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AbSTRACT

 Acid-base equilibria of 1-(2-Pyridylazo)-2-naphthol (PAN) in neutral, cationic and anionic 
micellar media were investigated by potentiometric method using Calvin-Wilson titration technique. 
Best fit chemical models obtained using MINIQUAD-75 program showed the presence of both  
mono-protonated (LH2

2+) and deprotonated (L-) species of PAN (LH) in solution. The equilibrium 
constants β011 and β012 corresponding to the formation of LH and LH2+ species respectively from 
the most anionic form (L-) of PAN at a temperature of 30.0 ± 0.10C and an ionic strength of 0.1 mol.
dm-3 are reported. Several interesting results emerged from the study of the affect of the neutral and 
charged micelles on the equilibria are explained on the basis of the pseudo phase ionic exchange 
model, dielectric constant, polarity, hydrophilic and hydrophobic properties of micelles. Species 
distribution diagrams are generated using HYSS program. 
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INTRODUCTION

 1-(2-Pyridylazo)-2-naphthol (PAN) belongs 
to a group of compounds known as N-heterocyclic 
azo reagents that have great importance in the 
determination of metal ions. These reagents are 
outstanding in the photometric sensitivity of their 
metal complexes, because of the presence of  
heterocyclic nitrogen, the azo group and usually a 
phenolic hydroxyl group within a single molecule.  
Low solubility or insolubility of these chromogenic 
regents and/or their metal complexes in water, made 
it mandatory to use carcinogenic organic solvents. 

However, in recent years1-21, these problems are 
adequately solved by using aqueous solutions of 
surfactants as Green solvents with an added benefit 
of improving the sensitivity of the determinations. 

 The indicator ± H+ eqillibria22, their colour 
and absorption properties are influenced by 
micellar systems. Hartley23 gave a simple sign rule 
based on the valence charge of the indicator and 
electrostatic interactions with charged surfactant in 
order to explain some micellar effects on indicator 
equilibria. If the indicator is neutral in one form, then 
the equilibrium will be displaced to the basic side by 
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cationic and to the acidic side by anionic micellar 
systems. It was also reported that anionic micelles 
do not influence indicator equilibria of the type,  
In-  In2- and cationic surfactants do not influence 
equilibria of the type, In+  In2+ while micellar 
systems of the opposite charge alter these equilibria.  
If the  indicator in the equilibrium is of opposite sign 
to that of the micelle, then the direction of equlibrium 
may also depend on other specific factors such as 
hydrophobic and micro-solvent interactions22-25. 

 pKa and colour changes of the chelometric 
indicators depend on the solubilization and association 
of the indicator with neighbouring surfactant molecules 
in the micellar systems. Some anionic indicators of 
the triphenyl methane family are solubilized at 
the positively charged cationic micellar surface 
by electrostatic and hydrophobic interactions.
Their protolytic dissociations are promoted due to 
favourable positive charge–dipole interactions26, 27.  

 Cationic micelles have been reported to 
lower the pKa values of chelometric indicators26.  
The positive charge–dipole interactions which lower 
the pKa are reduced by increased ionic strength28 

or decreased dielectric constants of the solution29.  
The higher pKa values may be attributed to the low 
dielectric constant of the medium compared to water 
apart from the other electrostatic effects.  

 Depending on the pH of the solution PAN 
(LH) exists in three forms. Acid solutions (pH < 2) 
contain the yellow-green protonated LH2

+ ion which 
is water soluble. Between pH 3 and 11, PAN exists 
in the neutral LH form which is soluble in organic 
solvents to give a yellow colour solution In aqueous 
solutions it is turbid). In alkaline solutions where  
pH > 11 PAN exists in the red L- anion which is water 
soluble Figure 1.  

 Thus, the acid-basic equilibria of PAN 
may contain LH2

2+, LH and L- type of species in 
solution. In literature there is only one report on the 
protonation constants of PAN in surfactant media30 
(Polyoxyethylene nonylphenols). All the others31-36 

are in aqueous-organic solvent mixtures. Therefore, 
it is worthwhile to study the effect of the special 
properties of neutral, cationic and anionic micellar 
systems on the acid-base equilibria of PAN. The 
surfactants used in the present work along with their 
CMCs are shown in Table 1. The concentrations of 
surfactants maintained in this study are far above 
the respective CMC values. 

Fig. 1. protonated and deprotonated species of pan (LH)

Table 1: CMC values of the surfactants used in the 
study

Type Name of the surfactant CMC in Reference
  water (mM)

Cationic CTAB
 Cetyltrimethyl- 0.9 37,38
 ammonium
 bromide
Anionic SDS
 Sodium dodecylsulfate 8.1 39,40
 (sodium laurylsulfate)
Non-ionic Triton X-100
 Polyoxyethylene (9.5) 0.22 to 0.24 41,42
 -t-octylphenol

MATERIALS AND METHOD

 A 0.06 mol dm-3 stock solution of 1-(2-
Pyridylazo)-2-Naphthol (Reidal) was prepared by 
dissolving an appropriate amount in respective 
aqueous-surfactant solution of known concentration. 
The solutions were then standardized using the 
methods in literature43. A~0.2 mol dm-3 solution 
of sodium hydroxide (Merck) was prepared by 
first dissolving it in double distilled water and 
standardizing against potassium hydrogen phthalate 
(Merck). The solution was Gran-titrated to check 
the presence of any carbonates44,45 and stored in 
a Pyrex vessel under nitrogen atmosphere. A~0.2 
mol dm-3 solution of hydrochloric acid was prepared 
from analytical grade sample (Merck EMSURE®.) 
by successive dilutions and standardized against 
sodium hydroxide. 

 A Control Dynamics pH-meter model APX 
175 E/C in conjunction with a combination electrode 
(0-14 pH range) was used for pH measurements.  
The electrode system was calibrated in terms of 
hydrogen ion concentration in aqueous solution as 
per the IUPAC46 recommendations. The temperature 
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of the solution was maintained by passing water from 
a thermostat through the annular space between the 
walls of the titration vessel. Purified nitrogen gas was 
passed through the experimental solution both before 
and during the titration to expel carbon dioxide. 

Data Acquisition and Analysis
 Calvin-Wilson titration technique47,48 was 
used for the study of acid-base equilibria of PAN 
in aqueous-surfactant media. Required volumes of 
hydrochloric acid (to give an overall concentration 
of 0.02-0.05 mol.dm-3), sodium chloride (ionic 
strength was maintained at 0.1 mol.dm-3), solution of 
surfactant and water in the presence and absence of 
PAN in a total volume of 50 cm3 was titrated with ~0.2 
mole dm-3 sodium hydroxide.  The overall surfactant 
concentration in each titration was maintained at 
0.02 M. Freshly prepared solution of PAN in 0.06M 
surfactant was used in all the titrations and the overall 
concentration of PAN was maintained between 0.004 
to 0.01 mol.dm-3 in different experiments. The pH 
correction factor and ionic product of water were 
calculated by Gran method44,45. 

RESULTS AND DISCUSSION

 Preliminary experiments revealed that, an 
addition of a drop of 0.1 mole dm-3 alkali suddenly 
raised the pH of PAN solutions to about ~ 9.0.  
This indicates that PAN does not possess any 
dissociable protons in the pH region below 9.0. The 
pH metric titration data for PAN in CTAB, SDS and 
Triton X-100 are shown graphically in Fig. 2a, 3a 
and 4a respectively.  Curve-1 represents titration  
of hydrochloric acid in the absence of PAN, while 
curve-2 represents the titration of acid + PAN with 
sodium hydroxide. The titration curves of PAN in all 
the surfactant media (curve 2 in Fig. 2a, 3a and 4a) 
are above that of free acid below a pH of ~4.5. This 
difference between the free acid and ligand curves in 
the lower pH region indicates the presence of proton 
associable centres in the PAN molecule.  In the case 
of SDS this difference is more when compared to 
CTAB and Triton X-100 media.  This indicates higher 
values of proton association constants for PAN in 
SDS compared to other surfactants.

 On the basic side, i.e. above pH ~9.0, there 
is a significant lowering of the PAN titration curves 
relative to free acid indicating deprotonation of the 
–OH group. This difference is more for PAN in CTAB 
medium compared to SDS and Triton X-100 media.  
In between these two pH regions free acid and acid 
+PAN curves coincide indicating the absence of 
proton-ligand equilibria.

a. 1.  Titration curve of free mineral acid
b. Species distribution diagram

2.  Titration curve for acid + pan [Pan] =  0.0100mol dm-3 [hcl] 
= 0.02874mol dm-3 [naoh ]= 0.2012 Moldm-3Temp.  = 30.0 ±0. 

10c total volume= 50.0 cm3 i = 0.1 Mol dm-3 nacl
Fig. 2. Proton-ligand system of pan in ctab medium

a.1.  Titration curve of free mineral acid
b. Species distribution diagram

2. Titration curve for acid + pan[Pan] =  0.0100mol dm-3 [hcl] =  
0.02886mol dm-3 [naoh ]= 0.2088 Moldm-3Temp.  = 30.0 ±0. 10c 

total volume= 50.0 cm3 i = 0.1 Mol dm-3 nacl
Fig. 3. Proton-ligand system of pan in sds medium
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a. 1. Titration curve of free mineral acid
b. Species distribution diagram

2.  Titration curve for acid + PAN [PAN] =  0.0100moldm-3 [HCl] = 
0.02900 moldm-3 [NaOH]= 0.1914 moldm-3 Temp.  = 30.0 ±0. 10C 

Total volume = 50.0 cm3 I = 0.1 moldm-3 NaCl
Fig. 4. Proton-ligand system of pan in triton x-100 medium

 The acquired data were subjected to 
analysis by MINIQUAD-75 program49. The best-fit 
models thus obtained Tables 2 contain two formation 
constants β011 and β012 corresponding to the formation 
of LH and  LH2

+ species  respectively from the most 
anionic form of PAN (L- ) as shown in Figure 5.

Fig. 5. Acid-base equilibria of PAN

Table 2: best fit chemical models for acid-base 
equilibria of PAN in 0.02M surfactant medium.

(Temp. = 30.0 ± 0.1°C and ionic strength, I = 0.1 mol 
dm–3 (NaCl)

Surfactant Species Log β0lh Number of  Sum of the     χ2

 Mlh (SD) experimental squares of
   points residuals, U
   analysed  

 11 10.41 (4)   
CTAB 12 12.24 (5) 105 9.034 X 10-8 4.02
 11 11.79 (5)   
SDS 12 14.75 (5) 81 6.792 X 10-8 14.79
 11 11.96 (5)   
Triton 12 13.42 (6) 130 6.004 X 10-8 12.06
X-100      

SD= Standard Deviation in the least significant digit  

 The species distribution diagram for acid-
base equilibria of PAN in CTAB micellar medium 
(Fig.2b) indicates that the LH2

+ form of PAN exists only 
below a pH of 4.5. The formation of LH2

+ species (Fig. 
5) may be due to the protonation of the ligand at the 
pyridine nitrogen atom. The extent of its formation is 
52% at 1.8 pH. With the increase in pH this species 
deprotonates and above a pH of 4.5 and up to 8.5 pH, 
PAN totally exists in neutral LH form. Above this pH, 
deprotonation of –OH group takes place leading to 
the formation of L-species.  The extent of formation of 
L- reaches 93%, in the pH region (~11.5 pH) of study.  
In SDS micellar media, LH2

+ form of PAN seems to 
be dominating and represents nearly 94% of the 
ligand (Fig. 3b) at a pH of 1.8.  It deprotonates totally 
below 5.5 pH and the entire ligand is in the neutral LH 
form between 5.5 and 9.5 pH. Further increase in pH 
deprotonates the –OH group of PAN. Formation of the 
anionic form of PAN reaches a maximum of 30% at 
11.4 pH. In the presence of Triton X-100 micelles the 
formation of LH2

+ species (Fig. 4b) is only 30% at 1.8 
pH.  In the pH region between 4.0 and 9.5 pH, PAN 
exists only in neutral LH form. The formation of anionic 
form of PAN is only 26% in the pH region of study.
 
 The insolubility of PAN in water and its 
solubility in micellar solutions, indicate, at first glance, 
the probability of its solubilization in the hydrophobic 
micellar core50. But NMR studies by K. N. Ganesh  
et al.,51 on aromatic optical probes showed that the 
polar functional groups and /or aromatic rings of 
the guest molecules reside on average within the 
interfacial head-group region of the host charged 
micelles. Suratkar et al.,52 by their proton NMR 
studies on the solubilization of organic molecules 
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in SDS micelles, confirmed that aromatic molecules 
that possess phenolic –OH group reside at the 
hydrophilic/hydrophobic boundary of micelle-water 
interface. Therefore, the most probable position 
of the PAN molecule may be in the hydrophilic/ 
hydrophobic boundary of the interface. Micellar 
effect on acid-base equilibria of PAN therefore, may 
be understood in the light of both characteristic 
electrostatic and micro environmental factors of the 
respective surfactants.  
 
 Equilibria for the step-wise protonation 
of PAN from its most anionic form L- and the 
corresponding step-wise formation constants 
obtained for all the surfactant media investigated 

are shown in Table 3. The values reported are with 
reference to a fixed concentration of surfactant above 
the critical micellar concentration values. Several 
interesting results emerged from these studies. A 
reasonable interpretation of the results is as follows.  
In the case of first protonation of the most anionic 
form of PAN, (L- + H+  LH), the corresponding 
formation constants for SDS and Triton X-100 media 
are higher compared to that of CTAB. It means 
anionic and non-ionic surfactants strongly increase 
the proton association to L- form of PAN, whereas 
the cationic surfactant retards the association.  These 
effects are in agreement with the “Pseudo phase 
ion-exchange model” of micelles.

Table 3: Step-wise protonation constants of the most anionic form of PAN in 
aqueous-surfactant media

S.No. Protonation equilibria of PAN Step-wise protonation constants  CTAB SDS Triton X-100
     
     
   1  log K1 10.41 11.79 11.96
     
     

    2  log K2 1.83 2.96 1.46

 In CTAB, the log K1 value for proton 
association is low because PAN (L-) in R-O- form is 
stabilized by electrostatic attraction by cationic head 
groups of the micelle. This facilitates the dissociation 
of R-OH to R-O- which decreasing the protonation 
constant. The repulsive interaction of negative charge 
on the dissociated particle, R-O- of PAN and anionic 
head groups of SDS micelles strengthen the –O-H 
bond. Therefore, the negative charge of SDS micellar 
surface is favourable for the formation of neutral LH 
form of PAN from L-. In the case of Triton X-100 which 
is a non-ionic surfactant, as there is no electrostatic 
effect  and only the polarity effect  has a major role. 
The dielectric constant of the micellar phase is lower 
than that of water, and when PAN is solubilized in 
this phase the association equilibrium is moved 
to the right which increasing proton association 
constant, log K1.  It is also possible that the presence 
of several hydrophilic polyethylene oxide chains 
increase the number of hydrogen bonds, and 
therefore dissociation is enhanced. But the observed 

results show that the polarity factors outweigh the 
hydrogen bonding factor causing an overall decrease 
in dissociation. The neutral form of PAN (LH) is 
hydrophobic and is preferably drawn towards the 
hydrophobic core of the micelles, decreasing the 
possibility of ionization. Further protonation of PAN 
i.e protonation of LH form leading to the formation 
of LH2

+ is also affected by the micellar media as 
reflected in the corresponding log K2 values shown 
in Table 3.  The relatively higher value of log K2 (2.96) 
for SDS micelles indicates that LH2

+ species of PAN 
is stabilized through the formation of ion-pair with 
anionic sulphate head groups of SDS micelles.  This 
indicates that the protonated heterocyclic nitrogen 
of PAN has a specific molecular interaction with the 
anionic sulphate head groups within the interfacial 
microenvironment. It can also be explained on the 
basis of a charge induced shift in surface pH of 
the micelles53-55. The pH of the surface of the SDS 
micelles is lowered due to binding of protons as 
counter ions by ion exchange equilibria. The lowering 
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of pH promotes the formation of protonated species 
increasing the corresponding formation constant.

 The values of log K2 were found to be 
relatively lower  in CTAB and Triton X-100 micellar 
media. In the case of CTAB this is expected as the 
protonated cationic form is less favourable in cationic 
micellar media of CTAB due to charge repulsion. 
Further, the charge induced shift in local surface pH, 
which is increased in the case of cationic surfactants 
due to repulsion of protons and binding of hydroxide 
ions53-55, decreases the protonation constant. This 
increase in surface pH works against the protonation 
of the species. Therefore, the equilibrium (2) in 
Table 3 shifts towards left resulting in a decrease 
of the formation constant. In neutral Triton X-100 
micellar medium, in the absence of surface charge 
effects, the hydrophobic neutral form of PAN (LH) is 
preferred again lowering the formation constant of 
further protonation. In conclusion, micellar media 
induces significant shifts in protonation equilibria of 
PAN that can beexplained in terms of hydrophobicity 
and electrostatic interactions.

CONCLUSION

 The acid-basic equilibria of PAN contains 

LH2
2+, LH and L- type of species in solution and 

therefore two formation constants (β011 and β012). 
In the case of first protonation of the most anionic 
form of PAN, (L- + H +  LH), the corresponding 
formation constants (log K1) for SDS and Triton 
X-100 media are higher compared to that of CTAB 
which can be explained on the basis of electrostatic 
attraction between the cationic surfactant and L- form 
retards the association. The anionic and non-ionic 
surfactants strongly enhance the proton association 
to PAN. The relatively higher value of log K2 for 
SDS micelles indicates that LH2

+ species of PAN 
is stabilized through the formation of ion-pair with 
anionic sulphate head groups of SDS micelles. In the 
case of CTAB, the protonated cationic form is less 
favourable in cationic micellar media of CTAB due to 
charge repulsion. The charge induced shift in local 
surface pH, which is increased in the case of cationic 
surfactants decreases the protonation constant.
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