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Abstract

The thermodynamic and kinetic data of monomer—dimer equilibria of dyes and their related substances in aqueous
solutions have been reviewed. The enthalpy—entropy compensation relation with the compensation temperature of
273(x5) K was observed. The thermodynamic parameters were found to change with the structure of dye and the
species and the concentration of co-existing substances. The kinetic data showed that the compensation relation mainly
arose from the forward activation process and there are at least three activation patterns. Redistribution of hydrated
water molecules around participating components upon dimerization has been considered to play a central role in these
properties. The monomer-dimer equilibria of dyes in aqueous solutions are of great value to be studied as the simplest

model systems of many interaction systems. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Self-association of dyes and related substances is
a very important phenomenon in many fields of
applied chemistry such as the dyeing chemistry,
biological staining, photographic chemistry, and
laser chemistry [1-3]. It is also the most funda-
mental model reaction of many kinds of molecular
interactions such as the micelle formation of
amphiphilic substances and the binding of small
organic molecules to macromolecules. For exam-
ple, the co-operative binding phenomena which
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have frequently been observed in the systems of
amphiphiles and linear lattices or proteins, which
are closely related to the colloidal and denatura-
tion properties of the macromolecules, originates
from the self-association of the bound ligands on
the macromolecules [4-7]. For these reasons, a
extremely large number of studies have been car-
ried out to reveal the nature of the self-association
of dyes. Especially, thermodynamic and kinetic
information for the dimerization reaction has been
thought to be valuable to clarify the forces acting
between interacting molecules and the detailed
dimerization mechanism.

In spite of many studies concerning the dimer-
ization equilibria of dyes and related substances, the
mechanism seems not to be fully recognized because
the experimental conditions such as solvent,
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coexisting salt and its concentration etc. are dif-
ferent from study to study and many of the dis-
cussions have been made referring to the relatively
few related studies. Therefore, it is worthwhile to
picture the whole feature of the dimerization from
the presently-available data and to clarify the
subject matter to be explored in the near feature.
In this paper, the thermodynamic and Kkinetic
studies on the dimerization equilibria of dyes and
related substances have been reviewed to discuss
in detail the dimerization mechanism in aqueous
solution and the role of the dimerization reaction
as the most fundamental model of the other inter-
action systems.

2. Thermodynamic properties

The dimerization equilibrium is expressed by

Kp
ki
M = (1)

/Cb

where M and D are the monomer and dimer forms
of dye, respectively, and Kp is the dimerization
constant. ky and ky, are the forward and backward
rate constants. The dimerization constant may be
expressed by the concentrations of monomer and
dimer as

Kp = [D)/[MJ )

in low reactant concentrations. While a large
number of studies evaluated the dimerization
constants, a relatively small number of the ther-
modynamic data such as the standard enthalpy
and entropy changes of dimerization (AH° and
AS°) are now available. Table 1 shows the list of
these studies [8—18].

2.1. Enthalpy—entropy compensation in monomer—
dimer equilibria

The AH® vs. AS° plot for the dimerization of
dyes and related substances in aqueous solution is
shown in Fig. 1. This figure shows the tendency
that the data of benzene and its derivatives and

Table 1
Monomer—dimer equilibria of known thermodynamic
parameters

Type Data number Ref.

Azo dyes 38 [8(a)—(m)]
Acridine and thiadine dyes 38 [9(a)-(p)]
Xanthene dyes 17 [10(@)—(D]
Cyanine dyes 7 [11(@)—(e)]
Porphyrins and phthalocyanines 7 [12(a)~(e)]
Anthraquinone dyes 5 [13(a)—(b)]
Benzene and its derivatives 9 [14(a)~(d)]
Purine and pyrimidine derivatives 9 [15(a)—(e)]
Antibiotics 3 [16(a)~(c)]
Alkaloid and its derivatives 6 [17(a)—~(b)]
Carboxylic acids 6 [18]

alkyl carboxylic acids fall on the line which passes
near the origin (the broken line), while those of
many other dye stuffs having relatively large
structures fall on the line being the far side from
the origin (the solid line). This difference means
that the free energy changes of dimerization for
the dye stuffs are smaller than those of the former
substances, i.e. the interactions between monomer
units for the dyestuffs are stronger than those for
the benzene and its derivatives and alkyl carboxylic
acids. The linear dependency between AH° and
AS° has been discussed in terms of the enthalpy—
entropy compensation relation [19]. The compen-
sation line for the dye systems was calculated by a
linear least square-fit analysis as

AH° = —21.2(£0.6) x 10° +273(£5)A8°  (3)

where the numbers in the parentheses show the
standard deviations of the intercept and the slope.
The compensation temperature takes the value of
T.=273(+5) K. The values of AH° and AS° are
distributed over the wide range of magnitude
along the compensation line, depending on the
structure of the substance and the co-existing salt
and so on. The data in the region of AH°>0 and
AS° >0 mean the entropy-driven reactions, on the
other hand, the data in the region of AH® <0 and
AS°<0 mean the enthalpy-driven ones. To
understand the factors and the manner in which
the position on the compensation line is affected is
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Fig. 1. AH® vs. AS° plot for the dimerization of dyes and their
related substances in aqueous solution. The symbols show the
data of dyes (O) and benzene and its derivatives and alkylcar-
boxylic acids (). The solid line represents the least square fit
to the data of the dye systems [Eq. (3)]. The broken line shows
the least square fit to the data for the latter systems.

very important from theoretical and/or applica-
tional view points.

2.2. Effect of structure

In the cases of the benzene and its derivatives
and alkyl carboxylic acids, it can be seen that both
the values of AH° and AS° tend to increase from
the enthalpy-driven region to the entropy-driven
one as the hydrophobicity of the substance
increases [14(c),18]. This is the typical behavior of
the hydrophobic interaction [20], and may be
interpreted by the contribution of the dehydration
of hydrophobically-hydrated water molecules on
dimerization. For the dye molecule systems, we
can also see that the same hydrophobic effect on
the thermodynamic parameters is operative, from
the data collected for the dye molecules in which
different-length alkyl-chains are introduced: alkyl
derivatives of Acridine Orange [9(])], sodium 1-
amino - 4-alkylaminoanthraquinone- 2 - sulfonates
[13(a)], and oxazolopyridocarbazole [17(b)]. Fig. 2
shows the plots of AH° and AS° vs. the number of
methylene groups of the introduced alkyl chains
for these systems as well as that for the above
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Fig. 2. The plots of AH® and AS° vs. the number of methylene
groups of the introduced alkyl chain for carboxylic acids (@)
[18], Acridine Orange (A) [9(1)], sodium 1,4-aminoan-
thraquinone-2-sulfonate  ([J) [13(a)l, and oxazolopyr-
idocarbazole (<) [17(b)]. The solid line for each data shows the
least square fit in the region where AH° and AS° linearly
increase with the number of introduced methylene groups.

mentioned alkyl carboxylic acid systems. In the case
of the alkyl Acridine Orange, the hydrophobic effect
due to the introduced alkyl chain seems to become
pronounced for the alkyl chains longer than the
butyl group. On the other hand, the hydrophobic
effect appears from the shorter alkyl chains for the
other systems. This difference may reasonably be
interpreted by the difference in dimer configura-
tions, i.e. the anti-parallel orientation for the short-
alkyl-chain Acridine Oranges and the parallel
orientation for the long-alkyl-chain Acridine
Oranges and the other substances [9(])]. As the
average of the slopes of these plots, we can estimate
the contribution of the introduced alkyl chain to A H°
and AS° to be 1.6 (£0.5) kJ and 7.4 (£4.1) J K!
per mole of methylene group, respectively. Using
these values, we can evaluate the contribution of a
methylene group to the free energy change of
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dimerization as —610 J mol~! at 298 K. This value
agrees with the value of —525 J mol~! estimated as
the contribution of methylene group to the free
energy change due to the interaction between sur-
factant molecules bound to the protein surface [6].

The values of Kp, AH° and AS° for the dimer-
ization of halofluorescein dyes have been found to
increase with an increase in the sum of atomic
polarizability of introduced halogens [10(b)]. The
thermodynamic parameters for the dimerization
of Acid Red 138, which is in a tautomeric azo-
hydrazone equilibrium, have shown the interesting
result that the hydrazon form, which has the
larger ground-state dipole moment and transition
moment than the azo form, takes the larger bind-
ing constant and the fairly larger values of AH°®
and AS° than those of the azo form, i.e. the dif-
ferences in AH® and AS° are 92 kJ mol~! and 337
J K~! mol~!, respectively [8(m)]. If we take
account of the dispersion force only between the
dye molecules, it could be expected that both the
AG° and AH° decrease with an increase in the
polarizability of dye molecule. Contrarily, the
observed increases in AH° with the polarizability
of the dye molecules shows that the redistribution
of the hydration water molecules on dimerization
serves the predominant contributions to AH° and
AS°. The water molecules strongly hydrated to the
monomer molecule by a strong dispersion force
may be in the state of a low enthalpy and a low
entropy being smaller than those of the bulk
water. Dehydration of these water molecules upon
dimerization would lead to positive contributions
to AH®° and AS°. That is, the larger the polariz-
ability of the dye molecule becomes, the stronger
this effect would becomes. As a result, the effect of
molecular polarizability on the thermodynamic
parameters is similar to the hydrophobic effect in
the previous paragraph.

2.3. Effect of salt

There is the well known tendency that the
dimerization constant becomes large as the con-
centration of an added salt increases. This dimer
stabilization effect of salt has been explained by
the depression of the electrostatic repulsion
between charged monomers in the dimer due to

the charge-screening effect. Visualization of this
effect in more detail is worthwhile to recognize the
meaning of the salt effect on the thermodynamic
parameters.

The maximum point, at which the surface den-
sity of opposite ions in the ionic atmosphere for
the 1:1 electrolyte, can be calculated from the
Debye—Huckel theory [21] for several ionic
strengths as 7y, =68 nm for 7=0.00002, rpa=
9.5 nm for 7/=0.001, and r,x= 1.4 nm for /= 0.05.
This shows that r,.x progressively decreases with
an increase in ionic strength. That is the screening
opposite ions exist in the large space (about 100
times the size of dyes) at the low ionic strength of
the order of I/=1075, which is the ordinary
experimental condition of salt-free systems, con-
centrate in the small space comparable to the size
of dyes at 7/=0.05. This means that the hydration
state of dye may be highly affected by the presence
of the opposite ions at the large-ionic-strength
conditions. Since the charge density of the dimer is
larger than the monomer, a further uptake of the
opposite ions by the dimer would occur as the
dimerization takes place. This process may con-
veniently be expressed by the following stoichio-
metrical equation.

2M +nOI = D-(OI),, 4)

where OI means the opposite ion. The equilibrium
constant of this reaction may be written as

Ko = [D-(O),]/IMF* [OI]" = Kp[O1]™", (©)

where the number 7 could not be expected to be an
integer. Taking the logarithm of both sides of this
equation gives

log Kp = log Ky + nlog [OI]]. (6)

Using this equation, we can evaluate the amount
of the opposite ions being taken up as the slope of
log Kp vs. log [OI] plot. The plots for the systems
of proflavine and Acridine Orange-KCl [9(f) and
(g)], Acid Red 88-NaCl [8(j)], and Biebrich Scar-
let—NaCl [8(1)] are shown in Fig. 3. The solid lines
are the least square fits. From the slopes of these
lines, the numbers of the uptook opposite ions for
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Fig. 3. log Kp vs. log [OI] plots for the systems of Acridine
Orange ([J), proflavine (M), Biebrich Scarlet (O), and Acid
Red 88 (@). The solid lines are the least square fits to the data.

the monocationic dyes were estimated as about 0.2
(0.20 for the proflavine system, and 0.23 for the
Acridine Orange system), while those for the azo
dyes take larger values as 0.33 (Biebrich Scarlet)
and 0.42 (Acid Red 88). The result, that the
amount of opposite ions uptook upon dimeriza-
tion is larger for the azo dyes than those for the
acridine dyes, may be due to the fact that the
charge for the azo dyes is localized at the sulfo-
nato group but that of the acridine dyes is delo-
calized.

Concerning the dimerization of Biebrich Scarlet,
it was also found that the values of AH° and AS®
poorly depend on the co-existing counter-cation
species in the absence of added salt but they
spread, depending on the salt-cation species, over
the wide range of values along the compensation
line in the presence of 0.05 mol dm~—3 salt [8(1)].
The effect of cation species on the thermodynamic
parameters has been classified according to the
values of those parameters and the ionic radius
(rion) Of the cations, as the first class: Li* and Na*
(small ri,, and low AH° and AS° values), the sec-
ond class: K, Rb™, Cs™, and NH; (intermediate
Tion and low AH° and AS° values), the third class:

(CoHs)4N* and (CsH;)4N* (large ron, and high
AH° and AS° values), and the forth class: (CH3),N*
(relatively large rio, and low AH® and AS° values).
In each class, the values of AH° and AS° tend to
increase with an increase in ionic radius of cation.
Further, this classification showed the interesting
agreement with that based on the viscosity B coef-
ficient and the activation energy of viscous flow
[22]. These results lead to the conclusion that the
thermodynamic parameters of dimerization are
highly affected by the hydration structure of the
opposite ions being taken up in the dimerization
step. The above mentioned behavior has been well
interpreted by taking account of the hydrated
water structures around cations referred to the
bulk water structure, such as the ordered structure
around the small cations (the first class), the dis-
ordered one around the intermediate-size cations
(the second class) and the hydrophobically hydrated
structure around the hydrophobic cations (the
forth class), and of the two possible events in the
dimerization step, that is, the reorientation of
water molecules along the electric field formed by
the uptake of cation and the dehydration of the
hydrated water molecules [8(1)]. In this context, it
is noticeable that the decrease of both of the
values of AH° and AS° for the dimerization of
Acridine Orange upon KCl addition may be due
to the dehydration of the broken-structured water
molecules around Cl~ on dimerization [9(0)]. It
was also pointed out that the average free energy
change for the cooperative binding of Biebrich
Scarlet to lysozyme has the value consistent with
that for the dimerization in solution [5].

These observations show that both the co-exist-
ing salt species and its concentration highly affect
the thermodynamic behavior of dye dimerization,
depending on their hydration state. We must pay
attention to this point to compare the thermo-
dynamic data collected in different salt conditions.

2.4. Effect of neutral organic substances

Although many studies have shown that the
addition of neutral organic substances such as
alcohols and urea generally reduces the dimeriza-
tion constant, there are few studies concerning the
effect on the thermodynamic parameters. The
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addition of increasing amount of methanol to the
actinomycin-deoxyguanosine binding system suc-
cessively decreases both of the values of AH® and
AS° of binding [23]. Urea has the similar effect
that the addition of increasing amount of urea
successively decreases both of the values of the
enthalpy and entropy changes of the hydrophobic
interaction in the formation of ethane from two
methane molecules in aqueous solution [24]. On the
other hand, it has been observed that the addition
of urea to the anionic azo dye systems (C.I. Acid
Red 88 and Acid Red 13) increases both of the
values of AH° and AS° of dimerization [8(g)].
Although no detailed mechanism of the effects has
been presented by the authors, it was suggested
that the cosolute affects the hydration structure of
dye molecules. To recognize the detailed nature of
the effects of these substances on dimerization in
aqueous systems, many systematical studies are
desirable to be explored.

3. Kinetic properties

The number of kinetic data is still fewer than
that of the thermodynamic data, but they are very
important to realize the dimerization mechanism.
From the concentration dependence of the
reciprocal relaxation time for the dimerization equi-
librium, the rate constants for the forward and
backward processes (k; and ki) have been eval-
uated [25]. The activation parameters such as
AH# and AS7 have been evaluated using the
absolute-reaction-rate theory [26]. In this section,
the kinetic data in which activation parameters
have been obtained were discussed with much
attention as well as the other kinetic data. Table 2
shows the list of these data [27-30].

3.1. Rate constants and activation parameters

Fig. 4 shows the plots of log kr and log &y, vs. log
Kp, which were calculated from the kinetic data
measured so far (Table 2). This figure shows that
there are two groups of dye, as was pointed out by
Inaoka et al. [28(a)]. One is group A, in which the
values of the forward rate constant are near the
diffusion-controlled limit [31] and the value of log
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Fig. 4. The plots of log k¢ and log ki, vs. log Kp. The circles
show the forward rate constants and the squares show the
backward ones. The open symbols represent the data for the
dyes in group A and the filled symbols represent those in group
B (see text).

Table 2
Kinetic data of monomer—dimer equilibria
Type Data Ref
number
Azo dyes 1 [8(c)]
Acridine and thiadine dyes 20 [9(2),9(1),9(),9(0)]
[27(a)-(1)]
Xanthene dyes 4 [10(d),28(a),28(b)]
Porphyrin dye 1 [29]
Purine and 3 [15(b),15(e),30]
pyrimidine derivatives
Antibiotics 1 [16(c)]
Alkaloid and its derivatives 6 [17(b)]

ky, linearly decreases with an increase in log Kp
along the line having the slope of —1. The other is
group B, in which both the forward and backward
rate constants are a few orders of magnitude
smaller than those of group A. The difference in
the values of the rate constants between these two
groups suggests that there are at least two types of
activation processes. Among the above kinetic
studies, only eight studies for eight substances are
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concerned with the temperature dependence of the
rate constants [8(c),9(1),9(j),9(0),10(d),15(b),15(e),
27(b)], from which the detailed nature of the
activation processes may be examined. Fig. 5
shows the plot of AH# vs. AS” values for the
forward and backward processes of the dimeriza-
tion as well as the AH® vs. AS° plot. We can see
from this figure that the enthalpy—entropy com-
pensation relation observed for the equilibrium
thermodynamic parameters [Fig. 1 and Eq. (3)]
results mainly from the forward activation process.

Fig. 6 shows the activation-energy profiles, in
which the activation-volume profile for Methylene
Blue [27(h)] is also shown. In this figure, the dyes
are arranged in the order of the entropy pattern.
The following points may be noteworthy. (1) The
dimerizations of proflavine, Acridine Orange,
Methylene Blue, and N,N-dimethyladenosine,
which all belong to group A in Fig. 4, are the
enthalpically-driven reactions, on the other hand,
those of Congo Red, Rhodamine B and Rhodamine
3B (group B in Fig. 4) are entropically driven. The
structural feature common for the three dyes

—es 0

V / cm® mol-!

5 6 7 8

Reaction coordinate

Fig. 6. Activation energy profiles for the dimerization of dyes and related substances; 1: Congo Red, 2: Rhodamine 3B, 3: Rhodamine
B, 4: N,N-dimethyladenine, 5: N,N-dimethyladenosine, 6: Acridine Orange, 7: proflavine, and 8: Methylene Blue. The lines shows the
free energy profile (solid line), the enthalpy profile (dashed line), and the entropy profile which is expressed by multiplying-7 (dotted

line). The volume profile is also depicted for Methylene Blue.
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(proflavine, Acridine Orange, and Methylene
Blue) in group A is that they have similar back-
bone ring structures (acridine or phenothiazine),
and that for the latter three dyes in group B is that
they have relatively large hydrophobic groups
(two naphthalene rings and two benzene rings for
Congo Red, and four and five ethyl groups for
Rhodamine B and Rhodamine 3B, respectively).
(2) The activation enthalpy of the forward process
has positive values for Congo Red, Rhodamine B,
N,N-dimethyladenine, and N,N-dimethyladeno-
sine, nearly zero for proflavine and Acridine
Orange, and negative values for Rhodamine 3B
and Methylene Blue. On the other hand, the acti-
vation enthalpy of the reverse process has positive
values for all the dyes except Rhodamine 3B. In
any case, the positive activation-enthalpy means
that some net bonds are broken in the activation
process. The negative activation enthalpy has been
interpreted by considering the combination of two
substeps, i.e. the diffusion-controlled association
of two monomers and the transformation of the
complex into the dimer (see the next section) [9(j)].
(3) The values of the activation entropy of the
forward process are negative or nearly zero for all
the dyes except Congo Red (this does hold even if
considering the unitary entropy [32]), showing that
the structures of the activated states of those dyes
are reduced in freedom compared to the monomer
states. The large positive activation entropy in the
forward process for Congo Red might be due to
the dehydration of the hydrophobically-hydrated
water molecules, since it is difficult to consider
that the freedom of the structure of the dye mol-
ecule itself increases in the approach of monomer
molecules. Along the same line, the entropy
increases in the process from the activated state to
the stable dimer for Rhodamine B and Rhoda-
mine 3B might be ascribed to the dehydration of
the hydrophobically-hydrated water molecules
around the alkyl groups. That is the dyes in group
B may be divided into two subgroups depending
on the process in which the entropy value increa-
ses. In summary, there are at least three patterns
in the activation energy profile, according to the
structure of the dye. (4) The activation volume
profile for Methylene Blue suggests that the ejec-
tion of hydrated water molecules takes place in the

process from the activated state to the stable
dimer.

3.2. Detailed mechanism

In order to consider the reaction mechanism in
further detail, it is convenient to divide Eq. (1)
into two substeps as

ks
2M = MeM = D (7

where, the first step is the diffusion-controlled
encounter-complex formation, and the second step
is the stable-dimer formation. ky, k_;, k>, and k_,
are the rate constants of each process. Under the
steady state approximation for the encounter
complex, Eq. (7) gives a single relaxation, and the
forward and backward rate constants are given by

kiky
fp = 2 8
Tk ®)
k_1k_s
o 9
btk ©)

The following two extreme cases are valuable to
be considered. In the case of k_; <k, Egs. (8) and
(9) become

kr = ky (10)
k_

= — 11

kp 5 (11)

That is, the forward rate constant agrees with
that of the diffusion-controlled association, and
the backward rate constant is that of the diffusion-
controlled dissociation divided by K, The rate
constant of the diffusion-controlled association
has theoretically been estimated as about 3x10°
s~! mol~! [31(c)]. Many of the dyes in group A in
Fig. 4, for which the values of the forward rate
constant are close to this value, seem to be in this
case. On the other hand, in the case of k_;>k»,
Eqgs. (8) and (9) become

ke = Kiks (12)
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ky = k_,. (13)

This means that there exists an rapid diffusional
pre-equilibrium before the stable dimer formation.
Since the value of K is ordinarily in the order of 1
mol~! dm?, k¢ can take an extremely small value
compared to that of the diffusion-controlled reac-
tion, depending on the k, value. This situation
may hold for all of the dyes in group B, and for
some dyes in group A in Fig. 4, having relatively
small k¢ values. The origin of the negative activa-
tion enthalpy for the forward process of Methyl-
ene Blue dimerization has been attributed to the
dipole—dipole and/or ion—dipole interactions in
the diffusion-controlled step [9(j)].

3.3. Solvent effect on rate constants

The effect of the addition of alcohols, urea, and
glycerol on the rate constants of dimerization of
Thionine and proflavine in aqueous solutions
[27(e) and (f)] and that of ethyleneglycol on deu-
terohemin dimerization [29] have been studied. In
both cases, it was found that the values of ki
decrease while those of ky, increase on an addition
of the additives. The origin of this behavior has
been interpreted in terms of the specific and
preferential binding of these additives to the dyes
by the dispersion forces [27(f)].

4. Comparison with other interaction systems

Fig. 7 shows the few examples of the AH® vs.
AS° plot for the complex formation between alkyl
derivatives of dyes and poly(vinylpyrrolidone)
[33], DNA [34], and serum albumin [35], and for
the dimerization of actins [36], as well as the com-
pensation line of this paper [Eq. (3): solid line] and
that reported for drug-receptor bindings (dashed
line) [37]. In these cases, the values of AH° and
AS° increase with an increase in the hydro-
phobicity of dye or actin, in parallel with the
compensation lines. This behavior may be the
result of the redistribution of the hydrated water
molecules around the ligand’s hydrophobic groups
and the actin’s binding sites. It was also found that
the hydrophobic side chains of oligo peptides have
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Fig. 7. The comparison of AH° vs. AS° plots for complex
formations between alkyl derivatives of dyes and macro-
molecules and for a protein dimerization with the compensa-
tion line for the monomer—dimer equilibria of dyes (solid line,
Eq. 3) and that for the drug-receptor bindings (dashed line)
[37]. (O): 4-[4-(dialkylamino)phenylazo]benzenesulfonates—
poly(vinylpyrrolidone) systems [33], ([J): alkyl Acridine
Orange—DNA systems [34], (#): dancyl amino acids—bovine
serum albumin systems [35], and (@): actin dimerization sys-
tems [36]. The plot of AH# vs. AS for the association process
of antibody—hapten binding [39] is also shown(¥), being com-
pared with the line (dotted line) for the forward activation
process of the dye dimerization.

positive contribution to AH° and AS° for their
binding to neurophysins [38]. The authors of
ref.37 have ascribed the origin of the compensa-
tion relation to the redistribution of the hydrogen
bonds between water, drug and binding site on the
binding event [37]. Their interpretation is very
attractive. However, the present paper has shown
that the enthalpy—entropy compensation relation
may come from several kinds of interactions in
water. The nature of hydration, including hydro-
phobic hydration, of the reactants seems to play
the key role. It is, therefore, desirable to extend the
idea of them so as to involve the redistribution of
many kinds of hydrated water molecules around
interacting constituents, instead of limiting to the
hydrogen bonds. In the case of the actin dimer-
ization, it was shown that the order of the values
of the thermodynamic parameters agrees with the
order of the body temperature of the species [36].
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As was pointed out by the authors, this fact sug-
gests that the hydrophobic nature of actin and the
resultant thermodynamic behavior of its self-
assembly are closely related to its biological role,
i.e. the maintenance of the critical monomer con-
centration at the low level under physiological
conditions. The plot of AHF vs. ASF for the
antibody-hapten bindings [39], which is also
depicted in Fig. 7, shows that these data fall on the
line for the forward activation process of dye
dimerization. All these examples show that the
thermodynamic and kinetic properties of dye
dimerization would give us useful insights into the
interaction mechanism of many other interaction
systems.

5. Concluding remarks

The thermodynamic and kinetic data for the
dimerization of dyes in aqueous solutions revealed
the enthalpy—entropy compensation relation and
its relation to the activation processes. The hydra-
tion structures of the constituents and their
changes upon dimerization play the central role in
this phenomenon. The similarity of the thermo-
dynamic and kinetic behavior of the dye dimer-
ization to that of the other interaction systems
shows the significance of the dimerization reaction
as the simplest model system. Further systematical
studies to clarify the mutual relation between dye
structures, hydration states, and the thermo-
dynamic and kinetic properties are now desired to
be explored.
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