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The monomer—dimer equilibrium and thermodynamics of ionic dyes were investigated by spectro-
photometric and chemometric methods. The dimerization constants of methylene blue, methylene green
and thiazole orange have been determined by studying the dependence of their absorption spectra at
different concentrations of surfactants, ionic strengths and mixed solvents by means of UV—visible
spectroscopy in aqueous solutions. The processing of the data, performed for the quantitative analysis of
pure spectral profiles, was based on the simultaneous resolution of the overlapping bands in the whole
set of absorption spectra. Utilizing the van't Hoff relationship, which describes the dependence of
the equilibrium constant on temperature, as a constraint we determined the spectral responses of the
monomer and dimer species as well as the enthalpy and entropy of the dimerization equilibrium. The
exciton theory was used for the elucidation of the angle between the monomer units and the interaction
energy between the molecules of the dimers.

Thiazole orange
Critical micelle concentration
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1. Introduction

Aggregation is one of the features of dyes in solution, affecting
their colouristic and photo-physical properties and is therefore
being of special interest. It is well known that ionic dyes tend to
aggregate in diluted solutions, leading to dimer formation, and
sometimes even higher order aggregates [1].

Cationic dyes, such as methylene blue (MB) and methylene
green (MG) (Fig. 1), are thiazine type dyes, which were initially used
for dyeing silk, leather, plastics, paper, and cotton mordanted with
tannin, as well as for the production of ink and copying paper in the
office supplies industry, and also for the preparation of color lakes.
These dyes have also long been used for staining in medicine,
bacteriology, and microscopy [2,3]. They can be used as sensitizers
in photopolymerization and as a component of a silver free direct-
positive color bleaching-out system [4]. Furthermore, the reversible
equilibrium between the reduced and oxidized forms of MB and
MG, renders these compounds useful as redox indicators [5,6]. MB
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main uses are related with the determination of glucose, O, or
ascorbic acid [7,8]. Also previous studies have found that MB
molecules existed as a dimer or as aggregates at the surface, as well
as a protonated form depending on the concentration and the
surface properties [9].

Cyanine dyes are typically based on indole, benzothiazole,
benzoxazole and quinoline heterocycles. A widely used intercalat-
ing cyanine dye which has an unsymmetrical structure is thiazole
orange (TO). Thiazole orange is the oldest synthetic cyanine dyes,
today widely used in reticulocyte analysis. The cationic unsym-
metrical cyanines such as TO are best known for their fluorogenic
behavior in the presence of DNA and RNA [10]. Thiazole orange
serves as an ideal scaffold for these conjugates because it is highly
fluorescent when bound to DNA. The fluorescence properties of
thiazole orange has led to its incorporation into a number of DNA
detection or probing systems. This dye was shown to permeate live
cell membranes and efficiently stain residual RNA in reticulocytes
[11]. In addition, thiazine and cyanine dyes have important pho-
tophysical applications [12,13].

The presence of aggregates in the dye solutions may considerably
influence their photo-physical behavior. The UV—vis absorption
spectroscopy is one of the most suitable methods for quantitative
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Fig. 1. Dye structures: (a) MB, (b) MG and (c) TO.

study of the aggregation properties of dyes as a function of
concentration, since in the concentration range used (1076-103 M)
monomer-dimer equilibrium mainly exists. In aqueous solution,
aggregation can be observed due to the photochemical character of
the molecular structure [14,15].

The nature of the self-association of dyes in aqueous solutions,
aside from its intrinsic interest, is important in the understanding
and interpretation of a great variety of problems, such as dyeing of
fibers, tissue staining in biology, spectral change and energy
transfer studies, adsorption, and photography. On the other hand,
their equilibria can be very useful for analytical application in
optical sensors [16].

Thiazine dyes such as MB and MG and also cyanine dyes such as
TO, containing polar chromophores are an important group of organic
compounds which have a variety of industrial and scientific applica-
tions [17]. Therefore, spectroscopic properties of these dyes are still
the subject of numerous research studies and controversies [18,19].
Following several authors [20,21], the MB, MG, and TO dimerization
equilibrium (Fig. 2), can be expressed a 2(Dye) o, 2 (Dye) 4i, and the
dimer has the form comparable to those depicted in Fig. 2.

In this work, we used some physical constraints to determine
the dimeric constants of MB, MG and TO in pure water and some
mixed solvents. The information obtained in this study are the
monomer and dimer spectra of dyes, their dimerization constant as
a function of temperature, effect of different surfactants at various
concentrations on the dimerization constants, changes in enthalpy
(AH) and entropy (AS) of the reaction, type of dyes association and
effect of additive on structures of aggregations, Data handling was
carried out by the DATa ANalysis (DATAN) program.

2. Experimental part
2.1. Material and chemical reagents
All the chemicals used were of analytical reagent grade. Distilled

water was used throughout. The investigated dyes (microscopy grade,
purity is more than 99%) were purchased from Fluka and Aldrich and

were studied without additional purification and their purity was
checked spectroscopically. A stock solution of MB (3.0 x 10~% M), MG
(1.0 x 107> M) and TO (1.0 x 10~4 M) was prepared by dissolving solid
dyes in water. In all experiments the ionic strengths were maintained
constant by KCl (Fluka) at 0.5, 1.0 and 1.5 M solutions of the salt.
Neutral surfactants, Triton X-100 and Triton X-114 were purchased
from Sigma—Aldrich. Cationic surfactants, hexadecyltrimethyl
ammonium bromide (HTAB) was obtained from Sigma. The pH of the
all solutions was kept constant at 7.0 using Tris buffer.

2.2. Apparatus, instrumentation and software

The absorption spectra were recorded using an Agilent 8453
UV—Vis Diode-Array spectrophotometer, employing Agilent
UV—Visible ChemStation software for data acquisition, equipped
with a temperature controller and a 1 nm spectral bandpass, and
were digitized with five data points per nanometer. Conventional
quartz cells (10 mm x 10 mm) and (10 mm x 1 mm) were used
throughout. The cuvettes were treated with repel-silane prior to
measurements to avoid dye adsorption. The temperature of the cell
was kept constant using Hiedolph thermo circulating bath. All
absorption spectra were recorded in the wavelength range of
500—750 nm and 350—600 nm for the thiazine and the cyanine
dyes, respectively. All calculations were run on a PC with AMD
(Athlon 64) as central processing unit (3 GB RAM) with windows XP
2009 SP3 operating system. Data were transferred (in ASCII format)
for analysis by DATAN package ver. 3.1 [22]. Other calculations were
performed in the MATLAB (version 7.8, MathWorks, Inc.) environ-
ment. The pH values were measured by a Metrohm 692 model
pH-meter equipped with combined Ag/AgCl electrode.

3. Theoretical part

The data for each dye were stored in spectral files as matrices of
size n (wavelengths) and m (temperatures) and then processed and
analyzed using DATAN [23,24] program.

Fig. 2. Probable structures of dimer form of (a) MB and (b) MG. (Only one of four possible resonance configurations is shown).
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The absorption spectra recorded at different temperatures are
digitized and arranged as rows in a (n x m) data matrix A, where n
is the number of data points in each spectrum and m is the number
of temperature intervals (in this paper a matrix is denoted as a bold
upper case italics e.g. X). Matrix A is decomposed into an orthog-
onal basis set using, for example, NIPALS [25] as;

;
A =TP +E=TP = Y tp}, (1)
i=1

where t; (nx 1) are orthogonal target vectors an p; (1 xm) are
orthogonal projection vectors. These are mathematical constructs
and do not correspond to any physical property of the system. r is
the number of spectroscopically distinguishable components, and E
is the error matrix containing experimental noise, if the correct
value of r is selected. For a well-designed experiment, E is small
compared to TP and can be discarded.

Assuming a linear response, the recorded spectra are line-
ar combinations of the spectral responses, vi(1 xm), of the
components:

,
A=CV+E=CV = cu; (2)
i=1

where cj(n x 1) are vectors containing the component concentra-
tions at the different temperatures. The Egs. (3) and (4) are related
by a rotation matrix R:

C=TR", (3)

V = RP, (4)

where R is r xr rotation matrix, which for a two-component
system has the element:

r r
R — [ 11 12}7
1 T

and therefore,

R 1 [ T —Ti2 }7 (5)
il —T12l21 [ —T21 111

Two constraints are used to determine three of the elements in
R. The first is the spectrum of the monomer, which is measured
separately, and the second is the constant total concentration of the
dye. Since a single sample is studied, the total concentration must
be constant, constraining the matrix R [26]. For monomer—dimer
equilibrium, 2X < X, the total concentration is constant:

Cx + 2Cx, = Ctot, (6)

Matrix R can now be described by a single scalar ry;, and other
factors that are determined by the constraints. The value of
determines the dimer spectrum and the monomer concentration
profile. Although any value of ry; produces a mathematically
acceptable solution, reasonable results, in terms of spectral inten-
sities and non-negative concentrations and spectral responses, are
obtained in a relatively narrow range of 21 values. Still, the range is,
in general, too large for a quantitative analysis. The final constraint,
which produces a unique solution, is the thermodynamic relation
between temperature and the equilibrium constant. The compo-
nents’ concentrations are related by the law of mass action:

() — Ca(D/C

- , 7
(ex(T)/c*)? @)

where ¢ = 1 mol dm . Assuming that the dimerization constant
Kp(T) depends on temperature according to the van't Hoff
equation [27]:

din Kp(T)

aqyn - AR ®

where AH° is the molar enthalpy change, R = 8.31 Jmol~! K~ is the
universal gas constant, and T is the Kelvin temperature. A linear
regression of the dimerization constants with respect to 1/T is then
performed (Eq. (8)), which determines a trial enthalpy change of
the reaction. Once a range has been found, r»; is varied gradually in
this range, and a 2 is calculated for each regression of In Kp(T) with
respect to 1/T. The r; that produces the best fit determines matrix
R. The y? is the sum of squared residuals [28] and generally used as
a goodness of fit criterion and its value indicate the predictability of
the model, i.e. how well the monomer spectrum and ry; are
determined. The general formula of the ¥? is:

n

X2 = Z(AEXP _Acalc)z/AEXp» (9)
i=1

where Aeyp is the expected value and Ay the value calculated from
experimental data over n data points.

4. Results and discussion
4.1. Dye aggregation and spectroscopic studies

The electronic absorption spectra of MB, MG and TO, at constant
total dye concentrations and different surfactant concentration
were recorded over the wavelength range of 500 to 750 nm (for MB
and MG) and 350 to 600 nm (for TO) and a temperature range over
15 to 75°C at 5°C intervals and pH 7.0. The sample absorption
spectra are shown in Fig. 3(1—3a). As it is expected, by increasing
the temperature and decreasing the concentration, the monomer
form would be predominant over the dimer form. So it is wise to
choose the spectrum of the dye at the highest temperature and at
lowest concentration as an initial estimate for the monomer in the
subsequent calculations. According to Egs. (1)—(7), the DATAN
program commences with a trial value of rp;, at a predefined
interval, and iterate all of the calculation steps. The iteration stops
when all rp; values in the preset interval are tested. The Kp, dimer
spectrum, AS and AH, correspond to minimum value of the 2
statistics, are selected as the final results (according to Eq. (9)).

By increasing temperature the absorption peak for MB, MG and
TO appears at around 662 nm, 656 nm and 499 nm, respectively.
Also the absorption shoulder around 610 nm, 609 nm, 473 nm
decreased for MB, MG and TO, respectively. The sample calculated
absorption spectra of the above dyes in monomer and dimer forms
are shown in Fig. 3(1—3a, 1-3b). We analyzed the temperature
titrations assuming monomer—dimer, monomer—dimer—trimer
and even models including higher order aggregates, and found that
the monomer—dimer model most adequately describes the data.
This suggests equilibrium between just two spectral species,
i.e. monomer—dimer equilibrium. The presence of exactly two
species is also verified by the isosbestic point at 620 nm, 617 nm,
478 nm for MB, MG and TO respectively.

The optimum concentration was determined in pure water for
each dye (Table 1). As can be seen from Table 1, for the two classes
of dyes in aqueous solution, the band of highest intensity in dilute
solution becomes weaker as the concentration is increased, and
new bands appear at other wavelengths. These spectral changes
have long been attributed to aggregation of the dye molecules in
water to form dimers and higher polymers under the influence of
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Fig. 3. (a) Absorption spectra, (b) calculated absorption spectra of dimer (- - -) and monomer (—), (c): B, molar ratio of monomer and O, molar ratio of dimer, (d) van't Hoff
equation plot of (1) MB (3.0 x 107> M), (2) MG (1.5 x 107* M) and (3) TO (2.5 x 10> M) in 5 K intervals between the temperatures 283.15 K and 348.15 K at pH 7.0.

the strong dispersion forces associated with the high polarizability
of the chromophoric chain. Also (Kp) was calculated at different
temperatures for several total dye concentrations and as expected
Kp decreases with increasing temperature while it is virtually
independent of total dye concentration. The relative dependence of
the dimeric constant of dyes on the various temperatures is shown
in Table 2.

From the dependence of log Kp on 1/T (Fig. 3(1-3d)), AH° and
AS° values were determined. The dimerization constants at 25 °C
and at different concentrations and thermodynamic parameters
of the dimerization reactions of the dyes are listed in Table 3.
The AH° values range from —54.6 to —38.9kJmol~! with the
mean —46.8 k] mol~! for MB, and from —60.3 to —31.3 k] mol~! with
the mean —45.8 k] mol~! for MG and from —58.2 to —40.5 k] mol~"
with the mean —49.4kjmol~! for TO. AS® ranges from —104
to —56 Jmol~'K~! with the mean —80]mol~'K~!, from —133
to —42Jmol 'K~! with the mean —88]mol 'K, from —109

to —54 ] mol~' K~! with the mean —81 Jmol~! K~ for MB, MG and
TO, respectively. In all cases the dimerization and self association are
enthalpy favored and entropy disfavored. As described above,
dimerization is presumed to be the dominant form of aggregation in
applied concentration ranges in aqueous solutions of MB, MG and
TO. This is corroborated by the constancy of the apparent enthalpy
of association. In general, the extent of aggregation depends recip-
rocally on the temperature of the solution and is fully reversible. The
observed relationship between entropy and enthalpy reflects an
electrostatic nature of the dimerization phenomenon of these three
dyes.

4.2. Dye—surfactant interactions and surfactant influence
Surface active agents (surfactants) are amphipathic molecules

and they show different properties. Surfactants molecules which
also aggregate in solution forming micelles and the concentration

Table 1
Dimeric constant and thermodynamic parameters values of MG and TO at different concentrations in water without surfactant at 25 °C.
Concentration/M MG TO
1.5x107* 25x 107 3.5x 107 20x107° 22x107° 25x107° 2.7 %1072 3.0x107°
log Kp 3.75 3.44 3.36 4.39 443 4.53 425 411
AH/(kJ mol 1) -60.3 -393 -38.1 -333 -52.8 -51.2 -37.7 -38.1
AS/(Jmol 'K~ 1) -130 —66 -63 -28 -92 -85 —45 —49
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Table 4
The molecular structures and CMC of cationic and natural surfactants.

Table 2
Dimeric constant values of MB, MG and TO dyes at various temperatures.
Temperature/°C log Kp
MB MG TO
(3.0x 10> M) (1.5 x 1074 M) (25 x 107> M)
10 4.52 3.78
5 434 3.62
20 4.19 3.51 4.68
25 4.04 3.40 4.53
30 3.89 3.29 438
35 3.75 3.17 423
40 3.60 3.08 4.09
45 3.49 2.95 3.95
50 3.37 2.83 3.82
55 3.25 2.75 3.70
60 3.14 2.64 3.58
65 2.54 347
70 2.40 3.36
75 3.26

at which micelles form is known as the critical micelle concentra-
tion (CMC). The molecular structures and CMC of the surfactants
used in this study are shown in Table 4. The CMC is the most
important characteristic of a surfactant and is useful for consider-
ation of the practical applications of surfactants.

The physical properties of surfactants differ from those of
smaller or nonamphipathic molecules in one major aspect, namely
the abrupt changes in their properties above a critical concentra-
tion [29]. At low concentrations, most properties are similar to
those of a simple electrolyte. At the CMC or above strongly co-
operative binding is indicated and there is an onset association of
surfactant with the dye molecules. At this concentration (i.e. at CMC
concentration), the molecules of dye saturated with micelle. An
added surfactant will interact strongly with the hydrophobic
groups of the dye molecules, leading to a strengthened association
between the surfactant molecules and the dye molecules (Fig. 4).

Initially the surfactant monomers interact with the hydrophobic
groups of the dye molecules, and act as a physical cross linker
between them to facilitate the creation of dimer form and result in
maximum dimerization. At higher surfactant concentrations, the
micelles, which are now abundant, will no longer be shared
between the molecules of dye, i.e. they lost their cross-linker role.
This effect can be observed of the visible absorption spectra of MB,
MG and TO with fixed concentration (1.85 x 1074, 2.12 x 10~% and
2.89 x 1074 M respectively) in aqueous solution of the surfactant
having different chemical structures, above CMC, which are shown
in Fig. 5. The spectral data obtained in aqueous surfactant solutions

Surfactant CMC/mM Type of Molecular structure
surfactant
HTAB 0.92 Cationic CHs5(CH,)15N(Br)(CHs)s
Triton X-100 0.22 Neutral t-Oct-CgH4-(OCH,CH,)OH,
x=9-10
Triton X-114 0.20 Neutral (CoH40)n C14H220,n=7 or 8

were compared to those obtained in water. The visible spectra
presented in Fig. 5 clearly show that the dye—surfactant interac-
tions, above the CMC, result in a clear reduction in the shoulder
intensity of the absorption spectra of three dyes and the profound
effect in the case of TO, indicating the elimination or reduction of
the dye aggregates in the micelle environment.

Previous study has shown that the highest value of the viscosity
of the surfactant at CMC concentration can also boost the dimer
formation [30].

4.3. Effect of ionic strengths and organic solvents

For studying the effect of ionic strength on the dimerization of
the dyes, three different concentrations of potassium chloride
(from 0.50, 1.00 and 1.50 M), were selected and dimerization was
investigated. To maintain a constant pH of the solutions’, a neutral
buffer solution was chosen (the concentrations of buffer constitu-
ents are negligible with respect to the inert salts as supporting
electrolytes). A preliminary study showed that, application of the
neutral to basic buffer solutions, the three dyes show just a very
minor change in their spectral patterns (i.e. the changing of the pH
of the solutions has no observable effect on the spectral behavior of
the dye solutions). Also, according to findings of Mched-
lov—Petrosyan et al. [31] the dominant monomer species around
this pH (7.50) is a zwitterion, which bears positive and negative
charge simultaneously and has a tautomeric isomer with zero
charge especially in some nonaqueous solutions. Hydrogen
bonding, hydrophobic forces, and electrostatic interactions are all
considered important for the dimerization. What effect we expec-
ted from increasing the ionic strength on the dimerization
constants according to extended Debye—Huckel equation [32], is
totally depend on the relative change in the total charge of the
dimer species with respect to the two monomer moieties. As it can
be seen from the data obtained at different ionic strength (Table 5),
the increase of the ionic strength results in a decrease of the
dimerization constants. The dimeric constants at 25°C and

Table 3

Dimeric constant (Kp) and thermodynamic values of MB, MG and TO dyes at various concentration of surfactants at 25 °C.
Concentration/mM HTAB Triton X-100 Triton X-114

0.25 0.92 (CMC) 2.00 0.05 0.22 (CMC) 0.30 0.05 0.20 (CMC) 030

Thiazole orange (2.5 x 107> M)
AH° (K] mol 1) —40.5 —494 -51.1 —45.2 —58.2 -50.3 —-414 —56.2 -52.1
AS°J(Jmol~ 1K 1) —54 -82 -89 —68 —~109 -84 -59 -101 -90
log Kp 4.25 4.34 4.16 433 4.50 4.40 418 4.53 442
Methylene green (1.5 x 1074 M)
AH° (K mol 1) 312 —415 420 -458 —445 —40.8 —59.6 -429 -430
AS°/(Jmol 1 K~1) —42 -72 -75 —87 -81 —74 —-133 -75 -81
log Kp 3.24 3.49 341 3.47 3.56 3.25 3.46 3.58 3.27
Methylene blue (3.0 x 10> M)
AH° (k] mol ™) ~39.0 ~394 -389 —48.4 —54.6 —47.9 —-39.1 —52.5 —40.2
AS°J(Jmol~' K1) -58 -57 —-58 -88 ~104 -85 —-56 -99 -62
log Kp 3.81 3.9 3.77 3.86 4.09 3.92 3.89 3.99 3.79
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Fig. 4. Interaction between surfactant and dimer form of dye.

thermodynamic parameters values of MB, MG and TO at different
ionic strengths of potassium chloride are listed in Table 5 and they
are compared with previously reported data [33,34].

One of the most interesting points of changing the ionic strength
on the dimerization reactions of the three dyes is the spectral
change of the dimer form. The dimer spectra of MB, MG and TO
show enhancement of the intensity of the spectral band with Apax’s
around 622 nm, 656 nm and 499 nm for MB, MG and TO respec-
tively as compared with those in water. Patil et al. [35] reported
a similar spectral change from the effect of the addition of some
solutes to the aqueous solution of methylene blue. They addition-
ally showed that these spectral variations depend upon the angle
between the planes of the two dye molecules which in turn depend
upon the concentration of the inert solutes. The decrease in Kp
values with increase in the concentration of each of the inert salts
also indicates the decreasing tendency of the dyes molecules to
undergo aggregation. The random variations in the formation
constants by changing ionic strengths (Table 5) may indicate
a return to the presence of the some unaccounted for interactions
such as cation—anion (dye-Cl™) attractive type interactions, in
addition to monomer—dimer equilibrium.

In order to study the effect of organic solvents on the dimer-
ization constants for these three dyes, various binary dioxane—
water and methanol—water mixtures have been examined. These
water—miscible additives shift the monomer—dimer equilibrium of
the dyes in the direction of the monomer. The dominant role of
water as the most favorable solvent to aggregation of ionic dyes is
no doubt associated with the effect of its high dielectric constant in
reducing the repulsive force between the similarly charged dye
cations or anions in the aggregate. Lack of such an effect in nonpolar
solvents with a low dielectric constant excludes the dimerization of

35
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Fig. 5. The effect of different surfactants on the aggregation of the dyes after CMC
concentrations. (a) free dye (b) Triton X-100 (c) Triton-X 114 (d) HTAB for MB, MG and
TO in A, B and C respectively.

the ionic dyes. But the absence of aggregation in organic solvents of
high dielectric constants and low solvating ability in comparison to
the water suggests that solvation interferes with the aggregation,
and in such solvents aggregates are stable only at low temperatures
and under high viscosity [36].

4.4. Type of aggregation

Dyes are well known to aggregate in aqueous solution. The 7
stacking of the conjugated systems of the dyes is favored based on
both the hydrophobicity and polarizability of the dye. To date, the
best description of the aggregation behavior of dye chromophores
is based on the exciton-splitting theory [37]. The relative intensity
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Table 5
Compare of dimeric constant (Kp) and thermodynamic values of MB, MG and TO with previous reported data, at various concentration of salt and different ionic strengths at
25°C.
Our study Previous reports
MB
Dye Conc./M 30x107° 30x107° 30x107° 30x107° 6.0x107° 50x107° 50x%x107° 50x107°
Nacl Conc./M - - - — — — - -
KCl Conc./M - 0.5 1.0 1.5 - 0.5 1.0 1.5
AH°[(kJmol 1) -50.3 -458 -53.7 -60.1 —49.2 —-63.4 —63.6 —62.0
AS°/(Jmol 1 K~1) -91 —74 —94 -113 -82 -117 -116 —-107
log Kp 4.04 4.14 448 4.63 431 5.09 5.15 5.33
MG
Dye Conc./M 1.5x 1074 1.5x1074 1.5x1074 1.5x 1074 1.54x 1074 1.54x 1074 1.54x 1074 1.54x10°*
NacCl Conc./M — — — — — 0.6 0.9 1.5
KCl Conc./M - 0.5 1.5 1.5 - - - -
AHe [(k] mol ) —60.3 —-33.1 —48.9 —56.9 —74.9 —52.6 —413 —-35.2
AS°J(Jmol~' K1) ~130 -38 -93 ~112 —141 -96 —-63 -93
log Kp 3.75 3.83 3.72 4.12 4.39 4.23 3.92 4.25
TO
Dye Conc./M 2.5x107° 2.5x107° 25x%x107° 25x%x107° - — — -
NaCl Conc./M - - - — - — - -
KCI Conc./M - 0.5 1.5 1.5 - - - -
AH°[(kJmol 1) -51.2 —49.4 -53.9 —-52.7 - - - -
AS°/(Jmol~ 1K) -85 77 -90 -87 - — - -
log Kp 4.53 4.63 475 4.69 - - - -

of the absorption bands can provide structural information about
the dimer regarding its simplest geometry model (e.g., the chro-
mophore spacing and the relative spatial arrangement of the
transition dipole moments of the molecules forming the dimers).
The self-association of dyes in solution or at the solid-liquid inter-
face is a frequently encountered phenomenon in dye chemistry
owing to strong intermolecular van der Waals-like attractive forces
between the molecules. The aggregates in solution exhibit distinct
changes in the absorption band as compared to the monomeric
species. From the spectral shifts, various aggregation patterns of the
dyes in different media have been proposed. Two limiting types of
supramolecular structures are formed and are referred to as “H”
and “J” aggregates. The processes of conversion of the monomer
into the J-aggregate upon thermal initiation and to the H-aggregate

H-band — Excited state x — H-band
rF s
J-band o) < J-band
Dimer levels Ground state Dimer levels
monomer
Blue shift Band splitting
a b

Fig. 6. Exciton band energy diagram for molecular dimmers in (a) a parallel plane
twist angle configuration and in (b) an oblique in-plane configuration.

absorbance
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Fig. 7. lllustration of H- and J-aggregation by dye molecule in water.
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Fig. 8. Schematic spectrum decomposition into Gaussian shapes.



1038 0. Yazdani et al. / Dyes and Pigments 92 (2012) 1031—1041

Table 6

Excitonic parameters of dye aggregates at various temperatures.
Temperature/°C 10 15 20 25 30 35 40 45 50 55 60
Methylene blue (3.0 x 10~> M)
0/° -0.92 -0.99 -1.04 -1.09 -1.12 -1.14 -1.16 -1.19 -1.19 -1.20 -1.20
Jshoulder/NM 612 613 613 614 614 616 616 617 617 617 618
Amax/NM 664 665 664 664 664 664 664 664 664 664 664
Ashoulder 1.09 1.06 1.04 1.03 1.02 1.02 1.01 1.00 1.00 1.00 1.00
Amax 1.66 1.70 1.74 1.78 1.82 1.84 1.87 1.90 191 1.92 1.93
Ashoulder/Amax 0.65 0.62 0.60 0.58 0.56 0.55 0.54 0.53 0.52 0.52 0.52
Ujem™! 639.81 637.81 626.49 613.20 613.20 586.76 586.76 573.61 573.61 573.61 560.49
Temperature/°C 10 15 20 25 30 35 40 45 50 55
Methylene green (1.5 x 1074 M)
al° -0.03 -0.12 -0.20 -0.27 -0.34 -0.40 —-0.46 —0.52 -0.56 -0.59
Jshoulder/TM 609 610 611 611 612 613 613 615 616 617
Amax/NM 658 658 658 658 658 658 658 658 658 658
Ashoulder 0.49 0.48 0.48 0.48 0.47 0.47 0.47 0.47 0.46 0.46
Amax 0.49 0.51 0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.60
Ashoulder/Amax 0.99 0.94 0.91 0.89 0.86 0.84 0.82 0.80 0.78 0.77
Ujem™! 611.40 597.94 584.52 584.52 571.15 557.82 557.82 531.30 518.10 504.94
Temperature/°C 20 25 30 35 40
Thiazole orange (2.5 x 10~> M)
ol° 0.16 0.07 -0.04 -0.16 -0.25
Jshoulder/TM 474 474 475 477 479
Amax/NM 500 500 500 500 500
Ashoulder 143 142 1.40 1.38 1.06
Amax 131 137 143 148 1.54
Ashoulder/Amax 1.09 1.03 0.98 0.93 0.68
Ufcm™! 548.52 548.52 526.32 482.18 438.41

upon photoexcitation are schematically shown in Fig. 6. The J-
and H-aggregates of dyes differ from one another in the relative
position of molecules and their number. Dye molecules in dimers
and H-aggregates are packed into a sandwich structure, whereas
the molecules in J- aggregates are packed ’following a brickwork
pattern, which imparts very different spectral properties to
these species (Fig. 7) [38]. The aggregation of a dye leads to
a strong coupling of the molecular transition dipoles, i.e. the elec-
trostatic interaction between molecular transition dipoles of the

02

chromophores causes the splitting of energy levels of the excited
states of the molecules, while the ground state of the dimer
remains doubly degenerate. According to Kasha exciton theory [39],
J- or H-aggregates can be formed depending on the angle between
the transition dipoles and the molecular axis of the aggregate. For
H-aggregates, the chromophores of the participating molecules are
in parallel two planes, while in J-aggregate (linear structure) they
are in the same plane. However, real dye systems tend to form both
Hand J-aggregates.

0.0

02 r

0.6

e/

410+ S

====Linear (Methylene blue)
— - Linear (Methylene green)
——Linear (Thiazole orange)

T-C

Fig. 9.

The angle existing between the monomer units versus temperature for MB, MG and TO.
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The angle between the chromophores was obtained with the
following considerations. As can be seen from Fig. 8, the intense
band with a Gaussian shape was centered at the maximum of the
spectrum. The second Gaussian band was obtained by subtracting
the first band from the total visible spectrum. Assuming that the
distance between the dipoles remains unchanged, the angle
existing between the monomer units, 6, in the dimer was deter-
mined from the ratio between the areas of the long-wavelength (S;)
and the short-wavelength (S;) of the two Gaussian bands,
tan?(/2) = S;/S, [40]. The difference in the energy of the split-
levels depends on the interaction energy (U), between the dye
molecules in the dimer species. The interaction energy can be
obtained by considering the half of the frequency difference
existing between the maximum of the neighboring bands:
U/cm*l = (1/2)(shoulder — Vmax)-

One of the most factors which determine the type of aggregation
is substituents on the hydrophobic rings of the dye molecules.
Unsubstituted dyes generally favor H-aggregation as this provides
the greatest number of van der Waals interactions and minimizes
exposure to water. However, substituents placed at various posi-
tions on the dye structure can promote J-aggregation due to steric
and/or electrostatic factors. H- and J-aggregates typically exhibit
absorption maxima that are shifted to either shorter or longer
wavelength, respectively (Table 6). Future increase of temperature
was observed to promote the conversion from H dimers to J-dimers.
The conversion from H- to J-aggregates, caused a decrease of
interaction energy (U) (Figs. 9 and 10). It is known that short-
wavelength absorption bands can correspond to H-aggregates. On
this basis, we assume that the short-wavelength band observed in
our experiments belongs to H-aggregates formed upon the photo-
initiated transformation of the monomer form. The bathochromi-
cally shifted J-bands and hypsochromically shifted H-bands of the
aggregates have been explained in terms of molecular exciton
coupling theory, i.e., coupling of transition moments of the
constituent dye molecules.

We also study on the exitonic parameters of pure MB, MG and
TO at different concentrations in water were studied (Table 7) and

Table 7

1039

Excitonic parameters of dye aggregates at various dye concentrations at 25 °C.

Thiazole orange

Concentration/M 2.0E-5 22E-5 2.5E-5 2.7E-5 3.0E-5
0/ —-0.03 0.02 0.07 0.11 0.17
Ashoulder/M 475 475 474 474 474
Amax/NMm 500 500 500 500 500
Ashoulder 1.18 1.31 1.42 1.65 1.76
Amax 1.20 1.30 1.37 1.55 1.61
Ashoulder/Amax 0.99 1.01 1.03 1.06 1.10
Ufem™! 526.32 526.32 548.52 548.52 548.52
Methylene green

Concentration/M 1.5E-4 2.5E-4 3.5E-4
0/ -0.27 —0.04 0.09
Ashoulder/NM 611 610 609
Amax/NMm 658 658 658
Ashoulder 0.48 0.82 1.12
Amax 0.54 0.83 1.07
Ashoulder/Amax 0.89 0.98 1.05
Ufcm™! 572.96 597.94 611.40

the effect of surfactants on their parameters were also explored
(Table 8). The results in Table 8 showed that the angle existing
between the monomer units (), in the dimer and interaction
energy (U), between the dye molecules in the dimer species, was
not dependent on the interaction of dyes with surfactant mole-
cules at various concentration (especially pre- and post-micellar
regimes). The columbic interaction and steric hindrance of the
dyes with surfactant molecules formed dye—surfactant aggregate
structures. Dye interaction and aggregation in surfactant solutions
can be explained by Kasha excitonic theory as discussed above, in
pre- and post-micellar regimes. Furthermore, we observed that
the concentration of surfactant (below CMC, at CMC and
a concentration higher than CMC) have an effect on dimerization
constant (Kp) and does not have an enormous effect on aggregate
formation and interaction energy between the two monomer
units in the dimer structure. We may suppose that the formation
of J-aggregates requires significant movement inside a dispersion

650
600 |- : Tl
'~ el f{ =0.9515
550 + . o
~ Ri=0.9709
~
7 -1 .
Ucem ~.
N
500 + ====Linear (Methylene blue)
— * Linear (Methylene green)
——Linear (Thiazole orange)
450
R*=0.8999
400
0 10 20 30 40 50 60 70
7-C

Fig. 10. Decrease of interaction energy versus increase of temperature for MB, MG and TO.
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Table 8
Excitonic parameters of dye aggregates at various surfactant concentrations at 25 °C.
Concentration Free dye T-X100 T-X114 HTAB
30x107°M 0.05 mM 0.22 mM 0.30 mM 0.05 mM 0.20 mM 0.30 mM 0.25 mM 0.92 mM 2.00 mM
Methylene blue (3.0 x 107> M)
0l° -1.09 -1.12 -1.11 -1.09 -1.11 -1.16 -1.14 -0.98 -0.99 -1.00
Jshoulder/T1M 614 615 615 615 615 616 616 614 613 614
Amax/NM 664 664 664 664 664 665 665 664 664 664
Ashoulder 1.03 0.91 1.00 0.94 0.92 0.70 0.78 1.32 1.37 1.31
Amax 1.78 1.61 1.75 1.65 1.61 1.29 141 2.11 2.18 2.11
Ashoulder/Amax 0.58 0.56 0.57 0.57 0.57 0.54 0.55 0.63 0.63 0.62
Ufem™! 613.20 599.96 599.96 599.96 599.96 598.09 598.09 613.20 626.49 613.20
Methylene green (1.5 x 10~ M)
15x1074M 0.05 mM 0.22 mM 0.30 mM 0.05 mM 0.20 mM 0.30 mM 0.25 mM 0.92 mM 2.00 mM
0/° -0.27 -0.28 -0.29 -0.29 -0.29 -0.29 -0.29 -0.27 -0.26 -0.26
Jshoulder/NM 611 611 611 612 612 612 612 611 611 611
Amax/NM 658 658 658 658 658 658 658 658 658 658
Ashoulder 0.48 0.47 047 0.47 0.47 0.46 0.47 0.48 0.48 0.48
Amax 0.54 0.53 0.54 0.53 0.54 0.53 0.53 0.54 0.54 0.54
Ashoulder/Amax 0.89 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.89 0.89
U/cm’] 572.96 572.96 572.96 571.15 571.15 571.15 571.15 572.96 572.96 572.96
Thiazole orange (2.5 x 107> M)
25%x107° M 0.05 mM 0.22 mM 0.30 mM 0.05 mM 0.20 mM 0.30 mM 0.25 mM 0.92 mM 2.00 mM
0/° 0.07 0.05 -0.01 -0.01 —0.08 -0.11 -0.14 -0.04 -0.05 -0.06
Jshoulder/NM 474 475 475 475 476 476 476 475 475 476
Amax/NM 500 500 500 500 500 500 500 500 500 500
Ashoulder 1.42 1.37 1.24 131 1.11 1.05 1.06 1.18 1.17 113
Amax 137 1.34 1.25 1.32 1.15 1.11 1.13 1.20 1.19 1.16
Ashoulder/Amax 1.03 1.02 0.99 0.99 0.96 0.95 0.94 0.98 0.98 0.97
U/cm’] 548.52 526.32 526.32 526.32 504.20 504.20 504.20 526.32 526.32 504.20
particle, whereas insignificant displacement of molecules from References

one another is sufficient to form the dimer (and, possibly, an
H-aggregate). If it were possible to selectively vary the mobility of
molecules during heating or photoexcitation, the problem of the
formation of aggregates with preset composition and properties
would be solved.

5. Conclusion

The molecular association of ionic dyes in solutions is due to the
strongly attractive electrostatic forces. The strength of the molec-
ular association depends on the several factors including the dye
concentration, temperature, solvent and other factors. The ther-
modynamic parameters, enthalpy and entropy of the dimerization
reaction were calculated from the dependence of dimeric constant
on the temperature (van't Hoff equation). The interaction between
dye molecules is attributed predominantly to enthalpic rather than
entropic reasons. The dimerization forces between the dye mole-
cules are dispersive van der Waals interactions and Kp depends on
the size and rigidity of the dye molecules and also viscosity of
surfactant at different concentration. The structures of the aggre-
gates were studied by applying exciton theory to the analysis of the
absorption spectra. The application of the exciton theory to the
H-dimers and J-dimers has allowed the determination of the spatial
arrangement of the molecules (e.g., in-plane oblique angle config-
uration) and the structural parameters that define such an
arrangement (6 and U).
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