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 Micelle Aggregation Numbers of Surfactants in Aqueous Solutions: A Comparison between the Results from Steady-State and Time-Resolved Fluorescence Quenching R. G. Alargova,† I. I. Kochijashky,† M. L. Sierra, and R. Zana* Institut C. Sadron, 6, rue Boussingault, 67000 Strasbourg, France Received May 13, 1998. In Final Form: July 6, 1998 The aggregation numbers of the surfactant aggregates in surfactant-containing systems can be measured using the steady-state fluorescence quenching (SSFQ) and the time-resolved fluorescence quenching (TRFQ) methods. From a theoretical point of view the SSFQ method involves much more restrictive assumptions than the TRFQ method. As a result, the range of aggregation numbers that can be measured with SSFQ does not extend to values as high as with TRFQ. Nevertheless, SSFQ is much used because the measurements are easy to perform and only require readily available spectrofluorometers. The purpose of this study was to compare as completely as possible the two methods. For this purpose we have performed systematic determinations of the values of the surfactant aggregation number in micellar solutions in pure water and in water + polymer and oil-in-water microemulsions, using SSFQ and TRFQ. A good agreement between the two methods is observed when the quenching rate constant of the fluorescent probe (here pyrene) is at least 5 times larger than the decay rate constant of the probe in the presence of air. For lower values of this ratio, the discrepancy between the two values increases very rapidly and examples are given where SSFQ yields values up to 4 times smaller than TRFQ. The discrepancy between the two methods also increases with the microviscosity of the aggregate. The results call for caution when using SSFQ, particularly for systems where the microviscosity is expected to be large and the aggregation numbers are not very small.
 
 1. Introduction Surfactants self-associate into micelles in aqueous solutions at concentrations above the critical micelle concentration (cmc). The micelle aggregation number, which is number of surfactants making up a micelle, is affected by different factors such as the nature of the surfactant, temperature,1-4 type and concentration of added electrolyte,2,5-7 organic additives,8-11 etc. The value of the aggregation number contains information on the micelle size and shape, which may be important in determining the stability and the practical applications of the investigated systems.2,8 Methods which permit easy and reliable estimates of micelle aggregation numbers in the actual experimental conditions, that is at a given surfactant concentration and in the presence of additives such as electrolytes, small organic molecules, polymers, or proteins, are therefore of great interest. Many methods * To whom correspondence should be addressed. † On leave of absence from the Laboratory of Thermodynamics and Physico-Chemical Hydrodynamics, University of Sofia, Sofia, Bulgaria. (1) Israelachvili, J. N. Intermolecular and Surface Forces; Academic Press: London, 1991; Chapter 17. (2) Tanford, C. The Hydrophobic Effect: Formation of Micelles and Biological Membranes; Wiley: New York, 1980; Chapter 7. (3) Zana, R.; Weill, C. J. Phys. Lett. 1985, 46, L-953. (4) Binana-Limbe´le´, W.; Zana, R. J. Colloid Interface Sci. 1988, 121, 81. (5) Mazer, N. A. In Dynamic Light Scattering; Pecora, R., Ed.; Plenum Press: London, 1991; Chapter 17. (6) Missel, P. J.; Mazer, N. A.; Carey, M. C.; Benedek, G. B. J. Phys. Chem. 1989, 93, 8354. (7) Alargova, R.; Petkov, J.; Petsev, D.; Ivanov, I. B.; Broze, G.; Mehreteab, A., Langmuir 1995, 11, 1530. (8) Rosen, M. J. Surfactants and Interfacial Phenomena; John Wiley: New York, 1989. (9) Lianos, P.; Lang, J.; Strazielle, C.; Zana, R. J. Phys. Chem. 1982, 86, 1019. (10) Lianos, P.; Lang, J.; Zana, R. J. Phys. Chem. 1982, 86, 4809. (11) Grieser, F, J. Phys. Chem. 1981, 85, 928.
 
 have been used to determine micelle aggregation numbers.12 However most of these methods are restricted to small values of the aggregation number (thermodynamic methods, NMR) or suffer from the fact that the measured property depends on the micelle aggregation number and also on the micelle shape and intermicellar interactions (scattering methods). To extract the value of the aggregation number, the results must be extrapolated to low concentration, close to the cmc. In doing so one is likely to modify the micelle size as it is concentrationdependent in most surfactant systems. Small angle neutron scattering data at high scattering wavevectors permit in principle the determination of micelle aggregation numbers and also yield information on the micelle shape in the actual experimental conditions.13 However the measurements use experimental setups that are available only in a few facilities in the world, in addition to being very costly. The fluorescence probing methods circumvent most of the problems just discussed and permit determinations of micelle aggregation numbers under the actual experimental conditions.14-19 Indeed, this determination is affected neither by intermicellar interactions nor by the micelle shape. Besides, the apparatuses required for the measurements are available in most university campuses or industrial laboratories. Fluorescence probing methods can also yield information on micelle polydispersity and micelle dynamics (rate constants for intramicellar quench(12) See, for instance: Surfactant Solutions. New Methods of Investigation; Zana, R., Ed.; M. Dekker Inc.: New York, 1987. (13) Cabane, B. In ref 12, Chapter 2, p 57. (14) Zana, R. In ref 12; Chapter 5 and references therein. (15) Almgren, M. Adv. Colloid Interface Sci. 1992, 41, 9. (16) Gehlen, M.; De Schryver, F. C. Chem. Rev. 1993, 93, 199. (17) Barzykin, A. V.; Tachiya, M. Heterog. Chem. Rev. 1996, 3, 105. (18) Infelta, P. Chem. Phys. Lett. 1979, 61, 88. (19) Yekta, A.; Aikawa, M.; Turro, N. Chem. Phys. Lett. 1979, 63, 543.
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 ing; rate constants for transfer of material between micelles).14-17 Information on micelle shape can be inferred from a combination of the previous quantities.9,14 Fluorescence quenching, excimer formation, and energy transfer can be used for such studies with quenching being the most often used in view of its versatility.14 One distinguishes between steady-state and time-resolved fluorescence quenching (SSFQ and TRFQ, respectively). Both methods use a fluorescent probe, most often pyrene in the case of aqueous solutions and an appropriate quencher of the probe fluorescence. SSFQ involves mesurements of the fluorescence emission intensity at increasing quencher concentration, using a spectrofluorometer of good sensitivity, an apparatus found in most laboratories. TRFQ involves fluorescence decay experiments using commercially available single photon counting apparatuses. The decay curves are recorded in the presence of probe alone and of probe and quencher and are analyzed using the proper software. SSFQ measurements are much easier to perform and to analyze than TRFQ measurements. This is the reason they have been and still are extensively used for measuring N values in all types of surfactant-containing systems. Nevertheless, it has been pointed out that some of the assumptions involved in SSFQ are much more restrictive than in TRFQ.14,17-22 Particularly, the kinetic ratio kq/k (kQ ) rate constant for intramicellar quenching; k ) rate constant for intramicellar probe fluorescence decay) must be very large in order that any micelle containing one probe and one or more quencher does not emit light. Even values of kq/k as large as 10 can result in significant errors with SSFQ but not with TRFQ.14,18 As a result the range of aggregation numbers that can be explored with SSFQ is much more restricted than that with TRFQ. Checking the validity of the SSFQ method involves fluorescence decay studies. However, people investigating a new surfactant system by means of SSFQ often select a probe/ quencher pair and start by checking that this pair yields the right value of the micelle aggregation number for a well-characterized surfactant, such as sodium dodecyl sulfate (SDS). When such is the case, it is usually assumed that this probe/quencher pair will perform equally well for other surfactant systems, including the system under investigation. Unfortunately, as it is shown below, this is a risky assumption which can lead to large errors even in micellar systems where the aggregation number, N, is not so large. This is due to the fact that the rate constant kq is inversely proportional to Na (the value of a depends on the micelle shape)9,23 and to the microviscosity of the micellar environment in which probe and quencher move in the micelles.8,9 Whereas the effect of the value of N on the applicability of the SSFQ method to micellar systems is generally well recognized, such is not the case for the effect of the micelle microviscosity. The purpose of this paper is to report values of micelle aggregation numbers of widely differing surfactants: ionic, nonionic, and amphoteric of the conventional type (one alkyl chain, one headgroup) and of the dimeric type (two alkyl chains, two headgroups; also called gemini) determined using the SSFQ and TRFQ methods with the same probe/quencher pair. Results are also given for some micellar solutions in the presence of polymers as the SSFQ method has been much used to determine N values of (20) Lianos, P.; Zana, R. J. Phys. Chem. 1980, 84, 3339. (21) Tummino, P. J.; Gafni, A. Biophys. J. 1993, 64, 1580. (22) van Stam, J.; Depaemelaere, S.; De Schryver, F. C J. Chem. Educ. 1998, 75, 93. (23) Van der Auweraer, M.; De Schryver, F. C. Chem. Phys. 1987, 111, 105.
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 polymer-bound surfactant micelles. Last, the two methods have also been compared for three oil-in-water microemulsions. The results clearly illustrate the large errors that can arise from the use of SSFQ even when using a probe/quencher pair that works well with SDS or other well-characterized surfactants. The errors are much larger for surfactant micelles of large microviscosity. The paper is organized as follows. Section 2 briefly describes the theoretical basis of the quenching methods. Section 3 presents the materials and experimental procedures. Section 4 deals with the experimental results and their discussion. The last section gives some concluding remarks. 2. Determination of Micelles Aggregation Numbers by Fluorescence Quenching Methods The luminescence of fluorophores can be partially or totally inhibited by quenchers. This process occurs due to different interactions between quencher and fluorophore and may be reversible or irreversible. The interaction may occur with the probe in the excited state (dynamic quenching) and/or in the ground state (static quenching). Quenching in Homogeneous Solutions.24,25 In a homogeneous solution containing a probe, P, and a quencher, Q, excitation and dynamic quenching can be represented by the following reactions: τ0 ) 1/k
 
 P + hν 98 P* kQ
 
 P* + Q 98 P + Q
 
 excitation
 
 (1)
 
 quenching
 
 (2)
 
 τ0 ) 1/k is the probe fluorescence lifetime in the absence of the quencher, k is the probe decay rate constant, and kQ is the second-order quenching rate constant. In the presence of the quencher Q at a concentration [Q] the probe lifetime τ is given by
 
 1 1 ) + kQ[Q] τ τ0
 
 (3)
 
 Equation 3 is usually transformed into the Stern-Volmer equation:
 
 τ0 ) 1 + KSV[Q] τ
 
 (4)
 
 KSV ) τ0kQ is the Stern-Volmer constant. If the quenching process is of a purely dynamic nature, the ratio τ0/τ is equal to the ratio I0/IQ of the fluorescence intensities measured in the absence and in the presence of quencher, I0 and IQ, respectively. In the case of static quenching the ground-state probe and the quencher form a complex, PQ (reaction 5), which does not emit light. The equilibrium constant, Keq, for the formation of the complex depends on the nature of the probe/quencher pair and of its microenvironment. Keq
 
 P + Q y\z PQ
 
 (5)
 
 If static and dynamic quenching take place simultaneously, the Stern-Volmer equation becomes: (24) Birks, J. Photophysics of Aromatic Molecules; Wiley-Interscience: London, 1970. (25) Parker, C. Photoluminescence of Solutions; Elsevier: Amsterdam, 1968.
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 I0 ) (1 + Keq[Q])(1 + KSV[Q]) IQ
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 (6)
 
 Quenching in Micellar Solutions.14-19 In SSFQ experiments the investigated micelle-containing system is continuously illuminated and the spectrum of the emitted light is recorded and used to extract information about the properties of the system, here the aggregation number. First, we assume a purely dynamic quenching and consider the most simple situation, i.e., that where no intermicellar migration of the probe and quencher takes place on the time scale of the experiment (“immobile” probe and quencher).18,19 This is equivalent to assuming that the residence times of the probe and quencher in a given micelle are much longer than the probe fluorescence lifetime. Using a probe concentration much smaller than the micelle concentration, [micelle], and increasing the quencher concentration such that the ratio [Q]/[micelle] varies between, e.g., 0 and 2, the variation of the fluorescence emission intensity is given by the equation14,26
 
 (
 
 I0 [Q] ) exp IQ [micelle]
 
 )
 
 (7)
 
 Equation 7, which is valid for micellar solutions, can be compared to eq 4, which describes quenching in homogeneous solutions. The difference between the two equations reflects the compartmentalization of the probe and quencher in the micelles. The main assumptions used in deriving eq 7 are that (i) kQ/k . 1 and (ii) the distribution of probes and quenchers among micelles obey Poisson’s statistics. The plot of ln(I0/IQ) against [Q] at constant surfactant concentration permits the determination of the micelle aggregation number, NSS, from
 
 NSS )
 
 C - cmc [micelles]
 
 (8)
 
 where C and cmc are the total surfactant concentration and critical micelle concentration. If kQ is not much larger than k, the reported simulations14,18 clearly show that the values of NSS obtained from eq 8 are more and more underestimated as the value of the kinetic ratio kQ/k decreases. When static quenching takes place together with dynamic quenching, it may partly compensate or even overcompensate the error due to the fact that the assumption kQ/k . 1 is not fulfilled. Thus one can obtain values of NSS that are larger than those expected on the basis of the value of kQ/k. In TRFQ experiments the probe is excited by a very short pulse of light. The probe fluorescence decay (variation of I(t) with time t) is recorded using a single photon counting apparatus. In the absence of quencher, the excited probe decays with a rate constant k ) 1/τ0 (τ0 is now the probe lifetime in its micellar environment) and the decay curves are single exponential for appropriately selected probes such as pyrene. The presence of quencher affects the decay curves which are no longer single exponential and obey the equation15-19 (26) Turro, N. J.; Yekta, A. J. Am. Chem. Soc. 1978, 100, 5951.
 
 {
 
 I(t) ) I(0)exp -
 
 t - R[1 - exp(-kQt)] τ0
 
 }
 
 (9)
 
 I(t) and I(0) are the fluorescence intensities at time t and zero, following the excitation, and R ) [Q]/[micelle]. If the experiments are correctly performed the value of the micelle aggregation number is obtained as
 
 ND ) R
 
 (C - cmc) [Q]
 
 (10)
 
 The assumption kQ/k . 1 is not made in TRFQ. The molar ratio [P]/[micelle] must be kept at low values (below 0.05 to prevent the formation of pyrene excimer) and R is adjusted as to be close to 1. Values of R larger than 2 must be avoided for theoretical reasons27 and also because such a high micelle quencher loading may affect the micelle structure. Note that if static quenching is present together with dynamic quenching, it only affects the value of I(0), but not those of ND and kQ. At long times (t . 1/kQ) eq 9 reduces to
 
 ( ) I(t) I(0)
 
 tf∞
 
 )-
 
 t -R τ0
 
 (11)
 
 Thus, in a semilogarithmic representation, the decay curves exhibit a linear behavior with a slope -1/τ0 and an intercept -R. Problems arise in TRFQ when kQ/k is close to or slightly smaller than 1. Then the limiting linear behavior predicted by eq 11 is reached only if the decay curve is recorded over a sufficiently long time, which demands a lengthy photon accumulation. Even so, it is often difficult to get meaningful data owing to various experimental constraints. The failure to reach the linear tail of the decay generally results in fitting the decay curves with values of the probe lifetime in the presence of quencher that are smaller than in the absence of quencher, thus wrongly suggesting intermicellar migration of probe and/or quencher on the fluorescence time scale.14-19 Of course incorrect values of NTRFQ are calculated from these fitting parameters. The intramicellar quenching rate constant kQ depends on different factors. It decreases with increasing micelle size as 1/Na (with a ≈ 1 for spherical micelles and larger than 1 for elongated micelles)9,23 or when the microviscosity of the probe/quencher environment increases.9,14,28 In systems with small values of N the high value of the microviscosity may still lead to underestimated N values. When quencher and/or probe are mobile on the fluorescence time scale (residence times in the micelles comparable or shorter than the probe lifetime), TRFQ can still be used for obtaining N.14-19 On the contrary, this additional complexity renders SSFQ nearly useless. Nevertheless, the experiments yield nearly linear ln[I(0)/ I(Q)] vs [Q] plots14,18 but the value of N may be meaningless. The experimentalist retains some control on the experiments. Thus the choice of pyrene or methylpyrene as fluorescent probes permits one to be sure that the probe residence time in the micelles is much longer than its lifetime. The situation is more complex for the quencher because its micelle residence time depends very much on the nature of the surfactant making up the micelle. (27) Almgren, M.; Lo¨froth, J.-E.; van Stam, J. J. Phys. Chem. 1986, 90, 4431. (28) Zana, R.; In, M.; Le´vy, H.; Duportail, G. Langmuir 1997, 13, 5552.
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 Table 1. Investigated Surfactants surfactant anionic cationic
 
 zwitterionic nonionic
 
 dimeric
 
 name
 
 abbreviation
 
 cmc (mM)
 
 sodium dodecylsulfate dodecyltrimethylammonium chloride hexadecyltrimethylammonium chloride tetradecyltrimethylammonium bromide benzyldimethyl-n-hexadecylammonium chloride dodecyldimethylammonium propanesulfonate dodecyldimethylammonium propanecarboxylate decaethylene glycol monodecyl ethera octaethylene glycol monododecyl ether Triton-X100 Tyloxapolb octylglucoside ethanediyl-1,2-bis(dodecyldimethylammonium bromide) propanediyl-1,3-bis(dodecyldimethylammonium bromide) butanediyl-1,4-bis(dodecyldimethylammonium bromide) disodium 1,11-didecyl-3,6,9-trioxaundecane-1,11-disulfate
 
 SDS DTAC CTAC TTAB BHDC C12N3SO3 C12N3CO2 C10E10 C12E8 TX100 Tyloxapol OG 12-2-12 12-3-12 12-4-12 Dim 1
 
 8.037 21.537 1.337 0.4237 0.2037 3.5633 4.333 2.7 0.131 0.2530 ≈0.00130 2539 0.8432 0.9632 1.1532 0.1331
 
 a This surfactant was obtained from Seppic (France). The formula given in the Table represents only an average in both alkyl chain length and number of ethyleoxide units. b Tyloxapol is a polydisperse polymeric surfactant of degree of polymerization below 7 and with a repeat unit which is formally very similar to TX100. One methylene group connects two successive repeat units.30,38
 
 3. Experimental Section Materials. The surfactants used in this study are listed in Table 1. Their synthesis, purification, and cmc have been reported.3,4,29-40 Pyrene was used throughout as fluorescent probe. The quenchers were the dodecylpyridinium (DP) and hexadecylpyridinium (HP) ions in the case of SDS, the tetradecyl4-cyanopyridinium ion (TCNP) for Tyloxapol and Triton X100,30,41 and the HP ion for all other surfactants.29,35,41,42 All quenchers were used in the form of chloride salts. The selected polymer/surfactant systems are the much studied SDS/PEO43-45 and SDS/PPO46,47 systems (PEO ) poly(ethylene oxide); PPO ) poly(propylene oxide)) with the pyrene-DP pair. The molecular weights were 20000 for PEO and 1200 for PPO. A measurement was also performed on the SDS/EHEC system (EHEC ) ethylhydroxyethylcellulose) which has been investigated by SSFQ,48 using the pyrene/HP pair. The sample of EHEC was the same as in a previous investigation.49 The pair pyrene/ HP was used for this last system. Oil-in-water microemulsions with the following compositions were investigated: Micro1, water/0.5 M SDS/1 M butanol/toluene 13% (v/v); Micro2, water/0.5 M SDS/1 M pentanol/n-octane 13% (v/v); Micro3, water/0.5 M SDS/1 M pentanol/n-dodecane 8.8% (29) Malliaris, A.; Binana-Limbe´le´, W.; Zana, R. J. Colloid Interface Sci. 1986, 110, 114. (30) Regev, O.; Zana, R. J. Colloid Interface Sci., in press. (31) Zana, R.; Le´vy, H.; Kwetkat, K. J. Colloid Interface Sci. 1998, 197, 370. (32) Zana, R.; Benrraou, M.; Rueff, R. Langmuir 1991, 7, 1072. (33) Chevalier, Y.; Stout, Y.; Pourchet, S.; Le Perchec, P. Langmuir 1991, 7, 848. (34) Danino, D.; Talmon, Y.; Zana, R. Langmuir 1995, 11, 1448. (35) Malliaris, A.; Lang, J.; Zana, R. J. Chem. Soc., Faraday. Trans. 1 1986, 82, 109. (36) Alargova, R. G.; Kochijashky, I. I.; Zana, R. Langmuir 1998, 14, 1575. (37) Mukerjee, P.; Mysels, K. J. Critical Micelle Concentrations of Aqueous Surfactant Systems; NSRDS-NBS 36, National Standard Reference Data Systems, NBS 36; NBS: Washington, DC, 1971. (38) Westensen, K. J. Pharm. 1994, 102, 91. (39) Frindi, M.; Michels, B.; Zana, R. J. Phys. Chem. 1992, 96, 8137. (40) Aoudia, M.; Zana R. J. Colloid Interface Sci., in press. (41) Alami, E.; Van Os, N. M.; Rupert, L. A.; De Jonc, B.; Kerkhoh, F. J.; Zana, R. J. Colloid Interface Sci. 1993, 160, 205. (42) Binana-Limbe´le´, W. Doctorate Thesis, University Louis Pasteur, Strasbourg, France, June 1989. (43) Lianos, P.; Lang, J.; Zana, R. In Microdomains in Polymer Solutions; Dubin, P., Ed.; Plenum Press: New York, 1985; p 357. (44) van Stam, J.; Almgren, M.; Lindblad, C. Prog. Colloid Polym. Sci. 1991, 84, 13. (45) Maltesh, C.; Somasundaran, P. J. Colloid Interface Sci. 1993, 157, 14. (46) Rodenas, E.; Sierra, M. L. Langmuir 1994, 10, 4440. (47) Rodenas, E.; Sierra, M. L. Langmuir 1996, 12, 1600. (48) Evertsson, H.; Nilsson, S. Macromolecules 1997, 30, 2377 and references therein. (49) Kamenka, N.; Burgaud, I.; Zana, R.; Lindman, B. J. Phys. Chem. 1994, 98, 6875.
 
 (v/v), using the pyrene/DP pair. Similar systems have been previously investigated using TRFQ with pyrene excimer.9,50 The samples for SSFQ were prepared by carefully keeping constant the pyrene concentration in all solutions to within 0.1%. The excitation wavelength was 335 nm in both SSFQ and TRFQ. The fluorescence emission intensities from the aerated solutions were measured using a Hitachi F 4010 spectrofluorometer at the wavelengths coresponding to the first and third emission peaks at about 374 and 384 nm, respectively, in the pyrene emission spectra. In all instances the two sets of data yielded the same values of NSS. The fluorescence decay curves were recorded using a single photon counting apparatus at an emission wavelength of 381 nm and fitted to eq 9 using a nonlinear weighted least squares procedure.29,35,39,40 As molecular oxygen is a very effective quencher of the pyrene fluorescence, all TRFQ studies were carried out after complete removal of the solubilized air from the samples by three freeze-pump-thaw cycles.14,42 In both SSFQ and TRFQ measurements the pyrene concentration was kept at a low level, such that [P]/[micelle] < 0.05. The molar concentration ratio R ) [Q]/[micelle] was adjusted as to be close to 1 in TRFQ experiments and it was varied between 0 and 1.75 in SSFQ. The surfactant concentrations used were high enough to ensure that pyrene and quencher were completely solubilized in the micelles. All measurements were performed at 25 ( 0.1 °C, unless indicated otherwise.
 
 4. Results and Discussion Table 2 lists the values of the surfactant aggregation number in the investigated micellar solutions, polymer/ surfactant systems, and microemulsions, obtained by SSFQ, NSS, and TRFQ, ND. Also listed are the values of the pyrene decay rate constant in deaerated solutions, k, and aerated solutions, kair, and the values of the intramicellar quenching rate constant, kQ. Recall that the values of kQ and ND are identical in the presence and in the absence of solubilized air.36 The values of NSS and ND are listed in the order of decreasing value of the kinetic ratio kQ/k. Some ND values come from previous studies.30,31,34,36,40 The aggregation number of pure SDS micelles was measured using two different quenchers. In both instances the agreement between the SSFQ and TRFQ results is very good. The N values obtained with the HP quencher are slightly larger (about 10%) than with the DP quencher. The difference may be due to the nonideal mixing of the surfactant investigated and the surfactant used as quencher, recently discussed by Almgren et al.51,52 (50) Lianos, P.; Lang, J., Zana, R. J. Phys. Chem. 1982, 86, 1019. (51) Almgren, M.; Hansson, P.; Wang, K. Langmuir 1996, 12, 3855.
 
 5416 Langmuir, Vol. 14, No. 19, 1998
 
 Alargova et al.
 
 Table 2. Values of the Aggregation Numbers, NSS and ND, of the Quenching Rate Constant kQ, of the Rate Constant of Pyrene Fluorescence Decay k, of the Kinetic Ratio, kQ/k, of the Product NDkQ, and of the Quantity (τEIM/IE)-1 (See Text) for the Investigated Systems at 25 °C no.
 
 system
 
 NSS
 
 NDa
 
 10-7kQa,b (s-1)
 
 10-7ka,b (s-1)
 
 39.0;36 41.0 76.1 69.036 48.036 65.836 117.6 101.036 102.0 105.031 10540 10031
 
 4.20;36 4.40 3.44 3.1236 2.6636 1.7936 1.85 1.1336 1.15 0.9531 0.90540 0.79231
 
 0.305 (0.592) 0.283 (0.578) 0.283 (0.578)36 0.309 (0.510)36 0.289 (0.476)36 0.305 (0.524) 0.285 (0.557)36 0.290 0.283 (0.555)31 0.281 (0.481)40 0.272 (0.501)31
 
 93.036 62.036 81.034 10630 59.730 99.0 108.4 114.4
 
 1.3636 0.56736 1.0534 0.38530 0.33830 0.352 0.657 0.524
 
 0.581 (0.845)36 0.284 (0.566)36 0.648 (0.926)34 0.287 (0.415)30 0.305 (0.444)30 0.328 (0.519) 0.658 (0.926) 0.625 (0.090)
 
 3.18 3.05 3.06 1.04
 
 0.279 (0.533) 0.275 (0.510) 0.279 (0.533) 0.272 (0.448)
 
 0.713 0.638 0.433
 
 0.273 (1.06) 0.283 (1.20) 0.286 (1.85)
 
 1 2 3 4 5 6 7 7D 8 9 10 11 12 13 14 15 16 17 18 19
 
 0.109 M DTAC 0.097 M SDS (HP) 0.097 M SDS, (DP) 0.100 M C12NC3CO2 0.100 M C12NC3SO3 0.0334 M C10E10 0.097 M CTAC 0.097 M CTAC 0.0104 M Dim1d 0.100 M OG 0.020-0.037 M C12E8 (HP) 0.037 M C12E8 (TCNP) 0.097 M TTAB 0.098 M BHDC 0.030 M 12-4-12d 3.44 wt % TX100 3.46 wt % Tyloxapold,e 3.46 wt % Tyloxapold,f 0.020 M 12-3-12d 0.010 M 12-2-12d
 
 41.4 75.2 69.4 50.9 57.6 94.0 65.8 78.0 58.0 72.4 57.2 69.0 57.7 47.8 52.4 69.5 46.3 60.1 45.0 42.4
 
 20 21 22 23
 
 0.060 M SDS/2.00 wt % PEO 0.035 M SDS/1.20 wt % PPO 0.100 M SDS/2.00 wt % PEO 0.015 M SDS/0.63 wt % EHEC
 
 44.3 20.2 51.1 25.0
 
 24 25 26
 
 Micro3 Micro1 Micro2
 
 81.0 73.7 85.7
 
 36.4 21.3 47.3 23.1 215 262 379
 
 kQ/k 14.1 (7.3) 12.2 (6.0) 11.0 (5.4) 8.6 (5.3) 6.2 (3.8) 6.0 (3.5) 4.0 (2.0) 4.0 3.4 (1.7) 3.2 (1.9) 2.9 (1.6) 2.3 (1.6) 2.0 (1.0) 1.6 (1.1) 1.3 (0.93) 1.1 (0.78) 1.1 (0.68) 1.0 (0.71) 0.84 (0.58) 11.9 (6.3) 11.1 (6.0) 10.9 (5.7) 3.8 (2.3) 2.61 (0.67) 2.25 (0.532) 1.51 (0.234)
 
 10-7NDkQ (s-1)
 
 10-6/(τEIM/IE)c (s-1)
 
 168 262 215 121 118 218 114
 
 5.10 6.84 6.84 2.41 1.72 3.86 2.74
 
 100 95 79
 
 3.00 2.76
 
 126 35 85 41 20 35 71 60
 
 1.09 1.08
 
 115 65 145 24
 
 3.16 3.29 3.32 1.27
 
 153 167 164
 
 2.46 2.23 1.47 0.71 0.37
 
 19.2 26.3 26.4
 
 a The numbers in superscript represent references. b The values in parentheses are for aerated solutions. c The values for systems 1-19 are from R. Zana (manuscript in preparation). d For these surfactants the values of N correspond to the number of hydrophobic chains making up one micelle hydrophobic core. e Values at 40 °C. f Value at 55 °C.
 
 Figure 1. Plot of ND (from TRFQ) against NSS (from SSFQ) for the micellar systems (b) and for polymer/surfactant systems (O) investigated. The numbers refer to the systems in Table 2.
 
 The values of NSS for C12E8 micelles obtained using the HP and TCNP quenchers are also in good agreement. The difference between the values of NSS and ND is seen to depend much on the system and generally increases as the value of the kinetic ratio decreases. The differences between the values of ND and NSS are particularly large for the three microemulsions. Figure 1 represents the ND values against the NSS values. The diagonal corresponds to the situation where ND ) NSS. The data points 1-4 for micellar solutions are very close to the diagonal. The data points 21-23 for the (52) Almgren, M.; Wang, K.; Asakawa, T. Langmuir 1997, 13, 4535.
 
 Figure 2. Variation of the relative difference (ND - NSS)/ND with the kinetic ratio kQ/k for the micellar systems (b) and for the microemulsions and polymer/surfactant systems (O) investigated. The numbers refer to the systems in Table 2. The solid line has been obtained as explained in the text.
 
 polymer/surfactant systems fall close to, or slightly below the diagonal. All other data points and particularly those for the three microemulsions (not shown) and C10E10 fall well above the diagonal indicating that most values obtained via SSFQ are underestimated. The plot in Figure 1 reveals no correlation between the ND and NSS values for most of the systems investigated. A correlation is apparent in Figures 2 and 3 which represents the values of the relative difference (ND - NSS)/ ND against the kinetic ratios kQ/k and kQ/kair, respectively. The relative difference clearly decreases upon increasing kinetic ratio and tends toward zero at a high value of the
 
 Micelle Aggregation Numbers of Surfactants
 
 Figure 3. Variation of the relative difference (ND - NSS)/ND with the kinetic ratio kQ/kair for the same systems as in Figure 2, using the same symbols. The solid line has been obtained as explained in the text.
 
 kinetic ratio, about 10 and 5 for kQ/k and kQ/kair, respectively. The roughly hyperbolic solid line going through the experimental points was obtained from the simulated variations of ln(I0/IQ) with [Q]/[micelle] for different values of the kinetic ratio.14,18 In these plots, ln(I0/IQ) ) 1 at [Q]/[micelle] ) 1 for the ideal system having an infinite kinetic ratio. For a system with a given kinetic ratio the value of ln(I0/IQ) at [Q]/[micelle] ) 1 is smaller than 1. Its complement to 1 can be taken as the theoretical value of the relative difference between the values of the aggregation numbers obtained by TRFQ and SSFQ for this given kinetic ratio, thereby resulting in the solid line curve. It is seen that the point relative to C10E10 is on the theoretical line in Figure 2, and that the data points for the three microemulsions now fall within the limit of the Figures, which was not the case in Figure 1. Of course all data points do not fall on this line owing to specific interactions between the.probe and/or quencher with the surfactant headgroup mentioned above and which affect kQ and k. The plot (ND - NSS)/ND vs kQ/kair (Figure 3) is seen to provide a better correlation than the (ND - NSS)/ND vs kQ/k plot for data at low values of the kinetic ratio, but a less good correlation at high values of this ratio. The fact that the values of NSS and ND tend to coincide when kQ/k > 10 (or kQ/kair > 5) is not completely in agreement with the reported simulations which indicate that for a system where the kinetic ratio is 10, the value of NSS should be about 12% smaller than the value of ND.14,18 Some static quenching may be operative in micellar systems, which helps in reducing the difference between the ND and NSS values. Also, problems may arise in TRFQ when the kinetic ratio kQ/k is smaller than 1 for the reasons discussed above. It is seen that in all TRFQ experiments kQ was larger than k, except for the dimeric cationic surfactants (12-2-12, and 12-3-12) and for the microemulsions. It is important to realize that in systems where ND > NSS (because of too low values of the kinetic ratio), the values of NSS measured using aerated solutions are expected to be smaller than those measured using deaerated solutions because kQ/k is always larger than kQ/kair, and this would thus result in smaller relative differences than those in Figures 2 and 3. This is supported by the result for a deaerated CTAC solution, sample 7D in Table 2. It is seen that as expected the NSS value for this solution is larger than that for the aerated one. We have chosen to perform our SSFQ experiments, which resulted in the data listed in Table 2, on aerated
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 solutions because all SSFQ studies reported thus far used aerated solutions. In fact, SSFQ experiments are easier to carry out than TRFQ mostly because the solutions used are never deaerated. If the solutions used in SSFQ were to be deaerated, the experiments would require more time than in TRFQ as full and reliable deaerating implies three to four freeze-pump-thaw cycles performed in specialized cells. This method of deaerating solutions is a very reliable one, contrary to argon or nitrogen bubbling of the solution. Variable amounts of residual oxygen in the solutions would introduce large errors on the measured intensity due to quenching. The results in Figures 2 and 3 call for caution when using SSFQ. They suggest that for two surfactants characterized by fairly close values of the aggregation number, SSFQ may yield the right value of N for one surfactant but not for the other, depending on the value of kQ. As was mentioned above, kQ and, in turn, the kinetic ratio decrease upon increasing micellar size and microviscosity of the probe/quencher environment. The microviscosity is a complex quantity as it includes the slowing down of probe and quencher motions within micelles due to their interaction with the surfactant, in addition to the friction between the moving molecules and their environment. The active part of the probe and quencher can reside close to the headgroups with which they interact. For instance the interaction between quaternary ammonium headgroups and aromatic molecules (case of most fluorescent probes) is well documented.53-56 This results in a dependence of the microviscosity on the nature of the surfactant, mostly on the nature of its headgroup. For micelles of low aggregation number (spherical or nearly spherical micelles) kQ is nearly proportional to 1/N,9,23 and the quantities to be compared are the values of the product NkQ, which is a measure of the fluidity sensed by the probe and quencher in their motion within micelles.12 Indeed, kQ is proportional to the diffusion coefficient which in turns is proportional to the reciprocal of the viscosity, i.e., the fluidity. Thus, the product NDkQ represents a measure of the microfluidity of the micellar environment in which probe and quencher diffuse. The values of NDkQ for the investigated systems are listed in Table 2. We have also listed the values of another quantity proportional to the microfluidity which were obtained from the fluorescence properties of micelle-solubilized dipyrenylpropane (P3P).28,48,57-60 This quantity is equal to the reciprocal of the product of the P3P excimer lifetime, τE, by the ratio IM/IE of the emission intensities of the probe in the monomer state and excimer state, respectively. The values listed in Table 2 show that the two quantities are correlated, except for the three microemulsions. For these systems P3P reports a much higher fluidity than the pair pyrene/quencher. This result suggests that P3P may be probing the oil core of the microemulsion droplet while the pair pyrene/DP probes the palisade layer. Figure 4 shows a plot of the relative difference (ND - NSS)/ND as a function of the product NDkQ/kair (which is proportional to the fluidity). The relative difference is seen to decrease (53) Ghosh, S.; Maki, A.; Petrin, M. J. Phys. Chem. 1986, 90, 5210. (54) Bacaloglu, R.; Bunton, C.; Ortega, F. J. Phys. Chem. 1989, 93, 1497. (55) Gadelle, F.; Koros, W.; Schechter, R. J. Colloid Interface Sci. 1995, 170, 57. (56) Lianos, P.; Zana, R.; Viriot M. L. J. Phys. Chem. 1984, 88, 1098. (57) Zachariasse, K. A. Chem. Phys. Lett. 1978, 57, 429. (58) Lianos, P.; Lang, J.; Zana, R. J. Colloid Interface Sci. 1983, 91, 276. (59) Turley, W. D.; Offen, H. W. J. Phys. Chem. 1985, 89, 2933. (60) Miyagishi, S.; Suzuki, H.; Asakawa, T. Langmuir 1996, 12, 2900.
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 quencher may also interact with the surfactant investigated, further complicating this comparison. Nevertheless, the results in Figure 4 qualitatively show how the microviscosity of the aggregate can affect the N values measured by SSFQ. Concluding Remarks
 
 Figure 4. Variation of the relative difference (ND - NSS)/ND with the quantity NDkQ/kair for the same systems as in Figure 2, using the same symbols.
 
 as the micelle fluidity increases. However the correlation is not as good as when plotting the relative difference against kQ/kair. Again, the fluctuations about the average plot probably reflect differences in specific interactions occurring between the probe and the various surfactants and which complicate the comparison of microviscosity values of different surfactants, as is done in Figure 4. The
 
 The aggregation behavior in different aqueous surfactant-containing systems has been investigated using both steady-state and time-resolved fluorescence quenching. The results for the surfactant aggregation numbers have been discussed in terms of the kinetic ratio (kQ/k and kQ/ kair). The two methods yield about the same value of the aggregation number when kQ/kair > 5. Some ionic surfactants which form relatively small micelles of low microvicosity satisfy this condition. This condition also holds for the polymer-bound micelles investigated. There the microviscosity is larger than for the preceding systems but this is compensated by the much smaller N values of the polymer-bound micelles. For most of the systems investigated, however, the values from TRFQ are larger than from SSFQ, with the difference increasing with the value of N and of the microviscosity of the aggregates. Acknowledgment. M.L.S. gratefully acknowledge the financial support of the MEC of the Spanish Government. LA980565X
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