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Abstract—A thermodynamic theory has been formulated to substantiate a number of new phenomena exper-
imentally revealed in the colloid science of surfactants. A description has been given for the formation of par-
ticular micelles via surfactant adsorption on their cores, the role of which is played by monomers and dimers
of phthalocyanines. This gives rise to the formation of surfactant micelles and protomicelles containing solu-
bilized monomers and dimers. The gradual formation of the (proto)micelles (coverage of the core surface
with surfactant molecules or ions) upon the addition of a surfactant to a system is completed before the critical
micelle concentration of the surfactant is reached. In terms of the chemical potentials and concentrations,
equations have been derived to describe the influence of surfactants on the state of the monomers and dimers
of phthalocyanines in aqueous solutions. It has been found that the concentrations of both particles grow with
surfactant concentration. Alterations in the distribution of dimers over their structural forms with variations
in surfactant concentration have been analyzed. It has been shown that, as surfactant content in a solution
increases, the distribution of dimers shifts toward labile structures with the inevitable disintegration of phtha-
locyanine dimers into monomers. An equation has been derived to determine a new physical parameter,
monomerization concentration, which corresponds to the passage from the dimeric state (inherent in phthalo-
cyanines in pure water or dilute surfactant solutions) to the monomeric state in surfactant solutions. Equa-
tions have been presented for the chemical potentials of micelles (containing solubilized phthalocyanine
monomers) and protomicelles (containing solubilized dimers). The latter actually disappear when the surfac-
tant concentration rises approaching the critical micelle concentration.

DOI: 10.1134/S1061933X21020095
INTRODUCTION

Being widely used in the industry and medicine,
phthalocyanines are of great interest from the chemi-
cal standpoint. A phthalocyanine molecule is based on
a planar macrocycle (Fig. 1), to which diverse func-
23

Fig. 1. Structural formula of metal (Me) phthalocyanine
molecule (R denotes functional groups).
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tional groups may be attached. Similarly to surfac-
tants, there are cationic and anionic phthalocyanines,
and their joint study together with surfactant just asks
to be performed. Such works began to be carried out as
early as in the past century. These studies involved
even micellar systems [1–3]; however, they had a
purely chemical character mainly concerning photo-
chemistry and micellar catalysis. The interest in their
physical and colloidal properties arose only on the
doorstep of the 21th century [4, 5], when it became
clear that surfactants can serve as efficient agents of
phthalocyanine monomerization. The monomeriza-
tion of phthalocyanines is a great problem, and we will
clarify it.

It is known that there are no insoluble substances.
When they write in a chemical handbook “water-
insoluble,” this means that a substance is very poorly
soluble in water. The majority of phthalocyanines are
such substances (their solubility in water is expressed
in μM). The reason for this situation is the same as
that for the low solubility of hydrocarbons, i.e., the
hydrophobic effect. The incorporation of a nonpolar
particle with a hydrophobic surface into water bulk
6
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destroys the structure of the latter and requires a great
work. The larger the particle (macrocycle diameter is 3
nm) and the area of the hydrophobic contact, the
stronger this factor. However, if two macrocycles are
aggregated, the aforementioned work (calculated per
one molecule) is almost halved. This explains the fact
that phthalocyanines dissolved in water occur pre-
dominantly in the dimeric form (the formation of
molecular aggregates of higher orders is actually
excluded at such low concentrations). At the same
time the dimerization has a negative effect on the
functional (chromophoric) properties of phthalocya-
nines: the quantum yield of f luorescence, the lifetime
of the excited state, etc., decrease. That is why the
practically important problem of phthalocyanine
monomerization has arisen.

Note that the dimerization of phthalocyaninates is
not a consequence of their low solubility, but rather it
results from the large hydrophobic surface of the mac-
rocycle. Therefore, the attachment of functional
groups that increase phthalocyanine solubility to the
macrocycle will change nothing. This was evidently
shown in [4], where experiments were carried out with
phthalocyanine having dendrite branches actually
studded with sodium ions, which transformed the
phthalocyanine into an anionic polyelectrolyte. Simi-
larly to ants, the collective efforts of the polyanions
pulled phthalocyanine molecules into water; then….
Then the macrocycles aggregated into dimers! The
authors of [4], who dealt with the anionic phthalocya-
nine, used a cationic surfactant (hexadecyltrimeth-
ylammonium bromide) to suppress the dimerization.
Its addition gradually decreased the content of dimers,
while increasing the concentration of monomers.
Unfortunately, the data interpretation in [4] was based
on interionic electrostatic interaction alone, although
the role of the hydrophobic effect is much more
important, as follows even from the fact that it so easily
overcomes the mutual repulsion of similarly charged
ions during the formation of normal micelles of ionic
surfactants. This oversight was corrected in [5], where
the role of the hydrophobic effect in the aggregation
processes was taken into account. In addition, the fea-
sibility of using reverse micelles for phthalocyanine
monomerization was shown in [5].

Ten years later, such studies were continued in
Russia and have become an independent scientific
field, which is developed at present [6–19]. The col-
loido-chemical aspect of the data interpretation has
also been enhanced, and the term “solubilization” has
been used. The simplest approach to the interpretation
is as follows. Phthalocyanines are monomerized via
solubilization of their monomers in surfactant
micelles. Therefore, below the critical micelle concen-
tration (CMC), only dimers of phthalocyanines are
present in a solution, while only their monomers exist
above the CMC. However, it has been shown [17–19]
that the surfactant-induced monomerization of
phthalocyanines begins long before the CMC is
COLLOID JOURNAL  Vol. 83  No. 2  2021
reached. As a matter of fact, this was shown as early as
in [4]. However, there is one nuance here. When we
say “below CMC” or “above CMC,” we mean the
CMC that a surfactant had in the absence of a solubi-
lizate. It is known from the solubilization theory (see,
e.g., [20–23]) that the presence of a solubilizate
always reduces the real CMC. However, this reduction
is commonly not so large. Its experimental evaluation
[17–19] has confirmed that surfactant-induced
phthalocyanine monomerization develops much
below this changed CMC as well.

As compared with [4], one more interesting fact
was observed in [17–19]. In [4], it was stated that, as a
surfactant is added, the number of phthalocyanine
dimers continuously decreases while the content of
monomers increases. However, the spectrophotomet-
ric data of [17–19] have shown that, at low surfactant
concentrations (when the content of dimers is still
high and can easily be monitored), the addition of a
surfactant somewhat increases the concentration of
the dimers. Hence, surfactants enhance the solubility
of phthalocyanines independently of their aggregative
form (were the dimers more stable, the solubility of
phthalocyanines would increase all the same).

The presented Introduction opens a number of
questions that require the theoretical interpretation. A
great deal of information has been accumulated on
phthalocyanines, and it is high time to pass from
hypotheses and speculative explanations to mathe-
matical relations. Seemingly, it is most simple to use
the developed apparatus of surfactant physical chem-
istry for this purpose [20–22]. However, it is mainly
based on the mass action law, while the latter becomes
invalid in our complex case of surfactants combined
with phthalocyanines (the constant of the law of mass
action becomes changeable). It is obvious that we
should proceed from more general relations, and this
circumstance makes us to turn to the main parameter
of chemical thermodynamics, i.e., the chemical
potential.

CHEMICAL POTENTIALS 
OF PHTHALOCYANINES, SURFACTANTS, 

AND MICELLES
Statistical mechanics gives the following expression

for chemical potential  of an ith component of a
multicomponent liquid medium (as calculated per one
molecule):

(1)

where  is the chemical potential of a molecule with
a resting center of mass in vacuum;  is the work of
molecule transfer from a fixed position in vacuum to a
fixed position in a pure solvent;  is the concentration
(the number of i-type molecules in unit volume); and

 and  are the activity coefficient and the de Broglie
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wavelength (depends on temperature alone) of an
individual i-type molecule, respectively [24]. This
value is related to the partition function of the transla-
tional motion of molecules and is specified by equa-
tion

(2)

where h is the Planck constant and  is the mass of
the i-type molecule.

In the thermodynamics of solutions, activity coef-
ficient  reflects only the interaction between solute
molecules (does not take into account the interaction
with a solvent). Upon the infinite dilution, this inter-
action is absent, and the solution becomes ideal at

 The concentrations inherent in aqueous phtha-
locyanine solutions are so low that interactions are
seemingly absent in them. So, how are dimers formed?
Indeed, were the hydrophobic effect absent, dimers
would be formed only as a result of the mutual attrac-
tion between monomers. However, we have another
case. Nonpolar particles interact with each other by
featureless dispersion forces; however, they interact
with water in the same way; hence, no efficient attrac-
tion can take place between them. They do not mutu-
ally attract each other, but rather water “presses” them
against each other by the hydrophobic effect force to
yield dimers. The magnitude of this force is impres-
sive, if we remember the aforementioned example
from [4], where the adhesion force between two
phthalocyanine macrocycles overcame the mutual
electrostatic repulsion between two multiply charged
polyanions. Taking into account all of the aforemen-
tioned, we may now take  and exclude activity
coefficient  from expression (1). Then, it acquires
the form of

(3)
where all factors that are explicitly related to the
hydrophobic effect are included into work .

According to the traditions of surfactant physical
chemistry [20–22], we attribute numerals i = 1 and 2
to a surfactant as a potential solubilizer and phthalocy-
anine as a potential solubilizate, respectively. Taking
into account that phthalocyanine monomers and
dimers may be simultaneously present in a solution,
let us write two versions of expression (3) for phthalo-
cyanine:

(4)

(5)
where additional subscripts 1 and 2 indicate that a
value refers to the monomer and dimer, respectively. It
is known from micellization theory [20–22] that, in
aggregative systems, the chemical potential is deter-
mined with respect to monomers. Therefore, it may be
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stated that Eq. (4) characterizes the chemical potential
of phthalocyanine as a whole (  in the left-hand side
may be replaced by  Expression (5) is devoid of this
property.

The aforementioned equations are sufficient for
solving a number of problems concerning the monom-
erization of phthalocyanines under the action of sur-
factants. As a first problem, let us consider the relation
between the quantitative characteristics of a surfactant
and the concentration of phthalocyanine monomers
in a solution.

Influence of a Surfactant on the Concentration
of Phthalocyanine Monomers

Let us place a phthalocyanine crystal into pure
water, with the crystal being sufficiently large to
remain in contact with the solution after equilibrium
concentration  is established (this concentration is
referred to as solubility). At equilibrium, the chemical
potentials of phthalocyanine in the solid and liquid
phases are equal, while the potential in the solid phase
depends only on temperature and pressure. Hence, at
constant temperature and pressure, the chemical
potential of phthalocyanine in the solution will be
maintained constant independently of any chemical
processes and variations in the chemical composition
of the solution. Now, let us imagine that a surfactant is
added to the saturated phthalocyanine solution (the
experiments were carried out in this way in [17–19]).
Then, surfactant concentration in the solution will
grow; however, the chemical potential of phthalocya-
nine will remain unchanged as well as the chemical
potential of the monomers in Eq. (4)  At a
constant temperature, all values in the right-hand side
of Eq. (4), with the exception of  and , are con-
stant, and we may write

(6)

where  is some constant (constant term  tempo-
rarily remains in the left hand side of Eq. (6), because
only dimensionless values may be placed under the
sign of logarithm).

Now, let us turn to term  which represents the
work of the transfer of one phthalocyanine molecule
from vacuum to a fixed point in a pure solvent. Term
“pure” implies the absolute absence of other phthalo-
cyanine molecules in the solvent. In the absence of a
surfactant, the “pure solvent” is water; in the presence
of a surfactant, it is an aqueous surfactant solution. In
the former case, the incorporation of a phthalocyanine
molecule into water requires a great work (we denote it
as while, in the latter case, the work is decreased
owing to the adhesion of the hydrocarbon tails of sur-
factant molecules or ions to the hydrophobic surface
of the phthalocyanine molecule. If the advantage in
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the work is u (the work of surfactant molecule detach-
ment from the phthalocyanine surface is positive), the
following relation is valid:

(7)
where n is the number of surfactant molecules
attached to one phthalocyanine molecule. The substi-
tution of Eq. (7) into Eq. (6) yields

(8)

At n = 0 (i.e., in the absence of a surfactant), Eq. (8)
takes the following form:

(9)

where  is the equilibrium concentration of phthalo-
cyanine monomers in the absence of surfactants.
Now, by comparing Eqs. (8) and (9), we obtain our
first result as

(10)

where  is the dimensionless (in the kT units) work of
detachment of one surfactant molecule from the
hydrophobic phthalocyanine surface. Equation (10)
shows that the concentration of phthalocyanine
monomers rapidly (exponentially) grows with the
number of surfactant molecules attached to a phthalo-
cyanine molecule.

It is obvious that number n is related to surfactant
concentration  in a solution and that both values vary
symbatically. If we consider the adhesion of surfactant
molecules to phthalocyanine monomer as the onset of
the formation of a micelle containing the solubilized
monomer, number n may be referred to as the aggre-
gation number. But, the aggregation number is often
(e.g., in the mass action law) supposed to be a constant
value (in the micellization theory, this is referred to as
the quasi-chemical approximation). However, this is
true only for completely formed micelles. At present, a
general theory is developed that implies variable
aggregation numbers [25, 26]. It comprises a concen-
tration range within which the aggregation number is,
naturally, variable. The difference is that, for ordinary
micelles, this range is narrow and hardly visible, while,
in our case of a micelle containing solubilized mono-
mer, it is extended and easier to study. In [25], an anal-
ogy was noted between the aggregation number in a
micelle and the Langmuir adsorption of a surfactant
monolayer (any micelle is a closed surfactant mono-
layer, which is curved). In our case, this analogy
unambiguously takes place and is much more pro-
nounced. First, we have finished particles of “adsor-
bents” (phthalocyanine monomers and dimers), with
the numbers of the adsorption sites for surfactant mol-
ecules on them being limited (for the monomer, this is

0
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ultimate aggregation number  Second, in the stud-
ied region of micellization, the process of surfactant
aggregation has not yet been developed, and concen-
tration  of surfactant monomers can be supposed to
coincide with total surfactant concentration . Then,
the Langmuir equation takes the following form:

(11)

The substitution of Eq. (11) into Eg. (10) leads to
the second result of this section

(12)

which directly relates the concentration of phthalocy-
anine monomers to the surfactant concentration. At
low surfactant concentrations, we may take bc1  1.
Then, Eq. (12) is transformed into simple exponential
dependence

(13)

Phthalocyanine Dimers
As is known, a dimer is an associate of two mono-

mers, and, although the forces (in our case, hydropho-
bic) bonding them are much weaker than chemical
bonds (e.g., in Н2 or О2), the dimer behaves as a single
whole and may be considered to be a kind of a mole-
cule (we already did this, when attributed a chemical
potential to a dimer). If F and D  are the chemical
symbols of a monomer and a dimer, respectively, the
equation of dimerization is written as

(14)
In the Gibbs chemical thermodynamics, the following
rule is used to write the condition for the equilibrium
of a chemical reaction: the symbols of substances must
be replaced by their chemical potentials. Then,
according to our denotations, the condition for the
equilibrium of reaction (14) is

(15)
where we have used the aforementioned condition that
the monomer chemical potential is identified with the
chemical potential of the substance itself (remember
that we have denoted phthalocyanine by numeral 2).

Equalities (14) and (15) reflect only the fact that a
dimer consists of two molecules. For small spherical
molecules, the manner in which they aggregate into
dimers does not matter. However, for phthalocyanine
macrocycles this is not an idle question. The rich sta-
tistical picture of microstructures in a solution com-
prises diverse types of contacts between phthalocya-
nine monomers; however, from the energetic point of
view, it may be supposed that the cofacial adhesion of
monomers, which results from the planar structure of
the macrocycles, prevails. These adhesion contacts of
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Fig. 2. Surfactant-induced variations in the degree of
adhesion of dimer-composing macrocycles.

1 2

3

different extents are schematically represented in
Fig. 2. Configuration 1 corresponds to the most com-
pact form of a dimer with the minimal surface area.
Gradually shifting the upper disc with respect to the
lower one (configuration 2), we, eventually, arrive at
ultimate configuration 3, in which the two monomers
are ephemerally bonded to one another at the contact
point. As a matter of fact, the dimer has already disin-
tegrated into two monomers in configuration 3. In this
sequence, each dimer has its own probability of exis-
tence, while the picture as a whole may be character-
ized by an equilibrium distribution curve. It may be
obtained from the condition of the equality between
the chemical potentials of dimers of all types. In this
case, Eq. (5) yields

(16)

At a preset temperature,  , and kT values in
Eq. (16) play the roles of constants, while , which
refers the dimer in vacuum, is not a constant at all. In
vacuum, the monomers attract each other by, at least,
dispersion forces, and a work is always required to pass
from one configuration to a next one in Fig. 2 (they are
easy to imagine in Fig. 2). Chemical potential 
comprises this work. Having denoted the chemical
potential of the compact dimer in vacuum as , the
chemical potential of any dimer in vacuum may be
written as

(17)
where the first term is constant, while the second one
is variable (depends on the type of a dimer). Substitut-
ing Eq. (17) into Eq. (16), we obtain

(18)

When a dimer is transferred from vacuum into
water, additional (much greater) work  is required
to overcome the hydrophobic effect. Similarly to
Eq. (17), this work may be represented as

(19)

where  is the work required to immerse a compact
dimer in water and  is the corresponding work
increment (as a matter of fact, Eq. (19) is an identity as
well as Eq. (17)). Now, using particular form of
Eq. (18) for the compact dimer

(20)

we write equilibrium distribution (16) as follows:

(21)
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Work increment  has the positive sign as wells as
, and both these values grow with dimer surface

area. Acting together, they promote a rapid decrease in
the concentration (and, hence, the probability of exis-
tence and lifetime) of the dimer in pure water with an
increase in its surface area. Therefore, the sharp peak
of the probability corresponds to the compact dimer
(Fig. 2, configuration 1). Note that the prevalence of
phthalocyanine dimers in solutions in pure water was
long ago confirmed by spectrophotometric studies.
Obviously, these dimers were compact.

The appearance of surfactant molecules in the
solutions changes the situation, but, certainly, not at
once. Surfactant molecules are attached to the hydro-
phobic phthalocyanine surface as if they were
adsorbed. Since the chemical potential of the surfac-
tant must be the same on the surfaces of dimers of all
types, the density of the adsorption (surface concen-
tration) and the degrees of surface coverage will also be
equal for them. If, e.g., the free surface area of the
dimers of all types decreases by 30%, it will, all the
same, be larger for a dimer with the larger initial area.
Distribution (16) will be qualitatively similar to that in
pure water; however, the prevalence of the compact
dimers will be less pronounced.

By analogy with Eq. (7), we may write

(22)

where  refers to surfactant-free water. Substituting
Eq. (22) into Eq. (16), we obtain the following distri-
bution of phthalocyanine dimers in an aqueous surfac-
tant solution:

(23)

Here,  is, as before, a constant, although its value
differs from that in Eq. (20). Applying Eq. (23) to the
most compact dimer (Fig. 1, configuration 1, super-
script “c”), we write

(24)

22wΔ
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Now, having divided Eq. (23) by (24), we represent the
distribution of dimers in the presence of a surfactant as
follows:

(25)

where  (since the aggregation number
is minimum for the compact dimer, difference Δn is
always positive).

Now, let us see attentively at the exponent in
Eq. (25). All three values in the numerator are propor-
tional to the free surface area of a dimer. Therefore,
when speaking about a specific dimer of the sequence
in Fig. 2, we keep in mind the entire sequence. Among
the aforementioned three values, the third one (rele-
vant to the presence of a surfactant) has a sign different
from that of the two others. This fact makes it possible
that the presence of a surfactant may reverse the type
of the distribution of dimers. Let us see how this can
happen. If a surfactant is added in small amounts,
both n and Δn values are small, and the sign of the
exponent (minus) remains unchanged, i.e., the com-
pact dimers prevail in the presence of the surfactant as
well. (Note that the existence of phthalocyanine
dimers in both pure water and low-concentrated sur-
factant solutions was experimentally revealed in [17–
19].) In the other limiting case, when the dimer sur-
face is completely covered with surfactant molecules
or ions (according to Langmuir, we, here, replace n by

 the sign is reversed, and we have

(26)

Indeed, when the surface is entirely covered, work
 of hydrophobic interactions is completely elimi-

nated owing to the hydrocarbon tails of surfactant
molecules. However, they have polar groups, the
effect of which is typically much stronger than 
(some exotic cases are not considered here). As a
result, condition (26) is met, and the distribution of
dimers is reversed; i.e., the compact dimers almost
disappear, while configuration 3 in Fig. 2 becomes
most probable, thereby suggesting dimer disintegra-
tion and phthalocyanine monomerization.

The boundary state is determined by the following
condition:

(27)

Surfactant concentration  which corresponds to the
solution of Eq. (27) at a preset  function, may be
referred to as the monomerization concentration of
phthalocyanine. In particular, when employing the
Langmuir equation

(28)
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relation (27), which is used to find , acquires the
form of

(29)

The existence of the monomerization concentration
was assumed as early as in [17–19]. Now, the rigorous
theoretical substantiation has been given to this
notion.

Effect of Surfactant on the Concentration 
of Phthalocyanine Dimers

Above, we have analyzed the distribution of dimers
of different types. Now, we shall consider a dimer in its
average (most probable) configuration. Taking into
account the equality of the first and third terms in
Eq. (15), it may be stated that the fixation of the chem-
ical potential of phthalocyanine under the conditions
of the aggregation equilibrium means also the con-
stancy of dimer chemical potential . Then, pro-
ceeding from Eq. (5), we, by analogy with Eq. (6),
have

(30)
When a dimer is transferred from vacuum into a sur-
factant solution, its surface, similarly to the surface of
a monomer, is, to some extent, covered with surfactant
molecules or ions. Therefore, by analogy with Eq. (7),
we may write

(31)
where n is the number of adhered surfactant molecules
(aggregation number). It is obvious that works u of
detachment of a surfactant molecule in Eqs. (7) and
(31) are identical. Substitution of Eq. (31) into
Eq. (30) yields

(32)

At n = 0 (i.e., in the absence of a surfactant), Eq. (32)
acquires the form of

(33)

while the comparison between Eqs. (32) and (33)
shows that

(34)

where  is, as that in Eq. (10), the dimensionless (in kT
units) work of one surfactant molecule detachment
from the hydrophobic phthalocyanine surface.

Now, the attempt to pass from the aggregation
number to the surfactant concentration (with the help
of Langmuir equation (11), as before) encounters a
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number of complications in the case of dimers. As has
been shown above, the structure and free surface area
of an average dimer depend on surfactant concentra-
tion. When using the approach based on the adsorp-
tion theory, where dissolved phthalocyanine plays the
role of an adsorbent with respect to a surfactant, we
have a unique case: while dimers exist, the real surface
area of the adsorbent and the number of the sites for
the adsorbate (surfactant) depend on surfactant con-
centration in a solution. Under such conditions, the
Langmuir equation is, naturally, invalid, and it is nec-
essary to formulate a new theory with account of the
aforementioned functional dependence. It has not yet
been available, and we have only to consider the region
of a strongly diluted surfactant solution, in which con-
figuration 1 (Fig. 2) is realized. Then, taking bc1  1 in
the Langmuir equation, we, by analogy with Eq. (13),
arrive at the following relation:

(35)

where  is the concentration of phthalocyanine
dimers in pure water. It follows from relation (35) that,
in a dilute surfactant solution occurring at equilibrium
with the solid phase of phthalocyanine, the concentra-
tion of its dimers grows exponentially with surfactant
content in the solution. The fact of this growth has
already been revealed experimentally [17–19].

Surfactant Micelles and Protomicelles Involved 
in Phthalocyanine Solubilization

When surfactant molecules or ions cover the entire
surface of a phthalocyanine molecule, this structure as
a whole resembles a normal surfactant micelle con-
taining one solubilized phthalocyanine molecule.
According to the classical colloid science, the addition
of a surfactant is accompanied by micellization fol-
lowed solubilization (e.g., the cleaning action of deter-
gents is realized in this way). In our case, we have the
opposite order of the events. Initially, a phthalocya-
nine particle (monomer or dimer) is present in a solu-
tion. This particle serves as a sight of micellization
and, being covered with surfactant molecules or ions,
it is transformed into a solubilizate-containing
micelle. This process is in no way relevant to the com-
mon micellization (in the absence of a solubilizate),
and, as has been noted in [17–19], may occur at con-
centrations below the CMC of a given surfactant.

It is obvious that not only monomers, but also
dimers of phthalocyanine present in a solution will be
covered with surfactant molecules or ions to form
micelles of larger sizes. Since dimers precede mono-
mers, such micelles could also precede micelles with
phthalocyanine monomers; therefore, they may be
referred to as protomicelles [17]. However, we have
known that, as surfactant concentration increases,
dimers of type 3 (Fig. 2) increasingly prevail in the dis-
tribution of the dimers. They are within a hairbreadth

!

( )0
22 22 1exp ,c c un bc∞= �

0
22c
of being disintegrated into monomers, and their life-
time is very short; therefore, protomicelles are ephem-
eral aggregated structures. However, they occupy their
modest niche in the equilibrium distributions, and
thermodynamic regularities are quite applicable to
them.

The processes of the formation of a micelle or a
protomicelle (chemical symbols are M and P, respec-
tively) of a surfactant (chemical symbol of its molecule
or ion is S) in a phthalocyanine solution may be writ-
ten as follows:

(36)

(37)
where (remember) F is phthalocyanine, D is dimer,
and n is surfactant aggregation number (naturally, with
different values denoted by subscripts F and D in
Eqs. (36) and (37), respectively). In accordance with
the aforementioned rule, the equilibrium conditions
for these reactions are

(38)

(39)
Remember that, in micellar systems, the chemical
potential of a surfactant coincides that of the mono-
mers:  [20–22], while, for phthalocyanines,

 If phthalocyanine chemical potential  is
fixed (in [17–19], the experiments were performed
under these conditions), not only , but also  are
constant according to Eq. (15). Then we, from
Eqs. (38) and (39), obtain

(40)

(41)

In surfactant solutions each monomer and each
dimer of phthalocyanine is coated with surfactant par-
ticles; therefore, the concentration of monomers is the
same as the concentration of micelles, while the con-
centration of dimers is the same as the concentration
of protomicelles. If dimers disintegrate, the protomi-
celles also disappear. In the previous sections, we have
considered variations in the concentrations of the
monomers and dimers (and, hence, the micelles and
protomicelles) within the surfactant concentration
range below the CMC and the monomerization con-
centration by Eq. (29). In this range, micelles and
protomicelles are formed via the coverage of the
monomer and dimer surfaces with surfactant particles.
This process ends at higher concentrations (but, nev-
ertheless, below the CMC), and the aggregation num-
bers acquire almost limiting values  and

 Therewith, the distribution of dimers is
reconstructed in favor of configuration 3 in Fig. 2, for
which it is obvious that

FM F S,n= +

DP D S,n= +

M 21 F 11,nμ = μ + μ

P 22 D 11.nμ = μ + μ

11 1μ ≡ μ
21 2.μ ≡ μ 2μ

21μ 22μ

M F
F 1

1 1

,d dnn
d d
μ = + μ
μ μ

P D
D 1

1 1

.d dnn
d d
μ = + μ
μ μ

F Fn n ∞=
D D .n n ∞=
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(42)
Substituting this equality into (38) and (39) and

taking into account Eq. (15), we find

(43)
Now, turning to relations (40) and (41), we see that
conditions (42) and (43) make these relations to be
identical. In other words, relation (41) for dimers is
transformed into relation (40) for monomers. Taking
into account the constancy of , the latter relation
acquires the following form:

(44)

It is obvious that condition (42) corresponds to the
disintegration of dimers into monomers and the dis-
appearance of protomicelles upon increasing the con-
centration (and, hence, the chemical potential) of a
surfactant. At the same time, ordinary micelles con-
taining solubilized phthalocyanine monomers remain
preserved, and their chemical potential continues to
grow with surfactant concentration according to
Eq. (44).

CONCLUSIONS
The monomerization of phthalocyanines in surfac-

tant solutions is so interesting for colloid science that
undoubtedly deserves the development of a special
theory. This has been done in this communication.
The theory substantiates a number of new phenomena
that have been revealed experimentally [17–19]. This
is, primarily, the formation of particular micelles via
surfactant adsorption on cores, the role of which is
played by monomers and dimers of phthalocyanines.
As a result, surfactant micelles and protomicelles are
formed with solubilized monomers and dimers.
Accordingly, surfactant micelles and protomicelles
arise containing monomers and dimers solubilized in
them. Their gradual formation (coverage of core sur-
faces with surfactant molecules or ions) in the course
of adding a surfactant to a system is completed before
the CMC of this surfactant is reached. The driving
force of this process is the hydrophobic effect, and,
during the process, the concentration of protomicelles
decreases to negligible values, and this is the essence of
phthalocyanine monomerization (in the form of solu-
bilisate-containing micelles, with each of them con-
taining only one phthalocyanine molecule).

When discussing the experimental data on phtha-
locyanines in surfactant solutions [17–19], it has been
assumed that there is a monomerization concentration
(by analogy with the CMC), i.e., a surfactant concen-
tration at which the passage from dimers (in the form
of which phthalocyanine exist in pure water and very
dilute surfactant solutions) to the monomeric form of
phthalocyanines occurs. The theory shows that this
physical parameter does take place and is determined

D F2 .n n∞ ∞=

P M2 .μ = μ

Fn ∞

M
F

1

.d n
d ∞
μ =
μ
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by a special condition (Eq. (27)), with its existence per
se being of principal importance. While the methods
are being developed for the mathematical solution of
the equation, the experimental studies encounter their
own challenge, i.e., the search for a reliable method for
the direct experimental determination of this value.
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