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ABSTRACT

Spectral, photophysical and photochemical properties of tetra- and octa-carboxy substituted metal-
lophthalocyanines containing silicon and germanium as central metals ((OH),GeTCPc, (OH),SiTCPc,
(OH),GeOCPc and (OH),;SiOCPc) have been studied in dimethylsulfoxide (DMSO) and the trends in triplet,
fluorescence, singlet oxygen quantum yields and triplet lifetimes are described for these compounds.
The GePc derivatives exhibited high triplet quantum yields (&1=0.79 for (OH),GeOCPc and 0.82 for
(OH),GeTCPc compared to &1 =0.66 for (OH),SiTCPc and 0.48 for (OH),SiOCPc) due to the spin-orbit
coupling induced by Ge(IV). The triplet lifetimes were higher for MOCPc (7t = 760 s for (OH),SiOCPc and
480 s for (OH), GeOCPc compared to 71 =210 ws for (OH),SiTCPc and 260 s for (OH), GeTCPc). The fluo-
rescent states of the metallophthalocyanine (MPc) complexes were effectively quenched by benzoquinone
(BQ) and the quenching course was found to follow a diffusion-controlled (dynamic) bimolecular mech-
anism. Theoretical values of bimolecular rate constant for the interaction of the complexes with BQ were
determined using the Stokes-Einstein-Smoluchowski model, and values together with the Stern-Volmer

Triplet lifetime
Singlet oxygen

quenching constants were used in calculating the fluorescence lifetimes of the complexes.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The applications of porphyrin-type compounds such as met-
allophthalocyanines (MPcs) in photochemical and photobiological
reactions are well established [1,2]. The applications of MPcs in pho-
todynamic therapy (PDT) of cancer [3-5] have been made possible
by their high triplet quantum yields and long triplet lifetimes, fol-
lowed by oxygen quenching of their triplet states to produce singlet
oxygen, which is the cytotoxic species. MPc complexes contain-
ing central metals with filled d-orbitals have been found to result
in these high triplet yields and long lifetimes, which are required
for efficient photosensitization [6-8]. MPcs are known for their
light harvesting capability and their ability to undergo excited state
charge transfer with ease [9,10] which makes them suitable in mim-
icking the photosynthetic process. Such excited state charge trans-
fer have been favoured between some MPcs singlet excited state and
quinones [9-14]. Charge transfer between benzoquinone (BQ) and
MPcS,,ix complexes, containing a mixture of differently sulfonated
derivatives and M =Ge, Si, Sn, Zn and Al [11] as well as tetra-carboxy
(MTCPc) and octa-carboxy (MOCPc) derivatives containing Al and
Zn as central metals [12] have been reported. When ZnPc contain-
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ing benzyloxyphenoxy ligands was employed for charge transfer
studies with benzoquinone, loss of symmetry due to protonation
was observed [13]. The differences in molecular volume were pro-
posed to be responsible for the trends in the variation of quenching
constants, whereby the greater the molecular volume of the fluo-
rophore, the more efficient the apparent static quenching [11].

Thus, in this work, we present a study of the light harvest-
ing and energy transducing tendencies of tetra- and octa-carboxy
substituted silicon and germanium metal phthalocyanines in the
presence of 1,4-benzoquinone. It is important for light harvesters
to possess appreciable photoactivity. Photophysicochemical stud-
ies on some phthalocyanine carboxylates have been documented
[12,15-17] and they have shown to be promising candidates for
photosensitization reactions. MPc derivatives incorporated with
silicon or germanium metals show efficient intersystem crossing
to the triplet state resulting in high triplet state yields, which are
required for photosensitized reactions [9,18]. Silicon and germa-
nium tetracarboxy phthalocyanines are not known, though their
octa-carboxy counterparts have been reported [19]. However, their
energy transducing tendencies have not been reported. Systematic
investigation of the photophysical and photochemical properties of
these carboxy substituted silicon and germanium phthalocyanine
derivatives in dimethylsulfoxide (DMSO) is carried out in this work.
Solvent reorganization energy during processes of charge transfer is
also examined since sensitivity of reorganization energy to solvent
is a major concern in electron transfer processes [20].
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2. Experimental and methods
2.1. Materials

1,4-Benzoquinone, cremophore EL (CEL) and 3-diphenyli-
sobenzofuran (DPBF) were purchased from Aldrich and dimethyl-
sulfoxide (DMSO, SAARCHEM) was dried before use. All other
reagents were obtained from commercial supplies and used as
received. Silicon ((OH),SiOCPc) and germanium ((OH),GeOCPc)
octacarboxylphthalocyanines were synthesized, purified and char-
acterized according to literature methods [21] while silicon
((OH),SiTCPc) and germanium ((OH),GeTCPc) tetracarboxylph-
thalocyanines were synthesized, purified and characterized
according to literature methods (for the corresponding CuTCPc,
FeTCPc and CoTCPc) with slight modification [17,22].

Briefly, finely ground mixture of trimellitic acid anhydride
(4.8 g,25 mmol), urea (15 g, 250 mmol) ammonium chloride (0.27 g,
0.5 mmol), ammonium molybdate (0.6 g, 0.5 mmol) and metal salt
(15 mmol) (SiCly for (OH),SiTCPc and GeCl4 for (OH),GeTCPc) was
heated under reflux at 185°C for 4h. The dark coloured solid
was filtered off and washed with methanol and dried overnight
at 100°C to yield the tetraamide complex. The solid was then
boiled with 275ml of 1 moldm~3 HCI saturated with NaCl. The
residue was collected by filtration and washed with boiling water.
A small portion of the product was dissolved in warm 1 moldm—3
NaOH solution and filtered by suction. The tetracarboxy complexes
were precipitated from the sodium salt solution by addition of
1moldm~3 HCl. The complex was filtered and washed several
times with boiling water until no more chloride was detected. The
product was Soxhlet extracted with absolute ethanol and dried in
vacuo.

(OH),SIiTCPc: Yield: 36%. UV/vis (DMSO): Amax (nm) (loge)
368 (4.62), 614 (4.33), 681 (4.61). IR [(KBr) vmax (cm~1)]: 3350
(0-H), 1702 (C=0), 1313, 1289, 1237 (C-0). Calcd for (OH),
(C35H16N808Si)Z C 5744, H 215, Found: C 5693, H 3.85.

(OH),GeTCPc: Yield: 28 %. UV/vis (DMSO): Amax (nm) (loge)
367 (4.58), 615 (4.11), 689 (4.99). IR [(KBr) vmax (cm~1)]: 3402
(0-H), 1710 (C=0), 1484, 1399, 1255 (C-0). Calcd for (OH),
(C36H16Ng0gGe): C 54.37, H 2.28; Found: C 54.27, H 3.68.

2.2. Equipment

Ground state electronic absorption spectra were recorded on a
Varian 500 UV-Vis/NIR spectrophotometer, fluorescence excitation
and emission spectra recorded on a Varian Eclipse spectrofluo-
rimeter. Laser flash photolysis experiments were performed with
light pulses produced by a Quanta-Ray Nd:YAG laser providing
400m)J, 90 ns pulses of laser light at 10 Hz, pumping a Lambda-
Physik FL3002 dye (Pyridin 1 dye in methanol). Single pulse energy
ranged from 2 to 7my]J. The analyzing beam source was from a
Thermo Oriel xenon arc lamp, and a photomultiplier tube was
used as detector. Signals were recorded with a two-channel digi-
tal real-time oscilloscope (Tektronix TDS 360) and kinetic curves
were averaged over 256 laser pulses. Triplet lifetimes were deter-
mined by exponential fitting of the kinetic curves using OriginPro
7.5 software. Solutions for triplet yield and lifetime determina-
tions were purged of oxygen (by bubbling with Argon) before
laser irradiations. Photo-irradiations for singlet oxygen determi-
nation were performed using a General electric Quartz line lamp
(300W). A 600-nm glass cut off filter (Schott) and water were
used to filter off ultraviolet and infrared radiations, respectively.
An interference filter (Intor, 700 nm with a band width of 40 nm)
was additionally placed in the light path before the sample.
Light intensity was measured with a POWER MAX5100 (Molelec-
tron detector incorporated) power meter and was found to be
1.78 x 10'® photonss~! cm—2.

2.3. Photophysical and photochemical studies

Fluorescence quantum yields (®f) were determined by compar-
ative method [23] (Eq. (1)):

FAStd nz
2
FStdA nStd

Pr = P(sta) (M
where F and Fsq are the areas under the fluorescence curves of the
MPc derivatives and the reference, respectively. A and Asyq are the
absorbances of the sample and reference at the excitation wave-
length, and n and ngq are the refractive indices of solvents used
for the sample and standard, respectively. ZnPc in DMSO was used
as a standard, @r=0.20 [24]. At least three independent experi-
ments were performed for the quantum yield determinations. Both
the sample and the standard were excited at the same relevant
wavelength.

Triplet quantum yields were determined using a comparative
method based on triplet decay, using Eq. (2):

Sample std AASampleSStd
(DT = ¢T “A aStd oSample
AAStd gSample

(2)

Sample
AT

where and A.Srtd are the changes in the triplet state

absorbance of the sample and the standard, respectively. ef.ample and

s%td are the triplet state extinction coefficients for the sample and
standard, respectively. <1§§td is the triplet state quantum yield for the

standard. ZnPc (q5§td = 0.65 in DMSO [25]) was used as a standard.
Quantum yields of internal conversion were obtained using Eq. (3)
which assumes that only three processes (fluorescence, intersys-
tem crossing and internal conversion); jointly deactivate the excited
singlet states of the complexes:

Pic=1- (P + Pr) (3)

Eq. (4) was employed for calculating singlet oxygen quantum
yields:

sia RIS
— abs
o= P pip (4)

where qﬁ%“‘ is the singlet oxygen quantum yield for the standard,
ZnPc (@3 = 0.67 in DMSO [26]). R and RS¢ are the DPBF pho-
tobleaching rates in the presence of the respective MPcs under
investigation and the standard, respectively. I, and Igltfs' are the
rates of light absorption by the MPcs and the standard, respectively.
To avoid chain reactions, the concentration of DPBF was kept at
~3 x 10~> mol1-1. Solutions of the MPcs with an absorbance of 0.2
at the irradiation wavelength were prepared in the dark and irra-
diated at the Q band region. DPBF degradation was monitored at
417 nm. The error was ~10% from several values of @ 4.

2.4. Fluorescence quenching by benzoquinone

Fluorescence quenching experiments on the various MPc com-
plexes were carried out by the addition of increasing concentrations
of BQ to a fixed concentration of the respective MPc complexes,
and the concentrations of BQ in the resulting mixtures were 0,
0.0028, 0.0056, 0.0084, 0.0112 and 0.0140 M. The respective MPc
fluorescence spectra were recorded in the absence and presence
of the various BQ concentrations and the changes in fluorescence
intensity of MPc with quencher concentration was analysed by the
Stern-Volmer equation (Eq. (5)) [27]:

14 keviBQ) (5)

where Iy and I are the fluorescence intensities of the fluorophore
(MPc) in the absence and presence of quencher, BQ, respec-
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M = (OH),Ge, (OH),Si
R=COOH

Fig. 1. Chemical structures of (a) octa-carboxy substituted and (b) tetra-carboxy
substituted silicon and germanium phthalocyanine.

tively; [BQ] is the concentration of the quencher and Ksy is the
Stern-Volmer constant.

Ksy is the product of the bimolecular quenching constant (kq)
and the fluorescence lifetime, ¢ as shown by Eq. (6):

(6)

and can be determined from the slope of the plot of the calculated
ratios Ip/I against [BQ] according to Eq. (5).

Ksy = kQ‘L’F

3. Results and discussion
3.1. Ground state electronic absorption and fluorescence spectra

Tetra- and octa-carboxy metallophthalocyanine (MTCPc and
MOCPc, respectively) complexes Fig. 1 are known and gave satisfac-
tory analyses similar to literature [15-17,21,22]. The (OH),SiTCPc,
(OH),GeTCPc complexes gave satisfactory spectroscopic and ele-
mental analyses as outlined in Section 2.

The solubility of the MPc carboxy substituted complexes was
achieved in aqueous medium due to the presence of the ionic charge
on their substituents, though for the MTCPcs, complete dissolu-
tion only occurred at pH 10. The ground state electronic absorption
spectra of the MOCPc complexes showed monomeric behaviour
evidenced by a single Q band, typical of metallated phthalocya-
nine complexes [28] (Fig. 2). The MTCPcs were highly aggregated
in aqueous solution as seen from the broadness of their spectra
in Fig. 2. The spectra showed the monomer peaks near 700 nm and
the peak due to the aggregates near 630 nm. Interestingly, the max-
ima of their monomeric bands were red-shifted compared to their
MOCPcs. The exciton coupling theory explains that aggregation of
symmetrically substituted Pcs gives rise to pronounced spectral
changes that extend from broadening to splitting of the Q band
[29], indicating the presence of additional electronic levels of the
aggregates. In these additional electronic levels, transitions are for-
mally allowed only to the upper energy pairs of states (represented
as 'Eu). However, transitions to the lower energy pairs of states
(1Eg) (LUMO) though symmetry forbidden, may still occur to a small
extent, resulting in a broad absorption spectrum or red-shifting of
the spectrum [30]. This may explain the behaviour of these MTCPcs.

65
1
0.8 o
(iv)
g 06 pd
£
=
£
=
2
Z 04 -
«
0.2
L Y T T T T e
500 550 600 650 700 750 800
Wavelength (nm)
Fig. 2. Electronic absorption spectra of (OH),SiTCPc (i), (OH),GeTCPc (ii),

(OH),SiOCPc (iii) and (OH),GeOCPc (iv) complexes in
(~10-6 moldm~3). pH 10 for MTCPc and pH 7.4 for MOCPc.
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Fig. 3. Electronic absorption spectra of (OH),SiTCPc (i), (OH),GeTCPc (ii),
(OH),SiOCPc (iii) and (OH),GeOCPc (iv) complexes in DMSO (~1 x 10~ moldm~3).

Also, tetrasubstituted MPcs are known to be a mixture of con-
stitutional isomers [31], whereas octasubstituted derivatives are
isomerically pure and the plurality of the substituents may also
result in monomerization [32]. Addition of a neutral surfactant cre-
mophore EL (CEL), to the aqueous solutions of the MTCPcs resulted
in no noticeable change in the shape and intensity of their spec-
tra, suggesting that the broadness of their spectra may be due to
distortion of symmetry, the presence of isomers, or strong aggre-
gation which cannot be broken down by CEL. When the MTCPcs
were dissolved in an organic solvent, dimethylsulfoxide they exhib-
ited monomeric behaviour (Fig. 3 and Table 1). There was however,
still some broadness existing in both (OH),SiTCPc and (OH), GeTCPc
complexes. The monomerization in DMSO is not unexpected since
organic solvents are known to break aggregation [9,33]. The small
broadness still observed in DMSO is probably due to isomers or

Table 1

Spectral and photophysical parameters for MPc complexes in DMSO.

Complex Aq (nm) Af (nm) AExc (Nm) D Py Dic D4 aSa 71 (ps)
(OH),SiTCPc 681 699 694 0.14 0.66 0.16 0.17 0.26 210
(OH),GeTCPc 689 697 689 0.17 0.82 0.01 0.73 0.89 260
(OH),SiOCPc 700 720 704 0.27 0.48 0.25 0.33 0.69 760
(OH),GeOCPc 703 713 704 0.19 0.79 0.02 0.63 0.80 480

A SA=DP,[Dr.
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(a)
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Fig. 4. Absorption (solid line), excitation (dotted line) and emission (blurred line)
spectra of (OH),GeOCPc (a) and (OH),SiTCPc (b). Solvent=DMSO (Agxc =625 and
615 nm, respectively).

incomplete disaggregation. Beer’s law was however, obeyed up
to ~1 x 107> moldm~—3 in DMSO. It can therefore be inferred that
strong aggregation that cannot be easily broken by a neutral surfac-
tant such as CEL exists in (OH),SiTCPc and (OH), GeTCPc complexes
in aqueous media. It has been documented that aggregation is
accompanied by a reduction of photochemical activity in processes
involving phthalocyanine excited states [34,35], hence for proper
comparison between the tetra and octasubstituted MPcs in this
work, further studies hereafter are carried out in DMSO.

(OH),SiOCPc and (OH);GeOCPc maintained monomeric
behaviour in DMSO and are red-shifted by 19 and 14 nm, respec-
tively, when compared to their corresponding tetrasubstituted
complex.

Absorption and fluorescence excitation spectra of MPcs are
expected to be similar and mirror images of their emission spec-
trum and this was the case with the GePc derivatives ((OH), GeTCPc
and (OH),GeOCPc) complexes (Fig. 4a). For the SiPc derivatives
((OH),SiTCPc and (OH),SiOCPc), the Q band maxima of the absorp-
tion and excitation spectra are different (Fig. 4b), especially for
(OH),SiTCPc with differences of 4 and 13 nm for (OH),SiOCPc and

Table 2
Fluorescence quenching and kinetic data for MPc complexes in DMSO.

(OH),SiTCPc, respectively, Table 1, suggesting a difference in the
nuclear configuration of the ground and excited states, most likely
due to partial demetalation, such behaviour has been observed
before for some MPc complexes [36]. There was also enhanced
splitting of the Q band of the excitation spectra for (OH),SiTCPc
(Fig. 4b). For (OH),SiOCPc the fluorescence spectrum was a mirror
image of the absorption spectrum. Stokes’ shifts were ~8—20 nm,
typical of MPc complexes, the Stokes shift are also larger for the
SiPc complexes compared to the corresponding GePc derivatives.
The smaller Stokes’ shifts values for the GePc complexes imply
rigidity of the environment and possibility of very little arrange-
ment while the larger Stokes’ shifts in the SiPc complexes, allows
for greater rearrangement of the molecule at the excited state.
Large Stokes’ shifts may be an advantage in that fluorescent signals
from the molecules may be easily separated from scattered excited
light.

3.2. Photophysical studies

The values obtained for photophysical parameters of
(OH),SiTCPc, (OH),GeTCPc, (OH),SiOCPc and (OH),GeOCPc
in DMSO are shown in Table 1. Fluorescence quantum yields
(®Pg) are lower for the tetrasubstituted derivatives (OH),SiTCPc,
(OH),GeTCPc compared to their corresponding octasubstituted
ones, (OH),;SiOCPc and (OH),GeOCPc. ®r value for (OH),GeOCPc
is lower compared to (OH),SiOCPc, this is expected on the basis
of spin-orbit coupling (SOC), since Ge(IV) as an heavier atom will
induce a stronger SOC than Si(IV), thereby enhancing the likeli-
hood of the spin-forbidden transition and reducing spin-allowed
fluorescence. The MTCPcs, however, behaved differently, with the
(OH),GeTCPc having a higher @ value than (OH),SiTCPc this may
be due to aggregation effects.

An opposite trend was observed for the triplet quantum
yield values (&r, Table 1) when compared with ®@p. &1 val-
ues are higher for the tetrasubstituted derivatives compared to
corresponding octasubstituted derivatives, implying that most of
the non-fluorescing molecules in the tetrasubstituted derivatives
undergo intersystem crossing to the excited triplet state, this cor-
responds to the low @ values of the tetrasubstituted derivatives.
For both the tetra and octasubstituted complexes, @t values are
higher for the germanium Pc complexes than for the silicon Pc
complexes, which is attributed to the larger size of Ge(IV) ion com-
pared to Si(IV) ion. Triplet lifetimes (1) are longer for the MOCPcs
compared to the MTCPcs, corresponding to the lower @1 values
for the former. (OH),SiTCPc has the shortest T amongst the com-
plexes. (OH),SiTCPc would be expected to have a longer lifetime
than its (OH), GeTCPc counterpart as it is the case with the MOCPcs,
the difference could be due to difference in the extent of aggrega-
tion. The lifetimes are long enough for photosensitized reactions to
occur.

Quantum yields of internal conversion (®c, Table 1) are higher
for the silicon Pc derivatives than for the germanium Pc deriva-
tives. The difference in the nuclear configuration of the ground
and excited states, exhibited by the silicon complexes may provide
pathways through which excitation energy can “leak out” non-
radiatively via internal conversion.

Complex Ksy (dm3 mol-1) kq (dm> mol-' s~ x 10%) TF (pc) (NS) kg (s~1 x 107) aksc (s~ x 108) e (s71 x 107)
(OH),SiTCPc 13.49 4.85 2.78 5.04 2.37 5.76
(OH),GeTCPc 18.35 5.03 3.65 4.66 2.25 0.27
(OH),SiOCPc 17.62 5.08 3.46 7.80 1.39 7.23
(OH),GeOCPc 11.44 5.10 2.24 8.48 3.53 0.89

a kg is the rate constant for fluorescence. Values calculated using kr = ®@g/7F; kisc is the rate constant for intersystem crossing. Values calculated using kisc = @1/tF; kic is the

rate constant for internal conversion. Values calculated using kic = @ic/tr.
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Fig. 5. Effect of BQ ((0 to 1.10 x 10~>)moldm~3) on fluorescence spectrum of
(OH),GeTCPc (1.24 x 10-> mol dm~3). Inset: Stern-Volmer plot for BQ quenching of
(OH),GeTCPc. Excitation wavelength =615 nm.

Rate constants for the intrinsic processes deactivating the
excited singlet state (kg, kjsc and kjc) are shown in Table 2. These val-
ues follow the same trends as their respective quantum yield values.
The rate constants of internal conversion were higher for the silicon
Pc complexes compared to the germanium Pc complexes following
the trend of @|c, showing that there is a higher rate of quenching of
the singlet excited state in the silicon Pc derivatives. Larger rate con-
stants for fluorescence (kg ) were observed for the MOCPc complexes
compared to the MTCPcs, indicating a greater fluorescing ability
of the former which may be due to their monomeric and isomeric
nature. All the complexes exhibited large rate constants for intersys-
tem crossing (kisc) indicating their high intersystem crossing ability
to the triplet state.

3.3. Singlet oxygen quantum yield

Energy transfer between the triplet state of photosensitizers
and ground state molecular oxygen leads to the production of sin-
glet oxygen, @ 4, which is the cytotoxic species in PDT. There is a
necessity of high efficiency of transfer of energy between excited
triplet state of MPc and ground state of oxygen to generate large
amounts of singlet oxygen for photochemical reactions. The @ 4 val-
ues (Table 1) are high for GePc complexes corresponding to their
triplet state quantum yields. (OH),SiTCPc showed a low @ 4 and
a relatively short triplet lifetime, the latter may be a reason for
its low production of @, since efficient energy transfer from its
triplet state to ground state molecular oxygen may not have been
plausible within the short triplet lifetime. Singlet oxygen (10;), is
one of the reactive oxygen species, that plays an important role
in many photosensitization reactions. The observed & 4 values of
these germanium and silicon phthalocyanine complexes shows that
the complexes will be valuable for use in photochemical reactions
involving singlet oxygen such as PDT. S, =(® 4/®) values, were
near unity (Table 1) for the complexes (except (OH),SiTCPc) sug-
gesting efficient quenching of the triplet state by singlet oxygen for
these complexes.

3.4. Fluorescence quenching by benzoquinone

Fig. 5 shows the spectral changes accompanying the fluores-
cence quenching of (OH),GeTCPc by BQ in DMSO, as well as the
corresponding Stern-Volmer plot. All the other complexes in this
work were also effectively quenched by BQ. The Stern-Volmer
plots for all four complexes gave straight lines, depicting diffusion-
controlled quenching mechanisms. No changes were observed
in the absorption spectra of the complexes in the presence of
BQ; hence the quenching mechanism can be said to be dynamic.

Quinones have high electron affinities, and their involvement in
electron transfer processes is well documented [11]. The energy
of the lowest excited state for quinones is greater than the energy
of the excited singlet state of MPc complexes [37], hence, energy
transfer from the excited MPc to BQ is not likely to occur. Moreover,
MPcs are known to be easily reduced [21]. Therefore MPc fluores-
cence quenching by BQ is via excited state electron transfer, from
the MPc to the BQ.

Stern-Volmer constants (Ksy ), Table 2, for fluorescence quench-
ing by BQdid not follow a particular pattern but are relatively within
the same range for the MPc complexes; probably due to the similar
structure and chemical nature of the MPc complexes.

The bimolecular rate constant for diffusion-controlled reactions
(kp) is related to the bimolecular quenching constant (kq) (Eq. (6))
by Eq. (7) [38]:

kQ =ﬂ([) (7)

where fis the collision efficiency.
kp can be obtained from the Einstein—-Smoluchowski relation-
ship:

kp = 4wNa(Ds + Dg)(r¢ +1q) ®

where N, is the Avogadro’s number, Df and Dq are the diffusion
coefficients of the fluorophore and quencher, respectively and r¢
and rq are the radii of fluorophore and quencher, respectively.

The diffusion coefficient D is given by the Stokes’ equation (Eq.
(9)) [38]:

kT
= 6mnr

(9)

where k is the Boltzman constant; T is the absolute temperature;
1 is the solvent’s viscosity; and r is the fluorophore (or quencher)
radius. The radii were determined using ACD/Chem Sketch program
in comparison with literature [39,40].

kq values can be determined from Eq. (7) using the calculated
kp value, provided that fis known. From the values of kq, the values
of 7¢ can then be calculated using Eq. (6).

The bimolecular quenching constants (kq), calculated (assum-
ing that collision efficiency, f, is unity) for the MPc complexes
range between 4.85 x 10% and 5.10 x 10° dm3 mol~! s~1; these val-
ues are close to 10'©dm3 mol~'s~1, which is in agreement with
the Einstein-Smoluchowski approximation at room temperature
for diffusion-controlled bimolecular interactions [40]. Fluorescence
lifetimes, T values (Eq. (6), Table 2), are within the expected range
for MPc derivatives [34,37,41]. The fluorescence lifetimes range
between 2.2 and 3.7 ns.

The solvent dependence on the rate of electron transfer was also
examined and the solvent reorientation energies (As) were cal-
culated using the Marcus dielectric continuum formula [42] (Eq.

(10)):

2
hm e (A - D) (s - i) (10)
4meg n2 Es 2Rp 2Rp Rap
where e is the electronic charge, g is the permittivity of vacuum; n
and &5 are the solvent’s refractive index, and dielectric constant,
respectively; Ry and Rp are the molecular radii of the electron
acceptor and donor (MPc), respectively, while Rap is the sum of
R and Rp.

Marcus [42] suggested that a reorganization of the solvent
molecules around the electron donor and acceptor occurs prior to
the electron transfer process. The clustering of solvent molecules
around the interacting species inhibits electron transfer; hence a
solvent reorganization is essential for the electron transfer process
so that a partial disengagement of solvent molecules attached to
the donor and acceptor occurs, leading to an increase in entropy.
Solvent reorganization energies were calculated according to Eq.
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(10), and the values are basically the same for all the complexes
(~0.66 eV); which is not unexpected, because the same solvent was
employed in all cases.

4. Conclusions

The photophysical and photochemical properties of silicon and
germanium tetra- and octa-carboxy phthalocyanines have been
studied and reveal high yields of the metastable excited state which
should make them find use in applications requiring photosensi-
tizers. A difference in the nuclear configuration of the ground and
excited states was observed in the silicon Pc omplexes. The effec-
tive quenching of the complexes’ fluorescence by benzoquinone
suggests that such systems that contain SiPc or GePc derivatives
and quinones could serve well as good light harvesters and energy
transducers.

Acknowledgements

This work was supported by the Department of Science and
Technology (DST) and National Research Foundation (NRF), South
Africa through DST/NRF South African Research Chairs Initiative for
professor of Medicinal Chemistry and Nanotechnology as well as
Rhodes University and Medical Research Council of South Africa. MI
thanks the Andrew Mellon Foundation and NRF for scholarships.

References

[1] C.C.Leznoff,in: A.B.P. Lever (Ed.), Phthalocyanines: Properties and Applications,
vol. 1-4, VCH Publishers, New York, 1989-1996.

[2] P.Tau, T. Nyokong, J. Mol. Catal. A: Chem. 273 (2007) 149.

[3] LJ. Macdonald, T.J. Dougherty, J. Porphyrins Phthalocyanines 5 (2001) 105.

[4] J.E. van Lier, in: D. Kessel (Ed.), Photodynamic Therapy of Neoplastic Diseases,
vol. 1, CRC Press, Boca Raton, FL, 1990.

[5] L. Milgrom, S. MacRobert, Chem. Br. 34 (1998) 45.

[6] T. Nyokong, Coord. Chem. Rev. 251 (2007) 1707.

[7] W.S. Cahn, N. Brasseur, C. La Madeleine, R. Quellet, ].E. van Lier, Eur. J. Cancer 33
(2001) 1855.

[8] H. Alj, J.E. van Lier, Chem. Rev. 99 (1999) 2379.

[9] A. Ogunsipe, T. Nyokong, J. Photochem, Photobiol. A: Chem. 173 (2005) 211.

[10] J.S. Connolly, J.R. Bolton, in: M.A. Fox, M. Chanon (Eds.), Photoinduced Electron

Transfer, Part D, Elsevier, Amsterdam, 1988, p. 303.

[11] A. Ogunsipe, T. Nyokong, . Porphyrins Phthalocyanines 9 (2005) 121.

[12] M. Idowu, A. Ogunsipe, T. Nyokong, Spectrochim. Acta Part A 68 (2007) 995.

[13] M. Durmus, T. Nyokong, Spectrochim. Acta Part A 69 (2008) 1170.

[14] 1 Giirol, M. Durmus, V. Ahsen, T. Nyokong, Dalton Trans. (2007) 3782.

[15] M.G. Lagorio, L.E. Dicelio, MLL Litter, E. San Roman, J. Chem. Soc., Faraday Trans.
94 (3) (1998) 419.

[16] M.G. Lagorio, L.E. Dicelio, E. San Roman, J. Photochem. Photobiol. A: Chem. 72
(1993) 153.

[17] M.G. Lagorio, L.E. Dicelio, E.A. San Roman, S.E. Braslavsky, ]J. Photochem. Photo-
biol. B: Biol. 3 (1989) 615.

[18] S.E. Maree, D. Phillips, T. Nyokong, ]. Porphyrins Phthalocyanine 6 (2002) 17.

[19] M. Idowu, T. Nyokong, J. Photochem. Photobiol. A: Chem. 200 (2008) 396.

[20] F. Sanchez-Burgos, M.L. Moya, M. Galan, Prog. React. Kinet. 19 (1994) 1.

[21] K. Sakamoto, E. Ohno, Prog. Org. Coat. 31 (1997) 139.

[22] X.Song, Y. She, H. Ji, Y. Zhang, Org. Process Res. Dev. 9 (2005) 297.

[23] S. Fery-Forgues, D.J. Lavabre, Chem. Ed. 76 (1999) 1260.

[24] A. Ogunsipe, J.Y. Chen, T. Nyokong, New J. Chem. 7 (2004) 822.

[25] T.H. Tran-Thi, C. Desforge, C. Thies, J. Phys. Chem. 93 (1989) 1226.

[26] N. Kuznetsova, N. Gretsova, E. Kalmykova, E. Makarova, S. Dashkevich, V. Neg-
rimovskii, O. Kaliya, E. Lukyanets, Russ. . Gen. Chem. 70 (2000) 133.

[27] J. Rose, Advanced Physico-chemical Experiments, 1st ed., Sir Isaac Pitman &
Sons Ltd., London, 1964, p. 257.

[28] M.J. Stillman, T. Nyokong, in: C.C. Leznoff, A.B.P. Lever (Eds.), Phthalocyanines:
Properties and Applications, vol. 1, VCH Publishers, New York, 1989 (Chapter
3).

[29] J.E. van Lier, ].D. Spikes, in: G.S. Buck, S. Harnett (Eds.), Photosensitizing Com-
pounds: Their Chemistry, Biology and Clinical Use, John Wiley and Sons,
Chichester, 1989, p. 17.

[30] Z. Gasyna, N. Kobayashi, MJ. Stillman, J. Chem. Soc., Dalton Trans. (1989)
2397.

[31] M. Sommerauer, C. Rager, M. Hanack, J. Am. Chem. Soc. 118 (1996) 10085.

[32] A. Suchan, J. Hurek, W. Waclawek, ]. Nackiewicz, K. Ejsmont, Pol. J. Chem. 73
(1999) 2013.

[33] G. Schnurpfeil, A.K. Sobbi, W. Spiller, H. Kliesch, D. Worhle, ]. Porphyrins
Phthalocyanines 1 (1997) 159.

[34] ].R. Darwent, P. Douglas, A. Harriman, G. Porter, M.C. Richoux, Coord. Chem. Rev.
44 (1982) 83.

[35] J.R. Wagner, H. Ali, R. Langlois, N. Brasseur, J.E. van Lier, Photochem. Photobiol.
45 (1987) 587.

[36] M. Durmus, T. Nyokong, Tetrahedron 63 (2007) 1385.

[37] J.R. Darwent, I. McCubbin, D.J. Phillips, Chem. Soc., Faraday Trans. 2 (78) (1982)
347.

[38] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, 3rd ed., Springer, New
York, 2006.

[39] K. Morishige, S. Tomoyasu, G. Iwano, Langmuir 13 (1997) 5184.

[40] G.B.Dutt, N. Periasamy, J. Chem. Soc., Faraday Trans. 87 (24) (1991) 3815.

[41] S.L. Murov, I. Carmichael, G.L. Hug, Handbook of Photochemistry, 2nd ed., M.
Decker, New York, 1993, p. 207.

[42] R.A. Marcus, J. Chem. Phys. 24 (1956) 966.



	Photophysicochemical and fluorescence quenching studies of tetra- and octa-carboxy substituted silicon and germanium phthalocyanines
	Introduction
	Experimental and methods
	Materials
	Equipment
	Photophysical and photochemical studies
	Fluorescence quenching by benzoquinone

	Results and discussion
	Ground state electronic absorption and fluorescence spectra
	Photophysical studies
	Singlet oxygen quantum yield
	Fluorescence quenching by benzoquinone

	Conclusions
	Acknowledgements
	References


