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Synthetic analogues of anthocyanins as sensitizers for
dye-sensitized solar cellst

Giuseppe Calogero,*@ Alessandro Sinopoli,>< llaria Citro,® Gaetano Di Marco,?
Vesselin Petrov,° Ana M. Diniz,” A. Jorge Parola® and Fernando Pina*P

Seven flavylium salt dyes were employed for the first time as sensitizers for dye-sensitized solar cells
(DSSCs). The theoretical and experimental wavelengths of the maximum absorbances, the HOMO and
LUMO energy levels, the coefficients, the oscillator strengths and the dipole moments are calculated for
these synthetic dyes. The introduction of a donor group in the flavylium molecular structure was investi-
gated. Photophysical and photoelectrochemical measurements showed that some of these synthetic ana-
logues of anthocyanins are very promising for DSSC applications. The best performance was obtained by
a DSSC based on the novel compound 7-(N,N-diethylamino)-3',4'-dihydroxyflavylium which produced a
2.15% solar energy-to-electricity conversion efficiency, under AM 1.5 irradiation (100 mW cm~2) with a
short-circuit current density (J;) of 12.0 mA cm™2, a fill factor of 0.5 and an open-circuit voltage (V) of
0.355 V; its incident photocurrent efficiency of 51% at the peak of the visible absorption band of the dye
is remarkable. Our results demonstrated that the substitution of a hydroxylic group with a diethylamine
unit in position 7 of ring A of the flavylium backbone expanded the n-conjugation in the dye and thus
resulted in a higher absorption in the visible region and is advantageous for effective electron injection
from the dye into the conduction band of TiO,.

Introduction

Since their appearance in the late eighties,"”* nanocrystalline

dye-sensitized solar cells (DSSCs)* have drawn a lot of attention
from the scientific community due to their ease of fabrication,
low cost and competitiveness with different photovoltaic
systems based on p-n junctions. DSSCs perform also relatively
better compared with other solar cell technologies under
diffuse light conditions and at higher temperatures. With the
development of nanomaterials and molecular design, DSSCs
recording efficiencies of up to 13% for small cells*® have been
accomplished. The prospect of low-cost investment and fabri-
cation are key features.

DSSCs offer the possibility to design solar cells with a large
flexibility in shape, colour, and transparency. Integration into
different products opens up new commercial opportunities. In
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DSSCs, the primary charge separation is achieved by means of
a photoexcited dye capable of performing the electron injec-
tion into the conduction band of a wide band-gap semi-
conductor, usually TiO, (see Fig. 1). Due to its crucial role in
such systems, considerable efforts have been directed towards
the development and improvement of new families of dyes.
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Fig. 1 Schematic representation of the elementary steps involved in a dye-sen-

sitized solar cells based on 7-diethylamine-3',4’-dihydroxyflavylium dye. The
frontier orbital plots of HOMO and LUMO were drawn and calculated by
Gaussian 09 software.
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The dyes used in DSSC technologies must conform to essential
design requirements in order to act as good sensitizers. They
must bind strongly to TiO, by means of an anchoring group,
typically carboxylic or hydroxyl groups, to ensure efficient elec-
tron injection into the TiO, conducting band and to prevent
gradual leaching by the electrolyte. The dye must absorb solar
radiation strongly with absorption bands in the visible or near-
IR region, preferably covering a broad range of wavelengths.
Electron transfer from the dye to the TiO, must also be rapid
in comparison with decay to the ground state of the dye. The
LUMO of the dye must be sufficiently high in energy for
efficient charge injection into the TiO,, and the HOMO must
be sufficiently low in energy for efficient regeneration of the
oxidized dye by the redox couple (Fig. 1). The oxidized and the
reduced form of the ground and excited states must be stable.’

Usually Ru(u) and Os(u) polypyridine complexes are the
most efficient sensitizers in DSSCs. The design and synthesis
of polynuclear metal complexes based on luminescent and
redox-active building blocks are attractive topics for both
theoretical and applicative reasons. In particular, the develop-
ment of this field would contribute to the design of metal-
based supramolecular systems featuring made-to-order energy
migration and redox patterns, which could play a role in light-
energy conversion. In those systems, the metal-based building
blocks were arranged in dinuclear structures by the use of
bridging ligands and well-known synthetic strategies.'®™*?
These dyes are, however, based on expensive rare metals,
require complex multistep syntheses involving toxic and environ-
mentally harmful chemicals which are not sustainable for
large mass-scale application. Organic dyes as alternative sensi-
tizers to the Ru(u) complexes exhibit many advantages: (i) the
molecular structures of organic dyes are diverse in form and
can be easily designed and synthesized; (ii) concerning the
cost and environmental issues, organic dyes are superior to
noble metal complexes; (iii) the molar extinction coefficients
of organic dyes are usually higher than those of Ru(u) com-
plexes, making them attractive for thin film and solid-state
DSSCs. However, they also present some disadvantages typical
of organic synthetic dyes, mainly the fact that are often less
stable than inorganic complexes, need long tedious purifi-
cation procedures, they are sometimes toxic and their by-pro-
ducts usually are not environmentally friendly. Hagfeldt and
co-workers reported a complete description of the most repre-
sentative synthetic dyes for application in DSSCs."*

Recently, natural dyes have shown promise as efficient
photosensitizers.’>” Several natural dyes are easily available,
low in cost, non-toxic, environmentally friendly and fully bio-
degradable. So, for both practical and fundamental reasons,
some groups have investigated the possibility of achieving
solar energy conversion exploiting nanocrystalline titania sen-
sitization with natural pigments, mostly from one of the three
main families: chlorophylls, betalains and anthocyanins. Of
course, for natural sensitizers structural arrangements are not
possible, because they developed through Nature’s evolution
process. In this case the research activity is only limited to
select the right natural source for isolation of the identified
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Fig. 2 Chemical structures of 2-phenyl-1-benzopyrylium and anthocyanidins.

sensitizer and find the best operating conditions (concen-
tration, pH, extraction techniques, size of titanium oxide nano-
particles, thickness of photoanode film, soaking time,
electrolyte composition, etc.).'*°

Among natural dyes for DSSCs, anthocyanins are versatile
molecules that include the ubiquitous colorants used by
Nature to confer colour to most flowers and fruits. They are
glycosides of polyhydroxy and polymethoxy derivatives of
2-phenyl-1-benzopyrylium salts (Fig. 2).>' Anthocyanins occur-
ring in Nature derive from several anthocyanidins or aglycones
(Fig. 2), but only six are common in foods - cyanidin, peoni-
din, pelargonidin, malvidin, delphinidin, and petunidin.**">*
Research on anthocyanins and related compounds has
matured in the last two decades producing many results:
discovery and characterization of many new natural
compounds,”®>° clarification of the mechanisms of
colour,’** understanding of the kinetic scheme complexity
and its exploitation as multistate/multifunctional systems for
information processing at the molecular level,*** and for
application in solar cells.'®*® Their colour palette derives in
part from their ability to switch between a variety of species
(flavylium cations, neutral quinoidal bases, hemiketals and
chalcones among others) by means of external stimuli such as
pH, temperature and light.

However, for DSSC purposes, it is possible to follow a bio-
inspired strategy and with the adequate structural modifi-
cations prepare quasi-natural biomimetic compounds. The
ideal natural sensitizer could be a dye with similar properties
of natural anthocyanins but which could be designed and pre-
pared by simple synthetic procedures, not toxic and environ-
mentally friendly. In the case of the flavylium compounds,
progress in the optimization of the design of the sensitizer has
been made through the substitution of some groups in the
ring or introducing some component in the molecular struc-
ture of the dye tailoring desired energy levels and absorption
properties.*®

First of all, we must clarify and stress that the separation
between natural anthocyanins and synthetic flavylium salts is
rather recent and that from the physical chemistry point of
view the two groups are analogous. The chemists who
pioneered this field of research did not make such a
distinction.**** Synthetic flavylium ions are constituted by the
carbon skeleton 2-phenyl-1-benzopyrylium, Fig. 2. The family
of compounds exhibiting this basic structure comprises also
anthocyanidins, anthocyanins and deoxyanthocyanins that
generically belong to the flavonoid class of natural
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A - Quinoidal base

Scheme 1 Flavylium network of chemical reactions.

compounds. It is well known that almost all flavylium com-
pounds, independently of being natural or synthetic, follow
the chemical reaction network shown in Scheme 1. The flavy-
lium cation AH" is the predominant species in the equilibrium
under sufficiently acidic conditions. When the pH is raised the
flavylium cation is involved in two parallel reactions: deproto-
nation to form the quinoidal base A and hydration in position
2 followed by proton loss to give hemiketal B. The cis-chalcone
Cc is formed from B by a tautomeric process and the trans-
chalcone Ct forms via isomerisation of the former. Depending
of the substituents, the pH-dependent mole fraction distri-
bution in the equilibrium (thermodynamic) and the rates of
the conversion between different species (kinetic) in the
network are different. Distinct photochemistry and photo-
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physical behaviour is also observed depending on the substi-
tution pattern. Usually the photochemically and pH-induced
transformations of the flavylium cation are the basis of the
design of write-lock-read-unlock-erase cycles for optical mole-
cular level memory with multiple readout capacity.® In this
work we prepared several flavylium compounds suitable to be
employed for the first time as sensitizers in the DSSC techno-
logies. Changing the position and the nature of the substitu-
ents in the 2-phenyl-1-benzopyrylium skeleton, a family of
seven selected flavylium compounds was synthesized and
investigated (Fig. 3). Here we present a complete study of these
promising synthetic sensitizers analogous of anthocyanins.
For the novel 7-(N,N-diethylamino)-3',4"-dihydroxyflavylium,
which presented the best results in DSSCs, a detailed

3’,4’,5’-trihydroxyflavylium

f
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®
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7,8-dihydroxy-4-methylflavylium

7-diethylamine-3’,4’-dihydroxyflavylium

Fig. 3 Chemical structures of the seven flavylium investigated ions.
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thermodynamic and kinetic study is also reported aiming to
understand how to prepare other flavylium compounds with
improved photovoltaic performance of this family of dyes. The
new era of “biomimetic” environmentally friendly sensitizers
is open.

Experimental
General information and instruments

All solvents and chemicals employed for synthesis and for
preparation of samples were of reagent or spectrophotometric
grade and were used as received. The absorption spectra of the
photo-electrodes were recorded by a Perkin Elmer L20 spectro-
photometer UV-Vis (range 180 nm-1100 nm). Current-voltage
curves were recorded by a digital Keithley 236 multimeter con-
nected to a PC and controlled by a homemade program.
Simulated sunlight irradiation was provided by a LOT-Oriel
solar simulator (Model LS0100-1000, 300 W Xe arc lamp
powered by LSN251 power supply equipped with AM 1.5 filter,
100 mW cm™?). Incident irradiance was measured with a
Si-based pyranometer. Incident photon-to-current conversion
efficiency (IPCE) and relative photo-action spectra of sealed
DSSCs were measured by a IPCE station. The IPCE station was
composed of a 150 xenon light source (model ASB-XE, Spectral
Products), a monochromator (model CM110, Spectral Pro-
ducts) equipped with a slit set, a Si calibrated detector (model
818-UV, Newport), a Picoamperometer (model 6487, Keithley)
and a IPCE Solarena Software.

NMR spectra were run on a Bruker AMX 400 instrument
operating at 400.13 MHz (‘H) and 100.00 MHz (*C). UV-Vis
spectroscopic experiments were carried out in Millipore water.
The pH of the solutions was adjusted by addition of HCI,
NaOH or universal buffer of Theorell and Stenhagen,*> and pH
was measured in a Radiometer Copenhagen PHM240 pH/ion
meter. UV-Vis absorption spectra were recorded in a Varian-
Cary 100 Bio or 5000 spectrophotometer. The stopped flow
experiments were conducted in an Applied Photophysics SX20
stopped-flow spectrometer provided with a PDA.1/UV photo-
diode array detector.

Synthesis

(a) 4'-Hydroxyflavylium hydrogensulfate. This compound
was available from previous studies.*®

(b) 3',4-Dihydroxyflavylium hydrogensulfate. This com-
pound was prepared from condensation of 2-hydroxybenzalde-
hyde (4.1 mmol, 0.50 g) and 3',4-dihydroxyacetophenone
(4.3 mmol, 0.65 g). The reagents were dissolved in 5 ml of
acetic acid and 1 ml of 98% H,SO, was added. The reaction
mixture was stirred overnight. By the following day, ethyl
acetate was added and a red solid precipitated. The solid was
filtered off and carefully washed with ethyl acetate and diethyl
ether and dried, yielding 1.21 g of 3',4"-dihydroxyflavylium
hydrogensulfate (3.6 mmol, 88%). "H NMR (DCl/CD;0D, pD =
1.0, 400.13 MHz) § (ppm): 9.17 (1H, d, Hy, *Jianz = 9.2 Hz),
8.61 (1H, d, Hj, *Jy3-n4 = 9.2 Hz), 8.22 (4H, m, H;, H,, Hy,
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Hg), 7.99 (1H, d, Hy, Ya e = 2.3 Hz), 7.89 (1H, t, He, *Jiie_ns,
He-ti7 = 8.00 Hz, “Ji6 s = 1.20 Hz), 7.13 (1H, d, Hg, *Jusy =
8.60 Hz). >C NMR (DCI/CD;0D, pD ~ 1.0, 100.00 MHz) &
(ppm): 172.26, 159.74, 156.67, 148.83, 139.12, 131.47, 130.61,
129.03, 124.87, 121.46, 119.87, 118.49, 117.20. Elemental
analysis calculated for Cy5H;,0,S: C 53.57; H 3.60; S 9.53%);
found: C 52.77; H 3.19; S 9.82%.

(c) 3',4',5-Trihydroxyflavylium chloride. This compound
was prepared from condensation of 2-acetylbenzaldehyde®’
(2 mmol, 032 g) and 2',3',4-trihydroxyacetophenone
(12 mmol, 2.01 g). 2',3',4-Trihydroxyacetophenone was dis-
solved in 98 ml of MeOH. The solution was saturated with dry
hydrogen chloride.*® Upon a ca. 15% increase in the volume,
the HCI bubbling was stopped and 2-acetylbenzaldehyde pre-
viously dissolved in 35 ml of MeOH was added to the mixture
at 0 °C and left at room temperature overnight. The solution
was concentrated and a solid precipitated out upon addition
of diethyl ether. The solid was filtered off, carefully washed
with diethyl ether and vacuum-dried. Recrystallization from
HCI/MeOH yielded 0.27 g (0.92 mmol, 46%) of 3',4',5-tri-
hydroxyflavylium chloride. "H NMR (DCIl/CD;0D, pD = 1.0,
400.13 MHz) & (ppm): 9.03 (1H, d, H, *Jizs_n13 = 9.4 Hz), 8.93
(1H, d, Hs, *Jy3-ma = 9.4 Hz), 8.15 (3H, m, Hg, H,, Hy), 7.94
(1H, d, Hs, *Js_n6 = 9.3 Hz), 7.82 (1H, m, H-), 6.74 (1H, d, Hs,
*Jue-us = 9.3 Hz). (DCI/CD;OD, pD =~ 1.0, 400.13 MHz)
d (ppm): 9.03 (1H, d, Hy, ¥Juns = 9.4 Hz), 8.93 (1H, d, H,,
*Jus-na = 9.4 Hz), 8.15 (3H, m, H,, He, Hg), 7.94 (1H, d, Hs,
*Jus-ne = 9.3 Hz), 7.82 (1H, m, H,), 6.74 (1H, d, Hg, *Jie1i5 =
9.3 Hz). *C NMR (DCl/CD;OD, pD = 1.0, 100.00 MHz)
d (ppm): 173.27, 157.42, 155.09, 154.20, 151.65, 137.05,
133.30, 129.71, 128.65, 123.90, 122.93, 120.06, 118.18, 111.27,
109.02. Elemental analysis calculated for C;5H;,ClO,-1/2H,0:
C 60.11; H 4.04%; found: C 60.63; H 3.91%.

(d) 3',4',7-Trihydroxyflavylium chloride. This compound
was prepared from condensation of 2,4-dihydroxybenzalde-
hyde (5 mmol, 0.69 g) and 3',4’-dihydroxyacetophenone
(5 mmol, 0.76 g). The reagents were dissolved in 12 ml of
acetic acid and 3 ml of 98% H,SO,. The reaction mixture was
stirred overnight. By the following day diethyl ether was added
and a orange solid precipitated. The solid was filtered off and
carefully washed with diethyl ether and dried, yielding 0.72 g
(2.04 mmol, 40%) of 3',4',7-trihydroxyflavylium hydrogensul-
fate. Recrystallization from HCl/MeOH 3',4',7-trihydroxyflavy-
lium chloride was obtained: "H NMR (DCI/CD;0D, pD = 1.0,
400.13 MHz) 5 (ppm): 9.03 (1H, d, Hy, *Ji43 = 8.8 Hz), 8.28
(1H, d, H3, *Ji3-14 = 8.8 Hz), 8.13 (1H, d, Hs, *Ji5_116 = 8.9 Hz),
8.01(1H, dd, Hg', *Jie—s = 8.6 Hz, *Jiye11or = 2.2 Hz), 7.86 (1H,
d, Hy, YJ2ne = 2.2 Hz), 7.53 (1H, d, Hg, “Jus_ns = 1.8 Hz),
7.39 (1H, dd, He, *Jiie-ns = 8-88 Hz, *Ji6_11s = 1.8 Hz), 7.08 (1H,
d, Hs, *Jus e = 8.6 Hz). *C NMR (DCl/CD;0D, pD = 1.0,
100.00 MHz) & (ppm): 172.26, 168.48, 158.62, 155.86, 152.47,
146.97, 132.39, 125.00, 120.75, 120.25, 118.43, 116.68, 114.95,
112.27, 102.30. Elemental analysis calculated for
C,5H,,ClO,-H,0: C 58.36; H 4.24%; found: C 58.56; H 4.04%.

(e) 7,8-Dihydroxy-4-methoxyflavylium chloride. This com-
pound was prepared from condensation of 2,3,4-
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trihydroxybenzaldehyde (3 mmol, 0.46 g) and 4’-methoxyaceto-
phenone (3 mmol, 0.45 g). The reagents were dissolved in 9 ml
of acetic acid and 2 ml of 98% H,SO,. The reaction mixture
was stirred overnight. The following day diethyl ether was
added and a dark maroon solid precipitated. The solid was fil-
tered off and carefully washed with diethyl ether and dried
yielding 0.80 g (2.2 mmol, 76%) of 7,8-dihydroxy-4-methoxy-
flavylium hydrogensulfate. From recrystallization in HCl/MeOH
7,8-dihydroxy-4'-methoxyflavylium chloride was obtained
(0.45 g, 49%): "H NMR (DCI/CD;0D, pD ~ 1.0, 400.13 MHz) §
(ppm): 9.05 (1H, d, Hy, /14 13 = 8.8 Hz), 8.48 (2H, d, H,,, Hy,
uzemze = 9.0 Hz), 8.29 (1H, d, Hj, *Jys_n4 = 8.8 Hz), 7.67
(1H, d, He, *Ji6-ns = 8.8 Hz), 7.41 (1H, d, Hs, *Ji5_16 = 8.8 Hz),
7.20 (2H, d, Hy, Hy, *Juzns 126 = 9-0 Hz), 3.92 (3H, s, CH3).
Elemental analysis calculated for C;6H;3ClO4H,0: C 59.54;
H 4.68%; found: C 59.29; H 4.03%.

(f) 7,8-Dihydroxy-4-methylflavylium hydrogensulfate. This
compound was available from previous studies.*’

(g) 7-(V,N-Diethylamino)-3',4'-dihydroxyflavylium chloride.
This compound was prepared from condensation of 2-hydroxy-
4-diethylaminebenzaldehyde (4 mmol, 0.77 g) and 3',4'-di-
hydroxyacetophenone (4 mmol, 0.61 g). The reagents were dis-
solved in 12 ml of acetic acid and 3 ml of 98% H,SO,. The
reaction mixture was stirred overnight. By the following day
diethyl ether was added and a dark green solid precipitated.
The solid was filtered off and carefully washed with diethyl
ether and dried yielding 1.14 g (2.8 mmol, 76%) of 7-(N,N-
diethylamino)-3',4"-dihydroxyflavylium hydrogensulfate. From
recrystallization in HCI/MeOH 7-(N,N-diethylamino)-3’,4"-di-
hydroxyflavylium chloride was obtained (0.67 g, 48%): "H NMR
(DC1/CD;0D, pD = 1.0, 400.13 MHz) § (ppm): 8.57 (1H, d, H,
3 Jta-m3 = 8.2 Hz), 7.90 (1H, d, Hj, *Jy5_n6 = 9.3 Hz), 7.78 (2H, d,
H;, Hg), 7.70(1H, s, Hy), 7.39 (1H, d, He, *Juens = 9.3 Hz),
7.20 (1H, s, Hg), 7.00 (1H, d, Hs/, *Jus e = 8.36 Hz). >°C NMR
(DCI/CD;0D, pD & 1.0, 100.00 MHz) § (ppm): 167.90, 159.30,
156.30, 153.15, 148.39, 146.44, 132.01, 122.29, 120.92, 117.85,
117.45, 116.18, 114.00, 107.95, 95.67, 45.71 (NCH,), 11.39
(CH3). Elemental analysis calculated for C;oH,,CINO;-H,O:
C 62.72; H 6.09%; found: C 63.18; H 6.10%.

Computational methods

The initial structures of the compounds were prepared with
Gauss View 2.0. The optimization of geometries of the ground
state of the seven flavylium dyes was carried out employing
density functional theory (DFT) calculations method with
B3LYP functional and the basis set 6-31+G(d).’>" The theo-
retical evaluation of the electron density in the HOMO and
LUMO of the dye molecules and the vertical electronic exci-
tations were calculated using the time-dependent density func-
tional theory (TDDFT) with B3LYP functional and the same
basis set mentioned above.”> Obtaining accurate UV-Vis
spectra from computational methods®? is not the main aim of
this study; therefore the excited states are examined in the
solvent-free molecular forms of these natural dyes. The oxi-
dation potentials and the excitation energies for the investi-
gated dyes were determined from TDDFT analysis. The
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molecules’ ground state geometries, dipole moments and fron-
tier orbital plots of HOMO and LUMO were drawn and calcu-
lated by Gaussian 09 software.

Fabrication of DSSCs

The conductive glass plates 2.2 mm thick (FTO glass, fluorine-
doped SnO,, sheet resistance 15 Q cm_z) and the titanium
oxide (TiO,) paste T/SP (nanoparticles diameter < 25 nm) were
purchased from Solaronix SA. The photoanodes were prepared
depositing TiO, film on the FTO conducting glass plates (sized
1.5 cm x 1.5 cm) by doctor blade: two opposite edges of the
FTO glass plate were covered with two stripes of an adhesive
tape (3 M Magic) both to control the thickness of the film and
to mask electric contact strips. The TiO, paste was spread uni-
formly on the substrate by sliding a glass rod along the tape
spacer and then the two adhesive tape stripes were removed.
After drying the TiO,, the anode glass plates were sintered in
air for 30 minutes at 450 °C. The resulting mesoscopic oxide
film was transparent, with a thickness of about 10 pm. The
photoanodes employed for the UV-Vis absorption measure-
ment were made using a screen printer, using a mesh size of
100.40 in polyester fibres in order to obtain a transparent ultra-
thin TiO, film with an estimated thickness, after sintering
process, of about 2 pm. The cooled photoanodes were soaked
for 2 h in a 5 x 107* M ethanol solution at room temperature
in the dark. The excess dye was removed by rinsing with
ethanol and then the photoanode was dried in an oven (80 °C)
for a short time. The electrolyte solution was optimized for the
flavylium salt using 0.05 M I, and 0.7 M Lil in acetonitrile.
Counter-electrodes were prepared by sputtering a light reflect-
ing Pt mirror (>500 nm thick) onto an FTO conductive glass.
The sputtering system consisted in a 150 watt RF-magnetron
which generally works at low pressure (107°~107° Torr) under a
N, gas flow.>® Parafilm® sealed cells (0.25 cm?® active area)
were built by pressing the sensitized photoanode against a
platinum-sputtered counter-electrode. The photoanode and
the platinum counter-electrode were assembled and clipped in
a sandwich-type arrangement with the electrolyte solution
placed in between; Parafilm® frame was used to confine the
liquid electrolyte inside the cell. The thickness of the liquid
layer corresponded roughly to the thickness of the frame
borders (~100 pm). In this configuration the solar cell was
stable towards solvent evaporation and leaking for several days
even when using volatile solvents like acetonitrile.

Result and discussion
Synthetic strategy

The synthesis of flavylium compounds is commonly achieved
through the acid-catalyzed condensation of acetophenones
with salicylaldehydes (see ESIf), often following a method
introduced early by Robinson®® and slightly modified by
Katritzky et al.>® The flavylium salts used in this study were
either available from previous studies (4’-hydroxyflavylium
hydrogensulfate’®  and  7,8-dihydroxy-4-methylflavylium
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hydrogensulfate*®) or synthesized following the above pro-
cedures. In the case of flavylium compounds with three or
more hydroxyl groups, higher yields are usually obtained if the
salicylaldehyde is previously acylated; this strategy was used in
the synthesis of 3',4',7-trihydroxyflavylium chloride.>®

Optical properties and computational analysis

An important thermodynamic requirement of the dyes to be
used in DSSC technology is that the HOMO level of the sensi-
tizer has to be sufficiently positive in the redox potential for
efficient regeneration of the oxidized dye molecule to its orig-
inal state by the iodide electrolyte and the LUMO energy of the
dye has to be sufficiently higher than the conduction band
edge of the semiconductor (Ecg).”” All the seven studied com-
pounds, in ethanol solution, exhibited a good absorption
maximum in the UV-Vis region and this optical property
makes them potential candidates for light harvesting in DSSCs
(see experimental data in Table 1). In previous work, complex-
ation of flavylium derivatives with AI>* bearing a catechol unit
at positions 3',4" as well as natural anthocyanidins, cyanin and
luteolinidin, was described.*® The blue color in Nature is
obtained by a supramolecular structure involving metal com-
plexation of the o-dihydroxy groups in ring B. According to our
best knowledge, adsorption of flavylium synthetic dyes to the
semiconductor was performed for the first time. This reaction
is completed in 120 minutes, as reported in the experimental
part. The formation of blue films in the present compounds is
an indication of the quinoidal base interaction with TiO, and
by consequence the DFT and TDDFT calculations were per-
formed considering this species. In fact, all the dyes, when
deposited onto TiO, film, showed three typical absorption fea-
tures: a shoulder at ca. 380 nm and two bands around 440 and
540 nm (Fig. 4). Compound c showed the most intense absorp-
tion band (440 nm). Comparing compound ¢ with compound
b the latter presents a broader band shifted to the red by
50 nm, due to the removal of a hydroxylic group. The opti-
mized ground state geometries were used to assess the struc-
tural contribution of the molecule to its photophysical
properties. All the seven compounds present a planar structure
in the quinonoidal form. The theoretical and experimental
wavelengths of the maximum absorbance, the HOMO and
LUMO energy level, the coefficients, the oscillator strength and
the dipole moment are shown in Table 1. The charge

Table 1 Calculated (TDDFT/B3LYP) ground state and excitation
moment for flavylium dyes in quinoidal form
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Fig. 4 UV-Vis absorption spectra of flavylium dyes absorbed on a 2 um thick
TiO, film screen-printed on FTO glass.

distribution in the frontier molecular orbitals is depicted in
Table 2a. In Table 2b are showed the charge distribution in the
frontier of molecular orbitals for some of the investigated flavy-
lium dyes (b, d, g). As reported by Cherepy et al,*® the pres-
ence of Ti(wv) shifts the absorption spectra in the red region
and consequently changes the charge distribution. From
Table 2b for the quinonoidal form complexed with Ti(wv), the
HOMO (highest occupied molecular orbital) is more located
on the chromophore end of the complex, while the LUMO
(lowest unoccupied molecular orbital) electron density is more
located near the Ti(v) end. The calculated excited state ener-
gies are all higher than the conduction band edge of the TiO,,
which usually depends on different conditions like the pH (see
ref. 16). Scheme 2 depicts the energy-level diagram of the
ground state (HOMO) and of the singlet excited state (LUMO)
of each flavylium ion in quinoidal form. Increasing the
number of the hydroxylic groups in compounds (a), (b) and (c)
decreases the LUMO energy state while the HOMO energy
increases, reducing the theoretical energy gap (Table 1). The
introduction of one or more hydroxylic groups in the ring A of
(a) or (b) increases both the HOMO and the LUMO energy
levels, as shown for compounds (d) and (e). As suggested from
the data reported in Scheme 2, all the flavylium dyes should be
capable of injecting electrons into the conducting band of
TiO, upon excitation; if they are not able, there may be other

characteristics, configuration coefficient (C), oscillator strength (f) and dipole

Energy (eV) Absorption maximum (eV)
Cation HOMO LUMO Theoretical  Experimental C f Dipole moment (debye)
a  4-Hydroxyflavylium -5.67758 —2.90586  2.78 3.26 0.56  0.545  10.0059
b  3',4-Dihydroxyflavylium —5.49118  —2.93933  2.60 2.51 0.55 0.515 9.0012
c 3',4',5-Trihydroxyflavylium —5.45009  —2.9992 2.54 2.62 0.51  0.478 8.00227
d  3',4',7-Trihydroxyflavylium —-5.39730 —2.83784  2.64 2.46 0.33  0.615  10.8328
e  7,8-Dihydroxy-4-methoxyflavylium —5.32247 —2.78423 2.13 2.56 0.61 0158  9.6074
f 7,8-Dihydroxy-4-methylflavylium —5.34887  —2.89498  2.00 2.33 0.61  0.110 8.0211
g  7-Diethylamino-3',4'-dihydroxyflavylium  —5.07260 —2.5601 2.56 2.18 0.56  0.806  12.2103

888 | Photochem. Photobiol. Sci., 2013, 12, 883-894

This journal is © The Royal Society of Chemistry and Owner Societies 2013



Table 2 (a) HOMO and LUMO of the flavylium dyes; (b) HOMO and LUMO of the flavylium dyes attached to Ti(v)

(@)

Pigment HOMO LUMO

(a) 4"-Hydroxyflavylium

(b) 3',4"-Dihydroxyflavylium

(¢) 3',4',5"-Trihydroxyflavylium

(d) 3',4',7-Trihydroxyflavylium

(e) 7,8-Dihydroxy-4-methoxyflavylium

(f) 7,8-Dihydroxy-4-methylflavylium
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Table 2 (Contd.)

(2)

Pigment

(g) 7-Diethylamine-3',4'-dihydroxyflavylium

(b)

Pigment HOMO

LUMO

(b) 3',4"-Dihydroxyflavylium

(d) 3',4',7-Trihydroxyflavylium

(g) 7-Diethylamine-3,4"-dihydroxyflavylium
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Scheme 2 Energy level diagram of the investigated flavylium dyes.

factors that avoid this deactivation pathway. Furthermore all
the flavylium compounds possess a HOMO level energy below

890 | Photochem. Photobiol. Sci., 2013, 12, 883-894

103
..‘Va

&Y.

< -

the conventional potential of the iodide/triiodide redox couple
and this means that the electrolyte is able to reduce the oxi-
dized dye after the injection process into TiO,. Because the
data depicted in Scheme 2 are calculated and are not experi-
mental, we used these data only to estimate the energy level.
Detailed characterization of experimental properties and
values of HOMO and LUMO of flavylium dyes will be discussed
in a future paper. In Fig. 5, the optimized geometries of the
ground state of the investigated dyes with the corresponding
dipole moment of the quinoidal form are presented. As shown
in Fig. 5A, the dipole moment increases by decreasing the
number of OH groups in ring B. On the other hand, compari-
son of compound (b) with compound (d) shows that the intro-
duction of a OH group in position 7 leads to an increase of the
dipole moment. Also, substituting the OH group in position 7
by a stronger electron donor such as N,N-diethylamine leads to
an increase of the dipole moment (Fig. 5B). Comparing com-
pounds (e) and (f) (Fig. 5c), the former presents a higher

This journal is © The Royal Society of Chemistry and Owner Societies 2013



DIPOLE MOMENT
LANIWOW 310410

DIPOLE MOMENT

Fig. 5 Optimized ground state geometry and dipole moment calculated by
Gaussian 09 software for the seven flavylium dyes.

dipole moment than the latter because of the introduction of a
OCH; group in position 4’ of ring B. In conclusion, the intro-
duction of an electron-rich group (hydroxyl, methoxy, diethyl-
amine, efc.) in ring B or in the ring A decreases or increases
the dipole moment depending on the orientation of the vector
representing the dipole moment: if the electron-rich group is
inserted into the less electron-rich part of the molecular struc-
ture the dipole moment decreases (Fig. 5a), otherwise it
increases (Fig. 5b and 5c). The increment of the dipole
moment results in an increase of the sensitizing performance
of the dye.

The thermodynamic and kinetic constants of the network
of chemical reactions regarding the most promising flavylium
compound, 7-(N,N-diethylamino)-3’,4’-dihydroxyflavylium, were
studied in aqueous solution (see ESIT). The value of pK', = 4.8
indicates that the lone pair of the amino group is delocalized
into the benzopyrylium ring.>® In the quinoidal base, a similar
delocalization is also present as shown by the red-shifted
absorption maximum when compared with flavylium cations
bearing only hydroxyl groups.*® While in water the compound
exhibits the general pattern of the family, when linked to the
TiO, semi-conductor the base is stabilized preventing the
hydration to give hemiketal and the chalcones. Stabilization of
the quinoidal base in the presence of AI** was previously
reported in solution.*’

Photovoltaic performance of DSSCs

The ground and excited states of the present flavylium dyes
exhibit the necessary thermodynamic requirements to be

This journal is © The Royal Society of Chemistry and Owner Societies 2013

suitable sensitizers for DSSCs, as discussed above. The para-
meters of DSSCs sensitized with these seven flavylium dyes,
i.e., short circuit current density (/s.), open circuit voltage (Voc),
fill factor (ff) and the overall conversion efficiency (i),
measured under AM 1.5 solar light (100 mW c¢m™?), are sum-
marized in Table 3 and the photocurrent-voltage (/-V) plots
are shown in Fig. 6. The effect of the position of the hydroxylic
group on the photoelectrochemical behaviour of the flavylium
dyes when applied in the DSSC technologies was studied.
Comparing compound (a) with compound (b) we found that
the latter exhibits a better J., around seven-fold more intense,
with a corresponding 7 fifteen times better; this is related to
the greater chelating effect of the catechol group in (b) when
compared with the monohydroxylic group in compound (a).
With the introduction of a donor group (OH) in ring A of com-
pound (b) we obtained compound (d); the donor ability of the
hydroxylic group increases the dipole moment (Fig. 5) and
increases both the ground (HOMO) and the excited state
(LUMO) energies (Scheme 2). The presence of the hydroxyl
group in position 7 of compound (d) enhances the J,. of this
compound, and increases its corresponding 7 up to 1.22%. On
introducing a stronger donor group in position 7 such as
diethylamine, compound (g) is obtained with observed further

Table 3 Photovoltaic performance of DSSCs based on flavylium dyes

Jse [mA Voc Jimax [mA Vinax
Dye cm ] [mv] ff em™?] [mv] 1 [%]
a 0.70 140 0.41 0.41 100 0.041
b 5.20 254 0.47 4.35 150 0.63
c 0.46 198 0.50 0.3 150 0.046
d 6.37 342 0.55 5.49 225 1.22
e 1.72 225 0.53 1.38 150 0.208
f 2.50 119 0.39 1.55 75 0.116
g 12.03 355 0.50 9.54 225 2.15
-
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Fig. 6 J-V curves of DSSCs based on flavylium dyes under 100 mW cm~2 simu-
lated AM 1.5 illumination.
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enhancement of the current density up to 12 mA cm™>

together with a corresponding photoconversion efficiency of
2.15%, measured under AM 1.5 irradiation. For this compound
and for compound (d) the high J, values contribute to
increase the V,. up to 0.355 and 0.342, respectively. In com-
pound (g), the calculated HOMO and LUMO energies are
located higher than those of the other flavylium compounds
due to the better donor ability of the diethylamine group. Con-
sequently, compound (g) exhibits a higher driving force for
electron transfer between the dye and the semiconductor. The
replacement of a hydroxyl group with a diethylamine unit in
position 7 of the flavylium core expands the n-conjugation in
the dye increasing the effective electron injection from the dye
into the conduction band of TiO,. The diethylamine donor
group acts as an electron donor (D), the catechol moiety in
ring B behaves as an acceptor (A) and the benzopyran systems
(rings A and C) constitute a n bridge (in the quinoidal form)
defining a D-n-A structure. From the comparison of the
efficiency between compounds (f) and (b), it is evident that
the DSSC efficiency increases when the catechol group is
located in ring B because when the catechol is on ring A, on
the same side of the HOMO location, there is no good charge
separation between the excited electron and the hole (Table 2).
For compound (g), the best performance is due to the presence
of diethylamine, an electron donor, which can separate the
photoinduced electron and hole by donating electrons. This is
confirmed from the comparison between compounds (e) and
(d), where the latter exhibits a better photoconversion
efficiency and produces a higher Ji.. Concerning compound
(c), it shows an anomalous behaviour with a photovoltaic per-
formance almost the same as compound (a). In this case the
introduction of a third hydroxyl group in ring B decreases J,
showing that the extra OH group affects the neighbour cate-
chol group injection properties. Furthermore, its dipole
moment is lower than that of compound (a) and this implies
that in the ground state the HOMO of compound (c) is more
delocalized in the whole molecular structure than in (a). The
IPCE corresponds to the number of electrons, measured as
photocurrent in the external circuit, divided by the monochro-
matic photon flux that strikes the cell. Other names for IPCE
include calibrated spectral response and external quantum
efficiency (EQE). Concerning the IPCE measurements, the best
value (51%) was reached for compound (g) (see Fig. 7) and the
photo-action spectra exhibit the same profile as the corres-
ponding absorption spectra of the dye (Fig. 4). It is worth
noting how the obtained value is approaching the theoretical
limit of 69% predicted by Gratzel and co-workers in 1997 for
natural anthocyanins (a mixture of cyanidin-3-glycoside and
cyanidin-3-rutinoside).’®

Conclusions

Seven flavylium salt dyes were employed for the first time as
sensitizers for dye-sensitized solar cells (DSSCs). The com-
pound 7-(N,N-diethylamino)-3',4'-dihydroxyflavylium exhibits

892 | Photochem. Photobiol. Sci., 2013, 12, 883-894
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Fig. 7 IPCE spectra for DSSC sensitized by 7-(N,N-diethylamino)-3',4'-dihydr-
oxyflavylium (compound (g)).

the best photovoltaic performance among the investigated fla-
vylium dyes. A detailed investigation of how the introduction
of OH, OCH; and N(CH,CHj3;), electron-donor groups in the
flavylium structure affects the sensitization activity was carried
out. The results from DFT and TDDFT computational analysis
showed that the largest dipole moments arise when the elec-
tron donor groups align with the anchoring catechol moiety,
increasing the electron injection into the semiconductor. This
effect is larger when the dimethylamino group in position 7 is
aligned with the catechol group in positions 3',4'. The presence
of the catechol unit was shown to be essential for anchoring
the dye to the Ti(v) centers of the semiconductor since mono-
hydroxylic flavylium cations showed very low light to electricity
conversion efficiency. This implies that natural compounds
such as malvidin, peonidin and pelargonidin and their agly-
cones are not suitable to be employed in DSSC, while cyanidin
and its derivatives are very promising. The present study gives
for the first time the knowledge to design more efficient flavy-
lium dyes with introduction of donor/acceptor groups in ade-
quate positions of the flavylium skeleton.

In conclusion, it is possible to follow a bio-inspired strategy
and with the adequate structural modifications prepare quasi-
natural biomimetic, non-toxic and environmentally friendly
compounds by simple synthetic procedures suitable to be
employed in DSSC technologies. The new era of “biomimetic”
environmentally friendly sensitizers is open.
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