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terization and application of
a novel polyazo dye as a universal acid–base
indicator†

Jannatul Naime,a Muhammad Shamim Al Mamun, *a Mohamed Aly Saad Aly,b

Md Maniruzzaman,c Md Mizanur Rahman Badalc and Kaykobad Md Rezaul Karima

A novel organic polyazo dye is synthesized by the diazotization of aromatic aniline, followed by coupling it

with sulfanilic acid and N,N-dimethylaniline. Characterization was done by 1H-NMR, 13C-NMR, and FTIR

spectroscopy. Differential scanning calorimetry (DSC) reveals that phase transition for this molecule is

exothermic. The optical band gap is estimated from the absorption cutoff point using UV-Visible

spectroscopy. Thermal gravimetric analysis (TGA) addresses the thermal stability of the molecule and is

found to be at �250 �C. The structure of the synthesized molecule is analogous to that of methyl

orange and contains three azo groups. These three azo groups help accept more than two protons and

provide two pKa values when diprotic acid or a mixture of acids is used in different titrations. Specifically,

when a polybasic acid is in strong base titration, the pKa values were found to be 3.5 and 9.1. Moreover,

for strong base and (strong + weak) acid mixture titration, the pKa values are found to be 9.2 and 3.3.

Furthermore, the pKa values are found to be 8.6 and 2.8 for (strong and weak) base mixture and (strong

and weak) acid mixture titration, respectively. Owing to its increased proton accepting capacity, it can be

found in the two pH ranges of 2.1–3.8 for orange color and 8.2–9.8 for yellow color, thus indicating

a unique property as a universal indicator for acid–base titration. The dissociation constant of this dye is

found to be 3.4 � 10−6, determined in a mixed aqueous solution of 10 wt% ethanol, and a linear

relationship between pKa and pH is observed in this solvent system.
Introduction

Owing to their broad spectrum of industrial applications (such
as textiles, food coloring, pharmaceuticals, printing, and
cosmetics), azo dyes are considered to be the most commonly
used organic coloring materials.1–5 Azo compounds are water-
soluble chemical synthetic compounds having a functional
group with the general formula of A–N]N–B, where A and B are
either aliphatic (alkyl, electron withdrawing) or aromatic (aryl,
electron donating) functional groups, and (–N]N–) is
a nitrogen–nitrogen double bound called azo group (chromo-
phore).6 Their chemical structure contains a conjugated system,
which is a chemical structure with alternating single and double
bonds.7 Azo dyes exist in solid phase, most of which are salts,
with the colored element usually being an anion mostly due to
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the presence of sulfonic acid groups; however, some cationic
azo dyes exist.8,9 Azo dyes are prepared by diazotizing aromatic
amines with electron-rich coupling agents (nucleophiles) con-
taining one or more azo groups attached to aromatic mole-
cules.10 Sulfur and nitrogen-containing azo dyes drew
considerable attention owing to their attractive biological
activities (anticancer, antioxidant, antifungal, antimicrobial,
antiviral, and anti-inammatory) endowing them with a wide
range of pharmaceutical applications.11–17 It is noteworthy to
mention that antibiotics containing azo dyes with the sulfon-
amide functional group were the rst clinically effective
chemotherapeutics used to systemically treat humans from
bacterial infection.18,19 Moreover, azo dyes (such as methyl red
and methyl orange) act as indicators in the acid–base and
complexometric titrations of analytical chemistry by changing
the color according to the extent of electron delocalization.20–22

Polyazo dyes contain more than two azo groups (–N]N–),
thus increasing conjugation and enriching electron delocaliza-
tion.23 It was reported that the more number of azo group the
dye contains, the less the possibility of the dye degrading; for
instance, single (mono-azo) or double (diazo) azo group
continuing dyes are more likely to degrade than polyazo dyes.24

When the synthesized compound (azo dye) functions as an
indicator, it changes color by withdrawing or releasing protons
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(or electrons) with the solution through a process called
protonation. This change of color is more stable when the
number of azo group (–N]N–) increases.25 Therefore, polyazo
dyes can be more stable and be used as an indicator. Ideally,
lower delocalization changes the absorption from longer to
shorter wavelengths (hypsochromic shi), while more delocal-
ization moves the absorption from shorter to longer wave-
lengths (bathochromic shi), thus making the reected light
more red.26 According to this shiing, the stability of polyazo
dyes can be characterized by the impact of acid and base on the
visible absorption maxima by analyzing the band gap (HOMO
and LUMO) using cyclic voltammetry.27 Furthermore, polyazo
dyes constitute a signicant category of organic dyes used in
a variety of possible practical applications.19,28–33

Acid–base indicators are organic dyes displaying different
colors in solutions with the change in the pH levels. The
chemical structure of azo dyes containing phenol rings with the
azo group along with thiol as functional groups leads to high
conjugation and unique mechanism of changing colors in
titration.34 Furthermore, owing to their simple synthesis,
stability, high efficiency, and lower degradability in titration,
azo dyes have been extensively utilized as acid–base indicators
during the last decade.35–41 These indicators are mostly prefer-
able for detecting the end point of strong acid–weak base
titrations. Also, they are used occasionally in the detection of
the end point of strong acid–strong base titrations. Due to the
limitation of their active pH ranges, they are not used in strong
base–weak acid and weak acid–weak base titrations. For
example, methyl orange is not suitable for strong base–weak
acid titrations. When a titration between a weak species and
strong species is conducted, the indicator used must have a pH
range in the side of the strong species. In case of strong base
(NaOH) and weak acid (CH3COOH) titration, the indicator used
must have a pH range in the basic region but methyl orange has
a pH range in the acidic region. Similar limitation was reported
for other dye indicators such as bromocresol green and chlor-
ophenol red by Stancil Cooper.42 To overcome the above-stated
limitations, he reported about the mixed indicator bromocresol
green and methyl red for bicarbonate titration. However, using
mixed indicators is expensive and the choice of mixed indica-
tors is a tedious job, which highlights the importance of
a universal indicator. Again, the optimum suitability of a double
or mixed indicator will depend not only on the properties of
individual indicators mixed but also on their relative propor-
tions chosen for simultaneous use.43 To the best of our knowl-
edge, there is no reported dye that can detect the end point of
polybasic acid–polyacidic base titrations; thus, a mixed indi-
cator is used to overcome these limitations.42,44

Herein, we synthesized a novel polyazo dye and investigated
its application as a universal acid–base indicator. The novel
compound synthesized in this study can be used in strong acid–
strong base, weak acid–weak base, and polybasic acid–polyacidic
base titrations due to its unique double pH ranges and pKa

values. Characterization was validated by FTIR spectroscopy, 1H
NMR, and 13C NMR. Furthermore, thermal gravimetric analysis
(TGA) was performed to investigate the thermal stability of the
molecule. Differential scanning calorimetry (DSC) revealed that
© 2022 The Author(s). Published by the Royal Society of Chemistry
phase transition for the synthesized molecule is exothermic.
Cyclic voltammetry (CV) measurements were conducted to eval-
uate the band gap of the synthesized molecule. To verify the
applicability of the synthesized polyazo dye as an indicator, it was
tested at different acid–base conditions. Experiments (avail-
ability of p-delocalized electrons and stability of the polyazo
compound) revealed that the synthesized molecule can be used
as a universal indicator for all types of acid–base reactions, thus
signifying the benet of having two pKa values.
Experimental section
Materials and methods

All starting materials and reagents were purchased commer-
cially: aniline (C6H5NH2), hydrochloric acid (HCl), and sodium
hydroxide (NaOH) were purchased from E. Merck (Germany),
and sodium nitrite (NaNO2) and sodium chloride (NaCl) were
purchased from Sigma-Aldrich (Germany) and used as received
unless specied. The intermediates p-aminoazobenzene (PAAB)
and sodium diazenyl benzene sulfonate (SAPD2BS) were
prepared according to previously reported procedures, as shown
in Schemes S1 and S2, respectively, presented in the ESI.†45 An
FT-IR spectrophotometer (SHIMADZU 4200, Kyoto, Japan) was
used for recording the IR-spectra of the synthesized molecule. A
BRUKER 400 spectrometer (BRUKER, MA, USA) was used for
recording the 1H-NMR spectra of the synthesized dyes. MeOD
was used as the solvent and TMS was utilized as the internal
standard on a Varian 500 MHz spectrometer AV-500 at 25 �C.
Elementary analysis was carried out using an Elementary
analyzer (Vario MICRO cube), made in Germany.

The absorption spectra of the compounds were measured by
a UV-Vis double-beam spectrophotometer (LABOMED, Inc.,
UVD-3200 PC, CA, USA) at 298 K through a quartz cell with a path
length of 1 cm. The compound was dissolved in dichloro-
methane to make a solution of concentration 1 mM and the
optical band gap (Egap,optical) was obtained by the following eqn
(1) from the onset wavelength of the UV-Visible spectra.46

Egap,optical ¼ h � c/loffset ¼ 1240/loffset (1)

where loffset (nm) represents the absorption edge wavelength.
The synthesized compound has potential to be used in few

applications that require thermal stability at high temperatures
such as polymer-based high temperature processed food prod-
ucts, Kjeldahl method, in which the mixed indicator is used to
determine the total nitrogen content of any food product, the
amount of iron in samples (food, liquid, and chemical) using
KMnO4 and oxalic acid, and thermodynamics of neptunium(V)
complexation with sulfate in aqueous solutions in ground water
treatments. Therefore, the thermal degradation (TGA and DSC)
of the synthesized compound was carried out on a NETZSCH
STA 449F3 (NETZSCH Group, Selb, Germany) instrument under
puried nitrogen gas ow at a heating rate of 10 �C min−1. The
CV was carried out on a mStat 400 Drop Sens (Metrohm Drop-
Sens, Asturias, Spain) microcomputer-based electrochemical
analyzer at room temperature. In the CV analysis, a conven-
tional three-electrode conguration employing a glassy carbon
RSC Adv., 2022, 12, 28034–28042 | 28035
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electrode as the working electrode, an Ag/AgCl electrode as the
reference electrode, and a Pt wire as the counter electrode.
Redox potential was measured in a 0.1 M Na2SO4 aqueous
solution at a scan rate of 50 mV s−1 taking the concentration of
our molecule as 3.1 � 10−5 M. The experimental electronic
band gap (Egap,electronic) was estimated using eqn (2).46–48 HOMO
and LUMO were estimated from the onset oxidation and
reduction potential, respectively.

Egap,electronic ¼ EHOMO − ELUMO (2)

Method development. Sodium 4-((E)-(4-((E)-(4-((E)-(4-(dime-
thylamino)phenyl)diazenyl)phenyl)diazenyl)phenyl)diazenyl)
benzenesulfonate (SDMAPD3BS).49,50

A solution of SAPD2BS (3.8 g, 10 mmol), sodium carbonate
(0.6 g, 5.6 mmol), and 25 mL of water was rst mixed in a round
bottom ask. Following, the ask was placed in a hot (90 �C)
water bath until a clear solution was obtained. Next, sodium
nitrite (2 g, 29 mmol, 98%) was added to the mixture and then
the mixture containing ask was placed in an ice water bath
until a signicant amount of solid was precipitated. Then, the
above mixture was added into a basic solution of N,N-dime-
thylaniline (1.8 g, 17 mmol) and then the ask was placed in an
ice-water bath for 25–30 minutes. Next, the mixture was heated
until the boiling commenced, and then, sodium chloride (3 g)
was added until it dissolved. Next, the stirring was stopped and
the mixture-containing ask was le to slowly cool down in an
ice water bath for 80–90 min. Aer drying, the crude product
was recrystallized with n-hexane and DCM, as shown in Scheme
1. Maroon powder, mp 226 �C, yield 81%. The IR (KBr) spectrum
of the product (n cm−1): 3050, 1600, 1475, 1450, 1400, 1380,
1270, 1180, 840, 820, 680. 1H NMR (400 MHz, MeOD): d ¼ 8.06
(d, J ¼ 8.8 Hz, 2H, Ar), 7.92 (d, J ¼ 8.8 Hz, 2H, Ar), 7.57 (t, J ¼
1.6 Hz, 4H, Ar), 7.57 (d, J¼ 7.6 Hz, 2H, Ar), 7.55 (t, J¼ 1.6 Hz, 4H,
Ar), 7.52 (d, J ¼ 7.2 Hz, 2H, Ar), 4.88 (s, 6H, 2CH3), and 3.33
(MeOD) is the solvent peak. 13C NMR (MeOD): d ¼ 130.762;
129.099; 127.583; 126.342; 126.062; 125.768; 122.635; 121.860
(over lapping peaks); 121.721; 121.639. Elemental analysis
found: C, 50.89; H, 4.62; N, 13.83, S, 6.49%.

Density functional theory (DFT) was analyzed using Becke's
three-parameter hybrid functional combined with B3LYP
functional and the non-local correlation functional of LYP.51

The B3LYP/6-311G +(d,p) and APFD/6-311G +(d,p) basis set was
used to optimize the synthesized structures. In order to nd the
local minima for stationary points, harmonic vibrational
frequencies were performed at the same level of theory. All
calculations were obtained using Gaussian 16, revision C.01
series of programs.
Results and discussion
Synthesis, optical absorption, electrochemical and thermal
property

Herein, we have synthesized a modern dye containing polyazo
groups. All benzene rings, both of the le and right side of the
azo bond (–N]N–) are arranged in such a way that minimum
28036 | RSC Adv., 2022, 12, 28034–28042
steric hindrance is present in the structure. Therefore, the most
stable conguration is zigzag shaped having E (entgegen)
conguration in which the benzene rings remain on opposite
sides of the azo group. A synthesis route of SDMAPD3BS is
depicted in Scheme 1 where a at structure is shown.

The absorption spectra of the starting materials such as
aniline, sulfanilic acid (SA), and the products of different stages,
namely PAAB, SAPD2BS, and SDMAPD3BS were recorded in the
range of 200–800 nm, as shown in Fig. 1a. By looking at the
gure, one can observe that the peaks shied from le to right
(bathochromic shi) with the addition of the reactant due to the
increase in the number of azo groups. Because of red shiing,
the diluted ethanolic solution of SAPD2BS was absorbed at
306 nm with a signicant peak and the highest coefficient was
of 3.49 � 106 M−1 cm−1. Subsequently, azo groups were
increased by adding N,N-dimethyl aniline in the terminal
position and the SDMAPD3BS synthesized solution was pre-
sented at a bathochromic peak at 374 nmwith a higher maximal
coefficient of 5.54 � 106 M−1 cm−1.52 It is noteworthy to
mention that the absorption coefficient and the band gap for
the synthesized compound increased and decreased, respec-
tively, by adding N,N-dimethyl aniline to modify the end unit of
the synthesized polyazo dye. In addition, the optical band gap of
SDMAPD3BS was estimated using eqn (1) to be 1.89 eV.

The electrochemical performance of SDMAPD3BS was
studied by CV using a glassy carbon working electrode in
a supporting electrolyte of 0.1 M Na2SO4 aqueous solution
under nitrogen atmosphere. The rst oxidation peak of
SDMAPD3BS in the cyclic voltammogram corresponded to the
oxidation of the azo compound where the azo group (–N]N–)
was converted to (]N+]N) to produce N0/I at a potential of
0.43 V vs. Ag/AgCl, as shown in Fig. 1b. Furthermore, the second
oxidation peak corresponded to the second oxidation at
a potential of 1.11 V vs. Ag/AgCl (for two numbers of N0/I) where
two azo groups (–N]N–) in one molecule of SDMAPD3BS were
converted to (]N+]N−). In the reduction process, there was no
signicant current change observed indicating that the reduc-
tion process was absent in SDMAPD3BS.

Furthermore, the onset oxidation and reduction potentials
of the synthesized compound were used to calculate the energy
levels of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) and were found to
be −4.83 eV and −2.94 eV respectively, as shown in Fig. 1b. The
electrochemical band gap of the nal compound was estimated
using eqn (2) to be 1.85 eV, and it is consistent with the value of
the optical band gap. Furthermore, the thermal property of
SDMAPD3BS was examined using TGA and DSC, conrming it
was an exothermic reaction and soluble in a common organic
solvent with good thermal stability up to 250 �C under N2

atmosphere. It is noteworthy to mention that the compound
annihilation started from 185 �C up to complete obliteration, as
shown through the TGA and DSC curves of Fig. S1 in the ESI.†
SDMAPD3BS as acid–base indicator

SDMAPD3BS displayed three signicant major colors, namely
red, orange, and yellow in all pH ranges, exhibiting visual
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis routes of sodium 4-((E)-(4-((E)-(4-((E)-(4-(dimethylamino)phenyl)diazenyl)phenyl)diazenyl)phenyl)diazenyl)benzenesul-
fonate (SDMAPD3BS).
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hypsochromic shi with the increase in the pH level in the
solution. This phenomenon was observed by following the
spectra of peaks using a UV-visible spectrophotometer of the
synthesized azo dye in a solution at three different pH levels (1,
7, and 14), as shown in Fig. 2a. This visual blue shi was
conrmed by a peak shi, indicating that the SDMAPD3BS
structure lost conjugation with the increase in the pH level.27

This observation can also explain the mechanism of change in
the color of SDMAPD3BS as an indicator in acid–base titrations.

The hypsochromic shi of SDMAPD3BS occurred due to the
two protons withdrawn by the azo group from the acidic solu-
tion in two steps, and thus converted into a source of proton, as
shown in Fig. 2b. Therefore, it exposed its acidic nature in
solution and formed an ionic structure gradually. The zwitter-
ionic and cationic quinoid structures of SDMAPD3BS indicate
charge separation in the ground state, as represented in
Fig. 2c(ii)–(iv). Owing to zwitterion formation, the structures
shown in Fig. 2c(ii) and (iii) are more stable than the structures
Fig. 1 UV-Visible spectra of aniline, SA, PAAB, SAPD2BS, and SDMAPD3B
material. Cyclic voltammograms with and without SDMAPD3BS at a scan

© 2022 The Author(s). Published by the Royal Society of Chemistry
displayed in Fig. 2c(i) and (iv). Moreover, the conjugation
system was destroyed because of the formation of the quinoid
structure; thus, the structure presented in Fig. 2c(iv) is more
stable than Fig. 2c(i).53–55

Furthermore, this behavior of SDMAPD3BS was conrmed
by determining the dissociation constant, showing two
different dissociation constants at two different pKa values as
further explained in ESI.† The dissociation constant of
SDMAPD3BS was 1.16 � 10−3 and 1.65 � 10−9 at pKa values of
(2.94� 0.01) and (8.78� 0.02), respectively, in a 10 wt% EtOH–

H2O mixed solution.56 When SDMAPD3BS accepted one
proton, the rest of the compound conjugated (aromaticity) and
then converted into an ionic form in the second phase simi-
larly. For that reason, the K1

d of SDMAPD3BS was lower than
K2
d with a linear relationship between pKa and pH (as shown in

Fig. S2†) for an average value of Kd and pKa at 3.4 � 10−6 and
5.47 � 0.01, respectively. Finally, SDMAPD3BS dissociated at
low pH levels.
S (a). Red shifting occurred by the continuous addition of the starting
rate of 50 V s−1 (b).

RSC Adv., 2022, 12, 28034–28042 | 28037
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Fig. 2 (a) The significant colors with corresponding pH ranges; (b) the normalized UV-visible spectra of SDMAP3DBS solutions at the pH range of
1–14; (c) the proposed structures according to the changing of pH levels (c); that is (i) alkaline form of SDMAPD3BS, (ii) the monoprotonated
zwitterionic structures under acidic conditions, (iii) the resonant form of azonium, and (iv) the bis-protonated cationic quinoid structures under
acidic conditions.

Table 1 Titration of acid (0.1 M) against base (0.1 M)

Acid Base

Equivalence point

Experimental Reference42,57,58

HCl NaOH 7.05 7.0
CH3COOH NaOH 8.4 8.73
HCl NH4OH 4.55 5.27
CH3COOH NH4OH 7.2 �7.0
H2SO4 NaOH 4.9 & 10.0 7.14
H3BO3 & HCl NaOH 4.75 & 9.90 a

H3BO3 & HCl NH4OH & NaOH 3.0 & 8.35 a

a No reference value has been found.
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Furthermore, adding more azo groups affected the solubility
of the compound in polarity basis and increased the stability of
the compound.35 By changing its structure at different pH levels
of the solution, it performed as an indicator. Furthermore, the
synthesized compound (SDMAPD3BS) exhibited two equivalent
points especially for polyacidic/polybasic titration due to their
pH ranges; one pH range belongs to a more acidic area and
other to a less basic area. There were seven types of acid–base
titrations done, where the color of the solution changed
dramatically with the addition of 1–2 drops of SDMAPD3BS. The
28038 | RSC Adv., 2022, 12, 28034–28042
endpoints were recorded for all mentioned titrations and pre-
sented in Table 1.

Since SDMAPD3BS has two pH ranges and three azo groups,
it can be assumed that it shows one pH range of 8.2–9.8 at
a wavelength of 387–393 nm with yellow color when it takes one
proton from the solution in the rst step to convert itself from
basic to acidic nature. Furthermore, it shows a pH range of 2.1–
3.8 at a wavelength of 454–458 nm with orange color when it
takes two protons from the solution, as shown in Fig. 3(a)–(d).
Furthermore, in the case of polybasic acid–base titrations, the
participating compounds containing more than one ionizable
ion per molecule require more electron or proton accepting
nature-based indicators that can show color change at their
equivalence point and endpoint. Since the synthesized
compound contains two pH ranges with two pKa values, thus
helping to determine the accurate endpoint of polybasic acid
and polyacidic base titrations, at which two equivalence points
were found, as can be observed in Fig. 4(a) and (b). Moreover,
owing to the presence of more than one ionizable ion, the
synthesized compound was able to determine the endpoint of
titrations containing a mixture of acids and bases, as shown in
Fig. 4 (c).

The optimized chemical structure of the synthesized
compound (SDMAPD3BS) is shown in Fig. 5a. The frontier
molecular orbital distributions and energy levels of
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra04930a


Fig. 3 UV-Visible spectra of the acidic solution was shifted from right to left during titration and titration between strong base (SB) and strong
acid (SA) (a), strong base and weak acid (WA) (b), strong acid (SA) and weak base (WB) (c), and weak acid and weak base (d). *BT¼ before titration;
*AT ¼ after titration; *MT ¼ middle-state titration.
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SDMAPD3BS obtained by the DFT computational method are
shown in Fig. 5b. The energy difference between the HOMO
(−5.52 eV) and LUMO (−3.10 eV) was found to be 2.42 eV by
© 2022 The Author(s). Published by the Royal Society of Chemistry
DFT calculation. It is noteworthy to mention that this energy
difference is larger than the band gaps of 1.89 eV and 1.85 eV,
obtained from optical band gap, and the onset oxidation and
RSC Adv., 2022, 12, 28034–28042 | 28039
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Fig. 4 UV-Visible spectra of the acidic solution shifted from right to left during titration and titration between polybasic acid (PA) and strong base
(a), strong acid and weak acid and strong base (b), strong acid–weak acid and strong base–weak base (c).
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reduction potential, respectively. Band gap was calculated by
DFT in the gas phase where only intrinsic properties of the
molecules were exhibited. On the other hand, the band gap
was measured experimentally in a solid state on a glass in air
in which the band bending may occur due to an external
molecule. Therefore, the band gap value from DFT was slightly
higher than the experimental value, which is consistent with
the previous report.59
Conclusion

Herein, a novel polyazo dye was synthesized and its application
as a universal acid–base indicator was investigated. Owing to its
unique double pH ranges and pKa values, the synthesized
28040 | RSC Adv., 2022, 12, 28034–28042
compound can be used in strong acid–strong base, weak acid–
weak base, and polybasic acid–polyacidic base titrations. To
verify the applicability of the synthesized compound as an
indicator, different acid–base titrations were done. Interest-
ingly, this molecule can be used as a universal indicator for all
types of acid–base reactions, which signies the benet of
having two pKa values.
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Fig. 5 The optimized 3D structure of SDMAPD3BS (a). Frontier molecular orbital distributions and energy levels of SDMAPD3BS by DFT (b).
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