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Abstract

The photophysical and photochemical parameters for mixed sulphonated metallophthalocyanine complexgs, BIPCSx, GePcSix,
SnPc%ix, and ZnPcGix) are reported in phosphate buffer saline (PBS, pH 7.4), PBS containing the surfactant Triton X-100, and in dimethyl-
sulphoxide (DMSO). The ground state spectra of SiRc&ePc$ix and SnPcgx show splitting of the Q-band in DMSO, but the fluorescence
spectra have only one band, suggesting that only some components of the mixed complexes fluoresce. In general the quantum yields of fluores-
cence @) were smaller in DMSO compared to the aqueous solvents, while quantum yields of tripletsiateste larger in DMSO. Triplet
lifetimes were much lower in aqueous solutions (compared to DMSO) due to the fact that water absorbs strongly around 1108 nm, which cor-
responds to the triplet energy of a metallophthalocyanine complex. The MRaBnplexes quenched hydroquinone, and the Stern—Volmer
constants follow the order: AIPgR > SiPcSix > GePcKix > ZnPcSiix > SnPcSix which is the order of the extinction coefficients (of the
low energy band for complexes with split Q-band) of these molecules. The rate constants for fluorescence, intersystem crossing, internal
conversion, and photodegradation were determined from the hydrogquinone quenching data.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction by absorbing pigments and converted into chemical energy.
In general, these pigments consist of chlorophylls, quinones
Metallophthalocyanines (MPcs) have found use as and other materials; it is supposed that chlorophyll acts as
conventional dyes and catalysts. In recent times, many MPcthe absorber while quinone acts as an electron carrier. The
derivatives have been synthesized which exhibit propertiesthrust behind the electron transfer functions of quinones (e.g.
that make them appropriate for use in optical data storagebenzoquinone, BQ and hydroquinone, HQ) is their ease of ox-
[1-3], Langmuir—Blodgett films[4,5], chemical sensors idation and reduction, as well as the formation of resonance-
[6,7], non-linear opticg8,9] and as photoconducting mate- stabilized aromatic systems, which make the formation of
rials in laser printer§l0]. The use of MPcs in visible light-  charge-transfer complexes between them and the excited por-
driven processes cannot be over-emphasized; they are beinghyrin analogues possible.
used as photosensitizers in photodynamic therapy (PDT) For efficient light harvesting, it is desirable that the ab-
[11-16]and as active components in light harvesting devices sorbing species be intrinsically highly fluorescent, as it is the

(solar, photoelectrochemical and photovoltaic c4ll3)18] supposed fluorescence energy that is converted into chemical
Attempts to mimic photosynthetic energy capture and energy. Sulphonated non-transition metallophthalocyanines
electron transfer has been well documeni&@-21] Pho- are successful candidates for this application because the cen-

tosynthesis is a process by which light energy is captured tral ions do not possess partially filled d-orbitals, which could
quench the excited states as soon as they are formed.
* Corresponding author. Tel.: +27 46 603 8260; fax: +27 46 622 5109. The use of MPcsin these light-driven processes provides a
E-mail addresst.nyokong@ru.ac.za (T. Nyokong). justification for the photophysical and photochemical studies
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on these compounds; such studies serve as tools to estimatintensities were measured with a POWER MAX5100 (Mol-
ing the photocatalytic abilities of MPc derivatives. Thiswork electron detector incorporated) power meter. Triplet absorp-
investigates the photophysics, photochemistry and fluores-tion and decay kinetics were recorded on alaser flash photoly-
cence quenching of sulphonated phthalocyanine complexessis system, the excitation pulses were produced by a Nd:YAG
of Al, Si, Ge, Sn and Zn. The effects of changing the central laser (Quanta-Ray, 1.5J/8 ns) pumping a tunable dye laser
ions are also considered. (Lambda Physic FL 3002, Pyridine 1 dye in methanol). The
analysing beam source was from a Thermo Oriel xenon arc
lamp, and a photomultiplier tube was used as a detector. Sig-

2. Experimental nals were recorded with a two-channel digital real-time os-
cilloscope (Tektronix TDS 360); the kinetic curves were av-
2.1. Materials eraged over 256 laser pulses.

High-pressure liquid chromatography (HPLC) was per-

Sulphonated phthalocyanine complexes (containing mix- formed on Quad-Gradient HPLC system, Agilent 1100 Se-
tures of differently substituted derivativesig. 1) of ries; fitted with an analytical columnyuBondapak C18
aluminium (AlIPcShix), silicon (SiPc%ix), germanium (390x 3.00mm) and connected to a variable wavelength
(GePc%iix), tin (SnPcKix) and zinc (ZnPc&ix) were synthe- UV-vis detector (set at =365 nm). The mobile phase com-
sised from the CIAIPc, (OHBiPc, (OHYGePc, (OH)SnPc prised of 50:50 methanol:water mixture, with a flow rate of
and ZnPc, respectively using fuming sulphuric acid (30% 1 mimin~! and sample injection volume of 20.
SQs) in accordance with the method reported in literature
for AIPcSyix [22—24] The starting materials, (ORSiPc, 2.3. Photophysical parameters
(OH),GePc, (OH)SnPc were prepared, purified and char-
acterised according to literature proceduf@s]. ZnPc Fluorescence quantum yield$-luorescence quantum
and CIAIPc complexes were obtained from Aldrich. Sin- yields @g) were determined by the comparative method (Eq.
glet oxygen guenchers: tetrasodium anthracene-9,10-bis-(1)) [26,27}
methylmalonate (ADMA) was a gift from Dr. N. Kuznetsova,

and 1,3-diphenysobenzofuran (DPBF) was purchased from o, _ D(Std) FAsan® )
Aldrich. Phosphate buffer saline (PBS, pH 7.4) and DMSO FStdAnétd

(SAARCHEM) were used as solvents. The surfactant, Triton

X-100 and hydroquinone (HQ) were obtained from Aldrich whereF andFsiq are the areas under the fluorescence curves
and May and Baker, respectively of the MPcG,ix and the standard, respectively.and Asiq
' ' are the respective absorbances of the sample and standard at

the excitation wavelengths (which wa$.05 in all solvents

used), ana andnsigare the refractive indices of solvents used

) ) for the sample and standard, respectively. Chloropayt
Absorption spectra were recorded on a Varian Cary giher g =0.32)[28], was employed as the standard. Both

500 UV—ws_—N_IR spectrophotometer. Fluorescen_ce exc_lta' the sample and standard were excited at the same wavelength.

tion and emission spectra, were recorded on a Varian Eclipse Triplet quantum yields and lifetimeBhe de-aerated solu-

spectrofluorometer. Pho'Fo—irradiations were done using aiions of the respective MPgS complexes were introduced
General electric Quartz line lamp (300 W). A 600nm glass jnto 4 2 mmx 10 mm spectrophotometric cell and irradiated
cut off filter (Schott) and a water filter were used to filter off  5¢the Q-band maxima with the laser system described above.
ultraviolet and infrared radiations, respectively. An interfer- Triplet quantum yieldsér) were determined by the singlet

ence filter (Intor, 670 nm with a band width of 20 nm) was depletion method29,30} A comparative metho@@9,30},
additionally placed in the light path before the sample. Light Eq.(2), was employed for the calculations.

2.2. Equipment

Sample std
+
+ -Na Sample - Std AAS &g
Na 03S 303 (DT = ¢T 7AAStd Sample (2)

s ¢s

where AAZ*™"®and AASY are the changes in the singlet

state absorbances of the MRgScomplex and standard, re-

M = Al, Zn, SI, Ge, Sn Sample Std

spectivelyeg ande2", the singlet state extinction coef-
ficients for the MPcgix complex and standard, respectively.
Extinction coefficient values are for the low energy compo-
<0, Na* nent of the Q-band where this band is split. Irradiation was
also carried out at the low energy component of the Q-band.

Fig. 1. Molecular structure of sulphonated metallophthalocyanines, showing T_he Standard§ employed were tetrasu'PhOZinC phthalopya-
three sulpho groups. nine (ZnPcg) in aqueous solutions and zinc phthalocyanine
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(ZnPc) in DMSO. The triplet quantum yield®§!) for the 2.5. Fluorescence quenching by hydroquinone

standards are%td =0.56 for ZnPc%[31] in aqueous solution

and¢$‘td:O.65 for ZnPd32] in DMSO. Fluorescence quenching experiments on the various
Quantum yields of internal conversion were obtained from MPCSnix complexes were carried out by the addition of dif-

Eq. (3), which assumes that only three processes (fluores-ferent concentrations of HQ to a fixed concentration of the

cence, intersystem crossing and internal conversion), jointly complex, and the concentrations of HQ in the resulting mix-

de-activate the excited singlet state of an MggSomplex. ~ tures were 0, 0.008, 0.024, 0.032, 0.040 and 0.048 M. The
fluorescence spectra of MPg% complexes at each HQ con-

Pic =1— (Pr+ D7) 3 centration were recorded, and the changes in fluorescence
intensity related to HQ concentration by the Stern—\Volmer

Triplet lifetimes were determined by exponential fitting of (SV) equatior{36]:

the kinetic curves using OriginPro 7.5 software.

1
, | 2 =1+ Ksy[0] (6)
2.4. Singlet oxygen and photodegradation quantum 1

yields wherelg andl are the fluorescence intensities of fluorophore
Singlet oxygen® ») and photodegradatiorbg) quantum in the absence and presence of quencher, respecti@§lyid

yield determinations were carried out using the experimental cOncentration of the quencher, aiigy is the Stern—-Volmer

set-up described in detail elsewhé28,33,34] Typically, a constant; and is the product of th(_a b!mole_cular quenching

2 ml portion of the respective MPg solution (absorbance ~ constantkg) and the fluorescence lifetime:, i.e.

~0.2 at the irradiation wavelength) containing the singlet

oxygen quencher was irradiated in the Q-band region with the Ksy = kqtr (7

photo-irradiation set-up described in references 29,3&34.

values were determined in air using the relative method with The ratiosio/ 7 were calculated and plotted again€f fac-
ADMA and DPBF as singlet oxygen chemical quenchers in cording to Eq{6), andKs_y determined from the slope.

aqueous solution and DMSO, respectively (E): The bimolecular rate constant for diffusion-controlled re-
RySH actions kp) is related to the bimolecular quenching constant
P — pStd_"abs 4 (ko) by Eq.(8) [37]:
8 A RSUaps )
where @31 is the singlet oxygen quantum yield for the kq = fko (8)

standard (ZnPgSx, #39=0.45 in aqueous solutiorfB5] _ . o

and ZnPc ¢39=0.67 in DMSO[29]); R and RS are the wheref is the quenching efficiency.

ADMA or DPBF photobleaching rates in the presence of  The bimolecular rate constark) can be obtained from
the respective MPG$y and standard, respectivelypsand  the Einsten—-Smoluchowski relationship:
1549 are the rates of light absorption by the MRgSand

standard, respectively. The concentrations of ADMA and _ AxNa(Ds + Dq)(rt + rq)

DPBF in the solutions were calculated using the determined D= 1000

values of logz=4.1 at 380nm (ADMA in aqueous solu-

tion) and log=4.36 at 417nm (DPBF in DMSO). The whereN, isthe Avogadro’s numbeD andDy, the diffusion
light intensity used fo, determinations was found to be coefficients of the fluorophore and quencher, respectively and
5.35x 10 photons 51 cm~2. The error in the determina-  ry andrq are the radii of fluorophore and quencher, respec-

9)

tion of @, was~10% (determined from severdl, values). tively.
Photodegradation quantum yields were determined using Eq.  The diffusion coefficienD is given by the Stokes’ equa-
(5), tion (Eq.(10)) [37].
(Co — C1)VNa
Pg =2 —LTTA & p M (10)
LapsSt 6rnr

whereCpy andC; are the MPc&ix concentrations before and .
after irradiation respectively the reaction volumeya the wherek is the Boltzmann constanf the absolute tem-

Avogadro's constanSthe irradiated cell area anthe irradi- ~ Perature;; the solvent's viscosity and the fluorophore or
ation time.l apsis the overlap integral of the radiation source duencher radius. _ _
light intensity and the absorption of the MRgG A light kg values may be determined from H@) using the cal-

intensity of 4.82x 106 photons st cm2 was employed for ~ culatedkp value, provided thattis known. From the values
&4 determinations. of kg, the values ot can then be calculated using K@).
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Fig. 2. HPLC trace for GePg$.
3. Results and discussion
3.1. HPLC studies

MPcSnix complexes containing a mixture of sulphonated
(mono-, di-, tri- and tetra-) are important to study (as mix-
tures) since AlPcgix for example, is already in use for PDT.
However, the composition of the prepared MRgScom-
plexes may vary from batch to batch. For the studies pre-
sented in this work, the same batch of each complex was
employed. In an attempt to characterise the mixture in these
complexes HPLC was employeiigs. 2 and R The compo-
nent fractions in an MPGSx preparation are known to pos-

sess different degrees of sulphonation. It is expected that the

most highly sulphonated (most soluble) would be the first to
be eluted from the chromatographic column, and so give the
lowest retention time and that the monosulphonated fractions
give the highest retention timg24]. For the five MPcKix
samples, the HPLC signals with the lowest retention times

(~1min) are assigned to the tetrasulphonated fractions, us-

Relative Intensity

T T

2 3

Retention time (min)

Fig. 3. HPLC trace for ZnPG«.
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ing tetrasulphozinc phthalocyanine (ZnTSPc) as reference,
Figs. 2and 3

AlPcShix, SiPcShix and GePc&ix, gave similar HPLC
traces Fig. 2) which consisted of a cluster of signals in the
low-retention-time part of the HPLC tracebig. 2). This
implies the prevalence of fractions with higher degree of
sulphonation in these species. ZnR&Sand SnPcQix gave
similar traces Fig. 3), with appreciable signals in the rela-
tively high retention time regions of the HPLC traces. These
observations suggest the prevalence of the highly sulphonated
fractions in AlPc&Gix, SiPcSnix and GePc&ix, while in
ZnPcShix and SnPcQix, the less sulphonated fractions are
prevalent. The degree of aggregation in PBS increases with
lipophilicity hence the prevalence of the less sulphonated
fractions in solution is expected to increase aggregation.

3.2. Spectrophotometric studies

Fig. 4shows the ground state electronic absorption spectra
of the MPcG,ix complexes in PBS 7.4ig. 4a shows a broad
spectra for SnPGsx and ZnPcg,ix complexes. SiPGRyx (as
well as GePcgqix) shows a split Q-band~{g. 4b), which may
suggest that this species is aggregated in aqueous solution.

SnPeS i«
ZnPcS

mix

Absorbance

T T T T T 1
500 550 600 650 700 750 800

(a) Wavelength (nm)

AlPCS iy SiPcS

mix

Absorbance

T T T 1
500 600 650 700 800

(b) Wavelength (nm)

Fig. 4. Ground state electronic absorption spectra of: (a) the aggre-
gated complexes: ZnPgR and SnPcgik, and (b) the non-aggregated
complexes: AlPcSix, SiPcSix and GePcgix in PBS 7.4. Concentra-
tions~ 8.0x 10~% mol dmi 3,
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However, addition of a surfactant, Triton X-100 to the solu-
tion of SiPcSix (or GePc&ix) brought about no observable
change in both spectral intensity and position, implying that
the complex is essentially monomeric. The splitting in Q-
bands of SiPcgix and GePcgix was attributed22] to the
presence of a mixture of compounds with varying extents
of sulphonation, with the different components absorbing at
different wavelengths. AlPGSx is monomeric even at con-
centrations as high as 1®mol dm3, as judged by lack of
deviation from Beer’s law. Also addition of Triton X-100 had 500 550 600 650 700 750 800
no effect on the spectra of AlPg{ in PBS 7.4. However, (a) Wavelength (nm)

the Q-band for AlPcgix is slightly broadened as has been
observed beforg38]; again this may be attributed to dif-
ferently absorbing components of the mixture. Addition of
Triton X-100 to agueous solutions of SnRgSand ZnPcgix
brought about the narrowing and increase in the intensity of
the band due to the monomeric speckég(5). These spectral
changes are consistent with monomerizaf{@2], confirm-

ing the presence of aggregates in these complexes in aqueous
solutions.

Thus the lack of aggregation in AlPg&, SiPcSmix and
GePc&ix could be due to the prevalence of fractions with
higher degree of sulphonation. This was attested by HPLC
results above, which showed the presence of mainly the ®
hl'ghly sulphonated denva,tlves in the mixture for AllRgS Fig. 6. Ground state electronic absorption spectra of (a) Afxcand
SiPcSnix and GePcgix. It is known[39] that sulphonated  znpcq. and (b) SnPcSy, SiPcSix and GePcsi in DMSO concen-
aluminium phthalocyanine containing three sulphonate sub- trations~ 4.0 x 10-6 mol dni3).
stituents is not aggregated in solution.

In DMSO, all five MPcGyix complexes show monomeric  split behaviour in DMSO, attributed to the presence of dif-
behaviour at concentrations up to Pamoldmi~3, in that ferently absorbing substituted fractions in solution.

Beer's law was obeyed. It is known that MPc complexes  For SiPc&ix and GePcgix, absorption and fluorescence

show monomeric behaviour in DMSO and other organic sol- excitation spectra are similar, but not mirrorimages of the flu-

vents[40]. AIPcSnix (Fig. 6a) still showed slight broaden-  orescence emission spectrufig. 7,in PBS 7.4Fig. 8shows

ing in DMSO consistent with the presence of mixtures ab- the UV—vis absorption, fluorescence and excitation spectra of

sorbing at different wavelengths. However, the spectra for ZnPcSnix in PBS 7.4. Obviously, there is a lack of agreement

SiPcShix, GePc&ix and SnPc&ix (Fig. 6b), still showed between the absorption and fluorescence excitation spectra.
The band around 630 nm, associated with the dimer is not
seen in the fluorescence excitation spectrum; which suggests

Absorbance

Absorbance

500 550 600 650 700 750 800
Wavelength (nm)

(b)
(@
N - ®)
% (@)
)
= =
5 \ z
2 2
< £
T T T T T 1
500 550 600 650 700 750 800 . A 1
600 700 800

Wavelength (nm)
Wavelength (nm)
Fig. 5. Electronic absorption spectra of ZnRg3n PBS 7.4 (a) and in the
presence of Triton X-100 (b). Concentration of ZnRgS 5 x 10-°M and Fig. 7. Normalized fluorescence excitation (a) and emission (b) spectra of
for Triton X-100=0.02 M. SiPcSnix in PBS 7.4.
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Wavelength (nm) 550 600 650 700 750 800
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Fig. 8. Normalized absorption and fluorescence spectra of ZpRrEPBS
7.4. Fig. 9. Fluorescence excitation (a) and emission (b) spectra of MR@S
PBS 7.4.

that it is Only the monomer that fluoresces. A similar be- 3.3. F|u0rescence, tr|p|et quantum y|e|ds and tr|p|et

haviour was observed for SnRgg In both cases, thiemax lifetimes

of absorption are different from those of fluorescence excita-

tion, which implies that the absorbing species are somewhat  The general photophysical and photochemical parame-

different from the fluoreSCing SpeCieS. For Almln PBS ters of the MPcSix Comp|exes are listed iffable 1 Sol-

7.4) the absorption and fluorescence excitation spectra are injent parameters such as polarity, viscosity refractive index

close agreement, suggesting that the absorbing species is alsgnd the presence of heavy atoms in the solvent molecule,

the fluorescing species, and the fluorescence emission specare widely known to influence the yield of fluorescence. It

trum of AIPcSyix is @ mirror image of its excitation spectrum,  js important to state that since the MRgSare a mixture of

Fig. 9. sulphonated MPc complexes, the determined photochemical
In DMSO, the absorption and fluorescence excitation and photochemical parameters are an average for each mix-

spectra of AIPc&ix and ZnPcgjx are similar and are mir-  tyre. Thedr values inTable 1demonstrate the influence of

ror images of their emission spectra. However, for S|R&S  the environment of the fluorescing molecules on their fluores-

GePcix and SnPcgix, single Q-bands were observedinthe cence efficiency. In a particular solvent (PBS 7.4 or DMSO),

fluorescence excitation spectra, in contrast with the split Q- fluorescence quantum yield€) values are larger for MPc

bands in these complexes’ absorption spedii@. ©); prob-  complexes containing lighter atoms (e.g. Al), and smaller for
ably suggesting that not all components of each mixture arethpose MPc complexes containing heavier atoms (e.g. Ge and
equally fluorescent. Zn); this is attributed to the heavy atom effect, which results in
Table 1
Photophysical and photochemical parameters of M3ci® aqueous and non-aqueous media
Solvent 1q (nm) (loge)®P AF (Nm) 7 ((S) DE° or° D @4 (x10°) DAC Sa®
AIPCSix PBS 674 (5.18) 677 93 044 044 012 040 042 095
DMSO 685 (5.23) 690 800 B89 052 009 579 048 092
SIPCShix PBS 678 (5.11) 682 20 034 045 021 071 049 109
DMSO 680 (5.07) 685 430 29 058 013 735 052 090
GePCSix PBS 680 (5.01) 686 26 030 067 003 045 068 101
DMSO 685 (5.03) 692 760 21 079 Qo1 974 078 099
SnPC$ix PBS 688 (4.57) 699 82 005 059 036 159 042 071
PBS/TX 680 684,700 B2 019 068 013 413 052 077
DMSO 696 (4.95) 684,701 120 I8 087 Qo1 1401 065 075
ZnPCSnix PBS 673 (4.89) 677 25 016 053 031 365 045 085
PBS/TX 673 683 27 021 061 018 7.02 054 089
DMSO 675 (5.14) 682 530 04 086 Q01 1365 072 084

The values are average for the mixed complexes.
@ Q-band maxima shown for the low energy band only where bands are split.
b The loge values are for the low energy band where there are more than two bands.
¢ Values in PBS 7.4 have been reported befagg.
d TX =Triton X-100.
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intersystem crossing for the heavier atoms hence, lessfluores- Triplet lifetimes 1) among the MPcgix complexes do
cence, as observed bef¢22] in PBS solutions. Aggregation  not vary in a well-defined fashion ifable 1 Ordinarily, one

in the fluorescing molecules also exerts a major influence onwould expectlowett values for complexes containing heavy
the fluorescence quantum yield. In aqueous solutions, wheremetals or metalloids; although this is manifested to some
they form aggregates, SnRggand ZnPcgix show signifi- extent in DMSO Table 1), with AIPcSyix (800us) showing
cantly lower®g values than the non-aggregated complexes. the highest and SnPgg (120us) showing the lowestt
Aggregation dissipates the electronic energy of the excited values, the observed trend among the five species does not
singlet state, thereby lowering the likelihood of fluorescence. strictly conform to that predicted on the basis of heavy atom
Any procedure that results in the monomerization of aggre- effect.

gates will ultimately give rise to an enhanced fluorescence. Thereisastrikingincrease it values on going from PBS
This is seen in the notable increaselipvalues of SNPGgix 7.4 (or PBS 7.4 plus Triton X-100) to DMSO among all the
and ZnPcgix (in PBS 7.4) in the presence of Triton X-100. complexes. Also, triplet lifetimes for SnPg& and ZnPcgix
However, Triton X-100 had no effect on tkg- values for the are slightly lower in the presence of Triton X-100, in spite of
Ge, Siand Al complexes. Contrary to what might be expected monomerization. It is possible that molecular vibrations in
on grounds of DMSQ's higher viscosity than wateg,values Triton X-100 could accelerate triplet quenching, suggesting
were found to be lower in DMSO than in PBS 7.4, except for that solvent effect in this case overrides that of monomer-
SnPc&ix- This observation may be attributed to the presence ization by Triton X-100. These observations demonstrate
of relatively heavier atoms in DMSO than in water, which that the effect of solvents on the triplet lifetimes of MPc
would tend to favour intersystem crossing rather than fluo- complexes cannot be overstressed. We recently discussed
rescence. As will be seen shortly, quantum yields of triplet the effects of solvent on the triplet lifetime of ZnRggin
formation are consistently higher in DMSO than in PBS 7.4. terms of the near IR absorption of the various solvé2@3.

&1 values depended on the heavy atom effect as well as onThe energy of the triplet states of most MPc derivatives is
aggregation. In PBS 7.4 where they are aggregated, SiPcS ~1.12eV 1108 nm)[29], where water has a very broad
and ZnPcgix have lowerdt values than are expected onthe and intense absorption. This implies that water would ordi-
premise of heavy atom effect; this is expressed by the lower narily quench the triplet states of MPc derivatives, and this
&1 value for SnPcgix than for GePc&ix (Table 9. How- is responsible for the short triplet lifetimes in aqueous solu-
ever, in DMSO, SnPasfy gave the highespr value, as it tions. The absorption of DMSO &t1108 nm is not as broad
showed no aggregation in this solvent. In both solvents, the and intense as that of water; hence longer triplet lifetimes
&1 values for AIPcgix and SiPc{ix are consistently lower  are predicted in DMSO. In PBS 7.4, triplet lifetimes ranged
than for others; this observation is indicative of the smaller from 2.52 nm (SnPasix) to 2.95 nm (ZnPcgix); there is no
atomic masses of Al and Si compared to Ge Sn and Zn. Com-particular trend in the variation oft values (in PBS 7.4)
paring @t values in different media, higher values were ob- among the five complexes. We think that the triplet quench-
tained in DMSO than in PBS 7.4 (or PBS 7.4 plus Triton ing of these complexes is PBS 7.4 is so severe that the heavy
X-100); this observation reinforces our earlier proposition atom effect on intersystem crossing (from the triplet state
that intersystem crossing is favoured in DMSO than in aque- to the ground singlet state) becomes insignificant in this
ous solution. As expected, the presence of Triton X-100 gave solvent.
increased values for the hitherto aggregated SnRgand
ZnPcShix in aqueous solutions; monomers have greater ten- 3.4. Singlet oxygen and photodegradation quantum
dencies to undergo intersystem crossing because less energyields
is lost through internal conversion.

The determination o and®t values for the MPcgix Singlet oxygen is most commonly produced by photosen-
complexes paved the way for the calculation of internal con- sitization from the triplet state of photosensitizers. Conse-
version quantum yield#&,c), Eqg. (3). Table 1shows that in quently, singlet oxygen quantum yiel@{) should depend
PBS 7.4®,c values are higher for the aggregated species thanon the triplet quantum yield and lifetime of the photosen-
for the monomeric ones, which is due to the dissipation of sitizer. In fact, it is expected that the trend in variation of
electronic energy by the aggregates. As earlier stated, aggre<® » within an array of photosensitizers should be parallel to
gation hinders fluorescence and intersystem crossing; hencevariations in theirdt and r1 values. Among the MPGSx
most of the electronic energy of the excited singlet state is complexes studied, the trend observed dgt variation is
lost through internal conversion to the ground singlet state. almost the same as that observeddar, e.g. GePcgix has
@\c values are higher in PBS 7.4 (or PBS 7.4 plus Triton X- the largestbT and® values in PBS 7.4, while these values
100) than in DMSO, which suggests that the molecules are are the lowest for AlIPcgy in the same solvent. Hence the
more photoactive in DMSO than in agqueous soluti@hg.is explanations made fobT variation among the complexes
drastically reduced for SnPg§ and ZnPcgx in PBS 7.4 in should also be also valid fab variation. As expected, for
the presence of Triton X-100, due to the monomerizing effect ZnPcS,ix and SnPcQix, @ values are lower in PBS 7.4
of this surfactant. In DMSOp,c values for the heavier atom  than in DMSO, and values in the presence of Triton X-100
MPcSnhix (M=Ge, Sn and Zn) are close to zero. are also higher than those in PBS 7.4 alone.
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The efficiency of energy transfer from the triplet state of 400 7 1 reasing [HQ]
a photosensitizer to ground state molecular oxygen is quan- 200 -
tified by Sa. Sa is the fraction of the triplet state quenched 2
by ground state molecular oxygen, and the values for the & 209
MPcSnix complexes are listed ifable 1 From the table we E
can conclude thab, values do not depend significantly on 100 4
the solvent, but depend largely on aggregation. In PBS 7.4, |
Sa values are conspicuously lower for the aggregated species 650 700 750 800
(SnPc&ix and ZnPcgix) than for the other three as dis- (a) Wavelength (nm)

cussed beforf2?2]. Definitely, some electronic energy must
have been lost to the aggregates rather than being quenchec
by oxygen. The composition of the respective MR&S -
complexes could also influence the valuesSaf. For all
three monomeric MPGSx complexes (AIPc&ix, SiIPCShix
and GePcqix), Sa values are >0.9, implying efficient
photosensitization.

Photodegradation (photobleaching) quantum yiebd)(
is a measure of the stability of a molecule under photo-
irradiation. Itis suppos€d1] that photobleaching is a singlet 15
oxygen-mediated process; hence its efficiency should depend
on the value ofp » . However®q values are higher (consider-
ing the same solvent) for SnRg% and ZnPc,x which have 14
lower @ 5 values than GePgsy; this implies that MPc&ix
photodegradation is probably not initiated by singlet oxygen

25 y=3822x+ 1
R = 0.9852

I,/1

alone. The excited triplet state of a photosensitizer is suffi- 05 , , , r ,
ciently long lived to intercept other species in solution, thus 0 0.01 0.02 0.03 0.04 0.05
photobleaching is most likely to have taken place inthe triplet  (v) [HQ|/M

state. It therefore follows thaky values should also depend
on the values ofbt. @4 values are higher in DMSO than in  Fig. 10. (a) Fluorescence emission spectral changes of GiPcS
PBS 7.4 and also higher in the presence of Triton X-100 for (3.12x 10~8mol dm3) on addition of increasing concentrations of HQ.

‘ HQ]=0.008,0.016,0.024,0.032, 0.040, 0.048 moldn(b) Stern-Volmer
the aggregated species (SnRgand ZnPcgix). Llo?]for HQ quenching of SIPGS,. o)

3.5. Fluorescence quenching by hydroquinone . _ . . )
state of the sensitizer; and since the interaction of the excited

In the presence of HQ quencher, a reaction takes place be_molecules with HQ is diffusion-controlled, it follows from

tween the excited MPGS, and the HQ molecules. According collision theory of reaction rates that the higher the number

to Darwent et al[38], the following mechanism holds for the of molecules in the excited state, the higher the likelihood
reaction: ' of collision; and the more collisions there are, the greater

the quenching constar§y). Aggregation, coupled with the
MPcS,i, + BQHz, — (MPCSnix®™ ---BQ* ™) + 2HT (15) relatively low molar extinction coefficients results in the low
Ksv values for SnPc&ix and ZnPcKix.
(HQ could also be represented as BQWhere BQ is ben- The bimolecular quenching constakg) values for the
zoquinone). complexes were calculated according to E@—(10) as-
The fluorescence quenching of MRge by hydro- suming that the efficiencyf)( of MPcSyix-HQ collision is
quinone (HQ) in PBS 7.4 was found to obey Stern—Volmer unity (HQ quenches the fluorescence of MRg®omplexes
kinetics Fig. 10, which is consistent with diffusion-  effectively) [38]. Using the values 0f7.7x 10-1°m and
controlled bimolecular reactions. Only the Stern—Volmer 3.9x 10-19m for molecular radii of an MPc molecu[é2]
dependence of quenching of AlRggs by HQ in aque- and HQ[43], respectively (assuming that a change of the
ous solution has been reported befd&8]. Ksgy val- central metal ion has little effect on the molecular radius of
ues for the HQ quenching of MPgx are listed the MPc backbone); the bimolecular rate constln} yalue
in Table 2 The observed order of the values is for the HQ-quenching of each MPg{ species was found
AlPCShix > SiPCShix > GePciix > ZNPCShix > SNPCcSix. It to be 8.4x 10°M~1s~1. From the values oKsy andkg,
is interesting to note that this is the exact order of molar the fluorescence lifetimesg) could be calculated according
extinction coefficients (in PBS 7.Zable J) of the respective  to Eq.(7). Thetg values obtained using this semi-empirical
complexes. The molar extinction coefficient value is an indi- approach compares well with literature values for AIR&S
cation of the population of molecules in the excited singlet (g =5.00ng24,38) and ZnPcgix (tr =2.90 ng31]).
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Table 2
Rate constants for various excited state deactivation processes of MPcSmix complexes in RBS §.4x 10°M~1s1
Ksv (M~1) ¢ (NS) ke (s71)2 kisc (s7H)P kic (s7h)° ka(s™1)d

AlPcSnix 4486 534 (5.00% 8.24x 107 8.24x 107 2.25% 107 1.37
SiPcShix 38.22 455 7.47x 107 9.89x 107 4.62x 10 2.45
GePcSix 36.29 432 6.94x 107 1.55x 108 6.94x 10° 1.63
SnPcShix 17.05 203 2.46x 107 2.91x 10° 1.77x 10° 6.31
ZnPcShix 2335 278 (2.90% 5.76x 107 1.91x 10° 1.12x 10° 12.37

2 kg is the rate constant for fluorescence. Values calculated Usin@r/zr.

b ksc is the rate constant for intersystem crossing. Values calculated kisirrg @1/7E.
¢ kic is the rate constant for internal conversion. Values calculated Ugirgd c/tk.

d kq is the rate constant for photodegradation. Values calculated kgngq/tT.

€ Literature values[g4,38]

f Literature value$31].

The determination otr afforded the calculation of the tising abilities, and hence has a potential for future PDT
rate constants for the intrinsic processes kic, kisc) from applications.
quantum yield values of the respective processes (see legend
to Table 2. The rate constant values of processes deactivat-
ing the excited states of the MPg$ complexes are listed in Acknowledgements
Table 2 Rate constants for fluorescendeg)(ranged from

2.46x 10"s™* (SnPcix) to 8.24x 10's* (AIPCSni); This work was supported by the National Research Foun-

while kisc values range from 8.24 10"s™* (AIPCSmix) ©0  gation of South Africa as well as Rhodes University. AO
2.91x 10°s™* (SnPcSx). These opposite orders emphasize thanks ICSC world laboratory and Mellon foundation for
the importance of heavy atom effect and aggregation on thescholarships.

rate constant valuegc values for SnPc§ix and ZnPc§ix

are higher than those for their monomeric counterparts. Rate
constants for photodegradatioky,( Table 2 are larger for

the aggregated species (SnRg&nd ZnPcgix) than for the
non-aggrega_ted ones. L [1] F. Gan, Chin. Sci. Bull. 45 (2000) 572-576.

In conclusion, this work presents an insightinto the photo- 5] R, Hagen, T. Bieringer, Adv. Mater. 13 (2001) 1805-1810.
physical and photochemical properties of mixed sulphonated [3] H.S. Majumdar, A. Bandyopadhyay, A.J. Pal, Org. Elect. 4 (2003)
metallophthalocyanine complexes of Al, Si, Ge, Sn and Zn, 39-44.
which were found to be greatly dependent on the central [4] GG Rgbert, M.C. Petty, S. Baker, M.T. Fowler, N.J. Thomas, Thin
are a mixture of differently substituted derivatives, the de- S.J. Roser, Thin Solid Films 159 (1988) 469—478. '
termined photochemical and photophysical parameters are [6] S. Radhakrishnann, S.D. Deshpande, Sensors 2 (2002) 185-194.
an average for the whole mixture. Triplet and singlet oxy- [7] J. Oni, P. Westbroek, T. Nyokong, Electroanalysis 14 (2002)
gen quantum yield values suggest that the Mi¢Som- 1165-1168. _
plexes are potential candidates for photocatalytic applica- (8] Emért'wsaﬁa' ,\,,AAYZ} Scnh(;\,:,} Jii'(zsgérgk)' fé(%jg?g' > Fom G
tions in for example, PDT and photodegradation of pollu- (g N's. Nalwa, J.S. Shirk, in: APB. Lever, C.C. Leznoff (Eds.), Ph-
tants. The appreciable quenching of MRgSfluorescence thalocyanines: Properties and Applications, vol. 4, Wiley/VCH, New
by hydroquinone can be exploited in the conversion and stor- ~ York, 1996, Chapter 3.
age of solar energy, which makes these complexes equa"y{lO] P. Gregory, High-Technology Applications of Organic Colourants,

. . . . Plenum Press, New York, 1991, p. 759.
applicable as light harvesters in molecular photonics. In- ;| “aoconinal photochem. Photobiol. 53 (1891) 859-870.

depth photophysical studies of photosensitizers are usuallyj;) 5 p. spikes, Photochem. Photobiol. B: Biol. 6 (1990) 259-274.
hampered by the non-availability of their fluorescence life- [13] J.D. Spikes, Photochem. Photobiol. 43 (1986) 691-699.
time data; determination of fluorescence lifetimes involves [14] S.G. Bown, C.J. Tralau, P.D. Colendge-Smith, D. Akdemir, T.J. Wie-
the use of high-level equipment, which is beyond the reach s g‘aB”vBBr- J. CTagceT' 54 (1383 43—582- 1663 055058
of many researchers. This work provides a simple route to 12 S:B: Brown, T.G. Truscott, Chem. Br. (1993) 955-058.

. . . ~. [16] R. Bonnett, Chemical Aspects of Photodynamic Therapy, Gordon
the determlnf_;\pon of fluorescence Ilfetlmes of phptosensmz- and Breach Science, Canada, 2000.
ers from familiar fluorescence quenching experiments. The[17] D. Wohrle, D. Meissner, Adv. Mater. 3 (1991) 129-138.
lifetime values obtained here compared well with typical lit- [18] A. Boguta, D. Wbbel, T.J. Hoffman, P. Mazurkiewicz, Cryst. Res.
erature values. The determined photochemical and photo- 1o Ee"g”("g 3$A(20|\(/’I3) 267;234-'\/' Ace. Chem. Res. 26 (1663
physical parameters gives an idea as to how the different! ]158_535’ A. Moore, A.L. Moore, Acc. Chem. Res. 26 (1993)
central ions compare in influencing these parameters. Thesg,g) . McLendon, R. Hake, Chem. Rev. 92 (1992) 481-490.

studies have shown of GeRgs has the best photosensi- [21] M.R. Wasielewski, Chem. Rev. 92 (1993) 435-461.
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