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a  b  s  t  r  a  c  t

Dimerization  of  sulfonated  phthalocyanines  of  divalent  metals  (Zn,  Cu,  and  Co)  in  binary  water-alcohol
solutions  was  studied  by  spectroscopic  techniques.  The  dimerization  manifests  itself  in  changes  in  the
absorption  spectra  and  in  a decrease  of fluorescence  intensity.  The  equilibrium  constants  of dimerization
depend  on  the  electric  permittivity  of the  solvent  and  on  degree  of sulfonation.  The  process  can  be  semi-
qualitatively  described  by  a  simple  model  taking  into  account  solvation  and  electrostatic  interactions
eywords:
lectronic spectra
bsorption
luorescence
imerization

between  phthalocyanine  anions.  The  effect  of  electric  permittivity  has  not  been observed  in sulfonated
Al  and  Si  phthalocyanines.  Experimentally  determined  fluorescence  quantum  yields  in  alcoholic  solutions
range  between  0.74  and  0.015.

© 2011 Elsevier B.V. All rights reserved.
olvent effect
ielectric constant

. Introduction

Phthalocyanines (Pcs, see Fig. 1a) are a family of materials
ttracting much attention in recent years (see, e.g., [1–4] for collec-
ions of reviews). The interest has been associated, to a great extent,
ith emerging applications of these materials in various modern

echnologies ranging from catalysis to electronics to medicine.
Applicability of unsubstituted Pcs is limited by lack of solubility

n common solvents. This obstacle, however, may  be overcome by
unctionalization with suitable side groups. In particular, substitu-
ion with hydrophilic (e.g., sulfonate) groups makes them soluble
n water, thus paving the way to biological applications. Many
oluble phthalocyanines tend to aggregate in solutions. The aggre-
ation, apart from being an interesting phenomenon per se, is also
mportant from the point of view of possible applications of these
aterials in medicine.
One of important emerging fields of application of soluble Pcs

s the photodynamic therapy (PDT). PDT offers an alternative for
he treatment of cancer, employing a combination of light and a

∗ Corresponding author. Tel.: +48 71 320 3227; fax: +48 71 320 3364.
∗∗ Corresponding author. Tel.: +48 71 320 3468; fax: +48 71 320 3364.

E-mail addresses: krystyna.palewska@pwr.wroc.pl (K. Palewska),
worakowski@pwr.wroc.pl (J. Sworakowski).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.08.012
drug (‘photosensitizer’) to selectively destroy tumor tissue. Upon
illumination, the photosensitizer is excited to a higher electronic
state, the excitation resulting eventually in the formation of radicals
(type I reactions) or of singlet oxygen (type II reactions). An exten-
sive review on photosensitized singlet oxygen has been published
in [5].

Some properties of Pcs making them useful as prospective PDT
materials are determined by the nature of the central ion (e.g., the
quantum yield of formation of the triplet state and its lifetime). It
should be realized, however, that the photophysical properties of
solutions of Pcs are also modified by the degree of their aggrega-
tion (thus, indirectly, by the nature and number of the side groups).
The latter factor critically affects applicability of these materials
in PDT because excitation of an aggregate is preferentially fol-
lowed by efficient internal conversion to the ground state [6].  Thus
understanding (and, possibly, control of) factors influencing the
aggregation of Pcs in solution is of importance for the choice of
suitable materials and conditions of their use in PDT.

The effect of solvents on the state of aggregation of soluble Pcs
was recognized quite early, and since then has been studied by sev-
eral groups and reported in numerous papers (e.g., [7–20],  see also
[6,21,22] for reviews). Most of recent research has been carried out
in non-aqueous solvents as it was recognized that the dimerization
(and then formation of higher aggregates) of many phthalocyanines

takes place more readily in aqueous solutions [7–9] (see also the
review [21]). Recent reports on syntheses of water-soluble Pcs can
nevertheless be found in the literature [23], the aggregation being
prevented by insertion of bulky substituents.

dx.doi.org/10.1016/j.jphotochem.2011.08.012
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:krystyna.palewska@pwr.wroc.pl
mailto:sworakowski@pwr.wroc.pl
dx.doi.org/10.1016/j.jphotochem.2011.08.012
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Table 1
Compositions of the phthalocyanine samples under study.

Phthalocyanine Composition/purity (wt. %)

ZnPcS4 99.5%
CuPcS4 85%
CuPcS1–3 14% CuPcS1

59% CuPcS2

26% CuPcS3

CoPcS3–4 48% CoPcS3

47% CoPcS4

Al(OH)PcS4 98%
Si(OH)2PcS4 92% Si(OH)2PcS4

A typical absorption spectrum of the alcoholic solution of a sul-
fonated phthalocyanine is shown in Fig. 1b. The example shown
ig. 1. (a) Formula of tetrasulfonated phthalocyanine anion. (b) Exemplary absorp-
ion spectrum of diluted solution of ZnPcS4 in ethanol (c ≈ 6.5 × 10−6 M),  covering
he spectral regions of the Soret band and of the Q band.

One may  envisage that the aggregation may  be affected either
y specific interactions of solvent molecules with Pc molecules
e.g., by formation of hydrogen bonds to central ions or to
eripheral nitrogen atoms) or by electrostatic (Coulombic and
igher-order) solute-solvent interactions. The latter approach,
sing the formalism similar to that employed in the description
f the solvatochromic effect [24,25], was put forward by Akpe et al.
20].

The present paper is an extension of our earlier research into
inetics and equilibria of aggregation of water-soluble phthalo-
yanines [17]. We  present results of studies of the aggregation of
ater-soluble sulfonated Pcs with divalent central ions (CuII, ZnII,
oII). The main purpose of the study reported here was  to establish

 relation between the electric permittivity of the solutions and the
ggregation of the solutes. The equilibrium constants were deter-
ined from the absorption spectra measured in solutions of Pcs

n binary alcohol–water solvents. For comparison, we  also report
pectra of tetra-substituted Pcs containing three- and tetravalent
entral ions (Al(OH)PcS4 and Si(OH)2PcS4), in which formation of
-stacked aggregates is made difficult or obstructed by sterical
indrances.

. Experimental

.1. Materials

Sodium salt of tetrasulfonated copper phthalocyanine was
urchased from Aldrich. Sodium salts of other sulfonated phthalo-
yanines ([MPc(SO3Na)z = MPcSz], M standing for the central ion,
nd z = 1–4), synthesized from respective unsubstituted phthalo-
yanines (MPc) according to the procedure described in [26,27],
ere obtained from Dr J. Rakušan and Dr M.  Karásková (Res. Insti-

ute for Organic Syntheses, Pardubice-Rybitvi). The compositions of
he samples, determined as described in [27], are listed in Table 1.

The procedure of preparing the solutions used in the experi-

ents reported in this papers was as follows. “Mother solution” of

 given MPcSz was obtained by dissolving a determined amount
typically 0.2–0.3 mg,  mass determined to within 0.01 mg)  of the
olid phthalocyanine in 10 cm3 of pure air-saturated water. The
7% Si(OH)2PcS3

solution used in the spectroscopic measurements (hereafter
referred to as “final solution”) was then prepared by diluting
0.2 cm3 of the mother solution with 3 cm3 of a solvent consisting of
pure water or pure alcohol (methanol (MeOH) or ethanol (EtOH);
in the studies of CuPcS4, we also occasionally employed glycerine
(Gly)), or else in a binary water–alcohol solution. The volume frac-
tions of the alcohols in the final solutions so obtained varied from
0 to 0.94 (the latter ones will be hereafter referred to as ‘alcoholic
solutions’). By varying the compositions of the solvents we var-
ied their electric permittivities, data published in [28] being used
for calibration. The procedure employed allowed us to maintain
constant total concentrations (ctot) of Pcs (typically of the order of
10−6 M1) in the final solutions used in a given series of experiments.
The concentrations of monomers and dimers were determined
from the spectroscopic measurements as will be described in Sec-
tion 3.2.

2.2. Spectral measurements

Measurements of UV–vis absorption and fluorescence spectra
of MPcSz in solutions were carried out using Shimadzu UV-2101 PC
spectrometer and Hitachi F-4500 fluorescence spectrophotometer,
respectively. The spectra were measured at ambient temperature.

The fluorescence quantum yields of all phthalocyanines in solu-
tions were measured in reference to a standard sample whose
quantum yield had been previously determined by absolute mea-
surements [29]. We  employed the procedure recommended in [30].
The quantum yields of the samples under investigation (˚s) were
calculated from the equation:

˚s = wsn2
refAref

wrefn
2
s As

˚ref (1)

in which ˚ref is the fluorescence quantum yield of the reference
sample; n, w, and A stand for the refractive index, the area under
the emission spectrum and the absorbance at the excitation wave-
length, and the subscripts s and ref refer to the measured and to
the reference samples, respectively. We  used solution of ZnPc in
(toluene + 1% pyridine) as the reference (˚ref = 0.3) [31]. All mea-
surements were carried out at ambient temperature.

3. Results

3.1. UV–vis absorption spectra
in the figure is the spectrum of ZnPcS4 but, apart from CoPcS3–4

1 M ≡ mol  dm−3; this abbreviation will be used throughout the text.
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a

b

Fig. 2. Spectra of solutions of the sulfonated phthalocyanines in the spectral range of the Q band. (a) Left panel: absorption spectra of alcoholic and aqueous solutions of
the  phthalocyanines under study (full lines and dashed lines, respectively). Right panel: fluorescence emission and fluorescence excitation spectra (full lines and dashed
l ions o
d er pea
r

(
c
s
3
w
i

ines,  respectively). (b) Deconvolution of the spectra of alcoholic and aqueous solut
isplayed in the left panel of (a) have been normalized to the heights of the monom
espective peak values.

vide infra), the spectra of the alcoholic solutions of other phthalo-
yanines under study do not exhibit any qualitative differences. The

pectra consist of two main features: Soret (B) band centred around
50 nm and Q band around 670 nm.  In the forthcoming analysis, we
ill concentrate on the spectral range of the Q band. The difference

n the positions and shapes of the bands in absorption spectra of
f ZnPcS4 (upper and lower spectrum, respectively). The absorbances of the spectra
ks in alcoholic solutions, the spectra in the right panel have been normalized to the

CoPcS3–4 as compared with other Pcs under study will be discussed
later.
Absorption, fluorescence emission and fluorescence excitation
spectra of the Pcs under study in the spectral range of the Q band
are shown in Fig. 2a. The main feature in the absorption spectra
of the alcoholic solutions of all Pcs is a prominent band peaking
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t 670–675 nm,  due to the electronic absorption of the monomer
olecules (cf. Fig. 2a). This peak is accompanied by a weaker band

bserved at ca. 603–610 nm.  Additional weak and ill-defined fea-
ures can also be distinguished at ca. 625–640 nm.

Apart from small differences in the positions of the principal
ands resulting from differences in the nature of central ions, the
xact positions depend also on the number of the sulfonate groups
n the molecule. The latter difference, however, is not large; conse-
uently, the absorption spectra of mixtures of Pcs sulfonated to a
ifferent degree differ from those of pure Pcs mainly in the widths
f the bands (see Fig. 2a and Table 2).

A characteristic feature of absorption spectra of Pcs contain-
ng divalent central metals is the change of the shape of the
pectra on changing the composition of the solvent from alco-
olic to aqueous, and appearance of well discernible bands due
o presence of dimers and/or higher aggregates (cf. Fig. 2b). These
ands are situated on the high energy sides of the monomer
ands (at ca. 640 nm), overlapping with weak vibrational satel-

ite bands; their intensities depend on the electric permittivity
f the solvent. Additionally, broad and ill-defined features appear
n the low-energy side of the monomer band (around and
bove 700 nm). These changes are accompanied by a decrease
f the fluorescence intensity: the emission of aqueous solu-
ions of phthalocyanines of the divalent metals could not be
ecorded.

It is important to note that such changes have not been observed
n the spectra of Al(OH)PcS4 and Si(OH)2PcS4, i.e., in Pcs containing
ne or two OH groups attached to the central ion (cf. Fig. 2a).

The main parameters characterizing the spectra of the phthalo-
yanines under study are collected in Table 2.

Fluorescence emission and excitation spectra of the phthalocya-
ines under study could be reliably measured only in alcohol-rich
olvents (cf. Fig. 2a). In alcoholic solutions, the fluorescence
uantum yield was found dependent on the nature of the cen-
ral metal (see Table 3), ranging from 0.74 in Al(OH)PcS4 to
a. 0.03 in CuPcS4 and 0.015 in CuPcS1–3, and to less than
.01 in CoPcS3–4. Moreover, even in ZnPcS4, exhibiting rea-
onable fluorescence quantum yield in alcoholic solutions, the
mission intensity decreases rapidly in solutions whose relative
lectric permittivities exceed 60 (i.e., in solutions in which the
eight fraction of water exceeds 0.5 in MeOH/H2O or 0.7 in

tOH/H2O mixed solvents). The changes in the emission inten-
ities scale with changes in the height of the monomer peak in
he absorption spectrum (cf. Fig. 3a), the scaling being a nat-
ral consequence of the non-fluorescent nature of the dimers.
his dependency will be discussed in the next section; unfortu-
ately, similar dependencies could not be established in solutions
f other phthalocyanines, due to the low fluorescence quantum
ields.

With a notable exception of CoPcS3–4, the shapes of the
bsorption spectra and positions of the absorption peaks are
ell reproduced in the fluorescence excitation spectra (cf. Fig. 2a

nd Table 2). In the absorption spectrum of CoPcS3–4, the band
ttributed to monomers peaks at 659 nm (15,175 cm−1), i.e., at
he wave number ca. 200–300 cm−1 higher than the correspond-
ng bands in other phthalocyanines under study. Moreover, its
alf width is exceptionally large. It is interesting to note that
hese features are not reproduced in the excitation spectrum: both,
he position of the maximum and the half width do not deviate
rom the respective values determined for other Pcs. The differ-
nce seems to indicate that aggregates (predominantly dimers)
re present in noticeable quantities already in diluted alcoholic

olutions of CoPcS3–4, and higher aggregates prevail in aqueous
olutions. The presence of (non-emitting) aggregates probably
ccounts also for the very low intensity of emission of alcoholic
olutions of CuPcS1–3.
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Table  3
Fluorescence quantum yields (˚F) in ethanolic solutions of phthalocyanines under
study.

Phthalocyanine ˚F

ZnPcS4 0.31
CuPcS4 0.03
CuPcS1-3 0.015
CoPcS3-4 Not determined

3

s
c
a
a
t
b
i

F
t
w
t
n
a
S

Al(OH)PcS4 0.74
Si(OH)2PcS4 0.54

.2. Dimerization equilibria

As was already mentioned in the preceding sub-section, the
hapes of the absorption spectra were found dependent on the
omposition of solvents: the intensities of the bands due to the
bsorption of monomeric Pcs decrease on passing from alcoholic to

queous solutions whereas the features attributed to the absorp-
ion of aggregates (primarily dimers) gain intensity, the changes
eing particularly pronounced for water-rich solvents as is shown

n Fig. 3a and b on the examples of ZnPcS4 and CuPcS1–3. This

a

b

ig. 3. Relative concentrations of Pc monomers in function of the relative elec-
ric permittivities of binary solvents: (a) ZnPcS4; (b) CuPcS1-3. Open symbols:
ater–methanol, closed symbols: water–ethanol. Triangles: monomer concentra-

ions determined from the absorption spectra, diamonds: emission intensities
ormalized to the values determined in the alcoholic solutions. The continuous lines
re the relative monomer concentrations calculated from the model described in
ection 4.1.

Fig. 4. Dependence on the electric permittivity of the equilibrium constant of

dimerization of phthalocyanines under study. Different symbols represent different
organic molecules in the binary solvents. The straight lines are fits to the experi-
mental data with Eq. (3).

behavior was exploited to determine the equilibrium constants
of dimerization of the Pcs under study in function of the electric
permittivity of the solvent.

The equilibrium constants of dimerization (KD) were deter-
mined for each solution from the equation:

KD = cD × c0

c2
M

(2)

where cD and cM stand for the concentrations of dimers and
monomers, respectively (expressed in M), and c0 is the standard
concentration (c0 = 1 M).

The concentrations of monomers and dimers were determined
from the absorbances of respective Pcs in their Q bands in the fol-
lowing way: assuming the concentrations of the dimers negligibly
small in the alcoholic solutions and knowing the total concentra-
tion of a given Pc (see Section 2.1), we  could determine the molar
absorbance of its monomeric form from the Lambert–Beer law. The
molar absorbance so obtained was then exploited in determining
concentrations of monomers in all solutions of the phthalocyanine.
The concentrations of dimers were determined from the differ-
ences between the total concentrations and the concentrations of
the monomers: cD = (1/2)(ctot − cM).

It follows from Fig. 3 that the relative error on determining
the concentrations of monomers (and hence the concentrations of
dimers) was as high as ca. 20%. Consequently, the dimerization con-
stants could only be calculated with an acceptable accuracy over a
limited range of compositions of the binary solvents in which the
concentrations of monomers and dimers were not much different.
The results, shown in Fig. 4, demonstrate that the dimerization con-
stants depend on the electric permittivity of the solvents, following
the relation:

ln KD = A − B

ε
(3)

where A and B are parameters independent of ε. It should be noted
that, to within the experimental error, the degree of aggregation
seems not to depend on the alcohol used.

4. Discussion
4.1. The model

The dimerization of sulfonated phthalocyanine anions can be
described in terms of interaction between assemblies of bonded
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Fig. 5. The thermodynamic cycle for the calculation of the dimerization equilibrium.
The chemical symbol of sodium has been added to the abbreviated formulae of the
monomer and dimer Pcs employed throughout the text. The superscripts mon  and
‘dim’ refer to monomer and dimer, respectively, the subscripts ‘dis’, ‘solv’ and ‘D’
–
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degree of sulfonation and, to a first approximation, absorption spec-
to  dissociation, solvation and dimerization, respectively, the symbols (v) and (s)
enote vacuum and solution, respectively.

toms (representing molecules) and charges, dispersed in a contin-
ous medium (solvent) of a relative electric permittivity (dielectric
onstant) ε. In this sense, the description of the interaction energy
ould be equivalent to using a combination of the submolecule

reatment [32] (or, in the limit, of the atom–atom potentials [33])
nd the generalized Born approach (e.g., [34,35]). In our approach,
iming at derivation of simple analytical equations describing the
esults reported in the preceding section on a semi-quantitative
evel, the sulfonated phthalocyanine anions are mimicked by
harged spherical objects of charge −ze and radius a, dispersed in a
olvent of a relative electric permittivity ε. The Gibbs free energy of
imerization (�GD), taking into account changes in solvation of the
onomers and dimers, can be calculated from the thermodynamic

ycle schematically shown in Fig. 5.
It follows from the scheme that:

GD = �GV
D + (�Gdim

dis − 2�Gmon
dis ) + (�Gdim

solv − 2�Gmon
solv ) (4)

here �GV
D is the Gibbs free energy of dimerization of two neu-

ral MPc(SNa)z molecules in vacuo,  �Gmon
dis and �Gdim

dis stand for
he dissociation energies of monomers and dimers in vacuo,  and

Gmon
solv and �Gdim

solv are the solvation energies of monomers and
imers, respectively. The first right hand term can be derived from
he expression describing interaction between a pair of neutral

olecular entities: we will adopt the Lennard–Jones potential:

(r) = E0

[
2
(

2a

r

)6
−

(
2a

r

)12
]

(5)

here r is the distance between the centers of the spheres and E0
s the interaction energy of uncharged “molecules” at the equilib-
ium distance 2a (E0 < 0). In the present model, the dimerization
s a process of bringing two non-interacting spherical particles
‘monomers’) to the distance 2a. The work required for such a pro-
ess (i.e., change in the Gibbs free energy) in vacuo,  calculated for

 mol  of the dimers, is given by the equation:

GV
D = U0 − T�SD (6)

here U0 = N0E0, N0 being the Avogadro number, and �SD repre-
ents changes in entropy due to processes not accounted for in the
resent model.

The dissociation energies of neutral monomer and dimer
olecules in vacuo can be understood to a first approximation as the
ork of separation of cations from large molecular anions against
he Coulombic attraction forces. One should note, however, that the
ifference (�Gdim

dis − 2�Gmon
dis ), irrespective of its value, is indepen-

ent of ε. The contribution to �GD associated with changes in the
otobiology A: Chemistry 223 (2011) 149– 156

solvation during the dimerization can be estimated employing the
classical equation given by Born [36]:

�Gi
solv = −N0z2

i
e2

8�ε0ri

(
1 − 1

ε

)
(i = mon, dim) (7)

where ri stand for effective radii of the monomer (mon) or dimer
(dim). Inserting Eqs. (6) and (7) into (4), one obtains:

�GD = U0 − T�SD + �(�Gdis) − N0e2z2

4�ε0r0

(
1 − 1

ε

)
(8)

where �(�Gdis) = (�Gdim
dis − 2�Gmon

dis ), r−1
0 = 2r−1

dim − a−1. The
expression for the equilibrium constant of dimerization thus
reads:

ln KD = − �GD

RT
= −

(
U0

RT
− �SD

R
+ �(�Gdis)

RT
+ N0z2e2

4�ε0r0RT

)
− N0z2e2

4�ε0r0RT
× 1

ε

(9)

A comparison of Eqs. (10a), (10b) and (3) yields:

A = −
(

U0

RT
+ �SD

R
+ �(�Gdis)

RT
+ �

z2

r0T

)
(10a)

B = �
z2

r0T
(10b)

where

� = N0e2

4�ε0R
= 1.725 · 10−5 m · K (11)

The following conclusions can be drawn from the analysis of the
above equations:

(i) The dimerization constants of the Pcs with divalent central
ions should depend on the electric permittivities but not on
the compositions of the solvents.

(ii) One should expect a linear dependence of log KD on 1/ε.
iii) The slopes of the log KD vs. 1/ε  dependences should depend on

z, i.e., on the number of sulfonate groups, scaling with z2.
(iv) The parameter r0 is expected to be of the order of molecular

dimensions. Moreover, values of the parameter should be sim-
ilar for sulfonated phthalocyanines complexed with various
divalent central atoms.

The values of the parameters A and B calculated from the slopes
of experimental KD vs. 1/ε  dependencies (see Fig. 4) are collected in
Table 4. These values can now be used to calculate the dependencies
of the concentrations of monomer molecules on the electric permit-
tivity of the solutions. Exemplary results are shown in Fig. 3a (for
ZnPcS4) and b (for CuPcS1–3): the continuous lines on the figures
have been calculated taking the values listed in Table 4.

The results obtained for ZnPcS4 can be employed to determine
the parameter r0. Use of Eq. (10b) and the parameters of Table 4
yields r0 = 0.4 nm,  reasonably close to the distance between the
molecular planes in phthalocyanine crystals amounting to 0.34 nm
[37]. Keeping in mind severe simplifications introduced in the
model, the agreement may  be assessed as very good.

4.2. Aggregation in solutions of phthalocyanines with mixed
degree of sulfonation

It was  already mentioned in the preceding section that the
spectra of the phthalocyanines under study weakly depend on the
tra of mixtures of differently sulfonated Pcs differ from those of pure
compounds mainly in half-widths of the bands. Consequently, for-
mation of dimers of differently charged Pc ions can be described
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Table  4
Parameters extracted from the fit with Eq. (3) of the experimental results from Fig. 4.

Sample Molar fractions of the sulfonated Pcs A B zeff calculated from
B with r0 = 0.4 nm

zeff calculated
from Eq. (12)

ZnPcS4 xZnPcS1 + xZnPcS2 + xZnPcS3 = 0.01
xZnPcS4 = 0.99

44.0 2291 4.0a 4.0

CuPcS4 xCuPcS1 + xCuPcS2 + xCuPcS3 = 0.16
xCuPcS4 = 0.84

38.1 1727 3.5 3.5–3.8b

CuPcS1-3 xCuPcS1 = 0.17
xCuPcS2 = 0.60
xCuPcS3 = 0.23

25.1 709 2.2 2.1

CoPcS3-4 xCoPcS1 + xCoPcS2 = 0.06
xCoPcS3 = 0.50
x = 0.44

28.7 823 2.4 3.3–3.4b

w
w
c
o
k
o

z

w
n
F
b
t
c
d
a
r
i
c
a
t

4

r
l
i
o
s
l
v
C
v
d
3
B
o
M
i
m
r
K
2
f
c
p

CoPcS4

a Calibrating value, allowing for determination of ro.
b Depending on the degree of sulfonation.

ithin the model as the aggregation of two charged species, each
ith a charge zeff. If the value of r0 is known, then zeff can be cal-

ulated from Eq. (10b), taking the value of B from Table 4. On the
ther hand, zeff can be calculated if the composition of the sample is
nown. Assuming that encounters of Pc ions take place at random,
ne may  easily show that:

2
eff =

4∑
i=1

⎡
⎣xizi

⎛
⎝ 4∑

j=1

xjzj

⎞
⎠

⎤
⎦ (12)

here xi are molar fractions of differently sulfonated phthalocya-
ines and zi are their charges. Values of zeff are compared in Table 4.
or CuPcS4 and CuPcS1–3 the agreement beween zeff obtained from
oth sources is reasonable. In the case of CoPcS3–4, however, the
wo methods yield completely different results. The discrepancy
an be rationalized taking into account the fact that the model
escribes the formation of a dimer from two monomer molecules
nd implicitly assumes that the dimerization is the only equilib-
ium process in the system. The spectroscopic results described
n the preceding section clearly demonstrate that this is not the
ase for CoPcS3–4 where dimers are present in noticeable amounts
lready in alcoholic solutions and the shift of the bands indicates
hat higher aggregates are formed in aqueous solutions.

.3. Comparison with published results

It would be instructive to compare the results obtained in the
esearch described in this paper with those reported earlier in the
iterature. Schelly et al. [8] determined the dimerization constants
n aqueous solutions of CoPcS4 for 311 K < T < 331 K. Extrapolation
f their results to the room temperature yields Kdim = ca. 3 × 106,
lightly above the result obtained by us for the sample with a
ower degree of sulfonation. Bernauer and Fallab [7] gave the
alues of dimerization constants in aqueous solutions of H2PcS4,
oPcS4, CuPcS4 and ZnPcS4 at temperatures close to 333 K. The
alue reported for CoPcS4 is close to that given in [8],  whereas the
imerization constant of ZnPcS4 at 331 K amounts to ca. 106, about
–4 times less than the the value obtained in this work at 293 K.
rożek-Płuska et al. [18,19] reported the room temperature values
f the dimerization constants in solutions in DMSO and water of
gPcS4 and ZnPcS4. The constant in the aqueous solution of ZnPcS4

s ca 3–5 times lower than that reported in this paper. What is
ore important, however, the parameters (d ln Kdim/dε−1) (cor-

esponding to B in Eq. (3))  estimated from the reported values of
dim in water and in DMSO, amount to ca. 830 for ZnPcS4 and ca.

00 for MgPcS3, i.e., are much lower than expected from our model
or tetra-sulfonated Pcs. This disagreement may  indicate that spe-
ific interactions, neglected in the model put forward in the present
aper, do play an important role in the aggregation of soluble Pcs.
In our opinion, however, the disagreement can be attributed to
either of two factors: (i) the constants were determined from mea-
surements performed for concentrations up to 10−4 M,  where the
presence of aggregates higher than dimers cannot be neglected,
(ii) the degree of sulfonation of the materials used was  lower than
4. Assuming that the former factor is not the primary reason for
the discrepancy, the slopes deduced from the results reported in
[18,19] would correspond to zeff close to 2 in zinc phthalocyanine,
and to ca. 1 in magnesium phthalocyanine.

5. Concluding remarks

We have studied the process of aggregation of soluble phthalo-
cyanines. Our results provide quantitative estimates of the
aggregation constants of soluble phthalocyanines with divalent
central metals in aqueous solutions. The equilibrium constants of
dimerization were found dependent on the electrical permittiv-
ity of the solvent and on the degree of sulfonation (i.e., on the
charge on the phthalocyanine anions). From the point of view of
the applicability of these phthalocyanines in medicine, formation
of aggregates is an unwanted process as the excitation energy of
such aggregates is effectively dissipated via radiationless channels
[9]. A comparison of the behavior of Pcs of divalent atoms with
those of tri- and tetravalent atoms shows that the dimerization
is far less efficient in phthalocyanines in which the aggregation is
hindered by, e.g., functional groups attached to the central atoms
or by bulky substituents attached to periferial rings. Our earlier
studies [17] of the behavior of Al(OH)PcSi have shown that the
room-temperature dimerization constants in aqueous solutions are
of the order of 104 hence monomeric species exist even in rela-
tively concentrated solutions. For example, the association degree
at c ∼ 10−3 M is approximately equal to 0.8, i.e., the concentration
of the monomeric Al(OH)PcSi in such solutions still amounts to ca.
2 × 10−4 M.
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