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Abstract. The acid-base properties of the Patented Blue V dye were studied by spectrophotometry and
tristimulus colourimetry. The mechanism of protonation of Patented Blue V has been investigated with semiempirical and DFT methods. The quantum chemical calculations of total energy defined the most stable isomer for
each protonated form in water solution. In addition to thermodynamic parameters, the condensed Fukui function
and molecular electrostatic potential were successfully used as reactivity descriptors for the determination of
the most favorable site for protonation. Moreover, for the explanation of the structure of the most deprotonated
form of the dye in highly basic medium, the weak intramolecular interactions were investigated with the reduced
density gradient function. The semi-empirical calculations of absorbance spectra explained the changing of the
colour of the dye for the different protonated states. It has been shown that the dominant form of the Patented
Blue V was the electro-neutral form, and the molar absorptivity (ε639 = 1.06×105 dm3 ·mol−1 ·cm−1 ) increases
with the increase of the dielectric permittivity of the solvent. The replacement of polar solvents by less polar
ones is causing a bathochromic shift of the absorption band of the dye, the value of which is correlated with the
value of the Hansen parameter.
Keywords. Patented Blue V; ionization constants; tristimulus colourimetry; spectrophotometry; DFT
calculations.

1. Introduction
Synthetic food dyes are used more often than natural ones to enhance the appearance of food by giving
it artificial colour. The safety of these dyes is highly
controversial and depends on nature and concentration; they may be allergens and carcinogens. 1 Food
dyes, such as Patented Blue V (PBV), are widely
used for dyeing alcoholic and non-alcoholic beverages, confectionery and pharmaceuticals. However, an
important task is the establishment of the physical,
chemical and acid-base characteristics of PBV in solution. The characteristic of the acid-base properties is
a proton-transfer reaction equilibrium constant (pKa ). 2
In addition, pKa is included in the adsorption, distribution, and metabolism (ADME) phenomena profile
* For correspondence

along with other physicochemical properties that determine the major pharmacokinetic and pharmacodynamic
parameters of molecules. 2,3 The direction and intensity
of protolytic process can be estimated by pKa value. In
turn, it makes possible to determine the state of acid-base
equilibrium, charge, ratio of the ionic-molecular forms
of the substance. To the best of our knowledge, despite
the use of this dye, data on its acid-base properties are not
described in detail. It might be due to the peculiarities
of the PBV. The dye is a polyfunctional organic compound with functional groups that are similar in acidic
properties and with overlapping absorption spectra of
its equilibrium forms. In such cases, standard methods such as potentiometry and spectrophotometry are
uninformative. In some ways, the use of various chemometric algorithms allows to achieve better results. 4 Of
equal interest is the use of tristimulus colourimetry
approaches, which have proven themselves in the study
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of complexation, the development of methods for singletime determination of analytes and the creation of test
methods. 5 Tristimulus colourimetry is a reliable method
for the determination of the dissociation constants of
all functional groups of flavonoids such as morin and
quercetin. 6,7 It has been shown that aggregation processes in the solution of 4-hydroxystyryl dyes can be
observed by means of tristimulus colourimetry and ionization and hydroxylation constants of the dyes have
been determined using chromaticity functions. 8
The aim of this work is to study acid-base, spectrophotometric and solvatochromic properties of
Patented Blue V colourant by spectrophotometry with
chemometric tools, tristimulus colourimetry methods
and DFT calculations.

2. Experimental and computational
The PBV food dye was obtained from Merck and purified
by further recrystallization from methanol. The stock solution of the dye with a concentration of 1 × 10−3 mol · dm−3
was prepared by dissolving the reagent in distilled water, and
dissolving in methanol for studying solvatochromism. The
chemicals used in this work were of the analytically pure
grade.
Electronic absorption spectra were recorded using SF-56
spectrophotometer in the wavelength range 380–780 nm in 1
cm quartz cells. The pH of the solutions was controlled with an
ESL-63-07 glass electrode coupled with an EVL-1M3 silversilver chloride reference electrode on an I-160 potentiometer.
In the study of solvatochromism, 0.04 cm3 of 1 × 10−3
mol/dm3 dye solution in methanol and 5 cm3 of the organic
solvent were added to the graduated test tubes, mixed and the
absorption spectra were recorded in quartz cells (l = 1 cm) on
SF- 56 spectrophotometer. The pKa determination technique
by the tristimulus colourimetry method was described in our
previous investigation. 6–8 The electronic absorption spectra
of the solutions were registered and the CIELAB coordinates
of colours were calculated from the array of spectrophotometry data. The parameter SCD (specific colour discrimination)
was calculated by the equation:
S
SCD =
p H

(1)

where, SCD – specific colour discrimination; S  , S  – colour
saturation of the studied solutions at pH and pH accordingly,
pH = pH − pH ; S = |S  − S  |.
The colour saturation function was calculated by the formula:

S = (A)2 + (B)2
(2)
where, A and B are colour coordinates in the CIELAB system.
For the spectrophotometric pKa determination, obtained
electronic absorption spectra were processed using the
SpectroCalc-H5A program. The pKa calculation algorithm

is based on iteration methods and multiple linear regression
analysis by the least squares method. 4
All geometries described in this study were pre-optimized
with the PM7 semi-empirical method. 9 This decision is based
on the ability of PM7 to consider weak interactions that are
present between phenyl rings in Patented Blue V (PBV).
Also, in our previous studies, it has been found that PM7
can model similar organic compounds containing C, H, N, O,
S very well. 10–12 Next step was the geometry optimization in
water continuum COSMO solvation model 13 with the DFT
B97-D3/6-31+G(d,p) method 14 that includes the Grimme’s
DFT-D3 dispersion correction. 15,16 Single-point energies
were computed with evaluation of larger 6-311++G(d,p) basis
set that contains diffuse functions for all atoms. The choice
of B97-D3 functional was substantiated by literature data that
was found to be the optimal choice for faithful representation
of weak interactions and hydrogen bonds. 17
The wavefunction for analysis of partial charges, electrostatic potential, and Fukui function was generated at TPSS/631G(d,p) level. We have chosen TPSS 18 functional as it was
recently demonstrated that it gives best electron densities
among other GGA of meta-GGA functionals. 19 Double-zeta
basis set was chosen as it gives reliable electrostatic potential 20 and predictive power of reactivity descriptors obtained
with this basis set is satisfactory. 21 We did not add diffuse
functions since the Mulliken population analysis is incompatible with diffusion functions.
MOPAC2016 was used for PM7 calculations with L-BFGS
optimizer. 22 The ORCA 3.0.3 package was used for DFT
B97-D3, TPSS and ZINDO/S calculations. 23 To reduce the
computational time, the resolution-of-identity (RI) technique
was turned on. 24 The default settings of programs were used
throughout the calculations; the only exception being the
ORCA program, where the grid accuracy was increased with
“Grid3 FinalGrid5” keywords. Calculations of electrostatic
potential and reduced density gradient function (RDG) 25
were performed with Multiwfn 3.3.8. 26 Avogadro 27 , Gabedit 28 and VMD 29 software were used for molecular systems
building, input files preparation and visualization.

3. Results and Discussion
3.1 Acid-base equilibria of Patented Blue V in
aqueous solutions
The absorption spectra of the PBV are illustrated in Figure 1. Apparently, in a strongly acidic medium (10 M
H2 SO4 ) in the absorption spectrum of PBV, one lowintensity absorption band with a maximum at 415 nm is
observed. Under such condition, the dye might exist in
a protonated form. At pH3, an absorption band appears
in the absorption spectrum with a maximum at 640 nm,
the intensity of which increases with increasing pH. In
alkaline medium at pH > 10, a hypsochromic shift of

J. Chem. Sci. (2018) 130:12

Page 3 of 10 12

the absorption band at 10 nm is observed, which is probably caused by the dissociation of the hydroxyl group
of PBV. The dye irreversibly decolourizes in a strongly
alkaline medium at 2 M NaOH, which is associated with
the central atom hydroxylation and vanishing of conjugation between all three phenyl rings.
For the acid-base equilibria study, the obtained
dataset of absorption spectra of PBV was processed in
SpectroCalc-H5A program (Table 1) or by tristimulus
colourimetry method. The SCD values were plotted as
a function of the medium pH (Figure 2).
As shown, four peaks for PBV are observed on the
SCD = f(pH) curve, indicating the presence of five acidbase forms of the dye in solution. The maximum pH
values corresponding to the pKa values of the respective
acid-base equilibria of the functional groups of PBV
(Table 1).
As shown in Table 1, the pKa determined by the
tristimulus colourimetry method and spectrophotometry
satisfactorily correlate with each other. For the determination of the most probable protonation/deprotonation

Figure 1. Absorption spectra of PBV aqueous solution at
different acidities: 1 – 10 M H2 SO4 ; 2 – pH 3; 3 – pH 9; 4 –
pH 10; 5 – 2 M NaOH; C = 2·10−5 M; l = 1 cm.

forms for the PBV dye, a series of quantum chemical calculations were carried out. Semi-empirical and
DFT studies on similar dyes containing C, H, N, O,
S have previously been reported in the literature. 10,30,31
PBV contains two sulfo groups (strongly acidic), one
OH phenolic group (weakly acidic) and two diethylamino groups, which also could act as an acid when
protonated. Due to the presence of non-identical reactivity centers in the dye, it is important to consider
the protonation/deprotonation of each acidic group and
nitrogen atoms in order to determine the preferred protonation site. Also, the presence of the neighboring
sulfo group in the ortho position near central carbon
atom that connected with three phenyl rings increases
the number of possible conformers through the possible benzoxathiole cycle formation (Figure 3, structures
I, II). Moreover, at each dissociation stage, deprotonation of each sulfo group has to be considered
separately. In this study, 27 structures at different protonated states (see electronic Supplementary Information)
were considered. The water-phase geometries of all
proposed structures of the dye were optimized with

Figure 2. Change in the specific colour discrimination of
PBV aqueous solution depending on the medium acidity.

Table 1. The ionization constants of PBV in aqueous solutions (n = 3,
P = 0.95).
Method

pK1

pK2

pK3

pK4

Tristimulus colourimetry −0.6 ± 0.1 4.9 ± 0.1 6.2 ± 0.1 8.5 ± 0.2
Spectrophotometry
4.8 ± 0.2 6.1 ± 0.2 8.7 ± 0.1
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Figure 3. The
protonation
stages
calculated
B97-D3/6-311++G(d,p)//B97-D3/6-31+G(d,p) methods.

DFT B97-D3/6-31+G(d,p) method. Single-point energies obtained at DFT B97-D3/6-311++G(d,p) level of
theory were used to determine the most stable state that
characterized by the minimal absolute energy.
Figure 3 illustrates the step-by-step protonation mechanism of PBV and the most stable structures for different
protonated states. We started this investigation from
totally deprotonated form V with next protonation of
each nucleophilic center. Wherever possible, both benzoxathiole and non-cyclic forms were checked. As
shown, the V state exists in non-cyclic form and there is
a conjugated system of two N , N -diethylaniline moieties. Next reaction with hydroxide in the strongly
basic medium is irreversible and leads to the triphenylmethanol VI. The protonation of V gives the phenol
IV, which in the next protonation step is transformed
to anilinium derivative III. Despite the conjugation
between two aniline fragments, at the next protonation
step, the dianilinium system II is formed with simultaneous cyclization of central carbon atom with neighboring
SO3 − group. At the last stage, the protonation of sulfo
group in ortho position to phenolic OH is predicted.
Also, for investigation of the protonation/
deprotonation steps, an alternative approach that is
based on reactivity descriptors were used. Thus, the
molecular electrostatic potential (ESP) 20 (Figure 4) and
condensed Fukui function (CFF) 32 (Table 2) were used

for

Patented

Blue

V

using

the

Figure 4. Molecular electrostatic potential of deprotonated
state V. Values of minima (red dots) on the ESP surface are
presented in kcal/mol.

as reactivity descriptors in prediction of the most active
sites in the form V. Analysis of minima of ESP isosurface indicates that point M (Figure 4) has the lowest
value of −257 kcal/mol. The distance between M and
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Table 2. Condensed Fukui function indexes for nucleophilic CFF+ and electrophilic
CFF− attack of deprotonated state V. Maximal values of CFF+ and CFF− are shown
in bold. Hydrogens are omitted for clarity.
Atom
C1
C2
C3
C4
C5
C6
C7
C8
C9
C14
C15
C16
C17

CFF−

CFF+

0.0009 0.0619
−0.0226 −0.0206
0.0054 −0.0043
0.0056 −0.0039
0.0046 0.0289
0.0100 0.0211
0.0053 0.0369
0.0097 0.0208
−0.0022 0.0315
0.0029 0.0251
−0.0046 0.0303
0.0083 0.0165
0.0060 0.0375

Figure 5.

Atom

CFF−

CFF+

C18
0.0110 0.0225
C21
0.0795 0.0161
C22
0.0600 0.0092
C23
0.0293 0.0101
C24
0.0627 0.0100
C25
0.0241 0.0097
O28
0.1606 0.0224
S29
0.0488 0.0146
O30
0.0401 0.0076
O31
0.0302 0.0047
O32
0.0316 0.0110
N33
0.0069 0.0161
C34 −0.0041 −0.0128

Atom

CFF−

CFF+

C35
C36
C42
N48
C49
C50
C56
C57
S63
O64
O65
O66

−0.0042
−0.0006
−0.0006
0.0076
−0.0046
−0.0005
−0.0046
−0.0006
0.0449
0.0344
0.0226
0.0337

−0.0126
−0.0024
−0.0023
0.0171
−0.0135
−0.0020
−0.0133
−0.0024
0.0129
0.0064
0.0056
0.0065

Reduced density gradient (RDG) iso-surface of two forms of state VI.

O28 is 1.94 Å, whereas the M-O64 and M-O66 distances correspond to 2.22 Å and 2.16 Å, respectively.
Obviously, the closer position of ESP minimum to O28
indicates that this oxygen atom is the most active centre
in protonation of state V.
According to CFF (Table 2), in case of a nucleophilic
attack of form V, the most reactive atom is C1, and
the reaction with nucleophile like hydroxyl anion will
lead to the formation of triphenylmethanol VI. While
for electrophilic attack (like protonation) O28 atom is
the most reactive site, and in the case of protonation, the
phenolic group will form.
State VI can also exist in two forms with different reciprocal position of tertiary alcohol hydroxyl and
neighbouring sulfo group. DFT calculations show that
position of OH and SO3 − groups on the same side give
more stable structure. To understand this behavior, we

have calculated the reduced density gradient (RDG)
function that shows the presence of O-H···O-S hydrogen bond (Figure 5). Blue region between the oxygen of
sulfo group and hydrogen of hydroxyl of PBV indicates
the presence of hydrogen bonding. Red areas indicate
the repulsion effect in cyclic systems. Green and brown
areas indicate dispersion interactions.
In the case of state IV, the CFF indicates that one of
the nitrogen atoms (CFF− value is 0.0429) is the most
reactive centre in protonation reaction (Table 3). The
formation of anilinium cation III (Figure 3) is preferable before protonation of sulfo groups. It is in total
agreement with a comparison of corresponding total
energies.
Analysis of the CFF− for state III shows the limitations of this approach. Thus, the CFF shows that sulfo
group (S29-O32) is the most reactive centre, but we will
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Table 3. Condensed Fukui indexes for electrophilic CFF− attack of deprotonated state
IV. Maximal values of FF− shown in bold. Hydrogens omitted for clarity.
Atom CFF−
C1
C2
C3
C4
C5
C6
C7
C8

0.0128
−0.0138
0.0262
0.0223
0.0134
0.0399
0.0177
0.0384

Atom

CFF−

Atom

CFF−

Atom CFF−

Atom CFF−

C9
C14
C15
C16
C17
C18
C21
C22

0.0159
0.0081
0.0126
0.0303
0.0163
0.0385
0.0073
0.0027

C23
C24
C25
O28
S29
O30
O31
O32

0.0061
0.0053
0.0070
0.0068
0.0119
0.0116
0.0068
0.0120

N33
C34
C35
C36
C42
N48
C49
C50

C56 −0.0178
C57 −0.0022
S63
0.0061
O64
0.0043
O65
0.0037
O66
0.0027

0.0429
−0.0191
−0.0190
−0.0025
−0.0025
0.0393
−0.0177
−0.0019

Table 4. Condensed Fukui indexes for electrophilic CFF− attack of deprotonated state
III. Maximal values of FF− are shown in bold. Hydrogens are omitted for clarity.
Atom CFF−
C1
C2
C3
C4
C5
C6
C7
C8

0.0071
−0.0028
0.0017
0.0048
0.0077
0.0078
0.0052
0.0060

Atom CFF−
C9
0.0033
C14
0.0082
C15 −0.0012
C16
0.0238
C17
0.0095
C18
0.0219
C21
0.0304
C22
0.0136

Atom

CFF−

Atom CFF−

C23
C24
C25
O28
S29
O30
O31
O32

0.0247
0.0249
0.0215
0.0556
0.0582
0.0675
0.0719
0.0526

N33
C34
C35
C36
C42
N48
C49
C50

−0.0013
−0.0020
−0.0020
−0.0008
−0.0011
0.0234
−0.0111
−0.0010

Atom CFF−
C56 −0.0105
C57 −0.0012
S63
0.0439
O64
0.0481
O65
0.0476
O66
0.0230

Figure 6. Minor forms of states I, II and III. The difference in Gibbs free energy (in kcal/mol) upon the
most stable form and the amount (in %) of each form in the mixture are shown in brackets.

show that this is a minor product of the protonation. The
energy analysis shows the higher stability of benzoxathiole II (Figure 3). This can be explained by the presence
of conjugation between two N,N-aniline fragments and
deactivation of second nitrogen upon protonation of the
first one. But, the minimization in energy upon protonation of second nitrogen is reached by the redistribution
of positive charge to central carbon and its combination with oxygen of neighbouring sulfo group through
electrostatic attraction (Table 4).
Analysis of the total energy of different forms of PBV
(see the list in the Supplementary Information) shows
the presence of forms with quite close total energy but
different geometry. That is why it may be assumed that
in water solution, few forms for each state are possibly

present. Using the Boltzmann’s distribution equation,
the values of the most possible minor forms were calculated for states I, II and III (Figure 6). Thus, the state
III exists in equilibrium between protonated nitrogen
(III, Figure 3) and 2.7% of protonated sulfo group (IIIa,
Figure 6). Non-benzoxathiole forms Ia (1.8%) and IIa
(5.8%) exist as minor products in equilibrium with I and
II, respectively (Figure 3).
The ion-molecular forms of the PBV in solution are
in dynamic equilibrium depending on the pH value and
may be represented in the form of distribution diagram
(Figure 7).
The narrow pH ranges for the existence of III, IV
and V forms (Figure 7) as well as the proximity of
the corresponding spectral characteristics explain the
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ineffectiveness of classical instrumental methods of
investigation as evidenced by the absence of information
about the state of PBV in solutions in literature.
3.2 Spectrophotometric characteristics of Patented
Blue V in solutions
The spectrophotometric characteristics of the electrically neutral form III, which exists in a range of pH
3-8 in water and organic solvents, are summarized in
Table 5.
Analysis of the obtained results allows to conclude
that the molar extinction coefficients of the dominant
acid-base form of PBV in organic solvents increase
almost linearly (R2 = 0.87) with their dielectric permittivity (Figure 8a). The positions of the maximum of
the absorption band correlate satisfactorily (R2 = 0.83)

Figure 7. Chart of the acid-base forms of PBV distribution
at different acidities in aqueous solution.
Table 5.

with the value of the Hansen parameter (Figure 8b) associated with the intermolecular interaction of PBV with
the solvent due to the formation of hydrogen bonds. 33
In addition, the ZINDO/S calculations were carried
out for analysis of electronic transition in absorbance
spectra. 34 It was shown that ZINDO/S method gives
results compatible with long-range corrected DFT calculations. 35 In case of the hydrolyzed state VI, the value
for the first excitation energy is 3.485 eV (356 nm)
with the main contribution of HOMO → LUMO + 1
(40%), HOMO → LUMO + 9 (18%) and HOMO →
LUMO + 10 (28%) transitions. For anionic form V, the
second calculated excited state of 2.360 eV (525 nm)
have relatively high oscillator strength with the main
contribution of HOMO-6 → LUMO (44%), HOMO3 → LUMO (12%), and HOMO-2 → LUMO (24%)
transitions. In case of state IV, the first excited state has
the energy of 2.662 eV (466 nm) and the HOMO →
LUMO transition have the main contribution of 92%
(Figure 9). Slightly different picture of excitation but
with similar energy (2.680 eV –463 nm) was observed
for the second excited state of form III. Transitions
HOMO-3 → LUMO (42%), HOMO-4 → LUMO
(22%), and HOMO-5 → LUMO (18%) have the main
contributions to this excitation. The first excited state
of form II has the energy of 4.190 eV (296 nm) and
the main contribution have HOMO-5 → LUMO + 4
(15%), HOMO → LUMO + 4 (8%) and HOMO6 → LUMO + 5 (7%) transitions. For cationic form, I,
the 5th excited state (4.701 eV; 264 nm) has relatively
high oscillator strength with the main contributions of
HOMO → LUMO (34%), HOMO-1 → LUMO + 4
(11%) and HOMO → LUMO + 4 (9%) transitions.
The significant blue shift in the case of form VI can
be explained by the hydroxylation of the central atom
and vanishing of conjugation between all three phenyl
rings. Whereas the hypsochromic shift in the case of
forms I and II computed with excluding of lone pair of
one of the diethylamino groups from conjugation upon
protonation.

Spectrophotometric characteristics of the dominant form of PBV in different solvents.

Solvent
Water
Methanol
Propanol-2
Butanol-1
3-Methyl-1-butanol
Ethyl acetate
Butyl acetate
Tetrahydrofuran

λmax , nm

ελ ×10−5 dm3
· mol−1 · cm−1

Solvent

λmax , nm

ελ ×10−5 dm3
· mol−1 · cm−1

639
638
641
645
644
654
656
649

1.06
0.94
0.91
0.92
0.89
0.74
0.75
0.74

Dioxane-1,4
Propanone-2
Acetonitrile
Triethylamine
Chloroform
Dimethyl sulfoxide
Dimethylformamide
Methylbenzene

653
629
633
668
634
643
646
649

0.71
0.90
0.93
0.68
0.73
0.96
0.89
0.28
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Figure 8. The influence of the dielectric permittivity of solvent on PBV molar absorptivity (a) and the
value of Hansen parameter on absorption band maxima (b).

Figure 9.

HOMO and LUMO of form IV.

4. Conclusions
The acid-base properties of the Patented Blue V dye
were studied by spectrophotometry and tristimulus
colourimetry. The ionization constants of the Patented
Blue V functional groups were determined. The theoretical investigations of the conformations and reactive
sites of Patented Blue V helped to define the mechanism
of protonation/deprotonation. Decrease in pH value
leads to the protonation of the phenolic oxygen. Further
protonation of diethylamino group transformed the dye
to anilinium derivative. On the next protonation step,
the dianilinium system is formed with simultaneous
cyclization of a central carbon atom with neighboring SO3 − group. The protonation of sulfo group in

ortho-position to phenolic OH is the final stage that
we analyzed. The last two forms are characterized by
the hypsochromic shift that is conducted with an exclusion of lone pair of electrons of one of the diethylamino
groups from conjugation upon protonation. The DFT
computations found the presence of forms of Patented
Blue V with close values of total energy but different
geometry. This leads us to confirm that forms for each
state are possibly present in a real water solution. It
should be noted that in the highly basic medium, the
irreversible formation of triphenyl-substituted carbinol
is expected. The absorbance spectra of this form of the
dye is characterized by the significant blue shift that
can be explained by the hydroxylation of central atom
and vanishing of conjugation between all three phenyl

J. Chem. Sci. (2018) 130:12

rings. It has been shown that the dominant form of the
Patented Blue V was the electroneutral form, and the
molar absorptivity (ε639 = 1.06×105 dm3 ·mol−1 ·cm−1 )
increases with the increase of the dielectric permittivity of the solvent. The replacement of polar solvents by
less polar ones is causing a bathochromic shift of the
absorption band of the dye, the value of which is correlated with the value of the Hansen parameter.
Supplementary Information (SI)
27 structures at different protonated states are shown with the
difference in energy between the current form and the most
stable form. Data for each state is available as Supplementary
Information for this article at www.ias.ac.in/chemsci.
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