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ABSTRACT. This paper presents an experimental evaluation of chromatographic
mobilities i.e. Rs values of a series of 16 direct dyes containing 4,4'-diaminobenzanilide
as a middle component. The R¢ values were obtained by reverse-phase thin-layer
chromatography and were quantitatively analysed by MLR (Multiple Linear Regression)
analysis. Good correlation with the scores of the R values obtained by principal
component analysis and predictability were noticed. Hydrophobicity of the direct
dyes influences significantly their lipophilic behaviour.
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INTRODUCTION

Lipophilicity is an important characteristic of dyestuffs, which can affect
their affinity for the textile substrates [1-2]. Other interactions also influenced by
lipophilicity include dye-dye aggregation [3-5] and dye-surfactant complexation [6,7].
Furthermore, toxicity can correlate with lipophilicity [8].

It has been stated that lipophilicity can be expressed by a volume or
cavity term accounting for hydrophobic and dispersion forces and polarity
terms, which express electrostatic interactions [9]. The polarity terms are more
difficult to be expressed.

An experimental procedure used for assessing lipophilicity is the reverse-
phase thin-layer chromatography (RP-TLC) [10]. Chromatographic mobility in such
systems has been extensively used as a measure of the lipophilic character,
though not apparently by dyestuffs or textile workers [11].

In the present work, chromatographic mobilities of a series of disazoic
and trisazoic direct dyes with 4,4'-diaminobenzanilide as middle component were
qualitatively analyzed by PCRA (Principal Component Regression Analysis).
The experimental Ry values were obtained by RP-TLC analysis and are presented
in Table 1.

EXPERIMENTAL

Materials and RP-TLC measurements

The investigated dyestuffs were asymmetric disazoic and trisazoic direct
dyes, of general formula (1).
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where for dye: 1-10, 12, 15, 16 C4 represents the first coupling component
(salicylic acid) and C - the second coupling component, as follows: the monoazoic
compound 2-amino-phenol-4-sulphoneamide—resorcine (dye 1), y acid (dye 2),
resorcine (dye 3), the monoazoic compound sulphanilic acid—2,4-diaminotoluene
(dye 4), p-aminobenzoyl | acid (dye 5), benzoyl | acid (dye 6), the monoazoic
compound 5-nitro-anthranilic acid—H acid (dye 7) and the monoazoic compound
5-nitro-anthranilic acid—| acid (dye 8), 2-amino-phenol-5-sulphone-amide—
resorcine (dye 9), salicylic acid (dye 10), 4 nitro-aniline—H acid (dye 12), | acid
(dye 15), benzoyl y acid (dye 16). For dye 11 the coupling components are: y acid
(C4), respectively H acid (C,); for dye 13 the coupling component C, is the
monoazoic compound aniline —acid H and C, is m-phenylenediamine; for dye
14 the coupling component C4 is the Schéaffer acid and C, is the monoazoic
compound 5-nitro-anthranilic acid—I acid. These dyes were synthesized and
purified at the Institute of Chemistry of Timisoara [12].

The measurement of the chromatographic R¢ values was performed by RP-
TLC analysis. The chromatographic plates used were of Merck, DC Fertigplatten
Kieselgel 60 type. They were pre-developed during 24 hours in a hexane:paraffin
oil of 95:5 (v:v) mixture. The eluting solvent, which is imposed to be a binary
system, was isopropanol:NH;3; 25 %, at 80-60 % ratios, which varied with an
increment of 5% of organic phase.

To ascertain the reproducibility of the experimental chromatographic
mobilities, the dyes were each spotted ten times onto the RP-TLC plates.
Average R¢ values were obtained by successive experiments.

METHODS

Definition of parameters

As independent variable the scores obtained by Principal Component
Analysis (PCA) from chromatographic R¢ values performed by RP-TLC analysis
were used. They are presented in Table 1.

Molecular dye structures were built by the ChemOffice package [13],
energy minimized using the MM2 force field. The minimum energy structures
found in this way for each compound were then used for energy minimization
by the semiempirical continuum-solvation model COSMO-AM1 [14] and employed
for further analyses. Molecular surface area (Acoswo) and volume (Vcosmo) refered
to solution-phase (COSMO-AM1) structures were calculated using MST van der
Waals radii [15].

Several quantum-chemical parameters were considered, like: the maximum
(QMAX) and minimum (QMIN) atom charge in the dye molecules, the atomic
formal charge on the most positive hydrogen atom (which reflects the electrostatic
part of the acidity term and expresses the hydrogen-bond acceptor basicity, Q+).
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The difference between the maximum and minimum atomic charge in a molecule
(MAXMIN) was used as a submolecular polarity parameter. The HOMO and LUMO
molecular orbital energies (Enomo and E uymo) were used in order to study
possible interactions of the dye molecule with the textile fibre. Also, from the same
quantum-mechanical calculations, dipole moments () were considered in order to
express possible dipole effects in dye-fibre interactions.

Table 1.
R¢ scores (f[1]) and structural descriptors of the direct azo dyes
Dye | {[1] Acosmo | Enomo | Erumo u MAXMIN | ClogP | MR
(A7 [eV] [eV] D]
1 1.45 581.77 -9.14 -1.42 9.91 413 6.25 19.16
2 1.94 513.9 -8.49 -1.58 22.99 4.13 4.26 17.16
3 1.72 435.51 -8.85 -1.48 12.23 0.99 6.48 14.23
4 1.62 590.16 -8.35 -1.3 477 417 5.00 19.68
5 1.33 612.45 -8.51 -1.63 17.19 3.92 5.08 20.54
6 1.09 600.49 -8.53 -1.52 13.65 417 5.08 20.54
7 -3.09 650.36 -8.46 -1.83 17.33 4.12 4.73 22.02
8 0.32 677.25 -8.35 -2.14 15.95 4.14 1.95 23.04
9 -1.32 577.75 -8.97 -1.52 14.57 4.15 6.25 19.16
10 2.84 454.59 -8.94 -1.52 22.99 0.99 7.57 14.73
11 -5.62 605.67 -8.19 -1.76 22.29 4.20 -3.84 | 20.43
12 -2.42 659.32 -8.52 -2.03 13.9 413 2.18 22.39
13 -0.69 626.10 -8.33 -1.96 20.56 4.12 1.77 21.65
14 -3.63 696.46 -8.53 -1.82 14.78 4.14 2.61 24.08
15 -0.29 513.47 -8.53 -1.54 7.54 4.15 4.26 17.16
16 1.42 602.05 -8.93 -1.6 14.42 412 5.99 20.17

Connolly Solvent Accessible Surface Area (SAS), Connolly Molecular
Surface Area (MS) and Connolly Solvent-Excluded Volume (SEV) [16] and the
hydrophobicity (ClogP) parameter (the logarithm of octanol/water partition coefficient)
were performed by the ChemOffice package.

The molecular weight (MW) and molar refraction (MR) were used as a
measure of the bulkiness of the azo dyes.

Principal Component Analysis (PCA)

The purpose of PCA is to find the simplest mathematical model able to
describe satisfactorily a given set of data. In the latent variable analysis, the
main objective is to find the possible relations between one or more dependent
variables and a potential number of explanatory variables [17]. During this analysis
the data matrix for a given set of objects are examined. The variables are described
as linear combinations of the new variables, called principal components (PC),
which are orthogonal vectors.
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The latent variables directions in the M-dimensional space are specified
by the "p" vectors and the location of the scores along this axis are given by
the "t" vectors. The "t" vectors are describing the direction of the principal
component axis, while the components of "p" represent the cosines of the angles
between the principal component and the co-ordinates axis. The levelheaded
coefficients are also called the loadings of the variables over the principal
component [18].

The PCA analysis was performed by the MASCA package [19].

Multiple Linear Regression (MLR) Analysis

Multiple Linear Regression Analysis relates one experimental variable
yk to one or several structural variables x; by the equation [20]:

Yk =bo + 2 bj xj +eg (1
1

where b represents partial regression coefficients and e the deviations and
residuals. The leave-one-out (similar to the leave-n-out [21]) and leave-half-out
[22] cross validation procedure was applied in order to verify the reliability of
our results. In this procedure one, respectively half of all molecules are held out
from the set, the correlation equation is computed for the rest of molecules and
the result is used to calculate the estimated affinity of the left out molecule.
These estimated affinities are compared with the respective experimental

values and 'predictive r (12, ) was obtained. MLR calculations were performed
by the SYSTAT package [23].

RESULTS AND DISCUSSION

The experimental R¢ chromatographic values have been analyzed by the
PCA method. The correlation matrix of the R values is presented in Table 2.
Significant intercorrelations between these values are observed. Therefore the
scores of the first principal component were used as independent variable in further
regressional calculations. The dependence of the obtained score values for the
first two principal components (t[2] versus t[1]) is presented in figure 1.

Table 2.
Correlation matrix of the chromatographic Ry values
Rf(75/25) | Rf(70/30) | Rf(65/35) | Rf(60/40) | Rf(80/20) | Rf(85/15)
Rf(75/25) 1.00 0.94 0.89 0.77 0.97 0.86
Rf(70/30) 1.00 0.97 0.87 0.89 0.75
Rf(65/35) 1.00 0.91 0.86 0.77
Rf(60/40) 1.00 0.70 0.58
Rf(80/20) 1.00 0.94
Rf(85/15) 1.00
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Figure 1. Dependence of the first principal component scores of the R; matrix

Even if two direct dyes seemed to act differently in comparison to the
others: dye 7 having as coupling component monoazoic compound 5-nitro-
anthranilic acid—H acid and dye 9 having as coupling component 2-amino-phenol-
5-sulphoneamide—resorcine, they were not found to be outliers in the R¢ space.

In figures 2 the variation of the first two principal components loadings
(p[2] vs. p[1]) in the R¢ space is presented.
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Figure 2. Dependence of the first two principal components loadings

Even if the chromatographic R; values are interrelated, a different
behavior in the case of the chromatographic mobility of the eluting solvent
isopropanol:NH3 25%= 60:40 (R¢ (60/40)) could be observed from figure 2.
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Principal Component Analysis was then applied to the descriptor matrix.
The correlation matrix between the original descriptors and the first three principal
components is presented in Table 3. Volume and bulkiness parameters produce
an important contribution to the first PC. Polarity parameters contribute to the
second principal component. The first PC describes, mainly, a measure of the steric
parameters of the dye molecules, the second PC is a measure of hydrophobic
and electronic effects.

Table 3.
Correlation matrix between the original descriptors and the first three principal components
PC1 PC2 PC3
Acosmo 0.98 -0.11 -0.13
Vcosmo 0.98 -0.03 -0.15
SAS 0.97 -0.09 -0.11
MS 0.98 -0.11 -0.12
SEV 0.99 -0.02 -0.09
Mw 0.98 0.04 -0.14
OVAL 0.88 -0.38 -0.22
Enomo 0.57 0.54 0.38
ELumo -0.68 -0.50 0.34
u 0.02 0.78 -0.22
QMAX 0.80 -0.25 0.44
QMIN -0.79 0.26 -0.44
Q+ 0.38 0.23 0.65
ClogP -0.60 -0.59 -0.15
MR 0.99 -0.06 -0.10
Eigenvalues 10.09 1.88 1.28
Eigenvalues 67.24 79.75 88.30
cumulative, %

The dependence of the principal component scores of the descriptor
matrix is presented in figure 3. Two direct dyes, having as coupling component
resorcine (for dye 3), respectively salicylic acid (for dye 10) have a different
behaviour in the descriptor space in comparison to the other 14 dyes. This can
be explained by the presence of only one phenylic group in each of the coupling
components.

Starting from the set of descriptors described above, MLR approach
has been applied to model the scores of the chromatographic R¢ values. Starting
from the entire data set of 16 structural descriptors, intercorrelations between
these descriptors have been inspected for the set of 16 compounds. Variable
selection by a stepwise regression procedure based on the Fischer test was
performed. All the statistical tests were tested at a significance level of 5 % or less.
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Figure 3. Dependence of the first principal scores of the descriptor matrix

Following MLR equation (correlation coefficient r, standard error s, F-test,

and crossvalidated correlation coefficients 7, ~and 2,  resulting from the

leave-half-out and leave-one-out procedures, respectively) was obtained:
f[1]=-2.92(10.748) + 0.66(£0.15)Clog P

2 2 2 (2)
r’=0.572 s=1.625 F=18.69 ry, =0372 1y ~=0488

Equation (2) indicates that dye hydrophobicity influences significantly
the lipophilic dye behaviour.

CONCLUSIONS

This paper presents an experimental and theoretical evaluation of
chromatographic mobilities i.e. Rs values of a series of 16 direct dyes containing
4.,4'-diaminobenzanilide as a middle component. Molecular dye structures were
energy minimized using the MM2 force field and by the semiempirical continuum-
solvation model COSMO-AM1. Several molecular descriptors were derived
from the energetically minimized molecules. Principal Component Analysis was
then applied to the descriptor matrix. Volume and bulkiness parameters produced
an important contribution to the first PC. Polarity parameters contributed to the
second principal component. Two direct dyes, having only one phenylic group
in each of the coupling component (resorcine, respectively salicylic acid) have
a different behaviour in the descriptor space in comparison to the other 14
dyes. The Rf values were obtained by reverse-phase thin-layer chromatography
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and then were quantitatively analysed by MLR (Multiple Linear Regression)
analysis. Good correlation with the scores of the R¢ values obtained by principal
component analysis and predictability were noticed. Hydrophobicity of the
direct dyes influences significantly their lipophilic behaviour.
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