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AbstractTetramethylene-1,4-bis(N,N-dodecylammonium bromide), cationic gemini surfactant, (12-4-12) was first
synthesized with an one-step and shortened procedure and its interfacial and antimicrobial properties were compared
with a conventional single-chain cationic surfactant, cetyltrimethylammonium bromide (CTAB). The interfacial and
thermodynamic properties of both surfactants reveal that critical micelle concentration (CMC) of this novel synthetic
cationic dimeric surfactant is lower than that of cationic monomeric surfactant at almost 15 times of its magnitude,
which is due to the increase in hydrophobicity of the surfactant molecules by having dual hydrocarbon chains. In com-
parison with CTAB, the produced compound 12-4-12 yields much better interfacial and thermodynamic properties.
The antimicrobial activities of the synthesized gemini surfactant were tested against eight strains of bacteria, as well as
two strains of fungi. The results showed that both 12-4-12 compound and CTAB exhibited higher inhibitory effects on
the growth of Gram-positive bacteria and fungi than that of Gram-negative bacteria. The minimum inhibitory concen-
trations in molar of 12-4-12 against all tested Gram-negative bacteria were lower than those of CTAB, which is hypo-
thetically due to the lower HLB together with smaller CMC values of our gemini surfactant.
Keywords: Cationic Gemini Surfactant, Antibacterial, Antifungal, Interfacial Phenomena

INTRODUCTION

Cationic surfactants have been widely employed for their impor-
tance in practical applications. Fundamental and applied studies on
cationic surfactants have been extensively reported in several aspects
of surfactant research [1-3]. They show excellent abilities in their
applications in both individual and mixture usages. Cationic sur-
factants show great synergism and potent compatibility with anionic,
nonionic and zwitterionic surfactants depending on their func-
tional group constituent in their molecules [4-6]. They can be used
as fabric softeners [7], antistatics [8], herbicides [9], adhesion pro-
moters in asphalt [10], metal corrosion inhibitors [11], toiletries
and hair conditioners [12], mineral floatation agents in ores [13],
and antimicrobials [14,15].

The development of novel antimicrobial agents has continuously
emerged due to the rapid increase of drug resistance of bacteria.
Disinfectants, such as alcohols, aldehydes, chlorhexidine, povidone,
iodine, and quaternary ammonium compounds, are chemical agents
that inhibit or kill microorganisms in or on inanimate surfaces. Qua-
ternary ammonium compounds, widely used to disinfect patient-
care supplies or equipment, are cationic surface-active detergents.
The bactericidal action of quaternary compounds has been attributed

to inactivation of energy-producing enzymes, denaturation of pro-
teins, and disruption of the cell membrane [16]. Although newer
quaternary ammonium salts have been reported as better biocidal
compounds for pharmaceutical and medical applications, agricul-
ture, and industry [17-20], novel potential antimicrobial agents remain
a keen interest of researchers in investigation and fabrication.

Cationic gemini surfactants are good candidates as they are sub-
stantially interesting owing their superior surface-active properties,
high ability in surface tension reduction, and lower critical micelle
concentration (CMC), leading to the use of a smaller amount of sur-
factants in comparison with commercially conventional single-chain
surfactants [21-23]. The excellent interfacial properties of these potent
amphiphiles could be due to their designed molecular structure of
the dual hydrocarbon chains linked by either flexible or rigid spacer,
which typically comprises aliphatic or aromatic molecule near the
polar head groups [21].

Previously, synthesis and characterization of several categories of
gemini surfactants have been reported in literature. Cationic gem-
ini surfactants show antimicrobial activity at different levels depend-
ing on their designed structures and target cells. It has been found
that the longer hydrocarbon chains, the greater antimicrobial func-
tionality [15,20]. The symmetrical amphiphiles containing amino
acid groups reveal excellent antifungal and antimicrobial properties
upon the hydrophilic-lipophilic balance (HLB), the cationic charge
density, and the amino acid sequence on the polar head group [24].
While sugar-based cationic gemini surfactants show antimicrobial
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ples throughout the experiments.
2. Synthesis of Cationic Gemini Surfactant and Structure Char-
acterization

The 12-4-12 cationic gemini surfactant was synthesized and
purified based on the adaptation of previous proposed experimen-
tal procedures [26,27] and is depicted in Fig. 1. Synthesis of cat-
ionic gemini surfactant firstly starts by dissolving n-dodecylamine

activity on gram-positive and gram-negative bacteria, and antifun-
gal activity equally to commercial available controls but required a
smaller quantity of gemini surfactants [25].

Nevertheless, this study offers an experimentally comparative
investigation into interfacial and micellar thermodynamic proper-
ties as well as antimicrobial ability of a synthetic cationic gemini
surfactant of tetramethylene-1,4-bis(N,N-dodecylammonium bro-
mide) and a conventional single-chain cationic surfactant of cetyl-
trimethylammonium bromide. Hence, our aim was to investigate
their physicochemical properties and antimicrobial behavior between
mono- and dimeric surfactant structures as they both comprise
quaternary ammonium groups.

MATERIALS AND METHODS

1. Chemicals
n-Dodecylamine was purchased from Acros Organics with purity

greater than 97%, and 1,4-dibromobutane was purchased from Fluka
with purity greater than 98%. They both were used as received to
synthesize cationic gemini surfactant, 12-4-12. Acetonitrile (ACS
reagent grade) purchased from Carlo Erba was used as a solvent in
synthesis and recrystallization to purify the product obtained from
the chemical reaction. Cetyltrimethylammonium bromide (CTAB)
was purchased from Acros Organics with purity greater than 99%
and was used as received without further purification. All bacte-
rial culture media were bought from Hi-media, India. The high
purity of deionized water (18.2 M·cm) was used to prepare sam-

Fig. 1. Schematic representation of proposed chemical reaction for
synthesis of tetramethylene-1,4-bis(N,N-dodecylammonium
bromide).

Fig. 2. 1H NMR spectrum (400 MHz, CDCl3) of tetramethylene-1,4-bis(N,N-dodecylammonium bromide).
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(0.10 mole) in 40 mL acetonitrile. The mixed solution was then
added to stirred acetonitrile (20 mL) solution of 0.05 mole of 1,4-
dibromobutane. Acetonitrile was used as a solvent because its dielec-
tric constant is higher (higher polar molecule) than methanol or eth-
anol [26], the reaction time can be shortened to 5-6 hrs in com-
parison to 24-48 hrs if using ethanol or methanol as a solvent. The
reaction was in a stirred reflux reactor for 6 hours at reflux tem-
perature around 80 oC. After the solvent was removed by vacuum
evaporation, the crude product obtained was washed and recrys-
tallized using acetonitrile for several times.

The obtained cationic gemini surfactant was collected by filtra-
tion and dried in the vacuum oven producing tetramethylene-1,4-
bis(N,N-dodecylammonium bromide) as a white crystal flake. The
synthetic cationic gemini surfactant was structurally characterized
by 1H and 13C NMR using Bruker AVANCE III 500 MHz operat-
ing at 400 MHz for 1H and 150 MHz for 13C. Deuterochloroform
(CDCl3) was used as a solvent. Chemical shifts are expressed in 
(ppm) using TMS as the internal standard. The mass spectra were
recorded on an Agilent GC/MS MSD (7890A/5975C) at 70 eV. Ele-
mental analysis was achieved using a CHNS elemental analyzer
(model EA3000; EURO VECTOR Instruments).

White power, yield 64.5%. 1H NMR (400 MHz, CDCl3) as shown
in Fig. 2: =0.86-0.89 (t, 3H, CH3), 1.250-1.39 (m, 20H, CH3-(CH2)10-
CH2), 1.78-1.84 (m, 4H, N-CH2-CH2-CH2-CH2-N), 3.02-3.05 (t, 2H,
CH3-(CH2)10-CH2-N-CH2). 13C NMR (150 MHz, CDCl3) as shown
in Fig. 3: =14.13 (CH3), 26.42-26.64 (N-CH2-CH2-CH2-CH2-N),
22.70-40.21 (CH3-(CH2)11-N), 51.38 (CH3-(CH2)11-N-CH2-CH2-

CH2-CH2-N). LC-MS: (H2O), 427.81 [M-H]+. Elemental analysis
of the synthesized surfactant is analytical calculation for C=57.33,
H=10.65, N=4.78. Found: C=57.35, H=10.67, N=4.80. All the
experimental data confirmed the molecular structure and purity of
tetramethylene-1,4-bis(N,N-dodecylammonium bromide), the cat-
ionic gemini surfactant produced and the synthesized surfactant is
completely soluble in water at the range of concentration studied.
3. Interfacial and Micellization Properties

The surface tension of both 12-4-12 and CTAB in aqueous solu-
tion was carried out by a Du Noüy ring method at 30 oC using
Krüss K100 equipped with micro dispenser, a dosing unit for fully
automatic measurements of the critical micelle concentration (CMC).
Prior to the micellization, the adsorption of surfactant molecules,
the so-called surface excess concentration (t), the mean molecu-
lar area (am), and the standard free energy of micellization and ad-
sorption can be determined from the experimental data using the
Gibbs adsorption isotherm and thermodynamic equations [4].
4. Determination of Antimicrobial Activities
4-1. Test Pathogens and Culture Condition

Test pathogens used in this study were obtained from Thailand
Institute of Scientific and Technological Research (TISTR), includ-
ing Staphylococcus aureus (TISTR1466), Staphylococcus epidermidis
(TISTR518), Bacillus cereus (TISTR687), Escherichia coli (TISTR780),
Pseudomonas aeruginosa (TISTR781), Pseudomonas aeruginosa
(TISTR1287), Salmonella typhi (TISTR292), Candida albicans
(TISTR5779) and Aspergillus niger (TISTR3012). Mueller Hinton
agar (MHA), Sabouraud dextrose Agar (SDA): (g/L: peptone 10; dex-

Fig. 3. 13C NMR spectra (150 MHz, CDCl3) of tetramethylene-1,4-bis(N,N-dodecylammonium bromide).
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trose 40; agar 15; pH 5.6) and potato dextrose agar (PDA) were
used for culturing of bacteria, yeast and fungus, respectively. The
cultivation temperature of bacteria and yeast was 37 oC, whereas
the incubation temperature for fungus culturing was 30 oC.
4-2. Determination of Minimum Inhibitory Concentration (MIC),
Minimum Bactericidal Concentration (MBC) and Minimum Fun-
gicidal Concentration (MFC) Values

MIC studies of the compound were performed according to the
standard reference methods for bacteria [28] and yeast [29] using
96-well microtiter plate in 0.2 ml volumes. The compound was dis-
solved in sterile water to yield a final concentration of 5 mg/mL.
Compound stock solution was serial two-fold diluted from 1,024
g/mL to 0.5g/mL in MHB broth and SDB broth depending on
the strains of test pathogens. A standardized inoculum was added
into each well to achieve the final inoculum size at 5×105 CFU/mL.
Inoculum plates were incubated at 37 oC for 16-24 hrs. The com-
pound in media without test pathogens was prepared for blank.
Absorbance reading of each well was measured at 625 nm for bac-
teria and 530 nm for yeast by microplate spectrophotometer (Bio-
Rad Laboratories). The MIC value was recorded as the lowest con-
centration of the compound which no growth (OD625 and OD530
0.1) of test microorganisms [30] MBC and MFC was determined
by sub-culture of the wells showing no growth on an agar plate with-
out the compound. Three replicates were performed. CTAB was
used as positive control for comparison.
4-3. Anti-mycelial Growth Assay of Fungi

Anti-mycelial growth activity of the compound was determined
in A. niger by fungal growth inhibition assay using PDA medium
as described previously [31-33]. PDA medium along with the com-
pound 1,024g/mL was two-fold diluted to 1g/mL in PDA me-
dium, prior to set solidification. Seven days cultured of A. niger on
PDA was cut by sterile cork borer (8 mm in diameter) and place
onto the center of the petri dish. The plates were then incubated at
30 oC for seven days. Fungal pathogen cultured on the PDA with-
out the compound was used as a control. The fungal growth was
measured by the radiant of fungal pathogen and calculated for the
percentage of inhibition by the following formula:

Inhibition (%)=[(ØcØt)/Øc]×100% (1)

where Øc and Øt are the radial growth of control and radial growth
in treatment, respectively.

RESULTS AND DISCUSSION

1. Interfacial and Micellization Properties
The monolayer of 12-4-12 and CTAB molecules at the air/

water interface was investigated through the Gibbs adsorption iso-
therm parameters as tabulated in Table 1. The relationship between
surface tension and surfactant concentration shown in Fig. 4 and 5
can be used to determine the surface excess concentration (max),
which represents the adsorption capacity at the air/water interface
and can be expressed by:

(2)

where the parameter n is the number of moles of the solute spe-

cies. It can be taken as 3 for dimeric (gemini) surfactant (a diva-
lent surfactant ion and two univalent counterions) in the absence
of a swamping electrolyte, and as 2 for monovalent surfactant [20].
R is the universal gas constant (8.314 Jmol1 K1) and T is the ab-
solute temperature. (/logC)T is the slope in the surface tension
isotherm when surfactant concentration is just before the CMC.
The efficiency of surfactants in lowering surface tension of water can
be measured by effectiveness or surface pressure (CMC) attained at
the CMC:

CMC=oCMC (3)

where o is surface tension of pure water and CMC is surface ten-
sion of the solution at the CMC corresponding to the conditioned
temperature. The most potent surfactant is the one which results
in the largest reduction of the surface tension at the CMC [34]. The
mean molecular area per molecule gives an insight of degree of
packing and orientation of the adsorbed surfactant molecules at the
air/water interface. It can be expressed by:

(4)

where max is the surface excess concentration (max) in a unit of
mol/cm2 and N is Avogadro’s number. For infinite dilution (CMC is
102 M or less), a standard Gibbs free energy of micellization (Gmic)
and adsorption (Gads) can be approximated without significant
error by [4,35]:

Gmic=2.303RTlog(CMC/) (5)

Gads=Gmic6.023×101×CMC×am (6)

where the CMC is expressed in mol/L and  is the molar concentra-

max   
1

2.303nRT
------------------------ 

 Clog
-------------- 
 

T

am  
1016

Nmax
---------------

Fig. 4. Surface tension () as a function of tetramethylene-1,4-bis(N,N-
dodecylammonium bromide) concentration in aqueous solu-
tion at 30 oC.
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tion of water at that absolute temperature (55.269mol/L at 303.15K).
From the experimental results shown in Fig. 4-5 and Table 1, these
two different surfactants have different effect on the surface activ-
ity and micellization in their solution.

As can be seen, the critical micelle concentration of cationic
monomeric surfactant is higher than that of synthetic cationic dimeric
surfactant at almost 15 times of its magnitude. The CMC of syn-
thetic 12-4-12 is approximately 0.0649 mM, while the experimen-
tal CMC of CTAB is 0.9878 mM, which in good agreement with
other previous data investigated through surface tension measure-
ment technique at the same temperature [4,15]. Analyzing the ob-
tained CMCs shows that the attribution to CMC reduction in 12-
4-12 solution is according to the increase in hydrophobicity of the
surfactant molecules by having dual hydrocarbon chains. The grad-
ual increase in number of hydrocarbon atoms in the surfactant
structure decreases the CMC values monotonically [4,15]. The ad-
sorption trend at the air/water interface of surfactant molecules is
increased, which decreases their CMC when hydrophobicity in-
creases [25], and this is the main reason for micellization at an
ultralow concentration [15]. However, even for conventional mono-
meric surfactants, when the number of methylene groups is in-
creased, there is also a monotonic increase in the surface activity
of the surfactant [36].

Moreover, the synthetic cationic gemini surfactant, 12-4-14, shows
much higher efficiency by giving the larger reduction of the sur-

face tension at the CMC in comparison with CTAB, as it shows
higher effectiveness or surface pressure (CMC) attained at the CMC.
On the other hand, it requires less amount of surfactant mole-
cules to fully adsorb at the air/water interface as seen in the lower
value of surface excess concentration (max). In addition, the dual
hydrocarbon chain increases the higher repulsion between surfac-
tant molecules and the aqueous phase. As a result, it forces the
surfactant molecules to the interface more effortlessly [15]. The val-
ues of mean molecular area per molecule of 12-4-12 and CTAB are
also obtained from the surface tension measurement. The higher
value of mean surface area occupied by each surfactant molecule
at the interface indicates the better packing and orientation of
molecules [4,37]. The hydrophilic-lipophilic balance (HLB) of 12-
4-12 was computed based on Davies method [38]. The HLB value
of 12-4-12 is approximately 12.5, which is lower than of CTAB of
21.4 [39]. The lower HLB value indicates that 12-4-12 is favored to
solubilize in lipid phase and it could probably be a good disper-
sant.

The calculated standard Gibbs free energies of micellization and
adsorption for 12-4-12 and CTAB show negatively values, indicat-
ing that these two processes occur spontaneously in aqueous solu-
tion. Thus, the spontaneity of micellization and adsorption of sur-
factant molecules are exothermic processes due to the repulsion
between the hydrophobic moieties in surfactant molecules and
polar solvent [40]. Also, both Gibbs free energies of micellization
and adsorption for 12-4-12 are more negative values than of CTAB.
Since the standard Gibbs free energies were determined at con-
stant temperature of 30 oC, the entropy and enthalpy changes of
micellization and adsorption were not able to be estimated in this
study. However, the entropy of micellization is expected to be more
positive, indicating that micellization process is entropy driven [4].
The adsorption and micellization processes are generally endother-
mic, but some studies on novel gemini surfactants observed both
small negative (endothermic) and positive values (exothermic) of
enthalpy change, which is dependent on hydrocarbon chain length,
functional head groups, and spacers in molecular structure of gem-
ini surfactant, counterions and solvent [41-44].
2. Antimicrobial Activities

One of the most common applications of quaternary ammo-
nium compounds is the use as disinfectant due to their effective
antimicrobial activities. It has been reported that the antimicrobial
actions of these quaternary ammonium surfactants depend on sev-
eral factors, such as the length of alkyl chain and molecular struc-
ture [45]. In the present study, antibacterial and antifungal activities
of the synthetic compound 12-4-12 are demonstrated as shown in
Table 2 and Fig. 6. When compared to CTAB by the MICs in molar
concentration, 12-4-12 exhibited low activity against the tested Gram-
positive bacteria and fungi, but had higher efficiency in tested Gram-
negative bacteria. The reported efficacy of CTAB against each bac-

Fig. 5. Surface tension () as a function of cetyltrimethylammonium
bromide concentration in aqueous solution at 30 oC.

Table 1. Surface adsorption isotherm and thermodynamic parameters of tetramethylene-1,4-bis(N,N-dodecylammonium bromide) (12-4-12)
and cetyltrimethylammonium bromide (CTAB) in aqueous solution at 30 oC

Surfactant CMC (mM) CMC (mN/m) CMC (mN/m) max×1010 (mol/cm2) am (Å2) Gmic (kJ/mol) Gads (kJ/mol)
12-4-12 0.0649±0.005 29.0 41.0 0.193 857.8 34.418 34.417
CTAB 0.9878±0.002 37.0 33.0 1.122 148.1 27.560 27.570
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terial species varied depending on both the methods used [46] and
the strains of tested bacteria [47].

The MICs and MBCs of CTAB obtained from this study were
in the range of those previous published data, which are 1-512g/
mL (2-700M). Based on the differences in cell wall structure, which
are the heart of Gram stain reaction, bacteria can be divided into
two major groups: Gram-positive and Gram-negative. Gram-neg-
ative bacteria are in general more resistant to a large number of anti-
biotics and chemotherapeutic agents than are Gram-positive bacteria
[48]. It has been proposed that the killing action on Gram-positive
bacteria of cationic gemini surfactants depends on the hydropho-
bicity and amphiphilic properties of surfactant because of the neces-
sity of both electrostatic interaction with bacterial cell wall and
hydrophobic interaction with cell membrane [49]. Whereas, in
Gram-negative bacteria, lipopolysaccharide composition of their
outer membrane may prevent the entrance of some hydrophobic-
hydrophilic disinfectants, requiring higher concentration to inhibit
their growth. As expected, more susceptibility to disinfectant in
Gram-positive bacteria was seen in the present study similar to
many published documents [46,49-52].

In accordance with the report of the same class of synthetic gem-
ini surfactants by Kuaperkar and coworkers [52], the antimicro-
bial potency of our compound showed the same order of activity:
Gram-positive bacteria>fungi>Gram-negative bacteria. In terms
of antifungal activity, it has been proposed that fungal membranes
are composed of glucosamine and chitin, which makes cells more
rigid and harder to kill [49]. As shown in Fig. 6, the inhibitory effect
of 12-4-12 on mycelial growth of A. niger was comparable to CTAB
in the low range of concentration, but less effect was seen in the
higher concentration. Although the compound 12-4-12 obtained
from the present study showed relatively less efficacy to inhibit and
kill Gram-positive bacteria and fungi, the MICs in molar concen-
tration of 12-4-12 against all of tested Gram-negative bacteria were
lower than those of CTAB. Because of the high content of lipids in
the outer membrane, the cell wall of Gram-negative bacteria is rel-
atively resistant to dissociation by disinfectants and antiseptics [53].
The outer membrane of Gram-negative bacteria is also resistant to

detergents, especially anionic and neutral detergents.
The explanation is that the outer membrane of Gram-negative

bacteria has negative charges [54] and is impermeable to hydro-
philic macromolecules. It allows only restricted diffusion of hydro-
phobic compounds through its lipopolysaccharide-rich surface mem-
brane [55]. In addition to the charges and molecular sizes, lipid
solubility seems to be important to the antibacterial activity of de-
tergent against Gram-negative bacteria. Not surprisingly, it has been
demonstrated that more hydrophobic surfactants possess higher
antimicrobial potency [52]. It has also been shown that there is a
correlation between the CMC value of surfactants and their anti-
bacterial effects: the lower CMC, the more efficacy of antibacterial
activity [52,56].

Table 2. MICs and MBCs of tetramethylene-1,4-bis(N,N-dodecylammonium bromide) (12-4-12) and cetyltrimethylammonium bromide
(CTAB)

Test pathogens
CTAB 12-4-12

MIC (g/mL [M]) MBC (g/mL [M]) MIC (g/mL [M]) MBC (g/mL [M])
Gram-positive bacteria
S. aureus TISTR1466 002 [5.5] 004 [11] 016 [27] 016 [27]
S. epidermidis TISTR518 001 [2.7] 008 [22] 008 [14] 016 [27]
B. cereus TISTR687 008 [22] 008 [22] 032 [55] 032 [55]
Gram-negative bacteria
E. coli TISTR780 032 [89] 032 [88] 032 [55] 032 [55]
P. aeruginosa TISTR781 128 [351] 256 [702] 064 [109] 064 [109]
P. aeruginosa TISTR1287 256 [702] 256 [702] 128 [218] 128 [218]
S. typhi TIRTS292 064 [176] 064 [176] 032 [55] 064 [109]
Fungus
C. albicans TISTR5779 008 [22] 016 [44] 032 [55] 128 [220]

ND: Not determined

Fig. 6. Mycelial growth inhibition by tetramethylene-1,4-bis(N,N-do-
decylammonium bromide) (12-4-12) and cetyltrimethylam-
monium bromide (CTAB).
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CONCLUSIONS

The novel synthetic compound 12-4-12 of cationic gemini sur-
factant shows much better interfacial and thermodynamic proper-
ties, such as having lower critical micelle concentration, giving a
larger reduction of the surface tension, showing higher surface pres-
sure, requiring smaller amount of surfactant molecules to fully adsorb
at the air/water interface, having higher value of mean surface area
occupied by each surfactant molecule at the interface, and having
lower hydrophilic-lipophilic balance (HLB) value. The experimen-
tal result also reveals the antimicrobial activities of the synthesized
cationic gemini surfactant tested against eight strains of bacteria
and two strains of fungi. The experimental results showed that both
cationic gemini surfactant and conventional cationic surfactant
exhibited higher inhibitory effects on the growth of Gram-positive
bacteria and fungi than that of Gram-negative bacteria. The mini-
mum inhibitory concentrations in molar concentration of gemini
surfactant against all tested Gram-negative bacteria were lower than
those of a conventional cationic surfactant. It could be attributed
to the lower HLB and CMC values which indicate the higher lipid
solubility and better surface-active properties, respectively. Further
toxicity investigation of this compound is needed for its disinfec-
tant or antiseptic applications. In conclusion, the cationic gemini
surfactant which was synthesized from this study by a novel, one-
step, and short procedure without catalyst could be promising sur-
face active and antimicrobial agents.
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SYMBOLS

am : mean molecular area
Øc : radial growth of control
Øt : radial growth in treatment
max : the surface excess concentration
Gads : standard Gibbs free energy of adsorption
Gmic : standard Gibbs free energy of micellization
 : surface tension
o : surface tension of pure water
CMC : surface tension at the critical micelle concentration
CMC : effectiveness or surface pressure attained at the CMC
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