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bstract

The monomer–dimer equilibrium and thermodynamic of several ionic dyes (Neutral Red, Nile Blue A, Safranine T and Thionine) has been
nvestigated by means of spectrophotometric and chemometrics methods. The dimerization constants of these ionic dyes have been determined by
tudying the dependence of their absorption spectra on the temperature in the range 20–75 ◦C at concentrations of Neutral Red (1.73 × 10−5 M),
ile Blue A (3.94 × 10−5 M), Safranine (6.59 × 10−5 M) and Thionine (6.60 × 10−5 M). The monomer–dimer equilibrium of these dyes has been
etermined by chemometrics refinement of the absorption spectra obtained by thermometric titrations performed. The processing of the data carried

ut for quantitative analysis of undefined mixtures, based on simultaneous resolution of the overlapping bands in the whole set of absorption spectra.
he enthalpy and entropy of the dimerization reactions were determined from the dependence of the equilibrium constants to the temperature (van’t
off equation).
2005 Elsevier B.V. All rights reserved.
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. Introduction

Many dyes demonstrate ability for self-association which has
pplications in the photographic and dye industry [1]. The self-
ssociation phenomenon plays an important role in biological
rocesses. The photoprocesses of aggregated molecules play an
mportant role for the photosynthesis in green plants and photo-
ynthetic bacteria [2]. Dimers as the simplest aggregates are the
ubject of many studies concerned with the thermodynamics of
onomer–dimer equilibrium and photo-physical properties, and

herefore being of special interest [3–10]. It is well known that
he ionic dyes tend to aggregate in diluted solutions, leading to
imer formation, and sometimes even higher order aggregates.
n such a case the molecular nature of dye is strongly affected
y, and therefore related to such parameters as dye concen-

ration, structure, ionic strengths, temperature and presence of
rganic solvents [6–12]. Although dyes are very individualistic
s structure and, of course behavior, certain broad rules are well
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stablished regarding the aggregation in general. It may increase
ith an increase of dye concentration or ionic strengths; it will
ecrease with temperature rising or organic solvents adding;
ddition to the dye structure of ionic solubilizing groups will
ecrease aggregation, whereas the inclusion of long alkyl chains
ncrease aggregation because of higher hydrophobic interaction
n solution.

Spectroscopic methods are in general highly sensitive and as
uch suitable for studying chemical equilibria in solution. When
he components involved in the chemical equilibrium have dis-
inct spectral responses, their concentrations can be measured
irectly, and the determination of the equilibrium constants is
rivial. The absorption UV–vis spectroscopy is one of the most
uitable methods for quantitative studying the aggregation phe-
omena of dyes as function of concentration [13–17]. In the
ommonly used concentration range (10−3 to 10−6 M) the main
quilibrium is monomer–dimer reaction. In this work, we used
hysical constraints to determine the dimeric constants of ionic

yes (Scheme 1) in pure water.

Data analysis was carried out by DATAN package that devel-
ped by Kubista et al. [18–23]. The theory and application of
hysical constraints method was discussed by Kubista et al. in
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everal papers [18–26]. However, the general principal will be
utlined briefly.

The absorption spectra are digitized and arranged as rows in a
atrix A. Matrix A is then decomposed into an orthogonal basis

et using, for example, the NIPALS routine [18]:

= TP + E ≈ TP =
r∑

i=1

tip
′
i (1)

here ti are orthogonal target vectors and p′
i are orthogonal

rojection vectors, E is the error matrix, and r the number of
pectroscopically distinguishable components, which is two in
his case. Assuming linear response the recorded spectra are
lso linear combinations of the spectral responses, vi, of the
omponents:

= CV + E ≈ CV =
r∑

i=1

civi (2)

here ci are vectors containing the component concentrations
t the different temperatures. Eqs. (3) and (4) are related by a
otation:

= TR−1 (3)

= RP (4)

here R is an r × r rotation matrix, for which a two-component
ystem has the element:

=
[

r11 r12

r21 r22

]
(5)

wo constraints are used to determine three of the element in
. The first is the spectrum of monomer, which is measured

eparately, and the second is the constant total concentration of
he dye:
x(T ) + 2cx2 (T ) = ctot (6)

atrix R can now be described by a single scalar r21, and other
actors that are determined by the constraints. The value of r21
etermines the dimer spectrum and the monomer concentration
e 1.

profiles. Although many values of r21 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 r21 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 equilib-
rium constant. The components’ concentrations are related by
the law of mass action [31]:

KD(T ) = cx2 (T )/c◦

(cx(T )/c◦)2 (7)

where c◦ = 1 mol/dm3. Assuming that the dimerization constant
KD(T) depends on temperature according to the van’t Hoff equa-
tion [31],

d ln KD(T )

d(1/T )
= −�H◦

R
(8)

where �H◦ is the molar enthalpy change, R = 8.31 J mol−1 K−1

the universal gas constant, and T the Kelvin temperature. A linear
regression of equilibrium constants with respect to 1/T is then
performed, which determines a trial enthalpy change of the reac-
tion. Several studies based on the application of this method to
spectrophotometric data have been reported [11,12,27–29]. The
analysis is readily performed with the DATAN program [30].

2. Experimental

2.1. Material

All the chemicals used were of analytical reagent grade. Sub-
boiling distilled water was used throughout. Neutral Red, Nile
Blue A, Safranine T and Thionine (for microscopy grade) were

purchased from Fluka and were used without additional purifica-
tion. A stock solution (5 × 10−4 M) was prepared by dissolving
these solid ionic dyes in water. The pH of the all solutions was
kept constant at 7.00 using Tris buffer.
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.2. Apparatus

Absorption spectra were measured on CARY 100 UV–vis
pectrophotometer (Varian) equipped by 6 × 6 multi-cell and
emperature controller and were digitized with five data
oints/nm. Conventional quartz cells (10 mm × 10 mm) and
10 mm × 1 mm) were used throughout. The cuvettes were
reated with repel-silane prior to measurements to avoid dye
dsorption. The pH values were measured by a Metrohm 692
urnished with combined calomel Ag/AgCl electrode.

.3. Computer hardware and software

All absorption spectra where digitized at five data points/nm
n the wavelengths 400–650 nm, 500–720 nm, 400–650 nm and
50–650 nm for Neutral Red, Nile Blue A, Safranine T and
hionine, respectively, and transferred (in ASCII format) to an
thlon 2000 XP computer for analysis by MATLAB (Math-
orks, Version 6.5) or for processing by using DATAN package

30].

. Results and discussion

The absorption spectra of Neutral Red, Nile Blue A, Safra-
ine T and Thionine, were recorded between 400 and 650 nm,
00 and 720 nm, 400 and 650 nm, and 450 and 650 nm, respec-
ively, in the temperature range 20–75 ◦C at 5 ◦C intervals and

H 7.00; absorption spectra are shown in Fig. 1. As it is
xpected, by increasing the temperature, the monomer form
ould be predominant over the dimer form. So it is wise

o choose the spectrum of the dye at the highest tempera-

e
t
c

ig. 1. Absorption spectra of: (a) Neutral Red (1.73 × 10−5 M), (b) Nile Blue A (3.9
n 5 ◦C intervals between 20 and 75 ◦C at pH 7.00 in water.
ta Part A 65 (2006) 73–78 75

ure as an initial estimate for the monomer in the subsequent
alculation.

According to Eqs. (1)–(8) the DATAN program start with a
rial value of r21, at predefined interval, and iterate all the calcu-
ation steps. The iteration stops when all r21 values in the preset
nterval are tested. The KD, dimer spectrum and �H, correspond
o minimum value of the χ2 statistics, are selected as the final
esults. The χ2 is the sum of squared residuals [19] and gener-
lly used as a goodness of fit criterion, and its value indicate the
redictability of the model, i.e. how well the monomer spectrum
nd r21 are determined. The general formula of the χ2 is:

2 =
n∑

i=1

(Aexp − Acalc)2

Aexp
(9)

here Aexp is the expected value and Acalc is calculated form
xperimental data over n data point.

With increasing temperature the absorption peak for Neutral
ed, Nile Blue A, Safranine T and Thionine, around 535, 635,
20 and 595 nm grows, and the absorption around 500, 590, 495
nd 560 nm decrease (Fig. 1). We analyzed the temperature titra-
ions assuming monomer–dimer, monomer–dimmer–trimer and
ven some tested models including higher order aggregates, and
ound that the monomer–dimer model most adequately describes
he data in these range of used concentrations. The presence
f exactly two species is also evidenced by appearing of the
sobestic points at 515, 605, 508 and 570 nm for Neutral Red,
ile Blue A, Safranine T and Thionine, respectively.

The dimerization constants (KD) were calculated at differ-

nt temperatures. As expected KD decreased with increasing
emperature, while it is virtually independent of total dye con-
entration. From the dependence of log KD on 1/T (Fig. 2) �H◦

4 × 10−5 M), (c) Safranine (6.59 × 10−5 M) and (d) Thionine (6.60 × 10−5 M)
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Fig. 2. The van’t Hoff equation plot of: (a) Neutral Re

nd �S◦ values were determined. The dimerization constants at
5 ◦C and thermodynamic parameters of the dimerization reac-
ions of the Neutral Red, Nile Blue A, Safranine T and Thionine

yes are listed in Table 1. As described above dimerization is
resumed to be the dominant form of aggregation in applied con-
entration in aqueous Neutral Red, Nile Blue A, Safranine T and
hionine. This is corroborated by the constancy of the apparent

e
n
c
B

ig. 3. Molar ratio of: (a) Neutral Red, (b) Nile Blue A, (c) Safranine T and (d) Thio
he temperature dependence of the equilibrium constant (shown as line) in water (tem
) Nile Blue A, (c) Safranine T and (d) Thionine dyes.

nthalpy of association. In general, the extent of aggregation
epends reciprocally on the temperature of the solution and is
ully reversible. The observed relationship between entropy and

nthalpy reflects an electrostatic nature of the dimerization phe-
omenon of these ionic dyes. The relative dependence of the
oncentrations of the monomer and dimer of Neutral Red, Nile
lue A, Safranine T and Thionine dyes on the temperature in

nine dyes monomer (�) and dimer (�), compared to molar ratios predicted by
perature unit is ◦K scale).



A. Niazi et al. / Spectrochimica Acta Part A 65 (2006) 73–78 77

Fig. 4. Calculated absorption spectra of: (a) Neutral Red, (b

Table 1
Dimeric constant and thermodynamic parameters values of Neutral Red
(1.73 × 10−5 M), Nile Blue A (3.94 × 10−5 M), Safranine (6.59 × 10−5 M) and
Thionine (6.60 × 10−5 M) dyes in water

Dye Neutral Red Nile Blue A Safranine T Thionine

log K (25 ◦C) 6.21 5.31 4.73 4.64
�

�

d
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s

4
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f
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[

[

[
[

[

[
[

[

[
[

D

H◦ (kJ mol−1) −108.5 −109.1 −106.7 −90.8
S◦ (J mol−1 K−1) −244.5 −265.4 −267.9 −216.4

ifferent concentration are shown diagrammatically in Fig. 3.
he calculated absorption spectra of Neutral Red, Nile Blue A,
afranine T and Thionine dyes in monomer and dimer forms are
hown in Fig. 4.

. Conclusion

In this study we report for the first time to our knowledge
thermodynamics study of the dimerization equilibrium of the
eutral Red, Nile Blue A, Safranine T and Thionine dyes in

queous solution. Dimerization constants, concentration profiles
or the monomer and dimer, and spectral responses of monomer
nd dimer obtained by computer refinement of temperature pho-
ometric titrations. The thermodynamic parameters, enthalpy
nd entropy of dimerization reaction were calculated from the
ependence of dimeric constant on the temperature (van’t Hoff
quation).
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