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Azo boje predstavljaju strukturno najraznovrsniju klasu organskih jedinjenja, koju karakterise
prisustvo jedne ili vise azo-grupa (—-N=N-) koje povezuju dva organska fragmenta, pri cemu je bar
jedan aromatican. Najcesce se dobijaju metodom diazokuplovanja, gde diazonijumove soli reaguju
sa aromaticnim jedinjenjima poput fenola, naftola ili arilamina. Znacaj azo boja u industriji je ogro-
man, koriste se za bojenje tekstila, koze, plastike i kozmetickih proizvoda, a njihov udeo u ukupnoj
proizvodnji boja prelazi 60%. U ovom radu, ispitivan je uticaj rastvaraca na pomeranje apsorpcionih
maksimuma dve azobenzenske boje. Da bi se istrazile intermolekulske interakcije koje se uspostav-
ljaju izmedu molekula ove dve azobenzenske boje i molekula rastvaraca, snimljeni su apsorpcioni
spektri u setu rastvaraca i njihovim binarnim smesama. Analiziran je uticaj polarnosti rastvaraca i
efekata supstituenata na polozaj, intenzitet i oblik apsorpcionog maksimuma. Dobijeni rezultati omo-
gucice bolje razumevanje uticaja hemijske strukture na spektroskopska svojstva ovih boja. Obzirom
na Sirok spektar primene azobenzenskih boja i ocekivani porast njihovog znacaja, rezultati ovog
istrazivanja predstavljaju korisnu osnovu za buduce studije u oblasti sintetskih boja, sa potencijalom
za razvoj novih boja i poboljsanje svojstava postojecih.

Azo dyes represent one of the most structurally diverse classes of organic compounds, charac-
terized by one or more azo groups (—-N=N-) connecting two organic moieties, at least one of which
is aromatic. They are predominantly synthesized via classical diazocoupling, in which diazonium
salts react with aromatic compounds such as phenols, naphthols, arylamines. Owing to their unique
coloration, chemical stability, and versatility, azo dyes play a central role in industrial applications,
including the coloring of textiles, leather, plastics, and cosmetics, accounting for over 60% of global
dye production. In this study, the influence of solvents on the absorption maxima of two synthesized
azobenzene dyes was extensively investigated. The effects of solvent polarity and substituent effects
on the position, intensity, and shape of the absorption maxima were analyzed, providing insight into
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the underlying intermolecular interactions. These findings provide a detailed understanding of sol-
vent-solute interactions and offer predictive guidance for modulating dye properties. Given the
growing industrial relevance of these dyes, the insights gained in this work will establish a starting
point for the rational design of new dyes

1. Introduction

Azo dyes represent the largest and most diverse class of synthetic dyes, characterized by the
presence of one or more azo (—N=N-) chromophoric groups linking aromatic moieties. Due to their
structural versatility, ease of synthesis, and variable physicochemical properties, azo dyes have found
widespread applications in textile, pharmaceutical, food, and cosmetic industries [1,2]. The color of
azo dyes arises from extended z-conjugation and could be further modulated by the introduction of
electron-donating and electron-withdrawing substituents, which influence their optical and electronic
properties [3]. Substituents such as -OH, —NH3, or -NO; significantly influence the electronic distri-
bution within the molecule, thereby modulating spectral, redox, and solvation behavior. The solubility
and lipophilicity of azo dyes are strongly dependent on their substitution pattern and the presence of
polar functional groups, which govern intermolecular interactions such as hydrogen bonding and di-
pole-dipole interactions. Furthermore, azo dyes often exhibit azo-hydrazone tautomerism, which can
influence their stability, color, and reactivity under different solvent and pH conditions. Beyond their
industrial relevance, azo dyes have attracted considerable attention in medicinal and material chem-
istry. Numerous azo dyes possess biological activities, including antimicrobial, anticancer, and anti-
oxidant, making them promising scaffolds for drug design and development [4,5]. In addition, their
ability to undergo reversible cis-frans isomerization under light irradiation has enabled their use as
molecular switches, photo responsive materials, and optical data storage systems [6]. In this context,
the design and synthesis of novel azo derivatives with modified physicochemical and biological prop-
erties remain an important area of research, combining synthetic chemistry, computational modeling,
and pharmacological evaluation to explore their potential applications [2,5].

In addition, due to their extended z-conjugated systems, the physicochemical properties of azo
dyes are highly influenced by solvent effects. Understanding these solvent effects is crucial for ra-
tional design of dyes with modified optical and electronic properties. Linear solvation energy rela-
tionship (LSER) models provide a quantitative framework to analyze and predict such solvent-de-
pendent properties. Among these, the Kamlet-Taft model where parameters such as dipolarity/polar-
izability and hydrogen-bonding ability significantly impact their spectral and electronic properties, is
widely applied. In the context, LSER analysis allows deconvolution of specific interactions of azo
dyes, such as hydrogen bonding, from nonspecific polar and dispersive effects, providing insights
into how solvent polarity modulate chromophore behavior [7,8]. By applying these models, we could
rationalize solvatochromic shifts, predict dye performance in various media, and guide the design of
functional dyes for various applications. Guided by these considerations, we synthesized two azoben-
zene dyes (Figure 1), compound 1 via classical diazo-coupling reaction and compound 2 by introduc-
ing a hydrocarbon chain into compound 1. Their chemical structures and purity were confirmed by
melting points, elemental analysis FT-IR, and UV-Vis spectroscopy. To investigate dye-solvent in-
teractions, absorption spectra were measured in the 200-500 nm range across different solvents of
varying polarity and their binary mixtures, and the influence of solvent on band position, intensity,
and shape was evaluated using correlations with Kamlet-Taft solvent parameters.
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Figure 1. The chemical structure of the investigated azo dyes.

2. Experimental

2.1. General procedure for the synthesis of compound 1

The synthetic route was carried out according to Scheme 1. A solution of sodium nitrite (0. 075
mol, 5.01 g) in 25 ml of water was dropped into a mixture of 4-aminoacetophenone (0.045 mol, 6.07
g), hydrochloric acid (36%, 15 ml) and water (30 ml). After that, the solution was stirred at 0—5 °C
for 30 min. After a pistachio colored solution of the diazonium salt had formed, it was added dropwise
to a solution of phenol (4.2 g, 0.045 mol), sodium hydroxide (1.8 g, 0.045 mol) and sodium carbonate
(4.2 g, 0.04 mol) in water (30 ml) at 0-5 °C. The mixture was agitated for 60 minutes and its pH was
adjusted to 2—3. The product was collected by filtration, washed with water until the pH of the filtrate
was neutral and dried. The crude product was purified by dissolving in ethanol and precipitating twice
by water and dried under vacuum oven for 48 hours [9].
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Scheme 1. Synthesis of compound 1.

2.2. General procedure for the synthesis of compound 2

The synthetic route was carried out according to Scheme 2. 1-(4-((4-hydroxyphenyl)di-
azenyl)phenyl)ethanone (1) (0.012 mol, 4.0 g) was dissolved in N,N-dimethylformamide (50 mL).
Potassium carbonate (0.15 mol, 20.73 g) and 1-bromododecane (0.018 mol, 4.48 g, 4.5 mL) were
added, and the reaction mixture was stirred at room temperature for 72 h. Reaction progress was
monitored by TLC. Upon completion, the mixture was poured into 100 mL of cold water and ex-
tracted with dichloromethane (3 x 30 mL). The combined organic layers were washed with 5% aque-
ous sodium hydroxide and water (30 mL), dried over anhydrous magnesium sulfate, filtered, and
concentrated by evaporation. The crude product was purified by column chromatography [10].
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Scheme 2. Synthesis of compound 2.

2.3. Spectroscopic measurements

The melting points were measured on an Electrothermal melting point apparatus without cor-
rection. FT-IR spectra of all synthesized compounds were recorded in the range from 400 to 4000
cm’! using a Thermo Scientific Nicolet iS'? spectrometer. Elemental analysis of the investigated com-
pounds was carried out using microanalyzer Elemental Vario EL III. The ultraviolet-visible (UV-Vis)
absorption spectra were recorded on a Schimadzu 1700 spectrophotometer in the region 200—-500 nm.
The spectra were run in spectroquality solvents (Fluka) using a concentration of 1 x 107> moldm™.

1-(4-((4-Hydroxyphenyl)diazenyl)phenyl)ethanone (1): Brown solid; Yield: 80%; m. p. 210—
213 °C; FT-IR (ATR/cm™): 3116, 2809, 2707, 2114, 1938, 1654, 1588, 1501, 1467, 1426, 1403,
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1354, 1306, 1268, 1222, 1138, 1109, 1099, 1018, 1007, 963, 841, 796, 735, 715, 642, 589, 537, 529,
467, 421; 'THNMR (400 MHz, aceton-ds): & = 10.11 (s, 1H), 8.08 (d, J = 8.4 Hz, 2H), 8.00 (d, J= 8.4
Hz, 2H), 7.90 (d, J = 8.4 Hz, 2H), 7.03 (d, J = 8.4 Hz, 2H); Elemental analysis (%) calcd. for
C13H10N202: C 69.02, H 4.46, N12.38; found: C 69.01, H 4.53, N 12.35. The obtained results are
consistent with those reported in the literature [11].

1-(4-((4-Dodecyloxy)phenyl)diazenyl)phenyl)ethanone (2): Orange solid; Yield: 92%; m. p.
115-118 °C; FT-IR (ATR/cm™): 3338, 3074, 2955, 2917, 2872, 2848, 2037, 1980, 1941, 1885, 1675,
1639, 1603, 1584, 1500, 1472, 1463, 1394, 1258, 1313, 1268, 1245, 1145, 1107, 1045, 1035, 1025,
1006, 964, 854, 840, 825, 795, 765, 729, 719, 629, 619, 570, 549, 532, 517, 461433, Elemental anal-
ysis (%) calcd. for CasHzsN202: C 76.43, H 8.88, N 6.86; found: C 76.40, H 8.91, N 6.86.

3. Results

3.1. Azo-hydrazone tautomerism

Azo-hydrazone tautomerism represents a fundamental structural phenomenon observed in hy-
droxy-substituted azo compounds, arising from the intramolecular transfer of a labile proton between
the azo bridge nitrogen atom and a conjugated hydroxyl group [1,3]. This equilibrium involves inter-
conversion between the azo form (—N=N-) and the hydrazone form (-NH—N=), often accompanied
by the formation of a keto-group, resulting in distinct electronic and structural properties. The position
of this equilibrium is highly sensitive to various factors, including solvent polarity, hydrogen-bonding
ability, substituent pattern, and temperature [7,8]. The hydrazone tautomer is generally favored in
polar and protic environments due to enhanced stabilization through hydrogen bonding, whereas the
azo form is more prevalent in nonpolar media [3,10]. This dynamic equilibrium significantly influ-
ences the optical, physicochemical, and biological properties of azo dyes, including their absorption
spectra, color, reactivity, and potential pharmacological activity [1,12]. Understanding azo-hydrazone
tautomerism is therefore essential for the rational design of functional azo compounds, especially in
applications involving solvatochromism, molecular switching, and drug development. Quantitative
approaches, such as spectroscopic analysis and computational methods, have been widely employed
to elucidate the factors governing this equilibrium and to correlate structural features with observed
properties [7,12]. The investigated 1-(4-((4-Hydroxyphenyl)diazenyl)phenyl)ethanone (compound 1)
may exist in two main tautomeric forms (Figure 2) which is in agreement with Ozen’s inference that
some azobenzene dyes occur as two tautomers and that tautomerism is altered mainly by the nature
of the substituents [13]. The infrared spectrum of compound 1 shows two intense carbonyl bands at
the 1654 and 1588 cm™! which are assigned to the diketohydrazone form. The FT-IR spectra also
exhibited a band at 3116 cm™! which was attributed to the -N—H group of hydrazone tautomeric form.
If the azobenzene dyes were predominantly in the azo form, there would be no absorption band for
the hydrazone group and there would be a broad absorption band for the -OH group from the phenyl
ring (about 3500 cm™') and one band for the carbonyl group.
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Figure 2. The equilibrium between the azo form (4) and hydrazone form (B) form of compound 1.

Since compound 2 lacks a labile proton (due to alkylation of the —OH group), it does not exhibit
azo-hydrazone tautomerism, and adopts solely the azo tautomeric form. This is confirmed by the
presence of strong vibration at 1500 cm™! ascribed to -N=N- stretching vibrations.
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3.2. Solvatochromic analysis

Solvatochromic behavior of the investigated azobenzene dyes (1 and 2) was examined in protic
solvents and solvent binary mixtures (Table 1). Representative UV-Vis spectra of azobenzene dyes
in ethanol (Figure 3) exhibit a dominant band at approximately 360 nm, attributed to the azo form. In
the case of compound 1, a weak band is observed at higher wavelengths (around 450 nm) and is
ascribed to hydrazone form of this dye. Also, there is one weak absorption band in the range 240—
270 nm. The data presented in Table 1 indicate that the position of the absorption maxima is strongly
influenced by the nature of substituents on the phenyl moiety, particularly by alkylation of the hy-
droxyl group. Specifically, the electron-donating —OH group in the para- position of the phenyl ring
induces a more pronounced bathochromic shift than the —OR group in most of the investigated sol-
vents, as evidenced by the absorption maxima.

Table 1: Absorption maxima of the investigated compounds (1 and 2) in selected solvent set.

No. 1 2
Solvent Amax Amax
Methanol 241, 358, 378 229, 358, 370
Methanol/Water (80:20)* 262, 358 248, 349, 383
Methanol/Water (60:40)* 256, 356 350, 382
Methanol/Water (40:60)* 261, 359 256, 378
Ethanol 237,264, 364 237,265, 363
Ethanol/Water (80:20)* 261, 367 256, 353, 379
Ethanol/Water (60:40)* 267,287,374 301, 384
Ethanol/Water (40:60)* 237,262,371 261, 360
2-Propanol 262,357, 385 263, 369, 374
2-Propanol/ Water (80:20)* 263, 370 275, 391
2-Propanol/ Water (60:40)* 239, 261, 370 255, 360, 374
2-Propanol/ Water (40:60)* 237,261,372 235, 260, 369
2-Propanol/ Methanol (80:20)? 259, 362, 371 254,357
2-Propanol/ Methanol (60:40)? 262,358, 375 260, 357, 372
2-Propanol/ Methanol (40:60)* 261,374 236, 262, 369
2-Propanol/ Ethanol (80:20)* 263,359,374 264,358,374
2-Propanol/ Ethanol (60:40) 262, 356, 380 261, 355, 380
2-Propanol/ Ethanol (40:60) 271, 380 268, 358, 380

aVolumetric composition (of the solvent mixture)
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Figure 3. UV-Vis absorption spectra of the in-
vestigated compounds in ethanol.
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Further insight into solvent effects was obtained by correlating the absorption frequencies (v =
1/A, cm™) of the azo tautomeric form with the Kamlet-Taft solvatochromic equation (Eq. 1), enabling
quantitative assessment of solvent polarity and hydrogen-bonding contributions:

Vmax = Vmaxo + aa + b,B + sm* (1)

where 7* is an index of the solvent dipolarity/polarizability, f is measure of the solvent hydrogen-
bonding acceptor ability (HBA), a is a measure of the solvent hydrogen-bonding donor abilty (HBD)
and v is the regression value of the solute property in cyclohexane as the reference solvent. The re-
gression coefficients a, b and s, in equation (1) are a measure of the relative susceptibility of the ab-
sorption frequencies to the indicated solvent parameters. The LSER concept developed by Kamlet and
Taft represents one of the most ambitions and successful quantitative treatments of solvatation effects
which assumes attractive interactions between a solute and its environment enabling an estimation the
ability of the investigated compounds to form hydrogen bonds. The results of multiple linear regression
analysis (Table 2) for azo tautomeric form indicated that vmax in the selected solvent set showed satis-
factory correlation with the solvent parameters. The positive sign of the coefficient a for both com-
pounds indicate a hypsochromic shift with the increase of the basicity of the solvent, and stabilization
of the ground state with respect to excited. Coefficient s is positive for compound 1 and negative for
compound 2 indicating different shifts with increase of the solvent polarity. Also, coefficient b is neg-
ative for compound 1 indicating bathochromic shift with the increase of solvent acidity, while for
compound 2 an opposite effect is observed. Obtained data demonstrated that the solvent effects on the
position of UV-Vis absorption spectra of investigated azobenzene dyes are very complex and strongly
dependable of the electronic influence of p-substituent on the phenyl moiety. The percentage contri-
butions of the solvatochromic parameters (Table 2) for the investigated azobenzene dyes bearing
strong electron-donating substituents on the phenyl moiety demonstrated that the most of the solvato-
chromism is consequence of the solvent basicity rather than dipolarity/polarizability.

Table 2. Regression fits to solvatochromic parameters (1) and percentage contribution
of solvatochromic parameters.

No Vo K b a R & P Pr* Pa Pp
’ (10° cm™) (10° cm™) (10° cm™) (10° cm™) (%) (%) (%)
21.891 0.768 -0.519 5.478
1 (£4.430) (£0.264) (£0.187) (£0.767) 0.972 0.209 46 11.35 7.67 80.97
12.286 -3.830 7.297 13.002
2 (£4.430) (£0.993) (2.314) (2.521) 0.888 0.240 10 15.87 30.24 53.89

aCorrelation coefficient; ’Standard error of the estimate; °Fisher’s test;
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The success degree of Eq. (1) is shown in Figures 4 and 5 by means of a plot of vimax exp. versus
Vmaxcale. Observed in ethanol for compounds 1 and 2 respectively.
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Figure 4. Experimental vs. calculated values of v from Eq. for compound 1(1).
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Figure 5. Experimental vs. calculated values of v from Eq. for compound 2(1).

4, Conclusion

In this work, two azobenzene dyes were synthetized and completely structurally characterized
by melting points, elemental analysis, FT-IR and UV-Vis spectroscopic measurements. The results
indicated that compound 1 exists in hydrazone tautomeric form in the solid state, and dominantly as
azo in different solvents and their mixtures. Due to the lack of labile proton in molecule, compound
2 exists solely in azo tautomeric form in both solid state and different solvents. The solvent effect on
absorption maxima position is very complex and strongly dependent on the electronic nature of the
substituent. The satisfactory correlation of the ultraviolet absorption frequencies on the azo tauto-
meric form of the investigated azo dyes Kamlet-Taft equations indicated that adequate model was
selected giving correct interpretation of the linear solvatation energy relationships of the intricate
azobenzene system. The results revealed that most of the solvatochromism of the azo dyes is influ-
enced by solvent basicity.
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6. Abbreviations

FT-IR - Fourier Transform Infrared LSER — Linear solvation energy relationship
(spectroscopy) UV-Vis — Ultraviolet-visible (spectroscopy)
HBA  — Hydrogen bond acceptor Amax  — Absorbance maximum

HBD  — Hydrogen bond donor
'"HNMR - Proton nuclear magnetic resonance
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