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ABSTRACT: Three novel medium band gap (MBG) conjugated polymers (CPs) (named as P1, P2, and P3, respectively) were developed

by copolymerizing 2,7-dibromo-10,11-di(2-hexyldecyloxy)dithieno[2,3-d:20,30-d0]naphtho[2,1-b:3,4-b0]dithiophene (NDT-Br) with three

different units: 2,5-bis(tributylstannyl)thiophene, 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene and trans21,2-bis(tributylstannyl)e-

thene, respectively. The thermal, optical, and electrochemical properties of the polymers were investigated. All of the polymers have

good thermal stability and medium band gap (� 1.9 eV). Prototype bulk heterojunction photovoltaic cells based on the blend P1/P2/P3

and [6, 6] phenyl-C61 butyric acid methyl ester (PC61BM) were assembled and the photovoltaic properties were assessed. Power conver-

sion efficiencies (PCEs) of 1.61% � 2.43% have been obtained under 100 mW cm22 illumination (AM1.5). VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Recently, polycyclic thienoacenes with larger coplanar core and

more extended conjugation length are complimented by an

extensive set of advantageous characteristics, such as enhanced

charge-carrier mobilities, decreased band gaps, effective exciton

separation into free charge carriers of the corresponding conju-

gated polymers (CPs), all of which are essential to achieve

high device performance.1–10 For example, in 2010, You and

coworkers prepared a donor–acceptor polymer (PQTN-BT)

based on quadrathienonaphthalene (QTN), and the polymer

showed a PCE over 2% in corresponding polymer solar cells

(PSCs).3 Subsequently, Yu and coworkers synthesized a series of

CPs (PTAT-x) containing extended p-conjugated tetrathienoan-

thracene units in 2011. The polymer PTAT-3 with 2-butyloctyl

alkyl side chains exhibited a PCE about 5.6% with [6,6] phenyl-

C61 butyric acid methyl ester (PC61BM).4 Furthermore, Hou

and coworkers prepared a CP (PDTT) based on 5,10-di(2-hex-

yldecyloxy)dithieno[2,3-d:20,30-d0]benzo[1,2-b:4,5-b0]dithiophene

(DTBDT) and obtained a PCE of 3.64% in corresponding

PSCs.5 Lately, with DTBDT as the electron donor and 2,1,3-ben-

zothiadiazole as the electron acceptor, Kwon and coworkers syn-

thesized a CP (PDTBDAT-BZ), and received a PCE of 5.1%

based on the CP.6 In addition, Yu and coworkers presented a

series of CPs based on dithieno[2,3-d:20,30-d0]benzo[1,2-b:4,5-

b0]dithiophene (DBD), the PCEs of 3.9 � 7.6% have been

achieved in the PSCs from the CPs.7 Our group also prepared a

new CP named as PNDT-BT based on a novel hexacyclic thie-

noacene derivative 10,11-di(3,7-dimethyloctyloxy)dithieno[2,3-

d:20,30-d0]naphtho[2,1-b:3,4-b0]dithiophene (NDT).8 Moreover,

other novel thienoacene derivatives such as naphtho[2,1-b:3,4-

b0]dithiophene,9 anthradithiophene10 etc., have also been devel-

oped and used as electron-rich building blocks for high per-

formance CPs. Evidently, most of the polymers based on

polycyclic thienoacenes exhibit high hole mobility, low band

gap, and notably high performance in the PSCs.

Although low band gap (LBG) CPs receive a great deal of atten-

tion owing to their great success in PSCs, the exploration of

medium band gap (MBG) CPs with good photovoltaic proper-

ties was seemingly overlooked. Virtually, the work of developing

MBG CPs is also of great importance. It is well known that

though PCE over 9% has been reported in single junction

devices,11 this efficiency is far away from the commercialization

of PSCs. One of the key reasons is the narrow absorption range

of single donor polymer, which limits the use of the full solar

spectrum. In order to use solar radiation more effectively,

Additional Supporting Information may be found in the online version of this article.
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assembly of tandem PSCs has been demonstrated to be a success-

ful approach,12–15 as multiple photoactive layers with matched

and complementary absorption spectra are stacked in series in

tandem PSCs. That is, in a tandem PSCs, there are two cells con-

nected in series through an interconnecting layer: the front cell

and the rear cell. The front cell is made by MBG materials, which

convert higher energy photons, while the rear cell is made by

LBG materials, which absorb the lower energy photons. So far,

most researches carried out on tandem PSCs have focused on

development of new LBG conjugated polymers CPs (absorb in

the range of 700 � 1000 nm) to use in the rear cell.15–18 How-

ever, the MBG CPs (absorb in the range of 400 � 700 nm) with

good photovoltaic properties that employed in the front cell is

almost poly(3-hexylthiophene) (P3HT). Therefore, except P3HT,

exploration of other MBG conjugated materials with good pho-

tovoltaic properties is extremely important.19–32

Herein, based on our previous work,8 we developed three

novel MBG CPs (named as P1, P2, and P3, respectively)

by copolymerizing 2,7-dibromo-10,11-di(2-hexyldecyloxy)di-

thieno[2,3-d:20,30-d0]naphtho[2,1-b:3,4-b0]dithiophene (NDT-Br)

with 2,5-bis(tributylstannyl)thiophene/2,5-bis(trimethylstannyl)-

thieno[3,2-b]thiophene/trans-1,2-bis(tributylstannyl)ethene, respec-

tively. The optical, electrochemical, and photovoltaic properties of

the polymers were investigated in details. These polymers

absorb in the range of 340 � 650 nm with a band gap of about

1.9 eV. Prototype bulk heterojunction photovoltaic cells based

on the blend P1, P2, P3, and PC61BM, show PCEs up to 1.61%

� 2.43% under 100 mW cm22 illumination (AM 1.5). These

preliminary results indicate that these MBG conjugated poly-

mers are promising candidates of P3HT for PSCs and deserve

to be studied further.

EXPERIMENTAL

Materials

Unless otherwise specified, all reagents were obtained from

Aldrich, Acros, TCI Chemical Co. and Shanghai Sinopharm

Chemical Reagent Co., and used as received. All the solvents

were further purified under a nitrogen flow.

General Methods
1H NMR spectra were recorded using a Bruker DRX 400 spec-

trometer operating at 400 MHz with tetramethylsilane (TMS) as

reference. The molecular weight of the polymers was measured

by the analytical gel permeation chromatography (GPC) method

on a Waters GPC 2410 in tetrahydrofuran (THF) via a calibra-

tion curve of polystyrene standard. Thermogravimetric analysis

(TGA) measurements were performed on a TGA 2050 (TA

instruments) thermal analysis system under a heating rate of

108C min21 and a nitrogen flow rate of 20 mL min21. UV-

visible absorption spectra were taken on a UV-2550 spectropho-

tometer (Shimadzu). Photoluminescence (PL) spectra were

taken by 970 CRT spectrofluorometer (Sanco, Shanghai). Cyclic

voltammetry (CV) experiments were conducted on a CHI 660

electrochemical workstation (Shanghai Chenhua Co.) at a scan

rate of 50 mV s21 in a nitrogen-saturated solution of acetoni-

trile containing 0.1 M tetrabutylammonium hexafluorophos-

phate (Bu4NPF6) with polymer films on platinum electrode and

Ag/AgCl electrode as the working and reference electrodes,

respectively. Tapping-mode atomic force microscopy (AFM)

images were obtained using an Agilent 5500 system. The low-

resolution TEM images were obtained on a Hitachi HT 7700

microscope, operating at 120 kV.

Fabrication and Characterization of PSCs

Polymer solar cells with device configuration of glass/indium tin

oxide (ITO)/poly(3,4-ethylene-dioxythiophene):poly(styrene sul-

fonate) (PEDOT : PSS)/Polymer: PC61BM/Ca/Al were fabricated

as follows: a patterned ITO coated glass with a sheet resistance of

10 � 15 X square21 was cleaned firstly in de-ionized water, ace-

tone, and isopropanol in turn, then by oxygen plasma treatment

for 5 min. After that, a 40 nm thick poly PEDOT : PSS (Bayer

Baytron 4083) anode buffer layer was spin-casted onto the ITO

substrate and then dried by baking in a vacuum oven at 150// �C

for 30 min. The active layer, with a thickness in the 70 � 80 nm

range, was then deposited on top of the PEDOT : PSS layer, by

spin-casting from an o-dichlorobenzene solution containing P1 :

PC61BM (w : w; 1:1, 1:2, 1:3), P2 : PC61BM (w : w; 1:1, 1:2, 1:3),

and P3 : PC61BM (w : w; 1:1, 1:2, 1:3), respectively. The thickness

of the PEDOT : PSS and active layer were verified by a surface

profilometer (DektakXT, Boyue In. Co.). Finally, the 8 nm thick-

ness of calcium and 100 nm thickness of aluminum layer were

thermally evaporated with a shadow mask under vacuum of 3 3

1025 Pa. The thickness of the evaporated cathode was monitored

by a quartz crystal thickness/ratio monitor (SI-TM206, Shenyang

Sciens Co.). In addition, each device had an active area of

0.10 mm2. Except for the deposition of the PEDOT : PSS layers,

all the fabrication processes were carried out inside a controlled

atmosphere in a nitrogen drybox (Etelux Co.) containing less than

1 ppm oxygen and moisture. The PCEs of the resulting polymer

solar cells were measured under 1 sun, AM 1.5G (Air mass 1.5

global) condition using a solar simulator (XES-70S1, San-EI

Electric Co.) (100 mW cm22). The current density–voltage (J–V)

characteristics were recorded with a Keithley 2410 source-

measurement unit in the nitrogen drybox (Etelux Co.). The spec-

tral responses of the devices were measured with a commercial

EQE/incident photon to charge carrier efficiency (IPCE) setup (7-

SCSpecIII, Beijing 7-star Optical Instruments Co., Ltd.). A cali-

brated silicon detector was used to determine the absolute

photosensitivity.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization of the Monomers

and Polymers

As depicted in Scheme 1, monomer 10,11-di(2-hexyldecyloxy)-

dithieno[2,3-d:20,30-d0]naphtho[2,1-b:3,4-b0]dithiophene (NDT)

was synthesized according the procedure described in our previ-

ous work.8 The detailed synthesis procedures and 1H NMR

spectra (Supporting Information Figure S1) of NDT were

described in the Supporting Information. Subsequently, NDT

was brominated by N-bromosuccinimide (NBS) to afford 2,7-

dibromo-10,11-di(2-hexyldecyloxy)dithieno[2,3-d:20,30-d0]naphtho

[2,1-b:3,4-b0]dithiophene (NDT-Br) with a yield of 94%. The

chemical structure of NDT-Br was confirmed by 1H NMR

spectra (Supporting Information Figure S2). Finally, NDT-Br

was polymerized with 2,5-bis(tributylstannyl)thiophene/

2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene/trans21,2-bis
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(tributylstannyl)ethene by the Stille polycondensation reac-

tion, which was displayed in Scheme 2, to yield the

designed polymers-P1(the yield of 75%)/P2 (the yield of

82%)/P3 (the yield of 65%). All of the polymers are soluble

in common organic solvents, such as chloroform, chloroben-

zene, and dichlorobenzene. The number-average molecular

weights (Mn) of the P1, P2, and P3 are 17.8 kDa, 16.2 kDa,

and 11.2 kDa with polydispersity index (PDI) of 1.41, 1.63,

Scheme 1. Synthetic route for the monomer.

Scheme 2. Synthetic routes for P1, P2, and P3.
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and 1.86, respectively. The chemical structures of the com-

pounds 10,11-di(2-hexyldecyloxy)dithieno[2,3-d:20,30-d0]naphtho

[2,1-b:3,4-b0]dithiophene (NDT) and 2,7-dibromo-10,11-di

(2-hexyldecyloxy)dithieno[2,3-d:20,30-d0]naphtho[2,1-b:3,4-b0]

dithiophene (NDT-Br) were confirmed by 1H NMR which were

shown in Supporting Information Figures S1 and S2.

Thermal Properties of the Polymers

Thermal stability of the polymers was investigated by thermog-

ravimetric analysis (TGA). The TGA plots were shown in Figure

1. The temperature at 5% weight loss was selected as the onset

point of decomposition. All of the polymers exhibited very sim-

ilar thermal stability, the onset decompositions of P1, P2, and

P3 are 402, 428, and 3828C under nitrogen atmosphere, respec-

tively. Obviously, the thermal stability of the NDT-based poly-

mers is adequate for their applications in PSCs.

Optical Properties of the Polymers

The UV-vis absorption spectra of P1, P2, and P3 in toluene

solution (5 3 1025 mol L21) and of solid films are displayed in

Figure 2, and the related data is summarized in Table I. The

absorption range of the three polymers in solution are about

340 � 650 nm. In addition, the main absorption band of solid

film is broader than that of in solution although both spectra

show similar profiles. The absorption peaks of P1, P2, and P3

of solid films are at 521 nm, 522 nm, and 531 nm, respectively.

The absorption edges (konset) of P1 and P2 are located at

644 nm, corresponding to optical band gap (Eopt
g ) of 1.93 eV

(Eopt
g 51240/konset), while the konset of P3 is at 655 nm, corre-

sponding to Eopt
g of 1.89 eV. As is well known, the optical

absorption near the band edge follows the equation:

ahv5Aðhv2EgÞn=2
, in which a, v, A, and Eg are absorption

coefficient, light frequency, proportionality constant, and band

gap, respectively. In the equation, n decides the characteristics

of the transition in a semiconductor (n51, direct absorption;

n54, indirect absorption).33,34 We also use Tauc plot35 [(ahv)2

versus hv plot] to obtain the Eopt
g of the three polymers, which

were 2.02 eV, 2.02 eV, and 1.98 eV, respectively, as shown in

Table I and Supporting Information Figure S3. Obviously, the

Eopt
g of the three polymers obtained from both of the above two

methods are closed to that of P3HT (1.9 eV).36–39

Electrochemical Properties of the Polymers

Electrochemical cyclic voltammetry (CV) is employed to mea-

sure the molecular energy levels of the three polymers. All

potentials are reported versus Ag/AgCl with the ferrocene/ferro-

cenium couple used as an internal standard. The highest occu-

pied molecular orbital (HOMO) and lowest unoccupied

molecular orbital (LUMO) energy levels were calculated accord-

ing to the empirical formulas: EHOMO 5 –(Eonset
ox 1 4.4) (eV) and

ELUMO 5 –(Eonset
red 1 4.4) (eV).40 As shown in Figure 3 and Table

I, CV of P1 depicted reversible reduction and oxidation behav-

ior, from which a HOMO energy level of 25.20 eV and a

LUMO energy level of 23.22 eV are deduced from the onset

potentials, corresponding to an electrochemical band gap (Eec
g )

of 1.98 eV, which is quite close to the Eopt
g (1.93 eV) of P1.

Figure 1. TGA plots of P1, P2, and P3.
Figure 2. Normalized absorption spectra of P1, P2, and P3 as a film and

in toluene solution, respectively.

Table I. Optical and Electrochemical Properties of P1, P2, and P3

UV CV

kmax (nm)
konset (nm) Eopt

g Eonset
ox Eonset

red HOMO LUMO Eec
g

Polymers Solution Film Film [eV]a [eV]b [V] [V] [eV] [eV] [eV]c

P1 520 521 644 1.93 2.02 0.80 21.18 25.20 23.22 1.98

P2 530 522 644 1.93 2.02 0.76 21.29 25.16 23.11 2.05

P3 527 531 655 1.89 1.98 0.85 21.17 25.25 23.23 2.02

a Optical band gap, estimated from the absorption band edge of the polymer film, Eopt
g 5 1240/konset.

b Optical band gap, estimated from the Tauc plot [(ahv)2 versus hv plot].
c Electrochemical band gap, Eec

g 5 LUMO—HOMO.
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Similarly, based on the CV data, the HOMO and LOMO energy

level of P2 were 25.16 eV and 23.11 eV, P3 were 25.25 eV and

23.23 eV, respectively. Thus, the obtained Eec
g of P2 and P3 are

2.05 eV and 2.02 eV, which is also almost in good agreement

with their optical bandgap. Compared with the HOMO level of

P3HT (25.0 eV),41,42 the HOMO levels of the three polymers

were lower. The open circuit voltage (Voc) is proportional to

the energy difference between the HOMO level of a polymer

donor and the LUMO level of an acceptor.43 Therefore, it is

anticipated that the three polymers would attain higher Voc in

PSCs.

Photovoltaic Properties of the Polymers

To further explore the photovoltaic properties of the polymers,

solar cell devices based on polymers blended with PC61BM were

fabricated with a regular configuration of ITO/PEDOT : PSS/

polymer : PC61BM/Ca/Al. It is well known that the PCE is

related to the short-circuit current density (Jsc) and the Voc by:

PCE 5 Jsc Voc FF
Psolar

, where FF and Psolar are the fill factor and

incident power from solar irradiation, respectively. The value of

FF is the ratio of Pmax (5JMPPVMPP) (Pmax: the maximum

power, JMPP: the current density at the maximum power point,

VMPP: the voltage at the maximum power point) to the product

of Jsc and Voc (FF5
JMPP VMPP

Jsc Voc
). The solar cell characteristics

were summarized in Table II. The blending weight ratios of

polymers and PC61BM were varied from 1:1 to 1:3. It can be

seen that the optimized polymer:PC61BM blend ratio weight for

both P1 and P2-based devices is 1:2, and for P3-based device is

1:3. It is worth to mention that the Voc (0.62 � 0.72 V) of the

three polymers-based PSCs are higher than that (0.60 � 0.62

V)44 of P3HT-based device whatever the polymer : PC61BM

ratio is. The higher Voc of the three polymers-based PSCs

should mainly be attributed to their lower HOMO levels com-

pared with that of P3HT, as mentioned previously. Figure 4

presents the current–voltage (J–V) curves of the PSCs with opti-

mized polymer:PC61BM blend ratio weight under illumination

(AM 1.5G, 100 mW cm22). The related VMPP, JMPP, Pmax, shunt

resistance (Rsh), series resistance (Rs), and ideality factor (n) of

the PSCs were summarized in Table SI and shown in Support-

ing Information Figure S4. In comparison with those of P1 and

P3-based device, Voc, Jsc, and FF of P2-based device were

increased to 0.72 V, 5.51 mA cm22, and 61.2%, giving an

enhanced PCE of 2.43%. The incident photon-to-current con-

version efficiency (IPCE) curves for the devices are given in Fig-

ure 5. It is clear that devices exhibited photo-response in the

range of 340 � 650 nm with IPCE range from 12 � 46%. The

Figure 3. Cyclic voltammograms of P1, P2, and P3.

Figure 4. J–V characteristics of the PSCs with optimized polymer :

PC61BM blend ratio weight based on P1, P2, and P3. The optimized poly-

mer : PC61BM blend ratio weight for both P1 and P2-based devices is 1:2,

and for P3-based device is 1:3.

Figure 5. IPCE curves of the PSCs with optimized polymer : PC61BM

blend ratio weight based on P1, P2, and P3.

Table II. Performance of Solar Cells Based on P1/P2/P3 and PC61BM

Polymers:PC61BM
Voc

(V)
Jsc

(mA cm22)
FF
(%) PCE

P1:PC61BM (1:1) 0.66 2.58 53.4 0.91

P1:PC61BM (1:2) 0.66 4.96 56.8 1.86

P1:PC61BM 1:3) 0.62 4.66 49.8 1.44

P2:PC61BM (1:1) 0.70 2.78 57.4 1.12

P2:PC61BM (1:2) 0.72 5.51 61.2 2.43

P2:PC61BM (1:3) 0.68 4.70 52.6 1.68

P3:PC61BM (1:1) 0.66 2.40 43.5 0.69

P3:PC61BM (1:2) 0.66 2.87 51.8 0.98

P3:PC61BM (1:3) 0.64 4.63 54.3 1.61
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profile of the IPCE plots is similar to the absorption spectra of

the CPs, suggesting that all absorption wavelengths of the poly-

mers contributed to photocurrent generation.

Atomic force microscopy (AFM) was used to characterize the

surface morphology of the active layers. Figure 6 shows the typ-

ical height and phase images of the blend films. From the

Figure 6. Tapping mode AFM height (a, b, and c) and phase (d, e, and f) images of 1 : 2 (weight ratio) composite film of P1 : PC61BM, 1 : 2 (weight

ratio) composite film of P2 : PC61BM, 1 : 3 (weight ratio) composite film of P3 : PC61BM, respectively. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4328843288 (6 of 8)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


height images, the measured root-mean square (RMS) surface

roughness values for P1, P2, and P3-based films were 1.98,

0.84, and 5.99 nm, respectively. From the phase images, clearly

defined nanoscale phase separation is only observed in the P2-

based film, the domains are not evenly distributed throughout

the surface for P1 and P3-based films. We also use transmission

electron microscope (TEM) to characterize the vertical direction

information of the active layers. As shown in Figure 7, the mor-

phology of P2-based blend film is the most uniform and there

is no large phase separation, indicating that formation of inter-

penetrating networks. Based on the above results, the improved

morphology may be one of the reasons, which result in the

highest FF and Jsc of P2-based PSCs.

Despite the fact that the Voc of the three polymer-based PSCs

outperform that of the devices based on P3HT/PC61BM, the

highest efficiency of 2.43% obtained in this article is still much

lower than the optimized efficiency (around 4%) of the devices

based on P3HT/PC61BM.44 We know, there are many factors

that influence the efficiency of the PSCs, the efficiency around

4% of PSCs based on P3HT/PC61BM went through extensive

optimization.45,46 Therefore, the limited photovoltaic perform-

ance of the present devices could be further boasted by optimi-

zation of other device fabrication conditions except polymer :

PC61BM blend ratio weight (for example, optimization of the

annealing temperature and annealing periods of the polymer :

PC61BM blend film, modification of electrodes, etc.), using

mixed solvent mixtures or processing additives in the solutions

of donor/acceptor blends and so on. Improvement of the solar

cell performance is underway.

CONCLUSIONS

In conclusion, three medium bandgap CPs based on 10,11-di

(2-hexyldecyloxy)dithieno[2,3-d:20,30-d0]naphtho[2,1-b:3,4-b0]

dithiophene (NDT) have been prepared by Stille polycondensa-

tion reaction. The thermal, optical, electrochemical, and photo-

voltaic properties of the polymers were investigated in details.

Prototype bulk heterojunction photovoltaic cells based on the

blend P1/P2/P3 and PC61BM show PCEs up to 1.61% � 2.43%

under 100 mW cm22 illumination (AM1.5). Improvement of the

solar cell performance and further employment of the CPs in the

front cell in tandem PSCs are underway.
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