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Spectrophotometric study of acid-base equilibria of 4-(2-benzothiazolyl-
azo)resorcinol and 4-(2-benzothiazolylazo)salicylic acid
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The visible absorption spectra of 4-(2-benzothiazolylazo)resorcinol and 4-(2-benzothiazolyla-
zo)salicyclic acid have been recorded in aquo-organic solvent mixtures in the pH range 0.5-12.0.
The spectral changes have been explained in terms of shifts in equilibria amongst different molecular
and ionic species of BTAR and BTAS existing in solution. The pK, values corresponding to the dif-
ferent ionisation steps have been determined at 25°C and I1=0.1 M (KNO;) by graphical analysis of

the absorbance-pH curves.

Though thiazolylazo and benzothiazolylazo phe-
nol derivatives form an interesting class of rea-
gents for spectrophotometric determination of
several metal ions' ~® no solution studies have so
far been reported on the acid-base equilibria of
the two benzothiazolyl azophenol derivatives, viz.,
4-(2-benzothiazolylazo)resorcinol (BTAR) and
4-(2-benzothiazolylazo)salicylic acid (BTAS).

In the present work, a spectrophotometric
study of the acid-base equilibria of BTAR and
BTAS in water-organic solvent mixtures of vary-
ing pH’s containing 20, 40 and 60% (v/v) of the
solvent at I=0.1 M (KNO,), has been reported.
The solvents used are methanol, ethanol, #-
propanol, iso-propanol, acetone, dioxane and
dimethyl formamide. The acid dissociation con-
stants of the two reagents have also been deter-
mined from the graphical analysis of the spectral
data.

Materials and Methods

The two reagents BTAR and BTAS were syn-
thesized and recrystallized by the reported meth-
od’. The purity of the compounds was checked
by elemental analysis, melting point and TLC".
Stock solutions of BTAR (3.0x10 * M) and
BTAS (5.0x10-% M) were prepared in the re-
quired solvent. The organic solvents, methanol,
ethanol, n-propanol, iso-propanol, acetone, diox-
ane or DMF used were either of spectroscopic
pure grade (Spectrosol) from BDH or were purifi-
ed by conventional methods®’. All the other chem-
icals used were of AR grade. Doubly distilled wa-
ter was used in the experiments. The pH of the
solutions was maintained with nitric acid or KOH

and the ionic strength was maintained at /=0.1 M
(KNO,).

The absorption spectra were recorded on a Shi-
madzu UV 200 S double-beam spectrophotome-
ter at 25°C using 1 cm matched stoppered quartz
cells. The spectrophotometric measurements were
made within the wavelength range 320-650 nm.
The pH-measurements were made using a Radi-
ometer Model M 63 pH meter equipped with a
glass=calomel combination electrode. The pH va-
lues in partially aqueous solutions were corrected
as described by Douheret!”.

Results and Discussion

Depending on the acidity of the medium, the
solution of BTAR contains four different acid-
base forms, viz.,LH;, LH,, LH™ and L™ . The
monoprotonated species,LH{, (460 nm) is present
in strong acid medium (pH < 1.0). In the pH range
~1.0-3.5 the solution contains the yellow neutral
form (440 nm). The spectrum of BTAR in media
of pH 4.0-6.0 exhibits an absorption band at 470
nm. This behaviour indicates the presence of the
monoanionic form of BTAR. At relatively higher
pH values of 7.0-10.5, the spectrum exhibits a
new absorption band at 520 nm denoting the
doubly ionized form of BTAR.

These spectral changes are assumed to accom-
pany the transformation of the neutral form LH,
to the monoanionic species LH™. The orange
LH"~ species existing in the pH range 4.0-6.0 is
converted into the red dianionic L™~ at pH 6.5-
10.5, above which the spectrum exhibits no band
shift or intensity changes.

The acid-base equilibria of BTAR have been
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studied in media containing 20, 40 and 60% (v/v)
of the organic co-solvent in the pH range ~0.5-
12.0. The organic solvents used are methanol,
ethanol, n-propanol, iso-propanol, acetone, diox-
ane and DMF. The absorption spectra of
3.0x1075M solution of the reagent at various
concentrations of HNO; or KOH were recorded
as the dependence A=KFM\) for various pH values
The spectra of this reagent in all mixtures investi-
gated display three main absorption bands within
the pH range 1.0-12.0. The maximum absorption
of these bands is located at (430-455 nm), (440-
470 nm) and (508-525 nm) respectively. These
bands presumably denote absorption due to the
neutral molecules, monoionized, and doubly ne-
gatively charged species. The absorbance of each
of these bands depends upon the pH of the solu-
tion as well as its composition. All bands undergo
a regular shift to longer wavelengths on increasing
pH. In solutions of the same pH and constant
proportion of the organic co-solvent, the values of
€nax fOr the bands at longer wavelengths decrease
in the order DMF> dioxane > acetone >
iso-propanol > n-propanol > ethanol > methanol.

The increase of pH, however leads to the deve-
lopment of an absorption band near 440-470 nm
which probably corresponds to the formation of a
mononegatively charged species. The absorbance
of this band is lower than that due to neutral
molecules and decreases gradually with rise in pH
of the medium. Above pH 6.0, the band exhibits a
red shift and its absorbance increases gradually.

The absorption curves of BTAR within the pH
range 6.0-8.0 intercept near the wavelength
~450-470 nm. The resulting isosbestic point may
be due to the equilibrium existing in solution be-
tween the mono and divalent anions of BTAR.

In aqueous-alcohol or acetone media, the trans-
formation of univalent to divalent anions takes
place at pH > 7, but it starts to occur at relatively
lower pH 6.0-6.5 in aqueous-solvent mixtures
containing high proportions of DMF or dioxane.
The band due to the absorbance by the neutral
molecules, which is located near 440 nm attains
at pH 1.0-3.0, a maximum value which depends
primarily on the nature of the solvent used. The
value of the molar absorptivity €_,, for this band
is also affected by the percentage of organic sol-
vents.

The absorbance values of BTAR at two differ-
ent specific wavelengths were examined as a func-
tion of pH for the different solutions of BTAR in-
vestigated. The variation of absorbance with pH
illustrates the effect of both the nature and the
composition of the medium (Fig. 1). The dissocia-
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tion constants of BTAR in various media were
evaluated from the individual formation regions of
the absorbance-pH curves by graphical analy-
sagll —14,

The transformations are derived from the equ-
ations for the equilibrium constant and mass bal-
ance equations, combined with the equation for
total absorbance of the solution (assuming the val-
idity of Beers law). After simple rearrangement
one obtains' for the equilibrium (A), the transfor-
mations Egs. (1-4),

LH,=LH, 9 +qH*, Ko,

€ 5]

A=eC + Ka, (e,CL.— A ) [H+]q =Ay, tF K

A=e,C —(A-g,C) K [ ]q_Aoz Fz

Ci/A=1/¢e,—(Cie,— A [H 77A e K,,I
=e,'—QH"]

C/A=1/¢,+(A-Cig) [H']®
T 5_21 +QH" - (4)

where A is the absorbance, C, is the total reagent

concentration, €, and €, are molar absorption co-

efficients, K, is the equilibrium constant of the
reaction (A), and the other symbols are self ex-
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Fig. 1—Variation of absorbance with pH for solutions of
3.0x10°° M (BTAR) in different water-organic solvent mix-
tures, 40% (v/v} organic solvent: a) methanol; b) ethanol; c) -
propanol; d) iso-propanol; e) acetone; f) dioxane; and g)
DMF, at A=520 nm.
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planatory. The plots of A=f(F, or F,) and C;/
A=fQ[H"] 9 or Q,[JH*]9) were linear. The values
of the dissociation constants were obtained from
the slopes of these linear plots. More precise va-
lues of K could be evaluated using the “graphical
logarithmic analysis”. The corresponding Eq. (5)
can be derived from any one of the Egs. (1-4).

A_ Ech_
82CL'—A

The slope of the plot log [(A— Ay )/(Ay;— A)]
versus f(pH) gives the number of protons (q) lib-
erated in the acid-base equilibrium (q=1 for
reaction A). The value of pH at which log
[A— A, )/[Ay, — Al is equal to zero determines the
value of pHa,/q.

The procedure described above was applied se-
parately to each wavelength and from the series
of pKa, values, mean values were calculated. The
deviation from the mean pK values were evaluat-
ed using Eq. (6),

e
olpK)=| 2 (PK=pK,)

An=1

log pH-pK, 5]

.. (6)

where pK is the mean value calculated from pK
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values obtained from curves for individual wave-
length n and N, is the number of wavelengths
used. The values of the dissociation constants
were also calculated using the general least
squares program LETAGROP-SPEFO of Sillen
and Warngvist’> by treating the original data
[A=f(pH)] and minimizing the residual squares
sum function U. The pK , values corresponding to
the different ionization steps of BTAR are shown
in Table 1. The values obtained by analysis of the
absorbance versus pH graphs using Eq. (5) are in
good agreement with those calculated by the re-
gression method. The distribution curves for the
different species of BTAR (40% v/v methanol)
computed from the acid dissociation constants of
the reagent are shown in Fig. 2.

The absorption spectra of BTAS show four ab-
sorption bands within the pH range ~ <1.0-11.5 in
all aqueous organic solvent mixtures investigated.
The band appearing at 460 nm in strongly acidic
solutions (pH <0.8) is presumably due to absorp-
tion by the cationic form (LH;) of the reagent.
The absorption band at A=405-415 nm in the
PH 1.0-3.0, is presumably due to the neutral spe-
cies (LH,). At pH 3.0-5.0 the spectrum of BTAS
exhibits an absorption band with A_,, at 420-435

Table 1—Mean pK,; value* of 4-(2-benzothiazolylazo)resorcinol (BTAR) and 4-(2-benzothiazolylazo)salicylic acid (BTAS) in different
water-organic solvent mixtures

[Temp.=25°C;1=0.1 M (KNO,)]

ai

Organic %o(V/V) BTAR BTAS
solvent
pK,, (LH,/LH™) pK,, (LH™/127) pK,, (LH,/1LH") PK,, (LH/177)

Graphical Regression Graphical‘ Regression Graphical Regression Graphical Regression
analysis procedure analysis procedure analysis procedure analysis procedure
Methanol 20 620+0.03 6.25+0.010 10.30+0.01 10.28+0.01 3.08%0.02 3.10+0.01 10.15+0.01 10.14%0.03
40 6.55%0.02 6.58+0.008 10.35+£0.03 10.3310.01 4.05%+001 4.03+£0.02 10.50%0.03 10.53%+0.02
60 6.6510.04 6.6710.013 1040+0.02 10.37+0.03 565+003 5671001 10.70+0.02 10.72+0.02
Ethanol 20 5.100.05 5.15£0.04 8.60%+0.04 8.621+0.03 320+0.02 3.18+%001 890*002 893+0.01
40 5.17£0.01 5.13%0.02 8.75+0.05 8.73%0.01 340x0.01 343%001 922%0.03 9.1710.04
60 532+£0.03 5341001 9.15%0.02 9.12+0.02 365+0.04 368+t0.02 9.63+0.04 9.611£0.01
n-Propanol 20 4551002 457+£003 827+0.04 825+0.01 3.30%+0.03 332%002 9.75+0.03 9.78%+0.02
40 4951003 492+002 905%£0.02 907+£0.02 345+0.02 340+0.03 10.00+0.03 10.02+0.02
60 510001 5.12%001 920%001 923+001 355+002 352+001 10.10x0.02 10.13%£0.01
iso-Propanol 20 475+£0.04 476+0.04 870+0.03 872+0.03 450+0.03 4.52+0.01 9.80+0.02 9.82+0.01
40 500%0.02 497+003 9.10+x0.02 9.13+x0.01 460+0.04 463+001 10.05%0.03 10.03+0.03
60 522+0.01 5241001 9461004 944+0.02 470005 4.72+0.02 10.15%0.04 10.16%0.02
Acetone 20 551+£0.05 548+0.05 8.1510.02 8.13+£0.02 562+003 5641002 9601003 9.63%0.01
40 530+0.03 525%0.03 830%£003 8.13%+002 570+0.04 5681005 10.15+0.02 10.11%0.03
60 575%0.02 5771001 850+0.04 853%0.62 6.06+0.02 6.02+0.03 1031+0.03 10.26+0.05
Dioxane 20 4521003 4541+002 7501001 753+001 340%0.02 343+0.02 840+0.04 841+0.02
40 415+0.01 4.18%002 7401003 7.38+0.03 320003 321%003 870+0.02 8.67+0.03
60 405+0.04 404+001 725%0.02 728%+0.02 3.12+x004 3.16+x001 895+0.03 8.90+0.03
DMF 20 455003 456+0.03 760%£001 7.62+0.02 3.15+0.04 3.171002 865+0.02 8.67+0.01
40 438001 436%+0.02 7.50£003 748+001 295+003 292+001 855+001i 852%0.03
60 4251004 427+001 725+002 728+001 280+0.05 285+0.03 8.1010.03 8.05+0.04

*Values resulting as a mean from the values calculated for each wavelength.
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Fig. 2—Distribution curves for different acid-base forms of

BTAR [40% (v/v) methanol, 1=0.1 M KNO, 25°C];
C,=3.0%10"5 M; a=(1) [LH; J/Cy; (2) [LH,)/C,, (3) [LH~ )/
C, and (4) [L27)/C,.

nm. The latter band corresponds to absorption by
the monoanionic form of BTAS and suffers a red
shift on decreasing acidity of the medium. The
spectrum of BTAS displays a symmetrical and in-
tense band with A, at 515-535 nm in the pH
range 7.5-11.5, corresponding to the dianionic
form (L™ ~) of the reagent. The absorption versus
pH-graphs obtained at 420 nm show the various
acid-base equilibria which exist in solution (Fig.
3).

It was concluded that the cationic species is the
prcdominant form of BTAS in solutions of
pH <0.8. The neutral molecules of BTAS (LH,)
exist as the prevalent species at pH values of 1.0-
3.0. The transformation of the latter form to the
monoanionic species (LH ™) occurs at pH 3.5-7.0,
above which elimination of another proton lead-
ing to the formation of the bivalent anion (L* ) is
assumed. The different acid-base equilibria that
may occur in solutions of BTAS can be represent-

ed by the following scheme,
S\ +
Qe
COOH

S\
QO
N Ty
nonionic

H COOH
protonated
pH 1030 “—DKCOOH

pH<08

S\, _ Poy S\ +
ON -N-Qo = [ N-NQ—OH +H
/ N
00~ coo~
dinegativeanion mononegativeanion
pH 7:0-11-5 pH 3:5-7-0

The pK, values and the corresponding acid base
cquilibria are given in Table 1.

The pK, values corresponding to the different
ionisation steps of BTAR and BTAS, are influ-
cnced by both the nature and amount of organic
solvent used. The elimination of the proton from
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Fig. 3—Plot of absorbance versus pH of 5x 10°° M (BTAS)

in different percentages of aqueous-organic solvent mixtures

at A=420 nm. (a) 20% (v/v) ethanol; (b) 40% (v/v) ethanol;
(c) 60% (v/v) ethanol.

COOH or OH is enhanced as the amount of
DMF is increased but diminishes as the propor-
tion of methanol, ethanol, acetone or dioxane is
increased in solution. This behaviour can be ex-
plained by the fact that the former solvent acts as
a proton acceptor rather than donor and causes
protonation of the lone pairs of electrons on the
COOH and OH groups facilitating proton disso-
ciation. The decrease of ionisation on increasing
the alcohol or acetone content in solution may be
attributed to the blocking of the m electrons of
the C=0O groups by solvent molecules. The
bands undergo a bathochromic shift on increasing
the concentration of DMF in solution. This be-
haviour depends on solvation effect rather than
on the dielectric properties. The band shift to
shorter wavelength caused by increasing the pro-
portion of dioxane can be attributed to the dec-
reasc of the concentration of the ionised forms as
a result of ionic association.

The pK, values obtained in solutions containing
the same percentage of different organic solvents
follow the order, DMF <dioxane <acetone
< n-propanol < ethanol <isopropanol < methanol.
This is presumably due to a decrease in the tend-
ency of the solvent to associate with the solute
through H-bond. Acetone is characterized by a
very weak tendency to donate hydrogen bond'®.
The lowest pK, value in DMF is because of its
high basic character facilitating the ionisation pro-
cess.

During the course of this study we observed
that the two pK, values for BTAR (Table 1) are
due to the deprotonation of the p and o-OH
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group mainly from the resorcinol part. In BTAS,
PK,, is due to the ionisation of a proton from the
carboxylic group, whereas pK ,, is assigned to the
ionisation of the phenolic-OH group. Also, on
comparing the pK, values of BTAR and BTAS
(in 20% v/v ethanol) with their analogoues, 2-(thi-
azolylazo)resorcinol (TAR) and 2-(thiazolylazo)
salicylic acid (TAS), it is obvious that the pK, va-
lues of BTAR (5.10, 8.60) and BTAS (3.18, 8.90)
are lower than those of TAR! (6.23, 9.44) and
TAS™ (4.30, 10.06) respectively. This behaviour
can be explained on the basis that, the fusion of a
benzene ring to thiazole moiety decreases the pK,
values of the two investigated benzothiazolylazo
phenol derivatives. This is in accordance with the
view that the fusion of a benzene ring to 2-amino-
thiazole moiety decreases the pKyy due to an in-
crease in the resonance interactions involving the
unshared pair of electrons of the nitrogen atom in
thiazole. This is in accordance with an earlier ob-
servation that the fusion of a benzene ring de-
creases the pKyy of pyridine from 5.23 to 4.94 in
quinoline’®.

Furthermore, pK, values of BTAS are higher
than those of BTAR. This can be attributed to the
ease of ionization of —COOH group in BTAS at
lower pH values forming the monoanionic species
of BTAS. This renders the ionization of the —OH
group more difficult (i.e. higher pK , values).
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