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Abstract

This study shows the synthesis and characterization of 4,5-bis(4-propion-

ylphenoxy)phthalonitrile (2) and its octa-substituted phthalocyanine

derivatives [ZnPc(3), CuPc(4), and CoPc(5)]. A combination of standard

spectroscopic techniques has characterized the newly synthesized

phthalonitrile derivative and phthalocyanines. The aggregation behaviors of

new octa-substituted phthalocyanines have been evaluated by ultraviolet–
visible (UV-vis) spectroscopy. The metal ion-sensitive behaviors of new

octa-substituted phthalocyanines in the presence of soft metal ions have been

performed by UV-vis and fluorescence spectrophotometer. The quenching

efficiency (Ksv) of Ag
+ ions against ZnPc(3) was found using the Stern–Volmer

equation. The binding constant (Ka) and binding stoichiometry (n) of ZnPc(3)

with Ag+ ions were calculated using the modified Benesi–Hildebrand

equation. Sensitive protonation behaviors of octa-substituted phthalocyanines

have been investigated by titration experiments as well as computational

calculations. The ZnPc(3) and CuPc(4) were exhibited H-type aggregation

behaviors toward Ag+ ions. However, the protonation of octa-substituted zinc

and copper phthalocyanine during the titration with HCl caused J-type self-

aggregation properties. In vitro antioxidant properties of the new compounds

were investigated by the radical scavenging ability of 1,1-diphenyl-

2-picrylhydrazyl (DPPH), chelating ability to ferrous ions, and reducing power

methods. Additionally, in vitro antibacterial activities of the octa-substituted

phthalocyanines were determined. Finally, optimized structures of novel

compounds [(2), ZnPc(3), CuPc(4), and CoPc(5)] were obtained on the HF

(Hartree–Fock), B3LYP (Becke, 3-parameter, Lee-Yang-Parr), M06–2X
methods with 3–21 g, 6–31 g and SDD basis set. Then, biological activities of
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novel phthalonitrile and its phthalocyanine derivatives toward breast, liver,

and lung cancer proteins were compared with molecular docking studies.

KEYWORD S

antimicrobial and antioxidant, H- or J-type aggregation, molecular docking,
phthalocyanine, protonation

1 | INTRODUCTION

Metals that function in the cellular and subcellular sys-
tems of living organisms are as crucial as organic mole-
cules for the life process. Because some of these metals
are in the structure of inorganic salts in living systems,
studies on metal-containing compounds are gaining
momentum with increasing interest on the grounds that
they will contribute to a better understanding of bio-
chemical systems. The use of metals as antibacterial
agents such as antibiotics dates back thousands of
years.[1] However, as bacteria gained resistance to exis-
ting antibiotics, it became essential to research and syn-
thesize new compounds with the potential to become
drugs. The primary purpose of antibacterial agents is to
show high efficacy in low doses and without resistance
development. Unlike traditional antibacterial agents,
metals are regaining interest as antibacterial and biocidal
agents, as they target multiple cellular processes that
cause pleiotropic effects on bacterial cells.[2,3] Metal-
containing organic compounds have larger three-
dimensional geometries compared with pure organic
compounds. These properties make them a good starting
point for discovering and researching new drugs. The
results of studying metal-containing compounds have
played a seminal role in medicinal chemistry in recent
years. In particular, the discovery of the anticancer drug
cisplatin and its use in most cancer treatments today can
be considered the real beginning of inorganic medical
chemistry. After this discovery, research on metal-
containing organic compounds gained more impor-
tance.[4,5] One group of the most promising molecules in
this field are phthalocyanine compounds that can mimic
the properties of biologically important molecules such
as chlorophyll and hemoglobin.[6,7] It is also well known
that various metals are toxic to bacteria and the d-block
transition metals are the most toxic among them.[7]

Therefore, it is crucial to synthesize phthalocyanines with
d-block metals and determine their antibacterial and
antioxidant properties. Thus, studies on the synthesis of
phthalocyanine derivatives and investigation of their
antioxidant and antibacterial properties have also
increased in recent years.[8–11]

Antioxidants are substances that help neutralize or
reduce the free radicals, which are waste materials
produced by cells against stress. Free radicals are also
known as reactive oxygen species (ROS) caused
by internal effects, such as inflammation, or external
influences, such as pollution, UV-light exposure, and
cigarette smoke. The free radicals or ROS can play
essential roles in developing serious chronic diseases,
including cardiovascular diseases, aging, heart disease,
and cancer.[12] Antioxidants, divided into two main
groups as synthetic and natural, are used in food,
cosmetics, and pharmacy. Therefore, researchers are
interested in synthesizing and developing new molecules
as it leads to the conclusion that new antioxidant
molecules can also be applied in new industries. In this
context, phthalocyanines are the leading substances. The
synthesis of different types of these molecules with their
various biological properties has gained importance
among scientists.[12,13]

Phthalocyanines, known as tetrabenzo[5,10,14,15]

tetraazaporphyrin, have thermally and chemically stable
structures owing to their conjugated 18 π-electron
systems. Due to their stable structures with having
high extinction coefficients (εmax > 1.0 � 105 M�1 cm�1)
and long absorption wavelength maxima (600 nm >
λmax > 900 nm), they have promising applications in
many fields from chemical sensors to solar cells, from
nonlinear optics to photodynamic therapy.[14–19] How-
ever, the tendency of unsubstituted phthalocyanines to
self-assemble causes limitations in determining their
superior properties. It is well known that the aggregation
tendency of phthalocyanines has a negative effect on
their optical properties in addition to causing low solubil-
ity. Therefore, in addition to increasing their solubility,
control of their aggregation is of primary importance in
phthalocyanine chemistry. Phthalocyanines generally
form H-type aggregates in solution. This is due to the
regularity of push and pull forces in H-aggregation.
Because of the 18-π electrons conjugated by π–π and Van
der Waals interactions, the molecules overlap strongly
and tend to form columnar stacks. Besides, concentra-
tion, temperature, nature of the substituents, nature of
the solvent and additives, and the metal ion in the
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center are effective factors on aggregation.[20,21] J-type
aggregates are less common in phthalocyanine complexes
than H-type aggregates and usually occur by metal–
ligand interaction.[22] It is well known that the substitu-
tion of bulky groups in the peripheral/nonperipheral
positions of phthalocyanines increases their solubility in
common organic solvents. Phthalocyanines containing
1-(4-hydroxyphenyl) propane-1-one groups previously
synthesized by our group have been found to have very
high solubility in many organic solvents such as CHCl3,
CH2Cl2, THF, toluene, DMF, and DMSO,[23,24] and
within the scope of this study, it was found that the
electronic spectra of novel octa-substituted phthalocya-
nine derivatives bearing 1-(4-hydroxyphenyl)propane-
1-one are highly dependent on acid concentration. The
green color of phthalocyanines was changed to pale green
in the presence of HCl, which can be observed even with
the naked eye.

Theoretical calculations are becoming more popular
every day. It is seen that the results obtained by many
theoretical calculations are in significant agreement
with the experimental results.[25,26] Recently, theoretical
methods are used to compare the chemical and biological
activities of novel drug compounds. In this method, the
drug compound's chemical and biological activities are
predicted from the numerical values of the parameters
obtained thanks to density functional theory (DFT)
calculations. Also, molecular docking calculations are
commonly used to get some information about biological
activities. Some proteins used in these calculations are
the crystal structure of the BRCT repeat region from the
breast cancer-associated protein, ID: 1JNX,[27] the crystal
structure of lung cancer protein, ID: 5ZMA,[28] and the
crystal structure of the deleted in Liver Cancer 2 (DLC2),
ID: 2H80.[29]

In this study, new phthalonitrile derivative, 4,5-bis
(4-propionylphenoxy)phthalonitrile and its new
octa-substituted phthalocyanine derivatives [ZnPc(3),
CuPc(4), and CoPc(5)] have been synthesized. The new
compounds have been characterized by a combination
of various spectroscopic techniques such as FT-IR,
1H-NMR, 13C-NMR, MALDI-TOF, UV-vis, and fluores-
cence spectroscopy. We also were presented aggregation
behaviors of new octa-substituted phthalocyanines at
different concentrations. Metal-induced aggregation
behaviors of new phthalocyanines have been evaluated
by UV-vis and fluorescence spectroscopy. Sensitive pro-
tonation behaviors of octa-substituted phthalocyanines
have been investigated by titration experiments as well as
computational calculations. Additionally, the antioxidant
and antibacterial properties of the new octa-substituted
phthalocyanine derivatives were examined, and the
results were interpreted. Finally, biological activities of

novel compounds [(2), ZnPc(3), CuPc(4), and CoPc(5)]
were evaluated by molecular docking studies.

2 | EXPERIMENTAL

2.1 | Materials and apparatus

The chemical compounds used in reactions were
obtained from commercial companies (Merck, Sigma-
Aldrich, and Fluka). The purchased chemical compounds
were used without further purification. FT-IR spectra of
synthesized compounds were recorded by the Perkin
Elmer Spectrum Two FT-IR (ATR sampling accessory)
spectrometer. 1H- and 13C-NMR spectra were taken using
a Varian 300-MHz Mercury Plus instrument using TMS
as internal standards. The mass spectra of novel
compounds were acquired on a Bruker Microflex LT
MALDI-TOF MS. UV-vis spectra of new octa-substituted
phthalocyanine derivatives were recorded by Agilent
Model 8453 diode array UV-vis spectrophotometer.
Fluorescence measurements were achieved by the
Hitachi S-7000 fluorescence spectrophotometer.

2.2 | Syntheses

2.2.1 | The synthesis of 4,5-bis
(4-propionylphenoxy)phthalonitrile (2)

1-(4-hydroxyphenyl)propane-1-one (1.52 g, 10.13 mmol)
dissolved in 40-ml THF was a mixture with anhydrous
K2CO3 (7.0 g, 50.72 mmol) for 20 min at 60�C. Then,
4,5-dichloro-1,2-dicyanobenzene solution dissolved in
30-ml THF (1.0 g, 5.07 mmol) was added to the reaction
mixture drop by drop within 30 min. The obtained
mixture was efficiently stirred 24 h at reflux temperature.
After the completion of the reaction, it was cooled to
room temperature (≈25�C) and filtered. The solid product
was obtained by removing the solvent by an evaporation
method. The solid product was washed with n-hexane
several times and crystallized using ethanol.

Yield of compound (2): 1.21 g (56%). Anal. Calcd. for
C26H20N2O4 (424.45 g/mol): C, 73.57; H, 4.75; N, 6.60.
Found: C, 73.21; H, 4.65; N, 6.68. FT-IR (υmax/cm

�1):
3075, 3055, 3020, 2963, 2929, 2896, 2868, 1652, 1595, 1560
1370, 1338, 1212, 1156, 1004, 847, 786, 591. 1H NMR
(300 MHz, DMSO-d6) δ 7.90–7.72 (d, 4H), 7.10 (s, 2H),
6.90–6.62 (m, 4H), 2.89 (q, 4H), 1.03 (m, 6H). 13C-NMR
(75 MHz, DMSO) δ 199.29(2C), 162.78(2C), 138.22(2C),
136.20(2C), 130.98(4C), 128.69(2C), 119.12(2C), 115.88
(4C), 115.21(2C), 31.26(2C), 9.09(2C). Mass: m/z: 429.238
[M + 3H]+.
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2.2.2 | General procedure for the synthesis
of phthalocyanines [ZnPc(3), CuPc(4), and
CoPc(5)]

Anhydrous related metal salts (zinc acetate or copper
chloride or cobalt chloride) and 0.10 g 4,5-bis(4-propion-
ylphenoxy)phthalonitrile (2) were heated at 140�C in
N,N-dimethylaminoethanol/DBU media. The reaction
was continued for 8 h. After the completion of the
reaction, obtained green product was precipitated with
MeOH and filtered off. They were washed with n-hexane
and MeOH several times. Further purification of new
octa-substituted phthalocyanine derivatives was achieved
by column chromatography using dichloromethane/THF
(50:5 v/v) as the eluent.

2,3,9,10,16,17,23,24-octacis(1-(4-hydroxyphenyl)propan-
1-one)phthalocyaninato zinc(II)
Yield of compound (3): 36 mg (35%). Chemical Formula:
C103H78N8O16Zn (Molecular Weight: 1749.18 g/mol),
Elemental Analysis: Calculated: C, 70.72; H, 4.49; N,
6.41; Found: C, 71.02; H, 4.56; N, 6.34. FT-IR
(υmax/cm

�1): 3098, 3,061 (Ar-CH), 2975, 2940, 2864
(Alip-CH), 1683(C═O), 1600, 1502, 1446, 1389, 1355,
1271, 1215, 1166 (Ar–O–Ar), 1082, 1013, 992, 949,
897, 838, 796, 566. 1H NMR (300 MHz, DMSO-d6)
δ 8.20–7.68 (m), 7.31(s), 7.02–6.68 (m), 2.96 (q), 0.98 (m).
UV-vis (λmax, nm, in THF): 674 (Q-band), 613 (Vibrational
satellite) 353 (B-band). MS (MALDI-MS,
2,5-dihydroxybenzoic acid as matrix): 1798.178
[M + 2Na + 2H]+.

2,3,9,10,16,17,23,24-octacis(1-(4-hydroxyphenyl)propan-
1-one)phthalocyaninato copper(II)
Yield of compound (4): 33 mg (32%). Chemical Formula:
C103H78CuN8O16 (Molecular Weight: 1747.31 g/mol),
Elemental Analysis: Calculated: C, 70.80; H, 4.50; N,
6.41; Found: C, 71.14; H, 4.45; N, 6.68. FT-IR
(υmax/cm

�1): 3061 (Ar-CH), 2974, 2932, 2874 (Alip-CH),
1682 (C═O), 1592, 1501, 1439, 1403, 1348, 1270, 1250,
1208, 1159 (Ar–O–Ar), 1096, 1005, 949, 894, 844, 796,
747, 607, 559. UV-vis (λmax, nm, in THF): nm 676
(Q-band), 615 (Vibrational satellite) 355 (B-band). MS
(MALDI-MS, 2,5-dihydroxybenzoic acid as matrix):
1770.132 [M + Na + H]+.

2,3,9,10,16,17,23,24-octacis(1-(4-hydroxyphenyl)propan-
1-one)phthalocyaninato cobalt(II)
Yield of compound (5): 29 g (28%). Chemical Formula:
C103H78CoN8O16 (Molecular Weight: 1742.70 g/mol),
Elemental Analysis: Calculated: C, 70.99; H, 4.51; N,
6.43; Found: C, 71.36; H, 4.72; N, 6.39. FT-IR
(υmax/cm

�1): 3098, 3,061 (Ar-CH), 2975, 2933, 2905, 2877

(Alip-CH), 1682 (C═O), 1592, 1502, 1453, 1403, 1348,
1271, 1250, 1215, 1160 (Ar–O–Ar), 1096, 1006, 949, 901,
845, 796, 748, 559. UV-vis (λmax, nm, in THF):
660 (Q-band), 601 (Vibrational satellite) 333 (B-band).
MS (MALDI-MS, 2,5-dihydroxybenzoic acid as matrix):
1746.317 [M + 3H]+, 1832.008 [M + 2Na + K + 2H]+.

2.3 | Fluorescence measurement

Fluorescence properties of phthalocyanine derivative
with zinc metal in its center were determined in THF
solution at room temperature (≈25�C). Fluorescence
quantum yields (ΦF) were calculated by Equation 1.[30,31]

ΦF ¼ΦF Stdð Þ AStd �F �n2
A �FStd �n2std

: ð1Þ

In this equation, ΦF is the quantum yields of the
novel synthesized compounds, ΦF (Std) is the quantum
yield of the reference compound, F and FStd are the areas
under the fluorescence emission curves of ZnPc(3) and
unsubstituted zinc phthalocyanine as a standard, respec-
tively. AStd and A are the absorbance of unsubstituted
zinc phthalocyanine and ZnPc(3), respectively. n2 and
n2Std are the refractive indices of used solvents. The
quantum yield of unsubstituted zinc phthalocyanine was
used as 0.23.[32]

The quenching efficiency (Ksv) of Ag(I) ions against
octa-substituted zinc phthalocyanine were found using
the Stern–Volmer equation (Equation 2). The binding
constant (Ka) and binding stoichiometry (n) of ZnPc(3)
with Ag(I) ions were calculated using the modified
Benesi–Hildebrand equation (Equation 3).

F0=F ¼ 1þKsv Mzþ½ �, ð2Þ

log F0�Fð Þ=F½ � ¼ logKaþn�log Mzþ½ �: ð3Þ

In Equations 2 and 3, “F0” and “F” are fluorescence
intensity of ZnPc(3) in the absence and presence of
Ag(I) ions, respectively. “Ksv” is the Stern–Volmer
quenching constant, [Mz+] is the concentration of Ag+

ions, “Ka” is the binding constant, and “n” is binding
stoichiometry.[33]

2.4 | Determinations of antioxidant
activities

2.4.1 | DPPH radical scavenging activity

1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging
activity was tested using the method of Blois[34]; 2 ml of
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methanol solution of DPPH (0.004%) was mixed to 500 μl
of Pc compound (with and without metal) solutions at
different concentrations from 100 to 500 μg ml�1). The
mixture was vigorously vortexed and kept in the dark for
30 min at room temperature. After that, the mixture
absorbance was monitored at 517 nm using a UV-vis
spectrophotometer. The control experiment was
performed in the same way as the reaction experiment
without phthalocyanine compound. DPPH radical
scavenging activity was calculated by the following
equation (Equation 4):

DPPH scavenging activity %ð Þ¼ 1 – Asample517=Acontrol517
� ��100,

ð4Þ

where Acontrol517 is the absorbance of the control
(containing all reagents except the tested Pc) and
Asample517 is the absorbance in the presence of Pc
compound or standards. Trolox and BHT were selected to
use as standards, and their scavenging activities were
evaluated with the results of phthalocyanine compounds.
All experiments were repeated three times, and the
data achieved were the arithmetic mean of three
measurements.

2.4.2 | Determination of metal chelating
activity on ferrous ions

The study of ferrous ion chelating activities for the
synthesized Pc compounds was performed according to
the method described in the Dinis et al. work.[35] Briefly,
1 ml of sample solution at different concentrations of Pc
compound (100–500 μg ml�1) was mixed with 0.1 ml of
FeCl2 (2 mM), and 3.7 ml of distilled water in a test tube.
The mixture solution was vortexed and incubated at
room temperature for 30 min. After the time was com-
plete, 0.2 ml of 5-mM ferrosine solution was mixed into
the test tube and incubated at room temperature for a
further 10 min. The absorption of the solution was then
observed spectrophotometrically at 562 nm. The control
reaction was performed by a solution containing only
FeCl2 and ferrosine substances. The percentage of inhibi-
tion of ferrozine-Fe2+ complex formation was calculated
using the equation given below (Equation 5):

Ferrous ion chelating activity %ð Þ¼ 1 – AS562=AC562ð Þ�100,

ð5Þ

where AC562 was the absorbance of the control and AS562

is the absorbance in the presence of Pc compound or
standard. Ethylenediaminetetraacetic acid (EDTA) was
preferably used as the standard, and results obtained
for novel octa-substituted phthalocyanine compounds

were compared with the standard. All experiments
were repeated three times, and the data achieved were
the arithmetic mean of three measurements.

2.4.3 | Reducing power activity

The reducing power activities of Pc compounds were
studied as reported by Oyaizu[36]; 2.5 ml of Pc compound
solution at different concentrations (5–100 μg ml�1) was
mixed with 2.5 ml of the buffer (0.2-M phosphate buffer
at pH 6.6) and 2.5 ml of potassium ferricyanide [K3Fe
(CN)6] (1%) and incubated at 50�C for 20 min. After the
incubation was completed, 2.5 ml of trichloroacetic acid
(10%) was supplemented to the reaction mixture to stop
the reaction. The reaction mixture was centrifuged at
2500 rpm for 10 min. Then, 2.5 ml of the supernatant
was taken and mixed with 0.5 ml of FeCl3 (0.1%) and
2.5 ml of distilled water, and the absorption of the
reaction was monitored at 700 nm. Ascorbic acid, BHT,
and Trolox were used as positive standards. Increasing
absorption values of the reaction mixture have identified
increasing the reducing power.

2.5 | Determination of antibacterial
activity

In vitro antibacterial activities of the synthesized phthalo-
cyanine compounds were screened by using the agar well
diffusion method.[37] The antibacterial activities were
determined against Escherichia coli (ATCC 25922) as a
gram-negative bacteriuum and Staphylococcus aureus
(ATCC 25923), Bacillus cereus (SBT8) as gram-positive
bacteria. Each bacterial strain was swabbed uniformly
onto individual Mueller Hinton agar plates. In each plate,
wells were cut out using a standard cork borer (6-mm
diameter); 20 μl of the compound solution was added to
each well. After incubation at 37�C for 24 h, the diameter
of inhibition zones was measured in millimeter, and the
results were recorded. DMSO was used as a solvent and
was run with the experiment under the same condition
as a negative control. While, ampicillin (AMP, 10 μg) disc
was used as a positive control for comparison. The results
were represented in Table 1.

2.6 | Theoretical calculations

It has been observed that theoretical studies have become
widespread and developed in recent studies. GaussView
5.0.8,[38] ChemDraw Professional 15.1,[39] Gaussian09
AS64L-G09RevD.01,[40] and Chemcraft V1.8[41] package
programs were used in the calculations within scopes
of this study. Many quantum chemical parameters of
4,5-bis(4-propionylphenoxy)phthalonitrile (2) and its
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octa-substituted phthalocyanine derivatives [ZnPc(3),
CuPc(4), and CoPc(5)] were found with the help of these
programs. Chemical activity values of phthalonitrile (2)
and its phthalocyanine derivatives (3–5) were performed
by the Hartree–Fock (HF) method,[42] Becke, three-
parameter, Lee-Yang-Parr (B3LYP),[43] and M06-2X[44]

method with 6-31G basis set. The activities of the mole-
cules were compared with the help of these parameters.
Many parameters have been calculated such as EHOMO

(highest occupied molecular orbital), ELUMO (lowest
unoccupied molecular orbital), ΔE (HOMO � LUMO)
energy gap, chemical hardness (η), chemical potential
(μ), nucleophilicity (ε), electronegativity (χ), electrophilic-
ity (ω), global softness (σ), and proton affinity (PA).[45,46]

With the help of these parameters, comments on their
chemical activities were made.

Apart from DFT calculations, molecular docking
calculations were used to compare the biological activi-
ties of compound (2) and its metal complexes (3–5).
Proteins used in molecular docking calculations were
taken from the protein data bank site and used the HEX
8.0.0 program.[47] In this calculation, some important
parameters are as follows: correlation type (shape only),
FFT mode (3D), grid dimension (0.6), receptor range
(180), ligand range (180), twist range (360), and distance
range (40). Also, protein–ligand interaction profiler
(PLIP) server was used to examine the interaction
between protein and phthalonitrile (1) and its metal
complexes (3–5).[48]

3 | RESULT AND DISCUSSION

3.1 | Synthesis and characterization

The precursor dinitrile derivative, 4,5-dichlorophthalonitrile,
was carried out according to the literature.[49] The new
phthalonitrile derivative, 4,5-bis(4-propionylphenoxy)

phthalonitrile (2), was synthesized by aromatic
nucleophilic substitution reaction between
4,5-dichlorophthalonitrile and 1-(4-hydroxyphenyl)
propane-1-one (Scheme 1). The new octa-substituted
phthalocyanine derivatives [ZnPc(3), CuPc(4), and CoPc
(5)] were achieved by cyclotetramerization reaction in
the presence of zinc acetate or copper chloride or cobalt
chloride salts in N,N-dimethylaminoethanol/DBU media
(Scheme 2). The octa-substituted phthalocyanine
derivatives are not soluble in hexane, EtOH, and MeOH.
Therefore, they were washed with these solvents several
times to remove impurities. For further purification,
chromatography on the silica-gel column was used. The
structures of target phthalonitrile and its octa-substituted
phthalocyanine derivatives were characterized by
using general spectroscopic techniques such as FT-IR,
1H-NMR, MS, UV-vis spectroscopy, and fluorescence
spectroscopy.

Infrared spectroscopy is widely used mainly for the
detection of functional groups. For this reason, the struc-
tures of the newly synthesized phthalonitrile derivative
and its phthalocyanine derivatives were characterized by
FTIR spectra. In Cl-bonded benzene derivatives, the C–Cl
stretching frequency is usually observed in the 900- to
500-cm�1 region, depending on the configuration and
conformation of the compound.[50] Planar C–Cl strains of
4,5-dichlorophthalonitrile, the precursor phthalonitrile
derivative, of about 917, 679, and 525 cm�1 were
observed. Polar C–Cl bonds are weaker than C–H bonds
and more prone to attack by a nucleophile. It can rapidly
replace with nucleophiles.[51] After the displacement
reaction was completed, peaks of C-CI vibrations were
not observed in the newly synthesized compound 4,5-bis
(4-propionylphenoxy)phthalonitrile (2). This shows that
the Cl atoms are abstracted due to displacement reaction.
Also, the characteristic C≡N peak at 2239 cm�1 for
4,5-dichlorophthalonitrile shifted to 2227 cm�1. The
newly synthesized compound (2) has characteristic peaks

TABLE 1 Spectral parameters and photophysical properties (ΦF) of novel synthesized phthalocyanines [ZnPc(3), CuPc(4), and CoPc(5)]
in THF

Compounds

Absorbance Fluorescence

λabsmax nmð Þ
(Q-band)

λabsmax nmð Þ
(B-band)

λabsmax nmð Þ
(Vibrational
satellite)

λem:
max nmð Þ
(emission)

λexc:max nmð Þ
(excitation)

Δλ (nm)
(Stokes shift)

ΦF, %
(quantum
yield)

3 674 353 613 690 673 17 0.12

4 676 355 615 - - - -

5 660 333 601 - - - -

ZnPca 666a 342a - 673a 666a 7a 0.23a

aFrom Saka et al.[32]
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such as Aromatic-CH, Aliphatic-CH, –C≡N, C═O
(carbonyl), and Ar–O–Ar stretches in FTIR spectra. They
appeared at 3075, 3055, 3020, 2963, 2929, 2896, 2868,
1652, 1212, and 1156 cm�1, respectively (Figure S1).

In the FTIR spectra taken after the synthesis of
phthalocyanine derivatives [ZnPc(3), CuPc(4), and
CoPc(5)], the characteristic C N peak belonging to the
phthalonitrile derivative (2) at 2227 cm�1 disappeared.
This may be evidence that the cyclotetramerization
reaction has occurred. In the FTIR spectra of the phthalo-
cyanine derivatives, very similar spectra were obtained
except for small shifts. As expected, Ar-CH peaks
occurred between 3200 and 3000 cm�1 and Alip-CH
peaks between 3000 and 2800cm�1. The Ar–O–Ar peak
has been recorded as severe peaks around 1200–
1100cm�1 (Figure S2 for ZnPc(3), Figure S3 for CuPc(4),
and Figure S4 for CoPc(5)).

The structures of the synthesized new compounds
were tried to be elucidated by NMR spectroscopy.
1H-NMR and 13C-NMR spectra of synthesized new com-
pounds were obtained in deuterated dimethyl sulphoxide
(d6-DMSO) solution (Figures S5 and S6). In the 1H-NMR
spectrum of 4,5-bis (4propionylphenoxy) phthalonitrile
(2), aromatic protons ortho to C≡N groups appeared as a

single peak at 7.1 ppm. Aromatic peaks of the substituted
group were obtained as a doublet at 6.79 and 7.80 ppm.
Aliphatic protons in the substituted group were observed
at 2.89 and 1.03 ppm. 13C-NMR spectrum confirmed the
structure of the new phthalonitrile derivative. Carbon
peak belonging to the keto group was observed at
199.29 ppm, carbon atoms of the benzene ring between
162.78 and 128.69 ppm, nitrile carbons at 115.88 ppm,
aliphatic peaks at 31.26 and 9.09 ppm. The 1H-NMR spec-
trum of ZnPc(3) showed expected signals. But aromatic
protons were observed as broad peaks due to the aggrega-
tion of phthalocyanines in high concentrations. 1H-NMR
spectra of CuPc(4) and CoPc(5) could not be recorded
due to paramagnetic properties.[52]

The MALDI-TOF mass spectrometry technique also
confirmed the newly synthesized 4,5-bis(4-propion-
ylphenoxy)phthalonitrile and its octa-substituted phtha-
locyanine derivatives structures. The protonated ion peak
of compound (2) was observed in the mass spectrum
(Figure S7). The MALDI-TOF spectra of new
octa-substituted phthalocyanine derivatives [ZnPc(3),
CuPc(4), and CoPc(5)] were observed as sodium
added peaks. This indicates that sodium selectivity of
octa-substituted phthalocyanine derivatives was high

SCHEME 2 The synthesis

of new phthalocyanine

derivatives [ZnPc(3), CuPc(4),
and CoPc(5)]
(N,N-dimethylaminoethanol/

DBU, 140�C, 8 h)

SCHEME 1 The synthesis of 4,5-bis

(4-propionylphenoxy)phthalonitrile (2)
(THF, K2CO3, 65�C, 24 h)
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(Figure S8 for ZnPc(3), Figure S9 for CuPc(4), and
Figure S10 for CoPc(5)).

3.2 | Electronic absorption spectra of
new octa-substituted phthalocyanines

UV-vis spectroscopy is the most widely used technique in
the characterization of phthalocyanine compounds as it

provides more meaningful information than other spec-
troscopic techniques. Because phthalocyanines are rich
in π-electron, they give different absorption bands in the
UV-vis spectrum. These peaks are the result of π–π* and
deeper π–π* transitions.[15] These are Q-bands occurring
between 720 and 500 nm and B or Soret bands seen
between 420 and 285 nm, and in some molecules, charge
transfer transitions caused by metal–ligand, ligand–metal
transitions can also be observed.

FIGURE 1 UV-vis spectra of new

phthalocyanine derivatives [ZnPc(3), CuPc(4),
and CoPc(5)] in THF

FIGURE 2 Electronic

spectra of ZnPc(3) at different
concentration values (inset: the

plot of Q-band absorbance

versus concentration)
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Characteristic Q-bands of phthalocyanine compounds
help us understand whether the phthalocyanine
compounds are metallic or metal-free. In the electronic
spectra of metal phthalocyanines, Q-bands appear as a
single band. In contrast, in metal-free phthalocyanines,
the Q-band is obtained as split in two due to molecular
symmetry.[53]

In this study, novel type octa-substituted phthalocya-
nine derivatives [ZnPc(3), CuPc(4), and CoPc(5)] were
prepared. The structures of synthesized phthalocyanine
derivatives ZnPc(3), CuPc(4), and CoPc(5) were exam-
ined by taking their electronic spectra. The characteristic
Q-bands of these octa-substituted phthalocyanine deriva-
tives appeared at 674, 676, and 660 nm, respectively. As

FIGURE 3 Electronic

spectra of CuPc(4) at different
concentration values (inset: the

plot of Q and B-band

absorbance versus

concentration)

FIGURE 4 Electronic

spectra of CoPc(5) at different
concentration values (inset: the

plot of Q-band absorbance

versus concentration)
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expected, Q-bands of phthalocyanines were obtained as a
single band. The wavelength of the Q-band maxima vary
depending on the metal atom at the center of the ring,
and the wavelength of the max Q-band is ZnPc(3)
> CuPc (4) > CoPc(5). The shoulder peaks of phthalocya-
nine compounds appeared at 613 nm for ZnPc(3),
615 nm for CuPc(4), and 601 nm for CoPc(5). The charac-
teristic B-bands observed due to deeper π–π* transitions

were recorded at 353, 355, and 333 nm, respectively
(Figure 1).

3.3 | Aggregation properties

Phthalocyanines are known to tend to aggregate due to
their conjugated 18-π electron systems. However, the

FIGURE 5 The change of

ZnPc(3) electronic spectra
during the titration with Ag+

ions (inset: the plot of Q-band,

B-band, and H-aggregation band

absorbance versus added Ag+

ions)

FIGURE 6 The change of

CuPc(4) electronic spectra
during the titration with Ag+

ions (inset: the plot of Q-band

and H-aggregation absorbance

versus added Ag+ ions)
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binding of bulky groups from alpha and/or beta positions
causes changes in the aggregation properties of phthalo-
cyanines. Therefore, the aggregation behavior of newly
synthesized phthalocyanines was investigated in the
solution medium. The electronic spectra of the phthalo-
cyanine solutions prepared in different concentrations
were recorded. The Q- and B-bands of ZnPc(3), CuPc(4),
and CoPc(5) increased with the increase in the concen-
tration, and also a new absorption peak due to aggrega-
tion was not observed (Figure 2 for ZnPc(3), Figure 3 for
CuPc(4), and Figure 4 for CoPc(5)). These results indicate
that new types of octa-substituted phthalocyanines

bearing 1-(4-hydroxyphenyl) propane-1-one in peripheral
positions have a low tendency to aggregate at concentra-
tions between 1 and 15 μM.

3.4 | Metal ion binding studies

Phthalocyanines can be optically sensitive to soft metal
ions such as Ag(I) and Pd (II), depending on the
functional group in their peripheral or nonperipheral
positions. Soft metal sensitivities can be determined by
UV-vis and fluorescence spectroscopy techniques. The

FIGURE 7 Absorbance,

excitation, and emission

(λex = 600 nm) spectra of ZnPc(3)

FIGURE 8 The change of

fluorescence emission spectra of

ZnPc(3) during the titration with

Ag+ ions (inset: the plot of

maximum emission intensity

versus added Ag+ ions)
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interaction of soft metal ions with phthalocyanines
causes two types of aggregation as H-type (face to face)
and J-type (edge to edge). H-type aggregation causes the
Q-band to shift blue, and J-type aggregation causes it to
shift to red.[54]

Optical sensitivities of newly synthesized phthalocya-
nine (ZnPc(3), CuPc(4), and CoPc(5)) toward soft metal
ions were determined by recording the change of

electronic spectra during the titration of about 10�5-M
phthalocyanine and 10�3-M metal ions. The high concen-
tration of the metal salts was chosen to eliminate the
volume change. Figure 5 shows the UV-vis spectrum of
ZnPc(3) during titration with Ag+ ions. The stepwise
addition of Ag(I) ions caused a decrease in the Q-band at
674 nm and the B-band at 353 nm. Simultaneously, a
new band was formed at 633 nm while the B-band shifted

FIGURE 10 The electronic

spectra of ZnPc(3) during the
titration with HCl (Inset: The plot of

Q-band and J-aggregation bands

absorbance versus added HCl)

FIGURE 9 (a) Fluorescence

quenching Stern–Volmer plot of ZnPc(3)
with increasing concentration of

Ag(I) ions. (b) Modified Stern–Volmer

plot for Ag+ ions
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toward 348 nm due to the formation of metal-induced
H-type aggregation. During titration of CuPc(4) with Ag+

ions, the Q-band intensity at 676 nm and the B-band
intensity at 355 nm decreased. Simultaneously, new
peaks were observed at 638 and 329 nm due to the forma-
tion of metal-induced H-type aggregation (Figure 6). The
newly synthesized ZnPc(3) and CuPc(4) showed optical
sensitivity to Ag(I) ions. In the titration of CoPc(5) with
Ag+ ions, no significant change was observed in the
electronic spectra (Figure S11).

3.5 | The results of fluorescence studies

Fluorescence properties of new type octa-substituted
ZnPc(2) were performed in THF at room temperature.
The experimental spectral parameters and photophysical
results were given in Table 1. Fluorescence emission
properties of CuPc(4) and CoPc(5) could not be obtained
due to the paramagnetic properties. Figure 7 shows the
absorption, excitation, and emission spectra of ZnPc(3).
The fluorescence emission spectrum of ZnPc(3) indicates

FIGURE 11 The electronic

spectra of CuPc(4) during the titration
with HCl (inset: the plot of Q-band,

B-band, and J-aggregation band

absorbance versus added HCl)

FIGURE 12 The electronic

spectra of CoPc(5) during the
titration with HCl (inset: the plot of

Q-band and B-band absorbances

versus added HCl)
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only one emission band at 690 nm in THF
(λex = 600 nm). The absorption and excitation spectra of
ZnPc(3) are very similar, and Q-band peaks appeared at
673 nm in both spectra. The similarity in the absorption

and excitation spectrum of ZnPc(3) indicates that the
nuclear configurations in the excited state and ground
state environment are not affected by excitation in
THF.[55] The fluorescence emission spectrum of ZnPc(3)

FIGURE 13 The change of emission

spectrum of ZnPc(3) during the titration
with HCl (λexcitation = 600 nm) (inset: zoom

emission spectra between 630 and 800 nm)

FIGURE 14 Free radical scavenging

activity on DPPH radicals (%) of octa-

substituted phthalocyanine derivatives ZnPc

(3), CuPc(4), and CoPc(5), and the standards

(Trolox and BHT). Vertical bars represent

the SD

FIGURE 15 Ferrous ion chelating

ability of the octa-substituted

phthalocyanine derivatives ZnPc(3),
CuPc(4), CoPc(5), and EDTA (as a

standard). Vertical bars represent the SD
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is the mirror image of the excitation spectrum. The
obtained Stokes shift is 17 nm for ZnPc(3) in THF media.
Fluorescence quantum yield (ΦF) of ZnPc(3) was found
to be 0.12 in the THF solution. Fluorescence quantum
yield (ΦF) of unsubstituted zinc phthalocyanine is 0.23 in
THF. When these values are compared, octa substitution
with 1-(4-hydroxyphenyl)propane-1-one groups from
peripheral positions caused a decrease in fluorescence
quantum yield.

The effect of Ag+ ions on fluorescence emission
spectra of novel type octa-substituted zinc phthalocya-
nine derivative of ZnPc(3) was also investigated at room
temperature in THF. The changes of emission spectra
during the titration with Ag+ ions were performed. In
titration experiments, the concentration of the phthalocy-
anine solution was used as ≈10�5, whereas the concen-
tration of the solution containing Ag(I) ions was adjusted
to be in the order of 10�3 in order to neglect the volume
change. Figure 8 shows the difference in the emission
spectra during the titration of octa-substituted zinc
phthalocyanine with Ag+ ions. In the absence of
Ag(I) ions, the emission peak at 690 nm decreased with
the incremental addition of Ag+ ions to the medium and
shifted to 677 nm with going toward blue at about
13 nm. This indicates that the HOMO-LUMO energy
transition is increased due to the formation of H-type
aggregation between ZnPc(3) and Ag(I) ions. The
quenching efficiency (Ksv) of Ag+ ions against
octa-substituted zinc phthalocyanine was found using the
Stern–Volmer equation. The binding constant (Ka) and
binding stoichiometry (n) of octa-substituted zinc
phthalocyanine with Ag+ ions were calculated using
the modified Benesi–Hildebrand equation. Ksv was found
to be 5.3 � 104 mol/L. Also, Ka and n were found to
be 4.32 � 105 M�1 and 1.24, respectively (Figure 9).
The free energy change of octa-substituted zinc

phthalocyanine in the presence of Ag+ ions was
calculated as �32.16 kJ mol�1.

3.6 | The effect of protonation upon
UV-vis and fluorescence spectra of
phthalocyanines

The phthalocyanines that do not entirely agglomerate in
a solvent environment have sharp Q-bands that are
attractive for applications such as chemical sensors. Also,
it is known that monoprotonated, diprotonated, and
triprotonated forms of phthalocyanines cause splitting
and bathochromic shifts in the Q-band due to their sym-
metry changes.[56] Red shifts in Q-bands give them an
advantage for applications such as PDT. A study on the
protonation of ZnPc with TFA and sulfuric acid obtained
single and double protonated forms ([ZnPc�H]+ and
[ZnPc�2H]2+) with TFA, whereas derivatives with
concentrated sulfuric acid and triple and quaternary
protons ([ZnPc�3H]3+ and [ZnPc�4H]4+) were
obtained.[57]

In the light of this information, to examine proton
sensor potentials, UV-vis, and fluorescence spectra of
novel octa-substituted phthalocyanines (ZnPc(3), CuPc
(4), and CoPc(5)) were measured during the titration

FIGURE 16 Reducing power of the

octa-substituted phthalocyanine

derivatives ZnPc(3), CuPc(4), CoPc(5),
and the standards (ascorbic acid and

BHT). Vertical bars represent the SD

TABLE 2 The antibacterial activity of the novel synthesized

octa-substituted phthalocyanine compounds [ZnPc(3), CuPc(4), and
CoPc(5)] and standard antibiotic ampicillin (AMP) with inhibition

diameter in millimeters

Bacteria 3 4 5 AMP

Escherichia coli (ATCC 25922) - 8 21

Staphylococcus aureus (ATCC 25923) 13 15 13 25

Bacillus cereus (SBT8) 14 11 12 11
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with HCl. The electronic and fluorescence spectra
of ZnPc(3), CuPc(4), and CoPc(5) were studied by a
continuous variation method to examine the effects of
acid addition. Figure 10 shows the spectral absorption
changes observed during the protonation of ZnPc(3) in
THF solution without HCl and the addition of HCl. With
the addition of HCl, the intensity of the Q-band at
674 nm, the B-band at 353 nm, and the shoulder band at
613 nm of ZnPc(3) were reduced. At the same time, new
peaks that shifted to red at 689 and 713 nm appeared due
to the formation of J-type self-aggregation with mono
protonation of ZnPc(3). With the addition of 40 μl of
HCl, the monomers and protonated species reached equi-
librium, and the addition of more acid caused little
change in the spectrum. With the addition of HCl, the
green color solution of ZnPc(3) turned pale green with
detectable by the naked eye. Also, neutralization experi-
ments were performed better to understand the effect of
HCl on the electronic spectrum. A reversible electronic
spectrum was obtained by titration with KOH after ZnPc
(3) was saturated with HCl. With the addition of KOH to
the mixture, the Q-band at 689 nm reappeared at the
same intensity as a single band (Figure S12).

A similar titration experiment was repeated for CuPc
(4). Figure 11 shows the changes in the electronic
spectrum during titration of CuPc(4) with HCl. The
addition of HCl upon CuPc(4) affected the characteristic
Q- and B-bands of it. The Q-, B-, and shoulder bands of
CuPc(4) at 676, 353, and 615 nm decreased during the
addition of 40 μl of HCl. Simultaneously, the B-band at
353 nm shifted to 375 nm, and two new peaks at 692 and
717 nm appeared in the red-shifted region due to the
formation of J-type self-aggregation with protonation of
CuPc(4). Similarly, the monomers and aggregates
reached equilibrium with 40 μl of HCl, and the addition
of more acid caused little change in the spectrum.

In the protonation experiment of CoPc(5), the
addition of HCl caused the Q-band to increase and shift
from 661 to 665 nm, unlike the others. Although a small
peak occurs around 710 nm, its intensity is lower than
ZnPc(3) and CuPc(4). Also, the B-band at 333 nm shifted
to 350 nm. The addition of more HCl did not cause any
critical difference in the electronic spectra of CoPc(5)
(Figure 12).

To examine the change of emission spectrum of ZnPc
(3) with the addition of HCl, the emission spectra of

FIGURE 17
Representations of HOMO,

LUMO, and ESP of 4,5-bis

(4-propionylphenoxy)

phthalonitrile (2) and its

octa-substituted phthalocyanine

derivatives [ZnPc(3), CuPc(4),
and CoPc(5)]

BILGIÇLI ET AL. 17 of 26



T
A
B
L
E

4
T
h
e
ca
lc
u
la
te
d
qu

an
tu
m

ch
em

ic
al

pa
ra
m
et
er
s
of

4,
5-
bi
s(
4-
pr
op

io
n
yl
ph

en
ox
y)
ph

th
al
on

it
ri
le

(2
)
an

d
it
s
oc
ta
-s
ub

st
it
ut
ed

ph
th
al
oc
ya
n
in
e
de
ri
va
ti
ve
s
[Z
n
Pc
(3
),
C
uP

c(
4)
,a
n
d

C
oP

c(
5)
]
in

H
F
/6
-3
1g

le
ve
l

E
H
O
M
O

E
L
U
M
O

I
A

Δ
E

η
σ

χ
P
_ I

ω
ε

D
ip
ol
e

E
n
er
gy

A
pr
ot
on

at
ed

3
�9

.0
66
9

�4
.1
18
7

9.
06
69

4.
11
87

4.
94
82

2.
47
41

0.
40
42

6.
59
28

�6
.5
92
8

8.
78
42

0.
11
38

7.
46
12

�2
01
,1
60
.3
28
2

4
�9

.9
01
5

�3
.0
29
7

9.
90
15

3.
02
97

6.
87
17

3.
43
59

0.
29
10

6.
46
56

�6
.4
65
6

6.
08
35

0.
16
44

12
.2
17
0

�1
97
,3
87
.2
34
5

5
�1

0.
67
54

�2
.5
56
8

10
.6
75
4

2.
55
68

8.
11
86

4.
05
93

0.
24
63

6.
61
61

�6
.6
16
1

5.
39
17

0.
18
55

10
.9
43
9

�1
90
,3
80
.7
73
8

T
w
o
pr
ot
on

at
ed

3
�1

1.
59
11

�7
.0
68
8

11
.5
91
1

7.
06
88

4.
52
23

2.
26
11

0.
44
23

9.
32
99

�9
.3
29
9

19
.2
48
4

0.
05
20

5.
15
17

�2
01
,1
66
.3
97
7

4
�1

2.
89
80

�5
.1
16
6

12
.8
98
0

5.
11
66

7.
78
14

3.
89
07

0.
25
70

9.
00
73

�9
.0
07
3

10
.4
26
3

0.
09
59

3.
61
28

�1
97
,3
95
.9
83
2

5
�1

2.
98
02

�5
.1
51
7

12
.9
80
2

5.
15
17

7.
82
85

3.
91
43

0.
25
55

9.
06
60

�9
.0
66
0

10
.4
99
0

0.
09
52

3.
68
95

�1
90
,3
88
.8
49
7

T
h
re
e
pr
ot
on

at
ed

3
�1

3.
55
76

�8
.9
48
3

13
.5
57
6

8.
94
83

4.
60
94

2.
30
47

0.
43
39

11
.2
52
9

�1
1.
25
29

27
.4
72
0

0.
03
64

11
.6
53
8

�2
01
,1
73
.4
36
0

4
�1

3.
18
62

�6
.6
48
1

13
.1
86
2

6.
64
81

6.
53
81

3.
26
91

0.
30
59

9.
91
71

�9
.9
17
1

15
.0
42
4

0.
06
65

47
.5
52
3

�1
97
,4
01
.0
84
2

5
�1

4.
24
72

�8
.5
59
4

14
.2
47
2

8.
55
94

5.
68
78

2.
84
39

0.
35
16

11
.4
03
3

�1
1.
40
33

22
.8
62
2

0.
04
37

19
.2
91
8

�1
90
,3
93
.4
94
0

F
ou

r
pr
ot
on

at
ed

3
�1

5.
09
24

�1
1.
54
13

15
.0
92
4

11
.5
41
3

3.
55
11

1.
77
56

0.
56
32

13
.3
16
8

�1
3.
31
68

49
.9
38
6

0.
02
00

5.
40
86

�2
01
,1
76
.5
94
0

4
�1

5.
08
07

�9
.6
39
4

15
.0
80
7

9.
63
94

5.
44
12

2.
72
06

0.
36
76

12
.3
60
1

�1
2.
36
01

28
.0
76
5

0.
03
56

39
.5
09
2

�1
97
,4
04
.1
27
1

5
�1

5.
15
17

�1
1.
03
16

15
.1
51
7

11
.0
31
6

4.
12
01

2.
06
01

0.
48
54

13
.0
91
6

�1
3.
09
16

41
.5
98
7

0.
02
40

8.
07
89

�1
90
,3
91
.6
97
6

18 of 26 BILGIÇLI ET AL.



ZnPc(3) were recorded by the stepwise addition of HCl.
Figure 13 shows the change in emission spectra during
the titration of ZnPc(3) with HCl. The addition of 10 μl of
HCl upon ZnPc(3) resulted in quenching the emission
peak at 690 nm. At the same time, new shoulder-shaped
peaks at 680 and 723 nm occurred. The addition of up to
50 μl of acid caused to rise slightly of these peaks. But
adding more acid did not change significantly in the
emission spectrum.

3.7 | Antioxidant and antibacterial
properties

3.7.1 | DPPH radical scavenging activity

The DPPH radical scavenging activity method is a widely
used method that provides results to achieve the antioxi-
dant properties of natural and synthetic antioxidant
compounds in a relatively short time. In the present
study, DPPH radical scavenging activities of the

synthesized octa-substituted phthalocyanine derivatives
ZnPc(3), CuPc(4), and CoPc(5), and the standards (Trolox
and BHT) were determined and presented in Figure 14).
The DPPH radical scavenging activity tests were applied
to the Pc compounds in DMSO. The results are shown as
a percentage of the absorbance decrease of the DPPH
radical at different concentrations of the phthalocyanine
compounds tested. The order of radical scavenging effects
of the Pc compounds were 3 > 5 > 4 at the same concen-
trations. However, all tested metallophthalocyanine
compounds showed lower DPPH activity than the BHT
and Trolox standards except compound 3 (Figure 12).
Among the compounds, maximum radical scavenging
activity was 37.30% for Pc compound 3 at 100 mg/ml. It
had almost similar activity to the BHT standard at any
concentration tested but lower than the Trolox standard
at the concentrations evaluated. The results of DPPH
scavenging activities of the tested phthalocyanine
compounds were also exposed to good agreement with
literature and prior reports.[58]

FIGURE 18 Representation

of 4,5-bis(4-propionylphenoxy)

phthalonitrile (2) and its

octa-substituted phthalocyanine

derivatives [ZnPc(3), CuPc(4),
and CoPc(5)] with breast cancer
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3.7.2 | Ferrous ion chelating activity

Ferrous ion (Fe2+) is a transition metal ion among many
transition metals that cause the formation of harmful
reactive oxygen species (ROS) and free radicals, which
are dangerous for living organisms. ROS are powerful
oxidizing molecules and can cause permanent cell
damage, organ failure, diseases such as cancer, and even
death in cells and living organisms. To prevent the
formation of these harmful compounds, antioxidant
substances and especially the compounds that chelate
metal ions are used.[59] In the present work, ferrous
ion chelating activities of the synthesized meta-
llophthalocyanine compounds, and EDTA, which is an
excellent chelating compound as a standard, were exam-
ined. The results were indicated in Figure 15. The chelat-
ing activities were 30.21 ± 0.22%, 34.08 ± 0.41% and
41.34 ± 0.63% for 4, 3, and 5, respectively, at 500 μg ml�1

concentration. When the chelating activities of the
compounds were evaluated with each other and EDTA,
compound 5 had slightly higher activity than other
synthesized metallophthalocyanine derivatives. However,
all synthesized octa-substituted metallophthalocyanine

derivatives had lower chelating activity than EDTA as a
standard at all concentrations. The results in this work
are in parallel with similar studies in the literature.[60]

3.7.3 | Reducing power activity

One of the most widely used antioxidant methods to eval-
uate the antioxidant properties of natural and synthetic
compounds is the reducing power method. The method
is based on the principle that compounds having reduc-
ing potential can react with potassium ferricyanide
(K3Fe

3+(CN)6) to give potassium ferrocyanide (K4Fe
2

+(CN)6). Then, it can react with demir(III)chloride
(FeCl3) to give a ferric–ferrous complex. This reaction
can be observed by the color change from green to blue
depending on the reduction power capacity of the antiox-
idant compound at 700 nm.[61]

In this study, the newly synthesized phthalocyanine
compounds in DMSO were analyzed for their reducing
power ability. BHT and ascorbic acid were preferably
used as positive standards. All results were illustrated in
Figure 16. According to the results, all tested Pc

FIGURE 19 Representation of

4,5-bis(4-propionylphenoxy)

phthalonitrile (2) and its octa-substituted

phthalocyanine derivatives [ZnPc(3),
CuPc(4) and CoPc(5)] with liver cancer
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compounds showed very good reducing power activity, in
the order compound: 5 (2.88 ± 0.01) > 3 (2.25 ± 0.01)
> 4 (2.17 ± 0.02) ≈ BHT (2.18 ± 0.01) > ascorbic acid
(2.16 ± 0.008). However, all Pc compounds synthesized
except 4, which had similar reducing power activity with
the standards, showed much higher reducing power than
both standard compounds (BHT and ascorbic acid) at any
concentrations. Additionally, compound 5, in particular,
showed an excellent result in reducing power activity
among other Pc compounds. The observed results are
similar to those in the previous works.[62,63]

3.7.4 | Antibacterial properties

The antibacterial properties of the synthesized Pc
compounds were analyzed by using agar well diffusion
method. For this experiment, three different bacterial
species were used. They were gram-negative (E. coli) and
gram-positive (S. aureus and B. cereus) bacteria. The

antibacterial activity results were illustrated in Table 2.
According to the results, the newly synthesized
metallophthalocyanine compounds showed antibacterial
activity against all bacteria tested with 8- to 15-mm inhi-
bition zones (Figures S13–S15). Furthermore, DMSO as a
controlled solvent had no inhibitory effect on the bacteria
tested. All synthesized compounds showed a good inhibi-
tor effect against gram-positive bacteria S. aureus and
B. cereus (SBT8) with inhibition diameters of 11–15 mm.

FIGURE 20
Representation of 4,5-bis

(4-propionylphenoxy)

phthalonitrile (2) and its

octa-substituted phthalocyanine

derivatives [ZnPc(3), CuPc(4),
and CoPc(5)] with lung cancer

TABLE 5 E total energy values of 4,5-bis(4-propionylphenoxy)

phthalonitrile (2) and its octa-substituted phthalocyanine

derivatives [ZnPc(3), CuPc(4), and CoPc(5)]

Breast cancer Liver cancer Lung cancer

2 �304.14 �351.82 �305.30

3 �501.48 �609.72 �526.75

4 �504.26 �590.48 �484.18

5 �560.21 �607.04 �513.63
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However, compound 3 did not show any inhibitory effect
against E. coli, but compounds 4 and 5 had an inhibitory
effect against gram-negative bacteria E. coli with an
inhibition zone of 9 and 8 mm. Overall, the synthesized
octa-substituted phthalocyanine compounds in DMSO
had good antibacterial effects against all tested bacteria.
Our results were similar to several studies about
the antibacterial activities of the phthalocyanine com-
pounds.[64–67]

3.8 | Theoretical results

Nowadays, theoretical calculations are becoming very
common and developing day by day. Theoretical calcula-
tions give the chemical activities of molecules in a short
time and provide significant savings.[68] Also, the active
regions of the molecules can be easily determined by
theoretical calculations. In this way, it is possible to

design more active and more effective molecules. Recent
studies have shown that it has become complicated to
develop more active and effective molecules. Experimen-
tal studies reveal that metal complexes were more practi-
cal and functional than ligand molecules. Therefore, it is
crucial that investigate metal complexes with theoretical
calculations.[46]

As a result of the calculations made with the
Gaussian software program, many quantum chemical
parameters have been found. All parameters found are
given in Table 3. Among these parameters, the two most
important and most obvious of the molecules are HOMO
that is the highest occupied molecular orbital, and
LUMO that is the lowest unoccupied molecular orbital.
The HOMO parameter is used to explain the chemical
activities of the molecules. The molecule with the most
positive numerical value of this parameter has the
highest chemical activity.[68] On the other hand, the
chemical activity of the molecule with the lowest

TABLE 6 Hydrophobic

Interactions of protein with

octa-substituted zinc and cobalt

phthalocyanines [ZnPc(3) and CoPc(4)]

Index Residue AA Distance Ligand atom Protein atom

Breast cancer—CoPc

1 6A HIS 3.28 1354 92

2 7A HIS 3.18 1311 109

3 11A LEU 3.59 1353 158

4 17A GLN 3.82 1369 247

5 18A GLU 3.11 1287 263

6 18A GLU 3.68 1301 264

7 20A GLU 3.26 1487 297

8 21A ALA 2.73 1364 312

9 22A LYS 3.27 1289 323

Liver cancer—ZnPc

1 1649X ARG 3.37 2027 5

2 1649X ARG 3.48 2151 5

3 1669X ALA 2.36 2168 190

4 1670X ARG 3.61 2168 196

5 1676X LEU 3.92 2045 250

6 1678X ASN 3.25 1998 268

7 1679X LEU 2.89 2071 282

8 1679X LEU 2.26 2001 281

9 1679X LEU 3.07 2000 280

10 1681X THR 2.01 1989 299

11 1683X GLU 2.51 1976 317

12 1776X PRO 3.71 2140 1155

Lung cancer proteins—ZnPc

1 504B VAL 3.92 7316 2101

Abbreviations: ALA, alanine; ARG, arginine; ASN, asparagine; GLN, glutamine; GLU, glutamic acid; HIS,

histidine; LEU, leucine; LYS, lysine; PRO, proline; THR, threonine; VAL, valine.
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numerical value of the LUMO parameter of the mole-
cules is also high.[42] These parameters are important
parameters used to explain intermolecular electron trans-
fer. In the calculations made, the numerical value of the
HOMO parameter of ZnPc(3) is generally more positive
than the others. Therefore, the chemical activity of ZnPc
(3) is higher than the others. On the other hand, the
numerical value of the LUMO parameter of ZnPc(3) is
generally more negative than the others. As a result, the
chemical activity of ZnPc(3) is higher than the others.
Apart from these two parameters, many parameters are
calculated, such as I, A, ΔE, η, σ, χ, P _I, ω, ε, dipole, and
energy. All of these parameters are calculated from the
HOMO and LUMO parameters of the molecule.
Figure 17 shows the visual representation of HOMO,
LUMO, and ESP (electrostatic potential) for 4,5-bis
(4-propionylphenoxy)phthalonitrile (2) and its octa-
substituted phthalocyanine derivatives [ZnPc(3), CuPc
(4), and CoPc(5)].

It has been seen in the literature review that it is seen
that phthalocyanine protonated by a strong acid from the
nitrogen atom in meso positions. Again in this study, it
was observed that the stability of metal phthalocyanines
against acids increased in the following order:
ZnPc < CuPc < CoPc.[22,56] In the theoretical studies,
HOMO and LUMO energy values are used to evaluate
the stability of the molecule. To perform stability of novel
synthesized octa-substituted metallophthalocyanines
[ZnPc(3), CuPc(4), and CoPc(5)] in acidic media, they

were protonated four times, respectively. HOMO and
LUMO energy values of the octa-substituted meta-
llophthalocyanines progressed to more negative values in
each protonation ((Figure S16 for ZnPc(3), Figure S17 for
CuPc(4), and Figure S18 for CoPc(5). The obtained all
chemical parameters for protonated phthalocyanines
derivatives were summarized in Table 4.

It is well known that theoretical methods are used to
compare the chemical and biological activities of novel
drug compounds recently. Therefore, the biological activ-
ities of 4,5-bis(4-propionylphenoxy)phthalonitrile (2) and
its octa-substituted phthalocyanine derivatives [ZnPc(3),
CuPc(4), and CoPc(5)] against cancer proteins were
compared with molecular docking studies. As a result of
the calculations, the most critical parameter is the E total
parameter. The molecule with the most negative numeri-
cal value of this parameter has the highest biological
activity. Figures 18–20 show that the interactions of
4,5-bis(4-propionylphenoxy)phthalonitrile (2) and its
octa-substituted phthalocyanine derivatives [ZnPc(3),
CuPc(4), and CoPc(5)] with some cancer proteins
(Figure 18 for lung cancer, Figure 19 for liver cancer, and
Figure 20 for breast cancer proteins).

The main factor determining the numerical value of
the E total parameter is the interactions between mole-
cules and proteins. There are many interactions such as
hydrogen bonds, polar and hydrophobic interactions,
π–π, and halogen, between molecules and proteins.[69,70]

An increase of interaction between molecules and

TABLE 7 Hydrogen bonds of

protein with octa-substituted zinc and

cobalt phthalocyanines [ZnPc(3) and
CoPc(4)]

Index Residue AA Distance H-A Distance D-A Donor angel

Breast cancer—CoPc

1 8A SER 1.72 2.58 140.36

2 17A GLN 3.42 4.02 119.40

3 22A LYS 2.93 3.90 159.18

4 38A GLN 1.72 2.57 138.25

Liver cancer—ZnPc

1 1650X MET 2.68 3.44 132.66

2 1677X THR 2.99 3.75 138.65

3 1678X ASN 1.51 2.40 144.70

4 1678X ASN 2.93 3.91 167.76

5 1681X THR 2.43 3.25 144.71

6 1683X GLU 2.74 3.58 148.93

Lung cancer proteins—ZnPc

1 480B LYS 3.44 3.79 102.79

2 481B GLU 2.51 2.96 106.99

3 513B HIS 3.40 3.74 101.98

Abbreviations: ASN, asparagine; GLN, glutamine; GLU, glutamic acid; HIS, histidine; LYS, lysine; MET,

methionine; PRO, proline; SER, serine; THR, threonine.
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proteins significantly changes the value of the E total
parameter; as a result of this, the biological activities of
the molecules also increase. The E total parameter of
compound (2) and its octa-substituted phthalocyanine
derivatives [ZnPc(3), CuPc(4), and CoPc(5)] for breast
cancer, liver cancer, and lung cancer proteins are sum-
marized in Table 5. The values of the E total parameter
of ZnPc(3), CuPc(4), and CoPc(5) are about two times
higher compared with the 4,5-bis(4-propionylphenoxy)
phthalonitrile (2).

Figures S19–S21 show that schematic illustrations of
the interactions between protein and octa-substituted
phthalocyanine derivatives [ZnPc(3), CuPc(4), and CoPc
(5)]. There are many interactions, such as hydrophobic
interactions and hydrogen bonds in protein–phthalocya-
nine. Some properties such as distances and angles were
examined, and obtained dates were given in Tables 6
and 7.

4 | CONCLUSION

Within the scope of this study, we have prepared 4,5-bis
(4-propionylphenoxy)phthalonitrile (2) and its octa-
substituted phthalocyanine derivatives [ZnPc(3), CuPc
(4), and CoPc(5)]. The newly synthesized phthalocya-
nines showed nonaggregation behaviors in THF media.
The ZnPc(3) and CuPc(4) showed H-type aggregation
toward Ag+ ions. The compound CoPc(5) did not
show interesting optically sensitivity toward Ag+ ions in
electronic spectra. Besides them, target octa-substituted
phthalocyanines showed interesting behavior during the
titration with acid. Significantly, Q-bands of ZnPc(3) and
CuPc(4) shifted to the red about 40 nm during the addi-
tion of acid due to protonation. The titration of CoPc(5)
with HCl was caused to the enhancement of Q-band
intensity. Besides, synthesized octa-substituted meta-
llophthalocyanine compounds have good antioxidant and
antibacterial properties. According to the radical scaveng-
ing activity on the DPPH radical, the highest activity was
achieved with ZnPc(3); even at the same concentrations,
it had similar activity to the BHT standard. CoPc(5)
compound had better iron ion chelating activity than
others. All synthesized novel octa-substituted meta-
llophthalocyanines showed extreme reducing power
activities. Even among others, CoPc(5) had much better-
reducing power activity than both standards (BHT and
ascorbic acid). Moreover, the new Pc compounds showed
better antibacterial activity against S. aureus, B. cereus
than E. coli bacteria. The comparison of chemical and
biological activities of 4,5-bis(4-propionylphenoxy)
phthalonitrile (2) and its octa-substituted phthalocyanine
derivatives [ZnPc(3), CuPc(4), and CoPc(5)] were made

by theoretical calculations. As a result of both Gaussian
software calculations and molecular docking calcula-
tions, it has been found that the ZnPc(3) is generally
more active and effective than the others.
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