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ontaining amide moieties as
electron-accepting and anchoring groups for dye-
sensitized solar cells†

Zhifang Wu,‡a Wei Ma,‡b Sheng Meng,*bc Xing Li,a Jing Li,a Qi Zou,d Jianli Hua*a

and He Tiana

In this study, we report three new dyes adopting an amide group as the electron-accepting and anchoring

unit. Blue-black dye INPBA and INPDT consisting of indole donor, thiophene bridge and thioxo-pyrimidine-

dione/pyrimidine-trione acceptors, exhibited maximum absorption wavelength (lmax) at 615 nm and 585

nm, respectively, and extended the cut-off wavelength in near-infrared zone. INPOD exhibited

significantly inferior spectral response (lmax ¼ 461 nm) because of the weak electron-withdrawing ability

of aminothiazolone acceptor. Theoretical analysis indicated that the shrink of S]C bond contributes to

30 nm red-shift of absorption when replacing the O atom with S in the INPDT. The efficiencies for

device based on dye of INPDT, INPOD and INPBA are 3.9%, 3.2%, and 1.5%, respectively, which is

partially evidenced by the variation trend of calculated binding energy (0.47 eV for INPDT, 0.38 eV for

INPOD, 0.32 or 0.27 eV for INPBA).
Introduction

In the past two decades, increasing demand on energy has
stimulated the development of solar cells. Earlier developed
ruthenium (Ru) complexes still have been counted as efficient
and stable sensitizers, although these dyes suffer from some
defects such as the high cost, usage of noble metal and diffi-
culties in purication, which limits their wide application.1

Photo-sensitizers show an important inuence in the applica-
tion of DSSCs, and organic sensitizers exhibit some unique
advantages over the classical Ru dyes and silicon-based solar
cell such as good photoelectrical properties and facile synthesis
and versatile structure modication. Lately, the highest effi-
ciency of the DSSCs has reached 13% using a porphyrin-based
D–A sensitizer reported by Michael Grätzel.2 In addition to
those dyes, various dyes have been reported in recent years,
including those based on indoline,3 coumarin,4 and triaryl-
amine.5 The organic sensitizers show molecular tuning exi-
bility stemming from the various p-conjugated bridge
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components and the D–p–A conguration, which simulta-
neously ensures sufficient light absorption and effective photo-
induced intramolecular charge transfer features. Replacement
of the widely used triarylamine donor with indoline signi-
cantly broadens the spectral response, which is ascribed to the
less delocalization of the lone-pair electron of the nitrogen
atom to the adjacent aromatic ring, inducing high Jsc as well as
conversion efficiency. In addition to the modication on the
donor unit, tremendous efforts had been made in exploring
new anchor group. Most of the D–p–A organic molecules utilize
cyanoacrylic acid as the anchoring moiety because of the
electron-withdrawing cyano group near the anchoring carbox-
ylic acid unit that enhances the spectral response and electron
injection efficiency.6 Recently, pyridine,7 phosphinic acid,8 2-
quinolinone derivative,9 pyridine N-oxide,10 cyano-benzoic
acid,11 catechol,12 2-cyanopyridine,13 dipicolinic acid,14 ben-
zoic acid,15 benzoic acid derivative,16 silyl-anchor,17 and 2-(1,1-
dicyano-methylene)rhodanine (DCRD)18 were successfully
applied as electron-accepting and anchoring groups. However,
the efficiencies of DSSCs based on these acceptors cannot
surpass the traditional cyanoacrylic acid counterparts, which
may be ascribed to the low electron injection efficiency or the
limited light absorption response (except the DCRD). Recently,
we reported a new dye utilizing pyrimidine-2-carboxylic acid as
an electron-accepting and anchoring group applied in dye-
sensitized solar cells.19 However, the efficiency is still rela-
tively low due to the limited spectral response. Thus, we aimed
at developing a new anchor with strong electron-withdrawing
ability, which was expected to broaden the spectral response.
In this study, we have reported three new dyes (Scheme 1)
RSC Adv., 2016, 6, 74039–74045 | 74039
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Scheme 1 Structures of series of dyes.

Fig. 1 UV-vis absorption spectra of series of dyes in CH2Cl2 solution.
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containing anchors with different amide electron-withdrawing
ability and investigated their photophysical properties, elec-
trochemical properties and corresponding performance of
DSSCs.

Results and discussion
Optical properties

The three new dyes were synthesized according to the routes
shown in Scheme S1† and could be obtained by a simple
synthetic procedure with high yield. All the new compounds
were carefully characterized by 1H NMR, 13C NMR and mass
spectroscopies (see the ESI†). In general, the realization of
a broad spectral response that positively correlates with the
achieved short current (Jsc) is vital to cell's performance. Inspired
by the fact that strong donor and acceptor can red-shi the
absorption band, we adopt the amide moiety as the electron
accepting and anchoring group for dye sensitized solar cells. All
the UV-vis data of three dyes are listed in Table 1. Both INPBA
and INPDT exhibit superior spectral absorption, particularly for
the dye INPBA whose maximum absorption band (lmax) is
located at 615 nm in conjunction with high molar extinction
coefficient (3) of 6 � 104 M�1 cm�1 (Fig. 1). The solid state of
INPBA is blue-black and its diluted solution is deep blue, indi-
cating the great light-harvesting ability. It is amazing that nearly
red-shi of 30 nm was observed upon the replacement of the O
atom with S atom in INPDT. The origin of the abovementioned
phenomenon would be discussed in the theoretical section.
INPDT also displayed good photophysical response with lmax at
585 nm and 3 of 5 � 104 M�1 cm�1. INPOD exhibited signi-
cantly inferior spectral response due to the weak electron-
withdrawing ability of aminothiazolone (POD) acceptor.

The absorption of the dyes on the lm is shown in Fig. S1.†
Compared with the absorption in a solution, INPOD showed no
change in absorption position, whereas the other two dyes
Table 1 The data of optical and electrochemical properties

Dye lmax
a (nm) 3 (105 � M�1 cm�1) EH

INPOD 461 0.14 0.8
INPDT 588 0.50 0.6
INPBA 615 0.61 0.5

a Absorptionmaximum in CH2Cl2 solution (1� 10�5 M). b The ground-stat
M tetra-n-butylammonium hexauorophosphate (TBAPF6) as the electroly
with ferrocene/ferrocenium (Fc/Fc+) as an external reference, Pt counter-
absorption intensity for the dye in CH2Cl2.

d ELUMO was calculated as EHO

74040 | RSC Adv., 2016, 6, 74039–74045
displayed obvious blue shi 70 nm for INPDT and 30 nm for
INPBA, which may be ascribed to the formation of H aggrega-
tion or the loss of the active hydrogen in the acceptor unit. This
reduced the light harvesting capacity and hampered Jsc because
the dye was adsorbed on the lm in the work condition. We
further evaluated the light harvesting efficiency (LHE) of dye
according to the formula (l) ¼ 1–10�Abs(l). The LHE of three
dyes were 62% for INPBA, 93% for INPDT and 97% for INPOD.
The low LHE of INPBA indicated that Jsc may be relatively low.

To evaluate the energy level of the three dyes, we conducted
cyclic voltammetry. As shown in Table 1 and Fig. S2,† the
HOMO of three dyes were 0.57 eV for INPBA, 0.61 eV for INPDT
and 0.85 eV for INPOD. The HOMO of three dyes are more
positive than I�/I3

�, ensuring the adequate driving force for
regenerating the oxidized dye by the electron mediator. The E0–
0 of the three dyes was estimated from wavelengths at 10%
maximum absorption intensity in CH2Cl2, with the value of 1.77
eV, 1.86 eV and 2.25 eV. The decrease of bandgap in the order of
INPBA < INPDT < INPOD is in accordance with the increase of
electron-withdrawing ability and red-shi of absorption
spectra. The LUMO was estimated to be �1.20 eV, �1.25 eV and
�1.40 eV, indicating the sufficient driving force for the electron
injection from oxidized dye into the conduction band of TiO2.

The photocurrent density–voltage curves of the cells are
measured under an irradiance of 100 mW cm�2 and simulated
AM 1.5 sunlight. As shown in Fig. 2 and Table 2, the device
based on dye INPOD displays a short-circuit photocurrent (Jsc)
of 8.62 mA cm�2, an open-circuit voltage (Voc) of 0.61 V and a ll
OMO
b/V (vs. NHE) Ebandgap

c (eV) ELUMO
d/V (vs. NHE)

5 2.25 �1.40
1 1.86 �1.25
7 1.77 �1.20

e oxidation potential of dyes were measured in dichloromethane with 0.1
te (glassy carbon working electrode, SCE reference electrode calibrated
electrode). c Band gap derived from the wavelength at 10% maximum
MO � Ebandgap.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 I–V curves of devices based on dyes. Fig. 3 IPCE curves of device based on three dyes.
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factor (FF) of 60%, leading to a power conversion efficiency (h)
of 3.2%. Aer replacing the POD with a PDT unit, a slight
increase of Jsc is achieved. INPDT-based cell showed a Jsc of 9.26
mA cm�2, a Voc of 0.63 V and a FF of 66%, giving h of 3.9%.
However, this increase is not proportionate to the huge
improvement of the optical properties for INPDT compared
with the INPOD. We speculate this discrepancy may origin from
the weak interaction between the anchor and TiO2. This spec-
ulation is partially evidenced by the fact that the colour of TiO2

lm is white aer the lm is immersed into solution containing
dye and CDCA for 12 h. The adsorption mode of dye on TiO2

lm plays a vital role in the solar cell performance.20 The
plausible adsorption mode and corresponding adsorption
energy are discussed in the following theoretical section.
Substitution of PDT with PBA adversely impacts the perfor-
mance, yielding a Jsc of 4.33 mA cm�2, a Voc of 0.56 V and a FF of
66% and h of 1.5%. To determine the origin of the huge
discrepancy between the prominent photo-physical behaviour
and achieved Jsc, we conducted the IPCE test. INPBA and INPDT
showed low IPCE of 29% and 51% in the main absorption eld,
whereas INPOD exhibited IPCE of 48% (Fig. 3).

Good LHE of dye guarantees to use a relatively thin TiO2 lm
to ensure enough light harvesting. To harvest sufficient light,
INPBA dye must utilize a thick lm to increase the amount of
the dye. A thick lm requires long electron transportation
length, thus may induce stronger recombination (discussed
later), nally triggering reduced IPCE.

To explain the low Jsc of INPBA, we measure the amount of
dyes adsorbed on the TiO2 lm, and the absorption spectra of
the dye in the desorption solution are shown in Fig S3.† The
calculated amount of dye adsorbed in the lm is 0.78 � 10�8

mol cm�2 for INPBA, 1.12 � 10�8 mol cm�2 for INPDT and 1.71
Table 2 The performance of DSSCs based on series of dyes

Dye Jsc/mA cm�2 Voc/V FF (%) h (%)

INPOD 8.62 0.61 60 3.2
INPDT 9.26 0.63 66 3.9
INPBA 4.33 0.56 66 1.5

This journal is © The Royal Society of Chemistry 2016
� 10�8 mol cm�2 for INPOD. The least amount of INPBA dye
adsorbed on the lm contributed to the smallest Jsc. Compared
with INPBA, most amount of INPOD dye contributed to the
relative large Jsc.
Electrochemical impedance spectroscopy analysis

We also conducted electrochemical impedance spectroscopy
to investigate the interfacial charge–charge transfer process.21

Rct represents the recombination resistance between the
electron in the conduction band of TiO2 and the redox
mediator, which could be reected by the Nyquist plot shown
in Fig. 4. The radius of the large semicircle decreases in the
order of INPBA < INPOD < INPDT, indicating that the electron
recombination resistance increases in the order of INPDT >
INPOD > INPBA, which is consistent with the variation of Voc.
In the Bode phase plot, the peak of the low frequency corre-
lates with electron lifetime. The low frequency corresponding
to long electron lifetime reects the slow recombination. The
lifetime increases in the order of INPDT > INPOD > INPBA.
This result is also consistent with the variation trend of Jsc
and Voc. Because the stacking of the dye serving as the elec-
tron trap signicantly impairs the electron transfer, we
Fig. 4 Nyquist phase plots of impedance spectra.

RSC Adv., 2016, 6, 74039–74045 | 74041
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Fig. 6 Simulated absorption spectra of three dyes.
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calculate the vertical distance of adjacent dye layers of the
dimers. The vertical distances H between two layers of INP-
dimers are 4.00 Å for INPBA, 3.99 Å for INPDT, and 3.97 Å
for INPOD. The little differences in the distance indicate that
the dimer has little impact on the discrepancy of efficiency.
Because the amide derivative trends to form the dimers, we
also calculate the binding energy for INP-dimer (Fig. S3†) with
values of 0.75 eV for INPBA, 0.77 eV for INPDT, and 0.84 eV for
INPOD.

Intensity-modulated photovoltage spectroscopy (IMVS) can
evaluate the electron lifetime reecting the electron recombi-
nation according to the formula sn ¼ (1/2)pfIMVS, where fIMVS is
the frequency of the minimum IMVS imaginary component. To
further obtain insight into the variation of Voc, we conducted
IMVS measurements (Fig. 5). It was found that the lifetime
increased in the order of INPBA < INPOD < INPDT, which was in
well agreement with Voc.

Computational section

We calculated the photo-absorption properties of INPBA,
INPDT, and INPOD dyes using TDDFT with B3LYP functional
and 6-31G(d) basis sets. The polarizable continuum model
(PCM)22 was used to account for the solvation effect in CH2Cl2
for INP-dyes. Calculated spectra for INP-dyes are shown in
Fig. 6. The bands at 406 nm (dye INPBA), 386 nm (dye INPDT),
and 376 nm (dye INPOD) correspond to the p–p* transition of
HOMO�1 / LUMO and HOMO / LUMO+1 of the conjugated
system, respectively. The longest absorption peaks are corre-
lated with the HOMO–LUMO transition corresponding to elec-
tron transfer from donor to terminal acceptor, but with the
electron–hole interactions and the screening effects included.
Our simulation results of absorption maximum, 602 nm for
INPBA, 565 nm for INPDT, and 513 nm for INPOD, agree well
with the experimental values (588 nm for INPDT, 615 nm for
INPBA, and 461 nm for INPOD). In addition, the calculated
molar extinction coefficients are also consistent with the
experimental values. The substitution of S for O results in
a signicantly red-shied absorption maximum and a great
enhancement in absorption intensity, indicating a larger
sunlight harvesting efficiency for dye INPBA.
Fig. 5 IMVS spectra of devices based on three dyes.

74042 | RSC Adv., 2016, 6, 74039–74045
To penetrate into the origin of why this slight change in the
conformation of sensitizer results in such a signicant variation
in the photo-absorption properties, we further calculated the
wave function of frontier orbitals of dyes INPBA and INPDT
(Fig. 7). The HOMO orbitals of both dyes are mainly located at
the indoline donor part and the neighboring thiophene p-
bridge, whereas the electron density of the LUMO is primarily
localized at the acceptor units and to a small extent at the
thiophene p-bridge. The HOMO and LUMO orbitals of both
dyes are sufficiently overlapped between the donor and the
acceptor groups to ensure a fast charge transfer transition. We
noted that the LUMO orbital of dye INPBA is slightly more
delocalized between the p-conjugation and the anchor moiety
compared with that of dye INPDT (Fig. 8). This mainly resulted
from the weaker electronegativity of S in contrast to O, leading
to a longer bond length of C]S bond (1.65 �A compared with
1.228 �A of C]O bond in INPDT). Therefore, this more delo-
calized LUMO orbital of dye INPBA contributes to a lower energy
of LUMO orbital (for INPDT), whereas the HOMO orbitals of
both dyes are similar (for INPDT), thus resulting in a red-shied
absorption maximum (Table 3).

To elucidate the adsorption mode of these new anchors, we
performed the baseline-tted FT-IR transmittance spectra anal-
ysis. However, we encountered the problem of a low ratio of
signal to noise. Thus, we resorted to theoretical computation to
analyze the absorptionmode. Binding energies of chromophores
Fig. 7 Wave functions of HOMO and LUMO frontier orbitals of dyes
INPBA and INPDT.

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Tautomerism of three dyes.

Fig. 9 Adsorption structures of INP-dyes on TiO2 anatase (101)
surface.
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on TiO2 (101) surface from all possible adsorption structures
were calculated. Two initial adsorption congurations were
considered for dye INPBA: conguration I is the bidentate
bridging adsorption mode with an interface Ti–O bond, and
chelating adsorption mode with S, N binding with the same Ti
atom. Model conguration II is the bidentate adsorption mode
with an interface Ti–S bond, and chelating adsorption mode
with O, N binding on the same Ti atom. The adsorption energy
(Eads) for congurations I and II is 0.32 eV and 0.27 eV, respec-
tively. The energy difference is within the accuracy of DFT
simulations, particularly considering that the abovementioned
energies do not take into account the solution environment such
as pH values. From the calculated adsorption energy, both
adsorption structures of I and II mode can exist. We only
considered one adsorption conguration for dye INPDT: the
bidentate adsorption mode with an interface O–Ti bond and
chelating adsorption mode with O, N binding on the same Ti
atom. The adsorption energy is 0.47 eV. For dye INPOD, two
binding congurations are considered: conguration I is two
hydrogen bonds with adsorption energy of 0.38 eV; conguration
II is the bidentate bridging mode with two interface Ti–N bond
and Ti–S bond. However, the binding energy for conguration II
is very small (0.05 eV), which might result from the dissociation
Table 3 Calculated maximum absorption wavelength (lmax), oscillator
strengths (f), the corresponding electronic transitions, binding ener-
gies (Eb) of dimer and vertical distance (H) between two layers of
dimers for INP-dyes

Dye lmax (nm) f Assignmenta Eb (eV) H (Å)

INPBA 602 1.1602 H / L (100%) 0.75 4.00
406 0.4593 H�1 / L (84%)

H / L+1 (16%)
INPDT 565 1.1408 H / L (100%) 0.77 3.99

386 0.3730 H�1 / L (84%)
H / L+1 (16%)

INPOD 513 1.0930 H / L (100%) 0.84 3.97
376 0.2715 H�1 / L (82%)

H / L+1 (18%)

a H ¼ HOMO, L ¼ LUMO, L+1 ¼ LUMO+1, etc.

This journal is © The Royal Society of Chemistry 2016
of N–H bond. The binding energy increased in the order of
INPDT > INPOD > INPBA, which was in accordance with the
variation trend of efficiency (Fig. 9).
Conclusions

In summary, three new dyes adopting the amide groups as
acceptors with different electron-withdrawing ability are
synthesized and applied in the DSSCs. The cut-off wavelength
of the blue-black INPBA dye extends to the infrared zone.
Although both the INPBA and INPDT display good photo-
physical performance, the weak interaction between
anchoring unit and TiO2 leads to a relatively low efficiency. The
low LHE and amount of dye adsorbed on lm resulted in the
poor efficiency of INPBA. Theoretical analysis indicates that the
shrinking of S]C bond contributes to 30 nm red-shi of
absorption when replacing the O atom with S in the INPDT.
The efficiencies for device based on the dye of INPDT, INPOD
and INPBA are 3.9%, 3.2%, and 1.5% respectively, which is
consistent with the variation trend of the calculated binding
energy (0.47 eV for INPDT, 0.38 eV for INPOD, 0.32 or 0.27 eV
for INPBA). Our calculation also suggests that the two
adsorption modes may exist in the INPBA system. Congura-
tion I is the bidentate bridging adsorption mode with an
interface Ti–O bond, and chelating adsorption mode with S, N
binding with the same Ti atom. Conguration II is the biden-
tate adsorption mode with an interface Ti–S bonds, and
chelating adsorption mode with O, N binding on the same Ti
atom. INPDT may adopt the bidentate adsorption mode with
an interface O–Ti bonds, and chelating adsorption mode with
O, N binding on the same Ti atom. The favoured absorption
mode for the INPOD employs two hydrogen bonds with TiO2.
Further exploration aimed at simultaneously improving the
interaction of the anchor with TiO2 and broadening the spec-
tral response is undertaken.
Experimental section
Measurement and characterization

The 1H and 13C NMR spectra were obtained on a Brucker AM
400 spectrometer and mass spectra were obtained on a Waters
LCT Premier XE spectrometer. The UV-vis absorption spectra
of the dyes in a solution and on dye-soaked lms were acquir-
ed with a Varian Cary 500 spectrophotometer. The cyclic vol-
tammograms of dyes were obtained from a Versastat II
RSC Adv., 2016, 6, 74039–74045 | 74043
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electrochemical workstation (Princeton applied research) with
the conventional three electrode conguration with a Pt
working electrode, a Pt wire counter electrode, and a regular
calomel reference electrode in a saturated KCl solution. The
supporting electrolyte was 0.1 M TBAPF6 in CH2Cl2. The scan
rate was 100 mV s�1. The potential of the reference electrode
was calibrated by ferrocene and all the potential data in this
paper were relative to normal hydrogen electrode (NHE). The
electrochemical impedance spectroscopy (EIS) was measured
with the DSSCs being under dark using a Zahner IM6e Imped-
ance Analyzer (ZAHNER-Elektrik GmbH & CoKG, Kronach,
Germany). The spectra were scanned in a frequency range of 0.1
to 105 Hz with applied potential set at open circuit of the cor-
responding DSSCs and the alternate current amplitude was set
at 10 mV. The current–density voltage (J–V) characteristics of the
DSSCs were measured by recording J–V curves using a Keithley
2400 source meter under the illumination of AM 1.5 G simu-
lated solar light (Newport-91160 equipped with a 300W Xe lamp
and an AM 1.5 G lter). The incident light intensity was cali-
brated to 100 mW cm�2 with a standard silicon solar cell
(Newport 91150V). Action spectra of the incident mono-
chromatic photon-to-electron conversion efficiency (IPCE) for
the solar cells were obtained with a Newport-74125 system
(Newport Instruments). The intensity of monochromatic light
was measured using a Si detector (Newport-71640).

Materials

All reagents that were used in the process were obtained from
J&K Chemical Co. and Aladdin Chemical Co., which were used
without further purication. Tetrahydrofuran (THF) and
toluene were disposed by primary procedures. The FTO con-
ducting glass (F-doped SnO, transmission > 90% in the visible,
sheet resistance 15 U per square, Geao Science and Educational
Co. Ltd. of China) was handled with detergent, redistilled water,
ethanol, chloroform and acetone successively under an ultra-
sound cleaner for 30 min 5-(4-(p-tolyl)-1,2,3,3a,4,8b-hexahy-
drocyclopenta[b]indol-7-yl)thiophene-2-carbaldehyde was
prepared according to the literature procedure.23

Fabrication of DSSCs

The thin TiO2 lms (12 mm) consisting of a transparent layer
(Ti-Nanoxide T/SP) and a 4 mm scattering layer (Ti-Nanoxide
300) were coated on a well-cleaned FTO conducting glass
using a screen printing technique, followed by calcinating at
500 �C under an air ow in a muffle for 30 min. While cooling
to room temperature, the obtained lms were immersed in
0.05 M aqueous TiCl4 solution for 30 min at 75 �C, followed by
washing with redistilled water and anhydrous ethanol and
annealing at 450 �C for 30 min. Aer the obtained lms were
cooled and immersed into the dye solution (0.1 M in the
required solvents) for 12 h, the dyes were loaded on the lm.
Then, the working electrodes were rinsed with chloroform and
anhydrous ethanol. A thick Pt layer (�100 nm) was deposited
on the conductive surface of the Pt-counter electrodes and two
holes (0.8 mm diameter) were drilled into the Pt-counter elec-
trodes. A sandwich type solar cell was assembled with the
74044 | RSC Adv., 2016, 6, 74039–74045
working and Pt-counter electrodes and sealed with a hot-melt
gasket of 25 mm thickness. The electrolyte was injected into
the cell from the holes and the fabrication of the solar cells was
nally completed by sealing the holes using a UV-melt gum.
The composition of the electrolytes was 0.1 M lithium iodide,
0.6 M 1,2-dimethyl-3-propylimidazolium iodide (DMPII), 0.05
M I2, and 0.5 M 4-tertbutylpyridine (4-TBP) in acetonitrile as
a liquid electrolyte.
Synthesis

5-((5-(4-(p-Tolyl)-1,2,3,3a,4,8b-hexahydrocyclopenta[b]indol-
7-yl)thiophen-2-yl)methylene)pyrimidine-2,4,6(1H,3H,5H)-trione
(INPDT). Equimolar quantities of compound 5-(4-(p-tolyl)-
1,2,3,3a,4,8b-hexahydrocyclopenta[b]indol-7-yl)thiophene-2-car-
baldehyde (359 mg, 1 mmol) and pyrimidine-2,4,6(1H,3H,5H)-
trione (128 mg, 1 mmol) in EtOH (20mL) was stirred under basic
conditions (5 drops, triethylamine solution) and reuxed over-
night. Aer the reaction completed, the solvent was removed and
the mixture was puried by chromatography to afford the
desired product as a blue violet powder. Mp 285.1–285.9 �C. 1H
NMR (400 MHz, DMSO-d6, ppm), 11.19 (d, J ¼ 8.7 Hz, 2H), 8.44
(d, J ¼ 2.7 Hz, 1H), 8.13 (d, J ¼ 4.3 Hz, 1H), 7.64 (d, J ¼ 3.8 Hz,
2H), 7.55 (td, J ¼ 8.5, 1.9 Hz, 1H), 7.28–7.19 (m, 4H), 6.84 (d, J ¼
8.5 Hz, 1H), 4.97 (d, J ¼ 6.8 Hz, 1H), 3.88 (d, J ¼ 8.6 Hz, 1H), 2.30
(s, 3H), 2.01 (m, 1H), 1.83 (m, 3H), 1.65 (m, 1H), 1.52 (m, 1H). 13C
NMR (100 MHz, DMSO-d6), d: 178.29, 162.92, 162.50, 161.49,
150.34, 149.66, 146.68, 138.92, 136.60, 134.16, 132.71, 130.41,
129.73, 127.94, 124.03, 123.44, 122.95, 121.33, 108.60, 107.24,
69.20, 44.67, 35.36, 33.23, 24.36, 20.95. HRMS (m/z): [M]+ calcu-
lated for C27H24N3O3S, 470.1538; found, 470.1540.

(E)-2-Amino-5-((5-(4-(p-tolyl)-1,2,3,3a,4,8b-hexahydrocyclo-
penta[b]indol-7-yl)thiophen-2-yl)methylene)thiazol-4(5H)-one
(INPOD). The synthetic method resembles that of INPDT. Mp
241.8–242.2 �C. 1H NMR (400 MHz, DMSO-d6, ppm), 7.77 (s,
1H), 7.51 (d, J ¼ 4.2 Hz, 1H), 7.48 (s, 1H), 7.46 (d, J ¼ 3.9 Hz,
1H), 7.39–7.33 (m, 1H), 7.25–7.17 (m, 4H), 4.94–4.85 (m, 1H),
3.86 (t, J ¼ 8.6 Hz, 1H), 2.29 (s, 3H), 2.01 (m, 1H), 1.83 (m, 3H),
1.65 (m, 1H), 1.52 (m, 1H). 13C NMR (100 MHz, DMSO-d6), d:
146.86, 144.35, 144.23, 143.10, 132.71, 131.66, 130.44, 130.26,
129.40, 129.25, 127.53, 125.80, 124.70, 123.88, 120.44, 114.98,
77.95, 45.09, 31.57, 30.53, 25.76, 22.66, 14.09, 11.11. [M]+

calculated for C26H23N3OS2, 457.1283; found, 458.1363.
2-Thioxo-5-((5-(4-(p-tolyl)-1,2,3,3a,4,8b-hexahydrocyclop-enta-

[b]indol-7-yl)thiophen-2-yl)methylene)dihydropyri-midine-4,6-
(1H,5H)-dione (INPBA). The synthetic method resembles that
of INPDT. Mp 277.9–279.3 �C. 1H NMR (400 MHz, DMSO-d6,
ppm) 12.30 (d, J ¼ 5.5 Hz, 2H), 8.44 (s, 1H), 8.17 (d, J ¼ 4.4 Hz,
1H), 7.70–7.62 (m, 2H), 7.58 (dd, J ¼ 8.4, 1.8 Hz, 1H), 7.27–7.18
(m, 4H), 6.81 (d, J¼ 8.5 Hz, 1H), 4.96 (d, J¼ 6.8 Hz, 1H), 3.86 (d,
J ¼ 8.6 Hz, 1H), 2.30 (s, 3H), 2.10–2.02 (m, 2H), 1.83–1.71 (m,
3H), 1.66–1.57 (m, 1H). 13C NMR (100 MHz, DMSO-d6), d:
178.22, 162.12, 162.70, 161.21, 150.11, 149.66, 145.68, 138.92,
136.33, 134.03, 132.71, 130.41, 129.73, 127.94, 124.13, 123.44,
122.95, 121.33, 108.60, 107.24, 69.20, 44.67, 35.36, 33.23, 24.36,
20.95. [M]+ calculated for C27H24N3O2S2, 486.1310; found,
486.1308.
This journal is © The Royal Society of Chemistry 2016
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