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Abstract. Two new conjugated polymers consisting of the donors 1,5-bis(2-
hexyldecyloxy)naphthalene, thiophene, or bithiophene and the acceptor benzothiadiazole has
been synthesized and their optical and photovoltaic properties have been characterized. The
two polymers were compared with earlier synthesized and characterized polymers containing
benzene instead of naphthalene. The two polymers absorb light in the visible spectrum (400 to
700 nm). The naphthalene containing polymers had blueshifted absorption spectra compared
to the benzene containing polymers and also higher band gaps. In photovoltaic devices the
bithiophene containing polymer gave the best efficiency of 0.6%, whereas the single thiophene
only showed efficiency of 0.005%. This is lower than the best benzene incorporated polymer
that showed efficiency up to 2.2%. C© 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
[DOI: 10.1117/1.3556724]
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1 Introduction

The polymer-based solar cells have attracted a lot of interest due to the potential of high
volume production at low price.1–8 A lot of the work has been aimed toward obtaining high
power conversion efficiency for small laboratory devices.9–11 Just as important in the polymer
solar cell research but much less explored is degradation/stability8 and big scale processing
issues.12–14

Throughout the recent years a major effort in polymer photovoltaic researches is the synthesis
of so-called low bandgap polymers with a bandgap below 2.0 eV. The low bandgap can secure
a larger harvest of the photons due to a better match with the sun spectrum, whereby a higher
current can be achieved. An approach to prepare low bandgap polymers is by introducing
alternating donor and acceptor groups in the conjugated polymer system. This strategy has been
proven successful as shown by different groups, lately by University of Chicago and Solarmer
Energy, Inc. who has reported devices with efficiencies over 7% and internal quantum efficiency
near 100%.15 This is well above the limit reached for the more established and researched P3HT
polymer.16 Several different types of low bandgap polymers which consist of donor and acceptor
units have been synthesized. The incorporation of alternating donor and acceptor gives rise to
charge transfer transition in addition to the π → π* transition. The charge transfer takes
place from the highest occupied molecular orbital of the donor group to the lowest unoccupied
molecular orbital of the acceptor group. Both the donor and acceptor groups can be varied and
a great number of polymers are therefore possible. Mostly used are thiophene-derivatives as
donor and benzothiadiazole (BT)-derivatives as the acceptor.6,17,18
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Fig. 1 The six different polymers tested for optical and photovoltaic properties, EH = 2-ethylhexyl,
HD = 2-hexyldecanyl.

By designing donor and acceptor groups it is possible to adjust the absorption spectrum,
the bandgap, and define specific photovoltaic properties. An important outcome is a possible
better coverage of the solar spectrum that can increase the short circuit current density (Jsc)
through an increase in the number of absorbed photons, resulting in a higher efficiency (ηe).
The lower bandgap can also work in the other way by decreasing the open circuit voltage (Voc).
Many other factors, such as the degree of conjugation, the torsion angle between the units in the
backbone, as well as the packing of the polymer molecules in the solid phase and many others,
influence how a polymer can perform in a photovoltaic device. The optimal polymer, for use in
photovoltaic devices, does at the moment, not seem open to rational design and at present this
is resolved through a trial and error process.

Here we present six different polymers, see Fig. 1, based on thiophene substituted dialkoxy-
benzene or dialkoxynaphthalene as donor and benzothiadiazole as acceptor. The use of either
dialkoxybenzene or dialkoxynaphthalene allows for a simple way to introduce two alkoxy groups
to ensure good solubility and processability of the polymer, when applied in photovoltaic de-
vices. By exchanging the benzene with naphthalene, the degree of backbone planarity should be
increased, thereby reducing the bandgap of the polymer.17 The synthesis of the polymers JC1
to JC4, their optical properties, and their application in photovoltaic devices has been reported
earlier by Carlé et al.19 In this paper two new polymers are presented: JC5 and JC6. The op-
tical properties of these polymers, together with their application in photovoltaic devices, are
presented and compared with the properties of polymers JC1 to JC4.

The polymer JC1 is purely a donor-type because of the alternating electron-rich dialkoxyben-
zene and bithiophene units, in ways similar to, e.g., P3HT. JC2 and JC3 have, besides the donor
groups, dialkoxybenzene and thiophene, and also contains the acceptor group BT connected via
thiophene groups. JC2 and JC3 have different alkyl side chains being either 2-ethylhexyl or 2-
hexyldecyl. JC4 has, instead of single thiophene as JC3, bithiophene groups. The polymers JC5
and JC6 can be compared with the JC3 and JC4 polymers, respectively, as the only difference
between these is the substitution of benzene for naphthalene.

This series of polymers makes it possible to investigate the consequence of introducing
benzothiadiazole units (JC1 → JC2), varying the length of the alkyl side chains (JC2 → JC3),
varying the number of thiophene in the backbone (JC3 → JC4) (JC5→JC6) and at last, changing
benzene with naphthalene (JC3 → JC5) (JC4 → JC6).
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Carlé, Jørgensen, and Krebs: Polymers for organic photovoltaics based on 1,5-bis(2-hexyldecyloxy)...

2 Experimental Details

2.1 Synthesis

The synthetic procedure of JC1, JC2, JC3, and JC4 can be found in Ref. 19.

2.1.1 2,6-dibromonaphthalene-1,5-diol (1)

Naphthalene-1,5-diol (10 g, 62.4 mmol) was issolved in acetic acid (350 ml). Few crystals of
iodine were added and the solution heated to 80◦C. Bromine (19.95 g, 125 mmol) was dissolved
in acetic acid (35 ml) and added over half an hour. The solution was stirred at 80◦C for an hour
and then cooled to room temperature. Water was added and the precipitate was filtered off,
washed with petrol ether, and recrystallized from acetic acid to give the product. Yield: 16.32 g,
82%. 1H NMR (CDCl3, 250 MHz) δ: 7.03 (s, 2H), 9.79 (s, 2H). 13C NMR (CDCl3, 500 MHz)
δ: 106.4, 115.8, 126.8, 130.2, 150.0.

2.1.2 2,6-dibromo-1,5-bis(2-hexyldecyloxy)naphthalene (2)

1 (4 g, 12.58 mmol) and NaOH (5.03 g, 126 mmol) were dissolved in degassed dimethyl
sulfoxide (DMSO) (25 ml). 2-hexyldecanyl bromide (7.68 g, 25.2 mmol) was dissolved in
degassed DMSO (25 ml) and added drop wise to the solution. The mixture was heated to
80◦C where it was stirred overnight. The mixture was poured into ice water and extracted
with dichloromethane (DCM). The phases were separated and the organic phase was washed
with water twice, dried over MgSO4, and filtered. The solvent was evaporated under reduced
pressure and purified by column chromatography on silica gel using heptane/EtOAc (1:4) as
eluent. Yield: 6.8 g, 70%. 1H NMR (CDCl3, 250 MHz) δ: 0.82 (m, 6H), 1.17 to 1.57 (m, 48H),
1.9 (m, 2H), 3.93 (d, 4H), 7.58 (d, 2H), 7.71 (d, 2H). 13C NMR (CDCl3, 500 MHz) δ: 14.4, 22.7,
26.9, 27.0, 29.4, 29.6, 29.7, 30.1, 31.2, 31.7, 31.9, 39.3, 113.7, 119.2, 130.1, 131.1, 152.9.

2.1.3 2,2 ′-(1,5-bis(2-hexyldecyloxy)naphthalene-2,6-diyl)dithiophene (3)

2 (1.5 g, 1.96 mmol) and 2-(tributyltin)-thiophene (1.83 g, 4.89 mmol) was dissolved in dry
toluene and the catalyst tetrakis triphenylphosphine palladium(0) (500 mg) was added and the
solution was stirred at reflux overnight. The solvent was evaporated under vacuum and the
product purified by column chromatography on silica gel using heptane/EtOAc (1:9) as eluent.
Yield: 1.4 g, 93%. 1H NMR (CDCl3, 500 MHz) δ: 0.89 (m, 6H), 1.26 (m, 48H), 1.41 (m, 4H),
1.55 (m, 4H), 1.90 (m, 2H), 3.74 (d, 4H), 7.15 (q, 2H), 7.41 (dd, 2H), 7.58 (dd, 2H), 7.74 (d,
2H), 7.95 (d, 2H). 13C NMR (CDCl3, 500 MHz) δ: 14.1, 14.12, 22.6, 26.78, 26.81, 29.3, 29.6,
29.7, 30.1, 31.2, 31.90, 31.92, 39.1, 118.8, 123.6, 126.1, 127.0, 127.2, 129.6, 139.5, 151.9.

2.1.4 5,5 ′-(1,5-bis(2-hexyldecyloxy)naphthalene-2,6-diyl)bis(2-
bromothiophene)(4)

3 (500 mg, 0.65 mmol) was dissolved in THF (15 ml). A solution of N-bromosuccinimide
(230 mg, 1.3 mmol) in tetrahydrofuran (THF) was added to the solution in small portions in
the dark and then stirred under argon at room temperature for 2 h. Water and diethyl ether
were added and the phases separated. The organic phase was washed with water and dried
over MgSO4, filtered, and the solvent evaporated under reduced pressure. It purified by column
chromatography on silica gel using heptane/EtOAc (1:50) as eluent. Yield: 562 mg, 93%.
1H NMR (CDCl3, 500 MHz) δ: 0.89 (m, 6H), 1.26 (m, 48H), 1.41 (m, 4H), 1.55 (m, 4H),
1.90 (m, 2H), 3.74 (d, 4H), 7.10 (d, 2H), 7.31 (d, 2H), 7.68 (d ,2H), 7.91 (d, 2H).
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2.1.5 General procedure for Stille cross-coupling polymerization

One equivalent of the acceptor monomer 5 and the appropriate donor monomer 2 or 4 were
dissolved in degassed toluene. Trio-o-tolylphosphine (4 mol%) and tris-(dibenzylidene acetone)
dipalladium(0) (0.5 mol%) were added and the solution was brought to reflux where it was stirred
for at least 24 h. The solvent was evaporated under vacuum and the product was dissolved in
a minimum amount of boiling chloroform. The polymer was precipitated in about 10 times
the volume methanol. The suspension was filtered to give the polymer which was purified by
Soxhlet extraction, first with methanol, then hexane, and finally chloroform. The chloroform
fraction was evaporated under vacuum to a minimum volume, still keeping the polymer in
solution. The polymer was then precipitated by pouring it into 10 times the volume methanol.
The suspension was filtered and dried in a vacuum oven to give the purified polymer.20–30

2.1.6 Poly{4-(5-(1,5-(2-hexyldecyloxy)-6-(thiophen-
2-yl)naphthalen-2-yl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole} (JC5)

2 (250 mg, 0,326 mmol) and 5 (286 mg, 0,326 mmol) as described above. Yield: 124 mg, 41%.

2.1.7 Poly{4-(5′-(1,5-(2-hexyldecyloxy)-6-(thiophen-2-yl)naphthalen-2-yl)-
2,2’-bithiophen-5-yl)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazole} (JC6)

4 (587 mg, 0.63 mmol) and 5 (394.7 mg, 0.63 mmol) as described above. Yield: 302 mg, 42%.

2.2 Device Preparation

The prefabricated glass substrates coated with a patterned indium tin oxide (ITO) with an
active area of 0.5 cm2 was first ultrasonically cleaned in water and then 2-propanol. Poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) was spin-coated on top, the
electrodes cleaned with water, and then dried at 150◦C. The substrates were transferred to a
glove box where they were heated at 150◦C for 5 min. The active layer of polymer and [6,6]-
phenyl-C61-butyric acid methyl ester ([60]PCBM) in dichlorobenzene, with a concentration
of 50 mg/ml, were spin-coated on the PEDOT:PSS layer and allowed to dry, and the contacts
cleaned with dichlorobenzene. They were transferred to a vacuum chamber, where the aluminum
electrode was applied by thermal evaporation at a pressure below 6 × 10−6 mBar. The system
was brought to atmospheric pressure and the solar cells were analyzed immediately after.

3 Results and Discussion

3.1 Synthesis

The synthesis of the two donor monomers 2,6-dibromo-1,5-bis(2-hexyldecyloxy)naphthalene (2)
and 5,5’-(1,5-bis(2-hexyldecyloxy)naphthalene-2,6-diyl)bis(2-bromothiophene) (4) is outlined
in Fig. 2. Here the naphthalene is first bromated in acetic acid using bromine and then alkylated
with 2-hexyldecyl bromide in the presence of sodium hydroxide in DMSO. Introduction of
thiophene groups is done by using 2-tributyltin-thiophene in a Stille coupling with Pd(0) catalyst
in dry toluene. The final monomer was obtained by bromation with N-bromosuccinimide.

The final donor monomers, 2 and 4, were coupled with the acceptor monomer 4,7-bis
(5-(tributylstannyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole (5), seen in Fig. 3, through a Stille
cross coupling polymerization to give the polymers JC5 and JC6 as seen in Fig. 4.
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Fig. 2 The synthetic steps involved in the preparation of the donor monomers 2 and 4.

3.2 Characterization of the Polymers

The polymers were characterized by size exclusion chromatography and showed molecular
weights of 4.000 Mw (JC6) to 15.000 Mw (JC5), see Table 1. This is relative to low molecular
weights, which could be due to low solubility.

Absorption spectra of each polymer were acquired from 320 to 800 nm in both chloroform
solution and as thin films spin-coated on glass substrates from a chloroform solution, see Fig. 5.
From the spectra it can be seen that JC1 is the only polymer that shows single peak absorption
(476 nm), the π → π* transition, and it also has the highest bandgap, 2.2 eV. This is expected,
because JC1 does not have incorporated BT acceptor units. The five other polymers show,
besides the absorption in the area of 349 to 439 nm, another strong absorption band in the area
of 530 to 570 nm, in solution. This band is presumably due to a charge transfer (CT) transition
between the thiophene, benzene, or naphthalene donor and the BT acceptor unit similar to what
has been observed for other polymers consisting of alternating donor and acceptor units. The
absorption spectra are redshifted for the films compared to the solutions for all polymers except
for JC1. The λmax of the CT transition of the polymers JC2, JC3, and JC4 are almost the same
for the films, 607 to 613 nm, whereas the naphthalene contain polymers JC5 and JC6, and has
lower and not similar λmax, 552 and 580 nm, respectively. In the naphthalene-based polymers
the number of thiophenes in the backbone has an influence on the bandgap, which is not seen
for the benzene-based polymers. The bandgap is 0.11 eV, lower for JC6 compared to JC5.

The absorption spectra shows that the π → π* transition for JC4 and JC6 are redshifted,
both in solution and in film, compared to JC2, JC3, and JC5. This is due to extra thiophenes in
the repeating unit. This shows that incorporation of BT units in the polymer results in a blueshift
of the π → π* transition, but by increasing the number of donor units, here thiophenes, this
can be shifted toward longer wavelengths. Exchanging the dialkoxybenzene (JC3 and JC4) with
dialkoxynaphthalene (JC5 and JC6) resulted in a blueshift of the entire absorption spectrum in
both cases. The difference is most pronounced between JC3 and JC5, where the CT transition

Fig. 3 The acceptor monomer benzothiadiazole coupled with thiophene. Shown here with trib-
utyltin, which makes it applicable in a Stille cross-coupling polymerization. For synthetic procedure
of 5 see Ref. 19.
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Fig. 4 Synthesis of 1,5-di(2-hexyldecyloxy)naphthalene containing polymer through Stille cross-
coupling polymerization.

is blueshifted with 59 nm for JC5 in film. Therefore a higher bandgap is also seen for JC5 and
JC6 compared to JC2 to JC4.

3.3 Photovoltaic Devices

Photovoltaic devices were prepared of the bulk heterojunction type consisting of:
glass/ITO/PEDOT:PSS/polymer:C60 PCBM /aluminum, as described in the experimental sec-
tion.

The devices showed low to modest efficiencies (η), 0.005 to 2.2%, see Table 2. Devices
prepared from polymer JC5 gave very low short circuit current densities (Jsc) of 0.1 mA/cm2,
an open circuit voltage (Voc) of 0.14 eV, and η of 0.005% under AM1.5 illumination. The
results, when held against the results from the other polymers, indicated that the fabrication of
the photovoltaic device in this example had failed and may not be representative for its function
in photovoltaic devices.

The other polymers produced Jsc of 2.6 to 4.7 mA/cm2 and Voc of 0.55 to 0.67 eV, under
AM1.5 illumination. The fill factors were from 29 to 52%, which gave efficiencies of 0.4 to

Table 1 Molecular weight and optical data for the six polymers.

Mw (kDa), λmax (nm) (ε) λmax (nm)
Polymer PD solution (CHCl3) film Bandgap (eV)

JC1 11.7, 2.4 476 (40.000) 479 2.22

349 (29.000)JC2 5.2, 3.2 392, 607 1.70
542 (47.000)

381 (23.000)JC3 9.1, 3.5 394, 613 1.71
563 (36.000)

439 (35.000)JC4 10.9, 2.3 458, 608 1.69
566 (42.000)

373 (36.000)JC5 15, 4.3 386, 552 1.86
530 (45.000)

413 (41.000)JC6 4.0, 3.4 428, 580 1.75
546 (43.000)
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Fig. 5 Absorption spectra of the six polymers in chloroform solution (top) and absorption spectra
of films spin-coated on a glass slide from a chloroform solution (bottom, normalized). JC1 (brown),
JC2 (black), JC3 (green), JC4 (yellow), JC5 (blue) and JC6 (pink).

2.2%. The donor-only type polymer JC1 showed an efficiency of 0.4%, while the polymers
with incorporated BT acceptor units had higher efficiencies, 0.6 to 2.2%. This is in accordance
with what the absorption spectra shows, where JC1 only has one strong absorption peak and
the polymers containing BT have two strong absorption peaks. It is therefore possible that they
can harvest a greater part of the incoming sunlight. The Jsc raises from 2.6 mA/cm2 to 4.6 to
4.7 mA/cm2 and the efficiency is more than doubled. JC4 and JC6 that have bithiophene instead

Table 2 Photovoltaic parameters for selected devices with the structure glass/ITO/PEDOT/ poly-
mer:C60 PCBM /Al.

Polymer Polymer/PCBM Jsc (mA/cm2) Voc (V) FF (%) η (%)

JC1 1:1 2.6a 0.56 29 0.4
JC2 1:1 4.6b 0.64 33 1.0
JC3 1:1.5 4.7b 0.67 52 2.2
JC4 1:1 3.6b 0.63 49 1.5
JC5c 1:1.5 0.1b 0.14 28 0.005
JC6 1:1.5 2.6b 0.55 32 0.6

aMeasured at 100 mW/m2 and with an active area of 2 cm2.
bMeasured at 74 mW/m2 and with an active area of 0.5 cm2.
cThe low values of Voc and η are probably caused by defects in the devices.
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of thiophene generates a lower Jsc than both JC2 and JC3. This can be due to the difference in the
absorption whereby JC2 and JC3 have a better coverage of the solar spectrum which increases
the Jsc through an increase in the number of absorbed photons.

The naphthalene containing polymers gave significantly lower efficiencies compared to
those with benzene, mainly due to a much lower Jsc of 0.1 and 2.6 mA/cm2, but also a lower
Voc of 0.14 and 0.55 eV was observed. JC6 showed much higher Jsc, Voc and η than JC5. This
pronounced difference in efficiency cannot be explained by the differences in the absorption
spectra or by the differences in molecular-structure or -weight. The very low efficiencies of JC5
can be explained by defects in the photovoltaic devices.

4 Conclusion

Two new conjugated polymers, JC5 and JC6, consisting of 1,5-bis(2-
hexyldecyloxy)naphthalene, thiophene, and BT groups have been synthesized and tested
for optical and photovoltaic properties. The polymers showed two distinct broad areas of
absorption where the spectrum of JC6 was redshifted compared to JC5. JC5 and JC6 bandgaps
of 1.86 and 1.75 eV, respectably, which is higher than the bandgaps for the polymers having
benzene and BT incorporated (JC2 to JC4). The photovoltaic devices prepared from the
polymers showed low Jsc and Voc which resulted in low efficiencies of 0.005% (JC5) and 0.6%
(JC6). This is lower than the best benzene incorporated polymer that showed efficiency up to
2.2%. The reason behind the low efficiency of the naphthalene-based devices and especially
JC5 is probably due to defects in the produced devices as there is nothing in the molecular
structure or the absorbing spectrum that can explain it.
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