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Abstract

Quantum-chemical calculation methods have been used to examine an influence of
tautomeric equilibrium [Azo <> Hydrazo] on a structure of 1:2 chromium metal
complex dyes called Gryfalan Navy Blue RL (CI 15 707, Acid Blue 193) and Gryfalan
Black RL (Acid Black 194). Chromatographic analysis indicates that synthesis yields
a mixture of several dyes with different shades. Studies conducted to date have sug-
gested that such dye complexes can constitute Drew-Pfitzner or Pfeiffer-Schetty
structural isomers [1]. It is a know fact, that o-hydroxy-azo dyes exist in equilibrium
of tautomeric azo and hydrazone forms. We decided to examine, whether color
properties of examined metal-complex dyes can be influenced also by an azo-hy-
drazone equilibrium and what kind of influence on it has sulphonic groups present
in molecules. Calculation and optimization of the geometrical structure were per-
formed using the AM1 methods for monoazoo-hydroxy-azo dyesand ZINDO/1 for
1:2 chromium metal complex dyes. It was stated that monoazo dyes can create com-
plexes in both forms: azo and hydrazone, because energy differences between each
form of the metal complex dye are so small, that the monoazo dye can, in practice,
create complexes in both the azo and the hydrazone form, with energy differences
not exceeding about 4 - 11 kcal/mol. It is calculated that spatial structure changes
with an angle of about 90° between two molecules of the dye, and angles of 10° - 20°
between the naphthalene moieties. Similar electron density on the hydroxyl and ke-
tone groups suggests that the mixture contains a dominant share of the azo form.
The presence of an ionised sulphonic group was also found to affect on the tautomer

equilibrium.
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1. Introduction

Attempts at synthesising metal complex dyes have indicated that the metallisation of
azo dyes often produces an unevenly coloured mixture. This is especially apparent for
such dyes as Acid Blue 193 and Acid Black 194, which are manufactured on a large
scale in many countries, including Poland, where they are known as Gryfalan Navy
Blue RL (Acid Blue 193, CI 15 707, AB193, CAS No 12392-64-2) and Gryfalan Black RL
(Acid Black 194, AB194, CAS No 61931-02-0).

ON

O + compl. [Cr3+] \C/
- or

Acid Blue 193 (AB193) ACId Black 194 (AB194) —

AB193 and AB194 are 1:2 chromium complexes of a monoazo dye produced by
coupling 1,2-diazoxynaphthalene-4-sulphonic acid and 2-naphthol. AB194 is a 6-nitro
derivative of the monoazo dye. All commercial AB193 and AB194 dyes contain three
components with different values of Rg (0.46, 0.42, and 0.39; TLC Silica Gel 60 Fs,
Merck; butyl acetate:propanol:water:acetic acid = 6:6:2:2) and different shades.

Azo dyes make up about 50% of the volume of all dye types used throughout the
world. Among them are metal complex dyes [1], which continue to play a significant
role even today thanks to their practical advantages and low price. Over 60% of all wool
is coloured using metal complex dyes. Despite their widespread use and manufacturing
history, which dates back to the beginning of the 20th century, their detailed stereo-
chemical structure remains relatively unknown.

Metal complex dyes also owe their importance to the fact that the manufacture of a
number of acidic azo dyes has been discontinued due to the carcinogenicity of their
substrates or their photochemical or biological decomposition. Dyes produced from
carcinogenic or mutagenic amines are being discontinued particularly rapidly.

The aim of this study was to use quantum-chemical methods to investigate the
probable structure of monoazo dyes and chromium complexes, taking into account
azo-hydrazone tautomerism [A <> H], which is typical for o-hydroxy-azo derivatives,
and to investigate the effect of the sulphonic group and its ionisation on the tautomeric
equilibrium [2].

The n-electrons of metal atoms within intermolecular complexes of organic com-
pounds are transferred as part of conjugated systems. The formation of an intermo-
lecular complex causes a considerable change in electron density, and the incorporation

of a metal atom into the conjugated system affects the character of electron transfer in
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the molecule [3].

Complexes with Cr’* are octahedral and form with the -OH and -COOH groups, in
which the protons are replaced with the metal ion [4]. As far as the atom of chromium
is concerned, the electron configuration 4s'3d® is more advantageous than the expected
4s?3d* configuration. Furthermore, the form of the orbitals changes considerably fol-
lowing excitation or dissociation of the complex [5]. Complexes of this type should cre-
ate a range of stereoisomers. Zollinger suggests that the N,,, Ngs and N,z isomers form
with the nitrogen atoms in the -N=N- group [1].

Colourimetric analysis indicates that the differences in colour between the analysed
dyes stem from the uneven shares of isomers with different spectral characteristics
within the mixture, as well as from the fact that the monoazo dye produces various 1:2
chromium complexes [6], [7].

Consequently, any given colouring of a wool fabric is impossible to reproduce once
the supplier (the dye manufacturer) changes, since the content of dye isomers differs
between suppliers [8].

The reason for this variance in colouring is the method in which the dyes are synthe-
sised and the possible formation of complexes with different spatial structures. The [A <
H] equilibrium in monoazo dyes during complexation can also be expected to cause
variance in colouring. Theoretical studies have so far not taken into account this issue
when explaining the related phenomena.

The synthesis of a dye always results in a mixture of products with different shades
and saturations. This may be the result of coupling conditions, specifically, a wide
range of pH (from 7 up to even 12) and metallisation conducted using either pres-
sure-free methods in water or high-pressure methods in water or in a solvent. Because
the Cr(H,0);* complexes that take part in the metallisation are stable, the reaction is
conducted at a temperature above 90°C [6].

The reaction always produces a blue or black dye as the final product, at different
yields. Chromatographic analysis indicates that the final product is a mixture. Various
modifications to the synthesis method have been proposed. However, no clear conclu-
sions have been reached as to what the optimal conditions for the process are (tem-
perature, ratio of the Cr’** salt to the monoazo dye, pH, and reaction time) that would
lead to a pure, chemically uniform product. Researchers continue to discuss the de-
tailed structure of such complexes in view of the fact that the 1:2 complex can create as
many as 11 different spatial structures (9 facial Pfeiffer-Schetty configurations and 2
meridial Drew-Pfitzner configurations) [1], [7], [9]-[11] (Figure 1).

In this case, research does not take into account the possible occurrence of monoazo
dyes in the hydrazone form, which is the form that 92% of all o-hydroxy-azo dyes as-
sume [12].

The [A <> H] tautomerism so far has not been considered as a potential factor af-
fecting the colouring and practical properties of AB193 and AB194. Although many
studies point out the role of spatial configuration in 1:2 complexes, they do not associ-

ate it with the occurrence of the dye in the azo (A) and hydrazone (H) forms [8].
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O,

Figure 1. Example of the meridial and facial configuration of a 1:2 complex.

An auxiliary parameter that determines the occurrence probability of A and H de-
pending on the presence of substituents is the molecular hardness, 77. Hardness is given
by an equation in which the energy values of HOMO and LUMO are obtained using the
AM1 method. Hardness is a parametr describing aromaticity of cyclic compounds.
Changes of hardness also indicate, that a state of [A <> H] equilibrium depending on a
presence of substituents in aromatic rings and those changes can be correlated with
o-Hammetta values of substituents. High hardness means high stability of isomer [13].

Calculations performed using methods similar to ab initio HF/3-21G and HF/6-
31G** indicated that the calculated limits of azo and hydrazone bond lengths are con-
sistent with statistical values and fall between the two forms. While calculations con-
cerning gaseous molecules are sufficient for many analyses, they provide an incorrect
description of the tautomeric equilibrium in solutions [14]. Calculations for the gaseous
form provide inaccurate results for a solution, since tautomers have drastically different
properties in the gaseous form than those in a solution. The increase in the number of
coupled water molecules decreases the H-A energy difference and benefits a stronger
stabilisation of the H form [13], [15].

Calculations performed using the AM1 method suggest that A is the more stable
form of the two. Only when the molecule is made “rigid” can we obtain a form more
closely resembling the experimentally determined crystalline form of A and H, and
even then, A is still more probable in the gaseous state. Calculations performed using
the PM5 and COSMO methods concerning the tautomeric equilibrium indicate that the
difference in the energy of formation for the tautomers can drop below 20 kcal/mol, in
some cases even reaching <4 kcal/mol, which corresponds to a ratio of tautomers
amounting to >1073 at 25°C. The effects of substituents on azo-hydrazone tautomerism
(AHT) depend primarily on solvation energy determined by the presence of the sub-
stituents rather than the acceptor character of the substituents [16].

Attempts have been made to develop a synthesis method that would produce a par-
ticular, constant concentration of the applied dye and guarantee a constant discharge of
heavy metals into wastewater, thus preventing differences in colouring intensity, which

currently can reach even 20% of colouring power.
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2. Experimental Section

Quantum-chemical calculations using the AM1 method were performed for monoazo
dyes following an optimisation of the molecular structure, which had been conducted
using the MM+, DM, and AM1 methods until the lowest value of energy had been
reached (convergence limit, 0.01).

Quantum-chemical calculations using the ZINDO/1 method were performed for
disazo 1:2 chromium complex dyes following an optimisation of the molecular struc-
ture, which had been conducted using the MM+ method until the lowest value of en-
ergy had been reached (convergence limit, 0.02).

The calculations were performed with the Hyper Chem v.6.01 software (Hypercube,
Inc.). The ZINDO/1 method is a variation of the INDO method, adapted for calculating
the electronic properties of metal complex dyes.

Statistical analysis of the results was performed with the Microcal ORIGIN v.6.0
software (Microcal Software, Inc.).

Hardness, 7, which determines the aromatic character of a molecule and the effect of
the sulphonic group and its ionisation on the stability of a compound, was calculated

based on the following equation [13]:

[ELUMO - EHOMO ]

n= 2

3. Results

Experimental data confirm that a mixture of metal complex dyes with different shades
and colouring powers is produced. Several hypotheses have been suggested concerning
the type of isomerism in the resulting structures; this subject is addressed in [1], [7]. It
seemed justified to perform quantum-chemical calculations in order to provide the

theoretical grounding for one of these hypotheses.

4. Tautomeric Equilibrium in Monoazo Dyes

O-hydroxy-azo dyes occur predominantly as a equilibrium between the A and H forms,
which differ considerably in terms of their properties and colour [14], [17], [18].
Ninety-two per cent of the monoazo dyes that can be found in the Colour Index are in
the H form [12]. The [A <> H] equilibrium depends, among other factors, on substitu-
ents, solvents, and temperature.

A rapid exchange of a proton between the tautomers prevents the formation of pure
tautomers; the exchange only allows us to determine the tautomerisation constant, Kr,
through spectroscopic methods [9]-[11], [14], [19]. The tautomers are assumed to be
stable if the energy barrier between them is >40 kcal/mol, whereas if the energy barrier
is <25 kcal/mol, the tautomers transition between one another [4], [20]. In water, two
tautomers may occur if the energy barrier between them, AHj, is low. In a vacuum, the
A form is dominant [17], [21]. In a crystalline state, a mixed crystalline tautomeric

form is present [14], [15], [18], [19], [21]. This is suggested by IR measurements, theo-
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retical calculations performed using methods similar to ab initio HF/3-21G and HF/6-
31G** [13], and the fact that the length of the N-N bond falls between a single bond
and a double bond [17].

The -SO;H group has a very specific effect on Kr and changes in enthalpy. This effect
is sometimes even greater than that of highly polar substituents, such as the -CN or
-F groups. An especially significant effect is observed when the -SO;H group is located
in the 2-position relative to the azo group. As long as the former does not cause steric
hindrance (the 4-position), the A form is stabilised more strongly than H (in naphthol
derivatives). The -SO;H group favours solvation, to an even greater extent than polar
substituents, such as -NO,. Also important is the cation; incorporating it into the cal-
culations provides more accurate information about the energy state of the molecule
[16], [22]-[24].

The difficulty in determining the [A <> H] equilibrium in sulphonic derivatives lies
in the fact that the equilibrium cannot be confirmed through spectral methods, since
quantum-chemical calculations have so far been performed for molecules located in a
vacuum, and a vacuum makes it impossible to obtain the spectra for sulphonic deriva-
tives [25]. The presence of the -SOs;H group can also reduce the inclination of the dye to
aggregate [6].

Researchers have so far not considered [A <> H] tautomerism as a factor that could
affect the colouring and practical properties of AB193 or AB194. Although the latest
reports point out the role of spatial configuration in similar 1:2 complexes, they do not
associate it with the occurrence of the dye in the A and H forms [26]. Our study at-
tempted to determine the effect of [A <> H] tautomerism on the structure of AB193.

Similar relationships will also be true for AB194.

5. Quantum-Chemical Calculations for Monoazo D1 and D2 Dyes
Used as Models, Performed with the AM1 Method, and for Their
1:2 Cr3+ Complexes, Performed with the ZINDO/1 Method

We began with quantum-chemical calculations for dyes used as models that occur only
in either the A or H form. This helped to greatly simplify the calculations, and addi-
tionally allowed us to investigate the role of the sulphonic group, -SO3;H, on the dye
equilibrium. The issue is important because under the metallisation conditions, the dye
will be in the ionised form, and thus, accepting the assumption makes the calculations

more accurate.

5.1.D1 Dye

First, we performed calculations for a symmetrical dye, which was a derivative of 2-
naphthol, and its 1:2 Cr** complex, denoted D1 (see in Table 1).

The calculations indicated that the monoazo dye (in Table 2) is more likely to occur
in the H form than the A form. The calculations did not take into account the effect of
solvation caused by the molecules of the solvent, which shifts the equilibrium towards
the H form [17].

102

K
0:52: Scientific Research Publishing



K. Wojciechowski, L. Szuster

Table 1. Calculated values of the enthalpy of formation, E [kcal/mol], for the azo (A) and hydra-
zone (H) forms of the D1 dye used as a model and its 1:2 Cr** complex; rotation angles, a, of
aromatic complexes and molecular hardness, 7.

) OO
- ot

OH HO o HO

A

Dye E o] n Complex AE al’] [°]
A -53.156 40.4 3.644 Cr(AA) 0.859 8.6 22.5
H -63.182 20.9 3.628 Cr(AH) 0.185 17.1 15.1

Cr(HH) 0.0* 14.9 14.4

*-17,516.147 kcal/mol.

Table 2. Electron density of oxygen and nitrogen atoms in amonoazo azo, a derivative of 2-
naphthol, in the azo (A) and hydrazone (H) forms.

O Ni N2 O:
-0.250 -0.026 -0.136 —-0.247
-0.266 0.015 -0.221 (NH) -0.264 (OH)

On the one hand, the obtained results showed that the H tautomer is highly stable
(4E = 10.026 kcal/mol). On the other, the calculated values of 75 indicate that the
monoazo dye is slightly more likely (47 = 0.016) to occur in the A form. The calcula-
tions were performed for dye molecules in a vacuum. As mentioned above, 7 is an aux-
iliary parameter that determines the probability of the dye occurring as a particular
tautomer.

The energy differences between the A and H forms are small enough to allow the
monoazo dye to occur in both of them. The boundary amount of energy needed to
produce separate tautomers of the compound is 25 kcal/mol. These differences become
even lower if the dye creates a 1:2 Cr’* complex; in such a case, the dye becomes a mix-
ture of three structures with similar energies, the values of which are low enough to al-
low the mutual transitions to occur as a result of, for instance, only slight changes in
reaction energy. However, the most probable structure is Ct(HH), in which the com-

plex is created with the H forms of the compound.

5.2.D2 Dye

Calculations similar to those for D1 were performed for its symmetrical derivative, the
dye model D2, which contained two sulphonic groups. This allowed for an analysis of
the role and effect of the sulphonic group on the properties of monoazo dyes and their
chromium complexes. Most studies dismiss this effect, as the role of the sulphonic
group is limited to adding solubility to the dye molecule, and is assumed not to affect

colour or azo-hydrazone equilibrium. While the assumption greatly simplifies calcula-
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tions, it is inaccurate, as the synthesis of a metal complex dye takes place at over 90°C
in an alkaline environment (pH = 7 - 12), in which the -SO;H group is an anion. As a
result, the group becomes a centre with the highest nucleophilic character, which un-
dergoes solvation extremely easily and can create highly stable salts with the chromium
cation or its aquaions. This phenomenon is very undesirable from the environmental
standpoint, as it may increase the amount of chromium in post-colouring wastewater
beyond the allowable limit of 100 ppm.

Our calculations indicate that the sulphonic group has a significant effect on the
properties of monoazo dyes. The ionisation of the sulphonic group changes HOMO
and LUMO energies, and a hypochromic effect is observed with respect to both the
non-ionised form and the monoazo dyes D1 (Figure 2). Furthermore, the values of 5
change. If the sulphonic group is not ionised (Table 3), the A form should be more sta-
ble; otherwise (Table 4), the Hx form should be more stable. This conclusion repre-
sents the properties of o-hydroxy-azo dyes more accurately. Ionisation also affects the
spatial structure of chromium complexes (a1, ). Among these, the Cr(AH) and
Cr(AxHx) complexes, in which the monoazo dyes form a mixture of tautomers, are the
most stable.

However, the energy differences, 4E, are low enough (only 0.222 - 0.580 kcal/mol) to
enable easy transitions between the individual forms of a complex; easier still for com-
plexes with ionised sulphonic groups.

The sulphonic group also affects the electron density of atoms of O and N (Table 5
and Table 6). A non-ionised molecule (Table 5) should create a complex with the at-
oms Oy, Ny, and O, in the H form, whereas a molecule containing - SO; groups should

form a complex with the atoms O, N, and O, (the monoazo Hx dye).

eV eV
3.372
2T 2+
0.0 0.0 [LUMO]
1100 -1.085
_— [LUMO] 1924, o0
2 2 —
-4.066 -4.068
4 -4 —
Ax Hx
oL N [50,®]
[HOMO]
-8+ .g388 -8.340 8T
A H [HOMO] -9.227  .9.246
10 107 A H
[-SO;H]

(a) (b)

Figure 2. Values of HOMO and LUMO energy calculated using the AM1 method for (a) the
monoazo dye D1 in the azo (A) and hydrazone (H) forms, (b) the monoazo dye D2 in neutral (A
and H) and anion (Ax and Hx) forms.
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Table 3. Calculated values of enthalpy of formation, E [kcal/mol], for the azo (A) and hydrazone
(H) forms of the D2 dye used as a model (in the neutral form) and its 1:2 Cr** complex; rotation
angles, o, of aromatic rings and molecular hardness, 7

o O
&—} st s
(o] HO

A 1 2
Dye E al’] n Complex AE al’] a[’]
A[SOsH] —174.548 16.7 3.652 Cr(AA) 0.580 7.4 8.7
H[SOsH] —163.609 44.8 3.584 Cr(AH) 0.0* 18.6 16.0
Cr(HH) 0.522 14.9 14.0

*-18,017.141 kcal/mol.

Table 4. Calculated values of enthalpy of formation, E [kcal/mol], for the anion forms Ax and Hx
of the dye D2 used as a model and its 1:2 Cr** complex; rotation angles, ¢, of aromatic rings and
molecular hardness, 7.

NESTIE S o0,
S S L R e

OoH HO 5 o
1 2
AX Hx
Dye E al°] n Complex AE ai[’] a[’]
Ax[SO;3 ] —237.452 71.8 3.677 Cr(AxAx) 0.282 8.5 11.2
Hx[ SO; ] -229.897 43.5 3.720 Cr(AxHx) 0.0% 11.8 15.8
Cr(HxHx) 0.222 4.7 14.9

*-17,290.456 kcal/mol.

Table 5. Electron density of oxygen and nitrogen atoms in a monoazo dye, a derivative of 2-
naphthol-4-sulphonic acid, in the azo (A) and hydrazone (H) forms.

O(SOsH) O Ni N2 (0}
A -0.765 -0.261 -0.026 -0.029 —-0.245
H -0.767 —-0.454 -0.240 —0.031 (NH) —0.292 (OH)

5.3. Acid Blue 193 Dye (AB193)

We optimised the molecule of the dye in the A form and in two H forms (H1 and H2).
While calculations for molecules in a vacuum are sufficient for many analyses, they
provide an incorrect description of the tautomeric equilibrium in solutions [14]. The

calculations indicate that A is the more stable form [26].
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In this study, the structure of the dye was optimised for molecules in a vacuum.
However, one should bear in mind that that such calculations are inaccurate if the dye
is in a solution, as its tautomers (A <> (H1 and H2)) have drastically different proper-
ties in a vacuum than in a solution [8], [15]. The presence of water molecules decreases
the A-Henergy difference and benefits a stronger stability of the H form [15].

An auxiliary parameter that determines the occurrence probability of A and H de-
pending on the presence of substituents is molecular hardness, 7. Hardness is given by
an equation in which the values of HOMO and LUMO energies are obtained using the
AM1 method and denote the aromaticity of a given molecule [13].

In a monoazo dye, the ionization of the sulphonic group (-SO;H) leads to changes in
the electron density of the atoms of oxygen (O) and nitrogen (N) in the azo bond. The
presence of a non-ionised -SO;H group means that the Cr** complex should form with
the atoms O,, O,, and N, in the A form or with the atoms O;, O,, and N, of the H1
form and the atoms O;, O,, and N, in the H2 form (Table 7). Molecular hardness indi-
cates that the reaction with the H2 form of the dye is the preferred direction (5 =
3.641).

During metallisation conducted at a high temperature (>90°C) and in an alkaline en-
vironment, the sulphonic group is ionised (for instance, electron density for the A form
change on oxygen atom from —0.773 (SOs;H) to —1.057 (SO; ) (Table 7). Because the
ionised form of the sulphonic group is also the most probable, it was subjected to cal-
culations using the AMI method. The ionisation of the -SO;H group into -SOj
changes the electron density on the atoms of oxygen and nitrogen that take part in the

formation of the complexes and affects the [A <> H] equilibrium.

Table 6. Electron density of oxygen and nitrogen atoms in a monoazo dye, a derivative of 2-
naphthol-4-sulphonic acid, in the ionised azo (Ax) and hydrazone (Hx) forms.

O(S03) O1 Nu N2 (0)3
Ax -1.064 —0.263 —0.144 —0.026 —0.263
Hx ~1.068 ~0.294 ~0.008 ~0.212 (NH) ~0.258 (OH)

Table 7. Electron density of oxygen and nitrogen atoms in amonoazo dye, a derivative of 2-
naphthol-4-sulphonic acid (AB193) in the azo (A) and hydrazone (H1 and H2) forms and in the
ionised (Ax, H1x, and H2x) forms.

O(SO:H) o} N, N, 02
A -0.773 —0.240 -0.073 -0.075 —0.247
H1 -0.775 -0.243 (OH) -0.195 (NH) 0.028 —0.309
H2 -0.773 ~0.254 0.001 —0.224 (NH) -0.253 (OH)
0(S0;3) o} Ny N, 0,
Ax -1.057 —0.257 —0.172 -0.018 —0.258
Hix -1.056 -0.257 (OH) -0.205 (NH) ~0.049 —0.355
H2x -1.059 ~0.274 0.032 —0.190 (NH) -0.252 (OH)
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Due to the presence of the -SO; group, the A complex should form with the atoms
01, O,, and N,, whereas H1 should form with O1, O2, and N1 and H2 should form
with O1, 02, and N2 (Table 7). At the same time, the most probable metallisation reac-
tion is one involving the H1x form, for which 7 = 3.770, which is over 11% higher than
that of the Ax and H2x forms and higher than that of the molecules containing a non-
ionised sulphonic group, ie., A, H1, and H2 (Table 8). Furthermore, the - SO; group
affects the colour of monoazo dyes. As has already been mentioned, the group changes
the electron density on O and N atoms (Table 7) and the energy of the ground HOMO
state and the excited LUMO state. A comparison of AE values indicates that a batho-
chromic effect takes place for Ax and H2x with respect to the analogous forms of a
non-jonised dye and a hypsochromic effect takes place for H2x with respect to H1
(Figure 3(a)).

However, this only concerns non-solvated structures; the attachment of water mole-
cules to the N-NH, N = N, -OH, or C = O groups, changes this state, which may make
one of the H forms dominant in the mixture. These are the conclusions that can be
drawn from recently published data [13], [15], [25], [26]. The formation of chromium
complexes should result from the formation of bonds with hydroxyl, imine, azo, or
carbonyl groups. In such conditions, the molecules of the solvent would not take part in
the formation and stabilisation of the [A <> H] forms of the dye. Instead, the deciding
factor would be the type of (dye-chromium) bonds created during metallisation. The
sulphonic groups serve as substituents that change electron density distribution and the
energies of the HOMO and LUMO states (Figure 3 and Table 7).

In an ionised molecule, the greatest changes to the HOMO ground state result from
the presence of an electronegative substituent, Ze, the -SO; group (Figure 3).

In our research, we performed calculations for non-solvated molecules and com-

pared the total energies of the 1:2 complexes of the obtained dyes. This simplification is

Table 8. Calculated values of enthalpy of formation, E [kcal/mol], for the A, H1 and H2 forms
(in the neutral and ionised forms); rotation angles, ¢, of aromatic rings and molecular hardness, 7.

1
&N—N’SO H &NH—N;*SOH N—NHSO H

Hl 2

AX, H1x, H2x = —S0;

-SO:H -S0;3
E a’] n E a’] n
A/Ax —59.945 459 3.588 -106.849 42.6 3.458
H1/H1x —54,698 35.6 3.468 -105.382 37.4 3.770
H2/H2x —51.748 7.7 3.641 —98.576 51.9 3.312
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-5.961 -5.933
T === 6328
Ax H2x
Hix
8T © [HOMO]
-8.865 -8.792 -8.870 [-(SO;~ ]
A H1 H2
10T
[-SO;H]

Acid Blue 193 [AB193]
(a)
Figure 3. (a) Differences in HOMO and LUMO energy between monoazo dyes AB193 calculated using the AM1 method for the

neutral (-SOsH) and ionised forms (- SO; ), (b) rotation angles of the planes of naphthalene rings in the metal complex dye AB193.

justified, as changes to the tautomeric equilibrium are only likely to occur at the syn-
thesis stage, in a solvent or at a high temperature.

The calculations also took into account the possible formation of [Cr’*-azo dye]
bonds with the atoms N, and Ny [1]. These complexes would have different energies
due to molecular asymmetry, and, consequently, a different distribution of electron
density on nitrogen atoms (Table 7) [6], [9].

o\\ V% //o

N

/T\ /T\
Al A2

The most probable form is A1A1l, ie, the form in which a bond is created between
the atoms N,,. The calculated values of the enthalpy of formation for a complex indicate
that complexes with a bond between Cr** and the atoms N, and Ny in the azo bond or
Ny and Ny in molecules containing the -SO;H group should be more stable. The ioniza-
tion of the sulphonic group makes the forms containing N, and N, bonds more stable
by about 1.4 - 2.7 kcal/mol (Table 9).

Next, we performed calculations for Cr** complexes containing different tautomers
of azo dyes (Table 10). For comparison, Table 11 provides the changes in energy for

K2
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Table 9. Example calculated values of enthalpy of formation in a 1:2 complex for neutral (-SOsH)

and ionised (- SOj3 ) dye molecules.

-SO:H -S03
A1Ay(a0) -17,771.6 ~17,470.2
A1Ax(af) ~17,772.9 ~17,468.8
A2A(BP) ~17,772.9 ~17,467.5

Table 10. Calculated rotation angles of aromatic rings, a1, @, in a 1:2 complex for neutral
(-SOsH; A, H1, and H2) and ionised (- SO3 ; Ax, H1x, and H2x) dye molecules of the AB193
dye, calculated using the ZINDO/1 method.

Complex al’] a[°] al’] a[’]
[-SOsH] [-SO3 ]
Cr(A1A1) 19.2 9.8 224 13.1
Cr(A1A2) 18.0 11.9 18.7 14.5
Cr(A2A2) 18.5 14.6 18.7 14.4
Cr(A1H1) 9.7 10.3 17.5 10.1
Cr(A1H2) 17.4 10.5 17.9 13.6
Cr(A2H1) 17.0 10.1 173 11.0
Cr(A2H2)* 125 10.5 13.9 10.9
Cr(H1H1)** 13.1 133 19.5 10.8
Cr(H1H2) 17.6 17.6 19.0 13.3
Cr(H2H2) 18.0 13.1 21.0 10.3

*—~17,767.74 kcal/mol, **—17,464.13 kcal/mol, the most probable structures of the complexes are marked in bold.

Table 11. Differences in the enthalpy of formation, AH [kcal/mol], for the isomers of Acid Blue
RL (AB193) in the azo and hydrazone forms following optimisation using the ZINDO/1 method.

-SO:H -S0;3

Monoazodye*** -SO;H -SO; Dye
Complexes Cr**

A+A 0.0 0.0 Cr(A1AY) 24 ~0.1

Cr(A1A2) “1.1 ~15

Cr(AzA2) 0.0* 2.8

A+H 57 _37 Cr(AH1) _37 —45

A+ H; -8.1 9.7 Cr(AH,) -15 3.7

Cr(A.H)) -1.1 -3.9

Cr(A:H>) -1.5 —6.4

Hi+ Hy -13.8 -13.3 Cr(H:H)) -2.7 0.0**

Hi + H: -11.3 -7.3 Cr(H:H>) -1.3 -3.4

H: + Hz -16.3 -19.4 Cr(H:H>) -0.3 -6.0

*E = —17,774.0 kcal/mol; **E = —17,470.3 kcal/mol; ***This concerns molecules in a vacuum.
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the tautomers of non-metallised dyes.

In our research, we performed calculations for non-solvated molecules and com-
pared the total energies of 1:2 complexes of the obtained dyes. The most probable form
is Cr(H1H1), with an energy of —17,470.3 kcal/mol, and the least probable form is
Cr(A2H2), with energy higher by 6.4 kcal/mol (Table 11). The latter value is nearly
three times lower than AE, at which the tautomers can be separated. A difference this
small makes it possible for the two forms to transition between each other under the
conditions of the metallisation reaction (>90°C); hence the mixture of several differ-
ent-coloured products observed as the product. So far, none of the proposed synthesis
methods, despite their variety, has yielded chromatographically pure and applicatively
uniform products.

The analysed dyes have a characteristic spatial structure. They always form com-
plexes in which both parts of the dye, ie, the monoazo dyes, are rotated by an angle of
10° - 20° relative to each other, with the Cr atom connecting the two parts (Figures
3-5).

Calculations were performed for 10 possible complexes for different A (Al and A2)
and H (H1 and H2) forms. Table 11 and Figure 6 show the results of the calculations.
The energy differences between each postulated form of the metal complex dye change
from 0.0 to —6.4 kcal/mol (Figure 6, Table 11). Energy barriers this low allow each of
the isomers to form during the reaction and enable very easy transitions between them,

for instance, during metallisation, which is conducted at high temperatures, ranging

A2A2

Figure 4. Example of a spatial structure of complexes with the neutral azo forms of the dye
AB193 (-SO:H).

AlxAlx AlxA2x A2xA2x

Figure 5. Example of a spatial structure of complexes with the anion azo forms of the dye AB193
(-SOsH).
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AE [kcal/mol]
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. AE [kcal/mol]
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AT e H —
-— 4
12T e A H,
HyHH, —
a4+
e A,H
101 - H, AH, —‘::H;
L] H1H2
81T AtH, — 4
- H, HH o S— A,
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0 T
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o z
Z H,H, AA,
0 A+ e— G- A~ — >0 AH, _—H1H1—
[-[SO;H]  [-SO; ] \ [-SO,H] [-S0™]

Figure 6. Differences in the enthalpy of formation, AE [kcal/mol], of AB193 isomers in the azo
(A1, A:) and hydrazone (Hi, Hz) forms; (a) energy differences between the constituent monoazo
dyes (the range of changes in the energy of the metal complex dye is marked; see (b)); (b) energy
differences between 1:2 metal complex dyes following optimization using the ZINDO/1 method.

from 90°C to 130°C.

The formation of a 1:2 metal complex dye is accompanied by considerable changes to
the spatial structure of the dye along with changes in molecular energy. The angles be-
tween the aromatic rings in both parts of the dye are also affected. Furthermore, energy
differences between the individual isomers of the metal complex dye decrease. Table 10
provides the rotation angles of naphthalene rings in metal complex dyes. All dyes as-
sume a similar spatial configuration, with the rotation angles of the rings falling within
7° - 25 relative to one another. The energy differences between the complexes and the
tautomers are low enough to allow the various forms to transition between one another
under the conditions of the metallisation reaction (>90°C); hence the mixture of several
products with different shades observed as the product. So far, none of the proposed
synthesis methods, despite their variety, has yielded chromatographically pure and ap-
plicatively uniform products.

The analysed dyes also have a characteristic spatial structure. They always form com-
plexes in which both parts of the dye, the monoazo dyes, are rotated by an angle of
about 60° (Figure 3 and Figure 5), depending on the presence of additional substitu-
ents. In the studied case, these substituents are the sulphonic groups, especially in the

ionised form.
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Practice has shown that the addition of chromium primarily affects the relative in-
tensity and shade of the absorption bands, with only a minor effect on their location
[5]. This finding is important for the textile industry, as it means that repeatable col-
ouring is sometimes impossible to achieve.

The formation of a complex containing the H forms (H1H1) is further supported by
the high molecular hardness of H1 (Table 8) and its stability in an aqueous solution [13].

5.4. Acid Black 194 Dye (AB194)

The AB194 dye, which has important practical applications, was analysed in the same
manner as the AB193 dye. AB194 forms similar complexes to AB193 that constitute a
mixture of at least three products with different shades. This causes wool fabrics to have
different colouring, depending on the dye manufacturer [8]. Even though it has been
manufactured and used for over 150 years now, AB194 still suffers from this problem,
similarly to AB193.

The structure of the monoazo dye molecule in the A, H1, and H2 forms was opti-
mised for molecules in a vacuum. Furthermore, molecular hardness was calculated us-
ing the method described in the Experimental section.

The presence of the -NO, in monoazo derivatives of AB194 has a significant effect
on the structure of the molecule. For both its non-ionised (A, -SO;H) and ionised
(Ax, - SO; ) forms, the dye is more stable in the A form. A similar effect is observed for
AB193. However, analysis of molecular hardness leads to different conclusions,
namely, that the H1 and H2x tautomers (- SO, ) are more probable, for instance in the
metallisation reaction (Table 12 and Figure 7). The spatial structure of the tautomers

also changes due to the ionisation of the sulphonic group (Figure 7).

Table 12. Calculated values of the enthalpy of formation, E [kcal/mol], of the A, H1, and H2
forms (in the neutral and ionised forms); rotation angles, &, of aromatic rings and molecular

hardness, 7.
NO, NO, NO,
12 12 1 2
N=N SOH NH—N SOH N— NH SOH
OH HO OH o) 0 HO
1 2 1 2 1 2

A H, H,

Ax, Hlx,H2x = SO;

-SO:H -S03
E a’] n E a’] n
A/Ax -53.825 39.3 3.460 —-108.056 66.7 3.672
H1/Hlx —46.861 41.9 3.693 —98.296 71.9 3.567
H2/H2x —48.955 4.8 3.435 -102.624 50.8 3.872
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Table 13 shows the calculated changes in electron density, Ep, on the substituents
(OH, NH, and SO;H). The greatest change amounts to about 40% and is observed on
the ionised sulphonic group. Changes also occur on the imine NH group in the H
tautomer (H1x), where they only amount to about 10%.

On the one hand, the presence of the sulphonic group evens the distribution of the
electron density of oxygen and nitrogen atoms in a non-ionised dye (A). On the other
hand, the presence of an ionised - SO, group increases the asymmetry of electron den-
sity distribution on the nitrogen atoms in the nitrogen bond. For instance, the value for
Ax changes from —0.079 to —0.163 and —0.013.

The metallisation of monoazo dyes should produce complexes containing primarily
the H2x form, in which the bond [Cr’**-dye] is created by the atoms Oy, O,, and N, (Ze,
atoms with the highest electron density), or the Ax form, in which the bond [Cr’*-dye]
is created by the atoms O, O, and N.

Due to the ionisation of the molecule, the greatest changes to the HOMO ground
state result from the presence of an electronegative substituent, 7.e., the -SO; group.

Alx H1x H2x

Figure 7. Spatial structure of a monoazo 2-naphtol-6-nitro-4-sulphonic acid dye, a derivative of

AB194, in the neutral (-SOsH; A, H1, H2) and ionised (- SO; ; Ax, H1x, H2x) forms.

Table 13. Electron density of oxygen and nitrogen atoms in amonoazo dye, a derivative of 2-
naphthol-6-nitro-4-sulphonic acid, in the azo (A) and hydrazone (H1 and H2) forms and in the
ionised (Ax, H1x, and H2x) forms.

O(SO:H) O N, N, 02
A -0.767 -0.237 —0.079 -0.079 —0.242
H1 -0.764 -0.240 (OH) -0.179 (NH) 0.050 -0.315
H2 -0.765 —0.246 —0.025 —0.212 (NH) -0.235 (OH)
0(S03) o} N N, 0:
Ax -1.050 -0.255 —0.163 -0.013 —0.249
Hix -1.053 -0.258 (OH) -0.198 (NH) -0.003 -0.361
H2x -1.052 —0.264 0.041 —0.209 (NH) -0.245 (OH)
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These changes are similar to those observed for AB193.

The presence of the -NO, group also affects the stability of chromium complexes.
The most stable isomer was Cr(H1xH2x), and the least stable isomer was Cr(A2xH2x),
with a difference of 10.08 kcal/mol between the two. As with Ab193, the angles a; and
a, change in comparison to the non-ionised dyes (Table 14).

The difference in the enthalpy of formation for complexes with nitro derivatives, AH,
is also (as with AB193) lower than the stability boundary for A and H tautomers (H1
and H2) of the o-hydroxy-azo dyes. Therefore, it may be assumed that the structure of
the molecules may change during the metallisation reaction, depending on the condi-
tions under which the reaction takes place. For monoazo dyes (Table 12), AE amounts
to 6 - 10 kcal/mol (Ax, H1x, and H2x) and is higher than for the derivatives of AB193,
for which the corresponding differences amount to 1 - 8 kcal/mol. However, contrary
to AB193, ionised monoazoAB194 dyes should display a hypsochromic effect relative
to non-ionised molecules. The AEnomo-Lumo; differences amount to 7.34 - 7.83 kcal/mol
for the ionised dyes and to 6.87 - 7.38 kcal/mol for the non-ionised dyes (Figure 8).

In our research, we performed calculations for non-solvated molecules and com-
pared the total energies of the 1:2 complexes of the obtained dyes. The most probable
form is H1xH2x for the ionised molecules and H1H1 for the non-ionised molecules.

Figure 9 shows the energy differences between metal complex dyes in which the
monoazo can occur as various tautomers. The most probable dye complexes are those
that involve the H forms (except for A1H1) of nitro derivatives during formation. At
the same time, the calculations indicate that comparing the properties of structurally very

similar dyes such as AB193 and AB194 may be burdened with a considerable error.

Table 14. Differences in the enthalpy of formation AE [kcal/mol] in a 1:2 complex for neutral
(-SOsH; A, H1, and H2) and ionised (- SOj ; Ax, H1x, and H2x) molecules of the AB194 dye;

rotation angles of naphthalene rings relative to one another (Figure 8 and Figure 9).

Complex Cr AE a[°] al°] Complex Cr AE ai[°] o[°]
[-SOsH] [-SO3 ]

AlAl 10.32 11.8 22.2 AlxA2x 7.41 12.6 21.4
AlA2 8.33 16.9 17.5 AlxA2x 7.94 8.5 18.1
A2A2 9.04 124 14.5 A2xA2x 8.04 18.0 12.5
AlH1 8.24 12.9 15.8 AlxHI1x 0.50 19.1 13.5
AlH2 10.82 16.9 10.9 AlxH2x 7.91 18.5 8.2
A2H1 7.24 14.1 13.3 A2xH1x 9.49 15.0 14.7
A2H2 7.95 27.5 12.6 A2xH2x 10.08 10.2 20.4
H1H1 0.0* 16.4 17.8 HilxHI1x 2.48 19.4 8.1
H1H2 1.59 15.3 18.0 H1xH2x 0.0** 14.2 13.8
H2H2 4.04 12.5 13.1 H2xH2x 0.37 13.2 9.4

*E = -18,632.22 kcal/mol, **E = —18,350.32 kcal/mol.
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Figure 8. Differences in HOMO and LUMO energies of the monoazo dyes AB194 calculated us-
ing the AM1 method in the neutral (-SOsH) and ionised (- SO; ) forms.
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Figure 9. Differences in the enthalpy of formation AE [kcal/mol] of AB194 isomers in the azo (A
and Ax) and hydrazone (H1, H2, H1x, and H2x) forms; (a) energy differences between monoazo
dyes calculated using the AM1 method; (b) energy differences between 1:2 metal complex dyes
following optimisation using the ZINDO/1 method.
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6. Conclusions

For the first time, a tautomeric equilibrium in 1:2 chromium metal complex dyes has
been examined using quantum-chemical calculation.

Calculations were performed concerning the electron structure of the tautomers of
monoazo dyes, their chromium complexes, AB193 and AB194, and compounds used
as models, D1 and D2.

The calculations indicate that the energy differences between the individual isomers
are low enough to allow the forms to transition between one another under the condi-
tions of the metallisation reaction (>90°C). As a result, a mixture of several products
with different colours is obtained. It explains why regardless of the proposed synthesis
methods, despite their variety, chromatographically pure and applicatively uniform
products are not being created.

The performed calculations indicate that HIH1 is the most probable form, as sup-
ported, on the one hand, by the stability of the H1 form, which is stable in a vacuum
(“hardness” 77), and, on the other hand, the experiential finding that o-hydroxy-azo
dyes occur primarily in the H form, especially under conditions that enable the solva-
tion of the dye molecule. Similar electron density on the hydroxyl and ketone groups
suggests that the mixture contains a dominant share of the azo form. The presence of
an jonised sulphonic group was also found to affect on the tautomer equilibrium.

The ZINDO/1 quantum-chemical method used in the calculations is the only one
within the Hyper Chem package that allows parameterisation for metals; and even
though the applied procedure is simplified (a variant of the INDO method), the ob-
tained results shed new light on the structure of 1:2 chromium complexes and the ac-
tual state of their molecules, which has been indirectly confirmed by experimental re-

search and the conclusions drawn from it.
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