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ABSTRACT 

Highly fluorinated gemini surfactants are relevant in pharmaceutical field, owing their ability to 

deliver genes to the respiratory or to the biliar epithelium, where hydrogenated interfering 

surfactants are present. We report for the first time the thermodynamic properties of the solutions of 

1,1’-Bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-2,2 n-methylenebispyridinium dichloride (n = 

4, 8, 12). The gene delivery ability of the dichlorides and the structure of the DNA nanoparticles are 

strictly related to their solution enthalpic properties, resulting in a very sensitive probe of the 

behaviour of the molecule in solution. Dilution enthalpies, density and sound velocities vs. molality 

for dichlorides and dimethanesulfonates with different spacer length, n, were measured. The 

evaluation of apparent and partial molar enthalpies as a function of concentration of the 

dimethanesulfonate suggests that the effect of the counterion is additive and the values obtained for 

the hydrogenated surfactants can be transferred to the fluorinated ones, allowing the prediction of 

enthalpic properties in solution. No evidence of the structure change in solution is found in the 

trends of volumetric properties vs. m. and the group contribution of the –CH2– for both the 

dichlorides and the dimethanesulfonates results additive as well as the effect of the counterion. The 

adiabatic molar compressibilities seem to be independent from the counterion and show in micellar 

region a plateau value much greater than in the case of the more traditional hydrogenated gemini 

surfactants, indicating a less compact structure of the micelles, probably due to the repulsion 

between hydrogenated and fluorinated moieties of the molecules. 

.  

 

 

 

 

KEYWORDS: highly fluorinated gemini surfactants; heterocyclic cationic gemini surfactants; 

micelle formation thermodynamics; fluoro-compounds solution thermodynamics; fluorinated 

synthetic vectors for gene delivery 
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INTRODUCTION 

Gemini surfactants - i.e. surfactants consisting of at least two identical hydrophobic chains and two 

polar head groups covalently bound together by a spacer – have been attracting increased attention 

for more than 20 years, owing to their increased surface activity, low critical micelle concentration 

(cmc), and useful viscoelastic properties.1-7 Among the gemini surfactants, the structures most 

widely investigated are those in which the hydrophobic tails and the spacer are made by 

hydrocarbon moieties. In particular, the bisquaternary ammonium salts (bisQUATS) are the best 

known with regard to the biological activity and  the chemico-physical properties.3 More recently, 

gemini surfactants with heterocyclic polar heads have been proposed: their major synthetic access 

routes and the impact of structural elements on their physicochemical and aggregation properties 

are examined in a comprehensive review8. The interest in biomedical field of cationic gemini 

surfactants greatly increased when they were proposed as non viral vectors in gene therapy 7-13, 

taking advantage of their multiple cationic character, necessary for binding and compacting DNA. 

Gene therapy is, in fact, one of the major goals pursued by the post-genomic research for treating 

diseases caused by a known defective gene. It is based on the idea of delivering to the cells a correct 

copy of the gene originating the genetic disease, by means of a specially designed viral or synthetic 

vector. Non-viral vectors have become in many cases a preferred means of gene delivery into 

eukaryotic cells, despite their still low transfection efficiency, because the use of viral vectors is not 

without the risk of adverse or immunogenic reaction, or replication.  Recently, the use of gemini 

surfactants as candidates for the formation of nonviral vectors has been reviewed, emphasizing the 

effect on the efficiency of transfection of the chemical structure of the surfactant (variations in the 

alkyl tail length and spacer/head group) and of the resulting physicochemical properties of the 

lipoplexes 11.   In this field we have obtained interesting results both by using very simple 

bisquaternary  ammonium gemini surfactants, derivatives of N,N-bisdimethyl-1,2-ethanediamine 

(bis-CnBEC)12 and dipyridinium gemini surfactants13,20, when formulated with DOPE [L-α-

phosphatidylethanolamine dioleoyl (C18:1,[cis]-9)]. More recently, also fluorinated and partially 

fluorinated gemini surfactants have been proposed14-19, in particular to obtain an efficient gene 

expression in those biological fluids containing endogenous hydrogenated interfering surfactants, as 

pulmonary surfactants or bile salts, able to destroy lipoplexes, before the delivering to the diseased 

cells.14-16  

This is an essential requirement, for instance, in the treatment of cystic fibrosis and cystic fibrosis-

associated diseases.15  



4 

 

Partially fluorinated surfactants (otherwise called “hybrid surfactants”) are suited for biomedical 

applications, because, in general, they show low to moderate acute toxicity and low haemolytic 

activity compared to their hydrogenated analogues.19,21 We therefore started to synthesize and 

characterize from a chemico-physical and biological point of view a class of highly fluorinated 

gemini dipyridinium surfactants, differing for spacer length and counterion.20,22 As for their 

hydrogenated counterparts13, we were amazed at the tight relationship we have discovered between 

solution thermodynamics data and their biological performance, making “old” methods very useful 

for understanding “new” applications.  

We are studying for many years the solution thermodynamics of surfactants by means of the 

direct methods typical of dilute solutions (generally, surfactant solutions are diluted), i.e. we are 

directly measuring the total property of the system, such as volume, compressibility, heat 

capacity, dilution enthalpy, vs. concentration. In fact, the advantages of measuring equilibrium 

properties are that they can be obtained very precisely23. The experimental data are expressed in 

terms of apparent and partial molar quantities, affected by the solute-solvent and solute-solute 

interaction. It must be stressed that these thermodynamic properties are macroscopic and 

information at molecular level can be extracted only through models, as explained in the 

“results” section. The thermodynamics of solutions has been covered in a large number of 

excellent textbook24. 

For this reason and because the literature is lacking of solution thermodynamics data about 

fluorinated surfactants, we decided to study in depth the solution thermodynamics of the new 

compounds by means of direct methods, paying attention to partial molar volumes, 

compressibilities and to the effect of the counterion. The data here reported try to give an answer to 

the question if also for the gemini fluorinated surfactants the group contribution approach is valid. It 

it is so, their solution thermodynamic properties can be evaluated theoretically.  

 

MATERIAL AND METHODS 

Compounds 

The synthesis of the compounds under study, prepared by us, is  reported in detail in ref. 22. In the 

following the IUPAC names of the compounds studied and in brackets the names in short by which 

they will be referred in the paper, are shown: 1,1’-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-

2,2′-tetramethylenebispyridinium dichloride (FGP4); 1,1’-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-
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tridecafluorooctyl)-2,2′-tetramethylenebispyridinium dimethanesulfonate (FGPS4); 1,1’- 

bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-2,2′-octamethylenebispyridinium dichloride (FGP8); 

1,1’-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-2,2′-octamethylenebispyridinium 

dimethanesulfonate (FGPS8); 1,1’-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-2,2′-

dodecamethylenebispyridinium dichloride (FGP12); 1,1’-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-

tridecafluorooctyl)-2,2′-dodecamethylenebispyridinium dimethanesulfonate (FGPS12). The 

compounds were obtained by ion exchange, after having synthesized the corresponding 

ditrifluoromethanesulfonate.22 Purity was checked by NMR, elemental analysis and TLC: eluent 

BAW (only the organic phase separated from butanol:acetic acid:water = 4:1:5 biphasic system 

phase) on silica gel plate. The general structure and the peculiarities of the compounds under study 

are shown in Figure 1. 

 

 

FIGURE 1. Compounds under study, n is the number of carbon atoms in the spacer. 

 

Dilution enthalpies measurements 

The enthalpies of dilution were measured by means of the TAM (Thermometric)  microcalorimeter, 

equipped with 221 Nano Amplifier, at 298 K, by using the flow mixing cell. The freshly prepared 

surfactant solutions, kept before injection at the experimental temperature by means of a Heto 

cryothermostatic bath, were diluted into the "mixing" measuring cell of the microcalorimeter in a 

ratio 1:1 by using CO2-free water. The solutions and the water were injected by means of a Gilson 

peristaltic pump, Minipuls 2, and their flows were determined by weight. For the dilution enthalpies 

measurements, the solutions were prepared by weight using freshly boiled bi-distilled water, stored 

under nitrogen and solution concentrations were expressed as molality, m (mol kg−1).  



6 

 

Density and sound velocity measurements 

Density and sound velocity of the solutions as a function of m were obtained by a Paar DSA 5000, 

an oscillating U-tube meter, able to measure density (±0.000001 g cm-3
) and sound velocity (±0.1 m 

sec-1) to the highest accuracy in wide viscosity and temperature ranges. Based on an additional 

measuring cell made of stainless steel and high resolution electronics, the sound velocity of the 

filled in sample can be determined accurately. Both measuring cells are temperature controlled 

using a built-in solid state thermostat and two integrated Pt 100 platinum thermometers (±0.001°C). 

The instrument was calibrated by water and dry air.  

 

RESULTS 

The thermodynamics of the solutions of FGPS4 and FGPS8 is given in terms of apparent and partial 

molar quantities of the solute, assuming the infinite dilution as reference state. These quantities are 

derived from the experimental data using methods stated in detail elsewhere.23-33 

For the sake of clarity, we recall that, with reference to the state of infinite dilution, the molar 

enthalpy of dilution, ∆H
d
, is given by the difference between the apparent relative molar enthalpy in 

the final (after dilution) state, LΦ,f and that in the initial (before dilution) state, LΦ,i: 

 

∆H
d
 = LΦ,f - LΦ,i  (1) 

 

For ionic surfactant in the premicellar region, the apparent relative molar enthalpy can be expressed 

by means of a polynomial of m½, in which the coefficients BL and CL are obtained interpolating by a 

least squares curve fitting the experimental points in the premicellar region. A
L is the limiting 

Debye-Hückel slope for relative enthalpies accounting for the long range electrostatic solute-solute 

interactions: 

 

LΦ = A
L m

½ + B
L m + C

L
 m

3/2
  (2) 

 

In the micellar region, the apparent molar enthalpies are evaluated by means of eq. (1) and, when a 
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value of LΦ  vs. m not experimentally measured is needed, by graphical interpolation.  

The partial molar enthalpies L
2
 are determined by drawing the best curve for the apparent molar 

enthalpies vs. m and then by calculating the partial molar quantities as ∆(mLΦ)/∆m from points 

interpolated at regular intervals. The trends of the apparent and partial molar enthalpies for the 

compounds under investigation as a function of molality, m are shown in Figure 2 and 3, in 

comparison with dichlorides ones. 

Dilution enthalpies, apparent and partial molar enthalpies vs. m for the compounds under 

investigation, are available as supporting information.  

 

FIGURE 2. Apparent (full symbols) and partial (empty symbols) molar relative enthalpies of FGP4 (diamonds) and 

FGPS4 (full squares) as a function of surfactant molality, m. 
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FIGURE 3. Apparent (full symbols) and partial (empty symbols) molar relative enthalpies of FGP8 (triangles) and 

FGPS8 (circles) as a function of surfactant molality, m. 

 

Apparent volume and adiabatic compressibility 

The apparent molar volumes, VΦ  are obtained by the equation: 

 

   M             10
3
(d - do) 

VΦ    =     ____    -     ___________  (3) 

      d                  mddo 

 

where d is the density of the solution of molality m, M is the molecular weight of the surfactants, 

and do is the density of the solvent. The obtained trends of VΦ vs. m are shown in Figure 4. 
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FIGURE 4. Apparent molar volumes of FGPn (full symbols) and  FGPSn (empty symbols) with n=4 (triangles), n=8 

(squares) and n=12 (circles) as a function of surfactant molality, m. Broken lines show the function computed by eq.6. 

 

 

The apparent molar adiabatic compressibility, Κs,Φ,  is given by30-33 

 

   Mβs             103(βs,o d - βs do) 

Κs,Φ =     ____    -     ______________ (4) 

         d                      mddo 

 

where βs,o and  βs are the coefficient of adiabatic compressibility of the solvent and of the solute 

respectively. The latter is computed from sound velocity, u and density data as 

  βs=100/(u2
d) (5) 

In Figures 5 and 6, the apparent molar isoentropic compressibilities as a function of concentration 
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of sulfonates and chlorides, respectively are shown. Following a pseudo-phase transition model, the 

trends observed above the cmc can be described by the equation: 

 

XΦ = XΦ,M – (cmc · ΔXΦ).(1/m)  (6) 

 

where X stands for the property being investigated. The values of XΦ,M, the property in micellar 

phase, and ΔXΦ, the change in property upon micellisation, can be obtained by a least square fit, if 

the values of cmc are known. Table 1 shows the values thus derived, together with the values of 

XΦ,S, the value at the cmc, from 

 

XΦ,S = XΦ,Μ - ΔXΦ  (7) 

 

 

FIGURE 5. Apparent molar adiabatic compressibilities of FGPSn with n=4 (triangles), n=8 (squares) and n=12 (circles) 

as a function of surfactant molality, m. Broken lines show the function computed by eq.6. 
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FIGURE 6. Apparent molar adiabatic compressibilities of FGPn with n=4 (triangles), n=8 (squares) and n=12 (circles) 

as a function of surfactant molality, m. Broken lines show the function computed by eq.6. 
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and H=2.1).34 

In the field of solution thermodynamics, it is useful to express the properties of different molecules 

using a group contribution approach, i.e. to extract from the experimental data the effect of each 

brick constituting the molecule.24, 28 This approach has the advantage that the different properties of 

a new molecule can be evaluated theoretically with a good approximation by adding the contribution 

of each group. Moreover, if computed and calculated data are in strong disagreement, this could be 
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an indication that the behaviour of the molecule in solution has changed. We have obtained by direct 

methods the apparent and partial molar enthalpies at 298 K of the aqueous solutions of the 

homologous series of the protiated cationic gemini surfactants 1,1’-didodecyl-2,2’-

alkylenebispyridinium dichloride26 and dimethanesulfonate25. They show a very peculiar behaviour 

as a function of the spacer length not allowing for the determination of a –CH2– group contribution 

when this group is added to the spacer. The deviation of the properties from those theoretically 

predicted, suggests that something new happens in solutions, such as a phase transition or a change 

in conformation of the molecule. We explained the unexpected behaviour of gemini pyridinium 

surfactants, independent on the counterion, by a conformation change of the molecule determined by 

stacking interactions between the two pyridinium rings, appearing at an optimum length of the 

spacer. The compound deviating from the predicted trend shows the greatest gene delivery ability 

probably because this conformation change in solution generates to a sort of molecular tongs able to 

grip basic DNA groups near each other.13 The study of thermodynamic and biological properties of 

the homologous series of partially fluorinated gemini pyridinium surfactants 1,1’-

bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-2,2′-n-methylenebispyridinium dichloride (FGPn 

with n = 3, 4, 8, 12), confirms a behaviour similar to that of the hydrogenated analogues. The 

essential difference is that the most efficient structure in solution is obtained with the spacer eight 

carbon atoms long, instead as four, as for the hydrogenated ones.13, 20  

If the hydrophobic chain is modified by partial fluorination, a greater length of the spacer is needed 

for the molecule folding, due to the greater steric hindrance and rigidity of the fluorinated moiety. 

The comparison with the hydrogenated analogues of FGP3, FGP4 and FGP8, reveals a greater 

ability of the partially fluorinated compounds to compact DNA. 

We were able to show, by comparing the trends of chlorides and of methanesulfonates, that, also in 

the case of dipyridinium gemini surfactants, the counterion plays a crucial role in determining the 

energetics of micellar solutions but the group contribution additivity for the counterion is respected, 

independently on the spacer length. 25 This means that the peculiar behaviour above described is 

independent on the counterion. Owing the lack of data in the literature for partially fluorinated 

gemini compounds, we have measured the dilution enthalpies of FGPS4 and FGPS8 and derived the 

apparent and partial molar enthalpies as a function of m (Figure 2 and 3). 

The curves show the typical shape for ionic surfactants: after increasing in the premicellar region, 

they tend to level off at concentrations above the cmc, where they are almost parallel. The lowering 

of the curves in the micellar region is attributed to the electrostatic interactions in micellar solutions, 

strongly dependent on the counterion radius and polarizability. The substitution of methanesulfonate 
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by the chloride causes the lowering of the enthalpy curves of partially fluorinated compounds in 

micellar region of an amount of  about 6.1 kJ mol
-1

, the same value found for the protiated 

analogues25, confirming the validity of the group contribution approach for the counterion of the 

gemini fluorinated surfactants, too. 

The enthalpy change upon micellization, ∆Hmic, obtained by extrapolating at the cmc the trends of 

the partial molar properties before and after cmc, results -4.6 kJ mol-1 and -3.2 kJ mol-1, for FGPS4 

and FGPS8, respectively. 

The value of micellization enthalpy is lower by about 5.7 kJ mol-1 if the methanesulfonate 

counterion is replaced by the chloride one. The same value was found in the case of protiated 

analogues25, confirming the group contribution additivity for the counterion.  

Volumes and compressibilities 

To reach a complete view of their solution thermodynamics and to gain information about the 

structure of the hydration sphere of the molecules, we carried out the measurements of the apparent 

molar volumes and adiabatic compressibilities vs. m, never reported before in the literature for these 

systems. In fact, because volumetric properties such as volumes and compressibility are reflective 

of the solute-solvent interactions, a great change in these interactions occurs when micelle 

formation begins. In Figure 4, the apparent molar volumes of the compounds under study are 

shown. Volumes of fluorinated surfactants in solution have not been exhaustively studied in 

literature and, in particular, changes in volumes upon micellization are sometimes in 

disagreement.27-29 Tamaki et al. have studied some thermodynamic properties of sodium 

perfluoroalkanoates and lithium perfluoro-1-alkane sulfonates36-37. In particular, they have done an 

accurate study of volumetric properties of these compounds below the cmc36. They obtained a 

group contribution of 22.63 cm3 mol-1 –CF2– -1 for the infinite dilution value, in good agreement 

with the value obtained by us for a homologous series of monomeric partially fluorinated 

pyridinium chlorides, despite the difference in the charge on the polar head28.  Some time ago, we 

had the opportunity to study solution thermodynamics of highly fluorinated monomeric surfactants, 

with chloride as counterion, having a fluorinated alkyl chain (with 4, 6, and 8 fluorinated carbon 

atoms) bound to the positive nitrogen of the pyridinium ring through a hydrogenated methylene 

group, as the surfactants in this study.28  

For the term with six fluorinated carbon atoms, considered as the monomer from which our gemini 

surfactants were built up, we obtained a volume in micellar phase, VΦ,m = 281.6 cm3 mol-1.  
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Using the generally accepted value of 16 cm3 mol-1 for the –CH2– group29, we tried to evaluate VΦ,m 

for our dichloride gemini surfactants by the group contribution approach.  

 

TABLE 1 

    Cmcb VΦ,M ∆Vmic VΦ,cmc KsΦ,M ∆Ksmic KsΦ,cmc ∆Hmic 

sa mM cm3 mol-1 cm3 mol-1 cm3 mol-1 bar-1 cm3 mol-1 bar-1 cm3 mol-1 bar-1 cm3 mol-1 kJ mol-1 
                    

FGP4 4 1.86 609 21 588 0.028688 0.031323 -0.002635 -10.5c 

FGP8 8 1.29 681 24 657 0.033062 0.034519 -0.001457 -8.9c 

FGP12 12 1.10 750 26 724 0.037146 0.037273 -0.000127 -23c 

FGPS4 4 1.93 677 22 655 0.028582 0.031290 -0.002708 -4.6 

FGPS8 8 1.40 760 24 736 0.033991 0.034286 -0.0002947 -3.2 

FGPS12 12 1.05 829 26 803 0.038908 0.037020 0.0018880 -- 
                    

 

 
a
  s, number of carbon atoms in the spacer.  

b cmc, from conductivity measurements (Ref. 22). 

c
 Ref. 20. 

They resulted 625, 689 and 753 cm3 mol-1 for n = 4, 8, 12, respectively. These values are greater 

than the experimental ones (see Table 1) and the difference decreases with the increasing of the 

spacer length. This means that the presence of the hydrogenated spacer changes the interactions 

inside the micelles. We have to outline that, because of the very low values of the cmcs, we were 

not able to measure volumetric properties near and below the cmc. Therefore, the values of VΦ,s, the 

volume at the cmc, and the change in volume upon micellization, ∆Vm have been obtained by a least 

square fitting, using eq. 6. Results are reported in Table 1. These values are strictly dependent on 

the values of the cmc of the gemini surfactants under investigation. The cmc values of the gemini 

surfactants is still an open question in the literature. We have shown how the cmc determined by 

surface tension measurement is even lower by one order of magnitude than that obtained via 

conductometric measurements, probably owing the formation of small premicellar aggregates, not 

surface active22. 

If the volumetric parameters obtained from the conductometric value of the cmc are plotted vs. the 

number of carbon atoms of the spacer (Figure 7), a nice linear relationships can be obtained in the 

limit of the experimental error. The group contribution of the –CH2– group in the spacer can be 

derived from the slope. For the dichlorides it results 17 cm3 mol-1 –CH2– -1 and 17.5 cm3 mol-1 –

CH2– -1 for VΦ,S and VΦ,M, respectively, and  a little greater for the dimethanesulfonates. In both 
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cases, the group contribution to the change in volume upon micellization results 0.5 cm3 mol-1 –

CH2– -1, a value lower of that generally accepted when the –CH2– group is added to the 

hydrophobic tail of the traditional hydrogenated surfactants29, confirming the data proposed in the 

literature38.  

 

FIGURE 7. VΦ,M (full symbols) and VΦ,S (empty symbols) vs. the number, n of carbon atoms in the spacer for FGPn 

(circles) and  FGPSn (squares). 

In the same way, using eq. 6 and 7, we have processed the apparent molar adiabatic compressibility 

data, shown in Figures 5 and 6.  They show trends vs. m similar to those of volumes with a sharp 

increase at the cmc till a plateau value in the micellar region. The values of the apparent molar 

adiabatic compressibility in the micellar state, ΚS,Φ,Μ, are high and positive, because when micelles 

are formed, the stiff cavity formed by water molecules and surrounding the hydrophobic moiety of 

the molecule is destroyed and the electrostriction is reduced by the counterion binding to the 

micelle. The molar compressibility in micellar phase for the highly fluorinated surfactants under 

investigation is much higher than for gemini hydrogenated surfactants and increases with the spacer 

length in a linear way. A group contribution for the methylene group in the spacer equal to +1.2·10-

3 cm3 bar-1 mol-1, independent from the counterion is obtained. We have found, for a homologous 

series of gemini surfactants, double amphiphilic betaine ester derivatives,12 a group contribution for 

the –CH2– added to the hydrophobic tails, equal to +0.94·10-3 cm3 bar-1 mol-1. This value is very 

close to that reported in Ref. 37 (0.97 ·10-3 cm3 bar-1 mol-1), and to that obtained for some 

propanediyl-α,-ω-bis (dimethylalkylammonium bromide) gemini surfactants (1.15·10-3 cm3 bar-1 

mol-1 )40. This means that the effect of the methylene group on the isoentropic molar compressibility 

is the same, no matter if it is added to the tail or to the spacer of the gemini surfactant.  
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As said before, the values of Κs,Φ,S were obtained from Eq. 7, because the cmcs of the fluorinated 

compounds are too low to allow accurate measurements below the cmc. The group contribution for 

each –CH2- group of +5⋅10-4 cm3 mol-1 bar-1 is obtained, regardless of the counterion. It is generally 

accepted that the group contribution to the molar compressibility of the -CH2-, when added to the 

hydrophobic tail, is negative and quite small at room temperature, due to the balance between the 

negative contribution of the increased density of water molecules around the cavity and the positive 

contribution of the cavity itself12, 39-41. The –CH2- group, when added to spacer, plays a minor role 

in the total hydrophobicity of the molecule, as suggested from the trend of the cmc with the 

lengthening of the spacer. For the change in molar isoentropic compressibility upon micellization a 

–CH2- group contribution of +8⋅10-4 cm3 mol-1 bar-1 is obtained,  which is not affected by the 

counterion. 

 

CONCLUSIONS 

The evaluation of apparent and partial molar enthalpies as a function of concentration at 298 K of 

the aqueous solutions of the highly fluorinated dipyridinium gemini surfactants FGPS4 and FGPS8, 

differing from the previously studied FGP4 and FGP8 for having two methanesulfonates as 

counterions, instead of two chlorides, suggests that the effect of the counterion is additive.  

The values obtained for the hydrogenated surfactants can be transferred to the fluorinated ones, 

allowing the prediction of enthalpic properties in solution. We have previously shown25 that the 

gene delivery ability of the highly fluorinated dipyridinium gemini surfactants and the structure of 

the DNA nanoparticles resulted strictly related, particularly, to their enthalpic properties in solution, 

resulting in a very sensitive probe of the behaviour of the molecule in solution.  

The additivity of the group contribution of the counterion confirms that this peculiar behaviour is 

distinctive of the dication, particularly of the structure of the polar head, and independent on the 

counterion and fluorination.  

On the other hand, no evidence of the structure change in solution is found in the trends of 

volumetric properties vs. m, in the limits of the accuracy of the experimental methods used. If it is 

not possible to define a group contribution of the -CH2- group in the spacer as far as apparent and 

partial molar enthalpies are considered, it is not the case for apparent molar volume and isoentropic 

compressibilities.  

From the nice linear relationships obtained by plotting the volumetric parameters vs. the number of 

the carbon atoms of the spacer, the group contribution of the –CH2– group in the spacer results 17 

cm3 mol-1 –CH2–
-1 and 17.5 cm3 mol-1 –CH2–

-1 for VΦ,S and VΦ,M, respectively, and a bit greater for 
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the dimethanesulfonates. In both cases, the group contribution to the change in volume upon 

micellization results 0.5 cm3 mol-1 –CH2–
-1 and the effect of the counterion is additive, as expected. 

The adiabatic molar compressibilities seem to be independent from the counterion. They show in 

micellar region a plateau value much greater than in the case of the more traditional hydrogenated 

gemini surfactants, indicating a less compact structure of the micelles, probably due to the repulsion 

between hydrogenated and fluorinated moieties of the molecules.  

The tight relationship we have discovered between solution thermodynamics data and their 

biological performance, makes “old” methods very useful for understanding at molecular level 

“new” applications.  
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