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Azo boje predstavijaju najznacajniju klasu organskih boja zahvaljujuci svojoj strukturnoj raz-
novrsnosti, podesivim svojstavima i Sirokom spektru primena u razlicitim naucnim i industrijskim
oblastima. Heterociklicne azo boje predstavijaju znacajnu potklasu ovih jedinjenja, pri cemu se po-
sebno izdvajaju azo boje na bazi piridona zbog jednostavne sinteze, visoke funkcionalnosti i visokih
vrednosti molarnog ekstinkcionog koeficijenta (¢). U ovom radu izvrsena je sinteza i detaljna karak-
terizacija dva nova molekula azo boja izvedenih iz piridona. Boje su dobijene reakcijom diazotovanja
anilina i 4-aminofenola, a zatim reakcijom diazo-kuplovanja sa novim 4-(piridin-3-il)-6-hidroksi-3-
cijano-2-piridonom. Oba jedinjenja su okarakterisana temperaturom topljenja, ATR-FTIR i 1H NMR
spektroskopijom. UV-Vis spektroskopija koriséena je za ispitivanje solvatohromnih i tautomernih
svojstava ovih jedinjenja u setu rastvaraca razlicite polarnosti. Pored toga, ispitivano je i dejstvo pH
vrednosti rastvaraca na tautomernu ravnotezu ovih jedinjenja (kiselo-bazna ravnoteza).

Azo dyes are widely recognized as the most significant class of organic colorants due to their
extensive structural diversity, tunable properties, and a wide range of applications across multiple
scientific and industrial fields. Heterocyclic azo dyes constitute a notable subclass of these compo-
unds, with pyridone-based azo dyes being especially significant, due to their straightforward synthe-
tic route, functionality, and a high molar extinction coefficient (¢). In this paper, two novel pyridone-
derived azo dye molecules were synthesized and thoroughly characterized. The dyes were obtained
by a diazotation reaction of aniline and 4-aminophenol, and subsequent diazo-coupling reaction with
a novel 4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone. All compounds were characterized by mel-
ting point, ATR-FTIR, and 1H NMR spectroscopy. The UV-Vis spectroscopy was employed to inve-
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stigate the solvatochromic and tautomeric properties of these compounds in a set of solvents of diffe-
rent polarity. In addition, the influence of the solvent's pH value on tautomeric equilibrium was inve-
stigated (acid-base equilibrium).

1. Introduction

Azo dyes comprise the most extensive and versatile class of organic colorants, owing to their
distinctive chemical structures and electronic properties, which enable a wide range of applications
in scientific and industrial domains. In addition to their most common use in textile dyeing industry,
they are utilized in optoelectronics, optical storage devices, laser technology, non-linear optics
(NLO), as photosensitizers in dye-sensitized solar cells (DSSC), food and cosmetic industry, among
others [1,2]. Moreover, numerous azo dyes display significant biological activities, thereby extending
their applicability in pharmaceutical and biomedical fields [3]. Heterocyclic azo derivatives are of
great importance, since the incorporation of the heterocyclic moiety in the azo dye structure enhances
the physicochemical properties of the molecule, including thermal and chemical stability and coloring
efficiency. Among these derivatives, azo dyes obtained from a 2-pyridone moiety, as a nitrogen-
containing heterocycle, are of particular significance. The introduction of this electron-rich fragment
extends the z-conjugation, thereby modulating the electronic structure and enhancing the light-ab-
sorption behavior (optical and photophysical features) of an azo dye molecule. Pyridone-based azo
dyes exhibit higher coloring strength, brighter hues, and improved fastness properties compared with
their carbocyclic analogues. In addition to their wide-ranging industrial applications, these com-
pounds have also been reported to exhibit various biological and pharmacological activities [4-10].
In this paper the multistep synthetic route, characterization, solvatochromic behavior, and acid-base
tautomeric equilibria of two novel pyridone-derived azo dye molecules, designated as Al and A2,
were presented (Figure 1). The azo dyes were obtained by initial diazotation reaction of aniline and
4-aminophenol, and by subsequent diazo-coupling reaction of formed diazonium salts with a novel
4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone. Solvatochromic behavior was investigated by the
means of UV-Vis spectroscopy in a set of eight solvents of diverse polarity, namely dimethylforma-
mide (DMF), dimethyl sulfoxide (DMSQ), methanol, ethanol, acetonitrile, ethyl-acetate, acetone, and
chloroform (Al), whereas the tautomeric equilibria in an acid/basic medium were investigated by
incorporation of hydrochloric acid (HCI) and potassium hydroxide (KOH) and triethylamine (TEA)
in ethanol, methanol, chloroform, and DMF solutions of obtained azo dyes.

A2

Figure 1. The structures of newly synthesized azo dyes Al and A2

2. Experimental

All chemicals employed in this study were of reagent grade, obtained from Aldrich, Merck,
Fisher Chemical, Fluka, and Baker, and used without further purification. The azo dyes were syn-
thesized via modified procedures. Firstly, the ethyl-nicotinate was obtained starting from nicotinic
acid, followed by Claisen condensation reaction to afford keto ester, namely 3-oxo-3-(pyridin-3-yl)
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propanoate (B). In the next step, condensation of the resulting keto ester with cyanoacetamide yielded
4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone (Pyr), which was subsequently subjected to diazo
coupling reaction with selected diazonium salts, S1 and S2, to give novel azo dyes Al and A2, re-
spectively (Figure 2). All final compounds were characterized via melting points, elemental analysis,
ATR-FTIR, and 'H NMR spectroscopy. The melting points were taken using Stuart SMP30 appa-
ratus. The elemental analysis was performed using Vario EL 11l elemental analyzer. The ATR-FTIR
spectra were recorded using Thermo Scientific Nicolet iS10 spectrophotometer, in 400-4000 cm™
domain. The 1H NMR spectra of dyes were obtained by Bruker Ascend 400 spectrometer in deuter-
ated chloroform (CDClz), whereby the chemical shifts are displayed in ppm units, regarding tetrame-
thylsilane (TMS) as an internal standard. The UV-Vis spectra were collected by UV-Vis 1700 Shi-
madzu spectrophotometer, at the room temperature, in 220-750 nm range.
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Figure 2. Schematic representation of the reaction path for obtaining A1 and A2 azo dyes

2.1. Synthesis of ethyl nicotinate

The titled compound was synthesized according to a modified literature procedure [11]. In a
round bottom flask, 4.0 g (32.5 mmol) of nicotinic acid and 12.72 ml (218 mmol) of an absolute
ethanol were added. The resulting suspension was stirred at a room temperature for 10 minutes. Sub-
sequently, 5.65 ml (102 mmol) of a concentrated sulfuric acid was added dropwise, and the resulting
mixture was vigorously stirred under reflux for five hours. After approximately an hour, a clear solu-
tion was obtained. After the reaction was completed, the resulting mixture was poured onto ice, and
the pH was adjusted to 10-11 using 10% aqueous solution of potassium carbonate (K.CO3). The
resulting mixture was extracted with diethyl ether, and dried over magnesium sulfate, after which the
excess of solvent was evaporated under the reduced pressure. The obtained ethyl nicotinate was pale-
yellow oil, and was used without further purification. Yield was 84%.
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2.2. Synthesis of 3-oxo-3-(pyridin-3-yl)propanoate (B)

The titled compound was obtained by a modified literature procedure [12]. In a round bottom
flask, filled with 160 ml of an absolute ethanol, 6.5 g (280 mmol) of sodium was carefully added and
let to stir for an hour and a half. Afterwards, the solvent was removed under reduced pressure. To the
well-dried sodium ethoxide, 50 ml of ethyl acetate was added, followed by addition of a solution of
ethyl nicotinate (4.26 g, 28.2 mmol) dissolved in ethyl acetate (30 mL). The resulting mixture was
vigorously stirred under reflux for 16 hours. After completion of the reaction, 85 ml of water was
added in the reaction mixture, and the pH of extracted aqueous layer was set to 5. The aqueous layer
was extracted with diethyl ether, and the organic layer was dried over anhydrous MgSQsa, filtrated,
after which the excess of solvent was removed in vacuo. The obtained product was yellow oil, which
was purified by column chromatography (hexanes:ethyl acetate = 2:1), to give 79.04 % yield of 3-
ox0-3-(pyridin-3-yl)propanoate (B).

2.3. Synthesis of 4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone (Pyr)
4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone was synthesized according to an optimized lit-
erature method [13]. A mixture of 2.66 g (13.4 mmol) of 3-oxo-3-(pyridin-3-yl)propanoate (B), 1.16
g (13.4 mmol) of acetamide, 0.93 g (16.51 mmol) of KOH, and 30 ml of absolute methanol was
placed in a round bottom flask, and energetically stirred under reflux for 30 hours. After the reaction
was completed, the resulting mixture was filtered and the precipitate was washed with small portion
of cold methanol, and recrystallized from aqueous media. The filtrate was acidified using the concen-

trated HCI, after which precipitate was filtered and left to dry. The obtained 4-(pyridin-3-yl)-6-hy-
droxy-3-cyano-2-pyridone (Pyr) was yellow-ocher in color, with yield 20%.
2.4. Synthesis of 4-(pyridin-3-yl)-5-phenyldiazenyl-6-hydroxy-3-cyano-2-pyridone (A1)

Aniline (18.6 pl, 0.2 mmol) was dissolved in 2 ml of a IM aqueous HCI solution, and the re-
sulting mixture was cooled to -2 °C. To this solution, 1 ml of the previously cooled aqueous solution
of NaNO; (13.82 mg, 0.2 mmol) was added dropwise, keeping the temperature in the 0-5 °C range.
The resulting diazonium salt solution was stirred for 45 minutes and then subsequently added drop-
wise to the cooled solution of 4-(pyridin-3-yl)-6-hydroxy-3-cyano-2-pyridone (50 mg, 0.2 mmol),
KOH (11.24 mg, 0.2 mmol) in 3 ml of water, keeping the temperature in the 0-5 °C range. After-
wards, the pH was adjusted to 10, and the resulting mixture was stirred in an ice bath for 3 hours,
followed by an additional 1 hour at the room temperature. The formed precipitate was filtered, washed
with cold water, and recrystallized from 96% ethanol to afford an orange powder in 32% yield.
C17H11NsO2; Tm = 258-264 °C; ATR-FTIR (v/icm™): 3378.52, 3131.87, 2964.02, 2205.19, 1619.51,
1588.87, 1509.07, 1473.00, 1454.81, 1373.41, 1255.63, 1027.72, 899.09, 750,66; 'H NMR (400
MHz, DMSO-ds, o/ppm): 10.37 (1H, s, NH, 2-pyridone), 8.55-8.54 (1H, d, J1 = 3.6 Hz, 3-pyridyl),
8.47-8.46 (1H, d, J> = 2 Hz, 3-pyridyl), 7.74-7.72 (1H, d, J = 7.6 Hz, 3-pyridyl), 7.44-7.41 (1H, dd,
J =4.8 Hz, 3-pyridyl), 7.27-7.23 (2H, m, phenyl), 7.14-7.10 (3H, m, phenyl).
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Figure 3. The representation of the *H NMR spectrum of Al
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Figure 4. The representation of the ATR-FTIR spectrum of Al

2.5. Synthesis of 4-(pyridin-3-yl)-5-(4-hydroxy)phenyldiazenyl-6-hydroxy-3-cyano-2-pyridone (A2)

The titled compound was synthesized in the same manner as A1, except that the 4-aminophenol
(21.9 mg, 0.2 mmol) was used. The dark red powder was afforded, in 41% yield. C17H11Ns03; Tm =
276-279 °C; ATR-FTIR (vicm™): 3474.25, 3138.0, 3026.08, 2836.95, 2220.68, 1651.93, 1582.91,
1505.51, 1480.20, 1454.13, 1417.35, 1387.60, 1266.24, 1196.89, 1155.88, 1056.64, 893.87, 835.34,
808.04, 703.17; *H NMR (400 MHz, DMSO-ds, 6/ppm): 14.90 (1H, s, NH hydrazone), 12.13 (1H, s,
OH, phenyl), 10.01 (1H, s, NH, 2-pyridone), 8.74-8.68 (2H, m, 3-pyridyl), 7.97-7.95 (1H,d, J=8
Hz, 3-pyridyl), 7.62-7.59 (1H, dd, J = 4.8 Hz, 3-pyridyl), 7.17-7.14 (2H, d, J = 8.8 Hz, phenyl),
6.79-6.77 (2H, d, J = 8.8 Hz, phenyl).



104 39" INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

% 15 -.1 13 2 u 10 9 8 7 5 5 4 3

Figure 5. The representation of the *H NMR spectrum of A2

95

90 4
85+
80+
754
70 4
65
60—

Transmittance, a. u.

55
50

45

40

T T T T T T
3500 3000 2500 2000 1500 1000
Wavenumber, cm™

Figure 6. The representation of the ATR-FTIR spectrum of A2

3. Results and discussion

Due to a presence of an auxochrome (Al contains one while A2 contains two hydroxyl groups)
in the ortho-position to the azo linkage, the synthesized azo dyes theoretically exhibit azo-hydrazone
tautomerism. The possible tautomeric and anionic forms of synthetized azo dyes are depicted in Figure
7. Determination of tautomers of pyridone azo dyes in both the solid state and solution phase is very
important from both the theoretical and practical standpoints, since the tautomers have different phys-
icochemical properties, and therefore optical features and dyeing abilities. Furthermore, the tautomeric
equilibrium is strongly influenced by external factors, particularly the nature of the solvent, the pH of
the medium, and temperature. Solvent properties such as polarity, hydrogen-bonding ability, and die-
lectric constant can preferentially stabilize one tautomer over another, thereby shifting the equilibrium.
Similarly, the pH of the environment plays a crucial role by promoting protonation or deprotonation
processes, while temperature can influence both the thermodynamics and kinetics of interconversion,
all leading to changes in the tautomeric equilibrium. In addition, a formation of an intramolecular
hydrogen bond could occur in both tautomers of Al and A2 (Figure 7), forming a six-membered
pseudo ring, which results in enhanced planarity and z-electron delocalization contributing to stability
of these molecules [14-18]. Therefore, a comprehensive understanding of all factors above is essential
for predicting and controlling the distribution of tautomeric species in different systems. To investigate
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the relation between the electronic structure and optical properties of Al and A2, the solvatochromic
analysis was performed in a set of solvents differing in nature. Furthermore, the acid-base tautomeric
equilibria were investigated in three solvents of different polarity under acidic and basic conditions.
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Figure 7. The presentation of azo-hydrazone tautomerism of: a) Al and b) A2 azo dye

3.1. Solvatochromic analysis of A1 and A2 azo dyes

The absorption spectra of azo dyes were recorded at the room temperature in eight solvents of
different polarity: DMSO, DMF, methanol, ethanol, acetonitrile, ethyl acetate, acetone, and chloro-
form (A1) (Figure 7). The solvatochromic analysis for A2 dye in chloroform is excluded, due to poor
solubility of this compound. The concentration of all solutions was uniform (1x10* M). The absorp-
tion maxima (Amax) and molar extinction coefficient (&) values of A1l and A2 are given in Table 1.
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Figure 8. The representation of the UV-Vis spectra of azo dyes a) A1 and b) A2 in selected solvents

From Figure 8a could be noticed that Al exhibits a prominent solvent-depended behavior. The
absorption band in the higher energy region of the spectrum (360-290 nm), can be attributed to the
weaker 7—z* transitions, associated with lone pairs on the nitrogen and carbonyl oxygen atoms. An



106 39" INTERNATIONAL CONGRESS ON PROCESS INDUSTRY

intensive absorption bands in approximately 340-440 nm range in all selected solvents can be assigned
to an electronic transition with significant intramolecular charge transfer (ICT) character, arising from
the extended conjugation between the electron-donating phenolic moiety and the electron-accepting
pyridone fragment [19,20]. The highest bathochromic shift could be noticed in chloroform as a non-
polar aprotic solvent (444 nm), which could imply that intermolecular solvation is weak, allowing the
molecule to maintain a more planar and conjugated structure. This enhances z-electron delocalization
and stabilizes the excited state, resulting in the largest bathochromic shift. This could also suggest the
preferential stabilization of a less polar, hydrazone form through intramolecular hydrogen bonding
(Figure 7). In addition, the induced hypsochromic shift could be observed by polar protic solvents,
including methanol and ethanol (Figure 8a), likely due to intermolecular hydrogen bonding that dis-
rupts intramolecular interactions within the dye molecules. Furthermore, the slightly hypsochromic
shift of the absorption maxima could be noticed in polar aprotic solvents DMF, DMSO, acetonitrile,
and ethyl acetate, which can be attributed to their strong dipolarity/polarizability and an ability to
stabilize the excited state via specific solute-solvent interactions. Furthermore, the main absorption
band of the Al dye exhibit a noticeable shoulder on the lower energy (higher wavelength) side in
DMF, DMSO, and acetonitrile, while pronounced shoulders on the higher energy side (lower wave-
length) of the absorption peak could be observed in ethyl acetate, methanol, and ethanol. These results
demonstrate that all synthesized dyes could exhibit tautomeric property, and that both solvent polarity
and hydrogen-bonding characteristics play a crucial role in governing the electronic structure and spec-
tral properties of the dye. All these results, combined with the experimentally obtained ATR-FTIR and
'H NMR data, suggest that azo dye A1 predominantly exists in the azo tautomeric form in solution.
In contrast to A1, azo dye A2 displayed a broader, but yet well-structured absorption bands in
350-560 nm region, which could correspond to the ICT electronic transition (Figure 8b). The absorp-
tion bands of lower intensity in the higher energy region of the spectrum (280-350 nm) could be
ascribed to the weaker z—=z* electronic transitions [19,20]. An exception is noted in ethanol and
DMF, where distinct shoulders and band-splitting appear on left side of the main absorption band,
suggesting the equilibrium of multiple tautomeric and/or hydrogen-bonded species. By comparing
the UV-Vis spectra and values of Al and A2 dyes, it could be noticed that A2 exhibits a larger bato-
chromic shifts that Al in the corresponding solvents, whereby the largest bathochromic shift could
be noticed in DMSO (479.5 nm). This stems from the fact that the introduction of the hydroxyl group
to the para-position to the azo linkage in A2 extends the conjugation and increases electron density
on the system (push-pull effect), therefore reducing the energy gap between the ground and excited
states of the A2 molecule, which in result exerts the batochromic shift. Given that A2 possesses two
hydroxyl groups in its structure, the formation of two hydrazone tautomers is plausible (Figure 7). In
both hydrazone tautomers (as well as in azo tautomer), a formation of six-membered pseudo ring
could occur, i.e. the intramolecular hydrogen bond, which contributes to better stabilization of these
molecules. The carbonyl oxygen is a stronger hydrogen-bond acceptor than nitrogen of the imino
linkage due to its higher electron density and polarization, so the formed hydrogen bond C=0O===H-
N in hydrazone 1 tautomer will be stronger (more polar) than C=N===H-O formed in hydrazone 2
tautomer (Figure 7). This results in shifting the equilibrium to more stabilized hydrazone 1 molecule.
Azo dye A2 displayed a slight hypsochromic shifts in the rest of the selected solvents. The largest
blue shift regarding the absorption maximum obtained in DMSO was observed in acetonitrile and
ethyl acetate (466.5 nm). This could suggest that these solvents do not stabilize the excited state more
efficiently than the ground state, which appears to be preferentially stabilized by moderate solvent
polarity and/or hydrogen-bonding interactions. Azo dye A2 showed poor solubility in chloroform,
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which was expected due its greater polarity compared with compound A1l; therefore analysis in this
solvent was excluded. All these findings, along with the experimentally obtained ATR-FTIR and ‘H
NMR data, could suggest that azo dye A2 predominantly exist as hydrazone tautomer in solution.

Table 1. The absorption maxima and molar extinction coefficient values of A1l and A2 azo dyes

Al A2
- &, dm3/(molxcm) e &, dm®/(molxcm)
DMSO 412 2727.5 479.5 2755
DMF 410.5 2977.5 471 2692.5

Methanol 398.5 3575 475 2770
Ethanol 398 2315 476.5 2665
Acetonitrile 404.5 25425 466.5 2790
Ethyl acetate 399.5 2850 466.5 2790
Acetone 410 29925 468 2740

Chloroform 444 33225 Excluded

3.2. The investigation of acid-base equilibrium of AL and A2 azo dyes

To further investigate the nature, and the occurrence of specific tautomeric and anionic forms,
the synthesized compounds were dissolved in an acidic (HCI) and a basic medium (KOH and TEA)
in three solvents, namely: methanol, chloroform, and DMF. The acid-base analysis of A2 dye was
not performed in chloroform due to its poor solubility. Triethylamine was added in DMF and chloro-
form solutions as an alternative to KOH, due to the poor solubility of KOH in these media.
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Figure 9. Presentation of the UV-Vis spectra of synthesized azo dyes in selected solvents in an
acidic and a basic media of Al (a, b, and c) and A2 (d and e)
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From Figure 9 could be noticed that upon adding KOH and TEA in DMF and methanol solu-
tions of Al no substantial change in the absorption maxima occurred. A negligible hypsochromic
shift accompanied by a slight alteration of an absorbance band from the left side of the absorption
maximum could be observed in chloroform. The absence of prominent spectral changes upon addition
of mentioned bases suggests that the Al is likely present in azo (deprotonated) form under these
conditions (Figure 10). In contrast, the addition of HCI in DMF and methanol solutions induced the
significant bathochromic shift, while in chloroform the hypsochromic shift occurred. The significant
red shift in DMF and methanol upon acid addition suggests that the protonated form (hydrazone tau-
tomer) of Al is more dominant in these media. On the other hand, the blue shift in chloroform might
indicate the reduced stabilization of the protonated species in a nonpolar environment, i.e. the pres-
ence of sole azo tautomer. As for A2, the addition of HCI into DMF solution induced a bathochromic
shift of the absorption band, suggesting stabilization and predominance of the hydrazone tautomer.
In contrast, the addition of TEA caused a hypsochromic shift, indicating a displacement of the tauto-
meric equilibrium toward the azo form. In methanol solution of A2, the addition of HCI resulted in
the equilibrium of these tautomeric forms, while the addition of KOH slightly red-shifted the absorp-
tion maximum, implying predominance of the hydrazone form in both neutral and acidic media (Fig-
ure 10).
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Figure 10. The representation of possible anionic forms of hydrazone 1 tautomer of synthesized azo
dyes (the similar scheme could be depicted for hydrazone 2 tautomer); R: H (A1), OH (A2)

4. Conclusion

In this paper, the synthesis, characterization and solvatochromic analysis of two novel azo dyes,
designated as Al and A2, were performed. Solvatochromic investigations demonstrated that the elec-
tronic structure and tautomeric equilibria of the synthesized pyridone-based azo dyes are strongly
influenced by solvent polarity and hydrogen-bonding ability. Both Al and A2 exhibited pronounced
intramolecular charge-transfer absorption bands. A1 showed more pronounced solute-solvent inter-
actions, indicating the predominance of the azo tautomer in all solvents except in chloroform, whereas
the solvatochromic behavior of A2 suggested the predominance of the hydrazone form in all solvents,
except DMF. The observed spectral shifts further indicated that intramolecular hydrogen bonding and
the formation of six-membered pseudo rings substantially contribute to the stabilization of the dye
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molecules. The experimentally obtained ATR-FTIR and *H NMR data supports the solvatochromic
analysis, suggesting that A1 predominantly exists in the azo tautomeric form, while A2 preferentially
adopts the hydrazone tautomeric form due to the additional hydroxyl substituent and enhanced push-
pull conjugation. Acid-base studies additionally revealed that protonation favors the hydrazone form,
whereas basic conditions shift the equilibrium toward the azo form, depending on the solvent envi-
ronment. These findings provide valuable insight into the structure-property relationships of pyridone
azo dyes and may contribute to the rational design of azo-based chromophores with tunable optical
properties.

5. Abbreviations

ATR-FTIR - Attenuated Total Reflectance-Fourier Transform Infrared (spectroscopy)
DMF — Dimethylformamide

ICT — Intramolecular Charge Transfer
'HNMR - Proton Nuclear Magnetic Resonance
TEA — Triethylamine

UV-Vis - Ultraviolet-Visible (spectroscopy)
Amax — Absorbance maximum

€ — Molar extinction coefficient
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