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Abstract

The structure of cellulose fibre is discussed in relation to the relevance of the ligand-receptor concept for dye—fibre
binding. An outline of qualitative SAR (structure—activity relationship) for dye—cellulose fibre binding is given, as well as
of QSAR/QSPR (quantitative structure—activity/property relationship) for such binding and calculations of pertinent
(electronic, geometric and partition) properties of dye molecules. Modern QSAR methods for dye—fibre adsorption
include MTD (minimal steric difference) analysis, COMFA (comparative molecular field analysis), PCRA (principal
component regression analysis) and neural network. Series of anthraquinone vat dyes, mono, bisazo and disperse dyes
were studied by these methods. Conclusions from these QSAR studies concerning the effect of structural features of
dye molecules upon adsorption on cellulose fibres are discussed. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Textile dyeing has been practiced empirically
over thousands of years, but theoretical studies on
the mechanism of dye adsorption have been carried
out only since the end of the nineteenth century.

There is no single interpretation of dyeing the-
ory. The models known especially describe the limit
cases (e.g. thermodynamic equilibria), which only
partially reflect the practical dyeing processes.
Effective dye adsorption by textile fibres has
economic and even ecological implications.

This paper presents some qualitative and quan-
titative experimental arguments for the application
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of QSAR/QSPR (quantitative structure—activity/
property relationships) techniques to dye adsorp-
tion on cellulose fibres. QSAR results are reviewed
and an insight into the mechanism of cellulose
dyeing at the molecular level is thus obtained.

2. Cellulose fibre structure in relation to dyeing

In cellulose supermolecular construction, the
basic step is considered the celulose unit cell [1,2].
The next step are fibrillar micelles of 100—150 mol-
ecules with parallel arrangement. Microfibrils are
formed by 15-25 associated micelles while fibrils
are formed by 100-250 microfibrils. In the crys-
talline parts (around 70% in cotton fibres) cellu-
lose molecules are firmly tied through hydrogen
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bondings. In others, so called amorphous areas of
fibres, there is a progressive disordered orientation
of molecules [3].

The chemical composition of fibres determines,
to some extent, the type of best dye to be applied
[4]. The way in which the orientation and crystal-
linity affects the dye adsorption cannot be pre-
dicted. The difficulties are related to the absence of
a molecular model for the dye sorption on fibre
and to the exact location of the dye bonded to the
fibre (in the crystalline or amorphous fibre region).
The dye adsorption capacity is determined either
by the chemical structure of fibres or the fine
supramolecular structure [5].

Since different types of regenerated cellulosic
fibres have differences in the fine structure it is
difficult to formulate precise relationships between
structure and dyeability [6].

Vieira Ferreira et al. [7] considered that the
reaction of cellulose with other molecules starts on
the less ordered surfaces of the aggregates and
then proceeds under favourable conditions into
the interlinking region between elementary crys-
tallites, penetrating into them from both ends.
From the study of fluorescence emission data of
the auramine O dye when adsorbed on micro-
crystalline cellulose, it was concluded that this dye,
in monomeric form, is strongly entrapped and
rigidly attached between cellulose polymer chains
in all samples prepared with solvents that
efficiently swell cellulose.

Kai et al. [8,9] studied the effects of some direct
dyes on microbial cellulose by X-ray diffraction,
solid state '3C-NMR and deuteration-IR determi-
nations. They concluded that these dyes formed a
product with the microbial cellulose which is a
crystalline complex composed of a dye and cellu-
lose. The structure of this product indicated that
the dye molecule was included between the cellu-
lose sheets corresponding to the (100) plane of the
complex, i.e. (110) planes of microbial cellulose.

In contrast to these experimental results, Daescu
et al. [10] proposed a sorption model of some
azotols in the less-ordered amorphous regions of
cellulose. They considered the hypothesis of the
multilayered microcrystalline micelles at the sur-
face of cellulose fibre as region for the azotols
sorption as a result of some correlations of azotol

affinity with computed hydrophobicity and steric
azotol parameters.

The most obvious macrostructural feature of a
fibre to affect the dyeing is its specific surface area
[11]. Although dyeing cannot take place within the
crystalline regions of the fibre, it is not confined to
the external surface. The accesible internal sur-
faces include the voids between microfibrils and
the space between elementary fibrils provided that
the dye molecules are not prevented from entering
by their size.

It is considered that the application of many
dyes to cotton is accompanied by a minimum of
chemical change in the cellulose of the fibre [12].
Visualization of the location of such materials in
the fibre by electron microscopy cannot be
accomplished because of the lack of difference in
the electron-scattering properties of the dye and
the cellulose. In case of cellulose dyed with Congo
Red, concentrations of substantive dyes were
located at the microfibrillate level in cellulose.

Dye adsorption at equilibrium represents the
maximum sorption from the dyebath under certain
conditions [13]. From the final equilibrium con-
centrations of dyes in fibres adsorption isotherms
such as the Freundlich, Langmuir and Nernst iso-
therms are obtained. Most adsorption isotherms
correspond to the Freundlich and Langmuir equa-
tions [14]. With reasonable approximation Lang-
muir isotherms describe the dyeing of cellulose
fibres [4]. The applicability of Langmuir type of
isotherms in the study of dye-fibre interactions
leads to the idea of specific interactions between
dye and fibre [13]. The different saturation values
obtained for various dye structures, suggest
“quantitative correlation between cellulose mor-
phology and dyeing equilibrium’ [15].

Lately, the multimodal model of disperse dye
adsorption on different types of fibres has been
proposed [16,17]. According to this model, com-
petitive Nernst and Langmuir multimodel adsorp-
tions are considered to describe the adsorption
isotherms. In this case a partition process between
the dye and fibre and processes with ‘n’ types of
saturable sites on the fibre are considered [18].

The application of QSAR techniques to dye—
cellulose binding is based on the hypothesis of
specific dye—fibre interactions. Some recent results
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published by Woodcock et al. [19] point to the
specific adsorption of the anionic azo dye Congo
Red on crystalline cellulose surfaces.

The binding site for the dye molecule would be
on the crystalline region of the cellulose, in the
“holes™ resulted from the supramolecular struc-
ture [20]. The dimensions of these sites between
the micro- and macro-fibrils are of the order of
few Angstréms or more [21].

3. Structure-activity relationships

Several types of dye—fibre interactions are reported
in the literature. Thus, the following intermolecular
interactions have been considered: electrostatic
[5,14,22,23-31], van der Waals [32-40], hydrogen
bonding [22,35,36,41-45] and hydrophobic interac-
tions [46—52]. The same types of binding are also
found in ligand—biological receptor interactions.

Electrostatic interactions act between the ionic
centres of the dyes and the electrically charged
polymers (e.g. the cellulose) [35]. The electrical
properties of the exterior fibre surface are respon-
sible for the kinetics and thermodynamics of the
surface sorption of ions and molecules of dyes [5].
The diffuse electric layer from the surface neigh-
bourhood and where the charge separation takes
place can be treated by the Gouy and Donnan
approximations [22]. In case of cotton fibres it has
been reported that the values obtained for the
electrokinetic potential are very close to those
predicted by the Gouy theory [22,53].

van der Waals interactions are efficient in the
sorption of dyes in fibres if the distance between the
dye and the polymer molecule is very low [34]. For
dyes with cellulose affinity this attraction is favoured
by a large planar structure of the dye molecule.
Artym et al. [37] considered that the formation of
van der Waals interactions between vat dyes and
cellulose is proportional to the effective m electro-
nic area of the molecule. Valko [54] underlines the
importance of the extended area of electronic
conjugation in the dye molecules for the dye-
cellulose interactions through dispersion forces.

The formation of dye—fibre hydrogen bonds is
controlled by the presence of hydrogen bonding
functional groups in the fibre and the dye and also

by the macromolecular fibre structure [42]. Badi-
lescu et al. [45] consider that the cellulose free
hydroxy groups could not participate since they
are involved in intra- or inter-molecular hydrogen
bonding in the amorphous and crystalline areas of
the fibre.

Hydrophobic interactions appear as result of
any transfer to a non-polar solute from aqueous
solution. In case of cellulose dyeing, as result of a
hydration layer around the fibre and of weak
alternative binding forces (e.g. dispersion forces)
tensioactive dyes would be necessary [35]. These
could concentrate at the water—cellulose interface
and would strongly aggregate in the concentrated
superficial phase. It is considered that the hydro-
phobic effects depend almost entirely on water
structure. As water structure is affected by the
presence of ionic centres, the relative position of
ionic and hydrophobic centres of the dye molecule
can be important in dyeing.

Charge transfer complexes are formed between
molecules with strongly different electronegativities
and with planar surfaces which allow a large con-
tact surface [55]. Riesz [56] considers that vat dyes
would form ’a charge transfer complex’ through a
donor—acceptor proton complex in cellulose binding.

In many studies reported in the literature, dye
molecular parameters have been related qualita-
tively to the adsorption on fibres. They can be
divided according to their different contribution to
electronic, steric and intermolecular effects during
the dyeing processes.

Concerning electronic parameters it was observed
that the presence of conjugated double bonds (as
electronic dye parameter in the dye molecules)
increased the induction forces and hence their
substantivity for fibre [2,37,56]. Alberti et al.
[57,58] noted that the mesomeric effect of hetero-
atoms in some dye molecules also influenced the
substantivity for fibre.

Steric dye parameters have been related to dye
diffusion in fibres. The molecular dye dimensions
have been expressed in various ways. Giles et al. [59]
considered the molecular dye dimensions as being
expressed by the maximum lengthxwidthx thick-
ness, by molecular area and by molecular weight
and correlated these structural dye elements with
diffusion coefficients. Wilson [60] considered the
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dye molecular dimension as being defined by
bonding lengths, which can be correlated with the
width of the biggest channels of a viscose fibre.
Shibusawa [61] found a dependence between some
molecular dye dimensions (like the molar and the
van der Waals volume) and the dye diffusion
capacity in aqueous solution. Dye molecular
weight, molar and van der Waals volumes have
been related to the diffusion coefficients in the case
of nylon dyeing by some non-ionic dyes [62]. Dye
linearity is considered to bring the dye molecule
into close proximity with the cellulose fibre and to
be responsible for efficient dye—fibre interactions
[14]. The number of azoic groups can influence the
dye substantivity [2,63] as well as the presence of
conjugated double bonds [36] and the length of
planar dye molecules [64]. Coplanarity is also
considered an important dye parameter which
influences textile dyeing [2,4,57,65-67].

Structural dye parameters have been found to
contribute to intermolecular (van der Waals, hydro-
gen bonding, hydrophobic) effects in textile dyeing.

The cross sectional area of the m electronic sys-
tem of dye molecules, the length of planar dye
molecules and the presence of aromatic nuclei
could contribute to van der Waals dye—fibre inter-
actions [64]. An accumulation of aromatic nuclei
in the dye molecules and an extended = electronic
system lead to the same kind of interactions [37].

The importance of hydrogen bonding in dyeing
is indicated by the fact that most dyes contain
nitrogen and/or oxygen atoms [2,64]. The avail-
ability of the lone pairs of electrons on these atoms
in groups such as: amino, azo, carbonyl and amido
groups [2,37,58,68,69] influence the dye affinity for
cellulose. The number of hydrogen donors and
hydrogen acceptor atoms of the dye molecules are
considered structural parameters responsible for
hydrogen bonding to fibre [70].

Structural dye parameters which contribute to
hydrophobic dye—fibre interactions have been
reported. Moryganov et al. [63] considered that the
introduction of additional aromatic nuclei in the
structure of some direct dyes increased their affinity
for fibre by increasing the hydrocarbon—water
separation surface. The successive accumulation
of benzene nuclei in the azoic dye components
increased the dye affinity for cellulose [71]. This

phenomenon was attributed to the increase in the
hydrophobic surface of the dye molecules. The
increase of the conjugated double bond system in
the dye molecules increases the hydrophobic sur-
face of these dyes and their polarizability [72]. The
effect of the length of the alkyl chain attached to a
benzene nucleus in some acid dyes has been stu-
died. [73]. The affinity for fibre increased per
methylene group, but not with groups larger than
n-butyl. The presence of methyl groups attached
to a benzene nucleus produces an increase in the
non-ionic dye affinity for cellulose [74]. The intro-
duction of methyl groups into some acid dyes was
associated with van der Waals dye-silk interac-
tions which increased the dye affinity for fibre [75].
The number of sulfonic groups in the dye mol-
ecules influences the solubility and implicitly the
affinity of dyes for fibres [72]. Thus an increase in
sulfonic groups led to a the decrease of benzidinic
dye affinity for cellulose. The same phenomenon
was observed by Moryganov et al. [63] in the case
of other direct dyes.

4. Quantitative structure—activity/property relation-
ships

Molecular modeling and statistical methods
used in the QSAR (quantitative structure—activity
relationships) field constitute an important new
tool for the study of dye—fibre interactions. The
advantages of this new approach to dye adsorp-
tion on cellulose fibre are related either to the
description of the mechanisms present at mol-
ecular level or to the predictability of the proposed
models, which can lead to the design of new dyes
with higher affinities for the cellulose fibre.

The arguments for the application of QSAR
techniques in dye adsorption on cellulose come
from both the variety of data of the physical
chemistry of dyeing and the complexity of the cel-
lulose fibre structure. In the dyeing process several
intermediate equilibria can be considered and the
partition coefficient of the dye between the dye-
bath and fibre could be considered a final thermo-
dynamic equilibrium constant. The Langmuir
isotherms proposed for the dye adsorption at equi-
librium on specific fibre sites lead to the conclusion
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of cellulose selectivity for different types of dyes.
The structural organization of cellulosic fibres can
be compared to the organization of proteins
on different levels. A similarity between ligand—
biological receptor interactions and dye—fibre
intermolecular interactions can be made.

A predominantly parallel orientation of the dye
molecules in dyed fibre to the fibre axis was found
by electro-optical methods. The above facts
suggest the existence of selective specific sites on
the fibre for the adsorbed dyes. The binding site
for the dye molecule would be situated between
the sheets in the microfibrillar microcrystalline
region of the cellulose fibre, in the voids resulting
from the supramolecular structure.

There are few articles reported in the literature
on quantitative relations between the dye structure
and their tinctorial properties derived by QSAR/
QSPR methods.

Quantitative relationships between chemical
structure and technical dye properties were per-
formed by the Free—Wilson and partial least-
squares regression (PLS) [76-82].

The effect of substituents of some arylazoindole
derivatives on the lightfastness, fastness to wash-
ing and affinity for nylon and wool was studied
by the Fujita—Ban modified variant of the Free—
Wilson method [76]. An important contribution for
dye substituents and another small one of the
‘parent structure’ (or common molecular frame-
work) was observed for the nylon lightfastness.
The sulfonic group was considered to be an import-
ant factor in the nylon fastness to washing. In the
study of the effect of dye substituents on fibre
affinity, all the dyes studied showed a higher sub-
stantivity for nylon than for wool with differences
relative to the ‘parent structure’. The influence of
substituents was higher for wool than for nylon.

Models for the study of relations between the
dye lightfastness and fastness to washing and the
structure of some acid 4-aminobenzenesulfonic
dyes have been proposed by the Free—Wilson
method in the Fujita—Ban variant when applied to
nylon or wool [77]. Substituents containing chlor-
ine significantly improved both lightfastness for
nylon and wool and fastness to washing for nylon
for the ‘parent structure’. Effect of substituents
was negligible. The wash fastness on wool is low

for the ’parent structure’ but high values were
noted for dyes with bulky substituents.

The influence of the substituents in some azo
dyes on the nylon lightfastness and fastness to
washing and perspiration has been studied by the
Free—Wilson approach [78]. It was concluded that
electron withdrawing groups were beneficial for
lightfastness. The fastness to washing was influ-
enced by bulky dye substituents.

Besides the Free-Wilson approach, the PLS
(partial least-squares) method has been applied to
the study of lightfastness of some azo dyes applied
on polyester fibres [79]. The PLS analysis allowed
models to be predicted by relating tinctorial proper-
ties to physico-chemical structural dye descriptors
and also to '3C-NMR, spectroscopic, chromato-
graphic and calorimetric properties [81].

The relation between polarographic properties
and dye lightfastness for polyester fibres was
studied by PLS analysis [82] and a non-linear cor-
relation between the lightfastness and polaro-
graphic oxidation and reduction properties was
obtained.

PLS analysis has been applied to a series of azo
dyes [80] in order to study the influence of various
substituent physico-chemical descriptors such as
the Hammett o constant, the hydrophobic n-
Hansch constant, the molar MR refractivity and
the v steric Charton parameter on lightfastness,
fastness to washing and to perspiration. The results
indicated an inverse proportional dependence with
respect to lightfastness and fastness to perspira-
tion but no relation with washfastness.

There are only a few reported molecular model-
ing calculations applied to dye molecules. Dérr [83]
has underlined the importance of this kind of cal-
culation in the design of molecular dye structures.

Classical QSAR, pattern recognition and 3D-
QSAR methods have been employed by us in the
study of dye fibre interactions [84-99]. The meth-
odology used is not presented, but the beneficial
and unfavourable features of each method are
highlighted.

The classical QSAR methods rely principally on
the mathematical technique of multiple linear
regression (MLR). This means an easy interpreta-
tion of the results, especially when the fibre
affinities of the dye molecules are related to simple
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and clearly defined physico-chemical parameters,
but implies some risks of chance correlation.
These are introduced mainly in the variable selec-
tion phase, when one must decide which par-
ameters are relevant for affinity. The number of
parameters potentially important for the dye fibre
interaction can be large and this leads to the use of
multivariate statistical methods, like principal
component analysis (PCA), principal component
regression analysis (PCRA) or PLS (projection in
latent structures). These methods successfully han-
dle large matrices of predictor variables, although
sometimes with disadvantage of clarity as well as
of physical and chemical interpretation. In these
cases, the relation between the dependent variable
and the parameters characterizing the dye mol-
ecules is much more “hidden” than in the MLR.
This later difficulty is the principal disadvantage for
the neural network (NN) method too. Although
good predictions can be made from a good NN
model, one of the principal goals of QSAR appli-
cations, the interpretation of the results at mole-
cular level is more tedious.

At the limit between the classical and 3D-QSAR
methods, the minimal topological difference (MTD)
method supplies interesting information concerning
favourable and unfavourable molecular interaction
between the target macromolecule and the ligand
binding molecule to this target. In the special case
of dye-fibre interaction, where the MTD hyper-
molecule may contain many more vertices than
ligand molecules in the series (many ‘floating”
parameters in the MTD optimization process), the
main risk is represented by some kind of model
overfit. This is equivalent to the risk of chance
correlation, i.e. to designate the quality (beneficial,
detrimental, irrelevant) of the vertices by chance.
This drawback is minimized by the new MTD-
PLS variant of the method [84].

The CoMFA 3D-QSAR method is the most
evaluated among those applied by our group to dye
fibre interaction. Although this interaction seems
to be less specific than in the case of ligand-
biological receptor interaction, the CoMFA
method can supply much useful information
about the molecular level processes involved here.
This method sometimes also prevents the risk of
overfitting the data.

Having in mind the features presented above, an
account follows concerning the results obtained by
our group in the cases of affinities of four dye
classes for cellulose fibre.

4.1. Anthraquinone vat dye adsorption on cellulose

fibres

R O R
Ry

1

Rl :H, Cl, CH3, OCHg, NH2, N(CH';)(COCH:;),
NHCOCH;, NHCOC¢Hs, NHCOCgH,4-4-CH3,
CONHC4H,-3-Cl, CONHC4H,-3-CHs,
NHCOC,,H;-2', CONHCH,-4-OCH,
CONHC4H,-4-Cl, CONHC4H,-3-OCH3;

Rz = NHz, NHCOCH;, NHCOC6H5,

R3=OH, OCH3, NHz, NHCH3, NHCOC6H5,
N(CH,)(COC4Hs), CONHC¢H,-4-OCH3,
CONHC¢H,-3-CHs, CONHC(H-4-CHs,
CONHC¢Hy-3-Cl, CONHC¢H,-4-CI;
114:()CI‘I37 NHQ, NHCOC6H5, CONHC6H4-4-
CH,;, CONHC4H,-3-CH;, CONHC¢H,-3-OCH3,
CONHC6H4-4-C1, R5:OH, NHQ, NHCOC6H5

A series of anthraquinone vat dyes (1) has been
studied by several QSAR methods. The MLR
[85,86] and PCRA [87] methods lead to the con-
clusion that among the most important parameters
in this dye series are the length of the conjugated
chain of the dye molecule (#) and the number of
proton donor groups (o), with equations having
squared regression coefficients, 12, between 0.889
and 0.920 (0.835 for an equation containing only
the n parameter). The ‘n” parameter can be inter-
preted as some kind of length of the molecule,
along which beneficial interactions can take place
between the ligand molecule and the fibre.

Application of the MTD method to the same
series of anthraquinone vat dyes [85,86,88-90],
gave 12 values between 0.903 and 0.941, and also
“predictive 2, or cross-validated ¢2, values in the
range of 0.827-0.878. The great number of the ver-
tices (72 to above 80) in the hypermolecule, ques-
tion these excellent statistical results. Nevertheless,
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the vertex attributions for series of 46, 47, 49 com-
pounds (from simple, planar, to multiconformational
and multiple vertex hypermolecule construction)
show that along the longest dye molecule axis mainly
attractive interactions are present; only in lateral
pockets were some detrimental vertices found.

The CoMFA study [88] (r>=0.992, ¢*>=0.841)
leads to the conclusion that the electrostatic inter-
action is the main factor contributing to the dye—
fibre interaction. The electrostatic field contribu-
tions show that, if vast domains exhibit increasing
positive charges, i.e. in the regions of almost all
substituents of the anthraquinone moiety, this
should yield higher affinities for the cellulose. This
fact suggests some kind of electrostatic ““attraction”
between the dye molecule and the negatively
charged cellulose fibre (either in the phase of
approach of the dye molecule or in the proper bind-
ing phase). This is in accordance with the results of
the MTD method, showing attractive regions for
many vertices of the substituents belonging to the
anthraquinone skeleton. It is interesting however
that the analysis of the CoOMFA steric field con-
tributions leads to the conclusion that the R, sub-
stitution (see general formula 1) will reduce dye
affinity, in contradiction to the MTD results, which
indicate this region as beneficial for binding. Two
compounds from the studied dyes [89], having
cyclic aromatic substituents covering the sub-
stituent R,, bind with high affinity to cellulose. It
seems that the electrostatic interaction over-
whelms the steric one for this substituent position;
indeed in all CoMFA models the contribution of
the electrostatic term is larger than that of the
steric one. Besides the steric and electrostatic con-
tribution, the CoMFA study demonstrates that
some importance attaches to the LUMO energy.
This parameter can be related to the solubility of the
compound [93].

4.2. Anionic monoazo dye adsorption on cellulose

fibres

2

X=-CH=CH-, -S-

Y =-CH=CH-, -CONH-, -CO-

R =naphthionic acid, Nevile—-Winther acid, R
acid, H acid, chromotropic acid

A series of anionic azo dyes with different
coupling components (2) was studied by MLR
[91]. The correlation of the affinity with the chro-
matographic lipophilicity index Ry was realized in
only two sub-series of dyes having a coupling
component with one (12 compounds) or two (18
compounds) sulfonic groups (> of 0.721 and
0.958, with ¢ of 0.565 and 0.952, respectively). In
these two sub-series, increasing Ry, values lead to
higher affinity. An attempt to perform a PCRA
study for the last 18 molecules, involving other
structural parameters besides Ry, also produced a
model, but with smaller correlation coefficient
(r?=0.901, after elimination of one outlier).

In order to unify the two sub-series of com-
pounds, a MTD study was performed [91]. Using
only the MTD parameter for the whole series of 30
dyes, the statistical results are rather weak:
?»=0.667, with ¢*(LO0O)=0.560 (leave-one-out
method) and ¢*LHO)=0.527 (leave-half-out
method). Detrimental vertices dominate in the
hypermolecule. If besides MTD lipophilicity Ry
values are introduced as a supplementary para-
meter, better statistical results are obtained
(r>=0.850, ¢*(LOO)=0.796 and ¢>(LHO) =0.647),
the dominance of detrimental vertices is conserved
(from a total of 31 vertices, only one is beneficial
and 14 are “wall” vertices). The detrimental ver-
tices appear mainly in lateral pockets of the
common skeleton of the hypermolecule, for
example on some of the SO;H groups. As will be
shown in the CoMFA study for the disazo dyes
adsorption, this feature appears here also as a
detrimental electrostatic interaction between some
negatively charged SOs;H groups and the cellulose.
Thus, for these compounds the binding affinity
seems to depend on the free energy accompanying
the transfer of the molecule from the chromato-
graphic mobile phase to the stationary phase (Ry
proportional to the lipophilicity) and on some,
hypothetically electrostatic, detrimental interac-
tions.
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X=NH, O, S
R =chromotropic acid, R acid, Nevile—Winther
acid, H acid, y acid, naphthionic acid, J acid

In [92], Ry was defined as a parameter depend-
ing on free energy of transfer from solution in an
immobile phase and not necessarily as a hydro-
phobicity parameter, because we found that for
other series of heterocyclic monoazodyes (3, 4),
with the same coupling components, the hydro-
phobicity parameter C log P was not correlated
with the dye affinity (simple linear regression) [93].

A CoMFA study of the affinities of these com-
pounds by different models with electrostatic,
steric, LUMO and HOMO energy contributions
yields good statistical results: > between 0.886 and
0.977, with ¢* ranging from 0.590 to 0.818. In this
case too, as for the anthraquinone dyes, electro-
static effects were found to be predominant.
Again, the electrostatic contour maps indicate the
predominance of positive over negative charges.
Increased positive charges around the negatively
charged SO3;H groups, especially on atoms situ-
ated near the azo group, but also in other regions
around the coupling component, should lead to
higher affinities. The steric contour maps suggest
that bulky groups should be attached at the
naphthyl coupling component moiety with benefic
effects on the affinity. Also the steric field indicates
that the introduction of a benzothiazole group is
detrimental for dye—cellulose binding. Besides the
electrostatic and the steric fields, the introduction
in the model of the LUMO energy as an indepen-
dent variable leads to good statistical results.
According to [93], this variable may indicate the
contribution of dye molecule solvation in the cel-
lulose dyeing.

An important common feature for the two
monoazo dye series seems to be that the increase
of positive charge in certain molecular regions is
beneficial for dye—cellulose affinity (Fig. 1).

4.3. Anionic bisazo dye adsorption on cellulose

fibres
X.
N« N
SN Y N7
Ry SOsH HO3S Ry
5

X =NH, CO, NHCONH, CONH
Y =CO, CONH, NHCONH
R,=NH,

R2 = NHz, SO}H

For a series of 21 direct bisazo dyes (5) [94-96],
MLR and NN studies were performed using a set
of steric, electronic and hydrophobic parameters.
Among them, two sets of molecular shape par-
ameters are mentioned: the “metameters” A;, A,
and A3 (eigenvalues of the correlation matrix cor-
responding to the (3, N) matrix of the cartesian
coordinates, N being the number of atoms from
one molecule) and the ‘a’, ‘b” and ‘¢’ semiaxis of
an ellipsoid that embeds the molecule [100,101].
After variable selection, two poor MLR models
were obtained: the first one, depending on the A4,
> and Exomo (the HOMO energy), and the sec-
ond on “a” (the longest ellipsoid semiaxis) and
Enomo. The parameters of the first MLR model,

Top view
positive charge O
0—d-0©
A
O =
Oxg ) \©
N
Side view
= N-N-

flat molecule

Fig. 1. Summary of useful features for higher cellulose affinity
in case of the monoazo dyes.
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submitted to a three-layer NN with the back-
propagation of errors, lead to a much better
model, after elimination of one outlier. The statis-
tical parameters corresponding to this NN model
are: r>=0.884 and ¢*>=0.622. The improvement of
the model is explained by the ability of the NN
method to take account of non-linear and cross
terms in the modeling. Although the predictivity
of the NN model is good (see the ¢ value), it is
rather difficult to interpret these results at mole-
cular level: we retain that the shape of the mole-
cule is important and maybe these dyes act as
donors in the dye-cellulose interactions. It is men-
tioned that the C log P hydrophobic parameter is
not correlated with the dye affinity.

The CoMFA method applied to these com-
pounds [92] clarifies the important features gov-
erning the dye affinities. Again the electrostatic
field proved to be more important than the steric
one. It is interesting to note that the negative
charges on the SO3;H groups lying at the ex-
tremities of the symmetrical bisazo dyes decrease
the affinity, while the same sulfonic groups situ-
ated near the azo groups are beneficial for the
dyeing process. From the effects of the steric field
it is worthwhile to mention that deviations from
the planarity, especially in the central region of the
molecules, are predicted to be disadvantageous.
This is in accordance with the fact that A5 (a shape
parameter) has negative slope in the MLR model
and it is consistent with the NN model.

The bisazo dyes, similarly with the monoazo dyes,
will be better dyeing agents for cellulose if the nega-
tive charge, represented for example by SO;H
groups, can be reduced. Certainly such an operation
would reduce the solubility of these dyes.

4.4. Disperse dye adsorption on cellulose

R
Ry N=N N
R¢

Ry R3 R4

6
R, =NO,. Br, Cl. CN, OCH,, CHs, F: R,=Cl,
NO,, CH3; R3=CHj3, NOy; Ry=CH3;
R5 = C2H5, C2H4OH, R6 = C2H4OH

The affinity for cellulose fibre of a series of 20
disperse dyes (4-aminoazobenzene derivatives) (6)
was first studied by means of the Free—Wilson and
the MTD methods [97]. A good agreement was
obtained between the results of these two QSAR
methods, showing beneficial dye—fibre interactions
along the longest molecular axis. For the same
series, a MLR study implying steric, electronic
and hydrophobic parameters showed that an
important factor in the above interactions would
be of electrostatic (electronic) nature [91].

The series of 20 disperse azo dyes was completed
with other 7 similar disperse dyes in addition pos-
sessing also condensed heterocyclic moieties, and
afterwards the MTD study was repeated [98].
Most of the cavity vertices in this case appeared in
the region of the heterocyclic substituent, thus
prolonging the molecular surface with beneficial
interaction along the longest molecular axis. The
PLS variant of the MTD method, applied to the
same series of compounds [99], strengthened this
image. This later study also differentiated the local
steric, hydrophobic, electrostatic and hydrogen
bonding effects. The results indicate both cellulose
O-atoms and OH groups are involved in hydrogen
bonding with the dye molecules. Charge effects are
often important but are not always related to
hydrogen bonding.

Simple MLR models [98] indicate that hydro-
phobic transferability does not play an important
role in binding, since C log P does not correlate
with the affinity, but a simple geometric parameter
(the molecular length descriptor, 4) explains 75%
of the variance of the affinity values, generating
the simplest predictive model with r>=0.748.

The CoMFA study [98] of the compounds
(r*=0.925, ¢>=0.776) emphasised the importance
of steric contributions for enhancing the dye affinity
to cellulose over the influence of the electrostatic
field. This is in contradiction to the results obtained
for anthraquinone vat dyes and for monoazo and
bisazo dyes. The beneficial steric interactions are
mainly in the region of the condensed heterocyclic
moiety. The positive electrostatic contributions
are located around the benzene ring bonded to the
azo group, rather than the 4-aminophenyl group.

For these disperse dyes, the favourable features
for high affinity can be summarized as long linear
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structures and substituents that maintain linearity.
Fig. 2 presents a general view of beneficial dye
regions for higher affinity for cellulose fibre in the
case of the disperse azo dyes.

5. Conclusions

Our QSAR-type studies for dye—cellulose fibre
interaction presented in this review, as well as the
qualitative SAR-type relationships, demonstrate at
least an appreciable similarity of dye—fibre interac-
tions with receptor-ligand interactions. Series of
anthraquinone vat dyes, mono and bisazo and dis-
perse dyes were studied by several variants of classi-
cal QSAR and 3D-QSAR and of other modern
methods. A comparison of the results demon-
strates that these methods usually agree in the
prediction of structural features favourable for
dyeing. Attractive dye—cellulose interactions are
generally favoured along the molecular axis of the
dye molecule and by the length of the molecular
conjugated system. Electrostatic and steric inter-
actions are more important for dye—cellulose
binding than hydrophobic interactions. Perhaps
the most interesting result, as indicated mainly by
CoMFA studies concerning the contribution of
electrostatic fields, is that an increase of positive
charges in the dye molecule favours dye adsorption
on cellulose. Detrimental interactions were noticed
for sulfonic groups in the dye molecules, which
seem to contribute only to dye solubilization in the
dyeing environment. For anionic mono azo dyes an

Top view
steric N4<:>‘N——o
. e
A' A B
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Side view
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Fig. 2. Summary of useful features for higher cellulose affinity
in case of the disperse azo dyes.

flat molecule

increase in lipophilicity contributes to dye—cellulose
binding. In the case of disperse dyes, steric interac-
tions are also important for this binding. Our QSAR
results concerning structural features which con-
tribute to dye—cellulose affinity agree with the con-
clusions of earlier SAR-type studies. Our results are
compatible with cellulose as a receptor for dye
molecules with several similar binding sites. Quanti-
tative dye—fibre adsorption studies will be necessary
in order to clarify the unique or multiple character
of binding sites on cellulose fibre.
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