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Abstract: 

Three groups of pyrrolidinium headgroups based Gemini surfactants 1, 1'-(propane-1, 3-diyl) 

bis (1-alkyl pyrrolidinium) bromide, in categories of the symmetric CmC3CmPB (m = 10, 12, 14), 

the dissymmetric CmC3C14PB (m = 10, 12, 14) and CmC3CnPB (m = 8, 10, 12, m + n = 24), are 

studied by equilibrium surface tension, conductivity, fluorescence, and NMR techniques. The 

importance of the dissymmetry on the micellization has been revealed in detail. The increase in 

the hydrophobic chain length m for CmC3CmPB and CmC3C14PB or in the dissymmetry (n/m) for 

CmC3CnPB can strengthen the aggregation ability and surface activity of surfactants significantly, 

i.e., the lower critical micelle concentration (cmc) and the lower surface tension at cmc 

(γcmc).However, the aggregation number at cmc (N
*
) obeys the opposite variation tendency that it 

becomes smaller upon increasing m or n/m due to the formation of premicelles. Thermodynamic 

results reveal that the contribution of enthalpy ( 0

m
H∆ ) to Gibbs free energy ( 0

mG∆ ) is strengthened 

by increasing m or n/m during the spontaneous micellization process. Moreover, 
1
H NMR results 

confirm the microenvironment changes of surfactants from polar water circumstance into micelles 

during the micellization, and 2D Noesy NMR spectra suggest that the location of methylene 

groups in the ring should adopt a confirmation toward the nonpolar micellar core rather than in the 

polar water circumstance. 

 

Keywords: 

Dissymmetric Gemini surfactant; surface tension; critical micelle concentration; aggregation 

number; thermodynamics of micellization 
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1. Introduction 

Interests on surfactants, especially in developing those with new structures and functions 

[1~3], fabricating novel self-organized assemblies [4~6], and revealing their interactions on the 

molecular level [7, 8], have grown in the past decades. Undoubtedly, Gemini surfactants, the 

"dimers" of single-tailed surfactants covalently connected by a spacer group [9, 10], are one of the 

most attractive categories. Gemini surfactant shows overwhelming superiority in physicochemical 

properties according to its monomeric type, such as remarkably low critical micelle concentration 

(cmc) and high surface activity [9~11]. As results, they exhibit better foaming, wetting and 

solubilization capabilities, and therefore are applied widely in the fields of drug delivery, 

nano-material, and functional materials preparation etc. [12~15]  

The m-s-m type Gemini surfactants (alkanediyl-α, ω-bis (dimethyl-alkylammonium bromide)) 

are the most studied, both the hydrophobic chain length and the spacer length of them affect the 

physicochemical properties much [16~20]. The chemical incorporation of heterocycle headgroups, 

such as pyrrolidinium, hexahydropyridine and imidazolium groups, have significant effects on the 

physicochemical properties of surfactants [21~25]. Compared with the symmetric m-s-m type 

Gemini surfactants, those having the dissymmetric hydrophobic chain (n-s-m) show ever higher 

surface activity and lower cmc [26~29], which have advantages for applications in the life 

sciences. For example, Wettig et.al. found out that there are distinct differences between the 

interaction of symmetric vs. dissymmetric Gemini surfactant with DNA, and the latter one was 

more efficient as transfection reagents [30, 31]. Thus, the introduction of dissymmetry in Gemini 

surfactants sheds new light on the possibility of adjusting the adsorption and aggregation 

behaviors further. 
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We have recently reported a series of pyrrolidinium headgroups based Gemini surfactants, 1, 

1'-(alkane-1, s-diyl) bis (1-alkyl pyrrolidinium) bromide (CmCsCmPB) [32, 33]. The effects of the 

hydrophobic chain length m and the spacer length s have been studied in detail, and our previous 

studies suggest that CmCsCmPB may have better surface activity and aggregation ability than that 

of m-s-m. However, the influence of the dissymmetry is still unknown. The motivation of this 

work is to clarify the importance of dissymmetry on those surfactants, and to establish the 

structure-property relationships of them. Herein, we have synthesized several dissymmetric 

Gemini surfactants of 1, 1'-(propane-1, 3-diyl) bis (1-alkyl pyrrolidinium) bromide (Supporting 

Information Scheme S1), and the corresponding structures are shown in Scheme 1.  

(Scheme 1) 

Those surfactants can be divided into three groups, in categories of the symmetric CmC3CmPB 

(m = 10, 12, 14), the dissymmetric CmC3C14PB (m = 10, 12, 14) with those having 14 carbon 

atoms in one hydrophobic chain, and the dissymmetric CmC3CnPB (m = 8, 10, 12, m + n = 24) 

with those having the same carbon number of 24 totally in the two hydrocarbon chains. Thus, we 

can comparatively study the influence of hydrophobic chain dissymmetry on the micellization 

behaviors systematically. In this work, micellization properties such as cmc, the aggregation 

number, and thermodynamic parameters are obtained by employing equilibrium surface tension, 

conductivity and fluorescence measurements. Furthermore, the microenvironment changes of 

surfactants during the micellization and the confirmation of surfactants in micelles are studied by 

NMR techniques. The structure-property relationships of those surfactants are illustrated on the 

molecular level well. 

 

Page 4 of 32Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



5 

 

2. Materials and methods 

2.1 Materials 

The pyrrolidinium headgroups based Gemini surfactants are synthesized according to the 

procedure mentioned in the Supporting Information Scheme S1. Pyrene (98 %) is purchased from 

Acros and recrystallized from ethanol. Benzophenone (99 %) and D2O (99.8 atom % D) are 

purchased from Acros and used as received. Ultrapure deionized water of Milli-Q grade is used in 

all experiments. 

2.2 Equilibrium surface tension measurements 

The equilibrium surface tension is conducted on K100 (Krüss, Germany) by employing the 

Du Noüy ring method. All measurements are performed at 25.0 ± 0.1 °C and repeated at least 

twice. 

The adsorption amount at the air/water interface is obtained based on the Gibbs adsorption 

equation (1): 

max

10

1

2.303 log

d

nRT d c

γ
Γ = − ⋅                         (1) 

where Γmax is the saturated adsorption amount in µmol·m
-2

, γ is the surface tension in mN·m
-1

, R is 

the gas constant, T is the absolute temperature, and c is the surfactant concentration. The value of 

prefactor n is dependent on the specific circumstances, and 3 is used according to the literatures [9, 

17].  

The minimum average occupied area per molecule (Amin) is obtained from the saturated 

adsorption using equation (2): 

24

min

max

1
10

A

A
N

= ×
Γ

                            (2) 

where NA is the Avogadro constant and Amin is in nm
2
. 
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2.3 Conductivity measurements 

The conductivity is measured as a function of surfactant concentration with a low-frequency 

conductivity analyzer (DDSJ-308A, Shanghai Precision & Scientific Instrument Co. Ltd., 

accuracy of ± 1 %) at five different temperatures. The measurement is repeated three times at each 

temperature. Temperature is controlled at T ± 0.1 °C by using a HAAKE DC 30 thermostatic bath 

(Karlsruhe, Germany). The phase separation model is applied to obtain the thermodynamic 

parameters of micellization. The standard Gibbs free energy change of micellization is calculated 

from the following equation (3) [32, 33]: 

                  
0 (0.5 ) ln( )m cmcG RT xβ∆ = +                       (3) 

where cmcx  is the cmc in molar fraction, β  is the degree of counter ion binding to micelles, R is 

the gas constant, T is the absolute temperature. The standard enthalpy change for the micellization 

process, 0

mH∆ , is determined by using the Gibbs–Helmholtz equation: 

]
)/1(

)/(
[

0

0

T

TG
H m

m ∂

∆∂
=∆                            (4) 

0 2(0.5 ) ln( ) /m cmcH RT d x dTβ∆ = − +                    (5) 

    The standard entropy of micelle formation, 0

mS∆ , is calculated according to the following 

relation: 

TGHS mmm /)( 000 ∆−∆=∆                           (6) 

2.4 Steady-state fluorescence quenching measurements 

Steady-state fluorescence quenching (SSFQ) measurements are carried out on a RF-5301 PC 

fluorescence spectrophotometer using 1.0 cm quartz cell. Pyrene is used as a fluorescence probe 

with a constant concentration of 1×10
-6 

mol/L, and benzophenone is used as a quencher of the 

fluorescence probe. Pyrene spectra are recorded with fixed excitation at 335 nm, and the emission 
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spectra is scanned over the spectral range of 350-480 nm, the slit widths of excitation and 

emission are fixed at 5 nm and 1.5 nm, respectively.  

For mono-dispersed micelles, the intensities (I) and the aggregation number (Nagg) fit to the 

following equation (7) [34]: 

0ln
agg Q

s

N cI

I c cmc

  =  − 
                               (7) 

where I0 and I are the fluorescence intensities of pyrene probe with and without quencher, 

respectively. cQ and cS are the concentration of quencher and surfactant, respectively. 

2.5 NMR measurements 

All NMR measurements are performed on a 400 MHz Bruker-BioSpin spectrometer at 25 °C. 

2D Noesy spectra are performed with the standard pulse sequences. A 90° pulse width of 8.2 µs, a 

mixing time of 100, 300 or 500 ms, a relaxation delay of 2 s, and an acquisition time of 205 ms are 

used. The experimental data are collected 2048 complex points, and processed with a 

Lorentz-to-Gauss window function and zero filling in both dimensions to display data on a 2048 × 

2048 2D-matrix. The peaks are referenced with respect to DOH (δ = 4.790 ppm) in D2O. 

 

3 Results and Discussion 

3.1 Equilibrium surface adsorption behaviors 

The equilibrium surface adsorption behaviors of Gemini surfactants, including C10C3C10PB, 

C12C3C12PB, C14C3C14PB, C12C3C14PB, C10C3C14PB and C8C3C16PB, are evaluated by the surface 

tensionmetry using the du Noüy ring method, and the equilibrium surface tension as a function of 

surfactant concentration is obtained (Figure 1). The clear breakpoints in the γ –log10 c curve 

indicate the onset of micellization, and the absence of a minimum around the breakpoints confirms 
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the purity of the surfactants.  

(Figure 1) 

The adsorption efficiency of surfactant at the air/water surface is often determined by pC20 

(pC20 = –log10 c20), which is the surfactant concentration (c20) required for lowering the surface 

tension of water by 20 mN·m
-1

 [32]. Generally, the larger the pC20, the higher adsorption 

efficiency of the surfactant is. Based on the γ – log10 c curves, some important physicochemical 

parameters of them such as cmc, γcmc, Amin and pC20 are extracted and listed in Table 1. 

(Table 1) 

Figure 2a shows that the cmc values of both the symmetric CmC3CmPB and the dissymmetric 

CmC3C14PB series decrease linearly with the increase of the total carbon number (Nc) in the 

hydrocarbon chains, resulting in two linear equations of log10 cmc = 1.14 – 0.182 × Nc and log10 

cmc = – 1.86 – 0.0738 × Nc for CmC3CmPB and CmC3C14PB, respectively. Obviously, both the 

symmetric CmC3CmPB and the dissymmetric CmC3C14PB series follow the well-known Klevens 

empirical equation of log10 cmc = A – B × Nc well, where A and B are empirical constants [35]. 

The two values of B, reflecting the contribution of each additional methylene unit on the cmc, are 

significantly different. The difference in B values indicates that the increase in the hydrophobic 

chain length for the symmetric Gemini surfactant is more efficient in enhancing aggregation 

ability than that of the dissymmetric one. Though the cmc values of the dissymmetric CmC3C14PB 

are far smaller than those of the symmetric CmC3CmPB, however, the contribution of each 

additional methylene unit to CmC3C14PB is more like that of the classic single-tailed surfactant 

homologies [32]. It is noticed that γcmc of either CmC3CmPB or CmC3C14PB decreases with the 

increase of Nc regardless of the dissymmetry (Supporting Information Figure S1a), indicating the 
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longer hydrophobic chain length, the higher the surface activity is, which can also be observed 

from pC20. However, Amin of CmC3CmPB and CmC3C14PB increases with the increase of Nc because 

the longer hydrophobic chains are more prone to bend [32]. 

 (Figure 2) 

The typical effect of the dissymmetry on cmc can be clearly observed from CmC3CnPB series 

(Figure 2b), those having the same carbon number of 24 in the hydrocarbon chains. It is clear that 

the higher dissymmetry results in the lower cmc by employing the n/m as the degree of 

dissymmetry. The cmc values follow a linear relationship of log10 cmc = – 1.88 – 1.305 × n/m, and 

similar linear relationship is also observed from other dissymmetric ones [27]. This observation 

indicates that the introduction of dissymmetry in the hydrophobic chains can strengthen the 

aggregation ability. At the same time, the increase in the dissymmetry (n/m) results in the decrease 

of γcmc and Amin of CmC3CnPB (Supporting Information Figure S1b). The decrease in Amin suggests 

that surfactants with the higher dissymmetry are packed closer at the air/water surface, and 

therefore result in a lower γcmc. 

3.2 Micellar aggregation number 

The micellar aggregation number (Nagg) is measured by the SSFQ method, and the 

concentration dependent Nagg of C10C3C10PB, C12C3C12PB, C14C3C14PB, C12C3C14PB, C10C3C14PB 

and C8C3C16PB is shown in Figure 3. Since the employed concentration (c) is changed from about 

0.1 to 100 mmol/L due to the significant difference in their cmc values, and therefore c/cmc is 

used to evaluate the concentration dependence instead of c. Figure 3 shows that Nagg is increased 

nearly linearly with c/cmc in the measured concentration region for each surfactant. The increase 

in Nagg upon increasing surfactant concentration indicates the micellar growth. This is because the 
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electrostatic repulsion among surfactants are reduced when the surfactant concentration is 

increased, which favors the micellar growth [33]. 

(Figure 3) 

In order to clarify the importance of the hydrophobic chain length (m) and the dissymmetry 

(n/m) on the micellar aggregation number, the micellar aggregation number at cmc (N
*
) is 

employed rather than Nagg to avoid the effect of concentration variation, which is derived from 

Figure 3 and listed in Table 1. The N
*
 values of C10C3C10PB, C12C3C12PB and C14C3C14PB are 13, 

12 and 5, respectively, indicating N
*
 is decreased with the increase of the hydrophobic length for 

the symmetric CmC3CmPB series (Figure 4a). Those of C10C3C14PB, C12C3C14PB and C14C3C14PB 

are 8, 6 and 5, respectively, suggesting the changes of N
*
 of the dissymmetric CmC3C14PB follows 

the same tendency as that of CmC3CmPB. For the CmC3CnPB series, those having the same carbon 

number of 24 totally in the two hydrocarbon chains, the decrease in N
*
 is also observed when n/m 

is increased (Figure 4b). 

(Figure 4) 

The changes in N
*
 reveal that the increase in m or n/m is not beneficial to larger micelles 

formation, which is significantly different from what happens in its corresponding monomeric one 

[36]. The aggregation ability of surfactant is often enhanced upon increasing the hydrophobic 

chain length because the hydrophobic force is strengthened, and therefore results in a larger 

aggregation number [37, 38]. Similar decrease in Nagg was also observed in other Gemini 

surfactant homologies, such as in the imidazolium type Gemini surfactants ([Cm-3-Cmim]Br2) [39] 

and the nitrophenoxy groups containing Gemini surfactants (Nm-6-mN) [40]. Previous studies on 

Gemini surfactants show that Gemini surfactants can form premicelles in the aqueous solution, 
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and the tendency will be strengthened upon increasing the hydrophobic chain length or the spacer 

length [9, 33, 37, 40]. Generally, the longer the hydrophobic chain length of surfactant is, the more 

premicelles be formed. Obviously, the high percentage of premicelles will result in the decrease of 

the average aggregation number for a given Gemini surfactant. Thus, the increase in both m and 

n/m induced N
*
 decrease should be attributed to the formation of premicelles. The more 

premicelles form, the lower N
*
 is. Herein, all the measured N

*
 values are below 13, especially that 

of C8C3C16PB is only 2, which highly support the formation of premicelles [37].  

3.3 Micellization thermodynamic parameters 

To make a better understand on the influence of the dissymmetry on the micellization 

behaviors, the micellization thermodynamics is studied based on the temperature dependent 

electrical conductivity measurements (Supporting Information Figure S2). The corresponding 

micellization thermodynamic parameters at different temperature are listed in Table 2 and the cmc 

values at 25 
ο
C are shown in Table1. Clearly, all the cmc values measured by surface tension and 

conductivity methods for each surfactant are consistent very well. 

(Table 2) 

Generally speaking, the standard Gibbs free energy change ( 0

mG∆ ) is negative for each 

surfactant at the given temperature, showing the spontaneous micellization process. It is noticed 

that the hydrophobic chain length and the dissymmetry strongly affect 0

mG∆ , or in other words, 

the micellization process (Figure 5). 0

mG∆  is increased when the hydrophobic chain length is 

increased for both the symmetric CmC3CmPB and the dissymmetric CmC3C14PB series (Figure 5a), 

indicating the longer hydrocarbon chain favors micellization due to the greater hydrophobic 

interactions. However, the higher degree of dissymmetry (n/m) results in the lower 
0

mG∆  as has 

Page 11 of 32 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



12 

 

been observed from the CmC3CnPB series, suggesting the higher degree of dissymmetry is not 

beneficial to the micellization (Figure 5b). The result is distinguished from that of n-6-m type 

Gemini surfactants [27], in which 
0

mG∆  only increases slightly with the increase of the 

dissymmetry.  

 (Figure 5) 

According to the thermodynamic models of micellization [41], 0

mG∆  reflects the total 

contribution of surfactants in micelles, which is highly related to the micellar size or the micellar 

aggregation number. Since the high degree of dissymmetry favors premicelles formation as 

mentioned in section 3.2, thus the dissymmetry induced 
0

mG∆  decrease (Figure 5b) can also be 

attributed to the formation of premicelles. In other words, the more premicelles form, the smaller 

0

mG∆  is. Recalling to the dissymmetry induced aggregation ability increase in section 3.1, the 

effect of the dissymmetry on micellization is clear that the dissymmetry in the hydrophobic chains 

favors micellization strongly, whereas only those with a smaller aggregation number or 

premicelles will be formed.  

Simultaneously, the standard enthalpy changes ( 0

m
H∆ ) is also negative for each surfactant, 

indicating the micellization process is an exothermic process. Moreover, the value of 
0

mT S− ⋅∆  is 

often larger than that of 
0

mH∆  at a given temperature, i.e. at 25 
ο
C, indicating an entropy-driven 

process. However, the hydrophobic chain length and the dissymmetry affect the contribution of 

0

mH∆  to 0

mG∆  strongly. Figure 6 shows that the contribution of 0

mH∆  is increased when the 

hydrophobic chain length m is increased for both the symmetric CmC3CmPB and the dissymmetric 

CmC3C14PB. Our previous study on CmC4CmPB shows that the micellization is an enthalpy-driven 

process rather than an entropy-driven process when m was above 14 [32], which supports the 
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results well. It is also noticed that the higher degree of dissymmetry (n/m) results in the higher 

contribution of 0

m
H∆  for the CmC3CnPB series, and the micellization of C8C3C16PB is even 

enthalpy-driven instead of entropy-driven. Since similar phenomenon is also observed in other 

dissymmetric Gemini surfactants [26, 27], the introduction of the dissymmetry in the hydrophobic 

chain induced enthalpy-driven force strengthen might be universal for Gemini surfactants during 

the micellization.  

(Figure 6) 

3.4 NMR studies 

Three Gemini surfactants of C10C3C10PB, C12C3C12PB and C10C3C14PB are study by NMR 

techniques. From the point of molecular structures, both the hydrophobic chain length and the 

dissymmetry are considered. Since the dissymmetry shows little effect on the 
1
H NMR spectra, 

therefore only those of C10C3C14PB are typically shown (Figure 7), others are shown in the 

Supporting Information Figure S3.  

(Figure 7) 

Figure 7 shows that the chemical shifts of C10C3C14PB change greatly upon increasing its 

concentrations. To make a better understand, the chemical shifts of three typical protons such as 

Ha and Hc in the headgroups and Hw in the hydrophobic tails for each surfactant are plotted versus 

surfactant concentrations (Supporting Information Figure S4). Clearly, the chemical shifts of Ha, 

Hc and Hw remain nearly constant at low concentration, whereas shift toward downfield 

significantly when the surfactant concentration is above a special value, indicating the 

micellization. Micelle can be considered as a closed monolayer with the solvated hydrophilic 

headgroups of surfactants in micelle toward the water circumstance, and thus results in a nonpolar 
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oil-like or hydrophobic core [38]. Therefore, surfactant monomers will transfer from the polar 

water circumstance into micelles, the less polar microenvironment, during the micellization [42]. 

The decrease of polarity in solvation commonly leads to the downshift of 
1
H NMR signal for the 

protons in surfactant. 

There presents a quantitative relationship between chemical shifts and concentration of 

surfactant as following [43]: 

( )obs mic mic mon

T

cmc

c
δ δ δ δ

 
= − − 

                          (8) 

where 
obs
δ , 

mon
δ  and 

mic
δ  represent the observed chemical shift of surfactant, the chemical 

shift of surfactant in its monomer and the micellar form, respectively. cmc and cT are the critical 

micelle concentration and the total surfactant concentration. According to the equation (8), the plot 

of obsδ  versus 1/cT should yield two straight lines with the intersection corresponding to the cmc 

[43, 44]. Based on the plots of 
obsδ  versus 1/cT (Figure 8), the average cmc values of obtained 

from Ha, Hc and Hw are 3.34 ± 0.03, 0.517 ± 0.05 and 0.407 ± 0.032 mM for C10C3C10PB, 

C12C3C12PB and C10C3C14PB, respectively, which are consistent with those measured by surface 

tension and conductivity. 

 (Figure 8) 

2D Noesy NMR spectra of C10C3C10PB, C12C3C12PB and C10C3C14PB show similar 

intermolecular interactions, indicating that surfactants should adopt similar confirmation in 

micelles regardless of the hydrophobic chain length and the dissymmetry. Typical 2D Noesy NMR 

spectrum of C12C3C12PB is shown in Figure 9, and those of C10C3C10PB and C10C3C14PB are 

shown in the Supporting Information Figure S5. Clearly, there presents interactions between the 

headgroup protons and those in the middle of the hydrophobic chain, i.e. the interactions between 
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Ha and He or Hb and He, except the strong interactions between Ha and Hb. The results strongly 

suggest that the location of methylene groups in the ring should be very close to the hydrophobic 

chain [45]. In other words, they should adopt a confirmation toward the nonpolar micellar core 

rather than in the polar water circumstance, and exhibit some hydrophobic contribution during 

micellization. Our previous study on CmC4CmPB revealed that both the surface activity and 

micellization ability of CmC4CmPB were much stronger than those of m-4-m type Gemini 

surfactants with the same hydrophobic chain length [32], which support the idea well. 

(Figure 9) 

 

4. Conclusions 

In summary, a comprehensive study has been conducted on three groups of pyrrolidinium 

headgroups based Gemini surfactants 1, 1'-(propane-1, 3-diyl) bis (1-alkyl pyrrolidinium) bromide, 

including the symmetric CmC3CmPB, the dissymmetric CmC3C14PB and CmC3CnPB. Compared 

with our previous studies on the effects of hydrophobic chain length and spacer length on 

micellization, this work focuses on the importance of the dissymmetry. cmc values of the 

surfactants decrease linearly with the increase of the total carbon number (Nc) in the hydrocarbon 

chain or the dissymmetry (n/m). The aggregation number at cmc (N
*
) becomes smaller upon 

increasing either m or n/m due to the formation of premicelles. Though all the micellization are 

spontaneous processes, and the entropy-driven process is often dominated. However, the 

contribution of enthalpy ( 0

mH∆ ) to Gibbs free energy ( 0

mG∆ ) is strengthened upon increasing m or 

n/m that the micellization of C8C3C16PB is even transferred into an enthalpy-driven process. More 

importantly, the dissymmetry increase results in the decrease of 0

mG∆ , and the formation of 
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premicelles should be the major cause. NMR results confirm the microenvironment changes of 

surfactants from polar water circumstance into micelles during micellization, and suggest the 

location of methylene groups in the ring should adopt a confirmation toward the nonpolar micellar 

core rather than in the polar water circumstance.  
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Captions 

Scheme 1. Molecular structures of pyrrolidinium headgroups based Gemini surfactants. 

Table 1. Surface properties of pyrrolidinium headgroups based Gemini surfactants. 

Table 2. Thermodynamic parameters of micellization at different temperatures. 

Figure 1. γ – log10 c curves of Gemini surfactants in aqueous solutions at 25 °C. 

Figure 2. Effects of hydrophobic chain length (a) and dissymmetry (b) on cmc. 

Figure 3. Concentration dependent micellar aggregation number (Nagg) at 25 
ο
C, the cmc values 

adopted from surface tension measurements. 

Figure 4. Effect of the hydrophobic chain length (a) and the dissymmetry (b) on N
*
 at 25 

ο
C. 

Figure 5. Effect of the hydrophobic chain length (a) and the dissymmetry (b) on 0

mG∆ at 25 
ο
C. 

Figure 6. Contribution of enthalpy ( 0

mH∆ ) and entropy ( 0

mT S− ⋅∆ ) to Gibbs free energy ( 0

mG∆ ) at 

25 
ο
C. 

Figure 7. Concentration dependent 
1
H NMR spectra and proton numbering of C10C3C14PB in D2O 

at 25 
ο
C. 

Figure 8. Plots of 
obsδ  versus 1/cT for C10C3C10PB (a), C12C3C12PB (b) and C10C3C14PB (c) at 25 

ο
C in D2O. 

Figure 9. 2D Noesy NMR spectrum of 5 mM C12C3C12PB in D2O at 25 
ο
C. 
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R1 R2 surfactants 

C10H21 C10H21 C10C3C10PB 

C12H25 C12H25 C12C3C12PB 

C14H29 C14H29 C14C3C14PB 

C12H25 C14H29 C12C3C14PB 

C10H21 C14H29 C10C3C14PB 

C8H17 C16H33 C8C3C16PB 

Scheme 1. Molecular structures of pyrrolidinium headgroups based Gemini surfactants. 
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Table 1. Surface properties of pyrrolidinium headgroups based Gemini surfactants. 

Surfactants 
cmc (mol/L) γcmc 

(mN/m) 

Гmax 

(µmol/m
2
) 

Amin 

(nm
2
) 

pC20 N
*a

 
Surface tension Conductivity 

C10C3C10PB 3.21×10
-3

 4.41×10
-3

 37.6  1.42  1.17  3.11  13 

C12C3C12PB 6.02×10
-4

 6.68×10
-4

 35.4  1.18  1.40  4.12  12 

C14C3C14PB 1.13×10
-4

 1.14×10
-4

 33.8  1.10  1.51  4.93  5 

C12C3C14PB 1.83×10
-4

 1.98×10
-4

 34.6  1.27  1.31  4.56  6 

C10C3C14PB 2.23×10
-4

 2.3×10
-4

 35.0  1.50  1.11  4.34  8 

C8C3C16PB 3.06×10
-5

 3.6×10
-5

 33.1  1.77  0.94  5.15  2 

a
 N

*
 represents the micellar aggregation number Nagg at cmc. 
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Table 2. Thermodynamic parameters of micellization at different temperatures. 

Surfactants T (
ο
C) 

cmc 
α β 

0

mG∆  
0

mH∆  
0

mT S− ⋅∆  

mmol/L kJ/mol kJ/mol kJ/mol 

C10C3C10PB 

15 4.265 0.197 0.803 -29.57  -0.95  -28.62  

20 4.329 0.202 0.798 -29.92  -3.42  -26.50  

25 4.412 0.214 0.786 -30.09  -6.11  -23.98  

30 4.617 0.225 0.775 -30.18  -9.04  -21.14  

35 4.857 0.241 0.759 -30.13  -12.18  -17.95  

C12C3C12PB 

15 0.62 0.193 0.807 -35.70  -6.20  -29.50  

20 0.641 0.2 0.8 -36.02  -6.51  -29.51  

25 0.668 0.221 0.779 -35.91  -7.65  -28.26  

30 0.697 0.223 0.777 -36.32  -9.87  -26.45  

35 0.74 0.245 0.755 -36.09  -12.96  -23.13  

C14C3C14PB 

15 0.102 0.23 0.77 -40.18  -7.02  -33.16  

20 0.107 0.258 0.742 -39.83  -9.65  -30.18  

25 0.114 0.272 0.728 -39.86  -13.13  -26.72  

30 0.124 0.28 0.72 -40.00  -17.53  -22.47  

35 0.138 0.286 0.714 -40.13  -22.89  -17.24  

C12C3C14PB 

15 0.182 0.296 0.704 -36.43  -3.11  -33.33  

20 0.19 0.313 0.687 -36.40  -7.80  -28.61  

25 0.198 0.324 0.676 -36.56  -11.48  -25.08  

30 0.217 0.33 0.67 -36.71  -14.11  -22.60  

35 0.234 0.341 0.659 -36.74  -15.48  -21.27  

C10C3C14PB 

15 0.202 0.642 0.358 -26.22  -6.81  -19.41  

20 0.211 0.645 0.355 -26.00  -7.37  -18.63  

25 0.23 0.663 0.337 -25.71  -7.70  -18.01  

30 0.238 0.679 0.321 -25.57  -7.81  -17.76  

35 0.256 0.683 0.317 -25.71  -7.78  -17.93  

C8C3C16PB 

15 0.027 0.796 0.204 -24.51  -7.08  -17.44  

20 0.03 0.805 0.195 -24.44  -12.61  -11.83  

25 0.036 0.809 0.191 -24.40  -14.90  -9.50  

30 0.041 0.811 0.189 -24.51  -13.65  -10.86  

35 0.047 0.809 0.191 -24.75  -8.53  -16.22  
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Figure 1. γ – log10 c curves of Gemini surfactants in aqueous solutions at 25 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 24 of 32Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



25 

 

 

20 22 24 26 28

10
-4

10
-3

10
-2

a

 C
m
C

3
C

m
PB

 C
m
C

3
C

14
PB

cm
c 

(m
o
l/

L
)

Hydrophobic chain carbon number (N
c
)

1.0 1.5 2.0
10

-5

10
-4

10
-3

 C
m
C

3
C

n
PB

 

cm
c 

(m
o
l/

L
)

n/m

b

 

Figure 2. Effects of hydrophobic chain length (a) and dissymmetry (b) on cmc. 
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Figure 3. Concentration dependent micellar aggregation number (Nagg) at 25 
ο
C, the cmc values 

adopted from surface tension measurements. 
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Figure 4. Effect of the hydrophobic chain length (a) and the dissymmetry (b) on N
*
 at 25 

ο
C. 
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Figure 5. Effect of the hydrophobic chain length (a) and the dissymmetry (b) on 0

mG∆ at 25 
ο
C. 
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Figure 6. Contribution of enthalpy ( 0

mH∆ ) and entropy ( 0

mT S− ⋅∆ ) to Gibbs free energy ( 0

mG∆ ) at 

25 
ο
C. 
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Figure 7. Concentration dependent 
1
H NMR spectra and proton numbering of C10C3C14PB in D2O 

at 25 
ο
C. 
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Figure 8. Plots of 
obs
δ  versus 1/cT for C10C3C10PB (a), C12C3C12PB (b) and C10C3C14PB (c) at 25 

ο
C in D2O. 
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Figure 9. 2D Noesy NMR spectrum of 5 mM C12C3C12PB in D2O at 25 
ο
C. 
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