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Dialkoxynaphthalene is a simple aromatic building block, which can be synthesized easily in a large
scale. In this work, two dialkoxynaphthalene derivatives were copolymerized with electron-withdrawing
benzothiadiazole (BT) derivatives to afford three donor-acceptor copolymers, PNDTBT, PNT2FTBT and
PN2FTBT. The three copolymers have diverse bandgaps ranged from 1.73 to 1.86 eV, and deep HOMO
energy levels up to —5.61 eV. Thermogravimetric analysis and electrochemical measurements show that
these copolymers have good thermal and environment stability. The hole mobilities of these copolymers
were investigated using the space charge limited current (SCLC) method as well as the organic field effect
transistor (OFET) method. Polymer solar cells based on PNDTBT exhibit the best photovoltaic perfor-
mance with a power conversion efficiency of 6.24% and a Vi of 0.94 V, much better than those of

Keywords:
Conjugated polymers

Dialkoxynaphthalene
Polymer solar cells

previously reported copolymers based on dialkoxynaphthalene.
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1. Introduction

Polymer solar cells (PSCs) have received tremendous attention
in the past decade because of their unique properties such as light-
weight, tunable photochemical properties, mechanical flexibility
and easy processing for large-area devices [1—7]. In particular,
polymer/fullerene-based bulk-heterojunction (BHJ) solar cells have
been intensively investigated, and their power conversion effi-
ciencies (PCEs) have been successfully pushed past 10% [8—11].
Further improvements in the device efficiency and stability as well
as the processing cost are expected along with development of new
active materials and novel device architectures. In terms of the
active materials, fullerene derivatives are the most competitive
acceptor materials [12—15]. To achieve an appropriate energy level
match between the donor materials and fullerene derivatives in the
BH] solar cells, efforts should be focused on the design and syn-
thesis of novel donor materials with optimal bandgaps and suitable
frontier molecular orbital (FMO) energy levels. Moreover, pro-
cessing cost is also an important issue has to be addressed before
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the commercialization of PSCs in addition to the high efficiency and
long lifetime. Low processing cost could be realized by using
inexpensive materials, less processing steps and mild processing
conditions. Polymers based on simple building blocks usually can
be synthesized in large scale with low cost and high purity, which
will subsequently help to reduce the total processing cost of PSCs.

Both dialkoxylphenylene and dialkoxynaphthalene are simple
aromatic building blocks, which can be synthesized easily in large
scale. Thus the resulting copolymers based on them can be pre-
pared much easier compared to many other copolymers with
complicated structures [3,6,9]. In fact, dialkoxylphenylene-based
polymers, such as poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) and poly[2-methoxy-5-(3,7-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) domi-
nated the photovoltaic research field in the 1990s, and the devices
based on them exhibited PCEs of ~3% [16—18]. It is difficult to
further improve the PCEs of these polymers due to their large
bandgaps, low mobilities and inappropriate FMO energy levels. A
useful strategy is to design alternating donor-acceptor (D-A) co-
polymers, where the electron donor unit may provide a deeper
HOMO level and the electron acceptor unit is used to tune the
electronic bandgap of the polymers. For example, a series of co-
polymers based on dialkoxyphenylene and benzothiadiazole units
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were developed for PSCs with remarkable PCEs exceed 9% [19].
Compared to benzene derivatives, naphthalene counterparts have
similar simple chemical structures but extended m-conjugation
system which is helpful for improved light-harvesting and carrier
transportation [20]. Surprisingly, dialkoxylnaphthalene-based co-
polymers are seldom explored, and their photovoltaic perfor-
mances are inferior to those of many D-A copolymers [21—24]. For
example, the first alternating copolymer based on bithiophene and
didecyloxynaphthalene was demonstrated to exhibit an open cir-
cuit voltage (Vo) of 0.83 V and a power conversion efficiency (PCE)
of 1.3% when blended with [6,6]-phenyl-C61-butyric acid methyl
ester [21]. Later on, Kwon et al. developed two alternating co-
polymers based on the didecyloxynaphthalene and 2,3-bis-(thio-
phene-2-yl)acrylronitrile. When the two copolymers were used for
polymer solar cells, a maximum PCE of 2.9% with a V- of 0.88 V was
achieved [24]. The relatively inferior photovoltaic performance of
the dialkoxylnaphthalene-based copolymers could be attributed to
the inappropriate selection of the acceptor unit, which leads to
copolymers with low molecular weights or improper FMO energy
levels. As we know, benzothiadiazole derivatives have been
frequently used as excellent acceptor units in the past decade due
to their tunable electron-withdrawing ability as well as solubility
[6,25—28]. For example, by the incorporation of fluorine atom into
the benzothiadiazole unit, the resulting copolymers exhibited
lowered the lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) energy levels. By
contrast, the introduction of dialkoxyl groups will lead to polymers
with increased solubility but elevated LUMO and HOMO energy
levels.

In this context, three dialkoxynaphthalene and substituted
benzothiadiazole-based copolymers, namely, poly[2,2'-(1,5-bis((2-
decyltetradecyl)oxy)naphthalene-2,6-diyl)  dithiophene-alt-5,6-
bis(hexyloxy)-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole]
(PNDTBT), poly[2,2'-(1,5-bis((2-decyltetradecyl)oxy)naphthalene-
2,6-diyl)dithiophene-alt-5,6-difluoro-4,7-di(thiophen-2-yl)benzo
[c][1,2,5]thiadiazole] (PNT2FTBT) and poly[1,5-bis((2-decylte
tradecyl)oxy)naphthalene-alt-5,6-difluoro-4,7-di(thiophen-2-yl)
benzo[c][1,2,5]thiadiazole] (PN2FTBT) were designed, synthesized
and characterized. When they were used for the fabrication of PSCs,
PNDTBT-based devices achieved the highest PCE of 6.24% with a
high Ve 0f 0.94 V, a short-circuit density (Jsc) of 10.76 mA/cm?, and a
fill factor (FF) of 61.8%, which are much better than those based on
other dialkoxynaphthalene-based copolymers [21—24]. For the co-
polymers based on the fluorinated benzothiadiazole (PNT2FTBT), a
high PCE of 5.09% was also achieved with a V. of 0.82 V. Further-
more, the hole transporting properties of the copolymers were
investigated and discussed in regard to their structure/property
relationships.

2. Experimental

Reagents were purchased from Aladdin, Aldrich and used
without further purification unless otherwise noted. [6,6]|-Phenyl
C71-butyric acid methyl ester (PC7;:BM) was purchased from
American Dye Source Inc. 2,6-Dibromonaphthalene-1,5-diol was
purchased from TCI (China). THF was purified by fractional distil-
lation over sodium/benzophenone. Other solvents were dried over
molecular sieves. 5,6-Bis(hexyloxy)-4,7-bis(5-(trimethylstannyl)
thiophen-2-yl)benzo[c][1,2,5]thiadiazle (M3) and 5,6-difluoro-4,7-
bis(5-(trimethylstannyl) thiophen-2-yl)benzo[c][1,2,5]thiadiazole
(M4) were synthesized according to the literature methods
[19,29,30]. Column chromatography was carried out with silica gel
(200—300 mesh). The synthesis of the conjugated polyelectrolyte
(PIFB) has been described by us previously [31].

2.1. Synthesis

2.1.1. 2,6-Dibromo-1,5-bis((2-decyltetradecyl)oxy )naphthalene
(M1)

In a 100 mL round-bottom flask, compound 1 (0.63 g,
1.98 mmol) and NaOH (0.80 g, 20 mmol) were dissolved in 30 mL of
dimethyl sulfoxide (DMSO). After flushed with N for 30 min, 11-
(bromomethyl)tricosane (2.50 g, 5.98 mmol) was added dropwise
into the solution. The mixture was heated to 85 °C with stirring for
3 days. After cooling to room temperature, the mixture was poured
into ice water and extracted with ethyl acetate twice, organic phase
was washed with water, brine, dried over MgSO4 and filtered.
Solvent was evaporated under reduced pressure and purified by
column chromatography on silica gel using petroleum ether as
eluent. After crystallized in methanol, compound M1 was obtained
with a white solid (1.12 g, 56.5%)..H NMR (400 MHz, CDCls, 8): 7.76
(d,J = 8.8 Hz, 2H), 7.63 (d, ] = 9.2 Hz, 2H), 3.95 (d, ] = 5.6 Hz, 4H),
1.97 (m, 2H), 1.63—1.28 (m, 80H), 0.89 (m, 12H). 3C NMR (400 MHz,
CDCl3, d): 152.96, 130.96, 130.06, 119.19, 113.69, 77.32, 76.94, 76.69,
39.26, 36.04, 31.96, 31.15, 30.09, 29.60, 29.49, 29.39, 27.87, 27.01,
22.61, 14.12. HRMS (MALDI-DHB) m/z: [M+H]" caled for
Cs8H10202Br2: 988.6241; found: 988.6231.

2.1.2. 2,2'-(1,5-Bis((2-decyltetradecyl)oxy )naphthalene-2,6-diyl)
dithiophene (2)

Compound M1 (0.60 g, 0.61 mmol) and tributyl(thiophen-2-yl)
stannane (0.68 g 1.83 mmol) were dissolved in DMF/toluene mixed
solvents (3/1, 40 mL). Pd(PPhs)4 (25 mg, 0.02 mmol) was added into
the solution under N, atmosphere. After flushed with N, for 30 min,
the solution was heated to 90 °C for 24 h. After cooling to room
temperature, the mixture was poured into ice water and extracted
with ethyl acetate twice, organic phase was separated and washed
with water, brine, dried over MgSO4 and filtered. Solvent was
evaporated under reduced pressure, the residue was purified by
column chromatography on silica gel (petroleum ether) to afford a
white solid (0.58 g, 92.3%). '"H NMR (400 MHz, CDCls, 3): 7.96 (d,
J=8.8Hz, 2H), 7.77 (d, ] = 8.8 Hz, 2H), 7.59 (d, ] = 3.2 Hz, 2H), 7.41
(d,J =4.4Hz, 2H), 716 (t,] = 4.4 Hz,2H), 3.75 (d, ] = 6.0 Hz, 4H), 2.02
(m, 2H), 1.29—1.48 (m, 80H), 0.91 (m, 12H). *C NMR (100 MHz,
CDCl3, §): 151.86, 139.40, 129.65, 127.15, 126.88, 125.97, 123.58,
118.76, 77.33, 77.02, 76.70, 39.25, 31.96, 31.20, 30.10, 29.71, 29.35,
26.84, 22.63, 14.07. HRMS (MALDI-DHB) m/z: [M+H]" calcd for
CeengOzSz: 996.7785, found: 996.7793.

2.1.3. 5,5'-(1,5-Bis((2-decyltetradecyl)oxy )naphthalene-2,6-diyl)
bis(2-bromothiophene) (M2)

A mixture of compound 2 (0.58 g, 0.57 mmol), 30 mL of meth-
ylene chloride and 10 mL of acetic acid was cooled to 0 °C. NBS (0.22
g,1.2 mmol) was added under N, atmosphere. The solution was then
warmed up to room temperature and stirred for 3 h. The mixture
was poured into ice water and extracted with methylene chloride
twice, organic phase was washed by water, brine and dried over
MgSO4, the solvent was evaporated to give a crude product. High-
purity product was obtained after crystallization from methanol
(0.56 g, 83.2%). TH NMR (400 MHz, CDCls, 3): 7.91 (d, ] = 8.8 Hz, 2H),
7.70(d,] = 8.8 Hz,2H), 7.32 (d,] = 4.4 Hz, 2H), 7.10 (t, ] = 4.4 Hz, 2H),
3.75 (d, ] = 6 Hz, 4H), 2.06 (m, 2H), 1.29—-1.48 (m, 80H), 0.91 (m,
12H). *C NMR (100 MHz, CDCls, 3): 151.63, 140.85, 129.65, 126.15,
123.14, 119.01, 113.49, 77.83, 77.33, 77.01, 76.69, 39.15, 31.96, 31.20,
30.06, 29.70, 29.35, 26.89, 22.71. HRMS (MALDI-DHB) m/z: [M+H]*
calcd for CggH10502Br2S2: 1152.6055; found: 1152.5996.

2.14. PNDTBT
M2 (0.232 g, 0.2 mmol), M3 (0.135 g, 0.2 mmol) were dissolved
in 20 mL of toluene. The solution was degassed with N, for one
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hour, and then Pd(PPhs)s (20 mg, 0.016 mmol) was added. The
mixture was heated to reflux in N, atmosphere for three days. 2-
Tributyl(thiophen-2-yl)stannane (0.05 mL) was added and the
mixture was further reacted for 2 h. At last, 2-bromothiophene
(0.05 mL) was added to end up the reaction. After cooling to
room temperature, the mixture was precipitated into methanol.
The crude polymer was obtained after filtration. Then the polymer
was purified by Soxhlet extraction with methanol, acetone, hexane
and chloroform. (121 mg, 40.2%) "H NMR (400 MHz, CDCl3, 3): 8.60
(br, 2H), 7.99 (br, 2H), 7.80 (br, 2H), 7.59 (br, 2H), 7.41—7.37 (m, 4H),
4.26 (br, 4H), 4.37 (br, 4H), 2.14—2.06 (m, 6H), 1.64—1.25 (m, 96H),
0.97 (br, 6H), 0.86 (br, 12H). M, = 14.9 kDa, polydispersity
(PDI) = 1.4.

2.1.5. PNT2FTBT

PNT2FTBT was obtained with the same method as PNDTBT.
(186 mg, 70.1%). "TH NMR (400 MHz, CDCl3, 3): 8.40—7.60 (br, 12H),
3.56 (br, 4H), 2.18 (br, 2H), 1.64—1.31 (m, 80H), 0.90 (m, 12H).
M, = 15.7 kDa, PDI = 3.2.

2.1.6. PN2FTBT

M1 (0198 g, 0.2 mmol), M4 (0132 g 0.2 mmol),
tris(dibenzlideneacet-one)dipalladium (7 mg, 0.008 mmol), tri(o-
tolyl)phosphine (5 mg, 0.016 mmol) and 1 mL of chlorobenzene
were added into a 5 mL microwave vial. Then the mixture was
heated at 80 °C (10 min), 100 °C (10 min) and 140 °C (40 min) in a
microwave reactor. Tributyl(thiophen-2-yl)stannane (0.05 g) was
added and the mixture was further reacted at 140 °C for 20 min. The
solution was cooled down to room temperature and 2-
bromothiophene (0.02 g) was added. Then the solution was heat-
ed at 140 °C for another 20 min. After cooling to room temperature,
the mixture was precipitated into methanol. The crude polymer
was obtained after filtration. Then the polymer was purified by
Soxhlet extraction with methanol, acetone, hexane and chloroform.
(87 mg, 37.3%). "TH NMR (400 MHz, CDCls, 3): 8.23 (br, 2H), 7.71—7.66
(m, 6H), 3.82 (br, 4H), 2.25 (br, 4H), 1.68—1.33 (m, 80H), 0.90 (m,
12H). M, = 16.9 kDa, PDI = 1.71.

2.2. Instruments and measurements

TH NMR and ®C NMR spectra were obtained from a Bruker
AVANCE-400 spectrometer with tetramethylsilane (TMS) as the
internal reference. Molecular weights and polydispersity indices
(PDIs) of the polymers were measured with the Gel permeation
chromatography (GPC) method in THF on a Waters 1515 system.
Absorption spectrum was investigated on a Perkin—Elmer Lamada
35 ultraviolet-visible (UV—Vis) spectrophotometer. The polymer
films were spin-coated onto glass slides from a 6 mg/mL polymer
solution in chlorobenzene. Thermogravimetric analysis was carried
out on a Netzsch STA 449C instrument with a heating rate of 15 K/
min under nitrogen atmosphere.

2.3. Electrochemistry

Cyclic voltammetry (CV) measurements were carried out with a
CHIG60E potentiostat/galvanostat electrochemical workstation
with a scan rate of 50 mV/s. Pt disk coated with the polymer film
was used as working electrode, while Pt wire was used as a counter
electrode, and Ag/Ag" (0.1 M AgNOs in anhydrous acetonitrile) was
used as a reference electrode in anhydrous nitrogen-saturated
acetonitrile solution of 01 M tetrabutylammonium hexa-
fluorophosphate (BusNPFg). Polymer thin film was deposited onto
the working electrode from a 2 mg/mL chloroform solution. The
energy level of Ag/Ag™ reference electrode was calibrated against

Fe/Fet to be —4.82 eV. The HOMO and LUMO energy levels were
calculated according to the following equations:

Enomo = —(Eox + 4.82)(eV) (1)

Erumo = —(Ereq +4.82)(eV) (2)

where Ey is the onset oxidation potentials versus Ag/Ag"™ and E;eq is
the onset reduction potentials, respectively.

2.4. Fabrication and characterization of PSCs

PSCs were fabricated with the structure of ITO/PEDOT:PSS/pol-
ymer:PC7:BM/PIFB/AlL Indium—tin oxide (ITO) coated glass sub-
strates (15 Q/sq) were ultrasonically cleaned with detergent,
deionized water, acetone and isopropanol for 30 min each, then
dried overnight in an oven at 130 °C overnight, then subjected to
UV-0O3 treatment for 15 min. Poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS) was filtered
through a 0.45 pm filter before being deposited onto the ITO glass at
3000 rpm for 30s, then the film-loaded substrate was baked at
140 °C for 10 min in air. A mixture of polymer and PC7;BM at
different weight ratios (20 mg/mL) in chlorobenzene (with/without
2 vol% diphenyl ether (DPE)) was stirred overnight and filtered
through a 0.45 pm filter, then spin-casted onto the PEDOT:PSS layer
at 800—2000 rpm for 60 s in a glove box. PIFB was prepared ac-
cording to our previous report [31]. The PIFB layer (~1 nm) was
obtained by spin-coating a methanol solution (0.3 mg/mL) on the
top of the active layer. Finally, a layer of aluminum cathode was
deposited onto the PIFB layer through a shadow mask by thermal
evaporation. Device characterization was carried out under AM
15 G irradiation (100 mW/cm?) on an Oriel sol3A simulator
(Newport) with a NREL-certified silicon reference cell. EQE spectra
was obtained from a Newport EQE measure system. The current
density—voltage (J—V) curves were measured by a Keithley 2440
source measurement unit.

Hole-only devices were fabricated with the structure of ITO/
PEDOT:PSS/polymer/MoOs/Au. ITO coated glass substrates,
PEDOT:PSS layer was prepared with the same method as that used
for PSCs. Polymer thin film was spin-coated from a 6 mg/mL
chlorobenzene solution onto the PEDOT:PSS layer. MoOs was
thermally evaporated on the polymer thin film. Finally, a layer of Au
cathode was thermally evaporated. The measurement was carried
out by an Agilent 4155C semiconductor parameter analyzer. The
space charge limited current (SCLC) carrier mobility was calculated
from current—voltage curve according to the reported method [32].

Top-contact organic field effect transistors (OFETs) were fabri-
cated on a common gate consisting of Si substrate with a 300 nm-
thick SiO; dielectrics. The substrates were ultrasonically cleaned
with piranha (HSO4/H20, = 3/1), deionized water, acetone and
isopropanol for 30 min each, then dried overnight in an oven, next
modified with hexamethyldisilazane (HMDS) to form a self-
assembled monolayer (SAM). Polymer thin film was spin-coated
from a 6 mg/mL chlorobenzene solution onto the Si substrate to
form a thin film. Gold top contact source and drain electrodes were
evaporated onto the films under vacuum (1 x 10~ Pa). The OFET
devices had a channel width (W) of 6 mm and a channel length (L)
of 0.3 mm. The characterization of OFETs was carried out in the air
using an Agilent 4155C semiconductor parameter analyzer with the
ICS lite software. Hole mobility u, was calculated from the data in
the saturated regime according to the following equation:

(Ia)sac = (W/2L)uGi (Vg — Vip)® 3)
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where (I4)sat is the drain current in the saturated regime, W and L
are the semiconductor channel width and length respectively, G; is
the capacitance of the gate dielectric layer, Vg and Vi, are the gate
voltage and the threshold voltage, respectively.

3. Results and discussion
3.1. Synthesis of monomers and polymers

The synthesis of monomers and polymers are outlined in
Scheme 1. 2,6-Dibromo-1,5-bis((2-decyltetradecyl)oxy)naphtha-
lene (M1) was prepared from commercially available 2,6-
dibromonaphthalene-1,5-diol (1) via the alkylation reaction with
Ca4HgoBr in 55% yield. Compound M1 was coupled with 2-
tributylstannylthiophene to afford 2,2'-(1,5-bis((2-
decyltetradecyl)oxy)naphthalene-2,6-diyl)dithiophene (2). 5,5'-
(1,5-Bis((2-decyltetradecyl)oxy)naphthalene-2,6-diyl)bis(2-bromo
thiophene) (M2) was obtained through a bromination reaction in
the presence of NBS/CH,Clo/HOAc. PNDTBT and PNT2FTBT were
prepared by a Stille coupling polymerization, using Pd(PPhs), as the
catalyst in toluene. PN2FTBT could not be obtained with the same
polymerization method, probably because of the large steric hin-
drance between M1 and M4. Nonetheless, PN2FTBT was prepared
by a microwave reaction using Pd(dba)s/P(o-tolyl)s as a catalyst in
chlorobenzene. The structures of monomers were confirmed by 'H

CyoHa4 C12H25 CizHzs

C10Hz1

c10”21
1 M1

Ci2Has

c10"'21

NMR, 3C NMR and High Resolution Mass Spectrometry (HRMS). All
copolymers are soluble in chloroform, chlorobenzene, or o-
dichlorobenzene. The molecular weights and polydispersity indices
(PDIs) were determined by gel permeation chromatography (GPC)
with monodispersed polystyrene as standard and THF as eluent.
The number-average molecular weights (M,) of PNDTBT,
PNT2FTBT and PD2FTBT were measured to be 14.9, 15.4 and
16.9 KDa with PDIs of 1.40, 3.20 and 1.71, respectively. The thermal
stability of polymers were evaluated with thermogravimetric
analysis (TGA) under nitrogen atmosphere, the decomposition
temperature (Tq) with 5% weight loss was measured to be 336 °C,
341 °C, 372 °C for PNDTBT, PNT2FTBT and PN2FTBT respectively
(Fig. S1). The TGA results show that these copolymers are quite
thermally stable in Nj.

3.2. Optical and electrochemical properties

The optical properties of the three copolymers were investi-
gated by UV—Vis absorption spectroscopy. The absorption spectra
for PNDTBT, PNT2FTBT and PN2FTBT in chlorobenzene (CB) solu-
tion and thin film are showed in Fig. 1 and relevant data are
collected in Table 1. Obviously, there are two main absorption bands
for each copolymer. The shorter wavelength bands are attributed to
the w—=* transition of the donor units, and the longer absorption
bands come from the intramolecular charge transfer (ICT) between
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Scheme 1. Synthesis of monomers and copolymers. Reagents and reaction conditions: (a) NaOH, C24H49Br, 85 °C, N3, DMSO; (b) tributyl(thiophen-2-yl)stannane, Pd(PPhs)s, DMF,

toluene, 90 °C, Ny; (c) HOAc, CH,Cl,, NBS, 0 °C; (d) n-BuLi, (CH3)3SnCl, THF, —78 °C; (e) Pdy(dba)s,

P(o-tol)s, chlorobenzene, microwave; (f) Pd(PPhs),, toluene, reflux, No.
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Fig. 1. Normalized UV—Vis absorption spectra of the copolymers (a) in dilute chloro-
benzene solution (1 x 107> M) and (b) in solid thin film.

donor and acceptor units. All the three copolymers show similar
absorption shapes because they share a similar conjugation skel-
eton. PN2FTBT has two less thiophene rings in every repeat unit,
therefore an expected blue shift in absorption was observed in
comparison with PNT2FTBT. In the long wavelength regions, ab-
sorption peaks of the polymers locate at 532 nm, 580 nm and
547 nm for PNDTBT, PNT2FTBT and PN2FTBT in solution, and
565 nm, 614 nm, 597 nm in thin film, respectively. PNT2FTBT and
PN2FTBT exhibit red-shifted absorption maxima compared to
PNDTBT, indicating a stronger charge transfer caused by

introduction of the strong electron-withdrawing substituent (F)
[33]. For the three copolymers, PNDTBT and PNT2FTBT exhibit a
similar absorption red shift of 33—34 nm in going from the solution
to the thin film because they share the same polymer backbone.
However, PN2FTBT exhibits a larger absorption red shift of 50 nm in
going from the solution to the thin film. This can be attributed to
the less thiophene groups for the PN2FTBT compared to PNT2FTBT.
Subsequently, the polymer backbone of PN2FTBT is less planar in
the solution state, whereas in the solid state it becomes coplanar
induced by the interchain stacking which leads to a bathochromi-
cally shifted absorption. With two more thiophene rings for
PNDTBT and PNT2FTBT, their polymer backbones become more
planar in the solution state, and thus less red-shifted absorption
maxima in going from the solution to the thin film are observed.

Cyclic voltammetry measurements were performed to investi-
gate the energy levels of these polymers and the results are shown
in Fig. 2. For PNBTBT, the onset oxidation potential (¢ox) is 0.62 V,
corresponding to a HOMO energy level of —5.44 eV. Because of the
strong electron-withdrawing ability of fluorine atoms, the oxida-
tion potential of PNT2FTBT was found to be 0.08 eV larger than that
of PNDTBT, which corresponds to a deeper HOMO level of —5.52 eV.
Similarly, PN2FTBT has a large oxidation potential of 0.79 eV and a
deep HOMO of —5.61 eV. All the polymers showed well-defined
oxidation peaks, however, the reduction peaks were rather weak
and are not shown in the Figure. Whereas, the LUMO energy levels
of these copolymers were calculated from the optical bandgaps and
their HOMO energy levels. For PNDTBT, the LUMO energy level
is —3.58 eV, yielding an enough LUMO offset with PC71BM to ensure
efficient exciton dissociation (Fig. 2). However, for PNT2FTBT and
PN2FTBT, the LUMO energy levels were calculated to be —3.79 eV
and —3.80 eV, close to the LUMO energy level of PC;1BM which may
lead to some loss in open circuit voltages [11,34].

3.3. Hole mobility

Top-contact/bottom-gate OFETs based on PNDTBT, PNT2FTBT
and PN2FTBT were fabricated under ambient conditions by spin-
casting chlorobenzene solutions of the synthesized polymers on
the heavily doped Si (100) substrates treated with HMDS. The
transfer curves of the polymer-based OFETs are shown in Fig. 3a—c.
The saturation region mobilities were calculated from the transfer
characteristics of the OFETs using the slope derived from the square
root of the absolute value of the current as a function of gate voltage
between —80 and —40 V. From Fig. 3a—c, the hole mobilities were
calculated to be 536 x 1074 130 x 102 and
1.24 x 1072 cm? V~! s, while the on/off radios were calculated to
be 27, 470, 1100 for PNDTBT, PNT2FTBT and PN2FTBT, respectively.
It is obvious that the copolymers containing fluorinated units,
PNT2FTBT and PN2FTBT, exhibit higher hole mobilities (OFET) and
larger on/off ratios. It can be attributed to the two bulky alkoxyl
group on the BT backbone of PNDTBT, which may increase the
steric hindrance for the intermolecular packing, thus resulting in a

Table 1

Summary of molecular weights, thermal stability, optical and electrochemical properties of the polymers.
Polymers M, (kg/mol)* PDI Amax in chloroform (nm) Amax in film (nm) EgP* (eV)P HOMO (eV)" LUMO (eV)? Tq (°C)¢
PNDTBT 149 1.40 532 565 1.86 —-5.44 —3.58 336
PNT2FTBT 154 3.20 580 614 1.73 —5.52 -3.79 341
PN2FTBT 16.9 1.71 547 597 1.81 —5.61 -3.80 372

2 The number-average molecular weight (M,) and polydispersity index (PDI) were measured by GPC.
b Amax Were measured by UV—Vis spectrophotometer, the optical bandgaps were calculated from the onset of the thin film absorption spectra.

¢ Calculated from the onset of CV curve in thin film.

Calculated from the optical bandgap and the HOMO energy level.
Measured by thermogravimetric analysis.

a

e
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Fig. 2. (a) Cyclic voltammograms (positive part) of polymer thin films on Pt electrode in 0.1 M BuyNPFs acetonitrile solution at 50 mV/min. (b) energy level diagrams for the

polymers and PC7;BM.

decrease in mobility [35,36]. However, for the BH] solar cell appli-
cation, the hole transporting property in the vertical direction is
responsible for the photovoltaic performance of devices. Therefore,
we also fabricated hole-only devices with the structure of ITO/
PEDOT:PSS/polymer/MoO3/Au in order to investigate the hole
mobility of the polymers by the SCLC method. The J°° ~ V charac-
teristics of hole-only devices based on the three different polymers
are shown in Fig. 3d. Hole mobilities were calculated to be
1.81 x 1074, 7.01 x 107> and 4.03 x 107> cm? V! s~ for thin films
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of PNDTBT, PNT2FTBT and PN2FTBT, respectively. Interestingly, it is
found that with the SCLC method, copolymers with dialkoxyl
substituted BT (PNDTBT) exhibit a higher mobility of
181 x 1074 ecm? v'! s7! in comparison with PNT2FTBT
(7.01 x 10~° cm? V—! s~1). The higher hole mobility of PNDTBT will
provide an advantage in the solar cell application compared to
PNT2FTBT, which will be discussed in the next section. It should be
noted that all the three polymers are amorphous according to the
XRD analysis of the pristine thin films (Fig. S2).
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Fig. 3. Typical transfer curves of OFETs for (a) PNDTBT, (b) PNT2FTBT, (c) PN2FTBT, and (d) J° ~ V characteristics (SCLC) of hole-only devices based on the three polymers.
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3.4. Photovoltaic performance

PSC devices were fabricated with the conventional structure of
ITO/PEDOT:PSS/polymer:PC71BM/PIFB/Al. Chlorobenzene (with/
without DPE) was used as the processing solvent because of its
good solvation properties, low evaporation rates and good film
forming ability. Donor/acceptor ratio, spinning rates and spinning
time were carefully optimized for high performance solar cells. The
best PSCs were fabricated with a D/A ratio of 1:1.5 (w/w), and a
spinning rate of 1000 rpm. The device parameters are summarized
in Table 2. Devices based on PNDTBT exhibited the best photovol-
taic performance with a Jsc of 10.76 mA/cm?, a Vyc of 0.94 V, an FF of
61.84%, and a PCE of 6.24%. External quantum efficiencies (EQEs) of
the device are above 70% in the range of 350—560 nm with a
maximum EQE of 76.7% at 360 nm. The J,. value calculated from the
corresponding EQE spectrum is 10.80 mA/cm?, in well agreement
with the value obtained from the experiment measurement (0.4%
error). The efficiency of 6.24% is much higher than those of other
reported  dialkoxynaphthalene-based copolymers [21-—-24].
Furthermore, the V. of 0.94 V is also among the highest values
reported for dialkoxynaphthalene-based copolymers. To investi-
gate the influence of side chain, Fluorine substituted BT units were
synthesized and polymerized with dialkoxynaphthalene units to
afford PNT2FTBT. When the devices based on PNT2FTBT were
fabricated under the same condition as those based on PNDTBT, a
low efficiency of 3.15% was achieved (Table S1). However, when 2%
DPE was used an additive in chorobenzene, an improved efficiency
of 5.09% was achieved together with a Js. of 9.62 mA/cmz, a Vo of
0.82V, an FF of 64.25%. This improved performance induced by the
DPE additive has been found by others in some fluorizated
benzthiadiazole-based copolymers [19,37,38]. For PN2FTBT, the
devices with DPE as an additive also exhibit an increased PCE of
1.97% in comparison with those without DPE (1.22%, Table S1). The
fluorine substituent has great influence on intermolecular and
intramolecular interactions, noncovalent F---S interactions be-
tween fluorine substituents, and the thiophene rings promote the
molecular planarity and arrangement in solid film, which are
beneficial for light harvest and carrier transportation. As a result,
the fill factor (FF) increases slightly as expected. However, the de-
vices based on PNT2FTBT exhibit a lower PCE compared to those
based on PNDTBT mainly due to the decreased V. of 0.82 V, which
is 0.12 V lower than that of the devices based on PNDTBT. Even
though PNT2FTBT has a deeper HOMO energy level, its lower
LUMO energy level makes the energy gap between the LUMO of the
polymer and the LUMO of PC7;BM become too small to dissociate
excitons. Thus a loss in the V,c was observed for PNT2FTBT. At the
same time, the increased PCE for PNDTBT can be also attributed to
its higher hole mobility (SCLC), which help to increase the J;. of the
resulting solar cell devices. The decreased Js. of the devices based
on PNT2FTBT is evidenced by the lower EQEs in the whole photon
response spectrum range (Fig. 4b). For PNT2FTBT, the integrated Js.
calculated from the EQE spectrum is 9.51 mA/cm?, also in agree-
ment with the experiment measurement (1.2% error). The com-
parisons between copolymers PNT2FTBT and PN2FTBT show that
the incorporation of two additional thiophene rings into the poly-
mer backbone leads to an enhanced PCE (5.09% versus 1.97%). The

Table 2
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Fig. 4. (a) Current density (J)—voltage (V) characteristics of PSCs based on PNDTBT,
PNT2FTBT and PN2FTBT. (b) Corresponding EQE spectra (solid lines) of the PSCs and
their integrated photocurrents (hollow lines).

devices based on PN2FTBT show a low PCE mainly due to the
decreased Js., Voo, and FF. From the EQE curve in Fig. 4b, one may
find that the photon response range of the devices based on
PN2FTBT is the same as those based on PNT2FTBT except the
relatively low EQE values for the former. The photovoltaic perfor-
mance comparison between copolymers PNT2FTBT and PN2FTBT
suggests that the planarity of polymer backbone is important
measure to achieve high performance solar cells in addition to the
considerations on the band-gaps and energy levels of copolymers.

3.5. Morphology

The morphology of active layers plays a critical role on the
photovoltaic performance of the corresponding devices. In this
work, the morphology of the surface of active layers was studied by
tapping mode atomic force microscopy (AFM). The active layer films
were prepared using the same conditions as those used for the
optimized devices. The topographic images and the corresponding
phase images were shown in Fig. 5. The images of the three blended
films showed uniformly percolated structures and smooth surfaces

Device parameters of PSCs based on the copolymers, and hole mobilities of the copolymers.

Polymers Voe (V) Jse (MA/cm?) FF (%) PCE.ve” (%) PCEmax (%) Uhole OFET (cm?V—'s~1) thole SCLC (cm? V—1s71)
PNDTBT 0.94 10.76 61.84 5.85 + 0.16 6.24 536 x 1074 1.81 x 107
PNT2FTBT 0.82 9.62 64.25 491 + 0.08 5.09 1.30 x 1072 7.01 x 107>
PN2FTBT 0.78 4.88 52.03 1.92 + 0.06 1.97 1.24 x 1072 403 x 107°

¢ The average PCE is obtained from eight devices.
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10 nm

5nm

Fig. 5. AFM topographic images (top) and the corresponding phase images (bottom) of the surface of (a, d) PNDTBT:PC7,BM, (b, e) PNT2FTBT:PC7;BM and (c, f) PN2FTBT:PC71BM

under the optimized condition.

with root-mean-square (rms) roughness values of 2.37, 0.89 and
0.97 nm for PNDTBT, PNT2FTBT, and PN2FTBT, respectively. At the
same time, small phase separation domains were found for the
blended films. In particular, the blended film based on
PNDTBT:PC71BM showed the most clear phase separation with an
optimal domain size of 15—20 nm, which is beneficial for the effi-
cient exciton diffusion to the donor-acceptor interface and the
enhancement of the resulting device performance (Jsc = 10.76 mA/
cm?, FF = 61.84%, PCE = 6.24%). Nonetheless, the films based on
PNT2FTBT:PC71BM and PN2FTBT:PC7;BM displayed more smooth
surface in comparison with that based on PNDTBT:PC71BM, which
can be attributed to the incorporation of the diphenyl ether additive.
Further work regarding the morphology influence of the additive on
the active layers is underway.

4. Conclusions

In summary, three dialkoxynaphthalene-based conjugated
polymers, PNDTBT, PNT2FTBT and PN2FTBT, were designed, syn-
thesized and characterized for polymer solar cells. Hole trans-
porting properties of the synthesized copolymers were
investigated by using the SCLC and OFET methods. All the three
copolymers have deep-lying HOMO energy levels with bandgaps
ranged from 1.73 to 1.86 eV. An in-depth study of the substitutes on
the benzothiadiazole has been carried out. The inclusion of the
fluorine atoms in the polymer backbone leads to a decrease in the
HOMO energy level, whereas the inclusion of the alkoxyl groups
leads to an increase in the HOMO energy level. With the OFET
method, copolymers based on dialkoxyl substituted BT (PNDTBT)
exhibit a hole mobility of 5.36 x 10~4cm?V~' s, much lower than
the copolymers based on the fluorinated BT (PNT2FTBT,
130 x 10 2 cm? V! s*]). However, with the SCLC method, PNDTBT
exhibits a hole mobility of 1.81 x 10~* cm? V! s~, higher than
PNT2FTBT (7.01 x 10~ cm? V! s~1). The comparisons between
copolymers PNT2FTBT and PN2FTBT show that the inclusion of two
more thiophene rings into the polymer backbone leads to an
increased hole mobility as well as the HOMO energy level. PNDTBT-

based photovoltaic devices showed the highest PCE of 6.24% with a
Jsc of 10.76 mA/cm?, a Ve of 0.94 V and an FF of 61.84%. The value is
among the highest efficiency ever reported for the
dialkoxynaphthalene-based copolymers. It should be noted that
PNDTBT has a narrow absorption band in the short wavelength
region below 660 nm which may make it a promising candidate for
short wavelength absorbing material in tandem solar cells.
PNT2FTBT-based PSCs exhibit a slightly lower PCE of 5.09% with a
Voc 0f 0.82 V in comparison with PNDTBT-based devices, which can
be attributed to the lower hole mobility (SCLC) as well as the lower
LUMO energy level for PNT2FBT. Compared to PNT2FTBT, PN2FTBT
shows a decreased PCE due to the lower hole mobility and the
unsuitable LUMO position. Nonetheless, our results indicate that
dialkoxynaphthalene is an excellent electron donating unit for high
performance polymer solar cells.
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