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ABSTRACT 

A series of acid azo dyes, previously designed by a chemometric approach for 
silk, has been applied to wool and to nylon, in order to compare the fastness 
performance of the series on different fibres of analogous structure. Wash 
fastness and light fastness data have been modelled as a function of the struc- 
ture, described by the principal properties of the substituents and pK values of 
the dyes, experimentally determined. PLS models allowed the identification of 
the best dyes for each of the fibres. © 1997 Elsevier Science Ltd 
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I N T R O D U C T I O N  

In previous papers [1,2] a chemometric approach to find out the best struc- 
tures in a series of azo dyes for silk, of  general formula I, has been reported. 

X.2 ~ N - - N - - C  OP 
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In a first step [1] the structure of the amine component was optimized. 
Using the technique of Experimental Design in Principal Properties, eight 
amines were selected and coupled with 7-amino-4-hydroxy-2-naphthalensul- 
phonic acid (J acid). The fastness properties of the eight dyes obtained were 
modelled as a function of structure by the PLS method, and the model 
established allowed the identification of the optimum dyes Of the series. 

In a second step [2] the structure of the coupling agent was optimized. 
Four of the amines were explored and five new coupling agents were taken 
into consideration. A D-optimal design allowed the selection of ten dyes, 
which were synthesized and tested. Fastness data of this small training set 
were modelled as a function of the structure by PLS. The models established 
allowed the identification of Gamma acid as the best coupling component. 
Three dyes obtained from the above coupling agent, one in the training set 
and two in the prediction set, showed excellent fastness both to washing and 
to light. 

In the present paper the same training set of ten dyes has been applied to 
wool and nylon, in order to compare the fastness performance of the series 
of dyes on different fibres of analogous structure. Fastness data were mod- 
elled as a function of the structure by PLS and the models used to identify 
the best dyes for each fibre. 

PROCEDURES 

Training set 

The selection of the dyes of the training set, of general formula I, has been 
described previously [2]. The selected dyes are listed in Table 1. 

TABLE 1 
Structure of the Selected Dyes 

Dye Amine Coupling agent (COP) 
Xl X2 

1 C6H5 NO2 H acid 
2 H COCrH5 Acetyl-H acid 
3 H C O C 6 H 5  Chromotropic acid 
4 H H R acid 
5 NO2 COCrH5 Gamma acid 
6 C6H5 NO2 R acid 
7 C6H5 NO2 Chromotropic acid 
8 H COCrH5 Gamma acid 
9 H H Acetyl-H acid 

10 NO2 COC6H 5 H acid 
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PLS analysis 

PLS analysis was used to model the fastness data of the training set as a 
function of the structure. PLS is a regression method based on PCA, aimed 
at detecting cause-and-effect relationships between a y variable or a Y block 
(fastness data) and an X block (structure descriptors). The PLS method has 
already been described [1,3]. 

The structure was described using the Principal Properties from the litera- 
ture [4] for X1 and Xz substituents of the amine component and for substi- 
tuents at 3, 4, 5, 6-positions of the coupling component (COP, general 
formula II), and trm and MR [5] for the substituent at 7-position. The cor- 
responding values are reported in a previous study [2]. To these descriptors, 
experimentally determined pK values for each dye were added. 

{H,OH) (H,OH,NH2,NHCOCHs) 
( H , O H ) ~ H , N H 2 )  

"Os$"- ~ ~ '"(H,SOs') 
1] 

EXPERIMENTAL 

Dye synthesis 

Synthesis of dyes has been previously reported [2]. 

Dyeing of wool 

The wool samples were dyed in a refluxing thermostatted bath with a 100:1 
liquor ratio (3% dye, 10% Na2SO4 concentration) at pH 4. The samples 
were placed into the dyebath at 60°C; the temperature was allowed to rise to 
95°C and maintained for 60 min. The patterns were then removed, rinsed in 
cold water and dried. 

Dyeing of nylon 

The dyeings were carried out in round-bottomed flasks immersed in a 
thermostatted bath and connected to a reflux condenser. For each deter- 
mination about 1 g of nylon was dyed using a dyebath (liquor ratio 50:1) 
with 0.02 g of dissolved dye and 0.3% acetic acid at 60°C. The temperature 
was allowed to rise to 95°C during 20 min and maintained for 60 min. 
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Fastness assessment 

Fastness to light, to washing, to dry cleaning and to perspiration were mea- 
sured according to standard procedures [6]. The fastness data on wool and 
nylon are listed in Tables 2 and 3, respectively. 

pK determination 

Absorption spectra were recorded on a Hewlett-Packard 8452 diode array 
spectrophotometer; a flow cell was used joined to a titration vessel by a 
peristaltic pump; all the apparatus was thermostatted at 25°C. 

In order to make a reliable spectrophotometric determination of  the ioni- 
zation constant, 15-20 spectra (as presented in Fig. 1) were collected at pH 

T A B L E  2 
Fastness Values of the Training Set of Dyes on Wool 

Dye Fastness 
Washing Dry cleaning Perspiration Light 

Mild Medium Acid Alkaline 

1 4 -5  3 5 4 4-5 3-4 
2 4 2 5 4 4 3-4 
3 5 2-3 5 5 5 5 
4 4-5 2 5 5 5 5 
5 5 4-5 5 4 5 6 
6 5 2-3 5 5 5 4 
7 5 3 5 5 5 4 
8 5 4 5 5 5 5-6 
9 4 2 5 5 5 3 

10 4 2-3 5 4-5 4 4 

T A B L E  3 
Fas tnes sVa lueso f theTra in ingSe to fDyeson  Nylon 

Dye Fastness 
Washing Dry cleaning Perspiration Light 

Mild Medium Strong Acid Alkaline 

1 5 4 ~ 3  5 4 4 -5  5 
2 5 5 3 5 5 5 4 
3 5 4-5 3 5 4-5 4-5 4-5 
4 5 4-5 1-2 5 5 5 4-5 
5 5 5 4 5 5 5 6 
6 4-5 4-5 ~ 3  5 4-5 4-5 4 
7 5 4-5 ~ 3  5 5 5 4-5 
8 5 4-5 3-4 5 4-5 5 6 7  
9 5 4-5 1-2 5 5 5 3 

10 4-5 4 3 5 5 5 4 
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values equally spaced in a range of + 2 pH units around the pK value to be 
determined. This was achieved by titrating with a weak non-absorbing 
- 1 0  -3 M acid, with a pK similar to that to be determined, using a 10 -~ M 

2.0 
pH=8.32  

~ 1 . 5  

0.5 

°'°oo ' 4~o 560 ' 5~o ' ~6o ' 8~o 
Wavelength (nm)  

Fig. 1. Spectra of  dye 4 in the pH range 8-12. Only ten spectra are presented for the sake of 
clarity. 

TABLE 4 
pK Values of  Dyes 

Dye pK 

1 6.51 ±0.01 a 
2 6.27 + 0.01 
3 8.76 ± 0.01 
4 10.66 + 0.01 
5 - 1.48 ± 0.02 
6 10.34+0.01 
7 8.86+0.01 
8 -2 .28  + 0.02 
9 0.80 + 0.02 

10 6.04±0.01 
l i  b 1.0±0.1 
12 b 3.8+0.1 
13 b 1.0 4- 0.1 

aErrors were evaluated as 3tr, where ~r is the standard 
deviation furnished by Sl'ECFm 
bDye of  the prediction set; for structure see Table 8. 



6 M.R .  De Giorgi et al. 

base; in this way the concentration of the dye undergoes only a very small 
dilution. 

In order to measure the pK of dyes 1-4, 6, 7, 10, 12 (pK values 3.8-10.66) 
in the same medium, a mixture of seven acids with regularly increasing pK 
values was used [7]. 

It was therefore possible to examine and record the spectra of the dye 
(~10 -5 M) at variable [H ÷] by titration with KOH at an ionic strength of 
0.1 M KNO3 and moving a portion of the solution to the flow cell after each 
KOH addition. 

In order to evaluate pK values <1 (dyes 5, 8, 11 and 13)the measurements 
were made in hydrochloric acid at variable concentrations using a method 
previously described [8]. For the pK calculation we used the program SPECFIT 
[9] as in former work [10]. 

The calculated pK values are reported in Table 4. 

TABLE 5 
Fastness to Medium Washing on Wool: Variable Loadings b and Modelling Powers ~p for 

each Component of the PLS Model 

b l ~p l b2 ~2 

y variable 1.00 0.69 1.00 0.79 

x variables 
pK -0.27 0.28 0.17 0.37 
X1-PP1 -0.03 0.00 0.37 0.36 

PP2 -0.16 0.05 -0.17 0.07 
PP3 0.00 0.00 0.37 0.35 

X2-PP1 0.24 0.19 -0.21 0.32 
PP2 -0.16 0.04 -0.13 0.03 
PP3 0.23 0.18 -0.23 0.35 

COP position 
3-PP1 0.16 0.04 -0.24 0.18 

PP2 -0.16 0.04 0.24 0.18 
PP3 -0.16 0.04 0.24 0.18 

4-PPI 0.01 0.00 -0.18 0.00 
PP2 0.14 0.02 -0.09 0.00 
PP3 -0.06 0.00 0.24 0.06 

5-PP 1 -0.17 0.06 -0.30 0.32 
PP2 0.14 0.02 0.30 0.28 
PP3 0.17 0.05 0.31 0.37 

6-PPI 0.34 0.61 -0.03 0.59 
PP2 0.34 0.61 -0.03 0.59 
PP3 -0.34 0.61 0.03 0.59 

7-tYro --0.34 0.61 0.03 0.59 
MR --0.34 0.61 0.03 0.59 

Variance explained (%) 90.6 95.4 
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Calculations 

P L S  analys is  was  car r ied  ou t  us ing  the  S I M C A - 3 B  p a c k a g e  deve loped  b y  
W o l d  a n d  c o w o r k e r s  a t  the  Unive r s i ty  o f  U m e L  

R E S U L T S  A N D  D I S C U S S I O N  

PL S  modelling of  fastness on wool 

Fastness to washing 
As fas tness  to  mi ld  wash ing  d a t a  s howed  a low var iab i l i ty  a long  the series, 
wi th  values  nea r  the t o p  o f  the scale, on ly  m e d i u m  wash ing  (y) was  mode l l ed  
as a func t ion  o f  the s t ruc tu re  desc r ip to r s  (X  block) .  A t w o - c o m p o n e n t  P L S  

TABLE 6 
Fastness to Light on Wool: Variable Loadings b and Modelling Powers q; for each Compo- 

nent of the PLS Model 

bl qzl b2 ~p2 

y variable 1.00 0.52 1.00 0.63 

x variables 
pK -0.25 0.18 0.26 0.43 
X1-PP1 -0.11 0.00 0.00 0.00 

PP2 -0.11 0.00 0.07 0.00 
PP3 -0.07 0.00 -0.01 0.00 

X2-PPI 0.22 0.13 -0.18 0.19 
PP2 -0.08 0.00 0.15 0.00 
PP3 0.22 0.13 -0.18 0.19 

COP position 
3-PPI 0.05 0.00 -0.40 0.53 

PP2 -0.05 0.00 0.40 0.53 
PP3 0.02 0.00 0.40 0.53 

4-PP1 0.09 0.00 0.10 0.00 
PP2 -0.05 0.00 -0.38 0.41 
PP3 -0.05 0.00 0.14 0.00 

5-PP1 -0.24 0.16 -0.26 0.40 
PP2 0.15 0.02 0.16 0.03 
PP3 0.22 0.12 0.23 0.27 

6-PPI 0.36 0.66 -0.09 0.72 
PP2 0.36 0.66 -0.09 0.72 
PP3 -0.36 0.66 0.09 0.72 

7-o" m -0.36 0.66 0.09 0.72 
MR -0.36 0.66 0.09 0.72 

Variance explained (%) 77.0 86.3 
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model was established explaining about  95% of  the y variance. The results o f  
the PLS analysis are reported in Table 5. 

The most impor tant  features appear  to be the presence o f  NH2 at the 
6-position and of  SO3- at the 7-position o f  the coupling agent. 

Fastness to light 

A two-component  model was obtained explaining about  86% of  the total y 
variance. The results of  the PLS analysis are reported in Table 6. 

F rom the modelling power values, descriptors o f  the coupling agent and 
pK appear  to be the most  impor tant  variables. 

Validation and prediction 
The two QSAR models were used to recalculate the fastness values o f  the 
training set and to predict the values of  new compounds  o f  the series. The 
calculated values and the residuals are listed in Table 7. 

TABLE7 
Calculated ValuesofFastnesseson Wool~rtheTrainingSetand Residuals 

Dye Fastness to washing Fastness to light 
Calcd A ° Calcd A ° 

1 3.0 0 3.6 -0 .1  
2 2.9 0 3.5 0 
3 2.5 0 4.3 0.7 
4 2.0 0 4.9 0.1 
5 4.3 0.2 5.8 0.2 
6 2.6 -0.1 4.3 -0.3 
7 2.8 0.2 3.8 0.2 
8 4.1 -0.1 5.8 -0 .3  
9 1.9 0.1 3.2 -0.2 

10 2.8 -0.3 4.3 -0.3 

A °, Difference between experimental and calculated values. 

TABLE 8 
Structures and Fastness Experimental and Predicted Values of the Designed Dyes on Wool 

Dye Amine COP Fastness 
X1 )(2 Washing Dry Perspiration Light 

cleaning 
Mild Medium Acid Alkaline 

Exp Calc Exp Cale 

11 CI NO2 Gamma 5 4 4.2 5 5 5 5-6 
acid 

12 H C6H5 Gamma 5 4-5 3.9 5 5 5 5 
acid 

13 C6H 5 N O  2 Gamma 5 4-5 4.3 5 5 5 5-6 
acid 

5.5 

5.8 

5.3 
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The residuals (experimental minus calculated values) show that the model 
can be used for predictive purposes. As prediction set, the three dyes pre- 
dicted as the best dyes for silk were used. Predicted and experimental values 
on wool, listed in Table 8, show a good agreement. 

PLS modelling of fastness on nylon 

Fastness to washing 
As fastness to mild and medium washing showed a low variability along the 
series, with high values, only strong washing fastness (y) was modelled as a 
function of  the structure descriptors (X block). A two-component model was 
established explaining about 93% of the y variance. The results of  the PLS 
analysis are reported in Table 9. 

The most important  variables appear to be substitution at the 6- and 
7-positions of  the coupling agent, and at X2 of  the amine, together with pK. 

TABLE 9 
Fastness to Strong Washing on Nylon: Variable Loadings b and Modelling Powers lp for each 

Component of the PLS Model 

b l ~1 b l ~t2 

y variable 1.00 0.60 1.00 0.74 

x variable 
pK -0.27 0.28 0.30 0.60 
XI-PP1 -0.06 0.00 0.33 0.14 

PP2 -0.15 0.03 -0.24 0.10 
PP3 -0.02 0.00 0.35 0.15 

X2-PP1 0.29 0.35 0.14 0.37 
PP2 -0.18 0.08 -0.41 0.57 
PP3 0.28 0.34 0.10 0.33 

COP position 
3-PP1 0.21 0.13 -0.10 0.10 

PP2 -0.21 0.13 0.10 0.10 
PP3 -0.21 0.13 0.10 0.10 

4-PP 1 0.03 0.00 -0.07 0.00 
PP2 0.19 0.09 0.16 0.09 
PP3 -0.08 0.00 0.30 0.11 

5-PP1 -0.11 0.00 -0.17 0.00 
PP2 0.09 0.00 0.26 0.06 
PP3 0.11 0.00 0.21 0.02 

6-PP1 0.31 0.46 -0.16 0.54 
PP2 0.31 0.46 -0.16 0.54 
PP3 -0.31 0.46 0.16 0.54 

7-o" m -0.31 0.46 0.16 0.54 
MR -0.31 0.46 0.16 0.54 

Variance explained (%) 84.0 93.2 
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TABLE 10 
Fastness to Light on Nylon: Variable Loadings b and Modelling Powers ¢ for each Compo- 

nent of the PLS Model 

bl ¢1 b2 ¢2 

y variable 1.00 0.56 1.00 0.65 

x variables 
pK -0.26 0.25 0.22 0.42 
XI-PP1 -0.05 0.00 0.21 0.01 

PP2 -0.14 0.02 -0.02 0.00 
PP3 -0.02 0.00 0.20 0.00 

X2-PP 1 0.23 0.17 -0.20 0.27 
PP2 -0.14 0.01 -0.02 0.00 
PP3 0.23 0.17 -0.21 0.28 

COP position 
3-PP1 0.12 0.00 -0.33 0.32 

PP2 -0.12 0.00 0.33 0.32 
PP3 -0.12 0.00 0.33 0.32 

4-PP 1 0.02 0.00 -0.13 0.00 
PP2 0.10 0.00 -0.27 0.14 
PP3 -0.06 0.00 0.16 0.00 

5-PP1 -0.20 0.10 -0.35 0.60 
PP2 0.15 0.03 0.31 0.31 
PP3 0.19 0.09 0.35 0.57 

6-PPI 0.35 0.67 -0.02 0.65 
PP2 0.35 0.67 -0.02 0.65 
PP3 -0.35 0.67 0.02 0.65 

7-0" m --0.35 0.67 0.02 0.65 
MR -0.35 0.67 0.02 0.65 

Variance explained (%) 80.3 87.7 

TABLE 11 
Calculated Values of Fastnesses on Nylon for the Training Set and Residuals 

Dye Fasmesstostrongwashmg Fasmesstolight 
Ca&. ~o Ca&. ~o 

I 2.6 -0.1 4.7 0.3 
2 2.6 0.4 3.6 0.4 
3 2.9 0.1 4.4 0.1 
4 1.4 0.1 4.4 0.1 
5 3.9 0.1 6.2 -0.2 
6 2.5 0 4.4 -0.4 
7 2.7 -0.2 4.3 0.2 
8 3.6 -0.1 6.3 0.2 
9 1.6 -0.1 3.2 -0.2 

10 3.1 -0.1 4.5 -0.5 

A °, Difference between experimental and calculated values. 
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TABLE 12 
Structures and Fastness Experimental and Predicted Values of the Designed Dyes on Nylon 

Dye Amine COP 
xl x2 

Fastness 
Washing Dry Perspiration Light 

cleaning 
Mild Medium Strong Acid Alkaline 

Exp Calc Exp Calc 

11 CI NO2 Gamma 5 4-5 3 3.4 5 5 5 6-7 6.1 
acid 

12 H C6H5 Gamma 5 5 4 3.4 5 5 5 6 6.1 
acid 

13 C6H5 NO2 Gamma 5 5 4 3.4 5 5 5 7 6.2 
acid 

Fastness to light 
A two-component model was obtained explaining about 88% of the y var- 
iance. The results of the PLS analysis are reported in Table 10. 

From the modelling power values, descriptors of the coupling component 
and pK appear to be the most important variables affecting the fastness. 

Validation and prediction 
The two PLS models were used to recalculate the fastness values of the 
training set. The calculated values and the residuals are listed in Table 11. 

The residual values indicate that the model can be used to predict the 
fastness of the prediction set dyes. Predicted and experimental values, listed 
in Table 12, show a good agreement. 

CONCLUSIONS 

The series of dyes here examined on wool and nylon has been previously 
applied to silk [2] and it is interesting to compare the results obtained on the 
three fibres. 

The fastness performance of the series on silk and on nylon appears to be 
generally similar, with the highest values of light fastness reached on silk (dye 
13). On the contrary, the fastness performance on wool is neatly inferior. The 
different behaviour towards the two protein fibres has been previously evi- 
denced in an analogous set of azo dyes derived from J acid as coupling agent 
[11]. The results obtained showed that, keeping the coupling agent constant, 
the best dye for each fibre was produced from different amine components. 

In this series both the coupling and the amine component varied and the 
QSAR models evidenced the prevailing influence of the coupling component. 
Gamma acid was shown to be the optimum coupling agent for the three 
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fibres. Four derivatives of Gamma acid, dyes 5, 8, 11, 13, with interesting 
values of wet and light fastness for the three fibres, have been identified: two 
of them belonged to the training set (dyes 5, 8) and two (11, 13) were pre- 
dicted from the model. 

This work shows the validity of the application of Experimental Design 
and QSAR modelling by PLS to find out, with a limited synthesis and testing 
work, the best dyes in a series for each of the fibres examined. 
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