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bstract

Photochemical and photophysical measurements were conducted on peripheral and non-peripheral tetra(13,17-dioxanonacosane-15-hydroxy)-

ubstituted zinc phthalocyanines (1, 2). General trends are described for quantum yields of photodegradation, fluorescence yields, triplet lifetimes
nd triplet quantum yields as well as singlet quantum yields of these compounds in dimethylformamide (DMF) and toluene. The effects of the
olvents on the photophysical and photochemical parameters of the zinc(II) phthalocyanines (1, 2) are reported.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Phthalocyanines and metallophthalocyanines have been
nvestigated in detail for many years because of their wide appli-
ations in many fields, including use in chemical sensors, liq-
id crystals, Langmuir–Blodgett films, non-linear optics, opti-
al data storage and as carrier generation materials in near-IR
evices. Substituted derivatives can also be used for photo-
ynamic cancer therapy and other processes driven by visible
ight [1,2]. A decisive disadvantage of phthalocyanine and metal
hthalocyanines is their low solubility in organic solvents or
ater. The solubility can be increased, however, by introducing

lkyl or alkoxy groups into the peripheral and non-peripheral
ositions of the phthalocyanine framework [3]. Because of their
ower degree of order in solid state, tetra-substituted phthalocya-
ines are more soluble than the corresponding octa-substituted
nes. In contrast to octa-substituted systems tetra-substituted
hthalocyanines are obtained as a mixture of constitutional

somers by statistical synthesis starting from mono-substituted
hthalonitriles or corresponding diiminoisoindolines. Depend-
ng on their substituent positions two types (non-peripherally

∗ Corresponding author. Tel.: +27 46 603 8260; fax: +27 46 622 5109.
E-mail address: t.nyokong@ru.ac.za (T. Nyokong).

e
S
b
a
o
p

010-6030/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2006.08.025
ion

nd peripherally substituted) of tetra-substituted macrocycles,
hich show significant differences in their chemical and physi-

al behaviour, can be distinguished.
For photodynamic therapy (PDT), a combination of a photo-

ensitizing drug and light in the presence of molecular oxygen
s used to obtain a therapeutic effect, and has been proposed as
n alternative treatment to complement conventional protocols
n the management of malignant tumors and many other non-
ncologic diseases [4]. The use of photosensitizing agents for
nactivation of several cancer cells has been widely studied [5].

Many groups of compounds have been shown to possess
hotosensitizing tendencies. Metallophthalocyanines (MPcs), in
articular, have proved to be highly promising in this respect,
ue to their intense absorption in the red region of visible light.
igh triplet state quantum yields and long lifetimes are required

or efficient sensitization and these criteria may be fulfilled by
he incorporation of a diamagnetic metal such as zinc, aluminum
r silicon into the phthalocyanine macrocycle.

Zinc phthalocyanine complexes have attracted much inter-
st because of their appreciably long triplet lifetimes [6–8].
uch long lifetimes constitute a great advantage since the num-

er of diffusional encounters between the triplet excited state
nd ground state molecular oxygen increases with the lifetime
f the excited state. The introduction of peripheral and non-
eripheral substituents onto the MPc ring is expected to affect

mailto:t.nyokong@ru.ac.za
dx.doi.org/10.1016/j.jphotochem.2006.08.025
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oth the triplet quantum yield and lifetime, hence it is desir-
ble to carry out studies on the effects of substituents on these
arameters.

In this work, we report on the effects of peripheral and
on-peripheral ring substituents on the photophysical and photo-
hemical parameters of zinc phthalocyanine derivatives. Aggre-
ation behaviour, photophysical (triplet state lifetimes and quan-
um yields, and fluorescence quantum yields) and photochemical
singlet oxygen and photodegradation quantum yields) proper-
ies were investigated. Since PDT activity is mainly based on sin-
let oxygen, its production was determined by the dye-sensitised
hotooxidation of 1,3-diphenylisobenzofuran (DPBF), a spe-
ific scavenger of this toxic species [9]. Studies of the pho-
ostability of MPcs during photosensitized reactions is also of
mmense importance. The effects of peripheral or non-peripheral
ubstitution by 13,17-dioxanonacosane-15-hydroxy on the pho-
ochemical and photophysical properties of the phthalocyanine
ing are also investigated.

. Experimental

.1. Materials and equipment

2(3),9(10),16(17),23(24)-[13,17-Dioxanonacosane-15-oxy]
hthalocyaninato zinc(II) (1) and 1(4),8(11),15(18),22(25)-[13,
7-dioxanonacosane-15-oxy]phthalocyaninato zinc(II) (2) were
repared, purified and characterised according to literature pro-
edures [10] (Fig. 1). Zinc phthalocyanine (ZnPc) was obtained
rom Aldrich. Zinc tetrasulphophthalocyanine (ZnTSPc) was
ynthesized according to the method reported by Weber and
usch [11]. All other reagents and solvents with reagent-grade
uality were obtained from commercial suppliers and dried as
escribed in Perrin and Armarego [12] before use. 1,3-Diphenyl-
sobenzofuran (DPBF) was obtained from Aldrich.
Absorption spectra in the UV–vis region were recorded
ith an Shimadzu 2001 UV Pc spectrophotometer and Var-

an 500 UV-Vis/NIR spectrophotometer. Fluorescence excita-
ion and emission spectra were recorded on a Varian Eclipse

Fig. 1. Structure of zinc(II) phthalocyanine derivatives.
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pectrofluorometer using 1 cm path-length cuvettes at room
emperature.

Photo-irradiations were done using a General electric Quartz
ine lamp (300 W). A 600 nm glass cut-off filter (Schott) and

water filter were used to filter off ultraviolet and infrared
adiations, respectively. An interference filter (Intor, 670 nm
ith a band width of 40 nm) was additionally placed in the

ight path before the sample. Light intensities were measured
ith a POWER MAX5100 (Molelectron detector incorporated)
ower meter. Triplet–triplet absorption and decay kinetics were
ecorded on a laser flash photolysis system, the excitation
ulses were produced by a Quanta-Ray Nd:YAG laser providing
00 mJ, 90 ns pulses of laser light at 10 Hz, pumping a Lambda-
hysik FL3002 dye (Pyridine 1 dye in methanol). Single pulse
nergy was 2 mJ. The analyzing beam source was from a Thermo
riel xenon arc lamp, and a photomultiplier tube was used as a
etector. Signals were recorded with a two-channel digital real-
ime oscilloscope (Tektronix TDS 360); the kinetic curves were
veraged over 16 laser pulses.

.2. Photophysical parameters

.2.1. Fluorescence quantum yields
Fluorescence quantum yields (ΦF) were determined by the

omparative method [13,14]:

F = ΦFstd

FAstd η2

Fstd A η2
std

(1)

here F and Fstd are the areas under the fluorescence emission
urves of the samples (1 or 2) and the standard, respectively. A
nd Astd are the respective absorbances of the samples and stan-
ard at the excitation wavelength, respectively, and η and ηstd are
he refractive indexes of solvents (ηtoluene = 1.50; ηDMSO = 1.48;
DMF = 1.44) used for the samples and standard, respectively.
he refractive indices of the solvents were employed in calcu-

ating fluorescence quantum yields in different solvents. Unsub-
tituted ZnPc (in DMSO) (ΦF = 0.18) [15] was employed as the
tandard. Both the samples and standard were excited at the
ame wavelength. The absorbance of the solutions at the exci-
ation wavelength ranged between 0.04 and 0.05. Fluorescence
ife times (τF) were determined using PhotochemCAD Program
hich uses the Strickler–Berg equation [14]. Using the τF val-
es, rate constants for fluorescence (kf), intersystem crossing
kISC), internal conversion (kIC) and photodegradation (kd) were
stimated.

.2.2. Triplet quantum yields and lifetimes
The deaerated solutions of the respective peripheral and non-

eripheral tetra-substituted ZnPc (1 and 2) complexes were
ntroduced into a 1 cm path-length spectrophotometric cell and
rradiated at the Q band maxima with the laser system described
bove. Triplet quantum yields (ΦT) were determined by a com-

arative method using triplet decay [16]:

sample
T = Φstd

T
�A

sample
T εstd

T

�Astd
T ε

sample
T

(2)
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cyanines are compared, it is found out that non-peripheral-
substituted phthalocyanine (2) have approximately 20 nm higher
wavelength values than the corresponding peripheral-substituted
phthalocyanine (1), Fig. 2.
M. Durmuş et al. / Journal of Photochemistry a

here �A
sample
T and �Astd

T are the changes in the triplet state
bsorbances of the samples (1 or 2) and standard, respectively;
sample
T and εstd

T are the triplet state extinction coefficients for the
amples (1 or 2) and standard, respectively. The triplet quantum
ield (Φstd

T ) for the ZnPc standard is Φstd
T = 0.65 in toluene [8]

nd 0.56 [17] for ZnTSPc standard in DMF.
Quantum yields of internal conversion (ΦIC) were obtained

rom Eq. (3), which assumes that only three processes (fluo-
escence, intersystem crossing and internal conversion), jointly
eactivate the excited singlet state of peripheral and non-
eripheral tetra-substituted ZnPc complexes.

IC = 1 − (ΦF + ΦT) (3)

riplet lifetimes were determined by exponential fitting of the
inetic curves using OriginPro 7.5 software.

.3. Singlet oxygen and photodegradation quantum yields

Singlet oxygen (Φ�) and photodegradation (Φd) quantum
ield determinations were carried out using the experimental
et-up described before [18,19]. Typically, a 2 ml portion of the
espective peripheral and non-peripheral tetra-substituted ZnPc
1 and 2) solutions (absorbance ∼1 at the irradiation wavelength)
ontaining the singlet oxygen quencher was irradiated in the Q
and region with the photo-irradiation set-up described above.
� values were determined in air using the relative method with
PBF as singlet oxygen chemical quencher in DMF and toluene:

� = Φstd
�

RIstd
abs

RstdIabs
(4)

here Φstd
� is the singlet oxygen quantum yield for the standards

Φstd
� = 0.56 for ZnPc in DMF [20] and 0.58 for ZnPc in toluene

21]). R and Rstd are the DPBF photobleaching rates in the pres-
nce of the respective (1 or 2) and standard, respectively; Iabs
nd Istd

abs are the rates of light absorption by the samples (1 or
) and standard, respectively. To avoid chain reactions induced
y DPBF in the presence of singlet oxygen [22], the concen-
ration of DPBF was lowered to ∼3 × 10−5 mol L−1. Solution
f sensitizer (absorbance below 1 at the irradiation wavelength)
ontaining DPBF were prepared in the dark and irradiated in the

band region using the setup described above. DPBF degrada-
ion at 417 nm was monitored. The light intensity used for Φ�

eterminations was found to be 8.5 × 1016 photons s−1 cm−2.
he error in the determination of Φ� was ∼10% (determined

rom several Φ� values). Photodegradation quantum yields were
etermined using the following equation:

d = (C0 − Ct)VNA

IabsSt
(5)

here C0 and Ct are the sample (1 or 2) concentrations before
nd after irradiation respectively; V the reaction volume; NA the
vogadro’s constant; S the irradiated cell area; t the irradiation
ime; Iabs is the overlap integral of the radiation source light
ntensity and the absorption of the samples (1 or 2). A light
ntensity of 2.83 × 1017 photons s−1 cm−2 was employed for Φd
eterminations.

F
∼

ig. 2. Absorption spectra of the compound 1 and 2 in toluene. Concentration:
1.4 × 10−5 mol L−1.

. Results and discussion

.1. Spectroscopic studies

The electronic spectra of the tetra-substituted phthalocya-
ine derivatives (1 and 2) showed intense Q absorption bands
round 700 nm, Fig. 2. Although the peripherally substituted
omplex (1) has a typical spectral pattern in the visible region
or the phthalocyanines, the non-peripheral complex (2) showed
new absorption band in chloroform at 744 nm in addition to the
ain Q band, Fig. 3. This new absorption band also appeared in

ichloromethane or in toluene as shoulder, but did not appear in
ore polar solvents, such as ethanol, acetone or DMF, Fig. 3.
Substitution of the phthalocyanine at non-peripheral posi-

ions are known to cause a bathochromic shift of the Q band
23–26]. When the results of the UV–vis measurements of
on-peripheral (2) and peripheral (1) tetra-substituted phthalo-
ig. 3. UV–vis absorption spectrum of 2 in different solvents. Concentration:
1.4 × 10−5 mol L−1.
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ig. 4. Fluorescence excitation and emission spectra of (a) 1 in DMF: excita
= 685 nm; (d) 2 in toluene: excitation λ = 670 nm. For excitation spectra, emi

omplex.

An observation of two bands in the Q band region of
Pc complexes is normally associated with the presence of
onomeric and aggregated species. Occurrence of a red-shifted

eak due to aggregated species is a result of formation of J-
ype aggregates in MPc complexes [27]. Aggregation is usually
epicted as a coplanar association of rings progressing from
onomer to dimer and higher order complexes. It is depen-

ent on the concentration, nature of the solvent, nature of the
ubstituents, complexed metal ions and temperature [28]. In
he aggregated state, the electronic structure of the complexed
hthalocyanine rings are perturbed resulting in alternation of the
round and excited state electronic structures [29]. Compounds 1
nd 2 are readily soluble in toluene, chloroform, acetone, ethanol
nd DMF. The aggregation behaviour of the phthalocyanines are
nvestigated in different solvents. The phthalocyanine derivative
is not aggregated in these solvents. But only non-peripherally

ubstituted zinc phthalocyanine complex (2) showed a new
bsorption band in chloroform, dichloromethane and toluene
t 744 nm (Fig. 3). The band at 744 nm was tentatively assigned
o result of the formation of a face-to-face slipped dimer by a

utual interaction of two phthalocyanines through contact of
he zinc(II) ion and the outer-bridged nitrogen atom [10]. The
hift of the Q and Soret bands has been explained by excitation

nteractions [30]. Hence, it is likely that the face-to-face slipped
imer formation may occur in the case of Zn(II) complex. The
resence of a split Q band could also be due to demetallation,
ut this was ruled out since the positions of the peaks are differ-

S
c
l

λ = 650 nm; (b) 2 in DMF: excitation λ = 670 nm; (c) 1 in toluene: excitation
wavelengths were set at the values for fluorescence Q band maxima for each

nt from those of the unmetallated derivatives of the complexes.
he presence of a weak red-shifted band could also be due to

he oxidation of the Pc ring and the aggregation of the oxidized
pecies. However, bands typical of ring oxidation in the 500 nm
egion were not observed.

.2. Photophysical properties

For both complexes 1 and 2 in DMF (Fig. 4a and b) and com-
lex 1 in toluene (Fig. 4c), excitation spectra were similar to
bsorption spectra, and both were mirror images of the fluores-
ence spectra. For complex 2 in toluene, the excitation spectra
Fig. 4d) was different from the absorption spectra in that the
and at 744 nm was not observed for the former, suggesting that
t is due to the aggregated species. Fig. 4d shows that it is the

onomeric species, which fluoresces for 2 in toluene. Aggre-
ated species do not normally fluoresce. The proximity of the
avelength of the Q band absorption to the Q band maxima of the

xcitation spectra for both complexes suggests that the nuclear
onfigurations of the ground and excited states are similar and
ot affected by excitation. The ΦF values and Stoke’s shift for
oth complexes were similar and typical of MPc complexes,
able 1.
The radiative lifetimes (τF) were estimated using the
trickler–Berg equation, Table 2. Using this equation, a good
orrelation between experimentally determined fluorescence
ifetimes and the theoretically determined lifetimes for the unag-
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Table 1
Photophysical and photochemical parameters of peripheral- and non-peripheral-substituted phthalocyanines in DMF or toluene

Compound Solvent λQ (nm) (log ε)a λF (nm) τT (�s) ΦF ΦT ΦIC Φd (×10−3) Φ� S�

1 DMF 681 (5.19) 693 100 0.18 0.60 0.22 2.28 0.51 0.85
Toluene 682 (5.03) 696 40 0.16 0.81 0.03 7.90 0.77 0.95

2 DMF 701 (5.20) 713 76 0.17 0.65 0.18 1.39 0.62 0.95
Toluene 701 (5.20), 744 (4.13) 715 20 0.15 0.75 0.10 1.53 0.71 0.94

ZnPc DMF 330 [20] 0.56 [20]
Toluene 340 [31] 0.65 [20] 0.58 [20]

References in square brackets for literature values.
a The log ε values are for the low energy band where there are more than two bands.

Table 2
Rate constants for various excited state deactivation processes of compounds 1 and 2 in DMF and toluene

Compound Solvent τF (ns) kF (s−1)a kISC (×108 s−1)b kIC (s−1)c kd (s−1)d

1 DMF 1.7 1.06 × 108 3.55 1.30 × 108 22.8
Toluene 2.8 7.39 × 107 2.85 1.05 × 107 197

2 DMF 1.7 9.86 × 107 3.77 1.04 × 108 48.3
Toluene 1.6 9.28 × 107 4.65 6.20 × 107 76.5

a kF is the rate constant for fluorescence. Values calculated using kF = ΦF/τF.

SC = Φ

ΦIC/
/τT.
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values but this is not the case in Table 1, suggesting that it is the
ISC in the presence of toluene is prominent. Both complexes
showed low ΦIC.
b kISC is the rate constant for intersystem crossing. Values calculated using kI
c kIC is the rate constant for internal conversion. Values calculated using kIC =
d kd is the rate constant for photodegradation. Values calculated using kd = Φd

regated molecules has been established before [14]. Thus, we
elieve that the values obtained using this equation are a good
easure of fluorescence lifetimes for the unaggregated species.
hus, considering only the unaggregated complexes (2 in DMF,
nd 1 in both DMF and toluene), τF values were found to be
ower for the non-peripherally substituted complex 1 in DMF,
uggesting more quenching by peripheral substitution when
ompared to non-peripheral. The τF values were within the range
eported for MPc complexes [14]. The value for 2 in toluene
ill be affected by aggregation. The τF value for 1 was higher

n toluene than in DMF.
For the unaggregated complex 1, the rate constants for fluo-

escence (kF) were higher in DMF than in toluene and comparing
omplex 1 and 2 in DMF, shows a larger kF value for the for-
er. Similarly rate constants for intersystem crossing (kISC) and

nternal conversion (kIC) were higher for 1 in DMF compared
o toluene. The values for 2 in toluene will be affected by the
ggregated nature of the complex as discussed above.

The triplet–triplet absorption spectrum for 2 in DMF is shown
n Fig. 5, and shows a maximum at 500 nm, hence the triplet life
imes and yields were determined at this wavelength for both
omplexes. Fig. 6 shows a triplet decay curve of the complexes
using complex 1 as an example). The triplet life times (τT) for
hese complexes (1 and 2) are much lower than for unsubsti-
uted ZnPc in the same solvents (Table 1). This suggests that
he substituents quench the triplet state. The τT values are lower
or 2 than 1 in corresponding solvents, suggesting more quench-
ng by the substituents at the non-peripheral positions compared

o peripheral. The τT values for both complexes were lower in
oluene compared to DMF. This could be due to the deactivation
f excited states by toluene. Alternatively, an increase in inter-
ystem crossing (ISC) in toluene will result in low τT and large

F
D

T/τF.
τF.

T as will be discussed below. The low values of τT for 2 in
oluene could also be a result of aggregation as discussed above.
ggregation lowers the photoactivity of molecules through dis-

ipation of energy by aggregates.
The triplet quantum yields (ΦT) for 1 and 2 in both solvents

re high compared to ZnPc standard in toluene (ΦT = 0.65) and
nTSPc in DMF (ΦT = 0.56). The high values of ΦT suggest
fficient intersystem crossing (ISC) in the presence of the long
hain substituents for 1 and 2, resulting in high ΦT and inevitably
esulting in short triplet lifetimes. The ΦT values are large in
oluene corresponding to the low triplet lifetimes in this solvent
or both complexes. This suggests that toluene encourages ISC
o the triplet state. Aggregation in 2 would also result in low Φ
ig. 5. The triplet–triplet absorption spectrum for ∼1 × 10−5 mol L−1 of 2 in
MF. Excitation wavelength = 701 nm.
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1 in toluene. Wavelength = 500 nm.
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Fig. 6. Triplet decay curve of

.3. Photochemical properties

Singlet oxygen quantum yield (Φ�) values for complexes
and 2 were high in toluene corresponding to the high triplet

ields. There was no change in the Q band intensity during the
� determinations, Fig. 7, confirming that both complexes are

ot degraded during singlet oxygen studies. The magnitude of
he S�(=Φ�/ΦT) represents the efficiency of quenching of the
riplet excited state by singlet oxygen. Both complexes showed
� of near unity (Table 1), suggesting efficient quenching of the
riplet state by singlet oxygen.

Table 1 shows that complex 1 was marginally less stable than
, but both complexes were less stable to degradation compared
o other substituted ZnPc derivatives [21]. Thus, the substitution
f ZnPc with long chains seem to decrease the stability of the
omplexes. Photodegradation occurred with decrease in Q band

bsorption and increase in the absorption in B band area. The
atter is due to the absorption of the degradation product of Pcs,
hich is phthalimide, Fig. 8. The rate constant for photodegra-
ation (kd) was higher in toluene than in DMF.

ig. 7. A typical spectrum for the determination of singlet oxygen quantum
ield. This determination was for compound 2 in DMF at a concentration of
× 10−5 mol L−1.
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ig. 8. The photodegradation of compound 2 in DMF showing the disappearance
f the Q band at 10 min intervals.

. Conclusion

Non-peripheral substitution of ZnPc with long chain sub-
tituents results in aggregation of complexes in toluene and other
ess polar solvents such as chloroform, but not in DMF. Non-
eripheral substitution results in the decrease in triplet lifetime.
he quantum yields of the triplet state are larger in toluene than

n DMF, suggesting more efficient ISC crossing in the former
olvent. Complex 1 containing peripheral substituents is less
table than the non-peripherally substituted 2.
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