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ABSTRACT

The affinity of a series of 46 anthraquinone vat dyes to cellulose fibre was
analysed by multiple regression analysis and the MTD method of QSAR.
The main structural feature responsible for fibre binding is the number (n)
of bonds of the conjugated chain along the main axis of the molecules
(correlation coefficient + = 0-914). Hydrophobic interactions and hydrogen
bonding, especially by proton donor groups of the dye molecule are also
important (r = 0-943 for a correlation with four structural parameters).
The optimized receptor map of the MTD method suggests binding to both
crystalline and amorphous regions of the cellulose fibre.

1 INTRODUCTION

Dye adsorption by fibre, from the molecular point of view, is similar to
biological ligand-receptor interaction, although it is possible that a textile
fibre with both crystalline and amorphous regions will behave as a mixture
of receptors of similar, but not identical, nature.
Correlations between technical properties and chemical dye structure
have been made using the Free-Wilson analysis'* and the PLS method.*’
In this paper the influence of several structural factors on dye fixation
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by fibres was studied by multiple regression analysis and the MTD
method.®? Three types of structural factors are considered to determine
biological activity;’ viz. (a) electronic factors connected with reactivity
and intermolecular force characteristics; (b) steric factors connected with
the fit of the ligand molecule in the receptor site; (c) partition effects
connected especially with transport characteristics. These factors were
used for the dye QSAR calculations.

2 METHODS
2.1 Definition of parameters used

The dye affinity for fibre (4), which is defined as the Gibbs free energy
variation versus the dye content increase in one phase (e.g. fibre phase),
can be used as a thermodynamic function to express the driving force of
dyeing, similar to biological activity from QSAR calculations. Here we
use the affinities of a set of 46 anthraquinone leuco vat dyes to cellulose
fibre, in kcal/mole, as described by Giles and Hassan!® (Table 1).

One of the structural parameters used was the length of the conjugated
chain of the dye molecule (#), which Giles and Hassan'® consider to be
oriented along one cellulose chain and which determines the magnitude
of the physical attraction between the = electronic system of the dye
molecule and the fibre. The length of the conjugated chain was measured
by the number of bonds between the extreme carbon atoms of the
aromatic nuclei, or from the oxygen, nitrogen or halogen atoms of the
terminal substitutents at either end of the axis of the molecule.

Hydrophobic effects (log P) were calculated for the leuco vat dyes as
the sum of w-Hansch hydrophobicities!! and/or the sum of the f~Rekker
hydrophobicities,'? with corrections for hydrogen bonding, expressed for
the whole molecule and, separately, for the longest axis of the molecule
(log P,). As a hydrophobicity parameter we also tried the squared =~
Hansch (or f-Rekker) hydrophobicities (log? P). These parameters also
include electronic, steric or intermolecular effects between effector and re-
ceptor.”> We are aware that such log P evaluations have a low degree of
precision,'* but we are actually interested in relative log P values. For a
higher precision level of log P evaluations, molecular conformations are
to be considered also, while for several of our dye molecules these
conformations are not known. Grindea et al.'® consider that the dye-
cellulose interactions are mainly of a hydrophobic nature (especially van
der Waals interactions) and minimize hydrogen bondings. The hydro-
phobic interactions are very closely related to the aggregation tendency
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of dyes.'® The number of H*-acceptor hydrogen bonding groups (ny) was
calculated as the number of amine nitrogen atoms, carbonyl oxygen and
hydroxy oxygen atoms. It has been considered that the availability of
lone electrons of these atoms determines the dye affinity.!”

The number of H*-donating hydrogen bonding groups was also esti-
mated by the number of proton donor groups for the entire dye molecule
(op) and for the longest axis of the molecule (op,), and by the proton
acceptor groups, for the whole dye molecule (o) and for the longest axis
of the molecule (oy,). Correlations were also tried with the sum of the
donor and acceptor groups for the whole molecule (o,p) and for the
longest axis of the molecule (osp,)-

Another possible structural parameter for such correlations is the F
parameter, which characterizes the polarity of a certain molecular region
and estimates the electrostatic field on the surface of the van der Waals
envelope of the corresponding functional group; F was calculated by the
additivity of electrostatic field increments, with some corrections for the
presence of benzene nuclei according to Ndray-Szabo.'®

The structural data used in the final correlations for the leuco vat dyes
are presented in Table 1.

2.2 Multiple regression analysis

In this method one experimental variable y, (usually the biological response
in QSAR calculations) is correlated with one or several structural variables
x; by the equation:?

Ve=by + X b xy+ e 1
{

where b represents partial regression coefficients, and e the deviations
and residuals.

For the calculation of the statistical parameters of the regression
equation we used the SYSTAT program, from SYSTAT, Inc., Evenston,
IL, USA.

2.3 The MTD method

The minimal steric (topological) difference (MTD)® is a measure of steric
misfit between i/ molecules, i = 1, 2, 3, ..., N, and the receptor site. The
hypermolecule considered as a steric and topological network is con-
structed through approximate atom per atom superpositions of the whole
set of molecules (H atoms are neglected), having j = 1, 2, 3, ..., M vertices.
If the i molecule occupies the j vertex, then x; = 1, and x; = 0, if the vertex
J is not occupied.
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The MTD; value of the i molecule, in comparison with the receptor is
calculated by the equation:

M
MTD; =S+ 3 ¢; . x; ¢)
J=1

(with S the total number of cavity vertices).

The j vertices denote the approximate positions of the atoms from the
molecules and are assigned to the receptor cavity (annotation g; = —1),
receptor walls (g; = +1), or to the region outside the receptor (g; = 0)
through an optimization procedure. These vertex attributions €, &, ..., €y
constitute the receptor map; MTD; is the number of wall vertices occupied
by the i molecule plus the number of unoccupied cavity vertices. MTD
calculations were carried out on a IBM—PC 486 computer with a pro-
gram similar to that of Ref. 8.

2.4 Reliability tests for QSAR results

In this QSAR attempt, a rather large number of explicit and implicit (g;
parameters for MTD) structural variables are used. Therefore, together
with the usual statistical tests, we verified the reliability of our results by
a cross validation procedure applied in two manners, viz. (1) The ‘leave-
one-out’ procedure (similar to the ‘leave-n-out’ technique?®) in which
one molecule is held out from the set, the correlational equation is com-
puted for the rest of N — 1 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. (2) In the second
‘even-odd’ procedure,? the molecules are arranged in decreasing order of
experimental affinities; two subseries were set up, one for the molecules
with even ordering numbers (i = 2, 4, ...), the second for the odd
molecules (i = 1, 3, ...). Correlational equations were obtained for each
subseries. Estimated affinities of the even number compounds were
computed by the equation obtained for the odd subseries, and vice versa.
The calculated values were compared with the experimental ones.

3 RESULTS
3.1 Multiple regression analysis

For the set of 46 compounds from Table 1, regression calculations (uni-
parametric correlations) were carried out with all the parameters mentioned
in Section 2.1. Partial correlation and intercorrelation coefficients are
listed in Table 2.
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Although, as indicated by the calculated log P values (see Table 1), the
dye molecules studied have a rather high lipophilicity, the 4 versus log P
correlation yields a rather small and negative correlation coefficient, r, =
~0-615. Our dye molecules seem to have log P values above the optimal
lipophilicity for binding to cellulose fibre.

The affinity (4) was correlated first with the length (n) of the conjugated
chain (one of the best r, values from Table 2). The results are:

A = —2-213 (£0-332) + 0-420 (20-028)n
N=46, r=0914, s=0667, FFischer)= 2233

Other statistical test values for eqn (3) are rig,qq = 0-832, #(Student) =
—6-67 for the free term and 14-94 for n.

Attempts at biparametric correlations with n and other structural
parameters (o, log P,, 0, F) did not yield satisfactory results from the
point of view of the usual statistical tests.

We tried to improve the uniparametric correlation eqn (3) by adding
various other structural parameters which do not intercorrelate with » and
between themselves (2 < 0-4 in Table 2) in a multiparametric attempt.
The best result is:

A = —2.455 (10-508) + 0-353 (£0-035)n — 0-158 (+0-076)nu
+ 0-483 (20-108)0p, + 0-197 (0-086) log P, )]
N =46, r=0943, s=0565 FFischer) = 83-0
We obtained riyuqeqa = 0-879 and #(Student) values for the free term and
the four correlation coefficients: —4-83; 10-13; —2.06; 448 and 2-30,
respectively. For the cross-validated r* value, the ‘leave-one-out’ procedure
gives rZy, = 0-863, the ‘even-odd’ procedure r&y, = 0-827.
With the MTD procedure (Section 3.2) the correlation of affinity versus
MTD values yields eqn (5):

~

A = 11743 (10-465) — 0-527 (X0-026)MTD
N =46, r=0950, s=0515 F(Fischer) = 404-0

Other statistical test values for eqn (5) are: rZyuueq = 0-900, #(Student) =
25-26 for the free term and #(Student) = —20-10 for MTD.

With a second structural variable besides MTD (log P, ny, op, log® P,
opm log P,, F) we obtained regression equations which did not improve
the significance from the statistical point of view. The multiparametric
correlation, including MTD, with the highest r and F(Fischer) values, is:

A = 10837 (£0-580) — 0-486 (£0-032) MTD — 0-084 (+0-056) log P
+0-275 (£0-118)a7,, + 0-140 (£0-086) log P,  (6)
N =46, r=00957, s=0493, FFischer)=1119

€)

()
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The lengths of conjugated chain (n) and MTD values could not be used in
the same regression equation because of their high intercorrelation
coefficient (r = —0-919, Table 2).

The introduction of additional parameters in eqn (4) with respect to
eqn (3) produced a significant increase in the correlation coefficient for the
whole equation, but the additional parameters in eqn (6) as compared
with eqn (5) produced only a moderate increase in r.

3.2 MTD calculations

The hypermolecule obtained by the superposition of the 46 dye molecules,
considered planar, is presented in Fig. 1.

The optimized receptor map was obtained by trial and error and
verified as optimal by the regression coefficient criterion.® It consists of
the following vertex attributions:

je=—1):1,3,6,7,10, 12, 14, 15, 17-20, 23, 25, 27-29, 33, 4244, 52
S*{j(e = +1): 16, 21, 22, 24, 51, 53, 55, 59

j(e=0)24,5,8,9, 11, 13, 26, 30-32, 3441, 45-50, 54, 56-58, 60-72
The MTD values calculated with the optimized map are listed in Table 1
and with them eqns (5) and (6) were obtained.

A ‘even-odd’ cross-validation procedure was applied for the MTD
method (see Section 2.4). For the odd set of compounds the following
equation was obtained:

A4 = 11:072 — 0-507 MTD
N =23, r=0990
with the optimized receptor map:
{j(a = -1): 1, 3-7, 10, 12-15, 18-20, 23, 27-29, 33, 4244

Q)

S{j(e = +1): 8, 21, 22, 24, 34, 52, 53, 55, 59
je =0):2,9, 11, 16, 17, 25, 26, 30-32, 35-41, 45-51, 54, 56-58, 60-72
For the even set of compounds the result is:
A = 12:028 — 0-517 MTD
N=23 r=0925
with the optimized receptor map:

{j(s =-I):1, 3,57, 10, 12, 14, 15, 18-20, 23, 25-29, 33, 4244, 52

®

S,lj(e = +1): 8, 21, 22, 24, 51, 53, 55, 59
j(e=0):2, 4,9, 11, 13, 16, 17, 30-32, 34-41, 45-50, 54, 56-58, 60-72

From eqns (7) and (8) r%y = 0-859 was calculated. This together with the



Adsorption by cellulose fibre of anthraguinone vat dyes 277

Fig. 1. Hypermolecule for anthraquinone vat dyes with numbering of vertices. Beneficial
vertices (¢; = —1) are marked by white circles (O), detrimental vertices (g; = 1), by black
circles (@), irrelevant vertices (g; = 0), by dots.

high degree of similarity of the three optimized receptor maps (whole
series, odd series, even series) indicates a significant predictive power for
the MTD results.

4 DISCUSSION

From the multiple regression analysis results the most significant one
is eqn (4); its r&y values for the ‘leave-one-out’ and ‘even-odd’ procedure
indicate the validity of the proposed model. There are no significant
outliers in the data set, in accord with the standardized residual test.??
This equation suggests the presence of electronic factors through the
number of hydrogen bonds (n;;) and the number of proton donor groups
(op); the presence of steric variables, through the length of the conjugated
chain (n), and hydrophobicity factors through the hydrophobicity of
the axis of the conjugated chain (log P,) in dye-fibre interactions. The
effects of these structural factors cannot be exactly separated. The positive
contribution of n, oy, and log P, is remarkable, which confirms the con-
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tribution of steric, electronic and hydrophobicity effects to dye fixation
on cellulose.

The significant parallelism between affinity (4) and length (n), r, = 0-914
in Table 2, indicates the rather uniform presence, along the dye molecule
perimeter (length of conjugated chain), of groups allowing attractive
interactions with the cellulose fibre. This length (n) of the conjugated
chain can be considered as a parameter with electronic, steric and
hydrophobic (van der Waals interactions) implications.

Hydrophobic interactions probably take place along the direction of
the conjugated chain axis of the dye molecule. This is reflected by the
hydrophobicity values divided by the length of conjugated chain, calculated
for the more polar compounds; high values were obtained especially for
compounds having benzamido substituents.

The presence of amino and amido nitrogen atoms, and also of hydroxy
and amido oxygen atoms, could explain the occurrence of hydrogen
bonds with the cellulose chains. The proton donor group of the dye
molecules seem to be more important in this respect.

These correlational QSAR type results should allow predictions of new
anthraquinone dyes from the same series, with increased affinity for
cellulose fibres.

For the MTD results, the optimized receptor map suggests the existence
of few steric compulsions—only 8 ‘wall’ (g; = +1) vertices out of a total
of 72. The ‘cavity’ (g = —1) vertices should correspond to attractive
interactions of various types: hydrophobic interactions, hydrogen bonds,
etc. The positioning of the beneficial ‘cavity’ vertices not only along the
longest axis of the dye molecules, but also in some lateral pockets,
suggests binding of dye molecules not only in the crystalline, but also in
the amorphous regions of the cellulose fibre. The positioning of detrimental
‘wall’ vertices suggests some steric hindrance to binding, by some lateral
aromatic rings and by bulkier substituents, like chlorine and methoxy, on
such rings.

In this study, we assumed a planar structure of our dye molecules, as a
first approximation. Conformational analysis of these molecules could
possibly offer new insights in their binding mechanism to the cellulose
fibre.
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