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Peripherally tetra-4-carboxyethylphenoxy substituted oxotitanium (IV), cobalt(I), zinc(Il) and metal free
phthalocyanines were synthesized to research the sensitizing abilities of these dye molecules in standard dye-
sensitized solar cells (DSSCs). All the synthesized phthalocyanine complexes have been characterized by using
elemental analyses, UV-Vis, FT-IR, 'H NMR and MALDI-TOF MS spectroscopic techniques. Electrochemistry of
metallo phthalocyanines (MPcs) were studied with electrochemical and in-situ spectroelectrochemical mea-
surements. HyoPc (7) and ZnPc (5) illustrated similar Pc based electron transfer reactions. Differently, CoPc (6)
and TiOPc (4) illustrated metal based redox reactions, which enhanced the redox functionality of these com-
plexes. Metal based reductions for CoPc (6) and TiOPc (4) were recorded in addition to the Pc based one. In-situ
spectroelectrochemical measurements supported the proposed voltametric mechanism. Moreover, the color and
spectra of the electrogenerated species were determined with the in-situ spectroelectrochemical analyses to
predict possible optoelectrochemical application of the complexes. Pronounced optical and color changes during
the electrolysis of the complexes indicated electrooptical and possible solid state electrochemical functionality of
the complexes. TiO2 semiconductor on the fluoride doped indium tin oxide coated glass electrode (FTO) was
decorated with HyPc (7) and TiOPc (4) bearing four carboxyl anchoring groups and they were first of all tested as
possible dye for the DSSC. HyPc (7), TiOPc (4), CoPc (6) and ZnPc (5) dyes used in DSSCs showed 2.9%, 3.3%,
1.02% and 2.2% of power conversion efficiencies respectively.

photochemical, and thermal stability made them suitable for the one of
the best choices for the dyes in DSSCs. New studies are focused on the

1. Introduction

Metallo phthalocyanines (MPcs) find application in many electro-
chemical fields due to their superior redox properties. Tailoring the
redox activities of MPcs are required to extent their usage in different
electrochemical application areas such as electrocatalytic [1,2], elec-
trochemical sensor [3,4] and electrochromic [5,6] fields. In addition to
these applications, MPcs containing suitable anchoring substituents can
also be used as functional dyes in DSSC applications. In the literature
various MPcs were tested as possible dyes in DSSCs [7-10]. Intense
absorption properties of MPcs in the red/near-IR (Q band) regions of the
light spectrum in addition to the superior electrochemical,
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exploring new MPcs having efficient light absorption and good
anchoring substituents for the strong interaction with the semi-
conductors and efficient electron transfer to the semiconductor [10,11].
Li et al. summarized phthalocyanine analogues used in DSSCs and re-
ported the effects of the distance of the dye molecule from the surface of
the semiconductor nanoparticles, the redox potentials and the direc-
tionality of the anchoring groups on the performance of the dyes [12]. In
the literature, among various MPcs, while 7Zn?' metal center has been
generally preferred for peripherally or non-peripherally substituted Pcs
in DSSCs [7,8,13-15]1, Al*T and Si** metal containing Pcs are preferred
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for dyes containing axial anchoring groups [10,11,16,17]. For example,
Garcia-Iglesias et al. developed an unsymmetrical ZnPc sensitizer that
consists of three tert-butyl and two carboxylic acid groups and recorded
5.9 mA cm 2 of the short circuit current density (Js), 662 mV of the
open-circuit voltage (Vy.), and 0.76 of fill factor (FF) and 2.95% of the
power conversion efficiency () with ZnPc having one carboxylic acid
groups. Whereas 7.0 mA em 2 of Jg, 634 mV of Voo, 0.74 of ff, and
3.20% of n were obtained with ZnPc having two carboxylic acid groups
[7]1. This result indicated that increasing the number of anchoring
groups enhanced the DSSC performance. In another recent study, Sid-
dique et al. reported the DSSC performances of five different ZnPc
substituting with various groups isopropoxy, cyano, fluoro, methox-
ycarbonyl, and dicyanomethyl moieties [14]. They proved that the
substituents of the MPc influence the coulombic force of interaction
between holes and electrons and indicated that the molecule having a
low value of exciton binding energy shows low hole and electron
interaction [14]. Recently, Harmandar and her coworkers reported
6.67% of n with an asymmetric zinc phthalocyanine dye bearing three 2,
6-di-tert-butyl-4-methylphenoxy donor groups and one carboxylic acid
anchoring group [15]. Yildiz and coworkers reached to 2.04% of n with
a zinc phthalocyanine complex containing six 2,6-diphenylphenoxy
donor groups and one pyrazole-3-carboxylic acid anchoring group,
which is better than the performance of ZnPc bearing tert-butyl (n =
1.74%) and hexylsulfanyl ( = 1.89%) donor groups [18]. These studies
indicated that altering the number and type of the substituents and the
number of anchoring groups significantly influence the DSSC perfor-
mances. It is well reported that dyes, like MPcs, absorbing wide range of
the spectrum, strongly binding to the surface of the semiconductors,
having high redox activity and stable are preferred as the good alter-
natives as the dye in DSSCs [12]. Symmetrical and unsymmetrical
substitution of MPcs significantly influence the DSSC performance.
Urbani et al. published a review paper on the DSSC performance of
MPcs, and they stated that at least tetra anchoring groups on the sym-
metrical MPcs enhanced the strength between MPcs and electronic
coupling between the LUMO of the dye and the Ti 3d orbital. However,
these type of MPcs have a strong tendency to aggregate and exist mainly
as dimeric forms on the TiO2 films [19]. To solve these problems un-
symmetrical substitution of MPcs have been preferred by using one or
two They also stated that anchoring groups with unsymmetrical bulky
groups, which prevent aggregation and increase solubility [19].

The studies indicated that MPcs generally having various anchoring
groups, such as, -COOH, or —-SO3H, on the peripheral, non-peripheral or
axial positions have possibility to give high power conversion efficiency
and metal centers and substituents types and numbers carrying
anchoring groups are the critical factors for the better performance,
Thus here we have synthesized new MPcs having tetra —COOH
anchoring group containing 4-(4- carboxyethylphenoxy) substituents at
the peripheral positions of MPcs and then their detailed electrochemical
and spectroelectrochemical characterizations were performed to illus-
trate their suitability as dyes in DSSCs. Finally, as examples, HoPc (7)
and TiOPc (4) compounds bearing 4-(4- carboxyethylphenoxy) sub-
stituents were first of all tested in DSSCs to achieve high power con-
version efficiency. Although MPcs bearing Zn?*, AI**, and Si*" metal
centers are often preferred as dyes in DSSCs, metal free and titanyl
phthalocyanines are rarely studied [20-22]. Thus, the results of this
study will present the usability of these compounds in DSSCs.

2. Experimental
2.1. Instruments and chemicals

All chemicals and solvents which were purchased in high purity and
all solvents were dried on molecular sieves (4A°). 4-(4-carbox-
yethylphenoxy) phthalonitrile (3) and 2,9,16,23-tetrakis(4-carboxye-
thylphenoxy)phthalocyaninato -zinc (II) (6) were synthesized and
purified as given in the literatures, respectively [23] (Please refer to the
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Supporting Information section).

2.2. Synthesis and characterization

2.2.1. 4-(4- carboxyethylphenoxy) phthalonitrile (3)

Yield: 87% (2.54 g); m.p. 140-145 °C. FTIR vpay/cm ™~ L: 2800-3287
(carboxylic acid ~OH), 3072 (-CH arom.), 2990, 2835 (-CH, aliph.),
2232 (-C=N), 1674 (C=0), 1623-1503 (C=C), 1251-1168 (Ar-O-Ar);
H NMR (dg- DMSO) 8, ppm: 2.56 (2H, t, J = 8.75 Hz, ~-CH,), 2.86 (2H, t,
J = 8.75 Hz, -CHy), 7.11 (2H, d, J = 8.5 Hz, Ar-H), 7.36-7.32 (3H, m,
Ar-H), 7.75 (1H, d, J = 2.5 Hz, Ar-H), 8.08 (1H, d, J = 8.5 Hz, Ar-H),
12.15 (1H, s, carboxylic acid OH); *C NMR (125 MHz, DMSO- dg) 5,
ppm: 174.12, 161.71, 152.31, 139.03, 136.71, 130.82, 122.90, 122.11,
120.69, 117.10, 116.36, 115.84, 108.38, 35.54, 30.10 ppm; Anal. Calc.
for C17H12N203 (292.069 g/mol): C, 69.86; H, 4.14; N, 9.58; found: C,
69.52; H, 4.01; N, 9.32%; MS m/z (100%) Calc.: 292.273; Found: 315.07
[M+Na]*.

2.2.2. General procedure for the synthesis of phthalocyanine compounds
4-7)

A mixture of 4-(4-carboxyethylphenoxy)phthalonitrile (3) (2.92 g,
10.0 mmol), a certain amount of the proper anhydrous metal salts
[except for 7, Ti(OCHCH3CHs)4 (0.85 g, 2.5 mmol) for 4, Co(AcO),
(0.43 g, 2.5 mmol) for 5 or Zn(AcO); (0.46 g, 2.5 mmol) for 6] and a
catalytic amount of DBU was stirred in 2 mL of dry DMF under argon
atmosphere for 24 h at 160 °C. After cooling to room temperature, the
reaction mixture was acidified with 0.1 M aqueous HCl solution, and the
resulting precipitate was centrifuged, and the supernatant discarded.
The precipitate was washed several times with water, ethanol, and
methanol respectively. After the product was dried in vacuum the pure
substance was obtained by column chromatography with silica gel by
using THF: n-hexane = 3:0.5 (v/v) as eluent. The green pure compound
has high solubility in acetone, DMF, CHCl3, THF, and DMSO.

2.2.2.1. 2,9,16,23-tetrakis(4- carboxyethylphenoxy)phthalocyaninato -
oxotitanium (IV) (4). Yield: 1.22 g (40%); m.p. > 200 °C. FT-IR (Umax/
cm ™ ): 2527-3658 (carboxylic acid -OH), 3060 (-CH, arom.), 2926,
2865 (-CH, aliph.), 1716 (-C=0), 1599-1398 (-C—=C-, arom.), 1223 (Ar-
0O-Ar); 'H NMR (DMSO-dg) 6, ppm: 7.10-8.17 (m, 28H, Ar-H),
2.54-3.01 (m, 16H, ~CHy); UV-Vis (DMF) Anqx, nm (107> loge, L mol !
em™1): 698 (5.08), 632 (4.46), 352 (4.81); Anal. Calc. CegHgNgO13Ti
(1233.02 g/mol): C, 66.24; H, 3.92; N, 9.09; Found: C, 66.32; H, 4.03; N
9.01%; MS (MALDI-TOF): m/z (100%) 1234.09 g/mol [M+H],
1251.38 g/mol [M + Hy0]%, 1269.41 g/mol [M+2H,0]", 1287.33 g/
mol [M+3H,0]", 1326.79 g/mol [M+5H,0]", 1341.43 g/mol
[M+6H,01", 1359.24 g/mol [M+7H,0]".

2.2.2.2. 2,9,16,23-tetrakis(4- carboxyethylphenoxy)phthalocyaninato -
cobalt (II) (5). Yield: 1.07 g (35%); m.p. > 200 °C. FT-IR (z/max/cm’l):
2244-3276 (carboxylic acid -OH), 3027 (-CH, arom.), 2988, 2805 (-CH,
aliph.), 1720 (-C=0), 1600-1401 (-C=C-, arom.), 1222 (Ar-O-Ar);
UV-Vis (DMF) Amax, nm (107> log ¢, L mol™! ecm™!): 665 (4.97), 604
(488), 335 (487), Anal. Calc. C68H48N8012C0 (122809 g/IIlOl) C,
66.50; H, 3.94; N, 9.12; Found: C, 66.23; H, 3.99; N 9.14%; MS (MALDI-
TOF): m/z (100%) 1229.40 g/mol [M+H]™".

2.2.2.3. 2,9,16,23-tetrakis(4- carboxyethylphenoxy)phthalocyaninato -
zinc (II) (6). Yield: 1.85 g (60%); m.p. > 200 °C. FT-IR (Umax/cm1):
2417-3456 (carboxylic acid -OH), 3059 (-CH, arom.), 2928, 2869 (-CH,
aliph.), 1717 (-C=0), 1606-1469 (-C=C-, arom.), 1228 (Ar-O-Ar); 'H
NMR (DMSO-dg) 6, ppm: 12.21 (s, 4H, carboxylic acid OH), 7.10-8.87
(m, 28H, Ar-H), 2.94-3.03 (m, 8H, —-CH,), 2.63-2.89 (m, 8H, —-CH,);
UV-Vis (DMF) Amax, NM (10_5 log e, L mol ! cm_l): 678 (5.05), 615
(4.42), 357 (4.71); Anal. Calc. CggHsgNgO12Zn (1234.54 g/mol): C,
66.16; H, 3.92; N, 9.08; Found: C, 66.83; H, 3.90; N 9.16%; MS (MALDI-
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Scheme 1. The synthesis of Pcs 4-7. (i) K;CO3, DMF, 75 °C; (ii) metal salts, DBU, DMF, 24 h and 160 °C.

TOF): m/z (100%) 1234.09 g/mol [M]".

2.2.2.4. 2,9,16,23-tetrakis(4- carboxyethylphenoxy)phthalocyanine (7).
Yield: 1.30 g (44%); m.p. > 200 °C. FT-IR (I/max/cm’l): 3182 (-NH),
2414-3439 (carboxylic acid -OH), 3026 (-CH, arom.), 2943, 2830 (-CH,
aliph.), 1709 (-C=0), 1596-1394 (-C=C-, arom.), 1213 (Ar-O-Ar); ‘H
NMR (DMSO-dg) 6, ppm: 11.25 (s, 4H, carboxylic acid OH), 7.07-8.23
(m, 28H, Ar-H), 2.52-3.14 (m, 16H, —-CH3); UV-Vis (DMF) Apyqx, Nm
(107° log ¢, L mol™! ecm™): 700 (4.99), 669 (4.99), 641 (4.76), 612
(4.68) 338 (4.90); Anal. Calc. CegHs0NgO12 (1171.17 g/mol): C, 69.74;
H, 4.30; N, 9.57; Found: C, 69.81; H, 4.42; N 9.62%; MS (MALDI-TOF):
m/z (100%) 1174.11 g/mol [M+3H] ™.

2.3. Electrochemical and in situ spectroelectrochemical measurements

All electrochemical analysis were carried out with the cyclic vol-
tammetric (CV) and square wave voltammetric (SWV) measurements by
using a Gamry Reference 600 Potentiostat/Galvanostat in an electro-
chemical cell having three-electrode configuration at 25 °C by following
the procedure given in the literature [24,25]. Glassy carbon (GCE), Pt
wire and Ag/AgCl (containing saturated KCI solution) electrodes were
used as working, counter and reference electrode respectively in
dichloromethane (DCM) or dimethyl sulphoxide (DMSO)/tetra butyl
ammonium perchlorate (TBAP) electrolyte. In situ Spectroelec-
trochemical (SEC) and in-situ spectrochronocoulometric (SCC) mea-
surements were carried out in homemade quartz cell by using a
Reference 600 Gamry potentiostat and OceanOptics QE65000 diode
array spectrophotometer (QE65000). A Pt tulle working, a platinum
wire counter and silver-silver chloride (Ag/AgCl) reference electrodes
were used for the SEC measurements.

2.4. DSSC measurements

TCO22-15 fluorine-doped tin oxide coated glasses, TiO, paste (Ti-
Nanoxide D/SP), platisol T/SP, Iodolyte AN-50, Chenodeoxycholic Acid
(CDCA) and Ruthenizer 535-bisTBA (N719) were supplied from Solar-
onix and TiCl4 was supplied from Sigma Aldrich. The surface of TCO22-
15 glasses was cleaned and TiO5 paste was coated onto the FTO plates by
the doctor-blade technique on an active square area of 0.25 cm? (5 x 5
mm?) and sintered at 450 °C for 30 min 40 mM TiCl4 aqueous solution
was used for treatment of TiO photo anode at 70 °C for 30 min. Then the
TiO4 photo anodes were sintered at 450 °C for 30 min again. When the
electrodes were cooled in approximately 50 °C after the sintering pro-
cedure they were immersed in the 0.4 mM TiOPc (4), CoPc (5), ZnPc (6),
and HyPc (7) dye solutions that prepared in dichloromethane with 10-
fold chenodeoxycholic Acid (CDCA) for 18 h at room temperature.

Pre-drilled TCO22-15 glasses were coated with platisol T/SP plat-
inum paste and sintered at 420 °C for 15 min to prepare the counter
electrodes. Then the counter electrodes were sandwiched with photo
electrodes by using Meltonix 1170-60 (Solaronix) 60 pm thick hot-melt
sealing and Iodolyte AN-50 liquid electrolyte was syringed between two
electrodes. Three samples were fabricated for each experiment to
reproducibility of the experiments and to minimize the experimental
errors for the solar cell measurements.

3. Results and discussions
3.1. Synthesis and characterization

The complexes (4-7) were synthesized as outlined in Scheme 1,
starting from the synthesis of the phthalonitrile derivatives, namely 4-
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Fig. 1. UV-Vis spectra of the phthalocyanines (4-7) in DMF.

(4-carboxyethylphenoxy) phthalonitrile (3). The compounds 4-6 were
synthesized by heating 4 with anhydrous Ti(OCHCH3CHs)4, Co(AcO),
and Zn(OAc), salts, respectively at 160 °C in a sealed tube under argon
atmosphere in 40%, 35% and 60% yields, respectively (Scheme 1).
Cyclotetramerization of the phthalonitrile derivative 3 to the metal-free
Pc 7 was accomplished in anhydrous dimethyl formamide (DMF) at 160
°C in 44% yields, respectively (Scheme 1). Compounds 4-7 were syn-
thesized in the presence of DBU as a strong base.

The structures of 4-7 were verified by FT-IR, UV-Vis, 'H NMR and
MALDI-TOF MS spectroscopic methods, as well as by elemental analysis.
The 'H NMR measurement of 5 was excluded due to its paramagnetic
property. All the analytical and spectral data are consistent with the
predicted structures. The presence of carboxylic acid groups in the
metallo and metal free Pc complexes was confirmed by FT-IR spectra
[23]. In the FT-IR spectrum of phthalocyanine compounds 4-7, car-
boxylic acid ~OH groups were observed in the range of 2244-3658 cm ™!
and —-C=0 groups were appeared at 1716, 1720, 1717 and 1709 cm !,
respectively. The missing peak of -C=N at 2232 cm ™' in the FT-IR
spectrum of 3 is the sign of formation of all the phthalocyanine com-
plexes (4-7). The aromatic peaks were observed above just 3000 cm ™!
while aliphatic peaks were showed just below 3000 cm™!. The IR spectra

Table 1
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Fig. 2. CVs and SWVs of HyPc (7) (5.0 x 10~* mol dm ) recorded at various
scan rates on a GCE working electrode in DMSO/TBAP.

of compounds 4-7 were appeared Ar-O-Ar peaks at 1213-1228 cm ™},
aromatic C=C peaks at 1606-1394 cm*. The IR spectra of the Pcs 4-7
are very similar, with the exception of the metal-free 7 showing an NH
stretching band peaks at 3182 cm™! due to the inner core.

The electronic absorption spectra of the newly synthesized metal-
lophthalocyanines 4-6 in DMF showed characteristic absorptions be-
tween 665 and 698 nm in the Q-band region (Fig. 1). The Q band
observed for the compounds was attributed to the n/n* transition from
the highest occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO) of the Pc ring. B (or Soret) bands in the
UV region at 335-357 nm were observed due to the transitions from the
deeper 7 levels to the LUMO [23,26,27]. The split Q band of 7, which are
quite typical for metal-free Pc, showed two intense absorptions at 700,
669 nm indicating the lower symmetry (Doy) of the compound (Fig. 1)
[28,29].

Electrochemical data of the complexes in DMSO/TBAP solution. All potentials were given versus Ag/AgCl.

E1/2 (V) of Redox Processes

Complexes Red(1) Red(2) Red(3) Red(4) oxd(1) 0xd(2) "By umo Eyomo Egap (€V) Ref.
TiOPc(4)* —0.43 —0.58 —0.80 —0.94 0.56 0.98 —3.90 —4.89 0.99 tw
CoPc(5) -0.41 —1.28 -1.87 - 0.19 0.89 (1.04) —3.92 —4.52 0.60 tw
ZnPc(6) —0.86 -1.10 - - 0.76 (0.62) 0.96 —3.47 —4.95 1.48 tw
HyPc(7) -0.70 -1.01 -1.77 1.10 (0.70) - -3.63 -5,.03 1.40 tw
CoPc —0.48 -1.29 -1.92 0.30 0.91 [36]
MnClPc —0.30 —0.90 -1.36 0.38 (0.51) 0.88 [36]
CuPc(mpt) —-0.95 -1.21 —1.88 0.58 1.30 [30]
CoPc(t-SA) —0.62 —0.95 -1.63 0.67 0.89 [46]
CoTMPyrPc —0.50 -1.34 -1.93 0.47 1.00 [58]
MnTMPyrPc —-0.06 —0.68 -1.19 - - [58]
MnCIPc(m) -0.23 —0.80 —1.04 - - [59]

@ TiOPc(4) illustrated 5., 6. and 7. reduction processes at —1.33, —1.62, and —2.01 V respectively.

® Exomo = -4.78 +(E1/2 (Fe)-Ey (Oxd(1)).
¢ Erumo = -4.78 +(E1 /2 (Fc)-E1 /2 (Red(1)).
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Fig. 3. a) CVs (inset: CVs recorded with various vertex potentials at 100
mVs~ 1) and b) SWVs of ZnPc (6) (5.0 x 10~* mol dm~2) recorded at various
scan rates on a GCE working electrode in DMSO/TBAP.

'H NMR spectra were also in accordance with the structures of the
synthesized compounds. 'H NMR measurements were precluded, due to
its paramagnetic nature for 5. 'H NMR spectra of 6 and 7 in deuterated
dimethyl sulphoxide gave a singlet at 5§ 12.21 and 11.25 ppm (COOH),
respectively. The aromatic protons appeared between 5 7.07-8.87 ppm
for 4, 6 and 7 while the aliphatic protons were observed in the range §
2.52-3.14 ppm for 4, 6 and 7.

In the mass spectrum of compounds 5, 6 and 7 the presence of mo-
lecular ion peaks at m/z = 1229.40 [M+H] ", 1234.09 [M] " and 1174.11
[M+3H] " respectively, clearly indicates the formation of desired prod-
ucts. In the case of 4 the highest values observed in the spectrum
correspond to fragment ions 1234.09 [M+H]", 1251.38 [M + H,01™,
1269.41 [M+2H,0]", 1287.33 [M+3H0]", 1326.79 [M+5H20]7,
1341.43 [M+6H20]" and 1359.24 [M+7H0]".

3.2. Voltammetric measurements

Voltammograms of MPcs having 4-(4- carboxyethylphenoxy) sub-
stituents were recorded on GCE in DCM and/or DMSO/TBAP electrolyte
and the half wave peak potentials (E; /2) derived the voltammograms are
tabulated in Table 1 for the comparison. As depicted in Table 1, MPcs
having redox inactive metal centers such as H™ and Zn?*, illustrate only
Pc based redox responses, there is no doubt on the redox mechanism of
these complexes since the redox inactivity of the metal center and sub-
stituents. Voltammetric results of HyPc (7) and ZnPc (6) are given in
Fig. 2 and Fig. 3 as examples. During the negative potential scans, two
quasi reversible redox couples of HyPc (7) are observed at —0.70 V (Red
(1)), —1.01 V (Red(2)). Third reduction process could be recorded with
SWV at —177 V as shown in Fig. 2b. Moreover, an irreversible oxidation
process which is split into two waves, is also observed at 0.70 and 1.10 V
(0xd(1)). The small wave clearly observed with SWV may be due to the
electron transfer reaction of the aggregated species. The redox positions

Oxd(2)
Oxd(1)

01 Red 2) .
=51 ,\L\)\ \/_\’\
-107 Red(1)

BRed(7) Red<5)

-20 T Red(3) T T
-2.5 -2.0 -1.5 -1 0 -0.5 0.0 0.5 1.0 1.5
E (V) vs. Ag/AgCI

Fig. 4. CVs and SWVs of TiOPc (4) (5.0 x 10~* mol dm~3) recorded at various
scan rates on a GCE working electrode in DMSO/TBAP.

and general behaviors of them are in consistence with the similar HoPcs
reported in the literature. Due to the different electron releasing/with-
drawing nature of the substituents, the redox coupes of HyPc (7) are
slightly shift towards the positive potentials.

As shown in the CVs and SWVs of ZnPc (6), two reduction and two
oxidation couples are observed at —0.86 V (Red(1)), —1.10 V (Red(2)),
0.76 V (0Oxd(1)), and 0.96 V (Oxd(2)) respectively (Fig. 3).A small
oxidation wave is observed at 0.62 V due to the oxidation of the
aggregated species. Moreover, due to the aggregation of the complex,
small waves just after the first and second reduction reactions are
observed (in the SWVs), which are assigned to the reduction of the
aggregated species. When compared with the similar ZnPc reported in
the literature [30-33], all redox couples are assigned to the electron
transfer reaction of the Pc ring. With respect to peak to peak separation
(AEp), and peak current ratio (Ipa/Ipc), while the Red(1) and Red(2) are
electrochemically and chemically reversible, the other processes are
chemically irreversible.

Changing the metal center of Pc ring with Co™2 and Ti**O cations,
considerably enhanced the redox richness as shown in Figs. 4-6. TiOPc
(4) shows completely different voltammograms than those of ZnPc (6)
and HyPc (7), due to the redox activity of the Ti**O metal center as
shown in Figs. 4 and 5. Totally seven reduction and two oxidation
processes are recorded during the cathodic and anodic potential scans
respectively. When the redox responses of TiOPc (4) are compared with
the similar TiOPc in the literature, the redox mechanism given in Eq.
(1)-(9) can be easily proposed. In the literature, most of the electro-
chemistry of TiOPc (4) are reported by Koca et al. [34-37]. In all these
studies, metal-ligand-metal-ligand redox assignments are proposed for
the first fourth reduction processes. Similar redox mechanism was re-
ported by Biyiklioglu. and [38-40] and Arslanoglu et al. [41]. However,
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Fig. 5. CVs and SWVs of TiOPc (4) (1.0 x 10~* mol dm~2) recorded at various
scan rates on a GCE working electrode in DMSO/TBAP.

He et al. differently reported two-electron metal-ligand and two-electron
metal ligand processes [42]. A different redox mechanism was proposed
by Nyokong research group [43-45]. In their studies, overlap of vol-
tammograms for two 1-electron reductions resulted in one couple for the
[TiYOPc?~)/ [Ti’OPc? )?~ and [TifOPc?~]*"/ [TOPc®~]*" processes.
These studies indicate that the metal and Pc based process can be
recorded separately or overlap in a single wave. In this study, all of the
1-electron reduction reactions of TiOPc (4) can be clearly recorded
especially with SWVs as shown Figs. 4 and 5. When compared with the
well documented studies, the first four reduction processes can be easily
assigned to the metal-ligand-metal-ligand processes. The concentration
of the solutions significantly influences the peak current ration of metal
and Pc based processes. As shown in the SWV of the complex, the Red (1)
wave has higher current than Red (2) wave in the concentrated solution
(Fig. 4b). However, Red (2) wave get higher current in the diluted so-
lution (Fig. 5b). Although the redox processes have different peak cur-
rent, the controlled potential coulometric analysis performed at —1.20 V
indicated one-electron transfer character of each redox process. These
responses most probably resulted from the aggregation of the complex in
the concentrated solution, which make difficult to the reduction of the
central metal ion.
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Fig. 6. CVs and SWVs of CoPc (5) (5.0 x 10~* mol dm~3) recorded at various
scan rates on a GCE working electrode in DMSO/TBAP.
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In order to investigate influences of using Co?* metal center, redox
properties of CoPc (5) are represented in Fig. 6. In the literature,
numerous CoPc having various substituents were published and it has
been reported that the substituent environment does not influence
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electrochemical mechanism but influence the peak positions and
reversibility of the process. In these studies, metal-ligand-ligand
reduction and metal-ligand-ligand based oxidation mechanism were
reported in polar coordinating electrolyte [46-50]. Similarly here, CoPc
(5) illustrates three reduction and two oxidation couples at —0.41 V
(Red(1)), —1.28 V (Red(2)), —1.87 V (Red(3), 0.19 V (0Oxd(1)), and 0.89
V 0xd(2)), which are assigned to metal-ligand based reduction and
metal-ligand based oxidation processes [33,46,51,52]. The proposed
mechanism for these complexes is proved with the in situ spectroelec-
trochemical measurements discussed below.

3.3. In-situ spectroelectrochemical measurements

There is not a doubt on the peak assignments of HyPc (7) and ZnPc
(6) compounds since H' and 7Zn>" central cations on these molecules are
redox inactive. Thus in-situ spectroelectrochemical characterizations of
HyPc (7) is given in Fig. 7 as an example. Under open circuit potential,
HoPc (7) illustrates common split Q bands at 666 and 689 nm and the B
bands at 294 and 395 nm. During the electrolysis at the first reduction
reaction potential, the split Q bands disappear, and a new Q band is
obtained at 633 nm (Fig. 7a-i). Moreover, a charge transfer band is
recorded at 585 nm. These spectral changes are characteristic changes
for the Pc based reduction of HyPc (7) compounds. Fig. 7a—ii shows the
spectral changes during the second Pc based reduction reaction of HyPc
(7). While the Q band at 633 nm and the band at 585 nm decrease in
intensity and a new charge transfer bands are observed at 506 and 785
nm. The observed spectral changes during the Red(3) and Red(4) pro-
cesses are also consistence with the characteristic spectral changes of

HyPc compounds in the literature (Fig. 7b i-ii). During the oxidation
reaction, the oxidized cationic HyPc (7) species decompose which re-
flected with the decreasing of all bands as shown in Fig. 7c. Color of the
compound significantly change as shown in the chromaticity diagram of
the compound (Fig. 7d). The spectroelectrochemical results of the
compounds indicate its functionality in various optoelectrochemical
applications, such as electrochromic, photoelectrochemical and solar
cell applications.

Redox activity of the central cations of TiOPc (4) and CoPc (5)
complexes considerably alter the spectral changes due to the additional
redox waves of Ti**0 and Co?* ions. Spectral changes during the redox
processes of TiOPc (4) are illustrated in Fig. 8. Slight shifting of the Q
band towards the shorter wavelengths (from 700 to 690 nm) with the
decrease in the intensity and decrease of the bands at 400 and 450 nm
are characteristic chances for the [Ti’/OPc?]/ [Ti"?OPc?~]'~ assignment
for Red(1) couple of the TiOPc (Fig. 8a-i) [37,44,53]. During the Red(2)
process, the Q band decrease without a shift while a new band is
observed at 500 nm, which supports the occurring of [Ti!OPc?~]'~/
[Ti"OPc®~)* reduction (Fig. 8aii). Similarly, while the Q band shift
from 690 nm to 650 nm with decreasing the band at 520 nm increases in
intensity due to the reduction of [Ti"OPc* >~ to [Ti’OPc® ]*~
(Fig. 8b-i). Similarly, the spectral changes in Fig. 8b-ii are characteristic
changes for the further Pc based reduction of [Ti’OPc* |*~ to
[Ti?OPc*]*". During the further reduction processes, a distinct spectral
change could not be recorded due to the instability of the multi-anionic
forms of the reduced species. During the oxidation reactions, all bands
decreased in intensity without a shift due to the ligand-based oxidations
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and decomposition of the oxidized species (Fig. 8c). As represented in
Fig. 8d, color changes from green to yellow, cyan and then blue color
respectively during the reduction reactions. Similarly orange color is
recorded after the oxidation reactions. The distinct color changes and
multielectron redox reactions of the complex indicate its possible usage
in display technologies as an electrochromic material.

In situ spectroelectrochemical response of CoPc (5) represented in
Fig. 9 supports the assignments performed with voltametric measure-
ments. The shifting of the Q band during the first reduction and first
oxidation processes (Fig. 9a and c) supported the metal based electron
transfer characters of these couples [24,49,53,54]. During the Pc based
reduction, the Q bands decreased in intensity without a shift and a new
band is observed in the ligand to metal charge transfer region as shown
in Fig. 9b. Possible electrochromic functionality of CoPc (5) is shown in
the chromaticity diagram (Fig. 9d). As shown in this figure each redox
species of the complex has different colors, which is the desired feature
for the polyelectrochromic applications.

3.4. Photovoltaic properties

In order to determine suitability of the TiOPc (4), CoPc (5), ZnPc (6),
and HyPc (7) as dyes in DSSC, their highest occupied molecular orbital
level (HOMO) and lowest unoccupied molecular orbital level (LUMO) of
dyes were calculated from oxidation and reduction processes recorded
with CV and SWV analyses. The Egonmo and Epymo values determined are
given in Table 1. In DSSCs, the LUMO energy level of Pc should be more
negative than the conductivity band of TiO2 (—4.00 eV) and the HOMO
energy level should be more positive than the redox potential of the
electrolyte (—4.75 eV for I-/137). As shown in Table 1, the HOMO and
LUMO energy levels of MPcs (except CoPc (5)) are suitable for the
continuous charge carrier mobility of the DSSCs to operate easily.
Although LUMO energy levels of CoPc (5) seems as unsuitable, a
reasonable high photovoltaic performance is also recorded with CoPc
(6). These extraordinary responses may be due to the variation of the
energy levels in different media. It is well known that CoPc (5)
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Table 2
Photovoltaic properties of the MPc bearing DSSCs.
Dye Jsc (mA/cm?) Voc (mV) FF (%) n (%) Ref.
TcZnPcl 1.05 540 70.8 0.4 [60]
4-HBa-ZnPc 6.82 860 51 2.99 [61]
4-HBa-CoPc 8.40 910 48 3.70 [61]
PCHO01 6.5 635 74.3 3.05 [62]
Co-Pc-dg 5.77 740 53 2.26 [56]
Co-Pc-dp 5.28 730 52 2.01 [56]
TT1 7.60 617 75 3.52 [63]
TT2 0.90 550 72 0.4 [63]
TT3 4.80 610 74 2.20 [63]
TT4 1.44 611 75 0.67 [63]
TT5 6.80 613 74 3.10 [63]
H2TCPc 0.466 441 52 0.43 [64]
CoTCPc 0.444 281.25 47 0.23 [64]
ZnTCPc 0.555 375 45 0.37 [64]
ZnTSPc 0.466 486.75 55 0.50 [64]
TiOPc(4) 11.72 466 60.8 3.32 tw
CoPc (5) 8.47 370 11.6 1.02 tw
ZnPc (6) 9.36 428 24.4 2.20 tw
H,Pc(7) 10.98 471 56.4 2.92 tw
N719 19.10 721 66.4 9.14 tw

illustrated a metal based oxidation process at 0.19 V due to the stabili-
zation of Co''/Co™ redox couple in polar and coordinating DMSO elec-
trolyte. However in acetonitrile this peak is not fovarable, thus the
oxidation potential may shift to more positive potentials, which makes
the LUMO of the complex as suitable for the continuous charge carrier
mobility. The photovoltaic performances of solar cells which were
constructed by using TiOPc (4), CoPc (5), ZnPc (6), and HyPc (7) are
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Fig. 10. J-V measurements of the DSSCs based on TiOPc (4), CoPc (5), ZnPc
(6), and HyPc (7).

summarized in Table 2. As shown in this table, photovoltaic perfor-
mances of HyPc (7) and TiOPc (4) are considerably higher than those of
CoPc (5) and ZnPc (6) and they are among the MPcs having higher
performances. Although high efficiency and fill factor values are ob-
tained, the open circuit potentials of these compounds are less than the
similar MPcs in the literature. The low open circuit potentials were most
probably due to the shorter electron lifetime as a result of the small
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(7), and N719.

blocking effect against the approach of acceptor species, which may be
resulted from the low amount of adsorbed dye. The low number of
adsorbed dyes may be related to the nonspherical large structure of the
dyes, which makes it difficult to cover the TiO, surface [54]. While
ZnPcs are more preferred in the literature, CoPc (5), metal free (HoPc
(7)) and titanyl bearing (TiOPc (4)) examples are among the rarely re-
ported MPc compounds, and the performance of these ones are higher
than the most of the reported ZnPcs. The different photovoltaic perfor-
mance may be resulted from the low effective nuclear charge of Pc
center cation, which influence the electron density f the Pc ring and the
anchoring groups. The high efficiency of DSSC incorporating especially
TiOPc (4) and HyPc (7) may most probably be due to the low aggrega-
tion, high solubility in DMSO and acetonitrile solvents and better
directionality of their electronic orbitals in the excited states, which is
one of the main factors to provide an efficient electron transfer from the
excited dye to the TiO2 conduction band [55]. Current-voltage (I-V)
measurements of DSSCs in Fig. 10 were performed under 1000 W/m? -
AM 1.5 light intensity by using Science Tech SLB-300A. As shown in this
Figure, TiOPc (4), ZnPc (6), and HyPc (7) dyes bearing DSSCs show
overall power conversion efficiencies close to each other with 2.9%,
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3.3%, and 2.2%, respectively, while the CoPc (5) shows relatively low
efficiency (1.02%). Although the V¢ values of the produced solar cells
are very close to each other, the current density (Jsc) and FF values of
the DSSC using TiOPc (4) dye is higher than the using other dyes. To
compare with synthesized Pc dyes, N719 used as standard dye in DSSC,
and the solar cell efficiency was determined as 9.14% (Fig. S19). While
N719 shows the incident photon-to-current efficiency (IPCE) of ca 80%
at A = 535 nm, TiOPc (4), CoPc (5), ZnPc (6), and HyPc (7) dyes on the
TiO, film shows IPCE values of 68%, 52%, 48%, and 34% at A = 535 nm
(Fig. 11) respectively. Like higher overall power conversion efficiency,
TiOPc (4) and HyPc (7) also show higher IPCE than those of CoPc (5) and
ZnPc (6).

EIS analysis of DSSCs were performed by using VersaSTAT 3
Potentiostat Galvanostat in 1000 W/m? AM 1.5 illumination conditions
at room temperature. AC oscillator signal was applied as amplitude of
10 mV. The frequency range was driven from 10 mHz to 1 MHz without
bias voltage for all samples. The Nyquist plots of DSSCs in Fig. 12a are
fitted into the equivalent circuit which given in inset of Fig. 12. Bode
plots of DSSCs were given in Fig. 12b which are used to examine the
conductivities of the dyes. The series resistance value (Rg), one of the
equivalent circuit parameters obtained from the Nyquist curves, repre-
sents the resistance of the FTO layer and is found by determining the
start point of the curve. There are two kinetic loops in the Nyquist curves
in the high and middle frequency regions. The small loop observed in the
high frequency region, represents the resistance of R¢r1, which is known
to originate from the interface between the I" /I3 redox couple and the Pt
counter electrode [55,56]. The large loop in the middle frequency region

Table 3
Equivalent circuit parameters of the DSSCs according to electrochemical
impedance spectroscopy.

Dye Rs(Q) Reri(®@)  Rerz fmax Te Cp2 Tn
(D)} (Hz) (ms) (hF) (ms)
TiOPc 10.30 162.1 138.6 348.12 0.46 43.7 6.1
4)
CoPc 127.51 328 583.4 794.33 0.20 132.3 77
(5)
ZnPc 118.54 220 420.5 630.96 0.25 82.4 34
(6)
HyPc 11.46 27.95 360.8 534.28 0.29 52.7 19
(7)
N719 9.72 19.07 15.58 196.64 0.81 15.3 0.24
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Fig. 12. a) Nyquist plots and b) Bode plots of the DSSCs based on TiOPc (4), CoPc (5), ZnPc (6), HoPc (7), and N719.
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shows Rc¢ra, which is the charge transfer resistance between TiOo/Pc
sensitizer/I” /I3 redox couple interfaces [57]. Since the TiO; semi-
conductor, I /I3 redox couple and Pt counter electrode used in the
fabrication of the DSSCs are constant in the study, it is expected that the
Rcrs resistance value in the Nyquist curves will be one-to-one effective
on the efficiency, depending on the dye, and it has been observed that
this is true when the DSSC efficiencies and the R¢r; resistance values are
compared. In addition, electron lifetime (t.) and electron transport time
(tn) values were calculated by using the highest frequency (fax) and
chemical capacitance (C,2) values in the Bode curves by using equations
(1) and (2) given below, and these values are shown in Table 3.

1
- 1
o 10
T =Rerr. Cpo an

When the Rery resistance values were examined, it was seen that the
lowest resistance value after N719 was in the TiOPc (4) based solar cell.
It is well known the efficiency of the solar cells which have low resis-
tance value is relatively higher than the solar cells have high resistance
[55,56]. This also explains why solar cell efficiency is higher in TiOPc
(4) based solar cell than the others. Similarly, electron lifetime values
effect the efficiency of the DSSCs and it is expected that the cell with
high electron lifetime value will also have high solar cell efficiency.
According to all experimental accounts obtained from the produced
solar cells, it has been observed that electrochemical parameters such as
resistance, electron lifetime and electron transport time are closely
related to the solar cell efficiency and are compatible with the experi-
mental results that obtained. TiOPc (4) was found to have longer elec-
tron lifetime (0.46 ms) and shorter electron transport time (1.2 ms) than
the other dyes used solar cells.

4. Conclusion

In conclusion, in this work, the synthesis, characterization and DSSC,
electrochemical, spectroelectrochemical applications of peripherally
tetra-substituted Ti(IV), Co(II), Zn(II) and free phthalocyanine dyes
bearing carboxylic acid groups were reported. Using redox active metal
center in the cavity of Pc considerably altered the electrochemical fea-
tures of the complexes. Using Ti'VO and Col metal center added extra
redox activity to the Pc ligand, which enhanced functionality of these
complexes. Especially TiOPc illustrated very complicated electron
transfer properties. Tailoring the core of Pc with Ti'VO and Co™ metal
center will most probably enhance their functionality in various elec-
trochemical fields. Metal free and titanyl phthalocyanines bearing four
peripheral carboxyl anchoring groups indicated high power conversing
efficiency in DSSCs. Due to the shorter band gap, longer electron lifetime
and shorter electron transport time, TiOPc illustrated higher efficiency
than that of HyPc. The higher performances of TiOPc and HoPc than
CoPc (5) and ZnPc (6) may be due to the altering the electron density on
the Pc ring due to the different effective nuclear charge of the central
cation of the Pc rings. Moreover higher performance from the similar
example in the literature may be due to the strength of the binding of
these compounds to the TiOy semiconductor with the help of four
anchoring carboxyl groups.
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