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b Department of Chemistry, Sakarya University, 54050 Sakarya, Turkey 
c Department of Fundamental Sciences, Sakarya University of Applied Sciences, Sakarya, Turkey 
d Department of Renewable Energy Systems, Sakarya University, Sakarya, Turkey 
e Biomedical, Magnetic and Semiconductor Materials Research Center (BIMAS-RC), Sakarya University, Sakarya, Turkey 
f Department of Pharmaceutical Chemistry, Yüzüncü Yıl University, 65090 Van, Turkey   

A R T I C L E  I N F O   

Keywords: 
Dye-sensitized solar cell 
Phthalocyanine 
Pyrazole-3-carboxylic acid 
2,6-Diphenylphenoxy donor group 

A B S T R A C T   

A novel unsymmetrical zinc phthalocyanine complex (PCA-ZnPc-3) containing six 2,6-diphenylphenoxy donor 
groups and pyrazole-3-carboxylic acid anchoring group has been synthesized and used as a sensitizer for dye- 
sensitized solar cells (DSSCs). The optical, electrochemical and photovoltaic characteristics were evaluated 
and compared with the dyes containing the same anchoring group and tert-butyl (PCA-ZnPc-1) or hexylsulfanyl 
(PCA-ZnPc-2) donor groups, developed by our group. The DSSC with PCA-ZnPc-3 exhibited a higher power 
conversion efficiency (PCE) of 2.04% as compared to that of PCA-ZnPc-1 (PCE = 1.74%) and PCA-ZnPc-2 (PCE 
= 1.89%). This enhancement in efficiency may be ascribed to the less dye aggregation and appropriate dye 
coverage. These results suggest that the incorporation of 2,6-diphenylphenoxy into pyrazole-3-carboxylic acid- 
based zinc phthalocyanine sensitizers can improve photovoltaic performance of DSSCs.   

1. Introduction 

One of the most important scientific and technological research 
topics of this century is to replace fossil fuels with renewable energy 
sources. Among this energy sources, solar energy has an important place 
in terms of sustainability. Since the report by Gratzel in 1991, DSSCs 
utilizing nanoporous TiO2 electrode have been attracted much attention 
because of their low cost in comparison with silicon-based photovoltaic 
devices (Matsuzaki et al., 2014). Polypyridyl-ruthenium complexes (N3, 
N719) with a PCE of up to 12% are the most successful dyes in this field 
(Yu et al., 2012). However, ruthenium-based dyes have disadvantages 
such as lack of absorption in the red/near-infrared region, their high 
cost, and the rarity of the metal (Shi et al., 2015). To produce highly 
efficient DSSCs, sensitizers are required to absorb red/near-infrared 
region of solar spectrum (Matsuzaki et al., 2014). 

Phthalocyanines are very convenient sensitizers for DSSCs because of 

their light absorption in the UV and red/near-infrared region, high 
extinction coefficients, photochemical and thermal stability (Cid et al., 
2009; Ragoussi et al., 2012). Therefore, many symmetric phthalocya-
nines have been used or tested as sensitizers in DSSC but they have 
showed low PCEs due to dyes’ aggregation and solubility problem in 
organic solvents. In order to prevent such problems, unsymmetrical 
phthalocyanines bearing bulky aliphatic or aromatic donor groups and 
“anchoring group”, i.e., a chemical substituent able to adsorb the dye 
molecule onto the TiO2 surface, have been used in DSSCs (Yıldız et al., 
2019). At short intervals in 2007, two unsymmetrical zinc phthalocya-
nines, PCH001 and TT1, having three tert-butyl donor groups and 
different anchoring group (succinic acid for PCH001, carboxylic acid for 
TT1), were reported (Cid et al., 2007; Reddy et al., 2007). With PCH001 
and TT1, the highest power conversion efficiencies were obtained in 
phthalocyanine-sensitized solar cells for that time (PCH001 3.05%, TT1 
3.52%). After this reports, a large number of ABBB type unsymmetrical 
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Contents lists available at ScienceDirect 

Solar Energy 

journal homepage: www.elsevier.com/locate/solener 

https://doi.org/10.1016/j.solener.2021.08.033 
Received 21 April 2021; Received in revised form 30 July 2021; Accepted 10 August 2021   

mailto:isisman@sakarya.edu.tr
mailto:mkasimsener@gmail.com
www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2021.08.033
https://doi.org/10.1016/j.solener.2021.08.033
https://doi.org/10.1016/j.solener.2021.08.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2021.08.033&domain=pdf


Solar Energy 226 (2021) 173–179

174

zinc phthalocyanine dyes with different bulky donor groups and 
anchoring group have been tested for DSSCs. Although unsymmetrical 
zinc phthalocyanines have less tendency to aggregation as compared to 
their symmetric derivatives, coadsorbent have been still used to prevent 
dye aggregation on TiO2 surface (Mori et al., 2010). However, the 
necessary amount of coadsorbent per dye molecule to reach the optimal 
efficiency is usally huge, which constitutes a major drawback because it 
reduces the total number of adsorbed dye molecules on the surface thus 
the absolute amount of injected electrons from the excited-dye to the 
electrode, which in fine limits the current density of the cell (Urbani 
et al., 2019). In 2010, Mori et al. reported a new unsymmetrical zinc 
phthalocyanine containing 2,6-diphenylphenoxy groups (PcS6), suc-
ceeding in completely prevent to aggregation without using a coad-
sorbent (Ragoussi et al., 2013). They had achieved high power 
conversion efficiency (4.60%) using PcS6 for DSSCs. This unsymmetri-
cal phthalocyanine derivative had been a new breakthrough for 
phthalocyanine-sensitized solar cells, and many phthalocyanine de-
rivatives bearing 2,6-diphenylphenoxy groups have been synthesized 
and used for DSSCs. Phthalocyanine derivative containing 2,6-diphenyl-
phenoxy donor groups reported by Ragoussi et al in 2012, has highest 
power conversion efficiency among DSSCs using phthalocyanine dyes. 

A short time ago, we have reported phthalocyanine dyes, PCA-ZnPc- 
1 and PCA-ZnPc-2, having three tert-butyl and six hexylsulfanyl donor 
groups, respectively, and pyrazole-3-carboxylic acid anchoring group. 
Pyrazole-3-carboxylic acid has two N-donors on the pyrazole ring and 
two O-donors on the carboxylate and this N and O atoms can chelate 
very stable with metal ions (Saçmacı and Kartal, 2008; Şener et al., 
2004). Thus, electron injection efficiency of the dye and stability of the 
cell can be increased using pyrazole-3-carboxylic acid anchoring group 
in phthalocyanine-sensitized solar cells. It has been seen that PCA-ZnPc- 
1 had 2.5 times higher power conversion efficiency with respect to TT4 
bearing tert-butyl donor groups and carboxylic acid anchoring group. 
However, utilizing chenodeoxycholic acid (CDCA) as coadsorbent was 

necessary to reach maximum PCE for PCA-ZnPc-1 and PCA-ZnPc-2 
sensitized solar cells. In this study, to eliminate the above-mentioned 
problems caused by the use of coadsorbent CDCA, we have synthe-
sized new unsymmetrical zinc phthalocyanine, PCA-ZnPc-3, having six 
bulky diphenylphenoxy donor groups and pyrazole-3-carboxylic acid 
anchoring group and used as a sensitizer for DSSCs. 

2. Experimental 

2.1. Synthesis of 4-(4-(3-(ethoxycarbonyl)-1H-pyrazole-5-yl)phenoxy) 
phthalonitrile 1 

4-Nitrophthalonitrile (100 mg, 0.578 mmol) and 5-(4-hydrox-
yphenyl)-2H-pyrazole-3-carboxylic acid ethyl ester (201 mg, 0.867 
mmol) were dissolved in 20 mL dry DMF. Anhydrous potassium car-
bonate (106 mg, 0.77 mmol) was added to the reaction solution in 
portionwise over 2 h. The reaction mixture was stirred vigorously at 
room temperature during 3 days under argon atmosphere. The mixture 
was poured into ice-water (300 mL). The white precipitate was collected 
by filtration, dried under vacuum and recrystallized from ethanol (Yıldız 
et al., 2018). Yield 170 mg (82.1%), M.p: 230 ◦C. 

2.2. Synthesis of 4,5-bis(2,6-diphenylphenoxy)phthalonitrile 2 

4,5-Dichlorophthalonitrile (200 mg; 1.015 mmol), 2,6-diphenylphe-
nol (750 mg; 3.045 mmol) were dissolved in 5 mL anhydrous DMF and 
dry K2CO3 (1.4 g; 10.15 mmol) was added. Reaction mixture was mixed 
at 100 ◦C for 36 h. The mixture was cooled to room temperature and 
poured into ice-water. Then mixture was extracted with dichloro-
methane DCM (3 × 50 mL). Organic phase was dried over Na2SO4 and 
evaporated. The residue was purified by column chromatography using 
DCM as the eluent. Recrystallization from methanol gave white solid 
(Mori et al., 2010). Yield: 286 mg (46%). ATR-IR (ʋ, cm− 1): 3072–3035 

Scheme 1. Synthesis of PCA-ZnPc-3. (i) ZnCl2, DBU, n-pentanol, 72 h; (ii) 1 M NaOH, THF, 60 ◦C, 48 h.  
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(CH, aromatic), 2229 (C–––N). 1H NMR (CDCl3), (δ, ppm): 7.46 (6H), 
7.42 (8H), 7.15 (4H), 7.06 (8H), 6.25 (2H). 

2.3. Synthesis of 2,3,9,10,16,17-hexa(2,6-diphenylphenoxy)-23-mono 
(4-(3-(ethoxycarbonyl)-1H-pyrazole-5-yl)phenoxy)phthalocyaninatozinc 
(II) 3 

1 (45.8 mg, 0.128 mmol), 2 (236.4 mg, 0.384 mmol) were heated at 
reflux in n-pentanol (5 mL) under argon atmosphere for 72 h in the 
presence of ZnCl2 (23.3 mg, 0.1705 mmol) and DBU (5 drops). After 
cooling to room temperature, reaction mixture was poured into meth-
anol and resulting green precipitate was filtered off and washed with 
methanol. Afterwards, the green solid was purified by column chroma-
tography on silica gel. Symmetric phthalocyanine with 2,6-diphenlphe-
noxy group was eluted first using DCM, and then 3 was eluted using 
DCM:ethanol (100:1). Yield: 30.6 mg (10.3%). ATR-IR (ʋ, cm− 1): 3055 
(CH, aromatic), 2927 (CH, aliphatic), 1721 (H11C5O–C––O). MS 
(MALDI-TOF): m/z 2316.533 [M]+. 1H NMR (CDCl3), (δ, ppm): 
7.81–6,35 (Ar-H, 92H), 4.33 (2H), 3.34–3.10 (6H), 1.68 (3H). 13C NMR 
(CDCl3), (δ, ppm): 161.67, 148.70, 138.42, 138.29, 138.21, 137.58, 
135.97, 135.91, 135.61, 135.08, 131.16, 131.10, 129.65, 129.58, 
129.50, 129.27, 128.18, 127.89, 127.49, 127.32, 127.12, 127.04, 
125.78, 107.80, 65.56, 38.02, 31.33, 22.27, 13.93. UV–vis (THF, 1 ×
10− 5 M) λmax, nm (log ε): 681 (5.38), 614 (4.61), 358 (4.97). 

2.4. Synthesis of 2,3,9,10,16,17-hexa(2,6-diphenylphenoxy)-23-mono 
(4-(3-(hydroxycarbonyl)-1H-pyrazole-5-yl)phenoxy)phthalocyaninato-
zinc(II) PCA-ZnPc-3 

1 M NaOH (0.8 mL) was added to solution of 3 (30.6 mg; 0.013 
mmol) in THF. The solution was mixed at 60 ◦C for 48 h. Then rection 
mixture was cooled to room temperature and evaporated to small vol-
ume (approx. 1–2 mL). Afterwards, the precipitate acidified to pH: 1–2 
with diluted HCl and water was added. The green solids were collected 
by centifiguration, washed with water until neutralization and dried 
under vacuum. Yield: 12 mg (40.4%). ATR-IR (ʋ, cm− 1): 3055 (CH, ar-
omatic), 1715 (HO–C––O). MS (MALDI-TOF): m/z 2246.177 [M]+. 1H 
NMR (CDCl3), (δ, ppm): 7.81–6.35 (Ar-H, 92H). 13C NMR (CDCl3), (δ, 
ppm): 166.07, 151.67, 145.41, 137.30, 136.94, 135.86, 135.08, 135.01, 
134.01, 131.30, 131.24, 131.12, 129.34, 129.28, 128.33, 128.27, 
128.19, 128.13, 128.11, 127.93, 127.69, 127.49, 125.51, 110.36. 
UV–vis (THF, 1 × 10− 5 M) λmax, nm (log ε): 682 (5.36), 614 (4.59), 358 
(4.94). 

3. Results and discussion 

3.1. Synthesis and structural characterizations 

In this study, firstly phthalonitrile derivatives 1 and 2 were synthe-
sized according to the procedures described in the literature (Mori et al., 
2010; Yıldız et al., 2018). Then compound 3 was obtained by mixed 
cyclotetramerization method from 1 and 2 in the presence of ZnCl2 and 
DBU in pentanol at reflux temperature for 72 h. Under this reactions 
conditions, a transesterification was occured and pentyl ester form of the 
3 was observed. Lastly, targeted molecule PCA-ZnPc-3 was syhthesized 
by hydrolysis of the 3 (Scheme 1). 

All of the new compounds were fully characterized with spectro-
scopic techniques such as ATR-IR, MALDI-TOF MS, 1H NMR, 13C NMR 
and UV–vis. In the ATR-IR spectrum of 3, disappearence of the C–––N 
streching vibration and presence of the C––O stretching vibration at 
1721 cm− 1 support the structure. For PCA-ZnPc-3 that synthesized by 
hydrolysis of 3, C––O stretching vibration has shifted from 1721 cm− 1 to 
1715 cm− 1 in the ATR-IR spectrum. In the MALDI-TOF MS spectra just 
molecular ion peaks were observed. Molecular ion peak of the 3 is at 
2316.533. This result proves that transesterification has occured during 
the synthesis of the 3. Molecular ion peak of the PCA-ZnPc-3 is at 

2246.177 amu (Fig. S1 and S2). When 1H NMR and 13C NMR spectra of 
the new compounds were examined, aromatic peaks were observed 
almost the same region. Peaks belonging to ester group were observed 
for compound 3 at 4.33, 3.34–3.10, 1.68 ppm in 1H NMR spectrum and 
at 65.56, 38.02, 31.33, 22.27, 13.93 ppm in 13C NMR spectrum. These 
peaks disappeared in the spectrum of the PCA-ZnPc-3 as expected. 
Additionally, in the 13C NMR spectra of the 3 and PCA-ZnPc-3; peaks 
belonging to pyrazole ring for 3 at 107.80 ppm and for PCA-ZnPc-3 at 
110.36 ppm were observed. 

Metallophthalocyanines have two characteristic bands in electronic 
absorption spectrum. One is called the Q band in the visible region at 
600–800 nm, The other band is called Soret or B band between 300 and 
400 nm in UV region. The reason for these two bands, π-π* transitions 
due to the 18 π-conjugated electrons (Sánchez-Vergara et al., 2021). 
UV–vis absorption spectra of the 3 and PCA-ZnPc-3 were recorded in 
THF. 3 and PCA-ZnPc-3 have same Soret band values at 358 nm. Q band 
values of 3 and PCA-ZnPc-3 are at 681 nm and 682 nm, respectively. 
Obtained all spectral results are compatible with defined structures. 

3.2. Photophysical and electrochemical characteristics 

The UV–vis spectrum of PCA-ZnPc-3 bearing 2,6-diphenylphenoxy 
donor groups in tetrahydrofuran (THF) shows that it contains a Soret- 
band at 358 nm and a Q-band at 682 nm due to π-π* ligand transition 
(Fig. 1). The Q-band of PCA-ZnPc-3 is red-shifted in comparison with 
PCA-ZnPc-1 based on the tert-butyl donors (Yıldız et al., 2018), whereas 
this band is blue-shifted with respect to PCA-ZnPc-2 based on the hex-
ylsulfanyl donors (Yıldız et al., 2019). Considering the three dyes have 
the same anchoring group (pyrazole-3-carboxylic acid), this result can 
be explained by the electron-donating ability of the 2,6-diphenylphe-
noxy group is between the tert-butyl group and the hexylsulfanyl 
group. The absorption spectrum of the solid dye on TiO2 exhibits slightly 
broadened and red-shifted by only 3 nm relative to that in solution, 
indicating low aggregation on the TiO2 (Matsuzaki et al., 2014). This 
can be attributed to the bulky 2,6-diphenylphenoxy moieties incorpo-
rated to the dye. 

Cyclic voltammogram was measured to reveal the redox behaviors of 
PCA-ZnPc-3 (Fig. S3 and Table 1) (Dinçer et al., 2008). The oxidation 
potential (O1) of the dye corresponding to the HOMO level is 1.20 V vs. 
NHE, which is lower than the potential of iodide/triiodide electrolyte 
(0.4 V vs. NHE), guaranteeing the dye regeneration (Jia et al., 2016). 
Comparing these three dyes, the HOMO level of PCA-ZnPc-3 is between 
the HOMO levels of PCA-ZnPc-1 and PCA-ZnPc-2. In other words, the 
electron-donating ability of the 2,6-diphenylphenoxy group is better 
than the tert-butyl group and worse than the hexylsulfanyl group. The 

Fig. 1. Absorption spectra of PCA-ZnPc-3 in THF (1 × 10− 5 M) and on 
TiO2 film. 
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LUMO level of PCA-ZnPc-3 was determined as − 0.57 vs. NHE, which is 
higher than the conduction band of TiO2 (− 0.5 V vs. NHE), ensuring the 
sufficient electron injection (Jia et al., 2016). 

3.3. Photovoltaic properties 

The photocurrent density–voltage (J–V) characteristics of the DSSCs 
based on PCA-ZnPc-3 with and without chenodeoxycholic acid (CDCA) 
as the coadsorbent and the related photovoltaic characteristics i.e., short 
circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF) and 
power conversion efficiency (PCE) were shown in Fig. 2a and Table 2. 
The device with PCA-ZnPc-3 exhibited a higher PCE of 1.97% as 
compared to the devices based on our previous dyes PCA-ZnPc-1 (PCE 
= 1.29%) and PCA-ZnPc-2 (PCE = 1.67%). Similarly, for the cell based 
on PCA-ZnPc-3, compared with previous dyes, Jsc increased from 3.18 
and 3.98 mA cm− 2 to 4.64 mA cm− 2, while Voc increased from 0.605 and 
0.601 V to 0.624 V, respectively. Although the dye loading of PCA-ZnPc- 
1 has higher than those of the others, the lower Jsc of PCA-ZnPc-1 can be 
ascribed to the dye aggregation which quenches the excitons and in-
hibits electron injection (Chaurasia et al., 2017). In the presence of 
CDCA, the cell with PCA-ZnPc-3 exhibits a higher PCE of 2.04% with a 
Jsc of 4.70 mA cm− 2 and Voc of 0.630 V. Under the same conditions, the 
cells with PCA-ZnPc-1 and PCA-ZnPc-2 showed inferior photovoltaic 
performances of 1.74% (Jsc = 3.18 mA cm− 2, Voc = 0.628 V) and 1.89% 
(Jsc = 4.27 mA cm− 2, Voc = 0.611 V). The PCE of the DSSC based on PCA- 
ZnPc-3 achieves about 62% of the reference DSSC using TT1 dye 
(3.31%). This result is probably attributed to the poor electronic 
communication due to the non-conjugated oxygen linker adjacent to the 
anchoring group (Cid et al., 2009). According to the data, the addition of 
CDCA can improve the PCE for the three dyes. The improvement is 
explained by the increase of both Jsc and Voc. As previously reported 
(Yıldız et al., 2018), PCA-ZnPc-1 showed 35% improvement in PCE as 
compared to that in the absence of CDCA, which may be due to the 
serious dye aggregation on TiO2 (Tian et al., 2010). In contrast to PCA- 
ZnPc-1, the PCEs for the DSSCs with hexylsulfanyl (PCA-ZnPc-2) and 
2,6-diphenylphenoxy (PCA-ZnPc-3) donor groups improved by only 
13% and 4% in the presence of CDCA, indicating that the aggregation 
may be weak or negligible for these dyes (Tian et al., 2010). Evidently, it 
can be related to three-dimensional or bulky structure of donor groups in 
the latter dyes (Jiang et al., 2010). Generally, bulky groups may provide 
the ordered molecular arrangement and aggregate-free dye layer on the 
TiO2 surface, resulting in higher Jsc (Jiang et al., 2010). Furthermore, 
these groups may lead to surface blocking effect through steric hin-
drance, suppressing the electron recombination, favoring higher Voc 
(Jiang et al., 2010). Comparing the two dyes with bulky donor groups, 
the dye loading of PCA-ZnPc-2 (2.76 × 10− 8 mol cm− 2) is less than that 
of PCA-ZnPc-3 (3.12 × 10− 8 mol cm− 2), probably due to the linear 
structure of hexylsulfanyl groups in the former dye. The higher dye 
loading of PCA-ZnPc-3 can not only improve the light-harvesting ability 
but also reduce the free volume for penetration of the redox electrolyte 
to the TiO2, resulting in a higher Jsc and Voc (Jia et al., 2019; Lee et al., 
2021). As a result, the better photovoltaic performance of PCA-ZnPc-3 
relative to PCA-ZnPc-2 is probably due to its higher dye loading 
amount. 

Fig. 2b shows the incident photon-to-current conversion efficiencies 
(IPCE) as a function of the light excitation wavelength for the devices 
with PCA-ZnPc-3. As shown in Table 2, the photocurrent densities 
calculated by integrating the IPCE values (Jsc

IPCE) match well with Jsc 
values observed in the J–V curves, indicating the accuracy of the results. 
It can be also seen that the IPCE responses are in the range of 350–750 

Table 1 
Photophysical and electrochemical properties of PCA-ZnPc-3.  

Dye λmax [nm] 
(ε [×105 M− 1 cm− 1]) 

λonset [nm] λmax(TiO2)[nm] E0-0 [eV]a HOMO 
[V]b 

LUMO 
[V]c 

PCA-ZnPc-3 358 (0.62), 682 (1.74) 702 685  1.77  1.20 –0.57  

a E0–0: band gap, estimated using the formula E0–0 = 1240/λonset. 
b HOMO (vs. NHE) was taken from the oxidation potential of the dye solution in DMSO. 
c LUMO (vs. NHE) was obtained by HOMO – E0–0. 

Fig. 2. (a) J-V curves and (b) IPCE spectra of the DSSCs with and 
without CDCA. 

Table 2 
Photovoltaic parameters of the DSSCs.  

Dye Jsc
IPCE 

(mA 
cm− 2)a 

Jsc 

(mA 
cm− 2) 

Voc 

(V) 
FF PCE 

(%) 
Dye loading 
amount 
(mol cm− 2) 

PCA-ZnPc-3  4.45  4.64  0.624  0.68  1.97 3.35 × 10− 8 

PCA-ZnPc-3 
+ CDCA  

4.59  4.70  0.630  0.69  2.04 3.12 × 10− 8 

TT1 + CDCA  –  7.58  0.615  0.71  3.31 –  

a Jsc
IPCE values were integrated from their IPCE spectra. 
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nm, which is in well agreement with the absorption spectrum on TiO2 
surface. The IPCE value of PCA-ZnPc-3 was enhanced slightly with the 
addition of coadsorbent as compared to PCA-ZnPc-1, suggesting the 
bulky donor groups in the former can prevent dye aggregation (Arslan 
et al., 2021; Shi et al., 2012). 

Electrochemical impedance spectroscopy (EIS) was employed to 
confirm the difference of Voc between the DSSCs with and without CDCA 
in the dark at a forward bias of − 0.60 V. As shown in Fig. 3a, the radius 
of the larger semicircle at the low frequency region in the Nyquist plots 

expresses the charge recombination resistance (Rrec) at TiO2/dye/elec-
trolyte interface, which is related with Voc value showed by the DSSC. 
The Rrec for PCA-ZnPc-3 þ CDCA (46.7 Ω) is slightly higher than that of 
PCA-ZnPc-3 (43.2 Ω). Similarly, the electron lifetimes (τe), which can be 
calculated by the peak frequency (f) in the low-frequency region in Bode 
plots using τe = 1/2πf, are 7.1 and 8.9 ms for PCA-ZnPc-3 and PCA- 
ZnPc-3 þ CDCA (Fig. 3b). Obviously, both Rrec and τe are consistent 
with the sequence of Voc values obtained in J–V curves. 

The photostability of the DSSC based on PCA-ZnPc-3 was also 
examined during 72 h under simulated sunlight. At the end of this 
period, it was found that the DSSC maintained 89% of its initial PCE. 

3.4. Theoretical calculations 

All optimizations were carried out by Gaussian 09 in the gas phase in 
which DFT calculations were utilized by using the B3LYP/6-311G(d,p) 
basis set (Raghavachari et al., 1980; McLean and Chandler, 1980; Lee 
et al., 1988, Becke, 1993; Frisch et al., 2009, Farley et al., 2016). 
Geometrically optimized structure of PCA-ZnPc-3 uncovered that the 
phthalocyanine core is planar and perpendicular to the pyrazole unit. All 
diphenylphenoxy units are vertical to the phthalocyanine (Fig. 4). 

Electron transfer between two important orbitals, HOMO and LUMO, 
is considered to understand solar cells’ capacity in detail. Theoretical 
calculation and plotting of frontier molecular orbitals were, therefore, 
calculated using the same hybrid method. HOMO and LUMO of PCA- 
ZnPc-3 were localized on the phthalocyanine skeleton with small dif-
ferences (Fig. 5). Although HOMO consists of all ZnPc frames, LUMO 
was restricted on the ZnPc unit except that two phenyl rings of ZnPc, 
perpendicular to the phenoxy-pyrazole group, did not give extreme 
contribution to LUMO. There are three phenoxy units that carry two 
identical phenyl rings attached to phthalocyanine. However, neither 
phenoxy-pyrazole-carboxylic acid unit nor phenoxy units did have a 
contribution to HOMO or LUMO orbitals. In our previous studies in 
which the pyrazole ring was used, we have seen almost the same theo-
retical band gap between 2.17 and 2.14 eV and the corresponding power 
conversion efficiency between 1.74 and 1.89%. These results showed 
that attached groups on the aromatic core, such as tert-butyl and hex-
ylsulfanyl, did not change the solar cell’s electronic capacity. However, 
in this study, we have advanced the yield of the cell up to 2.04%, 
although the band gap calculated as 2.14 eV, did not change (Fig. 5). The 
increase of the cell yield might be due to bulky diphenylphenoxy units, 
which regulate the aggregation of molecules (Fig. 4). This was also 
proved with increasing Voc value, which was found as 0.630 V in this 

Fig. 3. (a) Nyquist and (b) Bode plots of the DSSCs.  

Fig. 4. Two different visions for PCA-ZnPc-3. (a) In front view; (b) side view.  
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study. 

4. Conclusions 

In this study, a push-pull zinc phthalocyanine dye (PCA-ZnPc-3) 
having 2,6-diphenylphenoxy donor groups and pyrazole-3-carboxylic 
acid anchoring group was synthesized for DSSCs. Both electronic ab-
sorption and electrochemical measurements have verified that the syn-
thesized dye may be used as a sensitizer. It performed a higher power 
conversion efficiency of 2.04% (Jsc = 4.70 mA cm− 2, Voc = 0.63 V, FF =
0.69) with respect to PCA-ZnPc-1 (1.74%) and PCA-ZnPc-2 (1.89%). 
The better photovoltaic performance of PCA-ZnPc-3 may be attributed 
to its non-aggregation characteristics. These results confirmed that 2,6- 
diphenylphenoxy moiety is a promising donor group to improve 
photovoltaic performance of zinc phthalocyanine-based DSSCs. 
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Dinçer, H.A., Şener, M.K., Koca, A., Gül, A., Koçak, M.B., 2008. Synthesis, 
electrochemistry and in situ spectroelectrochemistry of soluble lead 
phthalocyanines. Electrochim. Acta 53 (9), 3459–3467. https://doi.org/10.1016/j. 
electacta.2007.11.060. 

Farley, C., Bhupathiraju, N.V.S.D.K., John, B.K., Drain, C.M., 2016. Tuning the structure 
and photophysics of a fluorous phthalocyanine platform. J. Phys. Chem. A 120 (38), 
7451–7464. https://doi.org/10.1021/acs.jpca.6b0702410.1021/acs.jpca.6b07024. 
s001. 

Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb, M.A., Cheeseman, J.R., 
Scalmani, G., Barone, V., Mennucci, B., Petersson, G.A., Nakatsuji, H., Caricato, M., 
Li, X., Hratchian, H.P., Izmaylov, A.F., Bloino, J., Zheng, G., Sonnenberg, J.L., Hada, 
M., Ehara, M., Toyota, K., Fukuda, R., Hasegawa, J., Ishida, M., Nakajima, T., Honda, 
Y., Kitao, O., Nakai, H., Vreven, T., Montgomery Jr., J.A., Peralta, J.E., Ogliaro, F., 
Bearpark, M., Heyd, J.J., Brothers, E., Kudin, K.N., Staroverov, V.N., Kobayashi, R., 
Normand, J., Raghavachari, K., Rendell, A., Burant, J.C., Iyengar, S.S., Tomasi, J., 
Cossi, M., Rega, N., Millam, J.M., Klene, M., Knox, J.E., Cross, J.B., Bakken, V., 
Adamo, C., Jaramillo, J., Gomperts, R., Stratmann, R.E., Yazyev, O., Austin, A.J., 
Cammi, R., Pomelli, C., Ochterski, J.W., Martin, R.L., Morokuma, K., Zakrzewski, V. 
G., Voth, G.A., Salvador, P., Dannenberg, J.J., Dapprich, S., Daniels, A.D., Farkas, Ö., 
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