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ABSTRACT: Two D-z-A dyes, one with a strong electron withdrawing @ n-Chromophore
cyanoacrylic acid DPP 20 and one with a weak acceptor carboxylic acid DPP

21 have been synthesized and characterized for their application in dye-sensitized -

solar cells. This allows us to understand the role of electron withdrawing strength E'g;;:ﬁ“% N > ”° o Acceptor
of the acceptor anchoring groups on the optoelectronic properties of . S AR e YA, t
chromophoric 7 spacer molecules, e.g,, the diketopyrrolopyrrole (DPP) moiety. Ul O | 9
The low energy absorption maxima of DPP 20 is red-shifted by only 7 nm e N LcooH vs
compared to DPP 21, implying a minimal role for the strong acceptor in the light 9
harvesting properties of colored 7 spacer molecules. Because of this small red shift, N
Jsc of DPP 20 is marginally higher than that of DPP 21. However, because of the g
higher fill factor of DPP 21, the overall power conversion efficiency (PCE = :
7.65%) is higher than that of DPP20 (7.34%). The data reveal that a weak acceptor

is adequate to achieve good light harvesting as well as provide good photovoltaic

efficiencies for colored 7 spacer sensitizers.
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B INTRODUCTION etc. have been successfully utilized as the 7z spacer; however,
their role in light harvesting efficiency is minimal.”*~**
Generally, the presence of a strong electron withdrawing
(EW) group near the anchoring part, such as cyanoacrylic acid,
is needed to pull the electron density from the donor fragment,
narrowing the band gap through the mixing of donor—acceptor
orbitals, which imparts absorption in the longer wavelength
region and is thought to facilitate electron injection into TiO,,
as observed for several D-7-A molecules.”**° The cyanoacrylic
acid present at the anchoring group undergoes cis—trans
isomerization at the double bond upon UV-irradiation and

Dye sensitized solar cells (DSSCs) have been considered a
promising generation of photovoltaic since their inception, due
to their low cost fabrication and efficient energy conversion."”
The power conversion efficiency of DSSCs is greatly influenced
by the visible light harvesting ability of the sensitizers.
Sensitizers mainly focused on metal complexes (ruthenium,
zinc porphyrin) and metal free organic dyes.” "> Limited
sources and the high cost of the efficient ruthenium-based
sensitizers drove research attention toward metal free organic

sensitizers.'*~'> Numerous efforts on organic dyes emphasized - ) i hya )
that a donor fragment with a 7 spacer coupled to a strong results in enhancing the recombination process.”” Removing

electron accepting anchoring group (D-7-A) is a promisin the cyanoacrylic acid will increase the planarity of the complete
10—t dye and might help in reducing the recombination. In general,

structural arrangement for better solar energy conversion. 0 ! pinat
In this type of arrangement, the light harvesting property is for the D-7-A dyes, the & bridge serves primarily to extend 7-
conjugation, while efficiently relaying electron density from the

mainly influenced by the choice of donor and acceptor . | et
fragments. Donor groups, such as triphenylamine, indoline, donor to the acceptor. However, light harvesting in the red and

carbazole, etc., and acceptor parts, such as cyanoacrylic acid,
rhodanine acetic acid, etc., are widely utilized to enhance the Received: April 20, 2015

sensitizer absorption in the longer wavelength region.”~" Revised:  August 10, 2015
Benzene, thiophene, cyclopentadithiophene, thienothiophene, Published: August 19, 2015
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near IR region is still a major challenge among the D-z-A
sensitizers without the cyanoacrylic acid functional group. In
this context, introducing inherently colored molecules as &
spacer will aid in spreading the spectral response of the dye
molecule toward the red and near IR region. Recently, the
organic pigment diketopyrrolopyrrole (DPP) is widely utilized
for developing photovoltaic materials due to their remarkable
photochemical, mechanical, and thermal stability.zg_30 Owing
to their high color and strong electron withdrawing nature,
DPP has been successfully employed as z spacer in dye
sensitized solar cells in recent years.”' > The twist in the
symmetric arrangement of DPP (thiophene-DPP-thiophene) to
the asymmetric arrangement (thiophene-DPP-phenyl) enhan-
ces the incident photon-to-electron conversion efficiency
(IPCE), and the overall solar energy conversion efficiency
increased to 7.7% from 2.13% of symmetric DPP based
sensitizers.”””” By employing bulky 2,4-bishexyloxybiphenyl
indoline based donors on DPP core enhances the V¢ and the
efficiency above 10% with cobalt based redox couple.***’
Although introducing the DPP core as # chromophore
enhances the red light absorption region, all the DPP based
dyes reported so far have a strong electron withdrawing (EW)
cyanoacrylic acid anchoring group.”’ ~*° Switching the strong
EW acceptor to a mild acceptor like carboxylic acid for #
chromophore (D-7C-A) based sensitizers will provide prolific
information about the significance of EW groups near the
anchoring part in tuning the absorption, electrochemical, and
power conversion efficiencies. On the basis of this, we have
synthesized indoline based DPP 7 chromophore sensitizers (D-
7nDPP-A), DPP 20 with a strong EW acceptor such as
cyanoacrylic acid (CA) and DPP 21 with a mild acceptor like
carboxylic acid (CH) as depicted in Scheme 1. In this report,
we have analyzed the effect of the different strength of the
acceptor part on light harvesting, electrochemical, and solar
energy conversion efficiencies.

B RESULTS AND DISCUSSION

Synthesis and Characterization of DPP Based D-z-A
Sensitizers. The synthetic route employed for the synthesis of
DPP 20 and DPP 21 is shown in Schemes 2 and 3. Bulky
indoline-based donor compound 9 and the 7 chromophore 10

Scheme 1. Structure of DPP Based D-z-A Sensitizers
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were synthesized in an analogous method as reported earlier
and the synthetic scheme is shown in section $2.””*' The DPP
based 7 chromophore 10 is utilized as a common starting core
for coupling with the acceptor part for both the dyes. Alkylation
of chromophore 10 with ethylhexyl bromide yielded the
alkylated 7 chromophore 11. The alkylation helps in better
solubility of the 7 chromophore 10. Suzuki coupling of 11 with
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-benzaldehyde
yield the 7 chromophore acceptor compound 12. Bromination
of 12 using NBS results in the bromo substituted 7 acceptor
part 13, which is further assembled with the donor group 9 via
Suzuki coupling. Finally the obtained aldehyde terminated dye
14 undergoes Knoevenagel condensation with cyanoacetic acid
to form the target DPP 20 with the cyanoacrylic acid anchoring
group. For synthesizing the carboxylic acid counterpart, first we
tried to oxidize the aldehyde in 14 to carboxylic acid; however,
the oxidation reactions mainly destruct the DPP core and then
we achieved the target DPP 21 in a different route as described
in Scheme 3. We first synthesized the tertiary butyl ester of 4-
bromo benzoic acid 15. This bromo compound 15 is converted
into its boronic ester 16 for assembling with the alkylated 7
chromophore 11 via Suzuki coupling to produce the =
chromophore acceptor part 17. To couple this 7 chromophore
acceptor part 17 with the donor part, it is converted to its
bromo compound 18 using NBS. Indoline donor moiety 9
undergoes Suzuki coupling with 18 and the resulting tertiary
butyl ester protected carboxylic acid terminated dye 19
undergoes hydrolysis in the presence of few drops of TFA to
yield DPP21 with carboxylate anchoring dye. All the key
intermediates and two final dyes were characterized by NMR
and mass techniques. Results of 'H NMR, BC NMR, and mass
spectra are correlated very well with the final dyes. The signal at
1.32 ppm in the proton NMR spectrum of 2 is assignable to the
methyl protons of the boronyl ester. The "H NMR spectrum of
9 also has a signal at 1.30 that corresponds to the formed
boronyl ester from its bromo counterpart. The aldehyde signal
appears at 10.09 and 191.64 ppm for 14 in the 'H NMR and
BBC NMR spectrum, respectively. These signals disappeared in
the NMR spectrum of DPP20 confirming the coupling of
aldehyde with cyanoacrylic acid. The tertiary butyl proton
signal of 15, 16, 17, 18, and 19 appears around 1.6 ppm. The
disappearance of this signal in the final dye DPP21 confirms
the deprotection of carboxylic acid.

Optical Properties. Absorption measurements were carried
out to understand the consequence in light harvesting
properties of the DPP based dyes when their acceptor part is
changed from strong EW CA to mild acceptor CH anchoring
group. Figure la (left) displays the absorption spectra of DPP
20 and DPP 21 in dichloromethane solvent. Both the dyes
exhibit broad absorption in the 450—700 nm regions with
absorption maxima at 590 nm for CA acceptor and 583 nm for
CH acceptor. The slight red shift of 7 nm is ascribed to the
strong EW nature of CA compared with the CH group.
Further, the absorption behavior of these two dyes on 3 ym
TiO, film was measured and shown in Figure 1b. When
compared with their solution state behavior, both the dyes
show red-shifted absorption behavior on binding with TiO,
indicating the formation of J-aggregation on the surface of the
TiO, as envisaged in the literature.”” The difference in
absorption between the two dyes on binding with TiO, is
around 15 nm. Generally, when the CA anchoring part is
changed to the CH anchoring group in the case of the D-7-A
dyes utilizing simple aromatic molecules as the 7 spacer, the
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Scheme 2. Synthetic Route Employed for Cyanoacrylic Acid Anchoring DPP Dye (DPP 20)
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difference in absorption was observed around 50 nm.”***~*

However, only a small red shift is observed in case of D-z-DPP-
A dyes utilizing the diketopyrrolopyrrole (DPP) as the z-
chromophore linker. The observed results reveal that the
strength of the EW anchoring moiety (CA) has minimal effect
on the absorption behavior of D-zDPP-A dyes. The molar
extinction coefficient of these dyes was found to be 2.87 X 10*
and 248 x 10* M™! cm™' for DPP 20 and DPP 21,
respectively. The similar light harvesting efficiency for the two
dyes indicates that their absorption behavior mainly relies on
the donor 7 chromophore part despite their variation in their
acceptor groups. Figure la (right) also depicts the emission
spectrum of both dyes and the emission maximum is found to
be 663 nm for DPP 20 and 665 nm for DPP 21 specifying that
there is no significant difference in the excited state behavior of
the two dyes.

Electrochemical Properties. Cyclic voltammetry (CV)
measurement is employed to estimate the first oxidation
potential (E,,) of the DPP dyes which corresponds to the
HOMO levels and their corresponding cyclic voltammogram
are displayed in Figure 2. DPP 21 (1.1 V) having the CH
anchoring group oxidizes at slightly higher potential than DPP
20 (0.97 V) with the CA anchoring group. This small potential
difference between these two dyes suggests that the strength of
anchoring groups have minimal effect in the electronic
oxidation behavior of D-7DPP-A based dyes. The observed
potential levels are more positive than the iodide/triiodide
redox electrolyte pledging the efficient dye regeneration.*
LUMO levels of the dyes were calculated from the (i) E,_,
energy derived from the intersection of the absorption and
emission spectra and (i) HOMO level of the dyes. The
obtained LUMO levels (—0.98 V for DPP 20 and —0.86 V for
DPP 21) are more negative than the conduction band of TiO,

2391

allowing efficient electron injection from the excited state dyes
to the TiO,.** The photophysical data of the two dyes were
shown in Table 1.

Photovoltaic Properties. The photovoltaic performance
of the two dyes DPP 20, DPP 21 was evaluated by employing
them in the DSSCs using iodide/triiodide (I7/1;7) based redox
mediator in acetonitrile. The photocurrent density—voltage (J—
V) characteristics of these devices under simulated one sun
illumination (AM1.5G, 100 mW/cm?) are displayed in Figure 3
and the corresponding photovoltaic data were summarized in
Table 2. On analyzing the photovoltaic parameters separately,
one could notice that the short circuit current density (Jsc)
obtained in the case of DPP 21 are slightly lower than that of
DPP 20. This is due to the fact that DPP 20 possesses a 10 nm
red-shift in the absorption spectrum compared to that of DPP
21. Because of this red shift, the dye sensitized solar cells made
with the DPP 20 resulted in higher Jsc of 15.3 mA/cm® as
opposed to 14.9 mA/cm? obtained in the case of DPP 21. The
open-circuit potential (V) of the devices made with both the
dyes are similar and exhibited around 690 mV for both the
DPP 20 and DPP 21. Interestingly, the fill factor of the devices
made with the sensitizer DPP 21 are higher compared to the
DPP 20 as well as the other DPP dyes reported previously.'”
Opverall, the solar cells sensitized with DPP 21 dye, led to a
power conversion efficiencies (PCE) of 7.65%, whereas,
DSSCs employing the sensitizer DPP 20, exhibited PCE of
7.34% even though a higher J- was observed in the latter due
to the 20 nm red shift. Despite the higher photocurrents
obtained in the case of DPP 20, the loss in the fill factor
resulted in the lower power conversion efficiency compared to
that of the DPP 21.

Slightly higher efficiencies of 8% was achieved at low sun, i.e,,
at 0.5 and 0.1 sun intensities in the case of DPP 20, whereas, in
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Scheme 3. Synthetic Route Employed for Carboxylic Acid Anchoring DPP Dye (DPP 21)
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Figure 1. (a) Normalized UV—vis absorption and emission spectra of DPP 20 and DPP 21 in dichloromethane. (b) Normalized UV—vis absorption
spectra of DPP 20 and DPP 21 adsorbed on the TiO, film.

the case of DPP 21, similar efficiencies were obtained at all the to the loss of the fill factor at the full sun compared to that of
sun intensities. The lower efficiency at the full sun is mainly due the low sun intensities. The loss in the fill factor in the case of
2392 DOI: 10.1021/acssuschemeng.5b00332
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Figure 2. Cyclic voltammogram of DPP 20 and DPP 21 in
dichloromethane.

Table 1. Photophysical and Electrochemical Properties of
Sensitizers DPP 20 and DPP21

absorption  emission
a

band

2 A HOMO" ap* LUMO?
sensitizers (nm) (nm) (V vs NHE) ?eV) (V vs NHE)
DPP20 590 663 0.97 1.95 —0.98
DPP21 583 665 1.10 1.96 —0.86

“Absorption or emission maximum in dichloromethane solution. The
HOMO was taken from the first redox potential in the CV plot. “The
band gap (E,_,) was estimated from the intersection of the normalized
absorption and emission spectra. “The LUMO was calculated with the
expression of LUMO = HOMO — band gap.
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Figure 3. J—V data obtained with the DPP 20 and DPP 21 dyes using
the Iodide/triiodide redox mediator.

Table 2. Photovoltaic Performance of DSSCs of DPP Based
Sensitizers Using Iodide/Triiodide Redox Mediator”

sensitizers DPP 20 DPP 21

parameters Isun 0Ssun O.lsun 1sun 05sun 0.1 sun
Voc (mV) 698 684 648 687 669 622
Jsc (mA/em?®) 1528  7.97 1.61 1486 755 1.52
FF 0.688 0.726 0.769 0.75 0.755 0.783
n (%) 7.34 7.91 8.02 7.65 7.63 7.40

“TiO, film with thickness of 8 um scattering layer and S pm
transparent layer. The electrolyte composition 1.0 M DMII (1,3-
dimethylimidazolium iodide), 0.03 M iodine, 0.025 M Nal, 0.5 TBP,
0.1 M guanidinium thiocyanide, and acetonitrile solvent.

DPP 20 could be attributed to the strong aggregation of the
dyes on the TiO, surface. This is also evident from the devices
made with lower amount of deaggregating agent (chenodeox-
ycholic acid concentration of S mM) resulted in poor fill factors
and hence poor power conversion efficiencies as shown in the
Figure SS. In the case of DPP 21 chenodeoxycholic acid
(CDCA) concentration of 5 mM is found to be optimum
whereas in the case of DPP 20, 10 mM concentration is

2393

necessary to get higher fill factors. Increasing the concentration
of CDCA further in the case of DPP 20 resulted in lower
efficiencies mainly due to lower dye loading. The observed
aggregation behavior of DPP 20 is due to the photo-
isomerization behavior of cyanoacrylic acid anchoring dyes
that will affect the uniform adsorption of the dyes on the
surface of TiO, and enhances the aggregation behavior. While
in the case of DPP 21, the presence of only the carboxylic acid
anchoring group helps in uniform surface adsorption and
minimizes the aggregation behavior. At the low sun intensities,
higher fill factors and hence higher power conversion
efficiencies were obtained in the case of DPP 20 compared
to that of the DPP 21. The open circuit voltage at various sun
intensities is a bit higher in the case of DPP 20 compared to
DPP 21. To identify the reason for the slightly higher open
circuit potential, dye loading measurements were carried out by
desorbing the dye from the TiO, films and it was found out
that the dye loading is slightly higher in the case of DPP 20
compared to DPP 21. In the case of DPP 20 dye loading of
approximately 1.74 X 1077 mol/cm? is observed whereas in the
case of DPP 21 dye loading of 0.98 X 1077 mol/cm” is
observed. The higher open circuit voltage in the case of DPP
20 could be attributed to the higher dye loading observed. The
complete J—V details for DPP 20 and DPP 21 are given in
Table 2.

The photocurrent action spectra of the dyes DPP 21 and
DPP 20 are measured with their corresponding photovoltaic
devices and the plot of incident photon-to-current conversion
efficiency as a function of wavelength is displayed in Figure 4.

100
—DPP21
80 ——DPP20
2 601
g
g 401
&
20
0l— ; : ; :
400 500 600 700 800

Wavelength (nm)

Figure 4. IPCE of DPP 20 and DPP 21 dyes using the iodide/
triiodide redox mediator on 8 + 5§ um TiO, films.

The IPCE spectra of these devices made with these two dyes
closely follows the shape of the absorptivity of the sensitized
TiO, layer. The devices made with the DPP 20 exhibit an IPCE
onset at around 760 nm and the DPP 21 has the onset around
740 nm. The mismatch of the IPCE spectra with absorption
spectrum can be due to the electron transfer from the excited
aggregates to the TiO, as well as from the monomers which
have different quantum yields."”*® The IPCE spectral profile of
both the dyes shows the maximum of 85% at around ~680 nm.
Both the dyes exhibit high IPCE value across the whole visible
wavelength range maintaining a value of 70% from 450 to 720
nm.

Transient photovoltage and photocurrent decay measure-
ments were carried out to examine if there is any difference in
the collection efficiency along the I-V bias by varying the
strength of the acceptor groups. Figure 5a shows the lifetime of
the electrons in the TiO, film within the device as a function of
the voltage bias for the two dyes using iodide/triiodide redox
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Figure S. (a) Lifetime of electrons in the conduction band of TiO, in
various voltages. (b) Electron collection efficiency in various voltages.

mediator. The electron lifetime in both the cases is similar
along the I—V bias. Figure S6 shows the transport rate of the
electrons for the two dyes using iodide/triiodide redox couple.
The collection efficiency is determined by the ratio of the
transport rate to the transport rate + recombination rate. The
plot of collection efficiency as a function of voltage bias is
shown in Figure Sb. The collection efficiency is almost similar
along the I-V bias for both the dyes. The observed similar
electron lifetime and collection efficiency for both the DPP 20
and DPP 21 further supports the minimal role of strength of
the acceptor groups on the photovoltaic properties.

B CONCLUSIONS

In conclusion, two dyes DPP 20 and DPP 21 based on strong
electron withdrawing cyanoacrylic acid and mild acceptor
carboxylic acid have been successfully synthesized and
characterized. Compared to the previously reported other D-
7-A dyes, the dye DPP 21 shows only a small blue shift in the
absorption even though the strong electron withdrawing
cyanoacrylic acid is substituted with the carboxylic acid.
Interestingly, DPP 21 with the carboxylic acid anchoring
group shows slightly higher power conversion efficiency
compared to that of the DPP 20 with the cyanoacrylic acid
anchoring group. Despite the red shift and the higher Jsc
obtained with the DPP 20, the loss in the fill factor resulted in
slightly lower power conversion efficiency compared to that of
the DPP 21. Transient photovoltage and photocurrent decay
measurements reveals that both the dyes have similar electron
lifetime and collection efficiency. All these observed parameters
suggest the minimal role of strength of the acceptor groups in
achieving decent photovoltaic efficiencies with D-7C-A based
dyes as also indicated in the case of porphyrin based dyes.* We
envisage that the observed results will pave the way to design
new type of sensitizers with z chromophore based spacers
which are electron deficient in nature for enhancing light
absorption and better energy conversion efficiencies. Further
studies on electron deficient chromophores like Indigo,
Isoindigo to replace the typical cyanoacrylic acid group are in
progress in our laboratory.
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