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Abstract
In this study, new 4-chloro-5-(2-isopropyl-5-methylphenoxy)phthalonitrile compound, containing bioactive thymoxy group, 
and its metal-free phthalocyanine and metallo-phthalocyanine derivatives were synthesized for the first time. Their struc-
tures were determined by spectroscopic methods such as  FTIR, UV–Vis, 1H-, and 13C-NMR (for phthalonitrile derivative),  
MALDI-TOF mass spectrometry (for phthalocyanine derivatives) and elemental analysis as well. The phthalocyanines 
showed excellent solubility in polar and nonpolar solvents without aggregation and absorb at long wavelengths with their high 
molar coefficient. In N,N-dimethylformamide, the effects of the type of central metal ions [metal-free, indium(III) acetate, 
lutetium(III) acetate, magnesium(II) or zinc(II)] in the phthalocyanine, containing bioactive thymoxy group, cavity on the 
spectroscopic, photophysical, and photochemical properties of the phthalocyanines were determined. These features are com-
pared with each other. Lutetium(III) acetate phthalocyanine did not show any fluorescence, while metal-free phthalocyanine 
and indium(III) acetate phthalocyanine showed low fluorescence. It was determined that magnesium phthalocyanine signifi-
cantly enriched the fluorescence, and zinc phthalocyanine had appropriate and sufficient fluorescence. Lutetium(III) acetate 
and zinc(II), especially indium(III) acetate phthalocyanines, could produce large amounts of singlet oxygen. Metal-free and 
magnesium phthalocyanines had the capacity to produce sufficient singlet oxygen (it means production of enough amount 
of singlet oxygen by a photosensitizer candidate during PDT applications). All phthalocyanines have sufficient and suitable 
photostability (it means an ideal photosensitizer should be stable under light irradiation until complete its PDT activation, 
and it should be decomposed after its PDT activation so that it does not accumulate in the body). With these determined 
properties, magnesium(II), especially indium(III) acetate and zinc(II) phthalocyanines, may be suitable candidates as type 
II photosensitizers for photodynamic therapy applications. Lutetium(III) acetate phthalocyanine may be a photosensitizer 
candidate in photocatalytic applications.

Introduction

Photodynamic therapy (PDT) is a well-known method based 
on the interaction of light, photoactive material, and oxygen, 
and commonly used to treat of many cancer (tumor) diseases 
and to control bacterial invasion in bacterial diseases [1–4]. 
In this method, the phototherapeutic agent, also called pho-
tosensitizer (PS), is firstly deposited in the tumor tissue, irra-
diated with light, and then, the oxygen in the cell reacts with 
this enriched agent (PS) and leads to the excitation of PS. 
Thus, the excited photosensitizer transfers spin-permissible 
energy to the cell, and the singlet  oxygen occurs there. Last, 
highly reactive singlet oxygen can occur in reaction with the 
damaged tissue and cause the death of the tumor [5].

Despite the successes of first-generation PS such as Pho-
tofrin®, Photosan®, and some hematoporphyrin derivatives, 
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scientists have been searched to new compounds that meet 
the demands of modern medicine. Important aspects for 
ideal photosensitizers are absorption in the long-wave range, 
high absorption coefficients, and stability during irradiation. 
In addition, second-generation PSs should have the features 
of rapid tumor accumulation, low dark toxicity, and a broad 
spectrum of activity [5–8]. A class of compounds that ful-
fills these properties in many ways is phthalocyanines (Pcs). 
Since the early 1980s, these macrocycles have been con-
sidered potential sensitizers for PDT and are the subject of 
intense research [9].

Pcs have been a major source of interest since the dis-
covery of their unexpected synthesis at the beginning of 
the last century [10]. The reason for the intense interest in 
these macrocycles is because of their high stability, archi-
tectural flexibility, and unique spectral properties [11]. Due 
to the ease of the modifications on the Pc ring, optional 
adjustments can be made to improve their properties. For 
example, Pc aggregation can be decreased, and Pc solubil-
ity can be enhanced by introducing bulky groups with alkyl 
chains to the axial and peripheral positions of the Pcs. On 
the other hand, while the hydrogen atoms in the Pc core can 
be replaceable by more than 70 different metals and metal-
loids. This advantage offers additional features for synthetic 
organic chemists to optimize the physical responses of the 
Pcs [12].

Pcs have special photochemical properties due to the 
location of the highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) energy 
levels and their energy difference (ΔE). Since the molecular 
orbitals are quantized in terms of their energy, Pcs absorb 
the photons of certain energy (hν). The energy of photons 
is equal to the difference in energy (ΔE = hν) between the 
ground and excited states. Since the HOMO/LUMO energy 
difference of the Pcs is ~ 170 kJ/mol (~ 700 nm), Pcs can be 
excited by visible light [9, 13–18].

The photochemical generation of singlet oxygen  takes 
place after the triplet singlet energy transfer due to the pho-
tosensitizers such as Pcs, porphyrins, rose Bengal, methyl-
ene blue, or chlorophyll [19].

The triplet energy for the porphyrins and Pcs is approx. 
108–150 kJ/mol. The energies of the first excited state 
(1Δg) and the second excited state (1Σg +) of oxygen are 
94.7 kJ/mol and 157.8 kJ/mol, respectively. The energy of 
the excited state of oxygen is therefore below the energy of 
the triplet state of these photosensitizer. This is one of the 
most important conditions for energy transfer [20].

Thymol and its derivatives have been studied extensively 
because of their biological activities. Thymol is a phenolic 
monoterpenoid compound obtained from essential oils of Thy-
mus vulgaris, Monarda punctata [21], and various other kinds 
of plants. It shows wide biological activities against cancero-
genic cells [22] and microbial diseases [23]. It has been known 

to exhibit anti-inflammatory [24] and anti-oxidative effects 
[25]. In fact, studies on alpha and beta substituted thymoxy 
substituted Pcs are also found in the literature [26, 27]. How-
ever, these species (alpha and beta tetra-substituted Pcs) form 
regioisomers during their synthesis process. It is extremely 
difficult to separate four obtained isomers from each other, 
and  only HPLC method  can most effectively be separate this 
isomer mixture [28]. Pc researchers who prefer these syntheses 
often and isolate the most abundant species in the mixture and 
can study its properties [27]. The properties of other isomers 
are often not determined due to lack of quantity [27]. How-
ever,  octa thymoxy substituted Pcs obtained as a single isomer 
by using disubstituted starting phthalonitriles are not avail-
able in the literature. It was determined in the literature about 
the synthesis of octa thymoxy substituted Pcs that the starting 
material (4,5-bis(2-isopropyl-5-methylphenoxy)phthalonitrile) 
was synthesized, but no Pc synthesis was made using this sub-
stance [16]. Thus, syntheses of octa substituted Pcs, contain 
at peripheral positions a thymoxy and a chlorine groups, were 
planned by using 4-chloro-5-(2-isopropyl-5-methylphenoxy)
phthalonitrile starting compound in this study (Scheme 1). 
It is predicted that the addition of the electron-withdrawing 
chlorine groups to the molecular structure will show differ-
ent chemical, physical, and photophysicochemical properties 
compared to alpha or beta tetra thymoxy substituted Pc in the 
literature. It is predicted that since electron-withdrawing chlo-
rine groups added to the molecular structure, these Pcs will 
show different chemical, physical and photophysicochemical 
properties compared to alpha or beta tetra thymoxy substituted 
Pcs in the literature.

Experimental

Materials and method

In this study, thymoxy substituted phthalonitrile compound 
(1) was synthesized by a nucleophilic aromatic substitution 
reaction between thymol and 4,5-dichlorophthalonitrile [29] 
and its metal-free and metallo-Pcs (2–6) were obtained by 
using this compound. The materials and equipment are given 
in the supplementary information section.

Synthesis

4‑Chloro‑5‑(2‑isopropyl‑5‑methylphenoxy) phthalonitrile 
(1)

Solution of thymol (2-isopropyl-5-methylphenol) (1.5 g, 
10 mmol) in 20 mL dry DMF was slowly added while stir-
ring to the solution of 4,5-dichlorophthalonitrile (1.97 g, 
10 mmol) in 30 mL dry DMF and the solution stirred fur-
ther for 15 min. Afterward, finely powdered  K2CO3 (2.76 g, 
20 mmol) was added to this medium. The reaction solution 
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was stirred at 60 °C for 3 days under a vacuum. The reac-
tion was followed by thin-layer chromatography (TLC) 
and stopped after the disappearance of spots belonging to 
the reactants on the TLC plate. The reaction mixture was 
cooled, and  K2CO3 was filtered. The filtrate was then poured 
into ice water. After the complete precipitation, the crude 
product was filtered with a sand funnel and washed sev-
eral times with water. Compound 1 was purified by column 
chromatography (silica gel) using  CHCl3 as an eluent. The 
collected fraction was dried to obtain pure compound 1 in a 
good yield (71%) [29].

Compound 1 is soluble in dichloromethane (DCM), 
 CHCl3, tetrahydrofuran (THF), acetonitrile, acetone, tolu-
ene, DMF, and dimethyl sulfoxide (DMSO). Yield: 2.2 g 
(71%). Melting point: 124–126 °C. FTIR νmax  (cm−1): 523, 
610, 826, 959, 1020, 1069, 1094, 1179, 1246, 1364, 1420, 
1486, 1514, 1588, 1607, 2233, 2848, 2965, 3046, 3080. 
1H-NMR (500 MHz, DMSO-d6) δ, ppm: 8.54 (s, 1H), 7.44 
(s, 1H), 7.34 (d, J = 7.8 Hz, 1H), 7.12 (d, J = 7.8 Hz, 1H), 
6.88 (s, 1H), 2.96 (septet, J = 6.9 Hz, 1H), 2.28 (s, 3H), 
1.14 (d, J = 6.9 Hz, 6H). 13C-NMR (500 MHz,  CDCl3) δ, 
ppm: 158.5 (1C), 151.0 (1C), 139.0 (1C), 136.9 (1C), 135.5 

(1C), 128.9 (1C), 128.0 (1C), 128.0 (1C), 120.9 (1C), 119.6 
(1C), 116.0 (1C), 114.7 (1C), 114.6 (1C), 110.9 (1C), 27.3 
(1C), 22.9 (1C), 22.8 (2C). Elemental analysis: % calculated 
for  C18H15ClN2O: C, 69.57; H, 4.87; N, 9.01, obtained % 
results: C, 69.74; H, 4.69; N, 9.16[29].

2,9,16,23‑tetrachloro‑3,10,17,24‑tetrakis(2‑isopro‑
pyl‑5‑methylphenoxy)phthalocyanine  (H2Pc) (2)

4-Chloro-5-(2-isopropyl-5-methylphenoxy)phthalonitrile (1) 
(0.93 g, 3 mmol) and lithium (0.03 g, 4 mmol) in n-pentanol 
(20 mL) were mixed and stirred at 150 °C for 18 h under  N2 
atmosphere. This solution was cooled to room temperature. 
Then, the solvent was evaporated under a vacuum. Then, 
 CH3COOH (30 mL) was added, and the suspension was 
stirred for 30 min. The product was extracted with dichlo-
romethane and washed with water (3 × 30 mL). The organic 
phase is separated and dried with anhydrous magnesium 
sulfate.

Compound 2 is soluble in hexane, DCM,  CHCl3, THF, 
acetonitrile, acetone, toluene, DMF, and DMSO. Yield: 
0.24 g (26%). Melting point ˃300 °C. FTIR νmax  (cm−1): 436, 

Scheme 1  Synthetical pathway 
of phthalonitrile compound (1) 
and its metal-free (2) and met-
allo (3–6) phthalocyanines
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460, 586, 688, 737, 811, 881, 937, 1011, 1084, 1147, 1246, 
1417, 1502, 1575, 1603, 2014, 2161, 2554, 2867, 2924, 
2959, 3028, 3286. UV–Vis (DCM, 1 ×  10−5 M): λmax (nm) 
(log ε): 701 (5.05), 667 (5.03), 637 (4.71), 608 (4.56), 347 
(4.91). Elemental analysis: % calculated for  C72H62Cl4N8O4: 
C, 69.52; H, 5.06%; N, 14.45, obtained % results: C, 69.41; 
H, 5.13; N, 14.30. MS: (MALDI-TOF), m/z calc. 1245.14, 
found 1245.74  [M]+.

General synthesis procedure for the metallo‑phthalocya‑
nines

4-Chloro-5-(2-isopropyl-5-methylphenoxy)phthalonitrile 
(1) (0.93 g, 3 mmol) and metal salt (0.58 g indium(III) 
acetate for In(OAc)Pc, 0.73 g lutetium(III) acetate hydrate 
for Lu(OAc)Pc, 0.43 g magnesium acetate tetrahydrate for 
MgPc, 0.37 g zinc acetate dihydrate for ZnPc), and 0.2 mL 
of DMF were evacuated into a Schlenk tube and stirred until 
all solids had dissolved. Then, 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) (0.35 mL, 2.34 mmol) was added dropwise 
to the reaction tube while stirring. The reaction mixture 
was stirred at 160 °C under an inert atmosphere overnight. 
After cooling to room temperature, the reaction solution 
was poured onto 450 mL of methanol/water (8: 1) and the 
formed solids were filtered. The crude product was washed 
with water overnight and methanol in a Soxhlet apparatus. 
The resulting solid was purified by column chromatography 
(silica gel) with  CHCl3/MeOH (20:1) solvent system as an 
eluent. Green pure products were obtained.

2,9,16,23‑Tetrachloro‑3,10,17,24‑tetrakis(2‑isopro ‑
pyl‑5‑methylphenoxy)phthalocyaninato indium(III)acetate 
(In(OAc)Pc) (3) Compound 3 is soluble in DCM,  CHCl3, 
THF, ethanol, acetone, toluene, DMF, and DMSO. Yield: 
0.18  g (19%). Melting point ˃300  °C. FTIR νmax  (cm−1): 
439, 555, 586, 744, 814, 944, 993, 1060, 1084, 1147, 1246, 
1330, 1389, 1435, 1505, 1572, 1603, 1649, 1718, 2851, 
2867, 2924, 2959, 3052. UV–Vis (DMSO, 1 ×  10−5 M): λmax 
(nm) (log ε): 693 (4.96), 626 (4.30), 366 (4.72). Elemental 
analysis: % calculated for  C74H63Cl4N8O4In: C, 62.73; H, 
4.48; N, 7.91, obtained % results: C, 62.61; H,4.33; N, 8.03. 
MS: (MALDI-TOF), m/z calc. 1416.99, found 1359.38 
[M-OAc +  H]+.

2,9,16,23‑Tetrachloro‑3,10,17,24‑tetrakis(2‑isopro ‑
pyl‑5‑methylphenoxy)phthalocyaninato lutetium(III)
acetate (Lu(OAc)Pc) (4) Compound 4 is soluble in hexane, 
DCM,  CHCl3, THF, ethanol, acetone, toluene, DMF, and 
DMSO. Yield: 0.20 g (21%). Mp: ˃ 300 °C. FTIR νmax  (cm−1): 
432, 474, 586, 678, 751, 811, 888, 944, 993, 1056, 1084, 
1147, 1246, 1389, 1435, 1568, 1719, 1607, 1656, 1719, 
2867, 2924, 2960, 3018. UV–Vis (DMSO, 1 ×  10−5 M): λmax 
(nm) (log ε): 685 (5.06), 614 (4.33), 358 (4.77). Elemental 

analysis: % calculated for  C74H63Cl4N8O4Lu: C, 60.17; H, 
4.30; N, 7.59, obtained % results: C, 60.31; H,4.43; N, 7.73. 
MS: (MALDI-TOF), m/z calc. 1477.13, found 1418.07 
[M-OAc +  H]+.

2,9,16,23‑Tetrachloro‑3,10,17,24‑tetrakis(2‑isopro ‑
pyl‑5‑methylphenoxy) phthalocyaninato magnesium 
(5) Compound 5 is soluble in hexane, DCM,  CHCl3, THF, 
ethanol, acetone, toluene, DMF, and DMSO. Yield: 0.30 g 
(32%). M.p. ˃  300  °C. FTIR νmax  (cm−1): 432, 492, 590, 
695, 748, 807, 884, 941, 986, 1053, 1088, 1151, 1242, 
1333, 1389, 1424, 1498, 1572, 1603, 1663, 2856, 2919, 
2954, 3024. UV–Vis (DMSO, 1 ×  10−5 M): λmax (nm) (log 
ε): 680 (4.96), 615 (4.42), 358 (4.71). Elemental analysis: 
% calculated for  C72H60Cl4N8O4Mg: C, 68.23; H, 4.77; N, 
8.84, obtained % results: C, 68.31; H,4.54; N, 8.73. MS: 
(MALDI-TOF), m/z calc. 1267.43, found 1266.57 [M-H]+.

2,9,16,23‑Tetrachloro‑3,10,17,24‑tetrakis(2‑isopro ‑
pyl‑5‑methylphenoxy) phthalocyaninato zinc (6) Com-
pound 6 is soluble in hexane, DCM,  CHCl3, THF, ethanol, 
acetone, toluene, DMF, and DMSO. Yield: 0.33 g (35%). 
FTIR νmax  (cm−1): 446, 692, 741, 804, 881, 941, 990, 1056, 
1084, 1147, 1246, 1333, 1382, 1428, 1481, 1568, 1603, 1656, 
2863, 2919, 2961, 3038. UV–Vis (DMSO, 1 ×  10−5 M): λmax 
(nm) (log ε): 681 (5.01), 628 (4.53), 354 (4.78). Elemental 
analysis: % calculated for  C72H60Cl4N8O4Zn: C, 66.09; H, 
4.62; N, 8.56, obtained % results: C, 66.27; H, 4.55; N, 8.72. 
MS: (MALDI-TOF), m/z calc. 1308.50, found 1308.81 
 [M]+.

Results and discussion

Synthesis and characterization

4-Chloro-5-(2-isopropyl-5-methylphenoxy)phthalonitrile 
(1) compound was obtained by the nucleophilic substitution 
reaction between thymol and 4,5-dichlorophthalonitrile[29]. 
In the 1H-NMR spectrum of this compound, aliphatic hydro-
gen peaks of isopropyl and methyl groups on the molecule 
can be seen clearly. Moreover, ortho and meta splitting 
of Ar–H peaks can be easily distinguished between 7 and 
7.5 ppm (Fig. S1 in the SI). In the 13C-NMR spectrum of this 
compound, aliphatic carbons (4C) peaks, aromatic carbons 
(12C) peaks, and nitrile carbons (2C) peaks were observed 
at 22.8–27.3 ppm, 110.9–158.5 ppm, and 114.6 ppm, respec-
tively (Fig. S2 in the SI). The functional groups of the phtha-
lonitrile molecule were verified by FTIR spectroscopy, and 
it was observed peaks between 2869 and 2972  cm−1 for ali-
phatic C–H, 3036–3100  cm−1 for aromatic C–H, the sharp 
peak at 2234  cm−1 for nitrile (C≡N) vibration, and moreover, 
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the aromatic O–H peak of thymol was disappeared in the 
FTIR spectrum of compound 1 (Fig. S3 in the SI) [29].

Metallo- and metal-free Pcs were synthesized from the 
anhydrous basic tetramerization reaction of the phthaloni-
trile compound 1. The structures of Pcs were checked by 
employing common spectroscopic techniques such as FTIR, 
UV–Vis, MALDI-TOF mass spectrometry and elemental 
analyses as well.

The nitrile stretching peak was disappeared in the FTIR 
spectra of the Pcs after the tetramerization reaction. The 
aromatic and aliphatic C–H stretching peaks were observed 
between 3052–3018  cm−1 and 2932–2907  cm−1 in the FTIR 
spectra, respectively. The characteristic N–H stretching 
peak of metal-free phthalocyanine (H2Pc) was observed at 
3286  cm−1 as an extra peak (Figs. S4, S6, S8, S10, and S12 
in the SI). In addition, C=O stretching bands were observed 
at 1718 and 1719  cm−1, respectively, in the FTIR spectra of 
In(OAc)Pc and Lu(OAc)Pc. This situation can be attributed 
to the fact that these metals with + 3 oxidation states attach 
acetate groups from their axial bonds in Pc molecules.

The MALDI-TOF mass spectra of the Pcs were accu-
rate with the proposed structures. The molecular ion peaks 
for H2Pc (2), MgPc (5), ZnPc (6) and [M-OAc +  H]+ frag-
mented ion peaks for In(OAc)Pc (3) and Lu(OAc)Pc(4) 
were easily identified at m/z: 1245.74 as  [M+], 1266.57 
as [M-H]+, 1308.81 as  [M+], 1359.38 as [M-OAc +  H]+, 
and 1418.07 as [M-OAc +  H]+, respectively (Figs. S5, S7, 
S9, S11 and S13 in the SI). All results mentioned above 
confirmed that the synthesis of the compounds was accom-
plished. All the above-mentioned results confirmed that the 
synthesis of the compounds was successfully achieved.

Photophysical and photochemical properties

Electronic absorption and fluorescence spectra

To be able to penetrate deeper into the tissue with light, 
the photosensitizers must have long-wavelength absorp-
tion maxima and high molar extinction coefficients. A 
600–800 nm absorption window is optimal for a photosensi-
tizer for PDT treatment. Molecules with absorption maxima 
above 850 nm have triplet states that have too low energy 
and cannot be used for medical purposes, since the energy of 
light (λ = 850 nm) is not sufficient to generate singlet oxygen.

Thymol-substituted Pcs (2–6) showed two major char-
acteristic absorption bands called as  B and Q between 
347–358 nm and 681–701 nm, respectively, caused by the 
π−π* transition. As a result of  D2h symmetry, H2Pc exhib-
ited typical metal-free Pc spectral behavior with two narrow 
peaks in the Q region band at 667 and 701 nm. While it 
shows monomeric behavior in chloroform, dichloromethane, 

DMF, THF, and toluene, it  forms aggregates in acetone, and 
hexane (Fig. S14 in the SI).

The photophysical properties affect negatively when a 
photosensitizer forms aggregates. In addition, aggregated 
molecules have greatly altered solubility properties, which 
can cause difficulties at the cellular level. In particular, the 
formation of H-aggregates should be avoided. For this rea-
son, the photosensitizer must be structurally modified so that 
aggregates in the solution are as unstable as possible. This 
problem can be overcome through the introduction of bulky 
substituents on the phthalocyanine ring. The formation of 
J aggregation instead of H-aggregates in a solution can be 
decisive for a photosensitizer for the potential application 
in PDT. However, the tendency to form aggregates in solu-
tion is difficult to predict and must always be examined very 
carefully.

In the aggregation studies of the synthesized metallo-Pcs 
(3–6), all the compounds showed quite similar behavior and 
tend not to aggregate in common organic solvents, except for 
MgPc, which showed J-aggregation in chloroform solutions, 
In(OAc)Pc and ZnPc which indicates H-aggregated species 
in ethanol solutions (Figs. S15, S16, S17 and S18 in the 
SI). DMF was chosen as a solvent for further photophysical 
and photochemical properties. The fact that the Q bands are 
very narrow suggests very little aggregation of the molecules 
in the concentration range investigated, which confirms the 
thymol-substituted Pcs (2–6) avoid π−π stacking interac-
tions. The aggregation properties of the synthesized com-
pounds were investigated at different concentrations ranging 
from 1 ×  10−5 to 1 ×  10−6 M in DMF (Figs. 1, 2, and S19, 
S20, and S21 in the SI). Any of the Pcs do not aggregate in 
DMF solutions. The small amount of DMF is not toxic in 
the biological environment, and its miscibility with water is 
another advantage of this solvent for PDT studies.

Fluorescence emission peaks maxima of the studied Pcs 
(2–6) are listed in Table 1. Figures 3,  4, S22, and S23 in the 
SI show the absorption, fluorescence emission, and excita-
tion spectra of peripherally thymol and chlorine-bearing Pcs 
(2–6) in DMF. The Stokes shifts of the studied Pcs (2–6) 
were observed to be slightly longer in comparison with 
unsubstituted ZnPc, and they were found in the range of 
7–10 nm. The similarity between excitation and absorption 
spectra of the Pcs can be explained by the no effect of the 
used light during excitation.

Fluorescence quantum yields

An ideal photosensitizer should show some fluorescence 
behavior to be able to follow them in the body. Conse-
quently, it is important to investigate fluorescence quantum 
yield (ФF) characteristics of photosensitization for PDT 
applications.
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Fig. 1  UV–Vis elec-
tronic absorption spectra 
of 2,9,16,23-tetrachloro-
3,10,17,24-tetrakis(2-isopropyl-
5-methylphenoxy)phthalocyani-
nato magnesium (5) at different 
concentrations in DMF

Fig. 2  UV–Vis elec-
tronic absorption spectra 
of 2,9,16,23-tetrachloro-
3,10,17,24-tetrakis(2-isopropyl-
5-methylphenoxy)phthalo-
cyaninato zinc (6) at different 
concentrations in DMF

Table 1  Photophysical and 
photochemical data of the 
studied phthalocyanines (2–6) 
in DMF

a Reference from [30]

Compound Q band 
λmax, 
(nm)

(log Ɛ) Excitation 
λEx, (nm)

Emission 
λEm, (nm)

Stokes shift 
ΔStokes, (nm)

ΦF Φd (×  10–4) Φ∆

H2Pc (2) 674 4.83 679 686 7 0.075 3.01 0.13
In(OAc)Pc (3) 691 4.91 689 699 10 0.051 4.32 0.84
Lu(OAc)Pc (4) 680 5.16 – – – – 1.14 0.80
ZnPc (6) 679 5.11 678 687 9 0.138 1.10 0.70
MgPc (5) 679 5.26 678 685 7 0.345 3.32 0.26
Std–ZnPca 670 5.37 670 676 6 0.17 0.23 0.56



85Transition Metal Chemistry (2023) 48:79–89 

1 3

The ФF values of the thymol-substituted Pcs (2–6) 
were determined in DMF, and the results are provided 
in Table 1. ФF value of Std-ZnPc was also supplied as 
a reference in this table for comparison in fluorescence 
quantum yield determinations. It can be concluded from 
the similarities of the absorption and excitation spectra 
of the studied compounds that the nuclear configura-
tions of ground and excited states of the compounds are 
also similar and not affected by excitation (Figs. 3 and 
4). The fluorescence quantum yields of the newly syn-
thesized Pcs were obtained to be lower than the value of 
Std-ZnPc except for MgPc, which has the highest ФF value 
with a yield of 0.345. The high ФF value of MgPc can 
be explained by the bivalency, monoatomic dication, and 

small ionic radius of the central metal, which diminishes 
the intersystem crossing to the triplet state. On the other 
hand, properties like high coordination number, big atomic 
radius, and trivalency of central metal of In(OAc)Pc make 
it less fluorescent compared to others. Due to the heavy 
atom effect of the lutetium(III) metal in the Pc cavity, no 
fluorescence emission was observed in the DMF solu-
tion of the compound Lu(OAc)Pc. Heavy metals increase 
intersystem crossing; therefore, less or no fluorescence is 
observed. Relatively low fluorescence quantum yield of 
H2Pc (ФF = 0.075) was observed compared to non-heavy 
metal Pcs (5 and 6) which might be the case of less fluo-
rescence quenching for these metallo-Pcs 5 and 6.

Fig. 3  Excitation, emis-
sion and absorption spectra 
of 2,9,16,23-tetrachloro-
3,10,17,24-tetrakis(2-isopropyl-
5-methylphenoxy)phthalocya-
ninato magnesium (5) (Solvent: 
DMF, C = 1 ×  10−6 M). Excita-
tion wavelength 646 nm

Fig. 4  Excitation, emis-
sion and absorption spectra 
of 2,9,16,23-tetrachloro-
3,10,17,24-tetrakis(2-isopropyl-
5-methylphenoxy)phthalocya-
ninato zinc (6) (Solvent: DMF, 
C = 1 ×  10−6 M). Excitation 
wavelength 650 nm
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Singlet oxygen quantum yields (ΦΔ)

The singlet oxygen formed in the tissue generates oxidative 
cellular damage, which leads to apoptosis or necrosis of the 
affected tumor cells. Irradiation with a specific wavelength 
of light converts the photosensitizer into an excited state. 
This exciting photosensitizer collides with molecular triplet 
oxygen contained in the surrounding tissue. Ultimately, the 
photosensitizer returns to its ground state, and the cycle can 
repeat itself with continued exposure to light.

Since the intracellular generation of 1O2 is the basis of 
PDT, it stands to reason that type II photoreaction is the 
focus of the further development of modern photosensitiz-
ers [30]. To obtain a high singlet oxygen quantum yield, 
the excited triplet state must be as long-lived as possible. 
This can be achieved by introducing heavy atoms, such as 
halogen atoms, or by introducing central atoms that stabilize 
the triplet state.

To calculate the singlet oxygen produced by the photo-
sensitizer, 1,3-diphenylisobenzofuran (DPBF) is used as a 
singlet oxygen quencher. The quantum yield for the reaction 
between DPBF and singlet oxygen (ΦDPBF) is determined 
experimentally from the decrease in DPBF absorbance at 
417 nm after each irradiation interval.

The ΦΔ values of the thymol-substituted Pcs (2–6) were 
determined in DMF, and the results are provided in Table 1. 
ΦΔ value of Std-ZnPc was also supplied in Table 1 for com-
parison in singlet oxygen quantum yields of the studied Pcs 
(2–6). From the measurements of all the studied compounds, 
a significant decrease in the maximum absorption bands of 
DPBF was observed but there was not any change in the Q 
bands of Pcs, which shows the production of the singlet oxy-
gen and stabilities of the photosensitizer compounds during 

the photodynamic activity, respectively (Figs. 5, 6 and S24, 
S25 and S26 in the SI). Singlet oxygen quantum yields of 
H2Pc and MgPc were found lower than that of Std-ZnPc, 
but these values were found to be higher for ZnPc and the 
highest for In(OAc)Pc. The lowest singlet oxygen genera-
tion efficiency with the ΦΔ value of 0.13 was observed from 
the measurements of H2Pc in DMF solution due to the lack 
of metal ions in the cavity. Mg and Zn Pcs can form two 
different forms of coordination depending on the reaction 
conditions. The first one is the square planar coordination in 
which the central Mg(II) and Zn(II) cations coordinate with 
the four isoindole nitrogen atoms of the Pc ring. The second 
one is the distorted tetragonal bi-pyramid coordination in 
which the central Mg(II) and Zn(II) cations coordinate by 
binding extra two acetate anions belonging to the salts at 
the axial positions of the Pc ring(4 + 2 coordination) [31]. 
In this study, when the FTIR spectra of the MgPc and ZnPc 
were examined, the band of the C=O bond was not observed 
belonging to the acetate group at around 1700  cm−1. Thus, 
the result showed that the coordination of synthesized MgPc 
and ZnPc in this study is square planar. MgPc has a low ΦΔ 
value because of the central metal magnesium, which is an 
alkaline earth metal divalent metal cation. Therefore, mag-
nesium metal in the core of the Pc decreases the efficiency 
of the generation of singlet oxygen. On the other hand, ZnPc 
has a high ΦΔ value of 0.70 compared to 0.56 of unsub-
stituted Std-ZnPc. It shows that both peripheral substituted 
thymol groups and the central metal zinc have an increasing 
effect on the singlet oxygen generation. The highest singlet 
oxygen generation efficiencies were observed for In(OAc)Pc 
and Lu(OAc)Pc, 0.84 and 0.80, respectively, which suggests 
the enhancing effect of heavy metals on the photochemical 
singlet oxygen production.

Fig. 5  Electronic absorption 
changes during the determina-
tion of singlet oxygen quantum 
yield of 2,9,16,23-tetrachloro-
3,10,17,24-tetrakis(2-isopropyl-
5-methylphenoxy)phthalocya-
nine (2) in DMF, C = 1 ×  10−5 M
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Photodegradation studies

In the case of PDT, substances are required that have 
rather low photooxidative stability and also dark stabil-
ity. In this way, a photosensitizer can be broken down in 
the body more quickly after irradiation. Photostabilities 
of the studied compounds were examined by evaluation 
of changes in their Q bands when they were exposed to 
a 50 V light at certain intervals (Figs. 7, 8 and S27, S28, 
and S29 in the SI). Photodegradation quantum yield (Фd) 
values obtained from those spectra help us to interpret 
PS’s stability when exposed to light. Ideal photosensitizers 

should be in a certain range of stability because it is nec-
essary to avoid their toxicity within the body after the 
completion of the photodynamic action. Photodegradation 
quantum yields of stable ZnPcs are around  10−6, and it is 
around  10−3 for unstable ones [17]. The observed Фd val-
ues of the studied thymol-substituted Pcs were higher than 
the unsubstituted Std-ZnPc (Φd = 0.23 ×  10−4) in DMF 
which implies a decrease in stability because of periph-
eral substitution. Photodegradation quantum yield (Фd) 
values of the thymol-substituted Pcs were found between 
1.10 ×  10−4 and 4.32 ×  10−4, which are acceptable values 
for their application in PDT.

Fig. 6  Electronic absorption 
changes during the determina-
tion of singlet oxygen quantum 
yield of 2,9,16,23-tetrachloro-
3,10,17,24-tetrakis(2-isopropyl-
5-methylphenoxy)phthalocyani-
nato lutetium(III)acetate (4) in 
DMF, C = 1 ×  10−5 M

Fig. 7  Electronic absorp-
tion spectral changes dur-
ing the investigation of the 
photodegradation quantum 
yield of 2,9,16,23-tetrachloro-
3,10,17,24-tetrakis(2-isopropyl-
5-methylphenoxy)phthalocya-
ninato indium(III)acetate (3) in 
DMF, C = 1 ×  10−5 M
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Conclusion

In this study, new metal-free phthalocyanine [H2Pc2]  
and metallo-phthalocyanines [In(OAc)Pc 3, Lu(OAc)
Pc 4, ZnPc 5 and MgPc 6] containing chlorine and bio-
logically active thymol groups with oxo-bridges were 
synthesized. Structural characterizations were carried 
out with the common spectroscopic techniques includ-
ing FTIR, 1H- and 13C-NMR (for phthalonitrile deriva-
tive), UV–Vis,  MALDI-TOF spectrometry and elemental 
analysis as well. The Pcs (2–6) showed well solubility 
without aggregation in commonly known solvents, such 
as hexane, DCM,  CHCl3, acetone, toluene, DMF, DMSO, 
and THF, and were also capable of absorbing at maxi-
mum intensity at long wavelengths. Photophysical and 
photochemical experiments of the Pcs have been carried 
out in DMF because the studied phthalocyanines do not 
exhibit any aggregates in this solvent. Fluorescence spec-
tra of the studied compounds indicate lower quantum yield 
in comparison with the unsubstituted ZnPc except for 
MgPc. In(OAc)Pc, Lu(OAc)Pc, and ZnPc showed higher 
singlet oxygen yield compared to standard unsubstituted 
zinc phthalocyanine. In(OAc)Pc showed the highest sin-
glet oxygen quantum yield. Photodegradation studies have 
shown that the Pcs (2–6) have suitable stability against to 
light irradiation for PDT applications. The singlet oxygen 
quantum yields, which give indication of the potential of 
the studied phthalocyanines as photosensitizers in appli-
cations where singlet oxygen is required, are suitable for 
PDT applications of the studied Pcs especially In(OAc)Pc.
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