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Abstract

In this study, the new tetra peripherally 4-(2-(benzo[d]thiazol-2-yl)phenoxy)-
substituted metal-free4), zinc(ll) ®), lead(ll) @), cobalt(ll) ) and copper(ll) &)
phthalocyanine derivatives, which are organo-soluble, have been synthesized for the first time
and their structures characterized by using electronic absorption, infrared spectroscopy,
nuclear magnetic resonance spectroscopy, elemental analysis and mass spectra. Voltammetric
characterization of the phthalocyanine derivatives7) was performed with cyclic
voltammetry and square wave voltammetry. Cobalt phthalocyaninggve metal based
electron transfer reactions in addition to the phthalocyanine ring based reduction and
oxidation reactions. Although lead phthalocyani@gilustrated reversible reduction process
during the voltammetric measurements, it was de-metallized and thus it turned back to the
metal free phthalocyanine during thesitu spectroelectrochemical measurements under the
applied potentials. Spectroelectrochemical measurements were performed to assign the redox

processes and spectroscopic responses of the electrogenerated species.

Keywords  Benzothiazole; Metallophthalocyanine; Metal-free phthalocyanine;

Electrochemistry; Demetallation.



1. Introduction

Metal complexes of Nligands, such as porphyrins and phthalocyanines, are widely
studied due to their numerous physical-chemical properties and the great variety of their
applications in many fields [1]. Both series of phthalocyanines and porphyrins (tetrapyrrole
macrocyles) are able to form several complexes with almost all the metals in Periodic Table
[2] and it is known that at least seventy metal phthalocyanines have been prepared [3] thanks
to their ability. Their favorable properties, such as extraordinary thermal and chemical
stability, make them suitable as industrial pigments for a couple of decades [4].

Phthalocyanines, which are an important class of compounds use in inks, dyestuff for
textiles and colorant for metals and plastics [5], have been used other applications such as
liquid crystal displays [6, 7], optical applications [8, 9], electrochromism [10, 11], chemical
sensors [12, 13], semiconductors for organic field-effect transistors (OFETS) [2, 14] and
photodynamic therapy [15-17].

Photodynamic therapy (PDT) is a new technique that uses a photosensitizing agent and
a particular type of light [18]. Metallophthalocyanines which can be used as photosensitizing
agent for photodynamic therapy have received increasing attention since 1985 [19]. This
therapy results in a sequence of photochemical and photobiological processes that cause
irreversible photo damage to tumor tissues [20].

For all applications mentioned, the solubility of phthalocyanine derivatives plays a
consequential role. Metallophthalocyanines are unsoluble in aqueous solvent in the absence of
hydrophilic peripheral substituents but dissolve in strongly coordinating solvents like pyridine
[21]. The bulky peripheral substitution on phthalocyanine core is used for enhancing the
solubility of phthalocyanine derivatives in most common organic solvents; whereas sulfo or

quaternary ammonium groups enhance solubility in aqueous media [22].



Thiazoles, which are a class of organic compounds, contain three carbon atoms, one
nitrogen atom, and one sulfur atom. Among the pentaatomic heterocyclic rings, thiazole is
one of the most intensively investigated. Thiazoles and their derivatives exhibit a wide variety
of biological activities [23]. The number of annual publications dealing with thiazoles is
continuously growing, but there are very few articles about thiazole substituted
phthalocyanines in literature [24-26]. Because of this reason, in this work, the thiazole
substituted metal-free gRc) and metallophthalocyanines (MPcs) were synthesized.

MPcs are used in many electrochemical technologies, especially electrosensing [27-
30], electrochromic [31-33], and electrocatalytic [34-37] application due to the excellent
redox properties. Changing the central metal and types, number and position of substituents
alter molecule’s the electrochemical responses as well as the usage fields of the MPc
complexes [38-40].

Here, we report the synthesis and characterization of rb{2l(benzo[d]thiazol-2-
yl)phenoxysubstitutedH,Pc (4), ZnPc (5), PbPc (6), CoPc (7) andCuPc (8) compounds. In
this paper we aimed to investigate the electrochemical properties and possible application
fields of the newly synthesized MPc complexes. Voltammetric characterizations of the
phthalocyanines4(¢7) were performed with cyclic voltammetry and square wave voltammetry
for the first time. These organo-soluble phthalocyanide®) have also been characterized by

using electronic absorption, FT-IB4 NMR, **C NMR, elemental analysis and mass spectra.



2. Experimental

2.1. Materials

All reagents and solvents were dried and purified as described in Perrin and Armarego
[40]. 2-(benzo[d]thiazol-2-yl)phenoll] was obtained from commercial supplieknitro
phthalonitrile @) [41] was prepared according to the reported procedure. All other reagents

and solvents were reagent grade quality and were obtained from commercial suppliers.

2.2. Equipments

Infrared spectra were recorded on a Perkin-Elmer FT-IR spectrometer Frontier.
Elemental analyses were obtained from Costech ECS 4010 Spectrometer Elemental Analyzer
(C, H, N). '"H NMR and®*C NMR spectra were recorded in CRCéolventon a Varian
Mercury 200 MHz spectrometer (at Karadeniz Technical University, Turkey) and Varian
Mercury 300 MHz spectrometer (at Sakarya University, Turkey) using TMS as an internal
reference. Mass spectra were performed on a Brucker Microflex LT MALDI-TOF MS
spectrometer (at Gebze Institute of Technology, Turkey). Optical spectra in the UV/Vis
region were recorded with a Perkin ElImer Lambda 25 UV-Vis Spectrometer operating in the
range 200-800 nm with quartz cells at the room temperature. Melting points were measured
on an electrothermal melting point apparatus and were uncorrected.

All electrochemical measurements were carried out with Gamry Reference 600
potentiostat/galvanostat (at Marmara University, Turkey). An electrochemical cell with a
three-electrode configuration was utilized with a Pt disc working electrode (surface area:

0.071 cr), a Pt wire counter electrode and saturated calomel reference electrode (SCE).



Electrochemical grade TBAP in extra pure DCM was employed as the supporting electrolyte
at a concentration of 0.10 mol &m

An Ocean Optics QE65000 diode array spectrophotometer was used for UV-Vis
absorption spectra and chromaticity diagram measurements (at Marmara University, Turkey).
In-situ spectroelectrochemical measurements were carried out by utilizing a three-electrode
configuration of thin-layer quartz spectroelectrochemical cell consisting a Pt tulle working
electrode, a Pt wire counter electrode, and a SCE reference electrode. The
spectroelectrochemical cell we used is a homemade cell. Three quartz necks were welded on a
quartz fluorescence cuvette which has 2 mm light path. Three quartz necks were used as
holder for the electrodes. 2 mm light path of the fluorescence cuvette supply a thin layer for
the electroactive species inlih-situ electrocolorimetric measurements, under potentiostatic
control, were obtained using an Ocean Optics QE65000 diode array spectrophotometer at
color measurement mode by utilizing a three-electrode configuration of thin-layer quartz

spectroelectrochemical cell.

2.3. Synthesis

2.3.1. Preparation of 4-(2-(benzol[d]thiazol-2-yl)phenoxy)phthalonit8le (

A solution of 2-(benzo[d]thiazol-2-yl)phenoll)X (1 g, 4.4 mmol) and4-nitro
phthalonitrile (0.76 g, 4.4 mmolR) in dry DMF (15 mL) was stirred at 5 for 10 min
under a nitrogen atmosphere. And then, finely ground anhydrgf®34{2.43 g, 17.6 mmol)
was added portionwise over a period of 2 h with stirring at this temperature. After stirring for
120 h at 50°C, the reaction mixture was poured over crushed ice and the resulting white

precipitate was filtered off, washed with distilled water, and then dniedcuo. Yield: 1.5 g



(97 %), m.p.: 177-178C. Calc. for GiH1:N30S: % C 71.37, % H 3.14, % N 11.89. Found: %

C 71.39, % H 3.19, % N 11.85. FT-Ra/cm ™ : 3070 (Ar-H), 2234 (EN), 1601, 1561

(C=N), 1485, 1251 (Ar-O-C), 1105, 955, 837, 759, 694 (CY3)NMR (CDCk) (J ppm):

8.60 (ArH, 1H, d), 8.11 (Ar-H, 1H, d), 7.91 (ArH, 1H, d), 7.75 (ArH, 1H, d), 7.53-7.22 (ArH,
7H, m).**C NMR (CDCE) (& ppm): 161.01, 152.68, 151.14, 135.79, 132.70, 131.30, 127.33,
126.79, 125.91, 123.65, 122.06, 121.87, 121.68, 121.43, 118.12, 115.44, 115.06, 109.92.

MALDI-TOF, m/z Calc.: 353.40; Found: 353.12 [M]

2.3.2. Preparation of metal-free phthalocyan{d®

In dry n-pentanol (3 mL), compound (0.3 g, 0.85 mmol) and three drops of 1,8-
diazabicyclo[5.4.0Jundec-7-ene were stirred under reflux in a nitrogen atmosphere®at 160
in a sealed glass tube for 24 h and degassed several times. Thereafter, the reaction mixture
was left to cool to the room temperature. With adding ethanol (10 mL), the green crude
product was precipitated and filtered off. After the refluxing with ethanol (40 mL) for 4 h, the
obtained green product was filtered off again and was successively washed several times with
hot ethanol, distilled water and diethyl ether in order to removing the unreacted organic
materials. After dryingin vacuo, it was purified by column chromatography using
chloroform-methanol (93:7) solvent system as eluent. Yield: 110 mg (37 %), m.p3&300
(decomposition). Calc. for ggHaeN1204Ss: % C 71.27, % H 3.28, % N 11.87. Found: % C
71.33, % H 3.36, % N 11.89. FT-WRu/cm : 3287 (N-H), 3060 (Ar-H), 1610 (N-H, bend.),
1577 (C=N), 1447, 1228 (Ar-O-C), 1089, 925, 752, 692 (C4$)NMR (CDCL) (& ppm):

8.50 (ArH, 4H, m), 8.05 (ArH, 4H, m), 7.37-6.98 (ArH, 36H, m). UV/Vis (THE):nm



(log &): 700 (5.20), 665 (5.16), 638 (4.81), 605 (4.683 34.78). MALDI-TOF,m/z Calc.:

1415.63; Found: 1415.57 [M]

2.3.3. General procedures for metallophthalocyanine deriva{ive®

The mixture of compoun@® (0.3 g, 0.85 mmol), the related anhydrous metal salt
[Zn(CH;COO) (38 mg, 0.21 mmol) for compounfl , PbO (47 mg, 0.21 mmol) for
compound6, CoCk (27 mg, 0.21 mmol) for compound CuC} (28 mg, 0.21 mmol) for
compound8] and three drops of 1,8-diazabicyclo[5.4.0Jundec-7-ene was heated ¥E 160
with dry n-pentanol (3 mL) in a sealed tube, and stirred for 24 h. Later on , the reaction
mixture was left to cool into the room temperature. With adding ethanol (10 mL), the green
crude product was precipitated and filtered off. After the refluxing with ethanol (40 mL) for 4
h, the obtained green product was filtered off again and was successively washed several
times with hot ethanol, distilled water and diethyl ether in order to removing the unreacted
organic materials. After dryingh vacuo, it was purified by column chromatography using
chloroform-methanol ((93:7) for compoubd (91:9) for compoun@, (92:8) for compound

and (95:5) for compound 8, respectively) solvent system as eluent.

2.3.3.1. Preparation of zinc(ll) phthalocyanin(®)

Yield: 83 mg (26 %), m.p.: >30 (decomposition). Calc. forg@H4sN1:04S:Zn: % C 68.22,
% H 3.00, % N 11.36. Found: % C 68.30, % H 3.08, % N 11.32. BfJem ™t : 3059 (Ar-
H), 1717, 1610 (C=N), 1448, 1316, 1229 (Ar-O-C), 1042, 941, 833, 746, 692 (JCEHBDMR

(CDCl3) (o ppm): 8.92 (ArH, 8H, m), 7.93 (ArH, 8H, m), 7.36 (ArH, 28H, m). UV/Vis



(THF): 4, nm (log &: 673 (5.30), 607 (4.63), 356 (4.96), 328 (5.02ADI-TOF, m/z Calc.:

1479.01; Found: 1479.40 [M%]

2.3.3.2. Preparation of lead(ll) phthalocyanir(é)

Yield: 132 mg (38 %), m.p.:>300C (decomposition). Calc. for ggH4N1:04S4Pb: % C
62.25, % H 2.74, % N 10.37. Found: % C 62.28, % H 2.81, % N 10.35. FfRm™:
3058 (Ar-H), 1604 (C=N), 1447, 1317, 1229 (Ar-O-C), 1077, 939, 824, 754, 692 (€+S).
NMR (CDCk) (& ppm): 9.10 (ArH, 6H, m), 8.59 (ArH, 4H, m), 7.43 (ArH, 34H, m). UV/Vis
(THF): 4, nm (loge): 707 (5.29), 638 (4.60), 363 (4.87). MALDI-TOR/z Calc.: 1620.82;

Found: 1619.96 [M-H].

2.3.3.3. Preparation of cobalt(ll) phthalocyanin&)

Yield: 68 mg (22 %), m.p.: >30C (decomposition). Calc. forggHs4CoN;204Ss: % C 68.52,
% H 3.01, % N 11.41. Found: % C 68.49, % H 3.09, % N 11.35. Bfdgem ™ 3059 (Ar-
H), 1610 (C=N), 1448, 1230 (Ar-O-C), 1091, 1055, 955, 825, 751, 692 (C-S). UV/Vis (THF):
A, nm (log 9: 667 (5.26), 601 (4.64), 354 (4.91), 313 (5.21)AIMI-TOF, m/z Calc.:

1472.55; Found: 1473.67 [M+H]

2.3.3.4. Preparation of copper(ll) phthalocyanir8)

Yield: 150 mg (48 %), m.p.: >308C (decomposition). Calc. for ggH4CuN:04Ss: % C

68.30, % H 3.00, % N 11.38. Found: % C 68.37, % H 3.06, % N 11.43. FfRm ™

3060 (Ar-H), 1610 (C=N), 1447, 1317, 1229 (Ar-O-C), 1090, 947, 876, 753, 691 (Ar-O-C).



UV/Vis (THF): 2, nm (log 3: 675 (5.29), 608 (4.75), 348 (4.94). MALDI-TORyz Calc.:

1477.16; Found: 1478.36 [M+H]

3. Results and discussion

The general synthetic route for the synthesis of new dinitrile compound and
phthalocyanines is given in Scheme 1. The precursor material chosen for the synthesis of
tetra-substituted phthalocyanine derivativés8) on the peripherally i4-(2-(benzo[d]thiazol-
2-yl)phenoxy)phthalonitrile(3). Compound3 has been prepared by,®0O; catalyzed
nucleophilic substitution of the nitro group id-nitro phthalonitrile 2) with 2-
(benzold]thiazol-2-yl)phenoll) according to reported procedure [42(2-(benzo[d]thiazol-
2-yl)phenoxysubstituted H,Pc (4) is prepared by cyclotetramerization of-(2-
(benzold]thiazol-2-yl)phenoxy)phthalonitrile (3) in  the presence  of  1,8-
diazabicyclo[5.4.0]Jundec-7-ene, in dmpentanol at 166C for 24 h with the yield of 37 %.
Tetra-substitute@nPc (5), PbPc (6), CoPc (7and CuPc (8)compounds are also obtained
by cyclotetramerization of4-(2-(benzo[d]thiazol-2-yl)phenoxy)phthalonitril€3) in the
presence of related metal salts (ZngCB®O), (PbO), CoCGl and CuCj) and two drops of
1,8-diazabicyclo[5.4.0Jundec-7-ene in dipentanol 160C for 24 h with the yields of 26,

38, 22 and 48 % (for compoun8s8), respectively. All novel phthalocyanines were purified
on silica gel by column chromatography using chloroform: methanol [(93:7), (91:9), (92:8)
and (95:5)] solvent system as eluent.

Although phthalocyanine complexes have low solubility in most organic solvents,
adding the some substituents on the phthalocyanine core increases the solubility. All
synthesized phthalocyanine derivatives8] exhibit excellent solubility in most organic

solvents (e.g. chloroform, dichloromethane, THF, DMSO and DMF). These organo-soluble



phthalocyanines4(8) have been characterized by several spectral methods for supporting the
formation of the molecules.
In FT-IR spectrum of compoun8, the characteristic €N stretch was observed at

[2234 cm'. However, the cyclotetramerization of the dinitrile derivati8kto theH.Pc(4)

and MPcs %-8) was confirmed by the disappearance of the interrdé @Ghration at(2234
cm™,

In the'H NMR spectrum of compoun8 in deuterated CDG;laromatic protons were
observed ab: 8.60 (d), 8.11 (d), 7.91 (d), 7.75 (d) and 7.5827(m) (Fig. S1). For the tetra-
substitutedH,Pc (4), the resonances belonging to the aromatic protons were obserded at
8.50 (m), 8.05 (m), 7.37-6.98 (m). The typical shielding of inner core protons belonging to the
H.Pc (4), which are generally shown at the negative ppm region [43], were not observed
because of strong aggregation [44]. In theNMR spectra oZnPc (5) and PbPc (6) the
aromatic protons were observed at betwé&ed.92-7.36 ppm foZnPc (5)andéd: 9.10-7.43
ppm for PbPc (6) respectively. Because of their paramagnetic nattré&yMR of the CoPc
(7) and CuPc (8) derivatives was precluded.

In the *C NMR spectrum of compoun8, the characteristic peaks belonging to
dicyano carbon atoms were observed: dtlb.44 and 115.06 ppm, as expected (Fig. S2).

In the mass spectra of compounds 3, the presence of molecular ion peak at m/z: 353.12
[M]* confirmed the purposed structure (Fig. S3). The molecular ion peaks which were
observed at m/z: 1415.57 [Mjor HoPc (4), 1479.40 [M] for ZnPc (5), 1619.96 [M-HJ for
PbPc (6) 1473.67 [M+H] for CoPc (7)and 1478.36 [M+H] for CuPc (8) supported the

desired structures (Fig. S3 and Fig. S4). In addition to these data, the elemental analysis of

those compounds was also determined.



3.1. Electronic absorption spectra

Fig. 1 shows typical UV/Vis absorption spectratbfPc (4), ZnPc (5), PbPc (6),
CoPc (7) andCuPc (8) derivatives in THF. Generally, phthalocyanines and their derivatives
exhibit UV/Vis spectra with two intense absorption regions around approximately 300-400
nm (B-band) and around 600-700 nm (Q-band). The Q-band is due to the transition from the
ground state of fysymmetry to the first excited state which is @fdgmmetry. The splitting
of Q-band is because of the lifting of degeneracy of LUMO to a varying extent [45].

The absorption spectrum of;Pc @) includes a splitting intense Q-band neakak
700 and 665 nm with shoulders Jatax 638 and 605 nm and the B-band)atx 383 nm
(Table 1). In the UV/Vis spectrum &f,Pc (4), the Q band splitting has been interpreted due
to the diagonally occupying two protons on the pyrrolic nitrogens reducing the molecular
symmetry from Dy, to Do, [46]. For compound-8, the Q-bands were observeduaix 673,
707, 667 and 675 nm with shouldérg.,x 607, 638, 601 and 608 nm, respectively. The B-
bands were observed at (356, 328), 363, 313 and 348 nm for comp@®8ndespectively
(Table 1). In absorption spectiRbPc (§ was redshifted compared kpPc (4) and MPcs§,
7, 8). The large redshift was attributed to highly deformed phthalocyanine skeleton due to the
central metals which was not fitting into the cavity of phthalocyanine molecule. Namely,

deformation of phthalocyanine ligand results in the redshifting of the Q-band [45].

3.2. Voltammetric Measurements

Redox behaviors of the complexes were performed in DCM/TBAP electrolyte system

on a Pt working electrode with cyclic voltammetry (CV) and square wave voltammetry

(SWV) to support the proposed structure of the complexes and to decide possible



applications. All redox processes were analyzed and derived voltammetric parameters were
tabulated on Table 2.

Fig. 2 shows CV responsesdfPc (4). It displays two reversible reduction reactions
labeled afi (E12 = -0.62 VAE,= 59 mV;lpdl,c = 0.98) andR, (E12 = -0.91 VAE, = 60 mV,
lpdlpc = 0.96) and two oxidation couples labeledagE;, = 0.92 VAE, = 65 mV;lpdlpc =
0.93) and Q(Ey2 = 1.12 V;AE, = 72 mV; lpdlpec = 0.91). All electron transfer processes are
both electrochemically and chemically reversible with respeftEtoandlpdl,c values. SVWs
of the complex clearly support these reversible characters of the processes, since these
couples show symmetric anodic and cathodic peaks with the same peak currents (Fig. 2b).
H.Pc (4) has 1.54 VAE;/, (separation between first anodic and first cathodic peak), which
directly expresses the HOMO-LUMO gap of the complex. When compared with the similar
complexes in the literature, redox couples shift to positive potentials due to the electron
releasing 4-(2-(benzold]thiazol-2-yl)phenoxy) groups. HOMO-LUMO gap of the complex is
in a great harmony with the metal free phthalocyanines in the literature [47-49].

As shown in Fig. 3ZnPc (5) gives a reversible oxidatio®( at 0.75 V) during the
anodic scans. However cathodic peaks are complicated with the aggregation of the complex.
First reduction process splits into two waves, fei aggregated species at -0.87 V anddR
monomeric species at -1.01 V at 0.100"\ésan rate. This reduction process is followed with
the second quasi-reversible reduction procesatR1.30 V QE, = 130 mV;lpdlyc = 0.75).

When compared with the redox responsesigiPc (4), electron transfer processeszufPc
(5) shifts to the negative potentials. These potential differences are resulted from the effective
nuclear charge differences between the 2H and Zn centers of the Pc rings [47-52].

The radius of divalent lead ions (1.75 A) in the core of PbPc is greater than the radius

of the inner core, so the metal ion does not fit inside the central cavity but it lies out of the

phthalocyanine plane [53-55]. Therefore, the complex shows a demetallization tendency in



the redox reactions. Therefore, these compounds show anomalous redox behaviors together
with tuning the physicochemical properties of MPc [56, 57]. Fig. 4 shows the voltammetric
responses dPbPc(6). PbPc(6) gives very similar redox responses with thoselgic (4). It
displays two reversible reduction reactions labele® @&/, = -0.61 VAE,= 80 mV; lpdlpc =
0.95) andR2 (E12 = -0.94 VAE, = 90 mV;1,d1,c = 0.90) and two oxidation couples labeled as
O1 (Ex2 = 0.83 VAE, = 110 mV; I/l = 0.83) and @(Ey = 1.33 VAE, = 85 mV; |/l pe =
0.55). AlthoughH,Pc (4) gives completely reversible couples, redox reactionBldic (6)
have quasi-reversible peak characters. Especiajlyc@ple of PbPc (6) is chemically
irreversible. The reversibility of the complex was also checked with the SWV given in Fig.
4b. Peak current ratios and symmetry of the peaks of a redox couple were used to characterize
reversibility or irreversibility of a redox process. In our previous papers, we illustrated the
redox responses of PbPc complexes [58-61]. Although demetallation BbBecomplexes
during the cathodic potential scans were obseb&c (6) studied here gives a stable redox
responses without a chemical reaction, which illustrate stabilization of the Pb center with the
effect of 4-(2-(benzol[d]thiazol-2-yl)phenoxy) substituents.

CoPc (7) has different voltammetric responses than thoge,Bt (4), ZnPc (5) and
PbPc (6). Since whileH,Pc (4), ZnPc (5) andPbPc (6) represent only Pc based electron
transfer reaction€CoPc (7) gives a metal based reduction process in addition to the Pc based
electron transfer reactions. As shown in Fig. 5, an irreversiblet R).05 V assigned to the
reduction of monomeric CoPc (tRc?CoPc?) and an irreversible Rat -0.55 V assigned to
the reduction of aggregated CoPc ({€07]agd [CO'PC?].g9. Redox responses of the complex
recorded at different concentration and at different scan rates indicate the aggregation of the
complex. At higher concentrations, the current of the peak assigned to the aggregated CoPc
([C0"Pc?agd [COPC?]aggincreased more than those assigned to the monomeric CofRc(Co

%JICcdPc?) species. These voltammetric behavior indicate presence of an equilibrium between



[Co"Pc? gy and monomeric CoPc. At faster scan rates the aggregation peak .55 V
observed more clearly and this peak disappeared at the slow scan rates as shown in Fig. 5.
These behaviors support the aggregation phenomena of the complex. This metal based
reduction processes are followed with a quasi-reversible Pc ring based reduction process, R
at -1.31 V. A Pc based oxidation reaction having reversible peak character is also recorded at
0.78 V during the anodic potential scans. Peak assignments and aggregation properties of the
complex were supported with the situ spectroelectrochemical measurements given below.
Electrochemical behaviors of CoPc is in a good agreement with the similar CoPc complexes
reported in the literature [62-65], which support the proposed structure of the complex
synthesized here. CoPc complexes generally give a metal based reduction process at around 0
V due to the electron gaining to the empty d orbitals of €enter located between the
HOMO and LUMO orbitals of Pc ring in noncoordinating solvents like DCM. Separation of
around 1 V between the metal based and ring based reduction process is a characteristic

response of CoPc complexes.

3.3. Spectroelectrochemistry

Spectroelectrochemical studies were employed to confirm the assignments of the
redox couple recorded in the CVs and SWVs of the complexes. Fig. 6 repneseiits
recorded UV-Vis spectral changes aindsitu recorded chromaticity diagram bif,Pc (4)
under applied potentials of the electron transfer reactidpi3c (4) gives a split Q band at
673 and 710 nm with the shoulders at 611 and 642 nm at 0.0 V applied potential. When -0.85
V was applied to the working electrode, the split Q band turn to a single band at 675 nm as a
result of increasing a sharp band. These spectral changes are characteristic changes for the

first reduction reaction of metal free phthalocyanines (Fig. 6a) [47-49, 66, 67]. During the



second reduction reaction, while the Q band at 675 nm decreases, the region at around 500 nm
increases in intensity, which characterizes the reduction of the monoanionic fotaof
species (Fig. 6b). Fig. 6¢ illustrates the spectral changdsRaf (4) during the first oxidation
reaction. The split Q bands decrease in intensity and the region at around 500 nm starts to
increases first of all. But then all bands decrease in intensity due to the decomposition of the
oxidized form of the complex. Color of the electrogenerated forms of the complex was
recorded withn situ chronocolorimetry, however a distinctive color change was not recorded
between the electrogenerated forms of the complex.

Spectroelectrochemical results &hPc (5) were consistent with the Pc ring based
reduction of the MPcs having redox inactive metal centers. However spectroelectrochemical
studies ofPbPc (6) indicate different spectroscopic changes than the common ring based
redox processes due to the demetallization of the complexes. Fig. 7 and 8 illustiratgtthe
spectroelectrochemical and situ electrocolorimetric results d?bPc (6) under the applied
potential of the redox processes. Under —0.75 V potential application, first of all, while the Q
band at 717 nm starts to decreases, a new band increases at 677 nm and a split Q band is
formed (Fig. 7a). The final spectrum in the Fig. 7a (blue spectrum) is a characteristic
spectrum for the metal-free phthalocyanine. Thus these spectral changes are easily assigned to
the demetallation oPbPc (6) and formation oH,Pc (4). At the same potential application,
the band at 717 nm disappears, while the band at 677 nm increases in intensity. These spectral
changes are similar changes with the reduction of metal free phthalocyanine (Fig. 7b). Fig. 7c
illustrates the spectral changes under -1.30 V. These spectral changes are characteristic
changes for the ring based reduction of MPc complexes. While the Q band at 677 nm
decreases in intensity, a new band is recorded at 540 nm. Decreasing of the Q band without
shifting and observation of a new band between 500 and 600 nm characterize a Pc based

reduction process [52, 58-61, 68]. In our previous studies [58-61], we also indicated the



demetallization of the PbPcs before or after the first reduction processes and during the
positive potential scans depending on the substituents. Fig. 8a represents the spectral changes
during the first oxidation reaction. While the Q band at 717 nm decreases in intensity, two
new bands are recorded at MLCT (Metal to Ligand Charge Transfer) regions (at 536 and 884
nm). These spectral changes are characteristic changes for the ring based oxidation of MPc
complexes. All bands decrease in intensity due to the decomposition as shown in Fig. 8b
during the second oxidation reaction. This decomposition reaction is recorded with the CV

and SWV measurements as shown in Fig. 4. The green color of the solutionpoint

x=0.3068, y=0.3605) changes to greenish yellow (péfnt x=0.352, y=0.3553) during the

first oxidation process (Fig. 7d) and to the blue (poiﬁt x=0.3151, y=0.3164) after the
second reduction reaction.

CoPc (7) has different voltammetric responses then the others, which also differs the
spectral changes recorded during thesitu spectroelectrochemical measurements. While
H.Pc (4), ZnPc (5) and PbPc (6) complexes give spectral changes assigned to the Pc ring
based electron transfer procesgesPc (7) illustrates spectral changes assigned to the metal
based reduction reaction during the first reduction reaction (Fig. 9). When -0.75 V was
applied, the Q band at 674 nm decreases in intensity and a small band is observed at 643 nm,
which assigned to the aggregation of @&Pc (7). And then while the Q band decreases and
a new Q band is recorded at 706 nm. At the same time a sharp band is recorded at 474 nm.
Totally while the Q band shifts from 674 nm to 706 nm, a new band is recorded at 474 nm
(Fig. 9a). Shifting of the Q band and observation of a new band between 450 and 500 nm
characterizes the reduction of '®&? to CdPc? species [69-74]. Fig. 9b illustrates the
spectral changes during the oxidation reaction. Decreasing of the Q band at 674 nm, and

observation of a new band at 505 nm characterize the Pc based oxidation of the complex.



Chromaticity diagram in Fig. 9c represents the color of the electrogenerated species of the

complex.

4. Conclusions

In this study, the synthesis of novel peripherally tdu@-(benzo[d]thiazol-2-
yl)phenoxygubstitutedH,Pc (4), ZnPc (5), PbPc (6), CoPc (@nd CuPc (8) compounds
were described and characterized by using different spectroscopic techniques (e.g"HFT-IR,
NMR, °C NMR, elemental analysis, mass spectroscopy, UV/Vis spectral data) for the first
time. In the UV-Vis spectra, while théHd,Pc (4) shows splitting Q band, the
metallophthalocyaniness{8) exhibit single narrow Q bands as expected and support the
formation of phthalocyanine complexes in THF.

Electrochemical and spectroelectrochemical measurement support the proposed
structure of the complexebl,Pc (4) andZnPc (5) illustrate the common Pc based electron
transfer reactions. Redox responZed’c (5) andCoPc (7) complicated generally with the
aggregation of the complexes. AlthoudtbPc (6) gives clear well defined reversible
reduction and oxidation reactions during the CV and SWV measurements, it demetallized
during thein situ spectroelectrochemical reactioBoPc (7) represents a metal based
reduction reaction, while the others give ring based reduction reactions. Redox richness of the
complexes illustrates their possible usage in different electrochemical technologies, such as
electrocatalytic, electrosensing and electrochromic fields. Especially different color of the
electrochemically generated redox species recorded duririg gl spectroelectrochemical

measurements indicates their suitability in the displaying technologies.
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Scheme 1.

Absorption spectra of novel synthesized compouadsr(H2Pc, b for ZnPc, c
for PbP¢ d for CoPg¢ e for CuPg.

@ CVs of H,Pc at various scan rates on a Pt working electrode in
DCM/TBAP and ) SWV of H,Pc recorded with SWV parameters: step size
=5 mV, pulse size = 100 mV; Frequency = 25 Hz.

@ CVs of ZnPc at various scan rates on a Pt working electrode in
DCM/TBAP and b) SWV of ZnPc recorded with SWV parameters: step size
=5 mV, pulse size = 100 mV; Frequency = 25 Hz.

@ CVs of PbPc at various scan rates on a Pt working electrode in
DCM/TBAP and b) SWV of PbPcrecorded with SWV parameters: step size
=5 mV, pulse size = 100 mV; Frequency = 25 Hz.

CV and SWV ofCoPc recorded at 0.100 Vsscan rate on a Pt working
electrode in DCM/TBAP.

In-situ UV-Vis spectral changes ef:Pcin DCM/TBAP. a) Eqp= -0.85 V.b)
Eap= -1.30 V. ¢ Egp= = 1.00 V.

Fig. 7. In-situ UV-Vis spectral changes @&bPc recordedduring reduction
reactionan DCM/TBAP. a) Former part of the spectral changes g£-0.75
V b) latter part of the spectral changes gjE-0.75 V).c). Esps= -1.30 V.d)

Chromaticity diagram (each symbol represents the color of electro-generated

speciesd : [PHPc?], O:[H.Pc?] A [HzPC'S]'z;*Z [PO'Pc']™.

In-situ UV-Vis spectral changes &bPc recordedduring oxidation reactions

in DCM/TBAP. @) Ep= 1.00 V. B Eqp= 1.50 V.

In-situ UV-Vis spectral changes GfoPcin DCM/TBAP. a) Esp= -0.75 V.b)
Eap= = 1.00 V.c) Chromaticity diagram (each symbol represents the color of

electro-generated speciCh; : [©6?], O:[CoPc?™ K : [Co'Pc™.

Synthesis of dinitrile compouBilgnd novel phthalocyanine4-8). Reaction
conditions: i: anhydrous KCOs;, dry DMF, 50 °C: ii: n-pentanol, 1,8-
diazabicyclo[5.4.0Jundec-7-ene and related metal salts (Z4€0B), PbO,
CoCb, CuCl) at 160°C.



Table 1. Absorption spectral data for the substitiitgllc (4), ZnPc (5), CoPc (6), PbPc (7)

and CuPc¢(8) compounds in THF.

Compound Amax,nM (loge)
B band Q band
H,Pc (4) 383 (4.78) 605 (4.68), 638 (4.81), 665 (5.16), 700 (5.20)
ZnPc (5) 328 (5.02), 356 (4.96) 607 (4.63), 673 (5.30)
CoPc (6) 313 (5.21), 354 (4.91) 601 (4.64), 667 (5.26)
PbPc (7) 363 (4.87) 638 (4.60), 707 (5.29)
CuPc (8) 348 (4.94) 608 (4.75), 675 (5.29)

Table 2.Voltammetric data of the complexes. All voltammetric data were given versus SCE.

Complex Ring Oxidations MM Ring Reductions
*E1r 1.12 0.92 - -0.62 -0.91

HaPc (4) b4E, (mV) 72 65 - 59 60
Uodlpe 0.91 0.93 - 0.98 0.96
= - 0.75 - -1.01 (-0.87Y -1.30

ZnPc (5) b4E, (mV) - 85 - 96 130
lp.dlp.c - 0.78 - 1.47 0.75
*Err 1.33 0.83 - -0.61 -0.94

PbPc (6) bAE, (MV) 85 110 - 80 90
Uodlpe 0.55 0.83 - 0.95 0.90
1 ; 0.78 -0.05 (-0.55] -1.31

CoPc (7) “JE, (mV) 110 168 120
Uodlpe 0.95 0.86 0.81

% Eyp values (EpatEpd/2) were given versus SCE at 0.100N\gsan rate™; AEy= EpsEpe. © 1pd1p,c for reduction

Ip.d1p dor oxidation processe$peak potential of the aggregated species were given in parentheses.
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Fig. 1. Absorption spectra of novel synthesized compoumélsr H.Pc, b for ZnPc, c for
PbPc¢ d for CoPg e for CuPc).
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Fig. 2. @ CVs ofH,Pcat various scan rates on a Pt working electrode in DCM/TBAP and
(b) SWV of H,Pc recorded with SWV parameters: step size = 5 mV, pulse size

= 100 mV; Frequency = 25 Hz.
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Fig. 5. CV and SWV o€oPcrecorded at 0.100 Vsscan rate on a Pt working electrode in

DCM/TBAP .
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Fig. 6.In-situ UV-Vis spectral changes bf,Pcin DCM/TBAP. a) Eyp= -0.85 V.b) Espy=

-1.30 V. Q Eap= = 1.00 V.
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== Cu®) :

Scheme 1. Synthesis of dinitrile compouByl énd novel phthalocyanine4-8). Reaction
conditions: i: anhydrous KCOs;, dry DMF, 50 °C; ii: n-pentanol, 1,8-
diazabicyclo[5.4.0]Jundec-7-ene and related metal salts (Z4€O0B), PbO, CoCl,

CuClb) at 160°C.



HIGHLIGHTS

Novel 4-(2-(benzo[d]thiazol-2-yl)phenoxy) substituted phthalocyanine derivatives:
Synthesis, electrochemical and in situ spectroelectrochemical characterization

Asiye Na$, Halit Kantekiri, Atif Kocd

- The synthesis and characterization of novel 4-(2-(benzo[d]thiazol-2-yl)phenoxy-substituted
metal-free (4), zinc(ll) (5), lead(ll) (6), cobalt(ll) (7) and copper(ll) (8) phthalocyanine
derivatives

- Voltammetric characterizations of the complexes (4-7) with cyclic voltammetry and square
wave voltammetry

-Reversible reduction and oxidation reactions of PbPc (6) during the CV and SWV
measurements



SUPPLEMENTARY INFORMATION

Fig. S1.*H NMR spectrum of compound 3 in CDCls.
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Fig. S2. 3C NMR spectrum of compound 3 in CDCls.
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Fig. S3. MALDI-MS spectra of novel synthesized compounds (a for compound 3, b for H,Pc,

c for ZnPc).
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Fig. S4. MALDI-MS spectra of novel synthesized compounds (d for PbPc, efor CoPc, f for

CuPc).



