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Abstract 

The pyranoanthocyanins present in red wine display great potential as photosensitizers in bio-inspired 

Dye-Sensitized Solar Cells (DSSCs). Following a biomimetic approach, a series of amino-π-bridge-

pyranoanthocyanin derivatives were employed as dye sensitizers in DSSCs. The dimethylamine 

group was selected to take advantage of its electron-donor character and the possibility of ‘dual-mode 

anchoring’ (-OH vs. dimethylamino) to titanium dioxide. The increase in π-conjugation via insertion 

of C=C bonds affected molecule flexibility, electron-donor ability and the pH-dependent equilibria 

of the pyranoanthocyanin derivatives. The current vs. potential properties of photoanodes using these 
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dyes pointed to essential features of the relationship between power conversion efficiency and dye 

structure. These included the influences of the dimethylamine group, of π-conjugation and of 

substitution in ring B on the adsorption of the dyes to TiO2 and on the overall performance of the 

DSSCs prepared from them with and without added acid. An overall efficiency of 2.55% was obtained 

for the best performing compound, 4-(dimethylamino)-cinnamyl-pyranocyanidin-3-O-glucoside 

(JO3), which consolidates the importance of this family of compounds as potential dye-sensitizers 

for DSSC applications. 

 

1. Introduction 

Anthocyanins constitute a major polyphenolic family of natural pigments responsible for the colors 

seen in a broad variety of flowers, fruits, vegetables and roots. These compounds have characteristic 

physicochemical properties that give them their stability and unique color palette. From yellow, to 

red and blue, anthocyanins are highly reactive compounds that can change their color by means of 

structural variations dependent on external stimuli such as pH, temperature and light. (Pina, 2014) 

Anthocyanins, primarily malvidin-3-O-glucoside (oenin), are the major dyes responsible for the red-

purple colors of Vitis vinifera grapes and of young red wines. (Da Silva et al., 2018; Oliveira et al., 

2017; Sousa et al., 2017) During red wine maturation, the content of free anthocyanins decreases due 

to chemical reactions with yeast metabolic products, amongst others. These reactions result in the 

transformation of anthocyanins into more complex structures such as pyranoanthocyanins, which give 

aged red wine its characteristic burgundy color. Pyranoanthocyanins are particularly interesting due 

to their contributions to the taste (e.g. astringency), antioxidant capacity, and the health benefits of 

moderate red wine consumption. (Da Silva et al., 2018; García-Estévez et al., 2017; Oliveira et al., 

2017) Furthermore, since these compounds present no apparent hydration and only undergo 

protonation/deprotonation reactions in water, they present greater color stability than their 

anthocyanin precursors. (Cruz et al., 2017; Oliveira et al., 2009; Sousa et al., 2017) Hence, these 

pigments are interesting for a wide range of potential applications from food colorants to energy 

applications such as Dye-Sensitized Solar Cells (DSSCs). (Czerney et al., 1995; Roque et al., 2002) 

Tennakone and co-workers were the first to use cyanidin in a dye-sensitized nanocrystalline solar cell 

(Tennakone et al., 1997), while Grätzel and co-workers were the first to apply anthocyanin dyes 

extracted from blackberries (cyanidin-3-glucoside) in a DSSC, obtaining a conversion yield of 0.56% 

(Cherepy et al., 1997). Both pioneering works paved the way for sustainable DSSCs based on 

renewable resources. (Calogero et al., 2019; Güzel et al., 2018; Hug et al., 2014; Mohiuddin et al., 
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2018; Richhariya et al., 2017; Sharma et al., 2018) In fact, some natural flavylium derivatives, such 

as cyanidin, delphinidin and petunidin, can efficiently anchor to TiO2 through the catechol unit in ring 

B, but do not possess the donor-acceptor pattern optimized for efficient electron transfer. Following 

a bio-inspired strategy one can prepare quasi-natural biomimetic compounds with the adequate 

structural modifications. Employing simple, non-toxic and environmentally safe synthetic 

procedures, it is possible to design and synthesize compounds with properties similar to those of 

natural occurring anthocyanins while tailoring desirable traits such as energy levels, absorption 

properties and electron-donor moieties. In fact,  replacement of the glucose and the hydroxyl group 

at position 5 of ring A of cyanidin-3-glucoside by hydrogen, and of the hydroxyl group at position 7 

by a diethylamino group led to a DSSC with a conversion yield of 2.2% and, upon device assembly 

optimization, an efficiency of 3.0% was achieved for a DSSC containing this compound (7-

diethylamino-3’,4’-dihydroxyflavylium, Scheme 1). (Calogero et al., 2017, 2013) 

 

 

Scheme 1. Chemical structures of cyanidin-3-glucoside (a) and the 7-diethylamino-3’,4’-dihydroxyflavylium 
cation (b). 

 

On the one hand, these results emphasize the importance of looking to Nature as a source of 

inspiration when designing new molecules for DSSC application. On the other hand, they put a focus 

on the importance of the presence of a dialkylamino substituent in the dye structure. In flavylium 

compounds and pyranoanthocyanins, the dimethylamino group causes a bathochromic shift of the 

long-wavelength absorption maximum, leading to the formation of bluish compounds, a requirement 

much appreciated in dyes for DSSC applications. (Oliveira et al., 2017; Schwarz and Winterhalter, 

2003; Tron et al., 2016)   In addition to extending the dye absorbance towards the red region of the 

visible spectrum, the dialkylamine group can serve as a strong electron-donating moiety in a D-π-A 

(Donor-[π-bridge]-Acceptor) molecular motif. (Mahmood, 2016)  
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D-π-A systems are believed to mediate effective intramolecular charge transfer from the donor (D) 

to the acceptor (A) moiety of the molecule via a π-conjugated unit. Appropriate π-conjugation 

between D and A can broaden the absorption wavelength range and increase the molar extinction 

coefficient of the molecules. (Mahmood, 2016; Toan et al., 2019; Zhang et al., 2019) The insertion 

of C=C bonds is one way to extend the π-conjugation and has been reported to improve the overall 

efficiency of devices by extending the conjugation in the dye chromophore. (Teng et al., 2010) 

Nevertheless, the nature of the π-segment can also affect the energetics and the kinetic characteristics 

of the TiO2/dye/electrolyte interface and hence influence the electron injection and regeneration 

processes. Insertion of C=C bonds can result in a less rigid dye molecule, which can contribute to 

energy losses in the process of electron injection at the dye/TiO2 interface. (Zhang et al., 2019) Thus, 

increasing the number of C=C bonds without guaranteeing the maintenance/increase of molecular 

rigidity, may then result in lower power conversion efficiency (PCE) due to competitiveness between 

electron injection and vibrational relaxation. (Chen et al., 2007; Zhang et al., 2019)  

In the flavylium and pyranoanthocyanin families of compounds, further potential effects of an 

increase in π-conjugation through C=C bonds on the chemical and photochemical stability of these 

compounds in solution must also be considered. Since the pKa of these cations increases upon 

insertion of C=C bonds (Amić et al., 1992; Oliveira et al., 2017), for DSSC applications besides the 

above mentioned effects, one can also expect a change in the electron donating ability of the 

dialkylamino group upon increasing the number of C=C bonds in the π-segment.  

As mentioned above, along with its light capturing function, the dye plays a crucial role in controlling 

many of the charge transfer processes that result in the final efficiency of a DSSC device. Aside from 

the dye/TiO2 interaction, one must also consider the dye/electrolyte interface. (Clifford et al., 2012) 

It is known that adsorption/intercalation of certain electrolyte cations, such as Li+, into TiO2 affects 

not only the semiconductor bandgap, but also the absorption range of the dyes. (Furube et al., 2005) 

The negative partial charges on the organic dye sensitizer can potentially attract Li+ cations, which 

could in turn facilitate the approximation of I3
-, leading to faster recombination between the injected 

electrons in the TiO2 and the oxidized form of the electrolyte. (Clifford et al., 2012) Thus, the 

potentially detrimental effects of insertion of C=C bonds associated with increased dye flexibility, 

changes in the electron-donor ability of substituents and facilitation of recombination through 

interactions with the electrolyte cannot be neglected. (Clifford et al., 2012) 

Following up on recent works where pyranoanthocyanin compounds were shown to display great 

potential as photosensitizers in bio-inspired DSSCs, achieving efficiencies of 1.6% (Pinto et al., 

2019a, 2019b), in here, we report the investigation of the series of dimethylamino-π-bridge-
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pyranoanthocyanin derivatives shown in Scheme 2 in the context of their application as sensitizer 

dyes in DSSCs. The dimethylamino group causes the expected bathochromic shift in the maximum 

absorbance wavelength of the dyes and enhances its electron-donor ability, as well as potentially 

participating in ‘dual-mode anchoring’ (-OH vs. dimethylamino). Furthermore, the consequences of 

an increase in π-conjugation through insertion of C=C bonds were also studied, along with the 

concomitant effects on dye flexibility and electron-donor ability of the dimethylamino group. Most 

works fail to fully grasp the impact of the available prototropic equilibria and the related spectroscopic 

changes found in this family of compounds in their performance for DSSC applications. Only with 

this type of comprehensive study of the impact of the degree of protonation of the dyes in their final 

performance as light absorbers in the devices, one can fully conclude about their potential for energy 

applications. The current vs. potential properties of photoanodes containing these dyes were measured 

and a relation was established between power conversion efficiency and dye structure, providing 

insight into the influence of the dimethylamine unit and π-conjugation on the overall performance of 

DSSCs based on these dyes. 

 

Scheme 2. Chemical structures of the eight pyranoanthocyanin derivatives studied in this work in their cationic 
form. Ring B substitution highlighted in rectangles: green - cyanidin derivatives; blue - no substitution; and 
orange - malvidin (oenin) derivatives.  
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2. Experimental (Materials and Methods) 
2.1. General information and instrumentation 

 

All solvents and chemicals employed for synthesis and for preparation of samples were of reagent or 

spectrophotometric grade and were used as received. 

 

Syntheses – The syntheses of compounds LC1 (Cruz et al., 2017), AF3 (Da Silva et al., 2018), JO11 

(Schwarz and Winterhalter, 2003), JO12 (Oliveira et al., 2016b) and JO13 (Oliveira et al., 2016a) 

were performed as previously described. Compounds JO3 and JO9 were obtained via the reaction of 

cyanidin-3-O-glucoside and carboxypyranocyanidin-3-O-glucoside, respectively with 4-

dimethylaminocinnamic acid by analogy to the procedures reported by Schwarz et al., 2003 (Schwarz 

and Winterhalter, 2003) and Oliveira et al., 2016 (Oliveira et al., 2016a). JO10 was prepared from 

the reaction of methylpyranocyanidin-3-O-glucoside with 4-dimethylaminocinnamaldehyde as 

described in the literature. (Oliveira et al., 2016a)  

 

Physico-chemical characterization of the compounds – Optical measurements: The UV-Vis 

absorption spectra were recorded in solution in a 1x1 cm quartz cuvette using a Varian Cary 5000 

Spectrometer. The solution spectra were collected between 250 and 850 nm at room temperature, 

with a 1 nm interval, at full slit height, in double beam mode. The absorption spectra of the dyes 

adsorbed onto TiO2 were measured in a solid sample holder in transmittance mode using a Varian 

Cary 5000. The titanium oxide film employed for Vis absorption experiments was prepared by doctor 

blade: two edges of the conductive glass plate (area: 15 cm x 4 cm) were covered with strips of an 

adhesive tape (3 M Magic) and the transparent titania paste (18NR-T, Greatcell Solar) was spread 

uniformly on the substrate by sliding a glass rod along the tape spacer. The TiO2-coated plates were 

gradually heated up to 325 °C, then the temperature was increased to 375 °C in 5 minutes, and 

afterwards to 500 °C. The plates were sintered at this temperature for 30 min, and finally cooled down 

to room temperature.  Each slide was cut into rectangular pieces (area: 1 cm × 4 cm), resulting in 

slides with a transparent ultrathin TiO2 film with an estimated thickness of about 6 μm. The TiO2-

coated slides were soaked for 2h in an ethanol solution of the dye at a concentration of 0.5 mM, at 

room temperature in the dark. The excess dye was removed by rinsing the photoanodes with the same 

solvent as that employed for the dye solution. The Vis absorption spectra of the dyes adsorbed to TiO2 

were collected between 400 and 850 nm at room temperature, with a 1 nm interval, at full slit height, 

in double beam mode. The absorbance of the assembled DSSCs was also measured in diffuse 

reflectance geometry, using an STD FL detector and reflection probe from SarSpec, in order to 
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confirm the absorption range of the overall assembled cell. The spectra were collected at room 

temperature, between 400 and 950 nm, using an assembled device with no adsorbed dye as blank (in 

order to correct for the influence of the absorption by the FTO-layers, TiO2 film, electrolyte and 

cathode film). 

  

Determination of pKa values: Stock solutions of the pyranoanthocyanin pigments JO3, JO9 and JO10 

(0.1 mM) were prepared in 0.1 M HCl aqueous solution and protected against light. Stock solution of 

compound AF3 was prepared in 0.1 M HCl H2O:0.1 M HCl ethanol (1:1) solution and kept in the 

dark. The resulting low pH value of the stock solutions (pH≈1) ensured that most of the 

pyranoanthocyanins were in their cationic form (see Scheme 3). The thermodynamic acidity constants 

were determined by spectrophotometric titrations. For each dye, a solution was prepared by 

sequentially adding 2.5 mL of 0.1 M aqueous NaOH solution, 2.5 mL of universal buffer solution 

(Küster and Thiel, 1982) at pH 1, 2.5 mL of  Millipore water and 2.5 mL of the pyranoanthocyanin 

stock solution, resulting in a final concentration of each pigment of 0.025 mM. Increasing amounts 

of 1 M NaOH solution were successively added to the solution, covering the pH range between 1 and 

12. After each addition, the mixture was shaken, a UV-Vis spectrum was recorded, and the pH was 

measured with a Radiometer Copenhagen PHM240 pH/ion meter (pH values below 2 and above 12 

were calculated from the analytical concentration of H+).  

 

DSSCs fabrication and photovoltaic characterization – The detailed procedure has been described 

elsewhere.(Pinto et al., 2019b) The conductive FTO-glass (TEC7, Greatcell Solar) used for the 

preparation of the transparent electrodes was first cleaned with detergent and then washed with water 

and ethanol. To prepare the anodes, the conductive glass plates (area: 15 cm x 4 cm) were immersed 

in a TiCl4/water solution (40 mM) at 70 °C for 30 min, washed with water and ethanol and sintered 

at 500°C for 30 minutes. This procedure is essential in order to improve the adherence of the 

subsequently deposited nanocrystalline layers to the glass plates, as well as to serve as a ‘blocking-

layer’, helping to block charge recombination between electrons in the FTO and holes in the I-/I3
- 

redox couple. Afterwards, the TiO2 nanocrystalline layers were deposited on these pre-treated FTO 

plates by screen-printing the transparent titania paste (18NR-T, Greatcell Solar) using a frame with 

polyester fibers having 43.80 mesh per cm2. This procedure, involving two steps (coating and drying 

at 125 °C), was repeated twice. The TiO2-coated plates were gradually heated up to 325 °C, then the 

temperature was increased to 375 °C in 5 minutes, and afterwards to 500 °C. The plates were sintered 

at this temperature for 30 min, and finally cooled down to room temperature. A second treatment with 

the same TiCl4/water solution (40 mM) was performed, following the procedure previously described. 
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This second TiCl4 treatment is also an optimization step that enhances the surface roughness for dye 

adsorption, thus positively affecting the photocurrent produced by the cell under illumination.  

Finally, a coating of reflective titania paste (WER2-O, Greatcell Solar) was deposited by screen-

printing and sintered at 500 °C. This layer of 150-200 nm sized anatase particles functions as a 

‘photon-trapping’ layer that further improves the photocurrent. Each anode was cut into rectangular 

pieces (area: 2 cm × 1.5 cm) having a spot area of 0.196 cm2 with a thickness of 15 μm. The prepared 

anodes were soaked for 17h in an ethanol solution of the dye (0.5 mM), at room temperature in the 

dark. The excess dye was removed by rinsing the photoanodes with the same solvent as that employed 

for the dye solution. For the study of the impact of acid addition on the photovoltaic properties of the 

cells, all the above adsorption process was repeated for each compound with a 0.5 mM solution of 

the dye prepared in ethanol with 10 µL HClO4. 

Each counter-electrode consisted of an FTO-glass plate (area: 2 cm × 2 cm) in which a hole (1.5 mm 

diameter) was drilled. The perforated substrates were washed and cleaned with water and ethanol in 

order to remove any residual glass powder and organic contaminants. The  transparent Pt catalyst 

(PT1, Greatcell Solar) was deposited on the conductive face of the FTO-glass by doctor blade: one 

edge of the glass plate was covered with a strip of an adhesive tape (3 M Magic) both to control the 

thickness of the film and to mask an electric contact strip. The Pt paste was spread uniformly on the 

substrate by sliding a glass rod along the tape spacer. The adhesive tape strip was removed, and the 

glasses heated at 550 °C for 30 min.  The photoanode and the Pt counter-electrode were assembled 

into a sandwich type arrangement and sealed (using a thermopress) with a hot melt gasket made of 

Surlyn ionomer (Meltonix 1170-25, Solaronix SA). The electrolyte was prepared by dissolving the 

redox couple, I−/I2 (0.8 M LiI and 0.05 M I2), in an acetonitrile/valeronitrile (85:15, % v/v) mixture. 

The electrolyte was introduced into the cell via backfilling under vacuum through the hole drilled in 

the back of the cathode. Finally, the hole was sealed with adhesive tape. 

 

Photoelectrochemical Measurements – Current-Voltage curves were recorded with a digital Keithley 

SourceMeter multimeter (PVIV-1A) connected to a PC. Simulated sunlight irradiation was provided 

by an Oriel solar simulator (Model LCS-100 Small Area Sol1A, 300 W Xe Arc lamp equipped with 

AM 1.5 filter, 100 mW/cm2). The external quantum efficiency (EQE) measurements were performed 

using a Newport QuantX-300 system, equipped with a Xenon lamp of 100 W, at wavelength intervals 

of 10 nm with a nominal illumination spot size of 0.8 x 1.1 mm. The thickness of the oxide film 

deposited on the photoanodes and TiO2 slides was measured using an Alpha-Step D600 Stylus 

Profiler (KLA-Tencor). 
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3. Results and Discussion 

 
3.1. Determination of pKa values 

Pyranoanthocyanin derivatives JO3, JO9, JO10 and AF3 were fully characterized with respect to 

their pKa values. All the other compounds had been previously characterized with respect to their 

aqueous equilibria and the respective pKa values are summarized in Table 1. The UV-Vis spectra of 

each compound were obtained for the pH range between 1 and 12. The prototropic equilibria and the 

related spectroscopic changes are quite relevant in the context of the application of this family of 

compounds in DSSCs, as previously discussed. (Pinto et al., 2019b) Upon increasing the pH, there 

are observable changes in the absorbance spectrum and intensity that impact the light absorption by 

the dye. Additionally, there is a change in the protonation degree that affects its performance as an 

electron-donor. Since pyranoanthocyanins exhibit no apparent hydration (Pina et al., 2012), only acid-

base equilibria were considered, meaning that the cation only undergoes protonation/deprotonation 

reactions. (Cruz et al., 2010; Oliveira et al., 2009) In the case of the polyprotic compounds, the global 

sequential deprotonation process (Scheme 3) can be accounted for by Eqs.(1)-(4) [see Supplementary 

Information] .  

 

Scheme 3. General representation of the sequential proton transfer equilibria of the dimethylamino-derived 
pyranoanthocyanins in aqueous solutions in the range 1 < pH < 12. 
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Inspection of the results for compound JO3 in Figure 1 shows the potential existence of four acid-

base equilibria (see Scheme 3). Since the acidity constants are sufficiently different, isosbestic points 

can be observed in restricted pH ranges (see Fig. 1a to Fig. 1d) and the mathematical fit of the 

absorption data was consistent with four pKa values (Fig. 1e). Nevertheless, spectrophotometric 

determinations of the acidity constants of polyprotic acids are subject to a rather large uncertainty, 

with an estimated error of ±0.1 pH units in the present case. The more acidic pKa [pKa1=0.5] (Fig. 1a) 

can be attributed to deprotonation of the dimethylammonium group, as observed for other amino-

based pyranoanthocyanin derivatives. (Oliveira et al., 2017) With the increase of pH to 5.9 (Fig. 1b), 

a decrease in the absorbance is observed, together with a hypsochromic shift and the appearance of a 

shoulder at 480 nm. The calculated pKa2=4.4 is assigned to the deprotonation of the 7-hydroxy 

substituent, as observed in many analogous flavylium cation derivatives. (Pina et al., 2012) The 

pKa3=8.1 (Fig. 1c) is thus attributed to deprotonation of one of the hydroxy groups in ring B, probably 

that at the 4’-position, giving the more highly conjugated base (see Scheme 3). Finally, pKa4=9.9 (Fig. 

1d) should correspond to deprotonation of the last hydroxyl substituent. 

Identical studies were performed for compounds JO9, JO10 and AF3 (see Supporting Information, 

Figures S1 to S3), and the respective pKa values, together with previously published values for 

compounds LC1 (Sousa et al., 2017), JO11, JO12 and JO13 (Oliveira et al., 2017), are collected in 

Table 1.  
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Figure 1. pH dependent spectral variations of compound JO3 in aqueous solution: a) 1.2 M HCl<pH<2.1; b) 

2.1<pH<5.9; c) 6.5<pH<8.1; d) 9.4<pH<12.5; e) pKa fits: pKa1=0.5; pKa2=4.4; pKa3=8.1; pKa4=9.9. 

 

Table 1. Protonation constants of the compounds studied in this work in aqueous solution. Estimated error 

±0.1 pH units. 

Compound pKa1 pKa2 pKa3 pKa4 Reference 

LC1 a <1 3.6 8.4 b (Sousa et al., 2017) 
JO3 0.5 4.4 8.1 9.9 This work 

JO9 1.9 3.8 7.9 9.6 This work 

JO10 2.15 4.2 8.1 9.9 This work 

JO11 <1 5.4 9.5 - (Oliveira et al., 2017) 

JO12 1.1 4.8 8.9 - (Oliveira et al., 2017) 

JO13 2.4 2.7 9.8 - (Oliveira et al., 2017) 
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AF3 <1 3.9 - - This work 
a protonation constants determined in water/ethanol (75:25) solution. 
b could not be determined due to precipitation. 
 

3.2. Impact of the p-bridge and of dual mode binding on the absorption spectral range 

A key structural difference within the groups of pigments studied is the type of linkage connecting 

the pyrano ring and the 4-(dimethylamino)-cinnamyl group. In dyes LC1, JO3, JO11 and AF3 the 

two moieties are directly linked through a C-C bond, while in pigments JO9 and JO12 the connection 

is made through a vinylene linkage and in pigments JO10 and JO13 through a butadienylidene 

bridge. These structural features confer different colors on these dyes in solution, as well as different 

acidity constants as shown in Table 1. 

An important additional structural variation of the pyranoanthocyanins studied is the substitution 

pattern in ring B. For LC1, JO3, JO9 and JO10, ring B possesses a catechol unit (pyranocyanidin 

derivatives), while in compounds JO11, JO12 and JO13 ring B possesses a single -OH at position 4' 

with two adjacent methoxy groups at positions 3' and 5' (pyranomalvidin (oenin) derivatives).  

Compound AF3, on the other hand, has no additional substituents in ring B (Scheme 4).  

 

Scheme 4.  Structural features of the pyranoanthocyanin and pyranoflavylium compounds. 

 

As previously mentioned, changes in pH can drastically affect the absorption spectral range and 

intensity of these dyes, as well as their charge separation ability. The different structural features in 

these families of compounds were specifically chosen in order to elucidate their role in the type of 

anchoring of the dye to TiO2 and the impact on charge transfer as reflected in the efficiencies of the 

final devices. Two adsorption conditions were compared using a 0.5mM solutions of the dye in 

ethanol and in ethanol containing 10 µL added HClO4. This addition of acid can potentially affect the 

protonation degree of the different dyes according to their respective pKa values which might then 

impact the binding of the different species in equilibrium to TiO2. For compounds JO10 and JO13 
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in ethanol solution, acidification results in a noticeable blue-shift of the absorption maximum [by 121 

and 128 nm, for JO10 and JO13, respectively] (Figure 2), spectral shift not observed for the other 

compounds (Table S1). This result is quite interesting since it allows identification of the species 

present in the dye solution prior to adsorption onto TiO2. Comparing the spectra collected for 

compound JO10 with the spectra determined during the pKa determinations in aqueous medium 

(Figure S2), permits identification of the species present, despite the obvious spectral shift due to 

solvatochromic effect. (Pina et al., 2012) Thus, in ethanol the majority of the molecules are in the 

AH+ and A forms, whereas upon acidification of the ethanol the equilibrium shifts towards formation 

of the species AH2+ (see Scheme 3) in which the dimethylamine group is protonated. The same 

behavior was observed for compound JO13. In contrast, the same comparison for compounds JO3 

and JO9 (with shorter p-bridges) shows that most of the molecules are in the AH+ and A forms in 

both acidic and non-acidic ethanol solutions, i.e, protonation of the dimethylamine group is not 

significant. These results are consistent with the pKa1 values determined for these compounds (Table 

1). Since the dimethylamine groups of compounds JO10 and JO13 are more basic, they are more 

readily protonated than the other compounds, resulting in the observed blue-shift. 

 

Figure 2. Normalized absorption spectra of solutions based on dyes JO10 (left) and JO13 (right), emphasizing 
the blue-shift in the peak maximum between ethanol (full line) and acidified ethanol (dotted line) solutions of 
the dyes. 

 

A general trend was verified upon adsorption of the dyes from ethanol and acidified ethanol solutions 

onto the TiO2 films. Overall, for most of the compounds, a blue-shift in the absorption spectral 

maximum was observed in comparison with that of the dye in the original solution (Table S1), again 

with no significant qualitative changes in the spectra. The most striking result was, however, the 

difference in the final color for compounds JO12 and JO13 resulting from adsorption from ethanol 
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vs. acidified ethanol. As shown in Figure 3, for the same compound the presence of acid in the 

adsorption solution, causes drastic changes in the color of the resulting film. For dyes JO12 and 

JO13, two colors can be clearly differentiated, depending on the presence or absence of acid in the 

solution, i.e, blue for the adsorption from ethanol and red for the adsorption from acidified ethanol 

solution.  

 

Figure 3. Color photographs of the glass slides after adsorption of the dyes onto a titanium oxide film from an 
ethanol solution of the dyes (0.5 mM) or from an acidified ethanol solution of the dyes (0.5 mM). 

 

From comparison with the absorption profiles from the pKa determinations, it is possible to infer that 

the red color (Figure 3) corresponds to an absorption spectral range identical to that of the species 

AH2+ (e.g., see Fig. 1a). Red is the color expected when the lone electron pair of the amine nitrogen 

is involved in a sigma-donating bond, i.e., a red color serves as a spectral signature of binding of the 

compound to the surface of TiO2 via the dimethylamine group. In the case of the blue films, the 

anchoring moiety must be one or more of the available -OH groups, as is usually the case for these 

compounds. (Pinto et al., 2019b) The interesting aspect is that, upon addition of acid to the ethanol 

solution, anchoring through the amine group becomes favored. Since surface -O– groups and the 

hydroxyl substituents of the dye are more basic than the dimethylamine substituent, the hydroxy 

groups and the surface sites will be protonated, favoring hydrogen-bond-mediated anchoring of the 
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dye to the titanium dioxide surface via the dimethylamine substituent rather than via the OH groups 

of ring B. This will consequently result in the observed red color, corresponding to an absorbance 

that resembles that of the AH2+ species observed in solution. In fact, upon closer inspection, even the 

films of compounds JO9 and JO10 exhibit both red and blue colors (Figure 3) when adsorbed from 

acidified ethanol.  

Concerning ring B substitution pattern of the pyranoanthocyanin (derived from cyanidin vs. 

malvidin),  adsorption of JO10 from acidified ethanol solution leads to a mixture of dimethylamine 

and -O– anchoring to TiO2, indicated by the strong blue color of the films, while for JO13 there is a 

clear dominance of dimethylamine anchoring (only red color). This leads to the conclusion that the 

presence of the catechol moiety in ring B can favor the binding through -OH. In the malvidin 

derivatives JO12 and JO13, however, the presence of the methoxy groups flanking the 4'-OH group 

can sterically hinder the complexation to TiO2, thus favoring anchoring through the dimethylamine 

group. 

 

3.3. Optical properties of the assembled DSSCs and impact on the IPCE 

The results for the dyes adsorbed onto TiO2 films discussed in the previous section provide a 

preliminary assessment of what to expect in terms of the dye-TiO2 interaction. Nevertheless, when 

considering the solar cell device as a whole, the interactions between the dye-TiO2 complex and the 

other components of the system have important consequences for the overall energetics of the cell. 

(Hagfeldt et al., 2010) One of such component is the electrolyte. As already discussed, these 

compounds, which have prototropic equilibria, are sensitive to alterations of the local pH of the 

environment and to the ionic strength of the medium. (Oliveira et al., 2017; Pinto et al., 2019b) Hence, 

when exposed to the electrolyte in a final assembled cell, further changes might occur, not accounted 

for in terms of pH alone. In order to gain insight into the impact of these changes on the optical 

properties and how they are ultimately reflected in the external quantum efficiency of the assembled 

devices, a comparison was performed between diffuse reflectance spectroscopy and incident photon-

to-current conversion efficiency (IPCE). 

The results of diffuse reflectance spectroscopy of the assembled cells, shown in Figure 4, revealed 

interesting results. An increase in conjugation results in extended absorbance towards longer 

wavelengths. This same tendency was also verified in the cells prepared by adsorption of the dye 

under acidic conditions. As verified in the previous section, for compounds JO12 and JO13 the 
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resulting film was red, indicating adsorption via the dimethylamine group. Nonetheless, despite the 

acidic conditions employed in the adsorption, once incorporated into the assembled cells, the 

compounds show an intense longer-wavelength absorbance. This may be an indication that contact 

with the acetonitrile-based electrolyte and the high ionic strength of the concentrated LiI electrolyte 

(Furube et al., 2005) can promote rearrangement from anchoring via the dimethylamine group to 

anchoring through phenol groups. 

 

 
Figure 4. Absorption spectra measured in diffuse reflectance spectroscopy geometry for DSSCs based on 
compounds JO3, JO9 and JO10 (a) and JO11, JO12 and JO13 (b) adsorbed from 0.5 mM ethanol solutions 
of the dyes; absorption spectra measured in diffuse reflectance spectroscopy geometry of DSSCs based on dyes 
JO3+, JO9+ and JO10+ (c) and JO11+, JO12+ and JO13+ (d) adsorbed from acidified 0.5 mM ethanol solutions 
of the dyes. 

 

This hypothesis is supported by the IPCE results (Figure S8). For all compounds there is a clear 

contribution to the current production from absorption at wavelengths above 550 nm. This is an 

indication of adsorption via -OH units, since, as already discussed, anchoring via the dimethylamine 

groups results in hypsochromic shifts. For devices JO10+, JO12+ and JO13+ (adsorption from acidic 

solution), however, a contribution at shorter wavelengths was also verified (Figure S8). This can be 

an indication of the existence of residual anchoring via the dimethylamine group. In these cases, this 

additional anchorage can eventually be advantageous, increasing the wavelength range contributing 
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to current production in these specific devices, with a corresponding increase in the overall efficiency 

of these cells. 

 

 

3.4. Photovoltaic performance of the DSSCs 

The photocurrent density–voltage plots for DSSCs assembled with the pyranoflavylium dyes LC1 – 

AF3 are shown in Figure 5. Analysis of these data allowed determination of the short circuit current 

density (JSC), open circuit voltage (VOC), fill factor (FF) and overall conversion efficiency (η), 

summarized in Table 2. The photovoltage generated by the cell under illumination corresponds to the 

difference between the Fermi level of the electron in the semiconductor and the redox potential of the 

electrolyte. (Grätzel, 2005) Therefore, the electrolyte composition used is known to have a direct 

impact on the VOC values obtained for the devices. Lithium is known to act as a TiO2 Fermi level 

stabilizer, thus moving the TiO2 conduction band towards more positive potentials, usually resulting 

in higher JSC values in detriment of VOC results. (Jennings and Wang, 2010) Opposite to the effect of 

the lithium ion on the conduction band of TiO2, pyridine derivatives, such as tert-butylpyridine, are 

known to elevate the energy level of the lower end of the TiO2 conduction band, resulting in higher 

VOC. Thus, the electrolyte composition used is determinant for the VOC values obtained. As previously 

shown (Pinto et al., 2019b), in this family of compounds the addition of pyridine derivatives, despite 

resulting in higher VOC values, showed a tremendous negative impact in the JSC produced by the 

devices, resulting in ca.10-fold decrease in efficiency. Therefore, in this work, a lithium-based 

electrolyte (with no further additives) was used resulting in the low VOC values verified.   
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Figure 5. Current-potential curves under 100 mW cm−2 simulated AM 1.5 illumination for DSSCs based on 

compounds LC1 – AF3 (Scheme 2) adsorbed from 0.5 mM solutions in ethanol. 

 

Table 2. Photovoltaic performance under 100 mW cm−2 simulated AM 1.5 illumination for DSSCs based on 

compounds LC1 – AF3 (Scheme 2) adsorbed from 0.5 mM solutions in ethanol. 

Dye 
JSC (mA 

cm-2) 
VOC 

(mV) 
Jmax (mA 

cm-2) 
Vmax 
(mV) FF η (%) 

LC1 2.08 230 1.43 155 0.47 0.23 
JO3 12.78 383 10.10 252 0.52 2.55 
JO9 8.36 326 6.84 229 0.57 1.55 
JO10 5.33 280 4.34 198 0.57 0.86 
JO11 3.83 345 3.11 238 0.56 0.75 
JO12 3.30 281 2.65 193 0.55 0.52 
JO13 2.13 258 1.73 184 0.58 0.32 
AF3 10.06 332 8.16 229 0.56 1.88 

 

The molecular structure of the compounds also significantly affects the values obtained. An increase 

in the number of C=C bonds, from compounds JO3 to JO10 (cyanidin series) or JO11 to JO13 

(oenin series) leads to a decrease in the values of both JSC and VOC (see Figure S4). Compounds JO3 

and JO11, in which the pyrano unit is linked to the 4-(dimethylamino)-cinnamyl moiety through a 

single C-C bond, present (within the cyanidin and oenin series, respectively) the highest JSC and VOC 

values, with efficiencies of 2.55 and 0.75%, respectively. For compounds JO9 and JO12, with a 

vinylene linkage connecting the two moieties, and compounds JO10 and JO13, with a 

butadienylidene linkage, there was a decrease in JSC and VOC from 8.36 to 5.33 mA cm-2 and 326 to 
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280 mV for compounds JO9 and JO10 and from 3.30 to 2.12 mA cm-2 and 281 to 258 mV for 

compounds JO12 and JO13, respectively. This ultimately leads to a decrease in the overall efficiency 

from 1.55 to 0.86% for compounds JO9 and JO10 and 0.52 to 0.32% for compounds JO12 and 

JO13. Despite the red-shift and broadening of the spectra in the visible spectral region with the 

increase in conjugation for these compounds (Figure S5), this does not translate into an increase in 

the overall efficiency of the DSSCs. Since the dimethylamine moiety is the electron-donor group of 

the molecule, it is essential that its electron pair is available for conjugation throughout the molecule 

in order to produce the desired D-π-A molecular ensemble. The increase in conjugation results in an 

increase in the value of pKa1 (see Table 1), which means that the molecules become harder to 

deprotonate. This will consequently make the dimethylamine electron pair less available to participate 

in conjugation, resulting in a reduced electron-donor ability of the dimethylamine moiety that 

ultimately results in lower efficiencies. The increase in conjugation translates into a less rigid dye 

molecule, which leads to lower PCE’s (see Figure S6) and possibly increased energy losses due to 

competition between electron injection and vibrationally-induced non-radiative decay. (Zhang et al., 

2019) Thus, a greater degree of involvement of the dimethylamine electron pair in conjugation and a 

more rigid geometric structure of the sensitizer are preferable in order to obtain faster electron 

injection, minimize energy losses and increase the overall DSSC performance. 

 

Compounds JO3, JO9 and JO10, which are cyanidin derivatives, consistently had higher efficiencies 

than their oenin analogues JO11, JO12 and JO13 (Table 2). The higher JSC and VOC values obtained 

for the cyanidin derivatives can be partially attributed to the fact that the cyanidin derivatives 

exhibited more intense absorption spectra when adsorbed onto TiO2 (Table S1), as also indicated by 

diffuse reflectance spectra of the assembled cells, Figure 6 (a), (b) and (c). Although more efficient 

absorption of light does not necessarily imply better DSSC performance, in this case, the higher 

absorbances for the cyanidin derivatives were accompanied by higher photocurrents, which translated 

in higher IPCE results [Figure 6 (d), (e) and (f)]. This suggests that the presence of electron-donor 

methoxy groups in the vicinity of the 4'-OH group involved in anchoring to TiO2 can possibly affect 

the electron injection ability of the oenin-derived compounds. Alternatively, the steric hindrance of 

these methoxy groups may be so great that anchoring through the 4'-OH group becomes less effective. 

Since both diffuse reflectance spectroscopy and IPCE indicate anchoring via -OH groups, anchoring 

via the 7-OH group must also be considered as a possibility. In order to assess the effectiveness of 

anchoring through the 7-OH group, compound AF3 was studied. Compound AF3 has a structure 

similar to that of compound JO11 but lacks the substituents in ring B and the sugar moiety. Despite 

these structural differences, compound AF3 presents an overall efficiency of 1.88%, which is ~2.5 
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fold higher than the efficiency of compound JO11. This result is due mainly to the JSC of 10.06 mA 

cm-2 and suggests that the 7-OH group of pyranoflavylium derivatives is indeed able to provide 

efficient anchoring to TiO2. Furthermore, anchorage via the 7-OH group seems to be more favorable 

than anchorage through a sterically hindered 4'-OH group, such as in compound JO11. 

 

 
Figure 6. Comparison of diffuse reflectance spectra for DSSCs based on compounds JO3 and JO11 (a), JO9 
and JO12 (b) and JO10 and JO13 (c). Comparison of IPCE spectra for DSSCs based on compounds JO3 and 
JO11 (d), JO9 and JO12 (e) and JO10 and JO13 (f). 

 

Compound JO3 was the dye that performed the best in DSSCs, with an efficiency of 2.55%, while 

its deoxyanthocyanidin counterpart, compound LC1, was the worst performer, with an efficiency of 

only 0.23%. The JSC of 2.08 mA cm-2 and VOC of 230 mV for LC1 can be attributed to the ~3-fold 

decrease in absorbance relative to compound JO3 combined with the the huge difference in the 

photocurrents, that of LC1 being ca. 6-fold lower than that of JO3. This decrease in photocurrent 

production is clearly seen in the comparison of the IPCE spectra of the two compounds (Figure S7). 

 

 

3.4.1. Effect of acid addition on the photovoltaic properties 

As previously shown (Pinto et al., 2019b), certain additives are known to affect the Fermi level of the 

TiO2 conduction band. One such phenomenon, as already mentioned, is the addition of lithium salts 

or acid, which have the ability to increase the photocurrent produced by the cells. This increase is, 
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however, usually accompanied by a decrease in the photovoltage produced, as shown in the results 

presented in Figure 7 and Table 3. This same trade-off phenomenon between JSC and VOC was verified 

for the majority of the compounds. Despite the decrease in absorption for some of the compounds 

(Table 2), most of them showed an increase in JSC, which means that the addition of acid resulted in 

an improvement in the PCE that was significant enough to affect the final cell efficiency positively 

(Figure S8). 

The most striking improvement was verified for compound LC1. Addition of HClO4 (LC1+) resulted 

in a ca. 5-fold increase in the photocurrent from 2.08 to 10.63 mA cm-2 and an increase in the 

photovoltage from 230 to 308 mV. This led to an increase of the overall efficiency from 0.23 to 1.65% 

for samples LC1 and LC1+, respectively (Figure S9).   

Sample JO3+, on the other hand, was the only dye that, despite an increase in JSC (from 12.78 to 15.51 

mA cm-2, for samples JO3 and JO3+, respectively), showed a decrease in the final efficiency (from 

2.55 to 2.33%) due to a decrease in VOC and the fill factor (FF) measured for samples JO3 and JO3+, 

respectively. Under these same conditions, the less-substituted, readily synthesized compound AF3+ 

attained a final efficiency of 2.34%, a result similar to the overall best performing dye JO3+.  

 

Figure 7. Current-potential curves under 100 mW cm−2 simulated AM 1.5 illumination for DSSCs based on 
compounds LC1 – AF3 (Scheme 2) in 0.50 mM solution in ethanol containing 10 µL HClO4,  
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Table 3. Photovoltaic performance under 100 mW cm−2 simulated AM 1.5 illumination. of DSSCs based on 

compounds LC1 – AF3 in 0.50 mM solution in ethanol containing 10 µL HClO4,  

Dye JSC (mA 
cm-2) 

VOC 
(mV) 

Jmax (mA 
cm-2) 

Vmax 
(mV) FF η (%) 

LC1+ 10.63 308 8.27 199 0.50 1.65 
JO3+ 15.51 324 11.48 203 0.46 2.33 
JO9+ 10.33 318 8.11 208 0.51 1.69 
JO10+ 7.32 268 5.71 176 0.51 1.01 
JO11+ 7.36 399 6.02 283 0.58 1.67 
JO12+ 4.55 289 3.57 195 0.53 0.70 
JO13+ 2.69 239 2.19 168 0.57 0.37 
AF3+ 12.96 337 10.51 223 0.54 2.34 

 

 

4. Conclusions 

The pyranoanthocyanins present in red wines were previously shown to display great potential as 

photosensitizers in bio-inspired DSSCs. (Pinto et al., 2019a, 2019b) In the present work, following a 

bio-inspired strategy, eight dimethylamino-derived pyranocyanidin- and pyranomalvidin-3-O-

glucoside compounds were applied for the first time in DSSCs. Furthermore, the impact of extending 

the π-electron conjugation through insertion of C=C bonds between the pyrano moiety and the 

dimethylamino group was studied. An overall efficiency of 2.55% was obtained for the best 

performing compound, 4-(dimethylamino)-cinnamyl-pyranocyanidin-3-O-glucoside (JO3). This 

result represents an improvement of 157% upon substitution of methoxy and hydroxy groups in ring 

E by a dimethylamine group (Pinto et al., 2019b), emphasizing the importance of studying even 

stronger dialkylamine-derived donors for DSSC applications of pyranoanthocyanin and 

pyranoflavylium-based dyes. Effective participation of the dialkylamine electron pair in the 

conjugation and a more rigid sensitizer chromophore are preferable in order to obtain faster electron 

injection, minimize energy losses and increase the overall DSSC performance. The results for the 

readily synthesized compound AF3 are particularly intriguing since, to the best of the authors’ 

knowledge, this is the first time that an efficiency of 2.34% was achieved for a DSSC based on a dye 

with a single OH group as the anchoring unit. This suggests that, for pyranoflavylium derivatives, a 

7-OH group may be sufficient to provide adequate anchoring to TiO2.  The present work not only 

consolidates this family of compounds as highly promising candidates as dye-sensitizers in DSSC 

applications, but also paves the way for further study of a ‘dual-point anchorage’ approach to the 

design of new related bioinspired molecules. Furthermore, this work fills a gap usually found in the 



23 
 

application of this family of compounds in DSSCs. Most works fail to fully grasp the impact of the 

available prototropic equilibria and the related spectroscopic changes found in this family of 

compounds in their performance for DSSC applications. By modifying the pH of the adsorption 

media, one can affect absorbance position and intensity, as well as the protonation degree of the 

molecules (which will reflect on electron donor ability and anchoring units). Only with this type of 

comprehensive study of the impact of the degree of protonation of the dyes in their final performance 

as light absorbers in the devices, one can fully conclude about their potential for energy applications. 
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