IAdvance Publication Cover Page|

Bulletin of the
Chemical
Society of

@ Japan

Malachite Green Derivatives for Dye-sensitized Solar Cells: Optoelectronic
Characterizations and Persistence on TiO>

Jean-Baptiste Harlé,* Shuhei Arata, Shinya Mine, Takashi Kamegawa, Van Tay Nguyen,

Takeshi Maeda, Hiroyuki Nakazumi, and Hideki Fujiwara*

Advance Publication on the web October 12, 2017
d0i:10.1246/bcsj.20170289

© 2017 The Chemical Society of Japan



Malachite Green Derivatives for Dye-sensitized Solar Cells:
Characterizations and Persistence on TiO,

Optoelectronic

Jean-Baptiste Harlé,*' Shuhei Arata,' Shinya Mine,” Takashi Kamegawa,” Van Tay Nguyen,’ Takeshi Maeda,’
Hiroyuki Nakazumi,’ and Hideki Fujiwara*'

1Department of Chemistry, Graduate School of Science, Osaka Prefecture University, 1-1 Gakuen-cho, Naka-ku, Sakai 599-8531
Nanoscience and Nanotechnology Research Center, Osaka Prefecture University, 1-2 Gakuen-cho, Naka-ku, Sakai 599-8570

3Department of Applied Chemistry, Graduate School of Engineering, Osaka Prefecture University, 1-1 Gakuen-cho, Naka-ku, Sakai
599-8531

E-mail: jeanbaptiste.harle@gmail.com, hfuji@c.s.osakafu-u.ac.jp

Jean-Baptiste HARLE received his M. Sc. degree in 2013 from the university Pierre and Marie Curie (Paris VI). He
then joined the Fujiwara Laboratory at Osaka Prefecture University, Japan to perform his Ph.D degree. His research

interest encompasses the development of functional materials for dye-sensitized solar cells.

Hideki FUJIWARA received his Ph.D. (1999) from Kyoto University. He was appointed as a Research Associate at
the Institute for Molecular Science in 1996 and moved to the Research Institute for Advanced Science and Technology,
Osaka Prefecture University in 2003. Then he joined the Department of Chemistry, Osaka Prefecture University in

2005. He became a Lecturer (2006), an Associate Professor (2010) and a Professor (2016) of Osaka Prefecture

University. He was awarded the Chemical Society of Japan Award for Young Chemists (2003).

Abstract

Derivatives of malachite green, a well-known
triphenylmethine dye, have been adapted for third-generation
photovoltaic applications as dye-sensitized solar cells (DSSC).
The solar cells were developed based on a concentrated Br;~
/Br~ liquid electrolyte coupled to different trifluoroacetate
(TFA"), triflate (TfO"), bromide (Br) and tetrafluoroborate
(BF,) malachite green salts as dye sensitizers and mesoporous
TiO, anatase as electron collector, and their optoelectronic
properties were characterized. The adsorption patterns of such
salts at the TiO, nanoparticles surface were studied by zeta (T)
potential measurements on colloidal suspensions under neat
conditions, and compared to the desorption rates of the dyes
when exposed to the DSSC electrolyte. The different affinities
of the ionic pairs for the oxide surface and the bulk were found
crucial for the stability of the self-assembled monolayer of
carboxylic acid-anchored chromophores at the surface, and for
the photoconversion efficiency associated therewith. This study
aimed at depicting the behaviour of the ionic pairs at the
surface and gave insights for their physical and chemical
stabilization in the DSSC environment.

1. Introduction

Malachite green (MG) and its analogs are hindered
short-chain (monomethine) cyanine dyes, i.e. conjugated ionic
type chromophores with an odd alternant system with two
extreme resonance structures between two auxochromic
nitrogens (Figure 1). It absorbs light at longer wavelength
thanks to the strong bathochromic shift induced by the steric
hindrance observed between the two N<>N-intrachain phenyl
groups." Although widespread,” mostly cost-effective and
allowing light-harvesting in the visible light and at longer
wavelength, triarylmethine dyes have been shown few interest

for photovoltaic applications. Only a few examples like Eosin
Y,? Rhodamine,*® Phloxine B and Bromophenol Blue’ or Rose
Bengal'® and Pyrogallol Red''"* dyes were reported available
for sensitization in the standard nanocrystalline TiO,
anatase-based DSSC. Malachite green and a few other
derivatives have been considered for sensitization in a
SnO,-liquid junction-based cell® and recently inserted in
CdS-based” ' and Zr-doped SITiO; photovoltaic
technologies.'® Sensitization using Ru-based complexes with
free or surface-bounded counterions have been carried out by
M. Gritzel and outlined the impact of their nature on the cells
performances,'® '” but the studies neglected the impact of the
counterions on the ionic distribution within the electrical
double layer and their influence on the adsorption energetics of
the dyes at the surface. Regulation of the diffuse ion swarm
across the dye monolayer has a bearing on the motion of ions
and the concentration gradients of the electrolyte and hence
directly  impacts the electron transfers at the
TiO,/dye/electrolyte interface.'® Therefore, to investigate the
role of the counterions under DSSC conditions, we synthesized
new malachite green dyes 1, 2 (Figures 1, 2) with a series of
free (BF,, Br) and adsorption-capable (TfO, TFA")
counterions. The cationic structures of 1Me"*, 1Dec” and 2Me*
were derived from malachite green and adapted for n-type
dye-sensitized solar cell (DSSC) sensitization with different
4-carboxyphenyl (1) and 5-carboxythiophen-2-yl (2) groups as
acceptor/anchor moieties, and n-decyl hydrophobic moieties.
The photoinactive counterions were found to play a significant
role in the photoconversion capacity of the devices developed
for this study as well as on the adsorption/desorption rates of
the cationic chromophores.
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Figure 1. Chemical structures of malachite green MG and its
derivatives 1Me", 2Me" and 1Dec’ developed for the present
study and represented in their quinonoidal form.

2. Experimental

General procedures. All syntheses were performed
under nitrogen atmosphere for safety reasons unless otherwise
noted. Commercial reagents used for the syntheses were
purchased from Tokyo Chemical Industries Ltd., Nacalai
Tesque Inc. or Wako Pure Chemical Industries and used as
received. 18NR-T transparent and PST-400C opaque titania
pastes and FTO-coated TEC7 and TEC8 plates were purchased
from Dyesol Ltd. "H NMR were recorded on JEOL INM-400
400 MHz and VARIAN 400 MHz instruments with
tetramethylsilane (TMS, & = 0 ppm) as reference. *C NMR
spectra were recorded on a JEOL JNM-400 MHz instrument
with signal of solvents [CDCl; (6 = 77.16 ppm) or CD;CN (8 =
116.79 ppm)]" as reference. CDCl; was used as a deuterated
NMR solvent of every synthetic intermediates and 1Dec-TfO.
All other malachite green's NMR samples were prepared with
dry CD;CN prepared as follows: 3A molecular sieves® were
heated in vacuo overnight to 200 °C, allowed to cool down to
room temperature and poured in a nitrogen-filled Schlenk flask.
A volume of commercial CD;CN up to twice the volume of
molecular sieves was poured inside under nitrogen flow, and
the system was left as-is for at least 24 h before use. High
resolution mass spectra (HRMS) were collected with a JEOL
mass spectrometer station JMS-700 through FAB' and FAB™
mode using 3-nitrobenzyl alcohol as matrix.

Optoelectronic  characterizations. = UV/vis/near-IR
absorption  spectra were recorded on a UV-3600
spectrophotometer (Shimadzu Corp.). Sample quartz cuvettes
with 1 cm path length sealed under argon atmosphere were
used absorption measurements of 10° M dye solutions in
superdry acetonitrile. Direct measurements of the absorption
spectra of sensitized TiO, screens were performed under air
conditions, and the spectra were collected prior to and after
treatment with an electrolyte constituted of 1.00 M LiBr(H,0),
0.05 M Br; in superdry acetonitrile. The dyes were desorbed
from the screen by dipping the photoanode into 0.06 mL of the
electrolyte solution, quenching the desorption at every 15 s
with dry acetonitrile and drying the cell under argon flow for

UV/vis/near-IR measurement under air conditions.

Fabrication of the electrodes. Colourless 3.2 mm (TECS,
Dyesol Ltd.) and 2.2 mm (TEC?7, Dyesol Ltd.) thick soda-lime
glass coated with FTO were used as conductive substrate for
the front (photoanode) and back (counter electrode) contacts,
respectively. The glasses were successively cleaned with soap,
rinsed with tap water and washed with acetone and methanol
and underwent oxidation with a UV-O; system for 20 min. The
TECS plates were subsequently immersed in a 40 mM aqueous
TiCly solution and the bath was heated to 70 °C for 30 min and
washed with deionized water and methanol and dried under
vacuum. A rheological paste of TiO, nanoparticles (18NR-T
transparent, Dyesol Ltd.) was screenprinted with a 90T mesh
and dried for 5 min at 125 °C. After cooling to room
temperature the screen-printing procedure was repeated and the
plates were heated to 125 °C for 5 min. A third layer of
light-scattering  nanoparticles (PST-400C  active-opaque,
Dyesol Ltd.) was screenprinted over as the last photoactive
layer of the square 0.25 cm? electrode, and the whole was
heated to 125 °C for 5 min and sintered at 475 °C for 45 min.
The photoanodes were treated once more with a 40 mM
aqueous TiCly solution, heated to 70 °C for 30 min, rinsed with
deionized water and washed with acetone, and calcinated at
500 °C for 15 min. Platina was coated at the back-contact as
follows: A 10~ M hexachloroplatinic acid (H,PtClg) ethanolic
solution was poured dropwise on the TEC7 plates and kept still
as the solvent evaporated, and the electrodes were heated for 15
min at 400 °C.

Photoelectrochemistry. The Br; /Br electrolyte used as
redox shuttle for the solar cells was of the same composition as
for the above-described optoelectronic characterizations of the
dry TiO, photoanode. Sensitization, sealing of the solar cells
and storage of the electrolyte and TiO, photoanodes were
carried out under argon atmosphere in order to avoid exposure
to air and moisture. The TiO, screens were sensitized over 6 h
with 3x104 M dye solutions with superdry CH,Cl, as solvent
for 1Me-TfO, 1Me-TFA, 1Me-BF, and 2Me-TfO, superdry
CH;CN for 1Me-Br and dry CCl; for 1Dec-TfO for
maximization of the density of dyes at the surface and in
absence of coadsorbents. Subsequently, the cells were washed
with the respective sensitization solvent and dried under argon
flow. The sensitized photoanodes and the back-contacts were
sealed together with Surlyn film, and the electrolyte was
injected in the cells through pre-drilled holes at the
back-contact. At last, the devices were sealed with a thin glass
and Surlyn film before exposure to air for characterization. The
solar cells were irradiated with a CEP 2000 AMI1.5 solar
simulator (Bunkoukeiki Co, Ltd., Japan) for every photocurrent
measurement (J-V curve under light and dark conditions, IPCE
spectra and electrochemical impedance spectroscopy (EIS)).
EIS measurements were performed with application of a
cathodic bias voltage equal to the Voc value under dark
conditions and without application of a cathodic bias voltage
under light (AM1.5 one sun) conditions, and collected with a
HZ-5000 automatic polarization system (Hokuto Denko).

Zeta potential measurements. The dye@TiO, samples
were prepared under argon atmosphere: into each 10 M dye
solution (10 mL) was injected a 10* M colloidal suspension of
TiO, nanoparticles (0.5 mL), and the samples were left as such
after homogenization for at least 6 h for coverage equilibrium.
The resulting colloidal solutions containing 1 part of TiO,
nanoparticles for 10* parts of dye were kept in
ultrasonic-cleansed sealed flasks until use. Zeta potential
measurements were performed on an ELSZ-DN2 (Otsuka
Electronics, Japan) analyzer with bare and sensitized TiO,
anatase colloidal suspensions under neat conditions.



3. Results and Discussion
3.1 General synthetic route to malachite green derivatives.

The two-steps synthetic route followed broadly used ways to
synthesize malachite green, without any sharp modifications
(Figure 2). It provides a fast and inexpensive synthesis to small,
steady and panchromatic dye sensitizers: the first condensation
that was carried out with a catalytic amount of mild Lewis acid
ZnCl,,2"?? at reflux for 24 h in an ethanolic solution gave the
Leuco compounds Leuco-Me, LeucoT-Me and Leuco-Dec in
65%, 52% and 39% yields, respectively. A solvent mixture of
ethanol/n-butanol (1/1, v/v) was used for the condensation of
the Leuco-Dec derivative for solubilization issues. The same
reaction carried out in pure butanol afforded the condensate in
10% yield only, suggesting that the hydrophilic character of the
solvent was of importance for the execution of the
condensation. The following two-electron oxidation process™
was merely carried out at room temperature with chloranil*>%*
as a mild oxidant with one equivalent of the corresponding
acids, namely triflic acid (TfOH), 42 wt% aqueous
tetrafluoroboric acid (HBFy), trifluoroacetic acid (TFA) or 48
wt% aqueous hydrobromic acid. Unlike the synthesis of
methine dyes carried out by Kast et al.>* in pure glacial acetic
acid as solvent (hence in great excess), only one equivalent of
each corresponding superacids was added to the medium in
order to avoid undesired protonation of the tertiary amine
function.” The oxidation yields correlated neither with slowlier
kinetics due to the use of weaker acids and the size of the
N-substituents nor with any difficulty to oxidize due to steric
hindrance of the orthogonal substituents,”® *” and most likely
relied to a large extent upon the different conditions for
recrystallization. Pure black flickering compounds were
obtained by slow elution with a solvent/non-solvent bilayer
solution: CCly/hexane for 1Dec-TfO and CH,Cly/hexane for all
2Me" and 1Me" derivatives except 1Me-Br that - due to
solubility reasons - was recrystallized in a benzonitrile/benzene
mixture. Oxidation trials with excess PbO, in the same
conditions yielded the target compounds together with
decomposition impurities, consistent with the observations
made by Parvin, B. et al.”® Tetrachlorohydroquinone (CL,HQ)
could not be isolated from the synthetic mixture in the case of
1Me-Br because of the poor solubility of the dye in low
polarity solvents, and was observed in the crystalline lattice of
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Figure 2. General synthetic route to malachite green
derivatives 1 (Z = p-Phenylene) and 2 (Z = Thiophen-2,5-yl).
The monomethine dyes were isolated as triflate (TfO"),
tetrafluoroborate (BF,), trifluoroacetate (TFA™) and bromine
(Br") salts.

1Me-Br in 1:1 stoichiometry with the dye but did not appear in
any other dye characterization. Stabilization of the oxidized
form of the malachite green derivatives was observed under
argon atmosphere in polar, superdry solvents like acetonitrile,
benzonitrile or even methylene chloride. The low lightfastness
products faded within a few hours in any solvent in the
presence of oxygen, in accordance with literature.> % The
phenomenon was accelerated in low polarity solvents like
tetrahydrofuran or chloroform, consistent with a photolysis rate
rising with the concentration and lifespan of the dioxygen
excited singlet state® or other radicals® in low polarity solvents,
phenomenon also increased by moisture.”>!

3.2 Molecular structure and spectral properties of the dyes.

An X-ray crystal structure analysis was performed on a
block-like single crystal of 1Me-Br recrystallized from
benzonitrile/benzene. The structure of this malachite green
dye was slightly modified in order to adapt for sensitization in
n-type Grétzel cells: A mere grafting of a carboxylic acid on
the para position of the phenyl group that is orthogonal to the
N;<>N, intrachain provided the dye a strong adsorption
potential, red-shifted the SO—>S1 (x band) absorption band****
by 10 nm (Ama(MG) = 619 nm,** A (1Me") = 629 nm) as
shown in Table 1 and induced a small distortion in the
triphenylmethine structure by comparison with the pure C,,
symmetry of the MG dye (Figure 4). In the solid state,
differences between bond angles of the central sp” methine of
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Figure 3. Single-crystal XRD-resolved coordinates of the
molecular structure of 1Me* (from 1Me-Br- CIL4HQ salt) Top:
ORTEP drawing of the molecular structure with bond angles of
the N1- and N2-centered sp> amine/aminium and C7-centered
methine systems. Hydrogens were omitted for clarity. Black =
carbon, Blue = nitrogen, Red = oxygen. Bottom: bond lengths
and dihedral angles between the three a, b and ¢ phenyl planes.
The number in brackets for bond lengths and angles represents
the error on the last digit.



1Me" (C8 - C7 - C4 = 125.7(2)°, C4 - C7 - C14 = 114.7(3)°,
Cl14 - C7 - C8 =119.5(3)°) and torsional angles between planes
(@ AN b=3981)° b N ¢c=6651)0° a A\ c=280.1(1)°)
outlined the distortion of the triphenylmethine system induced
by the intrinsic dissymmetry of the carboxylic acid (Figure 3)
and the heterogeneous distribution of the counterions. The
bromine atoms, although all equivalent in the P2,/c lattice of
1Me-Br-CILHQ (Figure S1, ESI) were unequally distant to the
N1- and N2-centered aminium moieties of 1Me": N2 - Brl
[4.593 A, 5.103 A, 4.878 A] and N1 - Brl [5.123 A, 5.439 A].
Hence, the cationic charge was greater on N2 as witnessed by
the different bond lengths in the aniline moieties: the quinonoid
character of phenyl 5 was more important than for phenyl a (C7
- C8 [1.400(4) A] < C7 - C4 [1.444(4) A], C9 - C10 [1.361(5)
A] < C3-C2[1.372(4) A], C12 - C13 [1.357(4) A] < C5-C6
[1.364(4) A], C11 - N2 [1.334(4) A] < C1 - N1 [1.362(5) A)])
and at the same time participates at the destabilization of the
cationic 7 -system. The global distortion induced by the
electronic effect of the carboxylic acid was only small
compared to the environment heterogeneity observed in the
crystal, as observed by DFT studies: the distribution of the
HOMO isodensity was homogeneously spread over the cyanine
chain when optimizing the structure by DFT in adiabatic
conditions (Figure 4). Furthermore, the dihedral angle between
planes a and b of 1Me"* was observed much larger than in the

a) MG

) e ‘s
x(\ sS40 a\\ﬁ\ ‘ 56.6°
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crystal structure (+ 9.4°) whilst dihedral angles a A ¢ and b
/\ ¢ were reduced by c.a. 18.1° and 4.6°, respectively. As
seen in Figure 5, the substitution of the orthogonal phenyl ring
by a thiophen-2,5-yl moiety red-shifted Ap,x by 2 nm only (A
(2Me") = 631 nm). However the substitution of the four
N-methyl groups by N-decyl substituents induced an 18 nm
red-shift (Amey (1Dec’) = 647 nm), consistent with literature™
and in accordance with the Dewar-Knott empirical rules for
spectral changes relative to steric hindrance and electronic
effects.” *7 The observed Ay (x band) and y band red-shifts
were mostly induced by the more electron-inductive character
of the N-decyl substituents for 1Dec’ and the more
electron-accepting thiophene moiety in 2Me", respectively. The
twisting of the @ and b phenyl rings did not result in a more
localized electronic charge on the auxochromic nitrogens,
phenomenon observed by D. R. Waring & al*® and likely had
no bearing on the spectral parameters of these cyanine
chromophores. As observed by density functional theory
(Figure 4 and Table S3, ESI): the Mulliken charges on the
auxochromes were calculated equivalent (O(N) = —0.497) in
2Me" and 1Me" despite a +4.2° bathochromic torsional strain
of the a A b angle in the 2Me" derivative. The N-decyl
substituents were responsible for the more important Mulliken
charges (8(N1) = —0.528, 6(N2) = —0.526) on the auxochromes
in 1Dec”.

b) 1Me*

Figure 4. DFT-optimized molecular structures of the a) MG, b) 1Me", ¢) 2Me" and d) 1Dec" cations. Top left: Mulliken atomic
charge numbers; the atoms are coloured over a range of colours from red (-0.650) to green (+0.650). The origin of the permanent
dipole moment vector is the center of the global electronic charge. Top right: front view of the HOMO (blue) and LUMO (red)
isodensities, computed by DFT calculations with B3LYP 6-31G***® as exchange correlation functional and basis set; isodensity
contour (solid) = 0.02. Absolute values of the bond angles (bottom left, green) and dihedral angles (bottom right, orange) at the
planar aminium and central carbon atoms are displayed in degrees. The long alkyl chains of 1Dec’ were truncated in the present

figure for clarity.



Table 1. Optoelectronic parameters of the chromophores in solution.

Dye  xband' e (x)  yband e () E(svsf E(-0)' E(se/se)
[nm] [Mcm' ] [nm] [M"ecm] [VvsNHE] [V](Abs/Em) [V vs NHE]
1Me* 629 50050 427 10940 1.41 1.88 -0.47
1Dec 647 46190 430 8220 1.43 1.84 -0.41
2Me* 631 29500 482 11570 1.44 1.75 -0.31

"Wavelengths of peak maxima collected from absorption spectra of dyes in superdry acetonitrile solutions.

/ The ground state redox potentials, measured with cyclic voltammetry (CV) under the following conditions: Pt counter electrode and

Pt working electrode, Ag/AgCl reference electrode; electrolyte, 0.1 M recrystallized TBACIO, in benzonitrile (the benzonitrile was

chromatographed on Alumina N Akt. I column before use. Potentials measured vs Ag/AgCl were corrected with ferrocene Fe/Fc'

(E(ge/pery = 0.48V) and converted to NHE by addition of +0.241V.  Cyclic voltammograms of the dyes are shown in Figure S2 (ESI).
0-0 transition energy (E.g)) was issued from the energy value at 10% of the main peak intensity.

"LuMoO energies (E(si/s+) estimated vs NHE from the ground state oxidation potential added to E.g).
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Figure 5. UV-Vis spectra of 10~ M dye solutions in superdry
CH;CN. All measurements were performed under argon
atmosphere with sealed 1 cm path length quartz cuvettes.

3.3 Lability of the chromophores in DSSC conditions

Unlike the black dye,39 N719** *' or most Ruthenium
polypyridyl complexesl(" 2 developed for DSSC sensitization,
the majority of developed organic dyes are designed with a
lone carboxylic acid as an anchoring moiety for synthetic
simplicity and efficiency.”> Without any efficient chelation to
contribute to the stabilization of the dyes at the
electrolyte/dye/TiO, interface, the dye has a propensity to be
driven away to the bulk. More specifically, the dye adsorbed at
the surface is in equilibrium with the dye dissolved in the
electrolyte. J. H. Park et al.** directly addressed this problem by
merely adding some dye to the electrolyte prior to mounting the
cell and showed a significant stabilization of every parameter
of the cells. The thermodynamics of the dye
adsorption/desorption process are significantly dependent -
among many parameters - on heat, illumination, nature of the
solvent and surface-active species’ ** % and therefore all
characterizations of the dye@TiO, systems in this study were
performed at room temperature, without any surface-active
species in the electrolyte nor any coadsorbent other than the
chromophore and its counterion. The chromophore's behaviour
was thus function of the nature of its lone counterion and
reciprocally, i.e. the adsorption and desorption rates of the

chromophore and its counterion only depended on one another.
Long-term cell degradation involving the device sealing,
leakage and dye/electrolyte degradations were left outside of
the scope of this study. Figure 6 highlights the evolution of the
absorption patterns of the coloured TiO, screens as a function
of the immersion time in the DSSC electrolyte (1.00 M
LiBr(H,0) / 0.05 M Br; in superdry CH;CN): The screens were
dipped in the electrolyte to desorb the dyes for 15 s and rinsed
in pure, superdry CH;CN to quench the desorption to carry out
the UV-Vis measurement (no desorption was observed in pure
CH;CN). This simple operation was repeated over a total 3 min
time span to observe the desorption patterns of the dyes on a
short time scale. For given chromophores, the desorption rates
sharply differed from one counterion to another: for instance,
the 1Me-BF-sensitized TiO, screen was utterly bleached after
the 3 min time span, suggesting that nearly all the
chromophores were desorbed whereas the 1Me-TFA-sensitized
screen remained dark green. Although the chromophore's
structure (1Me") remains unchanged and hence its
physico-chemical properties were identical, the desorption rates
were observed quite different. This observation underlined the
fact that the use of a lone carboxylic acid as the anchor leaves
these chromophores highly dependent to small changes in their
environment.

In a mesoporous semi-infinite domain, namely,
nanocrystalline TiO, considered as an impermeable solid and
the electrolyte as the bulk in the present case, the space
distribution of ions proximate to the interface is function of
cohesive and dispersive forces. Unfortunately, under such high
ionic strength (> 1 M) of the DSSC condition the
Debye-Hiickel point-charge approximation’ doesn't hold and
the ionic interactions ought to be considered and thus neither
the Gouy-Chapman,*® * the Grahame Langmuir,”® the
hypernetted-chain theory based on the Ornstein-Zernike
equations®' nor any other theory can accurately describe the
system from a purely theoretical point of view, to the best of
our knowledge.”** Ionic adsorbates binding to the surface of a
particle form a quasi-monolayer governed by their relative size
and charge:* the bounding process can be described by a
Langmuir-type adsorption isotherm relating fractional surface
coverage O to the adsorbate concentration C with respect to
the equation:

P kC
=1+ «C

with k as the ratio of adsorption/desorption for a given ionic
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Figure 6. Plotting of the desorption of the dyes from the TiO, nanoparticles screen over time when dipped into 0.06 mL of an
electrolyte constituted of 1.00 M LiBr(H,O) / 0.05 M Br, in superdry CH;CN, followed by UV-Visible absorption spectra
measurement. The absorption spectra were recorded every 15 seconds over a 3 min time span, as the desorption was quenched by

rinsing the cells in superdry CH;CN.

species. Only in the case of an ionic pair 4 the adsorption of
one of the two ions encompasses the properties of both, and
K can be expressed as:

with [A4S] and [S] corresponding to the surface densities of all
occupied and unoccupied sites at the surface of the particle,
respectively. In the case where both the cation and the anion
possess an adsorption potential, the adsorption processes
cannot be merely described inasmuch as (i) the fractional
surface coverages may depend on one another, (ii) the versatile
adsorbates may occupy different adsorption sites and (iii) the
interaction between adsorbates may not be neglected. However,
in the globally electroneutral system the concentration of one
ion at the surface raises an electric potential @, and implies the
building of an opposed nearby potential @y (Figure 7). The
zeta (€) potential of sensitized nanoparticles in colloidal
suspensions, related by nature to those potentials, was
experimentally available to qualitatively determine the excess
species in the diffuse layer and thus at the surface. As
previously seen for other streptocyanine derivatives,”’ the zeta
potential shift (AT) relative to bare TiO, nanoparticles (Crior =
4.33 +2.05 mV) is directly correlated to the linkage patterns of
the dye and of the same sign (positive or negative) as the
excess species in the diffuse layer. Owing to electroneutrality,
the global concentrations of the cations and the anions are
equal and thus, the majority species in the diffuse layer is
minority adjacent to the surface and reciprocally. In one case,
both moieties of the ionic pair are potentially bounded to the
surface (Figure 7a), and in the other case only the cation
possess an adsorption potential and the free anion remains
attracted to its counterion via Coulombic (electrostatic)
interaction (Figure 7b): At the equilibrium, attractive forces

(adsorption, electrostatic, van der Waals and so on) are
balanced out by the diffusive forces such as osmosis, solvation,
clectrostatic repulsion. Sensitization with the TfO- and
TFA-based species (1Me-TfO and 1Me-TFA) shifted the zeta
potential towards more positive values whereas the BF,- and
Br-based species (1Me-BFy and 1Me-Br) shifted the zeta
potential of the nanoparticles downward (Figure 8, left and
Table 2), indicating that the excess species in the diffuse layer
were the chromophores 1Me* and 2Me" in the case of TfO-
and TFA-based species and the photoinactive moieties BF,
and Br for the compounds 1Me-BF, and 1Me-Br, respectively.
BF, is generally considered as a non-complexing anion®® and
likely to be indifferent to the TiO, anatase surface in the
present study. The Br  anion may display weak interactions
with the surface in such anhydrous and concentrated
conditions,” however these can be neglected compared to the
adsorption potential of 1Me". Therefore, the
adsorption/desorption kinetics of their respective 1Me-BF, and
1Me-Br salts mostly relied upon the adsorption strength of
1Me" and the affinity to the bulk of both the anion and the
cation. After 1 min dip in the Br;/Br electrolyte, the
absorption intensity of the monomer peak of 1Me-BF, (624
nm) decreased by 76% against a 23% drop for 1Me-Br (Figure
8, right). Zeta potential measurements of 1Dec-TfO-sensitized
nanoparticles suspended in superdry acetonitrile were
unsuccessful: the electro-optic sampling (EOS) signal was
nearly flat, probably accounting for the insolubility of such
lipophilic dye@TiO, system, but this property was also likely
responsible for the best stability observed for such system. The
intensity of the monomer peak of 1Dec’ (654 nm) only
decreased by 3.5% after 1 min dip in the electrolyte and by
15% after 3 min dip against a 65% drop for the methyl
derivative 1Me-TfO. Interestingly, the 1Me" chromophore was
best stabilized with TFA™ as counterion: the derivative
1Me-TFA only displayed a 29% drop in intensity (Figure 8).
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Figure 7. Representation of the surface potential @ patterns with respect to the distance to the surface y and function of the ionic
distributions a) at the surface for TiO, coadsorbed by cations and anions and b) at the surface where cations adsorbed at the TiO,
surface and free anions with A® as the difference between the surface potential @, and the diffuse layer potential @y Only the

excess species are represented in the diffuse layer and the bulk.
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Figure 8. Left. Averaged values of at least two zeta potential measurements of colloidal suspensions of bare - and sensitized with
2Me-TfO, 1Me-TfO, 1Me-TFA, 1Me-BF, and 1Me-Br - TiO, anatase nanoparticles in superdry acetonitrile. Right. Plotting of the
desorption of the dyes from the TiO, screen when dipped in an electrolyte constituted of 1.00 M LiBr(H,0) and 0.05 M Br,, followed
by UV-Vis absorption measurements after quenching the desorption every 15 s by washing with dry acetonitrile (See also Figure 6).
The absorption values at Ay, of the dyes@TiO,, namely 596 nm for 2Me-TfO, 624 nm for 1Me"-based dyes and 654 nm for
1Dec-TfO, were normalized with respect to the initial value before dipping.

The affinity for the bulk/affinity for the surface ratio
decreases in the order BF, > TfO™ > Br > TFA™ in these 1Me"
salts and the minimum ratio was obtained with a carboxylic
acid-anchored anion (TFA"). The most stable adsorption mode
of TFA™ calculated by De Angelis et al.®’ was a bridged
bidentate mode whereas the sulfonate of TfO was likely
adsorbed at the surface via a weaker bridged bidentate mode
assisted by hydrogen bonding,® also consistent with the lower
desorption rates of TFA- and TfO-based dyes. Although
stabilized thanks to a work on the nature and properties of its
counterions, the 1Me" chromophore could not be fully
stabilized at the TiO, surface and better results could be
obtained with n-decyl substituents as previously discussed with

1Dec’ or with the thienyl derivative 2Me". The three
chromophores 1Me", 1Dec’ and 2Me" were linked to the TiO,
surface with a lone carboxylic acid, usually adsorbed onto the
surface in a dissociative bridging bidentate mode, with one
proton transferred to a nearby surface oxygen.’” * However,
FT-IR studies did not help witnessing the adsorption mode of
the dyes as the empirical Deacon and Philips attribution of any
v,sCOO or v,COO frequencies,63 that was hindered by the
overcharged spectra (Figure S3, ESI), and all peaks from 1800
to 3600 cm ™ in the dye@TiO, spectra were flattened out after
adsorption on TiO, with the exception of the vC-H in the range
2800 - 3000 cm™.'® In the case where the counterion is a
triflate, the difference between desorption rates of all three



chromophores (1Me-TfO, 1Dec-TfO and 2Me-TfO) mostly
relied upon their interactions with adsorbed co-ions and their
affinity to the bulk. More specifically, the chromophores were
stabilized at the surface either isolated (monomers) or as H-
and J-aggregates, as witnessed by the UV-Vis absorption
patterns of the dyes adsorbed on TiO,. Except for 1Dec-TfO
for which only H-aggregation was observed with a shoulder
around 580 nm, all dyes exhibited a monomer peak around 640
~650 nm with two shoulders arising from H- and J-aggregation,
at shorter and longer wavelength, respectively. During the
desorption measurements, the intensity of the shoulder around
700 ~750 nm arising from the J-aggregation of the dyes
decreased quicker than both the monomer peak and the
shoulder of H-aggregated dyes around 550 nm. This drop was
pre-eminent for the 1Me-TFA, 1Me-Br and 2Me-TfO
derivatives and lesser for 1Me-TfO and 1Me-BF,. These
observations suggested that the aggregation modes of the dyes
may have a bearing on their stabilization at the surface and that
J-aggregated ones had a greater propensity to desorption.

Table 2. Influence of the counterion natures on the € potential.

Dye@TiO,

G (mV) AG; (G = Criog, mV)
2Me-TfO +15.71 £ 1.40 +11.38 £3.45
1Me-TfO +7.98 £0.14 +3.65+2.19
1Me-TFA +8.88 £ 2.54 +4.55 +4.59
1Me-BF, +2.71 049 ~1.62:£2.54
1Me-Br —4.08 £1.57 -8.41+£3.62

The zeta (§) potential values are the average of at least two
consecutive measurements in the same conditions with the
corresponding standard deviation, and the combined standard
deviation for the differential values T; - Criop (Crioz = 4.33 =
2.05 mV).

3.4 Photovoltaic performances of DSSCs.

The photocurrent action spectra of the dye-coated
nanocrystalline TiO, stacked electrodes are displayed in Figure
9, right together with the photocurrent (J) - voltage (V)

0.9 1

J (mA.cm?)

characteristics curves of the cells (Figure 9, left) dipped in a
Br; /Br -based electrolyte. Owing to its higher lying redox
couple's energy level (E(Br;/Br) = +1.09 V vs NHE), the
open-circuit voltage (Voc) of the cells greatly improved from a
best 0.20 V to 0.50 V when using this redox shuttle instead of
the commonly used I;/I" couple. The wider energetic gap,
allowing V¢ values as high as 1.21 V for a DSSC with this
Brsy /Br-based electrolyte as shown by Hanaya, M. et al,*
between the electrolyte and the TiO, conduction band largely
compensated for the small loss in short-circuit current density
(Jsc). Sugihara et al.? first demonstrated in 2005 that a Br; /Br~
redox shuttle should be preferred to I;7/I" for sensitizers having
a ground state oxidation potential more positive than that of
Bry /Br, which was the case of the three 1Me*, 1Dec" and
2Me" sensitizers: driving forces for electron recombination AE
were calculated to be 0.32, 0.34 and 0.35 V, respectively with
respect to the equation AE = Esis) — Emmmpy, Wwhere the
ground state redox potentials of the dyes E(s/s) were 1.41, 1.43
and 1.44 V, respectively, as displayed in Table 1. Moreover,
the photovoltaic activity of the cells were best improved at
higher concentrations of the electrolyte (1.00 M LiBr(H,O) /
0.05 M Br,) than the electrolyte used by Sugihara et al.,
constituted of 0.4 M LiBr and 0.04 M Br; for their study with
the well-known Eosin Y dye.’ Higher concentrations of
electrolyte did not lead to any improvement of the cell
parameters due to limitations in recombination kinetics
between the electrolyte and the oxidized dye. Further trials for
improvement of the Vgoc value with a well-known
Co"tris(bipyridyl)®® electrolyte constituted of 0.25 M
[Co(tbp);](PFe), / 0.025 M [Co"™(tbp);](PFg); in superdry
acetonitrile did not lead to any significant photocurrent. The
TiO, screens were sensitized in 0.3 mM dye solutions without
any coadsorbent: for instance, the photoconversion was nearly
quenched with addition of chenodeoxycholic acid (CDCA) in
the dyeing bath. Furthermore, the addition of any coadsorbent
might have impaired the study of the influence of the different
TfO", TFA", BF, and Br counterions on the cell's parameters.
As witnessed by comparison of the UV/vis/near-IR
absorption spectra of the dye@TiO, screens (Figure 6) and the
photocurrent action spectra (Figure 9, right), J-aggregates,
although allowing light harvesting at longer wavelength, barely
induced any photocurrent. J-aggregated cyanine dyes are
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Figure 9. left: Photocurrent (J) -voltage (V) characteristics curves under AM 1.5 artificial sunlight source (plain) and dark conditions
(dotted line) and right: IPCE action spectra for nanocrystalline TiO, solar cells sensitized under argon with the dye sensitizers dipped
in 1.00 M LiBr(H,0) / 0.05 M Br; in superdry CH;CN. The error bars represent the standard deviation on the measurements obtained
with at least two cells prepared under the very same condition. No further additives were used in the electrolyte.



usually photoactive in DSSCs, as formerly demonstrated with
the efficient asymmetrical closed-chain cyanines,’® ¢
asymmetrical streptocyanines,”’ and hemicyanines,”® ¢
outlining their utility for sensitization of n-type Grétzel cells. In
the present case their inactivity is presumably due to the
aggregation-induced lack of driving force for electron
migration from the lower-lying redox level of the J-aggregates
excited state to the conduction band of TiO,. The excited state
level of the monomer Esis+) was determined to be —0.47,
—-0.41 and -0.31 V vs NHE, respectively, for the chromophores
1Me"*, 1Dec” and 2Me"* by adding the zeroth-zeroth transition
energy Egg to the ground state oxidation potential Egys)
(Table 1). Owing to the ultrafast nonradiative relaxation
dynamics of malachite green derivatives impeding fluorescence
spectroscopy in the standard conditions as largely reported in
the scientific literature,> 3234 7072 E(.0) was estimated from the
energy value equivalent to the wavelength at 10% of the
S0—S1 (x) band of the monomers in solution. Those values of
Esi/s%), too close to the Fermi level of TiO, at —0.50 V vs
NHE" did not allow a saturation of the IPCE signal despite the
high lithium concentration (1.00 M) in the medium™ and
thereby highlighted the different contributions of every
electronic transition of monomeric and aggregated species to
give rise to a photocurrent in the experiment conditions. Still,
part of the low IPCE also accounted for the low light harvesting
efficiency (LHE) of the devices (Figure S5, ESI) in spite of the
good extinction coefficient of the dyes (Figure 5): Most optical
densities of the dye monolayer@TiO, plateaued at 35%, except
1Me-Br and 1Me-TfO which displayed lower - 33% and 29%,
respectively - LHEs at the maximum absorption wavelength.
The best IPCE observed for every dye was observed around
330 nm, with a maximum value of 17% for the 1Me-TFA
derivative. At longer wavelength, the best photocurrents were
attributed to the blue-shifted vibronic shoulder with absorption
maxima ranging from 565 nm (1Me-BF,) to 590 (1Dec-TfO)
nm of the H-aggregated 1Me* and 2Me* chromophores, on
average 1.5 times higher than the IPCE arising from the
monomeric x band around 635 nm. The better photocurrents
observed were attributive to the higher oxidation potential of
the dyes in the H-aggregated regions of the self-assembled
monolayer (SAM).* '? Interestingly, the coadsorption of the
chromophore and its counterion did not impede nor favoured
the H- or J-aggregation. The photocurrents arising from the
S0—S2 (y band) in the 410 - 440 nm region were as high as the
photocurrents induced from the H-aggregates (Figure 9, right),

and significantly blueshifted compared to the y bands in
solution, 482, 430 and 427 nm for 2Me", 1Dec” and 1Me"
(Figure 5), respectively, although a red-shift was observed at
high surface coverage on TiO, for this very band around 450
nm for 1Dec’ and 1Me" and plateaued from 440 to 520 nm for
2Me" (Figure 6). This discrepancy can be explained from the
fact that the UV/vis/near-IR measurements were performed
under dry conditions and that the y band, with a strong
charge-transfer character is highly sensitive to its environment
and largely blue-shifted under DSSC conditions, namely, when
the solar cell is dipped into the highly ionic electrolyte. The
accepting/anchoring moiety - orthogonal to the N<=N
intrachain - of every dye bears the largest isodensity coefficient
of the LUMO+1 (S2) state and allows facile injection into the
semiconductor's conduction band. The efficiency (1) of the
DSSCs sensitized with 1Me" salts ranged from 0.37(1)% for
1Me-TFA to 0.13(4)% for 1Me-TfO, pointing out the role of
the counterion not only on the cell stability as previously
discussed but also on the cell's efficiency (Table 3). The better
efficiency obtained with carboxylate-anchored (TFA™) and
sulfonate-anchored (TfO") counterions were consistent with the
results of Huang and coworkers® with benzothiazolium
hemicyanine dyes, albeit these dyes' counterions were
covalently bound to the chromophore thanks to a short aliphatic
chain. Devices sensitized with the 1Dec” and 2Me"
chromophores  showed lower photovoltaic conversion
efficiencies (PCE) due to the thermodynamically unfavourable
electron transfer from the dyes' excited states to TiO,,
correlating with the down shift of the dark currents and lower
open circuit voltage (Voc) values despite longer electron
recombination lifetimes for both derivatives, respectively 0.465
and 0.527 ms (Fig. S7 and Table 3) that were estimated using
the Bode phase plot mentioned below. The best electron
lifetime at the TiO,/dye/electrolyte interface with 1Me"
derivatives was observed for 1Me-TfO and 1Me-Br with 0.379
ms. Fill factors as high as 0.65 could be achieved with both
1Me-TFA or 1Me-BF, and barely dropped to 0.61 for both
1Me-TfO and 1Me-Br, demonstrating a good charge
separation and screening at the TiO,/dye/electrolyte interface
and induced better series and shunt resistances for a malachite
green-based device compared to the reported SnO,-liquid
junction® or porous CdS’ technologies of DSSC.

Table 3. Photochemical properties of the cells under simulated AM 1.5 irradiation.

Dye Voc Jsc Vmax Imax T n
V) (mA cm™) (V) (mA cm™) r (ms) (%)
1Me-TFA  0.50+0.01  1.15+0.03 0.39 + 0.02 0.95+0.01  0.65+0.02  0.290 0.37 £0.01
1Me-BF, 0.48+0.01  0.70 £ 0.05 0.38 + 0.00 0.57+0.01  0.65+0.04  0.366 0.22 +0.01
1Me-TfO 0.47+0.00  0.48+0.15 0.36 + 0.00 037+0.11  0.61+0.02  0.379 0.13 +0.04
1Me-Br  0.46+0.00  0.49+0.00 0.37 +0.02 0.38+0.00  0.61+0.01  0.379 0.14 £ 0.00
1Dec-TfO 0.40+0.02  0.24 +0.04 0.29 + 0.01 021+£0.07  0.58+0.03  0.465 0.06 = 0.01
2Me-TfO  0.40+0.04  0.17+0.02 0.29 + 0.04 0.12+£0.02  0.53+0.04  0.527 0.04 +0.01

Voc: open circuit voltage; Jsc: short circuit current density; ff'= (Vmax X Jmax)/(Voc * Jsc): fill factor; 7: electron recombination
lifetime; n: photoconversion efficiency. The error numbers correspond to the standard deviation of the measurements of at least two
solar cells performed under the exact same conditions. All cells were fabricated under argon atmosphere were performed with a Br;~
/Br electrolyte constituted of 1.00 M LiBr(H,0) and 0.05 M Br; in superdry acetonitrile as electrolyte.



Electrochemical impedance spectroscopy was carried out
under AM 1.5 one sun and dark conditions to visualize the
charge-transfer/recombination processes in the devices, and
shown in Figure 10 as Nyquist plots and in Figure S7 as Bode
phase plots. In a device working with a Br; /Br™ redox shuttle,
the large semicircle corresponds to the charge-transfer
resistances at the TiO,/dye/electrolyte interface and generally
bigger than with an I; /" electrolyte.’ The charge-transfer
resistances at the interface under both AM 1.5 one sun and dark
conditions increased, for the 1Me" derivatives in the order
1Me-TFA < 1Me-Br < 1Me- TfO < 1Me-BF,, outlining the
strong effect of the counterion on the electron transfers.
1Me-TFA showed the lowest charge transfer resistance,
consistent with the increase in Jsc” and contributed at
demonstrating that TFA™ was best suited for this chromophore.
We also estimated the electron recombination lifetimes 7 at the
TiO,/dye/electrolyte interface from the low angular frequency
peaks in the Bode phase plot according to the Kern equation,’®
that leads T = 1/(2nf), where f is the frequency peak of the
superimposed ac voltage (Fig. S7, ESI and Table 3). The
lifetimes of 1Me" salts are estimated to be 0.366, 0.379, 0.379
and 0.290 ms for the BF,, Br, TfO and TFA™ derivatives
under AM 1.5 one sun illumination, respectively. They are
correlated to recombinations kinetics of the injected electrons
and in stark contrast with the cells parameters: The TfO™ and
Br salts showed the same, longest electron lifetimes (ca. 0.379
ms) and gave similar Voc, Jsc, desorption rates and
photoconversion efficiencies whereas the BF, salt yielded a
slightly lower electron lifetime (0.366 ms) altogether with an
increase in Voc. Likewise, 1Me-TFA showed the best
stabilization on TiO, and the best Voc, inconsistent with its
short electron lifetime. Evidently, in this case the lone electron
lifetimes did not reflect the cell behaviors with such different
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current densities: an increase in Jsc induces a concomitant
diminution of the electron lifetime and inversely.”’
The observed Voc values did not follow the same trend and
most likely arose from a limitation in recombination
kinetics between the dye and the electrolyte as formerly
observed by Detty, M. et al with chalcogenorhodamine
dyes/iodine-iodide as  sensitizer/electrolyte couples,4’ 3
howbeit monotonically increased together with Jgc and
hence with the electronic population in the conduction band
of TiO,. The influence of the counterion on the charge transfer
resistance was, in the present case more important than the
induced loss in injected electron lifetimes. The  origin
of the difference in  charge transfer/recombination
ratio at the electrolyte/1Me"/TiO, interface in function
of the nature of the counterion could hardly be discussed
at the present state of studies because several factors like
partial dye desorption and difference in ionic distribution
of the diffuse ion swarm proximate to the surface could
not be set apart. Indeed, the impact of the electroactivity
of the counterions on both the electric double layer, the
surface quantum states and passivation of the surface were
correlated to each other, and those quantities had to be
considered together for discussion. Further experiments are
required to distinguish and clear out the implications of each
one of these parameters and explain the ordering of
the photoconversion efficiencies: 1Me-TfO < 1Me-Br < 1Me-
BF, < 1Me-TFA. Anyway, the IPCE spectra showed a
global raise/drop of the photoaction over the whole visible
range while switching counterions, most likely ruling out
their impact on the propensity to aggregate and the type of
aggregation of the chromophores and impacting the general
thermodynamics of electron transfers.
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Figure 10. Nyquist plots of the solar cells measured under AM 1.5 one sun (/eff) and under dark (right) conditions.

4. Conclusion
Colouring of TiO,-based n-type DSSC cells was performed for
the first time with malachite green derivatives thanks to a mere
grafting of carboxylic acid on the electron accepting/anchoring
moiety of the chromophores. The 1Me*, 1Dec” and 2Me"
chromophores were synthesized in a cost-effective two-steps
synthetic route and isolated as TFA™, TfO", BF, and Br™ salts.
DFT methods showed that the electronic isodensity of the
different ground and excited states of the dyes looked alike
from one chromophore to another and explained, to a large
degree their similar optoelectronic properties. Investigation of
the structure of 1Me"* by X-ray diffraction on a single crystal of
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1Me-Br: C1;HQ revealed, to the best of my knowledge the first
crystal structure determined for a malachite green derivative.
Determination of the T potential by electrophoresis
measurements on colloidal solutions of sensitized nanoparticles
qualitatively unveiled the electric double layer patterns at the
nanoparticle/bulk interface specific to the adorption-capable
ionic pairs such as the present dyes. A chromophore coupled to
a free, easily solvable anion like 1Me-BF, quickly desorbed
from the surface in an acetonitrile-based concentrated Br; /Br~
DSSC solvent. On the other hand, the hydrophilicity of Br and
the mild adsorption potential of TfO™ allowed 1Me" to desorb
at a lower rate, and the strong adsorption potential of TFA™



afforded the best stabilization for this chromophore.
Nonetheless, better results were achieved with the 2Me* and
1Dec" derivatives, and the substitution by n-decyl was found
critical for stabilization of the dye at the interface thanks to an
enhanced lipophilicity, disrupting its ability to diffuse away in
the highly ionic electrolyte. On the other hand, no further
experiments were carried out to fully explain the better
stabilization of the 2Me" derivative. Antagonistically, the
stabilization of these derivatives did not improve the DSSC
photoaction due a mismatch between energy levels: A
necessary driving force for electron injection of ca. 0.2 V
between the excited state of the dye and the Fermi level of TiO,
should be observed for achievement of high IPCEs.”> We
presently aim at designing and characterizing malachite green
derivatives with more negative excited state redox levels, more
adapted to DSSC use.

Supporting Information

Details of X-ray data collection and reduction for the single
crystalline sample of 1Me-Br+CI;HQ. Detailed syntheses of all
compounds, 'H/"*C NMR spectra of the dyes and syntheses
intermediates, cyclic voltammetry of the chromophores, FTIR
spectroscopy of the dyes in solid state dyes@TiO, and
syntheses intermediates and raw plotting of the intensity of the
zeta potential values and Bode phase plots of the DSSCs.
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Graphical Abstract

Malachite Green Derivatives for Dye-sensitized Solar Cells: Optoelectronic Characterizations and Persistence on TiO,

Jean-Baptiste Harlé,* Shuhei Arata, Shinya Mine, Takashi Kamegawa, Van Tay Nguyen, Takeshi Maeda, Hiroyuki Nakazumi, and

Hideki Fujiwara*

Derivatives of malachite green were developed for dye-sensitized solar cell, and conjugated to various coordinative (trifluoroacetate
[TFA™], triflate [TfO']) and non-coordinative (tetrafluoroborate [BF, ], bromide [Br]) counterions. Throughout this study, the
bearing of the affinity for the surface/affinity for the bulk of both the chromophores and its counterions was scrutinized and found

crucial for the stability and efficiency of the cells.
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