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Two different zinc phthalocyanines bearing different numbers of 2-naphthoic acid anchoring groups at the pe-
ripheral positions were synthesized and characterized with UV-Vis, proton nuclear magnetic resonance (‘H
NMR), fouirer transform infrared (FT-IR), and matrix-assisted laser desorption/ionization mass (MALDI-TOF MS)
spectroscopy. Then their electrochemical, and spectroelectrochemical performances were investigated to predict
their suitability of them as photosensitizers in dye-sensitized solar cells (DSSC). In the voltammetric analysis
results, [2,9,16-Tri-(4-carboxyethylphenoxy)-23-(4-[6-carboxy-2-naphtoxy]) substituted zinc(II) phthalocyanine
(ZnPc(3)) and [2,9,16,23-tetra-(4-(6-carboxy-2-naphthoxy) substituted zinc(II) phthalocyanine (ZnPc(4)) illus-
trate similar electron transfer processes. The substituent environments of the complexes slightly influenced the
position and reversibility of the redox couples. Redox processes of ZnPc(3) bearing unsymmetrical carbox-
yethylphenoxy and 2-naphthoic acid anchoring groups slightly shift towards the positive potentials concerning
ZnPc(4) bearing symmetrical 2-naphthoic acid substituents. Peak positions of both complexes reflecting the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) positions
indicate the suitability of the complexes for the efficient charge carrier transferring from these photosensitizers to
the semiconductor and redox mediator in the DSSC. Pc-based spectroelectrochemical responses of the complexes
supported the HOMO and LUMO positions for both neutral and electrogenerated ZnPc species. DSSC responses
indicated that ZnPc(3), which has the asymmetric carboxyethylphenoxy and 2-naphthoic acid substituents, gave
higher DSSC efficiency with short-circuit photocurrent density (Jsc) (9.54 mA cm’z), open circuit potential (Vo)
(697 mV), fill factor (FF) (51%), incident monochromatic photon-to-current conversion efficiency (IPCE) (51%),
and power conversion efficiency (n) (3.4%) parameters concerning ZnPc(4) bearing symmetric 2-naphthoic acid
anchoring groups.

1. Introduction

A lot of research is being performed on the production of dye-
sensitized solar cells to develop high-yield low-cost devices for use in
converting solar energy to electricity [1,2]. A typical DSSC has a
nanostructured n-type semiconductor, such as TiO, which has a wide
band gap, an electrolyte with a redox couple, which is generally I>/T, a
counter electrode (CE) to collect the electrons and catalyze the redox
couple regeneration, and a sensitizer that absorbs sunlight and produces
excitons [3]. The energy levels and the kinetics of electron-transfer
events that occur at the interface between the semiconductor surface
and the hole-transporting materials of the sensitizer affect the
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performance of the DSSC [4]. The dyes can be changed for different
kinds of components to enhance the performance of DSSCs, such as
porphyrins, metal-free organic dyes, phthalocyanines (Pc), metal-
lophthalocyanines (MPcs), and Ru(II) polypyridyl complexes.

Until now, one of the best efficiency and long-term stability had been
achieved by polypyridyl complexes of ruthenium, such as N719 (In-
dustry standard dye (di-tetrabuthylammonium cis-bis(isothiocyanato)
bis(2,2"-bipyridyl-4,4-dicarcoxylato) ruthenium(II)) as the molecular
sensitizer [5,6]. However, many of these dyes have some challenges,
such as their high cost, environmental incompatibility, and their insuf-
ficient light-harvesting properties (their absorption spectra are rather
broad, but the NIR absorption is restricted, and the molar extinction
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coefficients are low). Although some Ru-based dyes have improved
light-absorption properties in a broad range of the light spectrum
through the NIR region such as the black dye (N749) and DX3 (trans-
dichloro-(dimetylphenylphosphine)-(2,2';6',2"-terpyridyl-4,4',4"-tricar-

boxylic acid-4-methyl ester)ruthenium(Il)) [7], great efforts are
concentrated on producing Ru-free sensitizers by using novel organic
sensitizers, and particularly porphyrins and phthalocyanines having
large conjugated n systems [2,8-10]. MPcs have a wide region of the
solar spectrum from UV to IR in terms of light harvesting. It is well re-
ported that the type, number, and location of the substituents, such as
peripheral, nonperipheral, or axial, and the symmetric or asymmetric
structure of the Pc affect their performances in the DSSC application. For
instance, according to Urbani et al., at least tetra anchoring groups on
symmetrical MPcs increased the strength of the MPcs and the electronic
interaction between the dye’s LUMO and the Ti 3d orbital. In other
studies, although unsymmetrical MPc substitutions can address higher
performances, their aggregation is one of the main challenges to be
solved to enhance their DSSC performances [11]. Studies on designing
new MPc structures as photosensitizes in DSSCs with high performance
are continuing intensively to resolve the basic limitations of DSSCs, such
as insufficient electron injection efficiency, the hole transport to the
electrolyte, the n—n supramolecular interactions (J- or H- aggregates),
misappropriateness of the molecular orbitals, adsorption geometry, and
orientation of the sensitizers. However, due to extensive studies of MPcs,
the reports of DSSC efficiencies of MPcs higher than 3 % are very few
[12-14]. Cid, J. J. et al. reported an outstanding IPCE (80 %) and power
conversion efficiency (n) (3.52) with ZnPc bearing tert-butyl and car-
boxylic acid substituents at the peripheral positions of Pc [14], they
proposed that these substituents diminished the aggregation which
enhanced the electron and hole transport efficiency. In another paper,
0.57% of n and 4.9% maximal IPCE with a highly substituted zinc
phthalocyanine carboxylic acid (ZnPc) was reported by Eu, S. and his
coworkers [15]. Giribabu, L. and his coworkers prepared three unsym-
metrical zinc phthalocyanines with different numbers and types of
substituents to prevent aggregation and reached a maximum of 1.01 %
of n with this strategy [16]. Recently to enhance the DSSC performance
of various MPcs, we have investigated different MPcs bearing different
metal centers, substituents, linkers, and anchoring groups [17,18] and
we currently obtained a maximum of 3.97 % n with TiOPc peripherally
substituted with tetra-4-carboxyethylenephenoxy [19]. As a continua-
tion of our works so far, now we aim to synthesize new ZnPcs sym-
metrically substituted with tetra 2-naphthoic acid (ZnPc(4)) and
unsymmetrically substituted with one 2-naphthoic acid and three car-
boxyethylphenoxy anchoring groups (ZnPc(3)). Then we performed
detailed electrochemical, spectroelectrochemical, and photovoltaic an-
alyses to represent their DSSC performance to illustrate the influence of
the proposed manipulation on the substituent environment of ZnPc on
their photovoltaic performances. Although ZnPcs symmetrically
substituted with four anchoring groups [19-21] and unsymmetrically
substituted with three bulky non-anchoring and one anchoring group
[22-24] were extensively studied as dyes in DSSCs, ZnPcs bearing un-
symmetrically four anchoring groups are scares. Thus, the results of this
study will provide important scientific output for understanding the
effects of the unsymmetrical anchoring groups and naphtoxy and eth-
ylphenoxy spacers between the Pc ring and carboxyl anchoring groups
on the DSSC performances. It is well documented that in addition to the
type, number, and length of the anchoring groups, spacers have signif-
icant effects on the DSSC performance. It was well reported in the
literature that the molecular engineering of dyes in DSSC further
revealed that the high efficiency is not always directly related to the
greater steric hindrance. Additionally, the adsorption density of dye on
the TiO; efficiency surface influences the efficiency as well. It is well
documented that the adsorption density of dye could be optimized with
the type, number, and length of the anchoring groups and spacers [10].
Since the anchoring group needs to be electronically and strongly con-
nected to the Pc ring to improve the electron injection from the LUMO of
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the Pc to the Ti3d orbital of the TiO5 [25]. In this aspect, some aromatic
linkers, n-conjugated bridges, and vinyl-type conjugated spacers were
preferred to improve the strength of the electronic coupling of dyes with
TiOq. Therefore, here we have also investigated the influence of naph-
toxy and ethylphenoxy linkers on the overall photovoltaic performance
of ZnPcs as dyes in DSSCs.

2. Experimental
2.1. Instruments and chemicals

Commercial suppliers provided all reagents and solvents of reagent-
grade quality. The synthesis and purification of 4-(6-carboxy-2-naph-
thoxy) phthalonitrile (1) and 4-(4-carboxyethylphenoxy) phthalonitrile
(2) were carried out as described in the literature [26,18]. Thin-layer
chromatography (TLC) (SiO2) was employed to observe the comple-
tion of the reaction. The Perkin Elmer Spectrum One FT-IR (ATR sam-
pling accessory) spectrophotometer was utilized to obtain the FT-IR
spectra. A Varian UNITY INOVA 500 MHz instrument was employed to
record the 'H NMR spectra using DMSO-d; as the solvent. In addition,
Agilent 8453 UV/Vis spectrophotometer device was utilized to obtain
the UV-Vis spectra. The Bruker Microflex LT MALDI TOF MS was uti-
lized to determine the mass spectra of all the complexes. An Electro-
thermal Gallenkamp apparatus was used to measure the melting points
of all the obtained compounds. Elemental analyzes were performed with
Thermo Flash EA 1112.

2.2. Synthesis and characterization

2.2.1. [2,9,16-Tri-(4-carboxyethylphenoxy)-23-(4-[6-carboxy-2-
naphtoxy])-phthalocyaninato zinc(ID] (3)

0.400 g (1.26 mmol) ligand 1, 1.12 g (3.81 mmol) ligand 2, 0.230 g
(1.27 mmol) anhydrous Zn(CH3COOH), and catalytic amount of DBU
(1,8-diazabicyclo[4,5,0] undec-7-ene) were added into a closed tube
containing 3.0 mL of dimethylformamide (DMF) and mixed in an inert
medium at 176 °C. The precipitate formed by adding methanol to the
reaction cooled to 25 °C was washed with ethanol, and methanol and
dried in a vacuum. The resulting product was purified by column
chromatography using 30:1 (v/v) CHCls:n-hexane (mobile phase). The
product shows good solubility in acetone, dichloromethane, tetrahy-
drofuran (THF), DMF, chloroform, and dimethyl sulfoxide (DMSO).
Yield: 115 mg (20%); m.p. > 200 °C. 'H NMR, DMSO-ds, (&: ppm): 12.21
(carboxylic acid OH, 4H, s), 7.95-6.60 (Ar-H, 30H, m), 2.94-2.90
(-CHj, 6H, m), 2.73-2.66 (-CHjy, 6H, m); FT IR vmax/cmfl: 3600-2500
(carboxylic acid OH), 3061 (arom. CH), 2941, 2913 (aliph. CH), 1701
(C=0), 1600, 1466 (arom. C=C), 1220 (Ar-O-Ar), 1090, 1043, 945,
866, 822, 745; UV-Vis, DMSO: Ayax, nm (log €): 681 (5.09), 614 (4.46),
358 (4.78); Anal. Calc. for CyoHagNgO12Zn: C 66.91, H 3.69, N 8.92,
Found: C 66.79, H 3.71, N 8.17%; MALDI TOF MS (m/z): Calculated:
1256.55 g/mol; Found: 1279.89 g/mol [M + Na]™.

2.2.2. [2,9,16,23-tetra-(4-(6-carboxy-2-naphthoxy)-phthalocyaninato-
zinc(ID] (4)

100 mg (0.318 mmol) ligand 3, 15 mg (0.079 mmol) Zn(CH3COOH),,
and a catalytic amount of DBU were added into a closed tube containing
1 mL of DMF and mixed in an inert medium at 170 °C. After adding
methanol to the reaction mixture cooled to 25 °C, the precipitated
phthalocyanine complex was filtered and washed with methanol. The
phthalocyanine complex shows good solubility in DMSO and DMF.
Yield: 48 mg (46%); m.p. > 200 °C. H NMR, DMSO-dg, (5: ppm): 13.10
(carboxylic acid OH, 4H, s), 8.71-6.96 (Ar-H, 36H, m); FT IR v (cm’l):
3600-2500 (carboxylic acid OH), 3063 (arom. CH), 1707 (-C=0), 1601,
1468 (arom. C=C), 1216 (Ar-O-Ar), 1146, 1089, 970, 914; UV-Vis,
DMSO: Amax, nm (log €): 680 (5.08), 618 (4.42), 354 (4.82); Anal. Calc.
for C7gH4oNgO12Zn: C 69.02, N 8.47, H 3.05%; found: C 69.56, N 8.09, H
3.61%; MALDI TOF MS (m/z): Calculated: 1322; Found: 1322 [M]™.
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2.3. Electrochemical, in situ spectroelectrochemical, and photovoltaic
measurements

All measurements were carried out with a Gamry Reference 600
potentiostat/Galvanostat/ZRA by following the procedure given in the
literature [27] in a conventional three-electrode cell consisting of a
glassy carbon working electrode (GCE), a Pt wire counter electrode, and
an Ag/AgCl reference electrode in 0.10 mol dm ™ tetrabutylammonium
perchloride (TBAP)/DMSO electrolyte at 25 °C.

DSSC measurements were performed by following our previous
research [18]. In briefly, firstly fluorine doped tin oxide (FTO) coated
glass substrates were used as the electrode substrates which were
cleaned gently with a soap solution, ethanol, and then distilled water by
the sonication and finally dried at 100 °C. Then a TiO5 paste was applied
onto the FTO substrate (active square area: 5 x 5 mm?) using the doctor
blade coater to form TiO film with well defined thickness. The sharp
blade of the coater was kept 25 pm away from the surface of the FTO
substrate. FTO substrates were pre-heated at 120 °C for 15 min to
vaporize the solvent inside of the paste. The films are then heated from
120 to 450 °C at a continuous rate of 5 °C/min, and the temperature
remains constant for the next 30 min. The coating process was repeated
with the opaque TiO; paste, and the film was calcined again. The TiOy
photoanode was immersed in the 40.0 mM TiCl4 aqueous solution for 30
min at 70 °C, and the last calcination process was done for 30 min at
450 °C. Finally, the TiO5 photoanodes were then immersed in 0.4 mM
ZnPc (3) and (4) DMSO solutions for 24 h. The amounts of the adsorped
dyes were calculated by measuring the UV-Vis spectra of the ZnPc/
DMSO solution. Similarly possible desorption of the adsorped ZnPcs on
the electrode surface was tested by keeping the modified electrodes in

HOOC—
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acetonitrile and the amount of ZnPc in solution was tested with UV-Vis
spectral measurements. Chenodeoxycholic acid (CDCA) was also intro-
duced into the dye solution as a coadsorbent with a 10-fold concentra-
tion of the dye. Pt counter electrodes were formed on FTO substrates by
casting a platinum paste solution and sintered for 15 min at 420 °C. A
sandwiching cell structure was constructed by using the spacer between
the electrodes. The redox electrolyte, which is Iodolyte AN-50 liquid,
was injected between the counter and the working electrodes. Iodolyte
AN-50 liquid is a low-viscosity electrolyte formulated by Solaronix for
high-performance DSSCs. This electrolyte consists of iodine/tir-iodide,
ionic liquid, lithium salt, pyridine derivatives, and acetonitrile. The
photocurrents and photovoltage responses of the DSSCs were measured
by using a HAL-320 Asahi solar simulator equipped with a 300 W xenon
lamp, The solar simulator was calibrated under global standard air mass
(AM 1.5, 100 mW cm™2) condition by employing KG5 filtered Si refer-
ence solar cell.

3. Results and discussion
3.1. Synthesis and characterization

Asymmetric phthalocyanines exhibit various properties because they
contain different substituents. For this purpose, in our study, a new A3B
type asymmetric zinc (II) phthalocyanine (3) containing 6-carboxy-2-
naphtoxy and 4-carboxyethylphenoxy groups was synthesized in the
presence of DBU at 170 °C in an argon atmosphere using the statistical
cyclotetramerization method with 20% yield. In addition, the symmetric
zinc(Il) phthalocyanine (4) complex was obtained in 46% yield by
reacting the 6-carboxy-2-naphtoxy phthalonitrile derivative with Zn

[/©/\/ -

w

OOH

'COOH

O0OH

Scheme 1. The synthesis of ZnPcs(3-4). (i) K,CO3, DMF, 75 oC; (ii) metal salts, DBU, DMF, 24 h and 170° C.
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(CH3COOH); at 170 °C in the presence of DBU in an argon atmosphere
using the procedure described in the literature [19] (Scheme 1).

The results obtained from elemental analysis, MALDI TOF MS, H
NMR, FTIR, and UV-Vis spectroscopic methods used to elucidate the
structures of all synthesized complexes show that the structures were
successfully synthesized (Figs. S1-S6). First of all, when the FTIR spectra
are examined, the absence of C=N peaks at 2232 cm ™! of the ligands
proves the formation of these phthalocyanine complexes. Peaks of car-
boxylic acid ~OH groups were observed at 2500-3600 cm™!, while
—C=O0 groups of complexes ZnPc(3) and (4) were observed at 1701 and
1707 cm™!, respectively. Aliphatic peaks of complex ZnPc(3) were
observed just below 3000 cm ™!, while aromatic peaks of complexes
ZnPc(3) and (4) were observed just above 3000 cm~ . Ar—O-Ar peaks
appeared at 1220 and 1216 em™ !, and aromatic C—=C peaks at 1600,
1466, 1601, and 1468 cm™*, respectively.

When the 'H NMR spectra of compounds ZnPc(3) and ZnPc(4) taken
in dg-DMSO were examined, the aromatic system protons of these
compounds were observed as a multiplet at § 7.95-6.60 ppm for com-
plex ZnPc(3) and & 8.64-7.38 ppm for complex ZnPc(4). Protons
belonging to the carboxylic acid group appeared as a singlet at § 12.21
and 6 13.10 ppm, respectively. The aliphatic protons belonging to each
—CHj;, group appeared as multiplet at § 2.94-2.90 and § 2.73-2.66 ppm in
the 'H NMR spectrum of ZnPc(3).

UV-Vis spectroscopy technique is indispensable to investigate the
structure and behavior of phthalocyanine macrocyclic compounds in
solutions. The Soret (B) band, which is around 300-350 nm in the UV
region of the electronic absorption spectrum, and the Q band, which is
between 600 and 800 nm in the UV-Vis region and is observed due to
7-n* transitions from the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO), are the two charac-
teristic bands of metallophthalocyanine complexes. UV-Vis absorption
spectra of asymmetric ZnPc(3) and symmetric ZnPc(4) phthalocyanines
in DMSO are shown in Fig. 1. The intensive low-energy Q-bands of
complexes ZnPc(3) and (4) were observed at 681 nm and 680 nm with
satellite bands at 614 nm and 618 nm in turn while high-energy B-bands
were seen at 358 nm and 354 nm, respectively.

The strong interaction between the transition dipole moments of the
Pc molecules causes these molecules to be stacked side by side (J type) or
one under the other (H type) in dimeric or oligomeric structures in so-
lution. This phenomenon, known as aggregation, varies with tempera-
ture, concentration, solvent, core metal, and substituents in peripheral
regions. They also cause the broadening of the electronic absorption
bands in the UV-Vis spectra of phthalocyanines. In the UV-VIS ab-
sorption spectrum, H-type aggregation causes a hypsochromic shift in
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the Q band, while J-type aggregation causes a bathochromic shift.

Complexes ZnPc(3) and ZnPc(4) were examined for their aggrega-
tion behaviors in DMSO within the concentration range of (2.0-12.0) x
10°°Mm (Fig. 2). The successful sensitization of the material necessitates
the non-existence of aggregation in the solution, as the occurrence of
aggregation presents difficulties in the practical utilization of phthalo-
cyanines. Elevation of concentration led the Q band intensity to increase
harmoniously without any shift, indicating the absence of complex ag-
gregation. ZnPc(3) and ZnPc(4) were found to adhere to Lambert Beer’s
law and exhibited no signs of aggregation in DMSO. The aggregation of
MPcs was generally diminished by using bulky substituents, such as ter-
butyl groups [28]. However, many other factors influence the aggre-
gations, such as dimerization constants, solvents, substituent type
numbers and positions, the coordination number of central metals, and
axial substitutions. There are many strategies to prevent the aggregation
of MPcs in addition to using bulky substituents. It is well documented
that the substitutions of MPcs with benzene-containing groups at the
positions suppresses the aggregation by the rigid steric orientation of
benzo groups above and below the Pc ring [28,29]. Here, 2-naphthoic
acid and carboxyethylphenoxy groups of ZnPc(3) and ZnPc(4) most
probably diminish the aggregation in DMSO.

In the mass spectrum of compounds ZnPc(3) and ZnPc(4), presence
of the molecular ion peaks at m/z = 1279 [M + Na]™ and 1322 [M]™"
respectively, displays the formation of the proposed structures.

3.2. Voltammetric measurements

CV curves of ZnPc(3) and ZnPc(4) are one of significant indicators
for critiquing the usability of them in the DSSC area. Table 1 displays the
half-wave peak potentials (Ej») of the complexes’ redox reactions
derived from their voltammograms in Fig. 3 and Fig. 4. Because of the
inactivity of the Zn?" cation in the core of these compounds, both ZnPc
(3) and ZnPc(4) only display Pc ring assigned redox activity.

As shown in Fig. 3, two reversible and one quasi-reversible reduction
couples are recorded at —0.72 V (Red (1)), —1.37 V (Red(2)), and —2.53
V (Red(3)) with ZnPc(3). The electrochemical reversibility of Red(1)
and Red(2) couples are confirmed with their peak potential separations
(AEp) and peak current ratios (Ipa/Ic). In addition to the reduction
processes, one quasi-reversible oxidation wave is recorded at about 0.72
V (0xd(1)) during the positive potential scans. It is well known that the
peak potentials are directly related to the energy levels of the HOMO and
LUMO positions of the Pc ring, thus HOMO and LUMO values are
derived as —3.50 and —5.00 eV respectively. When the unsymmetrical
substituent environment is converted to a symmetric structure by

0,4 1

Absorbance

0,2 1

0 T T

300 400 500
Wavelength (nm)

600 700 800

Fig. 1. UV-Vis spectra of complexes ZnPc(3) and ZnPc(4) in DMSO.
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Fig. 2. UV-Vis absorption spectra of a) ZnPc(3) and b) ZnPc(4) in DMSO at varying concentrations.

changing three carboxyethylphenoxy groups with 2-naphthoic acid ones
(ZnPc(4)), redox processes shift towards the positive potentials, and
three reductions and one oxidation peak were observed at —0.80 V (Red
(1)), —1.16 V (Red (2)), —1.42 V (Red (3)) and 0.91 V (Oxd(1))
respectively (Fig. 4). These potential shifts cause to the shifting of
HOMO and LUMO positions to —3.40 and —5.20 eV respectively for
ZnPc(4). When with the conduction band (CB) and valance band (VB) of
TiO5 semiconductors and the reduction potential of the mediator of
DSSCs are considered, both ZnPc complexes have suitable band

positions for the efficient electron transport from LUMO of the ZnPc to
CB of TiO; and the hole transport from the mediator to the HOMO of
ZnPc.

3.3. In-situ spectroelectrochemical measurements

In-situ spectroelectrochemistry technique is a potent characteriza-
tion method that combines the benefits of both conventional electro-
chemistry and spectroscopy. Spectroscopic information such as light
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Table 1
Electrochemical data of the complexes in DMSO/TBAP solution. All potentials were given versus Ag/AgCl.
Complexes Red(1) Red(2) Red(3) 0oxd(1) . *Ehomo ¢ pred d gort Ref.
“Erumo . s
w) (W) (W2} (W2} (eV) (eV) (eV)
(eV)
“ZnPc -0.86 -1.10 - 0.76 —-3.47 —4.95 1.48 [18]
fCoPc —-0.41 —-1.28 —-1.87 0.19 -3.92 —4.52 0.60 [18]
8ZnPc —1.08 —1.56 - 0.55 1.63 [30]
"ZnPc -0.82 -1.32 - 0.75 1.57 [30]
onPc —-0.95 - - 0.58 —-3.45 —4.98 1.53 [31]
JZnPc —-1.38 - - 0.54 -3.53 -5.25 1.72 [22]
ZnPc(3) —0.72 —1.37 —2.53 0.72 —3.28 —5.05 1.44 1.77 tw
ZnPc(4) —0.80 —1.16 —1.42 0.91 —3.38 —5.13 1.71 1.75 tw
. hc
2 : Enomo (€V) = -Eoxaqy + E1/2 (Fe/Fet) — IP (Fe) [32,33]. ® Erymo = Eghy (V) + Enomo (€V) [32]. % Egap = |Eoxdr) |+ |Ereaqr) |in eV. @ By (eV) = =
onset

1240(eV)

. [E1/2 (Fc/Fc™) = 0.47 V vs. Ag/AgCL. IP(Fc) 4.8 e V. Fc = ferrocene].

eAf"ﬁgripherally tetra-4-carboxyethylphenoxy substituted zinc(II) phthalocyanine. & peripherally tetra-4-carboxyethylphenoxy substituted cobalt(II) phthalocyanine.
8. mono-tert-butylphenoxy substituted zinc(II) phthalocyanine. ™: three-tert-butylphenoxy substituted zinc(II) phthalocyanine. i three-tert-butylphenoxy and one
catechol substituted zinc(II) phthalocyanine. :ZnPc bearing tribenzonaphtho-condensed porphyrazine with one carboxyl and three tert-butyl substituents.
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Fig. 3. CVs and SWVs of ZnPc(3) (5.0 x 10~ 4 mol dm~ 3) on a GCE in
DMSO/TBAP.
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Fig. 4. CVs and SWVs of ZnPc(4) (5.0 x 10~ * mol dm~ %) on a GCE in
DMSO/TBAP.

emission and scattering, electronic absorption, and vibrational fre-
quencies of in situ electrochemically created redox-active species can be
collected at various potentials [34]. Additionally, in-situ spectroelec-
trochemical data information about the peak assignments and altering
energy levels with potential excitations. Thus, in-situ spectroelec-
trochemical measurements of ZnPc(3) and ZnPc(4) are carried out to

predict the origin of the electron transfer reactions and to investigate the
influences of the redox processes on the band energy levels of the moi-
eties. It is observed that ZnPc complexes display very similar UV-vis
spectral responses during the in situ spectroelectrochemical measure-
ments, which shows that altering the substituents on the Pc core does not
affect their spectral changes during the electron transfer reactions. In
situ UV-vis spectra change of the ZnPc(3) is given as an example (Fig. 5).
The B and Q bands of ZnPc(3) are observed at 350 and 680 nm for the
neutral species, respectively. As shown in Fig. 5a and b, the Q band
decreases without a shift while new bands are observed at the ligand-to-
metal charge transfer (LMCT) regions. These spectral changes indicate
that [Zn"Pc™?] is reduced to [Zn"Pc3]7! species during the first
reduction reaction. Similarly, [Zn"Pc 317! species reduce to dianionic
[Zn"Pc=*172 species during the second reduction reaction. Decreasing
the Q bands without a shift in the wavelength represents that the
addition of electrons to the LUMO of the Pc ring does not change the
energy level of the LUMO orbitals while decreasing the molar excitation
coefficient for the electrogenerated monoanionic [Zn"Pc 317! and dia-
nionic [Zn"Pc—4] 2 species [35-37]. During the oxidation process under
the 1.00 V applied potential, all bands decrease in intensity, which is
also a characteristic change for the formation of [Zn''pc 117! species
and their decomposition under applied potential (Fig. 5c). In Fig. 5d,
eachicon (A, o,[],*) in the chromaticity diagram represents the color of
the neutral, anionic, and cationic species, [Zn"Pc™2], [ Za''Pe317Y,
[Zn"Pc=*172, [Zn"Pc 11! respectively.

3.4. Photovoltaic measurements

The photoinduced charge separation at the TiO,/dye/electrolyte
interface and transferring of the electrons from the LUMO of the dye to
CB of TiO2 and hole transferring from the HOMO of dye to the mediators
in the electrolyte are the key factors for the efficiency of the DSSCs.
When these charge transfer processes do not happen very fast, recom-
bination reactions take place, resulting in a lower photoconversion ef-
ficiency for the device [38]. At this point, band gaps of the
semiconductors and HOMO-LUMO positions are at the forefront of the
engineering work that needs to be done to ensure the suitability of the
dye in these devices. The HOMO level and the LUMO level of ZnPc(3)
and ZnPc(4) complexes are derived from the first oxidation and first
reduction processes recorded with CV and SWV analyses. HOMO-LUMO
positions listed in Table 1 indicate the applicability of both ZnPcs as
photosensitizers in DSSC applications. The LUMO energy level of the
sensitizer should be higher than the CB of TiO, to ensure effective
electron injection and the HOMO level should be lower than the redox
potential of the electrolyte (-4.75 eV) [38].

To investigate the PV performances of the ZnPc complexes, FTO/
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Fig. 5. In-situ UV-Vis spectra of ZnPc(3) in DMSO/TBAP electrolyte. a) Eapp = -0.7 V, b) Eqpp = -1.1 V, and c) E,pp = 1.0 V. (Red spectrum: initial response before the
corresponding potential application. Blue spectrum: final response after the corresponding potential application. Green spectra: the responses during the corre-

sponding redox reaction). d) Chromaticity diagram; [J: [ZnPc*"]; o: [Zn"Pc3’]17; A [Zn”Pc"’]zf ;% [Zn”Pcl’]H.

TiO2/ZnPc(3) and FTO/TiO2/ZnPc(4) photoelectrodes are prepared by
adsorption of the ZnPcs from their DMSO solutions. The amount of the
adsorped ZnPc(3) and ZnPc(4) are found as 3.4x10! and 1.3x10 mol
on the 1.0 cm? surface area of the FTO/T 104 electrode for ZnPc(3) and
ZnPc(4) respectively. The less ZnPc(4) dye loading may result from the
bulkier structure of the 2-naphthoic acid anchoring groups concerning
the carboxyethylphenoxy substituents on the ZnPc(3). After prepara-
tions of FTO/TiO2/ZnPc(3) and FTO/TiOy/ZnPc(4) photoelectrodes, the
DSSC structures are constructed as FTO/TiOy/ZnPc/electrolyte/Pt/ITO
devices and their photovoltaic performances are determined by exam-
ining the current density—voltage (J-V) and electrochemical impedance
spectrum (EIS) responses. Open circuit potential (Voc), short-circuit
photocurrent density (Jsc), FF values, and overall power conversion
efficiencies (n) of the DSSC were listed in Table 2 as the fundamental
parameters.

As shown in Fig. 6, the photovoltaic performance of ZnPc(3) is
considerably higher than that of ZnPc(4) under a standard AM 1.5
illumination condition. While ZnPc(3) has 9.54 mAcm? of Jsc, 697 mV
of Voc, 51 of FF, and 3.40 n, these values decrease to 9.01, 564, 34, and
1.72 respectively. As shown in Table 2, the photovoltaic performance of
ZnPc(3) is higher than that of the ZnPc(4) and many of the ZnPcs re-
ported in the literature. The designing ZnPc(3) with one naphtoxy and
three ethylphenoxy linkers and four carboxy anchoring groups facilitate

Table 2
Photovoltaic properties of the MPc bearing DSSCs.

Dye Jsc (mA/em?)  Voc(mV)  FF (%) n(%) IPCE (%) Ref.
“TiOPc 11.72 466 60.8 3.32 68 [18]
CoPc 8.47 370 11.6 1.02 52 [18]
ZnPc 9.36 428 24.4 2.20 48 [18]
H,Pc 10.98 471 56.4 2.92 37 [18]
bznpe 5.9 662 76 2.95 [39]
ZnPc 7.0 634 74 3.20 [39]
d7nPc 0.555 375 45 0.37 [40]
ZnPc 0.466 486.75 55 0.50 [40]
ZnPc 6.16 750 53 2.45 46 [41]
8ZnPc 4.80 610 74 2.20 44 [14]
N719 19.10 721 66.4 9.14 85 tw

ZnPc(3) 9.54 697 51 3.40 51 tw

ZnPc(4) 9.01 564 34 1.72 47 tw

@ : Pc ring was substituted with peripheral tetra-4-carboxyethylphenoxy
groups. ®: ZnPc tetra substituted with three ter-butyl and one carboxy group.
¢ ZnPc substituted with three ter-butyl and two carboxy groups. % ZnPc
substituted with tetra carboxy groups. ©: ZnPc substituted with tetra sulfoxy
groups. & ZnPc with hexa-tertiary substituted carbazolyl donor groups and one
carboxylic acid anchoring group. & Pc with three tert-butyl electron-donating
and one benzoic acid anchoring group.
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Fig. 6. J-V curves of the ZnPc (3) and ZnPc (4).

the charge transfer ability of the dye concerning the ZnPcs having un-
symmetrically substituted with three bulky groups and one anchoring
one or bearing four symmetric same spacer and anchoring groups
[18,39-41].

The ratio between the number of generated electrons and the number
of incident photons, the incident photon-to-current conversion effi-
ciency (IPCE), is obtained (Fig. 7). As a support for the J-V responses, at
A = 520 nm, ZnPc(3) and ZnPc(4) have 51% and 47% IPCE values,

respectively.

The photovoltaic performance of ZnPc(3) and (4) are also examined
with the EIS analysis. The EIS is a powerful tool for better understanding
the electrical and ionic transport processes in DSSCs [39]. It was per-
formed with a potentiostat and a solar simulator, and it was obtained in
the frequency range of 10 mHz to 1 MHz with an intensity of 1000 W/
em? and a perturbation of 10 mV under standard illumination of

AM1.5G. To estimate the lifetimes and conductivities of DSSCs, the

100
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Fig. 7. IPCE values of the ZnPc(3), ZnPc(4), and N719 (Industry standart dye (di-tetrabuthylammonium cis-bis(isothiocyanato)bis(2,2-bipyridyl-4,4-dicarcoxylato)

ruthenium(II)).
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Nyquist plots (Fig. 8a) and Bode plots (Fig. 8b) are fitted into the
equivalent circuit in the inset of Fig. 8b. ZnPc(3) and (4) have the two
semicircles in Nyquit plots (Fig. 8a). The starting point of the plots is
represented by Rs, which is the resistance of the FTO. The small loop in
the high-frequency region is Rpr, and it is the resistance of the electron
interface, which consists of the counter electrode and electrolyte inter-
face. Also, the large loop in the low-frequency region is Rcr represents
the resistance of the TiO,/dye/electrolyte couple interfaces [39]. As a
result, the varying values of R¢r provide some useful information
regarding the electrodes’ recombination kinetics. The smaller Rc means
a faster electron transfer kinetics [39]. The photovoltaic performance
relation (Table 2) between the ZnPc(3) and (4) is consistent with the
charge transfer resistance performance (Table 3).

Electron lifetime (te), which is the other important parameter of the
performance of the electrodes, can be calculated with the maximum
frequency value (Fig. 8b) and with the te = 1/2nfmax equation [42].
The electron lifetime of the ZnPc(3) and ZnPc(4) are calculated as 0.72
ms, and 0.34 ms respectively. High electron lifetime leads to improved
electron transfer efficiency, which increases the photovoltaic efficiency
of solar cells. As a result, EIS analysis demonstrates that asymmetric
ZnPc(3) can enhance electron transport while limiting charge recom-
bination, hence enhancing the Jsc and power conversion efficiency of
DSSCs. Different charge recombination features of ZnPc(3) and ZnPc(4)
may have resulted from different substituents on these complexes. It is
well documented that the Pc ring which has donor properties, can be
readily doped by electron-accepting substituents, due to the forming of
donor-acceptor structure [43]. Substituents on the MPcs have a signif-
icant effect on their aggregation of them, charge transfer rate, absorp-
tion strength, push-pull effect, and orientation of them on the surface
and all these features influence their performance [43-45]. Most prob-
ably, altering three 2-naphthoic acid groups with carboxyethylphenoxy
anchoring groups improve the push-pull effect of the dye, thus ZnPc(3)
has better electron injection features than the TiOy semiconductor
concerning symmetrically substituted ZnPc(4). Altering the substituents
on ZnPc(3) and ZnPc(4) may also influence the arrangement of the
excited states by permitting directionality on the charge transfer from
the LUMO orbital of them to the conduction band of TiO5 and, therefore,
optimizing the photovoltaic performance of the DSSCs [43].

Due to the improvements of the charge recombination with the
better push-pull effect, ZnPc(3) has long electron lifetime than ZnPc(4).
ZnPc(3) bearing unsymmetrically three 2-naphthoic acids and one car-

boxyethylphenoxy anchoring group has better photovoltaic
A NT719
600 e 7npc(3) a)
= ZnPc (4)
40
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Table 3
DSSC equivalent circuit parameters determined via electrochemical impedance
spectroscopy.

Dye Rs(©) Rpr(Q) Rer (Q) fmax (Hz) Te (ms)
ZnPc(3) 43.2 97.0 511.9 208.3 0.76
ZnPc(4) 50.1 84.48 539.65 467.9 0.34
N719 9.72 19.07 15.58 196.64 0.81

performance than the ZnPc containing tetra-4-carboxyethylenephenoxy
anchoring groups (11.28 of Js¢ (mA/cm?), 470 of Vo (mV), 54.6 of FF
(%), and 2.89 of n (%)) [19], which supports the enhancement of
push-pull effects of the modification of ZnPc with four unsymmetrical
anchoring groups.

In the evaluation of the performance of the DSSC, stability is as
important a parameter as efficiency. Components of the DSSC, which are
the substrate (conductive substrate or conductive film-coated substrate),
semiconductor nanostructure (photoanode), sensitizer (dye), electro-
lyte, and catalyst-coated counter electrode, affect the total stability of
the cell. To obtain the stability performance of the ZnPc(3) and (4), LSV
and EIS analyses were performed on 50 trials at 25°C and under the 1 sun
light soaking. The performances of ZnPc(3) and (4) were impressively
steady and did not change after 50 LSV excitations, as illustrated in
Figs. 9 and 10.

4. Conclusion

Two ZnPcs, asymmetric ZnPc(3) bearing one naphtoxy and three
ethylphenoxy linkers and four carboxy anchoring groups and symmetric
ZnPc(4) bearing tetra ethylphenoxy linkers between four carboxy
anchoring groups and Pc core were synthesized as the photosensitizers
for the DSSCs in this work. Decorating the complexes with benzene-
bearing spacers at the substituents suppress the aggregation of both
complexes, which is one of the main parameters for their applications of
them as dyes in DSSCs. Voltammetric and spectroelectrochemical ana-
lyses were performed to forecast their potential usage capabilities on the
DSSC applications. In the UV-Vis region, both complexes showed unique
B and Q bands with high molar extinction coefficients. According to the
reduction and oxidation process peak analyses, HOMO and LUMO levels
of both species are suitable for usage in DSSC with a TiO5 photoanode.
According to the LSV analyses, ZnPc(3) has a higher performance than
the ZnPc(4) with Jsc of 9.54 mA ecm ™2, a Voc of 697 mV, a FF of 51%,
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Fig. 8. A) nyquist plots and b) bode plots from the eis analysis of the ZnPc (3), ZnPc (4), and N719.
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Fig. 9. Long-term stability of ZnPc(3) and ZnPc(4) obtained from 50 LSV trials under 1 sunlight soaking at room temperature. Each photovoltaic performance was

measured after a one-hour equilibration time between each J-V measurement.

and a power conversion efficiency (n) of 3.40% values. According to the
results of the EIS analysis, which supports the LSV analysis result, ZnPc
(3) has a longer electron lifetime of 0.76 ms. These better performance
results of the ZnPc(3) can be explained by its asymmetrical structure
designed with one naphtoxy and three ethylphenoxy linkers and four
carboxy anchoring groups. This molecular design improved electron
transfer properties with longer electron lifetimes due to the better

10

donor-acceptor structure and push-pull effect.
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