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ABSTRACT

Lipophilicity in cellulose dyeing has been modelled by correlations of dye
structural parameter with dye affinity and lipophilic dye parameters. In a
series of anionic azo dyes hydrophobic interactions in dye—fibre binding only
appeared in two subseries of dyes having a coupling component with one or
two sulphonic groups. Good correlations with dye affinity and lipophilic para-
meters were obtained by the Multiple Linear Regression (MLR) Analysis
and Principal-Component- Regression (PCRA) approach. Minimum Steric
Difference (MTD) calculations suggest the presence of mainly steric and
possible electronic interactions in the adsorption of anionic azo dyes by
cellulose fibre. Similar calculations were performed for a series of disperse
azo dyes, suggesting possible electronic and hydrophobic effects in dye~fibre
binding. Dye lipophilic properties also depend on polarity and bulk terms.
Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Hydrophobicity interactions have been studied as a result of an apolar solute
transfer in an aqueous medium,' being mainly of entropic nature. The
equilibrium state of a system made of different molecule types is determined
not only by the interaction enthalpies, but also by the enthalpy of that state,
as has been mentioned by Zollinger.? It is supposed that hydrophobic parts of
molecules dissolved in water cause an ice-like structure for water molecules
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by the closest proximity of hydrophobic molecules. Dye-dye aggregation,
and also dye-polymer binding, is favoured by entropy effects associated to
this water recognition.

When a dried fibre is dipped in water, it usually swells, except for hydro-
phobic fibres.* The wetting assumes rupture of some cohesion forces, yield-
ing an increased average distance between the molecular chains. The
mechanism of this process would result in water penetration of the polymer
structure, followed by competition between fibre-fibre and fibre-water
linkages. In cellulose dyeing, alternative weak binding forces (e.g. dispersive
ones) occur because a hydration layer exists around the cellulose fibres.?
Surface-active type dyes are therefore needed; these are characterised by an
ability to concentrate at the water—cellulose interface, and are also capable of
strong aggregation in the concentrated surface phase. Since most dyes have
surface active properties, the latter factor is considered the most significant.’

Rattee? considers that the hydrophobic effects are entirely related to water
structure, which is affected by the presence of ionic centres, and that the
relative position of molecular hydrophobic and ionic regions could have
considerable effects in the dyeing process.

Bach et al.* consider that dyes with substantivity are not chemically bonded
to cellulose but that they aggregate in the fibre micelles. Dye molecules in the
monomolecular state migrate into the textile fibre and are also eliminated
from it in this form.

The lipophilic octanol-water partition coeflicient (log P) and the hydro-
phobic substituent parameter (m-Hansch) are the most important and widely
used physicochemical parameters in quantitative structure—activity relation-
ships (QSAR).? The physicochemical significance of these parameters has
been examined extensively, and it has been stated that these parameters
could be expressed in terms of volumes, shapes, electronic and also hydrogen
bonding factors. We have observed that only a few such quantitative corre-
lations have been reported in the literature, as noted in the following.

Moriguchi related log P values to molecular volume and hydrophilic group
effect (E;), Kamlet correlated log P with the solvatochromic parameters 7*
and 3 and Franke (as quoted in Ref. 6) expressed log P values as dependent
on solute bulk, polar and hydrogen bonding effects. Ou er al.® correlated log
P values with physicochemical parameters such as log MW (molecular
weight), u (dipole moment) and a hydrogen bonding parameter HB,.

Lien’ correlated log P and log tg (retention time in HPLC) with log MW,
the hydrogen bond forming ability of the substituents, and the substituent
group dipole moment (u).

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.® The bulk (or cavity) term can be
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described by the molar volume or molar refractivity;® the polarity terms are
more difficult to express.
The lipophilic index R, is defined® as in eqn (1)

Ry = log(1/Rr — 1) (1)

where R is the ratio of the distances covered by the solute and the solvent,
derived from thin-layer chromatography and lipid-impregnated paper, and
has been taken into account in order to express the lipophilicity.

R, is considered to be proportional to the free energy accompanying the
transfer of a mole of substance from a mobile phase to a stationary one
under equilibrium conditions.'? It has been found that Ry, values derived
from paper chromatography can be correlated to dye affinity for cellulose
fibres.

Considering dye adsorption by a textile fibre as being similar to biological
ligand-receptor interaction, dye affinity for a fibre (the Gibbs free energy
variation versus the dye content increase in the fibre phase) has been corre-
lated to structural dye parameters. For a series of 46 anthraquinone vat dyes,
dye affinity was related to electronic, steric and hydrophobic dye structural
parameters.!! In the final proposed models, besides other parameters, the
hydrophobic ones (expressed by the octanol-water partition coefficient,
calculated for the entire molecule and for the longest dye molecule axis) were
reported.

A Principal-Component-Regression Analysis has been applied to a series
of 49 anthraquinone vat dyes for cellulose fibres in order to express dye
structure—fibre affinity relationships.!? The octanol-water partition coeffi-
cient calculated for the longest dye molecule axis was found to make an
important contribution to the second principal component resulting from
PCRA calculations, and which appeared to be a measure of the hydrophobic
effects in dye—fibre binding.

The objective of this paper is to evaluate lipophilicity in cellulose dyeing,
as exemplified by hydrophobic dye—fibre interactions and also by lipophilic
dye properties, using QSAR techniques.

METHODS
Multiple Linear Regression (MLR) Analysis

Multiple Linear Regression Analysis relates'® one experimental variable (yy)
to one or several structural variables (x;) by eqn (2)
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Ve =bo+ Y bi- X +ex (2)

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

MLR calculations were performed with the MASCA package'* at a
general alpha level of 1% or less. As test statistics (TS), the largest root
criterion was used as local criteria of identifying and choosing the most
important individual parameter at a significance level of 5% or less. High
leverage points were examined by the main diagonal elements of the so-called
hat matrix, the influential points were tested by the likelihood function
distance criterion and the outliers were tested by the externally Studentized
residual.!®!! The leave-one-out (similar to the leave-n-out'?) cross validation
procedure was applied in order to verify the reliability of our results. In this
procedure one molecule is held out from the set, the correlation equation
is computed for the rest of the molecules and the result is used to calculate
the estimated affinity of the left-out molecule. These estimated affinities are
then compared with the respective experimental values and ‘predictive r?’
(r2¢y) thus obtained.

Principal-Component-Regression Analysis (PCRA)

The Principal-Component-Regression Analysis is based on a spectral
decomposition of the correlation matrix (H) of the regressors X, (1=1, 2,...,
¢).!%17 On the basis of this orthogonal transformation, principal components
of the regressors are estimated and used instead of the original regressors.
The ordinary least-squares regression is applied to estimate the regression
matrix of the regressands Y; (i =1, 2,..., N) and component regressors Z¢
(f =1, 2,..., s<¢) and finally, a simple re-transformation (rectification) lead
to the desired estimators. The general PCRA equation is represented by

eqn (3):

Y=h+Z7Z H (3)

where hy = y is the intercept vector, which is equal to the vector y of the
mean values of the regressands Y; and Z is the matrix of the principal com-
ponents. The PCRA calculations were performed with the MASCA pack-
age'* at a general alpha level of 1% or less. Largest root criterion was used
as local criteria of identifying and choosing the most important individual
parameter at a significance level of 5% or less.
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The Minimum Steric Difference (MTD) method

The hypermolecule which resulted from the MTD (Minimum Steric Differ-
ence) method!® can be considered as a topological network. It represents the
fibre receptor and is obtained by approximate non hydrogen atom per atom
superposition of the whole set of molecules M;=1, 2,..., N. The resultant
vertices j=1, 2,..., M of the hypermolecule correspond to the positions of
these atoms. If molecule M; occupies the vertex j, x;;= 1 and 0 if this vertex is
not occupied. The minimal steric difference MTD of the molecule i with
respect to the receptor is calculated by the equation:

MTD; =5+ ¢-X; (4)

with ¢,=—1, 0 or +1 for the vertices attributed to the receptor cavity,
exterior vertices or receptor walls and s the total number of cavity vertices.

The cross validation-like procedure!® was applied in order to validate the
proposed model and, also, a leave-one-out cross validation procedure
applied for the MTD method similarly to that presented in the section on
MLR analysis. The MTD calculations were carried out with a program
developed from that of Ref. 18.

Definition of parameters used

The dye affinity (4), which expresses the dyeing driving force, was used in the
same way as the biological activity from QSAR calculations as regressand.
Affinity values were taken for the anionic azo dyes from Ref. 20 and for the
disperse azo dyes, in accordance to Ref. 21 in kJ/mole.

The paper chromatographic R,, values were used as lipophilic parameter
for the series of anionic azo dyes?® and the sum of m-Hansch substituent
terms (X7)%? for a series of disperse azo dyes.?!

The number of donor-acceptor hydrogen bonding groups (ny) was esti-
mated by the number of amine nitrogen, carbonyl oxygen and hydroxy
oxygen atoms. Hydrogen bonding was also quantified through the number
of H* -donating hydrogen bonding groups (op) and by the proton acceptor
groups (aa).

The MTD parameter was estimated for the planar structure of the dye
molecules (see the section on MTD results).

Quantum-chemical parameters, like HOMO and LUMO orbital energies
(Egomo and Epymo) (in 3 units), were used in order to study possible
donor—acceptor interactions with the textile fibre. For the series of anionic
azo dyes, the donor electron dye ability (¢g), the sum of the total 7 electron



30 S. Timofei et al.

substituent charges (£Q), Egomo and Epymo, calculated by the Hiickel
method were taken from Ref. 23.

As sterical parameters, for the series of disperse azo dyes, the sum of
substituent molar refractivity (CZMR) and the sum of L and B, substituent
Verloops STERIMOL parameters (XL and ¥By) and the sum of substituent
steric constants by Charton (XEg v) were used according to Ref. 22.

Another electronic parameter used in the correlations of the disperse azo
dyes is the Hammett constant,?? calculated as the sum of the substituent
contributions (Xo).

The van der Waals volumes (Vw) were calculated by the additivity of
van der Waals volume increments.>* For the sulphonic and azo groups,
the increment values were taken from Ref. 25; for -CH,-CH,-OH side
groups attached to the amine nitrogen, increment values were appreciated in
accordance to Ref. 26.

Structural dye parameters are presented for the series of anionic azo dyes
in Table 1 and for disperse azo dyes in Table 2.

RESULTS AND DISCUSSION
Correlations with dye affinity

Fisichella et al. found good correlations between the chromatographic Ry
value and the dye affinity values for a subseries of six anionic azo dyes
having the same coupling component.°

We obtained good statistical results by correlation with dye affinity for a
series of 12 anionic azo dyes (compounds 1, 2, 3,4, 5,7, 9, 12, 14, 15, 24 and
26 from Table 1):

~

A =2583+19.59(£8.71) Ry,

N=12r=0849s5=2.13TS = 5.01 rg&y = 0.565 (5)

The critical quantile equals 2.23 for the largest root criterion used as test
statistics (TS). Neither high-leverage points nor outliers were observed, indi-
cating that eqn (5) was a satisfactory model; its predictability was confirmed
by the ‘predictive r?* value.

MLR analysis was applied to larger subseries of dyes in order to express
the dependence of dye affinity upon Ry, values. For compounds: 6, 8, 10, 11,
13, 16, 17, 18, 19, 20, 21, 22, 23, 25, 27, 28, 29 and 30 (see Table 1) the
following equation was obtained:
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A = 3.46 + 20.19(+2.08) Ry

N=18r=0979s =040 TS = 20.56 r¢&y, = 0.952 (6)

The critical quantile for the largest root criterion test statistics was ¢q =2.12.
Neither high-leverage points, nor influential points or outliers were detected.
Equation (6) indicates a good predictive model.

Equations (5) and (6) show that the lipophilicity, as expressed by the R,
values, has an important contribution to the affinity for cellulose of dyes
having coupling components containing one or two sulphonic acid groups.

For this last subseries of 18 dyes, dye affinity values were related to various
structural parameters: R,s, ¢, 1y, MTD, Vw, Eqomo and Epymo. After a
regressor selection based on the largest root criterion, the regressor eqn (7)
and the rectified regression eqn (8) were obtained:

A =5.65+ 1.81(£0.49)Z, — 0.78(+£0.49)Z,
N=17r=0949s=0.71 TS, = 10.15 TS, = 4.36 (7)

The critical quantile for the largest root criterion test statistics was c¢o=2.73.

A=-2.08+8.08Ry +0.16¢9 — 0.26ny + 11.01 Eyomo ~~ (8)

PCRA applied to the series of 18 dyes gave: r»=0.79 and s=0.99, indi-
cating compound 13 as outlier (checked by the leave-one-out resampling
technique).

Equation (7) describes a robust model with predictive power. Both eqns (6)
and (7) indicate good correlations with dye affinity and their predictability
was checked by the ‘leave-one-out’ cross validation procedure (in the MLR
analysis), respectively, using the rules outlined for the PCRA approach.!’

Correlations between dye affinity and R,, values were performed for a
series of 30 anionic azo dyes, but weaker statistical results were obtained
(r*=0.10 and s=3.21). Attempts to correlate, with the PCRA approach, dye
affinity with the following dye structural parameters: Ry, ¢, 1y, MTD, Vi,
Enomo, ELumo and XQ, for the same series of dyes, yielded the regression
eqn (14) (see the section on MTD results) after a regressor selection proce-
dure based on the largest root criterion as test statistic.

Far the series of 20 disperse azo dyes (see Table 2), affinity values were
related to the following structural parameters: Lr, Y0, XMR, YEs_y, XL and
YB4. Following a regressor selection procedure based on the largest root
criterion (at a significance level of 5% or less), MLR analysis yields a robust
predictive model:
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A=6.66+207(£1.13)) 7 +4.53(£1.96)> o

N=19r=0854s=1.03TS, =4.93TS; = 6.22r%, =0.590 (9)

The critical quantile for the largest root criterion was ¢y = 2.70; neither high-
leverage points, nor influential points or outliers were detected.

Equation (9) expresses a model without multicollinearity, in which the dye
affinity is expressed as a function of hydrophobicity and electronic effects.
MLR analysis applied to the whole series (20 compounds) yielded weaker
statistical results (r>=0.450, s = 1.61), indicating compound 20 as outlier.

Correlations with lipophilic parameters

Ry-values, as a measure of dye lipophilicity, were related to dye structural
parameters for the series of anionic azo dyes.

For the subseries of 12 dyes (see the section on correlations with dye
affinity), R, values were correlated with the following structural parameters:
00, MTD, Vw, Enomo, ELumo. After a regressor selection procedure, based
on the largest root criterion as test statistics for selecting the most important
individual parameters, the following MLR equation was obtained:

Ry = —1.64 + 0.02(£0.01) ¢

N=12r=0.7755=0.11 TS = 3.88 rZy, = 0.402 (10)

The critical quantile for the largest root criterion equals 2.23. Neither high-
leverage points nor outliers were detected. It seems that the lipophilic term is
expressed, in this case, by polarity effects. Correlations between R,, values
and dye structural parameters were also performed for the subseries of 18
anionic azo dyes (see the section on correlations with dye affinity). A regres-
sor selection procedure based on the largest root criterion (with the critical
quantile ¢y =2.12) for choosing the most important individual parameter was
applied and the following equation was obtained:

Ry = 0.42 — 0.04(£0.01)MTD

N=18r=0.8315=0.06 TS = 5.90 r&, = 0.602 (11)

Neither high-leverage points nor outliers were detected. Statistical results
indicate a satisfactory predictive model. As can be seen from eqn (11), the
lipophilic R, chromatographic parameter for this subseries strongly depends
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upon steric effects, which are expressed by the MTD parameter (see the sec-
tion on MTD results).

For the series of 20 disperse azo dyes (see Table 2) lipophilic dye effects
were expressed by the sum of n-Hansch substituent terms (X7), which were
related to different structural parameters. With the following set of initial
structural parameters: Vy, Yo, XMR, MTD,?” g4 and op, a Principal-
Component-Regression Analysis was applied to the series of 20 dyes after a
regressor selection based on the largest root criterion as test statistics. The
following component regressor (12) and rectified (13) regression equations
were obtained, with a critical quantile ¢co=2.10 for the largest root criterion
used as test statistics (TS):

D m=—1.02 - 0.46(+0.24)Z,
N=20r=06935=049TS =4.11 (12)

> m=027-0.1504-033) o-002) MR (13)

Neither high-leverage points nor outliers were detected. Evaluation of the
non least-squares regression eqn (13) for lipophilicity suggests the inclusion
of both polarity effects, as expressed by the sum of the Hammett o-constants,
and the number of proton acceptor groups, which could be involved in
hydrogen bonding, as well as of bulk parameters, as expressed by the sum of
the substituent molar refractivity.

MTD results

MTD calculations were applied to the series of anionic azo dyes in order to
model dye—cellulose fibre interactions. The hypermolecule obtained from
molecule superposition for the 30 anionic azo dyes, considered planar, is
depicted in Fig. 1.

The vertex attributions are presented in Table 3. The start standard was
chosen on the basis of chemical reasons:

o[ Jle=0):1-46-13 232631
o je=+1):5, 14— 22, 24, 25

The optimization procedure was applied by trial and error, and verified as
optimal by the regression coefficient criterion;'® the following optimized
receptor map and correlation equation are thus obtained:
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Fig. 1. Hypermolecule derived from MTD calculations with lipophilic R,, values as para-

meter with numbering of vertices for anionic azo dyes. Beneficial vertices (¢;= —1) are marked

by white circles, detrimental vertices (¢;,= + 1), by black circles, irrelevant vertices (¢;=0), by
dots.

jle=—-1):7
Sx1d jle=):1-4,6 813, 2831
Jle=+1):5,14-27

A = 13.657(£0.938) — 1.020(£0.136)MTD

N=30r=0.817s=1.960 F = 56.067 r%,, = 0.527
réy, = 0.560

The final MTD values are listed in Table 3. The ‘predicted r? values
obtained from the ‘even-odd’ (r%y,) and leave-one-out (r4y,) cross validation
procedures indicate an acceptable predictability of the proposed model. In
the cross validation-like (‘even-odd’) procedure, the dye molecules were
numbered in increasing affinity order and separated into two subseries:
ODD, for i=1, 3, 5,..., 29 and EVEN, for i=2, 4, 6,..., 30. Four inversions:
i=3/4,i=10/11, i=13/14 and i=28/29 were performed for a balanced vertex
distribution in both subseries. As start standard S°-vertex attribution was
used.
For the ODD and EVEN subseries, the following optimized receptor maps
(Sopp. respectively, Sgven) and correlation equations were obtained:
S jle=0):2—4 6—14; 22,28 — 31
ODD jle=+1):1,5,15-21,23 -27
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Aopp = 14.510 — 1.250MTD (15)

N=15r=0.861

je=—1):4,28, 29
Seven{ Jj(e=0):1—3,5— 13,25, 30, 31
jle=+1):14 - 25,27

Apven = 13.286 — 1.028MTD (16)
N=15r=0.812

With the MTD method one can assess especially the behaviour of the sub-
stituents attached to a parent compound, assumed to include an attractive
region for the receptor site. As has already been mentioned, the MTD results
include not only steric, but also polarity and possible hydrophobic effects. In
order to have a better insight into the possible hydrophobic interactions in
dye—cellulose binding and to improve the correlation with dye affinity,
besides MTD, the lipophilic R, values were introduced as a supplemental
parameter. The same start standard (S°) as in previous calculations was
used. By the same optimization procedure, the following optimized receptor
map (sce also Fig. 1) and regression equation were obtained:

jle=—-1):22
Sxd  jle=0):1-3,6, 813,23, 26,27, 29 — 31
jle=+1):4,517, 1421, 24, 25, 28

A

A = 33.512(£2.340) + 19.797(£1.962) Ry — 3.753(£0.324)MTD (17)

N=30r=0922s5= 1338 F = 76.669 r%,, = 0.647 &, = 0.796

From inspection of the optimized receptor map, the presence of a single
cavity vertex is evident, in addition to many irrelevant and detrimental
vertices, especially in positions occupied by bulky substituents (such as sul-
phonic acid groups). Mainly steric, rather than hydrophobic effects, seem
to be itmportant in dye-cellulose fibre interactions for the series of the
30 anionic azo dyes investigated. Cavity vertices presumed to characterize
the parent compound and vertex 22 indicate the binding region along the
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molecule axis, as has been observed in a previous study of anthraquinone dye
adsorption by cellulose fibres.!!

Statistical results indicate a good correlation with dye affinity and accept-
able predictability of the MTD proposed models for this series of dyes.

CONCLUSIONS

Hydrophobicity in azo dye—cellulose binding and dye lipophilic properties
were modelled by QSAR techniques through correlations of structural
parameters with dye affinity and dye lipophilicity parameters.

Adsorption of anionic azo dyes by cellulose seem to depend mainly on
steric, and to a lesser extent, on electronic interactions. Hydrophobic effects
are involved only in a subseries of dyes having a coupling component with
one or two sulphonic acid groups. Dye lipophilicity can be correlated with
electronic or steric parameters. The MTD calculations indicate similar
results for the series of anionic azo dyes: in dye—fibre binding, mainly steric
interactions are involved and, perhaps, electronic effects. The latter could
express the hydrogen bonding ability in dye-cellulose interactions.

The disperse azo dyes are involved not only in hydrophobic, but also in
electronic interactions, in dye—fibre binding; their lipophilicity correlates well
with polarity and bulk terms.
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