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Abstract
In this study, firstly, a new phthalonitrile derivative was synthesized from the reaction of caffeic acid with phthalonitrile. 
Then, metal phthalocyanine complexes were obtained from the reaction of this phthalonitrile derivative with metal salts. 
Compounds were characterized by UV, NMR, IR and Mass spectroscopy methods. In addition, the fluorescence and electronic 
properties of the diamagnetic zinc phthalocyanine compound were investigated. The performances of dye-sensitized solar 
cells of compounds were examined. The calculated power conversion efficiencies (η %) of the complexes using the obtained 
current density (J)-voltage (V) curves were determined that these compounds can be used as promising sensitizers in solar 
cell applications. The calculated power conversion efficiencies (% η) of the complexes were found to be at a reasonable level. 
Molecular orbital properties such as HOMO–LUMO energy gap, Fermi Energies, state density spectrum, and molecular 
electrostatic potential surfaces were calculated for each phthalocyanine molecule. In addition, the amount of phthalocyanine 
required for ideal dye sensitivity was investigated.
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Introduction

Alternative options for energy generation are drawing atten-
tion today. One of these ways is paint sensitive solar cells. 
One group of compounds studied for this purpose are phth-
alocyanines. Phthalocyanines are a class of rare compounds 
that are not found in nature and are synthesized in a labora-
tory environment. Due to this type of compound 18 π elec-
trons, dye sensitive solar cells (Amitha et al. 2019; Suzuki 
et al. 2019; Agırtaş et al. 2020), liquid crystal (Kong et al. 
2019), nonlinear optics (Ou et al. 2021), catalysts (Panwar 
et al. 2015), laser dye (Lin et al. 2014), coloring for plastics 
(Ağırtaş 2007), photovoltaic (Güngördü Solğun et al. 2018; 
Xu et al. 2020), it has been extensively researched for fields 
such as photodynamic therapy (PDT) (Matshitse et al. 2018; 

Cozzolino et al. 2019), DNA Binding Activities (Arslantas 
and Agirtas 2018), photosensitizers (PS) for singlet oxygen 
generation (Janas et al. 2021; Reddy et al. 2021). Many prob-
lems are waiting to be solved in the world today. One of the 
most important of these is the increasing energy demand. 
The other is the increasing health problems in the world. It 
is the leading cancer disease. Phthalocyanine compounds 
are an important alternative to solve or help these two basic 
problems. Phthalocyanine compounds are being researched 
extensively for more economical choices for expensive dye-
sensitive solar cells. With further improvement of power 
conversion efficiencies (η %), phthalocyanines can be used 
instead of expensive compounds such as ruthenium (Urbani 
et al. 2019; Ghadari et al. 2020). Phthalocyanine compounds 
with fluorescence properties are also promising in the treat-
ment of new generation cancer with their use as sensor 
agents for the development of biosensors and photodynamic 
therapy (Luo et al. 2011; Attia et al. 2019; Ağırtaş 2020).

In this study, (E)-3-(3, 4-bis (3, 4-dicyanophenoxy) 
phenyl) acrylic acid compound was synthesized from the 
reaction between caffeic acid 4-nitrophthalonitrile. Zinc, 
cobalt, copper phthalocyanine compounds were synthesized 
from the reaction of the new phthalonitrile compound with 
metal salts. Synthesis, fluorescence, electronic, photovoltaic 
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performance characteristics of phthalocyanine complexes 
have been reported. Photovoltaic performance shows that 
the compounds are promising for dye-sensitive solar cells. 
Quantum calculations were performed with the popular Lan-
L2DZ (Los Alamos National Laboratory 2 Double-Zeta), 
which is a widely used type basis set of DFT method was 
used to model the metal atoms.

Experimental

General

(E)‑3‑(3, 4‑bis (3, 4‑dicyanophenoxy) phenyl) acrylic acid (3)

A mixture of caffeic acid 1 (0.260  g, 1.45  mmol) and 
4-nitrophthalonitrile 2 (0.500  g, 2.89  mmol) in 20  mL 
dimethylformamide (DMF) was stirred at room tempera-
ture under nitrogen atmosphere. After stirring for 15 min, 
K2CO3 (1.59 g, 11.56 mmol) was added into the mixture 
over a period of 2 h. The reaction mixture was further stirred 
for 42 h at 70 °C temperature. At the end of the reaction, 
the mixture was cooled to the room temperature and diluted 
HCl solution (0.1 M) was added to arrange of pH as 2–3. 
The solid particles were filter. The product was washed until 
neutral with pure water. It was dried at 80 °C in a vacuum 
oven. Yield: 0.58 g (47%). MP: 165–170 °C. The final 
product was soluble in various solvents such as acetoni-
trile, THF, DMF, DMSO. HRMS (ESI); (M + H) calc. for 
C25H12N4O4: 432.09; found: 455.07 [M + Na]+. 1H NMR 
(400 MHz, DMSO-d6) δ ppm: 12.45 (–OH), 8.08, 8.02, 7.77, 
7.75, 7.63, 7.59, 7.43, 7.41(Ar–H), 6.62–6.58(–CH=COO), 
3.31, 2.48, 1.21. 13C NMR (400 MHz, DMSO-d6) δ ppm: 
167.81,160.42,160.28, 146.36, 145.37,142.46, 136.62, 
134.43, 128.07, 123.76, 123.05, 122.56, 122.45, 122.33, 
121.18, 117.12, 116.20, 115.67, 115.62, 109.43, 109.28, 
40.60, 40.39, 40.18, 39.97, 39.76, 39.56, 39.35. IR spectrum 
(cm−1): 3523(OH), 3072–3035(Ar–CH), 2887(aliphatic 
–CH), 2231(–C≡N), 1691(=O), 1641–1587–C=C), 1577, 
1483, 1276, 1242 (Ar–O–Ar), 1199, 1165, 1111, 950, 835.

(E)‑3‑(diphenyl) acrylic acid substituted Zn (II) 
phthalocyanine (4)

A mixture of (E)-3-(3,4-bis(3,4-dicyanophenoxy)phenyl)
acrylic acid (3) (0.050 g, 0.163 mmol) and Zn(CH3COO)2 
(0.15 g) mixture was powdered in a quartz crucible and 
heated in a sealed glass tube for 5 min 210 °C in the pres-
ence of 2 drops of DBU and under nitrogen. After reaching 
room temperature, 0.1 M HCl was added and left overnight. 
The product was filtered. It was washed with pure water until 
neutral. It was then washed with ethanol, methanol. This com-
pound is soluble in THF, DMF, DMSO. Yield: 0.020 g (37%). 

HRMS (ESI); (M + H) calc. for C50H24N8O8Zn: 928.10; found: 
951.09 [M + Na]+. UV–Vis (DMF) λmax (log ɛ): 678 (5.14), 
612(4.56), 350 (5.20). 1H NMR (400 MHz, DMSO-d6) δ ppm: 
7.93–7.73 (Ar–H), 7.24 (Ar–H), 3.41, 3.36, 3.31, 3.26, 2.87, 
2.71, 2.65, 2.53, 2.52, 2.49, 2.48, 2.43, 2.31, 2.07, 1.97, 1.89, 
1.51, 1.22, 1.13. IR spectrum (cm−1):3523 (OH), 3078–3032 
(Ar–CH), 2881(aliphatic-CH), 1689(C=O), 1535(–C=C), 
1465, 1338, 1288 (Ar–O–Ar), 1085, 1045, 883.

(E)‑3‑(diphenyl) acrylic acid substituted Co (II) 
phthalocyanine (5)

A mixture of (E)-3-(3,4-bis(3,4-dicyanophenoxy)phenyl)
acrylic acid (3) (0.050 g, 0.163 mmol) and Co(CH3COO)2 
(0.15 g) mixture was powdered in a quartz crucible and 
heated in a sealed glass tube for 5 min 210 °C in the pres-
ence of 2 drops of DBU and under nitrogen. After reaching 
room temperature, 0.1 M HCl was added and left overnight. 
The product was filtered. It was washed with pure water until 
neutral. It was then washed with ethanol, methanol. This 
compound is soluble in THF, DMF, DMSO. Yield: 0.020 g 
(37%). HRMS (ESI); (M + H) calc. for C50H24CoN8O8: 
923.10; found: 946.08 [M + Na]+. UV–Vis (DMF) λmax (log 
ɛ): 670 (5.30), 604(4.77). IR spectrum (cm−1):3523 (OH), 
3066–3032 (Ar–CH), 2868 (aliphatic-CH), 1691(C=O), 
1641–1535(–C=C), 1409, 1338, 1271 (Ar–O–Ar), 1085, 
954, 906, 806.

(E)‑3‑(diphenyl) acrylic acid substituted Cu (II) 
phthalocyanine (6)

A mixture of (E)-3-(3,4-bis(3,4-dicyanophenoxy)phenyl)
acrylic acid (3) (0.050 g, 0.163 mmol) and Cu(CH3COO)2 
(0.15 g) mixture was powdered in a quartz crucible and 
heated in a sealed glass tube for 5 min 210 °C in the pres-
ence of 2 drops of DBU and under nitrogen. After reaching 
room temperature, 0.1 M HCl was added and left overnight. 
The product was filtered. It was washed with pure water until 
neutral. It was then washed with ethanol, methanol. This 
compound is soluble in THF, DMF, DMSO. Yield: 0.018 g 
(33%). HRMS (ESI); (M + H) calc. for C50H24CuN8O8: 
927.10; found: 928.10 [M + H]+. UV–Vis (DMF) λmax 
(log ɛ): 680 (5.09). IR spectrum (cm−1):3523 (OH), 
3072–3032 (Ar–CH), 2883 (aliphatic-CH), 1691(C=O), 
1641–1535(–C=C), 1447, 1406, 1340, 1288 (Ar–O–Ar), 
1083, 952, 910, 794.

Results and discussion

The (E)-3-(3, 4-bis (3, 4-dicyanophenoxy) phenyl) acrylic 
acid compound (3) was obtained by reacting caffeic acid 
with 4-nitrophthalonitrile in DMF. The reaction was carried 
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out at 70 °C. When the reaction was terminated, it was 
brought to room temperature. Then HCl was used so that the 
pH was 2–3. The product precipitated in water was washed 
with pure water until neutrality. The synthesis scheme of 
the (E)-3-(3, 4-bis (3, 4-dicyanophenoxy) phenyl) acrylic 
acid compound (3) and phthalocyanines compounds (4–6) is 
given in Schema 1. Zinc, cobalt, and copper phthalocyanine 
complex compounds were obtained as a result of reactions 
of (E)-3-(3, 4-bis (3, 4-dicyanophenoxy) phenyl) acrylic acid 
with metal salts. Spectroscopic methods such as IR, NMR, 
UV Vis, Mass spectroscopy were used in the characteriza-
tion of the new compounds.

(E)-3-(3,4-bis(3,4-dicyanophenoxy)phenyl)acrylic 
acid as expected in the IR spectrum OH group peak at 
3523 cm−1, nitrile peak at 2231 cm−1, aromatic H peaks 
at 3072–3035 cm−1, C=O peak at 1691 cm−1, C=C peaks 
at 1641–1577  cm−1, Ar–O–Ar peak at 1242  cm−1 was 

observed. The change observed in the IR spectrum in the 
formation of the metal phthalocyanine compounds from 
the (E)-3-(3, 4-bis (3, 4-dicyanophenoxy) phenyl) acrylic 
acid compound is the disappearance of the nitride peak 
in 2231 cm−1. Peaks of zinc phthalocyanine, as expected, 
are observed at OH peak 3523  cm−1, at aromatic CH 
peaks 3078–3032 cm−1, 2881(aliphatic-CH), C=O peaks 
at 1689 cm−1, C=C peaks at 1535 cm−1, Ar–O–Ar peak at 
1288 cm−1. Peaks of cobalt phthalocyanine, as expected, 
are observed at OH peak 3523  cm−1, at aromatic CH 
peaks 3066–3032 cm−1, 2881(aliphatic-CH), C=O peaks 
at 1691 cm−1, C=C peaks at 1535 cm−1, Ar–O–Ar peak at 
1271 cm−1. Peaks of copper phthalocyanine, as expected, 
are observed at OH peak 3523  cm−1, at aromatic CH 
peaks 3072–3032 cm−1, 2883(aliphatic-CH), C=O peaks 
at 1691 cm−1, C=C peaks at 1535 cm−1, Ar–O–Ar peak at 
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Schema 1   Reaction route of newly synthesized compounds (3–6)
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1288 cm−1. The FTIR spectra of the compounds are shown 
in Figs. 1–4.

Mass spectra of compounds (3–6) confirmed the pro-
posed structure with the molecular ion being identified at 
455.07 [M + Na]+, 951.09 [M + Na]+, 946.08 [M + Na]+, and 
928.10[M + H]+ respectively.

In the 1H NMR spectrum of Compound 3, OH peak 
was observed as a singlet at 12.45 ppm, while other aro-
matic protons were observed as multiplets in the range 
8.04–6.58 ppm. In the 13 C NMR spectrum, peaks of carbon 
atoms were observed in the range of 167.81–109.28 ppm 
in accordance with the structure. In the 1H NMR spectrum 
of compound number 5, aromatic protons were observed as 
multiplets in the range 7.93–7.24 ppm.

UV–vis is mainly used to examine the electronic prop-
erties of phthalocyanines. With this spectroscopic method, 
characteristic Q and B bands for phthalocyanines are 
observed. In addition, the observation of the Q band as a 
single peak or a split peak is evaluated as an indication of 
whether the metal is attached to the phthalocyanine ring. 
In this study, the electronic properties of phthalocyanine 
complexes were investigated in DMF solvent. The Q band 
for zinc, cobalt, and copper phthalocyanine compounds was 
observed at 678, 670 and 680 nm, respectively. The elec-
tronic transition band values determined for phthalocyanine 
compounds are compatible with the existing literature infor-
mation for phthalocyanine compounds (Salih Ağırtaş 2007). 
This confirms the expected structure of the phthalocyanine 
compounds. Large aromatic molecules such as phthalocya-
nines and porphyrins systems can stack on each other due 
to much more π electrons. This stacking is generally called 

aggregation. Phthalocyanine derivatives show two types of 
aggregation, H and J type, which are mentioned in the lit-
erature. The aggregation can vary depending on factors such 
as the structure of the molecules, solvent type, and polarity. 
These effects reduce the solubility of phthalocyanine com-
pounds, molecules in organic solvents (Özdemir et al. 2021).

For today, phthalocyanine-based fluorescent compounds 
are not only the subject of medical diagnostics and sensing 
agents, but also the subject of interesting research such as 
patterning, detection, and data storage in polymer films (Li 
et al. 2017). It manifests itself in metals with diamagnetic 
properties such as zinc, where phthalocyanine compounds 
are expected to show fluorescence properties. Fluorescence 
spectra are known as mirror images of absorption spectra. 
The fluorescence spectrum is slightly wider compared to the 
absorption spectrum. In this study, the fluorescence excita-
tion, emission, and absorption values of the zinc phthalocya-
nine compound are shown in Fig. 1.

It is known that the fluorescent Stokes shift values of 
zinc phthalocyanine change more or less depending on the 
solvent effect. The Stokes shift value for this compound was 
found to be 8 nm in DMF solvent. Fluorescence excitation, 
emission, and absorption values of phthalocyanine com-
pound 4 values were determined as 678, 686, and 680 nm, 
respectively. The fluorescence quantum efficiency (ΦF) of 
zinc phthalocyanine is 0.26. The fluorescence quantum 
efficiency (ΦF) of zinc phthalocyanine was higher in DMF 
than std-ZnPc (0.17) (Saka et al. 2011). In general, it is 
expected that the substituted phthalocyanines are higher than 
the standard. This situation can be regarded as the effect 
of the substituent. The parameters found indicate that the 

Fig. 1   Emission, excitation, 
and absorption spectra of zinc 
phthalocyanine (4) in DMF
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fluorescent activity of the compound may be suitable for a 
detection agent.

Photovoltaic properties

Solar cells in Dye-Sensitized Solar Cell (DSSC) structure 
were prepared to examine the photovoltaic performance of 
phthalocyanine compounds produced. Fluorine doped tin 
oxide (FTO) coated microscope glasses were used as the 
substrate of DSSC structures, which were prepared with 
great care and traditional cleaning at every stage. The 18 nm 
anatase TiO2 paste was left to have an effective circular area 
of 0.2 cm2 by the doctor blade technique. After drying at 
room temperature, it was annealed in a quartz oven at 450 °C 
for 15 min the phthalocyanine solutions of compound 4, 
compound 5, and compound 6 prepared as 1 mM were sen-
sitized to TiO2 photoanodes using the dripping-drying tech-
nique. It was left to dry at room temperature for 24 h after 
each drop for sensitization. It was repeated 4 times to deter-
mine the amount of sensitization at the highest conversion 
efficiency. The current density–voltage plot of the 4 times 
repeated trickle drying process for compound 6 is given in 
Fig. 2. As can be seen from Fig. 2, the highest conversion 
efficiency was obtained by repeating the dripping drying 
3 times. To form strong covalent bonding with TiO2, the 
drop drying process was repeated 3 times for the solutions of 
compound 4, compound 5, and compound 6. An I−/I3

− elec-
trolyte containing 50 mM iodide/tri-iodide was dropped to 
the prepared samples and combined with a platinum-coated 
electrode, they were turned into sandwiches (Agırtaş et al. 
2020).

The current–voltage (I–V) measurements of the prepared 
DSSC structures were carried out with Keithley (model 
6487) picoampermeter/voltage source at room temperature, 
under a solar simulator with 100 mW/cm2 illumination.

The graph obtained from the current–voltage measure-
ments of compound 4, compound 5, and compound 6 is 
given in Fig. 3. Short circuit current density (Jsc), open-
circuit voltage (Voc), Vm, and Jm values of the samples are 
obtained from Fig. 3.

Filling factor (FF) and energy conversion efficiency (ɳ) 
values of the produced samples calculated with the help 
of Eqs. (1) and (2) are given in Table 1. With a value of 
2.66, the highest energy conversion efficiency belongs to 
compound 6. The results obtained here suggest that if the 
heterojunction perovskite is formed with perovskite, the 
photovoltaic performance of solar cells will further improve 
(Wu et al. 2017). Another feature of phthalocyanines is that 
they are good chromophores. Besides DSSCs, photovoltaic 
devices are being studied extensively for their promise for 
applications such as electrochemical, absorption in intense 
red/NIR, photochemical, thermal stability (O’Regan et al. 
2008; Yum et  al. 2008). The energy power conversion 

(1)FF =
ImaxVmax

ISCVOC

(2)� =
ISCVOC

Pin

FF

Fig. 2   J–V plot of the amount of sensitization for Compound 6
Fig. 3   J–V curves of DSSCs based on phthalocyanine compounds 
4–6



6290	 Chemical Papers (2021) 75:6285–6295

1 3

efficiencies obtained here were found to be higher than 
our previous studies (Martín-Gomis et al. 2017; Güngördü 
Solğun et al. 2018; Agırtaş et al. 2020; Cabir et al. 2020). In 
this way, it can be said that the energy power conversion effi-
ciency increases depending on the group being substituted. 
Here, it is clear that the most effective factor in the high 
power conversion effect is the carboxyl group. This indicates 
that the compounds can be evaluated commercially. There 
is an expectation that the efficiency will increase even more 
when other additives are added to it. The results obtained in 
this research are also expected to contribute to renewable 
energy. The photovoltaic performance obtained in this study 
is promising for dye-sensitized solar cells.

DFT studies of phthalocyanines

The structure of the phthalocyanine compounds was opti-
mized by using the LanL2DZ basis set of the B3LYP 
method from Gaussian 09 software at the groundstate gas 
phase (Frisch and Gaussian 09. 2009; Priya et al. 2019). 
The parameters HOMO–LUMO, NBO, DOS, and MEP, 
etc. were calculated on the ground state optimized struc-
ture. Frontiers orbital energy spectra were obtained using 
Gaussum 3.0 software (O’Boyle et al. 2008).

Orbitals of molecular HOMO–LUMO

Orbital energies of a molecular system are the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) and their energy gap (Mumit 
et  al. 2020; Sherin and Manojkumar 2020; Shukla and 
Yadava 2020). HOMO are electrons in the outermost high-
est energy orbital that are the electron donor. LUMO is the 
lowest energy orbital that can accept electrons. The HOMO 
and LUMO value of Zn–Pc were calculated − 5.60 eV and 
− 3.57 eV in Fig. 4 a, respectively. The energy value of 
Co–Pc was calculated − 5.63 eV and − 3.42 eV in Fig. 5 
a, respectively. The parameters of Cu–Pc were calculated 
− 5.64 eV and − 3.48 eV (Fig. 6). The bandgap is calculated 
close to each other in both basic sets. The HOMO–LUMO 
energy gap obtained around 2.03–2.21 eV and indicates that 
the molecule is softer, more reactive, and more polarizable 
(Maidur et al. 2017).

Fig. 4   HOMO–LUMO energy orbitals, Fermi energy (Ef) and bandgap of Zn–Pc with B3LYP/LanL2DZ basis set

Table 1   The photovoltaic parameters for DSSCs are based on phth-
alocyanine 4–6 complexes

Samples JSC (mA/cm2) VOC (V) FF η(%)

Compound 4 6.45 0.62 0.52 2.04
Compound 5 6.95 0.66 0.55 2.54
Compound 6 6.78 0.70 0.56 2.66
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Fig. 5   HOMO–LUMO energy orbitals, Fermi energy, and bandgap of Co–Pc with B3LYP/LanL2DZ basis set

Fig. 6   HOMO–LUMO energy orbitals, Fermi energy and DOS diagram of Cu–Pc with B3LYP/LanL2DZ basis set
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In order to understand the electronic states of phthalo-
cyanines with central metal atom in detail, the results of 
the electronic total DOS of different sizes are visualized 
as shown in Figs. 4–6. The density of localized states 
of metal atoms most effectively in the phthalocyanine 
nucleus increases the energy level due to the presence 
of N atoms. Here the intensity of localized states is seen 
between − 7.5 and − 15 eV with a high increasing trend. 
This situation has close values for three phthalocyanines 
with different central atoms. DOS analysis shows that 
M–Pc has energy gap, therefore it shows semiconductor 
character. There is an increase in HOMO, LUMO and 
Fermi energies with the increase of 8 N content in the 
phthalocyanine structure. As can be seen in the table, 
the Fermi energy levels of the compounds were found to 
be closer to the HOMO values, which are the middle of 
the valence and conduction band (Rad and Aghaei 2018).

HOMO and LUMO frontiers orbitals, the chemical 
bonding potential of the molecule plays an active role. 
The bandgap between the maximum full orbital and the 
minimum energy orbital indicates kinetic stability and 
chemical reactivity. At the same time, Fermi energies, 
the polarization, stiffness, electronegativity, and other 
reactive indices of a molecule using these energies were 
calculated. Table 2 shows the chemical character indices.

Molecular electrostatic potential (MEP)

MEP maps are calculated to determine the amount and dis-
tribution of electrostatic potential of the molecular struc-
ture (Moghadam et al. 2019). This map deals with electron 
density and is an important descriptor for understanding the 
electrophilic and nucleophilic potential, reaction activity, 
and hydrogen bond interaction sites of compounds. MEP 
reactive sites calculated at DFT/B3LYP methods with Lan-
L2DZ basis sets in Fig. 7 respectively. The different colors 
traced in the molecule indicate different electrostatic poten-
tials and the potential level shifts to a more negative region, 
such as blue > green > yellow > orange > red. The negative 
potential (red regions) V(r) values are − 6.01 e−2 and the 
majorly positive potentials (blue regions) are around 6.01 
e−2 on phthalocyanine. These results provided information 
on the intramolecular interaction site of the phthalocyanine 
compound (Cabir et al. 2019, 2020; Ağırtaş et al. 2021). 
These active sites of the title compound indicate high both 
chemical and biological activity.

Natural bond orbital (NBO) analysis

NBO analysis, which is based on quantum data, is a useful 
method to show the electron transfer between electron donor 
and electron acceptor atom groups in a compound (Singh 
et al. 2020). The stabilization energy E (2) is obtained for 
the donor (i) and the acceptor (j) with the NBO analysis 
calculated with the formula given below.

Table 2   Comparison of HOMO, 
LUMO, Fermi Energies, and 
chemical reactivity descriptors 
of phthalocyanine

a Energy Gap, bFermi Energy, cIonization Potential, dChemical hardness, eChemical softness, fElectronega-
tivity, gChemical Potential, hElectrophilicity index,iElectron Affinity

Energy

Molecule LUMO HOMO a (Δ) b Ef
c I d η e s f χ g μ h ω i A

Zn–Pc − 3.57 − 5.60 2.03 − 4.58 5.60 1.015 0.507 4.58 − 4.58 10.3 3.57
Co–Pc − 3.42 − 5.63 2.21 − 4.52 5.63 1.105 0.532 4.52 − 4.52 9.24 3.42
Cu–Pc − 3.48 − 5.64 2.16 − 4.56 5.64 1.080 0.54 4.56 − 4.56 9.62 3.48

Fig. 7   MEP reactive sites calculated at DFT / B3LYP methods with a 6–311 G (d, p) b LanL2DZ basis sets
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In the formula, Ei and Ej diagonal elements, qi donor 
orbital occupancy value, F (i, j) is the NBO Fock matrix 
element(Rahuman et al. 2020). The higher the value of sta-
bilization E (2) indicates the strong interaction. Electron 
density, hybridization, and excitation potentials of the phth-
alocyanine core and substituted groups, NBO analysis were 
performed at the DFT (B3LYP)/LanL2DZ basis set. NBO 
3.1 programs included in the Gaussian 09 package were used 
and listed at Table 3. The electronic configuration of opti-
mized Zn-Pc was obtained Zn 91 [core]4S(0.30)3d(9.96)4p(0.37), 
Co 91 [core]4S(0.10)3d(3.31)4p(0.03)5p(0.12) and Cu 91 
[core]4S(0.37)3d(9.22)4p(0.01).

The 18π electron system of the phthalocyanine compound 
forms the center with or without metal. Here the metal atom 
is held in a strong sheath. The stabilization of the groups 
surrounding the central atom was compared with the neu-
tral bond analysis. The strongest stabilization energy was 
calculated in Zn-Pc. The interaction stabilization energy of 

E(2) = ΔEij = qi

(

F2

(i,j)

Ej − Ei)

) the Zn central atom between the surrounding atom groups, 
for example, the transition N 19—C 20 → C 17—N 18 
π → π *, has been calculated to be the highest 40.12 kcal/
mol. The stabilization energy obtained in phthalocyanine 
with Cu central atom was calculated as C 4—N 7 → C 8—N 
12 19.34 kcal/mol. In the Co-centered compound, N 6—C 
23 → C 1—N 5 π → π * transitions have maximum stabiliza-
tion energy of 19.02 kcal mol. NBO analysis parameters and 
other transition examples are listed in Table 3.

Conclusions

Here, firstly, (E) -3- (3,4-bis (3,4-dicyanophenoxy) phenyl) 
acrylic acid was synthesized. New zinc, cobalt, and copper 
phthalocyanine complexes were obtained from the reaction 
of synthesized starting compounds with metal salts. All new 
compounds were characterized by spectroscopic methods. 
Metal phthalocyanines were calculated using the B3LYP 
method LanL2DZ basis set. Optimization energy calcula-
tions have shown that the phthalocyanine structures are sta-
ble. In addition to other properties of zinc phthalocyanine, 

Table 3   NBO analysis of phthalonine compounds, donor and acceptor interaction, and bond type energy values

Donor NBO(i) Type ED/e Acceptor NBO(j) Type ED//e E(2)a(Kcal/mol) E(j)-E(i)b(a.u.) F(i, j)c(a.u)

Cu 91 CR(3) 0.99960 C 1–N 5 σ* 0.02326 0.65 6.31 0.081
C 4–N 5 σ* 0.02410 0.46 6.34 0.069
C 8–N 12 σ* 0.02416 0.46 6.34 0.069

CR(2) 0.99898 Cu 91 (6) LP* 0.15996 1.08 37.91 0.279
C 1–C 2 σ 0.98322 C 2–C 37 σ* 0.01127 1.80 1.22 0.059

C 3–C 40 σ* 0.01873 2.33 1.22 0.067
C 2–C 3 π 0.97851 C 1–N 5 π* 0.29998 15.01 0.21 0.074

C 4–N 7 π* 0.22805 14.21 0.25 0.076
C 37–C 38 π* 0.15213 0.28 9.47 0.066
C 39–C 40 π* 0.17246 10.82 0.27 0.069

C 4–N 7 π 0.84755 C 8–N 12 π* 0.29653 19.34 0.28 0.100
C 9–C 10 π 0.80053 C 8–N 12 π* 0.29653 17.12 0.21 0.080

C 11–N 13 π* 0.22536 12.43 0.24 0.070
C 25–C 26 π* 0.17255 10.84 0.27 0.069
C 27–C 28 π* 0.15192 9.48 0.28 0.066

C 14–C 15 σ 0.98322 C 16–C 32 σ* 0.01872 2.33 1.22 0.067
C 16–C 32 0.98597 C 15–C 16 σ* 0.01305 2.61 1.25 0.072

C 16–C 17 σ* 0.02145 2.59 1.20 0.071
C 37–C 38 σ 0.98892 C 1–C 2 σ* 0.02058 2.88 1.14 0.073

C 2–C 37 σ* 0.01127 1.68 1.26 0.058
Co 91 CR(2) 0.99916 C 1–N 5 σ* 0.30454 0.94 4.05 0.079

CR (1) 0.99679 Co 91 LP* 0.05877 1.50 3.87 0.104
N 6–C 23 π 0.98990 C 1–N 5 π* 0.88573 19.02 0.27 0.098
Zn 91 LP* C 8–N 12 σ* 0.04934 1.77 0.11 0.040
C 1–N 6 π 1.69669 C 23–N 24 π* 0.59688 38.72 0.27 0.099
N 19–C 20 π 1.69039 C 17–N 18 π* 0.58711 40.12 0.28 0.102
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fluorescence was characteristic. The properties of this 
compound depending on the fluorescence emission and 
absorption spectra were investigated. The solar conver-
sion efficiency of DSSC devices based on zinc, cobalt, and 
copper phthalocyanine compounds was reported as 2.04%, 
2.54%, and 2.66%, respectively. It was determined that the 
trickle drying process used for the sensitization of TiO2 was 
3 times. The measurement results show that the compounds 
can be beneficial in dye-sensitive solar cell technology.
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