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a b s t r a c t 

We have synthesized a new zinc(II)-phthalocyanine (ZnPc) incorporating hydroxyl groups at the pe- 

ripheral positions. This new zinc(II)-tetra-hydroxyphthalocyanine ( 1 ) has been characterized by high- 

resolution MALDI TOF MS, UV-Vis, FT-IR (ATR), and 1 H- and 13 C-NMR techniques, and further by the 

electrochemical measurements. DFT and TD-DFT computations were performed to model plausible struc- 

ture and also analyze the electronic structure and optical properties of 1 . The effects of the polarity and 

hydrogen bonding ability of the hydroxyl substituents on the peripheral positions of 1 on the optical 

and electrochemical properties are reported in this study. The redox behavior of 1 in dimethyl sulfoxide 

(DMSO) was determined by voltammetry and colorimetry supported in situ spectroelectrochemistry. The 

nonlinear absorption and optical limiting (OL) properties of 1 were measured in tetrahydrofuran (THF) 

by utilizing the open aperture Z-scan technique with nanosecond pulses at 532 nm. The sample demon- 

strated good reverse saturable absorption and OL behaviors. The ultrafast pump-probe experiments re- 

vealed the intersystem crossing (ISC) mechanism (triplet-triplet transition) and the nonlinear absorption 

mechanism of the compound. The results indicate that this new phthalocyanine ( 1 ) can be considered a 

potential candidate for low-power OL applications. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Phthalocyanines (Pcs) are of special class compounds with in- 

reasing interest for the mimic of novel functional materials due 

o their intrinsic properties, such as high thermal, photochemi- 

al, electrochemical stabilities and intense absorption in the UV- 

is and NIR region of the spectrum. The recent continued interest 

n these robust compounds mainly relies on their intended chemi- 

al, physical optical and electronic properties of which make them 

otential candidates for implementation in electrochromic materi- 

ls, semiconductors, light-emitting diodes, sensors, nonlinear opti- 

al (NLO) materials, catalysts, and optical data storage systems, and 

s well as hole and electron transporting materials in perovskite 

olar cells [ 1 , 2 ]. The feasibility of these areas is related to their

lectron transfer properties. Therefore, the determination of the 

lectrochemical features of new metallophthalocyanines (MPcs) is 

ssential to identify the possibility of these usages in technologi- 

al applications [3] . In the present study, the voltametric and spec- 
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roelectrochemical properties of 1 bearing hydroxyl groups at the 

eripheral positions were investigated and compared with the lit- 

rature. 

The electronic, optical, electrochemical, and photophysical prop- 

rties of Pcs and MPcs can be adjustable by differing the metal 

enter and/or substitution at the peripheral and non-peripheral 

ositions [4] . The structure of the Pc molecules which influences 

he aggregation of Pcs, determines the spectroscopic behavior of 

he resulting aggregates [ 1 , 4 ]. It is known that a good OL mate-

ial needs high solubility in solution to prevent aggregate forma- 

ion [5] . For this purpose, here we present the synthesis of a novel 

nPc exhibiting desired photophysical and electronic properties 

ue to its improved solubility and organizing capabilities [6] . As 

ell known, the functional groups on the periphery plays a critical 

ole in ensuring the technological applicability of MPcs due to the 

ncrease in the solubility of these compounds [7] . As reported by 

nnemie Adrianes and co-workers, the electron-withdrawing and 

lectron-donating substituents have a major effect on the spectro- 

copic, stability and electrochemical data, and also electron trans- 

er abilities of Pcs [8] . The reactive functional groups, in particular, 

uch as hydroxyl on the Pc molecules have been interesting target 

or further chemical modification on the Pc ring [ 9 , 10 ]. DFT calcu-

https://doi.org/10.1016/j.molstruc.2022.134046
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.134046&domain=pdf
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ations showed that MPcs bearing hydroxyl groups at the periph- 

ral positions form stable J-dimers due to the intermolecular hy- 

rogen bonds between the H atom of an OH group and the isoin- 

ole N atom of neighboring one [11] . These intermolecular inter- 

ctions, such as hydrogen bonding and/or coordination bonds be- 

ween the complexing metal ions and oxygen atoms of the OH 

roups determine the degree of aggregation, and usually enhance 

he NLO properties [ 9 , 11 ]. As we known, the presence of the polar

ubstituents on the periphery of Pcs greatly influences the packing 

f the molecules through hydrogen bonds which significantly al- 

er the physical properties that enhance their technological usage 

 12 , 13 ].The effective use of Pcs and their analogues in the above

echnological areas is restricted in some cases due to the dimer- 

zation of Pc molecules which may even lead to the formation 

f larger and more complex aggregates. However, in the present 

ase, the introduction of four bulky substituents, 4,4-(octahydro- 

,7-methano-5H-inden-5-ylidene)bisphenol at the peripheral posi- 

ions should greatly enhance the solubility of Pc and inhibit aggre- 

ation process [14] . Hence, as demonstrated by H. Manaa et al, the 

ggregation behavior of Pcs can greatly affect the electrochemical 

nd nonlinear optical properties by reducing the active absorbing 

xcited-state lifetime [ 8 , 15 ]. 

The substitution of electron-donating or electron with-drawing 

roup can result in the formation of aggregate species and can 

lso induce intramolecular charge transfer, which has found its 

se in various electrochemical-based technological usages [ 16 , 17 ] 

s the driving force. In addition, the electron transfer abilities of 

hthalocyanines depend on the nature of the element in the in- 

er core [18] . Thus, this paper also deals with the voltammetric 

nd in situ spectroelectrochemical characterization of these com- 

lexes, which contains electron-donor substituents, the incorpora- 

ion of Zinc metal center. 

The progressing of optoelectronics technologies is related to the 

evelopment of effective NLO materials [19] . Organic molecules at- 

ract considerable interest because of their fast response times, low 

abrication costs and good NLO properties [20] . The NLO features of 

ighly soluble monomeric and dimeric MPcs were examined [21–

6] . Axial substituents prevent aggregation of the Pcs and change 

he electronic properties of Pcs because of the existence of an extra 

ipole moment positioned perpendicularly to the macrocycle [23] . 

rimeric Pcs have great third-order nonlinearity due to intramolec- 

lar π–π interactions of Pc units as compared to monomeric and 

imeric structures. 

OL is a privileged property of the materials for NLO applica- 

ions. Among the metallo organic frameworks, MPcs are notable 

unctional materials because of binding to their chemical stabil- 

ty and conjugated π-electron system. OL properties increase with 

he peripheral alkoxy substituents [24–26] . The perfect properties 

f MPcs for OL applications occurred both their π-electron de- 

ocalization, chemical and thermal stability and their processabil- 

ty [27–29] . The reverse saturable absorption (RSA) is a dominant 

echanism for OL in MPcs. In this mechanism large absorption 

ross-section ratio of triplet state to the ground state and triplet- 

riplet absorption have a critical role due to large pulse duration 

nanosecond laser pulses) [30] . It is the first study that nonlinear 

bsorption properties, OL properties, and charge transfer mecha- 

isms of 1 investigated in THF. 

. Experimental 

.1. Materials 

Synthetic grade reagents and solvents were used and all 

ere sourced from commercial suppliers. Solvents and reagents 

ere purified by the standard methods under an inert gas at- 

osphere. 4-nitrophthalonitrile and 4,4-(octahydro-4,7-methano- 
2 
H-inden-5-ylidene)bisphenol were supplied from Acros, 2- 

dimethylamino)ethanol (DMAE) was supplied from ABCR, Zinc 

cetate, Zn(OAc) 2 •2H 2 O was supplied from Merck and 1,8- 

iazabicyclo[5.4.0]undec-7-ene (DBU) was supplied from Aldrich. 

hin layer chromatography (SiO 2 ) was used to test the purity of 

he products. Column chromatography was performed on silica 

el 60. 

.2. Equipment 

FT-IR (ATR) spectra were measured with a Perkin Elmer FT-IR 

pectra 100 Spectrophotometer at room temperature. The 1 H NMR 

nd 

13 C DEPT NMR in CDCl 3 and THF- d 8 with an Agilent 600 MHz 

remium Compact NMR spectrometer were used at room tempera- 

ure. Chemical shifts were expressed in parts per million with ref- 

rence to TMS. Mass spectra were recorded on a Rapiflex MALDI- 

OF-MS (Bruker Daltonics, Bremen-GERMANY) with a Smartbeam 

D 10kHz 355 nm Nd: YAG laser was up to 10 0 0 shots per sample

pot with a single-shot laser configuration. For the MALDI matrix 

olution preparation, 10 mg/mL 2,5-dihydroxybenzoic acid MALDI 

atrix was prepared in 1:1 ACN:H 2 O by v/v and acidified with 

rifluoroacetic acid (final acid concentration is 0.1%). 1a was dis- 

olved in acetonitrile (1 mg/mL) and mixed MALDI matrix solu- 

ion in 1:10 volume ratio. For 1 , the same solution and the same 

oncentration were prepared but this solution is directly deposited 

nto the MALDI target without mixing by MALDI matrix solution 

LDI mass spectrum was acquired). All the final sample solutions 

ere applied onto the MALDI target about 0.5 mL, dried at ambient 

emperature under air and then analyzed. For the mass calibration 

f MALDI-TOF-MS, peptide standard (Bruker-Germany) was used. 

he UV-Vis spectral measurements were performed with a SHI- 

ADZU UV-Visible spectrophotometer. Fluorescence spectra were 

ecorded on a HITACHI F-70 0 0 Fluorescence spectrophotometer. All 

easurements were performed using freshly prepared solutions. 

.3. Synthesis 

.3.1. Phthalonitrile 1a 

To the solution of 4-nitrophthalonitrile (4.10 g, 23.40 mmol) 

n anhydrous DMF (25 ml) 4,4-(octahydro-4,7-methano-5H-inden- 

-ylidene)bisphenol (5.00 g, 15.60 mmol) were added under ar- 

on atmosphere. After stirring for homogenous solution, anhydrous 

 2 CO 3 (9.70 g, 70.20 mmol) was added in portion wise in 2 h. Then

he reaction mixture was stirred overnight at room temperature. 

he mixture was then poured into 200 ml of ice-cold water. By 

olumn chromatography, the precipitate was purified on silica gel 

sing CH 2 Cl 2 /EtOH (100/1) as eluent. Yield 2.0 g (29%). IR (ATR) ⱱ ,

m 

−1 : 3424, 3074, 3038, 2945, 2861, 2233, 1699, 1608, 1590, 1563, 

500, 1485, 1449, 1424, 1358, 1311, 1281, 1248, 1207, 1174, 1113, 

088, 1064, 1012, 979, 952, 879, 828, 767, 736, 702. HR MALDI- 

OF MS ( m/z ): 601.166 [M + Matrix + H] + for C 30 H 26 N 2 O 2 + Matrix + H

MALDI matrix-2,5-dihydroxybenzoic acid:C 7 H 6 O 4 ) calcd. 601.233;. 
 H NMR (600 MHz, CDCl 3 , Me 4 Si): δH , ppm 7.68 (m, 1H), 7.38

d, 1H), 7.34 (d, 1H), 7.19 (m, 4H), 6.90 (t, 2H), 6.72 (t, 2H), 4.78

d, 1H), 2.89 (d, 1H), 2.35 (m, 1H), 2.28 (m, 1H), 2.23 (d, 1H), 

.15 (t, 1H), 1.82 (m, 4H), 1.54 (m, 1H), 1.43 (m, 1H), 1.24 (m, 

H), 1.10 (m, 2H), 1.04 (m, 1H), 0.87 (m, 1H). 13 C NMR (DEPT, 

00 MHz, CDCl 3 ): δC , ppm (C) 153.173, 152,882, 150.737, 140.177, 

17.525, 115.410, 115.004, 108.621, 54.796 (CH) 135.296, 129.204, 

21.502, 121.395, 120.023, 119.855, 115.104, 49.478, 47.792, 42.390 

CH 2 ) 43.487, 27.240, 27.217 (CH 3 ). 

.3.2. Phthalocyanine 1 

A mixture of 1a (0.12 g, 0.26 mmol) and Zn(OAc) 2 •2H 2 O (0.16 

, 0.78 mmol) was dissolved in dry DMAE (4 mL). Then DBU (3 

rops) was added and the mixture refluxed and vigorous stirred 
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6 h under an argon atmosphere. Then 15 mL methanol poured 

nto the cooled reaction mixture. After that the crude product was 

ltrated and washed with methanol. Purification of the blue pre- 

ipitate was done by column chromatography on silica gel us- 

ng CH 2 Cl 2 /THF (20/1) as eluent. Yield 0.04 g (30%). IR (ATR) ⱱ ,

m 

−1 : 3288, 3034, 2943, 2861, 1770, 1717, 1612, 1600, 1502, 1475, 

4481394, 1363, 1336, 1309, 1264, 1229, 1172, 1113, 1089, 1043, 

012, 946, 891, 827, 748, 678. MALDI-TOF MS monoisotopic mass 

 m/z ): 1848.643 [M] + for C 120 H 104 N 8 O 8 Zn calcd. 1848.727. 1 H NMR

600 MHz, THF- d 8 , Me 4 Si): δH , ppm 9.01 (m, 8H), 7.84 (m, 8H),

.30 (m, 22H), 6.92(d, 4H), 6.64 (m, 6H), 3.02 (m, 4H), 2.50 (s, 

H), 2.40 (s, 2H), 2.34 (m, 2H), 2.27 (m, 2H), 2.18 (m, 2H), 2.10

m, 2H), 1.97 (m, 2H), 1.83 (m, 4H), 1.61 (m, 6H), 1.53 (m, 4H),

.46 (m, 2H), 1.40 (m, 4H), 1.29 (m, 4H), 1.23 (m, 4H), 1.12 (m, 

H), 0.93 (m, 2H). 13 C NMR (DEPT, 600 MHz, THF- d 8 ): δC , ppm

C) 169.396, 164.737, 158.561, 157.059, 156.737, 144.354, 140.246, 

6.359 (CH) 131.227, 130.537, 129.625, 129.480, 121.0 6 6, 120.774, 

16.514, 51.240, 49.899, 44.374 (CH 2 ) 45.156, 33.814, 33.454, 31.477, 

8.895 (CH 3 ). UV-Vis (THF): λmax , nm (log ε): 680 (5.03), 612 

4.31), 322 (5.06). 

.4. Computational details 

Gaussian09 [31] was used for geometry optimization applying 

FT [32–34] using Becke’s 3 parameter exchange and Lee-Yang- 

arr correlation (B3LYP) [35] functional combined with 6-31G(d,p) 

nd LANL2DZ [36] basis sets. Visualizations were performed with 

aussview5.0 [37] . Frequency calculations at the same level were 

arried out and all optimized structures were verified as true 

inima. To calculate UV-Vis absorption spectra (n = 40 states) 

nd molecular orbital energies, TD-DFT calculations were done us- 

ng ground state optimized geometries. The TD-DFT calculations 

ere also performed with B3LYP [35] and were repeated with 

AM-B3LYP (Coulomb-Attenuating Method) [38] functional with 6- 

1G(d,p) and LANL2DZ [36] basis sets to have UV-Vis spectra. Ex- 

erimental UV-Vis absorption spectra were compared with com- 

utational results. All calculations were done in solution to model 

he real systems. Solvent effects on the electronic transitions in 

MF were investigated using Polarizable Continuum Model (PCM) 

39] in all DFT and TD-DFT calculations. 

.5. Electroanalytical, in situ spectroelectroanalytical, and in situ 

pectroelectrocolorimetric measurements 

The aim to display electrochemical and electrocolorimetry sup- 

orted spectroelectrochemical measurements a Gamry Reference 

00 model potentiostat/galvanostat was employed. Cyclic voltam- 

etry (CV) and square wave voltammetry (SWV) measurements, 

he analyte, i.e., the solution of a Pc compound in extra pure 

MSO involving electrochemical grade tetrabutylammoniumper- 

hlorate (TBAP) as the supporting electrolyte at a concentration of 

.10 mole dm 

−3 was placed in a cell with three electrode config- 

ration at 25 °C. A Pt and a Pt spiral wire were used as the work-

ng and counter electrodes, respectively, while a saturated calomel 

lectrode (SCE) was treated as the reference electrode. The analyte 

olution was deoxygenated for fifteen minutes prior to each run 

y the high purity of N 2 . Also, electrocolorimetry supported spec- 

roelectrochemical measurements was followed, as the procedure 

escribed in the literature [1] . 

.6. NLO measurements 

The nonlinear absorption measurements of the studied com- 

ounds were researched by the OA Z-scan technique. This tech- 

ique measures the total transmittance through the sample de- 

ending on the intensity around focal length of the lens (20 cm 
3 
ocal length). A Q-switched Nd:YAG laser (Quantel Brillant) with 

0 Hz repitation rate, 4 ns pulse duration and 532 nm wavelength 

as used. Z-scan experiments were conducted in quartz cuvettes 

ith 1 mm path length in solution environment. The linear ab- 

orption coefficients of compound is 1.07 cm 

–1 . In order to under- 

tand intersystem crossing (ISC) mechanism and excited states dy- 

amic of the compound ultrafast pump-probe spectroscopy mea- 

urements were carried out with femtosecond laser system. The 

etail information about the experimental procedure for pump- 

robe and nonlinear absorption measurements were given in the 

iterature [1] . 

. Results and discussion 

.1. Synthesis and characterization studies 

The precursor compound, phthalonitrile 1a was synthe- 

ized by the reaction of 4,4-(octahydro-4,7-methano-5H-inden-5- 

lidene)bisphenol with 4-nitrophthalonitrile which is shown in 

cheme 1 . The disappearance of the characteristic NO 2 stretching 

ands while the formation of nitrile peaks evidenced the forma- 

ion of 1a . The nitrile peaks appear at 2233 cm 

−1 and the C-O-C 

eaks at 1207 cm 

−1 , respectively (Fig. S1 in ESI). In the HR MALDI 

OF mass spectrum of 1a , a major peak at m/z 446.35 [M] + proves

he structure (Fig. S2 in ESI). The 1 H NMR spectrum of 1a (Fig. 

3 in ESI) is consistent with the proposed structure as depicted in 

cheme 1 . The doublets of phthalonitrile aromatic protons appear 

t 7.68-6.72 ppm. The hydroxyl of the phthalonitrile appear at 4.78 

pm. The phthalonitrile aliphatic protons appear in a range of mul- 

iplets over 2.89-0.87 ppm. The 13 C DEPT NMR spectrum of 1a (Fig. 

4) give the characteristic signals regarding the number of attached 

arbons to each other in the molecule as of primary carbons, sec- 

ndary carbons, tertiary carbons, and quaternary carbons in their 

espective regions as evidence by the number of primary carbons, 

econdary carbons, tertiary carbons, and quaternary carbons at the 

olecule. 

The formation of 1 is proved by the disappearence of the C 

≡N 

tretching at 2233 cm 

−1 (Fig. S5 in ESI). The purified 1 was fur- 

her characterized by HR MALDI TOF mass spectra (Fig. S6 in ESI). 

he mass spectra reveal a molecular ion peak at m/z 1850.66 [M] + 

hich is well-matched with the calculated value. The 1 H NMR 

pectrum of 1 (Fig. S7) is consistent with the optimized structure. 

nfortunately, the spectrum is not very well resolved as common 

o Pcs of those having extensive intermolecular interactions and 

lso due to presence of statistical isomers in solution. However, we 

an readily determine the proton integral ratio and values which 

re in good consonance with the suggested molecular formula. The 

ssignment of the protons shows that the aromatic protons ap- 

ear in the aromatic region over 9.01-6.64 ppm, and the aliphatic 

rotons over 3.02-0.93 ppm as predicted. The broadness of the 

eaks in the 1 H NMR spectra is usually caused by the aggregation–

isaggregation equilibrium and the formation of H-bonds between 

he hydroxyl groups on the Pc [40] . The 13 C DEPT NMR spectrum 

f 1 (Fig. S8) clearly confirms the structure of molecule. 

.2. Electronic absorption and fluorescence emission studies 

At different concentrations (1.0 × 10 −5 to 1 × 10 −6 M) the ag- 

regation behavior of 1 was studied in DMF (Fig. S9). At high con- 

entrations, the intensity of the absorption tends to increase. Be- 

ides no new bands appear because of the aggregation. Result indi- 

ates that absorbance varies with concentration, this result is con- 

istent with Beer-Lambert Law. The electronic absorption spectrum 

f 1 include characteristic B and Q bands which is typical for MPc 

omplexes. The ZnPc 1 shows B and Q bands at 322 nm and 680 
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Scheme 1. The synthetic route toward 1 . 
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m, respectively. The fluorescence behaviors (absorption, fluores- 

ence emission, and excitation spectra) of 1 were studied in DMF 

Fig. S10). 

.3. Computational results 

The optimized structure for 1 is shown in Fig. 1 and Fig. S11 

ith different views in DMF. Some bond distances, bond angles, 

ihedral angles, dipole moments ( μ), and the sum of electronic en- 

rgies with zero-point energy corrections (E elec + ZPE) of the com- 

ound calculated at B3LYP/6-31G(d,p)/LANL2DZ in DMF, are listed 

n Table S1. 

Although the molecule appears to be symmetrical, 4,4- 

octahydro-4,7-methano-5H-inden-5-ylidene) bisphenol groups 

howed small deviations from the plane of the molecule. The 

iddle polarity value of the dipole moment supports this situ- 

tion. The ZnPc core keeps its square-planar structure (90 ° for 

1-Zn-N2). The torsion angle (C1-O1-C2-C3) between the benzene 

ings bound to oxygen (O1) and Pc is 65.7 o and the bond angle 

1-O1-C2 is 120.4 o . The groups attached to C5 have a tetrahedral 

eometry. 

Molecular electrostatic potential surface (MEP) map was calcu- 

ated to investigate the electron distribution on the molecular sur- 

ace showing the active regions for electrophilic and nucleophilic 

ttacks. Red color implies the negative charges and the blue color 

hows the positive charges. According to Fig. 1 B, electron density 

n the molecular surface is at the oxygen atoms on octahydro- 

,7-methano-5H-inden-5-ylidene)bisphenol groups and the nitro- 

en atoms in the Pc core. The positive charge (blue color on H) and

he negative charge (red color on the oxygen) in the OH group in- 

icate polarity. Therefore, the molecule has active interaction sites. 

The HOMO (highest occupied molecular orbital) and LUMO 

lowest unoccupied molecular orbital) are localized on Pc ( Fig. 1 C). 

he value of energy difference between the HOMO and LUMO is 

.13 eV for 1 in DMF. This low energy gap facilitates the charge 

ransfer transitions. 

TD-DFT calculations at B3LYP/6-31G(d,p)/LANL2DZ and CAM- 

3LYP/6-31G(d,p)/LANL2DZ levels were carried out to calculate the 
4

bsorption wavelengths and excitation energies for the first 40 sin- 

let excited states for 1 . The CAM-B3LYP values are more in line 

ith the experimental results in THF (Fig. S12). Fig. 2 shows the 

alculated UV-Vis absorption spectra of 1 with oscillator strength 

n THF. 

Characteristic Q bands (687.2 nm and 684.4 nm) and B bands 

321.0 nm and 320.7 nm) with high oscillator strength display 

ocal excitation of the Pc (LE) from HOMO to LUMO and from 

OMO-8 to LUMO, respectively (Table S2, Fig. S13). These tran- 

itions are in good agreement with the experimental results in 

erms of wavelength and absorptivity ( ε). Intramolecular charge 

ransfer (ICT) from the benzene and the phenol rings to the Pc 

CT1) observed with low oscillator strength between 349.9 nm 

nd 280.2 nm. Additionally, both LMCT (ligand-to-metal charge 

ransfer) and local excited (LE) Pc are observed at 286.9 nm. 

CT from the Pc to benzene rings (CT2) is at 277.6 nm from 

OMO to LUMO + 5 orbitals. The single bonds in octahydro-4,7- 

ethano-5H-inden-5-ylidene)bisphenol groups also participate in 

T at 252.1 nm (CT3: ICT from octahydro-4,7-methano-5H-inden- 

-ylidene)bisphenol groups to the Pc). 

.4. Electrochemistry 

The voltammetric analysis of 1 has been identified by CV and 

WV and electrocolorimetry supported in situ spectroelectrochem- 

stry in a non-aqueous solvent containing organic metal salt on a 

latinum working electrode. Table 1 lists the relevant electrochem- 

cal data, which includes the half-wave potential (E 1/2 ), the anodic 

o cathodic peak potential separation ( �E p ), the peak currents ra- 

ios (I pa /I pc ), and the difference between the first oxidation and 

eduction potentials ( �E 1/2 ) for the relevant redox couple (except 

he first oxidation and reduction processes due to split ill-defined 

edox signals). On the other hand, the voltametric responses of 1 

re compared with the similar peripheral analogues reported by 

ur group [41] and unsubstituted Pcs in the literature [42] . As 

he electrochemical data consider that redox processes have been 

hifted usually toward more positive potentials. This positive po- 

ential shift can be recognized to the electron-releasing nature of 
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Fig. 1. (A) Optimized stable geometry, (B) molecular electrostatic potential surface (MEP) map and (C) HOMO, LUMO for 1 in DMF (isovalue is 0.02 a.u.). (Red: electron-rich; 

yellow: slightly electron-rich; green: neutral; light blue: slight electron deficiency; blue: electron deficiency in MEP). 

Table 1 

The electrochemical data for the peripherally-substituted Pc compound 1 and comparison with close analogs. 

Pcs Label O2 O1’(O1’’) R1’(R1’’) R2 R3 DE 1/2 (V) Ref. 

ZnPc (1) in 

DMSO 

a E 1/2 (V) - 0.73 f (0.94 f ) -0.56 e (-0.79 e ) -1.40 - 
b DE p (mV) - - - 70 1.29 d Tw 

g 

c I pa /I pc (V) - - - 0.96 

ZnPc in DMSO 

a E 1/2 (V) 1.06 0.96 -0.55 (-0.70) -0.81 (-1.07) -1.65 1.51 d [41] 

ZnPc a E 1/2 - 0.67 -0.86 -1.30 -1.85 [42] 

a E 1/2 = (E pa + E pc )/2 at 0.100 Vs −1 . 
b �E p = E pa -E pc at 0.100 Vs −1 . 
c I pa /I pc for reduction, I pc /I pa for oxidation processes at 0.100 Vs −1 scan rate. 
d �E 1/2 = E 1/2 (first oxidation) - E 1/2 (first reduction). HOMO–LUMO gap for MPc having an electro inactive metal center. 
e It could not be determined for some redox processes due to ill-defined redox waves. 
f These redox couples could be detected only by square wave voltammetry. 
g This study. 

5



S. I ̧s ık Büyükek ̧s i, E.B. Orman, A. Karatay et al. Journal of Molecular Structure 1271 (2023) 134046 

Fig. 2. Calculated and the experimental (black line) UV-Vis absorption spectra of 1 

in THF. 
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he peripheral substituents. Furthermore, according to literature 

nd the peak positions and �E 1/2 value for 1 show only Pc based 

ne-electron transfer reactions due to the presence of an inactive 

etal center [18] . However, the first processes given the initial ox- 

dation and reduction are divided into two waves. This can be ex- 

lained by the aggregation-disaggregation equilibrium of the com- 

lexes. CVs and SWVs of 1 are shown in Fig. 3 A as representative

xamples. Fig. 3 A represents CVs and SWVs of ZnPc in DMSO/TBAP 

n a Pt working electrode. During potential scans to the cathodic 

ide, two processes are observed. The former one due to the aggre- 

ation the first reduction process is split into two process, at R1’ 

-0.56 V) and R1” (-0.79 V), which are marked a small wave. These 

plit reduction reactions seem electrochemically quasi-reversible 

oncerning for to the complication of aggregation phenomenon of 

ompound 1 . Thus, the �E p , and the I pa /I pc couldn’t been deter-

ined. 

However, the chemical irreversibilities of the first electron 

ransfer processes can be identified by the presence of the equilib- 

ium between the aggregated and nonaggregated ZnPc species. Af- 

er the first reduction process, the complex is disaggregated, there- 

ore the latter process, R2, has high peak current than those of the 

ormer one. ZnPc also illustrates splitted oxidation process (O1’ and 

1’’), which is identified by square wave voltammetry alone. The 

ggregation-disaggregation equilibrium of the complexes also in- 

uences the oxidation process by splitting the process into two 

aves at 0.73V and 0.94 V. The measured redox behaviors may 

e observed at slightly low current values in CV measurements 

ue to the aggregated species in the bulk solution. In addition, 

V technique sometimes usually have a lower sensitivity due to 

he large capacitive contribution that is not observed in the DPV 

r SWV [43] . In order to better determine these the aggregation- 

isaggregation equilibrium, all redox pairs also characterized by 

he pulse voltammetry technique (SWV) clearly as given Fig. 3 A. 

WV technique makes the peaks that we see as relatively weak in 

V more understandable. 

With the aim of assigning the redox processes to the Pc ring 

lectron transfer ability, the spectroelectrochemical measurements 

f 1 were carried out in during the electrolysis of the solution 

f 1 in DMSO/TBAP electrolyte system at -1.10 V constant poten- 

ials vs. SCE in DMSO/TBAP. ( Fig. 3 B-D). The spectral changes corre- 

ponding to the first reduction process are divided into two follow- 

ng groups. Fig. 3 B and C represent to confirm additional support 

or the identification of possible aggregation effects. As shown in 

ig. 3 B, the original form of 1 indicates that the main Q-band ab-

orption at 679 nm and with a shoulder at 618 nm and B band

t 347 nm. However, the green band at 618 nm in the origi- 
6 
al spectrum is characteristic for the presence of a aggregation- 

isaggregation equilibrium of the complexes [41] . During the first 

pectral changes for the reduction processes, while the intensity 

f the Q-band absorption at 678 nm increases without shift the B 

and intensity decrease under at -1.10 V potential and net isobestic 

oints at 406, 632 and 714 nm appear. These spectral changes 

learly indicate that the aggregation equilibrium shifted towards 

he monomer species prior to the ligand based first reduction pro- 

ess. End of these spectral changes the original green color of the 

olution turned to blue ( Fig. 3 D). Upon the latter reduction at - 

.10 V, the intensity of the Q-band absorption decreases without 

hifting and a new band is observed at 575 nm as seen in Fig. 3 C.

he Pc ring-based assignment of the second reduction of complex 

 in Table 1 is supported by these UV-Vis spectral changes. Fur- 

hermore, after the reduction processes, it turns to deep blue as 

hown in the chromaticity diagram ( Fig. 3 D). 

.5. Nonlinear absorption properties 

The UV-Vis absorption spectra are given in Fig. 4 . The absorp- 

ion bands are localized at 675 nm, 610 nm, 355 nm, and 270 nm 

n THF solution. The dilute solution spectrum of 1 in Fig. 4 , does

ot show agglomeration, however at higher concentrations in THF 

olution, the aggregation occurs significantly as shown in Fig. 4 . 

ince the both monomer and aggregate absorption peaks are over- 

apped, a broad peak is observed in the absorption spectrum at the 

igh concentration in THF. 

The nonlinear absorption characteristics of 1 in THF were ex- 

mined by OA Z-scan technique [44] . Fig. 5 indicates the OA Z- 

can experimental results with different input intensities. The nor- 

alized transmission decreased towards to focus and this behav- 

or indicates intensity-dependent absorption. The following equa- 

ion gives the normalized transmittance T norm 

(z) as a function of 

 position [44] . 

 norm 

( z ) = 

log e [ 1 + q 0 ( z ) ] 

q 0 ( z ) 

In the above equation, q 0 (z) is given by, 

 0 ( z ) = 

q 00 

1 + (z/z 0 ) 
2 
, q 00 ∼βe f f I 0 L e f f 

here βeff is the effective coefficient of nonlinear absorption, I 0 
s the intensity of the light at focus, and z 0 is the diffraction 

ength of the beam. L eff∼[1 −exp( −α0 L)] / α0 , is the effective length

f the sample and defined in terms of the true optical path length 

hrough the simple, L and linear absorptivity, α0 . The method of 

east-squares regression was used to all OA Z-scan experimental 

esults. 

The OL properties of the studied compounds were extracted 

rom OA Z-scan experimental data. It was reported in the previous 

tudy, the reverse saturable absorption (RSA) from excited triplet 

tate absorption enhanced OL of 1 in THF [45] . By absorbing a 

hoton, each molecule at the ground state (S 0 ) state excites the 

 1 state and these electrons may excite to upper electronic state 

ia excited state absorption (ESA), relax to ground state with ra- 

ioactive or nonradioactive decay, or transfer to T 1 state via the ISC 

echanism. In RSA mechanism, the excided state absorption cross 

ection value both for S 1 and T 1 state is larger than that of ground 

tate. The nonlinear absorption coefficient derived from rate equa- 

ions and steady-state approximation [ 22 , 45 ] is given the following 

quation. 

( I, I sat , κ) = 

α0 

1 + 

F 
F sat 

(
1 + κ

F 

F sat 

)

is the ratio of the triplet state to ground state absorption cross- 

ection, α0 is the linear absorption coefficient and F sat is the sat- 

rated value of the output energy density. κ and F sat parameters 
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Fig. 3. (A) Cyclic and square wave voltammograms of 5.0 × 10 −4 mol dm 

−3 1 in TBAP/DMSO. (B) The first and (C) the second groups of in situ UV–Vis spectral changes 

throughout the controlled potential electrolysis of 1 . (D) chromaticity diagram for 1 in DMSO/TBAP. 
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s

ere used as free constants. The OL graph is given in Fig. 6 de-

ending on the incident energy density per pulse. The materials 

ossessing high OL properties must have high κ , βe f f and low F sat , 

0 values. κ is significantly sensitive to linear absorption coeffi- 

ient and the concentration of the solution [22] . The NLO parame- 

ers ( βeff, F sat , κ) of 1 in THF solution are calculated as 7.5 × 10 −8 

m/W, 10.2 J/cm 

2 , 5.4 for βeff, F sat and κ , respectively, from the fit-

ing experimental results respectively. The OL parameters are con- 

enient with literature [1] . Blau and co-workers presented the val- 

es of optical limiting parameters of structurally different phthalo- 

yanine derivatives containing Zn 

II , Co II , Ni II , Pd 

II , Ga II , and In 

III 

etal atoms manipulated by the Z-scan technique [28] . In this 

tudy, CoPc or NiPc monomers are found out to be the weakest 

onlinear absorbers among the 39 different kinds of investigated 

c compounds. In a review [20] , optical limiting parameters ( βeff, 

 sat , and κ) are taken into account for 39 materials. In this review,

t was found that βeff ranges in the order of 10 –10 to 10 –8 cmW 

–1 ,
7 
 sat in the order of 1 to 170 J cm 

–2 , and κ in the order of 1 to

7 [22] . On the other hand, for the polymeric films, βeff ranges 

n the order of 10 −4 to 10 −6 cmW 

−1 , F sat in the order of 1.6–20.2

 cm 

−2 and κ in the order of 3.2–23.8 [46–49] . Comparing with 

he literature the investigated ZnPc in THF solution shows a very 

ood combination between a very high effective nonlinear absorp- 

ion coefficient βeff, a relatively high absorption cross-section κ , a 

ery low energy-dependent saturation F sat and is a good candidate 

s an optical limiting material. 

Femtosecond transient absorption spectroscopy experiments 

ere also conducted to determine whether there is a triplet tran- 

ition or not. The pump wavelength was chosen as 675 nm corre- 

ponding to Q band of the sample. Fig. 7 shows the transient ab- 

orption spectra with different time delay for 1 in THF. In transient 

bsorption spectra of 1 , there is an intense negative signal around 

75 nm corresponding to ground state bleaching and wide excited 

tate absorption (ESA) signal under 600 nm and above 720 nm 
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Fig. 4. Linear absorption spectra of 1 in THF solution α= 1.07 cm 

−1 at 532 nm 

wavelength which is used for OA Z-scan experiments. 

Fig. 5. Open-aperture Z-scan traces of 1 with different input intensities. 

Fig. 6. OL properties of 1 with different input intensities in THF, λex = 532 nm. 

Fig. 7. Transient absorption spectra of 1 with different time delays at the excitation 

wavelength of 675 nm. 

Fig. 8. Decay traces of 1 at 500 nm, 610 nm, and 680 nm probe wavelength with 

675 nm excitation. 
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egion. Similar transient absorption characteristic behaviors were 

lso demonstrated for 1 [50] . Since the ESA signals in the range of 

00 nm - 550 nm have very long lifetime components by probing 

00 nm wavelength, these signals can be ascribed to the triplet- 

riplet transition, as seen in Fig. 8 . In addition to that, the intensity 

f the bleach signal at 675 nm decrease while increasing the in- 

ensity of the 610 nm bleach band. It is shown that the electron 

ransfer occurs between two bands. According to the decay kinet- 

cs of these two bands in Fig. 7 , the symmetric traces are seen for

10 nm and 680 nm probe wavelengths. 

. Conclusions 

In this work, we have thoroughly investigated the optical, 

pectrochemical, DFT and TD-DFT and the NLO properties of the 

eripherally tetrahydroxy-substituted ZnPc. The calculated results 

how that O and H atoms on the phenol groups will be active in 

he interactions. The electron transfer properties of 1 were inves- 

igated by voltammetry. A general tendency for the complex was 

heir aggregation character, suggested by splitting or broadening of 

he redox waves. The electrochemical measurements verified that 

 possess a ligand-based one-electron redox processes, which are 

ffected by the formation of aggregated species in the solution 

edium. The nonlinear absorption experimental results show that 
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 has a strong reverse saturable absorption feature. The investi- 

ated compound is a promising material for OL applications due 

o its excellent combination (low α0 , high βeff, high κ , and low 

 sat ) of OL parameters. The DFT and TD-DFT calculations support 

he experimental results. Femtosecond transient absorption spec- 

roscopy results revealed an ISC process and nonlinear absorption 

echanism. 
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