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A B S T R A C T

Gemini Cationic Surfactants (GCS) have garnered significant attention due to their distinctive molecular struc
ture, featuring two hydrophilic head groups associated with a hydrophobic spacer. This distinctive configuration 
enables diverse applications across various fields. Hence, the current study introduces a novel series of GCSs, 
ethanediyl-1,2-bis[di(2-hydroxypropyl) alkylammonium] dibromide (Cn-C2-Cn[IsoPr(OH)2; n = 9, 12 and 14) 
and comprehensively explore their properties, highlighting their promising antimicrobial activity. The synthesis 
of GCSs was validated using 1H NMR and IR spectroscopy. Dynamic Light Scattering was employed to determine 
the dimensions of Gemini surfactant aggregates in aqueous solutions. Surface tension analysis determined critical 
concentrations of micelle (CMC), minimum surface area (Amin) and concentration of surface excess (Γmax). 
Physicochemical properties were assessed through conductivity and surface tension analyses in aqueous solu
tions. The CMC, Amin and Γmax values decrease as alkyl chain length extends. Surface tension data revealed strong 
adsorption of GCSs at interfaces. π values (mN/m) ranged from 36.7 (C14C2C14[Iso-Pr(OH)]2) to 45.3 
(C9C2C9[Iso-Pr(OH)]2). Conductivity and surface tension measurements further characterized Gemini surfactants 
in aqueous environments at 298 K. The size of the micelle aggregates varied between C9C2C9[Iso-Pr(OH)]2 
(1.2885 nm) and C14C2C14[Iso-Pr(OH)]2 (1.9210 nm), highlighting the impact of chain length on micelle size. 
Hence, the study highlights significant effect of the chain lengths on Gemini cationic surfactants’ self-assembly in 
dilute aqueous environments. Antimicrobial tests demonstrated significant activity of Cn-C2-Cn[IsoPr(OH)]2 GCSs 
at varying concentrations. Antimicrobial tests showed the significant antimicrobial potential of these GCS 
compounds, suggesting their potential and promising applications in medical, hygiene, environmental sanitation 
and advanced materials sectors.

1. Introduction

Recently, there has been a surge of interest and investigation in the 
field of surfactant chemistry, particularly regarding a novel class of 
compounds called Gemini cationic surfactants (GCS) [1]. Their unique 
molecular architecture, characterized by two hydrophilic head groups 
linked by a hydrophobic chain has fascinated researchers and inspired 
extensive studies into their properties and potential applications. These 
surfactants exhibit enhanced physical and chemical characteristics [2], 
decreased critical concentration of micelle (CMC), improved solubility, 

foaming and moistening characteristics [3]. The symmetrical structure 
of GCSs, where hydrophobic and hydrophilic segments share similar 
configurations, plays a crucial role in micelle formation. Dimeric Gemini 
surfactants, distinguished by their lower CMC values require fewer 
molecules than their monomeric counterparts for micelle formation [4].

Gemini surfactants (GS) physicochemical properties are primarily 
determined by their molecular configurations, e.g., the charge of hy
drophilic portions, hydrophobic chain lengths and spacer length and 
nature. Cationic Gemini surfactants (CGS) are alkyl ammonium species 
with two long hydrophobic chains linked by nitrogen atoms and a spacer 
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chain which has proven essential in surfactant formation [5]. Distinctive 
from other surfactant types, alkyl ammonium-type surfactants exhibit 
exceptional surface activity and potent antimicrobial properties as 
demonstrated in the study of Moosavi et al. [6]. The outstanding prop
erties of Gemini surfactants are expanding their field of application over 
the years emerging in a variety of sectors, including hard surface 
cleaning, food processing and therapeutic applications [7]. Lately, a 
rising number of investigations have arisen regarding the exploration 
and investigation of cationic surfactants containing hydroxyl groups [8]. 
The hydroxyl group’s presence significantly impacts their critical 
micelle concentration, enhancing their potential effectiveness [9].

In Gemini ammonium-type cationic surfactant, the appearance of 
hydroxyl groups in both the spacer and functional group attached to 
nitrogen atom significantly influences adsorption and micelle formation 
properties. The aromatic or aliphatic group, shorter (CH2)2 or longer 
(CH2)6-12 methylene group, polar polyether group and rigid (stilbene, 
benzene or elastic polyethene) groups are used to control the division 
between the main groups [10]. In the domain of GCSs, various studies 
have highlighted the influence of structural modifications on activity 
and surface properties. As an antimicrobial property, the main feature of 
cationic surfactants is their electrostatic and hydrophobic effect on cell 
membranes [11]. Recent research efforts have focused on optimizing the 
efficacy of these surfactants at lower doses, yielding promising results. 
Additionally, it is noteworthy that certain conventional quaternary 
ammonium surfactants could also exhibit harmful side effects [12] by 
affecting cell biomembranes [13].

Currently, extensive research is being done to synthesize antimi
crobial surfactants with fewer adverse effects. In surfactants, alkyl chain 
lengthening is linked to a reduction in CMC values and an improvement 
in antimicrobial activity. For this reason, numerous references indicate 
that antimicrobial properties are contingent on both the critical con
centration of micelle value and the length of the alkyl chain. Thus, 
antimicrobial quality improves with decreasing CMC value. The 
adsorption of surfactants onto cell membranes increases while alkyl 
chain elongates [14]. Xu et al. [15] revealed the increased surface ac
tivity of Gemini CS compared to their monomeric counterparts, as well 
as the impact of the length of alkyl chains C12, C14 and C16 on their 
properties. They studied aggregation ability and surface activity prop
erties by various physicochemical methods. Further studies by Hussain 
et al. [16] synthesized amidoamine-type GCSs with rigid and flexible 
spacer groups, revealing that the trans-conformation GCS exhibited 
enhanced surface activity. Both spacer length and structure were high
lighted as playing a role, with the flexible hydrophilic spacer contrib
uting to efficient micelle formation [16].

Molecular-scale structural optimization appears to be crucial, as 
emphasized by Zhou et al. [17]. The ability to modify hydrophobic and 
hydrophilic head groups [18], along with spacer characteristics, offers 
an exciting opportunity to enhance surfactant performance [19]. Simi
larly, Taleb et al. [20] highlighted a systematic approach to synthesizing 
efficient cationic Gemini surfactants, which is based upon the reaction of 
quaternization for N,N,N′,N′-tetramethylalkylenediamine 2-bromo-N- 
(4-(alkyloxy) phenyl) acetamide species and retains a benzene ring 
held by the side chain. They investigated the interaction between the 
dimensions of the group spacers and the chain of alkyls, evaluating both 
colloidal and chemical variations as well as antimicrobial properties. 
Specifically, the spacer and hydrophobic chain were identified as key 
factors influencing aggregation performance [20]. The synthesis of 
Gemini CSs with hydroxyl groups in the head group has attracted more 
attention from researchers. These Gemini CSs, characterized by hy
droxyl groups in their hydrophilic fragment, exhibit unique properties 
compared to GCSs featuring other small alkyl groups (methyl, ethyl, and 
propyl etc.).

Nevertheless, current research in this field faces significant limita
tions, including limited comprehension of the effects of isopropylol 
groups, the necessity of comprehensive comparative analyses of struc
tural components, limited exploration of micelle aggregation kinetics 

and insufficient insight into the mechanisms driving antimicrobial po
tential. This study addresses these gaps by employing advanced tech
niques such as 1H NMR and FTIR spectroscopy to validate the chemical 
structure of these novel Gemini cationic surfactants (GCSs). Hence, this 
study conducted a thorough comparative analysis, highlighting the in
fluence of isopropyl groups on crucial parameters, like critical concen
tration of micelle, minimum surface area (Amin) and excess surface 
concentration (Γmax). Furthermore, the mechanisms behind the prom
ising antimicrobial potential of these Gemini CSs are elucidated by in- 
depth antimicrobial testing at different concentration ranges (8, 4 and 
2 mg/mL). In tandem, the aggregate size distribution established in 
aqueous systems of the synthesized Gemini surfactants utilizing Dy
namic Light Scattering (DLS) was also assessed, offering a comprehen
sive view of their behaviour. Current research foreshadows Gemini’s 
potential application in eco-friendly and efficient drug delivery systems, 
thereby enhancing the precision and effectiveness of pharmaceutical 
delivery.

2. Experimental procedures and materials

“Organic Synthesis” plant provided propylene oxide (99.97–99.98%) 
(Sumgait, Azerbaijan). Ethylenediamine (UK), 1-bromononane (Ger
many) and 1-bromododecane (UK) were from Alfa Aesar and 1-bromo
tetradecane (Japan) was provided by Sigma-Aldrich. Structural 
characterization tools, including NMR and FTIR spectroscopy, were 
utilized to support the molecular composition of all synthesized Gemini 
surfactants (GS). FTIR data was collected using KBr disks on ALPHA FT- 
IR spectrometer (Bruker) [21]. 1H NMR spectra were acquired utilizing a 
Bruker TOP SPIN spectrometer operating at selected frequencies. 
Chemical shifts (δ scale was in ppm) were referenced to TMS and CDCl3 
was utilized as solvent [22]. To analyse the distribution of aggregate 
dimensions formed in water-based systems of the prepared Gemini 
surfactants, Dynamic Light Scattering (DLS) analysis was performed at 
298.15 K utilizing an analyser for particle size (HORIBA LB-550, Japan). 
With a650 nm laser diode emitting light at a power of 5 mW was used for 
illumination. The size measurement range encompassed dimensions 
from 1 nm to 6 μm [23]. Sample concentrations of 0.1, 0.2 and 0.3% 
were utilized, with each sample subjected to a minimum of three mea
surements. The diffusion coefficient distribution (D) of the solutes was 
determined through the analysis of diffusion data using the CONTIN 
technique applied to the correlation function [24]. Furthermore, the 
equivalent apparent hydrodynamic diameter (Dh) is evaluated by the 
Stokes-Einstein equation in Table 1 (Eq. (1)), where k is the constant of 

Table 1 
Equations employed for determination of surface tension and electrical con
ductivity analysis.

Equation name Equation Equation 
number

Reference

Equivalent apparent 
hydrodynamic 
diameter

Dh = kTÃ⋅3πηD (1)
[20]

Gibbs free energy of 
micellization

ΔG◦

m = RT(1+2β)lnXCMC (2)
[59]

Standard Gibbs free 
energy of adsorption

ΔG◦

ad =

ΔG◦

m − πCMCÃ⋅Γmax

(3)
[26]

Maximum surface excess 
concentration

Γmax =
− 1
nRT

× (
dγ

dlnC
)T

(4)
[27]

Minimal area per 
surfactant molecule

Amin = 1016 × (NAΓmax)
− 1 (5)

[28]

Surface tension 
reduction

πCMC = γ0 − γCMC (6)
[29]

Critical packing 
parameters

P =
V

a0×lC

(7)
[60]

Volume of hydrophobic 
chain

V =

(0.0274+0.0269nn)nm3
(8)

[60]

Critical length of 
hydrophobic chain

l0 =

(0.0274+0.1265n)nm
(9)

[61]
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Boltzmann, T is the absolute temperature and η is the coefficient of 
viscosity for solvent [20].

2.1. Preparation method for Gemini cationic surfactants

The product was synthesized in two stages outlined in Fig. 1. Firstly, 
N,N,N′,N′-tetrakis(2-hydroxypropyl) ethylenediamine was produced by 

reacting ethylenediamine and propylene oxide reacted at a 1:4 M ratio 
[24]. Structural confirmation of obtained N,N,N′,N′-tetrakis(2-hydrox
ypropyl) ethylenediamine was conducted using NMR and IR spectros
copy methods. Subsequently, symmetric CGS synthesis involved 
combining 0.1 mol of product from the first step with 0.2 mol of alkyl 
bromide (n = 9, 12, and 14). The mixture was continuously agitated at a 
temperature of between 75 and 85 ◦C using a magnetic stirrer and a 

Fig. 1. Experimental setup from the current study of Gemini cationic surfactant synthesis.

Fig. 2. FTIR spectras; (a) C9C2C9[Iso-Pr(OH)]2, (b) C12C2C12[Iso-Pr(OH)]2 and (c) C14C2C14[Iso-Pr(OH)]2 for obtained Gemini surfactants.
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heating device for 24 h [20]. Following rinsing with hexane, the mate
rial was subjected to four to five cycles of recrystallization using an 
acetone/ethanol solvent and was then vacuum-dried for 6–8 hr, yielding 
the product with an estimated 93% reaction efficiency. The efficiency of 
the reaction was approximately 93%. The obtained compounds exhibi
ted a purity level of 95–97%. Obtained from N,N,N′,N′-tetrakis (2- 
hydroxypropyl) ethylenediamine and tetradecyl bromide, CnC2Cn[iso-Pr 
(OH)]2 is freely soluble in organic solvents like acetone, ethanol, ethyl 
acetate and water, slightly soluble.

2.2. Surface tension and electrical conductivities analysis

For the solutions of surfactants, the air–water interfaces and their 
tensions of surface were studied via a KSV Sigma 702 tensiometer 
(Finland) with a du Nouy ring and the ring detachment method. Before 
measuring, the samples were mixed with the double distilled water and 
the tension of surface at the perimeter of the double distilled water and 
the air was validated to be 72 mN/m. Three measurements were per
formed for each sample. The analyses were conducted at 298 K 
considering a temperature difference of 0.01 K. All the measurements 
were precise to within ±0.2 mN/m. The micellization Gibbs free energy 
for dimeric surfactants, ΔG0

m, was derived from the molar fraction at the 
micelle critical concentration, XCMC and the extent of dissociation for 
counterion (Eq. (2)) in Table 1. Here, R is the gas constant, universal 
(8.314 J/mol K); β denotes the degree of binding for counterions; XCMC is 
the CMC in mole fraction (XCMC=CMC/55.4), with units mol/L [25]. The 
constant 55.4 is calculated from 1 L to 55.4 mol equivalency of water at 
298 K.

Since thermodynamically stable micelles form spontaneously, en
ergy values without micellization are negative. The adsorption ΔG0 was 
determined by the equation shown below (Eq. (3)) [26]. The concen
tration maximum surface excess at CMC (Γmax) was derived from the 
equation given for Gibbs energy (Eq. (4)). Where γ refers to the tension 
of surface at CMC and C is the surfactant used concentration in an 
aqueous system [27]. The factor dγ/dlogC was derived from the slopes 
of the linear graphs of γ versus logC immediately before the CMC (Fig. 2) 
in Table 1. The γ-log concentration diagrams offer information about the 
surface occupancy per molecule at the interface of air water as well as 
efficiency of the used surfactant. The minimal area per molecule of 
surfactant (Amin) at the air–solvent boundary was derived from equation 
(Eq. (5)). Where NA is the constant of Avogadro [28]. The efficiency of 
reduction for CMC surface tension (ΠCMC), one of the surface parame
ters, is employed to assess the effectiveness of CnC2Cn[iso-Pr(OH)]2 
surfactants in reducing water surface tension.

In general, a higher value of πCMC indicates greater effectiveness of 
the surfactant. The determined ΠCMC is calculated as given in Eq. (6). 
Where γ0 and γCMC denote the surface tensions of double distilled water 
and Cn-s-Cn cationic surfactants aqueous solution at CMC, respectively 
[29]. The critical packing parameters (CPP or P) of the produced Gemini 
surfactants were calculated (Table 1) (Eq. (7)). Here, a0 is the sectional 
area of the group which has hydrophilic head of the molecule of sur
factant (nm), V is the volume of the hydrophobic chain (nm3) and l0 is 
the critical length of the hydrophobic chain (nm) (≤max it can be 
stretched) [30]. When analysing the Gemini surfactants in question, a0 
= Amin, V and l0 were calculated using the Eqs. (8) and (9). Here, n is the 
carbon atom number in the micelle alkyl [31]. Various Gemini surfac
tant concentration solutions in the range from 0.001 to 2% were pre
pared and their specific electrical conductivities (κ) were recorded by an 
“ANION 4120” conductometer at 298 K. The measurements were 
repeated three times. Double distilled water, with a specific electrical 
conductivity varying from 1.2 to 1.5 μS/cm at the indicated temperature 
(temperature fluctuation: ±0.1 K), was utilized to prepare the aqueous 
solutions. Uncertainty of measurement turned out to be a relative error 
of no more than ±2%.

2.3. Antibacterial and antifungal activity analysis

The antimicrobial characteristics of the surfactants were evaluated 
utilizing the disk diffusion method. Laboratory strains were obtained 
using thick (Staphylococcus aureus, Pseudomonas aeruginosa) and thin 
cell-walled (Escherichia coli) bacteria and the fungi Candida albicans. 
Bacteria with varying cell wall thicknesses were grown on Sabouraud 
medium, while the fungus mentioned was grown on peptone agar. Mi
crobial suspensions were prepared with a concentration of 1 billion cells 
per millilitre, following the method of disk diffusion each suspension 
was applied to the surface of corresponding nutritive medium using 
buffers. Sterile paper disks, 6 mm in diameter, were soaked with three 
different concentrations (8, 4, and 2 mg/mL) of each CGA and placed on 
cultured medium containing bacteria and fungi [32]. The plates were 
kept at 37 ◦C for 24 h. The antimicrobial activity was investigated by 
evaluating the diameter of zone of inhibition (in mm). This procedure 
was repeated three times, utilizing sterile water as a negative probe.

3. Results and discussion

3.1. Spectral characteristics of prepared surfactants

FTIR spectra of the prepared compounds showed absorption bands 
given in Fig. 2. The band with very strong intensity at 3378 cm− 1 is 
attributed to O–H group vibrations. The peaks at 2855 cm− 1 and 2921 
cm− 1 could correspond to the asymmetric and symmetric vibrations of 
the CH2 groups. The band at 1088 cm− 1 corresponds to the stretching 
vibration of C–N+ bond, while the band at 722 cm− 1 assigns to the 
rocking vibration of CH₂ groups. The FTIR spectra confirmed the exis
tence of the desired functional groups. Similarly, C12C2C12[Iso-Pr(OH)]2 
show very strong intensity at 3372 cm− 1 is assigned to the O–H group 
vibrations. The peaks at 2851 cm− 1 and 2920 cm− 1 could be assigned to 
the symmetric and asymmetric vibration of CH2 groups. The bands at 
1474 cm− 1 and 1313 cm− 1 are a result of CH2 and CH3 bending vibra
tions, respectively. At 1084 cm− 1, the band corresponds to the stretching 
vibration of C–N+ bond and for 721 cm− 1, corresponds to the rocking 
vibration of CH₂ groups. This reveal is in accordance with the study of 
Hussain et al. [21], who studied three cationic poly(ethylene oxide) 
Gemini surfactants (GSs) containing rigid and flexible spacers. Finally, 
the FTIR spectra of C14C2C14[Iso-Pr(OH)]2 show the following absorp
tion bands at 720 cm− 1 (CH2 rocking), 1082 cm− 1 (C–N+), 2919 and 

Fig. 3. 1H NMR spectrum; (a) C9C2C9[Iso-Pr(OH)]2, (b) C12C2C12[Iso-Pr(OH)]2 
and (c) C14C2C14[Iso-Pr(OH)]2 for obtained Gemini surfactants.
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2850 cm− 1 (C–H in –CH3 or –CH2–), 3363 cm− 1 (–OH) corrobo
rating the presence of the intended groups in each of prepared 
compound.

In agreement with our findings, Vasileva et al. [33] reported similar 
trends in a novel homologous series of Gemini dicationic surfactants 
(where n = 10, 12, 14). The 1H NMR spectra of representative cationic 
Gemini surfactants (300 MHz, DMSO‑d6, δ/ppm) are shown in Fig. 3. 
For C9C2C9[Iso-Pr(OH)]2, the NMR spectrum reveals distinct peaks, with 
chemical shifts at 0.84 (triplet, 6H, a-H), 1.01 (doublet, 12H, b-H), 1.26 
(multiplet, 40H, c-H), 1.74 (multiplet, 8H, d-H), 3.19 (triplet, 8H, e-H), 
3.76 (doublet, 8H, f-H) and 4.19 (multiplet, 8H, g-H). These peaks 
provide insights into the structural features of C9C2C9[Iso-Pr(OH)]2. For 
C12C2C12[Iso-Pr(OH)]2, NMR spectrum exhibits peaks similar to C9C2C9 
[Iso-Pr(OH)]2, with chemical shifts at 0.84 (triplet, 6H, a-H), 1.01 
(doublet, 12H, b-H), 1.26 (multiplet, 40H, c-H), 1.74 (multiplet, 8H, d- 
H), 3.19 (triplet, 8H, e-H), 3.76 (doublet, 8H, f-H) and 4.19 (multiplet, 
8H, g-H).

The prominent peak at 2.24 ppm in 1H NMR spectrum of substance 
C12C2C12[Iso-Pr(OH)]2 likely corresponds to the protons in isopropyl 
groups. This is because protons in alkyl chains typically resonate around 
0.8 to 2.0 ppm in 1H NMR spectrum and isopropyl groups would 
contribute to this region due to their alkyl nature [34]. The specific 
chemical environment of these protons, likely influenced by the neigh
bouring carbon atoms and any adjacent functional groups, could cause 
slight variations in their chemical shift. For C14C2C14[Iso-Pr(OH)]2, its 
NMR spectrum displays peaks with chemical shifts at 0.83 (triplet, 6H, a- 
H), 1.02 (doublet, 12H, b-H), 1.25 (multiplet, 40H, c-H), 1.76 (multiplet, 
8H, d-H), 3.19 (triplet, 8H, e-H), 3.41 (doublet, 8H, f-H), and 4.31 
(multiplet, 8H, g-H). These NMR shifts reflect the unique structural at
tributes of C14C2C14[Iso-Pr(OH)]2. This analysis is consistent with the 
study of Parikh et al. [35] for a cationic GS series with differing alkyl 
chain lengths (n = 12 and 14).

3.2. Surface activity analysis

Surface tension results are utilized to determine surface activity of 
CGS solutions. The surface activity of CGS mixtures was evaluated across 
a series of different concentrations at values below and above CMC as 
shown in Figs. 4 and 5. Values of various surface properties (ΔG0

m, ΔG0
ad, 

Amin, Γmax and πCMC are highlighted in Table 2. The surface tension of 
aqueous CGS solutions exhibited a linear decrease as the increase in 
concentration was observed. This trend leads to the identification of two 
distinct stages within the surfactant solution. It’s important to 

Fig. 4. Conductometric isotherms; (a) C9C2C9[Iso-Pr(OH)]2, (b) C12C2C12[Iso-Pr(OH)]2 and (c) C14C2C14[Iso-Pr(OH)]2 for obtained Gemini surfactants.

Fig. 5. Surface tension versus natural logarithmic concentration plot; (a) 
C9C2C9[Iso-Pr(OH)]2 (b) C12C2C12[Iso-Pr(OH)]2 and (c) C14C2C14[Iso-Pr(OH)]2 
for obtained Gemini surfactants.

S.Z. Hashimzada et al.                                                                                                                                                                                                                         Journal of Molecular Liquids 413 (2024) 126012 

5 



emphasize that measurement of surface tension is a classic method for 
investigating and evaluating the critical micelle concentration of sur
factants. CMC values could be easily identified by observing the 
breaking point in surface tension instead of relying solely on concen
tration curves. According to a study by Hao et al. [36], the critical 
concentration of micelle (CMC), and the surface tension of the tested 
solution gives a rapid decrease with increasing concentration of sur
factant. In addition, Betiha et al. [37] demonstrated that as the alkyl 
chain length increased, the surface activity of the compounds exhibited 
a gradual and noteworthy improvement, underscoring the effect of alkyl 
chain length on the effectiveness of reducing surface tension. Wang et al. 
[38] observed a clear correlation between surfactant concentration and 
surface tension, where higher surfactant concentrations led to reduced 
surface tension, possibly attributed to molecular entanglement [38].

A variety of surface tension (γ) at 298 K as a dependent on concen
tration is given in Fig. 5. The obtained CMC values, along with other 
parameters for surface activity are listed in Table 2. The results indicate 
that Gemini surfactants carry longer hydrophobic chains which increase 
the minimum surface tension of CnC2Cn[iso-Pr(OH)]2 and have a 

diminished CMC value of surfactant. Increased hydrophobic interaction 
among longer alkyl chains, C9–C14, gradually decreases CMC value. This 
trend is consistent with conventional surfactants, as shown in the 
research of Sarikaya et al. [39]. Conversely, the surface tension value of 
the synthesized surfactants ranged between 26.5 and 31.5 mN/m, 
whereas in the case of alkyl chain lengths (n) equal to 8, 10 and 12, as 
synthesized by Ren et al. [40] this parameter was notably higher with 
the value of 35–39 mN/m. Diverse perspectives among researchers have 
led to varying viewpoints regarding the fluctuations in the price of Amin. 
Some studies suggest that an increase in the value of Amin is influenced 
by the larger size of GCS molecule. Conversely, other researchers pro
pose that this effect is associated with the more compact packing of GCS 
molecules [41]. In the context of this investigation, it was observed that 
the value of Amin exhibited an upward trend as the length of alkyl chain 
increased from C9 to C14. This phenomenon highlights the effect of alkyl 
chain length on the price of Amin. Higher πCMC values correspond to 
improved GCS properties. Among the surfactants studied, GCS with a C9 
alkyl chain has a remarkably higher πCMC value. Therefore, GCS with 
alkyl chain length 9 is more efficient than other surfactants, showing a 

Table 2 
Gemini surfactants properties overview regarding Gibbs free energy, packaging and surface activity.

Gemini surfactants β Γmax × 1010 (mol/ 
cm2)

Amin 

(Å2)
γCMC (mN/ 
m)

π (mN/m) l0 (nm) V (nm 3) Amin 

(nm)
P ΔGmic (kJ/ 

mol)
ΔGad

C9C2C9[Iso-Pr(OH)]2 0.45 0.89 ± 0.02 191.1 26.7 ± 0.5 45.3 ±
0.5

1.2885 0.2695 1.504 0.31 − 29.18 ±
0.02

− 35.42 ±
0.01

C12C2C12[Iso-Pr 
(OH)]2

0.42 0.85 ± 0.01 194.6 33.1 ± 0.3 38.9 ±
0.3

1.6680 0.3502 1.203 0.35 − 27.52 ±
0.01

− 32.08 ±
0.01

C14C2C14[Iso-Pr 
(OH)]2

0.38 0.84 ± 0.02 197.4 35.3 ± 0.3 36.7 ±
0.3

1.9210 0.4040 0.877 0.48 − 26.44 ±
0.04

− 30.80 ±
0.04

Fig. 6. DLS measurements of the size distributions; (a) C9C2C9[Iso-Pr(OH)]2, (b) C12C2C12[Iso-Pr(OH)]2 and (c) C14C2C14[Iso-Pr(OH)]2 at different concentrations 1, 
2 and 3 wt%.

S.Z. Hashimzada et al.                                                                                                                                                                                                                         Journal of Molecular Liquids 413 (2024) 126012 

6 



lower surface tension value than GCS with lengths of alkyl chain C12 and 
C14 [42].

Extending the alkyl chain length in the hydrophobic segment of both 
Gemini surfactant groups consistently influenced several key parame
ters. These included critical packing concentration (CPC), critical con
centration of micelle (CMC), maximum excess surface concentration 
(Γmax), beta (β), Gibbs free energy of micellization and adsorption 
(ΔGmic and ΔGad), minimum surface area (Amin) and pC20 values. The 
nature of alkyl chain length and spacer notably affected the micellar 
microenvironment, highlighting the significant relationship between 
alkyl chain length and the properties of Gemini surfactants [35]. As 
shown in Table 2, surfactants’ P values are in the range 1/3 < P < 1/2, 
indicating that they form cylindrical micelles in aqueous solutions [43]. 
The data in Table 2 reveals that the counterion coupling degree of GS 
diminishes as the alkyl chain lengthens. Consequently, longer alkyl 
chains and an increased number of isopropyl groups in the hydrophilic 
part inhibit the recombination of dissociated counterions with the 
ammonium group.

Therefore, in these cases the value of α increases while that of β 
decreases. The values of Γmax and πCMC exhibit an inverse relationship to 
the length of the alkyl chain and the isopropyl group number in the 
hydrophilic portion. The Gibbs free energy changes of the micellization 
and adsorption procedures of the synthesized surfactants decrease with 
chain lengthening and increase with a growing number of isopropyl 
groups. Singh et al. [44] suggest that the micellar interaction parameter 
(βm) is influenced by the spacer type in cationic Gemini surfactants, 

showing stronger attractive interactions with 16-Isb-16 as the spacer. 
This aligns with prior research indicating that shorter spacer chains 
result in reduced βm in cationic Gemini mixtures, underlining the com
plex link between spacer chain length and βm [44].

3.3. Specific electrical conductivity

Initially, the conductivity increases linearly as a function of the 
surfactants’ concentration. Subsequently, an intersection with another 
linear dependence appears. The intersection points of these two lines 
agree to the critical micelle concentration, as illustrated in Fig. 4 and 
Table 2. This indicates the activity of GCS molecules and as a result, the 
formation of a micelle, which is accompanied by an increase in their 
permeability. The conductivity curves provide insight into several pa
rameters, including the critical micelle concentration, Gibbs free energy 
of micellization and the degree of ionization. Recent studies have 
increasingly focused on hydroxyl group-containing GCSs. Their critical 
micelle formation density is extremely low because the value of CMC in 
GCSs is smaller when the hydrophilic part has a hydroxyl group as stated 
in the study of Zhao et al. [45]. In GCSs of the ammonium type, the 
hydroxyl group can be present both in the spacer and in the functional 
group attached to the nitrogen atom. The adsorption and micelle for
mation properties of GCSs are primarily influenced by their molecular 
structure [46]. Therefore, GCSs can be precisely tailored at the molec
ular level through structural modifications. This customization could be 
achieved by altering the hydrophobic alkyl chains [47], hydrophilic 

Fig. 7. The effects of antimicrobial activities; (a) C9C2C9[Iso-Pr(OH)]2, (b) C12C2C12[Iso-Pr(OH)]2 and (c) C14C2C14[Iso-Pr(OH)]2 at three different concentrations.
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head groups, length and composition of the spacer. Among the surfac
tants studied, the nonyl bromide-based surfactant stands out with its 
notably higher electrical conductivity compared to other surfactants. As 
its concentration increases, its electrical conductivity follows suit, dis
playing a consistent trend. This trend is in line with the findings 
observed by Rauniyar et al. [48] who similarly observed that increasing 
surfactant concentration led to a rapid rise in electrical conductivity.

3.4. Analysis of aggregates morphology

Fig. 6 shows DLS size distribution for aggregates formed by Gemini 
surfactants with C9, C12 and C14 alkyl chains. Fig. 6(a) shows that the 
aggregate diameter for C9–C2–C9[iso-Pr(OH)]2 GS in an aqueous solu
tion remains constant at 8–200 nm, regardless of concentration. In Fig. 6
(b), C12–C2–C12[iso-Pr(OH)]2 Gemini surfactant exhibits aggregate di
ameters ranging from 50 to 200 nm, with a partial increase when the 
concentration is tripled. Conversely, Fig. 6(c) reveals that the 
C14–C2–C14[iso-Pr(OH)]2 Gemini surfactant’s aggregate diameter in
creases with higher concentration, increasing from 80 to 120 nm with a 
three-fold concentration increase. This highlights the inverse relation
ship between aggregate diameter and alkyl chain length for Gemini 

surfactants in low-concentration aqueous solutions. Parikh et al. [35]
employed Dynamic Light Scattering (DLS) to reveal that the size of the 
micelles is notably influenced by the nature of the spacer, enhancing our 
understanding of surfactant behaviour.

3.5. Antimicrobial and antifungal analysis

In Fig. 7, the findings depict the antimicrobial properties displayed 
by the synthesized Gemini surfactants and their correlation with varying 
concentrations. Notably, heightened sensitivity against gram-positive 
bacteria is observed. C9–C2–C9[iso-Pr(OH)]2 and C14–C2–C14[iso-Pr 
(OH)]2 exhibited effective antibacterial characteristics against S. aureus, 
while C14C2C14 [iso-Pr(OH)]2 and C9C2C9[iso-Pr(OH)]2 demonstrate 
their antimicrobial properties best against E. coli and Candida albicans, 
respectively (Fig. 7). However, from C9 to C12, there is a partial decline 
in antimicrobial activity, possibly due to surfactant diffusion in the 
environment. The antibacterial efficacy of GCS escalates with increasing 
concentration, potentially impacting bacterial membranes via positively 
charged hydrophilic groups (Fig. 7). The penetration of molecules into 
the membranes of bacterial and fungal cells is facilitated by the 
composition of negatively charged microbial cell walls as mentioned 

Fig. 8. (a) SEM images of anionic-nonionic Gemini surfactants (GEOnS-m) aggregate with their vesicle, spherical and rodlike micelles. Reproduced with permission 
from [51]. Copyrights©, Elsevier 2024. (b) Obtained TEM images of Gemini surfactants at different concentrations for micelles which are; (A) spherical, (B) single 
rod-shaped, (C) aggregated rod-shaped, (D) composite rod-shaped structure, (E) multilayer, complex structure and (F) ring-like structure in solution of surfactin [52]. 
(c) TEM and SEM images of spherical structure of cationic Gemini surfactants synthesized by utilizing aromatic spacers with different chain lengths. Reproduced with 
permission from [53]. Copyrights©, Elsevier 2018. (d) Morphology of surfactants by; (A) cryo-TEM image of (micelles and vesicles are denoted by black arrows) and 
(B) area-selected ESI images (TEM) of a dried sample [54]. (e) FE-SEM image of micelles which have reverse morphology of the prepared Gemini surfactant [55].
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previously in the study of Hao et al. [36]. This penetration process in
volves a combination of electrostatic and hydrophobic interactions. As 
discovered by Bao et al. [49], the penetration of GCS molecule into the 
membrane of the cell is correlated with the length of the alkyl chain. 
This association highlights the dependence of antimicrobial efficiency 
on the length of the alkyl chain. Through current extensive research 
endeavours, a clear trend emerged, indicating that surfactants possess
ing a C9 alkyl chain length exhibited a more prominent overall effect. In 
contrast, the study conducted by Pisarčik et al. [50] gave a different 
perspective, suggesting that surfactants with a C12 alkyl chain length 
displayed increased efficacy against both bacteria types.

3.6. Exploring micellization

The micellization process orchestrates the assembly of surfactant 
molecules within a solution, giving rise to diverse structures such as 
spherical, cylindrical, or double micelles. In the study of Liang et al. [51]
was found that with the increase in ethylene oxide content (EO) number 
of synthesized anionic-nonionic Gemini surfactants (GEOnS-m) aggre
gate showed micelles which were vesicle, spherical and rodlike shapes 
as given in Fig. 8(a). Jiang et al. [52] investigated the morphological 
characteristics and structural formation of micelles under varying con
centrations of surfactant solutions, utilizing negative staining tech
niques. Through transmission electron microscopy (TEM), they 
elucidated the micellar structures. Their study revealed that surfactants 
form spherical micelles only at low concentrations, with a noted 
decrease in micelle size as the concentration increased. The researchers 
prepared surfactant solutions at concentrations of 27.6, 18.9, 6.6 and 
2.9 g/L to observe these phenomena. Upon examining the micellar 
structures in fermentation solutions, they monitored any structural 
changes.

Fig. 8b(A) depicts spherical micelles, while Fig. 8b(B) shows the 
micellar configuration at a concentration of 2.9 g/L, where rod-shaped 
micelles were identified. In Fig. 8b(C-D), composite rod-shaped mi
celles were observed in the solution at 6.6 g/L. As the concentration 
increased to 18.9 g/L, the rod-shaped micelles began to coalesce, 
forming more defined structures, as given in Fig. 8b(E). Finally, at the 
highest concentration of 27.6 g/L, the formation of spherical micelles 
was observed, as shown in Fig. 8b(F). Similar results were obtained in 
the study of El-Said et al. [53] as shown in Fig. 8(c). In the study of Bitter 

et al. [54] was identified the presence of large spherical aggregates 
alongside smaller micelles in synthesized surfactant solutions, utilizing 
cryo-transmission electron microscopy (cryo-TEM), as illustrated in 
Fig. 8(e). Furthermore, Aggrawal et al. [55] employed field emission 
scanning electron microscopy (FE-SEM) to investigate 12-8-12 reverse 
micelles. Their analysis revealed micelles with a spherical structure, as 
given in Fig. 8(f). The predominance of spherical micelle formation is 
intricately tied to a Critical Packing Parameter (P) of the twin set of 
active substance molecules, ensuring P is less than or equal to 1/3 (P ≤
1/3).

Within these spherical micelles, hydrophilic groups actively partic
ipate in electrical and hydrogen bonds, while London forces intricately 
bind the hydrophobic groups. A critical contributing factor in this dy
namic process is the unique molecular structure of Gemini cationic 
surfactants, featuring two hydrophilic heads and hydrophobic tails 
within a single molecule. This distinctive configuration plays a pivotal 
role in spontaneous self-assembly, resulting in enhanced surface activity 
and performance. The culmination of these interactions manifests as the 
formation of spherical micelles when a surfactant aggregates in an 
aqueous medium, as depicted in Fig. 9. Changes in physicochemical 
properties at various surfactant concentrations, both pre-and post- 
micellization, provide valuable indicators for assessing micellization 
parameters. The assessment of CMC for the synthesized cationic Gemini 
surfactants showing the relationship between concentration (mol/L) and 
specific conductivity values (μS/cm) is given in Fig. 4.

It exhibits a linear increase in conductivity within both the pre- 
micellar and micellar concentration ranges of the surfactant, with 
distinct slopes observed in each of these regions [56]. This underscores 
the significant impact of the molecular structure of Gemini surfactants 
on the determination of CMC values [57]. The counterion dissociation 
degree (α) is evaluated by comparing the slopes observed in the linear 
segments before and after the breakpoint at CMC. The counterion 
binding degree (β), representing the number of counterions in the Stern 
layer that counterbalances the electrostatic force resisting the formation 
of micelles and counterion dissociation, is calculated using the formula: 
β = 1 − α. Table 2 reveals that β values rise as the alkyl chain length 
decreases. This behaviour is related to the heightened density of surface 
charge of the micelles, indicating a departure from the results reported 
by Jia et al. [58].

Fig. 9. Overview of the formation of the spherical micelles when a surfactant aggregates in an aqueous medium.
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4. Conclusion

A novel series of cationic Gemini surfactants (Cn-C2-Cn[iso-Pr 
(OH)]2, n = 9, 12 and 14) were successfully synthesized, followed by a 
comprehensive evaluation of their performance in the aqueous envi
ronment. FTIR spectra confirmed the presence of vital functional groups, 
O–H group peak at 3378 cm− 1 and C–N+ bond stretching at 1088 
cm− 1. 1H NMR spectra revealed distinct peaks corresponding to various 
molecular segments, enriching the understanding of GS chemical com
positions. The investigation focused on aqueous interfacial activities, 
aggregation behaviour and antimicrobial efficacy. Remarkably, anti
microbial tests against bacteria and fungi, Staphylococcus aureus and 
Candida albicans, unveiled the significant antimicrobial potential of 
C12–C2–C12 GS at a concentration of 8 mg/L. This finding underscores 
the potential for tailored surfactant design to combat microbial patho
gens effectively. This study showcased the substantial impact of the 
hydrophobic chain length on the physicochemical characteristics of GS. 
Surface tension and electrical conductivity measurements at 298 K 
highlighted these effects, revealing distinct CMC values for different 
surfactants. Specifically, the CMC value for C9C2C9[Iso-Pr(OH)]2 was 
0.31, while C14C2C14[Iso-Pr(OH)]2 had a CMC value of 0.48. These 
surfactants demonstrated varying packing properties, with C12–C2–C12 
having a packing value of 1.203 nm, C9–C2–C9 1.504 nm and C14–C2–C14 
0.877 nm, reflecting the customized nature of their packing in the 
aqueous environment. Insights into aggregate sizes provided by DLS 
measurements further emphasized the role of alkyl chain length, with 
C14-based surfactants displaying smaller aggregate sizes compared to 
others. This research highlights the suitability of the methodologies 
employed while emphasizing the antimicrobial potential of specific GS. 
Despite acknowledging its limitations, this research provides valuable 
information in this field and paves the way for further research, 
including a broader spectrum of microorganisms and analysis, such as 
TEM analysis. Future work in this area may lead to advancements in the 
development of antimicrobial agents, addressing critical challenges in 
various applications.
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