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ABSTRACT. By diazotizing sulfaguanidine and sulfisoxazole and then coupling with derivatives of barbituric and
thiobarbituric acids, a new class of sulfonamide-based azo disperse dyes was produced. The chemical structures of
the resulting dyes had been confirmed by elemental analysis, FT-IR, and *H-NMR. Screen printing was used to
apply the colors to 100% polyester fabrics, and thermofixation was then performed under optimal conditions. The
addition of barbituric and thiobarbituric moieties significantly improved conjugation and dye—fiber affinity,
resulting in higher color depth, according to colorimetric properties assessed in terms of CIE Lab* coordinates and
color strength (K/S values). Furthermore, antimicrobial assays showed that many compounds exhibit antimicrobial
activity against both Gram-positive and Gram-negative bacteria, either as sole compounds or on fabrics. Compound
5D demonstrated the highest antimicrobial efficacy against fabrics, with more than 99.9% reductions in the
microbial pathogens S. aureus and P. aeruginosa, followed by 5C and 5A. Interestingly, 5B was inactive against
bacteria but showed anti-candida activity against C. albicans. The observed bioactivity was influenced by the
presence of sulfonamide pharmacophores in conjunction with azo-linked heterocyclic systems. This study
demonstrates the possibility of generating multifunctional fabrics with both attractive and antibacterial properties
by incorporating bioactive sulfonamide molecules into disperse dyes.

KEY WORDS: Azo disperse dyes, Sulfonamide dyes, Thiobarbituric acid, Polyester printing, Antimicrobial dyes

INTRODUCTION

In light of their remarkable color quality, ease of synthesis, and structural diversity, azo dyes
account for 60-70% of all commercial dyes, making them the most flexible and largest family of
synthetic colorants. The azo chromophore (—N=N-) allows substantial 7-electron delocalization,
resulting in tunable optical properties and bright colors. Among these, disperse azo dyes are
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particularly important for hydrophobic fibers such as polyester, where coloration is achieved by
physical entrapment and diffusion within the fiber matrix at high temperatures. Due to their
superior mechanical strength, chemical resistance, and dimensional stability, polyester fibers,
particularly polyethylene terephthalate (PET), dominate the global textile market. Nevertheless,
their high crystallinity and intrinsic hydrophobicity make dye uptake difficult, requiring the
development of dyes with improved affinity and dispersibility [1-3]. The development of
multifunctional dyes that offer additional benefits, such as antibacterial, UV-protective, and anti-
inflammatory properties, in addition to color, has received greater attention in recent years. This
change is driven by the growing need for improved textiles for healthcare, hygiene, and sports
applications. A successful approach to achieving such multifunctionality without the need for
additional finishing procedures is the incorporation of biologically active moieties into dye
structures [4, 5]. Among these, sulfonamide-based substances are a well-known class of
pharmacophores with broad-spectrum antibacterial activity that mainly works by inhibiting
bacterial dihydropteroate synthase (DHPS), and thus blocking folate synthesis. It has been shown
that adding sulfonamide groups to azo dye frameworks produces colorants with improved
antibacterial activity while preserving acceptable dyeing performance [6-8]. Given that
sulfonamide drugs, such as sulfaguanidine and sulfisoxazole, include reactive amino groups that
can undergo diazotization and be incorporated into azo chromophores, they are particularly
appealing precursors for functional dye synthesis. Additionally, these compounds contain
heterocyclic and electron-withdrawing groups that can enhance dye—fiber interactions and alter
electron distribution.

In addition to their potent electron-withdrawing properties and ability to stabilize extended
conjugated systems, barbituric acid and its derivatives are well-known active methylene
compounds that are frequently employed in azo coupling processes. These compounds greatly
improve color strength (K/S values), bathochromic shifts, and intermolecular interactions with
textile fibers when added to azo dyes. Furthermore, secondary interactions such as hydrogen
bonding and dipole—dipole interactions can be facilitated by the presence of carbonyl (C=0) and
thiocarbonyl (C=S) functionalities, which may enhance dye fixation and fastness properties [9,
10]. Compared with their oxygen analogs, thiobarbituric acid derivatives exhibit greater electron
delocalization, which could lead to richer hues and improved optical performance. A logical
molecular design approach for the synthesis of multifunctional disperse dyes is the integration of
barbituric and thiobarbituric acid coupling systems with sulfonamide-based diazo components,
especially sulfaguanidine and sulfisoxazole. This hybrid molecular structure improves electron
delocalization throughout the azo chromophore and extends m-conjugation, resulting in better
optical properties and stronger color. Stronger intermolecular contacts with the polyester fabric
are made possible by the simultaneous existence of polar heteroatoms and electron-withdrawing
functions, which enhances dye uptake and fixing [11-13]. Importantly, by interfering with
microbial metabolic pathways, sulfonamide pharmacophores provide intrinsic antimicrobial
activity. As a result, these structurally integrated systems provide a complementary platform that
combines long-lasting bioactivity, strong dye—fiber affinity, and high chromatic performance,
making them especially appealing for advanced textile applications that demand both functional
performance and aesthetic quality [14-18]. Therefore, the present study aims to synthesize and
characterize a new series of sulfonamide-based azo disperse dyes via diazotization of
sulfaguanidine and sulfisoxazole, followed by coupling with barbituric and thiobarbituric acid
derivatives. Their application in polyester printing is systematically investigated, focusing on
colorimetric properties and fastness characteristics. Furthermore, the antibacterial activity of both
the dyes and the printed fabrics is evaluated against representative Gram-positive and Gram-
negative bacterial strains. This work provides valuable insights into the development of
multifunctional disperse dyes with potential applications in advanced textile materials.
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EXPERIMENTAL
Chemicals, instrumentation, and melting point determination

First, sulfaguanidine and sulfisoxazole 99%, barbituric and thiobarbituric Acids 99% (Sigma-
Aldrich, Steinheim, Germany) were used as starting compounds. TLC was performed on TLC
aluminum sheets, silica gel 60 F254 (Merck, Darmstadt, Germany). Mixtures of n-hexane, ethyl
acetate, and methanol (6:3:1) were used as mobile phases. The analytical sample was dried over
anhydrous phosphorus pentoxide under reduced pressure at room temperature. The melting point
was determined on a Boétius apparatus PHMK 05 (VEB Kombinat Nagema, Radebeul, Germany)
and is uncorrected. Chemical shifts were recorded as & values in ppm and were indirectly
referenced to tetramethylsilane (TMS) via the solvent signal (2.49 ppm for *H-NMR in DMSO-
d6). Elemental analyses were performed on a Perkin—Elmer 2400 analyzer (USA) and were within
+ 0.4% of the theoretical values. The infrared spectra were recorded on a Perkin—Elmer FTIR-
1430 spectrophotometer using the KBr disk technique. 'H-NMR spectra were measured on a
JEOL spectrometer (Japan) at 500 MHz, using TMS as the internal standard. Hydrogen coupling
patterns are described as (s) singlet, (d) doublet, (t) triplet, (q) quartet, and (m) multiplet. Chemical
shifts were expressed in parts per million (ppm) relative to a reference standard.

Chemicals and reagents used in the printing paste and their functions

All chemicals and reagents were of commercial grade. Thickener EM-630 is an anionic acrylic
polymer, serving as a coloring carrier in fabric printing with disperse dyes on polyester fabrics
(Guangdong EM Chemicals Technology Co., Ltd.). The pH of the printing paste was adjusted to
6 using acetic acid. Lyoprint EV (dispersing agent) was delivered from Ciba Company,
Switzerland. 100% polyester fabric having plain weave (150 g/m?, 56 ends/cm, 34 picks/cm) was
kindly obtained from El-Mahalla Company for Spinning and Weaving, El Mahalla, Egypt and
treated before printing with an aqueous solution containing 2 g/L nonionic detergent (Sera Wash
M-RK, DyStar, Egypt) at a liquor to goods ratio of 50:1 and at 80°C for 30 min, and then rinsed
and allowed to dry in the open air.

Synthesis of dyes
General procedure for the synthesis of dyes (5A-D)

The appropriate heterocyclic amine (Sulfaguanidine and Sulfisoxazole, 3 mmol) was suspended
in distilled water (2 mL) and conc HCI (1.5-2 mL). To the prior solution, a dropwise addition of
sodium nitrite (0.207 g, 3 mmol) in 10 mL of water was made while stirring. The reaction mixture
was chilled to 0-5 °C in an ice bath. After 30 minutes of vigorous stirring at 0-5 °C, the resulting
diazonium salt solution was added dropwise to a compound (3a) barbituric acid solution
(0.387 g, 3 mmol) and (3b) thiobarbituric acid solution (0.433 g, 3 mmol) dissolved in 10%
aqueous sodium hydroxide (10-15 mL). After stirring the reaction mixture for an hour at 0-5 °C,
good yields of the corresponding azo compounds, 5A-D, were generated. The dye precipitate was
then filtered off, washed with water, dried, and recrystallized from ethanol.

(E)-N-carbamimidoyl-4-((2,4,6-trioxohexahydropyrimidin-5-yl)diazenyl)benzenesulfonamide

(5A). Yellow solid; Yield: 75%; m.p.: 214-216°C; IR (KBr) v: 3440.49, 3403.45 (NH-broad)
(sulfonamide + barbituric + guanidine) ), 3141.47 (CH-Aromatic), 1745.30 (C=0), 1635.36
(C=N), 1548.22 (N=N), 1310.87 (S=0, SO2, Sulfonamide ); *H-NMR (500 Hz, DMSO-d6): 2.61
(s,1H, NH), 2.62 (s,1H, NH) 3.59 (1H, s, barbituric ), 7.32-7.53 ( m, 4H, Ar-H), 13.14 (s,1H, NH),
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15.22 (s, 1H, NH) ; Anal. Calc. for C1;H1:N;OsS: C, 37.39 %; H, 3.14 %; N, 27.75 %; Found: C,
37.77 %; H, 3.44%; N, 27.63%.

(E)-N-carbamimidoyl-4-((4,6-dioxo-2-thioxohexahydropyrimidin-5-
yl)diazenyl)benzenesulfonamide (5B). Yellow solid; Yield: 80 %; m.p.: 228-230 °C; IR (KBr) v:
3588.72, 3439.86 (NH-broad) (sulfonamide + thiobarbituric + guanidine) ),3221.89 (CH-
Aromatic), 1703.46 (C=0), 1653.17 (C=N), 1510.22 (N=N), 1356.58 (S=0, SO-, Sulfonamide)
1254.51(C=S);*"H-NMR (500 Hz, DMSO-dg): 2.69 (s,1H, NH), 2.85 (s,1H, NH) 3.28 (1H, s,
thiobarbituric ), 7.65 ( d, 2H, Ar-H, J= 8.20 Hz), 7.77 (d, 2H, Ar-H, J= 7.22 Hz,), 12.42 (s,1H,
NH), 14.10 (s, 1H, NH); Anal. Calc. for C11H11N704S,: C, 35.77 %; H, 3.00 %; N, 26.54%;
Found: C, 35.27 %; H, 3.24%; N, 26.83%.

(E)-N-(3,4-dimethylisoxazol-5-yl)-4-((2,4,6-trioxohexahydropyrimidin-5-
yl)diazenyl)benzenesulfonamide (5C). Yellow solid; Yield: 85 %; m.p.: 202-204 °C; IR (KBr) v:
3263.15, 3420.02 (NH-broad), 3095.93 (CH-Aromatic), 1714.47 (C=0), 1667.38 (C=N),1515.93
(N=N), 1391.42 (CHg, Aliphatic), 1304.66 (S=0, SO, Sulfonamide);'H-NMR (500 Hz, DMSO-
d6): 2.02 (s, 6H, 2CH3), 2.69 (s,1H, NH) 3.31 (1H, s, barbituric ), 7.48- 7.63 ( m, 4H, Ar-H),
11.24 (5,1H, NH), 11.46 (s,1H, NH), 14.11 (s, 1H, NH); Anal. Calc. for C15H14N¢OsS: C, 44.33
%; H, 3.47 %; N, 20.68 %; Found: C, 44.07 %; H, 3.11 %; N, 20.81%.

(E)-N-(3,4-dimethylisoxazol-5-yl)-4-((4,6-dioxo-2-thioxohexahydropyrimidin-5-
yl)diazenyl)benzenesulfonamide (5D). Yellow solid; Yield: 81 %; m.p.: 188-190 °C; IR (KBr) v:
3330.77, 3420.77 (NH-broad) 3100.09 (CH-Aromatic), 1761.13 (C=0), 1662.91 (C=N), 1511.33
(N=N), 1441.36 (CH3, Aliphatic), 1387.26 (S=0O, SO, Sulfonamide), 1185.84 (C=S) ;'H-NMR
(500 Hz, DMSO-dg): 1.97 (s, 6H, 2CH3), 2.69 (s,1H, NH) 2.85(s,1H, NH) 3.44 (1H, s,
thiobarbituric ), 7.39- 7.91 ( m, 4H, Ar-H); Anal. Calc. for C1sH14NgOsS,: C, 42.65 %; H, 3.34
%:; N, 19.89 %; Found: C, 42.11 %:; H, 3.05 %; N, 20.01%.

Printing and fastness determination
Printing paste procedure

Table 1 shows the essential component ratios for the printing paste. The printing paste indicated
above was used to print polyester fabric samples using the traditional silkscreen printing
technique. The print samples were allowed to dry at room temperature before being thermofixed
at 180 °C for four minutes. Fixing temperatures affect the mobility of dye molecules and speed
up the transfer of dye from the printed film to the fabric [19-21]. The textiles undergo
simultaneous thermal treatment and stretching (tension) during the thermofixing procedure. The
textile samples are placed in a thermofixation device (180 °C for 4 minutes in an automatic
thermostatic oven, model number LD-3642, China) after being stretched between a metal holder.
Four different washing processes were applied to the prints: two rounds of cold-water treatment,
two rounds of hot-water treatment, 30 minutes at 60 °C with 2 g/L nonionic detergent, and drying.

Table 1. The proportions used in the preparation of the printing paste ingredients.

Dye 39
Thickener 759
Dispersing agent 05¢g
Acetic acid 1-2¢g
Water 209
Total 100 g
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Fastness properties

Methods: The fastness properties of printed samples were evaluated using standard 1SO
methodologies. Washing, rubbing, perspiration, light, and sublimation were some of these
techniques. The results are listed in Tables 3 and 4. Using 4g/L of ECE detergent, 1g/L of sodium
perborate, and 25 steel balls, the wash fastness test was evaluated in following 1SO 105-C06 B2S
(2012) at 50 °C for 30 minutes at a liquor ratio of 50:1 [22]. In conformity with 1SO 105-
X12:2001, the rubbing fastness test was conducted as follows: the colored polyester fabric was
placed on the Crock meter’s base so that it sat flatly on the abrasive fabric with its long dimension
toward the rubbing direction. Ten full turns of the crank were used to allow a square of white
testing fabric to slide back and forth on the tested fabric twenty times. The testing squares were
completely submerged in distilled water for the wet rubbing test. The remainder of the process
was identical to that of the dry test. A gray scale was used to evaluate the staining on the white
test fabric: 1 representing poor, 2 being fair, 3 being moderate, 4 being good, and 5 being
exceptional [23]. Using a spirometer set to a particular pressure, temperature, and time in
accordance with 1SO 105-E04, fastness to acidic and alkaline perspiration was evaluated. The
related 1SO grey scales for color change and staining rates were then used to evaluate any color
changes in the dyed samples (Alt) and color stains on the adjacent undyed cotton (SC) and
polyester (SP) fabrics (International Organization for Standardization 2016). In compliance with
ISO 105-B02, a Xenon arc lamp test was also used to evaluate light fastness. [24]. In following
I1SO 105-P012, the dry heat fastness test was conducted at 180 or 210 °C using a fixometer. The
related ISO grey scales for color change and staining were then used to evaluate any color changes
(Alt) of the specimens and color staining of the nearby cotton (SC) and polyester (SP).

Antimicrobial assays
Susceptibility tests

We tested our synthesized compounds (5A, 5B, 5C, and 5D) on four human pathogenic isolates,
which are Staphylococcus aureus (Gram-positive bacterium), Streptococcus mutans (Gram-
positive bacterium), Pseudomonas aeruginosa (Gram-negative bacterium), Serratia marcescens
(Gram-negative bacterium), and Candida albicans (Fungus), were kindly obtained from the
Microbiology and Immunology Department’s culture collection at al-Azhar University’s Faculty
of Medicine (Boys). Compounds were prepared at 50 mg/mL in Dimethyl sulfoxide (DMSO), and
100 pL was introduced into the wells of the Petri plates inoculated with the tested microorganism
using the agar well diffusion technique according to [25,26]. All screened prokaryotic microbes
were cultivated on Mueller-Hinton agar plates (pH 7.2) as suggested by Clinical and Laboratory
Standards Institute (CLSI) guidelines, and eukaryotic species were cultivated on Sabouraud
Dextrose agar (pH 7.2). Blank was prepared using 100 uL of DMSO solvent in these experiments.
Positive controls were standard antibiotics Gentamicin (GEN) 1 mg/mL against bacterial isolates
Staphylococcus aureus (Gram-positive bacterium), Pseudomonas aeruginosa (Gram-negative
bacterium), Ciprofloxacin 1 mg/mL against Streptococcus mutans (Gram-positive bacterium) and
Serratia marcescens (Gram-negative bacterium), Fluconazole (FCZ) 1 mg/mL against Candida
albicans (Yeast). The Petri plates were incubated overnight at 37 °C. At the end of the incubation
period, antimicrobial activity was evaluated by measuring inhibition zones (mm) in triplicate.

Broth microdilution method for determination of MIC and MBC/MFC
A stock Solution of 100 mg of each compound was prepared by dissolving it in 10 mL of distilled
water, and twofold dilutions of each compound were prepared volumetrically in broth (50-1.56

mg/mL) [27]. Microtiter plates were incubated at 35 + 2°C for 24 h for bacteria and Candida. All

Bull. Chem. Soc. Ethiop. 2026, 40(11)



2448 Nora M. A. Elebiary et al.

prepared broths were inoculated with a 0.5 McFarland standard, except for the negative controls.
Negative controls included all preparations without the inoculum. Turbidity was visually and
numerically assessed by measuring absorbance at 630 nm with a BioTek 800 TS microplate
reader. Thereafter, the final reading for each sample was calculated as the mean absorbance of the
three replicates for each compound, after subtracting the absorbance of the blank (negative
control). MIC was defined as the lowest concentration at which no visible growth occurred. For
MBC/MFC determination, aliquots from wells showing no growth were sub-cultured onto agar
plates and incubated. MBC/MFC was defined as the lowest concentration that kills the initial
inoculum. All tests were performed in triplicate.

Fabric treatment and antimicrobial testing

The quantitative antimicrobial efficacy of fabrics dyed with four compounds was evaluated using
the pour plate method [28, 29]. Dyed fabric (1x1 cm) swatches and untreated controls (bacteria
or Candida only) were inoculated with 100 pL. of microbial suspension (1x10® CFU/mL) and
incubated at 37 °C for 24 hours to allow for microbial contact. After incubation, each swatch was
transferred to a sterile saline solution and vortexed to elute surviving bacteria. Serial dilutions
were plated on appropriate agar media, incubated, and colony-forming units (CFU) were counted.
The negative control consisted of broth medium without any fabric. Percent reduction was
calculated as: [(CFU control — CFU treated) / CFU control] x 100. Log reduction was calculated
as logio (CFU control / CFU treated).

Statistical analysis

All biological assays were performed with a minimum of 3 biological replicates, and the data
were reported as mean values + SD using R [30]. Comparisons between test compounds and
controls were analyzed using a one-tailed Student's t-test. For antimicrobial data on fabric, log-
transformed CFU values were used for statistical comparisons. Significance levels were defined
as *p < 0.05, **p < 0.01, and ***p < 0.001. Statistical analyses were performed using appropriate
software. Graphical representations were generated using the ggplot2 package in [31].

RESULTS AND DISCUSSION
Chemistry

The synthesis method describes the use of a classical diazotization—coupling sequence to prepare
a range of sulfonamide-based azo dyes (5A-5D). The corresponding diazonium salts (2a, b) are
initially produced by diazotizing the para-amino sulfonamide precursors (1a,b) using sodium
nitrite in hydrochloric acid at 0-5 °C. To ensure the stability of the diazonium intermediates and
avoid adverse reactions, this process is carefully temperature-controlled. The diazonium ion's
stability is improved while excessive reactivity is decreased by the electron-withdrawing —
SO:NH- group [32]. These intermediates are then exposed to azo coupling with derivatives of
barbituric and thiobarbituric acid (3a, b) in a moderately basic medium (NaOH, 0-5 °C). Since the
coupling components are mostly found in their enolate forms, the C-5 methylene position is
extremely nucleophilic, allowing the diazonium ion to attack it electrophilically to generate the
azo linkage (-N=N-). The end products (5A-D) have different coupling nuclei (C=0 in barbituric
derivatives vs C=S in thiobarbituric derivatives) and sulfonamide substituents (guanidine vs.
heterocyclic isoxazole). It is expected that these structural differences will affect conjugation
length, electronic distribution, and, ultimately, the dyes' optical and functional properties (Scheme
1). Compounds 5A-D display FT-IR spectra featuring distinct absorption bands that correspond
to their primary functional groups. The broad bands observed in the range of approximately 3420-

Bull. Chem. Soc. Ethiop. 2026, 40(11)



Sulfonamide azo dyes for antimicrobial polyester fabrics 2449

3330 cm™ are associated with overlapping N—H stretching vibrations, which originate from
sulfonamide, guanidine (in 5A and 5B), and the NH groups of barbituric or thiobarbituric
compounds. Strong intra- and intermolecular hydrogen bonding is indicated by the number and
breadth of these bands, which is consistent with the highly functionalized structure of these
molecules. The carbonyl (C=0) groups of the barbituric and thiobarbituric rings are confirmed by
the existence of significant absorption bands about 1700-1760 cm™'. Notably, compounds with
thiobarbituric units (5B and 5D) exhibit slightly altered carbonyl frequencies because of the
nearby C=S group's electron-withdrawing impact. This is further corroborated by the emergence
of a different C=S stretching band at around 1185-1255 cm™'. Bands that occur at around 1510—
1550 cm™! clearly demonstrate the azo linkage (—N=N-), indicating successful diazotization and
coupling processes. The azo (-N=N-) stretching vibration is responsible for the bands seen at
roughly 1510-1550 cm™. These findings confirm the successful production of the azo-linked
compounds (5A-5D) when combined with the *H-NMR and elemental analysis data. Furthermore,
conjugated heterocyclic systems and guanidine/isoxazole moieties are supported by the C=N
stretching vibrations (~1635-1667 cm™). Strong asymmetric and symmetric SO: stretching bands
(~1300-1360 cm™') that are constant across all compounds confirm the presence of the
sulfonamide group. The reported structures are further supported by *H NMR spectra. Multiple
downfield singlets (6 ~11.0-15.2 ppm), attributed to NH protons, are a common property of all
compounds. Strong hydrogen bonding interactions, especially involving sulfonamide and
barbituric/thiobarbituric NH groups, are indicated by the notable deshielding of these signals. NH
protons that are either close to electron-withdrawing groups or involved in greater hydrogen
bonding are responsible for the more downfield signals (8 > 13 ppm). Following azo coupling,
signals corresponding to the barbituric/thiobarbituric methine proton show up as singlets in the
range 6 ~3.2-3.6 ppm, indicating the integrity of the heterocyclic ring. The para-substituted
benzene ring's aromatic protons resonate as multiplets or doublets between 6 ~7.3-7.9 ppm,
exhibiting the predicted pattern for a symmetrical para-disubstituted system. Singlets at 6 ~1.97-
2.02 ppm (6H, 2CHs) unambiguously demonstrate the presence of the 3,4-dimethylisoxazole
substituent in compounds 5C and 5D, indicating effective substitution. Compounds 5A and 5B,
on the other hand, show additional NH signals that can be attributed to the guanidine moiety,
confirming their unique structural characteristics.
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Scheme 1. Synthetic route to sulfonamide azo disperse dyes incorporating barbituric and
thiobarbituric acid moieties (5A-5D).

Evaluation of color strength and colorimetric properties of azo disperse dyes applied to polyester
fabrics

A Hunter Lab Ultra Scan PRO spectrophotometer was used to assess the colorimetric strength
data following the washing and drying of the printed polyester fabric samples. The foundation for
assessing the printed samples, at least at the dye concentration of the paste, is the idea that (K/S)
values are proportionate to the dye concentration on the fabric under printed conditions [21]. The
color strength, denoted by the K/S value, was determined using the Kubelka-Munk equation 1.

(1-R)?
R= decimal fraction of the dyed fabric reflection, K= absorption coefficient, and S= scattering
coefficient.

In the meanwhile, the colorimetric properties supplied by the CIE Lab* system allow a
quantitative assessment of shade characteristics, including lightness (L*), red-green coordinate
(a*), and yellow-blue coordinate (b*), as well as derived parameters like chroma (C*) and hue
angle (h®). Variations in these properties are a sign of slight changes in the electronic distribution
inside the azo chromophore caused by dye structure and substituent effects, which in turn cause
the absorption maxima to shift. Higher K/S dyes usually have lower L* values, indicating deeper
shades, and more chroma, indicating darker and more saturated colors. Because of their longer -
electron delocalization, dyes containing thiocarbonyl often exhibit larger bathochromic changes
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and better color depth. Color performance can also be significantly impacted by the coupling
component's structure, such as barbituric versus thiobarbituric moieties. Test prints utilizing new
synthetic dyes must be made in order to ascertain whether dye derivatives are appropriate as azo
dispersion dyes for printing polyester fabric at a concentration of 3% wt mixed with printing paste.
This was accomplished by creating a range of printing pastes that, when thickened with synthetic
thickeners, yielded acceptable results. Higher K/S dyes usually have lower L* values, indicating
deeper shades, and more chroma, indicating darker and more saturated colors. Because of their
longer n-electron delocalization, dyes containing thiocarbonyl often exhibit larger bathochromic
changes and better color depth. Color performance can also be significantly impacted by the
coupling component's structure, such as barbituric versus thiobarbituric moieties. Test prints
utilizing new synthetic dyes must be made in order to ascertain whether dye derivatives are
appropriate as azo dispersion dyes for printing polyester fabric at a concentration of 3% wt mixed
with printing paste. This was accomplished by creating a range of printing pastes that, when
thickened with synthetic thickeners, yielded acceptable results.

c*x=4/(a*x)2+ (b *)2 )

h=tan"'(2) A3)
Table 2. Azo disperse dyes 5A-D printed on polyester fabrics: Optical measurements.
Photo of | Absorption
Dye | Color shade printed | [imax(nm)} | e | ax b c* h
sample | on fabrics
5A Yellow 385 7.17 | 65.67 | 15.12 39.22 37.20 | 70.77
5B Yellow 390 8.77 | 59.19 | 10.31 37.73 4519 | 58.71
5C Yellow | 400 10.78 | 50.63 | 9.83 2551 38.43 | 63.82
5D Yellow 410 11.80 | 4455 | 5.19 33.70 56.17 | 55.81

Lightness (L*), degree of redness (+ve) and greenness (-ve) (a*), degree of yellowness (+ve) and blueness (-
ve) (b*), chroma (c*), hue (h) and color strength (K/S)

Fastness properties of azo disperse dyes (5A-5B) on polyester fabrics

The fastness properties of the synthesized azo disperse dyes (5A-5D) printed on polyester fabric
were methodically assessed, including light, sublimation, washing, rubbing, and perspiration
(both acidic and alkaline). All of the dyes show acceptable to very good fastness performance
overall, indicating that they are acceptable for polyester printing applications. It is clear from the
structure—activity relationship (SAR) shown in the fastness profile of the dyes 5A-5D (Table 3)
that azo disperse dyes' molecular structure has a significant impact on how well they work on
polyester fabrics. The presence of multiple carbonyl (C=0) groups that increase dye polarity and
promote stronger intermolecular interactions, such as hydrogen bonding and dipole—dipole
interactions with the polyester structure, is responsible for the better washing, rubbing, and
perspiration fastness of dyes containing barbituric acid moieties (5A and 5C). During
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thermofixation, these interactions enable deeper diffusion and more efficient retention of dye
molecules within the fiber's amorphous areas. On the other hand, thiobarbituric derivatives (5B
and 5D), which are distinguished by the presence of thiocarbonyl (C=S) groups, exhibit improved
light fastness. This is primarily because of increased m-electron delocalization and improved
photostability of the azo chromophore, which enable more effective efficiency of absorbed UV
energy. However, larger molecules may cause a small amount of surface aggregation, which
might be responsible for their comparatively poorer washing and rubbing fastness. The
combination actions of the 3,4-dimethylisoxazole and thiobarbituric acid moieties are responsible
for compound 5D's maximum color strength (K/S = 11.80). When the more polarizable
thiocarbonyl (C=S) group is substituted for the carbonyl group, m-electron delocalization is
enhanced across the azo chromophore, leading to a bathochromic shift and greater absorption of
visible light. Additionally, the increased molecular polarizability enhances intermolecular
contacts and dye affinity for the polyester matrix during thermofixation, while the isoxazole ring
extends the conjugated system and contributes to a more favorable power distribution.

Table 3. Fastness properties of azo disperse dyes (5A-D) printed on polyester.

Washing fastness I?ubblng Perspiration fastness
astness — -
Acidic Alkali :
Light
Sample
St. St. St.
Alt. Dry | Wet Alt. Alt.

SC SP SC | SP SC SP
5A 4-5 4 4-5 45 | 45 | 45| 4 | 45| 45 | 45 4 5
5B 3-4 4 34 34 [ 34 ] 4 [45] 4 4 | 45 | 34 7
5C 4 4 3-4 34 23 | 34| 4 | 45| 45 3-4 4 6
5D 3-4 3-4 3-4 3-4 23 | 34| 4 | 45 4 4 3-4 7

Fixation of prints was carried out by thermo-fixation. Alt, alteration of colour; SC, staining of cotton; SP,
staining of polyester. rate for light fastness: 4-8 (acceptable), 1-3 (not acceptable); rate for different fastness:
3-5 (acceptable), 1-2 (not acceptable).

Sublimation fastness

At high temperatures (180 and 210 °C), the sublimation fastness of the synthesized azo disperse
dyes (5A-5D) printed on polyester fabrics was investigated. Results show good to very good
thermal stability with significant impact on molecular structure. At both temperatures, 5a showed
the highest sublimation fastness (4-5) among the dyes under investigation, demonstrating
effective resistance to thermal migration. The presence of barbituric acid moieties (C=0 groups),
which improve intermolecular contacts and increase dye affinity for the polyester matrix, is
responsible for this activity.

Table 4. Sublimation fastness variables for fabric made from polyester printed with colors 5A-D.

Sample Dry heat fastness at 180 °C Dry heat fastness at 210 °C
SC SP SC SP
5A 4-5 4-5 4-5 4
5B 4-5 4 4-5 3-4
5C 4 4 4 4
5D 3-4 2-3 3-4 3-4

Alt, alteration of color; SC, staining of cotton; SP, staining of polyester
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Antimicrobial activities

Our synthesized azo dyes compounds (5A, 5B, 5C, and 5D) that are mainly encompass
benzenesulfonamide core linked via an intact -N=N- bridge to barbituric or thiobarbituric acid
derivatives were evaluated for their antimicrobial potentials against human pathogens, namely,
two Gram-positive bacteria: Staphylococcus aureus, and Streptococcus mutans, two Gram-
negative bacteria; Pseudomonas aeruginosa, Serratia marcescens, and one fungal species:
Candida albicans isolates. Initial inhibition zone determinations on Petri dishes (Figure 1) showed
that the most potent compounds were 5A, 5C, and 5D against both Gram-positive Pseudomonas
aeruginosa and Gram-negative Staphylococcus aureus. This indicates their broad-spectrum
antimicrobial activity against both Gram-positive and Gram-negative microbes, as well as
superior activity compared to 5B. Moreover, only compound 5C showed strong antifungal activity
against C. albicans. The compounds that gave acceptable results on the initial antimicrobial tests
were assessed for their MIC, MBC, and bactericidal activities.
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Figure 1. A Heatmap showing the mean Inhibition Zone (1Z) values (mm) + standard deviation
(SD) of our four tested compounds (5A-5D) against different microbes. Additionally,
differences relative to the positive control (mm) were shown below the 1Z values. Cells
with Gray colors show no activity. Proper antibiotics were used as positive controls for
each tested microbe, as shown in the figure.

The results showed that compound 5C, bearing the 3,4-dimethylisoxazol-5-yl sulfonamide
and barbituric acid moieties, has the most superior potency with the largest inhibition zones (24.7
mm against P. aeruginosa) and lowest MIC values (1.56 mg/mL against P. aeruginosa; 3.125
mg/mL against C. albicans) as shown in Figure 2. Also, the results showed that compound 5C has
a bactericidal effect (MBC/MIC < 2) [33,34]. Moreover, compound 5D showed strong
antimicrobial activity, especially against S. aureus (MIC 3.125-6.25 mg/mL) and P. aeruginosa
(MIC 3.125 mg/mL). In sum, compound 5D was more potent than the standard antibiotics used.
In contrast, 5A displayed moderate antimicrobial activity (MIC 12.5-25 mg/mL). Conversely, 5B
was inactive against bacteria but has moderate efficacy against the yeast C. albicans [33, 35].
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Figure 2. Antimicrobial activities for all tested compounds (5A-5D). Inhibition zones in
millimeters (IZ; 1 higher is better), Minimum Inhibitory Concentrations in pg/mL (MIC;
| lower is better), and Minimum Bactericidal Concentrations in pg/mL (MBC; | lower
is better), and MBC/MIC ratio show compounds with bactericidal effects when their
MBC/MIC ratio < 2.

Out of all treated fabrics with different sulfonamide-based azo disperse dyes, compound
5D achieved mostly complete reduction (> 99.9%) against S. aureus and P. aeruginosa,
followed by compounds 5C and 5A that attained 90-98% reductions, while 5B showed no
effect (Figure 3). Figure 3A shows the percent reduction in colony-forming units (CFU)
compared to untreated negative controls. As expected, the same compound 5D achieved the
highest efficacy (> 99.9% reduction) against both S. aureus and P. aeruginosa, and
approximately 92% reduction against C. albicans. Fabrics treated with 5A or 5C also
demonstrated substantial antimicrobial activity, ranging from 86-98% reductions against
different pathogens. However, the 5B-treated textile showed negligible reduction against
bacteria (—1.4% to 1.7%), but a modest activity against C. albicans (~88%). Figure 3B
presents the corresponding log reductions: 5D achieved approximately 3 log reductions
against bacteria, corresponding to almost complete eradication of microbial pathogens, while
5C and 5A compounds achieved approximately 1 log reduction. These results confirm that
compound 5D has the most potent antimicrobial textile applications and maintains high
bioactivity after immobilization on fabric surfaces.
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Figure 3. Antimicrobial efficacy of compound-treated fabrics: (A) Percent reduction (%) in
Colony Forming Units (CFU) compared to untreated control, and (B) Log reduction
against S. aureus, P. aeruginosa, and C. albicans.

The 5D compound's retained bioactivity confirms the azo linkage's compatibility with
antimicrobial function, aligning with other results for azo dye agents [35]. Studies on the
Structure-activity relationships (SAR) reveal that the 3,4-dimethylisoxazol-5-yl group is the
primary group that drives antimicrobial potency, enhancing potential interactions with targets
such as dihydropteroate synthase (DHPS) — via either hydrogen bonding or n-stacking — in the
folate pathway, outperforming guanidine analogs (5A, 5B) [36]. Moreover, thiobarbituric acid
(C2=S in 5B and 5D compounds) showed contrasting antimicrobial activity in both compounds,
as it may inactivate guanidine pairs in the 5B dye but enhance isoxazole pairs in the 5D dye, which
may explain the 5D compound's high antimicrobial activity. However, Compound 5B's selective
antifungal profile may shed light on probable fungal-specific targets, such as the cell wall.

Compounds 5A, 5C, and 5D showed potential bactericidal profiles (MBC/MIC Ratio < 2).
Moreover, compounds 5C and 5D were the best in the textile-relevant antimicrobial assays. These
retained antimicrobial potentials on fabrics may be due to the well-known bacteriostatic ability of
sulfonamide to inhibit the dihydropteroate synthase DHPS by mimicking para-aminobenzoic acid
(PABA), A small molecule that bacteria use to biosynthesize folic acid. However, the bactericidal
effects demonstrated in this work may be due to the ability of 5A, 5C, and 5D azo-dyes to cleave
the bacterial azo reductase bond —N=N-, thereby releasing toxic fragments, such as
aminobenzenesulfonyl derivatives and aminopyrimidines. The release and the intensity of these
released toxins could induce reactive oxygen species (ROS), interfere negatively with proper
metabolism, and disrupt biological membranes, which explains the bactericidal effects that are
beyond the static sulfonamides [34, 35, 37-40].
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CONCLUSION

Combining sulfaguanidine and sulfisoxazole-based azo disperse dyes with derivatives of
barbituric and thiobarbituric acids produced synthetic dyes that yielded prints with very good to
excellent fastness properties due to their increased color strength and strong affinity for polyester
materials. A number of substances showed strong antibacterial action against strains of bacteria
and fungi. Notably, dye 5D demonstrated the greatest antibacterial efficiency, nearly completely
inhibiting Pseudomonas aeruginosa and Staphylococcus aureus, but dyes 5C and 5A also
exhibited significant action. Dye 5B, on the other hand, demonstrated clear specificity by showing
selective antifungal efficacy against Candida albicans without impacting bacterial growth. These
results indicate that combining azo-linked heterocyclic systems with sulfonamide
pharmacophores is a successful method for constructing multipurpose polyester fabrics with
improved colors and inherent antibacterial activity.
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