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A B S T R A C T

Prohibition of using the organotin-based antifouling coatings by International Maritime Organization (IMO), due
to their serious environmental and health impacts, open a new avenue of a challenge for many researchers to
search for new tin-free additives for antifouling coatings. In addressing this challenge, we have successfully
prepared new ionic liquids-based salicylidene-iminothiazole and benzylidene-bis-iminothiazole Schiff bases
(SITSB and BBITSB) to explore their antibacterial and antifouling performances. These novels Schiff bases
manifested moderate to excellent broad-spectrum antibacterial efficacy against most common marine biofilm-
inducing bacteria. Moreover, incorporation of these bactericidal Schiff bases into the matrix of inert commercial
paints has significantly enhanced their antifouling performance as revealed from the field-static immersion study
in the Mediterranean. In summary, structural refinement of these aminothiazole Schiff bases along with ex-
tensive environmental and toxicity assessments may offer a new generation of promising antifouling additives.

1. Introduction

Marine biofouling, a worldwide problem in marine ecosystems leads
to undesirable negative economic and environmental impacts [1], is the
adhesion and accumulation of various marine organisms (e.g. microbial
slimes, macro-algae, tube worms and barnacles) on marine substructure
surfaces. Throughout the world, more than 4000 marine biofouling-
inducing organisms have been recognized [2]. Among these biofouling-
inducing organisms, bacteria act as the key microfoulant in biofouling
process progress. Where the adhesion of bacteria to any submerged
structures (such as ship hulls, pipelines, heat exchangers, etc.) results in
bacterial communities enclosed in a polymeric matrix which is called a
bacterial biofilm [3]. Wherever this biofilm is formed, numerous pro-
blems have been developed. The overall negative economic impacts of
biofouling are the expenditures and time consumed to remove it [4].

In addressing the above challenges, extensive researches have been
carried out for exploring innovative marine antifouling (AF) strategies.
These earlier studies have resulted in the development of diverse AF
systems over last decades starting from copper and lead sheathing to
copper, lead, arsenic and mercury biocides-based AF coatings, by the
20th century. The real revolution in AF coatings was started in the

1950s when organotin-based AF coatings were developed due to their
improved wide-range activity, the absence of corrosion effects and their
acceptable colour. Concurrently, using of organotin derivatives in AF
systems has remarkably grown in a short time due to their promoted
biological activities along with enhanced mechanical properties.
Nevertheless, their serious environmental impacts have pushed the
European countries to restrict their further application and have
banned their using worldwide in 2008 [5]. Thus, there is existing
challenge and urgent need to explore new effective and en-
vironmentally safe organotin alternatives having higher efficacies to
hinder biofilm formation and consequently, diminish the biofouling
process. Recently, AF-interested researchers are focused on the sup-
pression of bacterial and diatoms adhesion to submerged surfaces that
to hinder the biofilm formation as it is a pivotal step in biofouling
process.

The widespread therapeutic applications of thiazole derivatives
such as antibacterial [6], anti-fungal [6], anti-cancer [7], anti-tumor
[8], anti-diabetic [9], anti-viral [10], CNS depressant [11], anti-oxidant
[12], anti-filarial [13], and anthelmintic [14] make them supreme
templates for constructing novel chemotherapeutic and biological
agents. Moreover, aminothiazole Schiff bases, in particular, are of
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significant concern for their powerful anti-cancer [15], anti-microbial
[16] and antifungal [17] activities. Interestingly that imidazolium and
pyridinium ionic liquids (ILs) terminals are remarkably enhanced the
anti-microbial [18], anti-cancer [19], anti-algale and anti-adhesive ef-
ficacies [20] of biological molecules.

Inspired by the aforementioned remarks and with sustainability for
our program interested in the fabrication of novel biological [21] and
AF candidates [22,21c], in this work we have selected 2-aminothiazole
(2-AT) as a template to construct a series of novel IL-based 2-AT Schiff
bases to investigate their antibacterial and antibiofouling behaviours
with emphasis to build up a new generation of marine-safe and tin-free
antibiofoulants alternatives.

2. Experimental section

2.1. Materials

(See supplementary information)

2.2. Instrumentation

(See supplementary information)

2.3. Synthesis

2.3.1. Salicylaldehydes ionic liquids (Sal-ILs)
(See supplementary information)

2.3.2. Synthesis of 2-aminothiazole Schiff bases
Generally, a mixture of an ethanolic solution (50mL) containing

(3.00 g, 30mmol) of 2-AT and (30mmol) of salicylaldehydes (1b,c) or
salicylaldehyde ionic liquids, Sal-ILs, (3a-e) into a 100mL RB flask was
refluxed for 2–6 h (the reaction progress was monitored by TLC). After
completion of the reaction, the reaction mixture was cooled to room
temperature giving a solid product after 30min, which was filtered,
washed with ethanol (3×3mL), ether (3× 3mL), dried and then re-
crystallized from ethanol. Samples of the isolated products (4a,b, 5a-e)
were characterized as follows;

2.3.2.1. 2-(3-methoxysalicylidene)-iminothiazole (4a). Reddish brown
crystals, 85% yield (5.97 g), mp=115–116 °C. FTIR (KBr, cm−1)
3410 (vs, br, ν(OeH)), 3056 (m, br, νasym(CeH), Ar), 3005 (m, br,
νsym(C–H), Ar), 1621 (s, sh, ν(C]N), azomethine), 1591 (w, br, ν(C]N),
thiazole ring), 1461, 1371 (w, br, ν(C]C)), 1274 (m, sh, ν(AreO)), 1239
(m,sh), 1141 (m, sh, ν(CeNeC)), 962 (w, br, ν(CeSeC)str), 725 (m, br,
ν(CeSeC)bend). 1H NMR (300MHz, DMSO-d6) δ (ppm) 11.36 (s, 1 H),
9.32 (s, 1 H), 7.74 (d, J=3.49Hz), 7.65 (d, J=3.49 Hz), 7.43 (dd,
J=1.44, 7.95 Hz), 7.19 (dd, J=1.47, 8.02 Hz, 1 H), 6.93 (t,
J=7.94 Hz, 1 H), 3.84 (s, 3 H). 13C NMR (125MHz, DMSO-d6) δ
(ppm) 171.30, 163.99, 150.63, 148.53, 141.97, 122.88, 120.07,
120.02, 119.79, 116.90 and 56.41. EI–MS, m/z (%): 234.1 (58.60)
([C11H10N2O2S]+, M). Anal. calcd for C11H10N2O2S (M=234.27) C,
56.39; H, 4.30; N, 11.96; S, 13.69%, found C, 56.19; H, 4.42; N, 11.68;
S, 13.55%.

2.3.2.2. 2-(3-ethoxysalicylidene)-iminothiazole (4b). Canary yellow
powder, 96% yield (7.15 g), mp=119–120 °C. FTIR (KBr, cm−1)
3426 (vs, br, ν(OeH)), 3116 (m, br, νasym(C–H), Ar), 3064 (m, br,
νsym(C–H), Ar), 1618 (s, sh, ν(C]N), azomethine), 1593 (w, br, ν(C]N),
thiazole ring), 1470, 1390 (w, br, ν(C]C)), 1272 (m, sh, ν(Ar-O)), 1240
(m,sh), 1139 (m, sh, ν(CeNeC)), 1005 (w, br, ν(CeSeC)str), 726 (m, br,
ν(CeSeC)bend). 1H NMR (300MHz, DMSO-d6) δ (ppm) 10.11 (s, 1 H),
9.19 (s, 1 H), 8.19 (s, 2 H), 8.07 (d, J=8.3 Hz, 1 H), 7.84– 7.68 (m,
2 H), 3.44 (qd, J=7.0, 5.1 Hz, 2 H), 3.44 (t, J=7.0 Hz, 3 H). 13C NMR
(125MHz, DMSO-d6) δ (ppm) 172.32, 163.47, 163.39, 142.28, 138.66,
131.57, 130.53, 130.40, 123.64, 120.78, 56.49 and 19.03. EI–MS, m/z

(%) 248.2 (66.16) ([C12H12N2O2S]+, M). Anal. calcd for C12H12N2O2S
(M=248.30): C, 58.05; H, 4.87; N, 11.28; S, 12.91%, found C, 57.89;
H, 4.93; N, 11.19; S, 12.75%.

2.3.2.3. 2-(5-(2-methylpyridinium chloride)-salicylidene))-iminothiazole
(5a). Reddish brown powder, 60% yield (6.23 g), mp= over 300 °C.
FTIR (KBr, cm−1) 3386 (vs, br, ν(OeH)), 3086 (m, br, νasym(C–H), Ar),
3001 (m, br, νsym(C–H), Ar), 1617 (s, sh, ν(C]N), azomethine), 1569 (w,
br, ν(C]N), thiazole ring), 1511, 1444, 1383 (s, sh, ν(C]C)), 1274 (m,
sh, ν(Ar-O)), 1243 (m,sh), 1149 (m, sh, ν(CNC)), 1081 (w, br,
ν(CeSeC)str), 700 (m, br, ν(CeSeC)bend). 1H NMR (500MHz, DMSO-
d6) δ (ppm) 10.28 (s, 1 H), 9.80 (s, 1 H), 8.73 (s, 1 H), 8.68-8.63 (m,
1 H), 8.19 (t, J=8.03Hz, 1 H), 7.71-7.59 (m, 2 H), 7.55-7.43 (m, 1 H),
7.21 (d, J=4.16Hz, 1 H), 7.13-7.02 (m, 1 H), 6.84 (d, J=4.22 Hz,
1 H), 5.43 (s, 2 H), 3.18 (s, 3 H). 13C NMR (125MHz, DMSO-d6) δ (ppm)
172.99, 157.00, 153.79, 150.57, 147.83, 144.29, 140.31, 134.36,
131.66, 129.60, 126.38, 123.41, 122.57, 117.42, 108.06, 55.32 and
21.40. ESI-MS, m/z 311.4 ([C17H16N3OS]+, M - Cl‒). Anal. calcd for
C17H16ClN3OS (M=345.85) C, 59.04; H, 4.66; N, 12.15; S, 9.27%,
found C, 58.96; H, 4.78; N, 12.11; S, 9.13%.

2.3.2.4. 2-(5-(1-ethyl-imidazol-3-ium chloride)-salicylidene))-iminothia-
zole (5b). Reddish brown powder, 96% yield (6.93 g), mp=over 300
°C. FTIR (KBr, cm−1) 3434 (vs, br, ν(OeH)), 3092 (m, br, νasym(CeH),
Ar), 3063 (m, br, νsym(C–H), Ar), 1621 (s, sh, ν(C]N), azomethine), 1591
(w, br, ν(C]N), thiazole ring), 1516, 1448, 1385 (s, sh, ν(C]C)), 1276
(m, sh, ν(Ar-O)), 1238 (m,sh), 1155 (m, sh, ν(CeNC)), 1053 (w, br,
ν(CeSeC)str), 739 (m, br, ν(CeSeC)bend). 1H NMR (500MHz, DMSO-
d6) δ (ppm) 10.36 (s, 1 H), 9.48 (s, 1 H), 9.38 (s, br, 1 H), 8.68 (d,
J=1.74 Hz, 1 H), 7.85-7.70 (m, 2 H), 7.45 (d, J=1.71 Hz, H), 7.28-
7.18 (m, 2 H), 7.04-6.91 (m, H), 5.45 (s, 2 H), 4.22 (dq, J=5.83,
7.30 Hz, 2 H), 1.46 (t, J=8.28, 3 H). 13C NMR (125MHz, DMSO-d6) δ
(ppm) 167.54, 154.44, 140.27, 136.10, 135.72, 129.09, 122.93,
122.62, 121.60, 118.55, 116.21, 112.88, 56.93, 43.14 and 15.97. ESI-
MS, m/z 313.5 ([C16H17N4OS]+, M−Cl‒). Anal. calcd for
C16H17ClN4OS (M=348.85) C, 55.09; H, 4.91; N, 16.06; S, 9.19%,
found C, 55.03; H, 4.98; N, 15.98; S, 9.11%.

2.3.2.5. 2-(5-(1,2-dimethyl-imidazol-3-ium chloride)-salicylidene))-
iminothiazole (5c). Orange powder, 96% yield (3.33 g), mp= over
300 °C. FTIR (KBr, cm−1) 3420 (vs, br, ν(OeH)), 3068 (m, br,
νasym(CeH), Ar), 3031 (m, br, νsym(C–H), Ar), 1619 (s, sh, ν(C]N),
azomethine), 1587 (w, br, ν(C]N), thiazole ring), 1514 (vs, sh,
ν(C]C)), 1452, 1381 (w, br, ν(C]C)), 1270 (m, sh, ν(Ar-O)), 1239
(m,sh), 1153 (m, sh, ν(CeNeC)), 1044 (w, br, ν(CeSeC)str), 746 (m, br,
ν(CeSeC)bend). 1H NMR (500MHz, DMSO-d6) δ (ppm) 10.80 (s, 1 H),
9.87 (s, 1 H), 8.15 (d, J=1.79 Hz, 1 H), 7.85-7.50 (m, 2 H), 7.43 (d,
J=1.68 Hz, 1 H), 7.15-6.89 (m, 1 H), 5.42 (s, 2 H), 3.73 (s, 3 H), 2.61
(s, 3 H). 13C NMR (125MHz, DMSO-d6) δ (ppm) 190.16, 165.51,
161.32, 158.21, 136.23, 128.64, 125.76, 123.28, 121.36, 118.48,
117.78, 57.63, 39.56 and 11.78. ESI-MS, m/z 513.5 ([C16H17N4OS]+,
M – Cl‒). Anal. calcd for C16H17ClN4OS (M=348.85) C, 55.09; H, 4.91;
N, 16.06; S, 9.19%, found C, 54.98; H, 5.02; N, 15.88; S, 9.01%.

2.3.2.6. -(5-(1,2-dimethyl-imidazol-3-ium chloride)-3-methoxysalicyli-
dene))-iminothiazole (5d). Dark red powder, 98% yield (7.94 g),
mp=decomposed over 300 °C. FTIR (KBr, cm−1) 3417 (vs, br,
ν(OeH)), 3102 (m, br, νasym(C–H), Ar), 3056 (m, br, νsym(CeH), Ar),
1611 (s, sh, ν(C]N), azomethine), 1571 (w, br, ν(C]N), thiazole ring),
1512 (vs, sh, ν(C]C)), 1462, 1383 (w, br, ν(C]C)), 1290 (m, sh, ν(Ar-
O)), 1243 (m,sh), 1150 (m, sh, ν(CeNeC)), 1068 (w, br, ν(CeSeC)str),
743 (m, br, ν(CeSeC)bend). 1H NMR (500MHz, DMSO-d6) δ (ppm):
9.11 (s, 1 H), 8.90 (s, 1 H), 8.78 (s, br, 1 H), 7.67-7.61 (m, 1 H), 7.64-
7.56 (m, 1 H), 7.29 (s, 1 H), 7.19 (d, J=11.23 Hz, 1 H), 7.09 (s, 1 H),
5.25 (s, 2 H), 3.85 (s, 3 H), 3.18 (s, 3 H), 2.47 (s, 3 H). 13C NMR
(125MHz, DMSO-d6) δ (ppm) 175.52, 162.45, 159.42, 157.12, 147.28,
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144.78, 130.45, 125.65, 123.14, 121.33, 118.67, 105.44, 101.69,
56.08, 51.21, 25.99 and 10.79. ESI-MS, m/z 343.3 ([C17H19N4O2S]+,
M−Cl‒). Anal. calcd for C17H19ClN4O2S (M=378.88) C, 53.89; H,
5.05; N, 14.79; S, 8.46%, found C, 53.78; H, 5.11; N, 14.71; S, 8.31%.

2.3.2.7. -(5-(1,2-dimethyl-imidazol-3-ium chloride)-3-ethoxysalicyli-
dene))-iminothiazole (5e). Brown powder, 87% yield (7.31 g),
mp=decomposed over 300 °C. FTIR (KBr, cm−1) 3381 (vs, br,
ν(OeH)), 3180 (m, br, νasym(C–H), Ar), 3087 (m, br, νsym(C–H), Ar),
1606 (s, sh, ν(C]N), azomethine), 1564 (w, br, ν(C]N), thiazole ring),
1506 (vs, sh, ν(C]C)), 1474, 1391 (w, br, ν(C]C)), 1274 (m, sh, ν(Ar-
O)), 1240 (m,sh), 1153 (m, sh, ν(CeNeC)), 1062 (w, br, ν(CeSeC)str),
737 (m, br, ν(CeSeC)bend). 1H NMR (500MHz, DMSO-d6) δ (ppm)
10.27 (s, 1 H), 8.91 (s, 1 H), 8.61 (s, br, 1 H), 7.72-7.63 (m, 1 H), 7.37
(d, J=1.85 Hz, 1 H), 7.31-7.23 (m, 1 H), 6.97-6.87 (m, 2 H), 5.34 (s,
2 H), 4.08 (q, 2 H), 3.76 (s, 3 H), 2.67 (s, 3H,), 1.38 (t, J=7.96 Hz,
3 H).13C NMR (125MHz, DMSO-d6) δ (ppm) 173.54, 165.27, 151.54,
147.10, 146.76, 141.49, 129.01, 125.80, 122.86, 121.40, 119 119.85,
118.93, 117.82, 65.09, 51.36, 39.44, 14.94 and 9.92. ESI-MS, m/z
357.4 ([C18H21N4O2S]+, M−Cl‒). Anal. calcd for C18H21ClN4O2S
(M=392.90) C, 55.02; H, 5.39; N, 14.26; S, 8.16%, found: C, 55.01;
H, 5.39; N, 14.18; S, 8.11%.

2.3.3. Synthesis of N,N'-(1,4-phenylenebis(methan-1-yl-1-ylidene))
dithiazol-2-amine (6)

A mixture of an ethanolic solution (50mL) containing (3.00 g,
30mmol) of 2-AT and (2.01 g, 15mmol) of terephthalaldehyde into a
100mL RB flask was refluxed for 5 h. After completion of the reaction,
the reaction mixture was cooled to room temperature giving a solid
product after 15min, which was filtered, washed with ethanol
(3× 3mL), ether (3×3mL), dried and then crystallized from ethanol
to give compound 6 as a pale yellow powder, 83% yield (3.72 g),
mp=220–221 °C. FTIR (KBr, cm−1): 3091 (m, br, νasym(C–H), Ar), 3065
(m, br, νsym(C–H), Ar), 1685 (s, sh, ν(C]N), azomethine), 1600 (s, sh,
ν(C]N), thiazole ring), 1523 (vs, sh, ν(C]C)), 1483, 1413 (w, br,
ν(C]C)), 1236 (m, sh), 1113 (m, sh, ν(CeNeC)), 1011 (w, br,
ν(CeSeC)str), 716 (m, br, ν(CeSeC)bend). 1H NMR (500MHz, DMSO-
d6) δ (ppm) 11.34 (s, 2 H), 9.32 (s, 1 H), 7.75 (d, J=3.48 Hz, 2 H), 7.67
(d, J=3.49Hz, 2 H), 7.43 (dd, J=1.43, 7.93 Hz, 1 H), 7.19 (dd,
J=1.44, 8.03 Hz, 1 H), 6.93 (t, J=7.94 Hz, 1 H). 13C NMR (125MHz,
DMSO-d6) δ (ppm) 171.08, 164.16, 150.90, 147.57, 141.88, 123.17,
120.02, 119.96, 119.72 and 118.31. EI–MS, m/z 298.4 ([C14H10N4S2]+,
M). Anal. calcd for C14H10N4S2 (M=298.39) C, 56.35; H, 3.38; N,
18.78; S, 21.49%, found: C, 56.24; H, 3.41; N, 18.65; S, 21.14%.

2.4. Fabrication of antifouling coatings

The base matrix of the paint consists of a (4:2:1:2:4 w:w:w:w:v)
mixture of rosin, chlorinated rubber, iron oxide, dioctyl phthalate
(DOP) and xylene. These ingredients were milled together in a high-
speed centrifuge ball mill. The milling process was continued until a
certain degree of finesse grind was reached. The viscosity was adjusted
and the resulting paint formulation was stored in well tight bottles and
a cool place. The synthesized compounds were mixed with the prepared
paint formulations with a ratio of (1:10 w:w).

2.5. Antibacterial activity against marine biofilm-inducing bacterial strains

2.5.1. Reagents
Dimethylsulphoxide (DMSO) and 3-(3,4-dichlorophenyl)-1,1-di-

methylurea (Diuron®, DCMU®) antifoulant (C9H10Cl2N2O, 233.09 g
mol−1) were obtained from Sigma Chemical Co. (Germany). An in-
dicator solution for determination of bacterial growth of a 70% etha-
nolic solution of 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenylte-
trazolium chloride (INT) (2mg/mL) was purchased from Sigma.

2.5.2. Bacterial cultures
The antibacterial activity of new products was assessed against four

marine bacterial species: Staphylococcus aureus (S. aureus, ATCC 25923)
(American Type Culture Collection, Rockville, MD), Escherichia coli (E.
coli, ATCC 25922), Aeromonas hydrophila (A. hydrophila) and Vibrio
maintained in BHI at 20 °C. 300mL of each stock-culture was added to
3mL of nutrient broth (NB). Then, these cultures were kept for 24 h at
36 ± 1 °C and the purity of these cultures was checked after 8 h of
incubation. After 24 h of incubation, bacterial suspension (inoculum)
was diluted with a sterilized physiological solution to 108 CFU/mL
(CFU=Colony Forming Units) (turbidity=McFarland barium sulfate
standard 0.5). For the direct bio-autographic test, the bacterial sus-
pension was diluted with brain-heart infusion (BHI) broth to a con-
centration of ∼108 CFU/mL (turbidity=McFarland standard 3).

2.5.3. Antimicrobial susceptibility
Antimicrobial susceptibility of the bacterial strains was carried out

by agar well diffusion method [23] for the target compounds as well as
the standard antifoulant, Diuron®. The diameters of the zone of in-
hibition (ZOI, mm) were measured accurately as indicative of anti-
microbial activity.

2.6. Field anti-macrofouling assay at Alexandria Eastern Harbour beach

2.6.1. Environmental parameters of Alexandria Eastern Harbour waters
In order to optimize the conditions under which the field static

antifouling immersion test has been performed, triplicate seawater
surface samples were collected from the site of immersion using a
Neskin Reversing bottle during immersion period for estimation of the
physicochemical parameters. The temperature of seawater was in situ
measured by an inductive portable thermometer. Salinity was measured
by a Bench-portable conductivity meter model Beckman RS-10-X3.
Hydrogen-ion concentration (pH-value) of seawater samples was mea-
sured using a JENWAY 3410 Electrochemistry Analyzer pH-meter with
reading up to 0.01 pH unit taking into consideration certain precautions
in the sampling and standardization processes. Dissolved oxygen (DO)
was determined by the classical Winkler's method modified by
Grasshoff [24]. Oxidizable organic matter (OOM) was quantified by the
permanganate oxidation method [25]. The nutrients; ammonia, nitrite,
nitrate, phosphate and silicate were determined calorimetrically ac-
cording to the methods described by Parsons et al. [26] and their ab-
sorbance was measured by a UV–vis single beam spectrophotometer
(Beckman model DU6) with the range 190–900 nm using 1 cm
(matching) cells. Sulphate concentrations were measured turbidimetric
according to the earlier described method [27].

2.6.2. Field static immersion antifouling coating test at Alexandria Eastern
Harbour

The synthesized aminothiazole Schiff bases (4a,b), (5a-c) and (6)
have been undergone a field static immersion antifouling experiment to
assess their efficacies in preventing biofouling growth under harsh
marine conditions over specific time intervals mainly from spring 2015
to autumn 2015. In this test, seven coating formulations were prepared
by incorporating of the synthesized aminothiazole Schiff bases (4a,b),
(5a-c), (6) and a standard antifoulant (Diuron®), separately, into the
matrix of an inert commercial paint (1 g of the tested compound/10 g of
paint). An inert paint formulation was also used as a control. Acrylic
panels with dimensions of 10.0×15.0×0.2 cm were used as bearers
for formulated coatings. Emery sand papers with various grades were
employed to enhance the roughness of the whole surface for panels.
Both of the roughened panels' sides were coated twice with the pre-
pared coating formulations, allowing for a time interval of two days for
air-drying between each coating. The coated panels were fixed to the
iron frames by nylon threads (see Fig. S1). Triplicate frames were or-
iented vertically in Alexandria Eastern Harbor seawater at approxi-
mately 1.5 m deep where their antifouling performance was followed
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by a visual inspection and a photographic recording within a period of
147 days. The AF performance of all coated panels was evaluated by
calculating the total cover percentage for different marine fouling or-
ganisms over different time intervals.

2.6.3. Statistical analysis
Statistical analysis was performed by (Excel program 2010) using

normal fouling cover percentage and seawater physicochemical measure-
ments data in order to determine correlation coefficient (r) and significance
(P) for each correlation. P values ≤0.05 were considered significant.

3. Results and discussion

3.1. Chemistry

Our synthesis protocol involves two main subsequent stations; initial
station designed for fabrication of chlorido picolinium/ imidazolium
salicylaldehydes ionic liquids (Sal-ILs) starting from salicylaldehydes via
an electrophilic aromatic substitution (chloromethylation) reaction to
give chloromethyl salicylaldehydes (2a-c) which were used as alkylating
agents for facile and efficient quaternization of 1,2-dimethylimidazole
(1,2-Me2Im), 2-methylpyridine (2-MePy) or 1-ethylimidazole (1-EtIm)
affording the desired products, Sal-ILs (3a-e), (see Scheme 1). The Sal-ILs
(3a-e) were isolated in excellent yields in highly pure states and char-
acterized by elemental and spectral analysis (FTIR, 1H NMR, 13C NMR,
ESI-MS). The final station was used for preparation of a novel series of 2-
(alkoxysalicylaldimine)-thiazoles Schiff bases (4a,b) and 2-(picolinium-/
imidazolium-salicylaldimine)-thiazoles Schiff bases (5a-e), respectively
via Schiff base condensation of equimolar amounts of 2-AT with salicy-
laldehydes (1b,c) and Sal-ILs (3a-e) under refluxing conditions in an
ethanolic media and catalytic amount of acetic acid (Scheme 1).

Moreover, bis-thiazolo-benzylidendiimine (6) was also synthesized
by a Schiff base condensation of terephthalaldehyde with 2-AT in 1:2M
ratios. The 2-AT Schiff bases ((4a,b), (5a-e), 6) were isolated in ex-
cellent yields with highly pure state and characterized by elemental and
spectral analysis (FTIR, 1H NMR, 13C NMR, EI/ ESI-MS).

3.2. Structural characterizations of new compounds

3.2.1. Microanalytical and MS data
Elemental analysis for new Schiff bases provided satisfactory data

which were in good agreement with their proposed structures (see the

experimental section). Moreover, molecular signatures collected from
mass spectral data for each compound offered further evidence for the
authenticity of the suggested structures.

3.2.2. FTIR
The solid-state infrared spectra of neutral salicylidene-iminothiazole

Schiff bases (SITSB) (4a,b) and ionic salicylidene-iminothiazole Schiff
bases (ISITSB) (5a-e) offer preliminary evidences for their successful
formation. Moreover, FTIR spectra provide an idea about the possible
tautomeric equilibrium for these Schiff bases in the solid state. The
prominent features of the FTIR spectra for these Schiff bases are high-
lighted as follow: (i) A broad band at the range of 3434–3381 cm–1 at-
tributed to the stretching vibration of an intramolecular hydrogen-
bonded phenolic OH group (OeH⋯N) within the 2-hydroxybenzylidene-
imine segment which is further confirmed by the displacement of the
azomethine (eHC]Ne) stretching band to lower wavenumber. (ii) Two
strong sharp bands at the range of 1621–1606 and 1591–1564 cm−1

were assigned to C]N stretching vibrations of azomethine and thiazole
moieties which strongly supported the evidence of successful condensa-
tion. (v) Interestingly, a very weak shoulder around 1597 cm-1 which
could be assigned as a perturbed carbonyl stretching. A significantly
lower frequency this vibration than that known for a free carbonyl at-
tributable to the formation of H-bonded six-membered chelate rings in
ketoenamine tautomer as shown in Scheme 2. This is indicative of that
the central backbone of new aminothiazole Schiff bases is in the expected
O-protonated enolimine tautomeric form with a minor contribution of N-
protonated ketoenamine tautomeric form, in the solid state. (iv) The
medium and sharp band around 1274 cm−1 was assigned to the
stretching vibration of AreO. (v) Medium stretches around 1050 and
740 cm−1 are characteristic for asymmetric and symmetric vibrations for
ν(CeSeC) of thiazole ring. (vi) The vibrational bands at ∼865 and
∼770 cm–1 are due to the in-plane and out-plane flexible vibrations of
the imidazolium ring.

3.2.3. NMR spectroscopy
Examination of the 1H NMR spectra of aminothiazole Schiff bases

((4a,b), (5a-e)) leads us to highlight the following aspects: (i) The al-
dehydic proton singlet which was observed at δ = ∼10.30 ppm in the
1H NMR spectra of Sal-ILs (3a-e) has been lost from the spectra of their
corresponding Schiff bases, instead, a new singlet assignable to the
resonance of azomethinic (HeC]N) proton was observed around
9.00 ppm. (ii) The resonance of salicylic hydroxyl proton which is a

Scheme 1. Schematic diagram for the synthesis of Sal-ILs (3a-e) and neutral/ ionic SITSB and BBITSB.
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measure of the hydrogen bonding/ transfer ability [28] was observed
between 11.36 and 10.27 ppm. (iii) The central salicylidene backbone is
in the expected O-protonated tautomeric form as revealed from the
splitting pattern of azomethinic proton which noticed as a singlet, ty-
pical for enolimine tautomeric form, and the downfield shift of phenolic
proton signal in all compounds attributable for the intramolecular H-
bond to the imine nitrogen (cf. Scheme 2). (iv) Interestingly that in the
1HNMR spectrum of (5e), the azomethinic proton signal splits into a
doublet due to a coupling with the enamine proton. This splitting
pattern is characteristic for ketoenamine tautomeric form, in other
words, the tautomeric equilibria for deuterated solution of (5e) is sig-
nificantly shifted toward the ketoenamine tautomeric form.

Further evidence for the predominance of O-protonated tautomer in
new Schiff bases is provided by 13C NMR spectroscopy. Claramunt et al.
remarked that the fluctuation of 13C resonance values from ∼160 ppm
for an enol-imine to ∼180 ppm for a pure ketoenamine tautomer [29],
making the 13C spectrum a powerful tool to discern the relative enol-
imine/ ketoenamine tautomeric population. The 13C NMR spectra of
aminothiazole Schiff bases ((4a,b), (5a-e)) exhibits a resonance at ca
160.0 ppm typical for enol-imines tautomer (160.9 ppm). Furthermore,
signal around 166 ppm is observed, which can be assigned to the car-
bons of the aldimine (HeC]N) moieties. Thus, NMR studies of reveal
that, the acidic protons of the central salicylidene backbone are bond to
O atom and not bond to N atom.

3.3. Antibacterial activity against marine bacterial isolates

Exploring for new antibiofoulants have faced numerous un-
successful trials due to several reasons including a high cost of fabri-
cation, severe damage to marine communities or short-time effect for
the antibiofouling products. Continuing our journey in the exploration
of new antibiofouling, we have designed and fabricated new ami-
nothiazole Schiff bases with/ without ionic liquid moieties (4a,b, 5a-e,
6) with emphasize to obtain new antibiofoulants with potent anti-
bacterial activity.

The target aminothiazole Schiff bases ((4a,b), (5a-e), 6) and stan-
dard Diuron® were in vitro assessed for their biological capacity to in-
hibit the growth of four significant marine biofilm-inducing bacterial
strains including S. aureus, A. hydrophilia, E. coli and Vibrio. Noticeable,
examination of inhibition zones (Fig. 1) revealed the higher efficacy for
most of the tested compounds in comparison to Diuron®, particularly
against gram negative bacteria, E. coli and A. hydrophila, which have
potential capability to grow in water environments and to induce bio-
films [30]. Noteworthy, gram negative bacterial cell walls are very
complex in their chemistry and their outer membranes structure which
composed of lipopolysaccharides layers [31]which are known to have
high resistance toward biocides [32].

Among tested compounds, 4b and 5e have shown the most effective

antibacterial capacity towards A. hydrophilia. This inhibitory activity
could be attributed to hydrogen bonding (intramolecular /inter-
molecular) through azomethine group (eHC]Ne) with active centers
of cell constituents resulting in interference with normal cell processes
[33]. Meanwhile, the imidazolium cation, belongs compound (5e), is
being attracted electrostatically to the phosphate groups of bacterial
cell wall [34]. Additionally, the hydrophobic pharmacophore (ethoxy
group) in these compounds could enhances their penetration through
the lipophilic bacterial cell wall and disrupts the cytoplasmic mem-
brane with simultaneous releasing of bacterium constituents causing
pathogen death, eventually[35]. Furthermore, compound (4a) ex-
hibited an exceptional higher antibacterial action against E. coli.

3.4. Field anti-macrofouling assay at Alexandria Eastern Harbour beach

Although exploring for new anti-biofouling coatings using labora-
tory based bioassays can be useful, helpful and quite reliable tool to
give a preliminary vision about the antifouling performance of these
new compounds but the ecological significance of laboratory bioassays
appears to be very limited and should be supported by subsequent field
experiments. The field experiments give an idea about the durability of
these AF coatings under variable conditions including wind, chemical
attack of polluted water and biological attack of marine life.

3.4.1. Environmental parameters of Alexandria Eastern Harbour waters
Field static immersion tests were performed from 12th May 2015 to

6th October 2015 (147 days) in Alexandria Eastern Harbor (AEH),
Egypt. The change in the environmental parameters in AEH during this
study is represented in Fig. 2, where the temperature of surface water
samples ranges from 21.70 to 34.00 °C, pH ranges from 7.97 to 8.57,
salinities range from 36.90 to 37.80‰, DO level ranges from 2.46 to
6.50mg O2/L, dissolved inorganic phosphorus (DIP) level ranges from
0.35 to 1.85 μg/L, nitrate level ranges from 0.06 to 0.50 μg/L, nitrite
level ranges from 0.05 to 0.75 μg/L, ammonia level ranges from 0.42 to
0.68 μg/L, silicate level ranges from 1.97 to 5.68 μg/L, sulphate level
ranges from 2.57 to 4.53 μg/L and OOM level ranges from 0.16 to
1.60mg O2/L. During all seasons, the diversified biofouling comes at
most cases from bacteria, tube worms, barnacles, bryozoan and macro-
algae colonization.

3.4.2. Field static immersion test
To investigate the antifouling performance of new aminothiazole

Schiff bases under harsh natural marine environmental conditions,
these Schiff bases were incorporated into the matrix of commercial
paint to fabricate new coatings formulations. The prepared coating
formulations incorporated most potent compounds (4a,b), (5a-c), (6)
and a standard antifoulant (Diuron®), have been applied, separately, to
polyacrylic panels and tested for their antibiofouling efficacies, in

Scheme 2. Possible tautomeric forms and H-bonding profile in aminothiazole Schiff bases ((4a,b), (5a-e)).

R.F.M. Elshaarawy et al. Journal of Environmental Chemical Engineering 7 (2019) 102800

5



comparison to blank and control panels, under static and harsh marine
conditions in AEH, Mediterranean, Egypt, for 147 days. The attachment
of various macrofoulants to the coated, blank and control panels was
observed by visual inspection. Fig. 3 shows the photographic images of
panels coated with the prepared formulations in comparison to blank
and control panels. Fouling development on different coated/ uncoated
panels for a period of 147 days was estimated as the cover percentage of
various fouling organisms on each submerged panel.

Biofilm formation is the main road for biofouling in most industrial
systems. Biofilms could stimulate the settlement and succession of some
macrofouling organisms [36] such as algal spores [37] and larvae of
tube-worms and barnacles [38]. Results from the present study were
collected and outlined in Fig. 4 which demonstrated that compound
(4a) was found to be the most effective one in fighting slime film
(biofilm) formation during the whole experiment duration. Moreover,
compounds (4b), (5a-c) and (6) were resistant for the slim film (bio-
film) formation for the early 42 days, however on the day 43, biofilms
with a coverage percent in the range of 60–90% were developed upon
their surfaces which then which then disappeared under the experi-
ment`s conditions after 63 days. These effects may be due to their
partial solubility in the seawater [22a]. Another reason could be the
effective impact of those compounds on quorum-sensing, a process re-
sponsible for bacterial cells communication, and signal substances such
as N-acyl homoserine lactones (AHLs) which is essential in govern po-
pulation density-dependent behaviors [39].

Algae are a large and diverse group of simple autotrophic macro-
fouling organisms [40]. During our study, it is noticed that the growth
of brown and red algae upon coated panels have significantly influ-
enced by the seawater environmental parameters as their normal
growth was suddenly decreased after 91 days. This could be ascribed to
a lower seawater temperature [41] (r= 0.80 for brown algae) and
nutrients concentration (r= 0.65 (NH3-N) and r= 0.79 (NO2

−-N) (see
Fig. 5) which are crucial factors for the growth of brown and red macro-
algae. Noteworthy, all compounds exhibited different resisting profiles
toward brown algae: for example, compound (6) has fully inhibited the
colonization of brown macro-algae on its panel which exhibited no
growth of brown macro-algae during the whole experiment duration. A
panel coated by 4a-formulation exhibited little coverage of brown
macro-algae which were completely detached after 43 days. On the
other hand, compounds (4b) and (5a-c) showed moderate ability to
prevent the attachment of macro-algae on their panels surfaces as re-
vealed from the observed densities of macro-algae upon their panels
which ranged between 30 and 55% during a period of 43–63 days,
however, macro-algae were completely disappeared after 63–91 days in
spite of a 60% brown algal coverage percent observed on the blank
panel after 91 days. Furthermore, moderate to higher densities of green
macro-algae with a coverage percent in the range of 20–90% were
observed on the surfaces of panels coated with compounds (4a,b), (5a-
c) and (6) during the first 29 days, but fortunately, these macro-algae
were completely disappeared after 91 days. Moreover, most of the

Fig. 1. Graph of mean inhibition zone (mm) for target compounds against different bacterial strains.

Fig. 2. Environmental parameters of Alexandria Eastern Harbor waters during immersion time.
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tested compounds were good retardants for the colonization of red
macro-algae, better than Diuron®, during all experiment duration (cf.
Fig. 5). Accordingly, the unique resisting profile against algal coloni-
zation noticed for most compounds confirmed their validity as anti-
macro-algal additives in the formulation of antifouling coatings.

Tube-worms and barnacles are of the most dominant fouling species in
AEH [22a]. These macrofoulants produce hard calcium carbonate exos-
keleton tubes which give them protection against predators [42] and pa-
thogens [43]. These hard exoskeletons need special electrical machines to
remove them from ship's hull i.e. expensive cleaning tools. Noticeable,
after a period of 29 days of immersion in AEH, the control, blank and
Diuron® coated panels were heavily fouled with tube-worms and barna-
cles. The coverage percent of tube-worms and barnacles upon these panels
were initially reached to 95% and 20% and have increased to 100% and
65% after 147 days, respectively. This clarified that Diuron® showed no
resistance at all towards tube-worms. It is well known that, settlement of
tube-worms and barnacles is promoted by finding nutrition sources es-
sential for initiation of phytoplankton blooms which support their colo-
nization [44]. So, this high fouling pressure of tube-worms and barnacles
could be attributed to the high levels of nutrients and organic matter
observed at this immersion site [r=0.60 (PO4

3−-P), r=0.75 (SiO3
2−-Si),

r=0.92(OOM)] and [r=0.70 (NO3
−-N), r=0.90 (SiO3

2−-Si), r=0.81
(OOM)] (see Fig. 5) for tube-worms and barnacles, respectively.

Contrary, compounds (5a,b) exhibited good resistance to tube-worms
growth, in spite of high fouling pressure, they showed only little densities
of tube-worms (6–10%) after 147 days. Also, compounds (4a,b) were
better than Diuron® in fighting the colonization of tube-worms as their
panels colonized by 15–20% of tube-worms after 147 days.

Compounds (4b) and (5a,b) exhibited higher efficiencies than
Diuron® towards barnacle colonization, their panels showed very little
densities, not exceed 3%, of living barnacles after 147 days. Also,
compound 4a have the ability to hinder the growth of living barnacle
more than Diuron® so that the coverage percent of barnacle on its panel
not exceed 10% after 147 days.

Bryozoan, ascidians and zooids growth is mainly affected by nu-
trient concentrations and OOM. Although, significant strong positive
correlations have been noticed between the level of nitrate, silicate and
OOM concentrations with the coverage percent of bryozoan, ascidian
and zooids as shown in (Fig. 5). For instance, compounds (4b) (colo-
nized bryozoans/ 147 days= 20%) and (6) (colonized bryozoans/ 147
days= 25%) have inhibited the settlement of bryozoans, more effi-
ciently than Diuron®, which showed no inhibitory effect at all. Con-
trarily, compound (5c) (colonized bryozoans/ 147 days= 40%)
showed weak resistance against the growth of bryozoans. Furthermore,
all compounds were good retardants for ascidians and zooids, growth
during the whole experiment duration.

Fig. 3. Photographs showed the visual appearance of panels coated with formulations incorporated compounds (4a,b), (5a-c) and (6), in comparison to control- &
Diuron®-coated and uncoated panels. These photographs were taken during performing field static immersion test at Alexandria Eastern Harbor, Mediterranean sea,
Egypt. The 'Control' panel was coated with the paint formulation without any aminothiazole derivatives.
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Fig. 4. Coverage percent of different marine fouling organisms during experiment duration for blank, control and coated acrylic panels immersed in Alexandria
Eastern Harbor starting from 12 May 2015 to 6 October 2015.

Fig. 5. Correlation coefficient (r) between environmental parameters and normal growth coverage percent of marine fouling organisms.
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4. Conclusion

Our work demonstrates varied synthetic strategies to prepare sali-
cylidene-iminothiazole (SITSB) and benzylidene-bis-iminothiazole
(BBITSB) Schiff bases. Biological assessment of new compounds re-
vealed higher antibacterial efficacies than Diuron®, a standard anti-
foulant, especially against gram negative bacteria, A. hydrophila and E.
coli. Compounds (4b) and (5e) were found to be the most effective
towards A. hydrophilia. While compound (4a) was the most effective
against E. coli.

The prepared compounds have incorporated into the matrix of inert
coating formulations which applied to polyacrylic panels and subjected
to a field static immersion study, for antibiofoling assay. This study
demonstrated that major of the tested coating formulations exhibited
significant antibiofouling efficacy under harsh marine conditions in
comparison to that containing a standard antifoulant, Diuron®. In
summary. All compounds have remarkable efficacy to inhibit the bio-
film formation, colonization of macro-algal and growth of ascidians and
zooids, as well. Moreover, compounds (5a,b) exhibited highest effi-
ciency against the settlement of tube-worms upon the surface of their
panels. Additionally, compounds (4b) and (5a,b) showed highest effi-
ciency towards colonization of barnacle. Finally, compounds (4b) and
(6) are the most active against fouling with bryozoans.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jece.2018.11.044.
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