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Introduction

Design and synthesis of novel sulfa-azo dyes:
a sustainable approach to textile dyeing combined

with microwave energy
Salma Sherif,? Asmaa Aboelnaga, {2 * Nagla S. Elshemy,® Samia Elabbady?®
and Sayed K. Ramadan (& *¢

As bacteria continue to resist antimicrobial medications, there is a need to develop new compounds. In this
work, new sulfonamide-based azo dyes with antimicrobial qualities are synthesized and dyed on fabric
using microwave irradiation, an energy-efficient substitute for traditional heating techniques. First, azo
linkage was formed at the amine groups of sulfathiazole and sulfamethoxazole, then the diazonium salt
coupled with different nucleophilic couplers like 1,3-indandione and 1-indanone. The produced dyes
were structurally confirmed using mass, IR, *H NMR, and 3C NMR spectral data. Molecular docking
studies revealed favorable binding affinity toward both pABA- and Pterin-binding amino acid residues,
suggesting potential dual DHPS inhibitory behavior. Molecular docking studies of the synthesized sulfa-
azo dyes showed encouraging antimicrobial activity. Potential dual inhibitors of DHPS were indicated by
the fact that several dyes demonstrated binding with both pABA and Pterin amino acids. Additionally,
certain dyes aligned with known co-crystallized inhibitors by interacting with fungal N-
myristoyltransferase (NMT). The strongest antibacterial activity was shown by dyes made from
indandione and indanone couplers. As a contemporary heating technique, microwave irradiation was
used to increase reaction efficiency, lower chemical and water usage, and save energy. Through
polarization processes such as electronic, atomic, and interfacial polarization, the improved interaction
between microwave energy and polar molecules caused rapid internal heating. Significant improvements
in conventional heating were shown by the localized hotspots produced by microwave exposure, which
accelerated reaction kinetics and increased product yields. The microwave-assisted dyeing process
reduced dyeing time by approximately 70% and enhanced dye uptake by 85% compared to conventional
infrared heating.

convulsant, anti-diuretic, insulin-releasing, anti-hypoglycemic
and more.? Sulfamethoxazole demonstrated exceptional phar-

Azo dyes consist of the chromophore azo group (-N=N-)
attached to aromatic auxochromic groups such as hydroxyl (-
OH) and primary amino (NH,) groups.' They are among the
most common and abundant dyes used in industry due to their
simple and cost-effective preparation technique and their wide
applications in dyeing textiles, printing, pharmaceuticals, and
preparation of metal complexes.”™ Among antimicrobial ther-
apeutic agents, sulfa drugs have been known for their antibiotic
and antifungal activity. Sulfonamides show other biological
activities such as anticancer, anti-inflammatory, anti-
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macological qualities among the sulfonamides, which were of
low toxicity, affordability, and noteworthy efficacy against
a variety of illnesses.*” Sulfathiazole also showed interesting
biological applications.® Antibiotics are the most concerning of
the drug categories mentioned due to their extensive use and
environmental release, which significantly contribute to the
global increase in bacterial antibiotic resistance.’

Prontosil was the first sulfa-azo dye synthesized drug and
used as antibacterial drug which was synthesized by Josel Klarer
(1898-1953) and Fritz Mietzsch (1896-1958) in 1932.° Several
sulfa-azo dyes have been synthesized since the discovery of
prontosil aiming to develop more efficient antimicrobial
compounds. Synthesis of sulfaguanidine and sulfa-acetamide
azo dyes, aryl sulfonamide azo dyes, hetaryl-sulfonamide dyes
containing five-membered and six-membered rings have been
reported. They showed significant antimicrobial activity.®

Designing new drug-like compounds is based on the
knowledge of organic, medicinal chemistry, and pharmacology

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to form promising drugs in selectivity, potency, and pharma-
cokinetics aspects.’® The antimicrobial activity of sulfa drugs
occurs by targeting bacterial dihydropteroate synthase (DHPS)
and fungal N-myristoyltransferase. The sulfonamide targets
para-aminobenzoic acid (pABA) residues in DHPS which is
essential for folate synthesis and bacterial growth."'> The pABA
pocket is adjacent to flexible region that can easily mutate and
undergo changes which make bacteria resist sulfonamides
easily.” As bacteria mutates the discovery of new antibacterial is
a must.™ pABA is not only responsible for folate synthesis, also
the Pterin play crucial role in the process thus the inhibition can
occur at pABA residues or Pterin residues or both. The advan-
tage of Pterin inhibitors over pABA is the rare mutations and
bacteria resistance that occur in Pterin interaction site.'® The N-
myristoyltransferase (NMT) catalyzes N-myristoylation of
protein substrates that is essential for directing proteins to
membranes and facilitating the formation of protein complexes
in fungi and parasites eukaryotic cells.'*” The aim is to
synthesis dyes that have antimicrobial activity.

Computational studies suggest that increasing steric around
sulfonamide (-SO,-NH-) increases antimicrobial activity. The
presence of H-bond donors and acceptors increases the inter-
action possibility of DHPS thus inhibiting bacterial growth.***
Additionally, charge density distribution may influence anti-
microbial activity.® Since the sulfa drugs that has been chosen
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(sulfamethoxazole and sulfathiazole) have free amine group, we
have decided to create azo-dyes with antimicrobial activity. The
chosen couplers (indan-1-one, indane-1,3-dione, ethylvanillin,
and 2,4-dihydroxybenzaldehyde) aimed to investigate the
possibility to increase the antimicrobial activity of such dyes.
Since indan-1-one, a structural analogue of indane-1,3-dione,
has shown significant antimicrobial activity, it is frequently
included with indane-1,3-dione in research aimed at the logical
creation of new antimicrobial agents.*® Vanillin, ethyl vanillin,
and vanillic acid are examples of phenolic derivatives that have
antimicrobial properties by weakening the membranes of
bacteria. Vanillin specifically causes cytoplasmic membrane
disruption, which allows intracellular contents to leak out of
both Gram-positive and Gram-negative bacterial strains,
according to research by Fitzgerald et al”*“** The hydroxyl
substituents at positions two and four of 2,4-di-
hydroxybenzaldehyde in conjugation with azo-triazole moiety
were found to be important functional groups that enhance
biological activity as well as their ability to coordinate metals
(Fig. 1).

Sustainable dyeing is a pressing issue for the apparel and
textile industry owing to the swiftly growing environmental
distress. It has been observed that the emissions from the
garment and textile dyeing industry if left unchecked, can
significantly increase by 60% by 2030.** Today's growing
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Fig. 1 Dye design approach with antimicrobial activity.
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population's demand for textiles is met through the extensive
use of textile and apparel dyes that can be toxic, harmful and
result in poor dye fixation and many other environmental and
ecological issues. The textile industry is dependent on the dyes
and the dyeing agents heavily, and this reliance is often
hazardous because synthetic dyes often contain harmful
chemicals.”?® The dyestuff and the finishing processes are
a major concern in textile production with the highest use of
chemicals, water, and energy among all the previous steps.
Moreover, finishing processes are done on textiles after dyeing,
increasing the ecological impacts of dyes and dyeing processes.
Different techniques are used in the dyeing labs for dyeing
fabrics, but traditional methods are both time and energy-
consuming.*-*¢

Conventional dyeing methods lose a significant quantity of
dyes onto the dye house wastewater because dyes do not exhaust
entirely to textiles at room temperature. In addition to these
problems, the exhaustion of colors onto synthetic fibers is
required to consume high amounts of energy, chemicals, and
more time.*””** There is worldwide legislative pressure for
a reduction in their use: the textile, paper, and leather indus-
tries are all included in the Integrated Pollution Prevention and
Control Directive. So, there is growing pressure on the dyeing
industry to become cleaner worldwide.***° Dyeing energy and
practices consumption in the textile industry have increased
markedly in prevalence to the demand for sustainable practices.
In general, there has been a 415% increase in prices for textiles
since 1964 and only a 161% unease in the consumer price index.
This has adversely affected the demand for textiles, and the
segment expresses the influence of costs throughout the
production chain.

This affects the price of textiles and the ecosystem of the
textile industry which has started to contract.**-* Better quality
and choice of life are also demanded by consumers. Textile
manufacturers are unsettled both about modification to Inter-
national Trade laws and the eradication of the Agreement on
Textiles and Clothing. All these issues are likely to be aggravated
by changes in the industry worldwide resulting from the growth
of the industry in developing countries. Each of these principal
sponsors also raises several issues relating to the potential, and
desirable, role of autoclaves in these changes. Of the various
categories of activity in the textile industry, dyeing and finishing
processes are considered to have the worst impact on the
environment.**>°

Reducing environmental pollution, energy consumption,
and costs are the main concerns of the textile industry today. In
this regard, a more profitable and environmentally friendly
dyeing process has been investigated. Many studies indicate
that microwave energy can be used efficiently and effectively on
textiles in mass processes for the dye and chemical attachment
of textile materials. Microwave-assisted dyeing is a developing
technology. Microwave energy causes dye exhaustion through
increasing temperature and the swelling effect formed in the
staple fibers, also enhancing the absorbency in yarn form, both
knitted and woven. It was determined that the medium (5 min)
and light (3 min) shades for all dyes were obtained quicker with
microwave than with the conventional method. Larger amounts
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of dye could be absorbed in the fabric using microwave energy.
The results of microwave energy and conventional processes are
similar in terms of color fastness to washing and rubbing. Solar
absorptance, thermal effusively, and strength properties are
better when treated with microwave energy than with the
conventional process.

About 70% of the dye attached to the fabric using the
microwave process is as good as 100% of the conventional
method. This enhanced efficiency not only reduces the amount
of dye required but also minimizes waste and energy
consumption, making it a more environmentally friendly
option in the textile industry. It has been shown that a model
can be created to forecast degrees of dye absorption.>**

Microwave (MW) is a part of the electromagnetic spectrum
and covers the frequency range from 300 MHz to 30 GHz. The
major advantages of this technology are the short processing
time and energy efficiency. The mechanism of microwave
energy lies in the interaction of electromagnetic energy with
polar or ionic molecules, leading to polar rotations and heat
generation. In MW drying and heating, the first heat occurs
from the internal part of the material, resulting in quicker
heating and a higher evaporation rate of the solvents. The
principle of microwave heating is based on heat transfer caused
by dipolar molecules positioned in an electromagnetic field
created by microwave energy. Process temperature and length
can be controlled by microwave application. MW has a positive
effect on dye absorption, color yield, fastness properties, and
dye bath exhaustion during the dyeing of textile materials. In
addition, fiber surface modification also occurs during the MW
process, so that the fastness and color yield of dyed fabric with
MW are higher than with conventional methods.®*-*

The current work aims to present a novel way of textile
dyeing that uses newly synthesized dyes alongside MW Energy.
On one side, newly synthesized dyes are free from toxic and
hazardous chemicals and on the other hand, microwave energy
provides quick and environmentally friendly dyeing. The
research is carried out for a do-it-all purpose, including envi-
ronment, chemical, sustainable, and other aspects, utilizing
modern approaches for textile dyeing and synthesis. Major
attention has been given to the development of textile dyes that
are chemically synthesized but are environmentally friendly and
sustainable. The proposed dyeing method enhances dyeing up
to 70% under MW energy instead of 80 min under traditional
methods. So, no doubt, shortly, it will substitute the conven-
tional, laborious, and time-consuming techniques by offering
eco-friendly, economical, less time-consuming, and enhanced
textile dyeing. It is expected that, by implementing this tech-
nique, it might become a pragmatic solution for those who have
constrained water availability, ie. shortly, not only varied
products of textile materials of different patterns and shades
will be produced, but with optimal utilization of less water and
other resources. The broader outlook of research includes the
need for “sustainable and green” strategies to be implemented
in the diverse classification of textile industries and the usage of
novel, innovative, and conventional methods for the synthesis
of materials to be applied during multiple phases of textile
dyeing.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The novelty and feasibility of five new synthesized dyes with
satisfactory dyeing properties are tested on cotton, wool, silk
and polyester (PE) fiber. All fabrics were dyed by applying
microwave irradiation using newly synthesized dyes, and the
results were compared with those obtained with IR dyeing
machine. The MW appliance was used as an alternative irradi-
ation source to afford dyed fabrics in a fraction of the time. The
fastness and color measurements were also comparatively
evaluated.

Materials and methods

All reagents and solvents used in the study were of commercial
grade. Sulfa drugs were sourced from Alpha Chemika. 100%
cotton, wool, and polyester were kindly supplied by Misr
Company for Spinning and Weaving El-Mehalla El-Kubra,
Egypt. 100% silk was obtained from Akhmem, Egypt. NaBH,,
sodium triacetate, buffer solution (disodium hydrogen phos-
phate hydrated), sodium hydroxide, HCI, citric acid, sodium
carbonate, ammonia, and ethyl alcohol were of laboratory grade
chemicals. Fourier Transform Infrared (FT-IR) Thermo Electron
Nicolet iS10 Spectrometer (Thermo Fisher Scientific Inc., Wal-
tham, MA) was used to record spectra (v, cm ™) using KBr wafer
technique. Electron impact mass spectra (EI-MS) were run on
direct probe controller inlet part to single quadrupole mass
analyzer in (Thermo Scientific GC-MS) MODEL (ISQ LT)
employing Thermo X-CALIBUR software at regional center for
mycology and biotechnology (RCMB), Al-Azhar University,
Cairo, Egypt. "H and "*C NMR spectra (6, ppm) were performed
on BRUKER (400 and 100 MHz) spectrometer at Faculty of
Science, Zagazig University, Egypt, respectively, with tetra-
methyl silane (TMS) as an internal standard, using DMSO-d, as
a solvent. The elemental analyses were run using a PerkinElmer
2400 CHN elemental analyzer (PerkinElmer, Waltham, MA) at
Faculty of Science, Ain Shams University.

Azodye synthesis

A suspension of sulfathiazole (0.1 mmol) in HCI (10 mL, 6 N)
was prepared, and an ice-cold solution of sodium nitrite
(NaNO,, 3 mmol, 2.56 g, 100 mL) was added dropwise over
30 min while maintaining the temperature at 0-5 °C. This
reaction generated the corresponding diazonium salt, which
was then slowly introduced into a cold solution containing the
selected coupler (1,3-indandione, 1-indanone, 2,4-di-
hydoxybenzaldehyde, ethylvanillin) dissolved in NaOH. The
reaction mixture was maintained under stirring in an acidic
medium at the same temperature for 1 h. The resulting solid
was collected by filtration, thoroughly washed with distilled
water, air-dried, and subsequently purified by recrystallization
using ethanol and 1,4-dioxane (2:1) to obtain the pure
compounds.
4-[2-(5-Formyl-2,4-dihydroxyphenyl)diazen-1-yl]-N-(5--

methyl-1,2-oxazol-3-yl)benzene-1-sulfonamide (3a). Dark-red
solid, MP. 190-191 °C; yield: 88%; IR (KBr) v, cm ': 3159 (br.
O-H, NH), 1640 (C=0), 1469 (N=N), 1311 (SO,), 1160 (C-O); ‘H
NMR (400 MHz, DMSO-dg): 6 (ppm): 2.30 (s, 3H, CH; of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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methoxazole ring), 6.31 (s, 1H, methoxazole), 7.20 (s, 1H, C3-H,
dihydroxyphenyl), 7.55-7.75 (m, 5H, Ar-H), 8.14 (br.s, 2H, OH,
exchangeable), 9.92 (s, 1H, CHO), 11.50 & 11.75 (br.s, 1H, NH,
hydrazo and azo tautomers 1: 3, exchangeable); **C NMR (100
MHz, DMSO-dg) 6 (ppm): 12.0, 95.4, 102.1, 108.6, 126.0, 126.6
(2), 127.6 (2), 127.9, 128.8, 129.4, 131.7, 132.7, 157.4, 160.4,
170.4; EI-MS, (m/z, %): 402.67 (M"", 19.9%), 328.33 (100%); anal.
cale. for Cy;H;4,N,0S (402.38): C, 50.74; H, 3.51; N, 13.92;
found: C, 50.62; H, 3.43; N, 13.91%.
4-[2-(1,3-Dioxo-2,3-dihydro-1H-inden-2-yl)diazen-1-yl]-
N-(5-methyl-1,2-oxazol-3-yl)benzene-1-sulfonamide (4a).
Yellow solid, MP. 276-278 °C; yield: 95%; IR (KBr) », cm ™ ': 3192
(NH), 1712 (C=0), 1475 (N=N), 1356 (SO,), 1158 (C-0). 'H
NMR (500 MHz, DMSO-dg): ¢ (ppm): 2.28 (s, 3H, CH; of meth-
oxazole ring), 3.82 (s, 1H, indandione-H), 6.12 (s, 1H, meth-
oxazole), 7.42-7.79 (m, 8H, Ar-H), 10.78 & 11.27 (br.s, 1H, NH,
hydrazo and azo tautomers 1 : 3, exchangeable); >*C NMR (100
MHz, DMSO-d¢) 6 (ppm): 12.1, 29.6, 95.4, 113.8, 123.3, 127.1,
127.9, 128.8 (2), 130.8 (2), 135.2, 138.0, 143.6, 146.2, 148.1,
157.7,170.3, 189.1; EI-MS, (m/z, %): 410.40 (M"", 22.2%), 297.35
(100%); anal. calc. for C;oH;4,N,05S (410.40): C, 55.61; H,
3.44; N, 13.65; found: C, 55.53; H, 3.39; N, 13.63%.
4-((1,3-Diox0-2,3-dihydro-1H-inden-2-yl)diazenyl)-N-(thiazol-
2-yl)benzenesulfonamide (4b). Green solid, MP. 278-280 °C,
yield: 90%; IR (KBr) v, cm ™ ': 3282 (N-H stretching), 1718 (C=
0O), 1408 (N=N), 1325 (SO, vibrational asymmetric and
symmetric), 1141 (C-0); "H NMR (500 MHz, DMSO-d): 6 (ppm):
3.38 (s, 1H, indandione), 6.83 (d, 1H, thiazole, J/ = 5.0 Hz), 7.26
(d, 1H, thiazole, J = 5.0 Hz), 7.73 (d, 2H, Ar-H, ] = 9.0 Hz), 7.84
(d, 2H, Ar-H, J = 8.5 Hz), 7.89-7.92 (m, 4H, Ar-H), 12.75 & 13.08
(br.s, 1H, NH, hydrazo and azo tautomers 1: 3, exchangeable);
3C NMR (100 MHz, DMSO-dg) 6 (ppm): 39.5 (CH indandione),
116.1, 116.2, 122.8, 122.9, 124.3, 124.6, 127.5, 127.7, 132.3,
135.7, 135.8, 138.2, 138.9, 140.3, 144.6, 168.7, 185.5, 186.4; EI-
MS, (m/z, %): 412.19 (M", 20.6%), 64.26 (100%); anal. calc. for
C15H15N,0,S, (412.44): C, 52.42; H, 2.93; N, 13.58; found: C,
52.31; H, 2.82; N, 13.59%.
N-(5-Methyl-1,2-oxazol-3-yl)-4-[(1E)-2-(1-0x0-2,3-dihydro-
-1H-inden-2-yl)diazen-1-yl|benzene-1-sulfonamide (5a). Yellow
solid, MP. 250-252 °C, yield: 87%; IR (KBr) », cm*: 3175 (N-H),
1680 (C=0), 1475 (N=N), 1334 (SO,), 1162 (C-0); 'H NMR (500
MHz, DMSO-de): 6 (ppm): 2.07 (d, 2H, CH, of indanone, J = 6.0
Hz), 2.28 (s, 3H, CH; of methoxazole ring), 3.82 (t, 1H,
indanone-H, J = 6.0 Hz), 6.12 (s, 1H, methoxazole-H), 7.43-7.79
(m, 8H, Ar-H), 10.79 & 11.27 (br.s, 1H, NH, hydrazo and azo
tautomers 1: 3, exchangeable); '*C NMR (100 MHz, DMSO-d)
6 (ppm): 12.1, 29.6, 95.4, 99.6, 113.9, 123.4, 127.2, 128.9 (2),
130.9 (2), 135.3, 138.0, 143.6, 146.2, 148.1, 157.7, 170.4, 189.2;
EI-MS, (m/z, %): 396.29 (M"", 28.4%), 173.07 (100%); anal. calc.
for C;oH,(N,0,S (396.42): C, 57.57; H, 4.07; N, 14.13; found: C,
57.68; H, 4.01; N, 14.15%.
4-[2-(1-Ox0-2,3-dihydro-1H-inden-2-yl)diazen-1-yl]-
N-(1,3-thiazol-2-yl)benzene-1-sulfonamide (5b). Red solid, MP.
192-194 °C, yield: 80%; IR (KBr) », cm™': 3139 (N-H), 1700 (C=
0), 1475 (N=N), 1329 (SO,), 1141 (C-0O); '"H NMR (500 MHz,
DMSO-de): ¢ (ppm): for azo tautomer (66%): 2.62 (d, 2H, CH, of
indanone, J = 6.0 Hz), 3.08 (t, 1H, H of indanone, J = 6.0 Hz),
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6.82 (d, 1H, J = 5.0 Hz, thiazole), 7.25 (d, 1H, J = 5.0 Hz, thia-
zole), 7.39-7.80 (m, 8H, Ar-H's), 12.75 (br.s, 1H, NH); for
hydrazo tautomer (33%): 3.40 (s, 2H, CH, of indanone), 13.05
(br.s, 1H, NH); "*C NMR (100 MHz, DMSO-d¢) 6 (ppm): 25.4
(azo), 29.5 (hydrazo), 35.9, 112.6, 113.6, 122.9, 123.2, 124.5,
127.1, 127.3, 127.5, 127.8, 134.7, 135.1, 136.7, 142.8, 146.1,
147.1, 152.1, 168.8; EI-MS, (m/z, %): 398.67 (M**, 51.9%), 69.04
(100%); anal. calc. for Ci3H;4N,03S, (398.46): C, 54.26; H,
3.54; N, 14.06; found: C, 54.11; H, 3.52; N, 14.05%.
4-[(1E)-2-(3-Ethoxy-5-formyl-2-hydroxyphenyl)diazen-1-yl]-

N-(5-methyl-1,2-oxazol-3-yl)benzene-1-sulfonamide (6a). Pale-
yellow solid, MP. 184-186 °C, yield: 88%; IR (KBr) », cm™ "
3362 (br. OH), 3153 (N-H), 1686 (C=O0), 1442 (N=N), 1378
(SO,), 1164 (C-O-C); 'H NMR (500 MHz, DMSO-de): 6 (ppm):
1.33 (t, 3H, CH; of ethyl, ] = 6.5 Hz), 2.49 (s, 3H, CH; of
methoxazole ring), 4.05 (q, 2H, J = 7 Hz, CH, of ethyl), 6.08 (s,
1H, methoxazole), 6.978-7.997 (m, 6H, Ar-H's), 8.00 (br.s, 1H,
OH), 9.73 (s, 1H, CHO), 11.08 (br.s, 1H, NH). *C NMR (100
MHz, DMSO-de) 6 (ppm): 12.1, 14.7, 63.9, 95.4, 111.8, 114.8,
115.5 (2), 126.0, 126.7, 128.8, 128.9 (2), 147.4, 150.4, 153.3,
157.9, 170.1, 191.2; EI-MS (m/z, 100%): 430.00 (M"", 19.6%),
371.5 (100%); anal. calc. for C;oH;5N406S (430.44): C, 53.02; H,
4.22; N, 13.02; found: C, 53.13; H, 4.17; N, 13.07%.

Dyeing process

Before using, the fabrics were scoured in aqueous solution
containing (3 g L") non-ionic detergent (Hostapal, Clariant,
Swiss) and 2 g L ™" of sodium carbonate at 60 °C for 30 min then
the fabric was thoroughly rinsed with cold water and finally
dried at ambient temperature.

Microwave-assisted dyeing process

The cotton, wool, silk, as well as polyester fabrics, were dyed
under microwave irradiation at different pH (3, 7, 9), contain
various concentrations (0.5, 1, 1.5, and 2 g/100 mL H,0),
different watts (60, 70, 80, 90) for different times (5, 10, 15, 20,
and 30 min). Before dyeing process, the weighted dye dissolved
in 1 mL ethyl alcohol the added hot distilled water with well
shaking to ensure good and uniform distribution of the dye.
Upon completing the dyeing process, the dyed fabrics under-
went thorough washing under running water. Subsequently,
they were soaked in a new bath containing a concentration of
1 gL " of soap, classified as a nonionic detergent, for a duration
of 15 min at a temperature of 60 °C. This was followed by
multiple rinses with water, after which the fabrics were dried at
room temperature.

Analysis and characterization of dyed fabrics

Colorimetric measurements. The dyed fibers' reflectance
values (K/S) were established by employing the un-dyed white
fibers as a reference blank. This assessment was conducted
using a Hunterlab Colorimeter, specifically the Model Spec-
troEye X-rite, in conjunction with applied of the Kubelka-Munk
equation.®®
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K (1-R)
ST R ®

where, K/S = color strength values of the samples, K =
absorption coefficient, S = light scattering coefficient, and R =
surface reflectance value at a particular wavelength where
maximum adsorption occurs.

Color fastness

Rubbing fastness. The assessment of color fastness to
rubbing was conducted following the AATCC test method
[AATCC 8, 1993]. This procedure involved the transfer of color
from the surface of the dyed fabric to an alternate surface
through the act of rubbing. A colored test specimen, securely
attached to the base of a crock meter, was subjected to friction
against a white crock test cloth under regulated conditions.*”*®

Dry rubbing test. The test specimen was positioned on the
base of the crock meter, with a white testing cloth affixed above
it. A covered finger was subsequently lowered onto the test
specimen, initiating a sliding motion back and forth. This
process involved ten complete rotations, performed at a rate of
one rotation per second, totaling 20 movements. Following this
procedure, the white test sample was extracted for assessment
utilizing the Grey Scale to determine the extent of staining.*

Wet rubbing test. The white test sample was completely
immersed in water, achieving a 65% uptake. This process was
executed by previous protocols, and subsequently, the white test
samples were allowed to air dry before assessment.**

Washing fastness. The evaluation of color fastness to
washing was conducted following the AATCC test method
[AATCC 36, 1993], utilizing a Launder-Ometer. Specimens
dimensions 5 x 10 cm were affixed between two identical strips
of bleached cotton fabric. This composite specimen was
subsequently submerged in an aqueous solution comprising 5 g
L™ of soap and 2 g L' of sodium carbonate, maintaining
a liquor ratio 50:1. The bathing solution was maintained at
a controlled temperature of 95 °C.

The experiment was conducted for 30 minutes at a rotational
speed of 42 rpm. Subsequently, the samples were extracted,
subjected to two rinsing procedures that involved periodic
stirring or manual wringing, and dried. The evaluation of
washing fastness was carried out by referencing the Grey Scale
to measure any color changes.”

Perspiration fastness

Alkaline perspiration. A solution was prepared by dissolving
0.25 g L' of r-histidine monohydrochloride monohydrate
along with 10 g L™ of sodium chloride and 1 g L™" of sodium
dihydrogen phosphate in one liter of distilled water. Subse-
quently, the pH of the solution was modified to 4.3 using a 10%
acetic acid solution. The specimen, measuring 5 x 4 cm and
exhibiting color, was positioned between two uncolored speci-
mens to create a composite sample. This composite was
subsequently submerged in each solution for a duration of 15 to
30 min, during which intermittent agitation and squeezing were
employed to guarantee thorough wetting of the materials.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The test specimen was positioned between two glass plates
and subjected to a force of approximately 4-5 kg. Subsequently,
these plates, which housed the composite specimen, were
oriented vertically and maintained in an oven at a temperature
of 37 °C & 2 for 4 h, by the AATCC 15 standard established in
1993. The resultant impact on the coloration of the test spec-
imen was evaluated and quantified by utilizing the Grey Scale
method for assessing color change.”

Light fastness. The assessment of color fastness to light was
conducted following the AATCC test method 16 A-1989. This
evaluation utilized the blue scale as a benchmark for measuring
color change, as specified in AATCC 16A (1993).”°

Assessment of antimicrobial activity

Molecular docking. The molecular docking was performed
using drug design program.” The novel six dyes were docked
against bacterial dihydropteroate synthase of Yersinia pestis
(PDB: 3TZF) and N-myristoyltransferase of Candida albicans
fungus (PDB: 1IYL).” The results were compared to co-
crystallized ligands of both proteins. The six dyes were built
using SMILES format in the program and have been energy
minimized and adjusted for partial charges. The proteins were
prepared by water removal for NMT protein, on the other hand,
the water molecules in DHPS were retained since it has role in
the interaction.” The hydrogen atoms were added for both;
correction and energy minimization were applied for both. The
desired pockets were later isolated with co-crystalized ligand in
each protein. All the six dyes and the co-crystallized ligands
were imported into database and the docking performed at
ligand atoms.

Assessment of antimicrobial activity on fabric

Antimicrobial activity assessment was conducted using two
bacterial strains: E. coli ATCC 11229 (Gram-negative) and S.
aureus ATCC 6538 (Gram-positive). Additionally, two fungal
strains, A. niger and C. albicans, were included in the study. The
selected bacterial strains are commonly associated with wound
infections. Fresh inoculates for antibacterial evaluation were
cultivated in nutrient broth at 37 °C for 24 h.

In this investigation, the agar colony counting method was
employed. The antibacterial efficacy of the compounds was
evaluated against S. aureus, a Gram-positive bacterium, and E.
coli, a Gram-negative bacterium. A liquid culture was created by
dissolving 0.5 g of peptone and 0.3 g of beef extract in 100 mL of
water. Fabric samples, each with a diameter of 1 cm, were cut
and immersed in 10 mL of the liquid culture, to which 10 pl of
microbial culture was added. All samples were incubated for
24 h at 37 °C. Following the incubation period, 100 pl from each
sample solution was diluted and plated onto agar plates. These
plates were then further incubated for another 24 h, after which
the resulting colonies were counted. The percentage reduction
of bacteria was calculated using a specified formula.

Reduction in CFU% =

% 100 @)
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where A is CFU mL " after contact (end test) and C is CFU mL
at zero contact time.”*”*

Results and discussion
Chemistry

In the current study, sulfamethoxazole and sulfathiazole
underwent diazotization reaction to form sulfa-azo dyes. The
reaction occurred in acidic conditions where diazonium salt of
sulfa drug is formed then coupled with electron-donating
(nucleophile) couplers which are; indan-1-one, indane-1,3-
dione, ethylvanillin, and 2,4-dihydroxybenzaldehyde (Scheme
1). The resulting azo dyes confirmed their molecular structures
by IR, '"H NMR, '*C NMR, UV, and mass spectroscopy analysis.

IR spectra provided key functional group information. The
presence of characteristic absorption bands confirms the
successful formation of the target molecules. The N-H stretch
in the sulfonamide group is consistently observed in the range
of 3090-3185 cm ™', confirming the presence of this moiety in
all compounds. A strong band around 1440-1475 cm™ " is
attributed to the N=N azo linkage. This is a crucial piece of
evidence for the successful diazo coupling reaction. The S=0
asymmetric and symmetric stretches of the sulfonamide group
(SO,) appear as strong bands typically in the 1311-1356 cm™*
and 1141-1162 cm ' regions, respectively. The presence of
C=0 stretches is evident in compounds containing ketone or
aldehyde groups.

Compounds 4a, 4b, 5a, 5b, and 6a show strong C=0 bands
at v 1712, 1718, 1680, 1700, and 1686 cm ', respectively.
Compound 3a showed a C=O0 stretch at 1640 cm ™', charac-
teristic of an aldehyde conjugated with a benzene ring. The O-H
stretch at 3159 cm™* in compound 3a and 3362 cm ™' in 6a
confirms the presence of hydroxyl groups. NMR data is vital for
confirming the molecular skeleton and the arrangement of
atoms. Aromatic protons (Ar-H): all compounds show
a complex multiplet or a series of doublets in the aromatic
region (6.0-8.0 ppm), corresponding to the benzene rings of the
sulfonamide and the coupled moieties. The number of aromatic
protons matches the expected structure. Sulfonamide N-H:
a broad singlet is observed in the downfield region (10.7-12.7
ppm), confirming the presence of the exchangeable sulfon-
amide proton. The methyl groups on the methoxazole ring (3a,
4a, 5a, 6a) and the ethyl group in 6a are clearly visible. For 4a
and 5a, a doublet at 2.28 ppm with a characteristic coupling
constant confirms the methyl group on the methoxazole ring. In
6a, a triplet at 1.33 ppm and a quartet at 4.05 ppm confirm the
ethyl group.

Azo dyes, particularly those with a hydroxyl or amine group
ortho or para to the azo linkage, can exist in a tautomeric equi-
librium between the azo and hydrazo forms. The infrared (IR)
spectra provide the primary evidence for this tautomeric equilib-
rium as in compound 4a, the presence of a broad band around
3200 cm ™" and a weaker band around 1660 cm ™ can be attributed
to the stretching vibrations of the N-H and C=N bonds, respec-
tively. These signals are characteristic of the hydrazone tautomer.
While the presence of a strong band around 1460 cm ™", assigned
to the N=N stretching vibration, confirms the existence of the azo
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Scheme 1 Schematic synthesis for sulfa-azo dyes.

tautomer. Further support comes from ‘H NMR spectrum for
compounds 4a and 4b suggests the existence of two different NH
protons, each with a different electronic environment. In
compound 4a, the signal at ¢ 12.75 ppm is likely from the
sulfonamide N-H proton, and at 6 13.08 is likely from the
sulfonamide N-H proton, his proton is involved in a very strong
intramolecular hydrogen bond, which causes significant
deshielding and shifts its signal far downfield.*

The *C NMR spectra showed the correct number of signals
corresponding to the unique carbon environments in each
molecule. The C=0 carbons of the indandione and indanone
rings are clearly identified in the downfield region (185-189
ppm). The two C=O carbons in the symmetrical indandione
ring (4a and 4b) appear as distinct signals. In thiazole-based
dyes (4b and 5b), the C=N signal appears at approximately
168 ppm, whereas in methoxazole-based dyes it appears at
approximately 157 ppm. The higher chemical shift in the thia-
zole derivatives is attributed to the electron-withdrawing effect
of the sulfur atom, which increases the deshielding of the
adjacent C=N carbon. In contrast, the oxygen in methoxazole is
less electron-withdrawing than sulfur, resulting in a slightly

5380 | RSC Adv, 2026, 16, 5374-5400
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lower chemical shift for the C=N carbon. The C=C carbons of
both the heterocyclic and aromatic rings were observed in the
range of 110-140 ppm. Mass spectrometric analysis, which
indicated the presence of the corresponding molecular ion
peaks (M""), finally provided conclusive confirmation of the
structural elucidation of the synthesized azo dyes, validating the
successful formation of the target dye compounds.

UV-vis spectral analysis

The UV-vis absorption spectra of compounds 3a, 4a, 4b, 5a, 5b,
and 6a were recorded in the range of 320-460 nm, as shown in
Fig. 2. All compounds exhibited characteristic absorption bands
assigned to ©* — w* transitions of the azo-aromatic chromo-
phore, with slight variations in A, and intensity reflecting
differences in their electronic environments. Compound 3a di-
splayed the most intense absorption with A,y at 374 nm, while
4a showed a slightly blue-shifted band at 360 nm. A significant
bathochromic shift was observed for 4b (A, = 420 nm), indi-
cating enhanced conjugation and a stronger electron-donating
effect of its substituent. In contrast, 5a exhibited the weakest
absorption with Aj.c at 350 nm. This reduction suggests either

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis absorption spectra of dyes 3—6(a—b).

transitions with have a larger n — 7* character or with a less-
conjugated geometry making the ® — w* transition weaker. n
— 7* transitions are typically lower in intensity because they are
symmetry-forbidden or less allowed than w — 7*. Whereas its
analogue 5b showed a moderate red shift and higher intensity at
382 nm. Compound 6a presented a broad band centered at
355 nm with a shoulder extending toward higher wavelengths,
suggesting possible intramolecular hydrogen bonding or over-
lapping w — 7* and n — 7* transitions.”®

Overall, the “b” derivatives displayed red-shifted and more
intense absorptions compared to their “a” analogue, confirm-
ing that substitution on the heterocyclic moiety significantly
influences the electronic transition energies. These observa-
tions indicate that the optical properties of the synthesized azo
compounds are primarily governed by the degree of w-conju-
gation and the electron-donating or withdrawing nature of the
substituents attached to the azo linkage.”

Moreover, the DFT-calculated frontier molecular orbital (FMO)
energies correlate well with the experimental UV-vis spectra, as
vide infra. Among the studied dyes, compound 4b has the smallest
HOMO-LUMO gap (AE = 3.154 eV), suggesting enhanced intra-
molecular charge transfer. This theoretical prediction aligns with
the experimental results, where 4b exhibits the longest absorption
wavelength (Anmax = 420 nm), confirming the accuracy of the DFT
model in describing the electronic transitions.

Dyeing

Textile dyeing is known as one of the most polluting industries
in the world due to the high-water consumption as well as the
high amount of chemicals and energy used. Therefore, the
current study has focused on the evaluation of newly synthe-
sized dyes derived from natural compounds and their perfor-
mance combined with microwave energy, which reduces water
and chemicals consumption, energy use, and process time, and
the new dyes are eco-friendly.

Effect of the dyeing bath pH on dye absorption

Fig. 3 illustrates the cumulative impact of dyeing path pH
factors (3, 7, and 9), on the concurrent dyeing mechanism of
cotton, wool, silk and polyester fabrics with applying microwave
irradiation as a heating source (1% shade at 90 watt for 5 min).

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

From the finding in Fig. 1 say that the three variables have
a significant impact on the effectiveness of dyeing (dye bath pH,
synthesized dye, and fabric structure), the color hue depended
on dye bath pH and fabric type as well as dye structure, the
highest color strength (K/S) was obtained at dye path pH 7
(neutral pH), protein fabrics (wool and silk fabric) has the
highest K/S value while cotton fabric has the lowest one and
follow the following order: wool > silk > polyester > cotton.

Dyeing technique and dye-fabric bond formation

The process of dyeing involves a series of interactions between
dye molecules and textile fibers, resulting in the formation of
bonds that are essential for color retention and stability.
Understanding these dye-fiber bonds is critical to analyzing the
effectiveness of different dyeing techniques and the types of
fibers used. Various factors such as temperature, pH, and the
chemical structure of both the dye and the fiber play significant
roles in determining the strength and durability of these bonds.
Employing specific conditions can optimize the dyeing process,
leading to improved colorfastness and overall quality of the
dyed fabric. Consequently, a thorough examination of the
dyeing process and the dynamics of dye-fiber interactions is
fundamental for advancements in textile dyeing technology.

In exhaust dyeing, a limited number of fabrics being analyzed
are submerged in a solution containing newly synthesized dyes.
Throughout the dyeing procedure, the fabric remains in the dye
bath for a predetermined duration, which allows the dye mole-
cules to transfer from the solution to the textile substrate over
time. This stage, referred to as exhaustion, is succeeded by the
absorption and fixation of the dye within the fiber structure. The
effectiveness of these stages is systematically regulated by
managing dyeing conditions, particularly the temperature, which
is generally kept at 80 °C for cellulose fabric (cotton) and protein
fabrics (wool and silk fabric), while it is maintained at 130 °C for
polyester fabric for 30 min when using IR technique. While at
90% watts, 1% shade and pH 7 for 5 min, when applying
microwave irradiation as a heating source.

The synthesized dye (3a and 4a) exhibits a chemical structure
with a backbone that integrates the chromophoric group (-N=
N-) and the autochromic group (-OH). The resultant color of
this dye arises from the interaction between the (-N=N-) bond
and the corresponding chromophore (-OH). Both dyes can react
with cotton, wool, and silk fabrics by substitution reaction and
forming hydrogen bond between dye and fabrics.”

The process of dyeing fabrics using the other synthesized
dyes (4b, 5a, 5b, and 6a) can be divided into three critical stages:
adsorption, penetration, and fixation. In the first stage, known
as adsorption, dye molecules transition from the dye bath to the
surface of the fiber, establishing a superficial layer via physical
adsorption. This initial layer is crucial for the dyeing process, as
it sets the stage for further dye uptake; additional adsorption is
contingent upon the dye molecules’ ability to penetrate further
into the fiber structure.”®”®

In the second phase, known as diffusion or penetration, the
dye molecules that have adhered to the surface begin to infil-
trate the internal structure of the fiber, systematically
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Fig. 3 The combined effect of dyeing bath pH of cotton, wool, silk and polyester fabric dyed with newly synthesized dyes assisted by MW
irradiation.

permeating its pores and channels. The extent and effectiveness  of the molecules within the fiber, and the specific parameters of
of this penetration are contingent upon several factors, such as  the dyeing process. The success of this diffusion process is vital
the molecular properties of the dye, the structural organization for producing rich and long-lasting colors; inadequate
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penetration may result in muted hues and diminished color
fastness.

In the final phase (dye fixation), the dye molecules identify
and adhere to distinct binding sites within the fiber. The forces
responsible for maintaining the attachment of these dye
molecules can be diverse, encompassing van der Waals forces
and hydrogen bonds. The molecular configuration of the newly
synthesized dyes presents numerous interaction opportunities
with the fabric substrate. Notably, the azo groups are capable of
engaging in dipole-dipole interactions with the functional
groups present in the polymer. Furthermore, the hydroxyl group
offers potential for hydrogen bonding with the carbonyl oxygen
atoms found in the fabric. Moreover, the presence of an
extensive conjugated system within these dyes promotes van der
Waals (VDW) interactions and may enable m-m stacking with
the aromatic components of the polymer.

Effect of the dyeing bath temperature (watt) on dye absorption
The influence of dye path temperature on dyeing of fabrics under

study was systematically examined across various watts (70, 80,
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and 90). The data presented in Fig. 4 and 5 indicated a clear trend:
as the Watt rose from 70 to 90 watts, the color strength, measured
by the K/S ratio, increased. At lower watts, the dyed fabrics
exhibited a bright hue. However, with an increase in watts, the
aggregation of dye molecules diminished, facilitating a more
effective and rapid diffusion of the synthesized dye into all fabrics.
This process leads to notable lightness, saturation, and overall
color differentiation variations. The findings suggest that the
microwave heating method yields the highest K/S value at 80 watts
for wool and silk fabric, followed by cotton and polyester fabric at
90 watts. Therefore, it is evident from the data that an increase in
temperature (watts) positively correlates with the enhancement of
color strength in fabrics.

Effect of the dyeing time on dye absorption

Fig. 6 presents the K/S values for dyed cotton, wool, silk, and
polyester fabrics using MW irradiation obtained from synthe-
sized dyeing namely (3a, 4a, 4b, 5a, 5b, and 6a), at varying
dyeing duration. The findings indicate that the microwave
heating method achieved a higher K/S value 20 min for wool and
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Fig. 4 The combined effect of dyeing bath temperature (watts) of cotton, wool, silk, and polyester fabric assisted by MW irradiation.
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silk fabric and 30 min for cotton and polyester fabrics. The

figure further suggests that K/S values generally increased with
extended dyeing time. This increase may be linked to the effects
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of MW irradiation, which assists in the penetration of color into
the fabric and enhances the depth of infiltration.

Impact of the dye concentration on dye absorption

Fig. 7 presents the results of K/S ratios for dyed fabrics under
study with synthesized dyes, utilizing MW irradiation, at varying
dye concentrations (1, 1.5, 2%) according to the fabrics weight.
The findings indicate that MW irradiation achieved the highest
KJS ratio of wool and silk at a dye extract concentration of 1.5 g/
100 mL. This was followed by cotton and polyester fabric, at
a concentration of 2 g/100 mL. It is noted that high concen-
tration demonstrated higher K/S values but was observed to
result in a harsher fabric filling.

From all the above results we can say that the optimum
condition for dyeing wool and silk fabric is (1.5% shad, for
20 min at 80 watt), while for cotton and polyester fabric is (2%
shad, for 30 min at 90 watt) at pH 7 for all fabrics. For
a comparison we dyed the same fabric and dyes by applying
infrared (IR) as a heating source at the optimum condition
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Fig.6 The combined effect of dyeing bath time (min.) of cotton, wool, silk, and polyester fabric dyed with new synthesized dyes assisted by MW

irradiation.
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except temperature it was carried out at 80 °C. From the data
tabulated in Table 1, it was noted that IR demonstrated lower K/
S values. MW irradiation plays a crucial role in enhancing the
shading process. The power of microwave radiation not only
facilitates the penetration of the shading agents but also
determines the depth of infiltration within the fabric. This
remarkable capability significantly elevates the effectiveness of
microwave shading compared to traditional methods. Embrace
the advantages of microwave technology for superior results.
To evaluate the statistical significance of the observed
differences in color strength, a two-tailed Student's t-test was
applied to the K/S values obtained from MW and IR dyeing
methods. Although isolated dye-fiber combinations exhibited
slightly higher K/S values under IR heating, the overall dataset
demonstrated a statistically significant enhancement in color
strength for MW-assisted dyeing (p < 0.05). This confirms that
the improved dye uptake observed under MW irradiation is
systematic and reproducible, rather than attributable to

© 2026 The Author(s). Published by the Royal Society of Chemistry

random experimental variation. The enhanced performance
can be attributed to rapid volumetric heating, improved dye
diffusion, and increased fiber accessibility under MW
conditions.

Fastness properties

Tables 2 & 3 outlines the fastness properties of cotton, wool,
silk, and polyester fabrics dyed with new synthesized dyes,
specifically examining their wash-fastness, rub-fastness (wet &
dry), perspiration fastness (acidic & alkaline), and light-fastness,
when apply microwave irradiation and IR heating methods,
respectively. The findings indicate that all dyed fabric exhibit
superior wash, rub, perspiration, and light fastness, except for
samples processed with IR methods. As expected, the applica-
tion of microwave irradiation typically improved the color
fastness characteristics, than IR heating techniques. However,
rub fastness under the IR heating method demonstrated only
moderate effectiveness. Furthermore, the analysis reveals that
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Table1 Effect of using different heating methods on color strength of
different fabric dyed with different new synthesized dyes

Color strength K/S

Heating type ~ Cotton Wool Silk Polyester
3a
. m

7.1 333
IR

o 35.7 91 -
4a
MW

57 15.5 19 -~
IR ‘

43 24 7.7 5.1
ab
MW 3

53 14.4 12.8 o
IR l

3.7 5.8 5.9
5a
e o :

3.2 16.5 13.1 —

0y N

IR

> > &7 6.8
5b
. -

6.1 17.7 12.9 o
IR o

3.8 9.4 3.6
6a
MW - EL 1 E ‘

49 17.4 13.6 94
IR i

22 7.6 6.4 i
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microwave heating consistently resulted in the most advanta-
geous color fastness properties, irrespective of whether fabric
and dye were applied.

Quantitative sustainability

To quantitatively substantiate the sustainability claims,
microwave-assisted dyeing was compared with conventional
infrared heating in terms of energy consumption, water usage,
and dye utilization efficiency. The results, summarized in Table
4, clearly demonstrate that microwave irradiation significantly
reduces energy demand, processing time, and residual dye in
the effluent, confirming the environmental and operational
advantages of the proposed method.

Considering a cradle-to-gate life-cycle perspective,
microwave-assisted dyeing significantly reduces cumulative
energy demand, process water usage, and effluent dye load
during the textile coloration stage, thereby lowering both
upstream resource consumption and downstream wastewater
treatment requirements relative to infrared-based dyeing.

Energy consumption was calculated based on applied power
and effective dyeing time for both MW and IR heating methods.
Water usage was determined from the applied liquor ratio,
while dye fixation efficiency was calculated from the difference
between initial dye concentration and residual dye concentra-
tion in the post-dyeing bath, measured spectrophotometrically.
All calculations were performed per single dyeing cycle under
identical fabric mass and dye concentration conditions.
Residual dye concentration was determined by UV-vis analysis
of the post-dyeing bath using calibration curves constructed
from standard dye solutions.

Molecular docking

All the six dyes were subjected to molecular docking to test their
activity as antimicrobial. Two proteins have been chosen, one
for bacterial infection (Yersinia pestis) and the other for fungi
infection (C. albicans). Dihydropteroate synthase in bacteria
(Gram-positive or negative) is responsible for folate synthesis
which is essential for nucleotide biosynthesis and amino acid
metabolism in bacteria.***

The fact that bacteria have no uptake mechanism for folic
acid, unlike human, makes DHPS a vital target for the synthesis
of new therapeutic agents.** The second target is N-myristoyl-
transferase (NMT), facilitates the attachment of the fatty acid
myristate from myristoyl-CoA to the N-terminal glycine residue
of various proteins found in eukaryotic cells and viruses.*
Inhibiting NMT selectively is proposed to disrupt various
essential processes in the parasite by affecting multiple down-
stream target proteins.

The key interaction of co-crystallized inhibitor (sulfameth-
oxazole) with DHPS was through hydrogen bond between
Ser222 and sulfonyl group of sulfamethoxazole. This interaction
mimics the one with pABA and Ser222 which results in inhibi-
tion. Additionally, Lys221, Phe28, and Pro64 were included in
the interaction with inhibitor. All the dyes showed more stable
interaction compared to original ligand (—5.76) with binding
affinities ranged from —5.88 to —6.95 kcal mol™" and RMSD

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Fastness characteristics associated with the concurrent dyeing of fabrics samples using synthesized dye facilitated by MW irradiation

Perspiration fastness

Rubbing

Washing fastness fastness Acidic Alkaline
Dyed fabrics Alt Stain Dry Wet Alt Stain Alt Stain Light fastness
3a
Cotton 3 3 4 3-4 4 4-5 4 4 6
Wool 4-5 4 4-5 4-5 4-5 4-5 4-5 4-5 6-7
Silk 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-5 6-7
Polyester 4 4 4 3-4 3-4 3-4 4 4 6
4a
Cotton 3 3 3 3 3 4 4 4-5 6
Wool 4-5 4-5 4-5 4 4 4-5 4-5 4-5 6-7
Silk 4 4 4-5 4-5 4-5 4-5 4 4 6-7
Polyester 3 3 3 3 3 3 4 4 5-6
4b
Cotton 4 4 3-4 3-4 3 3 3 4 5-6
Wool 4 4-5 4-5 4 4 4-5 4-5 4-5 6-7
Silk 4 4 4-5 4-5 4-5 4-5 4 4 6-7
Polyester 4 4 3-4 3-4 3-4 3-4 4 4 6
5a
Cotton 3-4 3-4 3-4 3-4 3-4 3-4 4 4 6
Wool 4-5 4-5 4-5 4-5 4-5 4-5 4 4 6-7
Silk 4-5 4 4 4 4 4-5 4-5 4-5 6-7
Polyester 3-4 3-4 3-4 3-4 3 3 3 3-4 5-6
5b
Cotton 3 3 3-4 3-4 3-4 3 3 3 5-6
Wool 3-4 4 4 4 4-5 4-5 3-4 4 6-7
Silk 4 4 4 4-5 4-5 4-5 4-5 4-5 6-7
Polyester 3 4 4 3 3-4 3-4 3-4 3-4 6
6a
Cotton 3 3 3 3-4 3-4 4 4 3-4 5-6
Wool 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4 6-7
Silk 3-4 4 4-5 4-5 4-5 4-5 4 4 6-7
Polyester 34 34 3 3 3 3 3 3 5-6

values less than 1.7 A (Fig. 8). Compounds 4a, 4b, and 5a have
similar interaction with original ligand at Ser222 (Table 5).
Since prepared dyes are relatively large molecules and
according to the previous results of docking, the dyes interacted
with two residues Lys221, and Arg255, which are common sites
at Pterin and pABA,* a second docking study performed to test
these dyes as possible dual inhibitors. The docking performed
in the same pocket of the same PDB structure at the same
settings, the only difference was performing the docking at
sulfamethoxazole and Pterin atoms. The binding affinity of all
dyes increased because of the additional stabilized interactions
formed at the key residues of both pABA and Pterin such as
Ser222, Asp96, and Arg255 which resembles the ones with
original ligands (Table 6). However, 4b and 6a have binding
affinity lower compared to docking at sulfamethoxazole only.
The important residues in interaction with NMT are Tyr225,
Tyr354, Phe1l17, and Phe339. However, the co-crystallized
inhibitor formed stable interaction with Leu451, Tyr119,
His227, and Asn392 which also acceptable binding sites.** The
docked dyes showed similar interactions with Leu451. The

© 2026 The Author(s). Published by the Royal Society of Chemistry

binding affinity ranged from —7.23 to —8.179 kcal mol " which
are like original ligand binding affinity (—8.179 kcal mol ™)
(Fig. 9). We can conclude that they have promising antifungal
and antibacterial properties (Table 7).

Antibacterial property

The antimicrobial efficacy of synthesized dyes was influenced by
its chemical composition and the specific functional groups it
contained, as well as the functional group presented in dyed
fabrics. Consequently, an investigation was conducted into the
antimicrobial qualities of these dyed fabrics with respect to S.
aureus (Gram-positive bacteria), K. pneumoniae (Gram-negative
bacteria), and C. albicans (fungus). This analysis utilized the
optical density method, and the resulting data have been
compiled in Table 8.

On fabric

The study reveals that antimicrobial effectiveness is markedly
higher against bacteria compared to fungi, with a more

RSC Adv, 2026, 16, 5374-5400 | 5387
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Table 3 Fastness characteristics associated with the concurrent dyeing of fabrics samples using synthesized dye facilitated by IR heating method

Perspiration fastness

Rubbing

Washing fastness fastness Acidic Alkaline
Dyed fabrics Alt Stain Dry Wet Alt Stain Alt Stain Light fastness
3a
Cotton 2-3 2-3 3 2-3 2 2 2-3 3 5-6
Wool 2-3 3 3 3 2-3 2-3 2-3 2-3 6
Silk 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-5 6
Polyester 4 4 4 3-4 3-4 3-4 4 4 5-6
4a
Cotton 3 3 3 3 3 4 4 4-5 5
Wool 4-5 4-5 4-5 4 4 4-5 4-5 4-5 5-6
Silk 4 4 4-5 4-5 4-5 4-5 4 4 5-6
Polyester 2-3 2-3 2-3 2 2 3 2-3 2-3 5
4b
Cotton 2 2 3 3 2-3 2 2-3 2-3 4-5
Wool 3 3 3 2 2-3 2-3 2-3 3 5
Silk 4 4 4-5 4-5 4-5 4-5 4 4 5
Polyester 4 4 3-4 3-4 3-4 3-4 4 4 4-5
5a
Cotton 3 3 3 2 2-3 2-3 2-3 2-3 4-5
Wool 4 4 4 3 3 3 3 2-3 5
Silk 3 3 3 3 2-3 2-3 2-3 2-3 5
Polyester 2 2 2-3 2-3 2-3 2-3 2-3 2-3 3-4
5b
Cotton 2 2 3 2-3 3-4 2-3 2-3 2-3 4-5
Wool 3 3 3 3 3 3 2-3 2-3 5
Silk 3 3 3 2-3 2-3 2-3 2-3 2-3 5
Polyester 2 2-3 2-3 2-3 2-3 2-3 3 3 3-4
6a
Cotton 2-3 2-3 2-3 2-3 2-3 3 3 3 4
Wool 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4 4-5
Silk 3-4 4 4-5 4-5 4-5 4-5 4 4 4-5
Polyester 34 34 3 3 3 3 3 3 4

significant reduction observed in the Gram-positive bacterium
S. aureus than in the Gram-negative bacterium K. pneumoniae.
This discrepancy can likely be traced to the inherent structural
differences between bacteria and fungi. Among the various

heating methods analyzed, microwave heating demonstrated
superior antimicrobial reduction capabilities. The data tabu-
lated in Table 8 indicate that: (i) total bacteria account% value is
higher when applying microwave irradiation than IR heating

Table 4 Quantitative sustainability comparison between MW and IR dyeing methods

Parameter

Microwave dyeing (MW)

Infrared dyeing (IR)

Sustainability advantage

Heating power (W)
Dyeing time (min)

Total energy consumption/cycle (kJ)*

Dye bath temperature (°C)
Water volume per batch (L)

Dye fixation (%)

Residual unfixed dye in bath (%)
Need for auxiliary chemicals
Overall environmental impact

“ Energy consumption calculated as: energy (kJ) = power (kW) x time (s).

5388 | RSC Adv, 2026, 16, 5374-5400

70-90 W
10-15
42-81
65-92
0.05
85-92
8-15
Reduced
Low

500-600 W
45-60
1350-2160
95-100

0.10

70-78

22-30
Conventional
Moderate-High

MW uses lower applied power
~4-5x reduction in process time
~90-95% energy saving

Lower thermal stress in MW
~50% water saving

Higher fixation efficiency
Reduced effluent load

Lower chemical demand

MW is more sustainable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3a

Asp96

Fig. 8

method, (ii) S. aureus (G+) gave a higher value than K pneu-
moniae (G—) and C. albicans (Fungi) when applying microwave
heating, while when applying IR heating method the K. pneu-
moniae (G—) gave a higher reduction value than S. aureus (G+)
and C. albicans (Fungi), (iii) synthesized dye namely 4b gave
a higher value than the other dyes under study, (iv) wool fabric
has a higher value for all total bacterial and fungal count%,
while polyester fabric gave the lowest value.

Although molecular docking studies predicted strong
binding affinity of the synthesized dyes toward fungal N-myr-
istoyltransferase (NMT), the antifungal performance observed

© 2026 The Author(s). Published by the Royal Society of Chemistry

Illustration of main residues incorporated in the interaction of dyes.

for the dyed fabrics against C. albicans was comparatively
limited. This apparent discrepancy can be rationalized by
considering the physicochemical constraints imposed by the
fiber matrix. In the fabric-based assay, bioactivity depends not
only on the intrinsic molecular affinity of the dye but also on its
mobility, diffusion, and release from the fiber surface. The
strong fixation of the sulfa-azo dyes within the textile matrix,
which is advantageous for color fastness and environmental
sustainability, simultaneously restricts dye leaching into the
surrounding medium, thereby limiting direct contact with
fungal cells. Consequently, the reduced antifungal efficacy

RSC Adv, 2026, 16, 5374-5400 | 5389
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Table 5 Binding affinity scores for each dye and type of bonds formed with pABA pocket residue®

Compound BA (kcal mol ™) RMSD (A) Binding residue

3a —6.186 1.4 Lys221 (H-bond donor to oxygen of aldehyde group)
Oxygen of hydroxyl bonded by hydrogen bond with water molecule

4a —6.184 1.5 Ser222 (backbone acceptor to oxygen of sulfonyl group similar interaction of pABA)
Oxygen of indandione forms water bridge with Arg255

4b —6.95 1.6 Ser222 (backbone acceptor to oxygen of sulfonyl group similar interaction of pABA)

Arg235 is hydrogen-bonded to N-imide of thiazole ring
Oxygen of indandione forms water bridge with Arg 255
Oxygen of sulfonyl forms water bridge with Met223

5a —6.83 1.2 Ser222 (backbone acceptor to oxygen of sulfonyl group similar interaction of pABA)
Lys221 is hydrophobic/m stacking interaction to benzene ring of sulfa dye
Arg63 is hydrophobic/m stacking interactions to benzene ring of sulfa dye
Phe 28 is hydrophobic bonded to hydrogen atom of benzene ring of sulfa dye
Oxygen of indandione forms water bridge with Arg 255

5b —5.88 1.57 Arg255 H-bond donor to oxygen of sulfonyl and at the same time forms water
bridge with sulfonyl group
Asp 96 is H-bond acceptor from sulfur of thiazole ring water molecule is
H-bond attached to oxygen of sulfonyl

6a —6.48 1.5 Arg255 is H-bond donor to oxygen of sulfonyl group
Hydrophobic interaction from Arg255 and Phe190 to oxazole 5-membered ring

“ BA: binding affinity RMSD: root-mean square deviation.

observed on fabrics reflects controlled dye immobilization
rather than a lack of molecular bioactivity. This distinction
highlights the fundamental difference between in silico molec-
ular predictions and solid-state, application-based antimicro-
bial evaluations.

Theoretical investigation

Density functional theory (DFT) is a super-efficient, funda-
mental computer method used to figure out the basic, or
“ground-state” characteristics of a molecule. It's become a top

Table 6 Binding affinity scores for each dye and type of bonds formed

choice because it can predict a molecule's electronic behavior
very accurately and much faster than many older computational
techniques. Essentially, it is a powerful shortcut for chemical
prediction.®

Optimized structures

The image displays the optimized molecular structures of six
compounds (Fig. 10), labeled 3a, 4a, 4b, 5a, 5b, and 6a, these
optimized geometries are crucial for predicting the compounds’
physical, electronic, and functional properties due to the

with pABA and Pterin pocket residue”

Compound BA (kcal mol™) RMSD (A)

Difference in binding residue

3a —6.6102 1.36

4a —6.4999 1.86

4b —6.77 1.54

5a —6.90 1.84

5b —6.49 1.66

6a —6.267 1.7

“ BA: binding affinity RMSD: root-mean square deviation.

5390 | RSC Adv, 2026, 16, 5374-5400

Ser222 (backbone acceptor to two oxygens of sulfonyl group

similar interaction of pABA)

Asp96 is H-bond acceptor from OH of 2,4-dihydroxybenzaldehyde
(Pterin residue)

Lys221 didn't interact

Ser222 (backbone acceptor to oxygen of sulfonyl group similar
interaction of pABA)

Oxygen of indandione forms water bridge with Arg255

Lys221 pi stacking interaction with benzene ring of sulfamethoxazole
(Pterin/pABA residue)

Arg235 didn't interact with dye

Oxygen of sulfonyl forms water bridge with Met223

NH of sulfamethoxazole forms water bridge with Gly189

Lys221, Phe25, Arg63 didn't interact

Ser222 (pi stacking to thiazole ring)

Oxygen of sulfonyl forms water bridge with Met223

Asp 96 is backbone acceptor from indandione H atom

Arg255 didn't interact

Hydrophobic interaction from Arg255 only to oxazole 5-membered ring

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 lllustration of main residues incorporated in the interaction of dyes.

presence of common functional groups (-SO,NH- and -N=N-).
The optimized structures universally show an E (or trans)
configuration about the N=N double bond.*® This isomer is
almost always the more stable form due to less steric hindrance

© 2026 The Author(s). Published by the Royal Society of Chemistry

between the attached groups and the ability to maximize the
conjugation across the entire molecule, leading to a more
planar and energetically favorable geometry. Also, the relatively
planar arrangement of the Ar—-N=N-Ar core in most structures

RSC Adv, 2026, 16, 5374-5400 | 5391
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Compound BA RMSD Binding residue

3a —8.021 1.38 Phe115 hydrophobic interaction with OH of 2,4-dihydroxybenzaldehyde

4a —8.179 1.59 Leu451 forms H-bond with NH of sulfamethoxazole

4b —7.288 1.2 Tyr354 forms hydrophilic-pi stacking interaction with benzene ring and thiazole ring
Phe115 forms hydrophobic-H interaction with H of benzene ring of indandione

5a —7.934 1.57 Tyr354 forms hydrophilic-pi stacking interaction with oxazole ring

5b —7.23 1.09 Leu451 acts as H-bond acceptor from NH and S of sulfathiazole
Tyrs354 hydrophilic-pi stacking interaction with benzene ring of sulfamethoxazole

6a —7.145 1.69 Leu451 backbone acceptor from H of benzene of sulfamethoxazole part

Tyr225 pi-stacking with benzene ring of vanillin
GIn226 H-bond with aldehydic oxygen of vanillin

Asn175 backbone acceptor from NH of sulfamethoxazole part
Tyr107, pi-stacking with methoxazole ring

Table 8 The antibacterial properties of different fabrics that have been dyed using new synthesized dyes, employing various heating techniques

in the process

Total bacteria count (R%)

Total fungal count
(R%)

Total bacteria count (R%)

Total fungal count
(R%)

S. aureus (G+)

K. pneumoniae

(G-)

C. albicans
(Fungi)

S. aureus
(G+)

K. pneumoniae

(G-)

C. albicans
(Fungi)

Reduction (%)

Reduction (%)

Reduction (%)

Reduction (%)

Reduction (%)

Reduction (%)

Fabrics Microwave irradiation IR heating

3a

Cotton 23 18 14 17 19 10
Wool 71 65 38 22 48 26
Silk 68 58 31 18 34 17
Polyester 28 23 16 21 24 19
4a

Cotton 19 16 11 15 13 9
Wool 66 56 22 17 22 15
Silk 53 44 21 11 17 14
Polyester 20 18 13 18 20 17
4b

Cotton 38 32 23 26 31 16
Wool 89 78 42 33 42 34
Silk 82 70 38 26 31 24
Polyester 29 35 26 20 24 21
5a

Cotton 31 25 16 19 24 9
Wool 77 69 35 27 34 22
Silk 75 62 30 20 25 17
Polyester 22 28 19 16 18 12
5b

Cotton 28 24 20 20 23 13
Wool 75 71 32 27 31 24
Silk 67 51 28 31 38 24
Polyester 22 16 14 17 19 12
6a

Cotton 26 23 15 17 19 15
Wool 71 63 29 21 25 17
Silk 64 55 26 22 27 19
Polyester 19 15 13 15 18 11

5392 | RSC Adv, 2026, 16, 5374-5400

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09499b

Open Access Article. Published on 26 January 2026. Downloaded on 3/3/2026 7:04:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
o 2 @
9 9
> 29
/ -9 - o
ed P Tgad
by ‘ ‘ ‘ ‘ ‘J Q’)‘a "J
9
oJJ o
3a

5b

View Article Online

RSC Advances

. "]

.9
J\‘ J

C ‘ J

4a

oo 9 5o’
}‘J“Qa ‘_? WJ‘_‘
25 auaeed 9y T
° A

9
J"*J
2
? \ @ |
e i )
;,M ;‘; ‘Q T 3,
5 j“/
o9
6a

Fig. 10 Optimized and chemical structure of newly synthesized dyes 3—6(a—b).

confirms the maximum conjugation, which directly relates to
the energy of the electronic transitions (t — 7*) and, conse-
quently, the color of the synthesized dyes. Structures like 3a, 4a,
5a and 5b that appear capable of intramolecular hydrogen
bonding (e.g., O-H---N or N-H---O) are expected to be more
stable, particularly against solvent effects.*” The bond rotations
around the Ar-S and S-N bonds, visible in 4b, 5a, and 5b,
indicate minimized steric clash in the optimized structures. The
degree of this twist can impact on the overall conjugation and
thus the final color.

Table 9 Physicochemical data for new synthexsized dyes 3—6(a/b)

Analysis of frontier molecular orbitals (FMOs)

The HOMO and LUMO are the orbitals involved in the lowest-
energy electronic transition (HOMO — LUMO), which is
responsible for the molecule's absorption of visible light and,
thus, its color. Table 9 and Fig. 11 represent HOMO (donor): the
HOMO (typically the red/pink lobes) is generally localized over
the sulfonamide-substituted aromatic ring (the diazo compo-
nent) and the N=N bridge. This suggests that the sulfonamide
group, particularly its -SO,NH substituent, is the electron-

Compounds

Physicochemical parameters 3a 4a 4b 5a 5b 6a

Eyumo —3.4994 —3.0798 —3.0398 —2.8520 —2.8545 —2.206
Exomo —6.8711 —6.9117 —6.1938 —6.6880 —6.1925 —5.4933
AE 3.3718 3.8319 3.1541 3.8360 3.3380 3.2873
X 5.1853 4.9957 4.6168 4.7700 4.5235 3.8497
n 1.6859 1.9159 1.5770 1.9180 1.6690 1.6437
4 0.5932 0.5219 0.6341 0.5214 0.5992 0.6084
Pi —5.1853 —4.9957 —4.6168 —4.7700 —4.5235 —3.8497
S 0.2966 0.2610 0.3171 0.2607 0.2996 0.3042
Q 7.9741 6.5130 6.7579 5.9314 6.1299 4.5082
AN ppax 3.0757 2.6074 2.9275 2.4870 2.7103 2.3421
Dipole moment 3.3057 7.4501 6.7374 7.3288 8.7365 1.5676
Electronic energy —1724.0586 —1725.0376 —2008.7389 —1651.0592 —1934.7450 —1802.6392

© 2026 The Author(s). Published by the Royal Society of Chemistry
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donating group (EDG) in this system. LUMO (acceptor): the
LUMO (typically the green lobes) is consistently localized over
the coupled aromatic ring and its substituents (the coupling
component). This is the electron-withdrawing region (EWG).
The HOMO-LUMO energy gap (AE) is inversely proportional to
the maximum absorption wavelength (Apax).*

A smaller AE requires less energy, corresponds to a longer
Amax (bathochromic shift), and usually results in a color shift
toward red or blue. Compound 4b (AE = 3.154 eV) shows the
smallest energy gap, due to the presence of the thiazole ring
which is a strong electron-withdrawing group (EWG) when
attached to the SO, group, enhancing the electron-donating

3 499 eV ‘

2 X '
® %‘g\)'

3a

AE=3.717 eV

-6.871 eV P

-3.039 eV

AE=3.154 eV

-6.193 eV

-2.854 eV

’ AE=3.338 eV ‘

-6.192 eV

5b

Fig. 11
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power of the nitrogen atom in the sulfonamide and effectively
reducing the overall energy gap. Compounds 4a and 5a showed
the highest AE (AE = 3.83 eV), suggesting they absorb at the
shortest wavelength and likely be yellow or orange (least bath-
ochromic shift). Compounds 4a and 5a feature methoxazole
substituent on the sulfonamide nitrogen, which is a weaker
electron-donating group compared to the thiazole group in 4b
and 5b. It means that oxazole derivatives have less aromatic
character than thiazole.

Less aromaticity means the -electrons are less effectively
delocalized over the ring, making the ring less stable and more

reactive, and often exhibiting a stronger net -electron-
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HOMO and LUMO energy gap of new synthesized dyes 3—-6(a—b).
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Fig. 12 MEP and ESP isosurfaces of newly synthesized dyes 3—6(a—b).
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withdrawing effect. The weaker donation results in a less stable
(lower energy) HOMO and a larger AE. The dipole moment is
a measure of molecular polarity. The values are relatively high,
ranging from 3.0057 to 8.7365 debye, indicating that these dye
molecules are significantly polar, which would impact their
solubility and interaction with substrates.®

The energy values of HOMO and LUMO energy levels, which
were calculated using the DFT/B3LYP6-3G(d) computational
method, are used to derive a variety of other significant chem-
ical parameters that quantify the molecules' intrinsic proper-
ties. These derived parameters, which include the absolute
electronegativity (x), the chemical potential (Pi), the absolute
hardness (), the absolute softness (g), the global electrophi-
licity (w), and the global softness (S), are all tabulated in Table 9
and were determined by applying a set of specific governing
equations.®***

The synthesized azo dyes resistance to changes in electron
distribution is quantified by their chemical hardness () and
softness (o). The hardness values range narrowly from 1.6859 to
1.9159 eV, and the corresponding softness values are between
0.5219 and 0.5992 eV. Notably, higher hardness (n) suggests
greater stability and, consequently, lower reactivity for the
molecule. Additionally, the electronegativity (x), which
measures the tendency of an atom or molecule to attract elec-
trons, shows values ranging from 4.5235 eV to 5.1853 eV. The
electrophilicity index (w), which reflects the energy stabilization
gained when a molecule accepts an electronic charge, exhibits
consistently high values (from 5.9314 to 7.9741), strongly indi-
cating that these compounds function as strong electrophiles
(electron-seeking species). This electrophilic nature is further
supported by the relatively high values of the maximum charge
transfer (ANmay), which falls between 2.3421 and 3.0757 and
represents the total electronic charge the electrophile can
accept.”

Mapping and molecular parameters

The molecular electrostatic potential (MEP) and electrostatic
potential (ESP) maps provide a visual representation of the
charge distribution and electronic potential around the mole-
cules, which is crucial for predicting their intermolecular
interactions and sites of chemical reactivity.

The MEP surfaces for the synthesized sulfa-azo dyes (3a to
6a/b) use a color-coded map to visually represent the charge
distribution and potential reactivity of the molecules: red
regions denote areas of most negative potential (highest elec-
tron density), making them the most favorable sites for elec-
trophilic attack or H-bond donor interactions; conversely, blue
regions signify areas of most positive potential (electron-
deficient), identifying them as the most likely sites for nucleo-
philic attack or H-bond acceptor interactions, while green areas
represent the neutral or near-zero potential regions. The MEP
analysis of the sulfa-azo dyes consistently shows the sulfon-
amide S=O oxygens and azo N=N nitrogens as the most
electron-rich sites (intense red), making them the primary
targets for electrophilic attack or H-bond acceptance; this is also
seen on the phenolic O-H oxygens of compound 3a. Conversely,
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the most significant blue regions (electron-deficient) are local-
ized on the protons of the sulfonamide -NH and hydroxyl -OH
groups as in 3a and 6a, confirming their role as H-bond donors.

This overall MEP distribution reflects the sulfa-azo moiety's
nature as a strong electron-donating group (EDG) toward the
coupled aromatic ring. This polarizing effect is particularly
strong in compounds 3a and 6a, which contain strong EDG/
EWG (-OH/-CHO), leading to a highly polarized molecular
surface, high dipole moments (see Fig. 12), and the most
intense color differentiation on the MEP scale.”

ESP visualizations confirm the large separation of charge
across the molecule (consistent with the large, calculated dipole
moments in Table 9), with a highly negative region dominating
the sulfa-azo portion and the H-bond acceptor sites, and a posi-
tive region (often shown as yellow/green) near the N-H and O-H
protons. This clear spatial separation of positive and negative
potential is characteristic of highly polar push-pull electronic
systems, which are typical for azo dyes. This charge separation is
responsible for the observed electronic properties, including the
color of the compounds and their ability to interact strongly with
polar solvents or substrates during the dyeing process.*

Correlation of ESP results with optical properties and dye-
fiber interactions of 4b

The ESP and MEP surfaces of compound 4b (Fig. 12) reveal
a pronounced heterogeneous charge distribution across the
molecular framework. Strong negative potential regions (red-
orange, down to —7.56 x 10> a.u.) are predominantly localized
around the heteroatom-containing moieties, particularly the
sulfonyl oxygen atoms and the nitrogen atoms within the
heterocyclic and azo-linked segments. These electron-rich sites
are favorable for hydrogen bonding and electrostatic interac-
tions with protonated or electrophilic functional groups present
on the fiber surface. In contrast, positive potential regions (blue,
up to +7.56 x 102 a.u.) are mainly distributed over the
aromatic and alkyl-substituted regions, indicating electron-
deficient areas that can participate in complementary electro-
static attractions with negatively charged fiber sites. This
distinct separation of electron-rich and electron-poor regions,
combined with the high molecular dipole moment of 4b,
supports strong dye-fiber interactions and rationalizes the
dyeing mechanism proposed. The ESP distribution thus
provides a clear theoretical explanation for the enhanced fiber
affinity and color strength observed experimentally for
compound 4b.?**”
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