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The eﬀects of concentration on the ﬂuorescence decay kinetics of disulfonated aluminium phthalocyanine
(AlPcS2) were studied in several solvents. The degree of aggregation, which increased with total dye concentration,
was estimated from the absorption spectra. The measured ﬂuorescence decays were shorter and increasingly
non-monoexponential with increasing dye concentration. However, stronger quenching was not correlated with
higher aggregation. The ﬂuorescence decays were analyzed using a model that assumes excitation energy migration
between diﬀusing monomeric AlPcS2 and quenching by diﬀusing dimers, both governed by the Förster energy
transfer mechanism. The model can explain the observations in three of the four solvents used (phosphate-buﬀered
saline (PBS) pH = 11.5, ethanol, and 67% glycerol–33% water mixture) on the assumption that diﬀerent dimer
conﬁgurations are present and not all of them act as quenchers. In PBS at pH = 7.4 the theory predicts much stronger
quenching than observed. Excitation energy migration between monomeric species at high dye concentration was
conﬁrmed by the observed decrease of the decay time of ﬂuorescence anisotropy in viscous solutions of 67% glycerol,
and appears to be a major factor in ﬂuorescence quenching of AlPcS2 at high concentration.

Introduction
Disulfonated aluminium phthalocyanine (AlPcS2, Fig. 1)

Fig. 1 Structure of disulfonated aluminium phthalocyanine (AlPcS2).

studied in this work is used as a drug in photodynamic therapy
(PDT).1 The applicability and eﬃcacy of a PDT drug can be
linked to its photophysical properties, such as quantum yields
of ﬂuorescence, triplet state formation and singlet oxygen
formation. The photophysics of potential drugs are usually ﬁrst
studied in homogeneous solutions, and on the basis of the
established parameters their photosensitizing potential is predicted or explained. However, when located in cells and tissues,
the sensitiser is interacting with many types of molecules and
cellular components, and its surrounding environment is far
from homogeneous. For this reason the photophysics of sensitisers are often studied in various model heterogeneous systems,
such as micelles or liposomes.
The photophysical processes of sulfonated aluminium
phthalocyanines in homogeneous media have been studied
previously.1–3 AlPcS2 in buﬀered aqueous solution at pH = 7.4 is
characterized by ﬂuorescence quantum yield ΦF = 0.40, triplet
† Dedicated to Professor Jean Kossanyi on the occasion of his 70th
birthday.
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quantum yield ΦT = 0.17 and singlet oxygen quantum yield Φ∆ =
0.17. The ﬂuorescence decay is monoexponential with a lifetime
of 5.0 ns. The aggregates of AlPcS2 were found to be nonﬂuorescent.4 In more complex systems, such as reversed
micelles,5,6 liposomes,7,8 and living cells 9 the photophysics of
AlPcS2 is more complex and depends on the dye concentration.
The local dye concentration in these heterogeneous systems can
achieve much higher values than the concentration of a bulk
solution. In general, the quantum yields of ﬂuorescence and
triplet formation were found to decrease with increasing dye
concentration. Fluorescence decays in these systems are often
not monoexponential, and their decay rate increases with
increasing concentration. It has been suggested that this concentration dependence is a consequence of an interaction of
phthalocyanine molecules in close proximity (energy transfer,
electron transfer) resulting in self-quenching. Aggregation is
expected to play an important role at high dye concentration,
and dimers or statistical pairs (two molecules in close proximity) were suggested to act as ﬂuorescence quenchers.7,9
Concentration quenching of other dyes, sulforhodamine
101 10 and 5(6)-carboxyﬂuorescein,11 was studied previously by
incorporating the dye into liposomes. The reason for using liposomes was not to model biological assemblies, but to obtain
high local dye concentrations while the absorption of the whole
sample remains low, and thus to avoid ﬂuorescence reabsorption. It was found that the ﬂuorescence intensity and ﬂuorescence lifetimes decrease with increasing dye concentration. At
higher dye concentrations the decays were not monoexponential and were ﬁtted to 2–3 exponentials. The observations were
explained as a consequence of dimerization (static quenching)
and excitation energy transfer to dimer (dynamic quenching) facilitated by energy migration between monomers. The
observed ﬂuorescence depolarization provided evidence for
direct Förster energy transfer between monomers.11
Scully et al.12 used time resolved ﬂuorescence spectroscopy to
study excitation energy transfer in solutions of high dye concentration. The observed ﬂuorescence decays, which were nonexponential and faster with increasing dye concentration, were
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described using Förster and LAF (Loring, Anderson, Fayer)
models. The quenching of the dye (Rhodamine 6G) by added
quencher molecules or by dimers was enhanced by excitation energy migration between monomers. Nakamura et al.13
observed similar enhancement of ﬂuorescence quenching by
oxygen at high dye (chlorophyll a) concentration. The diﬀusion
of reacting molecules was not taken into account in either of
these two studies.
In this work the eﬀects of high concentration and aggregation on the ﬂuorescence decay kinetics of AlPcS2 in homogeneous solutions were studied. The aim was to ﬁnd a model
describing the observed ﬂuorescence decays, to characterize the
interactions between dye molecules in the systems investigated,
and to discuss possible implications of the results on the use of
AlPcS2 as a photosensitiser of PDT.
Theory of ﬂuorescence quenching
Bimolecular ﬂuorescence quenching can be described as an
interaction between a ﬂuorescent molecule in the excited state
and a quencher molecule, which results in dissipation of the
excitation energy via non-radiative pathways, so that no photon
is emitted. The rate of quenching, which is generally timedependent, is determined by two factors: the rate of diﬀusion
bringing the ﬂuorescent molecule and the quencher near each
other so that they can react, and the rate of the quenching
reaction itself. If the intrinsic reaction rate is inﬁnitely fast
compared to the rate of diﬀusion, the reaction is fully diﬀusion
controlled. The other extreme is the case of a very low intrinsic
reaction rate relative to diﬀusion or a situation where diﬀusion
is suppressed, such as in frozen solutions or in solutions of high
viscosity. Then the ﬂuorescence quenching is diﬀusionindependent.
Smoluchowski solved the diﬀusion equation and obtained an
expression for the ﬂuorescence decay of the quenched molecule
(eqn. 1) in the condition that the ﬂuorescent molecule and
quencher react with inﬁnite reaction rate when the distance
between them reaches the limiting value of R14.
I(t) = I(0)e⫺bt⫺c√t

(5)
where γ is related to the orientation factor κ and has a value of 1
for inﬁnitely rapid molecular reorientation and a value of 0.845
for ﬁxed molecular orientation. Note that in this case the parameter b does not depend on the acceptor (quencher) concentration. The rate of energy transfer kD
A between donor and
acceptor molecules separated by distance R is described by
eqn. 6:
(6)
where τr is radiative ﬂuorescence lifetime of the donor and RDA
is the critical transfer distance:

(1)

I(0) is the ﬂuorescence intensity at time t = 0. The parameters
b and c depend on the reaction distance R, the sum of diﬀusion
coeﬃcients of the ﬂuorescent molecule and the quencher D,
and the quencher concentration [Q] as expressed by eqns. 2
and 3:
b = 1/τ0 ⫹ 4πRDNA[Q]

the quenching reaction.14 In the long-time approximation the
ﬂuorescence decay is again described by eqn. 1, however with
modiﬁed parameters b and c. Similarly, when interaction
between ionic reactants are taken into account (Debye–SCK
theory 14) or when diﬀusion dependent quenching in twodimensional systems is studied 15 the ﬂuorescence decay can be
approximated by eqn. 1 with modiﬁed parameters b and c.
All the so far mentioned models assume that the quenching
reaction occurs at a single boundary (when the distance
between reactants is R) with a constant reaction rate. A more
realistic assumption is a position dependent reaction rate k(R),
since, for example, energy transfer in a dipole–dipole approximation displays a 1/R6 dependence and electron transfer
decreases exponentially with increasing reaction distance R 16.
A model assuming quenching by direct Förster energy transfer and ﬁxed positions of donors and acceptors (no diﬀusion)
predicts ﬂuorescence decay in the form of eqn. 1. The parameters b and c depend on ﬂuorescence lifetime in the absence of
acceptors τ0 and acceptor concentration cA in the following
way:

(2)
(3)

where τ0 is the ﬂuorescence lifetime of the ﬂuorescent molecule
in the absence of quencher and NA is the Avogadro number (NA
= 6.022 ×1023). Using these equations, R and D can be calculated from parameters b and c determined from ﬁts to experimental ﬂuorescence decays. The calculated diﬀusion coeﬃcient
D can be compared with the theoretical value for a spherical
particle of diameter a in solution of viscosity η:

(7)
JfD (ν̃) is the normalized ﬂuorescence spectrum of the donor,
εA(ν̃) is the decadic molar absorption coeﬃcient of the acceptor,
ν̃ is the wavenumber, n is the refractive index of the solvent, and
ΦD0 is the ﬂuorescence quantum yield of the donor. This model
assumes immobile donors and acceptors and is therefore
applicable to rigid media or low viscosity solutions. Another
assumption is a low concentration of donors, so that no energy
migration between donors is possible.
Jang et al.17 developed a theory of ﬂuorescence quenching
that takes into account diﬀusion of both donors and acceptors,
migration of excitation energy between donors, and assumes a
Förster energy transfer mechanism. The approximate expression for a ﬂuorescence decay has a form of eqn. 1 where:
b = 1/τ0 ⫹ 4πσFDeffNAcA = A ⫹ B ×cA

(9)

(4)
In some cases the term ⫺c√t in the exponent of eqn. 1 can be
neglected, the reaction rate k = 1/τ0 ⫹ 4πRDNA[Q] becomes
time-independent, and the ﬂuorescence decay monoexponential. This is the most commonly used classical kinetics
approximation.14
The Smoluchowski theory was modiﬁed by Collins and
Kimball (SCK theory) to take into account the ﬁnite rate kr of

(8)

Deff is an eﬀective diﬀusion coeﬃcient:
(10)
where DT is the relative translational diﬀusion coeﬃcient
between donors and acceptors, and RDD is the critical transfer
Photochem. Photobiol. Sci., 2003, 2, 236–244
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distance between donors. Distances rc (cutoﬀ distance introduced in order to exclude nonphysical self-transfer in the mathematical description of donor-to-donor excitation migration)
and σF (related to RDA) are deﬁned in ref. 17. Deff is higher than
sum of DT and DE, the excitation-migration diﬀusion coefﬁcient calculated for a system with immobile donors and
acceptors, as supported by earlier experiments.18 The coeﬃcient
DE is deﬁned as DE = α(4πcD R3DD/3)4/3 (R2DD/τ0), where α is a
constant which depends on the theory applied.17 The increase in
quenching due to excitation energy transfer is therefore higher
than that predicted by theories where Deff is taken as a simple
sum of DT and DE.
Fluorescence anisotropy
A useful method for studying radiationless energy transfer is
the measurement of ﬂuorescence depolarization. Energy transfer preceding the emission results in lower ﬂuorescence
anisotropy. For example, in a hypothetical case where emission
of every photon is preceded by exactly one act of energy transfer from the originally excited molecule the ﬂuorescence
anisotropy is reduced to 1/25 of its initial value 19 when the
average over all possible donor and acceptor orientations is
considered. The rate of decay of ﬂuorescence anisotropy in the
presence of radiationless energy transfer then depends not only
on the rotation of the molecules during their existence in the
exited state but also on the rate of excitation energy transfer.
If the contribution of rotational depolarization mechanisms
can be neglected (for example in the case of viscous solutions)
the ﬂuorescence anisotropy decay provides a direct measure of
excitation energy transfer.
The ﬂuorescence intensity components polarized parallel
(I| |(t)) and perpendicular (I⊥(t)) to the polarization of the excitation light are related to the total ﬂuorescence intensity I(t) =
I| |(t)⫹2I⊥(t) and the decay of ﬂuorescence anisotropy a(t) in the
following way:
(11)

(12)
The decay of ﬂuorescence anisotropy due to rotational diﬀusion of a spherical particle is expressed by eqn. 13:
a(t) = a0e⫺t/τ

R

(13)

where τR is the rotational correlation time and a0 the initial
anisotropy. Then, the time dependence of ﬂuorescence intensity
components I| |(t) and I⊥(t) can be expressed as:
(14)
where g| | = 2a0 and g⊥ = ⫺a0. The presence of energy transfer
manifests itself by a change in the parameter τR in eqns. 13 and
14 or by change in the decay law of ﬂuorescence anisotropy
(eqn. 13).

Experimental
AlPcSn were prepared according to the method of Ambroz
et al.20 and separated into mono-, di-, tri- and tetrasulfonated
species by medium-pressure chromatography. The AlPcS2
synthesised by this procedure consists predominantly of the
α,α-cis-isomer. The photophysics of the various structural isomers of AlPcS2 have been separately investigated, and found to
be essentially identical.
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Absorption spectra were measured using a Lambda 2 PerkinElmer spectrometer. The spectra of the concentrated phthalocyanine solutions were measured in a 0.01 mm pathlength
cuvette because of high absorbance values.
Fluorescence decays were recorded using the time-correlated
single photon counting (TCSPC) technique.21 A Coherent 590–
03/7220 dye laser pumped by the green line (532 nm) of a
frequency-doubled mode-locked Coherent Antares 76-s laser
provided the excitation pulses. The excitation wavelength was
640 nm and the ﬂuorescence was detected at 680 nm, which is
the position of the ﬂuorescence maximum of the emitting
species, the AlPcS2 monomer. The dye laser was pumped at a
frequency of 76 MHz, and this was reduced to 3.8 MHz by
a cavity dumper. Fluorescence from the sample was detected by
a microchannel plate photomultiplier tube Photek PMT 413LJ.
The samples were measured in a 0.1 mm pathlength cuvette and
front face (0⬚) excitation/detection conﬁguration was used. This
was accomplished by placing a beamsplitter in front of the
cuvette between the cuvette and the monochromator. Before
detection ﬂuorescence was passed through a polarizer oriented
at the magic angle of 54.7⬚. Fluorescence decays were recorded
so that the number of counts in the peak channel was 5000–
20000 depending on the ﬂuorescence intensity. The instrument
response function (IRF) was recorded using a Ludox scattering
solution. A typical width of IRF was less than 100 ps at
FWHM. Fluorescence decays were analyzed by iterative reconvolution method. The goodness of the ﬁt was judged by the
value of χr2 (the least-squares method). For the minimization of
χr2 the Levenberg–Marquardt algorithm was used.21 When the
decay of ﬂuorescence anisotropy was investigated two decays
for every sample were recorded, with the polarizer oriented at
0⬚ and 90⬚ respectively. The two decays were then analyzed
globally employing eqn. 14.

Results
In order to study the ﬂuorescence decay kinetics at high concentration, solutions of AlPcS2 in the concentration range 0.5–20
mM in PBS (pH = 7.4 and 11.5), ethanol and 67% glycerol–
33% water were used. The measured absorption spectra are
shown in Fig. 2. All solutions showed a high degree of aggregation and variations in the absorption proﬁle with solvent and
concentration.
If it is assumed that the samples contain only monomers and
dimers and that the concentrations of these species are determined by equilibrium characterized by dimerization constant
K (see eqn. 16 in the Appendix), it is possible to calculate
monomer and dimer concentrations and absorption spectra
from the experimental spectra. This method is described in the
Appendix.
The monomer and dimer spectra of AlPcS2 in PBS at pH =
7.4 were calculated in this way (Fig. 3). The recovered value of
K was 1.4 ± 0.2 × 105 M⫺1. This method failed when applied to
the absorption spectra of AlPcS2 in the other three solvents; the
calculated spectra contained either negative values or sharp
peaks which are unlikely to exist in real spectra. This is most
likely due to the presence of higher order aggregates and therefore invalidates eqns. 15–17 (see Appendix). The concentrations
of monomer and dimer in these samples were estimated from
the absorption spectra assuming that the absorbance at 720 nm
originates only from the dimer, and that the dimer absorbance
at 720 nm is approximately equal to the dimer absorbance at
670 nm. These additional assumptions are based on the calculated spectral shapes of monomer and dimer in PBS at pH = 7.4
(Fig. 3). Solving eqns. 15 and 17 for these two wavelength values
(670 and 720 nm) provided the estimates of the sought concentrations. The calculated monomer and dimer concentrations of
AlPcS2 in the four solvents used are shown in Fig. 4. The
monomer and dimer concentrations indicate that the tendency
of AlPcS2 to aggregate depending on the solvent increases in

Fig. 2 Absorption spectra of AlPcS2 in concentration range 0.5–20 mM in four diﬀerent solvents: (a) PBS pH = 7.4, (b) PBS pH = 11.5, (c) ethanol,
(d) 67% glycerol–33% water. The concentrations of PBS and ethanol solutions (a–c) are 0.5, 1, 2, 3, 4, 6, 8, 10, and 20 mM. The concentrations of
glycerol solutions (d) are the same as those in Table 2. The absorption values increase with increasing concentration in all cases. The monomer band
at ∼670 nm is overlapped by a broad dimer band in the 560–840 nm region (see also Fig. 3).

Fig. 3 Calculated absorption spectra of AlPcS2 monomer and dimer
in PBS at pH = 7.4. The spectra were calculated from the experimental
absorption spectra of AlPcS2 in PBS at pH = 7.4 (Fig. 2a) assuming
equilibrium between monomer and dimer species (eqns. 15–17) using
the method described in the Appendix.

the following order: 67% glycerol–33% water < ethanol < PBS
pH = 11.5 < PBS pH = 7.4.
The ﬂuorescence decays of AlPcS2 in all used solvents are

Fig. 5 Fluorescence decays of AlPcS2 in PBS pH = 7.4. The
concentrations are: 0.5, 1, 2, 3, 4, 6, 8, 10, and 20 mM. The excitation
wavelength was 640 nm and the ﬂuorescence was detected at 680 nm.

shown in Figs. 5–8. The decays, which are apparently not
monoexponential, were ﬁtted to a two-exponential function
and to eqn. 1. The analysis using both functions resulted in ﬁts
of similar quality (χr2 < 1.5, with the exception of the highest

Fig. 4 Concentrations of AlPcS2 monomer (䊊) and dimer (䊉) as determined from the absorption spectra. Solvents: (a) PBS pH = 7.4, (b) PBS
pH = 11.5, (c) ethanol, (d) 67% glycerol–33% water. The concentrations in case (a) were calculated as described in the Appendix. The concentrations
in the other cases were estimated from the absorption spectra (Fig. 2b–d) as described in the text.
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Table 1 Parameters A, B and C recovered from analysis of ﬂuorescence decays of AlPcS2 and deﬁned by eqns. 8 and 9, and parameter f
deﬁned in the text
Solvent

A/108 s⫺1

B/1010 M⫺1 s⫺1

C/106 M⫺1 s⫺1/2

f

PBS pH = 7.4
PBS pH = 11.5
Ethanol
67% Glycerol

1.90
1.80
1.20
1.51

0.274
7.20
8.72
3.56

1.65
7.05
7.91
3.43

60
3.5
2
9

Table 2 The decay time of ﬂuorescence anisotropy τR and parameters
g| | and g⊥ from eqn. 14 recovered from analysis of ﬂuorescence decays
of AlPcS2 in 67% glycerol–33% water
Fig. 6 Fluorescence decays of AlPcS2 in PBS pH = 11.5. The
concentrations are: 0.5, 1, 2, 3, 4, 6, 8, 10, and 20 mM. The excitation
wavelength was 640 nm and the ﬂuorescence was detected at 680 nm.

Fig. 7 Fluorescence decays of AlPcS2 in ethanol. The concentrations
are: 0.5, 1, 2, 3, 4, 6, 8, 10, and 20 mM. The excitation wavelength was
640 nm and the ﬂuorescence was detected at 680 nm.

Fig. 8 Fluorescence decays of AlPcS2 in 67% glycerol–33% water. The
concentrations are: 0.52, 0.78, 1.2, 1.8, 2.6, 4, 5.9, 8.9, 13, and 20 mM.
The excitation wavelength was 640 nm and the ﬂuorescence was
detected at 680 nm.

concentration). The two-exponential ﬁts yielded lifetimes varying with the total dye concentration in the range τ1 = 0.2–3.2 ns
and τ2 = 0.6–7.3 ns with the pre-exponential factors also
depending on the total concentration.
The parameters b and c from ﬁts to eqn. 1 exhibit linear
dependence on dimer concentration cd and also on the total
concentration ctot suggesting that dimer acts as a quencher. The
dependence of b and c on the monomer concentration cm deviates from linearity. Therefore, the parameters b and c were ﬁtted
to eqns. 8 and 9 with dimer as a quencher. The calculated values
of A, B and C are shown in Table 1.
The ﬂuorescence decays of AlPcS2 in 67% glycerol–33%
water were also measured with the emission polarizer oriented
parallel and perpendicular to the polarization of the excitation light, in order to investigate the decay of ﬂuorescence
anisotropy. The decays were analyzed globally (I| | and I⊥ of one
concentration together) using eqn. 14 where the ﬂuorescence
240
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Eqn. 14
AlPcS2 conc./mM

τR/ns

g| |

g⊥

0.52
0.78
1.2
1.8
2.6
4.0
5.9
8.9
13
20

3.7
3.6
3.1
2.6
2.4
1.9
1.4
0.86
0.87
0.65

0.196
0.186
0.176
0.176
0.160
0.155
0.155
0.156
0.148
0.118

⫺0.052
⫺0.050
⫺0.049
⫺0.048
⫺0.049
⫺0.040
⫺0.041
⫺0.033
⫺0.027
⫺0.024

anisotropy decay is approximated by a monoexponential function. The value of the time constant τR decreased with increasing AlPcS2 concentration (Table 2). The value of τR for dilute
solution, where no interaction between solute molecules is
expected, was measured to be τR = 5.0 ns and the value of initial
anisotropy a0 was found to be 0.1.
The experimentally obtained parameters b and c were compared with the predictions based on the theory by Jang et al..17
For this purpose the Förster critical transfer distances RDD and
RDA for energy transfer between monomers and monomer and
dimer, respectively, were calculated from eqn. 7 using the
absorption spectrum of the monomer in Fig. 3. The values
obtained are: RDD = 6.88 nm and RDA = 5.98 nm. The ﬂuorescence quantum yield of AlPcS2 is 0.46. As τ0 the experimental
value 1/A (Table 1) was used. The contact distances σ and σd
were estimated as 2 nm. The diﬀusion coeﬃcient of monomer
DT was calculated as DT = 1.42D, where D was calculated from
eqn. 4 where a was set to 1 nm, and 1.42 is a correction for the
fact that the phthalocyanine molecule is not a sphere. The value
of 1.42 was obtained assuming the shape of an oblate ellipsoid
with the main axis 5 times shorter than the other axis.22 The
diﬀusion coeﬃcient of dimer was set to be the same as that of
monomer. It was found that the value of dimer diﬀusion coefﬁcient has a negligible eﬀect on the calculated values of parameters b and c.
The parameters b and c obtained in this way were always
greater than the experimental values and therefore predicted a
faster decay. The diﬀerence between experimental and calculated values increased with dye concentration and at the highest
concentration the predicted values were 2–8 times higher than
the experimental, depending on the solvent.
This discrepancy can be resolved by assuming that the
samples contain dimers of diﬀerent conﬁgurations (as shown
by Ostler and co-workers 23,24) and by realizing that only dimers
of certain conﬁguration (those having a signiﬁcant overlap
between the absorption spectrum and the emission spectrum of
the monomer) can act as energy acceptors (quenchers). Let us
assume, for example, that the sample contains two types of
dimer, both at the same concentration with diﬀerent absorption
spectra, and that only absorption spectrum of one dimer has a
non-zero overlap with the monomer emission spectrum. Then,
the acceptor concentration used in the calculation of b and c

Fig. 9 Experimental (䊊) and calculated (䊉)(eqn. 8) values of parameter b (eqn. 1). The experimental values were obtained from the ﬁts of the
ﬂuorescence decays (Figs. 5–8) to eqn. 1. Solvents: (a) PBS pH = 7.4, (b) PBS pH = 11.5, (c) ethanol, (d) 67% glycerol–33% water.

Fig. 10 Experimental (䊊) and calculated (䊉)(eqn. 9) values of parameter c (eqn. 1). The experimental values were obtained from the ﬁts of the
ﬂuorescence decays (Figs. 5–8) to eqn. 1. Solvents: (a) PBS pH = 7.4, (b) PBS pH = 11.5, (c) ethanol, (d) 67% glycerol–33% water.

will be half of the total dimer concentration. Furthermore, the
molar absorption coeﬃcient of the quenching dimer used to
calculate RDA will be twice the previously considered value
because the same absorbance value must be obtained in order
to agree with the experimental absorption spectra. The change
of the molar absorption coeﬃcient will lead toan increase in
RDA by a factor of 21/6 according to eqn. 7. If the sample contains f diﬀerent types of dimer with only one of them acting as
a quencher of monomer ﬂuorescence then the quencher concentration used to calculate b and c will change to ca/f and the
critical transfer distance will change to RDAⴢf1/6.
It was possible to ﬁnd an eﬀective value of f for every solvent
used to match reasonably well the values of b and c calculated
according to Jang et al. with the experimental values. The
values of f are shown in Table 1 and b and c in Figs. 9 and 10,
together with the experimental values.

Discussion
The variation in the spectral shapes of AlPcS2 dimer between
PBS solvents of diﬀerent pH is in agreement with the ﬁndings
of Ostler et al.23,24 who suggested the existence of two or more

types of AlPcS2 dimer. The two co-facial dimer structures proposed by Ostler contain Cl⫺ or OH⫺ as a bridging ligand
between participating monomers, and each monomer has one
axial ligand: H3O⫹ or H2O, respectively. The observed diﬀerent
positions and shapes of absorption bands of dimers are
thought to be a consequence of the varying dimer conﬁguration
and composition with solvent. Moreover, the broad shape of
the recovered dimer spectrum of the solution in PBS pH = 7.4
suggests that more dimer conﬁgurations with shifted absorption bands are present at the same time. The calculated dimer
spectrum then does not represent an absorption spectrum of
one dimer species, but is rather an eﬀective dimer spectrum
composed of the spectra of dimers with statistically distributed
conﬁgurations,25 as exempliﬁed by eqn. 26.
An important observation can be made by comparing the
time-resolved ﬂuorescence data in diﬀerent solvents (Figs. 2,
5–8): although the concentration of dimer, the supposed
quencher, varies only a little for a given total AlPcS2 concentration, the variation in the quenching eﬃciency is much
greater. In fact, the quenching eﬃciency increases while the
dimer concentration is slightly decreasing. The increase in
quenching is correlated with the increase in monomer concenPhotochem. Photobiol. Sci., 2003, 2, 236–244
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tration (for a given total concentration), which means that some
kind of monomer–monomer interaction is involved in ﬂuorescence quenching. The only exception is the solution of AlPcS2
in glycerol, where less quenching is observed than in ethanol
and PBS at pH = 11.5, and which aggregates least. An obvious
explanation is the involvement of molecular diﬀusion in ﬂuorescence quenching. The viscosity η of 67% glycerol–33% water
is higher (η = 16 cP 26) than that of the other solvents, therefore
the rate of quenching due to molecular diﬀusion in glycerol is
expected to be lower.
A higher concentration of monomers means a lower mean
distance between the molecules and therefore more eﬃcient
energy migration, as follows from eqn. 6. A single energy transfer act produces on average a 25-fold decrease in anisotropy,
that is a decrease to a = 0.004 in the case of AlPcS2.19 Multiple
energy transfers occurring before the photon emission cause
further lowering of the ﬂuorescence anisotropy. The observed
decrease in the ﬂuorescence anisotropy decay time with increasing dye concentration (Table 2) can then be interpreted as an
increase in the eﬃciency of excitation energy transfer between
monomers. The ﬂuorescence anisotropy decay time of dilute
AlPcS2 solution (τR = 5.0 ns) originates fully from rotational
depolarization.
According to the theory of ﬂuorescence depolarization, the
value of the initial ﬂuorescence anisotropy of a solution excited
with linearly polarized light is in the simplest case 0.4. However,
this is not the case for AlPcS2 where the ﬁrst excited state, from
which the emission occurs, is degenerate. The ﬁrst excited state
consists of two states with transition dipole moments of the
same size oriented perpendicularly to each other, and lying in
the plane of the ring. Because of the degeneracy of the state the
dipole moment of the emission can be any vector lying in the
plane of the molecule, not only the transition dipole moment of
absorption. Therefore, from the point of view of molecular
rotation, the molecule can be regarded as a prolate ellipsoid
oriented perpendicularly to the plane of the molecule with
rotational relaxation time along the main axis equal to zero. It
follows from the theory of ﬂuorescence depolarization by
rotational diﬀusion that the decay of ﬂuorescence anisotropy
of such a system is described by a monoexponential function
with initial anisotropy a0 = 0.1.27
An unexpected result is the decrease of initial anisotropy a0
(=g| |/2) with increasing dye concentration, and the fact that
experimentally determined g| | is not equal to ⫺2g⊥. The most
probable reason is the approximation of the decay of ﬂuorescence anisotropy by a monoexponential function (eqns. 13
and 14). The anisotropy decay is likely to be non-exponential as
the ﬂuorescence decay is, since it is, like ﬂuorescence quenching,
determined to a great extent by energy transfer between monomers, and not only by rotational diﬀusion. The non-spherical
shape of the molecule in general also leads to a non-exponential
decay of ﬂuorescence anisotropy.
The estimated values of parameter f for AlPcS2 solutions
in PBS (pH = 11.5), ethanol and 67% glycerol–33% water are
reasonably low and can be interpreted as an eﬀective compensation for various dimer conﬁgurations. However, the value of f
in PBS (pH = 7.4) solution is too high to explain the diﬀerences
between predicted and experimental values. It is possible that
another mechanism of quenching was present. Beddard et al.28
studied concentration quenching of chlorophyll a and suggested quenching by ‘statistical pairs’, which is two monomer
molecules closer than critical distance not interacting in the
ground state but forming a non-ﬂuorescent excimer upon excitation of one of the two molecules. Since there is negligible
interaction between the molecules in the ground state their
existence can not be elucidated from the absorption spectra and
their eﬀect on ﬂuorescence quenching is therefore diﬃcult to
quantify. Nakamura et al.13 have shown that quenching of
chlorophyll a by molecular oxygen is enhanced by excitation
migration between monomers at high concentration. It is
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possible that oxygen could account for some of the observed
quenching.
In PBS (pH = 7.4) solution the enhancement of quenching by
monomer–monomer migration is likely to be low because of
low monomer concentration and therefore long intermolecular
distances. The fact that the calculated parameters b and c do
not agree with experiments could mean that quenching by
dimer has been overestimated, possibly because it can not be
described by Förster mechanism characterized by RDA. Then
the stronger quenching in the other solvents could be explained
as energy-migration enhanced quenching by not only dimers
but also by ‘statistical pairs’, molecular oxygen or other molecules which do not quench the AlPcS2 ﬂuorescence appreciably
at low concentration.
The fact that the observed degree of quenching was lower
than that predicted by Jang’s theory 17 could be partially caused
by re-emission of reabsorbed ﬂuorescence. Although a very
short pathlength cuvette and front conﬁguration was used, the
absorption of the samples was high to exclude the possibility of
re-emission eﬀects. The re-emission is assumed to be low since
the ﬂuorescence absorbed by the dimer, which is in most samples present at higher concentration than the monomer, cannot
be re-emitted and therefore cannot contribute to the lengthening of decay. The experimental values of A (Table 1) are
lower than those in dilute solutions and could be caused by
reemission eﬀects.

Conclusion
The concentration quenching of AlPcS2 has been studied in
several solvents. The analysis of absorption spectra showed
a variable degree of aggregation in diﬀerent solvents and
provided estimates of monomer and dimer concentrations.
The ﬂuorescence decays of AlPcS2 in all solvents indicate
concentration quenching and cannot be described by a monoexponential function. The decays were ﬁtted to eqn. 1 which
applies to several models of ﬂuorescence quenching. Since the
parameter b is concentration dependent the quenching process
cannot be described as pure Förster energy transfer between
donors and acceptors. The decrease of ﬂuorescence anisotropy
decay time with concentration and the correlation between
monomer concentration and degree of quenching at a given
total concentration in diﬀerent solvents both indicate involvement of excitation energy migration between monomers in
the ﬂuorescence quenching. The lower quenching in a high
viscosity solvent is evidence of the inﬂuence of the molecular
diﬀusion.
The parameters obtained from ﬂuorescence decay analysis
were compared with Jang’s theory 17 assuming that dimer is the
quencher. While reasonable agreement was obtained for PBS
(pH = 11.5), ethanol and 67% glycerol solvents assuming
varying dimer conﬁgurations, the prediction for PBS (pH =
7.4) solution suggested much stronger quenching than was
observed.
The interpretation of parameters obtained from ﬁts to ﬂuorescence decays is particularly diﬃcult because the concentration of the quencher and, in fact, even the quencher itself are
not known with certainty. Previous works on similar molecules
suggested quenching by dimers,13 ‘statistical pairs’ 28 and
oxygen.13 It seems evident that whatever the quencher, the
enhancement of quenching by energy migration between
monomers is the crucial factor responsible for the strong
quenching at high concentration.
The enhancement of ﬂuorescence quenching means lower
quantum yields of ﬂuorescence and triplet state formation.
Since the activity of a dye as a photosensitiser depends on
the eﬃciency of formation of the triplet state, the observed
enhancement of ﬂuorescence quenching via energy migration
will lead to lowering of its photosensitizing potential. Furthermore, quenching of the triplet state T1 by ground state

molecules has been observed previously.29 At high dye concentrations quenching by ground state molecules will compete with
quenching by oxygen, and the result will be a lower singlet
oxygen quantum yield, further reducing the photosensitizing
eﬃciency. High local dimer and monomer concentrations combined with high eﬃciency of direct energy transfer are therefore
not desirable for an eﬃcient PDT drug. Unfortunately, the dye
concentrations in vivo and also the aggregation state are diﬃcult
to control since they are inﬂuenced by the interaction with the
highly heterogeneous intracellular environment and depend on
many diﬀerent parameters.

(23)
Solving eqn. 23 for every λ gives:

(24)

(25)

Appendix
Here, a method of extracting monomer and dimer absorption
spectra from a set of experimental absorption spectra of solutions of diﬀerent concentrations is described.
Assuming equilibrium between monomer and dimer species
with dimerization constant K, the following relations describe
the system:
A(λ) = (εm(λ)cm ⫹ εd(λ)cd)l

(15)
(16)

ctot = cm ⫹ 2cd

(17)

where A(λ) is the absorption spectrum, ctot is the known
total AlPcS2 concentration, cm and cd monomer and dimer concentrations, εm(λ) and εd(λ) monomer and dimer extinction
coeﬃcients, and l the cuvette pathlength. By applying eqns. 15–
17 to the measured absorption spectra, it is possible to calculate
the absorption spectra of monomer and dimer εm(λ) and εd(λ),
the concentrations cm and cd, and the dimerization constant K.
Let us initially assume that the value of K is known. By using
eqns. 16 and 17 it is possible to express cm and cd as functions of
K and ctot, which is also known:
(18)

(19)
By setting l = 1 and using eqns. 15 and 17 parameters xλ and yλ
can be deﬁned:
(20)
Taking individual spectra as multidimensional vectors, the
eqn. 20 can be written in a vector form:
A = xctot ⫹ycm

(21)

and the task of ﬁnding εm(λ) and εd(λ) can be formulated as
ﬁnding vectors x and y, and the set of values icm that minimize
σK deﬁned in the following way:
(22)
where the sum is taken over all experimentally determined
absorption spectra. In order to minimize σK we require:

where the sums are taken over all measured absorption spectra.
The values of icm in eqns. 24 and 25 still depend on K, the value
of which is unknown. By varying K so that minimum of σK is
reached one obtains ﬁnal values for xλ and yλ, and therefore
εm(λ) and εd(λ) (via eqn. 20), and also sets of cm and cd values
(via eqns. 18 and 19).
If the solutions contain more types of dimers whose
equilibria with monomeric species are characterised by dimerisation constants Kα, this method returns an eﬀective dimer
spectrum εd⬘(λ) and an eﬀective dimerization constant K⬘.
Using eqns. 15–17 it can be easily shown that the recovered
dimer concentration is equal to the sum of the concentrations
of all types of dimers, the recovered dimerization constant K⬘ is
equal to the sum of the dimerization constants of the individual
dimer types, and the obtained eﬀective dimer spectrum εd⬘(λ) is
an average of the individual dimer spectra weighed by the
dimerization constants Kα. For example, in case of two dimer
types with dimerization constants K1 and K2 the obtained eﬀective dimer spectrum εd⬘(λ) is related to the individual spectra of
the dimers εd1(λ) and εd2(λ) in the following way:
(26)
The minimization of σK by varying K was done in Microsoft
Excel program using the Solver function, which allows one to
minimize the content of one worksheet cell (σK) by varying
values in other cells (K).
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