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1.Introduction

The acid dissociation or protonation 
constant, pKa, plays an important role in 
physicochemical behavior of compounds 
in reaction media. It controls the extent of 
ionization of the molecules relative to the pH of 
solution. The determination of pKa is essential 
in many different area such as chemistry, 
geology, biochemistry and medicine. For 
example, many of drugs have one or more 
acidic or basic functions in their structure 
which affect the membrane permeability and 

solubility of those drugs[1]. In biochemistry, 
the protein stability and the activity of enzymes 
are closely related to protonation state of 
amino acid side chains [2]. In coordination 
chemistry, the extent of formation of complex 
is a function of protonation constant of ligands 
and pH of solution[3-7].

The equilibrium constants, such as 
protonation equilibrium, are usually determined 
in constant ionic strength by addition of 
an excess inert supporting electrolyte to 
solution to keep activity coefficient of all 
species constant during measurement process 
implementation. The equilibrium constants 
determined in this condition are named as 
the stoichiometric or conditional equilibrium 
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constant. The knowledge of the activity 
coefficient of the species is needed to compare 
and predictconditional equilibrium constant 
in different ionic strength. A quantitative 
estimation of activity coefficient as a function 
of ionic strength in a broad range of electrolyte 
concentration can be provided by the Specific 
Ion Interaction Theory (SIT) [8]. This model 
has been successfully used in various studies 
for description of ionic strength effect on 
equilibrium constants and for determination 
of thermodynamics equilibrium constant by 
extrapolation to infinite dilution in which 
activity coefficient of species are unity[8-10].

Salicylic acid and some of its derivatives 
occur naturally in many fruits, plants and 
vegetables. They are the basic ingredient of 
a class of non-steroidal anti-inflammatory 
drugs with anti-pyretic, analgesic and anti-
inflammatory effects [11]. The protonation 
constants of salicylic and 5-nitrosalicylic 
acid have been determined by some groups in 
different conditions and by a variety of methods 
[12-18]. However, to best of our knowledge, 
no systematic investigation has been done on 
ionic strength dependence of their protonation 
constants. In this study the protonation 
constants of salicylic and 5-nitrosalicylic 
acid have been determined in wide range 
of NaClO4 electrolyte concentration. The 
dependence of protonation constants on ionic 
strength was studied by the SIT model. The 
thermodynamics protonation constants were 
calculated in infinite dilution together with the 
SIT interaction parameters. 

2.Material and Methods

Salicylic acid and its 5-nitro derivativewere 
supplied from Sigma-Aldrich. Sodium 
perchlorate as analytical reagent grade and 
titrasol solutions of NaOH and HCl were 
obtained of Merck.Water was double-distilled 
with conductivity of 1.3 ± 0.1 mW-1 cm-1. 

A Jenway potentiometer, model 3520, 

was used for potentiometric measurements. 
The emf of titration cell was measured by a 
combined glass electrode. A UV-Vis Shimadzu 
spectral photometer, model 2100, was used 
for spectrophotometric measurements. A 
double-walled reaction vessel was used 
as measurement cell with temperature 
thermostatedat 25 °C. Constant ionic strengths 
of 0.1, 0.5, 1.0, 1.5, 2.0 and 3.0 mol dm-3 
were maintained by concentrated solution of 
NaClO4. To avoid CO2 contamination, a stream 
of purified nitrogen gas was bubbled through 
the solution during titration process. 

In order to obtain exact concentration of 
H+ during spectrophotometric titration, the 
potentiometric cell was calibrated according 
to Nernst’s equation at each constant 
ionic strength. Solution of HCl with exact 
concentration was titrated by standardized 
NaOH solution. The formal electrode 
potential, E°cell, and Nernst slope were 
computed in terms of known concentration 
of hydrogen ion for solutions at fixed ionic 
strength. For spectrophotometric titration, 25 
mL of solution of salicylic and 5-nitrosalicylic 
acid was acidified to pH 2.0 and then titrated 
by stepwise addition of sodium hydroxide 
solution of 0.1 mol dm-3. After each electrode 
stabilization, the emf and absorption spectra of 
solution were recorded in the interval of 200-
400 nm. Then absorption data as a function of 
sample concentration and pH were introduced 
to STAR program to calculate the pKa values 
[19]. 

3.Resultsand Discussion

Calibration of potentiometric cell in each 
ionic strength

Glass electrode responses to activity of 
hydrogen ion rather than its concentration. 
However, the value of hydrogen ion 
concentration is needed for calculation of 
concentration quotients such as protonation 
constant. Therefore, prior to each 
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spectrophotometric titration, potentiometric 
cell is needed to be calibrated in terms of 
H+ concentration [20]. The response of glass 
electrode theoretically follows the Nernst 
equation as [20-22].

Ecell = E°cell + klog [H+] + kloggg H+ + ELJ      (1)

whereELJand kis the liquid junction potential 
and Nernst slope respectively. In theory,kis 
equal to 2.303RT/F with usual meaning for 
R,T and F.the formal electrode potential and 
the activity coefficient of hydrogen ion are 
represented by E°celland gH+ respectively. In 
constant ionic strength, parameters of ELJ and 
gH+ are approximately constant and can be 
safely introduced into ka. Therefore, equation 
1 reduces to equation 2. 

Ecell =ka + klog [H+]              (2)

where kais equal to E°cell + kloggH+ + ELJ. The 
exact concentration of hydrogen ion is given 
by

[H+] = (MHClV0 – MNaOHV1) / (V0 + V1)           (3)

whereMirepresents the molarities of i, V0 and 
V1denote the initial volume of acid and the 
added volume of base solution, respectively. 
Calibration parameters including kaand k were 
calculated from measured emf data using 
equations of 2 and 3. The experimental emf 
values are depicted as a function of negative 
logarithm of proton concentration in each 
ionic strength in figure 1.

In all experiments, the value of k were 
close to Nernst slop(theoretically equals 
to 59.167 mV at 25 °C) with correlation 
coefficients of approximately r2 = 0.99. By 
having calibration parameters, the negative 
logarithm of concentration of hydrogen ion, 
pcH,can be properly obtained by equation 4. 

pcH = (ka – Ecell) / k              (4)

Fig. 1. Experimental emf values versus pcH in ionic 
strength of 0.10 (+), 0.50 (ж), 1.00 (O), 1.50 (Δ), 2.00 
(◊) and 3.00 (□) mol dm-3NaClO4

Calculation of protonation constants 
Spectral change of 5-nitrosalicylic acid is 

shown typically at varying pcH values in figure 
2. Protonation constants were calculated by 
spectral data analysis in STAR program [19].

Fig. 2. Spectral change of 5-nitrosalicylic acid with 
increasing pcHin ionic strength of 0.10 mol dm-3 NaClO4

For each spectrophotometric titration, 
recorded spectra were arranged into a matrix R 
with dimension of m´n. In matrix R, m is the 
number of spectra with different pcH, and n is 
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the number of wave length in each spectrum at 
which the absorbance is recorded. According 
to Beer’s law, matrix R can be represented by 
the matrix equation of 5

R = CS + E                       (5)

Where C(m´p), S(p´n) and E are matrix of 
pure concentration, pure spectral profiles and 
optimal residual error respectively. Here p 
donates the number of absorbing species in 
the solution. The number of absorbing species 
was determined from factor analysis[19]. 
Rank analysis was performed by introducing 
M as (1/n)RRt, where Rt is transpose of R. The 
rank of M, rM,is mathematically equal to the 
number of eigenvectors with corresponding 
none zero eigenvalues. However, because of 
experimental error, the number of absorbing 
species is equal or lower than rM.To this 
problem, in factor analysis, the standard 
deviation of the absorbance, SD, was 
calculated as a function of the number of none 
zero eigenvalues.

1
tr( )

SD = 

j

i
i

M a

m j
=

−

−

∑
            (6)

Where tr(M) and ai are the trace and 
eigenvalue of component i of M matrix. 
Our results indicate that the spectral change 
observed during titration is attributed to 
two absorbing species, and therefore to the 
first deprotonation of compounds. By this 
knowledge, equation 5 was solved using hard 
modeling multivariate curve fitting. By initial 
estimation of protonation constant, fitting 
starts by calculation of the concentration 
profile of two absorbing species, matrix C, 
based on the mass action law constraintin terms 
ofknown total concentration and pcH values 
during titration. At the same time, matrix S 
is solved under non-negative absorptivity 

constraint for two absorbing species. In the 
nonlinear least-squares fitting, iterative cycles 
go on until to find the best set of parameters 
(protonation constant and molar absorptivities 
of species) that result in a minimum of E. 
Typically optimized concentration profile 
and pure spectra for two absorbing species of 
5-nitrosalicylic acid is shown in figure 3. 

 

Fig. 3. a) Pure spectra and 
b) Optimized concentration profile for 5-nitro 

salicylic acid in ionic strength of 0.10 mol dm-3 NaClO4
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The protonation constants determined 
by STAR program in different ionic strength 
are listed in Table 1 together with literature 
values. A disagreement between the values, 
obtained at the same ionic strength, may be 
attributed to the difference in experimental 
conditions involving the type of ionic media 
and the instrumental techniques.

Results indicate that the pKa value of 
5-nitro is lower than salicylic acid. It may be 
due to electron withdrawing effect of nitro 
group which makes deprotonated species 
more stable. Upon first deprotonation, 
molecules of salicylic acid and 5-nitorsalicylic 
acid take negative charge on their carboxylic 
group. However, the presence of electron 
withdrawing group of nitro on the structure 
of 5-nitor, results in inductive effect which 
stabilizes negative carboxylic group more 
effective than salicylic acid. 

Ionic Strength Effect 
As shown in Table 1, at first, the pKa 

values of salicylic acid and 5-nitrosalicylic 
acid decreases with increasing ionic strength 
to 0.5 mol dm-3 and then increases with further 
increasing of ionic strength. This behavior 
is attributed to change of activity coefficient 

of species with increasing of ionic strength. 
Activity coefficient of species are influenced 
by the type of interactions between ions. At 
low ionic strength, interactions between ions 
are of attractive type; resulting in activity 
coefficient lower than unity. However, as the 
ionic strength increases, the ionic atmosphere 
becomes more compressed and screens the 
ionic charges more effectively, so repulsive 
interactions become more important; resulting 
in activity coefficient higher than unity.

The deprotonation equilibrium of two 
hydroxybenzoic acids can be represented by 
equation 7.

H2     H
+ + HA-

According to equation 7, the deprotonation 
constant can be given by

+ +

2 2

+
H HA H HA

2 H A H A

[H ][HA ]
[H A]

T
a aK K

g g g g
g g

− −
−

= =

    
Where gi is activity coefficient of species i; 

T
aK represent thermodynamic deprotonation 

constant, and Ka stands for stoichiometric 
constant determined at each ionic strength. By 

(8)

(7)

I pKa,Salicylic Acid pKa,5-nitrosalicylic Acid Reference

mol dm-3 mol kg-1 mol dm-3 mol kg-1 mol dm-3 mol kg-1

0.10 0.10 2.92 ± 0.01 2.91 2.02 ± 0.01 2.02 This work
0.50 0.51 2.72 ± 0.02 2.71 1.90 ± 0.01 1.89 -
1.00 1.05 2.83 ± 0.01 2.81 1.86 ± 0.02 1.84 -
1.50 1.62 2.84 ± 0.01 2.81 1.99 ± 0.01 1.96 -
2.00 2.21 3.01 ± 0.01 2.97 2.17 ± 0.01 2.13 -
3.00 3.50 3.18 ± 0.03 3.12 2.39 ± 0.02 2.32 -
0.20 - 2.75 - - - [12]
0.10 - 2.90 - - - [13]

0 - 2.97 - - - [14]
0 - 3.02 - - - [15]

0.10 - 2.81 - 2.20 - [16]
0.10 - 2.77 - 1.92 - [17]

0.10 - 2.83 - - - [18]

Table 1. Protonation constants of salicylic acid and 5-nitrosalicylic acid at 25 °C and in different ionic strength of 
NaClO4
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taking negative logarithm on equation 8

2H AH HA
p p log log logT

a aK K g g g+ −= + + −      

The dependence of pKa values on ionic 
strength may be analyzed by considering 
well known Specific ion Interaction Theory 
(SIT) [8-10]. In original SIT model, activity 
coefficient of ion i with charge zi can be 
expressed by equation 10 in the solution of 
ionic strength I (in molal scale) at 25 °C.

2 0.51log m
1 1.5i i ij j

j

Iz
I

g e= − +
+

∑

  

The ion interaction coefficient eij, usually 
called SIT parameter, interprets the specific 
short range interactions of ion i with ion j in 
its molal concentration mj. SIT model assumes 
that interaction coefficient is zero for two 
electrically like sign ions or neutral species.                      

 By considering the SIT model for 
calculation of activity coefficients of species, 
equation 8 can be reformulated as following

* 0.51p p
1

T
a a

IK K z I
I

e= − + ∆
+

  

Where

* 2 2
products reactants(charges) (charges)z = −∑ ∑  

4HL ,Na H ,ClO
e e e− + + −∆ = +                          (13)   

It should be noted that pKa and I values are in 
molal concentration scale. 

Experimental pKavalues form Table 1 were 
fitted into equation 11 as a function of ionic 
strength by least squares regression analysis. 
The following expressions were obtained in 
accordance with SIT model where equations 
14 and 15 are obtainedfor salicylic acid and 
5-nitrosalicylic acid respectively.

(9)
0.51p (3.04 0.04) 2 (0.16 0.02)
1a

IK I
I

= ± − + ±
+

 
0.51p (2.14 0.04) 2 (0.19 0.02)
1a

IK I
I

= ± − + ±
+

 

The goodness of fit of SIT model was judged 
by excellent square correlation coefficients 
(r2 is 0.936 and 0.939 for equation 14 and 
15 respectively), associated with low values 
of standard deviation obtained for each 
of regression coefficients. The specific 
interaction coefficient of HClO4 is 0.146 
[23], therefore according to equation 13, the 
specific interaction coefficient between HA- 

and Na+ are calculated to be 0.014 and 0.044 
for salicylic acid and 5-nitrosalicylic acid 
respectively. 

4.Conclusion

The protonation constant of salicylic acid 
and 5-nitrosalicylic acid were investigated 
by an accurate spectroscopic method in 
wide range of ionic strength supplied by 
sodium perchlorate at 25 °C. The pKa values 
assigned for first deprotonation equilibrium 
were calculated by multivariate curve fitting 
implemented in STAR program. Results show 
that in a regular trend, at first the pKa decreases 
to a minimum value at around 0.5 mol kg-1 of 
ionic strength; then increases with a relatively 
linear manner along the curve. The SIT 
theory was applied successfully to describe 
the ionic strength dependency of pKa values. 
The thermodynamic deporotonation constant 
of salicylic acid and 5-nitrosalicylic acid 
were calculated as 3.04 and 2.14 respectively. 
Alsothe specific interaction coefficient 
between deprotonated form of salicylic acid 
and 5-nitrosalicylic acidwith Na+ are calculated 
as 0.014 and 0.044 respectively. The SIT 
models obtained can be used for estimation 
of protonation constants of salicylic acid and 

(14)

(10)

(11)

(12)
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5-nitrosalicylic acid in each ionic strength in 
the range of 0.0 to 3.0 mol dm-3of NaClO4.
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