FULL PAPER

DOI: 10.1002/ejic.200700057

Synthesis, Photophysical and Photochemical Properties of Poly(oxyethylene)-
Substituted Phthalocyaninato Oxotitanium(IV) Complexes

Devrim Atilla,”! Mahmut Durmus,'*?! Ozgiir Yilmaz,'?! Ayse Giil Giirek,?! Vefa Ahsen, 2!
and Tebello Nyokong*"!

Keywords: Phthalocyanine / Titanium / Quantum yields / Singlet oxygen / Fluorescence

The synthesis, photophysical and photochemical properties
of tetra- and chlorotetrapoly(oxyethylene)-substituted oxotit-
anium(IV) phthalocyanines are reported for the first time.
The new compounds were characterized by elemental analy-
sis, IR, 'H and !3C NMR spectroscopy, electronic spec-
troscopy and mass spectra. These complexes showed mono-
meric behaviour in solution. General trends are described for
photodegredation, singlet oxygen, triplet state and fluores-
cence quantum yields, and triplet and fluorescence lifetimes
of these compounds in dimethyl sulfoxide (DMSO). Photo-
physical and photochemical properties of phthalocyanine
complexes are very useful for PDT applications. The com-

plexes showed high triplet quantum vyields and triplet life-
times in DMSO. The singlet oxygen quantum vyields (®,),
which give an indication of the potential of the complexes
as photosensitizers in applications where singlet oxygen is
required (Type Il mechanism), were 0.72 and 0.78 for 3a and
5a, respectively. Thus, these complexes show potential as
Type II photosensitizers. These complexes were also
quenched by benzoquinone for fluorescence quenching
studies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Recently, phthalocyanine (Pc) chemistry has undergone
a renaissance because these compounds and many of their
derivatives exhibit properties that are interesting for many
applications in material science.l'?l Current research on
phthalocyanines (Pcs) has been rapidly expanding into sev-
eral applied fields including photovoltaics, electrochro-
mism, optical data storage, laser dyes, liquid crystals, chemi-
cal sensors and photosensitizers for photodynamic ther-
apy.’] Because of their properties as semiconductors as well
as their large linear and nonlinear optical responses, Pcs are
currently of great scientific and technological interest for
designing novel electronic and photonic devices. Pcs with
highly delocalized cyclic m-electron systems show intense
absorptions in the red region (Q band) and these absorp-
tions can be shifted to the near IR region by making rela-
tively small changes in these molecules.>*! Fusion of ad-
ditional aromatic rings (polybenzannulation) has been pro-
posed as a practical method to enhance the conjugation of
n-electrons, thus increasing the wavelength of absorbed
electromagnetic radiation. However, there is a decrease in
the solubility of the products obtained by increased conju-
gation.P! The second way to obtain the same effect has been
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the addition of electron donating groups (e.g. -OR, -SR,
etc.) into the periphery of Pcs.[ll The presence of substitu-
ents is an additional advantage, as they address the problem
of insolubility by making the complexes soluble in most
organic solvents as opposed to unsubstituted Pcs that have
limited applications. Tetra-substituted Pcs are usually more
soluble than the corresponding octa-substituted Pcs due to
the formation of constitutional isomers and the high dipole
moment that results from the unsymmetrical arrangement
of the substituents at the periphery.l®°! The other method
for changing the absorption wavelength is the use of some
special metals in the inner core, and TiO?" is one of
them.l'%)  Unsubstituted oxotitanium phthalocyanine
(OTiPc), a well-known near-IR-active photoconductive dye
used as xerographic photoreceptor in copiers and laser prin-
ters,!'" 13 was first synthesised by Taube.['*! Also, this mate-
rial can be used in optical disc information recording. The
high third order optical susceptibility values of OTiPc de-
rivatives are well documented.['3] Specific phthalocyanines
can thus be tailored such that they consist of certain prop-
erties that are required for various applications since the
possibility of combining an unlimited number and type of
substituents with a great number of central metals is infi-
nite.

Thiol-derivatized  metallophthalocyanine  complexes
show rich spectroscopic and photochemical properties. For
example, they are known to absorb at longer wave-
lengths!!®-211 than other metallo phthalocyanine complexes.
To the best of our knowledge, titanium phthalocyanines
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tetra-substituted with poly(oxyethylene) side chains con-
taining S atoms have not been reported.

Photophysical properties of OTiPc are very useful in ap-
plications involving nonlinear optics and optical limiters as
these titanyl macrocycles are known to have remarkable
properties.[>>-281 Herein we report the synthesis of new steri-
cally hindered thia-bridged tetrapoly(oxyethylene)-substi-
tuted OTiPc phthalocyanine derivatives (Scheme 1). The in-
fluence of the presence of the thia bridges in the poly(oxy-
ethylene) side chains on the photophysical (triplet quantum
yields and lifetimes, fluorescence quantum yields and life-
times) and photochemical (singlet oxygen and photodeg-
radation quantum yields) properties were determined. The
quenching of fluorescence by benzoquinone is also dis-
cussed.

Results and Discussion

Synthesis and Characterization

Treatment of substituted dinitriles 3 and 5 with Ti-
(OBu)y4, urea and DBU in n-pentanol led to the formation
of corresponding metallo Pcs 3a and 5a, respectively
(Scheme 1). This method is similar to that reported by Han-
ack and co-workers.[?”) We expect that 3a and 5a were pre-
pared as a statistical mixture of four regioisomers due to
the various possible positions of the poly(oxyethylene) side
chains relative to one another. The four possible isomers of

molecular symmetry D, Cy4y,, C,, and C; and a distribution
of 1:1:2:4, respectively, can be obtained.”°! No attempt was
made to separate the isomers of complexes 3a and 5a.

Thia-bridged tetra- and chlorotetrapoly(oxyethylene)-
substituted phthalocyanines 3a and Sa, respectively, were
purified in each case, by column chromatography (silica gel)
and preparative thin-layer chromatography (silica gel) using
a mixed solvent system of dichloromethane/methanol as
eluent. The waxy products are very soluble in polar and
apolar solvents, such as chloroform, benzene, diethyl ether,
carbon tetrachloride, N,N-dimethylformamide, dimethyl
sulfoxide (DMSO), ethanol and acetone. They could thus
be thoroughly investigated by '"H and '*C NMR in solution.
The mass spectra of the phthalocyanine compounds ob-
tained by ESI (electrospray ionisation) showed relatively in-
tense molecular ion peaks.

In the IR spectra characteristic vibrations corresponding
to ether groups (C-O-C) at 1120-1100 cm™' and CH,
stretches at ca. 2950-2850 cm™! are common for phthalocy-
anine compounds 3a and 5a. The disappearance of the dini-
trile stretches at ca. 2230 cm ! and the presence of Ti=O
stretches at ca. 960 cm™' confirmed the formation of MPc.

The 'H and '*C NMR spectra of phthalocyanine com-
pounds 3a and 5a in CDCl; confirmed the proposed struc-
ture. The 'H NMR spectra of 3a and 5a have broad absorp-
tions relative to those of the phthalonitrile derivative. It is
likely that broadness is due to both chemical exchange
caused by aggregation—disaggregation equilibria and the
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Scheme 1. Synthetic pathway for the preparation of compounds 3a and 5a: (i) DMSO, K,COs;, 50 °C, 48 h; (ii) 1-pentanol, urea, Ti-

(OBu)4, DBU, reflux, 6 h.
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fact that the product obtained in this reaction is a mixture
of four positional isomers that are expected to show chemi-
cal shifts only slightly differing from each other. The poly-
(oxyethylene)-substituted phthalocyanines were found to be
pure by '"H NMR spectroscopy with all the substituents and
ring protons observed in their respective regions. Pc com-
plexes 3a and 5a both showed the phthalocyanine ring pro-
tons as unresolved multiplets (most likely due to the pres-
ence of isomers), integrating for a total of 12 and 8 protons,
respectively. The phthalocyanine ring protons were ob-
served in the range 8.20-9.40 ppm for 3a and 8.80-
9.56 ppm for 5a. Although the presence of isomers as well
as phthalocyanine aggregation at the concentrations used
for the NMR measurements may lead to broadening of the
aromatic signals, the observed spectra of all the complexes
were relatively well-resolved.

Ground State Electronic Absorption and Fluorescence
Spectra

The electronic spectra of phthalocyanine complexes 3a
and 5a showed intense Q absorption bands around 715 nm
(Figure 1). The spectra showed monomeric behaviour as ev-
idenced by a single (narrow) Q band, typical of metallated
phthalocyanine complexes for 3a and 5a in DMSO.B In
DMSO, the Q bands were observed at 714 (3a) and 716 nm
(5a), Tables 1 and 2. The B bands are broad due to the
superimposition of the B; and B, bands in the 350 nm re-
gion. The shoulder between 400-500 nm (Figure 1) is tenta-
tively assigned to charge transfer from the electron-rich ring
to the electron-poor metal, but it may also be due to intrali-
gand charge transfer between the sulfur groups and the
phthalocyanine ring.
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Figure 1. Absorption spectra of substituted oxotitanium phthalo-
cyanines (OTiPc) 3a and 5a in DMSO. Concentration =
4x10°° moldm.

Aggregation is usually depicted as a coplanar association
of rings progressing from monomer to dimer and higher
order complexes. It is dependent on the concentration, na-
ture of the solvent, peripheral substituents, complexed
metal ions and temperature.*'-*?l In the aggregated state,
the electronic structure of the complexed phthalocyanine
rings is perturbed resulting in alternation of the ground and

Eur. J. Inorg. Chem. 2007, 3573-3581

Table 1. UV/Vis spectroscopic data of complexes 3a and Sa in dif-
ferent solvents.

Compound Solvent Q band B band N band
[nm] (log &) [nm] [nm]
3a n-Hexane 705 (4.81) 343 -
THF 710 (5.46) 352 -
CHCl; 715 (5.52) 350 307
MeOH 708 (4.96) 344 -
DMSO 714 (5.34) 353 -
Sa n-Hexane 713 (4.46) 348 307
THF 716 (5.24) 355 313
CHCl, 720 (5.27) 353 316
MeOH 712 (4.70) 349 314
DMSO 716 (5.11) 361 309

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 2. Absorption, excitation and emission spectroscopic data for
complexes 3a and Sa in DMSO.

Compound Qband loge Excitation Emission Stokes shift
)\mux [nm] }\Ex [nm] )"Em [Illl’l] ASlokcs [nm]

3a 714 5.34 716 724 10

5a 716 5.11 720 726 10

excited state electronic structure.[*3 In this study, the aggre-
gation behaviour of phthalocyanine complexes 3a and 5a
are investigated in different solvents (n-hexane, THF, chlo-
roform, MeOH and DMSO), Figure 2. The complexes did
not show aggregation in chloroform, THF or DMSO,
whereas they showed aggregation in n-hexane and MeOH
(Figure 2), as judged by the broadening and blueshifting of
the Q band. In DMSO, the Beer—Lambert law was obeyed
for all of these compounds in the concentrations ranging
from 1.4 X 1073 to 4 X 10°® moldm3, without any distortion
of the spectra.
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Figure 2. UV/Vis spectrum of 3a in different solvents. Concentra-
tion = 7.20 X 10° moldm.

Complexes 3a and 5a showed similar fluorescence behav-
iour in DMSO. Figure 3 shows the absorption, fluorescence
emission and excitation spectra for complexes 3a and 5a
in DMSO. Fluorescence emission peaks were observed at
724 nm for 3a and 726 nm for 5a in DMSO (Table 2). The
3575
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excitation spectra were similar to the absorption spectra
and both were mirror images of the fluorescent spectra in
DMSO (Figure 3). The proximity of the wavelength of each
component of the Q band absorption to the Q band max-
ima of the excitation spectra for all complexes suggests that
the nuclear configurations of the ground and excited states
are similar and not affected by excitation in DMSO. The
observed Stokes shifts (Table 2) were typical of MPc com-
plexes in DMSO.
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Figure 3. Absorption, excitation and emission spectra of com-
pound 3a (a), and 5a (b) in DMSO. Excitation wavelength =
680 nm.

Photophysical and Photochemical Properties

Fluorescence Quantum Yields and Lifetimes

The fluorescence quantum yields (@) of the complexes
were similar and typical for MPc complexes, Table 3. The

@y value of complex 3a was larger than that of complex
5a in DMSO. Complex 5a contains chlorine ligands, which
would enhance intersystem crossing to the triplet state
through the heavy atom effect, hence the slightly lower @
value for 5a compared to 3a.

Table 3. Photophysical and photochemical parameters of com-
plexes 3a and Sa in DMSO. Triplet absorption wavelength used =
550 nm.

Compound ¢F T @T ¢IC @d ¢A SA
[ns] [X107]

3a 0.16 150 0.78 0.06 1.31 0.72 092

5a 0.10 220 0.85 0.05 335 0.78 0.92

Lifetimes of fluorescence (7y) were calculated from the
radiative lifetime using the Strickler-Berg equation and
fluorescence quantum yields. Using this equation, a good
correlation wast*¥! found for the experimentally determined
fluorescence lifetimes and the theoretically determined life-
times for the unaggregated molecules as is the case in this
work. Thus we believe that the values obtained using this
equation are a good measure of fluorescence lifetimes. The
7r value for 3a was larger than that of complex 5a in
DMSO, Table 4. The natural radiative lifetime (zy) for 3a
was lower than that of complex 5a in DMSO, Table 4. The
rate constant value for fluorescence (kg) of 3a was larger
than complex S5a in DMSO, Table 4. The heavy atom effect
due to the chlorine substituent in 5a discussed above, will
affect both the fluorescence lifetime and rate constant for
this complex, hence a lower 7 is observed for 5a compared
to 3a. Complex 3a showed a lower rate constant (kyc) but
showed approximately the same quantum yields for internal
conversion (@;c) in DMSO when compared to complex Sa,
Tables 3 and 4. In addition, complex 3a showed a lower rate
constant for intersystem crossing (kjsc) when compared to
complex 5a in DMSO, Table 4.

Triplet Lifetimes and Quantum Yields

The transient spectrum of complex 3a in DMSO is
shown in Figure 4, and shows a maximum at 550 nm; hence
the triplet lifetimes and yields were determined at this wave-
length for complexes 3a and 5a. Figure 5 shows the triplet
decay curves of the complexes (using complex 3a in DMSO
as an example). Complexes 3a and 5a showed typical triplet
lifetimes (z1) values for metallophthalocyanines. The triplet
lifetime (71) value of complex 5a was higher than complex
3a in DMSO, Table 3. This suggests that the triplet state of
complex 3a is quenched more efficiently than that of 5a.

Table 4. Rate constants for various excited state deactivation processes of complexes 3a and 5a in DMSO.

COmpOund TF[a] To[b] kF[C] klsc[d] klc[e] kdm
[ns] [ns] [s!, X109 [s!, X109 [s1, xX107] [s1, X107

3a 1.39 8.71 1.15 5.61 4.31 8.70

5a 1.01 10.12 0.98 8.41 4.95 15.22

[a] Fluorescence lifetime. [b] Natural radiative lifetime. [c] Rate constant for fluorescence. Values calculated using kx = @/t [d] Rate
constant for intersystem crossing. Values calculated using kisc = @1/t [e] Rate constant for internal conversion. Values calculated using
kic = @1c/te [f] Rate constant for photodegredation. Values calculated using kg = @y/7r.
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Figure 4. Transient differential spectrum of complex 3a in DMSO.
Excitation wavelength = 714 nm.
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Figure 5. Triplet decay curve of 3a in DMSO. Excitation wave-
length = 714 nm.

The triplet quantum yields (@) for substituted com-
plexes 3a and 5a in DMSO were higher relative to typicall3>!
metallophthalocyanines in DMSO. For example, ZnPc
standard gave @1 value of 0.6513¢] when compared to 0.78
and 0.85 obtained in this work. Complex 5a showed a larger
& value when compared to complex 3a in DMSO, Table 3.

Singlet Oxygen Quantum Yields

Singlet oxygen quantum yields (@,) were determined in
DMSO using a chemical method [1,3-diphenylisobenzofu-
ran (DPBF)].B71 The disappearance of DPBF was moni-
tored using UV/Vis spectrophotometry. Many factors are
responsible for the magnitude of the determined quantum
yield of singlet oxygen, including triplet excited state energy,
ability of substituents and solvents to quench the singlet
oxygen, the triplet excited state lifetime and the efficiency
of the energy transfer between the triplet excited state and
the ground state of oxygen.

There was no change in the Q band intensity during the
@, determinations, Figure 6, confirming that complexes are
not degraded during singlet oxygen studies. The @, value
of complex 3a was lower when compared to complex 5a in
DMSO, Table 3. The magnitude of Sy (= @A/Dt) represents

Eur. J. Inorg. Chem. 2007, 3573-3581
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the efficiency of quenching of the triplet excited state by
ground state (triplet) oxygen. Complexes 3a and 5a showed
S of near unity (Table 3), suggesting efficient quenching of
the triplet state by triplet molecular oxygen.
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Figure 6. A typical spectrum for the determination of singlet oxy-
gen quantum yield. This determination was for compound 5a in
DMSO at a concentration of 3 X 1075 moldm=.

Photodegradation Studies

Degradation of the molecules under irradiation can be
used to study their stability and this is especially important
for those molecules intended for use as photocatalysts. The
collapse of the absorption spectra without any distortion of
the shape confirms clean photodegradation not associated
with phototransformation. The spectral changes observed
for complexes 3a and 5a during irradiation are as shown in
Figure 7 (using complex 3a as an example in DMSO) and
hence confirm that photodegradation occurred without
phototransformation to new species which absorb in the Q
band region. Table 3 shows that complex 3a was more
stable to degradation compared to complex 5a in DMSO.
The rate constant for photodegradation (k4) of complex 3a
was also lower than that for complex 5a in DMSO
(Table 4).
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Figure 7. The photodegredation of compound 3a in DMSO show-
ing the disappearance of the Q band at 5 min intervals.
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Fluorescence Quenching Studies by Benzoquinone

In the presence of benzoquinone (BQ) quencher, a reac-
tion takes place between the excited oxotitanium phthalocy-
anine complexes and the BQ molecules. The fluorescence
quenching of oxotitanium phthalocyanine complexes 3a
and 5a by BQ in DMSO was found to obey Stern—Volmer
kinetics, which is consistent with diffusion-controlled bimo-
lecular reactions. Figure 8 shows the quenching of complex
3a and BQ in DMSO as an example. This figure shows the
quenching behaviour of oxotitanium phthalocyanine com-
plexes 3a and 5a typical of the nonaggregated complexes.
The slope of the plots shown in Figure 9 gave Kgy values.
The Kgy values for the BQ quenching of oxotitanium
phthalocyanine complexes are listed in Table 5 in DMSO.
The Kgy value of complex 3a was marginally lower than
complex 5a in DMSO. The bimolecular quenching constant

3
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Figure 8. Fluorescence emission spectral changes of 3a

(1.12% 107 moldm™) on addition of different concentrations of
BQ in DMSO. [BQ] = 0, 0.008, 0.016, 0.024, 0.032, 0.040 moldm—.
Excitation wavelength = 680 nm.
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Figure 9. Stern—Volmer plots for BQ quenching of 3a and 5a.
[MPc] ca. 1.20 X 103 moldm™3 in DMSO. [BQ] = 0, 0.008, 0.016,
0.024, 0.032, 0.040 moldm 3. Excitation wavelength = 680 nm.

Table 5. Fluorescence quenching data for complexes 3a and 5a in
DMSO.

Compound Kgy kq
[M] [dm3*mol s !, X 1019
3a 19.5 1.4
5a 21.0 2.0
3578 www.eurjic.org
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(kq) value of complex 3a was also lower than complex 5a
in DMSO. Values of ky near 10'°m's™! are in agree-
ment with the theoretical Smoluchowski-Stokes-Einstein
approximation at 298 K38

Conclusions

In the present work, the synthesis of new tetra- and
chlorotetrathia(polyoxyethylene)-substituted — oxotitanium
phthalocyanines were described and the compounds were
characterized by standard methods (‘H and '3C NMR
spectroscopy, elemental analysis, IR and UV/Vis spec-
troscopy and mass spectrometry). The compounds are solu-
ble in most solvents from n-hexane to methanol. In solu-
tion, the spectra showed monomeric behaviour evidenced
by a single (narrow) Q band, typical of metallated phthalo-
cyanine complexes for 3a and Sa in DMSO and the com-
plexes showed charge-transfer bands around 400-500 nm as
a shoulder in the UV/Vis spectra. The substituted com-
plexes showed similar and typical fluorescence behaviour in
DMSO. The complexes showed higher triplet quantum
yields and triplet lifetimes in DMSO than are typical for
MPc complexes. Complexes 3a and 5a gave high singlet
oxygen quantum yields corresponding to high triplet quan-
tum yields. The singlet oxygen quantum yields (®,), which
give an indication of the potential of the complexes as pho-
tosensitizers in applications where singlet oxygen is required
(Type II mechanism), were 0.72 and 0.78 for 3a and 5a,
respectively. Thus, these complexes show potential as Type
IT photosensitizers. The stability order among the substi-
tuted complexes was 3a > 5a in DMSO. The substituted
complexes showed similar K, and kq values.

Experimental Section

Materials: All solvents were purified as described in Perrin and
Armarego.??! 1,3-Bis[2-(2-ethoxyethoxy)ethoxy]-2-propane-2-thiol
(1),1491 4-nitrophthalonitrile (2),1*! 4-{2-[2-(2-ethoxyethoxy)ethoxy]-
1-[2-(2-ethoxyethoxy)ethoxymethyl]ethylsulfanyl phthalonitrile
(3),14?1 1,2-dichloro-4,5-dicyanobenzene (4)!'®! and, 4-chloro-5-{2-
[2-(2-ethoxyethoxy)ethoxy]-1-[2-(2-ethoxyethoxy)ethoxymethyl]-
ethylsulfanyl} phthalonitrile (5)“? were prepared according to the
reported procedures. Zinc phthalocyanine (ZnPc) employed as a
standard was obtained from Sigma—Aldrich. All other reagents and
solvents were of reagent grade quality and obtained from commer-
cial suppliers.

Equipment: Elemental analyses were obtained from Carlo Erba
1106 Instrument. Infrared spectra were recorded with a Bio-Rad
FTS 175C FTIR spectrophotometer. Absorption spectra in the
UV/Vis region were recorded with an Shimadzu 2001 UV Pc spec-
trophotometer and a Varian 500 UV/Vis/NIR spectrophotometer.
Fluorescence excitation and emission spectra were recorded with a
Varian Eclipse spectrofluorometer using 1-cm pathlength cuvettes
at room temperature. Mass spectra were recorded with a Thermo
LCQ DECA XP-Max spectrometer. 'H and '*C NMR spectra were
recorded in CDCl; solutions with a Varian 500 MHz spectrometer.
Photoirradiations were performed with a General electric Quartz
line lamp (300 W). A 600 nm glass cut off filter (Schott) and a
water filter were used to filter off ultraviolet and infrared radia-

Eur. J. Inorg. Chem. 2007, 3573-3581
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tions. An interference filter (Intor, 700 nm with a band width of
40 nm) was additionally placed in the light path before the sample.
Light intensities were measured with a POWER MAX5100 (Mole-
lectron detector incorporated) power meter. Triplet absorption and
decay kinetics were recorded with a laser flash photolysis system,
the excitation pulses were produced by a Quanta-Ray Nd: YAG
laser providing 400 mJ, 90 ns pulses of laser light at 10 Hz, pump-
ing a Lambda-Physik FL3002 dye (Pyridine 1 dye in methanol).
Single pulse energy was 2 mJ. The analyzing beam source was from
a Thermo Oriel xenon arc lamp, and a photomultiplier tube was
used as a detector. Signals were recorded with a two-channel digital
real-time oscilloscope (Tektronix TDS 360); the kinetic curves were
averaged over 256 laser pulses. Solutions for these studies were de-
gassed with nitrogen for at least 30 min before recording the spec-
tra.

Photophysical and Photochemical Parameters — Fluorescence Quan-
tum Yields and Lifetimes: Fluorescence quantum yields (@) were
determined by the comparative method outlined in Equa-
tion (1):34431

F-Asu-q’

Pa—
PO A )

where F and Fgq are the areas under the fluorescence curves of
samples 3a or 5a and the standard, respectively. 4 and Agyq are the
respective absorbances of the sample and standard at the excitation
wavelengths (which was ca. 0.05), and # and 7.4 are the refractive
indices of solvents used for the sample and standard, respectively.
Unsubstituted ZnPc in DMSO (@ = 0.18)[*! was employed as the
standard.

Natural radiative lifetimes (z,) were determined using Photochem-
CAD Program!®! which uses the Strickler-Berg equation.[*®! From
7o values, fluorescence lifetimes (7r) were determined using Equa-
tion (2).

7o @

Triplet Quantum Yields and Lifetimes: The deaerated solutions of
the respective tetra-substituted oxotitanium phthalocyanine com-
plexes 3a and 5a were introduced into a 1-cm pathlength spectro-
photometric cell and irradiated at the Q band maxima with the
laser system described above. Triplet quantum yields (&) were de-
termined by a comparative method using triplet decay,*’! Equa-
tion (3):

Sample , ,,5td
— ™ AAY &1

(p:umple s
AAT g7 3)

where AA$™Ple and AA4$' are the changes in the triplet state ab-
sorbances of samples 3a or 5a and the standard, respectively.
g}amrle and £§Y, the triplet state extinction coefficients for samples
3a and 5a, and the standard, respectively. The standard employed
was zinc phthalocyanine (ZnPc) in DMSO. The triplet quantum
yield is @3¢ = 0.65 for ZnPcB¢ in DMSO.
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Quantum yields of internal conversion (@) were obtained from
Equation (4), which assumes that only three processes (fluores-
cence, intersystem crossing and internal conversion) jointly deacti-
vate the excited singlet state of tetra-substituted oxotitanium
phthalocyanine complexes.

Dic =1 - (Pp + D) “4)

Triplet lifetimes were determined by exponential fitting of the ki-
netic curves using OriginPro 7.5 software.

Singlet Oxygen and Photodegradation Quantum Yields: Singlet oxy-
gen (@,) and photodegradation (®4) quantum yield determinations
were carried out using the experimental setup described
above.[*7 % Typically, a 2 mL portion of the respective tetra-substi-
tuted oxotitanium phthalocyanine 3a or 5a solutions (absorbance
ca. 1 at the irradiation wavelength) containing the singlet oxygen
quencher was irradiated in the Q band region with the photoirradi-
ation setup described in refs.#7*1 Values of @, were determined
in air using the relative method with 1,3-diphenylisobenzofuran
(DPBF) as singlet oxygen chemical quencher in DMSO [Equa-
tion (5)]:

RIS
;= q)im Std | >
R Loy (%)

where @319 is the singlet oxygen quantum yield for the standard
ZnPc (@39 = 0.67 in DMSO,PY R and RS are the DPBF photo-
bleaching rates in the presence of respective samples 3a or 5a, and
the standard, respectively. I,ps and ISi¢ are the rates of light absorp-
tion by samples 3a or 5a and the standard, respectively. The con-
centrations of DPBF in the solutions were calculated using the de-
termined values of log ¢ = 4.36 at 417 nm (DPBF in DMSO). The
light intensity used for @, determinations was found to be
9.51 X 10'° photonss 'cm 2.

Photodegradation quantum yields were determined using Equa-
tion (6):

(Co—C) V- Na
TawSL (6)

Ba=

where Cy and C, are the concentrations of samples 3a or 5a before
and after irradiation, respectively, V' is the reaction volume, Ny is
Avogadro’s constant, S is the irradiated cell area and ¢ is the irradi-
ation time. I, is the overlap integral of the radiation source light
intensity and the absorption of samples 3a or 5a. A light intensity
of 3.17X10' photonss'ecm™ was employed for @4 determi-
nations.

Fluorescence Quenching by BQ: Fluorescence quenching experi-
ments on oxotitanium phthalocyanine complexes 3a and Sa were
carried out (in air, without degassing) by the addition of different
concentrations of BQ to a fixed concentration of the complex, and
the concentrations of BQ in the resulting mixtures were 0, 0.008,
0.016, 0.024, 0.032, 0.040 and 0.048 moldm 3. The fluorescence
spectra of oxotitanium phthalocyanine complexes 3a and 5a at each
BQ concentration were recorded, and the changes in fluorescence
intensity related to BQ concentration by the Stern—Volmer (S-V)
equation [Equation (7)]:14!
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I—Ozl'*‘KSV[Q]

I 7

where [, and 7 are the fluorescence intensities of fluorophore in the
absence and presence of quencher, respectively. [Q] is the concentra-
tion of the quencher, and Kgy is the Stern—Volmer constant; and is
the product of the bimolecular quenching constant (kg) and the
fluorescence lifetime 7 [Equation (8)].

Kgy = kq'TF (8)

I
The ratios 70were calculated and plotted against [BQ] according to

Equation (7), and Kgy was determined from the slope.
Synthesis

Tetrakis{2-|2-(2-ethoxyethoxy)ethoxy]-1-[2-(2-ethoxyethoxy)ethoxy-
methyl]ethylsulfanylphthalocyaninato}titanium(IV) Oxide (3a): Un-
der an argon atmosphere, 3 (0.326, 0.7 mmol), urea (18 mg,
0.3 mmol) and three drops of DBU (1,8-diazabicyclo[5.4.0] undec-
7-ene) were mixed in n-pentanol (3 mL) and heated to 120 °C. At
that temperature, Ti(OBu), (0.3 mL, 3 mmol) was added, and the
reaction mixture was heated at reflux for 6 h at 155 °C. After cool-
ing to room temperature, the mixture was poured into 100 mL hex-
ane and precipitated. The crude product was collected by centrifu-
gation and dried in vacuo. The obtained mixture of metallated and
metal-free phthalocyanine was purified by column chromatography
on silica gel. Elution with CH,Cl,/methanol (50:1) gave the metal-
free Pc. The main product, oxotitanium Pc, was obtained by chang-
ing the eluent to CH,Cl,/methanol (20:1). Yield: 18 mg (11%). 'H
NMR (500 MHz, CDCl;, 25°C): 6 = 1.10 (t, J = 7.1 Hz, 24 H,
CH3), 3.39 (m, 4 H, CH), 3.50-3.80 (m, 80 H, CH,), 3.95 (m, 16
H, CH,), 8.20-8.38 (br. m, 4 H, CH,,), 8.85-9.40 (br. m, 8 H, CH,,,)
ppm. 3C NMR (500 MHz, CDCl;, 25 °C, decoupled): 6 = 15.42
(CHs;), 48.75 (CH), 66.88 (CH,), 70.14 (CH,), 70.86-71.31 (CH,),
123.27 (CH,,), 124.32 (CH,,), 125.28 (CH,,), 132.94 (C,,), 134.96
(Cap), 137.62 (C,,), 140.87 (C,,), 151.43 (C,, C=N) ppm. IR (KBr
pellet): ¥ = 3040, 29802850, 1600, 1529, 1450, 1400, 1381, 1350,
1310, 1260, 1240, 1120-1080, 959, 880 cm™!. MS (ESI): m/z (%) =
1930(100) [M + 1]*. CgyH 36NgTiO25S4 (1929): caled. C 57.20, H
7.10, N 5.81; found C 57.35, H 7.05, N 5.53.

Tetrakis(2,9,16,23-{2-|2-(2-ethoxyethoxy)ethoxy|-1-[2-(2-ethoxy-
ethoxy)ethoxymethyl]ethylsulfanyl}-3,10,17,24-chlorophthalocyan-
inato)titanium(IV) Oxide (5a): Compound 5 (640 mg, 1.27 mmol),
urea (36 mg, 0.6 mmol) and three drops of DBU were mixed in n-
pentanol (5mL) and heated at 120 °C. At that temperature,
Ti(OBu), (0.6 mL, 6 mmol) was added, and the reaction mixture
was heated at reflux for 6 h at 155 °C. The n-pentanol was removed
under reduced pressure, and the crude green product was purified
by column chromatography (silica gel, CH,Cl,/methanol, 30:1) and
the metallated and metal-free phthalocyanine were obtained from
the crude product. Furthermore, the oxotitanium Pc was purified
with preparative TLC (silica gel) using CH,Cl,/MeOH (30:1).
Yield: 50 mg (9%). 'H NMR (500 MHz, CDCl;, 25 °C): § = 1.15
(t, J = 7.2 Hz, 24 H, CHj;), 3.20-3.88 (m, 84 H, CH, CH,), 4.12
(m, 16 H, CH,), 8.80-9.56 (br. m, 8 H, CH,,) ppm. '3*C NMR
(500 MHz, CDCl;, 25 °C, decoupled): 6 = 15.44 (CH3), 49.15 (CH),
66.82 (CH,), 70.08 (CH,), 70.93-71.34 (CH,), 123.27 (CH,,),
125.32 (CH,,), 126.38 (C,,), 134.16 (C,,), 135.86 (C,,), 137.17 (C,,),
141.53 (C,,), 151.00 (C,; C=N) ppm. IR (KBr pellet): ¥ = 3040,
29802850, 1600, 1450, 1410, 1380, 1340, 1280, 1240, 11201080,
960, 880 cm™'. MS (ESI): m/z (%) = 2067 (100) [M + 1]".
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CorCl4H ,3,NgTiO,5S, (2066): caled. C 53.43, H 6.43, N 5.42; found
C 53.80, H 6.22, N 5.60.
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