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A benzotriazole and 3-hexylthiophene (3HT) bearing a donor-acceptor-donor (D-A-D) type
conjugated polymer (PHTBT) was synthesized. The polymer is both p and n-dopable, fluorescent,
soluble in common organic solvents, and processable. Electrochemical and spectroelectrochemical
characterization of PHTBT and its photovoltaic performance in organic bulk heterojunction (BHJ)
solar cells (SC) have been measured. Using PHTBT as donor material in BHJ solar cells resulted in
increased open circuit voltage (Voc) up to 0.85 V.

Introduction

Conjugated polymers (CPs) will be used in large-scale
applications when their processability will be improved
and more and more printable electronic applications
settle in the market. They attracted attention rapidly in
many applications with the increased number of proces-
sable materials available and because of their improving
electrical and physical properties. New structural designs
of conjugated polymers provided fresh air to some fields
including; Organic Light Emitting Diodes (OLEDs),1

Organic Field Effect Transistors (OFETs),2 Organic So-
lar Cells (OSCs),3 and Electrochromic Devices (ECDs).4

Polymers that are applicable to many fields are re-
garded as multipurpose materials offering great potential
to lower the cost of active layer production for organic
electronics.5 The attractive properties of CPs are mostly
based on the ability to alter the electronic and spectral
properties with chemical structuralmodifications. Tailor-
ing the band gap (Eg) of CPs allows variation in emission
wavelength, absorption in the visible region, and the type
of charge carriers upon doping.6
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From the synthetic point of view, theDonor-Acceptor-
Donor (D-A-D) route is the most utilized method
in terms of diversity in synthetic possibilities while
avoiding the solubility limits. The D-A-D approach
allows the presence of both electroactive donor groups
and electron deficient acceptor unit in the polymer
backbone.6a,7 By this way, the HOMO (highest occu-
pied molecular orbital) of the donor contributes to
the polymer’s VB (valence band), and the LUMO
(lowest unoccupied molecular orbital) of the acceptor
moiety contributes to the polymer’s CB (conduc-
tion band) energy levels. The low lying LUMO of
the acceptor unit results in increased tendency to be
n-doped.8

Polymer BHJ solar cells based on an electron-donating
conjugated polymer and an electron-accepting fulle-
rene derivative ([6, 6]-phenyl C61 butyric acid methyl
ester (PCBM)) offer great potential for the realization
of a low-cost, printable and flexible renewable energy
source.9

Although poly(p-phenylene vinylene) (PPV) deriva-
tives were the touchstone in solar cells, introducing poly-
(3-alkyl thiophenes) (P3AT) to BHJ system triggered a
broad research in this area.10 In the history of organic
photovoltaics, P3ATs have been of high interest because
of their good solubility, processability, and environmen-
tal stability.11 The red-shifted absorption of a P3AT
derivative, poly(3-hexylthiophene) (P3HT), compared
to PPVs such as poly[2-methoxy-5-(30,70-dimethylocty-
loxy)-1,4-phenylene vinylene) (MDMO-PPV) resulted in
a 2-fold increase in photocurrent.12 Hence, photovoltaic
devices with 1.5% power conversion efficiencies were
obtained.13 After the realization of these materials’ pro-
mising potential for highly efficient solar cells, many
studies were focused on PATs. Annealing of the P3HT/
PCBM active layer in organic solar cells was found to
enhance the efficiency14 with the increased degree of
crystallinity.15 Postproduction treatments such as apply-
ing external voltage or thermal treatment led to an overall
increase in conversion efficiencies of devices since the free

volume and defect density at the interfaces are reduced.16

The influence of the work function of materials was also
studied in organic solar cells to enhance the Voc and thus
the efficiency.17

As a further step for the development of plastic solar
cells, regioregular poly(3-alkylthiophenes) such as poly-
(3-hexylthiophene) (P3HT),poly(3-octylthiophene) (P3OT),
andpoly(3-dodecylthiophene) P3DDTwere used as electron
donors in polymer:fullerene bulk heterojunction solar
cells.18 Moreover, use of chlorobenzene instead of chloro-
form and toluene as the solvent increased the efficiencies up
to 5.1%.19

BHJ solar cell performances have been gradually im-
proved, power conversion efficiencies (PCE) of 5-6%
have been reported, and different approaches to improve
the efficiency of P3HT/PCBM cells are still being re-
ported. However, the relatively small energy difference
between the HOMO of P3HT and the LUMO of the
fullerene acceptor results in a low open-circuit voltage,
Voc=0.6V20which limits the efficiency. This necessitates
finding new candidates for further improvements in the
field.21

Recently, benzotriazole containing donor-acceptor
type polymers synthesized in our group showed interest-
ing optoelectronic properties and became great candi-
dates to be used as multipurpose materials in display
technologies.5a,22 Utilizing a benzotriazole unit in the
polymer backbone resulted in low LUMO level enabling
the polymer to be n-dopable. Here we report electrochro-
mic and photovoltaic characteristics of a benzotriazole
and hexylthiophene containing novel donor-acceptor
type CP, poly(2-dodecyl-4,7-bis(4-hexylthiophen-2-yl)-
2H-benzo[d][1,2,3]triazole) (PHTBT), as a promising
multipurpose material. Electron defficient benzotriazole
units introduced in P3HT increased the oxidation poten-
tial and resulted in a decrease in the HOMO level of the
polymer (-5.50 eV) and an increase in Voc (0.85 V).
Optical properties of the polymer utilizing spectroscopic
techniques (Photoluminescence (PL), in situ UV-vis-
NIR, and in situ FTIR-Attenuated Reflection (ATR)
spectroscopy) and its performance in BHJ solar cells
as donor material with PCBM as acceptor were investi-
gated.
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Results and Discussions

Synthesis. Synthesis of the monomer, 2-dodecyl-4,7-
bis(4-hexylthiophen-2-yl)-2H-benzo[d][1,2,3] triazole

(HTBT) was performed according to previously reported

procedures5a,22 as shown in Scheme 1. Monomer, HTBT,

was obtained via Stille coupling reaction of 2-dodecyl

benzotriazole and 3- hexylthiophene. 2-Dodecyl benzo-

triazole was proved to provide good solubility for the

monomer and the polymer in common organic solvents.

2-Position of benzotriazole moiety is serving as a possible

functionalization site. It can be functionalized according

to the needs. HTBT was polymerized both electrochemi-

cally and chemically. The polymer obtained from both

polymerizations revealed identical electrochemical and

optical properties. However, chemical polymer of PHTBT

was used in photovoltaic applications since chemical po-

lymerization allows large scale production.
Table 1 lists the estimated molecular weights from gel-

permeation chromatography (GPC) and average number
of permeating units. The polymer has high molecular
weight and low poly dispersity index (PDI) which means
that PTHBT can be synthesized in large scale reproduci-
bly.
Cyclic Voltammetry (CV). HTBT was polymerized

potentiodynamically between 0.0 and 1.4 V versus Ag/
AgCl quasi reference electrode in a 0.1 M acetonitrile
(AN)/tetrabutylammonium hexafluorophosphate (TBAPF6)
solution onto ITO coated glass slide to observe the polymer
characteristics. During polymerization, a characteristic

oxidation peak ofmonomerwas observed at 1.2V accom-
panied by a reversible couple for oxidation and reduction
of the polymer. In Figure 1, the increase in current density
with the number of scans clearly shows the deposition of
an electroactive film of PHTBT on ITO. The resultant
polymer was soluble in common organic solvents and
revealed reversible both p and n doping properties where
the p doping/dedoping was indicated by the peaks at 0.9
and 0.5V respectively. The PHTBT film is orange (Y: 60.1
x: 0.50 y: 0.47) in its neutral state and reveals blue color
(Y: 23.0 x: 0.27 y: 0.30) when oxidized.
Oxidation-to-reduction peak ratios were calculated

from CV as almost 1.0, which is a clear indication for
reversibility of the whole redox process. In literature,
3-hexylthiophene bearing donor-acceptor type mole-
cules have relatively higher polymer oxidation potentials
than other common donor units.24

In our case, we exploited this property via using
PHTBT as the electron donor unit. Since high polymer
oxidation potentials and an appropriate band gap result
in convenient HOMO-LUMO energy levels, PHTBT
can be a strong candidate for p-type photovoltaics.
Oxidation-reduction onset values were determined

from CV and Electrochemical Voltage Spectroscopy (EVS).
Thus, HOMO-LUMO values for the polymer were esti-
mated from electrochemical data (Table 2). From EVS

Scheme 1. Synthetic Route to Monomer HTBT and the Polymer PHTBT
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experiments, theHOMOandLUMOlevels of PHTBTwere
estimated as-5.45 and-2.95 eV, respectively (the value of
NHE was used as -4.75 eV throughout the study25). The
onset values forbothoxidationand reductionobtained from
EVS and in CV are in good agreement. The energy levels
versus vacuum level were calculated according to the follow-
ing equations:

EHOMO ¼ - ðEonset, ox þ 4:75Þ ðeVÞ

ELUMO ¼ - ðEonset, red þ 4:75Þ ðeVÞ

Eec ¼ ðEonset, ox -Eonset, redÞ ðeVÞ
where byEonset,ox andEonset,red represent the onset oxidation
and reduction potentials, respectively.
The electrochemical band gap (Egec) of PHTBT is

higher than the optical gap (Egop). A similar difference
is often observed in conjugated polymers and is usually
attributed to the creation of free ions in the electroche-
mical experiment rather than a neutral excited state.5b,26

Figure 2 presents the both p- and n-type doping proper-
ties of PHTBT with definite reversible redox couples at
0.9 and 0.6 V for p-type doping and -1.97 V and -1.8 V
for n-type doping. Consecutive scans also revealed that
the PHTBT can be reversibly oxidized and reduced.
Anodic and cathodic peak currents revealed a linear

relationship as a function of scan rate for both p
and n-doping, which indicate that the electrochemical

processes are not diffusion limited and are reversible even
at high scan rates (Figure 3).
Spectroelectrochemistry. In Situ UV-vis-NIR Char-

acterization. The behavior of PHTBT upon doping and
dedoping was investigated by UV-vis spectroscopy in a
monomer free solution containing AN with 0.1 M
TBAPF6. The undoped PHTBT film displays an absorp-
tion maximum in the visible region at 450 nm which
indicates an optical band gap of 1.8 eV (calculated from
the onset of the π-π* transition for the neutral form).
PHTBT is more red-shifted than its thiophene based
counterpart and results in a higher band gap.5a This can
be due to the long alkyl side chainswhich can induce steric
hindrance with adjacent aromatic rings, leading to de-
stroyed chain coplanarity and increased band gap (g1.8
eV) in thiophene containing donor-acceptor materials.27

However; PHTBT can be still considered as a low band
gap material for organic photovoltaics. During spectro-
electrochemistry, as potential is gradually increased, the
peak intensity at 450 nm decreased and new bands at 725
and 1310 nm evolved because of the formation of charge
carriers such as polarons and bipolarons,28 respectively
(Figure 4). Upon doping, no charge carriers were formed
until 0.75 V. Then a steep increase in the polaronic region
was observed which can be interpreted as the oxidation of
the polymer film. As seen in CV (Figure 1), no current
increase was seen up to 0.75 Vwhich is in accordance with
spectroelectrochemical data. A sudden rise in absorbance
of polaronic states was recorded at the oxidation poten-
tial of the film.29

Indications for n-type doping are proved by a reversible
redox couple at negative potentials. Additionally and
more significantly, a drastic absorption change in the
NIR region upon reduction confirms that the polymer is
n-dopable. Upon reduction, new bands at around 600
and 1250 nm were formed. The difference in the absorp-
tion maxima obtained during oxidation and reduction of
the polymer indicate the formation of a polaron and
bipolaron.
When the polymer was reduced, a bluish-green (Y: 40.2

x: 0.25 y: 0.29) color was observed, and the increase in the
absorbance of nearly 35% in the near-IR region clearly
confirmed the formation of charge carriers on the poly-
mer backbone revealing that PHTBT is n-dopable
(Figure 5).

In Situ FTIR-ATR Characterization. The oxidation (p-
doping) and reduction (n-doping) behavior of PHTBT
were studied also by in situ FTIR-ATRspectroscopy. The
difference FTIR-ATR spectra recorded during p-doping
of the film at 5mV/s scan rate are shown in Figure 6a. The
cyclic voltammogram of the p-doping process is shown as
an inset. All spectra are related to a reference spectrum
chosen at 0 V where the film is in its neutral state.
Figure 6b shows the enlargement of the spectra in the
2000-600 cm-1 region.Uponp-doping, a broad increasing

Table 1. Estimated Molecular Weights of PHTBT from GPC

polymer Mn Mw PDI av. no. of repeating units

PHTBT 64000 117000 1.81 103

Figure 1. Electrochemical deposition of PHTBT on ITO coated glass
slide in a 0.1 M AN/TBAPF6 solvent-electrolyte couple.

(25) K€otz, E. R.; Neff, H.; M€uller, K. J. Electroanal. Chem. 1986, 215,
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Hou, J.; Park, M. H.; Zhang, S.; Yao, Y.; Chen, L.M.; Li, J. H.; Yang, Y.
Macromolecules 2008, 41, 6012. (c) Hou, J.; Tan, Z.; Yan, Y.; He, Y.;
Yang, C.; Li, Y. J. Am. Chem. Soc. 2006, 128, 4911.
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absorption band above 1500 cm-1 appears which is
attributed to an electronic transition from the valence
band to a new state in the band gap because of the
formation of free charge carriers during charging of the
film. New doping induced IR bands (IRAV) originating
from changes in the conjugated backbone because of the
oxidation of the film are found at wavenumbers 1560,
1481, 1370, 1270, 1190, 1145, and 1076 cm-1. The band at
840 cm-1 is associated with PF6

- which results from the
insertion of anions into the polymer film during oxida-
tion. The changes in the spectra are fully reversible upon
re-reduction of the film to its neutral state.
As stated before, PHTBT can be also electrochemically

reduced (n-doped). Figure 7a shows the spectra during

electrochemical n-doping at 5 mV/s scan rate. The CV is
shown as an inset in Figure 7a. Again, the reference
spectrum to which all the subsequent spectra are related
is taken at 0 V. From Figure 7a, it can be seen that the
electronic absorption related to the formation of free
charge carriers during the n-doping process starts to
increase at potentials of approximately -1.8 V. Upon
further reduction of the film, the electronic absorption
band continuously increases and shifts to higher wave-
numbers. Figure 7b shows the IRAV bands in the 2000-
600 cm-1 region. The IRAV bands start to grow at a
potential that coincides well with the increase in the in-
tensity of the electronic absorption at higherwavenumbers.

Table 2. CV and EVS Results of PHTBT
a

HTBT oxidation potential (V) reduction potential (V) bandgap (eV) energy level (eV) from CV energy level (eV) from EVS

Eox Eonset,ox Ered Eonset,red Egec Egop HOMO LUMO HOMO LUMO

0.9 0.75 -1.97 -1.8 2.55 1.8 -5.50 -3.0 -5.45 -2.95

aCV was recored in 0.1 M AN/TBPF6 at 100 mV/s scan rate.

Figure 2. Cyclic voltammogramof PHTBT for both p and n type doping
in the presence of 0.1 M AN/TBAPF6.

Figure 3. Linear relationship between scan rate and current density of
PHTBT film for both p-and n-doping.

Figure 4. p-Doping electronic absorption spectra of PHTBT between
-0.5 and 1.1 V with 0.05 V potential intervals.

Figure 5. Electronic absorption spectra of PHTBT for n-doping between
-0.5 V and -2.1 V with 0.2 V potential intervals.
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The main IRAV bands arising during n-doping appear at
1549, 1399, 1245, 1188, 1095, and 952 cm-1. As seen, the
electronic absorption appears at high energies. In addi-
tion, the IRAV bands are rather sharp, indicating that the
localization of the negative charge carriers along the
polymer chain is quite low. As for p-doping, the changes
are fully reversible upon reoxidation of the film. From
FTIR-ATR experiments, it can be concluded that
PHTBT can be reversibly oxidized and reduced; however,
the positive and the negative charge carriers have differ-
ent spectral behaviors and different effective delocaliza-
tion along the polymer chain. The difference in
delocalization of the positive and negative charge carriers
has already been reported for other p- and n-dopable
polymers.30

Optical Studies.Transmittance changes and the switch-
ing abilities of the polymer film were determined while
sweeping the potentials between oxidized and reduced
states. PHTBT revealed 35% transmittance in the visible
region at 450 nm. In the near-IR region the optical
contrast for the polymer film was found to be 56%which
is considerably sufficient for near-IR applications
(Figure 8). The long-term switching ability wasmeasured,
which is an important parameter for device applications.
The polymer film was swept between its oxidized and
reduced states via chronoamperometry under the same
conditions as in situ UV-vis-NIR spectroscopy. Upon
switching, there was less than 10% charge loss even after
1000 full switches.
The absorbance and PL spectra of HTBT in solution

and PHTBT both in solution and in thin film form are
shown in Figure 9. The lowest energy electronic transition
of PHTBT in solution is centered at 498 nm whereas it
appears at 473 nm for the film. Emission maxima are at

Figure 7. In situ FTIR-ATR spectra recorded during reduction (n-doping) of PHTBT film between 0 and -2.2 V (a) in the 5500-600 cm-1 region (the
potential values where each spectrum was recorded refer to the cyclic voltammogram in the inset) and (b) in the 2000-600 cm-1 region.

Figure 6. In situ FTIR-ATR spectra recorded during oxidation (p-doping) of a PHTBT film between 0 and 1.0 V (a) in the 5500-600 cm-1 region (the
potential values where each spectrum was recorded refer to the cyclic voltammogram in the inset and (b) in the 2000-600 cm-1 region.

(30) (a) Kvarnstr€om, C.; Neugebauer, H.; Ivaska, A.; Sariciftci, N. S.
J. Mol. Struct. 2000, 521, 271. (b) Neugebauer, H. J. Electroanal.
Chem. 2004, 563, 153. (c) Meana-Esteban, B.; Kvarnstr€om, C.; Ivaska,
A. Synth. Met. 2006, 156, 426.
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563 and 592 nm for solution and film, respectively. Long
alkyl chains on the polymer backbone, providing high
solubility, prevent aggregation, and therefore the Stokes
shift was quite low. Absorbance and PL spectra retained
similar profiles regardless of the medium. However,
because of the increased rigidity in the film form, both
absorbance and the emission were blue-shifted with re-
spect to the solution. HTBT revealed two absorption
maxima at 283 and 391 nmbecause of its donor-acceptor
nature, and its emission maximum was centered at 464
nm. Emission spectra and also the pictures in Figure 9
show that HTBT and PHTBT are both fluorescent.
BHJ Solar Cell Fabrication and Characterization.

PHTBT was designed to act as an electron donor in
BHJ photovoltaic devices with PCBM as acceptor. Alkyl
chains on the polymer backbone improve the solubility of
the polymer in common organic solvents such as chloro-
form, chlorobenzene and THF. Figure 10 shows the
normalized film absorbances of active layers with differ-
ent PCBM loadings. As the polymer ratio in PHTBT/
PCBMmixture decreases (from 1:1 to 1:4), the character-
istic peak of PHTBT decreased because of the increase of
PCBM amount in the mixture.31

The EVS-estimated energy levels of PHTBT were used
to construct the energy diagram depicted in Figure 11.

High open circuit voltage obtained for PHTBT can be
assigned to the relatively low lying HOMO compared to
P3HT.32

BHJ photovoltaic cells with ITO/PEDOT:PSS/PHTBT:
PCBM/Al (100 nm) configuration [ITO, indium tin oxide;
PEDOT, poly(3,4-ethylenedioxythiophene); PSS, poly-
(styrenesulfonate)] were fabricated and characterized.
Charge transfer was confirmed by a quenched PL emission
by a factor of 20 when adding 50 wt% PCBM (Figure 12).
Such efficient photoluminescence quenching is the proof of
ultrafast photoinduced charge transfer from the polymer to
PCBM.33 On the basis of these characterizations, the poly-
mer was expected as an interesting candidate to fabricate
photovoltaic devices. Various blends of PHTBT:PCBM
with different PCBM content were prepared (1:1, 1:2,
1:3, 1:4 w/w ; 5 mg:10 mg for 1:2) from chlorobenzene
solution.
After obtaining the spectral response of the active

layers and confirming the charge transfer, the photo
induced charge generation was determined. Incident
photon to current efficiency (IPCE) is used to get infor-
mation on the number of photons that contributes to
charge generation in a solar cell. Spectral resolved photo-
current measurements showed that the blends generate
photoinduced charges nearly over the same range as
photons are absorbed in the pristine polymer.34 In
Figure 13, the IPCE spectrum spans from 350 to
900 nm and has a maximum at 450 nm with a peak value
of 30% when mixed with PCBM in a ratio of 1:3.
Figure 14 indicates the photovoltaic performance of a

series of devices fabricated with different PCBM load-
ings. The short-circuit current (Jsc) increases with increas-
ing PCBM content in the devices and reaches a maximum
value of 2.35 mA/cm2 when the blend ratio is 1:3.
Jsc increases from 0.52 mA/cm2 (for the device contain-

ing 50 wt % PCBM) to 2.13 and 2.35 mA/cm2 for those
containing 66% and 75 wt % PCBM. However, Jsc
decreases for a higher PCBM content (80%) as shown
in Figure 14 which means that excess PCBM leads to an
imbalanced donor and acceptor ratio.35 Table 3 sum-
marizes the results obtained from photovoltaic devices
with different ratios of PHTBT/PCBM.36 The lower Jsc
values compared to P3HT:PCBM devices20 may stem
froma fast recombination of the separated charges, which
is a common problem in polymer:fullerene solar cells.11

However, the performance of PHTBT:PCBM devices
may be optimized and/or increased by varying the metal
contacts, using LiF as intermediate layer to the Al con-
tact, annealing, changing the active layer composition,
film thicknesses, solvent or acceptor material type (C70

and its derivatives), and by functionalization of the d
onor material PHTBT (whichmay change the absorption

Figure 8. Optical transmittance changes of PHTBT monitored at 450
and 1310 nm while switching the potentials between its oxidized and
reduced states.

(31) Cook, S.; Ohkita, H.; Kim, Y.; Smith, J. J. B.; Bradley, D. D. C.;
Durrant, J. R. Chem. Phys. Lett. 2007, 445, 276.

(32) (a)Thompson,B.C.; Fre’chet, J.M. J.Angew.Chem., Int. Ed. 2008,
47, 58. (b) Bundgaard, E.; Krebs, F. C. Sol. Energy Mater. Sol. Cells
2007, 91, 954. (c) Kroon, R.; Lenes, M.; Hummelen, J. C.; Blom,
P. W. M.; Boer, B. Polym. Rev. 2008, 48, 531. (d) Krebs, F. C. Sol.
Energy Mater. Sol. Cells 2009, 93, 465.

(33) Sariciftci, N. S. Curr. Opin. Solid State Mater. Sci. 1999, 4, 373.
(34) Muhlbacher, D.; Scharber, M.; Morana, M.; Zhu, Z.; Waller, D.;

Gaudiana, R.; Brabec, C. Adv. Mater. 2006, 18, 2884.
(35) Mayer, A. C.; Scully, S. R.; Hardin, B. E.; Rowell, M. W.;

McGehee, M. D. Mater. Today 2007, 10, 28.
(36) Huang, J. H.; Li, K. C.; Wei, H. Y.; Chen, P. Y.; Lin, L. Y.;

Kekuda,D.; Lin, H. C.; Ho,K. C.; Chu, C.W.Org. Electron. 2009,
10, 1109.
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of the active layer and lead to a higher harvesting of
photons).

Conclusion

A 3-hexylthiophene and benzotriazole bearing donor-
acceptor type conjugated monomer was polymerized
both electrochemically and chemically. Its characteris-
tics in electrochromism were investigated with CV,

UV-vis-NIR, and PL. PHTBT was found to be both
p and n dopable, soluble (both electrochemically and
chemically fabricated polymers), processable, and fluor-
escent. For its device performance in BHJ solar cells, PL,
IPCE, and I-V characteristics were studied. The results
showed that PHTBT can be a good candidate to obtain
high efficient polymeric organic solar cells.

Figure 9. Absorbance and emission spectra of (a) PHTBT in CHCl3 (solid line) and as a thin film (dashed line) (b) HTBT in CHCl3. Pictures of polymer
(left) and monomer (right) solutions under daylight and UV lamp (366 nm).

Figure 10. Normalized film absorbance of pristine polymer andmixtures
with different PCBM loadings.

Figure 11. Estimated HOMO-LUMO energy levels for PHTBT and
PCBM.

Figure 12. PL quenching of PHTBT upon mixing with PCBM.

Figure 13. Photocurrent spectra IPCE of photovoltaic devices with
PHTBT/PCBM (different ratios) as active layer.
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Experimental Section

General Procedures. All chemicals were purchased from

Aldrich except THF (tetrahydrofuran) which was purchased

from Acros. Tributyl(thiophene-2-yl)stannane was synthesized

according to a previously described method.24a All reactions

were carried out under argon atmosphere unless otherwise

mentioned. All electrochemical studies were performed under

ambient conditions using a Voltalab 50 potentiostat. Electro-

polymerization was performed in a three-electrode cell consist-

ing of an Indium Tin Oxide doped glass slide (ITO) as the

working electrode, platinum wire as the counter electrode, and

Ag/AgCl quasi reference electrode (QRE). The quasi reference

electrode (QRE) was a Ag/AgCl wire. After each measurement

the QRE was calibrated with ferrocene. The potential of QRE

was determined as 50 mV versus the normal hydrogen electrode

(NHE). All the data reported in this work are measured against

this reference electrode.
1H and 13C NMR spectra were recorded in CDCl3 on a

Bruker Spectrospin Avance DPX-400 Spectrometer. Chemical

shifts are given in ppm downfield from tetramethylsilane. A

Varian Cary 5000 UV-vis spectrophotometer was used to

perform the spectroelectrochemical studies of the polymer at a

scan rate of 2000 nm/min. The electrochemical voltage spec-

troscopy (EVS) measurements were carried out at room tem-

perature in a glovebox using a computer controlled potentiostat

Jaissle 1030 PC.T. The infrared spectra were recorded with a

FTIR spectrometer (Bruker IFS66S) using aMercuryCadmium

Telluride (MCT) detector cooled with liquid nitrogen prior to

the measurements. Fluorescence measurements were conducted

using a Varian Eclipse spectrofluorometer. Column chroma-

tography of all products was performed using Merck Silica Gel

60 (particle size: 0.040-0.063 mm, 230-400 mesh ASTM).

Reactions were monitored by thin layer chromatography using

fluorescent coated aluminum sheets. Solvents used for spectros-

copy experiments were spectrophotometric grade. Colorimetry

measurements were done via a Minolta CS-100 Spectrophot-

ometer.Mass analysis was carried out on aBruker time-of-flight

(TOF) mass spectrometer with an electron impact ionization

source. Average molecular weight was determined by gel per-

meation chromatography (GPC) using a Polymer Laboratories

GPC 220.

All current-voltage (I-V) characteristics of the photovoltaic

devices were measured using a Keithley SMU 236 under nitro-

gen in a dry glovebox. A Steuernagel solar simulator for AM1.5

conditions was used as the excitation source with input power of

100 mW/cm2 white-light illumination, which was calibrated

using a standard crystalline silicon diode. The solar cells were

illuminated through the ITO side. The spectrally resolved

photocurrent (IPCE)wasmeasuredwith anEG&G Instruments

Figure 14. Performance parameters of the measured devices, namely Jsc (short-circuit current),Voc (open cicuit voltage), and FF (fill factor) with various
PCBM contents under dark and white light illumination (100 mW/cm2).

Table 3. Photovoltaic Responses Obtained from Solar Cells Containing

1:1, 1:2, 1:3, and 1:4 PHTBT/PCBM Ratio As Active Layer

active layer ratios
(PHTBT:PCBM)

open circuit
voltage Voc (V)

short circuit current
Jsc (mA/cm2)

fill factor
FF

1:1 0.6 0.52 0.26
1:2 0.8 2.13 0.33
1:3 0.85 2.35 0.29
1:4 0.75 2.22 0.31
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7260 lock-in amplifier. The samples were illuminated with

monochromatic light of a Xenon lamp.

Synthesis of 2-Dodecylbenzotriazole. 1,2,3-Benzotriazole (5.0

g, 42 mmol), potassium t-butoxide (5.0 g, 44 mmol), and

bromododecane (12.2 g, 49 mmol) were dissolved in methanol

(50 mL). After 12 h, solvent was removed by evaporation, the

residue extracted with CHCl3 and water, then dried over

MgSO4. Column chromatography on silica gel was performed

to obtain 2-dodecylbenzotriazole as a colorless oil (3.7 g, 31%).
1HNMR (400MHz, CDCl3, δ): 7.76 (m, 2H), 7.26 (m, 2H), 4.62

(t, J = 7.1 Hz 2H), 2.12 (m, 2H), 1.25-1.15 (m, 18H), 0.78 (t,

J=6.0 Hz, 3H); 13C NMR (100MHz, CDCl3, δ): 144.3, 126.1,
117.9, 56.6, 31.8, 30.0, 29.5, 29.4, 29.4, 29.3, 29.3, 29.0, 26.5,

22.6, 14.0.

Synthesis of 4,7-Dibromo-2-dodecylbenzotriazole. 2-Dodecyl-

benzotriazole (3.7 g, 13.1 mmol) in aqueous HBr solution (5.8

M, 15 mL) was stirred for 1 h at 100 �C. Bromine (5.9 g, 36

mmol) was added, and themixture was stirred for 12 h at 135 �C.
After cooling the mixture to room temperature, an aqueous

solution of NaHCO3 was added, and the product was extracted

with CHCl3. With column chromatography, 4,7-dibromo-2-

dodecylbenzotriazole was obtained as light yellow oil (4.3 g,

75%). 1H NMR (400 MHz, CDCl3,): 7.36 (s, 2H), 4.60 (t, J =

7.0 Hz, 2H), 2.10 (m, 2H), 1.38-1.12 (m, 18H), 0.80 (t, J= 6.9

Hz, 3H). 13CNMR (100 MHz, CDCl3,): 143.7, 129.4, 109.9,

57.4, 31.8, 30.1, 29.5, 29.5, 29.4, 29.4, 29.3, 28.9, 26.4, 22.6, 14.0.

Synthesis of 2-Dodecyl-4,7-bis(4-hexylthiophen-2-yl)-2H-

benzo[d][1,2,3]triazole (HTBT). 4,7-Dibromo-2-dodecylbenzo-

triazole (100 mg, 0.224 mmol), and tributyl(4-hexylthiophen-2-

yl)stannane were dissolved in THF (100 mL) and dichlorobis-

(triphenylphosphine)-palladium(II) (50 mg, 0.045 mmol) was

added at room temperature. The mixture was refluxed for 12 h

under argon atmosphere. Solvent was evaporated under va-

cuum, and the crude product was purified by column chroma-

tography on silica gel to obtain 95 mg (68%) HTBT. 1H NMR

(400MHz,CDCl3,): 7.9 (s, 2H), 7.5 (s, 2H), 6.9 (s,2H), 4.8 (t, J=

7.0 Hz, 2H), 2.1 (m, 2H), 1.4-1.1 (m, 18H), 0.9 (t, J = 6.9 Hz,

3H); 13C NMR (100 MHz, CDCl3,): 143.1, 140.1, 138.3, 127.1,

122.4, 121.3, 119.0, 55.5, 30.6, 30.5, 29.5, 29.2, 28.8, 28.4, 28.2,

27.8, 25.49, 21.4, 12.8 MS (m/z): 619 [Mþ]

Chemical and Electrochemical Polymerization of HTBT. A

150 mg portion of HTBT was dissolved in 20 mL of CHCl3
under argon atmosphere. FeCl3 (156 mg) in 20 mL of nitro-

methane was slowly added to the monomer solution. The

mixture was stirred for 12 h and then added into 200 mL of

methanol. The precipitate was filtered, dissolved in CHCl3, and

extracted with water. Solvent was removed, and residue was

dissolved in 50 mL of THF and 50 mL of hydrazine monohy-

drate/water (1:1) were added. To reduce the polymer to neutral

form, the mixture was stirred for 12 h. THF was evaporated

under reduced pressure. Chloroformwas added, and the organic

phase separated. Solvent was evaporated, and the residue was

stirred in acetone to remove unreacted monomers. The polymer

was filtered and dried under vacuum to give PHTBT as orange

solid. 1H NMR (400 MHz, CDCl3,): 8.0 (thiophene), 7.6

(benzotriazole), 4.8 (N-CH2), 2.7, 2.2, 1.3, 0.9 (pendant alkyl

chain). For electrochemical polymerization, anodic electropo-

lymerization of the monomer was performed in dichloro-

methane (DCM) and acetonitrile (AN) mixture (5/95, v/v) with

0.1 M TBAPF6 (tetrabutylammonium hexafluorophosphate)

supporting electrolyte. ITO coated glass slides, Pt wire and Ag

wire were used as working, counter and pseudo reference electro-

des, respectively. The polymer coated on ITOwas swept between 0

and 1.4 V potentiodynamically.

In Situ FTIR-Attenuated Total Reflection (FTIR-ATR) and

EVS. For the FTIR-ATR and EVS experiments the materials

were drop cast from a chlorobenzene solution onto a Ge crystal

and a Pt plate respectively. A 0.1 M electrolyte solution of

TBAPF6 in AN was used. The electrolyte solution was kept in

the glovebox filled with nitrogen to avoid moisture and oxygen

during the electrochemical processes. The FTIR measurements

were carried out in a small-size ATR spectroelectrochemical cell

made fromTeflon. The experimental set up for the in situ FTIR-

ATR technique was described earlier.23 The reflection element,

Ge crystal served as the working electrode together with a Pt

disk and Ag/AgCl as the counter and the quasi-reference

electrode, respectively, in a three-electrode electrochemical cell.

Before mounting, Ge was polished with diamond paste (1 and

0.25 μm) and rinsed in a reflux system with acetone for 30 min.

The cell used for FTIR-ATR measurements was filled by a

continuous flow. The cell was previously sealed with paraffin to

avoid leakage. In the in situ FTIR-ATR measurements, the

redox response of PHTBT was studied by recording the FTIR

spectra during slow potential scans with 5mV/s. For each spect-

rum 32 interferograms were co-added covering a range of about

80 mV. The resolution was 4 cm-1. The spectra were related to a

reference spectrum chosen according to the CV response of the

film.

For solar cell preparation, as substrates, glass sheets of 1.5�
1.5 cm2 covered with ITO (Merck KG Darmstadt) were used

with an ITO thickness of about 120 nmwith a sheet resistance of

<15Ω. The ITO was patterned by etching with an acid mixture

(HCl/HNO3/H2O (4.6:0.4:5)) for 30 min. The part of the sub-

strate which forms the contact was covered with a scotch tape

to prevent etching. The tape was removed after etching, and

the substrate was then cleaned with acetone and iso-propanol

in an ultrasonic bath. An aqueous solution of poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)

was spin coated on the glass-ITO substrate, and dried under

dynamic vacuum. The blends for the active layer with 1:1, 1:2,

1:3, or 1:4 (w:w) ratios of PHTBT/PCBM were prepared by

dissolving 5 mg of PHTBT and 10 mg of PCBM (in the case of

1:2)/mL in chlorobenzene (CB) and overnight stirring at 50 �C .

For the top electrode 100 nm of aluminum (Al) was thermally

evaporated.

The incident photon to current efficiency (% IPCE) was

calculated according to the following equation:

IPCEð%Þ ¼ ðIsc�1240Þ=Pin�λincident

where Isc (mA/cm2) is the measured current under short-circuit

conditions of the solar cell. Pin (W/m2) is the incident light

power, measured with a calibrated silicon diode, and λ (nm) is

the incident photon wavelength.
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