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Development of structurally new polymers for polymer
solar cell (PSC) applications is an attractive research area
due to their beneficial properties such as clean energy
production, low-cost, light-weight, and roll-to-roll process-
ing on flexible substrates.! The power conversion efficiency
(PCE) of the PSCs was finally improved to 7.0-8.6% by
utilizing suitable polymers as electron donor materials, that
have the appropriate energy levels with efficient light
harvesting ability, and PC71BM as an electron accepting
material.>® In our laboratory, we have been interested in
preparing N-(2,6-diisopropylphenyl)-2,5-di(2-thienyl)pyrrole
(N-aryl TPT)-based m-conjugated polymers as electron
donor materials for PSC applications. Recently, we reported
several N-aryl TPT-based polymers containing electron rich
units such as indenofluorene (PIFTPT),” 2,5-dioctyloxy-
phenylene (PPTPT),'* 3-octylthiophene (PTTPT)," and
electron deficient units such as thiophene-benzothiadiazole-
thiophene (PTPTTBT),"" benzothiadiazole (PTPTIFB and
TPyTBz),'>"® and thiadiazoloquinoxaline (TPyTDzQ)' for
PSC applications. The N-aryl TPT-based donor (D) polymers
showed maximum energy conversion efficiency of 1.35%,'°
whereas the donor-acceptor (D-A) and donor-acceptor-donor
(D-A-D) polymers showed maximum PCE of 1.57%."" The
comparison studies of the N-aryl TPT-based polymers indi-
cated that the incorporation of strong electron acceptor unit
in polymer main chain significantly broadens the absorption
band of the polymers and usually raises the HOMO energy
levels of the polymers. Consequently, the PSCs made from
the D-A or D-A-D polymers showed improved current
density (Js) and decreased open circuit voltage (Vo) with
similar or slightly higher PCEs compared with N-aryl TPT-
based donor polymers. In general, the V. is defined as the
energy difference between the valance and conduction band
energy levels of the polymer and PCBM." In this instance,
we anticipate that introducing a strong electron acceptor unit
on N-aryl TPT polymer backbone might offer better photo-
voltaic results because the incorporation of electron acceptor
group on the polymer backbone usually lower its HOMO
energy level.** In this study, we wish to introduce a methyl-
ene bridged malononitrile electron acceptor group on the
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Figure 1. Structures of polymers PIFTPT and PIFTPCNT.

pyrrole ring of the known N-aryl TPT-based polymer, PIFTPT,
to afford new m-conjugated polymer PIFTPCNT (Figure 1).

Polymer PIFTPCNT was prepared via the procedure
shown in Scheme 1. Compound 1, 2,5-bis(5-bromothiophen-
2-yl)-1-(2,6-diisopropylphenyl)-1H-pyrrole, was synthesized
via the known procedure.” Compound 1 was subjected to
Vilsmeier formylation reaction with DMF and POCI; to
afford compound 2. The Knoevenagel condensation reaction
of compound 2 with malononitrile in the presence of piperi-
dine yielded monomer 3. Among the N-aryl TPT-based poly-
mers, polymer PIFTPT showed higher V. and FF values
than other polymers. From these results, we expect that the
presence of indenofluorene unit in polymer main chain
enhances the carrier mobility and, consequently, improves
the V,. and FF values. In fact, indenofluorene is known to be
a very good candidate for balanced carrier mobility.!*!” In
this instance, indenofluorene comonomer (5) prepared from
2,8-dibromo-6,6',12,12'-tetraoctylindeno- fluorene (4) via
the procedure similar to that reported'® was subjected to the
Suzuki polycondensation with monomer 3 and then end
capping followed by purification gave pure polymer,
PIFTPCNT, as a red solid.

Polymer PIFTPCNT exhibited good solubility in chloro-
form, tetrahydrofuran, chlorobenzene and dichlorobenzene.
The weight average molecular weight (M) and polydisper-
sity (PDI) of PIFTPCNT determined from the GPC analysis
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Figure 2. UV-Visible absorption spectra of polymers PIFTPCNT
and PIFTPT. The spectrum of PIFTPT was quoted from reference 9.

were 1.54 x 10* and 1.73, respectively. Polymer PIFTPCNT
was estimated to have high thermal stability from the
thermogravimetric analysis (TGA), and the 5% weight loss
temperature was 354 °C.

The absorption spectra of PIFTPCNT in chloroform
solution and as thin film on quartz are shown in Figure 2.
The absorption bands of PIFTPCNT in solution and as film
were found to be almost identical, and the absorption band
width was quite broad from 270 nm to 530 nm with
maximum absorption peak at around 400 nm. The optical
band gap of polymer PIFTPCNT was calculated from the
onset wavelength of the optical absorption as thin film to be
2.40 eV, which is slightly higher than that of the reported
polymer PIFTPT band gap.’ The strong electron acceptor
group on the polymer backbone of PIFTPCNT was found
to induce the blue shift in the absorption maximum and
broaden the absorption band quite significantly compared to
the absorption of PIFTPT as shown in Figure 2.

The HOMO energy level of the polymer was determined
from cyclic voltammetry analysis, and the CV spectrum of

Figure 3. Cyclic voltammogram of polymer PIFTPCNT as film
(Inset: CV spectrum of polymer PIFTPT quoted from reference 9).

the polymer is represented in Figure 3. The HOMO energy
level of the polymer PIFTPCNT was estimated to be —5.24
eV and the LUMO energy level of the polymer PIFTPCNT
was calculated to be —2.84 €V by using the known equations.’

The optical and electrochemical properties of PIFTPCNT
were summarized and compared with those of PIFTPT in
Table 1.

The polymer solar cell (PSC) was fabricated with the
device structure of ITO/PEDOT:PSS/PIFTPCNT:PC7BM
(1:5 wt %)/TiOx/Al In our previous studies, high PCEs were
observed when the ratio of polymer:PC7;BM was 1:5 wt %
in the active layer.”'* Consequently, in this study, the ratio of
donor:acceptor was also set at 1:5 wt %. The current den-
sity-voltage (J-V) characteristic curve of the PSC device
measured under the AM 1.5 G irradiation (100 mWcm™?)
from a solar simulator is shown in Figure 4. The PSC device
made from PIFTPCNT showed maximum PCE of 1.16%
with a V. of 0.56 V, a Ji. of 6.19 mAcm™, and a FF of
32%. The photovoltaic properties of the PSC made from
PIFTPCNT are included in Table 1 and compared with
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Table 1. Summary of the optical and electrochemical properties of PIFTPCNT and PIFTPT and the photovoltaic properties of PIFTPCNT
and PIFTPT as an electron donor with PC7;BM as an electron acceptor in ITO/PEDOT:PSS/PIFTPCNT or PIFTPT:PC7:BM/TiOx/Al

device
Ko hmasfilm B, HOMO 2 Jee FF PCE
Polymer 4 colution (nm)?  (nm)* (evy’ @evy FUMOEVY e maemd)t (% (%)
PIFTPCNT 400 400 2.40 524 .84 0.56 6.19 32 1.16
PIFTPT 465 465 236 -5.19 ~2.83 0.67 3.39 49 1.12

“Data for PIFTPT are quoted from reference 9. *Absorption maximum of the polymers in chloroform solution. “Absorption maximum of the polymers
as thin film onto the quartz substrate. “The optical band gap estimated from the onset wavelength of the optical absorption in thin film. “The HOMO
level of the polymers estimated from cyclic voltammetry analysis. TThe LUMO level of the polymers calculated by using the equation of LUMO =
HOMO - E,. ®Open-circuit voltage. “Short-circuit current density. ‘Fill factor. /Power conversion efficiency.
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Figure 4. J-V characteristics of the PSC made from polymer
PIFTPCNT.

those of the PSC made from PIFTPT. The Ji value for
PIFTPCNT was higher than that for PIFTPT, but the V.
and FF values for PIFTPCNT were lower than those for
PIFTPT. The broader absorption ability of PIFTPCNT
compared with that of PIFTPT might be one of the reasons
for the higher Ji value of the PSC device made from
PIFTPCNT. However, the acceptor group on the polymer
backbone of PIFTPCNT might reduce the carrier mobility
and, consequently, lower the FF and Vo values. In addition,
relatively low molecular weight of PIFTPCNT might also
be a reason for the decreased V,c and FF values.'**

The surface morphology of the PIFTPCNT:PC7BM (1:5
wt %) blend coated on the glass/ITO/PEDOT:PSS substrate
was studied using atomic force microscope (AFM) analysis.
The root-mean-square (rms) roughness of the active layer
was estimated to be 1.754, which indicates the surface is
quite smooth. The main morphological feature of the com-
posite film shows a homogeneous distribution of the two
components within the nanoscale.

In summary, we designed and prepared a new N-aryl TPT-
based polymer (PIFTPCNT) containing methylene bridged
malononitrile acceptor group on the backbone. The optical,
electrical and photovoltaic properties of PIFTPCNT were
studied and briefly compared with those of PIFTPT, which
does not contain acceptor group on the backbone. The
optical band gaps of the polymers PIFTPCNT and PIFTPT
were quite close, but the absorption band of PIFTPCNT

was significantly broader than that of PIFTPT. The HOMO
energy level of the PIFTPCNT was slightly deeper than that
of PIFTPT. The overall photovoltaic performances (PCE =
~1.16%) of the PSCs made from polymers PIFTPCNT and
PIFTPT also found to be similar, but the PSC made from
PIFTPCNT showed higher Ji value with decreased Vo
and FF values compared with those of the PSC made from
PIFTPT. This study clearly demonstrates that the incorpo-
ration of methylene bridged malononitrile acceptor group
on N-aryl TPT-based polymer backbone alone is not always
satisfactory in tuning the photovoltaic properties of poly-
mers.

Experimental

Synthesis of Polymer PIFTPCNT. The stirred solution
of monomer 3 (0.32 g, 0.5 mmol) and 5 (0.40 g, 0.5 mmol)
in THF (60 mL) was purged well with nitrogen for 45 min.
Subsequently, Pd(PPhs)4 (0.04 g, 8 mol %) and aqueous 2 M
K>CO; (7 mL) were added and the mixture was refluxed
with vigorous stirring for 72 h under nitrogen atmosphere.
After that, to this refluxing solution was added 50 mg of
phenylboronic acid. The whole mixture was refluxed for 6 h
and then 0.1 mL of bromobenzene was added and refluxed
again for 6 h. The reaction mixture was cooled and then
poured into the mixed solvent of methanol and water (200
mL:100 mL) with vigorous stirring. The precipitate was
recovered by filtration, washed well with 2 N HCI solution,
and then extracted with methanol for 24 h and hexane for 24 h
in a Soxhlet apparatus. After drying, polymer PIFTPCNT
was obtained as a red solid. Yield 0.32 g (48%). '"H NMR
(300 MHz, CDCI13) 6 8.14 (s, 1 H), 7.26-7.80 (m, 10 H),
6.70-6.88 (m, 3 H), 6.40 (s, 1 H), 6.18 (s, 1 H), 2.34-2.56 (m,
2 H), 1.88-2.14 (m, 8 H), 0.82-1.30 (m, 52 H), 0.77 (s, 12
H), 0.58-0.64 (m, 8 H).
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