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1,2,3-Triazole-based gemini bis-quaternary ammonium surfactants with varying hydrophobic chain length
and ethylene or butylene spacers were synthesized and characterized. Their surface and aggregation
properties were analyzed using tensiometry and conductimetry. The gemini surfactants showed
significantly lower CMC values compared to their single-tail counterparts and conventional gemini

surfactants described in the literature. The micellization and surface adsorption processes in water can
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1 Introduction

Gemini surfactants, also referred to as dimeric surfactants,
consist of two hydrophilic heads and two hydrophobic chains
that are connected by a rigid or flexible spacer." Over the last two
decades, they have attracted particular interest in different
fields including material sciences, wastewater remediation,**
surface treatment,*® catalysis,*” analytical separation, solubili-
zation and flotation processes® and paint additive industry.>*
Compared to conventional single-tail surfactants, they are more
effective and can often attain much lower surface tension,
critical micellar concentration and Kraft point values.™™**
Additionally, they have favorable interfacial and viscoelastic
properties, as well as a rock wetting ability, making them the
subject of numerous studies in the field of enhanced oil
recovery (EOR) to replace conventional fluids.****

In the biomedical and biotechnological fields, numerous
studies highlighted the potential of gemini surfactants as
templates for the preparation of nanoparticles and self-
assembled systems for the encapsulation and controlled
delivery of drugs and other active ingredients.'® Furthermore,
the interaction of gemini surfactants with multiple biological

“Université Oran1, Laboratoire de Synthése Organique Appliquée (LSOA), Département
de Chimie, Faculté des Sciences Exactes et Appliquées, BP 1524 ELMnaouer, 31000
Oran, Algeria. E-mail: saidi.salima@univ-oranl.dz

"Université Oran 2, Institut de Maintenance et de Sécurité Industrielle, 31000 Oran,
Algeria

Université Oran 1, Laboratoire de Biotoxicologie Expérimentale, Biodépollution et
Phytoremédiation, 31000, Oran, Algeria

DOLIL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra02177k

(ES)

© 2024 The Author(s). Published by the Royal Society of Chemistry

Gram-negative bacterial stains, as well as fungi. The gemini surfactant with tetradecyl chain and ethylene
spacer (Bis 14—2-14) exhibited the highest activity against all investigated microbial strains.

targets such as serum albumin proteins,"”*®* membrane lipids
and oligosaccharides has been emphasized.*

From a chemical perspective, several types of gemini
surfactants have been reported, including imidazolium salts,*
pyridinium salts,* pyrrolidinium salts,” amino acids® and
benzene sulfonates.> Various structural variations have been
described for the spacer which can include a short* or long
alkyl chain,* a rigid (stilbene, benzene)*” or flexible (alkyl or
alkoxy) chain,®® a polar (polyether)*® or non-polar (aliphatic,
aromatic) chain.* Moreover, the polar group can be cationic
(quaternary ammonium), anionic (phosphate, sulfate, carbox-
ylate) or nonionic (polyether, sugar).*® While most gemini
surfactants have two similar hydrophobic chains, asymmetric
derivatives are also possible.*

We recently designed single-chain triazole-based surfactants
with remarkable surface properties and antimicrobial perfor-
mances against several microorganisms, including Gram-
positive and Gram-negative bacteria as well as fungus. Lower
minimum inhibitory concentration (MIC) values were reached
by these compounds as compared to benzalkonium chloride
(BAC) derivatives commonly applied for hospital disinfection.*?
Gemini surfactants are commonly regarded as more promising
than monomeric surfactants in terms of aggregation and bio-
logical properties. However, the study of structure-activity
relationships is not always obvious, and the literature often
reports fragmentary and contradictory results, particularly
regarding the effect of dimeric structures on the antimicrobial
properties. The aim of this work is to expand our understanding
of triazolic-based surfactant systems and investigate the
behavior of related gemini structures that contain two triazole
synthons and two quaternary ammonium units in the self-
assembly process and antimicrobial properties. A series of
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symmetrical dimeric quaternary ammonium salts bearing 4-
alkyl-1H-1,2,3-triazole side groups and varying spacer chain
length were synthetized and characterized. Their micellar and
interfacial behaviors were investigated by tensiometry and
conductimetry while their biological activities were determined
by bacterial growth inhibition assays.

2 Experimental section

2.1. Materials and methods

1-Bromooctane, 1-bromodecane, 1-bromododecane, 1-bromo-
tetradecane, 1-bromohexadecane, N,N,N',N'-tetramethylethyle-
nediamine, N,N,N',N'-tetramethyl-1,4-butanediamine,
propargyl bromide, sodium azide, copper acetate and sodium
ascorbate were supplied by Sigma-Aldrich (Algeria) and used as
received.

The alkylazides (1a-e) were synthesized following reported
protocols™?** by the reaction of 1-bromoalcane with sodium
azide and sodium iodide in DMF.

Melting temperatures were obtained using a Kofler benchtop
equipment (Leica-Wagner & Munz, Germany), which was pre-
calibrated before each measurement.

'"H NMR and C NMR analyses were performed on
a BRUKER AC 300P spectrometer (Wissembourg, France) at 300
and 75 MHz frequencies, respectively. Chemical shifts (6) are
given in parts per million relative to tetramethylsilane (TMS)
and coupling constants (J) are expressed in Hz.

High resolution mass spectroscopy (HRMS) has been carried
out using SYNAPT instrument, waters in ESI" mode (0.1% for-
mic acid in 1:1 water/methanol). Leucine enkephalin
(555.2693 g mol ') was used as an internal standard.

2.1.1. Synthesis of bispropargyl diammonium bromide
intermediates (BisP-s), s = 2, 4. Propargyl bromide (1 g, 8.40
mmol) was dissolved in anhydrous acetonitrile (30 mL), fol-
lowed by the dropwise addition of (3.82 mmol) of N,N,N',N'-
tetramethylethylenediamine  or  N,N,N',N'-tetramethyl-1,4-
butanediamine. The solution was stirred at room temperature
for 48 hours. The mixture was then cooled to 0 °C and the ob-
tained precipitate was filtered, washed three times with aceto-
nitrile, then with hexane and, dried under vacuum.

N,N,N',N'-tetramethyl-N,N'-dipropargyl-ethane-1,2-
diammonium bromide (BisP-2) white solid, yield: 59%, m.p.
240 °C. "H NMR (300 MHz, CD;0D) 6 (ppm) 3.40 (s, 12H), 3.68
(t, 2H, ] = 2.9 Hz), 4.19 (s, 4H), 4.57 (m, 4H). "*C NMR (75 MHz,
CD;0D) 6§ (ppm) 50.9, 55.9, 59.3, 71.6, 79.5.

N,N,N',N'-tetramethyl-N,N'-dipropargyl-butane-1,4-
diammonium bromide (BisP-4): yellow solid, yield: 76%, m.p.
265 °C. "H NMR (300 MHz, CD;0D) 6 (ppm) 1.95 (m, 4H), 3.26
(s, 12H), 3.59 (t, 2H, ] = 2.9 Hz), 3.62 (m, 4H), 4.44 (m, 4H). **C
NMR (75 MHz, CD;0D) 6 (ppm) 22.7, 50.9, 56.8, 63.4, 69.9, 80.8.

2.1.2. Synthesis of gemini surfactants (Bis n-s-n). A solu-
tion of bisammonium intermediate (BisP-s) (1.05 mmol), alky-
lazide (2.1 mmol), copper acetate (0.055 g, 0.3 mmol) and
sodium ascorbate (0.1 g, 0.5 mmol) in acetonitrile (30 mL) was
heated at 60 °C for 3 days. After evaporation of the solvent, the
resulting residue was solubilized in chloroform and filtered to
remove the catalyst. The solvent was then evaporated under
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reduced pressure and the crude product was triturated three
times with hexane then washed with petroleum ether.

The gemini surfactants will be referred to as Bis n-s-n
where s is the number of carbons in the spacer arm (s = 2, 4)
and 7 is the number of carbons in the hydrophobic side chains
C,Hy,4q (n = 8, 10, 12, 14 or 16).

Bis 8-2-8: purple solid, yield: 64%, m.p. 56 °C. "H NMR (300
MHz, CDCl;) 6 (ppm) 0.87 (t, 6H, J = 7.0 Hz), 1.25 (m, 20H), 1.90
(m, 4H), 3.48 (s, 12H), 4.40 (m, 8H), 5.07 (s, 4H), 8.59 (s, 2H). **C
NMR (75 MHz, CDCl;) 6 (ppm): 14.1, 22.6, 29, 29, 1, 30.1, 31.7,
50.9, 51.7, 55.9, 58.9, 128.8, 134.5. HRMS (ESI"): m/z 583.3810
(calculated), 583.3811 (found), [M-HBr].

Bis 10-2-10: brown solid, yield: 69%, m.p. 61 °C. 'H NMR
(300 MHz, CDCl;) 6 (ppm): 0.87 (t, 6H, ] = 6.9 Hz), 1.27 (m, 28H),
1.89 (m, 4H), 3.49 (s, 12H), 4.39 (m, 8H), 5.09 (s, 4H), 8.60 (s, 2H).
3C NMR (75 MHz, CDCl;) 6 (ppm): 14.1, 22.6, 26.6, 29.1, 29.3,
29.5,29.7, 30.1, 32.0, 50.9, 51.6, 56.0, 58.8, 128.8, 134.6. HRMS
(ESI"): m/z 639.493 (calculated), 639.4437 (found), [M-HBr].

Bis 12-2-12: yellow solid, yield: 73%, m.p. 63 °C. '"H NMR
(300 MHz, CDCl;) 6 (ppm): 0.88 (t, 6H, ] = 6.9 Hz), 1.26 (m, 36H),
1.91 (m, 4H), 3.50 (s, 12H), 4.40 (m, 8H), 5.13 (4H, s), 8.61 (2H, s).
13C NMR (75 Hz, CDCl3) 6 (ppm): 14.1, 22.7, 26.7, 29.1, 29.3,
29.4, 29.5, 29.6, 29.7, 30.9, 32.0, 50.9, 51.7, 56.2, 59.1, 128.8,
134.7. HRMS (ESI'): m/z 695.5064 (calculated), 695.5063
(found), [M-HBr]|.

Bis 14-2-14: brown solid, yield: 78%, m.p. 68 °C. 'H NMR
(300 MHz, CDCl;) 6 (ppm): 0.88 (t, 6H,J = 6.8 Hz), 1.24 (m, 44H),
1.9 (m, 4H), 3.50 (s, 12H), 4.38 (m, 8H), 5.09 (s, 4H), 8.59 (s, 2H).
3C NMR (75 MHz, CDCl;) 6 (ppm): 14.14, 22.7, 26.6, 29.16, 29.4,
29.6,29.71, 29.77, 30.2, 31.9, 50.9, 51.7, 56.15, 58.9, 128.8, 134.5
HRMS (ESI'): m/z 751.5689 (calculated), 751.5689 (found), [M-
HBr].

Bis 16-2-16: brown solid, yield: 75%, m.p. 70 °C. 'H NMR
(300 MHz, CDCl;) § (ppm): 0.88 (t, 6H, ] = 6.8 Hz), 1.25 (m, 52H),
1.91 (m, 4H), 3.50 (s, 12H), 4.38 (m, 8H), 5.10 (s, 4H), 8.60 (s, 2H).
13C NMR (75 MHz, CDCl;) 6 (ppm): 14.1, 22.7, 26.6, 28.8, 29.1,
29.4, 29.5, 29.7, 29.8, 30.2, 31.9, 50.9, 51.6, 56.2, 58.8, 128.7,
134.6.

Bis 8-4-8: red solid, yield: 71%, m.p. 64 °C. "H NMR (300
MHz, CDCl3) 6 (ppm): 0.89 (t, 6H, ] = 6.9 Hz), 1.24 (m, 20H), 1.33
(m, 4H), 1.92 (m, 4H), 3.32 (s, 12H), 3.93 (m, 4H), 4.45 (t, 4H, ] =
6.9 Hz), 5.02 (s, 4H), 8.76 (s, 2H). >*C NMR (75 MHz, CDCl,)
6 (ppm): 14.1, 20.1, 22.7, 26.8, 29.2, 29.3, 30.6, 31.8, 50.9, 51.4,
58.4, 63.4, 128.5, 135.9. HRMS (ESI"): m/z 611.4126 (calculated),
611.4125 (found), [M-HBr].

Bis 10-4-10: brown solid, yield: 74%, m.p. 66 °C. '"H NMR
(300 MHz, CDCl;) 6 (ppm): 0.87 (t, 6H, ] = 6.9 Hz), 1.25 (m, 28H),
1.35 (m, 4H), 1.90 (m, 4H), 3.46 (s, 12H), 3.95 (m, 4H), 4.39 (t, 4H,
J = 6.9 Hz), 5.09 (s, 4H), 8.60 (s, 2H). *C NMR (75 MHz, CDCl,)
6 (ppm):14.1, 20.1, 22.7, 26.7, 29.1, 29.3, 29.6, 30.4, 31.9, 50.9,
51.3, 58.5, 63.2, 128.3, 135.0. HRMS (ESI'): m/z 667.4750
(calculated), 667.4753 (found), [M-HBr].

Bis 12-4-12: orange solid, yield: 79%, m.p. 69 °C. '"H NMR
(300 MHz, CDCl;) 6 (ppm): 0.89 (t, 6H, ] = 6.9 Hz), 1.26 (m, 36H),
1.33 (m, 4H), 1.95 (m, 4H), 3.36 (s, 12H), 3.90 (m, 4H), 4.43 (t, 4H,
J = 6.9 Hz), 4.99 (s, 4H), 8.80 (s, 2H). *C NMR (75 MHz, CDCl;)
6 (ppm): 14.1, 20.1, 22.7, 26.7, 29.2, 29.4, 29.7, 30.3, 31.9, 50.9,
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51.1, 58.7, 63.4, 128.8, 134.9. HRMS (ESI'): m/z 723.5376
(calculated), 723.5378 (found), [M-HBr].

Bis 14-4-14: green solid, yield: 83%, m.p. 71 °C. "H NMR
(300 MHz, CDCl;) 6 (ppm): 0.89 (t, 6H, ] = 6.9 Hz), 1.27 (m, 44H),
1.34 (m, 4H), 1.95 (m, 4H), 3.36 (s, 12H), 3.92 (m, 4H), 4.43 (t, 4H,
J = 6.9 Hz), 5.01 (s, 4H), 8.89 (s, 2H). *C NMR (75 MHz, CDCI;)
o(ppm): 14.1, 19.9, 22.7, 26.6, 29.0, 29.3, 29.5, 29.6, 29.6, 29.7,
30.3, 31.9, 50.9, 51.2, 58.6, 63.8, 128.8, 134.9. HRMS (ESI"): m/z
779.6002 (calculated), 779.6002 (found), [M-HBr].

Bis 16-4-16: green solid, yield: 70%, m.p. 73 °C. "H NMR
(300 MHz, CDCl3) 6 (ppm): 0.89 (t, 6H, ] = 6.9 Hz), 1.26 (m, 52H),
1.34 (m, 4H), 1.95 (m, 4H), 3.36 (s, 12H), 3.90 (m, 4H), 4.43 (t, 4H,
J = 6.9 Hz), 4.99 (s, 4H), 8.89 (s, 2H). >C NMR (75 MHz, CDCI;)
6 (ppm): 14, 1, 20.1, 22.7, 26.6, 28.8, 29.2, 29.4, 29.5, 29.6, 29.7,
29.8, 30.2, 31.9, 50.9, 51.4, 58.8, 63.3, 128.7, 135.1.

2.2. Surface tension measurements

Surface tensions of synthetized surfactants were determined by
the Wilhelmy plate method at 25 °C by using a GIBERTINI K100
tensiometer. The Apparatus was calibrated before each series of
measurements. Demineralized water with a surface tension of
72 mN m ' was used to prepare surfactant solutions with
a concentration ranging from 10~° to 10> M.

2.3. Conductivity measurements

Conductivities were recorded at 25 °C using an OHAUS
STARTER 300C conductimeter. Deionized water with a conduc-
tivity of 0.09 pS was used to prepare surfactant solutions. The
CMCs were evaluated by identifying the breakpoint on
conductivity versus surfactant concentration curves.

2.4. Antimicrobial activities

The ability of the synthesized surfactants to inhibit the prolif-
eration of five pathogenic microorganisms was evaluated by the
agar diffusion method.*® Two Gram-positive bacteria strains
Staphylococcus aureus (ATCC25923) and Bacillus subtilis sub
spizizentri (ATCC 6633), two Gram-negative bacteria strains
Pseudomonas aerugenosa (ATCC 27853) and Escherichia coli
(ATTC 2592), and a fungal strain Aspirgillu sniger (ATCC 16404)
were used in this study. The surfactant’s antimicrobial activity
was evaluated using the Minimum Inhibitory Concentration
(MIC), which corresponds to the lowest concentration of the
surfactant solution where no visible in vitro microorganism
growth occurs after incubation; as well as the Minimum
Bactericidal Concentration (MBC), which is the lowest concen-
tration of antimicrobial agent capable of inactivating over
99.9% of the inoculum. The BMC/MIC ratio indicates whether
the molecule has a bactericidal or bacteriostatic effect.

To determine the MIC of the investigated compounds,
surfactant solutions ranging from 5 to 500 pg mL™ " were
prepared by dissolving the appropriate quantity of surfactant in
doubly distilled and sterilized water. The solutions were then
filtered through a 0.45 um Millipore filter. The inoculums for
each microbial strains were prepared by incubating the micro-
organisms in nutrient bacterial (24 h at 37 °C) and mycological

© 2024 The Author(s). Published by the Royal Society of Chemistry
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broths (72 h at 30 °C). The cultures were then diluted to 10° cfu
mL ™%

In a typical experiment, 100 pL of inoculum was seeded onto
the surface of the Muller-Hinton medium in Petri dishes. The
Petri dishes were sealed and left at room temperature for 20
minutes. Then, wells with a diameter of 4-5 mm were cut into
the seeded agar layer. A microdrop of MH-agar was poured into
the bottom of each well to clog it, and a volume of 25 pL of each
concentration of the tested product was added. After 25 minutes
of diffusion, the cultures were incubated in an oven at 37 °C for
24 hours for the antibacterial tests and at 30 °C for 72 hours for
the antifungal tests. The MIC value was determined by visually
inspecting the growth inhibition of each well in comparison to
the negative control well (without any test compound). A posi-
tive control was also made with chloramphenicol (30 pg per
disc). Experiments were repeated three times for each
concentration.

BMC was determined by counting surviving bacteria in the
presence of antimicrobial agent concentrations above MIC. The
liquid dilution method was used for this purpose: 0.5 mL of
surfactant solution with a concentration of 2MIC, 4MIC, 8MIC
or 16MIC was added to 0.5 mL of sterilized nutrient broth in
a hemolysis tubes. 10 pL of the tested microbial inoculum was
then added to each concentration. 50 pL aliquots of the
resulting media were then poured into Petri dishes containing
a layer of Mueller-Hinton agar and incubated under the same
conditions as previously reported. The agar plates were
observed for the presence or absence of bacteria before and
after incubation. The bactericidal or bacteriostatic effects were
assessed using the BMC/MIC ratio.

3 Results and discussion

3.1. Synthesis

Two series of gemini triazolic cationic surfactants with either an
ethylene or butylene spacer and a hydrophobic chain length
ranging from octyl to hexadecyl were synthesized by the two-
step synthetic strategy shown in Scheme 1. Firstly, the bispro-
pargyl intermediates BisP-s (s = 2-4) were prepared through the
Menshutkin reaction by the quaternization of the commercial
tertiary diamines, N,N,N',N'-tetramethyl-1,2-diaminoethane
and N,N,N,N'-tetramethyl-1,2-diaminobutane with an excess
of propargyl bromide. The compounds were obtained with
moderate yields even after increasing the propargyl bromide
content and reaction's time and temperature. In the second
step, a copper-catalyzed 1,3-dipolar cycloaddition (CuAAC)
reaction between BisP-s intermediates and alkylazides was
caried out in the presence of copper acetate and sodium
ascorbate. Theses reagents enable an economical and effective
in situ reduction of Cu(u) to Cu(r) and lead to the formation of
1,4-disubstituted 1,2,3-triazoles in a regioselective manner with
good yields and high purity.

The structures of the prepared ammonium surfactants were
confirmed using 'H and *C NMR. The regioselectivity of the
cycloaddition reaction was verified in the '"H NMR spectra by the
presence of a single singlet at 8.59 ppm related to the H-5
proton of the triazole cycle and in the "*C NMR spectra with

RSC Adv, 2024, 14, 19185-19196 | 19187
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$=2,4,n=8,10,12,14,16
Bis n-s-n

Scheme 1 Synthetic scheme of the triazolic gemini surfactants Bis n—s—n.

the occurrence of two peaks at 134.5 ppm and 128.8 ppm cor-
responding to the two sp? carbons of the triazole cycle.

3.2. Surface activity

Surface properties and self-organization ability of the synthe-
sized triazole based gemini surfactants in aqueous solution
were assessed by tensiometry and conductimetry. Several
parameters were determined including critical micellar
concentrations, surface tensions and free energies of micelli-
zation in the aim to highlight relationships between the
surfactant molecular structures, and mainly the hydrophobic
chain and spacer lengths, and the surface properties. Surfactant
solutions of various concentrations were prepared for this
purpose using deionized water.

3.2.1. Surface tension. The critical micellar concentrations
(CMC) were calculated from the breakpoint of the curves of
equilibrium surface tensions (v), obtained from the Wilhelmy
method, versus the logarithm of surfactant concentrations.**?
Fig. 1 shows a typical example of the obtained curves for Bis 8-
s-8 series. The absence of a minimum near the breaking point
suggests that the compounds are sufficiently pure. The critical
micellar concentrations and surface tension values of all
synthesized gemini surfactants are listed in Table 1.

It is apparent from the data in Table 1 that the cationic
gemini surfactants exhibit very low CMC values and tend to

65 T
m Bis8-2-8
H Bis8-4-8

35

304

25 T T T T T T
-7 -6 -5 -4 -3 -2

LogCMC (mol/l)

Fig.1 Equilibrium surface tension (y) versus the logarithm of Bis 8—s—
8 surfactant concentration curves.
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associate at much lower concentrations than the conventional
monomer counterparts described in a previous work." The
CMC values range from 0.0488 to 0.0079 mM for Bis n-2-n and
from 0.0809 to 0.0014 mM for Bis n-4-n while they didn't exceed
0.791-0.037 mM for the reported N-(1-alkyl-1-H-1,2,3-triazol-4-
ylmethyl)-N,N,N-triethylammonium  bromide  (CnTzTEA)
monomeric analogues.*® A reduction of almost 10 to 25 times is
thus achieved by gemini surfactants indicating a much better
surface activity. This behavior is related to the greater hydro-
phobic character of gemini surfactants due to the presence of
two hydrophobic chains.**"*”

Another interesting finding of this study is the positive
impact of the 1,2,3-triazole unit on the micellization ability of
studied surfactants. Indeed, for the same hydrophobic chain
and spacer lengths, the CMC values of triazole based geminis
(Bis n-2-n and Bis n-4-n) are much lower than those reported
for analogous hydrocarbon based gemini surfactants n-s-n. For
instance, the CMCs of geminis with terminal dodecyl chains 12—
4-12 and 12-2-12 are equal to 1.28 and 0.9 mM (ref. 11) while
they reach 0.0431 and 0.0253 mM for Bis 12-4-12 and Bis 12-2-
12, respectively. Similarly, 14-s-14 surfactants show much
higher CMC values (0.16 mM for s = 2 and 0.1 mM for s = 4 (ref.
38)) as compared with Bis 14-2-14 (0.0099 mM) and Bis 14-4-14
(0.0112 mM), respectively. This result indicates that the 1,2,3-
triazole rings affects the surfactant's surface properties and
promote the micellization process.

Fig. 2 shows the evolution of CMC values as a function of the
number of carbons (n) in the hydrophobic chains. As expected,
a gradual decrease of CMCs with the lengthening of the alkyl
chain is observed for both series of geminis. This result is
related to the increase of the chain's hydrophobicity which
facilitates the aggregation of surfactant molecules in aqueous
solution. Overall, the short spacer geminis Bis n-2-n exhibit
lower CMCs as compared to Bis n-4-s series probably due to
a better orientation of the hydrophobic chains achieved
through the fully extended ethylene spacer. Similar results have
been reported in previous studies.'* The opposite behavior was
obtained for hexadecyl chain-based surfactants (n = 16) since
the compound Bis 16-4-16 showed a lower CMC as compared to
Bis 16-2-16. The steric hindrance induced by long hydrophobic
chains may disfavor the self-assembly of short spacer mole-
cules. This constraint will be attenuated by a more flexible butyl
spacer.

Another fundamental property of a surfactant is its ability to
adsorb at the water-air interface and reduce the surface tension
of water. All of the studied surfactants exhibited low surface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical parameters of gemini surfactants in aqueous solution

Surfactant CMC* (mM) cMc? (mM)  yome (MN m™) Pg,, CMC/Cpp  Tnpax (0mol m™2)  Apin (A) I AGnic (k] mol ™)
n=2

Bis 8-2-8 0.0488 0.0475 34.07 5.98 46.48 0.629 263.95 0.59 —37.83
Bis 10-2-10 0.0448 0.0410 34.26 5.94 38.99 0.650 246.74 0.62 —39.44
Bis 12-2-12 0.0252 0.0247 34.06 6.01 25.57 0.745 222.75 0.72 —44.24
Bis 14-2-14 0.0099 0.0095 35.90 6.40 25.09 0.672 246.81 0.88 —53.26
Bis 16-2-16 0.0079 0.0073 39.95 6.07 9.32 0.727 228.40 0.80 —51.04
n=4

Bis 8-4-8 0.0809 0.0698 34.14 5.79 50.14 0.614 270.26 0.42 —31.00
Bis 10-4-10 0.0618 0.0638 36.24 5.53 21.26 0.694 239.18 0.70 —40.72
Bis 12-4-12 0.0489 0.0551 40.39 5.30 9.76 0.685 242.07 0.86 —46.65
Bis 14-4-14 0.0112 0.0113 42.03 5.73 6.01 0.748 221.74 0.88 —52.77
Bis 16-4-16 0.0014 0.0011 43.75 6.37 3.29 0.931 178.31 0.63 —49.83

@ Measured by tensiometry. * Measured by conductimetry.
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Fig. 2 Evolution of CMC values of gemini surfactants with the length
of the alkyl chains.

tensions, with Bis 8-s-8 reaching a minimum of 34 mN m™".

Surface tensions were found to be closely dependent on the
length of the hydrophobic chains and the spacer, increasing as
these chains lengthened (Fig. 3).

In order to better understand the behavior of investigated
surfactants in aqueous solutions, the CMC/C,, ratio were
determined where C,, is the surfactant concentration that
reduces the surface tension of water by 20 mN m~"'. This
parameter is commonly applied to assess the surfactant's
effectiveness and to correlate the structural parameters with the
processes of micellization and adsorption. As the CMC/C,,
values increases, the surfactant will be more effectively adsor-
bed at the air-water interface to the detriment of the formation
of micelles.

Fig. 4 shows that the effectiveness of the adsorption of Bis 8-
s-8 exceeds that of longer chain analogous suggesting the
greater tendency for the former geminis to adsorb at the inter-
face and decrease the surface tension of water. Conversely, the
micellization process is more favored with the lengthening of
the hydrophobic chains and spacer.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The maximum surface concentration excess (I'max) and the
minimum area occupied by a surfactant at the air-water inter-
face (Amin) were also calculated using the following Gibbs
adsorption equations.*® The aim is to evaluate the degree of
molecular organization at the interface.

I - -1 dy
" 1 x 2.303RT \dlog C r

1

Amin = T a7
FmaxNA

where, dy/dlog C is the descending section slope of v — log C
curves near the CMC, T'is the temperature in Kelvin, R is the gas
constant (R = 8.314 ] mol " K™ '), N, is Avogadro constant, The
constant n is related to the number of species present at the air-
water interface. For gemini surfactants, n equals 3.

Overall, the A,,,;, values decrease as the number of carbons in
the hydrophobic chains increases, reflecting a more compact
assembly of molecules at the water-air interface (Fig. 5). An
opposite behavior was noticed for Bis n-2-n beyond twelve
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Fig. 3 Variation of surface tensions with the length of the alkyl chain.
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Fig. 5 Evolution of Amin as a function of hydrophobic chain length.

carbon atoms, A, increases and even exceed that of gemini
surfactants bearing a butylene spacer. This result can be
explained by the arrangement of the spacer at the air-water
interface.®” Generally, a short spacer will adopt a fully extended
conformation at the interface whereas a longer one will be more
hydrophobic and flexible and tends to bend towards the air side
of the interface to minimize the contact with water.*® The latter
conformation should result in a more compact organization
where the head groups are closer to each other. This effect is
more pronounced as the chain length increases, due to the
increase in hydrophobic interactions between neighboring
chains.

3.2.2. Conductivity. Conductivity measurements of surfac-
tant solutions were also used to confirm the critical micellar
concentrations and determine the ionization coefficients («)
and the standard free energies of micellization AGyy;. (Table 1).
A typical curve of the variation of the specific conductivity (K) as
a function of the concentration of the compound Bis 10-2-10 is
shown as an example in Fig. S1.T The resulting CMC values are
close to those measured by tensiometry and show a similar

19190 | RSC Adv, 2024, 14, 19185-19196
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decreasing trend with the elongation of the hydrophobic chains
(Fig. S27).

The degrees of binding of counter ions to the micelles ()
were assessed using ionization coefficients («), which were
calculated from the ratio of slopes (dK dC ") above and below
the CMC. § was determined as 1 — «. The factor « measures the
extent of dissociation of the counterions (Br~) from the
ammonium heads in the micelles while the parameter § is
related to the counterions that are associated with the Stern
layer to counteract the electrostatic repulsions between head-
groups that prevent micelle formation. Below the CMC, the high
concentration of free ions in solution leads to a rapid increase
in the conductivity. As the micelles are formed, a slow increase
in conductance is observed with the addition of surfactants due
to the slow mobility of micelles and the reduction of the
number of current carriers.** A decrease in « (and therefore an
increase in §) implies a neutralization of the charges on the
micelle surface.

The variation of 8 values with the number of carbons in the
hydrophobic chain is presented in Fig. 6. It was found that
8 increases with increasing hydrophobic chain length for n = 8-
14 suggesting a decrease in micelle surface charge density. The
counterion is tightly bound to the micellar aggregates, espe-
cially as the alkyl chain lengthens. A similar trend was obtained
for conventional surfactant analogues.’® An increase in the
number of micelles and/or the formation of a more compact
micellar arrangement where the ammonium heads are strongly
bound to counterions would be at the origin of this result.

An opposite behavior is obtained for longer hydrophobic
chain n = 16. Similar result has already been reported in other
works* ¢ and was ascribed to the variation of the shape of
formed micelles from ellipsoidal to spheroid.** Further Small
Angle Neutron Diffraction (SANS) studies should be conducted
to verify this hypothesis.

The dependence of ¢ with spacer length is more complex. It
was shown that the spacer's nature and length affect signifi-
cantly the aggregation of gemini surfactants and the shape/size

T T T T T T T T T
104 —®—Bisn-2-n i
—e— Bis n-4-n
0.8 E
[<=H
0.6 E
0.4 -

Fig. 6 Variation of § values as a function of hydrophobic chain length
n of gemini surfactants Bis n—s—n.
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of the resulting aggregates.”” Generally, the degree of binding of
counter ions to micelles (8) tends to decrease with increasing
spacer length.*** A short spacer induces strong electrostatic
repulsions between head groups that are reduced by the
condensation of larger amount of counterions at micelle
surface resulting in increment in g.

This tendency seems to be verified only in the case of octyl
and hexadecyl based surfactants (Fig. 6). Other factors as the
hydrophobic interactions and the shape of the micelles should
also modulate the extent of the association of the counter ions
to the micelles.

The standard molar Gibbs energy of micellization AGyy;. (K]
mol ") of the surfactants, which is the energy required to
transfer one mole of surfactant from the water phase to the
micellar pseudo-phase, was determined as follow:

AGmic = RT(OS + 6)ln XCMC

Where Xcyc is the mole fraction of the CMC (mol L™): Xepc =
CMC/55.4 at 25 °C.

All surfactants showed a large negative AGy;. values indi-
cating that the micellization is a thermodynamically favorable
and spontaneous process. The energy of micellization decreases
as the alkyl chain elongates until n = 14, suggesting that
hydrophobic interactions govern the micellization process.
AGnic then slightly increases for the hexadecyl chain, likely due
to steric hindrance caused by such a long chain (Fig. 7). For
both series, the surfactants with tetradecyl chains (Bis 14-n-14)
exhibit the lowest micellization energies and therefore have
a great ability to form micelles in aqueous solution.

3.3. Antimicrobial activity

Gemini surfactants often exhibit a broad spectrum of biocidal
activity. However, their antimicrobial mechanism is still not yet
fully understood, probably due to the more complex molecular
structures of this class of surfactants.” In addition to the clas-
sical mechanism of electrostatic/hydrophobic interactions of
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(kJ/mol)
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Fig. 7 Variation of Gibbs energy of micellization of gemini surfactants
with the length of the hydrophobic chain.
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cationic surfactants,” other mechanisms based on the
replacement of Mg”* ions present in the pores of the Escherichia
coli cell membrane by the ammonium heads of antimicrobial
cationic gemini agents have also been reported. The larger size
of the surfactant molecules as compared to Mg>" ions causes
swelling of the membrane. Following this step, respiratory
enzymes are inhibited, and cell membrane components such as
LPS and OmpE are released, leading to cell destruction.>
Similarly, it has been described that gemini bispyridinium salts
tested on yeast Saccharomyces cerevisiae do not destroy the cell
wall. Instead, they penetrate it and cause the internal organelle
membranes to rupture.®

The antimicrobial activity of gemini triazolic surfactants was
assessed against two Gram-positive bacteria (Staphylococcus
Aureus and Bacillus subtilis), two Gram-negative bacteria
(Escherichia coli and Pseudomonas aeruginosa) and a fungus
(Aspergillus niger). The tested concentrations ranged from 5-500
pg mL~". The obtained MIC and MBC values are collected in
Table 2 and Fig. 8.

The results indicate that the triazolic surfactants are active
against the investigated microorganism stains and exhibit
mostly a bactericidal activity (BMC/MIC = 4). The most active
compound is Bis 14-2-14 which enable the inhibition of
bacteria and fungi growth at very low concentrations ranging
from 7.03-28.12 pM and particularly against the biocide-
resistant pathogenic S aureus bacteria.

Overall, the investigated surfactants exhibit similar antimi-
crobial performance towards Gram-positive bacteria and fungi
which often remains superior to that registered for Gram-
negative bacteria. Similar behavior have been obtained for
conventional triazolic ammoniums surfactants and is ascribed
to the inherent difference on cell composition of these micro-
organisms.” In addition to peptidoglycan layers, common to
both types of bacteria, that surround the cytoplasmic
membrane, the Gram-negative bacteria, present an extra lip-
osaccharides layer that hinders the penetration of hydrophobic
molecules. Transport across this outer membrane is regulated
as a function of surfactant's HLB.

The antimicrobial activity was closely tied to the length of the
hydrophobic chain and spacer. Overall, tetradecyl and dodecyl
chains promotes antimicrobial activity for Bis n-2-n and Bis n-
4-n series, respectively. Short octyl chain seem also to be
conducive for microorganism growth inhibition particularly for
compound Bis 8-4-8 which is active against S. aureus and
A.niger with MIC values of 12.9 and 6.39 uM, respectively.

It is worth noting that the typical cut-off effect is not
observed for the investigated gemini triazolic surfactants with
a short spacer (Fig. 9). Instead, a substantial decrease in anti-
microbial activity was observed for decyl and dodecyl chains.
Usually, the MIC values of quaternary ammonium surfactants
goes through a minimum for C;,-C, alkyl chain then increased
gradually.®® This trend is correlated to the increase of the
hydrophobicity of surfactants, resulting in the enhancement of
the hydrophobic interactions of their alkyl chains with the
neighboring lipid chains of the bacterial membrane. The
surfactant molecules will thus penetrate more readily into the
membrane causing its destabilization and bacteria lysis.**>¢

RSC Adv, 2024, 14,19185-19196 | 19191
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Table 2 MIC values and MBC/MIC ratios measured for gemini surfactants

MIC (umol L") [MBC/MIC]

Pseudomonas
Compounds Staphylococcus aureus Bacillus subtilis Escherichia coli aeruginosa Aspergillus niger
Bis 8-2-8 20.31 [4] 10.1 [4] 81.25 [2] 27.08 [4] 20.31 [4]
Bis 10-2-10 149.84 [2] 149.84 [2] 149.84 [8] 149.84 [4] 75.00 [4]
Bis 12-2-12 139.03 [2] 139.03 [4] 139.03 [2] 278.03 [4] 139.03 [2]
Bis 14-2-14 7.03 [8] 14.06 [2] 14.06 [2] 28.12 [8] 14.06 [4]
Bis 16-2-16 108.05 [2] 72.03 [4] 144.07 [8] 144.07 [16] 72.03 [4]
Bis 8-4-8 12.90 [4] 51.20 [2] 51.20 [4] 51.20 [4] 6.39 [4]
Bis 10-4-10 56.90 [4] 56.90 [4] 56.90 [8] 56.90 [4] 56.90 [2]
Bis 12-4-12 62.12 [4] 31.06 [4] 31.06 [2] 31.06 [8] 31.06 [4]
Bis 14-4-14 116.14 [2] 29.03 [2] 116.14 [4] 58.07 [4] 58.07 [2]
Bis 16-4-16 141.75 [2] 141.75 [8] 425.25 [8] 354.37 [16] 141.75 [4]

The hydrophilic/hydrophobic balance of Bis n-2-n compounds
reported in this study bearing Intermediate-size chains (n = 10-
12) seems to be not favorable to biocidal activity. The decrease
in antibacterial activity of surfactants with a long alkyl chain
(>Cy4) is associated with their reduced solubility in water, which
restricts their infiltration and transport across the cell
membrane.

Regarding the effect of the spacer on the antimicrobial effi-
ciency of the studied surfactants, two trends were obtained. For
all microorganisms, Bis n-4-n showed lower MIC values than
their Bis n-2-n counterparts for n ranging from 8 to 12 while an
opposite behavior was noticed for n = 14 and 16. A pellicular
result is obtained for compound Bis 8-2-8 which exhibit
a higher antibacterial activity as compared with Bis 8-4-8
analogous towards B.subtilis and P.aeruginosa strains.

The MIC values of the triazolic geminis were compared to
those reported in a previous study for single chain monomeric
analogues CnTzTEA against P.aeruginosa, B.subtilis, and A. niger
microorganisms. The results show that only Bis 8-2-8, Bis 14—
2-14, and Bis 8-4-8 exhibit similar or slightly better

antimicrobial activity.” This finding is unexpected, since
usually dimeric ammonium surfactants present enhanced
biocidal activity due to two main factors: the presence of two
positively charged ammonium heads that exacerbate the inter-
action with the negatively charged phospholipids outer
membrane of bacteria and, the increased hydrophobic inter-
actions of the two hydrophobic chains with the lipid bilayer
membranes. Thus, the gemini surfactants often incorporate
more readily in this membrane causing serious an irreversible
damage to its integrity until the bacterial death.

Even if the lipid-surfactant interactions are mainly governed
by the electrostatic forces, others works have shown that the
number of ammoniums heads is not the only determining
factor in the bioactivity of gemini surfactants.>” Other intrinsic
structural factors of the surfactants are implied including the
hydrophilic/lipophilic balance, the length of the hydrophobic
alkyl chains and spacer, and the nature of the active groups
present in the structure of the compounds.**>®

It is worth mentioning that the investigated gemini surfac-
tants are more effective against P. aeruginosa and A. niger than

m S.aureus W E. coli

300 4
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200 4

MIC (mmol/L)
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Fig. 8 MICs of gemini surfactants recorded against the microorganisms tested.
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Fig. 9 Evolution of the MIC values of Bis n—s—n series according to
the length of the alkyl chains.

benzalkonium chloride (BAC), which is currently used for
hospital disinfection (MIC(BAC) = 175.0 uM,*® 78.1 uM,* for
P.aeruginosa, and A. niger, respectively). Compound Bis 14-2-14
demonstrated additional antimicrobial activity against E. coli
with a MIC of 14.06 uM, lower than that reported for BAC (19.5
HM).

Bis n-s-n compounds exhibited also antimicrobial perfor-
mance comparable to or higher than that of previously reported
Gemini bisQuat type surfactants with aliphatic or aromatic
spacers.®* Bis 14-2-14, in particular, showed stronger activity
against E.coli with a MIC of 14.06 uM (11.71 pg mL~") compared
to the hydrocarbon analog gemini 14-2-14 (MIC = 500 pg
mL~").%

4 Conclusion

A new series of Gemini quaternary ammonium surfactants
bearing alkyl chains and a spacer arm of varying lengths has
been reported in the present work. A systematic study of the
surface properties of these compounds in aqueous solution was
carried out by tensiometry and conductimetry. We have shown
that all gemini surfactants form aggregates at lower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentrations than conventional surfactants for the same alkyl
chain length. The lengthening of the hydrophobic alkyl chain
from 8 to 16 carbons and the use of short spacer causes
a decrease in the critical micellar concentration value of gemini
surfactants. The triazole ring is also an important structural
parameter in aggregation phenomena and contributes posi-
tively to the micellization process.

Antimicrobial examination of both sets of geminis revealed
strong antimicrobial activity for many compounds, with MIC
levels ranging from 6.39 to 81 uM, particularly for compounds
with octyl or tetradecyl side-chains. The remaining compounds
showed moderate activity, with MIC values of 150-354 pM.

It is noteworthy that the compound Bis 14-2-14 demon-
strated simultaneous efficacy against microscopic fungi, Gram-
positive bacteria B.subtillis and S.aureus, as well as Gram-
negative bacteria, E.coli and P.aeruginosa. The latter microor-
ganism is often resistant to many antimicrobial agents and
frequently forms biofilms on various surfaces in the cosmetic,
food, and medical sectors. This antimicrobial multi-activity is
encouraging for the development of future series of functional
surfactants.
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