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ABSTRACT

The incorporation of alkoxy-substituted chain into thiourea moiety has attracted considerable
interest in recent years due to its promising antimicrobial and antibacterial activities, making
them potential candidates for antifouling applications. In this study, two new alkoxy-substituted
thiourea derivatives, namely; N-(4-(octyloxy)phenyl)-N’-(4-trifluoromethylbenzoyl)thiourea
(3a) and N-(4-(octyloxy)phenyl)-N’-(4-cyanobenzoyl)thiourea (3b) were designed,
synthesized, and evaluated for antifouling properties. The compounds were structurally and
physicochemical haracterized using '"H and *C NMR spectroscopy, Fourier Transform Infrared
(FTIR) spectroscopy, UV—visible spectroscopy, and thermogravimetric analysis (TGA). In
turn, antifouling activities were assessed against Bacillus subtilis, Staphylococcus epidermidis,
Staphylococcus aureus, and Escherichia coli through preventive and detachment assays.
Notably, compound 3b exhibited strong antifouling performance, achieving up to 94.56%
biofilm reduction in the preventive assay, due to the presence of the electron-withdrawing cyano
(—CN) substituent. These findings highlight the potential of alkoxy-substituted thiourea
derivatives as effective antifouling agents, warranting further exploration for use in fouling-
release applications.
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1. INTRODUCTION

Marine biofouling known as undesirable attachment of microorganisms, algae, and larger
marine life to submerged surfaces in which continues to impose significant economic and
environmental burdens on the shipping industry by increasing hull drag, elevating fuel
consumption, and consequently boosting greenhouse gas emissions (He et al., 2024). The
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current and conventional antifouling materials reliance on toxic organotin compounds such as
tributyltin (TBT) delivered high antifouling efficacy but led to severe ecological damage,
endocrine disruption, and widespread regulatory bans. Since the International Maritime
Organization’s ban on TBT in 2008 (Carrier et al., 2023), there has been a concerted shift
toward developing non-toxic, environmentally friendly antifouling solutions. Recent advances
Vourna et al. (2025) reported a biocide-free antifouling coating applied to naval steel which
showed ~99% performance after 50 weeks of immersion under actual marine conditions, while
reducing corrosion rates by about 90%. Similarly, Liu et al. (2024) prepared a self-healing
silicone-based coating with thiourea linkages and silver nanoparticles which showed over 96%
reduction in bacterial adhesion (including Pseudomonas aeruginosa and Staphylococcus aureus)
and suppressed diatom settlement effectively.

Thiourea derivatives, in particular, are promising because they offer multiple functional
features, such as, the thiocarbonyl (C=S), potential hydrogen-bond donors (N-H), and
substituent modulation (including alkoxy, electron donating groups) which can be tuned to
optimize antimicrobial, antibiofilm, and antifouling performance with lower toxicity risk. In
this study, two new alkoxy-substituted thiourea derivatives, namely, N-(4-octyloxyphenyl)-N'-
(4-trifluoromethylbenzoyl)thiourea (3a) and N-(4-octyloxyphenyl)-N'-(4-
cyanobenzoyl)thiourea (3b) were synthesized and evaluated for antifouling activity against
bacterial biofilms, with the aim of optimizing efficacy, hydrophobicity, and environmental
compatibility.

2. MATERIALS AND METHODS
2.1. Materials

Chemicals namely alkyl bromide, sodium hydroxide, ammonium thiocyanate, 4-
cyanobenzoyl chloride, 4-(trifluoromethyl)benzoyl chloride, and D-(+)-glucose were obtained
from Sigma-Aldrich. Potassium carbonate, Nutrient Broth CMO001, ethyl acetate, and acetone,
and cassimo acid were purchased from Fisher Scientific. Four test strains used in this study
were Bacillus subtilis (ATCC 11774), Staphylococcus epidermidis (ACCT 12228),
Staphylococcus aureus (ATCC 25923), and Escherichia coli (ATCC 11775). All the bacteria
strains were obtained from ‘Makmal Belangkas’, Institute of Climate Adaptation and Marine
Biotechnology (ICAMB), Universiti Malaysia Terengganu. Each bacterium was sub-cultured
and grown on Nutrient Broth over night at 35°C. The overnight cultured strains were diluted
into M63 broth media by the ratio 1:100 to perform the antifouling assay.

2.2. Synthesis of 3a and 3b

N-(4-(alkoxy)phenyl)-N'-(4-trifluoromethylbenzoyl)thiourea (3a) and (3b) were
synthesized via the reaction of equimolar amounts of 4-(trifluoromethyl)benzoyl chloride (for
3a) or 4-(cyano)benzoyl chloride (for 3b), ammonium thiocyanate, and 4-alkoxyaniline (2a).
Ammonium thiocyanate (0.17 g, 2.26 mmol) was first dissolved in acetone and stirred for
approximately 15 min, after which 4-(trifluoromethyl)benzoyl chloride (0.34 mL, 2.26 mmol)
was added, and the mixture was stirred for another 30 min. Subsequently, 4-alkoxyaniline (0.50
g, 2.26 mmol) was introduced, and the reaction mixture was refluxed for ca. 5 h. The progress
and completion of the reaction was monitored by thin-layer chromatography (TLC). After
cooling to room temperature, the mixture was treated with ice to induce precipitation, and the
solid obtained was recrystallized from methanol to afford the product as a white, cotton-like
solids (3a: 0.2595 g, 25%) and (3b: 0.1533 g, 17%).
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2.3. Antifouling Test for Synthesized Alkoxy Substituted Thiourea Derivatives (3a-3b)

In order to study the antifouling properties of synthesized compounds, two types of
antifouling mechanism assays were conducted namely preventive and detachment assay. The
samples were filled with triplicates in the 96 well plates for different concentration of N-(4-
(alkoxy)phenyl)-N’-(4-trifluoromethylbenzoyl) thiourea 3a and N-(4-(alkoxy)phenyl)-N’-(4-
cyanobenzoyl) thiourea 3b. The compounds were diluted by two-fold serial dilution from 0.625
mg/mL to 10 mg/mL. For the preventive assay, the diluted samples were loaded into the 96
well plate for each concentration and were incubated for one hour. After one hour of incubation,
bacteria strains were injected into the well and incubated overnight. The media and the
unattached bacteria cells were discharged by turning the plate over and shaking out the liquid.
The plates were then gently rinsed with distilled water (Feoktistova et al., 2016). Crystal violet
assay was used for the staining of the bacterial attachment. The quantitative study was
performed by using GloMax-Multi detection System at 600 nm. The absorbance in the plate
was measured. The difference in procedure of detachment assay with preventive assay was the
sequence of samples added. For detachment assay, the samples were added after the overnight
incubation of the bacteria strains. All the apparatus and broth that used in the study were sterile
by autoclaving at 121°C for 15 minutes. The positive control was incubated with ampicillin
while negative control is bacterial incubation without samples. The percentages of the reduction
of biofilm were calculated using the formula stated in Eq. 1.

% of biofilm reduction = [(ODcontrol)-(ODplank)]-[(ODsampie)-(ODplank)] % 100% Eq. 1
(ODconlrol)'(ODblank)

3. RESULTS AND DISCUSSION
3.1. Fourier Transform Infrared Spectroscopy (FT-IR)

The synthesized compounds, including precursors, namely  N-(4-
(octyloxy)phenyl)acetamide (1a) (Khairul et al., 2017), 4-octyloxyaniline (2a) (Khairul et al.,
2017), N-(4-(octyloxy)phenyl)-N'-(4-trifluoromethylbenzoyl)thiourea (3a), and N-(4-
(octyloxy)phenyl)-N'-(4-cyanobenzoyl)thiourea (3b) were characterized using infrared (IR)
spectroscopy. Generally, there were five absorption bands of interest namely v(N-H), v(C-H),
v(C=0), v(C-N) and v(C=S) for the synthesized compounds 1a-3b. The data were observed
in the range of 400 cm™ to 4000 cm™! with different intensities from weak, moderate to strong
intensities. The overlay infra-red spectra are shown in Figure 1. Based on the data of the
acetamide 1a, the absorption band at 3233.58 cm™ was observed due to the present of the
secondary amine, v(N-H). Besides, carbonyl functional group shows a sharp absorption band
for v(C=0) at 1658.60 cm™'. 1a also shows absorption band for v(C—N) and v(C—O) at 1240.47
cm™ and 1170.15 cm’!, respectively. According to the IR spectrum of aniline, the vibration for
amide group of 2a was much higher than 1a. Theoretically, primary amides (NH>) give bands
near 3350 cm™! and secondary amine (NH) gives band at about 3300 cm™!. Therefore, based on
the results of the infra-red spectra of 1a and 2a, the v(N—H) vibration for 4-octyloxy aniline
was assigned at frequency of 3411.04 cm™ while the v(N-H) vibration for N-(4-
(octyloxy)phenyl) acetamide 1a was assigned at frequency of 3323.58 cm™!. Hence, the increase
in the wavenumber indicates the transformation of the functional group from secondary amine
to primary amine. Besides, the vibration for carbonyl v(C=0) was no longer observed for the
IR spectrum of 2a and this shows the absence of the ketone group in 2a. Apparently, there is
elimination of C=0 amide functional group in compound (Hamad et al., 2025). Hence, the
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differences in the absorbance band between 1a and 2a indicate the changes of two functional
groups, amide and ketone in the synthesized compound.
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Figure 1. The overlay of all the IR spectra for the synthesized compounds 1a-3b

Furthermore, the absorption bands for functional group v(C-N) of 1a-3b were observed
at frequency of 1240.47 cm™, 1251.12 cm™!, 1249.52 cm™ and 1248.13 cm™, respectively.
According to the data obtained, all the vibration for nitrile was medium absorption intensity.
Besides, all synthesized compounds, 1a-3b perform v(C—-O) vibration in the range of 1166.52-
1172.18 cm™. The wavenumber of the ether functional group was supported by the theoretical
expectation where the absorption should be observed in the range of 1350-1000 cm
(Makhakhayi et al., 2024). Moreover, there were two major absorption bands of interest can be
observed in spectra 3a-3b which were C=S and C=0O bands. According to the spectra 3a-3b,
the result shows the strong absorption bands at 1672.26 cm™ and 1671.16 cm™ due to presence
of ketone in both compounds. The theoretical frequency for v(C=0) was slightly higher
compared with the result of the study. This may be due to the presence of electron donating
phenyl group bonded to the C=0 functional group that gives resonance effect to the carbonyl.
The statement was strongly agreed by the study of Yigit et al. (2022) whereby the frequency of
the C=0 bonds present in acid functional groups were systematically lowered when phenolic
groups were close enough to establish hydrogen bonds. Meanwhile, the stretching vibration for
v(C=S) observed in the spectra in 3a-3b proves that the synthesized compounds were indeed a
thiourea compound. According to the study of Qiao et al. (2017), the band appeared in the case
of nitrogen containing thiocarbonyl derivatives at the wavelength of 1325 cm™'. However, due
to the mixed vibration of N—C=S bond, observation of symmetric CS*" stretching frequencies
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was necessary to determine the vibration. In this study, the absorption bands for v(C=S) in 3a-
3b were assigned at 829.70 cm™ and 832.32 cm™! which was parallel to the theoretical result of
symmetric stretching vibration at 833-819 cm.

3.2. 'Hand3C NMR

All chemical shifts obtained were consistent with previously reported data (Khairul et al.,
2015). Several characteristic resonances were observed across all synthesized compounds. A
triplet signal appeared in the range of ou 0.81-0.82 ppm, corresponding to the methyl protons
of the alkoxy group. The methylene protons, labelled Hp, resonated in the oy 1.19-1.72 ppm
region as multiplet, indicating coupling with adjacent protons. These peaks are characteristic of
the long alkoxy chain. In addition, a resonance at du 3.83-3.90 ppm, observed as a triplet,
corresponds to the R-O-CH: group. For 1a, a singlet at 6 1.85 ppm was attributed to the methyl
group attached to the carbonyl carbon. This signal was absent in 2a, confirming the loss of the
COCH; functionality. Furthermore, the NMR spectrum of acetamide (1a) showed a broad
singlet at & 7.56 ppm, characteristic of an NH proton. In contrast, compound 2a displayed a
broad singlet at 6 10.22 ppm, corresponding to the deshielded protons of the NH: group,
integrating for two protons (Farzanfar et al., 2015). These observations confirm the conversion
of acetamide to aniline. Aromatic proton resonances were observed between 6 6.73-7.96 ppm
or all synthesized compounds. Compounds 1a-2a exhibited two pseudo-doublets, whereas 3a,
3b showed four pseudo-doublets. In the thiourea derivatives 3a and 3b, NH protons adjacent to
the carbonyl group resonated at 6 9.07 ppm and 6 9.13 ppm, respectively. Additional broad
singlets were detected at & 12.19 ppm (3a) and & 12.14 ppm (3b), attributed to NH protons of
the C=S group. These results agree with earlier studies reporting that thiourea compounds
typically display two broad absorptions in the downfield region, corresponding to the NHC=0
and NH—-C=S protons (Sroor et al., 2025).

Table 1. '"H NMR data of all the synthesized compounds

Compounds  Moiety Chemical Shift, éu (ppm)

1a (t, *Jun = 7 Hz, 3H, CHs) 0.81
(m, 12H, 6xCH,) 121-1.7
(s, 3H, CHs) 1.85
(t, *Jun= 6 Hz, 2H, OCH2) 3.83
(pseudo-d, *Jun =9 Hz, 2H, C¢Ha) 6.73,6.76
(pseudo-d, *Jun= 9 Hz, 2H, C¢H,) 7.19,7.30
(s, 1H, NH) 7.56

2a (t, *Jus= 7 Hz, 3H, CHs) 0.82
(m, 12H, 6xCHa) 1.19-1.69
(t, 3Jun= 6 Hz, 2H, OCH,) 3.83-3.86
(pseudo-d, *Jun=9 Hz, 2H, C¢Ha) 6.79, 6.81
(pseudo-d, *Jun=9 Hz, 2H, C¢Ha) 7.34,7.36
(s, 2H, NH») 10.22

3a (t, *Jun = 7 Hz, 3H, CHs) 0.82
(m, 12H, 6xCHa) 1.19-1.72
(t, *Jii= 6 Hz, 2H, OCH,) 3.89-3.90
(pseudo-d, *Jii =9 Hz, 8H, 2xCgHa) 6.86-7.96
(s, 1H, NH of C=0) 9.07
(s, 1H, NH of C=S) 12.19

3b (t, *Jun= 7 Hz, 3H, CH3) 0.82
(m, 12H, 6xCH) 122-1.72
(t, *Jis= 6Hz, 2H, OCH,) 3.90
(pseudo-d, *Jun=9 Hz, 8H, 2xCsHa) 6.85-7.96
(s, 1H, NH of C=0) 9.13
(s, 1H, NH of C=S) 12.14
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Furthermore, '*C NMR spectroscopy was employed to determine both the number and
types of carbon atoms present in the synthesized compounds. The spectra were recorded within
the 6 0-200 ppm range, with all signals appearing as singlets. The summarized data are
presented in Table 2. The observed carbon resonances confirmed the successful synthesis of
the target compounds, as all expected signals appeared in their respective regions. The number
of signals corresponded to the number of carbons in the aromatic rings, with 3a and 3b exhibited
additional peaks than 1a and 2a due to the presence of an additional aromatic ring (Ali et al.,
2025; Naseem et al., 2024). Common characteristic signals across all compounds (1a-3b)
included the methyl (CHs) group at 6 13.70-13.80 ppm, the R-CH: alkoxy group at 6 21.63-
30.80 ppm, the CH2-O ether group at 6 67.28-67.29 ppm, and aromatic carbons at 6 113.70-
154.99 ppm.

Table 2. '3C NMR data of all the synthesized compounds

Compounds Moiety Chemical Shift, o¢ (ppm)

la (CH3) 13.07
(CH3) 21.63
(5xCH>) 23.20-30.79
(CH2-0O) 67.28
(CsHa) 113.71-154.99
(C=0) 167.50

2a (CHs) 13.07
(5xCH>) 21.63-30.78
(CH2-0O) 67.39
(CsHa4) 114.56-123.38
(C-NH») 158.43

3a (CH3) 13.07
(5xCH>) 21.64-30.80
(CH»-0) 67.29
(12xCeHa4) 113.70-129.10
(CF») 157.04
(C=0) 164.57
(C=S) 177.16

3b (CH3) 13.08
(5xCH>) 21.64-30.79
(CH2-0O) 67.29
(12xCeHa4) 113.71-134.62
(CN) 157.09
(C=0) 164.12
(C=S) 176.99

For 1a, a singlet resonance at 6 167.50 ppm confirmed the presence of a carbonyl carbon.
In contrast, the *C NMR spectrum of the corresponding aniline derivative showed no C=0
signal; instead, a broad singlet at & 158.43 ppm was observed, attributable to the NH2 group.
This finding indicates the elimination of the carbonyl functionality and confirms the
transformation from amide to amine. In 3a and 3b, signals in the ranges of & 164.12-164.57
ppm and & 176.99-177.16 ppm were assigned to the carbonyl (C=0) and thiocarbonyl (C=S)
carbons, respectively, consistent with previous studies on thiourea derivatives (Shakil et al.,
2024; Adam et al., 2016). Additionally, the CFs group in 3a and the CN group in 3b appeared
at o 157.04 ppm and 6 157.09 ppm, respectively. Nevertheless, the presence of the characteristic
N-H signals for thiourea derivatives confirmed the successful synthesis of 3a and 3b.
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3.3. Thermogravimetric Analysis (TGA)

All synthesized compounds (1a-3b) were analyzed using thermogravimetric analysis
(TGA), a technique employed to evaluate weight loss and thermal stability. The measurements
were carried out under a nitrogen atmosphere at a heating rate of 10°C/min, over the
temperature range of 30-800°C. The corresponding thermograms are presented in Figure 2, and
the summarized thermal data are provided in Table 3.
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Figure 2. Thermogram for the synthesized compounds 1a-3b and two highlighted regions shows the (a) onset of
degradation, Tonset and (b) final degradation stage, Tofrset

The thermograms of the synthesized compounds revealed two major mass-loss events
corresponding to the onset of degradation (Tonset) and the final degradation stage (Tofrset). For
all compounds, Tonset values were above or near to 200°C, with no detectable mass loss below
100°C, confirming the absence of residual water or solvent (Chowdhury et al., 2025). For
sample 2a, the loss of the weight percentage before 100°C suggests the presence of volatile
components. These volatile components could refer to solvent molecules, adsorbed water, or
thermally labile functional groups. The results demonstrate that the initial weight loss in
compounds 3a and 3b near 300°C originates from the cleavage of weak C-N bonds within the
thiourea linkage rather than the evaporation of residual volatiles, which distinguishes the
thiourea compound degradation profile from the non-thiourea counterparts (Diaz et al., 2017).

In general, compounds 3a and 3b exhibited higher Tonset values than 1a and 2a, indicating
superior thermal stability. This enhanced stability can be attributed to the extended conjugation
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in the thiourea moiety, suggesting that the thiourea derivatives maintain integrity under elevated
temperatures and are suitable for applications requiring prolonged thermal resistance, such as
marine antifouling coatings (Nishat & Malik, 2016). Among the synthesized compounds, 3b
demonstrated the highest thermal stability, followed by 3a, 1a, and 2a. Compound 3b showed
the greatest resistance to thermal degradation, as evidenced by its higher Tofret value and slower
degradation rate. Notably, 3b did not fully decompose even at 800°C, likely due to trace
impurities. In contrast, 3a underwent complete degradation around 750°C, consistent with
higher purity and fewer residual impurities.

Table 3. Data for the thermal analysis of all synthesized compounds

Compounds Tonset (OC) Tofset (OC)
la 262.14 319.79
2a 228.07 278.51
3a 193.99 338.63
3b 211.21 438.10

3.4. Ultraviolet—visible Spectroscopy (UV-Vis)

According to the UV-Vis results, all synthesized compounds (1a-3b) exhibited absorption
bands below 300 nm. The important transitions in this study corresponded to the Ar-O-R, Ar-
NHz, C=0, and C=S functional groups. A summary of the spectral data is provided in Table 4,
while the corresponding UV-Vis absorption spectra are presented in Figure 3.

Table 4. The electronic adsorption data for synthesized compound

Compounds A (nm) Extinction Coefficient, Assignments
EM'em™)
la 268.5 20100 >k
2a 225.5-245.50 11100-12100 >t
274.50 6500 n > ¥ > *
3a 230.00 18600 >k
275.50 13700 n->n*,n>n*
3b 242.0 11800 n >t
276.50 8300 n->n*,n>n*
03
0.25 Band 1, Band 2, —]a
- ¥ n-n*,n-n*
0.2 —2a
0.15 3a
0.1 —3b
0.05 \-—\
0
-0.05
205 255 305 355 405

Figure 3. UV-Vis spectra for compounds 1a-3b

For 1a, extinction coefficient spectrum showed absorption maxima at Amax 268.5 nm was
attributed to the C=0 ketone group, corresponding to a m—n* transition. In the case of aniline,
a broad absorption band spanning at Amax 225.5-245.5 nm and Amax 274.5 nm, arising from
electronic transitions associated with the amine and ether groups, respectively. For 2a, the
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spectrum displayed n—n* transitions from the Ar-NH: group and both n—n* and n—n*
transitions from the Ar-O-R chromophores. The absence of a C=0O absorption band in 2a
confirmed the loss of the ketone functionality and its successful conversion from amide to
aniline. Similarly, 3a and 3b exhibited absorption bands characteristic of C=0 and C=S groups
in the ranges of Amax 230.0-242.0 nm and Amax 275.5-276.5 nm, respectively. These findings
are consistent with earlier reports by Khairul et al. (2014), who observed C=0 and C=S
absorptions for thiourea derivatives in the ranges of 232.0-233.6 nm and 256.2-260.0 nm.
Moreover, a band near 250 nm was attributed to a transition between the bonding and
antibonding orbitals of the C=S group. Collectively, these spectral changes confirm the
successful transformation of aniline into the corresponding thiourea derivatives.

3.5. Antifouling Characteristics of the Synthesized Compounds

To evaluate the antifouling potential of the synthesized compounds, the final targeted
derivatives 3a and 3b were tested against selected bacterial strains. Their activity was assessed
through preventive and detachment assays using four representative species: Bacillus subtilis,
Staphylococcus epidermidis, Staphylococcus aureus, and Escherichia coli. Biofilm formation
was quantified using a crystal violet microtiter plate assay, in which 96-well plates served as
culture vessels. After staining, biofilm biomass was measured spectrophotometrically at 600
nm using the GloMax-Multi Detection System. The crystal violet assay is widely applied in
biofilm studies due to its simplicity, sensitivity, and ability to provide rapid quantitative data
on cell viability (Feoktistova et al., 2016). Stained wells were washed to remove unbound dye,
and the decolorized product was transferred to a new microtiter plate for optical density (OD)
measurement, ensuring optimized results (Idora et al., 2015). This method enabled reliable
evaluation of the irreversible attachment of biofilms formed under simulated marine conditions.
Compounds were tested at concentrations ranging from 10 mg/mL to 0.625 mg/mL. Ampicillin
served as the positive control, while acetone was used as the negative control. Biofilm reduction
percentages were calculated and expressed as mean values, with results summarized in Figure
4 and 5, representing preventive and detachment assays, respectively.

The results demonstrated that the detachment assay exhibited significantly higher biofilm
reduction compared to the preventive assay. The difference may be attributed to surface activity
in the detachment assay, the compounds act directly on preformed biofilms and detached
bacterial cells, whereas in the preventive assay, they serve primarily as a protective surface
layer to inhibit initial bacterial attachment. Therefore, the preventive assay provides a more
realistic simulation of antifouling performance when such compounds are applied to surfaces
like ship hulls to prevent marine biofilm growth. Both 3a and 3b demonstrated good antifouling
activity, particularly at higher concentrations (10-2.5 mg/mL). Biofilm biomass was
significantly reduced at 10 mg/mL and 5 mg/mL, although inhibitory effects were markedly
lower at very low concentrations, where biofilm reduction did not exceed 50%. These results
suggest that the antifouling efficiency of both compounds increases proportionally with
concentration (Pereira et al., 2024; Qiu et al., 2022).

Among the tested bacteria, S. aureus and B. subtilis were most affected. In the preventive
assay, compound 3a achieved a maximum inhibition of 76.17% against B. subtilis, while
compound 3b reached 94.56%. In the detachment assay, biofilm reduction was 62.16% for 3a
and 79.89% for 3b. Since antifouling activity above 40% is considered significant, both
compounds showed meaningful inhibition, with 3b consistently outperforming 3a. The stronger
activity of 3b may be attributed to its structural features, and importantly, it did not promote
bacterial growth even at higher concentrations. By contrast, S. aureus showed only moderate
inhibition, likely due to its non-motile nature and limited ability to form biofilms at the air-
water interface. At very low concentrations, both 3a and 3b occasionally yielded 0% or negative
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values, indicating induced biofilm formation. This may result from bacterial interactions with
impurities present in the compounds or limitations of the microtiter plate and crystal violet
assay, which can introduce variability. Potential errors include compound loss during
successive assay steps, solubility issues influenced by extraction solvents, and uneven
distribution or thickness of biofilms, since OD measurements capture only a single point within

each well.
(A) 100 (B) 100
80 80
g 60 g 60
g 40 g
-g é 40
'a:;‘ 20 - mE coli E 20 mE coli
E = .
% 0 \ W S.aureus Z 0 . r : - u S.aureus
£ 10 5 25 1.25 1 3
Z . I Sepi 2 10 5 25 1.25 1 S, epi
o
.-53‘) 0 u B, sub %, 40 uB. sub
S -60 E -60
-80 - -80
-100 - -100

Concentration of compound 3a (mg/ml) Concentration of compound 3b (mg/ml)

Figure 4. Preventive assay of compound (A) 3a, (B) 3b
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Figure 5. Detachment assay of compound (A) 3a, (B) 3b

Overall, the superior antifouling performance of compound 3b, bearing a cyano (-CN)
group, compared to compound 3a, which carries a trifluoromethyl (-CFs) substituent, can be
rationalized by their distinct electronic and physicochemical characteristics. Both substituents
are electron-withdrawing; however, the cyano group exerts a stronger inductive effect due to
its high electronegativity and polarizable triple bond (Scheiner, 2020). This polarization
enhances intermolecular interactions between compound 3b and bacterial cell membranes or
biofilm components, facilitating stronger surface activity and biofilm detachment. In contrast,
the trifluoromethyl group in 3a, while also electron-withdrawing, exhibits high lipophilicity
that increases its affinity for non-polar environments (O’Hagan, 2008; Purser et al., 2008).

The trifluoromethyl group is bulky and there is the strong C-F bonds create a more rigid
molecular structure that may reduce conformational flexibility needed for optimal interaction
with bacterial surfaces. Moreover, the cyano group's linear geometry and smaller size allow for
better molecular packing and penetration into biofilm matrices compared to the sterically
demanding trifluoromethyl substituent (Shabir et al., 2023). The combination of enhanced
electronic polarization, optimal lipophilic balance, and favourable steric properties in
compound 3b likely contributes to its higher biofilm inhibition and detachment efficiency under
marine conditions where hydrophobic surfaces deter biofilm adhesion.
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4. CONCLUSION

In this study, two alkoxy-substituted thiourea derivatives, namely, N-(4-
(octyloxy)phenyl)-N'-(4-trifluoromethylbenzoyl)thiourea (3a) and N-(4-(octyloxy)phenyl)-N'-
(4-cyanobenzoyl)thiourea (3b) were successfully synthesized, structurally characterized, and
evaluated as potential antifouling agents. The synthetic pathway involved the preparation of
precursors N-(4-(octyloxy)phenyl)acetamide (1a) and 4-octyloxyaniline (2a), followed by the
formation of the thiourea derivatives (3a and 3b). All compounds (1a-3b) were
comprehensively characterized using 'H and 'C NMR, FT-IR, UV-Vis spectroscopy, and
Thermogravimetric Analysis. The characterization data confirmed the successful synthesis of
the target compounds with the expected structural features. Notably, the thiourea derivatives
demonstrated excellent thermal stability, maintaining integrity at elevated temperatures, which
highlights their suitability for application in marine environments subjected to prolonged
thermal stress. Biological evaluation revealed that both 3a and 3b displayed significant
antifouling activity, particularly at higher concentrations (10 and 5 mg/mL), effectively
reducing biofilm formation in B. subtilis, S. aureus, and E. coli, though with limited activity
against S. epidermidis. Among the tested derivatives, 3b exhibited the highest biofilm inhibition,
achieving up to 94.56% reduction in the preventive assay. Overall, these findings demonstrate
that alkoxy-substituted thiourea derivatives, especially for 3b, possess strong potential as next-
generation antifouling agents. The study successfully achieved its objectives, providing a
foundation for future development and optimization of thiourea-based coatings for marine
applications.
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