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 Thermodynamics of Micellization of Benzyl(2-acylaminoethyl)dimethylammonium Chloride Surfactants in Aqueous Solutions: A Conductivity and Titration Calorimetry Study Susana Shimizu, Paulo Augusto R. Pires, and Omar A. El Seoud* Instituto de Quı´mica, Universidade de Sa˜ o Paulo, C.P. 26077, 05513-970, Sa˜ o Paulo, SP, Brazil Received April 29, 2004. In Final Form: August 2, 2004 The enthalpies of micellization of the surfactant series benzyl(2-acylaminoethyl)dimethylammonium chlorides, RABzMe2Cl, have been determined by calorimetry and conductivity measurements in the temperature range 15-75 °C. Here R stands for an acyl group containing 10-16 carbon atoms and A, Bz, and Me stand for NH(CH2)2N+, benzyl, and methyl groups, respectively. The enthalpy of micellization, ∆Hmic°, and the critical micelle concentration, cmc, were calculated directly from calorimetric data. The free energy of micellization, ∆Gmic°, was obtained from the cmc and the conductance-based degree of counterion dissociation. There is an excellent agreement between ∆Gmic° calculated from the data of both techniques, but the ∆Hmic°, the entropy of micellization, values differ. The dependence of the thermodynamic parameters of micellization on the chain length of the hydrophobic group and on the temperature has been analyzed by considering the delicate balance between the factors that contribute to micelle formation, including transfer of the surfactant hydrocarbon chain from the aqueous environment to the micelle, with concomitant release of the solvating water molecules, and the effect of temperature on the structure of water. ∆Gmic° is more negative, that is, more favorable for RABzMe2Cl than for the structurally related alkylbenzyldimethylammonium chlorides. This is attributed to direct and water-mediated H bonding between the amide groups of molecules of the former series.
 
 Introduction The dependence of the properties of surfactant solutions on temperature is relevant to important applications, for example, solubilization and detergency. For example, nonionic surfactants have lower cosolute temperatures; when the temperature is raised, the solution becomes turbid in a narrow temperature range, called the cloud point, above which the solution separates into two isotropic solutions.1 Additionally, the phase diagram of nonionic surfactants is usually governed by their hydrophilic/ lipophilic balance, the temperature, and the change of the spontaneous curvature of the interfacial surfactant film.2,3 Important effects of temperature on solution properties of ionic surfactants are also documented. For example, solutions of alkyltri(n-butyl)ammonium bromides undergo spontaneous demixing of the micellar solution into dilute and concentrated conjugate phases just on warming.4 Concerning surfactant applications, increasing the temperature enhances the efficiency of detergency, especially above the melting point of the soil fatty material.5 The effect of increasing temperature on the solubilization capacity of surfactant solutions (e.g., of drugs) is related to the corresponding effects on properties * To whom correspondence should be addressed. Fax: +55-113091-3874. E-mail: [email protected]. (1) Evans, D. F.; Wennerstro¨m, H. The Colloidal Domain, 2nd ed.; Wiley-VCH: New York, 1999; p 489. (2) Myers, D. Surfaces, Interfaces, and Colloids. Principles and Applications, 2nd ed.; Wiley-VCH: New York, 1999. (3) (a) Kahlweit, M.; Strey, R.; Firman, P. J. Phys. Chem. 1986, 90, 671. (b) Kahlweit, M.; Strey, R.; Haase, D.; Firman, P. Langmuir 1988, 4, 785. (4) Chachaty, C.; Warr, G. G.; Janson, M.; Li, P. J. Phys. Chem. 1991, 95, 3830. Buckingham, S. A.; Garvey, C. J.; Warr, G. G. J. Phys. Chem. 1993, 97, 10236. (5) Kissi, E. In Detergency: Theory and Technology; Cutler, W. G., Eissa, E., Eds.; Marcel Dekker: New York, 1987; p 193.
 
 of the micellar aggregate and partition coefficient of the solute into the aggregate.6 The above-mentioned properties and applications of surfactant solutions are related to temperature-induced changes of the properties of both water and the micellar pseudo-phase. For example, increasing T results in an increase of the fraction of broken H bonds in water and,7 for ionic surfactants, a decrease of the micellar aggregation number, Nagg,8 and an increase of the degree, or fraction of, counterion dissociation (from the ionic micelle), Rmic.9 The dependence of other micellar parameters on T is less straightforward; for example, the critical micelle concentration, cmc, is usually U-shaped, with a minimum close to room temperature.7 Consequently, the study of temperature effects on micellization provides information on the relative importance of the factors that control the properties of surfactant solutions and, hence, their applications. This information is most readily obtained from the thermodynamic parameters of micelle formation, namely, Gibbs free energy, ∆Gmic°, enthalpy, ∆Hmic°, and entropy, ∆Smic°, because they (6) Yalkowsky, S. H. Solubility and Solubilization in Aqueous Media; Oxford University Press: New York, 1999; p 236. (7) (a) Muller, N. Acc. Chem. Res. 1990, 23, 23. (b) Muller, N. J. Solution Chem. 1991, 20, 669. (c) Muller, N. Langmuir 1993, 9, 96. (8) (a) Malliaris, A.; Le Moigne, J.; Zana, R. J. Phys. Chem. 1985, 89, 2709. (b) Roelants, E.; Gelade´, E.; Smid, J.; De Schryver, F. C. J. Colloid Interface Sci. 1985, 107, 337. (c) Alargova, R. G.; Kochijashky, I. I.; Zana, R. Langmuir 1998, 14, 1575. (9) (a) del Castillo, J. L.; Czapkiewicz, J.; Perez, A. G.; Rodrı´guez, J. R. Colloids Surfaces 2000, 166, 161. (b) Gonza´lez-Perez, A.; Del Castillo, J. L.; Czapkiewicz, J.; Rodrı´guez, J. R. J. Phys. Chem. B 2001, 105, 1720. (c) Gonza´lez-Perez, A.; del Castillo, J. L.; Czapkiewicz, J.; Rodrı´guez, J. R. J. Chem. Eng. Data 2001, 46, 709. (d) Shah, S. S.; Jarmoz, N. U.; Sharif, Q. M. Colloids Surf., A 2001, 178, 199. (e) Rodrı´guez, J. R. J.; Gonza´lez-Perez, A.; del Castillo, J. L.; Czapkiewicz, J. J. Colloid Interface Sci. 2002, 250, 438. (f) Ropers, M. H.; Czichocki, G.; Berzesinski, G. J. Phys. Chem. B 2003, 107, 5281.
 
 10.1021/la048930+ CCC: $27.50 © 2004 American Chemical Society Published on Web 09/28/2004
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 quantify the relative importance of hydrophobic interactions and, for ionic surfactants, electrostatic interactions. Because of the compensation between ∆Hmic° and ∆Smic°, their relative contribution to ∆Gmic° depends on T; namely, micelle formation is entropy-driven at room temperature and enthalpy-driven at higher temperatures. Recently, we have synthesized a novel series of cationic surfactants, benzyl(2-acylaminoethyl)dimethylammonium chlorides, RABzMe2Cl. In this acronym, R, stands for an acyl group containing 10-16 carbon atoms, for example, C10ABzMe2Cl ) C9H19CONH(CH2)2N+(CH3)2CH2C6H5Cl-; C12ABzMe2Cl; C14ABzMe2Cl; and C16ABzMe2Cl, where A, Bz, and Me stand for NH(CH2)2N+, benzyl, and methyl groups, respectively. We have employed conductance, electromotive force (chloride ion selective electrode), Fourier transform infrared spectroscopy, 1H and 13C NMR, surface tension, and titration calorimetry to study the aggregation of these surfactants in aqueous solutions, at 25 °C. The data thus obtained (e.g., cmc, Rmic, etc.) were compared with those of alkyldimethylbenzylammonium chlorides, R′BzMe2Cl, where the alkyl group R′ is C10C16. These are structurally similar surfactants, except for the absence of the “spacer” [-CONH(CH2)2-] between the hydrophobic moiety and the quaternary ammonium ion. Gibbs free energies of adsorption and micellization were found to be more favorable for RABzMe2Cl than for R′BzMe2Cl; this was attributed to the formation of direct and water-mediated intermolecular H bonds,10 akin to those formed by N-alkylamides and polypeptides.11 In the present work, we have employed conductivity and titration calorimetry to study the aggregation of RABzMe2Cl in aqueous solutions, in the temperature range 15-75 °C. Although there is an excellent agreement between the cmc and ∆Gmic°, calculated from the data of both techniques, ∆Hmic° and, hence, ∆Smic° are noticeably different. The following are the temperature-induced changes of the thermodynamic parameters of micellization: (negative) ∆Gmic° slowly decreases; close to room temperature, ∆Hmic° is endothermic, turning exothermic at higher temperatures, where its contribution to ∆Gmic° is dominant; and (positive) ∆Smic° decreases. The enthalpy-entropy plots are linear, and the compensation temperature increases as a function of increasing the chain length of the surfactant hydrophobic tail. At all temperatures, there are linear correlations between the thermodynamic parameters of micellization and the number of methylene groups in the hydrophobic tail. Some advantages and limitations of each technique are addressed. Experimental Section Materials. The (hygroscopic, surface-active pure) surfactants were available from previous studies,10 were weighed, and were dried under a reduced pressure over P4O10 until constant weight, before the solution was made up with double-distilled, deionized water. Titration Calorimetry. The experiments were carried out in the temperature range 15-75 °C. Enthalpies of micellization were measured with a power-compensated VP-ITC microcalo(10) (a) Shimizu, S.; El Seoud, O. A. Langmuir 2003, 19, 238. (b) Shimizu S.; Pires, P. A. R.; Fish, H.; Halstead, T. K.; El Seoud, O. A. Phys. Chem. Chem. Phys. 2003, 5, 3489. (c) Shimizu, S.; Pires, P. A. R.; Loh, W.; El Seoud, O. A. Colloid Polym. Sci. 2004, 282, 1026. (d) Shimizu, S.; El Seoud, O. A. Colloid Polym. Sci. 2003, 282, 21. (e) Majhi, P. R.; Moulik, S. P. Langmuir 1998, 14, 3986. (f) Meguro, K.; Takasawa, Y.; Nawahashi, N.; Tabata, Y.; Ueno, M. J. Colloid Interface Sci. 1981, 83, 50. (11) (a) Kollman, P. Chem. Rev. 1993, 93, 2395. (b) Ludwig, R. O.; Winter, R.; Weinhold, F.; Farrar, T. C. J. Phys. Chem. B 1998, 102, 9312. (c) Huelsekopf, M.; Ludwig, R. Magn. Reson. Chem. 2001, 39, 127.
 
 Shimizu et al.
 
 Figure 1. Calorimetric data for C16ABzMe2Cl, at 45 °C. A: Heat flow versus time plot (thermogram). B: Calorimetric titration curve. C: Plot of the cumulative enthalpy of dilution versus surfactant concentration and the corresponding cmc. rimeter (Microcal, Northampton, U.S.A.). Under constant stirring, 3-10 µL aliquots of the concentrated surfactant solution ([surfacatnt] ≈ 20 × cmc) were added to 1.4 mL of water in the sample cell. Each injection of the titrant solution resulted in a peak, whose corresponding area was calculated (Origin version 6.0 software, Microcal). Solution Conductivity. Conductivity measurements were recorded with a PC-interfaced Fisher Accumet 50 pH meter/ conductimeter, provided with a DM-C1 microconductivity cell (Digimed, Sa˜o Paulo) and Schott Titronic T200 programmed buret. The glass, double-wall measuring cell was thermostated by circulating water in the external chamber and was equipped with a magnetic stirrer and a temperature sensor ((0.05 °C). A home-developed software package was used for temperature control, programmed dilution of the concentrated surfactant solution, acquisition of conductance data, and calculation of the cmc. Light Scattering. Static light scattering of solutions of C14ABzMe2Cl were recorded at 15, 25, 35, and 45 ( 0.1 °C (Malvern 4700 system, Worcestershire, U.K.; equipped with 25 mW He/ Ne laser, Spectra-Physics, Oroville, U.S.A.). The surfactant solutions contained 0.01 mol L-1 NaCl and were filtered through a 0.22-µm membrane. All measurements were made at a 90° scattering angle. The solution refractive index increment was measured with an Optilab 903 interferometric differential refractometer (Wyatt, Santa Barbara, U.S.A.) operating at 633 nm. A home-developed software package was used for acquisition of the scattering data and calculation of the cmc and the (average) micellar molecular weight, from the Debye plot.
 
 Results and Discussion The discussion below is given in the following order: data of calorimetry and conductance are shown; the corresponding micellar parameters are listed and compared; and the dependence of these parameters on surfactant structure and T is discussed. Details of calculations of all quantities discussed are given in Calculations. As shown in the experimental section, the enthalpy measured is that of demicellization, ∆Hdemic°. It is more convenient, however, to discuss ∆Hmic°, whose magnitude is equal to ∆Hdemic° but with an opposite sign. Figure 1 shows an example of raw experimental data and illustrates the micellar parameters that can be directly calculated from the titration calorimetric plots. The data
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 Langmuir, Vol. 20, No. 22, 2004 9553 Table 1. Dependence on Surfactant Structure and Temperature of Aggregation Numbers, Nagg, cmc’s, Determined by Calorimetry and/or Conductance Measurements, and Degree of Dissociation of the Counterion, rmic, Determined from Conductance Dataa calorimetry × cmc, mol kg-1
 
 103 T, °C Nagg
 
 Figure 2. Calorimetric titration curves at 35 °C. A: C16ABzMe2Cl. B: C14ABzMe2Cl. C: C12ABzMe2Cl. D: C10ABzMe2Cl.
 
 Figure 3. Calorimetric titration curves for RABzMe2Cl in the range 15-75 °C. The following are the symbols employed and the corresponding temperatures: square, 15 °C; circle, 25 °C; triangle pointing up, 35 °C; triangle pointing down, 45 °C; star, 55 °C; diamond, 65 °C; and triangle pointing to the right, 75 °C.
 
 shown are for C16ABzMe2Cl, at 45 °C; part A shows the heat flow versus time plot (thermogram), part B is the corresponding titration plot, from which ∆Hmic° is calculated, and part C shows a plot of the cumulative enthalpy of dilution versus [surfactant]. Figure 2 shows examples of the calorimetric titration curves at 35 °C for the surfactants studied; similar curves (not shown) were obtained at other temperatures. Figure 3 shows the calorimetric titration curves for all surfactants, at all temperatures. ∆Hmic° and the corresponding cmc (the latter in molal and molar concentration units) are listed in the appropriate columns of Tables 1 and 2. Figure 4 shows typical solution conductance versus [surfactant] for all surfactants. The curves show the usual behavior for ionic surfactants, with a change of the slope at the cmc. Conductance-based micellar parameters are listed in the appropriate columns of Tables 1 and 2. The other micellar parameters were calculated as follows: For calorimetry, ∆Gmic° was calculated from the calorimetry-based cmc and conductance-based Rmic; ∆Smic° was calculated from the Gibbs free energy equation. For conductance, ∆Gmic° was calculated from conductancebased cmc and Rmic; ∆Hmic° was calculated from the temperature dependence of the cmc, whereas ∆Smic° was
 
 conductance × cmc, 103 × cmc, mol kg-1 mol L-1 Rmic
 
 103
 
 Surfactant C10ABzMe2Cl 25.0 23.8 24.6 25.0 28.4 24.4 27.3 24.6 30.5 23.6 31.7 23.9
 
 15 25 35 45 55 65
 
 31 29 27 24 22 20
 
 15 25 35 45 55 65 75
 
 54 49 44 40 35 30 26
 
 Surfactant C12ABzMe2Cl 5.75 6.06 5.86 5.76 6.00 5.93 5.97 6.25 5.86 6.39 6.68 6.34 6.85 7.14 6.77 7.49 7.82 7.12 8.71 9.04 8.82
 
 5.85 5.90 5.84 6.26 6.69 5.96 8.59
 
 0.22 0.23 0.25 0.27 0.29 0.32 0.34
 
 15 25 35 45 55 65 75
 
 120 110 100 91 81 71 61
 
 Surfactant C14ABzMe2Cl 1.38 1.40 1.41 1.31 1.33 1.41 1.49 1.51 1.62 1.70 1.71 1.61 1.88 1.88 1.87 2.44 2.40 2.01 2.98 2.90 2.41
 
 1.41 1.41 1.61 1.60 1.84 1.98 2.35
 
 0.16 0.18 0.21 0.22 0.24 0.25 0.26
 
 10 13 15 18 23 25 28 33 35 38 43 45 48 53 55 58 63 65 68 73 75
 
 124
 
 Surfactant C16ABzMe2Cl 0.32 0.31 0.38 0.36 0.31 0.30 0.31 0.36 0.37 0.35 0.33 0.34 0.34 0.35 0.36 0.36 0.39 0.44 0.45 0.44 0.42 0.46 0.50 0.51 0.54 0.52 0.56 0.67 0.64 0.63 0.71 0.87 0.85 0.83 0.95
 
 0.32 0.31 0.31 0.30 0.31 0.35 0.33 0.33 0.36 0.36 0.39 0.43 0.42 0.45 0.52 0.51 0.54 0.59 0.68 0.84 0.92
 
 0.18 0.18 0.16 0.19 0.19 0.19 0.20 0.20 0.21 0.20 0.21 0.22 0.21 0.21 0.24 0.23 0.23 0.25 0.21 0.25 0.26
 
 120 110 100 91 81 71 61
 
 22.1 21.6 24.3 23.4 26.2 30.0
 
 × cmc, mol L-1
 
 103
 
 21.8 24.0 22.8 22.3 23.2 23.1
 
 0.27 0.29 0.30 0.33 0.35 0.38
 
 See Calculations for the calculation of Nagg and Rmic. Calorimetric and conductance data at 25 °C were taken from refs 10c and 10a, respectively. The uncertainty limits of the cmc, determined by each technique, were found to be e0.5%. Typical results are reported in Table 2 of Supporting Information. The reasons for the observed (small but persistent) dependence of the cmc on the technique employed have been discussed elsewhere.26 For example, Mukerjee and Mysels have compiled 54 cmc’s for sodium dodecyl sulfate and cetyltrimethylammonium bromide (measurements at 25 °C), differing, for the same technique, by 100 and 22%, respectively.26 a
 
 calculated as given above. All micellar thermodynamic parameters are listed in Table 2. Regarding Figures 1 to 4 and Tables 1 and 2, the following is relevant: (i) Experimental problems precluded determination of ∆Hmic° for C10ABzMe2Cl, at 75 °C. Its cmc is highest among the surfactants studied, and increases as a function of increasing T. If a concentrated surfactant stock solution is employed, the generated heat pulse that occurs on addition is outside the range of the calorimeter. If a more
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 Table 2. Dependence of the Thermodynamic Parameters of Micellization on Surfactant Structure and Temperaturea calorimetry
 
 conductance ∆Gmic°, kJ mol-1
 
 ∆Hmic°, kJ mol-1
 
 T∆Smic°, kJ mol-1
 
 Surfactant C10ABzMe2Cl 37.7 -505 33.8 -450 29.9 -395 27.0 -340 24.1 -285 20.9 -230
 
 -32.1 (-30.5)b -32.7 (-31.5) -33.7 (-31.9) -34.1(-32.9) -34.9 (-34.1) -35.3 (-37.0)
 
 -14.3 -14.0 -13.9 -13.5 -13.2 -12.6
 
 17.9 18.6 19.8 20.6 21.8 22.7
 
 4.1 -2.3 -7.7 -12.8 -17.3 -19.8 -24.7
 
 Surfactant C12ABzMe2Cl 43.2 -643 37.9 -589 33.2 -534 28.7 -480 24.7 -426 22.2 -371 17.4 -317
 
 -39.0 (-34.4) -40.1 (-37.4) -41.0 (-39.2) -41.5 (-38.9) -42.0 (-39.1) -42.3 (-43.8) -42.0 (-44.8)
 
 -9.5 -14.2 -19.5 -25.1 -31.2 -37.7 -44.4
 
 29.5 25.9 21.6 16.5 10.7 4.7 -2.4
 
 1.7 -6.0 -11.7 -17.5 -23.1 -26.0 -30.2
 
 Surfactant C14ABzMe2Cl 47.6 -782 41.5 -692 36.5 -602 31.1 -513 26.1 -423 23.0 -334 19 -244
 
 -45.9 (-41.0) -47.2 (-42.5) -47.9 (-42.2) -48.9 (-42.5) -49.2 (-42.4) -50.0 (-45.1) -50.3 (-47.1)
 
 -13.2 -17.0 -21.0 -25.4 -30.1 -35.2 -40.7
 
 32.7 30.2 26.9 23.5 19.1 14.8 9.6
 
 -51.7 (-44.6) -52.3 (-44.8) -53.3 (-48.1) -53.1 (-44.9) -53.4 (-46.1) -53.8 (-46.1) -54.2 (-45.8) -55.0 (-46.4) -54.8 (-45.9) -55.6 (-47.5) -55.8 (-46.7) -55.3 (-45.7) -56.3 (-47.5) -56.7 (-47.2) -55.4 (-45.4) -56.4 (-45.9) -56.9 (-47.3) -56.0 (-47.6) -57.2 (-48.9) -55.7 (-54.7) -55.3 (-53.0)
 
 -5.6 -8.0 -9.6 -12.2 -16.6 -18.5 -21.2 -26.2 -28.1 -31.4 -36.7 -38.8 -42.5 -48.6 -50.3 -54.4 -61.1 -63.1 -68.4 -74.3 -76.8
 
 46.1 44.3 43.6 41.0 37.3 36.1 33.0 28.8 26.7 24.2 19.0 16.6 13.8 8.17 5.13 2.00 -4.14 -7.16 -11.6 18.6 -21.5
 
 T, °C
 
 ∆Gmic°, kJ mol-1
 
 ∆Hmic°, kJ mol-1
 
 15 25 35 45 55 65
 
 -32.4 -33.3 -33.7 -34.3 -34.5 -34.2
 
 5.3 0.6 -3.8 -7.3 -10.3 -13.3
 
 15 25 35 45 55 65 75
 
 -39.1 -40.2 -40.9 -41.5 -42.0 -42.0 -42.1
 
 15 25 35 45 55 65 75
 
 -45.9 -47.5 -48.2 -48.6 -49.1 -49.0 -49.2
 
 T∆Smic°, kJ mol-1
 
 ∆Cp,mic°, J mol-1 K-1
 
 Surfactant C16ABzMe2Cl 10 13 15 18 23 25 28 33 35 38 43 45 48 53 55 58 63 65 68 73 75
 
 -52.4
 
 -1.0
 
 51.4
 
 -927
 
 -53.8
 
 -8.8
 
 44.9
 
 -825
 
 -55.0
 
 -16.9
 
 38.2
 
 -723
 
 -55.3
 
 -23.4
 
 31.9
 
 -621
 
 -55.8
 
 -28.7
 
 27.0
 
 -519
 
 -55.7
 
 -31.6
 
 24.1
 
 -417
 
 -55.8
 
 -36.4
 
 19.4
 
 -315
 
 a
 
 Calorimetric and conductance data at 25 °C were taken from refs 10c and 10a, respectively. The uncertainty limits of the calorimetrybased thermodynamic parameters of micellization and of conductance-based ∆Gmic° were found to be e1.0% (Table 2, Supporting Information). As discussed in the text, higher errors are associated with conductivity-based ∆Hmic° and T∆Smic°. b Values based on Rmic are calculated by Frahm’s method.
 
 diluted solution is employed, the final solution volume required to carry out the experiment (ca. 3 × cmc) is larger than the volume capacity of the equipment cell. (ii) The plots of Figures 2 and 3 can be subdivided into two concentration ranges, with a transition at the cmc region. Their shapes are clearly dependent on the length of the surfactant hydrophobic tail; this dependence has been discussed in terms of the cmc, Nagg, and Rmic.12 A small cmc and Rmic and a large Nagg result in an intense heat pulse, exothermic or endothermic, detected by the calorimeter. A small cmc also means that the solutions in both the sample cell and the injection syringe are essentially ideal (i.e., concentrations are equal to activities) and that the linear parts of the plot, that is, before and (12) (a) Nusselder, J. J. H.; Engberts, J. B. F. N. J. Colloid Interface Sci. 1992, 148, 353. (b) Bijma, K.; Engberts, J. B. F. N.; Blandamer, M. J.; Cullis, P. M.; Last, P. M.; Irlam, K. D.; Soldi, L. G. J. Chem. Soc., Faraday Trans. 1997, 93, 1579. (c) Blandamer, M. J.; Cullis, P. M.; Engberts, J. B. F. N. J. Chem. Soc., Faraday Trans. 1998, 94, 2261.
 
 after the cmc, are independent of surfactant concentration, as shown for C16ABzMe2Cl, Figure 2A. Decreasing the length of the surfactant tail results in an increase of the cmc and Rmic and a decrease of Nagg.8-10 Consequently, the surfactant solution in the syringe and, with increasing injection number, in the sample cell, cannot be assumed to be ideal. This results in concentration-dependent heat evolution and a smaller enthalpy variation at the cmc, as can be seen by comparing parts A (C16ABzMe2Cl), B (C14ABzMe2Cl), and C (C12ABzMe2Cl) of Figure 2. For a still shorter hydrophobic chain, the contribution from the nonideal solution properties to the heat of dilution is more significant, and the cmc is less well defined, because the width of transition (of the solution property that is being measured versus [surfactant]) is wide, Figure 2D, C10ABzMe2Cl. (iii) There is an excellent agreement between the cmc values obtained by both techniques, even for C10ABzMe2-
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 Figure 4. Plots of solution conductance versus [surfactant] for all surfactants, in the temperature range 15-75 °C (15-65 °C for C10ABzMe2Cl).
 
 Figure 5. U-shaped dependence of cmc on T. A: Calorimetric data for C12ABzMe2Cl. B: Conductivity data for C16ABzMe2Cl.
 
 Cl, whose titration calorimetry plots show nonideal behavior. Therefore, calorimetry is a reliable technique for cmc determination, comparable to conductivity and surface tension. Figure 5 shows the U-shaped dependence of the cmc on T, with a minimum close to room temperature. An increase in T causes two interactions that affect the cmc in opposite directions: A decrease in hydrophilicity of the surfactant molecule (in particular, a decrease in the hydration of its headgroup), which favors micellization, that is, decreases the cmc, and a decrease in water structure, corresponding to a decrease in hydrophobic hydration of the alkyl group, which disfavors micellization, that is, increases the cmc. Therefore, as T is increased, the contribution of the latter effect increases, predominates as the cmc reaches a minimum value, and finally increases with temperature;7c, 13 (iv) There is an excellent agreement between the ∆Gmic° values calculated by the two techniques, because the same (conductance-based) Rmic was employed throughout. In principle, one may attempt to calculate Rmic from calorimetric data, for example, by applying the mass-action law model to calculate the equilibrium constant of micelle formation, K, from which ∆Gmic° can be obtained. The equation ∆Gmic° ) (2 - Rmic)RT ln χcmc (χcmc is the cmc on the mole fraction scale)14 is then employed to calculate Rmic. The concentrations of surfactant in the monomeric (13) La Mesa, C. J. Phys. Chem. 1990, 94, 323. (b) Chen, L.-J.; Lin, S.-Y.; Huang, C.-C. J. Phys. Chem. B 1998, 102, 4350 (14) (a) Rosen, M. J. Surfactants and Interfacial Phenomena; Wiley: New York, 1989; p 33. (b) Hiemenz, P. C.; Rajagopalan, R. Principles of Colloid and Surface Chemistry, 3rd ed.; Marcel Dekker: New York, pp 297, 355.
 
 Langmuir, Vol. 20, No. 22, 2004 9555
 
 and aggregated forms, Nagg, and K may be obtained by iteration, from simulation of the calorimetric titration curve.15 This approach is, however, questionable because of the simplification employed, namely, the contribution of the counterion (to ∆Gmic°) has not been taken into account,16a an unacceptable assumption for ionic surfactants.12a,18c An equally important fact is that obtaining [monomer], [micelle], K, and Nagg by using a single equation to fit the experimental data may be a suspect procedure. The reason is that K and Nagg are strongly correlated, which leads to several combinations (of K and Nagg) that fit the data satisfactorily.10b,17 Therefore, fitting of calorimetric titration curves cannot provide all parameters needed for a complete thermodynamic description of the micellization process;15 that is, conductance data provide Rmic, from which reliable calorimetry-based ∆Gmic° and ∆Smic° may be calculated; (v) In contrast, there is no satisfactory agreement between the ∆Hmic° values calculated from both techniques. Recall that ∆Hmic° is calculated directly from calorimetric titration curves and indirectly from conductance data, namely, by van’t Hoff treatment (dependence of the cmc on T). Because the quality of conductancebased ∆Hmic° may depend on the number of points employed in the iteration, we have calculated the micellization enthalpy of C16ABzMe2Cl, based on the cmc’s determined at 7 and at 21 temperatures. The ratio of ∆Hmic,conductivity°/∆Hmic,calorimetry° changed from 1.3:3.1 (7 temperatures) to 1.65:2.0 (21 temperatures). That is, the difference between the enthalpies calculated persisted, even when the number of data points employed in the iteration of conductivity data were increased by 300%. This difference has been reported elsewhere18 and may be traced to the fact that effects of T on Nagg and Rmic may not be rigorously considered in data treatment by van’t Hoff analysis. On the other hand, the consequences of increasing T on the above-mentioned micellar parameters are included in the direct (i.e., calorimetric) determination of ∆Hmic°. From the Gibbs free energy equation, any uncertainty introduced in the calculation of ∆Hmic° will be carried over to ∆Smic°, so that |∆Smic°|conductance > |∆Smic°|calorimetry. For the present surfactant series, therefore, conductance data does not seem to offer reliable enthalpy or entropy of micellization. Where possible, therefore, we concentrate on calorimetry-based data. (vi) Except for C16ABzMe2Cl, whose micellization enthalpy is always endothermic, in the temperature range studied, ∆Hmic° decreases as T increases and then changes sign; see Figure 3 and Table 2. That is, the micellization enthalpy is endothermic at lower temperatures, turning exothermic at higher temperatures. On the other hand, ∆Smic° is always positive and decreases as a function of increasing T. Hydrophobic and electrostatic interactions contribute to ∆Hmic°.2,7,14 As discussed above, the main contribution to the enthalpy of micellization is associated with the transfer of the hydrocarbon chain of the surfactant monomer from the aqueous environment to the micelle, with concomitant release of solvating water molecules; (15) Lah, J.; Pohar, C.; Vesnaver, G. J. Phys. Chem. B 2000, 104, 2522. (16) (a) Paula, S.; Su¨s, W.; Tuchtenhagen, J.; Blume, A. J. Phys. Chem. 1995, 99, 11742. (b) Marcus, Y. Biophys. Chem. 1994, 51, 111. (c) de Lisi, R.; Ostiguy, C.; Perron, G.; Desnoyers, J. E. J. Colloid Interface Sci. 1979, 71, 147. (d) Kresheck, G. C. J. Am. Chem. Soc. 1998, 120, 10964. (17) Shimizu, S.; Pires, P. A. R.; El Seoud, O. A. Langmuir 2003, 19, 9645. (18) (a) Kresheck, G. C. J. Phys. Chem. 1988, 102, 6596. (b) Naghibi, H.; Tamura, A.; Sturtevant, J. M. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 5597. (c) Chatterjee, A.; Moulik, S. P.; Sanyal, S. K.; Mishra, B. K.; Puri, P. M. J. Phys. Chem. B 2001, 105, 12823.
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 this effect is expected to be exothermic.19 Electrostatic interactions involve (exothermic) repulsion between the head ions and the counterions and (endothermic) attraction between the headgroup and the counterion. Because electrostatic repulsive interactions involve a far larger number of ions than the attractive counterpart, the net contribution of electrostatic interactions to ∆Hmic° is expected to be exothermic. Other interactions that accompany micellization include conformational changes, due to an increase in the fraction of trans conformers of the surfactant hydrophobic tail, and steric interactions between the headgroups at the interface, because the hydrophobic tails are “tethered” to the interface.20a,b The signs of these contributions are not known, but their magnitude is probably small;20c that is, ∆Hmic° is expected to be exothermic, especially for long-chain surfactants, as shown in Table 2. The ∆Smic° term, associated with the transfer of the surfactant monomers from the aqueous pseudo-phase to the micelle, contains contributions from the following: release of a substantial fraction of the water “frozen” around the surfactant hydrophobic tail; readjustment of hydration of the headgroup according to the surface charge density, due to monomer association and counterion condensation; increase in the degrees of freedom of the surfactant molecules in the micelle; and decrease in the degrees of freedom of the headgroups at the interface. The sum of these processes is an increase in the degrees of freedom of the system, that is, positive entropy. The same line of reasoning explains the change in relative contributions of ∆Hmic° and T∆Smic° to ∆Gmic° as a function of increasing T. That is, the contribution of the entropic term that dominates the hydrophobic effect at room temperature is reduced; micellization becomes driven by an exothermic association enthalpy.15,21 Although the contribution of alkyl group dehydration to ∆Hmic° decreases at higher T, it is more than compensated for by increased (exothermic) headgroup repulsion and decreased (endothermic) headgroup/counterion attraction, as a consequence of the concomitant increase of Rmic. (vii) Additional information can be obtained from the dependence of the micellization parameters on T. This includes the temperature of the minimum cmc, Tmin, the compensation temperature, Tcomp, and the heat capacity change upon micelle formation, ∆Cp,mic°. These were calculated as follows: Tmin is that where ∆Hmic° changes sign, that is, where ∂(ln cmc)/∂T ) 0; Tcomp is calculated from ∆Hmic° ) ∆Hmic* + Tcomp∆Smic°, where the intercept, ∆H*mic, characterizes solute-solute interactions, that is, considered as an index of the “chemical” part of micellization, and the slope, Tcomp is a measure of the “desolvation” part of micellization (due to the dehydration of the hydrocarbon tails of surfactant molecules);22 and ∆Cp,mic° is calculated from the temperature dependence of ∆Hmic°. As shown in the preceding discussion (point v), calculation of ∆Hmic° by van’t Hoff treatment may be problematic, independent of the experimental technique employed. Therefore, we take the view that comparing (technique (19) (a) Bashford, M. T.; Woolley, E. M. J. Phys. Chem. 1985, 89, 3137. (b) Faucompre´, B.; Bouzerda, M.; Lindheimer, M.; Douillard, J. M.; Partyka, S. J. Therm. Anal. 1994, 41, 1325. (20) (a) Chachaty, C.; Berdel, T. J. Chem. Soc., Farday Trans. 1992, 88, 1893. (b) Nagarajan, R. In Structure-Performance Relationships in Surfactants; Esumi, K., Ueno, M., Eds.; Marcel Dekker: New York, 1997; Chapter 1. (c) Grosmaire, L.; Chorro, M.; Chorro, C.; Partyka, S.; Zana, R. J. Colloid Interface Sci. 2002, 246, 175. (21) Kira´ly, Z.; De´kany, I. J. Colloid Interface Sci. 2001, 242, 214. (22) (a) Lumry, R.; Rajender, S. Biopolymers 1970, 9, 1125. (b) Jolicoeur, C.; Philip, P. R. Can. J. Chem. 1974, 52, 1834. (c) Gill, S. J.; Wadso¨, I. Proc. Natl. Acad. Sci. U.S.A. 1976, 73, 2955. (d) Mehrian, T.; de Keizer, A.; Korteweg, A. J.; Lyklema, J. Colloids Surf., A 1993, 71, 255.
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 independent) Tmin is safe, whereas care should exercised when comparing the other parameters, if they were not derived from calorimetry data. Tmin values were found to be 25.7, 21.7, 17.0, and 14.2 °C, for C10ABzMe2Cl, C12ABzMe2Cl, C14ABzMe2Cl, and C16ABzMe2Cl, respectively. The decrease of Tmin as a function of increasing surfactant chain length is a clear indication that ∆Hmic° stems mainly from the dehydration of the tails; the longer the tail, the lower the temperature at which the sign of ∆Hmic° changes. This explanation agrees with the fact that Tmin is not appreciably sensitive to the nature of the ionic headgroup, as shown by (Tmin, °C; surfactant):9e,13b 31.3, 24, and 29.0 (C10BzMe2Cl, decyltrimethylammonium bromide, sodium n-decyl sulfate); 24.8, 21, and 26 (C12BzMe2Cl, dodecyltrimethylammonium bromide, sodium n-dodecyl sulfate); and 23.1, 10, and 21.0 (C14BzMe2Cl, tetradecyltrimethylammonium bromide, and sodium tetradecyl sulfate). The compensation plots of RABzMe2Cl (not shown) were found to be rigorously linear (r g 0.9970), from which the following Tcomp values were calculated: -2.7, 15.3, 12.1, and 14.7 °C, for C10ABzMe2Cl, C12ABzMe2Cl, C14ABzMe2Cl, and C16ABzMe2Cl, respectively. These figures are smaller than those of alkyltrimethylammonium bromides, Tcomp ) 35 ( 4 °C, and alkylpicolinium bromides, Tcomp ) 35 ( 1 °C. The dependence of Tcomp on surfactant structure can be traced to differences in the hydration and volume of the headgroup; lower Tcomp values are observed for surfactants with strongly hydrated counterions (e.g., Cl-) and bulky headgroups (e.g., benzyldimethyammonium).9e,13b ∆Hmic* was found to be -30.1, -39.0, -45.5, and -52.3 kJ mol-1, for C10ABzMe2Cl, C12ABzMe2Cl, C14ABzMe2Cl, and C16ABzMe2Cl, respectively, compared with -28.6, -33.8, -38.8, and -43.6, for C10BzMe2Cl, C12BzMe2Cl, C14BzMe2Cl, and C16BzMe2Cl, respectively (conductivity-based).9e For both series, the decrease of ∆Hmic* as a function of increasing the chain length corresponds to an increase in micellar stability in the same direction.13 A plot (not shown) of ∆Hmic* versus NCH2, the number of the methylene groups of the alkyl chain of RABzMe2Cl ()8, 10, 12, and 14, respectively), is linear, with a slope of -3.7 kJ mol-1. This slope is similar to that calculated for other cationic surfactants, for example, alkyltrimethylammonium bromides, -3.9 kJ mol-1, and is more negative than that calculated for nonionic surfactants, -2.9 kJ mol-1, implying that this structural unit (CH2) increases the stability of ionic surfactant micelles more than their nonionic counterparts.13b All ∆Cp,mic° are negative (see Table 2) in line with the transfer of surfactant molecules from their hydrophobically hydrated (ordered) state in the aqueous pseudo-phase to a more labile, water-free micellar interior.16a,18 At 25 °C, we calculated ∆Cp,mic° ) -450, -589, -692, and -825 J mol-1 K-1, for C10ABzMe2Cl, C12ABzMe2Cl, C14ABzMe2Cl, and C16ABzMe2Cl, respectively. Other calorimetry-based ∆Cp,mic° are -430, -390, -595, and -741 J mol-1 K-1, for sodium decanoate,16c decyltrimethylammonium chloride,22d sodium n-dodecyl sulfate,18c and cetyl pyridinium chloride, respectively.18c These results show that the effect of temperature on micellar properties is less influenced by the nature of the headgroup than by the length of the alkyl chain.21 At room temperature, the change in ∆Cp,mic° is a linear function of the hydrophobic surface that is not exposed to water in the micelle.16,22 For example, ∆Cp,mic° at 25 °C for C12ABzMe2Cl is -589 J mol-1 K-1, indicating that ∼17 hydrogen atoms are not in contact with water in the micelle, corresponding to the terminal methyl plus seven methylene groups. Consequently, the remaining three CH2 groups plus the amide group should be exposed to water
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 Table 3. Contribution of the Discrete Surfactant Segments, CH2 and CH3 + Headgroup, to the Thermodynamic Parameters of Micellization, in the Temperature Range 15-75 °Ca T, °C
 
 ∆GCH2°
 
 ∆GCH3+headgroup°
 
 ∆HCH2°
 
 ∆HCH3+headgroup°
 
 T∆SCH2°
 
 T∆SCH3+headgroup°
 
 15 25 35 45 55 65 75
 
 -3.33 ( 0.03 -3.45 ( 0.07 -3.57 ( 0.04 -3.51 ( 0.04 -3.55 ( 0.07 -3.57 ( 0.09 -3.44 ( 0.08
 
 -5.8 ( 0.3 -5.8 ( 0.8 -5.2 ( 0.5 -6.3 ( 0.5 -6.2 ( 0.7 -6 ( 1 -7.8 ( 0.9
 
 -1.1( 0.1 -1.6 ( 0.1 -2.2 ( 0.1 -2.6 ( 0.1 -3.1 ( 0.1 -3.1 ( 0.1 -2.9 ( 0.1
 
 14 ( 1 13.3 ( 0.6 14 ( 1 13.8 ( 0.8 14 ( 1 11 ( 1 5(1
 
 2.3 ( 0.1 1.9 ( 0.1 1.4 ( 0.1 0.9 ( 0.1 0.5 ( 0.1 0.5 ( 0.2 0.52 ( 0.03
 
 20 ( 2 19.1 ( 0.5 19 ( 2 20 ( 1 19.9 ( 0.6 13 ( 2 16.8 ( 0.4
 
 a The correlation coefficients were g0.9864, 0.9938, and 0.9963 for plots of ∆H mic° and ∆Gmic° (15-75 °C) and T∆Smic° (15-55 °C), respectively. ∆Gmic°, ∆Hmic°, and T∆Smic° are in kJ mol-1.
 
 in the surfactant aggregate. This calculation is an oversimplification, because (a) NMR data have indicated that the benzyl moiety “folds back” toward the micellar core, which may contribute to ∆Cp,mic°;17 (b) contribution of the counterion to ∆Cp,mic° should be also considered. This is calculated to be ∼-54 J mol-1 K-1, based on ∆Cp° of hydration of the chloride ion, -70 J mol-1 K-1,16b and Rmic of 0.77. The latter contribution reduces the number of exposed segments by one methylene group. (viii) Conductance-based ∆Gmic° of RABzMe2Cl and R′BzMe2Cl can be compared, provided that Rmic is calculated by the same equation. For the latter surfactant series, the degree of dissociation of the counterion was calculated by Frahm’s method,9e a useful approximation when Nagg is not available. Therefore, we have employed Frahm’s Rmic to calculate ∆Gmic° of RABzMe2Cl and listed the results in Table 2. Our data and those of ref 9e show that |∆Gmic|RABzMe2Cl° >|∆Gmic|R′BzMe2Cl°, at any T, that is, micellization of each RABzMe2Cl is more favorable than that of the corresponding R′BzMe2Cl. To determine the reason for this difference in micellar stability, we have applied eq 1, in which ∆Gmic° is taken as the sum of contributions of the surfactant discrete segments.14 These are the terminal CH3 group of the hydrophobic chain, ∆GCH3°; the methylene groups of the alkyl chain, NCH2∆GCH2°, where NCH2 ) 8, 10, 12, 14, and/or 9, 11, 13, 15, for RABzMe2Cl and R′BzMe2Cl, respectively; and the headgroup, ∆Gheadgroup°:
 
 ∆Gmic° ) NCH2∆GCH2° + ∆Gheadgroup° + ∆GCH3° (1) Equation 1 predicts a linear correlation between ∆Gmic° and NCH2, where the intercept includes contributions from its terminal methyl plus the headgroup. Because ∆GCH3° can be considered independent of the chain length of the surfactant, its contribution is constant in a homologous series. Therefore, the intercepts essentially reflect effects of the transfer of the headgroups from bulk solution to the micelle.14 The following results were obtained from data at 25 °C (Frahm’s Rmic): ∆GCH2° ) -2.7, -2.6, -2.9, -3.1, -3.9, -3.8, and -3.7 kJ mol-1 and ∆Gheadgroup° + ∆GCH3° ) -10.3, -5, -5.9, 2.4, 25.2, 2.3, and 2.7 kJ mol-1, for RABzMe2Cl, R′BzMe2Cl, RAMe3Cl, R′Me3Cl, R′Me3Br, sodium alkyl sulfates, and alkylpicolinium bromide, respectively.7c,9e,10d-f Whereas ∆GCH2° is similar for all surfactant series, the free energy of transfer of the headgroup from bulk solution to the micelle is more favorable for the amide-containing surfactants than for all other compounds reported. This is attributed to direct and water-mediated H bonding between the amide groups of surfactant molecules, akin to those formed by Nalkylamides, polypeptides, and other surfactants that carry the amide headgroup.11,23 (ix) Equations similar to eq 1 and a similar line of reasoning apply to ∆Hmic° and ∆Smic°. Figure 6 shows that the plots according to this approach are linear in all cases,
 
 Figure 6. Dependence of the thermodynamic parameters on the number of methylene groups in the surfactant hydrophobic chain, NCH2.
 
 and the results (thermodynamic property/CH2 and CH3 plus headgroup and correlation coefficient) are listed in Table 3. The dependence of these parameters on T can be explained along lines of reasoning similar to those discussed in point vii, vide supra. Conclusions Calorimetry and conductance measurements can be fruitfully employed for determining the thermodynamic parameters of micellization of surfactants and in probing the effects of their structures on the properties of the aggregates formed. The former technique offers reliable ∆Hmic° vaules but not Rmic, a parameter that is readily obtained from the latter technique, whose use for the determination of reliable ∆Hmic° is questionable. The surfactant series considered, RABzMe2Cl and R′BzMe2Cl, differ in the structure of their headgroup. H bonding between the amide groups of the former series results in more favorable Gibbs free energies of micellization. Determination of thermodynamic parameters of micellization is used to probe the delicate balance between the factors that contribute to the formation of surfactant aggregates in water, including hydrophobic hydration, van der Waals and electrostatic interactions, and water structure. Calculations cmc. As shown in Figure 4, a plot of solution conductivity versus [surfactant] consists of two straight lines inter(23) Bazito, R. C.; El Seoud, O. A. Langmuir 2002, 18, 4362.
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 secting at the cmc. The latter was accurately calculated from eq 2, by curve fitting of the conductivity versus [surfactant], as given elsewhere:24
 
 (
 
 κ(c) ) κ(0) + a1c + dx (a2 - a1) ln
 
 )
 
 1 + e(c-cmc)/dx 1 + e-cmc/dx
 
 (2)
 
 where κ(c), κ(0), a1, a2, and dx are the conductivity at surfactant concentration (c) and infinite dilution, the slopes of the pre- and post-micellar regions of conductivity versus [surfactant] plot, and the width of the cmc transition (dx ) ∆cmc ) (15% of the cmc), respectively. One problem in the calorimetry experiment is the small number of points registered in the cmc region, a consequence of the abrupt rise of the enthalpy as a function of [surfactant], for example, Figure 3. To improve the precision of the cmc calculated, we have fitted eq 3 to the heats of dilution versus [surfactant] curves:21
 
 Hdil )
 
 a1c + a2 1 + e(c-a3)/dx
 
 + a4c + a5
 
 (3)
 
 where c is surfactant concentration and a1-a5 are fitting parameters. The best fit was obtained by taking, as initial guesses, a1, a4, and a5 ) unity, a2 ) ∆Hmic°, a3 ) cmc, and dx ) ∆cmc. In all computations, convergence was observed, and iteration-based a2 and a3 were in agreement with the values determined experimentally. The cmc values reported were taken as the maximum or minimum of the first derivative of eq 3. Aggregation Number, Nagg. These numbers were calculated with the aid of Nagg for alkyltrimethylammonium chloride surfactants, R′Me3Cl,8a as follows: (1) Nagg values of C10Me3Cl were calculated at different temperatures from the linear dependence of Nagg of the other homologues (C12Me3Cl, C14Me3Cl, and C16Me3Cl) on NCH2; (2) for each R′Me3Cl, a plot of Nagg versus T was found to be linear, that is, Nagg ) a + bT, where a and b are regression coefficients; (3) considering the data of all surfactants, the dependence of a or b on NCH2 was found to linear, being described by a ) intercept 1 + slope 1 × NCH2 and b ) intercept 2 + slope 2 × NCH2; (4) the intercepts and slopes calculated in point (3) gave eq 4, which describes the dependence of Nagg on NCH2 and T, for the R′Me3Cl surfactant series
 
 Nagg ) -158.94 + 18.32NCH2 + (1.03 - 0.125NCH2)T (4) and (5) we assumed that the same equation applies to RABzMe2Cl and calculated Nagg for each RABzMe2Cl, at each temperature. The validity of this approach was checked by static light scattering measurements on C14ABzMe2Cl, in the presence of NaCl (Figures 1 and 2 of Supporting Information). Nagg values were measured at different temperatures, and the results obtained (Nagg ) 128, 122, 118, and 107, at 15, 25, 35, and 45 °C, respectively) were plotted as a function of T. Regression analysis gave intercept ) 139 and slope ) -0.67. The corresponding figures for R′Me3Cl are 94 and -0.74, respectively.8a The agreement between the slopes of the two surfactant series is satisfactory and indicates that Nagg of both series have similar dependences on T, which gives credence to the approach employed. A similar correlation between Nagg and NCH2 involves repeating the (24) Carpena, P.; Aguiar, J.; Bernaola-Galva´n, P.; Ruiz, C. C. Langmuir 2002, 18, 6054.
 
 experiment for all surfactants; this is outside the scope of the present work. Two factors may be responsible for the difference in Nagg, namely, the techniques employed (light scattering and fluorescence, respectively) and the fact that the solvent employed in the former technique was an electrolyte solution, not water. Electrostatic repulsions between the surfactant headgroups are attenuated in the presence of an additional electrolyte (NaCl), which leads to a lower cmc (Table 1, Supporting Information) and micellar growth, that is, higher Nagg. Degree of Dissociation of the Counterion, rmic. This was calculated by Evans’ method, eq 5:25a
 
 1000S2 )
 
 Rmic2
 
 (1000S1 - ΛCl-) + RmicΛCl- (5) (Nagg)-2/3
 
 where S1 and S2 refer to the slopes of the conductance plot below and above the cmc and ΛCl- refers to the equivalent conductance of the surfactant counterion at infinite dilution. We emphasize that eq 5 is insensitive to relatively large changes in Nagg. For example, a change of 25% in Nagg of C14ABzMe2Cl changes Rmic by only 0.01 unit, leading to a change of 0.28 kJ mol-1 in ∆Gmic° (0.6%, at 25 °C). We have also calculated Rmic by Frahm’s method, according to eq 6:25b
 
 Rmic ) S2/S1
 
 (6)
 
 where S2 and S1 are those defined in eq 5. Thermodynamic Parameters of Micellization.14 Gibbs free energy and the entropy of micelle formation were calculated from eqs 7 and 8:
 
 ∆Gmic° ) (2 - Rmic)RT ln χcmc
 
 (7)
 
 ∆Gmic° ) ∆Hmic° - T∆Smic°
 
 (8)
 
 where χcmc is the cmc on the mole fraction scale, ∆Hmic° is that directly calculated from calorimetric data, and Rmic is conductivity-based. Note that ∆Hmic° was taken as the difference between the two “baselines”, before and after the abrupt rise of Hdil, Figures 2 and 3, respectively. Where the plot is not parallel to the x axis, before and after the above-mentioned rise (C10ABzMe2Cl and C12ABzMe2Cl), ∆Hmic° was calculated as follows: a vertical line was drawn that passes through the cmc (calculated by eq 3). At [surfactant] > cmc, a straight line that passes through the linear part of the data points was drawn and then extrapolated to the above-mentioned vertical line. This represents the “baseline” above the cmc. The same procedure was applied to the data points at [surfactant] < cmc. ∆Hmic° was taken as the difference between these two extrapolated lines. For conductivity, the corresponding thermodynamic parameters were calculated as follows: ∆Gmic° and ∆Smic°, eqs 7 and 8, respectively, and ∆Hmic°, from the dependence of cmc on T, according to the following equation:18c
 
 ∆Hmic° )
 
 [
 
 ]
 
 d ln χcmc d(1 - Rmic) + ln χcmc (9) dT dT
 
 -RT2 (2 - Rmic)
 
 (25) (a) Evans, H. C. J. Chem. Soc. 1956, 579. (b) Frahm, J.; Diekmann, S.; Haase, A. Ber. Bunsen-Ges. Phys. Chem. 1980, 84, 566. (26) Mukerjee, P.; Mysels, K. J. Critical Micelle Concentrations of Aqueous Surfactant Systems; NSRDS-NBS 36; U.S. Government Printing Office: Washington, DC, 1971; p 1.
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 Heat Capacity. Heat Capacity, ∆Cp,mic°, was calculated from eq 10:16a
 
 K)
 
 ∆Cp,mic )
 
 (
 
 )
 
 ∂∆Hmic ∂T
 
 P
 
 (10)
 
 The number of “dry” hydrogens, nH, in the micelle of a surfactant with a straight-chain tail is given by16a,22
 
 ∆Cp,mic° ) -33nH [J/(mol K-1)]
 
 (11)
 
 Light Scattering. The aggregate molar mass was calculated according to Debye treatment in which the light scattering is given by14b
 
 K([surfactant]total - cmc) ) ∆R90 1 + 2B([surfactant]total - cmc) (12) M hw where ∆R90 is the Rayleigh ratio of micellized surfactant, ∆R90 ) R90(surfactant solution) - R90(surfactant solution at cmc), [surfactant]total and cmc are expressed in g/L, Mw is the weight-averaged molar mass, B is the second virial coefficient, and K is expressed by
 
 4π2n02(dn/dc)2 NAvλ4
 
 (13)
 
 where NAv is Avogrado’s number, n0 is the refractive index of the solution at the cmc, dn/dc is the solution refractive index increment, and λ is the wavelength of the laser light. Nagg is obtained by dividing Mw by the molecular weight of the monomer. Acknowledgment. We thank the Sa˜o Paulo State Research Foundation, FAPESP, for financial support and for a pre-doctoral fellowship to S.S., the National Research Council, CNPq, for a research productivity fellowship to O.A.E.S., and C. Guizzo for his help. We are indebted to Profs. H. Chaimovich and I. Cuccovia from this Institute for making the calorimeter available to us. Supporting Information Available: Light scattering results for C14ABzMe2Cl, in 0.01 mol L-1 NaCl; results of typical runs, carried out for C16ABzMe2Cl, at 25 °C; plots of light scattered intensity (Is) versus [surfactant] for C14ABzMe2Cl, in the temperature range 15-45 °C; and Debye plots for C14ABzMe2Cl, in the temperature range 15-45 °C. This material is available free of charge via the Internet at http://pubs.acs.org. LA048930+
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