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The aggregation phenomenon of Azure B, monobrominated Azure B, Thionine and Methylene Blue was studied
by UV–Visible spectrophotometry in different media as a function of dye concentration and temperature varia-
tions. The tests carried out in organic solvents allowed the identification of monomeric species of these com-
pounds, which have not been reported in literature and have been wrongly assigned for years. The results
obtained in water allowed demonstrating that different kinds of aggregates are present in this medium. In addi-
tion, the aggregation tendency of these dyes in organic solvent and aqueous media was established. Several pa-
rameters such as lipophilicity, effect of bulky substituents and interactions with media were considered to
interpret the aggregation behavior of thiazine dyes.
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1. Introduction

The aggregation phenomenon involves the association between sol-
ute molecules in solution and gives assemblies (aggregates) of individ-
ual units (monomers). The phenomenon arises when intermolecular
interactions between solute molecules become energetically more fa-
vorable than the interaction between solute and solvent molecules.
The aggregation may involve interaction between two or more solutes
(hetero-aggregation), but most examples that have been studied in-
volve self-aggregation [1].

The molecules are held together by weak interaction forces, which
may include hydrogen bonding, electrostatic interaction including π-π
interactions, Van der Waals and hydrophobic interactions, depending
on the characteristics of the structure [1,2]. Molecular exciton theory
of dipole–dipole coupling is one of the well accepted theoretical tools
by which different types of dye aggregates (H, J or intermediate) could
conveniently be analyzed. According to this model, parallel aggregates
(H aggregates) exhibit an absorption band at shorter wavelengths
than their monomers, while head-to-tail aggregates (J aggregates)
show a red-shift band [3,4].

The molecular association is strongly affected by several parameters
such as structure and concentration of solute, temperature, ionic
strength and presence of organic solvents. The aggregation may in-
crease with an increase in dye concentration or ionic strength or de-
crease with the rise in temperature or the addition of organic solvents.
Besides, solubilizing groups (as sulfonate group) in the dye structure
ímicas, Ciudad Universitaria,
decrease aggregation, whereas the inclusion of alkyl chains increases
aggregation because of the higher hydrophobic interaction in solution
[4,5]. However, it has been demonstrated that t-butyl group increases
the monomer concentration in solution because this bulky substituent
produces a steric hindrance between the dye molecules [6].

The molecular interaction leading to aggregation is one of the most
important features of organic dyes in solution since it affects their
color, solubility and photophysical properties. Therefore, it is important
to evaluate the aggregation of these compounds in solution [4]. It is well
known that the ionic dyes tend to aggregate in diluted solutions, leading
to dimer formation, and sometimes to even higher order aggregates. In-
teractions among dye molecules produce significant spectral shifts and
distinct changes in band shape. For this reason, it was suggested that
to explain the substantial deviations fromBeer's lawobserved for highly
colored organic ions such asMethylene Blue (MB), Thionine (Th), Crys-
tal Violet and certain cyanine and xanthene dyes, the aggregation of
dyes should be considered [7]. The self-association of these compounds
has fundamental consequences for applications as diverse as photo-
graphic technology, tunable lasers, molecular optoelectronic devices,
fluorescence depolarization diagnostic devices, and photomedicine [8].
In photodynamic therapy (PDT) and photodynamic antimicrobial che-
motherapy (PACT), an adequate concentration of dye (photosensitizer)
is required at the target site for a sufficient time in order to produce
damage at cellular level. The formation of aggregates could significantly
alter the biologic activity of photosensitizers since onlymonomeric spe-
cies are appreciably photoactive [9].

Thiazines are a class of electron-rich tricyclic nitrogen–sulfur hetero-
cycles with a low oxidation potential and a high propensity to form sta-
ble radical cations. Although these dyes have a planar aromatic
molecular structure with an intrinsic cationic charge, they exhibit
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relatively intense luminescence, high photoconductivity and undergo
reversible oxidation processes, and for this reason, they are widely
used as dyes, antioxidants, and staining formicroscopy and pharmaceu-
ticals [10–12].

There are numerous aggregation studies on thiazine dyes, mainly
about Th and MB, but surprisingly their results are frequently inconsis-
tent and sometimes contradictory. For example, the value of dimeric
constant of MB varies from 4 × 10−3 M−1 to 6 × 103 M−1 in aqueous
solutions at 25–30 °C [4,13,14]. This unsatisfactory situation arises
from experimental conditions wrongly defined and numerous assump-
tionsmade in the processing of the spectral data [5]. All of them assume
that the monomeric form is present in aqueous solutions even at high
concentration of dye, although there are no experimental data on aggre-
gation of thiazine dyes inmonomerizing solvents at very low concentra-
tion of dye [13–15]. In addition, several publications suggest a possible
structure for dimers of thiazine dyes but it has not been characterized
yet [16–18].

Hence, the objective of the present study was to evaluate the aggre-
gation effect of Azure B (AzB) and its novel monobrominated derivative
(AzBBr), belonging to thiazine dyes, in different media as a function of
dye concentration and temperature by UV–Visible spectrophotometry,
a methodology widely used to evaluate this phenomenon. In order to
analyze the aggregation tendency of this family of dyes, the aggregation
of Th and MB was evaluated because these dyes are the most studied
thiazines. Additionally, the values of the dimerization constants of
these dyes were calculated by DECOM. All studied compounds bear
the same dye skeleton, but differ in the substituent groups (Scheme 1).

2. Experimental

2.1. Materials and methods

The commercial phenothiazine dyes investigated (Th, MB and AzB)
were purchased from Sigma Aldrich Co. (St. Louis, MO) and studied
without additional purification. The monobrominated derivative
(AzBBr) was obtained by themethod previously described [19]. The pu-
rity of these dyes was corroborated by reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC) using an Agilent 1100 Series
HPLC system (Agilent Technologies, Waldbronn, Germany) equipped
with an autosampler tray, a thermostatted column compartment, a
UV–Vis detector and a reversed-phase C18 column (Supelco®,
4.6 mm × 250 mm, 5 μm) with guard column and a flow rate of
1.0mL/min. Instrumental control and chromatographic data acquisition
were performed by the Agilent ChemStation (Rev. B.03.01) software.
Scheme 1. Structure of thiazine dyes.
The mobile-phase was prepared with methanol HPLC grade and
an aqueous solution of trimethylammonium phosphate 83 mM
(70:30 v/v). All dyes were used at purity levels between 92% and 98%.

The solvents used for spectrophotometric measurements were of
pro-analysis grade (Cicarelli, Sintorgan, Anedra) and the aqueous solu-
tions were prepared using ultrapure water from theMilli-Q®water pu-
rification system (Millipore Corporation, USA).

Absorption spectra in the range 350–750 nm were measured with
an Evolution 300 spectrophotometer (Thermo Scientific, Madison,
USA), using a 1 cmpath length quartz cell. To corroborate the results ob-
tained at low dye concentrations, somemeasurements were performed
in a Shimadzu UV-1800 spectrophotometer using a 5 cm path length
cell. The results obtained by spectrophotometric measurements were
processed with OriginPro 8 SR0 (OriginLab Corporation).

2.2. Aggregation behavior as a function of dyes concentration

The stock solutions of dyes (0.1 mg/mL) were prepared in different
media and then diluted appropriately with the same solvent to obtain
solutions from 10−7 M to 10−5 M. AzB and its derivative AzBBr were
evaluated in N,N-dimethylformamide (DMF), dimethylsulfoxide
(DMSO), ethanol, mixtures of ethanol: water and pure water. In addi-
tion, the aggregation behavior of Th and MB was studied in DMF and
pure water to evaluate the monomer-dimer balance and formation of
higher order aggregates, respectively. All experiments were carried
out at least twice with consistent results.

2.3. Aggregation behavior as a function of temperature

Aggregation behavior of AzB, AzBBr, Th andMB as a function of tem-
peraturewas evaluated byUV–Visible Spectroscopy. The stock solutions
of each dye (0.1mg/mL)were prepared in DMF and then diluted appro-
priately with the same solvent to obtain three solutions of between
10−6 M and 10−5 M. Aliquots of each solution (2 mL) were placed in
a thermostatic bath (Haake F3\\K,) at temperatures from 25 °C to 75 °
C before analyzing.

2.4. Determination of dimerization constant

The dimerization constant (Kd) of thiazine dyes was calculated from
experimental curves in DMF by DECOM program. This Add-in imple-
mentation provides a conventional, reliable, and easy to use tool for
the study of dimer formation equilibrium using electronic absorption
spectroscopy [20].

The linear and nonlinear least-squaresfittingmethodswere used for
the calculation of log Kd values. Thesemethods consist of twomain parts
including determination of the dimerization constant and spectral de-
composition. A detailed description of these methods and their imple-
mentation as an Add-in, have recently been reported [20,21].

3. Results and discussion

3.1. Aggregation behavior as a function of dyes concentration

3.1.1. Aggregation behavior of AzBBr and AzB in pure organic solvents
The UV–Visible spectra obtained for AzBBr dye in DMF in the range

of concentrations studied were reproduced in Fig. 1A. A unique band
was observed for this dye at low concentrations (bt;9.5 μM) with a
maximum absorption at 534 nm. The increase in dye concentration
caused both an increase in the intensity of this band and the appearance
of a new band at 655 nm.

It is well known that DMF is a monomerizing solvent widely used in
aggregation studies to evaluate the monomeric species [22,23]. For this
reason, the monomer of AzBBr was assigned to the hypsochromic band
(534nm),while the band that appeared at higherwavelength (655nm)
corresponds to J-aggregate. This aggregate might be related to the



Fig. 1. Absorption spectra recorded at different concentrations of AzBBr in (A) DMF,
(B) DMSO and (C) ethanol. Inset: Absorption spectra using a 5 cm path length quartz cell.
[AzBBr] (a) 0.9 μM, (c) 3.5 μM, (e) 7.1 μM, (f) 9.5 μM, (h) 18.9 μM, (i) 28.4 μMand (l) 56.8 μM.
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dimeric structure of the evaluated compound. Additionally, the Beer-
Lambert law was not obeyed at monomer (S1A-Supporting informa-
tion) or aggregate (S1B-Supporting information) maximum absorption
wavelengths, which was related to the effects of dye aggregation.

These results were comparable to those obtained for AzB dye in the
same solvent with the particularity that in the range of concentrations
studied, the spectra presented two absorption bands (Fig. 2A): one of
them which has not been described in literature yet, and to which we
attributed the monomeric form, at 520 nm, and a second one with a
maximum absorption wavelength at 649 nm, which evidenced the for-
mation of J-aggregate. The Beer-Lambert law was not obeyed at any of
the maximum absorption wavelengths, corresponding to the mono-
meric (520 nm) and aggregate forms (649 nm) (data not shown).

The aggregation phenomenon of both dyes, AzBBr and AzB, was also
evaluated inDMSO,which is anothermonomerizing solvent extensively
used [22,23]. The brominated derivative showed a clear balance be-
tween the monomeric and J-aggregate forms in the range of concentra-
tions studied (Fig. 1B). The presumed monomer presented a band at
540 nm while the maximum absorption at 659 nm was attributed to
the dimeric form,which became the predominant species at higher con-
centrations than 7.1 μM. The absorption spectra of AzBBr in DMF and
DMSO shown in Fig. 1A and B, respectively, demonstrated that the ab-
sorption characteristics were similar in both solvents but in DMF; the
monomeric form existed as the unique species in diluted solutions,
and themonomer-dimer equilibriumwas observed at a higher concen-
tration of dye than that detected in DMSO.

In the case of AzB in DMSO (Fig. 2B), a unique aggregate bandwith a
maximum absorption at 654 nmwas detected. Important evidence was
observed in normalized spectral curves at maximum absorption wave-
length (Fig. 2B, inset). It was noted that the absorbance between
475 nm and 575 nm decreased when the dye concentration increased.
This effect could be attributed exclusively to the monomeric species of
AzB dye.

In ethanol, both dyes showed a predominant absorbancemaximum,
corresponding to the J-aggregate. The monobrominated derivative pre-
sented an absorption maximum at 648 nm (Fig. 1C), while the normal-
ized absorption spectra at this wavelength of this dye showed that the
absorbance around 550 nm decreased when the dye concentration in-
creased (S2-Supporting information); this effect could be attributed to
the presence of the monomeric species. To corroborate these results,
the measurements were performed using a 5 cm path length cell (Fig.
1C, inset). The obtained curves allowed us to clearly see a band at
545 nm and a maximum at 648 nm. Thus, we proved the presence of
monomer at low concentrations of AzBBr with a maximum of around
550 nm, as well as assigned the bathochromic band to the formation
of J-aggregates. The spectral curves of AzB dye obtained in ethanol
were overlapped in all concentration ranges studied and presented an
absorption maximum at 640 nm, ascribed to the presumed dimer. In
this case, the absorption band of the monomeric species was not ob-
served (data not shown).

These studies allowed identifying the correct monomer species of
thiazine dyes. The balance between monomer and J-aggregate was ob-
served for both dyes, AzBBr and AzB, in most of the solvents studied.
These results confirm that the organic solvents favor the disruption of
the aggregates. In addition, under our experimental conditions, themo-
nomeric species of AzBBr was more favored than the monomer of the
precursor (AzB). The monomeric form of the brominated derivative
was the only species detected in DMF at low concentrations of dye
(b9.5 μM, Fig. 1A) andwas also the predominant form at higher concen-
trations than that of AzB dye (Fig. 2A). Additionally, the monomer of
AzBBr dyewas observed in a lessmonomerizing solvent, such as ethanol
(Fig. 1C, inset). This effect could be attributed to the steric hindrance
caused by the incorporation of a bulky substituent, such as bromine,
whichhinders the approach of the dyemolecules, and thus the intermo-
lecular interactions that stabilize the aggregate [24]. Several studies
show that the dimerization constant of a series of compounds decreases



Fig. 2. A- Normalized absorption spectra of AzB at maximum absorption wavelength in DMF as a function of dye concentration. [AzB] (a) 1.3 μM and (j) 49.1 μM. B- Absorption spectra of
AzB in DMSO recorded at different concentrations. [AzB] (a) 0.7 μM and (j) 14.7 μM. Inset: Normalized absorption spectra at maximum absorption wavelength as a function of dye
concentration from 450 nm to 575 nm.
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when the volume of substituents increases. Monahan et al. proved that
replacing a methyl group with an ethyl or isopropyl substituent pro-
duces significant changes in the stability of the dimeric form, which is
reflected in the decrease of dimerization constants [25]. Other authors
have demonstrated that bulky substituents as tert-butylsulfonyl group,
present higher inhibition of aggregation than long alkyl chains [6,22].
However, less bulky groups such as methane have reported significant
steric effects on the aggregation of dyes, producing a marked decrease
in dimerization constant [4]. Note that the van der Waals radius of the
bromine atom and themethyl group is similar; therefore, the steric hin-
drance caused by them can be comparable [26,27]. In addition, previous
studies have shown that the bromination of azine dyes, compounds
with similar structure to that of the thiazines, causes a decrease in the
formation of aggregation [28].

In this work, the effect caused by the increase in the concentration of
dyes was analyzed as a parameter directly related to the formation of ag-
gregates. This effect was then compared in different solvents. The aggre-
gation phenomenon should not be confused with solvatochromism
which is used to analyze the spectral shifts caused by media variations
when evaluating a single concentration of the compound [29]. Themono-
mer and J-aggregate species of AzBBr and AzB dyes were analyzed at the
same concentration of dye inDMF,DMSOand ethanol in order to evaluate
the solvatochromic effect. A positive solvatochromism was observed for
both species of dyes. This behavior corresponds to thebathochromic shifts
of the UV/Vis absorption band when the solvent polarity increases [30].
Themost commonlyusedparameters to determine the polarity of the sol-
vents are the dielectric constant and the ET(30) scale [31,32]. The former
parameter accounts for the effect of the environment on theweakening of
the interaction between charges, while the latter is a descriptor of both
hydrogen bond and electrostatic interactions of solvents.

A bathochromic shift of the monomeric species of AzBBr was ob-
served as the ET(30) values of the solvents increased (ET(30) values:
43.8(DMF); 45 (DMSO); 51.9 (ethanol) - S3A-Supporting information).
Moreover, the J-aggregate of this dye showed a band at 648 nm, 655 nm
and 659 nm in ethanol, DMF and DMSO, respectively (S3B-Supporting
information). This behavior is related to a positive solvatochromic effect
if we consider the dielectric constant as an indicator of the polarity of
the solvent. The obtained results evidence that the formation of dimers
involves different intramolecular interactions which affect the bonds
between the dye and the solvent. The monomer species may generate
electrostatic interactions and hydrogen bonds with the environment,
while the solvation of dimers would bemore influenced by electrostatic
interactions.
3.1.2. Aggregation behavior of AzBBr and AzB in ethanol: watermixture and
pure water

The normalized spectral curves of AzBBr (Fig. 3) and AzB (data not
shown) in ethanol:water (75:25 v/v) showed a complete overlap in
the range of concentrations evaluated, with a maximum absorption
wavelength at 649 nm and 644 nm, respectively. Note that these
bands present a hypochromic shoulder (≈600 nm) attributed to
vibronic transitions from the lowest vibrational sublevel in the ground
state to the second sublevel in the excited state, which is independent
of dye concentration [33].These spectra agree with those attributed to
J-aggregate of each dye in pure organic solvents (Section 3.1.1). Under
these experimental conditions, the monomeric bands of both com-
pounds were not detected. Fig. 3A shows the normalized curves of
AzBBr dye in ethanol:water (75:25 v/v). As expected, in this medium
AzBBr and AzB dyes obeyed the Beer-Lambert in concentration ranges,
indicating the existence of a unique species in solution (data not
shown).

An increase in the absorbance of the hypsochromic shoulderwas ob-
served in ethanol:water (10:90 v/v) when the concentration of AzBBr
(Fig. 3B) and AzB (data not shown) dyes was increased. This shoulder
for the monobrominated derivative became a new absorption band
with a maximum absorption at 607 nm.

In pure water, the shoulder for both dyes increased significantly.
These results suggest that AzBBr (Fig. 3C) and AzB (Fig. 4) form
higher aggregates in aqueousmedium and that themonobrominated
derivative presents the greatest tendency for aggregation. In addi-
tion, the monomeric form of these dyes was not detected in aqueous
solution.

Note that the band attributed to higher aggregate is positioned be-
tween the band corresponding to the monomer and dimer, so it is
bathochromically shifted in comparison to the monomer band, but
hypsochromically shifted in relation to dimer band. Although most
dyes that can form different aggregates in solution have a correlative
tendency between aggregation and spectral shift, it is known that the
spectral shifts of different aggregates only depend on mutual orienta-
tion of components. For this reason, some compoundsmay form dimers
(J or H) whichmay give rise to different tetramers (brickwork, linear or
ladder assembles) with shifts toward red or blue with respect to their
lowest aggregate or even their monomers [34].

As a partial conclusion, the incorporation of a bromine atom in AzB
structure destabilized the J-aggregate, which could be a dimer, shifting
the equilibrium toward the monomeric species in organic solvents
and toward the formation of larger aggregates in aqueous solution.



Fig. 4. Normalized absorption spectra of AzB in pure water. [AzB] (a) 2.0 μM and (k)
29.4 μM.

Fig. 3. Normalized absorption spectra of AzBBr at maximum absorption wavelength as a
function of dye concentration in ethanol: water (A) 75:25 v/v, (B) 10:90 v/v and (C)
pure water. [AzBBr] (a) 3.3 μM and (k) 40.2 μM.

Fig. 5.Normalized absorption spectra of Th inDMF atmaximumabsorptionwavelength as
a function of dye concentration. [Th] (a) 1.5 μM and (i) 36.4 μM.
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3.1.3. Aggregation behavior of Th and MB in DMF and pure water
The normalized absorption spectra of AzB (Fig. 2A) and Th (Fig. 5) in

DMF demonstrated that these dyes exhibit a similar behavior. In the
range of concentrations assayed, these dyes showed two absorption
bands: one of them, which has not been reported in literature yet and
corresponds to monomeric species, was observed at approximately
500 nm, and the other one, to which we attributed the J-aggregate for-
mation even though in the entire literature it is assigned to the mono-
meric species of both dyes, was seen at a wavelength N600 nm.

The spectra obtained for MB in DMF (Fig. 6) showed a predominant
band with an absorption maximum at 666 nm, but in the normalized
curves (Fig. 6, inset) it was observed that the absorbance at approxi-
mately 500 nmdecreaseswhen the dye concentration increases. In con-
trast to this dye, AzBBr, AzB and Th exhibited a defined band at around
500 nm. This result allowed us to infer that, like the other evaluated thi-
azine dyes, the monomeric form of MB presents an absorption band at
approximately 500 nm.

As expected, the studies of these dyes in pure water did not exhibit
the band corresponding to the monomeric species (Fig. 7). The spectra
showed the bands corresponding to their respective J-aggregate. A
newband at around550–625 nmwas observedwhen the concentration
of the dyes increased, which was attributed to the formation of higher



Fig. 6. Normalized absorption spectra of MB in DMF at maximum absorption wavelength
as a function of concentration. [MB] (a) 1.3 μM and (g) 25.0 μM. Inset: Normalized
absorption spectra expanded from 450 nm to 575 nm.

Fig. 7. Normalized absorption spectra in pure water of Th (A) and MB (B) at maximum
absorption wavelength as a function of dye concentration. [Th] (a) 1.5 μM and (i)
80.1 μM. [MB] (a) 1.3 μM and (g) 31.3 μM.
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order aggregates. This effect was slightly observed for Th dye (Fig. 7A),
while it was clearly evidenced for MB (Fig. 7B), AzB (Fig. 4) and AzBBr
(Fig. 3C).

3.1.4. Aggregation tendency of AzBBr, AzB, Th and MB
The results obtained for all dyes in DMF (Figs. 1A, 2A, 5 and 6) show

that the dimerization tendency presented the following order:
MB N; Th≈ AzB N; AzBBr. Because aggregation is a complex phenome-
non, several factors should be analyzed to understand this behavior.

The MB dye includes in its structure two tertiary amines as substitu-
entswhile the other thiazine dyes are substituted by primary or second-
ary amines at the positions R1 and R2 of the dye structure (Scheme 1).
The hydrogen atom of these substituents might interact with solvent
molecules as DMF and therefore stabilize the monomeric form. It is
well known that the monomeric species are present in solution when
the forces that favor the solvation of these species are stronger than
dye-dye interactions [1,35]. For this reason, MB presented the highest
dimerization. Furthermore, the chemical structures of Th and AzB differ
in the substituents at R1 and R2 positions (Scheme 1). In this case, AzB
dye has less possibilities to form hydrogen bonding interaction with
the solvent, thus the dimerization of this dye should be higher than
that of the Thdye. Besides, themethyl substituents could favor the pres-
ence of the monomeric species due to the increase in steric hindrance.
These both factors contribute to similar dimerization of Th and AzB. Fi-
nally, the comparison of the results obtained for AzB and AzBBr dyes
clearly shows the effect caused by bulky substituents. The substitution
of a hydrogen atom for a bromine atom in the structure of AzB without
modifying the hydrogen bond donor group present in the dyes
destabilized the J-aggregate and contributed to the presence of themo-
nomeric species of AzBBr.

Additionally, the self-aggregation of the thiazine dyes in water
showed the following order: AzBBr N AzB ≈ MB N; Th (Figs. 3, 4 and
7). It is well known that lipophilic compounds in aqueous solutions ex-
hibit hydrophobic repulsions with the medium, thus these compounds
showgreater tendency to aggregate than those of the hydrophilic deriv-
atives [36]. As expected, the Th dye (the most hydrophilic compound)
[37] presented a lower tendency for the formation of higher order ag-
gregates, while AzBBr derivative (the most lipophilic dye) [19] showed
a higher tendency for aggregation in aqueous solution. Additionally, MB
and AzB dyes presented similar lipophilicity values [37,38] and showed
comparable aggregation effects in an aqueous medium. These results
agreewith those published by Chakraborty et al. who studied the aggre-
gation phenomenon of Th, AzB andMBamongother dyes and suggested
that the lipophilicity of the dye molecule increases the aggregation ten-
dency, but in the case of MB the aggregationwas smaller than expected
probably due to the very high steric hindrance caused by the methyl
groups [4].

3.2. Aggregation behavior as a function of temperature

It is well known that the monomeric form of numerous dyes pre-
dominates over the dimeric form when increasing the temperature
[39]. In order to thoroughly evaluate the monomer-dimer equilibrium
of four thiazine dyes, the impact of temperature on themonomerization
of these compounds was analyzed using DMF as solvent.

Themain objective of this study was to analyze themonomeric spe-
cies of MB, which was predicted by a slight increase in absorbance at
around 500 nmwhen the dye concentration decreases (Fig. 6). This ef-
fect was only observed when analyzing the normalized absorption
curves of this compound in DMF.

Fig. 8 shows the spectral curves obtained for all dyes as a function of
temperature. An isosbestic point was clearly observed at around 540–
570 nm for all dyes. These results confirm the existence of two species
in solution: monomers (500–550 nm) and dimers (600–650 nm). This



Fig. 8. Absorption spectra of AzB (A), AzBBr (B), MB (C) and Th (D) recorded in DMF at temperatures from 25 °C to 75 °C. Inset: Normalized absorption spectra at maximum absorption
wavelength as a function of temperature.
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assay was carried out at three dye concentrations and all of them
showed the same tendency. For this reason, only one concentration of
each dye is shown in Fig. 8. As expected, all compounds showed a de-
crease in the dimeric form and an increase in the monomeric species
with temperature rising. In order to highlight this effect, the normalized
spectral curves at the wavelength of maximum absorption of the dom-
inant species for each dyewere shown (inset of Fig. 8). The dimeric form
of AzB (Fig. 8A), Th (Fig. 8C) and MB (Fig. 8D) was the principal species
in solution, while the monomer was the major species for AzBBr (Fig.
8B).

These results demonstrated that the monomerization caused by
temperature increase was the highest for AzBBr dye. The aggregation
of this compoundwas completely inhibited when the sample was heat-
ed at 75 °C at all concentrations evaluated. Furthermore, themonomeric
species of AzB and Th was clearly observed at three dye concentrations.
Finally, the presence of MB monomer was higher with the increasing
temperature (Fig. 8C) than the variations of dye concentrations (Fig.
6). These results proved that the monomeric form of MB presented
an absorption maximum at around 500 nm like the other thiazine
dyes. The monomerization of AzBBr, like MB, was more affected by
the variations in temperature than by the variations in the concen-
tration of the dye, while AzB and Th showed a similar behavior
against both variables.

The variation in the dye concentration and changes in tempera-
ture demonstrated that the monomeric species of thiazine dyes
presented an absorption maximum near 500 nm which formed J-
aggregates when the dye concentration increases and temperature
decreases.

All dyes proved to be stable in the experimental conditions assayed
(data not shown).
3.3. Determination of dimerization constant

The log Kd values of Th, AzB and AzBBr in DMF, at a dye concentra-
tion range from 1 × 10−6 to 1 × 10−5 M, were calculated using linear
and nonlinear least squares curve-fitting methods. Although the mono-
mer-dimer equilibrium of MB was evidenced under the experimental
conditions, the log Kd was not calculated because the monomer band
was not clearly defined (Fig. 6).

The calculated monomer and dimer absorption spectra of Th, AzB
and AzBBr are shown in Fig. 9. These results corroborated that the
monomer-dimer equilibrium could be observed under experimental
conditions because the calculated spectra of themonomeric and dimer-
ic species showed absorption curves similar to the experimental data.
The effectiveness of linear and nonlinear approaches was acceptable
(data no shown) and the log Kd values obtained by both methods
were similar (Table 1). These results confirmed that the dimerization
of Th and AzB was similar, while AzBBr showed fewer tendencies to
formdimers. Besides, the substitution for bromine atom in the structure
of AzB caused an increase in the maximum absorption wavelength as
well as in themolar absorption coefficient (ε) of themonomeric and di-
meric species. This effect results from the placement of a substituent
with lone pairs (weakly electronegative) in a particular position in the
thiazine system.

4. Conclusion

In this work, we corroborate that aggregation is a complex phenom-
enon that affects the spectrophotometric properties of the dyes. The
tests carried out in organic solvents allowed the identification of mono-
meric species of thiazine dyes which were wrongly assigned for years.



Table 1
Decomposition results obtained by DECOM.

Dye
Log Kd

εMonomer (M−1 cm−1) εDímer (M−1 cm−1)
Linear Nonlinear

Th 4.35 4.65 2.85 × 104 (λ = 504 nm) 1.69 × 105 (λ = 611 nm)
AzB 4.50 4.80 2.72 × 104 (λ = 520 nm) 9.09 × 104 (λ = 648 nm)
AzBBr 4.02 4.05 3.55 × 104 (λ = 532 nm) 1.85 × 105 (λ = 655 nm)

Fig. 9. Calculatedmonomer (solid line) and dimer (dash line) absorption spectra of (A) Th,
(B) AzB and (C) AzBBr in DMF.
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This species showed an absorptionmaximumbetween 500 and 540 nm
in the used solvents. The increase in dye concentration and the decrease
in temperature favored the formation of J-aggregates with maximum
absorption at wavelengths N600 nm. In the literature, this species was
incorrectly assigned tomonomeric form of thiazine dyes. In the present
work, it was demonstrated that this species corresponds to the dimeric
formof AzB, AzBBr, MB and Th. In aqueous solutions, these dyes showed
equilibrium between the J-aggregates and other higher order assem-
blies of molecules as a function of dye concentration.

In addition, the aggregation tendency of these dyes was established.
The dimerization behavior presented the following order:
MB N Th ≈ AzB N AzBBr, while the self-aggregation of the thiazine
dyes in water was AzBBr N AzB ≈ MB N Th. Several parameters such
as lipophilicity, effect of bulky substituents and interactions with the
media were considered to explain the aggregation effect of these com-
pounds in different solvents. The incorporation of a bromine atom in
AzB structure destabilized the J-aggregate, shifting the equilibrium to-
ward the monomeric species in organic solvents and toward the forma-
tion of higher aggregates in aqueous solution.

The self-association of dyes has fundamental consequences for ap-
plications as diverse as photographic technology, tunable lasers, molec-
ular optoelectronic devices, fluorescence depolarization diagnostic
devices, and photomedicine. For this reason, the correct assignment of
the species in different solutions is relevant to evaluate physicochemi-
cal, photophysical and biological properties of innumerable compounds.

Acknowledgements

This research was financially supported by Secretaría de Ciencia y
Técnica de la Universidad Nacional de Córdoba (SECYT-UNC) (Res.
203/14 and Res. 103/2015) and Consejo Nacional de Investigaciones
Científicas (CONICET) (Res 3661/2011 and Res 1736/2014). The authors
wish to express their sincere thanks to Dr. Rubén H.Manzo for allowing
us to use the Evolution 300 spectrophotometer. We would also like to
thank Dr. Moghadam for their help with the Decom application.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.saa.2016.05.005.

References

[1] R. Bonnett, Chemical Aspects of Photodynamic Therapy, Gordon and Breach Science
Publishers, Amsterdam, 2000.

[2] L. Melamine, C.T. Seto, G.M. Whitesides, J. Am. Chem. Soc. 115 (1993) 905–916.
[3] F. Würthner, T.E. Kaiser, C.R. Saha-Müller, Angew. Chem. Int. 50 (2011) 3376–3410.
[4] A. Chakraborty, M. Ali, S.K. Saha, Spectrochim. Acta A 75 (2010) 1577–1583.
[5] L. Antonov, G. Gergov, V. Petrov, M. Kubista, J. Nygren, Talanta 49 (1999) 99–106.
[6] K.M. Miroslav, P. Zimcik, M. Miletin, P. Klemera, K. Kopecky, Z. Musil, J. Photochem.

Photobiol. A 178 (2006) 6–25.
[7] O. Aldes-Aguilera, D.C. Neckers, Acc. Chem. Res. 22 (1989) 171–177.
[8] M. Arık, Y. Onganer, Chem. Phys. Lett. 375 (2003) 126–133.
[9] M. Wainwright, Photosensitisers and Photosensitisation in Biomedicine, John Wiley

& Sons, Ltd., Chichester, UK, 2009.
[10] D. Li, A. Lv, P. Sun, W. Zhou, P. Wang, J. Wu, Y. Kan, H. Zhou, Y. Tian, Dyes Pigments

83 (2009) 180–186.
[11] G. Garcia, M. Longo, E.C. Gualberto Júnior, A.F. Bosco, M.J.H. Nagata, E. Ervolino, L.T.

Theodoro, J. Periodontal Res. 49 (2014) 584–594.
[12] M.J. Ohlow, B. Moosmann, Drug Discov. Today 16 (2012) 119–131.
[13] G.A. Gilani, T. Ghorbanpour, M. Salmanpour, J. Mol. Liq. 177 (2013) 273–282.
[14] K. Patil, R. Pawar, P. Talap, Phys. Chem. Chem. Phys. 2 (2000) 4313–4317.
[15] K. Adachi, T. Mita, T. Yamate, S. Yamazaki, H. Takechi, H. Watarai, Langmuir 26

(2010) 117–125.
[16] K. Bermenn, C.T. O'Konsk, J. Phys. Chem. 67 (1963) 2169–2177.
[17] D. Heger, J. Jirkovsky´, P. Kla'n, J. Phys. Chem. A 109 (2005) 6702–6709.
[18] O. Yazdani, M. Irandoust, J.B. Ghasemi, S. Hooshmand, Dyes Pigments 92 (2012)

1031–1041.
[19] M.N. Montes de Oca, J. Vara, L. Milla, V. Rivarola, C.S. Ortiz, Arch. Pharm. Chem. Life

Sci. 346 (2013) 255–265.
[20] A.G. Gilani, M. Moghadam, M.S. Zakerhamidi, Comput. Methods Prog. Biomed. 104

(2011) 175–181.
[21] A.G. Gilani, S. Shokri, J. Mol. Liq. 193 (2014) 194–203.

doi:10.1016/j.saa.2016.05.005
doi:10.1016/j.saa.2016.05.005
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0005
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0005
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0010
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0015
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0020
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0025
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0030
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0030
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0035
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0040
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0045
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0045
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0050
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0050
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0055
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0055
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0060
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0065
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0070
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0075
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0075
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0080
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0085
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0090
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0090
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0095
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0095
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0100
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0100
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0105


120 J. Vara, C.S. Ortiz / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 166 (2016) 112–120
[22] M. Kostka, P. Zimcik, M. Miletin, P. Klemera, K. Kopecky, Z. Musil, J. Photochem.
Photobiol. A 178 (2006) 16–25.

[23] M. Dakiky, K. Kanan, M. Khamis, Dyes Pigments 41 (1999) 199–209.
[24] S. Bayar, H.A. Dinçer, E. Gonca, Dyes Pigments 80 (2009) 156–162.
[25] A.R. Monahan, N.J. Germano, D.F. Blossey, J. Phys. Chem. 76 (1971) 1227–1233.
[26] A. Virgilio, V. Esposito, G. Citarella, A. Pepe, L. Mayol, A. Galeone, NAR 40 (2012)

461–475.
[27] W.H. Brown, C.S. Foote, B.L. Inverson, E.V. Anslyn, Organic Chemistry, 5 ed. Book/

Cole Cengage Learning, Unite State, 2009.
[28] M.N. Urrutia, C.S. Ortiz, Chem. Phys. 412 (2013) 41–50.
[29] C.A.T. Laia, S.M.B. Costa, J. Mol. Struct. 565 (2001) 83–86.
[30] M.C. Rezende, A. Aracena, Chem. Phys. Lett. 542 (2012) 147–152.
[31] J. Kuriyan, B. Konforti, D. Wemmer, The Molecules of Life: Physical and Chemical

Principles, Garland Science, USA, 2013.
[32] J.P. Cerón-Carrasco, D. Jacquemin, C. Laurence, A. Planchat, C. Reichardt, K. Sraïdi, J.
Phys. Org. Chem. 27 (2014) 512–518.

[33] H. Isago, Optical Spectral of Phthalocyanines and Related Compounds. A Guide for
Beginners, Springer, Japan, 2015.

[34] V.G. Avakyan, B.I. Shapiro, M.V. Alfimov, Dyes Pigments 109 (2014) 21–33.
[35] A.R. Monahan, D.F. Blossey, J. Phys. Chem. 74 (1970) 4014–4021.
[36] C.C. Chang, Y.T. Yang, J.C. Yang, H.D. Wu, T. Tsai, Dyes Pigments 79 (2008) 170–175.
[37] M. Wainwright, D.A. Phoenix, M. Gaskell, B. Marshall, JAC 44 (1999) 823–825.
[38] R.W. Horobin, J.C. Stockert, F. Rashid-Doubell, Histochem. Cell Biol. 126 (2006)

165–175.
[39] M.K. Goftar, K. Moradi, N.M. Kor, Eur. J. Exp. Biol. 4 (2014) 72–81.

http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0110
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0110
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0115
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0120
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0125
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0130
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0130
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0135
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0135
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0140
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0145
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0150
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0155
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0155
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0160
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0160
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0165
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0165
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0170
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0175
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0180
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0185
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0190
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0190
http://refhub.elsevier.com/S1386-1425(16)30249-9/rf0195

	Thiazine dyes: Evaluation of monomeric and aggregate forms
	1. Introduction
	2. Experimental
	2.1. Materials and methods
	2.2. Aggregation behavior as a function of dyes concentration
	2.3. Aggregation behavior as a function of temperature
	2.4. Determination of dimerization constant

	3. Results and discussion
	3.1. Aggregation behavior as a function of dyes concentration
	3.1.1. Aggregation behavior of AzBBr and AzB in pure organic solvents
	3.1.2. Aggregation behavior of AzBBr and AzB in ethanol: water mixture and pure water
	3.1.3. Aggregation behavior of Th and MB in DMF and pure water
	3.1.4. Aggregation tendency of AzBBr, AzB, Th and MB

	3.2. Aggregation behavior as a function of temperature
	3.3. Determination of dimerization constant

	4. Conclusion
	Acknowledgements
	Appendix A. Supplementary data
	References


