Materials Research. 2021; 24(suppl. 1): 20210008
DOI: https://doi.org/10.1590/1980-5373-MR-2021-0008

Synthesis of Novel 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrroles Derivatives Catalyzed
by NbCl, and Application in Dye Sensitized Solar Cells

Lucas Micheldo Martins**

, Bruna Andressa Bregadiolli“, Lais Cristina Augusto®,

José Henrique Lazaro de Carvalho®, Maria Aparecida Zaghete*, Luiz Carlos da Silva Filho®

“Universidade Estadual Paulista (UNESP), Instituto de Quimica, 14800-060, Araraquara, SP, Brasil.
bUniversidade Estadual Paulista (UNESP), Faculdade de Ciéncias, Departamento de Quimica, 17033-
360, Bauru, SP, Brasil.

Received: January 06, 2021; Revised: May 11, 2021; Accepted: June 16, 2021

1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrroles are a versatile class of materials with simple
synthesis and promising application in organic electronic devices. In this work we present a method
of synthesis of new 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrrole derivatives, with ester and
carboxylic acid groups as anchoring groups, by multicomponent reactions using niobium pentachloride
as catalyst. The new materials were structurally and optically characterized. Also, it was compared
the bonding of different moieties to the titanium dioxide mesoporous film. The preliminary tests as
dyes in standard configuration in dye-sensitized solar cells have shown a potential performance in

the energy conversion.
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1. Introduction

1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrroles
represent a class of promising materials for application in
organic electronics with interesting optoelectronic properties
and great synthesis versatility, such as isolating them by a
simple recrystallization'. It is well known that the presence
of a catalytic amount of a strong Lewis acid, such as
p-toluenesulfonic acid or iron I1I salts (ferric chloride, ferric
perchlorate and ferric triflate), improves the synthesis yield*’.
NbCl,, besides being highly electrophilic and acting as Lewis
acid®, has low cost and has been used by our group and other
researchers as an effective catalyst in synthetic methodologies
in a variety of reactions including multicomponent reactions
(MCR), with excellent results'*!°. As heteropentalenes,
1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrroles belong
to a class of heterocyclic compounds that have two fused
pentagonal rings and the ones with 10 7 electrons are aromatic?.
This structure has also been predicted as the most efficient
electron donor among the 10 & electron systems!!. However,
in the field of photoelectronics, the pyrrolo[3,2-b]pyrrole
structure was very little explored, despite similar structures,
mainly based on thiophenes, appearing in OLEDs!? and
in solar cells'*!* as hole transport in perovskites' as well
as dyes in dye sensitized solar cells (DSSCs)'. In recent
years progress has been achieved through theoretical and
experimental studies of photoelectronic properties and
applications. The 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]
pyrroles usually have high absorption and emission in UV-vis
region, and some investigations were made using various
substituents on their aryl rings, showing good electronic
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communication between the pyrrolo[3,2-b]pyrrole donor
center and both the N-aryl and the C-aryl groups**>’, with
possibility of symmetry breaking of the excited state!’2!,
aggregation-induced and solid state emission®>?° and
two-photon absorption*” %,

The 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrroles
were also used to synthesize more complex structures
with expanded n-systems, improving their photoelectronic
properties*®"+272%37 The formation of metal-organic frameworks
between 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrroles
and cadmium, gold, silver and zinc metals were published,
with emission enhancement observed®¢3%%,

Dye-sensitized solar cells are photoelectrochemical devices
that convert solar energy into electrical energy through redox
reactions*. DSSCs are constituted by a photoanode, a counter
electrode and an electrolyte. In the photoanode, the dye is
adsorbed in the titanium dioxide mesoporous film. The role
of the dye is to absorb the photons from the sunlight and
use their energy to excite electrons, injecting them into the
TiO, conduction band, generating the charge transport in the
device*!. Consequently, a good dye would result in greater
light energy conversion efficiency. For many years, the dyes
based on ruthenium complexes (N719, N3) were the most
common sensitizers with efficiency higher than 11% under
AM 1.5 simulated sunlight*>. However, the efficiency of
devices with these sensitizers has remained stagnant in recent
years. The advance of metal-free dyes, with porphyrins for
instance, have overcome the efficiency of the metal-based
dyes in DSSC achieving 10% efficiency in the same insulation
conditions®*. Dominguez et al.** have applied pyrrolo[3,2-b]
pyrrole central core molecules with configuration acceptor-
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donor-acceptor as electron donor in organic solar cells. In his
work he achieved the open-circuit voltage of 0.99 V. Also,
Wang and co-workers® have synthesized organic dyes based
on 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrroles with
incorporation of different conjugated bridges and conjugated
groups, such as thiophenes, achieving conversion efficiencies
as high as 6.56% in DSSCs.

Herein, we present a method for the synthesis of new
1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrrole derivatives
by multicomponent reactions employing niobium pentachloride
as catalyst as well as its structural and optical characterization
and tested in standard configuration in DSSCs.

2. Experimental

All the reactions were performed using anhydrous
acetonitrile. The chemicals were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA) and used
without further purification.

Thin-layer chromatography was performed on 0.2 mm
Merck 60 F254 silica gel aluminum sheets, which were
visualized with a phosphomolybdic acid/ammonium
cerium (IV) sulfate/water/sulfuric acid mixture. Bruker
DRX 400 spectrometer was used for the NMR spectra
(CDCI, solutions) using TMS as internal reference for 'H
and CDCI, as an internal reference for “C. A Jasco FTIR
model 4600 was used to record IR spectra (KBr pellets).
UV-vis spectra were recorded in an Agilent Technologies
Cary 8454 and fluorescence spectra in a SpectraMax M2,
from Molecular Devices, both in room temperature with
a 10 mm quartz cuvette and dichloromethane as solvent.
Fluorescence emission spectra were obtained using a
Synergy2 Multi-Mode reader (BioTek, USA).

Quantum yields were analyzed by adjusting the solution
absorption using the UV—vis to ca. 0.05 at 320-410 nm
wavelength, the output was measured using the luminescence
spectrophotometer at the same wavelength and comparing
it to the known 9,10-diphenylanthracene standard using
Equation 1:

2
Astd F % n
AF, std nfld

(Df :(Dstd X
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@ is the fluorescence quantum yield, A is the absorption of
the excitation wavelength, F is the area under the emission
curve, and n is the refractive index of the solvents used.
Subscript std denotes the standard. The compounds were
solubilized in ethanol and the concentration maintained
at about 1,0 x 107° M to follow the protocol for analysis.
DSSCs were made by using glass coated with fluorine-
doped tin oxide (FTO Sigma—Aldrich 7€/0) as transparent
conducting electrode (TCO). The substrates were cleaned
by consecutive sonication in Extran (Merck), water, acetone
and isopropanol in an ultrasonic bath (Unique) and dried
in nitrogen flux. The photoanode films were prepared with
TiO, commercial transparent paste (DYERS) deposited by
screen-printing method using a mold with 0.5x0.5 cm? and
10 pum thickness. The films were sintered at 450°C for 30 min
to eliminate organic compounds from the paste and followed
by immersion at 80°C in the solution of dye. To determine
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the dye loading time, UV-vis absorption technique was
used. The concentration of the absorbed dye as function of
immersion time, after the desorption with NaOH alcoholic
solution, is presented in the Supporting Information (Table
S1). Hence, 2 h immersion was used in dichloromethane
solution. The counter electrode used was made depositing a
solution of H,PtCl, in ethanol in FTO and sintered at 200°C
for 30 min. The two electrodes were sandwiched with the
electrolyte (DYERSBV12), using parafilm M as a spacer,
with a separation distance of approximately 0.13 mm.
The characterization of the devices was performed in ambient
atmosphere using a Keithley 2400 source meter unit and an
Oriel xenon lamp (450W) coupled with an AM 1.5 filter as
light source. The light intensity of 100 mWem™ was used
in all measurements. Devices parameters were tested for
at least three devices for each sample. Vand J_  are,
respectively, the potential and the current density at which
electric power generated by the cell is maximum (P__ ).
The fill factor given by Equation 2:

_ VmaxJmax
VocJsc

FF 2

J . (A/em?®) is the short curt photo-current (V = 0) and V|
(V) is the open circuit voltage (J = 0).

2.1. General procedure for the synthesis of
1,4-dihydro-1,2,4,5-tetraarylpyrrolo/3,2-b]
pyrrole derivatives

For a solution of niobium pentachloride (0.250 mmol)
in 1.0 mL of anhydrous acetonitrile, maintained at room
temperature in a capped flask, it was added a solution of
benzaldehyde derivative (1a-b) (2.0 mmol), aniline derivative
(2a-b) (2.0 mmol) and butane-2,3-dione (3) (1.0 mmol)
in 5 mL in anhydrous acetonitrile. After the addition was
completed, stirring was continued at room temperature
until the end of the reaction (20 to 40 min followed by
TLC — 1:1 hexane:dichloromethane). The reaction mixture
was quenched with water (3.0 mL). The mixture was extracted
with dichloromethane (10.0 mL). The organic layer was
separated and washed with saturated sodium bicarbonate
solution (3 x 10.0 mL), saturated brine (2 x 10.0 mL), and
then dried over anhydrous MgSO,. The solvent was removed
under vacuum and the resulting mixture was dissolved in
boiling ethyl acetate (1.0 mL) that, upon cooling, resulted in
ayellow solid. This solid was recrystallized in ethyl acetate
to obtain a yellowish solid.

2.1.1. Dimethyl 4,4°-(1,4-di-p-tolyl-1,4-
dihydropyrrolo[3,2-b]pyrrole-2,5-diyl)
dibenzoate (4a)

NMR-'H (600 MHz, (CD,),SO): 8(ppm) 7.81 (AA’XX’,
4H),7.33 (AA'XX’, 4H), 727 (ANXX’, 4H), 7.18 (AAXX,
4H), 6.60 (s, 2H), 3.82 (s, 6H), 2.35 (s, 6H). NMR-"C
(150 MHz, (CD,),S0): 8(ppm) 166.4 (C=0), 137.2 (C),
136.9 (C), 136.1 (C), 135.4 (C), 133.0 (C), 130.5 (CH),
130.1 (C), 129.8 (CH), 127.7 (CH), 125.4 (CH), 96.3 (CH),
49.06 (CH,), 21.2 (CH,). IR (v, /em™): 1711, 1605, 1513,
1273, 1190. MP 305-307 °C.

max
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2.1.2. Dimethyl 4,4°-(2,5-di([1,1 -biphenyl]-4-yl)
pyrrolo[3,2-b[pyrrole-1,4-diyl)dibenzoate (4b)

NMR-'H (600 MHz, (CD,),SO): 8(ppm) 7.96 (AA’XX",
4H),7.77 (AA'XX’, 4 H), 7.38-7.34 (m, 10H), 7.29 (AA’XX,
4H), 7.22-7.19 (m, 4H), 3.84 (s, 6H). NMR-"*C (150 MHz,
(CD,),S0): 8(ppm) 167.9 (C=0), 139.8 (C), 138.8 (C),
135.2'(C), 132.6 (C),132.2 (C), 130.1 (CH), 129.4 (CH),
128.4(CH), 127.9 (CH), 127.1 (CH), 126.9 (CH), 126.0 (CH),
973 (CH), 52.8 (CH,). IR (v__/em™): 1712, 1603, 1510,1413,
1275, 1110, 765. MP 320-322 °C.

2.2. General procedure for the hydrolysis
reaction of the ester groups of 1,4-dihydro-
1,2,4,5-tetraarylpyrrolo[3,2-b]pyrrole
derivatives

The 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrrole
derivative (4a-4b) (0.50 mmol) was solubilized in ethanol
(2.0 mL) followed by the addition of sodium hydroxide
5M (0.2 mL). The reaction was stirred at reflux for 12 h.
The reaction was quenched with water (2.0 mL) and after
cooling to the room temperature, the pH was adjusted to
5 using a HCl solution 2M, where the product precipitation
occurred. The product was recovered by filtration as a yellow
solid. It was recrystallized in ethyl acetate and a pale yellow
solid was obtained.

2.2.1. 4,4°-(1,4-di-p-tolyl-1,4-dihydropyrrolo[3,2-b]
pyrrole-2,5-diyl)dibenzoic acid (5a)

NMR-'H (600 MHz, (CD,),S0): 8(ppm) 7.79 (AA’XX’,
4H), 7.3 (AAXX’, 4H), 7.27 (AAXX’, 4H), 7.18 (AN’ XX,
4H), 6.58 (s, 2H), 2.36 (s, 6H). NMR-"C (150 MHz,
(CD,),S0): 8(ppm) 166.4 (C=0), 137.2 (C), 136.9 (C),
136.1 (C), 135.4 (C), 133.0 (C), 130.5 (CH), 130.1 (C),
129.8 (CH), 127.7 (CH), 125.4 (CH), 96.3 (CH), 21.2 (CH,).
IR (v, /em™): 1686, 1603, 1513, 1379, 1274. MP 328-330 °C.

2.2.2. 4,4°-(2,5-di([ 1,1 -biphenyl]-4-yl)pyrrolo[3,2-b]
pyrrole-1,4-diyl)dibenzoic acid (5b)

NMR-'H (600 MHz, (CD,),SO): 8(ppm) 8.01 (AA’XX’,
4H),7.69 (AAXX’, 4H), 7.64 (AN XX, 4H), 7.46-7.43 (m,
10H), 7.32 (AA’XX’, 4H), 6.71 (s, 2H), 4.11 (s], 2H). NMR-
5C (150 MHz, (CD,),S0): (ppm) 167.3 (C=0), 139.8 (C),
138.4 (C), 135.6 (C), 132.3 (C),132.0 (C), 131.2 (CH),
129.4 (CH), 128.6 (CH), 127.9 (CH), 127.1 (CH), 126.9 (CH),
125.0 (CH), 97.3 (CH). IR (v__/em™'): 1685, 1603, 1511,
1413, 1275, 1111, 762. MP 330-331 °C.

3. Results and Discussion

To achieve an enhanced performance of organic electronic
devices it is well known that a good contact in the interface
between inorganic semiconductors and organic compounds
is essential. Accordingly, there are many strategies to obtain
better charge transfer process, such as a covalent bond
between the organic and inorganic materials. Hence, the
original goal was the synthesis of the 1,4-dihydro-1,2,4,5-
tetraarylpyrrolo[3,2-b]pyrrole derivatives with the presence
of -COOH groups as anchoring groups for TiO, in DSSCs*.
The dyes synthesized have the donor-n-acceptor configuration,

with the pyrrolo[3,2-b]pyrrole as donor centrum, and the
carboxylic acid as both the acceptor and anchoring group.

The synthetic route used was an optimized synthetic
procedure using NbCl, as catalyst that we have previously
developed!. This synthetic procedure is based on the
multicomponent reaction between an aniline derivative, a
benzaldehyde derivative and the 2,3-butanedione, catalysed
by niobium pentachloride in mild conditions, using ambient
temperature and air atmosphere. This procedure has some
interesting characteristics. For instance, reactions with
niobium pentachloride usually are done under nitrogen
atmosphere, as the NbCl, reacts easily with the water
present in the air, but in this procedure, due to the small
reaction time and the oxidation step, the reaction occurs
well in ambient atmosphere. Another advantage of this
method using NbCl, catalyst over other methods for the
synthesis of 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]
pyrrole derivatives is the absence of heating. In addition,
the reaction product is not soluble in the reaction solvent,
acetonitrile, thus it precipitates in the reaction flask, which
permit the product formation by shifting the chemical
equilibrium and allowing easy recovery and purification
of the product, by recrystallization. The recrystallization
process is easy, solubilizing the organic phase in hot ethyl
acetate and allowing it to cool gives the product with few
impurities, that are washed with cold ethyl acetate to afford
the pure product in good yield.

In order to obtain carboxylic acid anchoring groups
in the 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrrole
derivatives, firstly it was obtained 1,4-dihydro-1,2,4,5-
tetraarylpyrrolo[3,2-b]pyrrole derivatives with ester groups,
followed by the ester hydrolysis, obtaining the desired
carboxylic acid derivatives.

The results of the synthesis are summarized in Scheme 1.

As can be seen in Scheme 1, the procedure is very efficient,
with high yields in low reaction times. The groups in the
para position of aniline and benzaldehyde derivatives have
a significant effect in the product yield. The difference in
yield can be attributed to the competition between the desired
reaction and a side-reaction that form imidazole derivatives?.
Our previous work has shown a correlation of the difference
between the local softness of the carbonyl in the aldehyde
and the diketone oxygens with the experimental yields,
indicating that reactions where there is lower probability of
interaction between compounds 1 and 3 have higher yields'.

To hydrolyze the ester group to a carboxylic acid, an
easy process developed by Kikuchi was successfully used
(Scheme 1). This process uses ethanol as solvent, and a
sodium hydroxide solution (5,0 M) to cleave the ester
group, under heating for 12 h. The hydrolysis reaction had
great yields (Scheme 1), and the purification was easy and
fast by a simple filtration followed by recrystallization in
ethyl acetate.

After the synthesis, the optical characterization of
the compounds was performed. Dichloromethane was
chosen as solvent due to the better solubility. The results
of the carboxylic acids derivatives were compared with the
esters derivatives, to evaluate their behavior and changes
(Figure 1a, 1b and Table 1).
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Scheme 1. Synthesis of 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrrole derivatives.
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Figure 1. a) UV-vis absorption spectra and b) fluorescence spectra of the compounds 4a, 4b, 5a and 5b (1,0 x 10° M, CH,CL,).

Table 1. Spectroscopic data for the compounds 4a, 4b, 5a, and 5b.

Compound A, (nm) A, (nm) Stokes shift (nm) e (M!em™) Q!
4a 405 470 65 33x10° 0,59
4b 328 440 112 2,1x10° 0,10
5a 402 470 68 1,0x 10° 0,34
5b 328 430 102 3,7x 10° 0,12

! Determined using 9,10-diphenylanthracene in ethanol (1,0x10-° M) as standard

Analyzing the optical results for the 1,4-dihydro-1,2,4,5-
tetraarylpyrrolo[3,2-b]pyrrole acid derivatives, one can
observe that there was no significant change in the absorption
wavelengths of the compounds. Considering that the structural

change is the removal of a methyl group, no noticeable
change was expected. The coefficients of molar absorptivity
remained high. A drop in the quantum yield was observed
for compound 5a as compared to 4a, possibly due to methyl
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Figure 2. JxV curves for the DSSCs made with the 1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrrole derivatives 4a, 4b, 5a, Sh.

Table 2. Photovoltaic performance data for the compounds 4a,
4b, 5a, and 5b.

Compound V. V) J . (mA/cm?) FF
4a 0.327 0.064 51

5a 0.284 0.088 41

4b 0.334 0.061 49

5b 0.344 0.067 49

No dye 0.107 0.008 20

groups that stabilize the excited state of molecule 4a, whereas
hydrogen does not stabilize the excited state of compound 4a.
In the case of compounds 4b and 5b there was no significant
difference, probably due to the increase in conjugation of the
phenyl group, which is greater than with the methyl group.

After performing the synthesis and characterization,
the tests for the use of 4a, 4b, 5a and 5b compounds in
dye-sensitized solar cells were performed. To test the best
dye loading condition, the TiO, anode was immersed in the
dye solution (3,0 x 10 M) and the adsorption was measured
each hour until 3 hours and then after 24h. In all cases the
adsorption had its maximum in 2 h of immersion, and in
24 h the adsorption was equal or slightly lower, indicating
the possibility of an aggregation and/or desorption of the
dye over time as seen in Supplementary Material Table S1.
We have used a platinum counter electrode deposited in FTO
and an electrolyte with the I/1,” redox pair. The device was
assembled as photoanode: electrolyte: counter electrode.

In the DSSC system, the photoelectron is generated in
the core of the pyrrolo[3,2-b]pyrrole and injected from the
singlet excited state of the dye to the TiO, conduction band
thru the anchoring group. The resulting cation produced in
this photo-induced injection is reduced by the electrolyte
and at the counter electrode, the Pt reduces the oxidized
electrolyte, leading to the photocurrent generation in the
device. Herein, the performance of the device under influence
of two different radicals (phenyl and methyl), the position
and the anchoring group will be analyzed. The Jx V curves
are presented in Figure 2 in comparison with TiO, with no
dye adsorbed. The photovoltaic performance and data are
presented in Table 2.

The photovoltaic performance was similar for both ester
and carboxylic acid structures. Analyzing the dye loading

values (Table S1) is possible to observe that the carboxylic
groups did not improve the anchoring of the molecules in the
oxide as was expected, with the adsorption values very similar
to the ester compounds. As can be seen in the literature, there
are reports about the anchoring in the metal from other oxygen
containing groups, such as phosphonic acid and catechol’.
It is possible to assume that the ester groups are acting as
strong ester linkage with the TiO, surface (Figure S1). Both
carboxyl and ester groups, in this case, enables good electronic
communication and electron acceptance.

The V,_ is a property dependent on the energy of the
band gap of each material. It was observed better V_in the
compounds 4b and 5b. The higher J  is obtained for the
compound 5a, probably due to the probability of charge
generation processes, but it is necessary more studies to
confirm this hypothesis, such as investigation of passivation
of the surface of the absorber and the lifetime of the minority
carriers. The FF is a property dependent on the V,_and I_
values.

Despite the low efficiencies, calculated as 0.01% for all
the dyes, these results showed their potential as sensitizer
dyes for solar cells. Wang and coworkers showed good results
(4.16-6.56% efficiency) with similar, but more complex dyes,
in different standard conditions, using 0.6 M dimethylpropyl
imidazolium iodide, 0.1 M lithium iodide, 0.05 M iodine and
0.5 M tert-butylpyridine in acetonitrile/3-methoxypropionitrile
(85:15, v/v). as electrolyte. They also used the co-adsorbent
chenodeoxycholic acid to improve the cell performance®. Li and
coworkers also used similar dyes, with a thienothiophene core,
with 3.87% efficiency in different standard conditions, using
0.05M1,,0.1 M Lil, 0.6 M 1-propyl-3-methylimidazolium
iodide and 0.5 M 4-tert-butylpyridine in a mixed solvent of
acetonitrile and valeronitrile (1:1, v/v) as electrolyte and
also using co-adsorbent chenodeoxycholic acid to prevent
dye aggregation on TiO, surface®. (Another work using
thienothiophene core was described by Ho and coworkers,
achieving 5.25% efficiency using a 0.6 M 1,2-dimethyl-3-
propylimidazolium iodide, 0.1 M Lil, 0.05 M 12 acetonitrile
and 4-tert-butylpyridine (volume ratio, 1:1) electrolyte®.

It is important to note that the device results are preliminary,
and the performance could be improved accordingly with
changes in the oxide thickness and/or electrolyte used, for
example. The intention of this work is to show the potential
of the material for organic electronic applications.
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4. Conclusion

In conclusion, it was possible to synthesize new
1,4-dihydro-1,2,4,5-tetraarylpyrrolo[3,2-b]pyrrole derivatives
with ester and carboxylic acid groups with high yield and
low reaction times. These compounds were characterized
and, due to its presented potential, tested as sensitizer dyes in
solar cells. It was observed a good electronic communication
between the ester group and the titanium oxide, similar to the
carboxylic acid group interaction. The preliminary devices
showed that these compounds have potential for organic
electronic applications, with some adjustments in conditions
and structure, depending on the desired application.
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