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The  synthesis  of  a  new  3,4-(dimethoxyphenylthio)  substituted  phthalonitrile  (1)  and  its  soluble  metal
free  (2),  zinc  (II) (3),  oxo-titanium  (IV)  (4)  and  nickel  (II)  (5)  phthalocyanine  derivatives  are  reported
for  the  first  time.  The  new  compounds  have  been  characterized  by  elemental  analysis,  FT-IR, 1H NMR,
UV–Vis,  fluorescence  spectroscopies  and  mass  spectra.  General  trends  are  described  for  fluorescence,
photodegradation  and  singlet  oxygen  quantum  yields  and  fluorescence  lifetimes  of  oxo-titanium  (IV)
and zinc  (II)  phthalocyanine  compounds  in  dimethylsulfoxide  (DMSO).  The  effects  of  the  metal  ion on
hthalocyanine
inc
ickel
itanium
luorescence
hotochemistry

the  photophysical  and  photochemical  parameters  for these  phthalocyanines  (3 and  4)  are  also  reported.
© 2011 Elsevier B.V. All rights reserved.
hotophysics

. Introduction

Phthalocyanines (Pcs), a family of aromatic macrocycles based
n an extensive delocalized 18� electron system, have been exten-
ively studied due to their unique optical, electronic, catalytic and
tructural properties. The phthalocyanine (Pc) structure has been
onsiderably scrutinized for improved chemical and physical prop-
rties. It is the smart modification of the phthalocyanine structure
hat has been shown to effectively improve its photochemical and
hotophysical properties [1].  Phthalocyanine derivatives have been
sed in a number of applications which include Langmuir–Blodgett
lms [2],  chemical sensors [3],  semiconductors [4] and liquid
rystals [5] due to their unique properties. PDT is an effective sin-
le modality treatment for several medical indications, including
ancer, age-related maculopathy, periodontitis, malignant and pre-
alignant skin disorders [6–8]. PDT involves the uptake of the

hotosensitizing compound (photosensitizer) by cancerous tissues
r other sites of therapeutic interest (e.g., neovascular regions),
ollowed by selective irradiation with visible or IR light of an appro-

riate wavelength that is absorbed by the photosensitizer [9–11].
hree fundamental requirements for PDT are oxygen, light source,
nd photosensitizer. Each factor is harmless by itself, but their

∗ Corresponding author. Tel.: +90 212 3834171; fax: +90 212 3834134.
E-mail address: erdogmusali@hotmail.com (A. Erdoğmuş ).

386-1425/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2011.10.062
combination can produce cytotoxic agents such as singlet oxygen.
Phthalocyanines have played a vital role in the field of photody-
namic therapy (PDT) owing to their admirable photosensitizing
ability [12] and as a result, they are being utilized in clinical photo
diagnosis [13]. Also they can be used in jet printing inks, cata-
lysts, display devices, data storage, solar cells and photonic devices
[14–16]. The PDT properties of the phthalocyanine dyes are strongly
influenced by the presence and nature of central metal ion and
substituents introduced on the periphery of the phthalocyanines.
Complexation of phthalocyanines with transition metals gives dyes
with short lifetimes. Closed shell, diamagnetic ions, such as Zn (II)
give metallophthalocyanines with both high triplet quantum yield
and long triplet life time [17].

A major disadvantage of Pcs is their low solubility in common
organic solvents or in water. Their insolubility causes difficulties
for many applications rendering the synthesis of soluble deriva-
tives. The solubility of phthalocyanines in apolar solvents can be
improved by introducing different kinds of bulky substituents, such
as alkyl, alkoxy, alkylthio and crown ether groups on the phthalo-
cyanine framework [18–22].

Thiol substituted metallophthalocyanine (MPc) complexes
show rich spectroscopic and photochemical properties. For exam-

ple, they are known to absorb at longer wavelengths (>700 nm)
[23,24] than other MPc  complexes. Therefore, these complexes
have a very feature for applications in optoelectronics, near-
IR devices and PDT [25]. Our previous papers have described

dx.doi.org/10.1016/j.saa.2011.10.062
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:erdogmusali@hotmail.com
dx.doi.org/10.1016/j.saa.2011.10.062
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cheme 1. Synthetic route of tetra (3,4-dimethoxyphenylthio) substituted metal f
-pentanol, 12 h, argon atm, (ii) zinc (II) acetate (for 3), titanium (IV) butoxide (for 

ynthesis, photophysical and photochemical properties of zinc and
itanium phthalocyanines carrying various substituents [26–32].
owever, these studies on MPc  complexes are still very limited.
he using of 3,4-dimethoxyphenylthio groups as a substituent on
he phthalocyanine is reported for the first time. In this study, this
roup was substituted at peripheral position of phthalocyanine
ramework for improve the solubility and prevent aggregation of
hthalocyanines [30]. Tetra-3,4-dimethoxyphenylthio substituted
etal free (2) and metallophthalocyanines (3–5) exhibit good sol-
bility in the common organic solvents without aggregation and
he using of sulfur as linker atoms in the complexes is expected
o red shift of the Q band [33], which is also important for photo-
hysicochemical properties. This work have also been investigated
nc (II), oxo-titanium (IV) and nickel (II) phthalocyanine derivatives (i) (for 2) DBU,
kel (II) acetate (for 5), DBU, 1-pentanol, 10 h, argon atm.

the photosensitizing tendencies of tetra 3,4-dimethoxyphenylthio
substituted Zn (II) and TiO (IV) phthalocyanines (Scheme 1). The
effect of the nature of central metal atom on the photophysical
and photochemical properties of the new zinc (II) and titanium (IV)
phthalocyanine complexes have been discussed in DMSO.

2. Experimental

2.1. Materials
Dimethylsulfoxide (DMSO), 1-pentanol, methanol (CH3OH),
n-hexane, chloroform (CHCl3), dichloromethane (DCM), tetrahy-
drofuran (THF), acetone, K2CO3, ethanol and dimethylformamide
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DMF) were purchased from Merck, 1,8-diazabicyclo[5.4.0]undec-
-ene (DBU), zinc (II) acetate (Zn(CH3COO)2), titanium (IV) butox-

de (Ti(OCH2CH2CH2CH3)4), nickel (II) acetate (Ni(CH3COO)2),
,3-diphenylisobenzofuran (DPBF), 4-nitrophthalonitrile and 3,4-
imethoxythiophenol were purchased from Sigma Aldrich. Column
hromatography was performed on silica gel 60 (0.04–0.063).

.2. Equipment

Absorption spectra in the UV–Visible region were recorded with
 Shimadzu 2001 UV spectrophotometer. Fluorescence excitation
nd emission spectra were recorded on a Varian Eclipse spectroflu-
rometer using 1 cm pathlength cuvettes at room temperature.
T-IR spectra (KBr pellets) were recorded on a Perkin Elmer Spec-
rum One Spectrometer. The mass spectra were acquired on a
ruker Daltonics (Bremen, Germany) MicroTOF mass spectrom-
ter equipped with an electronspray ionization (ESI) source. The
nstrument was operated in positive ion mode using an m/z range
f 50–3000. The capillary voltage of the ion source was set at
000 V and the capillary exit at 190 V. The nebulizer gas flow
as 1 bar and drying gas flow 8 ml/min. 1H NMR spectra were

ecorded in CDCl3 solutions on a Varian 500 MHz  spectrometer.
lemental analyses were obtained with a Thermo Flash EA 1112
eries.

Photo-irradiations were done using a General Electric quartz
ine lamp (300 W).  A 600 nm glass cut off filter (Intor) and a water
lter were used to filter off ultraviolet and infrared radiations,
espectively. An interference filter (Intor, 700 nm with a band width
f 40 nm)  was  additionally placed in the light path before the
ample. Light intensities were measured with a POWER MAX5100
Molelectron detector incorporated) power meter.

.3. Photophysical parameters

.3.1. Fluorescence quantum yields and lifetimes
Fluorescence quantum yields (˚F) were determined by the com-

arative method using Eq. (1) [34],

F = ˚F(Std)
F.AStd.n2

FStd.A.n2
Std

(1)

here F and FStd are the areas under the fluorescence emission
urves of the samples (2, 3 and 5) and the standard, respec-
ively. A and AStd are the respective absorbances of the samples
nd standard at the excitation wavelengths, respectively. n2 and
2
Std are the refractive indices of solvents used for the sample and
tandard, respectively. Unsubstituted ZnPc (in DMSO) (˚F = 0.20)
35] was employed as the standard. Both the samples and stan-
ard were excited at the same wavelength. The absorbance of the
olutions at the excitation wavelength ranged between 0.04 and
.05.

Natural radiative lifetimes (�0) were determined using Pho-
ochemCAD program which uses the Strickler–Berg equation [36].
he fluorescence lifetimes (�F) were evaluated using Eq. (2).

F = �F

�0
(2)

.4. Photochemical parameters

.4.1. Singlet oxygen quantum yields
Singlet oxygen quantum yield (˚�) determinations were car-

ied out using the experimental set-up described in the literature

37–39]. Typically, a 3 ml  portion of the phthalocyanine deriva-
ives (absorbance ∼1.5 at the irradiation wavelength) containing
he singlet oxygen quencher was irradiated in the Q band region
ith the photo-irradiation set-up described in Refs. [37–39].
ta Part A 86 (2012) 423– 431 425

Singlet oxygen quantum yields (˚�) were determined in air using
the relative method with ZnPc (in DMSO) as a reference. DPBF was
used as chemical quencher for singlet oxygen in DMSO. Eq. (3) was
employed for the calculations:

˚� = ˚Std
�

R.IStd
abs

RStd.Iabs
(3)

where ˚Std
�

is the singlet oxygen quantum yield for the standard
ZnPc ˚Std

�
= 0.67 in DMSO [40], R and RStd are the DPBF photo-

bleaching rates in the presence of the respective samples (3 and
4) and standard, respectively. Iabs and IStd

abs are the rates of light
absorption by the samples (3 and 4) and standard, respectively.
To avoid chain reactions induced by DPBF in the presence of singlet
oxygen [41], the concentration of quencher (DPBF) was  lowered
to ∼3 × 10−5 mol  dm−3. Solutions of sensitizer (containing DPBF)
were prepared in the dark and irradiated in the Q band region using
the setup described above. DPBF degradation at 417 nm was moni-
tored. The light intensity of 7.05 × 1015 photons s−1 cm−2 was used
for ˚� determinations.

2.4.2. Photodegradation quantum yields
Photodegradation quantum yield (˚d) determinations were

carried out using the experimental set-up described in the liter-
ature [37–39].  Photodegradation quantum yields were determined
using Eq. (4),

˚d = (C0 − Ct).V.NA

Iabs.S.t
(4)

where C0 and Ct are the samples (3 and 4) concentrations before
and after irradiation, respectively, V is the reaction volume, NA
is the Avogadro’s constant, S is the irradiated cell area and t is
the irradiation time, Iabs is the overlap integral of the radiation
source light intensity and the absorption of the samples (3 and 4).
A light intensity of 2.35 × 1016 photons s−1 cm−2 was employed for
˚d determinations.

2.5. Synthesis

2.5.1. 3,4-(Dimethoxyphenylthio) phthalonitrile (1)
Mixture of 3,4-dimethoxythiophenol (1.00 g, 5.90 mmol) and 4-

nitrophthalonitrile (0.99 g, 5.90 mmol) in DMF  (10 ml)  was  stirred
under argon atmosphere at room temperature. K2CO3 (2.07 g,
15 mmol) was  added three times and the reaction mixture was
stirred at room temperature for 24 h. Then reaction mixture was
dropped into ice water, and the precipitate was filtered off, washed
with water and methanol and then dried. The crude product was
recrystallized from ethanol. Finally the pure product was  dried in
vacuum. Yield: 1.46 g (72%). FT-IR �max/cm−1 (KBr pellet): 3078
(Ar–CH), 2961, 2834 (CH), 2230 (C N), 1579 (C C), 1475, 1456,
1442, 1383, 1325, 1277 (C–O–C), 740 (C–S–C). 1H NMR  (CDCl3):
ı = 7.59 (1H, m,  Ar–H), 7.33–7.27 (2H, m,  Ar–H), 7.18–7.16 (1H, m,
Ar–H), 7.08–6.98 (2H, m,  Ar–H), 3.97 (3H, s, C–H), 3.89 (3H, s, C–H).
Calc. for C16H12N2O2S: C, 64.90; H, 4.10; N, 9.45; S, 10.80; Found.
C, 64.96; H, 4.12; N, 9.39; S, 10.83. MS  (GC–MS) m/z: Calc.: 296.35,
Found: 296 [M]+.

2.5.2. 2(3),9(10),16(17),23(24)-Tetrakis-[3,4-
(dimethoxyphenylthio)] phthalocyanine (2)

Compound (1) (0.20 g, 0.67 mmol) and 2 ml of dry 1-pentanol
were placed in a standard Schlenk tube in the presence of DBU
(0.20 ml,  0.132 mmol) under an argon atmosphere and this mix-

ture was refluxed for 12 h. After cooling to room temperature, the
reaction mixture was precipitated by addition of into n-hexane. The
crude product was precipitated, collected by filtration and washed
with hot hexane, ethanol and methanol. The crude green product
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as further purified by chromatography over a silica gel column
sing THF and then a mixture of CHCl3: MeOH (20/1 by volume)
s eluents. Yield = 0.035 g (18%). UV–Vis (DMSO): �max nm (log ε)
46 (4.46), 648 (4.05), 716 (4.71); (toluene): �max nm (log ε) 340
4.41), 642 (4.00), 709 (4.62). FT-IR �max/cm−1 (KBr pellet): 3289
N–H), 3060 (Ar–CH), 2933, 2838 (CH), 1606 (C C), 1582, 1501,
4761, 1349, 1252 (C–O–C), 1017, 740 (C–S–C). 1H NMR  (CDCl3):

 = 8.62–6.81 (24H, m,  Ar–H), 4.12–3.68 (24H, m,  CH3). Calc. for
64H50N8O8S4: C, 64.74; H, 4.24; N, 9.44; S, 10.80%. Found: C, 64.12;
, 4.17; N, 9.89; S, 10.46%. MS  (ESI-MS) m/z: Calc.: 1187.3; Found:
187.2 [M]+.

.5.3. 2(3),9(10),16(17),23(24)-Tetrakis-[3,4-
dimethoxyphenylthio)]phthalocyaninato zinc (II) (3)

A mixture of compound (1) (0.20 g, 0.67 mmol), DBU (0.20 ml,
.132 mmol) and Zn(OAc)2 (0.13 g, 0.67 mmol) in 2 ml 1-pentanol
as stirred and refluxed under argon atmosphere for 12 h. The

esulting green suspension was cooled and crude product was  pre-
ipitated by addition of n-hexane. This product was purified with
olumn chromatography using THF and then CHCl3:MeOH (10/1
y volume) as eluents. Yield: 0.075 g (35%). UV–Vis (DMSO): �max

m (log ε) 365 (4.97), 626 (4.74), 696 (5.39); (toluene): �max nm
log ε) 355 (4.90), 619 (4.69), 688 (5.21). FT-IR �max/cm−1 (KBr pel-
et): 3062 (Ar–CH), 2933, 2838 (CH), 1582 (C C), 1606 (C C), 1501,
460, 1436, 1394, 1348, 1311, 1229 (C–O–C), 929, 847, 815, 741
C–S–C). 1H NMR  (CDCl3): ı = 8.12–6.79 (24H, m,  Ar–H), 3.85–374
24H, m,  CH3). Calc. for C64H48N8O8S4Zn: C: 61.45, H: 3.85, N: 8.95,
: 10.25, Found C: 61.75, H: 3.91, N: 8.86, S: 10.31. MS  (ESI-MS) m/z:
alc.: 1250.80, Found: 1250.20 [M]+.

.5.4. 2(3),9(10),16(17),23(24)-Tetrakis-[3,4-
dimethoxyphenylthio)]phthalocyaninato oxotitanium (IV) (4)

The synthesis and purification of 4 was as outlined for 3, except
itanium (IV) butoxide (0.115 ml,  0.34 mmol) was employed instead
f zinc acetate. The amounts of the other reagents were: compound

 (0.2 g, 0.67 mmol) and DBU (0.10 ml)  in 2 ml  1-pentanol. Yield:
.078 g (37%). UV–Vis (DMSO): �max nm (log ε) 350 (4.73), 647
4.53), 718 (5.39); (toluene): �max nm (log ε) 352 (4.79), 643 (4.61),
14 (5.44). FT-IR �max/cm−1 (KBr pellet): 3083 (Ar–CH), 2944, 2865
CH), 1581 (C C), 1506, 1462, 1261 (C–O–C), 1019 (Ti O), 748
C–S–C). 1H NMR  (CDCl3): ı = 9.01–7.36 (24H, m, Ar–H), 3.99–3.82
24H, m,  CH3). Calc. for C64H48N8TiO9S4: C, 61.53; H, 3.87; N, 8.97;
, 10.27%, Found: C, 62.39; H, 4.01; N, 9.06; S, 10.15%. MS  (ESI-MS)
/z: Calc.: 1250.8, Found: 1250.8 [M]+.

.5.5. 2(3),9(10),16(17),23(24)-Tetrakis-[3,4-
dimethoxyphenylthio)]phthalocyaninato nickel (II) (5)

The synthesis and purification of 5 was as outlined for 3,
xcept Ni(OAc)2 (0.11 g, 0.67 mmol) was employed instead of zinc
cetate. The amounts of the other reagents were compound 1 (0.2 g,
.67 mmol) and DBU (0.10 ml)  in 2 ml  1-pentanol. Yield: 0.045 g
20%). UV–Vis (DMSO): �max nm (log ε) 296 (4.94), 625 (4.66), 687
4.37); (toluene): �max nm (log ε) 303 (4.73), 619 (4.36), 687 (5.03).
T-IR �max/cm−1 (KBr pellet): 3071 (Ar–CH), 2942, 2838 (CH), 1589
C C), 1510, 1478, 1430, 1387, 1338, 1265 (C–O–C), 929, 847,
15, 751 (C–S–C). 1H NMR  (CDCl3): ı = 9.15–7.28 (24H, m,  Ar–H),
.03–3.89 (24H, m,  CH3). Calc. for C64H48N8NiO8S4: C, 61.79; H,
.89; N, 9.01; S, 10.31%, Found: C, 62.39; H, 3.81; N, 9.17; S, 10.41%.
S (ESI-MS) m/z: Calc.: 1244.06, Found: 1244.5 [M]+.

. Results and discussion
.1. Synthesis and characterization

The synthetic route of novel phthalocyanines (2–5) is shown
n Scheme 1. Peripherally tetra-substituted metal free (2), zinc
ta Part A 86 (2012) 423– 431

(II) (3), oxo-titanium (IV) (4) and nickel (II) (5) phthalocya-
nines are prepared by template cyclotetramerization of newly
synthesized 3,4-dimethoxyphenylthio substituted phthalonitrile
(1). 2(3),9(10),16(17),23(24)-Tetra-substituted (peripheral posi-
tion) phthalocyanines can be synthesized from 4-substituted
phthalonitriles [10]. The preparation of metallophthalocyanine
derivatives from the aromatic nitrile occurs under same reaction
conditions. The syntheses of complexes (3–5) were achieved by
treatment of 3,4-dimethoxyphenylthio substituted phthalonitrile
(1) with zinc (II) acetate, titanium (IV) butoxide or nickel (II) acetate
in dry 1-pentanol (Scheme 1). In this study, synthesized tetrakis-
3,4-dimethoxyphenylthio substituted phthalocyanine compounds
were obtained as isomer mixtures as expected. No attempt was
made to separate the isomers of complexes (2–5).

All of these new phthalocyanines (2–5) were purified by column
chromatography. They were obtained in a moderate yield (18% for
2, 35% for 3, 37% for 4 and 20% for 5) and were characterized by
elemental analysis together with the spectral data (1H NMR, FT-IR,
mass and UV–Vis spectroscopies). The characterization data of the
new compounds are consistent with the assigned formula as shown
in Section 2.

Generally, phthalocyanine complexes are insoluble in most
organic solvents; however introduction of substituents on the
ring increases the solubility. All studied phthalocyanine complexes
(2–5) exhibited excellent solubility in organic solvents such as
DCM, CHCl3, THF, toluene, DMF  and DMSO.

The characteristic vibrations corresponding to C N were
observed at 2230 cm−1 for compound 1 in the FT-IR spectrum. The
C–O–C vibrations and the thio ether (C–S–C) vibrations for com-
pound 1 were observed at 1277 cm−1 and 740 cm−1, respectively.
Aromatic C–H and aliphatic C–H vibrations occurred at 3078 cm−1

and between 2961 and 2834 cm−1 for the phthalonitrile (1), respec-
tively. The 1H NMR  spectrum of the compound 1 showed signals
with ı ranging from 7.59 to 6.98 belonging to aromatic protons and
3.89 to 3.97 ppm belonging to aliphatic protons for compound 1.
In the mass spectrum of phthalonitrile compound (1) obtained by
the relatively soft GC–MS technique, the molecular ion peak was
observed at m/z 296 [M]+.

After conversion into phthalocyanines (2, 3, 4 and 5) the char-
acteristic sharp C N stretch at 2230 cm−1 for phthalonitrile 1
disappeared in the FT-IR spectra of phthalocyanine derivatives. The
FT-IR spectra of metal-free (2) and metallophthalocyanines (3, 4
and 5) are very similar. The significant difference is the presence of
N–H vibrations of the inner phthalocyanine core which are assigned
to a weak vibration at 3289 cm−1 for the metal-free compound.
The characteristic vibrations corresponding to the thioether groups
(C–S–C) were observed at 740 (for 2), 741 (for 3), 748 (for 4), and
751 cm−1 (for 5). The synthesized phthalocyanine complexes (2–5)
showed characteristic vibrations belong to ether groups (C–O–C)
at ca. ∼1250 cm−1, aromatic CH stretching at ca. 3062 cm−1 and
aliphatic CH stretching at ca. 2844–2950 cm−1. FT-IR bands at
1019 cm−1 correspond to Ti O vibration from the bond between
Ti and the axial oxygen ligand confirmed titanium phthalocyanine
(4) formation.

The 1H NMR  spectra of tetra-substituted phthalocyanine
complexes (2–5) showed broad peaks when compared with
that of corresponding phthalonitrile derivative (1). It is likely
that broadness is due to both chemical exchange caused by
aggregation–disaggregation equilibrium in CDCl3 and the fact that
the product obtained in this reaction is a mixture of four positional
isomers which are expected to show chemical shifts which slightly
differ from each other for tetra substituted complexes (2–5). The

3,4-dimethoxyphenylthio substituted phthalocyanines were found
to be pure by 1H NMR  with all the substituents and ring pro-
tons observed in their respective regions. The tetra substituted
phthalocyanines (2 to 5) showed the phthalocyanine ring protons
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band of the titanium phthalocyanine complex (4) was red-shifted
Fig. 1. The mass spectra of the compounds 3 (a) and 5 (b).

s unresolved multiplets (most likely due to the presence of iso-
ers). The NH-protons of compound 2 could not be observed in

he 1H NMR  spectrum owing to the probable strong aggregation of
he molecules [42]. The phthalocyanine ring and aromatic protons
or peripherally tetra substituted complexes were observed in the
ange 8.62–6.81 ppm for 2 integrating for 24 protons, 8.12–6.79
or 3 integrating for 24 protons, 9.01–7.36 for 4 integrating for
4 protons and 9.15–7.28 ppm for 5 integrating for 24 protons
s expected. The CH3 protons for complexes (2–5) were observed
t 4.12–3.68 for 2, 3.85–3.74 ppm for 3, 3.99–3.82 ppm for 4 and
.03–3.89 ppm for 5 integrating totally for 24 protons for all stud-

ed phthalocyanine complexes, as expected. Although the presence
f isomers as well as phthalocyanine aggregation at the concentra-
ions used for the NMR  measurements may  lead to broadening of
he aromatic signals, the observed spectra of all studied complexes
ere relatively well-resolved.

In the mass spectra of phthalocyanines obtained by the rel-
tively soft ESI-MS technique, the molecular ion peaks were
bserved at m/z 1187.2 for 2, 1250.2 for 3, 1250.8 for 4 and 1244.5
or 5 (Fig. 1, using complexes 3 (a) and 5 (b) as examples). Elemental
nalysis results were also consistent with the proposed structures
f 1 to 5 as expected.

.2. Ground state electronic absorption and fluorescence spectra

The ground state electronic spectra are especially useful to iden-
ify the structure of the phthalocyanines. Generally, UV–Vis spectra
f phthalocyanines show typical electronic spectra with two  strong
bsorption bands known as Q and B bands. The Q-band in the vis-

ble region at ca. 600–750 nm is attributed to the �–�* transition
rom HOMO (highest occupied molecular orbital) to LUMO (lowest
noccupied molecular orbital) of the Pc (−2) ring and the B band in
Fig. 2. Absorption spectra of: (a) 2–5 in DMSO and (b) 2–5 in chloroform. Concen-
tration ∼1 × 10−5 mol  dm−3.

the UV region at ca. 300–400 nm arises from the deeper �–�* tran-
sitions [43], but contains a small contribution from n–�*transition.

The ground state electronic absorption spectra of the periph-
erally tetra-substituted phthalocyanine complexes (3–5) showed
monomeric behavior evidenced by a single (narrow) Q band,
typical of non-aggregated metallo phthalocyanine complexes in
chloroform and DMSO. The electronic spectra of phthalocyanine
compounds (2, 3, 4 and 5) are given in Fig. 2. In the UV–Vis spec-
trum of metal-free phthalocyanine (2), the characteristic split Q
band was  observed at 686 and 719 nm in chloroform which can
be attributed a1u → eg transition [44]. A typical spectrum of the
metal-free phthalocyanine (2) showed B band at 347 in chloroform
Fig. 2b. The UV–Vis absorption spectra of metallophthalocyanines
3, 4 and 5 in CHCl3 were observed the intense Q absorption at 696,
721 and 690 nm,  respectively. The Q band absorptions were also
observed at 696 nm for 3, 718 nm for 4 and 687 nm for 5 in DMSO. In
addition, the intense B band absorptions were observed at 357 nm
for 3, 348 nm for 4 and 307 nm for 5 in CHCl3 and 365 nm for 3,
350 nm for 4 and 296 nm for 5 in DMSO, respectively (Fig. 2) The Q
when compared to the corresponding other studied phthalocya-
nine complexes (2, 3 and 5) in all studied solvents due to the central
metal effect. The Q-band absorption maxima of the TiOPcs are about
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ig. 3. Absorption spectral changes of 3 (a) and 4 (b) in DMSO at different concentr
F) mol  dm−3. (Inset: plot of absorbance versus concentration.)

0 nm longer than other common metal Pcs, such as Mg, Al, Zn, and
a, which are more suitable for PDT.

Aggregation is usually depicted as a coplanar association of
ings progressing from monomer to dimer and higher order
omplexes. It is dependent on the concentration, nature of the
olvent, nature of the substituents, central metal ions and temper-

ture. In this study, the aggregation behavior of the phthalocyanine
omplexes (2–5) was investigated in different solvents (DMSO,
MF, CHCl3, toluene and THF). For complexes, as the concentra-

ion was increased, the intensity of absorption of the Q band also
: 4 × 10−6 (A), 6 × 10−6 (B), 8 × 10−6 (C), 10 × 10−6 (D), 12 × 10−6 (E) and 14 × 10−6

increased and there were no new bands (normally blue shifted)
were observed in DMSO. However, Beer–Lambert law was obeyed
for all of the compounds in the concentrations ranging from
4 × 10−6 to 14 × 10−6 mol  dm−3 (Fig. 3 as examples for complexes
3 (a) and 4 (b)).

The fluorescence behavior of the metal free (2), zinc (3) and

oxo-titanium (4) phthalocyanine complexes were studied in DMSO.
Fig. 4 shows the absorption, fluorescence emission and excitation
spectra for complex 3 as an example in DMSO. Fluorescence emis-
sion intensities were observed at 707 nm for 2, 707 nm for 3 and
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Fig. 4. Absorption, excitation and emission spectra fo

10 nm for 4. The shape of the excitation spectra (�Ex = 705 nm for
, 697 nm for 3 and 700 nm for 4) of studied compounds was similar
o their absorption spectra. This proximity of the wavelength of the

 band absorption to the Q band maxima of the excitation spectrum
or phthalocyanine compounds suggests that the nuclear configu-
ations of the ground and excited states are similar and not affected
y excitation. The observed Stokes shifts are 2 nm for 2, and 10 nm
or 3 and 4 in DMSO. The nickel (II) phthalocyanine compound (5)
id not show fluorescence in DMSO.

.3. Photophysical and photochemical properties

.3.1. Fluorescence quantum yields and lifetimes
The fluorescence quantum yields (˚F) of metal free (2), zinc

II) (3) and oxo-titanium (IV) (4) phthalocyanines were studied in
MSO. While the ˚F values of metal free (2), and oxo-titanium (IV)
hthalocyanine (4) complexes are lower than typical of phthalocya-
ine complexes, the ˚F value of zinc (II) phthalocyanine complex
3) (˚F = 0.15) is typical of MPc  complexes in DMSO [45]. But the

F value of the substituted zinc phthalocyanine complex (3) is
ower than for unsubstituted ZnPc (˚F = 0.20) [35] in DMSO. The
alue of ˚F was lower for substituted oxotitanium (IV) phthalo-
yanine complex (4) (˚F = 0.013) when compared to respective
nsubstituted TiO (IV) phthalocyanine complex (˚F = 0.13) [46]. It

s possible that photo induced electron transfer from the donor moi-
ty (dimethoxy benzene) to the acceptor (Pc moiety) is responsible
or this, similar to the case in Refs. [47,48].

Fluorescence lifetime (�F) is the average time a molecule stays
n its excited state before fluorescence, and this value is directly
elated to that of ˚F. Lifetimes of fluorescence (�F) were calcu-

ated using the Strickler–Berg equation. Using this equation, a good
orrelation has been found between experimentally and the theo-
etically determined lifetimes for the unaggregated molecules [49].
hus we suggest that the �F values obtained using this equation
 (nm)

pound 3 (Excitation wavelength = 665 nm) in DMSO.

is an appropriate measure of fluorescence lifetimes. While the �F
value of the studied zinc phthalocyanine compound (3) is within
the range (�F = 0.95 ns), the �F values of the studied metal-free (2)
(�F = 0.41 ns) and oxo-titanium (IV) (4) (�F = 0.13 ns) phthalocya-
nine compounds are lower than reported for Pc compounds [45].
All studied phthalocyanine compounds showed lower �F values
than unsubstituted ZnPc (�F = 3.0 ns) in DMSO. The short fluores-
cence lifetime is likely due to the electron transfer as mentioned
above. For the substituted complexes, longer �F value is obtained for
the zinc phthalocyanine compound (3) compared to other studied
phthalocyanine compounds (2 and 4).

The natural radiative lifetime (�0) and the rate constants for
fluorescence (kF) values are also investigated in this study. The �0
values of the studied metal-free (2) (�0 = 19.52 ns) and oxo-titanium
(IV) phthalocyanine (4) (�0 = 10.04 ns) compounds are longer than
unsubstituted ZnPc (�0 = 6.80 ns) in DMSO. The �0 value of the stud-
ied zinc (II) phthalocyanine (3) (�0 = 6.20 ns) compound is slightly
lower than unsubstituted ZnPc (�0 = 6.80 ns) in DMSO. The substi-
tuted metal-free phthalocyanine compound (2) showed the longest
�0 values when compared to other substituted complexes (3 and 4)
in DMSO. The rate constants for fluorescence (kF) values of studied
metal-free (2) (kF = 0.51 × 108 s−1) and oxo-titanium phthalocya-
nine (4) (kF = 1.00 × 108 s−1) are lower than unsubstituted ZnPc
(kF = 1.47 × 108 s−1) in DMSO. The kF value of studied zinc phthalo-
cyanine complex (3) (kF = 1.61 × 108 s−1) is slightly higher than
unsubstituted ZnPc in DMSO.

3.3.2. Singlet oxygen quantum yields
Singlet oxygen quantum yield (˚�) is a measure of singlet

oxygen generation and the ˚� values were obtained using Eq.

(3). Singlet oxygen quantum yields were studied using a chemical
method (DPBF) in DMSO. Fig. 5 shows spectral changes observed
during photolysis of complex 3 in DMSO in the presence of DPBF
as an example. The disappearance of DPBF was  monitored using
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V–Vis spectral changes. There were no changes in the Q band
ntensities during the ˚� determinations, confirming that com-
lexes are not degraded during singlet oxygen studies. The ˚�

alues are: 0.49 for compound 3 and 0.10 for compound 4 in DMSO.

he values of ˚� were lower for substituted complexes (3 and
) when compared to respective unsubstituted ZnPc (˚� = 0.67)
40] and TiO (IV) (˚� = 0.79) [46] phthalocyanine complexes in
MSO, but still enough for photocatalytic applications such as PDT.
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Oxotitanium (IV) phthalocyanine complex has lower ˚� values
than the Zn (II) phthalocyanine complex due to central atom effect.

3.3.3. Photodegradation studies

Photodegradation is a process where a phthalocyanine is

degraded under light irradiation. It can be used to determinate
Pcs stability and this is especially important for those molecules
intended for use as photocatalysts. The photobleaching stabilities
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f studied phthalocyanine complexes (3 and 4) were determined
n DMSO by monitoring the decrease in the intensity of the Q band
nder irradiation with increasing time. The complexes showed
bout the same stability with ˚d of the order of 10−5. These val-
es show that the molecules are of moderate stability in DMSO.
table ZnPc molecules show values as low as 10−6 and for unsta-
le molecules, values of the order 10−3 have been reported [45].
he spectral changes observed for all the complexes (3 and 4)
uring irradiation confirmed that photodegradation occurred with-
ut phototransformation (Fig. 6 as an example for complex 4).
he photodegradation value of the complex 3 is 1.18 × 10−5 and
t is more stable to degradation compared to unsubstituted ZnPc
˚d = 2.61 × 10−5) [50] in DMSO. Complex 4 is (˚d = 7.18 × 10−5)
ess stable than complex 3 in DMSO.

. Conclusion

This work has been described the synthesis, spectral and photo-
hysicochemical properties of tetrakis-(3,4-dimethoxyphenylthio)
hthalocyanines. The structure of the novel compounds were con-
rmed by FT-IR, UV–Vis, mass and NMR  spectroscopies, as well as
lemental analysis. All studied phthalocyanine compounds (2, 3, 4
nd 5) have good solubility in common organic solvents such as
MSO, DMF, toluene, CHCl3, THF and DCM without aggregation.
he photophysical and photochemical properties of the phthalo-
yanines (2, 3 and 4) were investigated in DMSO. The effect of the
ature of the central metal atom on the photophysical and photo-
hemical parameters of the phthalocyanine complexes (3 and 4)
re also reported in this study. These properties give an indication
f the potential of the complexes as photosensitizers in applica-
ions where singlet oxygen is required (such as Type II mechanism),
specially complex 3 may  be good candidate as a photosensitizer
or PDT application.
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