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a b s t r a c t

In this work a theoretical and experimental analysis of the spectrum of methylene blue is made in order to
clarify the nature of the shoulder appearing at ∼620 nm. This shoulder has been several times attributed
to the existence of an hypothetical methylene blue dimer. The results here obtained do not agree with
ccepted 19 February 2009
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the existence of such a dimeric specie, and point out differences in the ionic strength of the solution as
the phenomenon responsible for the variations observed in these spectra.

© 2009 Elsevier B.V. All rights reserved.
imerization
ptical sensors

. Introduction

Methylene blue (MB) is a thiazine type dye, with interesting
eversible redox properties that involve the equilibrium between
he reduced (leuco) and the oxidized forms of this compound [1–4].
ecause of that reversible equilibrium between the reduced and
xidized forms, MB is a compound useful as redox indicator [3,5–7].
ts main uses are related with the determination of glucose, O2[5,8]
r ascorbic acid [7] among others. The UV spectrum of MB has
een widely studied [9,10] in order to fully understand its chemical
ehavior.

Following several authors [9,10], the methylene blue dimer-
zation equilibrium (represented in Fig. 1), can be expressed as
MBmon � MBdim and their equilibrium dimerization constant has
he form,

d = Cdim

C2
mon

(1)

s the free energy (�G) of a reaction is directly related with the
quilibrium constant,

G = −RT ln K (2)
d

nd the calculated constant for MB dimerization is around 10−3

9,10], then from the thermodynamic point of view (�G > 0) the
eaction is not favored.
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E-mail address: gaguilar@inescporto.pt (G. González-Aguilar).

386-1425/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2009.02.033
Fig. 1. Chemical structure of methylene blue and its possible dimer.

The total concentration of MB can be calculated as C = Cmon +
2Cdim and considering x as the fraction of dye molecules existing
in the monomeric form (x = Cmon/C), the equilibrium dimerization
constant can be rewritten as

Kd = 1 − x

2 C x2
(3)
this is a second degree equation that can be re-arranged in order to
represent the values of the monomeric and dimeric species (x and
1 − x) as a function of the total concentration C.

On the other hand, it is well known that the environment (sol-
vents, other molecules) have strong influence in the UV spectra of a

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:gaguilar@inescporto.pt
dx.doi.org/10.1016/j.saa.2009.02.033
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Fig. 2. Calculated concen

ompound. The interaction of the molecules with the environment
as two important characteristics[11]:
1. Transition bands is centered at different wavelength in solvents with
different polarities: as has been documented the increase of the
polarity and the hydrogen bonding power of the solvent cause
the shift of the n– �∗ bands to higher energies whereas the �–
�∗ bands shifts to lower energies.

Fig. 3. UV–vis spectra of methylene blue in wa
profiles for each specie.

2. Bands suffer for inhomogeneous broadening due to fluctuations
of the structure of the solvation shell surrounding the chro-
mophore.
As a consequence of these two phenomena, it is unlikely that
two bands due to different chemical species behave similarly in
solvents of different polarities. It is expected that the equilibrium
dimerization constant must be different when measured in dif-

ter (top) and its first derivative (bottom).
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Fig. 4. UV–vis spectra of methylene blue in E

erent media and then the relative concentration of the dimeric
nd monomeric species must differ appreciably when measured
n different environment. In this work theoretical modeling and
ractical measurements of the monomeric and dimeric band will
e performed in order to access the electronic phenomena behind
he ∼620 nm band clarifying whether it is or not correlated to the
imeric form of MB.

. Experimental

Methylene blue (Riedel-de-Häen), ethanol (PanReac) and deion-
zed water were used in all the experiments. Methylene blue (0.01 g)
as dissolved in 25 ml of deionized water to give a concentration
f 1.25 × 10−5 M. Aliquots (0.1, 0.2 and 0.3 ml) of the above pre-
ared solution were dissolved in 10 ml of three different solvents:

ater and mixtures 1:3 and 1:1 parts of ethanol/water. The final

oncentration of the working solutions were (1.25 × 10−5, 2.5 ×
0−5 and 3.75 × 10−5 M). The test solution is here addressed as
mY where m is 1, 2 or 4 and represents the concentrations 1.25 ×
0−5, 2.5 × 10−5 and 3.75 × 10−5 M, respectively and Y takes the
2O 1:1 (top) and its first derivative (bottom).

value w for water, e3 for the mixture 1:3 of ethanol/water and e5 for
the mixture 1:1 of ethanol/water. As an example the sample C2e5
is the sample with a methylene blue concentration of 2.5 × 10−5 M
in a mixture 1:1 of ethanol/water. The UV–vis experiments were
made with an Hitachi U-2010 spectrophotometer. Simulations and
data analysis were carried out with the QTiPlot program [12].

3. Results and discussion

Fig. 2 shows the here calculated concentration profiles (using a
re-arranged form of Eq. (3) of dimeric and monomeric MB at dif-
ferent total concentrations, following the described procedure. The
calculated concentration of the dimer is always much lower than
the corresponding concentration of the monomer. These results
contradicts the values of εd and εm (both around 104) reported by

[9] and [10]) because as a consequence of the difference in con-
centrations between the monomeric and dimeric species the band
associated with the dimeric species must be very low when com-
pared with that associated to the monomeric specie. The quadratic
order of Eq. (3) and the regression analysis demonstrates that the
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Fig. 5. UV–vis spectra of methylene blue 2.5 × 10−

oncentration of the monomeric specie grows linearly (R = 0.996)
hile the concentration of the dimeric specie is better described by
third degree equation (R = 0.976). Taking into consideration the
ifferences in the concentrations between the two species it is clear
hat the only way the MB dimeric band can be noted in a normal
pectrum is the case in which the absorption coefficient εd of the
imeric specie is huge (∼ 104 times) when compared with that of
he monomeric specie εm.
Fig. 3 shows the spectra (and its first derivatives) of MB solu-
ions in water. A first impression denotes differences in the smaller
and (at ∼ 618 nm) of spectrum of the solution with the higher con-
entration (Fig. 3 top), but always the band situated at the higher
avelength is more intense than the band situated at the lower

Fig. 6. Dependence of the intensity and position of
OH:H2O 1:3 (top) and its first derivative (bottom).

wavelength. These results agrees with those of Ghanadzadeh et al.
(see Fig. 4 in [9]) but are contradictory with those reported by Patil
et al. who have found that varying the concentration of MB causes
a variation of the relative intensity of these bands (see Fig. 1 in
[10]). A more detailed analysis of the characteristics of these bands
at different concentrations can be made by using the derivative of
the graph [13]. This analysis (Fig. 3 bottom) reveals that in the two
more diluted solutions a shoulder is found (f ′ = 0, f ′′ = 0), while in

′
the more concentrated solution this shoulder disappears (f /= 0).
From these observations it is postulated the occurrence of

bathochromic shift of this band when increasing the concentra-
tion of the solute. Moreover, from the obtained data at ∼ 655 nm
it can be concluded that the solution obeys the Lambert–Beer Law,

�max with the concentration and the solvent.
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Fig. 7. Dependence of the overall shape of a spectrum

ut the first derivative of the spectrum shows a little hypsochromic
hift of this band depending of the concentration of the solution. In
he case represented in that figure it is impossible to find an exact
alue for the position of the second band, as the band located at
ower wavelength is joined to the one of lower energy.

The spectra of the C2e5 and C4e5 solutions are shown in
ig. 4(top). This figure also includes the normalized spectra of the
ess concentrated solution (C1e5), taken the two more concentrated
olutions as reference. The derivative of both spectra C2e5 and C1e5
normalized as C2e5) is showed in Fig. 4(bottom). From that figure,
wo important results arises:

the spectra of the medium (C2e5) and lower (C1e5) concentrated
solutions are practically identical (when expressed one as func-
tion of the other), this means that in this case the surrounding
media around the molecule is similar for both solutions.
when normalizing the spectrum of the less concentrated solu-
tion (having C4e5 one as reference), its bands are thinner than
those bands of the C4e5 solution, more over the band located
at ∼ 615 nm growth less than the 665 nm band. In this case, the
shift of the lower energetic band is not evident, because it can be
masked by its broadening [11].

The influence of the different solvent on the position and shape

f the bands of solutions with concentration 2.5 × 10−6 M MB is
hown in Fig. 5. In the same figure the normalized spectrum of C2w
gainst C2e5 is represented. It is interesting to note that the spectra
aken in different solvents seems to “obey” the Lambert–Beer Law,
.e. the normalization of them taking the other as basis make the
the broadening and the shift of the individual bands.

spectra indistinguishable. Moreover, the intensity of the bands in
the ethanolic solutions is always higher when compared with the
water solutions of the same concentration and when increasing the
ethanol content the intensity of the both bands (those assigned
to the monomer and the dimer) also increases. This is a direct
consequence of the different interactions of the solute with the sol-
vent. These facts contradicts the proposed dimerization of MB. The
dimerization constant is hardly of similar magnitude for solvents
with different dielectric constants. However, accordingly with the
Debye–Hückel double layer theory, each of these solutions have the
same ionic strength [14] and then the broadening of the bands must
be similar[11].

Fig. 6 up shows the variation of the position of the maximum of
the spectra (�max) with the concentration for the MB solutions in
the three studied solvents. As can be appreciated in that Figure, for
the ethanolic solutions the position of �max remains almost con-
stant (variation of 0.4 nm). Oppositely, in the case of water �max

diminish continuously but at higher concentrations the slope is of
higher magnitude. It is noteworthy that only the case of the aque-
ous solution the Lambert–Beer behavior of the solutions at �max

is valid. But on the other hand, the definition of the Lambert–Beer
validates the use of the same wavelength for such measurements.

Some other considerations can help us to explain the so called
linear growth of the “dimeric band”. With this purpose here is mod-

eled the theoretical absorption spectra based on the superposition
of gaussians. For this purpose, it can be considered that the center
of such gaussians is an indirect expression of the energy (position)
of the band and the width indicating the influence of the environ-
mental conditions. By altering these parameters, it is possible to
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epresent the effect of the environment on both the position and
roadening of the bands mentioned previously (see Section 1) and
iscussed by [11]. It is needed to remind here that a dilution of the
ample to half the initial concentration means a lengthening of the
istance between two adjacent molecules in the solute in a relation
f 3√2 (or ∼ 25%bigger) (see discussion about Debye–Hückel double
ayer theory in [14]) this change in the electrical field around ions
n changing from a more diluted to a more concentrated solution
an be related with the increase of the broadening of the bands on
he above referred papers.

Fig. 7 (top) is a representation of the above described process
out of scale for clarity). The “intensity” (I) of each individual band
as simulated using the equation:

= e|�x2/B|

H
(4)

here �X is the distance from the center of the band, B is a factor
esigning the broadening and H is term related with the height
f the band. The sum of the “intensity” of each band is then the
alculated spectrum.

As can be seen a broadening of the bands promotes their fusion
nto a band and its shoulder, while a complementary shifting (Fig. 7,
ottom) makes this process more pronounced. This process can
e transposed to the case of the methylene blue molecule if we
onsider that the band at 660 nm is a n– �∗ transition which
hifts to higher energies (lower �) as the polarity of the medium
ncrease with the concentration while at the same time the band at
∼ 620 nm) (a �– �∗band) moves to lower energies.

A situation such as describe before clarifies the variation of

ntensity the shoulder at ∼ 620 nm as being a process more related
o the variation of the dielectric constant of the medium rather than
eing the change of the concentration of a hypothetical dimeric
pecie that contradicts the calculated profiles of concentration as
emonstrated in Fig. 2.

[
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4. Conclusions

The UV spectra of MB at several concentrations in solvents with
different dielectric constants were studied. Surprisingly, the posi-
tion and shape of the bands of this compound were very similar
when dissolved in water, water/ethanol 3:1 or water ethanol 1:1.
However in the water solution, the intensity of the bands was
always lower when compared with those in ethanolic medium. The
results here obtained do not point to the existence of a dimer as
was referred by several authors. Moreover these results confirm
the influence of the ionic strength of the solution on the position
and shape of the bands as predicted by the Debye–Hückel theory.
In that case it is likely than the band situated at ∼ 660 nm is a n- �∗

transition while those at (∼620 nm) is a �– �∗ one.
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