker Avance III 400 MHz NMR spectrometer. 
Chemical shifts are reported in δ (ppm), referenced to 

tetramethylsilane (TMS) as the internal standard. The 
polymer’s molecular weight was measured by gel per-
meation chromatography (GPC) on a Waters 1515 system 
equipped with a HR2 (pore size: 500 Å) column and a 
refractive index detector using chloroform as the mobile 
phase and monodisperse polystyrene as the external stand-
ard. UV–Vis spectra of these new materials in chloroform 
 (CHCl3) solution and thin film were recorded on a Per-
kin Elmer Lambda 750 UV–Vis Spectrophotometer. For 
UV–Vis absorption measurement in solution, the concen-
trated solutions (around 0.08 mg/mL) were prepared inde-
pendently and then were further diluted to a series of solu-
tions for the measurement. Thin film samples for UV–Vis 
measurements were prepared by spin-casting a chloroform 
solution (around 10 mg/mL) on quartz substrates. The 
thermogravimetric analysis (TGA) of the polymers was 
performed on Perkin Elmer TGA under  N2 at a heating rate 
of 10 ºC/min. Cyclic voltammetry (CV) experiments were 
performed with an Autolab PGSTAT 302G Electrochem- 
istry Workstation. All CV measurements were carried out 
at room temperature with a conventional three-electrode 
configuration under  N2. The electrochemical cyclic vol-
tammetry was performed in a 0.1 mol·L−1 tetrabutylam-
monium hexafluorophosphate  (Bu4NPF6)/acetonitrile solu-
tion with a scan speed of 0.05 V·s−1. A Pt disk (ϕ = 1 mm) 
embedded in Teflon was used as the working electrode. 
The surface was polished before use. A Pt sheet (~ 1  cm2) 
and Ag/AgCl were used as the counter and reference  
electrodes, respectively. A ferrocene/ferrocenium (Fc/
Fc+) redox couple was used as an external standard. The 
concentration of the polymer solution was 0.5 mg/mL in 
chlorobenzene for CV measurement. The solution was 
then dropped onto the working electrode until a thin film 
is shaped on the surface of the electrode.

Conformations of polythiophenes in solution were 
obtained from molecular dynamics simulations. For each 
of the polythiophene, MD simulation was performed for 
60 ps with a step size of 1 fs. Semiempirical molecular 
orbital method PM6 was employed in the simulations [31]. 
For the geometric structures of polythiophenes in the film, 
dimer models were constructed for P-4T-2COOR and 
P-5T-2COOR, respectively, which were then submitted 
to optimization by using PM6 method. CP2K [32] and 
Gaussian 09 program were employed to perform the MD 
simulations and geometry optimization, respectively. The 
X-ray diffraction (XRD) spectrum was recorded by a D8 
Advance XRD instrument operated with Cu Kα radiation. 
Layer thickness of the photoactive layer was measured by 
a Bruker Dektak 150. Thin solid films for the XRD experi-
ments were deposited on quartz substrates. Atomic force 
microscopy (AFM) images were acquired with a Dimen-
sion ICON in tapping mode.
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Fabrication and characterization of OPV cells

ITO-coated glass substrates were cleaned with detergent, 
de-ionized water, acetone, and isopropyl alcohol in turn by 
an ultrasonic-wave cleaner, and then dried under a flow of 
dry nitrogen. Prior to the deposition of the organic layer, 
the substrates were finally cleaned in UV-ozone for 30 min 
to eliminate any remaining organic component. For device 
fabrication, a thin layer of ZnO (ca. 20 nm) was deposited 
onto pre-cleaned ITO-coated glass by spin-coating a dis-
persion of ZnO nanoparticles in methanol at 2300 rpm. 
The substrates were also baked at 120 °C for 10 min in the 
nitrogen-filled glove box. Subsequently, the active layer 
(around 85–100 nm) was spin-coated on the ZnO layer using 
a homogeneous solution of polymers and ITIC. Then, the 
prepared thin film was dried slowly at 120 °C for 10 min in 
the nitrogen-filled glove box. The blended mixture of poly-
mers and ITIC were dissolved in chlorobenzene use different 
volumes with a total concentration of 20 mg·mL−1 under 
different D/A ratio and volume ratio 1,8-diiodooctane (DIO). 
The solutions were stirred overnight at 75 °C prior to use. At 
the final stage,  MoO3 (20 nm)/Al (ca. 100 nm) electrode was 
thermally deposited under a pressure of about 1.0 ×  10−4 Pa 
through a mask on top of the active layer for the inverted 
devices.

Result and discussion

Synthesis of the polymers

The carboxylate functionalized polythiophenes are mostly 
based on 3,3′-biscarboxylat-2,2′-bithiohene building 
blocks, where the two thiophene units having carboxylate 
side chain are linked directly [16, 25]. To reduce the steric 
hindrance between two carboxylate groups, the monomer 
Br-3 T-2COOR was designed as the building block, where 
one thiophene unit was inserted between two carboxylate 
chains thiophenes unit. It was synthesized in three steps 
starting from the 2-bromothiophene-3-carboxylic acid 
with an overall yield of 46% (Scheme 1). Stille coupling of 
Br-3 T-2COOR with corresponding stannic mono- and bith-
iophene derivatives gave two PT derivatives, P-4T-2COOR 
and P-5T-2COOR, with excellent yields of 94% and 89%, 
respectively. Both polymers showed good solubility in 
common solvents such as chloroform, chlorobenzene and 
dichlorobenzene. The molecular weights and polydispersity 
indices (PDIs) were measured by gel permeation chroma-
tography (GPC). The number average molecular weights 
(Mn) of P-4T-2COOR and P-5T-2COOR were 22.4 K and 
17.3 K with PDI of 2.5 and 4.5, respectively. The results 
are shown in supporting information (Figure S1). The ther-
mal properties of P-4T-2COOR and P-5T-2COOR were 

investigated by thermogravimetric analysis (TGA) under 
 N2 with a heating rate of 10 ºC/min. The results showed 
that the decomposition temperatures of P-4T-2COOR and 
P-5T-2COOR at 5% weight loss are 356 ºC and 346 ºC, 
respectively (supporting information, Figure S2), indicating 
that these two polymers have good thermal stability, which 
ensured the processing and application of PSCs.

Optical and electrochemical properties

These two polymers’ photophysical properties were investi-
gated by UV–Vis absorption spectroscopy in dilute chloro-
form solution and in film spin-coated on quartz substrates. 
The UV–Vis absorption spectra of polymers are shown  
in Fig. 1. Spectroscopic data of polymer and P3HT are  
summarized in Table 1. In solution, P-4T-2COOR and 
P-5T-2COOR showed a broad absorption band with peak 
absorption wavelength (λabs

max) at 465 nm and 476 nm, 
which were red-shifted by 15 nm and 26 nm compared to 
that of P3HT, owing to the electron-accepting nature of the 
carboxylate groups (vide supra). In the thin-film state, it 
is common to observe red shifts for the absorption spectra 
due to the intensive intermolecular interactions when com-
pared to the corresponding solution state [29]. Unlike P3HT, 
which showed a large red-shift of 105 nm from the solution 
to the thin solid film for the absorption maxima (λabs

max), 
both P-4T-2COOR and P-5T-2COOR showed less pro-
nounced red-shifts of 64 and 53 nm, suggesting that less 
intensive interaction for these two carboxylate group func-
tionalized polythiophenes in thin solid state. The absorption 
onset (λabs

onset) of the spectra were measured to be 675, 652 
and 668 nm for P-4T-2COOR, P-5T-2COOR and P3HT, 
respectively corresponding to the Eg

opt of 1.84, 1.90 and 
1.80 eV, respectively, as calculated from the equation of 
Eg

opt = 1240/λabs
onset.

Electrochemical cyclic voltammetry (CV) was employed 
to investigate redox behaviors of conjugated polymers and 
to determine the HOMO and the lowest unoccupied molecu-
lar orbital (LUMO) levels [33]. CV curves were shown in 
Fig. 1b and the relevant data are summarized in Table 1. The 
onset oxidation potentials (Eox

onset) are 0.54 V versus Fc/
Fc+ for P-4T-2COOR, 0.38 V for P-5T-2COOR and 0.29 V  
for P3HT, respectively. While the onset reduction poten-
tials (Ered

onset) are -1.87, -1.85 and -2.27 V, respectively. It 
worth pointing out that the CV curves of these polymers are 
different to each other, which could be ascribed to the dif-
ference of polymer layer thickness, since the thin films for 
CV measurement were prepared by drop casting the solution 
onto the Pt electrode directly.

From the Eox
onset and Ered

onset of polymers, HOMO and 
LUMO levels were determined according to the equations 
[34].
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EHOMO = -e (Eox
onset + 4.8) (eV) ELUMO = -e (Ered

onset + 4.8) 
(eV).

From Table 1, it can be seen that both LUMO energy  
and HOMO energy levels are lower than those of P3HT.  
The decrease of HOMO energy level was mainly due to the 
introduction of electron-withdrawing carboxylate substitu-
tions in side chain of polymers. This was very beneficial for  
achieving higher VOC in PSCs. In fact HOMO energy level  
significantly decreased from -5.09 eV for P3HT to -5.34 eV 
and -5.18  eV for P-4T-2COOR and P-5T-2COOR, 
respectively.

Molecular conformation and packing behaviors

To better understand the influence of the β-carboxylate 
groups on the electronic structures and molecular confir-
mation of the polymers, quantum chemical calculations 

was performed on these two compounds. For comparison, 
the quantum chemical calculation was also performed on 
P3HT. Figure 2 showed the optimized molecular geom-
etries and frontier molecular orbitals of these three poly-
thiophenes. For P3HT, all the thiophene units are linked in  
an anti-conformation and the alkyl side chains are point-
ing towards outside the conjugation chain, similar to that 
reported in the literature [35]. For P-4T-2COOR and 
P-5T-2COOR, the closest two β-carboxylate groups, are 
on the 3,3′’-position of terthiophene unit (3T-2COOR 
in Scheme 1), which has much less steric hindrance than 
that on the 3,3′-position of bithiophene as usually found 
in regio-random P3HT. Therefore, the β-carboxylate 
substituents of the polythiophene do not influence the 
structural conformation of the conjugation skeleton, and 
all thiophene units are linked via an anti-confirmation as 
well for P-4T-2COOR and P-5T-2COOR (Fig. 2). The 
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Fig. 1  (a) Normalized UV–Vis absorption spectra of P-4T-2COOR, 
P-5T-2COOR and P3HT in solution and film; (b) Cyclic voltam-
metry curve of the polymer films coated on a platinum electrode, 

measured in 0.1  mol/L  Bu4NPF6 acetonitrile solutions at a scan  
rate of 100  mV/s; (c) Energy level diagrams of P-4T-2COOR,  
P-5T-2COOR, P3HT and ITIC
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calculated electron cloud of the HOMO orbitals of these 
polythiophenes are found to be mainly delocalized over 
7–8 thiophene units with energy levels of -4.59, -5.41, and  
-5.39 eV for P3HT, P-4T-2COOR and P-5T-2COOR, 
respectively. Clearly, the introduction of β-carboxylate 
side chain significantly reduces the HOMO energy level of 
the final polythiophene. The carboxylate group is directly 
involved in the LUMO orbital through conjugating to the  
polythiophene chain, and the LUMO energy levels of 
P-4T-2COOR and P-5T-2COOR are calculated to be 

-2.45 and -2.51 eV, respectively, which is also lower than 
that of P3HT (-2.16 eV).

It is well known that lamellar structure formed within the 
P3HT molecules, which leads to the formation of crystal-
line domains in thin solid film [35]. However, owing to the 
C = O unit of the ester group, the two β-carboxylate groups 
are found to be perpendicular to the conjugated polythio-
phene plane in P-4T-2COOR and P-5T-2COOR (Fig. 2). 
Although π-π stacking can still be simulated with quantum 
chemistry calculation, such branched side chains blocks the 

P3HT

LUMO

ELUMO = -2.16 eV

HOMO

EHOMO = -4.59 eV

P-4T-2COOR P-5T-2COOR

LUMO

ELUMO = -2.45eV

ELUMO = -2.51 eV

HOMO

EHOMO = -5.41 eV

EHOMO = -5.39 eV

Molecular

packing

Fig. 2  Optimized molecular geometrys, molecular orbitals and molecular packing of P-4T-2COOR and P-5T-2COOR. Molecular structure  
and orbitals of P3HT are also listed for comparaion
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intermolecular approaching leading to weak intermolecular 
interaction in thin solid films. Such a molecular stacking 
structure explains the relatively small red-shifts of absorp-
tion spectra for P-4T-2COOR and P-5T-2COOR from  
solution to thin solid film (Fig. 1 and Table 1).

Photovoltaic properties

To investigate and compare the photovoltaic properties of 
the two polymers, we fabricated and tested the bulk hetero-
junction PSCs with a structure of ITO/ZnO/polymer:ITIC/
MoO3/Al (Fig. 3a), where the synthesized polymers were 
used as the electron donor and ITIC [30, 36, 37] was used 
as the electron acceptor, and the ZnO and  MoO3 were used 
as the electron and hole transporting layers, respectively. 

Figure 3b-e showed the I-V curves of devices with differ-
ent D/A weight ratios, and Table 2 lists the corresponding 
open-circuit voltage (VOC), short-circuit current (JSC), fill 
factor (FF), and power conversion efficiency (PCE) under 
simulated AM 1.5G sunlight illumination. In both cases, the 
optimized D/A ratio was found to be 1.2:1, which leads to 
the best PCE of 3.63% and 3.73% for P-4T-2COOR and 
P-5T-2COOR, respectively, which is much higher than 
that of P3HT:ITIC cell (1.25%) [30]. More importantly,  
both devices exhibited higher open-circuit voltage (0.87 V 
for P-4T-2COOR, 0.80 V for P-5 T-2COOR), which can 
be ascribed to the deep HOMO energy level of the two  
polymers. As shown in Fig. 3, the external quantum effi-
ciency (EQE) of different weight ratios exhibited a broad 
range from 450 to 750 nm. The maximum EQE value of 
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device based on P-4T-2COOR and P-5T-2COOR reached 
50% and 45%, respectively and its corresponding JSC were 
13.45 mA/cm [2] and 9.71 mA/cm [2]. The P-4T-2COOR 
and P-5T-2COOR based cells showed higher VOC and 
JSC when compared to that of P3HT:ITIC cell, [31]; how-
ever, lower FF was found for these two cells when com-
pared to the P3HT cell. This was supposed to be due to the 
unblanced charge carrier mobility of the P-4T-2COOR and 
P-5T-2COOR blend films originated from the unfavorable 
nano-morphology, since FF is directly related to the charge 
transport within the blend film [38].

To check whether solvent additive is able to tune the mor-
phology and improve device performance or not, we study 
the effect of solvent additive (DIO, with D:A 1.2:1 in mass) 
on devie performance [39, 40]. The I-V curves of devices 
were shown in Fig. 4, and the corresponding data were sum-
marized in Table 3. For P-5T-2COOR, with the increase of 
additive concentration, the JSC decreased, resulting in poorer 
performance. While for P-4T-2COOR, there is a slight 
increase of performance with the addition of DIO up to 1%, 
mainly due to the increase of VOC. Further increase of the 
additive reverse the effect to give poorer performance, as the 

Fig. 5  AFM topology images  
of the pristine P-4T-2COOR 
and P-5T-2COOR (a, c) and 
the blended films (b, d)

Table 1  Optical and electrochemical property parameters of P-5T-2COOR, P-4T-2COOR and P3HT 

a In  CHCl3 solution (0.08 mg/mL)
b Spin-coated from  CHCl3 solution (10 mg/mL) onto the quartz
c Calculated from the absorption edge of polymer film Eg

opt = 1240/λonset
d Onset oxidation (Eox) and reduction (Ered) potentials of the polymers
e HOMO = -e (Eox

onset + 4.8) (eV); LUMO = -e (Ered
onset + 4.8) (eV)

f Eg
cv = e(Eox

onset- Ered
onset)

Polymers λabs
max (nm)a λfilm

max (nm)b λabs
onset

(nm)b
Eg

opt

(eV)c
Eox

on

(V)d
Ered

on (V)d EHOMO (eV)e ELUMO (eV)e Eg
cv

(eV)f

P-4T-2COOR 465 529 675 1.84 0.54 -1.87 -5.34 -2.93 2.41
P-5T-2COOR 476 529 652 1.90 0.38 -1.85 -5.18 -2.95 2.23
P3HT 450 555, 600 668 1.85 0.29 -2.27 -5.09 -2.53 2.56
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decrease of the JSC offsets the benefit of the increased VOC. 
These results indicate that the introduction of β-carboxylate 
side chain on the polythiophene chain changes the intermo-
lecular interaction, leading to different morphology control 
for solar cell performance optimization.

 To understand the correlation between the molecular 
structure and device performance, the surface morphol-
ogy and the crystallinity of the pristine polymer and the 
polymer:ITIC blend films were characterized with AFM. 
Figures 5a-d show the topology images of P-4T-2COOR 
and P-5T-2COOR films with or without blending with 
ITIC. As seen here, all these films are smooth with low 
RMS of 0.52–0.62  nm. No obvious nanostructure was 
observed for the pristine polymer films, suggesting that 

both P-4T-2COOR and P-5T-2COOR are not crystalline 
materials, which could be ascribed to the bulky carboxylate 
side chains (vide supra). Also these P-4T-2COOR:ITIC 
and P-5T-2COOR:ITIC films showed very smooth sur- 
face morphology, indicating that ITIC is well intermixed 
with P-4T-2COOR and P-5T-2COOR. The absence of 
nanocrystalline within the photoactive layer is then ascribed 
to the low device performance in PSCs. Replacing the 
branched carboxylate chain could be an option to reduce 
the steric hindrance between polymers and consequently 
improve the polymer’s crystalline property could be able 
to improve the photovoltaic performance of the carboxy-
late based polythiophene donors for use in polymer:non- 
fullenere acceptor solar cells.

Table 2  Photovoltaic properties 
of the PSCs based on 
polymers:ITIC with different 
weight ratios under the 
illumination of 100 mW/cm2

a : weight ratio
b : Calculated by convoluting the spectral response with the AM 1.5G spectrum
c : The average values were obtained from over 8 devices
d : device with a structure of ITO/PEDOT:PSS/active layer/PFN‐Br/Al, data cited from reference [30]
e . device with a structure of ITO/PEDOT:PSS/PDCBT:PC71BM/Ca/Al, data cited from reference  [16]

Polymers D:A (w/w) VOC
(V)

JSC
b(mA/cm2) FF Best PCE Aver.  PCEc

(± std.dev.)

P-4T-2COOR 1:1 0.94 9.71 0.31 2.83 2.56(± 0.19)
1.2:1 0.87 13.45 0.31 3.63 3.31(± 0.31)
1.5:1 0.88 12.04 0.30 3.18 2.59(± 0.60)
2:1 0.99 7.45 0.29 2.14 2.01(± 0.15)

P-5T-2COOR 1:1 0.73 11.46 0.38 3.18 3.05(± 0.11)
1.2:1 0.80 9.71 0.48 3.73 3.66(± 0.05)
1.5:1 0.79 9.19 0.42 3.05 2.99(± 0.04)
2:1 0.84 9.12 0.45 3.45 3.29(± 0.12)

P3HTd 1:1 0.52 4.22 0.56 1.25
PDCBTe 1:1 0.91 11.0 0.72 7.20

Table 3  Photovoltaic properties 
of the PSCs based on 
polymers:ITIC with different 
DIO blending concentrations 
under the illumination of 100 
mW/cm [2].

a All devices was under D:A ratio of 1.2:1 (w:w)
b volume ratio of DIO to the overall volume of solvent
c Calculated by convoluting the spectral response with the AM 1.5G spectrum
d The average values are obtained from over 8 devices

Devicesa DIO
(vol %)b

VOC
(V)

JSC
c

(mA/cm2)
FF Best PCE Aver.  PCEd

(± std.dev.)

P-4T-2COOR:ITIC 0 0.87 13.45 0.31 3.63 3.31(± 0.31)
0.5 0.91 12.12 0.32 3.53 3.37(± 0.18)
1.0 0.96 11.45 0.31 3.41 3.38(± 0.03)
3.0 0.92 6.22 0.37 2.12 2.03(± 0.07)

P-5T-2COOR:ITIC 0 0.80 9.71 0.48 3.73 3.66(± 0.05)
0.5 0.78 8.67 0.47 3.18 2.89(± 0.45)
1.0 0.88 7.49 0.47 3.10 3.02(± 0.07)
3.0 0.72 5.26 0.43 1.63 1.43(± 0.21)



 Journal of Polymer Research          (2021) 28:187 

1 3

  187  Page 12 of 13

Conclusion

In summary, two polythiophene derivatives P-4T-2COOR 
and P-5T-2COOR with carboxylate side chains, were  
synthesized and characterized. Compared to P3HT, the 
introduction of electron-withdrawing carboxylate groups of  
polymers significantly decreased the HOMO energy level. 
The polymer solar cell of the two polymers blended with 
ITIC as acceptor exhibited relatively high open-circuit volt-
age of 0.80 V and 0.88 V, respectively. The PSCs based 
on P-4T-2COOR:ITIC showed PCE of 3.63% with VOC  
of 0.88 V, JSC of 13.45 mA/cm2 and FF of 0.32, while that  
based on P-5T-2COOR:ITIC exhibited optimal PCE of 
3.73% with VOC of 0.80 V, JSC of 9.71 mA/cm2 and FF 
of 0.48. The work suggested that incorporating electron-
withdrawing substituents within the molecular structure will 
be an effective strategy for adjusting the molecular orbital 
energy levels. Further reduce the steric hindrance of the 
carboxylate side chains is suggested to increase the crystal-
line property of the polymers, which should further improve 
device efficiency.
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