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Abstract: In this study, ligand1) was prepared by a nucleophilic displacement reacif
(4-bromophenyl)methanethiol with 4-nitrophthaloitétr according to literature and its novel
type peripheral substituted tetra phthalocyanir@sPlc (2), ZnPc (3) and GaPc(4)] were
prepared. The phthalocyanines obtained from comgiinaiere characterized by FT-I1BH-
NMR, UV-Vis spectral data, elemental analysis, amdALDI-TOF. The novel
phthalocyanines [CuP@), ZnPc(3) andGaPc(4)] were highly soluble in common organic
solvents such as CHgITHF, CHCl,, DMSO and DMF. The effect of Pdions on the
fluorescence emission and UV-Vis spectra were pew#d with addition of increasing
amounts of Pd ions. This functional phthalocyanines exhibitedydet aggregation versus
Pdf* ions due to special chemical structures, whichbmnsed as a selective chemosensor for
Pd* ions. Also, the molecular reactivity of the ligafidl and related metallo phthalocyanines
[CuPc (2), ZnPc (3) and GaPc(4)] were investigated and compared with the analykis o
frontier molecular orbitals. In addition, photocheat and photophysical properties of these
new phthalocyanines (fluorescence quantum yieldsrdscence behavior, singlet oxygen and

photodegradation quantum yields) were studied inSGM
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1. Introduction

Phthalocyanines (Pcs) are known not only as clalsgyes in practical use but also as modern
functional materials in scientific research andyt@ve many extraordinary chemical and
physical features based on an extensive delocall8sd electron systenjl]. Hence, the
scientists have focused on the investigation afntfier many decades in many fields such as
chemical sensingR], dye sensitized solar cell8], electrochromic materialgl], nonlinear
optics [5] and photodynamic therapy applicatiof@. Nowadays, calculations such as
measuring the photochemical and photophysical ptiegeof phthalocyanines in order to
investigate their roles in biological systems haveen intensely carried out. These
calculations are particularly important to testithesability in anticancer applications such as
especially photodynamic therapy (PDT) which is enstating new approach to cancer
treatment. Photodynamic therapy is a type of cartceatment involving the use of
photosensitisers (e.g. phthalocyanines) and a Bghtce with singlet oxygen generation to

kill cancer cells and shrink tumajg, 8].

Phthalocyanines having attractiven* stacking interactions between their extended
systems, tend to show high aggregation tendensplimtion because of very low solubility
[9]. The most important factor restricting phthaloapas to find a usable application area is
that their very low solubility in common solventepenting the research for the chemical and
physical properties of phthalocyanines for useighhechnological applications such as the
investigation of anticancer applicatighO, 11] Their low solubility can be improved by
attaching some functional groups such as long al&oxy, phenoxy groups and crown
ethers at peripheral and non-peripheral positionBax by inserting some metal atoms in the
inner core of ring[12]. The functional groups in phthalocyanine at pesih or non-
peripheral positions might exhibit a sensitivitparious metal ions such as?P@ns with the
formation of H- or J-aggregates, causing significardnges in their optical properties. For
decade, scientists have focused to develop vaseunsors for qualitative and quantitative
detection of expensive or toxic metals by monitgrabsorbance and fluorescent changes of
phthalocyaninegl3, 14]

In this study, we have firstly made the synthedisravel-type phthlocyanines [CuR@),
ZnPc (3) and GaPc (4)] bearing “(4-bromophenyl)methanethiol” as funcabrgroups at

peripheral positions, creating it selective chemese for P4" ions and then characterized by



elemental analysis, FT-IRH-NMR, UV-Vis and MS (Maldi-TOF) spectral data. The
aggregation behaviors and sensor properties fof iBds in the presence and absence of the
other metal ions mixture[Ag Cd*, CU*, F&*, Hgt*, Ni**, PF*, Zn**] were studied by UV-
Vis spectroscopy and fluorescence spectroscopy, Atee molecular reactivity of the ligand
(1) and related metallophthalocyanines were invetgdyand compared with the analysis of
frontier molecular orbitals. Finally, We have intigated the effect of functional group “(4-
bromophenyl)methanethiol” and the metal atoms [Brghd Ga(lll)] in the inner core of the
ring on the photophysical and photochemical pararseif the phthalocyanines ZnE) and
GaPc (4) in DMSO (fluorescence lifetime and quantum yieldsnglet oxygen and
photodegradation quantum yields).

2. Experimental
2.1. Metarials and Methods

4-nitrophthalonitrile, (4-bromophenyl)methanethioCuCh, ZnCh, GaCk, Chloroform
(CHCls), Dimethylformamide (DMF), Methanol, tetrahydrofuwr (THF), n-hexane, &O;,
were purchased from commercial suppliers suh agh&tuka, Aldrich and Alfa Aesar. The
purity of the products were tested in each steplbg. All reactions were carried out under a
dry N, atmosphere. FT-IR spectra were recorded on a rP&kner Spectrum two FT-IR
(ATR sampling accessory) spectrometer. Fluoresceaneasurements were recorded by
Hitachi S-7000 fluorescence spectrophotometer.egiModel 8453 diode array ultraviolet-
visible (UV-Vis) spectrophotometer was used to taleetronic spectra at room temperature.
'H-NMR spectra were recorded on a Bruker 300 spexter instruments. Mass spectra were
performed by MALDI SYNAPT G2-Si Mass Spectrometry.

2.2. Photophysical and Photochemical Parameters
2.2.1. Fluorescence quantum yields and lifetimes

Fluorescence quantum yield®d were determined in DMSO by the comparative method
using by equatiofl) [15, 16]
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where F and &4 are the areas under the fluorescence emissiorswivthe sample@) and

(5) and the standard, respectively. A anglqAre the respective absorbances of the samples

and standard at the excitation wavelengths, re'mpaada)ctn2 andnéld are the refractive indices
of solvents used for the samples and standardec#sely. Unsubstituted ZnP@£ = 0.20)
[17] was employed as the standard in DMSO. The abscebah the solutions at the
excitation wavelength ranged between 0.04 and 0.05.

2.2.2. Singlet oxygen quantum yields

Singlet oxygen quantum yield{) determinations are carried out using the expertaieset-

up described in literature in DMS{18-20] Typically, a 3 mL portion of the respective
standard ZnPc and samplé-@) solutions (C= 1x1® M) containing the singlet oxygen
quencher was irradiated in the Q band region wighpghotoirradiation set-up described in the
reference$18-20]. ®, values were determined in air using the relativthod with ZnPc as
standard in DMSO. 1,3-Diphenylisobenzofuran (DPBRBs used as chemical quencher for

singlet oxygen. Equatiof2) was employed for the determinationdfvalues:

R IStd
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P s the singlet oxygen quantum vyields for skendard znPc®a = 0.67 in
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where
DMSO) [21] and R and R4 are the DPBF photobleaching rates in the presendhe

Std
respective samples4{6) and standard, respectively,sl and Labs are the rates of light

absorption by the samples and standard, respectiVel avoid chain reactions induced by
quencher (DPBF) in the presence of singlet oxydfem,concentration of quencher (DPBF)
was lowered to ~3xIDM [22]. Solutions of sensitizer (C= 1x¥(M) containing quencher
(DPBF) were prepared in the dark and irradiatetheénQ band region. DPBF degradation at
417 nm was monitored. The light intensity 6.21%1photons $ cm? was used ford,

determinations.



2.2.3. Photodegradation quantum yields

Photodegradation quantum yields§ determinations are carried out using the expertaie
set-up described in the literatt8-20]. Photodegradation quantum yields were determined
using equatiorf3) in DMSO.

_ (Co—C1).V.Na
Tabs. S. t (3)

[OX

where @ and G are the samples concentrations before and aftetiation, respectively. V is
the reaction volume, Nthe Avogadro’'s constant, S the irradiated cellaaesd t the
irradiation time, lps is the overlap integral of the radiation sourahtiintensity and the
absorption of the samples. A light intensity of Z110° photons § cm® was employed for

d4 determinations.
2.3. Quantum Chemical Calculation Method

Density Function Theory in complex calculationswiglely used in recent studies. In the
present study, DFT and HF calculations were cawigdising Gaussian 9.0 Progr§2s]. In
put files of studied molecules were prepared witu§s View 5.0.824]. All the calculations
made were done by using B3LYP5] and HF[26] basis sets in TUBAK-TR Grid. All the
atoms in the calculations were calculated in tloe3sgf, 3-21 and lanl2dz set&s it is well
known the chemical reactivity of the molecules sddcan be interpreted by looking at
expressions such as chemical hardngyselectronegativityf), and chemical potentialdf

[27-36]. In the conceptual this theory, mentioned chenpcaperties are given as:

o _ ﬂE) o _ ﬂE)
r=u= N/t - HT N/t (4)
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As it is well-known ionization energy is the negatf the highest occupied molecular orbital

energy and electron affinity is the negative ofltheest unoccupied molecular orbital energy.

_ Erymo + Enomo p= Erymo + Enomo

2 2 (6)
_ Eivmo —Enwomo Ervmo — Enomo

2 2 (7)

The global electrophilicity indexa( introduced are defined via e@®) by Parr et al. Using
this index, it can be said that the electrophibecé of a chemical compound is related to
electronegativity and chemical hardness. Nucleaptyil (¢) which is the inverse of the

electrophilicity, is given via eq(®).

(o

2n  2p 2n  2p (8)

£= lfm £= lfm (9)
2.4. Synthesis
2.4.1. 4-(4-bromobenzylthio)phthalonitrile (1)
This compound was prepared according to litrafairé
2.4.2. [Cu] 2(3), 9(10), 16(17), 23(24) — Tetrak{@-bromobenzylthio)phthalocyanine (2)
The compound(1) (0.150 g, 0.46 mmol) and DBU (0.05 &min hexanol (5 mL) was
pulverized and heated with stirring at 120 °C f& Binutes under Natmosphere, then
anhydrous CuGl(0.030 g, 0.22 mmol) was added to the reaction nmediThe temperature
was raised to 150 °C and stirring for 6h. When ridés&ction is complete, the product was
cooled to room temperature, and the solid was whslig hexane acetonitrile and MeOH to

remove impurities. The green-blue product was tedl®y silica gel column chromatography
with CHCl-MeOH (50/2 v/v) as eluent and then dried in vacutitre novel phthalocyanine



[CuPc(2)] is soluble in common organic solvents such as GHCTH,Cl,, DMSO, THF and
DMF. Yield 0.070 g (45.20%), Anal. calcd. fogdEl36BrsCuNsS; (1380 g/mol): C, 52.21; H,
2.63; N, 8.12; S, 9.29. Found: C, 53.04; H, 2.968N6: S, 9.13. FT-IR (KBr), cnmi* 3053
(Ar-H), 2968, 2902 (Aliph-H), 1599, 1506, 1485, B36.140, 1067, 1057, 1010 772, 743.
UV-vis (THF): Amax, nm 687 (Q), 622 (r*, sh), 347 (B). MS (MALDI-MS, 2,5-
dihydroxybenzoic acid as matrix): 1382.5 [M+H]

2.5.3.[Zn] 2(3), 9(10), 16(17), 23(24)-Tetrakis{dromobenzylthio)phthalocyanine (3)

The compound(1) (0.150 g, 0.46 mmol) and DBU (0.05 &min hexanol (5 mL) was
pulverized and heated with stirring at 120 °C f& @inutes under Natmosphere, then
anhydrous Zn(Acag)(0.030 g, 0.22 mmol) was added to the reaction umediThe
temperature was raised to 150 °C and stirring for When the reaction is complete, the
product was cooled to room temperature, and thd 8as washed with hexane acetonitrile
and MeOH to remove impurities. The green-blue pebduas isolated by silica gel column
chromatography with CH@IMeOH (50/2 v/v) as eluent and then dried in vacutihee novel
phthalocyanine [ZnP¢3)] is soluble in common organic solvents such as GHCH.CI,,
DMSO, THF and DMF.Yield 0.074 g (47.50 %), Anal. calcd. forsdEl3sBraZnNgS, (1382
g/mol):C, 52.13; H, 2.63; N, 8.11; S, 9.28. Foufig:52.57; H, 2.91; N, 8.23; S, 9.3%-
NMR (300 MHz, CDC}) 6 ppm: 7.78=7.65 (m, 12H, Pc—H), 7.41-7.10 (m, 18iHH), 3.68
(s, 8H S-CH-Ar). FT-IR (KBr): v, cmi* 3051 (Ar-H), 2922, 2872(Aliph-H), 1708, 1642
1597, 1484, 1438, 1302, 1233, 1132, 1068, 1035, 788, 649. UV-vis (THF)Amax, nm
688 (Q), 620 (m*, sh), 358 (B). MS (MALDI-MS, 2,5-dihydroxybenzoiacid as matrix):
1383.8 [M+HJ.

2.5.4. [Ga] 2(3),9(10),16(17),23(24)-Tetrakis-(4-bmobenzylthio)phthalocyanine (4)

The compound(1) (0.150 g, 0.46 mmol) and DBU (0.05 &min hexanol (5 mL) was
pulverized and heated with stirring at 120 °C f& Binutes under Natmosphere, then
anhydrous GaGl(0.030 g, 0.17 mmol) was added to the reaction umediThe temperature
was raised to 150 °C and stirring for 6h. When ridés&ction is complete, the product was
cooled to room temperature, and the solid was whslith hexane acetonitrile and MeOH to
remove impurities. The green-blue product was tedl®y silica gel column chromatography
with CHClL-MeOH (50/2 v/v) as eluent and then dried in vacutiitre novel phthalocyanine



[GaPc(4)] is soluble in common organic solvents such as GHCTH,Cl,, DMSO, THF and
DMF. Yield 0.052 g (32.60%), Anal. calcd. fogdB3sBrsClGaNsS, (1422 g/mol): C, 50.68;
H, 2.55; N, 7.88; S, 9.02. Found: C, 51.11; H, 2)§27.85; S, 9.14'*H-NMR (300 MHz,

CDCl3) 8 ppm: 7.85-7.68 (m, 12H, Pc—H), 7.43-7.19 (m, 18HH), 3.73 (s, 8H S-CH

Ar).FT-IR (KBr): v, cmi* 3052 (Ar-H), 2921, 2896 (Aliph-H), 1723, 1598, 548453, 1335,
1310 1123, 1068, 1010, 819, 765, 743. UV-vis (THR)ax, nm 704 (Q), 637 (1et, sh), 361

(B). MS (MALDI-MS, 2,5-dihydroxybenzoic acid as mia): 1388.7 [M-CI+HJ .

3. Results and discussion
3.1. Synthesis and spectroscopic characterization

As the first step in this study, according to ketre, ligand, 4-(4-
bromobenzylthio)phthalonitrile and its new type pep zinc, and gallium
metallophthalocyanine§2-4) were synthesized. The new type phthalocyanine¢Ga),

ZnPc (3) and GaPc(4)] were successfully accomplished by heating anhyd@uCh, ZnCh

and GaQ metal salt with 4-(4-bromobenzylthio)phthalonitrilg 150-155 °C under N
atmosphere in the presence of DBU for(8bheme 1)

The structure of phthalocyanines (Cu23, ZnPc (3) and GaPc(4)) was verified by using
some spectroscopic methods such as UV-Vis, FFHRYMR, **C-NMR and MALDI-MS as
well as by elemental analysis. All the obtainedulissare compatible with the expected

phthalocyanine structures.

After the cyclotetramerization reaction of 4-(44mabenzylthio)phthalonitrile, the
disappearance of the sharp=N vibration at 2229 crh proved the formation of the
phthalocyanine¢2-4). The FT-IR spectra of phthalocyanines (C{Py ZnPc(3) and GaPc

(4)) are similar outside of small stretching shifesg( 1).

In UV-Vis spectra of the new synthesized phthaloaya complexes (CuRR), ZnPc(3) and
GaPc(4)), some characteristic absorptions were observélderQ-band region (650-700 nm)
arising from ther—z*transition from the HOMO to the LUMO of the Pc girand in the B
band region (300-400 nm) due to the deepettransitions. The Q-band absorptionsmefi’
transition for all phthalocyanines (Cul®), ZnPc(3) andGaPc(4)) in THF were observed as



a single band of high intensity at 686, 687, 704respectively. There was also a shoulder at
the slightly higher energy side of the Q band facke phthalocyanine at 623, 621, 637 nm
respectively(Fig. 2). The novel phthalocyanines [Cul®), ZnPc(3) andGaPc(4)] were also
characterized by mass spectrometry. Mainly prowmhabn peak o{2), (3) and (4) were
apperared at high intensity. They are compatibté e calculated values (fig. S1-S3.

3.2. Aggregation Studies

It has been well known that they have aggregati@mabior since the research for
phthalocyanine. Aggregation can be modified by givagn some properties such as solvents,
concentration, nature of functional group and terajpee. The aggregation behaviors of
CuPc(2), ZnPc(3) andGaPc(4) in the solvents were investigated by UV-vis spesttopy at
different concentrationgzigure 3 exhibits the UV-vis spectrum of the ZnE&) andGaPc(4)

at different concentrations in THF as an exampleese results proved that the formation of
monomeric species in THF as a result of the obsemiof a single Q bands for the Zn@3¢
(Fig. 3A) and GaP¢4) (Fig. 3B) While the concentrations of CulP2), ZnPc(3) andGaPc
(4) were increasing, the Q band intensities increaednew band formation was observed
because of the aggregated species. The pH depgndanaggregation properties was also
investigated. Aggregation behaviors of ZnBrandGaPc(4) in THF were recorded by UV-
Vis spectroscopy in various pH values. During itration of ZnPc(3) with acid, the Q band
intensity decreased and new aggregation bandsappeared at 651 and 734 nm. During the
titration of ZnPc(3) with base, the Q band intensity did not signifitamtecrease, but the
new aggregation band was appeared near the 75FigmS4. During the titration of GaPc
(3) with acid, the Q band intensity decreased and hamd formation was not observed.
During the titration of GaP¢3) with base, the Q band completely disappeared vhempH

value exceeded 9 and a new band formation washsetreed(Fig. S9.
3.3. Pd*ions binding titration studies
It is well known that phthalocyanines substitutedhwappropriate functional group might

exhibit optical sensitivity to metal ion®]. In this study, it was investigated by UV-Vis

spectroscopy whether or not the new synthesizeldafityanines were optically sensitive to



Pdf* ions. Thus, the effect of Pdions onCuPc(2), ZnPc(3) andGaPc(4) were studied by
monitoring the absorbance changes in the UV-Vistsae

Each binding titration studies was carried out tgliion of a solution of Pd ions dissolved

in MeOH in to the phthalocyanines solutions in MEOHF (10/90, v/v). The concentration
of the metal salt was selected as a° I@ol cmi®, while the concentration of metallo
phthalocyanine was selected as & ol cmi®. The high concentration of the metal salt was

selected to eliminate the absorption decreasdsediands due to the dilution.

After the addition of Pd ions to theCuPc(2), ZnPc (3) and GaPc(4) solutions at room
temperature, a color change from green to ligheéigrédappened. This proved that the
formation of aggregated species between the prayatines (CuP¢2), ZnPc(3) andGaPc
(4)) andPd™* ions.

Due to aggregated species, the solubility of mapalihalocyanines (CuRR), ZnPc(3) and
GaPc(4)) decreased at the end of the titration comparekeartonomeric speciebi. 4).

As shown inFig. 4, the Q, B and shoulder band absorptions effected aesult of the
interaction of P8 ions with the S-donor atoms in the metallophthgémines. While the Q
band absorption intensities of the monomeric sge@e 687 nm fo(2), 688 nm for(3) and
704 nm for (4)) were decreasing by the addition of*Pibns gradually, the absorption
intensities of the aggregated species enhancedtaimeously (at 642 nm fdR), 646 nm for
(3) and 670 nm for(4)). Fig. 4 show that the binding of Pdto the donor atoms of
metallophthalocyanines (CuRR), ZnPc (3) results in pronounced effects on the Q- and B-
bands in the UV-vis spectrum. This is due to theaimeation binding capability of the
functional sulfur chainfl2-14]. (Scheme 2

The changes in the monomer and aggregation baauwlsity of metallophthalocyanines (CuPc
(2), ZnPc(3) andGaPc(4)) were monitored as a function of mole amounts &fiBds versus
molar extinction coefficients) (Fig. 4). Binding ratios of metallophthalocyanines (CuR}
ZnPc(3) andGaPc(4)) with Pd™*ions were found as 1:2, 1:2 and 1:1,5, respectively

Competitive studies aZnPc (3) and GaP¢4) towards metal mixture [Ag Cdf*, CU*, F&”,
Hg?*, Ni?*, PE*, Zr**] in the presence and absence of'Rehs were carried out. The effect



of Ag", Cd*, CU*, F&*, HF", Ni**, P, Zr* ions onzZnPc (3) and GaPc(4) were studied

by monitoring the absorbance changes in the UVsgectra. As expected, during the titration
with these metal ions, there was not observed taidreficant change in the Q band intensity
of (3) and(4) (Fig. S6-Fig. S23 But, new metallophthalocyaninednfPc (3) andGaPc (4)
demonstrated a highly selectivity towards*Rehs in both the presence and absence of
competitive metal ions such as Agd”, Ct*, F&¢*, HE", Ni**, PIF*, zr?* (Fig. 5).

3.4. Fluorescence measurements

3.4.1. Fluorescence spectra and fluorescence quamntyields

Fluorescence behaviors of the Zn@} and GaPc(4) were investigated in DMSO at room
temperaturéFig. 6A and 6B) The ZnPd3) andGaPc(4) exhibited emission at 704 and 721
nm upon excitation at 620 and 637 nm, respecti{Edple 1). The observed Stokes shifts of
ZnPc (3) and GaPc(4) are 11 and 13 nm, respectively. As seerFig. 6, the excitation
spectra were similar to absorption spectra in tmpiexes. The fluorescence spectra were
mirror images of the excitation spectra for Zn@3} and GaPc(4). The proximity of the
wavelength of each component of the Q-band absorp the Q band maxima of the
excitation spectra for all complexes recommendsttienuclear configurations of the ground
and excited states are similar and not affectedxaytation in DMSQ[38, 39] Complex(2)

did not show fluorescence properties due to paraetiagnature of Cif ion in Pc core. The
fluorescence quantum yield®{) of the complexes8 and 4 were studied in THF and the
fluorescence quantum yield®g) values were given ifable 1 The fluorescence quantum
yields @¢) values of complexe8 and4 are 0.14 and 0.61 respectively. Considering metal
effects on®r values, ZnPc3) showed the lower value (0.14) than G&#c(®r=0.61) due to
metal effect. The peripheral tetra-substituted B&¢ (4) shows marginally largebr values
among the investigated Ga(lll)P¢40-44]. The pH dependency on fluorescence behaviors of
the complexe8 and4 was also investigated in THF at room temperatuhe fluorescence
emission spectra of ZnP8)(decreased when pH > 9 and pH < 6. No significii@nges in
fluorescence emission values were observed at pHHand 9(Fig. S24) The fluorescence
emission spectra of GaP8) (decreased when pH changed from 7 to 2. But,|Itleedlscence
emission spectra of GaPR8) sharply decreased when pHE9g. S25)

3.4.2. Photochemical properties



Singlet oxygen quantum yieldf) is a demonstration of singlet oxygen generatidwciv is
highly important for photocatalytic application suas PDT study. Th&, values were
calculated using ed2). Singlet oxygen quantum yields were studied in V&S a chemical
method by using 1, 3-diphenylisobenzofuran, (DPBE)singlet oxygen quenchdfig. 7
shows spectral changes observed during photolfsmomplex 3 and 4 in DMSO in the
presence of DPBF. The disappearance of DPBF wasgedidy UV-Vis spectroscopy. The
rate at which the DPBF degrades is related to @memtion of singlet oxygen. Any change
was not observed in the Q band intensities durimg &, assignments, verifying that
compounds were not degraded during singlet oxygahes[45]. The®, values for3 and4

are 0.72 and 0.35 in DMSO. While tthg value of zinc complex is higher than unsubstituted
ZnPc (A= 0.67), gallium complex is lower than unsubstidut@a(lll)Pc (,= 0.41) in
DMSO [46]. Insertion of 4-bromobenzylthigroups on the Pc rings increases the efficiency of
singlet oxygen creation fa3 in DMSO. Besides, the highBr value of complex4 causes
guenching of singlet oxygen generation by the metakffect. The amount of singlet oxygen
produced by a photosensitizer is arranged by thi@emcy of a spin-forbidden electronic
transition from a singlet to a triplet state (ISThe introduction of a larger and heavy atom
into Pc core is known to have an influence overrdites of the ISC and is termed the heavy-
atom effect. A larger heavy-atom effect of Zn icor tcomplex3 can be induced that,
depending upon other possible competing photopalysi@athways, may translate into

increased singlet oxygen productid].

Photodegradation is a process where phthalocyasipéotosensitizer is degraded under light
irradiation owing to singlet oxygen attack. Thebdity of MPc is mostly required in the body
at a fitting under light. The photodegradation Bii#ds of complexes3 and 4 were
determined in DMSO by monitoring the decrease ia iftensity of the Q band under
irradiation with increasing timéFig 8 for 3). The photodegradation quantum yieldg)X
values for the complexes listed Trable 1 are of the order of 10 Stable ZnPc molecules
show values as low as t@nd for unstable molecules, values of the ordeiGfhave been
reported48]. The order of stability among the substituted clexgs wagt > 3 in DMSO. &y

of Pc complexes3(and4) show good stability under the light applied whislvery important
for efficiently singlet oxygen formation.

3.4.3. Fluorescence quenching studies of ZnPc (3)caGaPc (4) by Pd" ions.



The effect of P ions on the fluorescence emission of Zn@} and GaPc (4) were
investigated upon addition of increasing amount®df ions and the fluorescence spectra
were recorded in THF. ZnR8) and GaPc(4) show maximum emissions at 704 and 721 nm
after excitation at 685 nm and 700 nm, respecti{Elg. 9). The titration with increasing
amounts of P ions influenced the emission spectra of Z(®and GaP¢4) by causing the
blue shift quenching of fluorescence intensity, ebhcan be used as a selective chemosensor
for Pd* ions. The alkyl thia units of ZnP@) and GaPc(4) having donor sulphur atoms in
their structures are possible interaction sitesFdt ions [49]. This change in fluorescence
response of ZnP¢3) and GaPd4) exhibits that the H-aggregation of ZnE&) andGaPc(4)
also plays a major role on fluorescence quenchinalicating the complex formation between
Pdf* ions and the metallophthalocyanine [ZnBFand GaPd4)] [50]. It is well-known that
J-aggregates of phthalocyanines are fluorescentreabeH-aggregates are not. In H-
aggregates, the lower state is much stabilizedh&dransition from the excited state to the
ground state is very fast and happens mostly betwee excitonic bands with vanishing
dipole moments as a result of which most of thegnisses are non radiative like thermal
losses. Due to this reason the H-aggregates hayelow florescence which is difficult to
measure by regular techniquisl, 52] Competitive studies oZnPc (3) and GaPc(4)
towards metal ion mixture [AgCd™*, CU*, F&*, He'!, Ni#*, PF*, Zr?"] in the presence and
absence of Pdions were carried out. The effect of Agcd®*, CU*, F&*, HF', Ni**, P,
Zn*‘ions on ZnPc (3) and GaPc (4) were studied by fluorescence spectra in THF. As
expected, during the titration with these metakiaimere was not observed to be significant
change in the fluorescence intensity of ZrnBrand GaPd4). Some related figures were
given inFig. S26-S31 At the same time, addition of metal mixtureZmPc(3) andGaPc(4)

did not lead to the fluorescence quenching in timesgion spectrumFg. 10). But, the
presence of Pdions and metal ion mixture led to significant flascence quenching of ZnPc
(3) and GaPd4) (Fig. 10. So, the new metallophthalocyanin@niPc (3) and GaPc (4)
may be said to be a highly selectivity toward$ s in both the presence and absence of
competitive metal ions such as Agd*, C/*, F&*, Hgt*, Ni®*, PF*, zr?* (Fig. 10).

3.5. Quantum chemical calculation results

The obtained result via quantum chemical studiethig study are given in detail below by

Gaussian Soft Ware. Chemical reactivity parameteh sas Romo, ELumo, AE (HOMO-



LUMO energy gap), chemical hardness, softness, treleegativity, proton affinity,
electrophilicity and nucleophilicity are a very iopant parameter in the theoretical

calculations. These parameters are useful toalerntgpare activity of molecules.

In this study, the molecular reactivity of the nmlkes studied was investigated and compared
with the analysis of frontier molecular orbitalshéFe are two frontier molecular orbitals,
namely HOMO and LUMO. HOMO is Highest Occupied Maliar Orbital and LUMO is
lowest unoccupied molecular orbital. The energH&fMO is related to the electron donor
ability of the molecule. HOMO's high energy valuelicates that tends to give electrons to
molecules with low energy and empty molecular aibit If the molecules have higher
HOMO energy value, the molecules have more eledmrating ability. On the other hand,
the value of the LUMO energy shows the ability tfotron accepting. The energy value of
LUMO is related to the electron acceptability oé timolecule. If the molecules have lowest

LUMO energy value, the molecules have more elecicmepting ability.

In consideration of previous exploitations, The HOMUMO energy gap AE) is the
difference between the LUMO of the metal and theMdDof the ligand. The energy gap
value is a very important parameter that is indidanolecular reactivity. The molecule with
the lower energy gap value is more reactive. IfHH@MO value of the ligand is assumed to
be constant, the complex formed with the ligandr&ftal atoms with the smaller LUMO
value is formed more easi[$3]. As a result of calculated HOMO and LUMO energyels
given for studied compounds table 2 andtable 3. Furthermore, the order of increasing
reactivity is: GaP¢4)>CuPc(2)>ZnPc(3).

Chemical hardness Chemical hardness is definedreébistance against electron cloud
polarization or deformation of chemical spec|éd]. Hard and soft Acid-Base (HSAB),
which is based on the concept of chemical hardness,very useful method to predict the
direction of chemical reactionf§5, 56] As a result of the Koopman thedgy], both softness

and hardness are explained using HOMO and LUMQarbnergy values. When molecular
hardness increases, electron donation becomes diffiteult. On the other hand, soft

molecules are good active molecule, because sdéaues very easy donation electron.

The electrophilicity index f) indicates the tendency of the active moleculeadoept the

electrons. The electrophilicity index is a very onfant parameter that is frequently used in



the analysis of chemical reactivity of moleculesichéophilicity €) is physically the inverse
of electrophilicity (1b). As it is well known that a molecule that hasgkarelectrophilicity
value isn't active molecule against metal atom evhimolecule that has large nucleophilicity

value is active molecule.

Electronegativity is an important parameter thaegiinformation about the reactivity of the
molecules. As the electronegativity value of tlgauhids increases, the ligand attracts more of
its electrons. If electronegativity of the moleculas the highest value, reactivity of this
molecule is the lowest. Because molecules have dligtironegativity values give difficult
electrons.

The Gibbs free energ\G) was calculated using below equation:

AE = EM—meplex — |Epz+ + 42 EL:’gund

AE = EM—meplex — |Epz+ + 42 EL:’gund

(10)

where Ev-Leompiex Em-Leomplex  js the energy of the metal complELigana Erigana is the
energy of the ligand anfmzs Emz+ is energy of the metal[&8]. The Gibbs free energy
(AG) has three possibilities for the numerical valliee first state, if the Gibbs free energy
(AG) numerical value of the reaction is less tharoz#re reaction is spontaneous. Second
state, If the numerical value of the Gibbs freergndAG) of the reaction equals zero, then
the reaction is in equilibrium. Third state, If themerical value of the Gibbs free energy
(AG) response is greater than zero, the reactiopastaneous. Itable 4, we see the Gibbs
free energy AG) of metal-complexes that is calculated in equei®). The complex has the
most negative the Gibbs free energys) value is easier to occur than the otherbig 11

The order in which the reactions are spontaneoas fellows: GaP¢)>ZnPc(3)>CuPc(2).

As it is well known that the molecular electrostgpiotential (ESP) of ligand ikig. 12 is

given to indicate the total charge distributione@ion + nuclei) of the molecule and
correlates with dipole moments, electronegativggytial charges and chemical reactivity.
The relative polarity of the molecules is indicateith a visual method. An electron density

isosurface of ligand is indicated the size, shaparge density and site of chemical reactivity



of molecules with electrostatic potential surfa@y-36]. In the electrostatic potential,
different colors refer to charge in different vadud@he red color represents the most negative
electrostatic potential, while the blue color regamets the most positive electrostatic potential,

the green color represents the electrostatic patesftthe zero potential region.

The potential increases in the order red < oranggelfow < green < blue. As can be
understood from this definition, the molecular élestatic potential (ESP) have been plotted

using the computer software Gauss v[@d] in 6-311++G** basis set.

4. Conclusion

In the present work, we have demonstrated the egrghand characterization of new
metallophthalocyanines (CuPc(2), ZnPc (3) and GaPc (4)) containing (4-
bromophenyl)methanethiol substituted groups. Chalmstructures of the new synthesed
metallo phthalocyanines (CuRR), ZnPc (3), GaPc(4)) were characterized by elemental
analysis, FT-IR!H-NMR, *C-NMR and UV-Vis spectral data. Their aggregati@maviors
and sensor properties for Pdons were studied by UV-Vis spectroscopy and fsoence
spectroscopy. The titration with increasing amowit®d* ions in the presence and absence
of the other metal ions mixture[AgCd*, CU*, F&¢*, H™*, Ni**, PF*, Zr?"] influenced the
emission spectra of ZnP¢3) and GaPc(4) by causing the blue shift quenching of
fluorescence intensity, which can be used as actbgle chemosensor for Pdions.
Photochemical and photophysical properties of ZnBy GaPc (4) are useful for
photocatalytic application such as photodynamicrajye agents for cancer treatments.
Especially, the singlet oxygen quantum yields gareindication of the efficiency of the

potential of these photosensitizers in PDT appboet
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Synthetic route of the metallo phthalocyanine® &), ZnPc(3), GaPc(4) i
K2CQO;, 4-nitrophthalonitrile, (4-bromophenyl)methanethiMF, 40 °C, 3
days.ii: metal salts (CuG) ZnCkL or GaC}, DBU, ca. 150-155 °C, for 6-8h.
The FT-IR spectra of the synthesized phthalocyanii@uPc(2), ZnPc (3),
GaPc(4)).

UV-Vis spectra of the metallo phthalocyaninesRC(R), ZnPc(3), GaPc(4))
in THF.

Absorption spectra of ZnP¢3) and GaPc(4) in DMSO at different
concentrations (inset: plot of absorbance versaseamration).

UV-Visible spectra of CuPc2j, ZnPc (3) and GaPc(4) in THF during the
titration with Pd* ions and mole amounts of Pibns versus molar extinction
coefficients §)

UV-Vis responses aZnPc(3) and GaP¢4) towards metal mixture [Ag Ccf”,
CU', F&*, HE'Y, Ni**, P, Zr?"] in the presence and absence of Rohs
Absorption, excitation and emission spectrahef complex3 (A) and4 (B) in
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A typical spectrum for the determination of setgbxygen quantum vyield of
the complex ZnP¢3) and GaP¢4) in DMSO.

A typical spectrum for the determination of plaggradation oxygen quantum
yield of the complex GaR@) in DMSO

Fluorescence emission spectra of ZifBcand GaPd4) in THF during the
titration with Pd" ions.

Fluorescence emission spectra of Z{#®and GaP¢4) towards metal mixture
[Ag*, Cf*, CUE*, Fé*, HEY, Ni?*, PF*, Zn?"] in the presence and absence of
P& ions

Representations of the metallo phthalocyanines((2), ZnPc(3), GaP4))
in which the ligand is formed by different metabiaus.

The optimized structures, HOMO, LUMO and elediatis potential structures
of ligand using DFT/B3LYP/6-31++G(d,p).



Table 1 Spectral, Photophysical and photochemical properties of (3) and (4)

comvans] 27y [ Swtomy | s | om | @ | w1 | o
ZnPc (3) 693 698 704 6 0,14 2.1 0,72
GaPc (4) 708 716 721 5 0,61 0,63 0,35

ZnPc - - - - 0,20 2.61 0,67
GaPc - - - - 0,300° 0,09° 0,41°

2 Datafrom ref. [17], ® Data from ref. [21], ° Data from ref. [46].




Table 2. Calculated quantum chemical parameters for 4-(4-bromobenzylthio)phthalonitrile (Ev)

Enomo ELumo | A AE n o PA X w Dipol Energy
B3LYP/STO-3G -4,28011  0,20409  4,28011 -0,20409  4,48420  2,24210 0,44601 2,03801 -2,03801 0,92625 1,07962 -98440,43945
B3LYP/3-21G -6,72371  -2,22373  6,72371  2,22373  4,49998  2,24999 0,44445 4,47372 -4,47372 4,44762  0,22484 -99066,49850
B3LYP/LANL2DZ | -6,91474  -2,62265 6,91474  2,62265  4,29209  2,14604 0,46597  4,76870 -4,76870 5,29823  0,18874 -19305,75080
HF/ STO-3G -7,00263  4,63114  7,00263 -4,63114 11,63378 5,81689 0,17191  1,18575 -1,18575 0,12085 8,27442 -98272,54213
HF/3-21G -9,35589  1,32221  9,35589 -1,32221 10,67810 5,33905 0,18730 4,01684 -4,01684 1,51104 0,66180 -98881,44626
HF/ LANL2DZ -9,43263  0,89172  9,43263 -0,89172 10,32435 5,16218 0,19372  4,27045 -4,27045 1,76638 0,56613 -19172,36550
Table 3. Eqomo, ELumo and zero point energy for metal atoms (Ev)
B3lyp Hartree-Fock
STO-3G 3-21G LANL2DZ STO-3G | 3-21G LANL2DZ
Enomo -0,78193 -0,97418 -1,18816 -1,20899 -1,31872 -1,46884
Ccu® ELumo -0,75592 -0,74542 -0,73739 -0,60103 -0,56918 -0,58239
Thermal Free Energies (G)  -44101,90200 -44396,51231 -5308,47607 -44074,62379 -44358,40567 -5282,40567
Enomo -1,12455 -1,17009 -1,16785 -1,29900 -1,30630 -1,32011
Ga** ELumo -1,03308 -1,03741 -1,01026 -0,85937 -0,87563 -0,90509
Thermal FreeEnergies(G)  -64098,95281 -64534,59281 -411,17547 -64050,55428 -64475,31838 -404,76787
Enomo -0,94443 -1,00448 -1,32916 -1,06054 -1,36704 -1,51511
zZn** ELumo -0,84378 -0,76087 -0,73250 -0,64775 -0,57889 -0,59664
Thermal FreeEnergies (G)  -47829,55892 -48157,91779 -1759,01736 -47797,91937 -48118,02517 -1704,89964




Table 4. The Gibbs free energy (AG) for complex

B3LYP/SDD B3LYP/6-311G B3LYP/3-21g HF/SDD HF/6-311G HF/3-21g

CuPc (2) | -16092,14063 -16195,23302 -3034,24623 -16066,34082 -16166,37156 -3013,23273
ZnPc (3) | -16228,43081 -16333,41913 -2903,70208 -16203,21581 -16304,51379 -2881,91957
-16801,53882 -16906,61997 -2835,17123

GaPc (4) | -16827,59195 -16936,21000 -2855,20937
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Scheme 2Proposed schematic diagram for H-aggregation déllophthalocyanines C(2),
Zn (3), Ga(4)
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