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Abstract 
A series of N-acetylated cationic gemini surfactants (3a-e) having dimeric structures derived from 
tertiary amines were synthesized. Their antifungal potency and surface properties were determined. 
It also studied the acute toxicity of the molecule with the best performance and the best water so-
lubility (3e) through Chlorella vulgaris and Daphnia magna bioassays. The results were compared 
to those obtained for a commercially available reference compound 2-(thiocyanomethylthio) 
benzothiazole (TCMTB). Parameters such as surface tension (γCMC), critical micelle concentration 
(CMC), surface excess concentration (Γ), and area per molecule (A) were determined. The resulting 
values indicated that the five gemini surfactants are characterized by good surface-active and 
self-aggregation properties. All surfactants were tested to evaluate their antifungal activity. Six 
fungal strains were used to conduct the study. The minimum inhibitory concentration (MIC) value 
was measured by the fungal growth inhibition. The results of the MICs were compared with two 
commercially available reference compounds (Fluconazole and TCMTB). The least active molecule 
was 3e, but 3b and 3d were found to be the most potent compounds with a similar activity for all 
strains. Candida albicans was the most sensitive one. In contrast, Aspergillus niger was resistant. 
Ecotoxicity of gemini 3e was assessed: the commercial formulation (TCMTB) was between three 
and four orders of magnitude more toxic than the gemini one for the biological species tested. 
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1. Introduction 
Fungi are known to cause the decline of various types of organic materials such as paper, textiles, wood, leathers, 
etc. Fungal biodeterioration consist in changes resulting from the activities of fungi which renders a product un-
suitable for its intended use or reduces the economic values of the material [1]. However, to counteract this de-
trimental effect, the use of numerous substances with different chemical structures and modes of action called 
“antifungal compounds” increased. Following the onset of antifungal resistance and environmental damage 
caused by the compounds used at present, the need for developing effective, selective and low environmental 
impact antifungal is evidenced [2]. Given this scenario, the synthesis of amphiphile molecules with novel prop-
erties remains in high demand in the field of applied organic chemistry [3]-[15]. According to the literature and 
research conducted by our team, gemini surfactants present characteristics and uses that make them very inter-
esting molecules [3] [4] [10] [12]-[15]. 

The surfactants can be classified according to the nature of their polar groups, to the number of their hydro-
phobic tails and to their geometric arrangement [3]. Gemini surfactants belong the family of surfactant mole-
cules, which have two long hydrocarbon chains, two ionic groups, and a rigid or flexible spacer [4]. These sur-
factants usually have better surface-active properties than conventional surfactants with a simple long hydro-
carbon chain, and one ionic group. 

Gemini compounds are currently being used as surfactants in industrial detergency and have wide field of ap-
plication, such as skin care, construction of high porosity materials, antibacterial agents, metal-encapped por-
phyrins, and building blocks for vesicle formation, among others [5]. These compounds could damage the cell 
membrane of microorganisms as well as inhibit some of its important metabolic processes [6]. Moreover, these 
compounds are environmentally friendly as they have an excellent biodegradability and low toxicity, an aspect 
of great importance worldwide [7]-[14]. 

All these relevant properties have attracted our attention and because of that we are motivated to explore fur-
ther studies and deepen our knowledge about such compounds [15]-[32]. In our previous work, we reported the 
synthesis, tensioactive and biological properties of six gemini compounds derived from N-acetyldiethanolamines 
with variable long tails [14]. In this paper we present novel gemini compounds with varying alkyl chains. For 
example, five synthesized gemini compounds (3a-e) under study are shown in Figure 1. Dimeric (gemini) 
compounds 3d, and 3e are novel surfactants. 

Their tensioactive properties were determined and their antifungal activity was evaluated using a broth dilu-
tion test and were compared to two commercially available references: Fluconazole and 2-(thiocyanomethylthio) 
benzothiazole (TCMTB). TCMTB is a broad spectrum biocide used to preserve materials. It is very efficient due 
to its high penetrating power. This substance is effective as a fungicide but it can cause major environmental 
problems as a consequence of its high toxicity [33] [34]. For this reason it is important to test the toxicity to aq- 
uatic organisms of different trophic levels, contributing this way the ecosystem integrity. Freshwater species are 
suitable for ecotoxicological testing because most surfactants and antimicrobians are discarded as industrial  
 

 
Figure 1. Chemical structures of the dimeric cationic compounds (3a-e) under study. 
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effluents or sewage and they can ultimately reach rivers, lakes, and ultimately oceans. In this line, we studied the 
acute toxicity of the molecule with the best performance using an autotrophic species (C. vulgaris) and a hetero-
trophic species (D. magna) as biological models. 

2. Experimental Section 
2.1. General Methods 
All the reagents were commercially available and used as received from the supplier. The solvents were analyti-
cal-grade and were purified according to standard methods [35]. The purity and chemical structure of the syn-
thesized compounds were checked by TLC, CG, HRMS, and NMR. 

Analytical TLC was performed on a Merck precoated TLC plate (Silica Gel 60 F254). Gas chromathographic 
(GC) analyses were performed on a DANI Master GC chromatograph equipped with a 5% diphenyl, 95% dime-
thylpolysiloxane, low bleed capillary column (30 m × 0.53 mm, 0.5 µm film thickness) and a flame ionization 
detector. Column Chromatography was performed on silica gel (70 - 230 mesh ASTM) high-purity grade, pore 
size 60 Å. Isolated and authentic compounds were used as internal standards to perform quantitative GC analys-
es. HRMS were obtained on a Bruker micro QTOF-Q11 mass spectrometer equipped with an electrospray ioni-
zation (ESI). 1H NMR (300 MHz), 13C NMR (75 MHz) and 19F NMR (300 MHz) experiments were recorded on 
a Bruker Avance 300 spectrometer in CDCl3 using TMS as internal standard. Coupling constants are given in 
Hz and chemical shifts are reported in δ values in ppm. Data are reported as follows: chemical shift, multiplicity 
(s = singlet, sbr = broad singlet, d = doublet, t = triplet, m = multiplet), coupling constants (Hz), and integration. 

2.2. General Procedure for the Synthesis of Cationic Gemini Surfactants (3a-e) 
The methods and reagents used for the synthesis, purification and characterization of the Bis-alkyldimethy- 
lammonium salts (3a-f) were provided for our team [14]. 

For the development of new gemini cationic compounds (3g and 3h) were used N,N-dimethylfarnesylamine 
and N,N-dimethyl-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoro-undecyl)amine, respectively. In a 
glass flask of 100 mL was added to absolute ethanol (15 mL) a 2.5:1:0.1 molar mixture of tertiary amines 
(N,N-dimethyloctylamine 0.601 g, N,N-dimethyldodecylamine 0.815 g, N,N-dimethyloctadecylamine 1.129 g, 
N,N-dimethylfarnesylamine 0.952 g, N,N-dimethyl-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoro-un- 
decyl)amine 1.932 g; i.e., 3.825 mmol), diglycidyl ether 2 (0.397 g, 1.53 mmol), and tetrabuthylammonium 
bromide (TBABr) (0.049 g, 0.153 mmol). The solution was stirred for 18 h at 30˚C and the solvent was evapo-
rated under reduced pressure. Then, the unreacted tertiary amine was removed by column chromatography with 
ethyl acetate/ethanol/water/ammonium hydroxide 28 wt% (4:1:0.25:0.5) solvents as eluant. The desired products 
were confirmed by TLC and the solvent evaporated. For each gemini compounds, the addition of two equiva-
lents of hydrochloric acid, provided the corresponding counterions. Lastly, the five products (3a-e) were lyophi-
lized. This procedure yielded 3a, 3b, 3c, 3d, and 3e as isolated pure compounds, in 92, 61, 39, 30, and 45%, re-
spectively. 

2.3. The Physical Data of the Synthesized Products Are as Follows 
The physical data for gemini compounds 3a, 3b, and 3c were reported by us in a previous paper (Murguía et al 
2008) [14]. The gemini surfactants 3d, and 3e are new compounds. 

2.3.1. N,N-Bis[2-(3-octyldimethylammonio-2-hydroxypropoxy)ethyl]acetamide Dichloride (3a) 
Oil pale yellow (92%) [14]. IR (KBr): ν = 760.0, 930.2, 1120.1, 1460.4, 1620.0, 2850.1, 2930.3, 3450.0 cm−1. 
1H NMR [200 MHz, (D2O)]: δ = 0.81 - 0.93 (m, 10H), 1.25 - 1.45 (m, 16H), 1.94 - 1.97 (m, 4H), 2.05(s, 3H), 
3.12 - 3.14 (m, 6H), 3.23 - 3.27 (m, 4H), 3.32 (s, 12H), 3.35 - 3.45 (m, 4H), 3.53 - 3.56 (m, 4H), 3.80 - 4.02(m, 
6H). 13C NMR [50 MHz]: δ = 14.0, 20.7, 22.7, 24.1, 26.3, 27.2, 28.4, 31.7, 41.6, 44.6, 59.4, 63.5, 64.8, 66.9, 
70.1, 70.2, 169.1. HRMS (ESI+) (M - Cl)+: Calcd. for C32H69Cl2N3O5: 611.3727. Found: 611.3716. 

2.3.2. N,N-Bis[2-(3-dodecyldimethylammonio-2-hydroxypropoxy)ethyl]acetamide Dichloride (3b) 
White waxy product (61%) [14]. IR (KBr): ν = 760.1, 930.4, 1120.0, 1460.0, 1620.5, 2850.0, 2930.1, 3450.2 
cm−1. 1H NMR [200 MHz, (D2O)]: δ = 0.84 - 0.91 (m, 10H), 1.22 - 1.40 (m, 32H), 1.94 - 2.01 (m, 4H), 2.06 (s, 
3H), 3.12 - 3.16 (m, 6H), 3.25 - 3.27 (m, 4H), 3.32 (s, 12H), 3.36 - 3.45 (m, 4H), 3.53 - 3.57 (m, 4H), 3.79 - 4.04 
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(m, 6H). 13C NMR [50 MHz]: δ = 14.1, 20.7, 22.6, 23.8, 26.1, 27.9, 29.4, 29.45, 29.6, 29.6, 31.7, 41.6, 44.6, 
44.7, 59.4, 63.5, 64.8, 66.3, 70.1, 70.2, 169.1. HRMS (ESI+) (M-Cl)+: Calcd. For C40H85Cl2N3O5: 723.5886. 
Found: 723.5875. 

2.3.3. N,N-Bis[2-(3-octadecyldimethylammonio-2-hydroxypropoxy)ethyl]acetamide Dichloride (3c) 
White waxy product (39%) [14]. IR (KBr): ν = 760.0, 930.1, 1120.0, 1460.0, 1620.2, 2850.1, 2930.0, 3450.0 
cm−1. 1H NMR [200 MHz,(D2O)]: δ = 0.83 - 0.90 (m, 10H), 1.21 - 1.40 (m, 56H), 1.94 - 1.98 (m, 4H), 2.05 (s, 
3H), 3.12 - 3.16 (m, 6H), 3.25 - 3.27 (m, 4H), 3.32 (s, 12H), 3.38 - 3.45 (m, 4H), 3.53 - 3.56 (m, 4H), 3.79 - 4.04 
(m, 6H). 13C NMR [50 MHz]: δ = 13.1, 19.7, 20.7, 23.8, 26.1, 26.8, 27.8, 29.2, 29.3, 29.3, 29.4, 29.4, 29.62, 
29.6, 29.7, 29.7, 32.0, 41.6, 44.6, 59.4, 63.5, 64.8, 66.9, 70.1, 70.2, 169.1. HRMS (ESI+) (M - Cl)+: Calcd. for 
C52H109Cl2N3O5: 891.9125. Found: 891.9113. 

2.3.4. N,N-Bis[2-(3-farnesyldimethylammonio-2-hydroxypropoxy)ethyl]acetamide Dichloride (3d) 
Yellow waxy product (30%). IR (KBr): ν = 1085.9, 2940.0, 3640.0 cm−1. 1H NMR [200 MHz, (CDCl3)]: δ 
=1.63 (s, 18H), 1.69 (s, 6H), 1.96-2.02 (m, 16H), 2.05 (s, 3H) 3.14-3.54 (m, 12H), 3.32 (s, 12H), 3.87-4.06 (m, 
10H), 5.04-5.10 (m, 6H). 13C NMR [50 MHz]: δ = 15.2, 17.5, 22.0, 23.2, 24.26, 25.5, 27.0, 34.2, 38.5, 39.9, 
41.1, 53.6, 60.9, 62.7, 63.1, 66.9, 68.8, 71.2, 98.3, 124.2, 124.9, 129.9, 135.3, 144.6, 169.2. HRMS (ESI+) (M/2- 
Cl)+: Calcd. for C46H85Cl2N3O5: 397.8270, Found: 398.2815. 

2.3.5. N,N-Bis{2-[3-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11)- 
heptadecafluoroundecyldimethylamm-onio-2-hydroxypropoxy]ethyl}acetamide (3e) 

White waxy product (45%). IR (KBr): ν = 1085.9, 2940.0, 3640.0 cm−1. 1H NMR [200 MHz, (CDCl3)]: δ = 2.05 
(s, 3H), 2.22 - 2.34 (m, 8H), 3.23 - 3.54 (m, 16H), 3.34 (s, 12H), 3.84 - 4.04 (m, 6H). 13C NMR [50 MHz, 
(CDCl3)]: δ = 14.0, 22.8, 25.9, 28.9, 29.2, 29.5, 29.6, 29.9, 32.2, 42.2, 62.7, 64.1, 70.1, 71.1, 72.7, 73.7, 98.3, 
110.4, 115.2, 126.6, 130.5, 169.1. 19F NMR [200 MHz, (CD3OD/CFCl3)]: δ = −82.0 (m, 6F, 2CF3), −115.1 (m, 
4F, 2CF2), −123.1 (m, 12F, 6CF2), −123.3 (m, 4F, 2CF2), −124.0 (m, 4F, 2CF2), −124.9 (m, 4F, 2CF2), −127.5 
(m, 4F, 2CF2). HRMS (ESI+) (M/Z-Cl)+: Calcd. for C38H49F34Cl2N3O5: 654.6115. Found: 654.6095. 

2.4. Surface Properties 
The surface tension was measured at 20˚C and pH = 7 using a semiautomatic tensiometer (Cole-Parmer Surface 
Tensiomat 21) by the Du Nouy ring method [36]. It was calibrated against differents pure liquids and the surface 
tension of each concentration of aqueous solution was measured three times. The critical micelle concentration 
(CMC) values for each gemini surfactants were determined and estimated from the breakpoint of each surface 
tension versus concentration (on log scale) curves [14]. 

2.5. Antifungal Activities 
The antifungal activity of the cationic gemini compounds (3e-3g-3h) were evaluated using the applied method 
by National Committee for Clinical Laboratory Standards (NCCLS) [37] [38]. Sabouraud dextrose broth (Brita-
nia S.A) was used as culture media. Fluconazole and TCMTB were used as drugs for positive control. Minimum 
inhibitory concentrations (MIC) were expressed in µg mL−1. Four strains of microorganism were used: Candida 
parapsilosis (ATCC 22019), Candida albicans (ATCC 64548), Aspergillus niger (ATCC 16404), a wild-type 
strain of Alternaria sp. It is considered important to note that the antifungal activity of compound 3e was eva-
luated against the last two mentioned filamentous fungi. Its performance against yeasts was also reported pre-
viously [14]. The concentration range used (64 - 0.03125 µg∙mL−1) as well as the checks in the trials (drug-free 
and fungus-free controls) for water soluble gemini were the same as those employed for (3d-f) surfactants [14]. 
All the tests were performed with two replicates. 

2.6. Microalgae Ecotoxicity Bioassays 
As will be seen later, the MIC values obtained for 3a, 3c, 3d, and 3e molecules were higher in comparison to 
those found for gemini 3b. Consequently, and given its low production cost and its good water solubility, we 
decided to investigate the environmental impact of 3b compared to TCMTB. The acute toxicities of TCMTB 
(commercial solution, 30% w/w) and of the gemini product with better performance (3b) (80% purity) were 
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assessed by determining the half maximal effective concentration at 96 h (96 h-EC50). 

2.6.1. Culture Conditions 
The Chlorella vulgaris (CLV2) strain originated from an algae culture collection maintained at the Scientific 
Research and Superior Education Center of Ensenada, Baja California, México (CICESE). The cultures were 
grown for 10 days in 2000 mL flasks in sterile conditions using Bold Basal Medium (BBM) [39]. 

The pH of the culture was 6.25. The culture was maintained at a constant temperature (23˚C ± 1˚C), with 
uniform and continuous aeration and light (0.72 × 1020 photons m−2∙s−1 ± 20%). Continuous stirring of the cul-
ture was achieved using a 100 rpm magnetic plate. 

2.6.2. Growth Inhibition Tests 
The experimental treatments of growth inhibition with C. vulgaris were performed according to USEPA stan-
dard protocol [40]. Microalgae were harvested during the exponential growth phase (day 7), before being cen-
trifuged twice (10 min at 3500 rpm) and re-suspended in sterile ultrapure water. The concentration of algae in 
the culture was assessed directly using a Neubauer hemocytometer chamber (1.02 × 106 cells mL−1) and indi-
rectly using a spectrophotometric method (absorbance 1.5 λ at 650 nm, using a Hatch spectrophotometer). The 
bioassays were conducted in 250 ml flasks containing 100 mL of BBM medium and an initial cell density of 104 
cells mL−1. 

Different TCMTB and 3e products concentrations were added to the algae culture, all trials triplicated per 
control and concentrations tested. The following concentrations of TCMTB were used: 1.562 × 10−4 mg∙L−1, 
3.125 × 10−4 mg∙L−1, 6.250 × 10−4 mg∙L−1, 1.250 × 10−3 mg∙L−1, 2.5 × 10−3 mg∙L−1, 5.0 × 10−3 mg∙L−1, 0.01 
mg∙L−1, 0.02 mg∙L−1 and a control. The following 3b concentrations were used: 0.08 mg∙L−1, 0.16 mg∙L−1, 0.32 
mg∙L−1, 0.64 mg∙L−1, 1.28 mg∙L−1, 2.56 mg∙L−1, 5.12 mg∙L−1 and a control. 

The vessels were maintained in an incubation chamber, under controlled conditions, as follows: temperature = 
23˚C ± 1˚C, daily shaking, and continuous lighting (0.72 × 1020 photons m−2 s−1 ± 20%). The pH values were 
measured at the beginning and the end of each assay. For each of the compounds, effective concentration at 96 
hours (96hs-EC50) was determined by linear interpolation [40]. To determine the EC50, the cell density (cells 
ml−1), was plotted against the products concentration and analyzed using the Probalg Program [41]. 

2.7. Daphnia magna Acute Ecotoxicity Bioassays 
The D. magna specimens were generated from a monoclonal culture, which was initiated with an adult female 
and maintained in the laboratory for several generations under controlled temperature and photoperiod condi-
tions. The test medium used both to maintain the stock culture and for developing the assays was reconstituted 
hard water which includes [42]: 2.4 g MgSO4, 3.84 g NaHCO3, 0.16 g KCl and 2.4 g CaSO4∙2H2O, dissolved in 
20 L of distilled water. All experiments were initiated with neonates (< 24 h old). Ten neonates per treatment per 
30 mL of test solution were used. Five concentrations, all triplicated, were tested [43]; the animals were not fed 
during the tests and maintained in a growth chamber under controlled and constant conditions (photoperiod 16 L: 
8 O and T 20˚C ± 1˚C). 

Oxygen concentrations and pH were determined at 0, 24, and 48 h to ensure levels accepted by the protocol 
(EPA 2002) [44]. Number of mobile and immobile specimens was registered as alive and dead, recognized as 
immobilization for 15 s after stimulation by smooth movement. The Effective Concentration that killed half of 
the experimental population (EC50) at 24 and 48 h for each of the compounds was calculated using the PROBIT 
program [45]. 

3. Results and Discussion 
3.1. Design and Synthesis of Cationic Gemini Surfactants (3a-e) 
The cationic gemini surfactants (3a-e) were prepared following the two-step procedure described by Murguía et 
al. and showing in Scheme 1 [14]. The intermediate 2 was obtained by etherification of diethanolamine 1 with 
(±)-epichlorohydrin. N-acetylated compounds (3a-e) were synthesized via oxirane ring opening with tertiary 
amines. This procedure yielded 3a, 3b, 3c, 3d, and 3e as isolated pure compounds, in 92%, 61%, 39%, 30%, and 
45%, respectively. The structures of the compounds were confirmed by analytical methods such as: IR, 1H NMR, 
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13C NMR, and HRMS. 

3.2. Surface Activity and Aggregation Data of Synthesized Cationic Surfactants 
Surface tension of gemini surfactants (3a-e) with a C8-C12-C18 long tail and varying alkyl chains -saturated, un-
saturated, and fluorinated- at pH 7˚C and 20˚C are shown in Figure 2. 

All parameters studied: CMC, γCMC, pC20 and C20, the ratio of CMC/C20, Γ, and A, are summarized in Table 1. 
These values are in agreement with those characterizing the proper quantitative behavior of moderate to good 
surfactants. The pC20 values indicate that the three dimeric cationic compounds are good surfactants, especially 
3e. The CMC/C20 values show a great capability of compounds 3d (32.86) and 3e (25.87) to be adsorbed at the 
interfaces in comparative with 3b (5.99). The Γ and A parameters vary with the molecular structure. The area per 
molecule at air/water interface of the gemini surfactants was found in a range of 78.88 - 148.24 Å2. From the se-
ries, it is intended to highlight the behavior of 3c, and 3e with pC20 value of 4.31 and 4.61 (CMC of 0.22 mM 
and 0.62 mM), respectively. In conclusion, the described behavior indicates that all cationic dimeric surfactants 
(3a-e) satisfy the primary requirement of being good surfactants. 

3.3. Antifungal Activities 
The biological activity (MICs) of gemini compounds (3a-e) was obtained in comparison to Fluconazole and 

 

 
Scheme 1. Synthesis of the dimeric cationic compounds (3a-e). Reagents and 
conditions: (i): 1, (±)-epichlorohydrin, aq. NaOH, tetrabuthylammonium hy-
drogen sulfate, 30˚C, 5 h; (ii): 2, N,N-dimethylamines, TBABr, ethanol, 30˚C, 
18 h.                                                             

 

 
Figure 2. Surface tension vs. logarithm of the aqueous molar concentration 
(log C) of cationic gemini surfactants (3a-e).                             
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TCMTB against Candida parapsilosis (ATCC 22019), Candida albicans (ATCC 64548), Aspergillus niger 
(ATCC 16404) and Alternaria sp. (Table 2). 

Gemini 3b was found to be the most potent compounds with a similar activity for all strains. In general, the 
less active molecule was 3e. This behavior could be due to the high electronegativity of fluorine atoms, which 
would cause the two tails in the molecule repel each other. The results showed that C. albicans (ATCC 64548) 
was the most sensitive strain. In contrast, A. niger (ATCC 16404) was resistant. Results obtained for gemini 
compounds were better to antifungals as Fluconazole and TCMTB, and in some cases greater than these model 
compounds. 

3.4. Ecotoxicity Bioassays 
Table 3 summarizes the 96 h-EC50 obtained with C. vulgaris and the 24 and 48 h-EC50 obtained with D. mag-
na after exposure to TCMTB and gemini compound 3e. Daphnia magna bioassays showed that with TCMTB 
 
Table 1. Surface activity and aggregation data of synthesized cationic surfactantsa.                                         

Compound CMCb (mM) C20 (mM) γCMC (mN/m) pC20 CMC/C20 Γ × 106 (mol/m2) Α × 1020 (m2) 

3a 34.79 5.47 31.84 2.26 6.35 2.10 78.88 

3b 2.45 0.41 34.58 3.39 5.99 1.85 90.14 

3c 0.22 0.05 39.24 4.31 4.47 1.58 105.18 

3d 2.92 0.09 31.84 4.04 32.86 1.12 148.24 

3e 0.62 0.02 19.22 4.61 25.87 2.01 82.60 

aExperimental conditions: temperature 20˚C ± 0.5˚C. Aqueous solution at pH = 7. Experimental uncertainties are estimated to be ±0.03 mM on CMC 
and ±1 mN m−1 on γCMC values. b. The critical micelle concentration (CMC) values were determined using a series of aqueous solutions at various 
concentrations, and estimated from the break point of each surface tension versus concentration (on log scale) curves. The ability of these compounds 
to lower surface tension at the CMC (γCMC) and reduced by 20 mN/m (C20 or pC20) were calculated there from. The optimal cross-section surface area 
A occupied by the surfactant head group at the air/water interface was estimated from the surface excess concentration, Γ. The latter one was calcu-
lated by applying the Gibbs adsorption isotherm equation: Γ = −(1/n 2.303 RT) (dγ/d log C), where γ is the surface tension and C is the surfactant 
concentration and n equals 2. The area per molecule at the interface was calculated from A = 1/NΓ where N is Avogadro’s number [36]. 
 
Table 2. Antifungal activity of cationic gemini surfactants (3a-e) with a similar long tail and varying alkyl chains synthe-
sized.                                                                                                         

Compound 
 (MIC) (μg∙mL−1) 

R C. parapsilosis 
ATCC 22019 

C. albicans 
ATCC 64548 

A. niger 
ATCC 16404 Alternaria sp. 

3a -C8H17 >64 >64 >64 >64 

3b -C12H25 8 8 32 32 

3c -C12H25 16 8 32 8 

3d -C15H25 32 16 64 64 

3e -C11H6F17 256 256 >512 64 

Fluconazole - 16 <5 >512 32 

TCMTB - 64 16 32 16 

 
Table 3. 96 h-EC50 obtained with C. vulgaris and 24 and 48 h-EC50 obtained with D. magna after exposure to TCMTB and 
gemini compound 3e.                                                                                      

Compound 
Chlorella vulgaris Daphnia magna Daphnia magna 

96 h-EC50 24 h-EC50 48 h-EC50 

TCMTB 2.172 × 10−4 mg∙L−1 0.00034 mg∙L−1 0.0001 mg∙L−1 

3e 0.1765 mg∙L−1 1.234 mg∙L−1 0.474 mg∙L−1 



L. M. Machuca et al. 
 

 
222 

at 24 and 48 h-EC50 were 3 × 10−4 mg∙L−1 and 1 × 10−4 mg∙L−1, respectively. Conversely, with compound 3e at 
24 and 48 h-EC50 were 1.234 mg∙L−1 and 0.474 mg∙L−1, respectively. TCMTB was more toxic to Daphnia 
magna. Conversely, 3e was more toxic to Chlorella vulgaris. C. vulgaris biossays showed that with TCMTB the 
EC50 was 2.172 × 10−4 mg∙L−1 and with 3e the EC50 was 0.6568 mg∙L−1. The commercial formulation was be-
tween three and four orders of magnitude more toxic than the gemini one for the species tested. These results high-
light the importance of promoting the synthesis of compounds less harmful to the environment. 

For the first time, the molecule with the better performance (3e) was tested to evaluate its ecotoxicity using 
Chlorella vulgaris and Daphnia magna. Results were compared to those obtained for a commercially available 
reference compound TCMTB. The decrease in effluent toxicity using test organisms has proved to be very use-
ful in many industries [46]-[48]. 

Compound 3e was found to be a very potent compound in comparison with the commercial one [49]. In this 
line, the development of high performance surface-active agents seems to continue to be of great interest of the 
academic and industrial communities, as it necessary to develop less harmful compounds, and to reduce toxicity 
in order to protect the aquatic environment [15]. 

4. Conclusion 
We have shown that it is possible to synthesize five symmetrical gemini surfactants derived from N-acetyldie- 
thanolamines with two long tails (C8-C12-C18) and variable alkyl chains (saturated, unsaturated, and fluorinated). 
These surfactants can be synthesized by a two-step reaction with good to excellent yields (30% - 92%). Their 
tensioactive properties were determinated and the described behavior indicates that all cationic dimeric surfac-
tants (3a-e) satisfy the primary requirement of being good surfactants. Their antifungal activities were evaluated 
and were compared to two commercially available references (Fluconazole and TCMTB). Results obtained for 
gemini compounds were better to antifungals as Fluconazole and TCMTB. Ecotoxicity bioassays were studied 
using the acute toxicity of the molecule with the best performance (3b) using an autotrophic species (C. vulgaris) 
and a heterotrophic species (D. magna) as biological models. Results were compared to those obtained for a 
commercially available reference compound TCMTB. The gemini surfactant 3b was found to be a very potent 
compound in comparison with the commercial one. In this line, the development of high performance surface- 
active agents seems to continue in order to be of great interest for the academic and industrial communities. Also, 
it is necessary to develop less harmful compounds to reduce toxicity in order to protect the aquatic environment. 
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