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bstract

The syntheses of novel cadmium phenoxy complexes; tetrakis{1,(4)-tert-butylphenoxyphthalocyaninato}cadmium(II) (5a),
etrakis{1,(4)-phenoxyphthalocyaninato}cadmium(II) (5b), tetrakis{2,(3)-tert-butylphenoxyphthalocyaninato}cadmium(II) (6a) and
etrakis{2,(3)-phenoxyphthalocyaninato}cadmium(II) (6b) are presented herein. The spectroscopic and photophysicochemical properties
ave also been carried out and discussed together with the influence of various organic solvents on these properties. Spectroscopic properties, i.e.
round state electronic absorption and fluorescence spectra have been found to vary as a function of substituent position on the phthalocyanine

acrocycle, i.e. �-substitution versus �-substitution. The photophysical parameters are reported as well as the photodegradation and singlet

xygen quantum yields, where the complexes were found to exhibit good photostability with the production of appreciable amounts of singlet
xygen.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since their discovery in the early 1900s, metallophthalocya-
ines (MPcs) have attracted much interest [1–7] due to their
igh chemical and thermal stability, high degree of aromatic-
ty, synthetic flexibility and ability to adapt to a wide range
f applications. MPcs exhibit intense absorption towards the
ed end region of the visible spectrum where the wavelength
aries depending on the central metal and the type, number and
osition of substituents attached to the phthalocyanine macro-
ycle [8]. Extensive studies on tetra-substituted complexes have
hown that non-peripheral (�) substitution results in a more red
hifted Q-band compared to peripheral (�) substitution, as a
esult of the much larger linear combination of atomic orbital

oefficients at the carbon atoms at �-positions relative to those
t the �-positions [8–10].

∗ Corresponding author. Tel.: +27 46 6038260; fax: +27 46 6225109.
E-mail address: t.nyokong@ru.ac.za (T. Nyokong).
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We have recently reported on the synthesis and photophysical
haracterization of tetrakis{2,(3)-pyridyloxyphthalocyaninato}
inc, cadmium and mercury complexes [11]. This study showed
he CdPc and HgPc derivatives to have very low triplet lifetimes
n dimethylsulphoxide and the CdPc and ZnPc complexes were
ound to be highly aggregated in some solvents. With the aim of
mproving the photophysical behaviour of CdPc derivatives, we
eport herein on the synthesis, photophysical and photochemical
ehaviour of novel tetrakis{1,(4)-phenoxyphthalocyaninato},
etrakis{1,(4)-tert-butylphenoxyphthalocyaninato},
etrakis{2,(3)-phenoxyphthalocyaninato} and tetrakis{2,(3)-
ert-butylphenoxyphthalocyaninato} complexes of cadmium.
lthough toxic, Cd and Hg type complexes have been studied

o as to provide a more complete study of the d10 metal group,
ince the corresponding Zn phthalocyanine derivatives have
een studied extensively. Also Cd and Hg phthalocyanine
erivatives may be useful as photocatalysts in some chemical

ransformations. The addition of substituents to the peripheral
�) and non-peripheral (�) positions of the MPc ring is expected
o give enhanced solubility in numerous organic solvents [6,12]
nd affect the electronic spectra and triplet state properties.

mailto:t.nyokong@ru.ac.za
dx.doi.org/10.1016/j.jphotochem.2007.09.020
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Table 1
Variation of Q-band λmax of 5b in solvents with varying properties

Solvent Dipole moment, μ Refractive index, ηD Viscosity Basicitya Donor no.b (kcal mol−1) Q-band, λmax (nm)

Toluene 0.38 1.097 0.59 0.128 – 694
THF 1.69 1.406 0.55 0.591 20.0 693
Chloroform 1.90 1.438 0.57 0.071 0.00 700
DMF 3.79 1.430 0.92 0.613 26.6 694
D 0
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a Values from refs. [34,43].
b Values from refs. [44,45].

epending on their properties (Table 1), solvents may also
ead to changes in photochemical and photophysical behaviour
13,14] of MPcs, hence solvent effects on these properties are
xplored in this work.

. Experimental

.1. Materials

The solvents, chloroform (CHCl3), N,N-dimethylformamide
DMF), dimethylsulphoxide (DMSO), methanol (MeOH), 1-
ctanol, tetrahydrofuran (THF) and toluene were obtained
ommercially, dried and/or distilled prior to use. Cadmium
cetate, deuterated chloroform (CDCl3), deuterated dimethyl-
ulphoxide (DMSO-d6), 1,8-diazabicylco[5.4.0]undec-7-ene
DBU), 1,3-diphenylisobenzofuran (DPBF), 4-tert-butylphenol,
-nitrophthalonitrile, 4-phenol, potassium carbonate (K2CO3),
ilica gel 60, silica gel 60 P F254 and trifluoroacetic acid
TFA) were purchased from Aldrich and used as received.
olumn chromatography was performed on silica gel 60

0.04–0.063 mm). Preparative thin layer chromatography was
erformed on silica gel 60 P F254.

.2. Equipment

FT-IR spectra (KBr pellets) were recorded on a Perkin-Elmer
pectrum 2000 FT-IR spectrometer. Ground state electronic
bsorption spectra were recorded on a Varian Cary 500 UV–vis-
IR spectrophotometer; and 1H NMR spectra on Bruker AMX
00 and Bruker AVANCE II +600 MHz spectrometers. Fluores-
ence emission and excitation spectra were recorded on a Varian
ary Eclipse spectrofluorimeter. Elemental analyses were car-

ied out by the University of Cape Town. Triplet absorption and
ecay kinetics were recorded on a laser flash photolysis sys-
em, the excitation pulses were produced by a Nd: YAG laser
Quanta-Ray, 1.5 J/90 ns) pumping a dye laser (Lambda Physic
L 3002, Pyridin 1 in methanol). The analyzing beam source
as from a Thermo Oriel xenon arc lamp, and a photomulti-
lier tube was used as the detector. Signals were recorded with a
wo-channel digital real-time oscilloscope (Tektronix TDS 360);
he kinetic curves were averaged over 256 laser pulses. Triplet
ifetimes were determined by exponential fitting of the kinetic
urves using OriginPro 7.5 software.
Photo-irradiations were done using a General electric Quartz
ine lamp (300 W). A 600 nm glass cut off filter (Schott) and a
ater filter were used to filter off ultraviolet and infrared radi-

tions, respectively. An interference filter (Intor, 670 nm with

2
b

i

0.647 29.8 698

band width of 40 nm) was additionally placed in the light
ath before the sample. Light intensities were measured with a
OWER MAX 5100 (Molelectron detector incorporated) power
eter.

.3. Syntheses and characterization

3,(4)-tert-Butylphenoxyphthalonitrile (3a), 3-phenoxyph-
halonitrile (3b), 4,(4)-tert-butylphenoxyphthalonitrile (4a) and
-phenoxyphthalonitrile (4b) were synthesized and character-
zed as reported before [15,16].

.3.1. Tetrakis{1,(4)-tert-
utylphenoxyphthalocyaninato}cadmium(II)—5a

A mixture of 3a (1.38 g, 5.00 mmol), cadmium acetate
0.50 g, 1.25 mmol) and DBU (5 mmol) was heated to 140 ◦C in
-octanol (10 ml) under a dry, inert atmosphere (N2) for 6 h. On
ooling, the dark green solution was added to MeOH (∼50 ml),
ltered and chromatographed using silica-gel 60, and THF as the
luting solvent. A dark green solid was obtained once the sol-
ent was removed by evaporation. Yield: 0.35 g (24%). UV/vis
DMSO): λmax nm (log ε): 329 (4.96), 629 (4.78), 698 (5.48).
R [(KBr) υmax/cm−1]: 2954 (υC–H), 1266 (υC–O–C).

1H NMR (600 MHz, CDCl3): δ, ppm; 7.79 (d, J = 8.09 Hz,
H, Pc–H), 7.74 (br s, 3H, Pc–H), 7.43 (t, J = 8.46 Hz, 8H,
c–H/Ar–H), 7.30 (m, 5H, Ar–H), 7.24–7.28 (m, 4H, Ar–H),
.08 (d, J = 8.56 Hz, 8H, Ar–H), 1.35 (s, 36H, t-CH3). Anal.
alcd. for CdC72N8O4H64: C (71.02), H (5.30); found: C

72.72), H (6.11).

.3.2.
etrakis{1,(4)-phenoxyphthalocyaninato}cadmium(II)—5b

A similar synthetic and purification procedure as for 5a, was
ollowed for 5b using: 3b (1.10 g, 5.00 mmol), cadmium acetate
∼0.50 g, 1.25 mmol excess) and DBU (5 mmol) in 1-octanol
10 ml). Yield: 0.61 g (49%). UV/vis (DMSO): λmax nm (log ε):
51 (4.73), 631 (4.56), 698 (5.26). IR [(KBr) υmax/cm−1]: 2912
υC–H), 1244 (υC–O–C); 1H NMR (600 MHz, CDCl3): δ, ppm;
.79 (d, J = 8.09 Hz, 4H, Pc–H), 7.74 (br s, 3H, Pc–H), 7.43 (t,
= 8.46 Hz, 8H, Pc–H/Ar–H), 7.30 (m, 5H, Ar–H), 7.24–7.28

m, 4H, Ar–H), 7.08 (d, J = 8.56 Hz, 8H, Ar–H). Anal. Calcd. for
dC56N8O4H32: C (67.71), H (3.25); found: C (68.29), H (3.35).
.3.3. Tetrakis{2,(3)-tert-
utylphenoxyphthalocyaninato}cadmium(II)—6a

Following a similar synthetic and purification procedure as
n 5a, 6a was prepared using: 4a (1.38 g, 5.00 mmol), cad-
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ium acetate (0.50 g, 1.25 mmol excess) and DBU (5 mmol)
n 1-octanol (10 ml). Yield: 0.25 g (17%). UV/vis (DMSO):
max nm (log ε): 355 (5.08), 613 (4.80), 684 (5.47). IR [(KBr)
max/cm−1]: 2955 (υC–H), 1235 (υC–O–C); 1H NMR (600 MHz,
DCl3): δ, ppm 7.82–7.73 (br s, 2H, Pc–H), 7.69 (dd, J = 5.69,
.31 Hz, 2H, Pc–H), 7.57 (m, 3H, Pc–H), 7.51 (m, 5H, Pc–H),
.42–7.40 (m, 7H, Ar–H), 7.06–7.03 (m, 9H, Ar–H), 1.33 (s,
6H, t-CH3). Anal. Calcd. For CdC72N8O4H64: C (71.02), H
5.30); found: C (72.23), H (6.38).

.3.4.
etrakis{2,(3)-phenoxyphthalocyaninato}cadmium(II)—6b

Following a similar synthetic and purification procedure as
n 5a, 6b was prepared using: 4b (1.15 g, 5.22 mmol), cad-
ium acetate (0.50 g, 1.25 mmol excess) and DBU (5 mmol)

n 1-octanol (10 ml). Yield: 0.23 g (18%). UV/vis (DMSO):
max nm (log ε): 350 (4.83), 613 (4.61), 681 (5.22). IR
(KBr) υmax/cm−1]: 3167–3061 (υC–H), 1232 (υC–O–C); 1H
MR (600 MHz, CDCl3): δ, ppm 7.70–7.09 (m). Calcd. for
dC56N8O4H32: C (67.71), H (3.25); found: C (68.58), H (3.85).

.4. Photochemical and photophysical studies

.4.1. Singlet oxygen quantum yields
Singlet oxygen quantum yield (Φ�) values were determined

n air using the relative method with DPBF acting as a singlet
xygen chemical quencher in DMSO, using Eq. (1):

� = ΦStd
�

R IStd
abs

RStd Iabs
(1)

here ΦStd
� is the singlet oxygen quantum yield for the ZnPc

tandard (ΦStd
� = 0.56 in DMF [17], 0.67 in DMSO [18], 0.53

n THF [19] and 0.58 in toluene [20]); R and RStd are the
PBF photobleaching rates in the presence of the respective
Pc and standard, respectively; Iabs and IStd

abs are the rates of
ight absorption by the MPc and standard, respectively. The
ight intensity used for Φ� determinations was found to be
.97 × 1016 photons s−1 cm−2; and the error in the determina-
ion of Φ� was ∼10% (from several Φ� values). Chain reactions
nduced by DPBF in the presence of singlet oxygen often
ccur [18], therefore the concentration of DPBF was lowered to
3 × 10−5 mol dm−3 for all solutions. DPBF degradation was
onitored at 417 nm.
The fraction of the excited triplet state quenched by ground

tate molecular oxygen, S� was calculated using Eq. (2):

� = Φ�

ΦT
(2)

.4.2. Photodegradation quantum yields
For the determination of photodegradation quantum yields

ΦPd), Eq. (3) was employed:

(C − C )VN

Pd = 0 t A

IabsSt
(3)

here C0 and Ct (mol dm−3) are the respective CdPc derivative’s
oncentrations before and after irradiation, respectively; V is

t
p
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he reaction volume; S the irradiated cell area (2.0 cm2); NA,
he Avogadro’s number; t, the irradiation time (in seconds) and
abs, the overlap integral of the radiation source intensity and the
bsorption of the MPc.

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

omparative method [21,22] (Eq. (4)),

F = ΦF(Std)
F AStd η2

FStd A η2
Std

(4)

here F and FStd are the areas under the fluorescence curves
f the MPc and the reference, respectively. A and AStd are the
bsorbances of the sample and reference at the excitation wave-
ength, respectively, and η and ηStd are the refractive indices
f solvents used for the sample and reference, respectively.
hlorophyll a in ether (ΦF = 0.32 [23]) was employed as a ref-
rence. Both the sample and reference were excited at the same
avelength (610 nm). The absorbance of the solutions at the

xcitation wavelength ranged between 0.04 and 0.05.

.4.4. Triplet quantum yields and lifetimes
The de-aerated solutions of the respective MPc complexes

ere introduced into a 1 cm pathlength spectrophotometric cell
nd irradiated at the Q-band with the laser system described
bove. Triplet quantum yields (ΦT) of the MPc complexes were
etermined by the triplet absorption method. A comparative
ethod [24] using ZnPc as standard was employed for the cal-

ulations, Eq. (5).

T = ΦStd
T

�AT εStd
T

�AStd
T εT

(5)

here �AT and �AStd
T are the changes in the triplet state

bsorbances of the MPc derivative and the standard, respec-
ively; εT and εStd

T , the triplet state molar exctinction coefficients
or the MPc derivative and the standard, respectively; ΦStd

T , the
riplet quantum yield for the standard (ΦStd

T = 0.65 for ZnPc in
MSO [25], 0.58 for ZnPc in DMF [26] and 0.65 for ZnPc in

oluene [27]).
Triplet lifetimes (τT) were determined by exponential fitting

f the kinetic curves using OriginPro 7.5 software.
Quantum yields of internal conversion (ΦIC) were obtained

rom Eq. (6), which assumes that only the three intrinsic
rocesses (fluorescence, intersystem crossing and internal con-
ersion), jointly deactivate the excited singlet state of an MPc
olecule.

IC = 1 − (ΦF + ΦT) (6)

. Results and discussion

.1. Syntheses and characterisation
The general procedure for synthesis of substituted phthaloni-
rile derivatives has been well documented [28,29] and the
reparation of the substituted phenoxy derivatives was carried
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Scheme 1. Syntheses of cadm

ut as reported before [15,16] (Scheme 1). Cyclotetramerisa-
ion of the substituted phthalonitrile derivatives (3a, 3b, 4a,
b), occurs under reflux conditions using a high boiling point
olvent, i.e. 1-octanol and cadmium acetate. Chlorinated metal
alts tend to form halogenated phthalocyanine contaminants and
re therefore generally avoided [6]. All complexes formed are
etra-substituted; however, the use of different MPc precursors
3-nitrophthalonitrile or 4-nitrophthalonitrile) results in substi-
ution patterns at different points of the MPc macrocycle, i.e.
- or �-substituted MPcs, each with their own unique solution
nd solid-state properties [6]. Purification procedures to obtain
ure products were simple, but tend to give low yields typically
arying between 15 and 40%.

It is well known that the solubility of phthalocyanines is
oor in most common organic solvents [6], however, tetra-
ubstitution is known to produce positional isomers which lead
o enhanced solubility. Complexes 5a, 5b, 6a and 6b all exhibit
xcellent solubility (up to 1 × 10−4 mol dm−3) in toluene, THF,
HCl3, DMF and DMSO.

Characterisation of the newly developed complexes was car-
ied out using IR, UV–vis and 1H NMR spectroscopies and
lemental analyses and was in agreement with the predicted
tructures. IR spectra depicts the disappearance of the charac-
eristic nitrile stretch (C N) of phthalonitrile derivatives (3a, 3b,

a and 4b) at ∼2230 cm−1 on formation of the metal-substituted
c macrocycles. Vibrations due to the ether groups (C–O–C)
ccur between 1230 and 1270 cm−1 for the CdPc derivatives.
he 1H NMR spectra of the complexes show complex patterns

t
a
[
s

omplexes 5a, 5b, 6a and 6b.

n some cases due to the presence of mixed isomers. This is
specially true for complex 6b which showed only overlapping
eaks, hence could not be integrated correctly, but good elemen-
al analyses results were obtained. The 1H NMR spectra of 5a
nd 5b are identical. The differences in the chemical shifts of the
H NMR spectra of complexes 5 and 6 is a function of the dif-
erent substitution patterns, i.e. �-substituted (non-peripheral)
henoxy complexes versus the �-substituted (peripheral) phe-
oxy complexes as well as the type of the substituents introduced
t these positions.

.2. Ground state electronic absorption and fluorescence
pectra

The ground state electronic absorption spectra for 5a and 6a
n DMSO are shown in Fig. 1a and that of the corresponding
o 5b and 6b in Fig. 1b. These display a sharp, intense single
-band maxima of the complexes depicting their monomeric
ehaviour (for up to 1 × 10−5 mol dm−3) in all solvents used
or this study. The shoulders to the higher energy side of the
ain Q-band are vibronic. This is contrary to the reported [11]

ehaviour of Cd tetra{2,(3)-pyridyloxyphthalocyanine which
as highly aggregated in chloroform even at very low con-

entrations. Thus the phenoxy derivatives seem to improve on

he aggregation behaviour of CdPc derivatives. Due to the high
tomic orbital coefficients of carbon atoms at the �-positions
8–10], the �-substituted derivatives (5) occur with spectra red-
hifted relative to that of the �-derivatives (Fig. 1; Table 2).
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Fig. 1. Ground state electronic absorption spectra of (a) 5a (i) and 6a (ii)
(concentration = ∼1.5 × 10−5 mol dm−3) and (b) 5b (i) and 6b (ii) (concentra-
tion = ∼8.0 × 10−6 mol dm−3 in DMSO).

S
t
s
f
s
t
D
a
e
a
a
h
a
s
a
a
h
e
t
u
s
s
e

b
h
a
g
g
s
w
o
c

Table 2
Photophysicochemical parameters of CdPc derivatives

Solvent MPc λmax (nm) log ε ΦF

Toluene 5a 694 5.39 0.27
5b 694 5.21 0.054
6a 681 5.38 0.14
6b 681 5.15 0.13

THF 5a 693 5.36 0.50
5b 693 5.14 0.47
6a 678 5.34 0.27
6b 677 5.13 0.29

CHCl3 5a 700 5.44 0.49
5b 700 5.23 0.39
6a 681 5.43 0.27
6b 681 5.18 0.27

DMF 5a 694 5.46 0.53
5b 694 5.25 0.31
6a 678 5.46 0.32
6b 677 5.22 0.29

DMSO 5a 698 5.48 0.055
5b 698 5.26 0.063
6a 684 5.47 0.21
6b 681 5.23 0.20

a Values in some solvents could not be determined due to lack of reference standar
Photobiology A: Chemistry 195 (2008) 183–190 187

ubstitution at the �-positions gives a larger destabilisation of
he highest occupied molecular orbital (HOMO), resulting in a
maller HOMO-LUMO band separation, the extent of which is
urther enhanced on the introduction of electron donating groups
uch as the phenoxy and tert-butylphenoxy groups employed in
his work [8]. For example, the Q-band of unsubstituted CdPc in
MSO occurs at 679 nm, while complex 5b shows the Q-band

t 698 nm in the same solvent. Complexes 5a and 5b experi-
nce a 14–19 nm bathochromic shift relative to 6a and 6b in
ll solvents. As observed in Table 2, a change in the solvent is
lso accompanied by a change in the position of the Q-band. It
as been suggested previously that the solvent’s refractive index
ffects its Q-band maxima [13,20]. However, it has also been
hown that the nature, position and number of the substituents
ttached to the Pc macrocycle, as well as the metal centre may
lso exert some influence on the position of the Q-band [8]. It
as been suggested that in the presence of coordinating solvents,
.g. DMSO, the interaction that occurs between the solvent and
he Pc molecule tends to stabilise the lowest unoccupied molec-
lar orbital (LUMO) [13] resulting in a smaller HOMO-LUMO
eparation which accounts for the long Q-band maxima in this
olvent, Table 2, compared to the rest of the solvents (with the
xception of complexes 5 in CHCl3).

All complexes (5a, 5b, 6a and 6b) showed a small band
etween 740 and 750 nm, Fig. 2 (curve i). In literature, this
as been referred to as the ‘X’ band, a feature which has been
ttributed to the flexible � attachment of phenoxy (C–O–C)
roups at the Pc-periphery [30–32]. This flexibility allows the
roups to ‘twist’ about the bond and induce a slight loss in

ymmetry, hence splitting the Q-band [33]. However, this band
as not observed in DMSO and DMF and it was observed
nly for complexes 5 (non-peripherally substituted) in THF,
hloroform and toluene. Thus this band is solvent dependant

ΦT
a ΦIC

a Φ� S�
a ΦPd/105

0.49 0.24 0.40 0.82 1.80
0.73 0.22 0.58 0.79 2.53
0.76 0.10 0.33 0.43 0.92
0.87 0.00 0.32 0.37 0.98

0.44 1.67
0.43 4.01
0.27 0.069
0.31 2.72

0.49 3.30
0.31 2.20
0.19 3.84
0.19 4.40

0.56 0.09 0.56 1.00 2.13
0.49 0.20 0.42 0.86 3.89
0.41 0.27 0.26 0.63 2.47
0.40 0.31 0.39 0.97 3.55

0.61 0.34 0.59 0.97 0.19
0.66 0.28 0.80 1.21 2.86
0.54 0.25 0.35 0.65 0.41
0.61 0.19 0.41 0.67 0.42

ds.
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ig. 2. Protonation of 6b (concentration = ∼4.0 × 10−6 mol dm−3) in CHCl3
sing trifluoroacetic acid (TFA). Spectra in the absence (i) and presence (ii) of
.0 × 10−3 mol dm−3 TFA.

ence may not be due to the phenoxy group twisting discussed
bove.

Toluene and THF also have small amounts of acid (hence the
X’ band is observed in these solvents). In DMSO and DMF
he band is not observed since these solvents do not contain
cid. Fig. 2 shows the expected spectral changes due to protona-
ion of 6b using trifluoroacetic acid (TFA), a protonating agent.
he figure shows the enhancement of the band at 750 nm on
rotonation, thus confirming that this band may be due to pro-
onation. The band near 750 nm was observed for complexes 6
nly in chloroform while it was observed for complexes 5, in
HF, toluene and chloroform. This shows that substitution at the
on-peripheral substitution is more prone to protonation than at
he peripheral positions.

Fluorescence emission and excitation spectra typical of MPc
erivatives were observed for the �-substituted MPc complexes
nd confirmed the presence of monomeric fluorescent species.
or complexes 6, the fluorescence spectra were mirror images
f the absorption spectra (which are in turn are similar to the
xcitation spectra) in all solvents (Fig. 3). A large splitting of
he Q-band was observed in the emission spectra for complexes

in chloroform, toluene and THF, Fig. 4, showing that upon

xcitation, the loss of symmetry becomes more enhanced as
hown by the presence of the much higher intensity of the “X”
and (Fig. 4). Again this shows that non-peripheral substitution

ig. 3. Fluorescence emission (i) and excitation spectra (ii) of 6b in toluene.
oncentration: ∼7.5 × 10−7 mol dm−3; excitation wavelength (λexc) for emis-

ion = 610 nm; emission wavelength for excitation spectrum was 698 nm.
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ig. 4. Absorption (i) and fluorescence emission spectra (ii) of 5a in CHCl3.
oncentration: ∼7.5 × 10−7 mol dm−3; excitation wavelength (λexc) for emis-

ion = 610 nm.

s affected by protonation to a larger extent, which also affects
mission spectra.

.3. Photochemical studies

.3.1. Singlet oxygen quantum yields
Singlet oxygen (1�g) is believed to be the ‘chief’ cytotoxic

pecies generated from the interaction between the triplet state
hotosensitiser (MPc) and ground state molecular oxygen (3
g).
he reaction involves an energy transfer mechanism. The quan-

um yield of singlet oxygen (Ф�) thus varies as a function of
he triplet state properties of the respective MPc molecules, i.e.
riplet state quantum yield, triplet state lifetime, triplet energy
ET), energy transfer efficiency (quantified by S�) and sub-
tituent quenching abilities. Triplet state yields (hence singlet
xygen quantum yields) are affected by the nature of the metals.
eavy metals increase intersystem crossing, hence the triplet

tate yield. Table 2 shows that the �-substituted phenoxy and
ert-butylphenoxy CdPc derivatives (5a and 5b) show higher
� values than their corresponding �-substituted derivatives.
olvent effects (Table 2) on photochemical properties depend
n the solvents’ polarities and coordinating power. In Table 2,
here appears to be no distinct trend regarding solvent effects,
owever, Φ� values for 5a increased with an increase in the
olvent polarity. With the exception of 5a, Φ� values are gener-
lly the lowest in CHCl3, a feature attributed to the protic nature
f the solvent. Solvent–singlet oxygen interactions in protic sol-
ents have been found to cause deactivation of the singlet oxygen
pecies formed, hence accounting for the low singlet quantum
ields in such solvents [35].

S� gives a measure of the efficiency of excitation energy
ransfer from the triplet state photosensitiser to ground state

olecular oxygen. A value close to unity suggests high trans-
er efficiency. Values could only be determined in DMF, DMSO
nd toluene, due to the lack of suitable reference standards in
HCl3 and THF. The data reflects relatively higher transfer effi-
iencies for 5a and 5b in toluene and DMSO compared to 6a
nd 6b in the same solvents, possibly a consequence of the posi-
ion of the substituents on the Pc-ring (�-substitution versus

-substitution). Substitution at the peripheral positions possi-
ly results in quenching of the triplet state also reflected in the
ower triplet quantum yields discussed below (relative to those
t the non-peripheral (�) positions). Table 2 shows that toluene
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xhibits in general, the lowest energy transfer efficiencies. This
ay be related to its low viscosity (Table 1) known to lead to

nhanced excited state deactivation via external conversion [20],
process which may thus impede any energy transfer reactions

rom the excited states.

.3.2. Photodegradation quantum yields
Photodegradation or photobleaching (ΦPd) is used to deter-

ine the photostability of MPc molecules and is identified by
decrease in the intensity of the absorption spectra without

he appearance of new peaks. Photodegradation is a function
f the nature of the substituents attached to the phthalocyanine
eriphery, the solvent and the central metal. The latter deter-
ines the lifetime of the molecule in the triplet state, which

hen determines the amount/rate of singlet oxygen production
responsible for the degradation of the Pc macrocycle). The pho-
odegradation process generally involves oxidative attack of the

Pc excited triplet state macrocycle by singlet oxygen via a
iels–Alder cycloaddition mechanism, the product of which is

he respective substituted phthalimide [36,37]. Data shown in
able 2 indicates that photodegradation is more pronounced in
HCl3 (except for complex 5b). CHCl3 tends to give the highest
Pd values (more clear for peripherally substituted complexes

) due to its extremely low basicity (Table 1) which leaves the
Pc molecule open to oxidative attack in this solvent [38–40].
MSO, being a strongly coordinating and highly solvating sol-
ent, is capable of axial coordination to the central metal atom
hus partially shielding the Pc from oxidative attack [41]. Thus,
he ΦPd values in DMSO are in general lower in comparison
o those in non-coordinating and poorly coordinating solvents
uch as toluene, CHCl3 and THF thus implying higher photosta-
ility of these complexes in strongly coordinating solvents than
n non-coordinating and poorly coordinating solvents. DMSO
s also more basic hence stabilizes the Pc ring against oxidative
ttack. Substituents may also confer some stability to the pc ring.
owever, electron-donating substituents enhance the probability
f Pc ring photooxidation, while electron-withdrawing groups
educe it [42]. Substituents at non-peripheral (�) positions of
he macrocycle are known to result in a stabilising effect an
rder of magnitude greater than substitution at the periphery (�)
ositions [42]. However, in Table 2, the non-peripherally substi-
uted derivatives 5 showed less stability than the corresponding
eripherally substituted derivatives 6 in toluene and THF, but
he latter complexes are less stable in chloroform and conform
o no particular trend in DMSO and DMF.

.4. Photophysical studies

.4.1. Fluorescence quantum yields
Fluorescence is strongly influenced by factors such as solvent

olarity, viscosity, refractive index, temperature and molecular
tructural features. Fluorescence quantum yields (ΦF) were cal-
ulated in all solvents as shown in Table 2. Higher ΦF values

ere observed for �-derivatives compared to �-derivatives in
HF, DMF, and CHCl3. The trend was reversed in DMSO where

arge ΦF values were obtained for the �-derivatives. Kobayashi
t al. [8] have shown a shift of the Q-band to the red region is

p
p
s
s

ig. 5. Transient absorption spectrum for 6a in toluene. Inset: 6b triplet
ecay curve. Concentration: ∼2.25 × 10−5 mol dm−3; excitation wavelength
λexc) = 681 nm.

ften accompanied by a lowering in ΦF values, as is the case
or complexes 5a and 5b in DMSO and toluene. In the case of
HCl3, the large ΦF values are unexpected as the presence of

hree Cl-atoms is expected to result in the lowest ΦF values as
result of an induced spin-orbit coupling effect (induced by the
eavy atom effect of the chlorines). ΦF for 5a and 5b in DMSO
re lower than in DMF, which could be explained by the pres-
nce of heavy sulphur atoms, which tend to enhance intersystem
rossing to the triplet state, via spin-orbit coupling, and deac-
ivate molecules against non-radiative transitions to the ground
tate. ΦF values were consistently low in toluene. An increase in
F values has been reported with the use of electron-donating

ature of the substituents [42]. Table 2 generally shows lower
F values for phenoxy (b)-substituted complexes compared to

-butylphenoxy (a).

.4.2. Triplet quantum yields and lifetimes
Population of the triplet state occurs in response to rapid

ntersystem crossing (ISC) from the excited singlet state. The
riplet quantum yield (ΦT) is thus used to quantify the fraction
f molecules in the excited singlet state that undergo ISC to the
riplet state. The insert shown in Fig. 5 shows a typical triplet
ecay curve using complex 6b in toluene as an example. Since
uorescence and triplet yields are complimentary processes, low
F values should be accompanied by a subsequent increase in

alues determined for ΦT, and this is reflected by the data shown
n Table 2 in toluene and DMSO. The trend is not clear in DMF.
n DMF and DMSO, higher ΦT were found for the �-substituted
erivatives (5a and 5b) than for the corresponding �-substituted
erivatives (6a and 6b). However, in toluene, the ΦT values are
ower for �-substituted derivatives compared to �-substituted
nes. In toluene and DMSO, phenoxy-substituted derivatives
ive larger ΦT values than t-butyl-substituted complexes; this is
ot the case in DMF. The highest ΦT values were observed in
oluene with values of 0.87 for 6b and 0.76 for 6a.

Shown in Fig. 5 is the transient absorption spectrum for 6a.
n important feature is the occurrence of peak broadening that
ccurs above 700 nm. Similar observations have been made with

revious work on cadmium pyridyloxy complexes [11]. Such
henomena have been attributed to a change or slight loss in
ymmetry as a result of the attachment of flexible �-bonded
ubstituents (C–O–C bond between phenoxy substituents and
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c-ring) as observed above for absorption. Partial degrada-
ion of the compounds, depicted by a decrease in absorption
ntensity, became evident on recording the absorption spectra
ollowing laser irradiations. Relatively long lifetimes (τT) were
bserved in DMSO ranging from 150 to 260 �s. These values
re much higher than reported in DMSO for Cd tetra{2,(3)-
yridyloxyphthalocyanine complex where a value of 30 �s was
btained [11]. The τT values are expected to be low when
he triplet quantum yields are larger. However, this is not the
ase in this work since the complexes gave the largest triplet
ields in toluene, yet the �T values are low in this solvent
ompared to DMSO. Very low values (∼5 �s) were observed
n the remaining solvents. The high viscosity of DMSO may
11] be used to account for this. High viscosity solvents cause
ore efficient deactivation of non-radiative transitions of excited

tate molecules, which normally occur in response to numer-
us diffusion-like molecular movements. Such movements are
mpeded in such highly viscous solvents, giving rise to the longer
ifetimes experienced. tert-Butylphenoxy-substituted phthalo-
yanines employed in this work, i.e. 5a (150 �s) and 6a (260 �s)
ave longer lifetimes when compared to the corresponding
henoxy-substituted derivatives; 5b (130 �s) and 6b (190 �s)
n DMSO. Quantum yields of internal conversion (ΦIC), have
lso been calculated but offer no additional information due to
he lack of a well-defined pattern.

. Conclusion

The work presented here has explored the effects of a
ariation in solvent, substituent type and position on the
hotophysicochemical properties of cadmium phthalocyanine
omplexes. The newly developed molecules demonstrate excel-
ent solubility in high and low polarity organic solvents, i.e.
MSO, DMF, CHCl3, THF and toluene. All the compounds

tudied exhibit intense red-absorption, typically between 670
nd 700 nm and this coupled with the photochemical and photo-
hysical data presented such good photostability, high ΦT and
elatively long τT, suggests that these complexes may prove to
e useful as photocatalysts.
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