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 Study of the Adsorption of Cationic Surfactants on Aqueous Laponite Clay Suspensions and Laponite Clay Modified Electrodes Brahim Brahimi, Pierre Labbe,' and Gilbert Reverdy Laboratoire de Photochimie, Ecole Supkrieure d'lnghieurs en Gbnie de I'Environnement et de la Construction, Universitk de Savoie, BP 1104, 73011 Chambery cedex, France Received February 5, 1992. In Final Form: April 27, 1992
 
 The adsorption of the cetyltrimethylammonium (CTA+)cationic surfactant by deionized or 0.05 M NazSOd aqueous laponite clay suspensions is compared with the adsorption of CTA+ in a laponite clay modified electrode (LCME). Incorporation of CTA+ in a LCME is achieved by soaking the modified electrode in an electrolyticaqueous solution of CTA+. The cyclic voltammetry parameters of the ferrocene (Fc), methylviologen (MVz+),and ferricyanide (Fe(CN)&) electroactive probes at the resulting CTA+LCME readily correlate with the adsorption isotherms of CTA+ in laponite suspensions and with the steady-state pyrene probe fluorescence experiments. It is concluded that in the presence of 0.05 M NazSOr,similar mechanismsgovern the adsorptionof CTA+in a laponiteclay film or a laponite clay suspension. Adsorption of CTA+ onto a laponite clay suspension leads first to flocculation because of face to face aggregation of the elementary laponite platelets and then to redispersion when adsorbed CTA+ exceeds the cation exchange capacity (cec)of laponite. Elementary platelets are not recovered and bigger colloidal laponite particles are obtained even at maximum CTA+ adsorption density. As a consequence, adsorbed CTA+ are located in two different environments: a fraction is intercalated in the interlamellar spaces as one-, two-, or three-layer complexes with a parallel orientation relative to the laponite basal plane surface. On the external surface of the laponite particles, an aggregative adsorption phenomenon of CTA+ occurs in a process similar to the hemimicellization of surfactants onto nonswelling solid surfaces. Steady-state pyrene fluorescence quenching and time-resolved pyrene fluorescence decay experiments are used to discriminatethese two different organizations of adsorbed surfactants. Electroactivityof CTA+-LCME is proposed to arise from species located at the external surfaces of the laponite particles which compose the clay film, that is from the stacking defect zones.
 
 Introduction Coating an electrode surface with surfactant microstructures is a way to immobilize catalytic species and at the same time to preconcentrate substrates.' Among several systems resulting from transferring LB films,2+casting of insoluble surfactant multilayer^,^^^ or electropolymerization of amphiphilic substituted pyrroles on an electrode surface,+12clay coatings with adsorbed cationic surfactant have recently received attention.13-17 Clay-modified electrodes (CMEs) have attracted the attention of many electrochemists (ref 18 and references therein) because of the ion-exchange properties of the clay and because of the (1) Rusling, J. F. Acc. Chem. Res. 1991, 24, 75. (2) Daikufu, H.; Yoshimura, L.; Hirata, I.; Aoki, K.; Tokuda, K.; Matsuda, H. J. Electroanal. Chem. 1986,199,47. (3) Facci, J. S.; Falcigno, P. A.; Gold, J. M. Langmuir 1986, 2, 732. (4) Zhang, X.; Bard, A. J. J. Am. Chem. SOC.1989,111, 8098. (5) Okahata, Y.; Tsuruta, T.; Ijiro, K.; Ariga, K. Langmuir 1988, 4 , 1373.
 
 (6) Yokota, T.; Itoh, K.; Fujishima, A. J. Electroanal. Chem. 1987, 216, 289. (7) Nakashima, N.; Ando, R.; Kunikate, T. Chem. Lett. 1983, 1577. (8)Rualing, J. F.; Zhang, H. Langmuir 1991, 7, 1791. (9) Hong, K.; Rubner, M. F. Thin Solid Films 1988, 160, 187. (10) Watanabe.1.; Hona, K.: Rubner, M. F. J. Chem. Soc., Chem. Commun. 1989, 123. (11) Hong, K.; Rosner, R. B.; Rubner, M. F. Chem. Mater. 1990,2,82. (12) Coche-Guerente. L.: Der0nzier.A.: Galland. B.: LabbQP.: Moutet. J. C.; Reverdy G. J. Chem: SOC.,Cheh. Commun. 1991, 386. (13) Rusling, J. F.; Shi, C. N.; Suib, S. L. J. Electroanal. Chem. 1988, 245,331. (14) Brahimi, B.; LabbQ,P.; Reverdy, G. J. Electroanal. Chem. 1989, 267, 343. (15) Shi, C.; Rusling, J. F.; Wang, 2.; Willis, W. S.; Winiecki, A. M.; Suib, S. L. Langmuir 1989, 5, 650. (16) Joo, P. Colloids Surf. 1990, 50, 29. (17) Keita, B.; Dellero, N.; Nadjo, L. J. Electroanal. Chem. 1991,302, 47. (18) Fitch, A. Clays Clay Miner. 1990, 38, 391.
 
 unique layered structure of this material. In the literature, essentially the cation-exchange properties of CMEs have been exploited. Rusling and co-workers have used this property to organize an electrocatalytic reaction on a CME in the presence of cationic micelles.l3J5 They have shown that reactants and surfactant molecules are adsorbed to the CME and that adsorbed surfactant facilitates adsorption of the catalyst and nonpolar substrate on the external surface of the CME where the reactions take place. In a preliminary note,14 we have presented the electrochemical behavior of a laponite clay modified electrode (LCME) when a cationic surfactant such as cetyltrimethylammonium (CTA+) or ferrocenyldodecyldimethylammonium (FDDA+) is present in the electrolytic solution at the critical micellar concentration (cmc). We have shown that cationic Surfactants adsorb easily on the clay and build up a positive bilayer on the surface of the clay particles comprising the film. Thus, the cationic surfactant bilayer makes the clay film hydrophobic, which leads to the uptake of neutral organic compounds. Furthermore the bilayer inverts the clay particles charge from negative to positive and confers the anion-exchange property to the LCME. This anion-exchange property has been recently exploited by Nadjo and co-workers17to immobilize the metatungstate anion catalyst into a montmorillonite film containing stearyltrimethylammonium cations. The authors show that the redox catalytic property of the metatungstate anion is maintained in this assembly. Herein, we present a detailed electrochemical characterization and properties of cationic surfactant-laponite clay-modified electrodes. Interpretation of the experimental results is based on the comparison with the
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 adsorption process of cationic surfactants onto laponite clay suspensions in 0.05 M Na2S04 electrolytic aqueous medium. Adsorption of ionic surfactants on hydrophilic surfaces such as alumina or silica oxides is well documented.lS2l It was concluded that the essential features of the hemimicelle concept developedby Fuerstenau and co-workers20 provides a physically acceptable description of adsorption on clean hydrated oxide surfaces. Another model in which two-dimensionalcondensation of the surfactant ions occurs has been proposed by Cases21 and co-workers. Silicates and clays, which are fundamentally more complex and heterogeneous, are less suitable substrates to test theories of adsorption. However surfactant adsorption onto these particular substrates has been studied22-26because of their technical and commercial im~0rtance.l~ The negative face charges of clay platelets are fixed and essentially independent of solution conditions. Upon addition of a cationic surfactant in a quantity less than the cation exchange capacity (cec), into an aqueous clay suspension, exchange with initial counterions occurs and an adsorbed monolayer neutralizes the anionic clay sites. The neutral and hydrophobic character of the clay particle-water interface causes flocculation.22 In the presence of an excess of cationicsurfactant, a second layer associates tails to tails with the first layer by van der Waals interactions of the hydrocarbon chains leading to a cationic surfactant bilayer at the solid-water interface which redisperses the clay.22 In this study, we have chosen the synthetic laponite clay because it presents a constant and reproducible structure and contains a low level of impurities. We used in parallel three approaches to characterize the adsorption of cationic surfactants onto laponite clay. In the first part, the adsorption isotherms of CTA+onto deionized or 0.05 M Na2SO4 aqueous suspensions of laponite (1g-L-l)are established. In addition, the hydrophobic pyrene probe is used to characterize the adsorbed layer of CTA+ and to demonstrate that its incorporation in alaponite clay film can be achieved by soaking the film in a CTA+ aqueous electrolytic solution. In the second part, incorporation of CTA+ in a LCME is evidenced by cyclic voltamperometry with three electroactive probes: the neutral and hydrophobic ferrocene (Fc),the cationic methylviologen (MV2+),and the anionic ferricyanide (FeCNs3-). The resulting CTA+-LCMEs contain hydrophobic solubilizationsites. As a consequence they concentrate a neutral compound such as ferrocene. The ion-exchangeproperties of the CTA+-LCMEs are dependent on the CTA+concentration in the electrolyte and correlate with the adsorption isotherms data. In the discussion section, it is proposed that similar mechanisms govern the adsorption of CTA+ in a laponite clay film and in a laponite clay suspension. On this basis, an interpretation of the CTA+ adsorption isotherm shape is proposed. The main feature is that adsorption of CTA+ induces face to face aggregation of the elementary lapo(19) Hough, D. B.; Rendall, H. M. Adsorption from Solution at the SolidlLiquid Interface; Parfitt, G. D., Rochester, C. H., Eds.; Academic Presa: London, 1983; Chapter 6, p 312. (20) Fueretenau, D. W.; Healy, T. W.; Somaaundaran, P. Tram AIME 1964,229,321. (21) Cases, J. M.; Mutaftechiev, B. Surf. Sci. 1968, 9, 57. (22) VanO1phen.H. AnIntroduction toCIar ColloidChemistru: WileyInterscience; New York, 1977. (23) Nnkamura, T.; Thomas, J. K. Langmuir 1987,3, 234. (24) Weiss, A. Clays Clay Miner. 1963, IO, 191. (25) Greenland, D. J.; Quirk, J. P. Clays Clay Miner. 1962,9, 484. (26) Whl, W.; Rybineky, W.; Schwuger, M. J. h o g . Colloid Polym. Sci. 1991,84, 206.
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 nite platelets. The resulting interlamellar spaces accommodate one, two, or three CTA+layers complexes in a flat orientation whereas hemimicellization of CTA+, that is built-up of micelle-like aggregates in a perpendicular o r i e n t a t i ~ n , l occurs ~ - ~ ~ on the external surface of the aggregates of laponite platelets. Discrimination between these two different organizations of adsorbed surfactant is evidenced from time-resolved pyrene fluorescencedecay experiments and from steady-state pyrene fluorescence quenching experiments. Electroactivity of CTA+-LCME is proposed to arise from species located at the external surface of the laponite particles which compose the clay film, that is, from defect zones which form microchannels.
 
 Experimental Section Chemicals. Laponite RD is obtained from Laportes Industries Ltd. Cetyltrimethylammonium bromide, dodecyltrimethylammonium bromide, and cetylpyridinium chloride from Merck are recrystallized twice in acetone before use. Ferrocene and methanol Lichrosolv from Merck, methylviologen dichloride hydrate and potassium ferricyanide from Aldrich, and sodium sulfate from Flucka are used as supplied. Water is purified and deionized as described previously.*' Pyrene from Aldrich is purified by chromatography on alumina and then recrystallized twice in ethanol. Dodecyltrimethylammoniumchloride is prepared from dodecyltrimethylammonium bromide by an anionexchange reaction. Apparatus. The absorption spectra are recorded on an UV 240 Shimadzu spectrophotometer. Centrifugation of suspensions is performed at 20 OOO rpm on a Bioblock high-speed centrifuge. The steady-state fluorescence data are recorded on a PerkinElmer LS-5spectrofluorometer. The nominal bandwidth is 2.5 nm and the recording speed is 30 nm/min. Solid or pasty samples are examined in a cell equipped with a QZS quartz window. The cell holder has been specially designed to hold the cell at a 45O angle to the incident excitation light beam. The time-resolved fluorescence decays are measured by a single photon counting method. The flashlamp is filled with a mixture of nitrogen (5 bar) and hydrogen (5 bar) giving light pulses of 1.7 ns fwhm at a repetition rate of 15 kHz. Excitation is performed at 335 nm. Detection is performed at 390 nm with two 473A ORTEC discriminators and a 457 ORTEC time/amplitude converter. The time scale calibration is obtained by the way of a 462 ORTEC pulse generator. The numerical analysis has been described by Levitz.28 The calculated values of the theoretical models (monoexponential or biexponential decays) are compared to the experimental values and are used as weighting factors. Different statistical functions are calculated to estimate the reliability of the model. These functions are the reduced chi square ( x 2= 1,1.5), Durbin Watson (DW 2), skewness factor (SK = 0), kurtosis factor (kur = O), the weighted residual, and the autocorrelation function of the weighted residual. The X-ray diffraction spectra are recorded on a Siemens diffractometer (Cu Ka radiation). Electrochemical instrumentation consists of a PAR Model 362 potentiostat, and a Kipp and Zonen Model TRP X-Y chart recorder. Cyclic voltammetry experiments are conducted in an undivided thermostated three-electrode cell comprising a glassy carbon electrode (0.17 cm2),a Pt counter electrode,and a saturated calomel reference electrode. The supporting electrolyte is 0.05 M Na2SOd. Electrochemical experiments are carried out at 28 OC under a nitrogen atmosphere. Adsorption Experiments. Stock suspensions of laponite (4 gL-l) are prepared by dispersing 1g of dehydrated laponite in 250 cma of deionized water. The suspension is stirred overnight. In order to obtain a good reproducibility, the exact water content of air-dried laponite is determined in a thermobalance at 110 "C. The water content of laponite is generally near 8% (w/w). Under these conditions, it is necessary to weight 1.087 g of air-dried laponite to obtain 1 g of dehydrated laponite. =j
 
 (27) LabbB, P.; Reverdy G. Longmuir 1988,4,419. (28) Levitz, P.; Drake, J. M.; Klafter, J. J. Chem. Phys. 1988,89,5224.
 
 1910 Langmuir, Vol. 8, No. 8,1992 Adsorption isotherms of CTA+are set up at 27 O C by mixing, in a 40-cm3flask, 10 cm3 of a 4 pL-l laponite suspension and increasing amounts of a concentrated CTA+ stock solution. Eventually 8 cm3 of a 0.25 M NazSO4 aqueous solution is added in order to obtain a find NazSOr concentration of 0.05 M. The suspension is completed to 40 cm3 by adding water and stirred overnight. The suspension is then centrifuged for 60 min at 20 OOO rpm in order to separate the clay particles from supernatant. CTA+ in supernatant is analyzed by a two-phase technique with dimidium bromide-disulphine blue as endpoint indicator.B Adsorption experiments in the presence of pyrene 5 X lo-' mo1.L-1 are conducted with the same procedure. However, pyrene (0.004 mg) is first added from a methanol solution to the empty flask and methanol is evaporated. Then the laponite suspension is formed as described previously, which dissolves pyrene. Fluorescence spectra of both clay particles and supernatant are recorded after centrifugation. The sedimented clay particles are spread on a QZS quartz window and the fluorescence is observed under excitation at 45O. Incorporation of CTA+ and pyrene in a laponite clay film is checked in aspeciallydesigned 250-rLcell comprisingaremovable circular quartz plate (1.1cm2). A laponite clay film (0.25 mg) is formed on the plate by drying a deionized aqueous sol of laponite. The film is allowed to swell inside the cell by adding 250 pL of an aqueous solution containing 0.05 M NazSO4. The solution is then replaced by 250 r L of a similar one but containing CTA+7 x lO-'mol-L-l that corresponds to 96 % of the cec. After this first step, the film is equilibrated with aqueous solutions containing pyrene 3 X lo-' mol-L-l, 0.05 M NazSO,, and CTA+ at increasing concentrations. For each CTA+concentration,the filling solution is replaced until a constant I/III ratio for adsorbed pyrene is recorded. Steady-state pyrene fluorescence quenching experiments are performed in deionized water with a 1gL-l laponite suspension mol-L-l. The resulting dispersion is containing CTA+2.5 X homogenized by sonication in a Bransonic ultrasonic bath. By this way a very stable colloid with a slight blue tinge is obtained. A colloid containingpyrene 1Vmo1.L-l is prepared by f i i t adding 0.002 mg of pyrene from a methanolic solution to an empty 10 cm3 flask. Methanol is evaporated, then 10 cm3 of the CTA+laponite colloid is added and stirred overnight. Quenching experiments are performed in a quartz cell containing 3 cm3of the colloid. Cetylpyridinium (CP+)quencher is added increasingly from a concentrated aqueous CP+ solution. The samples for pyrene fluorescence decay studiesare prepared in a same way but under an oxygen-free atmosphere. Clay-modified electrodes are made by dropping 30 pL of a 0.5 pL-1 laponite colloid onto the glassy carbon disk of the working electrode and drying in air. The LCME is then allowed to swell in a 0.05 M NanS04solution for 30 min. Incorporation of CTA+ into the LCME is accomplished by soaking the LCME into the electrolytic solution containing CTA+ for 40 min; the CTA+LCME is then activated by cycling between -1 and +0.6 V for 15 min before being transferred into an electrolytic solution containingCTA+and the selected amount of electroactivespecies.
 
 Results and Interpretation Adsorption of the CTA+ Cationic Surfactant by Aqueous Laponite Suspensions. Laponite-RD whose structure and properties have been summarized in a previous paper,z7is a synthetic sodic hectorite corresponding to the molecular formula Sis[Mg6.&i0.4H4.00241~.~N~o.~O.'+.~O Its cation exchange capacity (cec) is 7.3 X lo4 mo1.g-l. When suspended in deionized water at a concentration less than 10 g-L-', it has been reported that complete delamination of the elementary platelets stacked together occurs to form a sol of elementary platelets.30 Figure 1presents the adsorption isotherms of CTABr by a 1gL-l Suspension of laponite in deionized water and (29) (a) Reid, V. W.; Longman, G. F.; Heinerth, E. Tenside 1967, 4 , 292. (b) Reid, V. W.;Longman, G.F.; Sunlight,P.;Heinerth, E. Tenside 1968,5,90. (30)(a) Rameay, J. D. F. J. Colloid Interface Sci. 1986,109,441. (b) Avery, R. G.; Rameay, J. D. F. J. Colloid Interface Sci. 1986, 109, 448.
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 in the presence of 0.05 M NazSO4 which is the electrolyte used in the electrochemical study of the LCMEs. The amount of adsorbed CTA+ ([CTA'Iads) is expressed in cec. The two adsorption isotherms of CTA+ can be divided into four domains (see Discussion) corresponding to the exchange on the anionic clay sites (domain AB), to the adsorption by van der Waals interactions (domain BC), to the hemimicellization on the laponite surface (domain CD), and to the micellization in the bulk (domain DE). The low adsorption part of the isotherms cannot be entirely determined because our detection limit of the concentration of unadsorbed CTA+ is [CTA+l = 6 X lo4 mol-L-l. In this domain AB, the feeding concentration of CTA+, is less than the cec. Inasmuch as these organic cations are strongly preferred by the exchange sites over the Na+ ions, exchange adsorption of the cationic surfactant takes placesz2T h e basal plane surface of clay platelets becomes hydrophobic and face to face aggregation of the elementary platelets progressively occurs leading to the flocculation of laponite. T h e adsorption is practically quantitative and examination of supernatant reveals that the concentration of unadsorbed CTA+ is less than m~l-L-l.~~ In deionized water, neutralization of the anionic laponite sites ([CTA+Ia& = 1 cec) is achieved when [CTA+l is 6 X IO+ mo1.L-l. In domain BC and CD the CTA+laponite flocs progressively redisperse as CTA+ adsorbs in excess of cec. Slightly below the cmc, a significant increase in adsorption is observed from 1.8 cec ([CTA+l = 5 X 10-4 mo1.L-1) t o 2.65 cec (domain CD). At point D, which corresponds to the appearance of micelles (cmc = 9X mol-L-l), an adsorption plateau is reached. In the presence of 0.05 M NazS04, upon addition of increasing amounts of CTA+, the initial laponite gel flocculates but i t does not redisperse because of the high ionic strength of the medium. Increasing the ionic strength also results in the classic lowering of the cmc to 10-4mo1.L-l. I n domain AB, due t o the excess of Na+ cations which are expected to compete with CTA+, exchange adsorption of CTA+ is a slightly less efficient process than in deionized water. Adsorption of 1 cec of CTA+ needs 1.1 X mo1.L-1. In domain BC, adsorption of CTA+ in excess of cec is a more efficient process than in deionized water since 1.8cec is adsorbed when E T A + ] is 3.5 X mol-L-'. Slightly below the cmc, a higher sharp step rise in adsorption leads to [CTA+la& = 3.2 cec (domain CD). T h e isotherms in deionized water and in 0.05 M NazSO4 are presented in Figure 2 with linear axis in order t o avoid ~~
 
 (31)Capovilla, L.; Labbl, P.; Reverdy, G. Langmuir 1991, 7, 2000.
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 Figure 2. Linear axis adsorption isotherms of CTA+ by an aqueous suspension of laponite (1gL-l) at 27 OC: (a) in deion-
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 misinterpretations as recommended in earlier studies.lg Following the classification reported by ZHU and coworkers,32 these isotherms which present two plateaus belong to the L-S type. Steady-StatePyrene Probe Fluorescence Studies. Steady-state experiments with the pyrene probe are used to gain information on the microenvironment of CTA+ adsorbed on laponite clay in the presence of 0.05 M NazSO4. The I/III ratio of the pyrene fluorescence spectrum is known to be sensitive to the polarity of the environment of ~ y r e n e .A~value ~ close to or below 1 characterizes a weakly polar environment and a value much above 1 a highly polar environment. Thus in our experimental conditions, a I/III ratio of 0.58 is obtained in cyclohexane, 1.13 in benzene, 1.35 in methanol, and 1.75 in water. In the absence of CTA+, pyrene is not adsorbed by laponik27 The adsorption isotherm is not modified by the presence of 5 X lob7mol.L-' pyrene (Figure 3a). Figure 3b shows that hydrophobic pyrene is quantitatively adsorbed on the clay particles when [CTA+l in the bulk is less than the cmc. Adsorbed pyrene presents a monomeric fluorescence spectrum and the VI11 ratio decreases as the amount of adsorbed CTA+ increases (Figure 312).In domain AB, the CTA+-laponite provides to pyrene molecules a more polar environment than water, since the I/IIIratiodecreasesfrom 2.15 to 1.75. In domain BC where CTA+ adsorbs in excess of the cec, the environmental polarity of pyrene stilldecreasesuntila value of 1.52, which corresponds to an environment less polar than water. In domain CD the I/III ratio slightly decreases to 1.48 and then remains constant in domain DE. The above results suggest the formation in domain BC and CD of solubilization sites for pyrene that are formed by micelle-like association of hydrocarbon chains. The I/III ratio evolution will be commented on in discussion. Buildup of CTA+-LCMEs. The two isotherms of Figure 1show that depending on the amount of adsorbed CTA+, different types of CTA+-LCME can be formed. Two methods can be considered to incorporate CTA+into a laponite clay modified electrode (LCME). The first one consists of drying on the electrode surface a deionized aqueous colloid of laponite preexchanged by CTA+. This method is only useful when the amount of preadsorbed CTA+ is less than 0.3 cec or more than 1.8 cec. In the other cases, the laponite is flocculated and obtaining a clay film is impossible. (32) Zhu, B.Y.;Gu, T. J . Chem. SOC.,Faraday Trans 1 1989,85,3813. (33) Kalyanaeundaram, K.;Thomas, J. K. J. Am. Chem. SOC.1977,99, 2039.
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 aqueous suspension of laponite (1gL-l) and 0.05 M Na2S04 in the presence (W) and in the absence (*) of pyrene 5 X 10-7 mol-L-1. Evolution as a function of [CTA+] of (b) the relative intensity of the pyrene fluorescence at 373 nm in the supernatant and (c) the I/III ratio of pyrene adsorbed on the laponite particles in (u) the aqueous clay suspension and (A)in a clay film.
 
 The second method consists of equilibrating the LCME with a 0.05 M NazSO4 aqueous solution containing the selected concentration of CTA+. Incorporation of CTA+ in a laponite clay film by soaking is monitored by the following experiments. A laponite clay film is prepared by spreading and drying on a glass plate a deionized aqueous sol of sodic laponite. The casted film is first allowed to swell in a 0.05 M Na2S04 aqueous solution and then is equilibrated with aqueous solutions containing0.05 M Na2S04, pyrene 3 X lC7moEL-l, and increasingamounts of CTA+from lo+ to 2 X mo1.L-I. After equilibration (see Experimental Section), the fluorescence of the film is recorded. In absence of CTA+ the sodic laponite clay film does not incorporate pyrene as already reported.27In contrast monomeric pyrene fluorescence emission is observed when the film has been equilibrated with CTA+. This demonstrates that CTA+ is adsorbed by the clay leading to the formation of pyrene solubilization sites. The evolution of the I/III ratio of pyrene adsorbed in the film as a function of [CTA+l readily fits with the one observed in a laponite suspension (Figure 3c). This result suggests that a similar organization of adsorbed CTA+ occurs in a clay film and in a clay suspension. This conclusion will be reinforced by the results of the electrochemical study of CTA+-LCMEs.
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 The electroactive probe (ferrocenylmethy1)dodecyldimethylammonium (FDDA+)allows us to demonstrate incorporation of cationic surfactants by a LCME upon soaking in an electrolytic solution of the surface active agent.14 Since adsorption of cationic surfactants leads first to the neutralization of the anionic clay sites and since adsorption in an excess of cec induces the charge reversal of the particles,22the electrochemical properties of the CTA+-LCMEs are expected to be strongly dependent on the amount of incorporated CTA+. In order to ascertain these properties, three electroactive probes have been selected the neutral and hydrophobic ferrocene (Fc), the cationic methylviologen (MV2+),and the anionic ferricyanide F~(CN)E~-. In a first set of experiments, CTA+-LCMEs are prepared by equilibrating for at least 40 min a LCME with aqueous solutions containing 0.05 M NazSO4, 2.8 X mol-L-l Fc, and CTA+ at concentrations increasing from 2 X lo* to 10-3 mol-L-l. From calculations we verify that the amount of CTA+ incorporated in the CTA+-LCME upon soaking is negligible as compared to the total amount of CTA+ which is present in the electrolytic medium. For each CTA+ concentration, the cyclic voltammetry registered between -0.2 and +0.5 Vat 50 m V d is characteristic of ferrocene. The anodic peak currents Zpa are 5- to 10fold higher than those observed on a LCME in absence of CTA+. This means that CTA+incorporation in the LCME leads to the formation of solubilization sites which are able to concentrate the hydrophobic ferrocene molecules. Curves b and c in Figure 4 present respectively the evolution of the ratio of anodic and cathodic peak current intensities ZpJZpc and of the difference, AE, = Epa - Epo between the anodic and cathodic peak potential of ferrocene on a CTA+-LCME as a function of [CTA+l. The two evolutions readily correlate with the adsorption isotherm of CTA+ by a laponite suspension (curve a in Figure 4). The electrochemical behavior can be rationalized on the assumption that in the CTA+-LCME, the formation and the structure of the adsorbed CTA+ layer, where ferrocene is solubilized, are governed by the same mechanisms and equlibrium which govern CTA+ adsorption on a laponite suspension. This interpretation is reinforced by the similarity of the fluorescence characteristics of pyrene solubilized in a laponite clay film or a laponite suspension (Figure 3c). mol-L-l, which When [CTA+l is less than 1.1 X corresponds to the domain AB of the isotherm, ZpJZpc remains constant and equal to unity (Figure 4b), AE, remains first equal to 10 mV and then increases up to 45 mV (Figure 4c). In the AB part of the adsorption isotherm, the amount of adsorbed CTA+ is less or equal to the cec. CTA+ aggregates are formed by exchange adsorption on the anionic clay sites and provide neutral solubilization sites for the hydrophobic ferrocene molecules. ZpdZpc equal to unity indicates that the hydrophilic ferricinium cations, resulting from the oxydation of ferrocene, remain in the clay film during the voltamperometric scan (Figure 5a). It is striking to observe that for CTA+ concentrations above 1.1 X mo1.L-l (domains BC, CD, and DE), the evolution of ZpalZpc (Figure 4b) presents a shape similar to the adsorption isotherm one (Figure 4a). Electrostatic repulsion by the cationic headgroups of CTA+ adsorbed in an excess of the cec induces the ejection of the ferricinium cations. Thus, the ratio ZpJZpc becomes higher than unity and is directly related to the amount of CTA+ adsorbed in excess of the cec. In particular it presents the two-step evolution. When [CTA+l increases from 1.1 X 10-5to 3.5 x 10-5
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 Figure 5. Comparison of the cyclic voltammograms at 50 mV obtained at a bare GC electrode and at a CTA+(lcec)-LCME mo1.L-l in an aqueous solution containing 0.05 M Na2S04, CTA+, and (a) 3.5 X 10-5 mo1.L-l Fc, (b) 3 X lo-‘ mo1.L-l MV2+, and (c) 4 x IO4 mol-L-l FeCNe3-.
 
 s-1
 
 and ion-exchange properties of these modified electrodes are studied by cyclic voltammetry of the neutral and hydrophobic ferrocene Fc, the cationic methylviologen MV2+,and the anionic ferricyanide Fe(CN)s3-. Electrochemical Properties of CTA+-LCMEs. Three kinds of CTA+(x cec)-LCME, with x = 1,1.8, and 3.2, have been studied in more detail. The CTA+(x cec)LCMEs refer to LCMEs which have been soaked 40 min in an aqueous solution containing 0.05 M NazS04 and CTA+, respectively, a t the concentrations 3X and mo1.L-l. These concentrations correspond to the equilibrium concentrations which lead to the adsorption of 1, 1.8, and 3.2 cec of CTA+ on an aqueous laponite suspension. After equilibration, the CTA+(x cec)-LCME is transferred and equilibrated 30 min in a medium containing Fc 3.5 X mo1.L-l or MV2+3 X mol-L-l or FeCN63- 4 X 10-6 mo1.L-1. Figure 5a indicates that the CTA+(l cec)-LCME incorporates ferrocene since the peak currents (Zpa = Zw = 6 PA) are higher on the modified electrode than on the bare electrode (Ipa= 1kA). The wave shapes, the linear dependence of Zpa on the sweep rate for u less than 50 mV&, and the fact that AE, = 45 mV indicate that incorporated ferrocene acts as a thin film adsorbed species. Transfer of the CTA+(lcec)-LCME in the pure electrolytic
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 Figure 6. Comparison of the cyclic voltammogramms at 50 mV s-l obtained at a bare GC electrode and at a CTA+(1.8 cec)LCME in an aqueous solution containing 0.05 M NazSOr, 3 X 10-5 mo1-L-l CTA+, and (a) 3.5 X mo1.L-I Fc, (b) 3 X 10-4 mol-L-1 MV2+, and c) 4 X lo4 mo1.L-l FeCNs3-.
 
 solution leads at first to a 30% decrease of the incorporated ferrocene anodic peak current (first cycle) and then to a 86% decrease after 30 min of continuous cycling. MV2+3 X mo1.L-l presents a 2-fold higher response on the CTA+(l cec)-LCME than on the bare electrode (Figure 5b). Transfer of the CTA+(lcec)-LCME into the pure electrolytic solution leads to a complete loss of electroactivity after 10 min of cycling. It is well-known34that in the absence of CTA+,a CME readily incorporates MV2+. High currents, up to 200 pA are observed34 and loss of electroactivity in pure electrolyte is a limited process. In a CTA+(l cec)-LCME the adsorption sites are saturated by CTA+ and the small incorporation of MV2+must occur via ion-pair formation with the electrolytic anions as already ~uggested.~b Soaking CTA+(l cec)-LCME for 40 min in a solution containing 4 X lo* mol-L-l FeCNs3- leads to a small but not negligible electrochemical response (Figure 5c). Since at this concentration, Fe(CN)s3- is undetectable on the bare electrode (Figure 5c), it can be concluded that the Fe(CN)s3- concentration in the clay film is higher than in the bulk. In the absence of cationic surfactant, an LCME J. R.; Bard, A. J. J. Electroanal. Chem. 1986, 197, 233. (35)King, R. D.; Nocera, D. G.; Pinnavia, T. J. J. Electroanal. Chem. 1987, 236,43. (34) White,
 
 1914 Langmuir, Vol. 8, No. 8,1992 does not concentrate anionic species because of electrostatic repulsions acting from the anionic clay sites.36 In a CTA+(l cec)-LCME, the positive charges of adsorbed CTA+neutralize the anionic claysites. Thus accumulation of FeCNs3- in the clay film must occur via formation of hydrophobic ion-pairs with CTA+cations of the electrolytic medium. These hydrophobic ion-pairs are expected to adsorb on the neutral and hydrophobic layer of adsorbed CTA+. It can be concluded that a CTA+(lcec)-LCME presents electrochemical properties which are characteristic of the existence of CTA+aggregates which neutralize the anionic clay sites. The aggregates provide neutral hydrophobic sites which are able to incorporatehydrophobic compounds such as ferrocene. The electrode does not present significant ion-exchange properties in agreement with the fact that the anionic clay sites are neutralized by the adsorption of 1 cec of CTA+. The electrochemicalbehavior of a CTAV.8 cec)-LCME or of a CTA+(3.2 cec)-LCME is typical of the existence of a CTA+bilayer which renders positive the clay particles surface. These two electrodes present a strong affinity for anionic Fe(CN)s3- since under conditions where Fe(CN)s3- is undetectable a t the bare electrode (Figures 6c and 7c), an electrochemical response (respectively Ipc = 1.5 and 2.3 PA) is observed. Wave shapes characteristic of thin film behavior and linear dependence of the Fe(CN)s3-cathodicpeak current,I,,,, on the sweep rate ( u ) are observed at small u. Transfer of the Fe(CN)s3exchanged electrodes into the pure electrolyte (3 X or mol-L-l CTA+and 0.05 M NazSO4) causes the peak current to be attenuated only slightly. Under continuous soaking, the electrode response remains constant, indicating that the electroactive anion is strongly held by the CTA+(1.8 or 3.2 cec)-LCME. In contrast the dication MV2+is not significantly adsorbed by the CTA+(1.8or 3.2 cec)-LCME which presents a smaller response than the bare electrode (Figures 6b and 7b). MV2+cations, which are expected to be repelled by the positive charges of the CTA+bilayer, do penetrate the clay film through channels between the clay particles. Under these conditions, the clay film acts as a semipermeable membrane as already reported concerning the diffusion of anionic electroactive species through a CME.S6 If the CTA+(1.8 or 3.2 cec)or LCME is transferred in the pure electrolyte (3 X mo1.L-l CTA+ and 0.05 M Na2S04) and if a voltammogram is immediately taken, the MV2+waves disappear, indicating a rapid loss of MV2+ from the film. As evidenced by this set of experiments, the clay particles comprising a CTA+-LCME progressively acquire a positively charged surface upon soaking in a solution containing increasing [CTA+l. Incorporation of anionic FeCNs3- and repulsion of cationic MV2+or Fc'+ become significant in a CTA+(1.6 cec)-LCME. These properties are enhanced in the CTA+(3.2 cec)-LCME in agreement with a greater incorporation of CTA+ on the bilayer. Discussion CTA+Adsorption on Deionized Aqueous Laponite Clay Suspensions. In deionized water a 1EL-' laponite suspension is a sol of elementary plateleta.30 Upon adsorption of CTA+ in a quantity less than the cec, the basal plane of clay platelets becomes hydrophobic and face to face aggregation leads to flocculation of the sol. Adsorption in an excess of cec progressively leads to redispersion. Thereby, adsorbed CTA+ are either interca(36) Ege, D.; Ghoeh, P. K.; White, J. R.; Eguey, J. F.;Bard, A. J. J . Am. Chem. Soc. 1985, 107. 5644.
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 Figure 7. Comparison of the cyclic voltammograms at 50 mV s-l obtained at a bare GC electrode and at a CTA+(3.2 cec)LCME in an aqueous solution containing 0.05 M NagSO,, 104 mo1.L-l CTA+,and (a) 3.5 x IO+ mo1.L-l Fc, (b) 3 x IO-' mo1.L-1 MW+, and (c) 4 x lo+! mol-L-l FeCNss-.
 
 lated between the elementary platelets which compose the flocs or adsorbed on the external surface of the flocs. Even though research has been reported on the adsorption of cationic surfactants onto clay surface,37-43 the exact organization of the adsorbed surfactant layers is still not clearly understood in aqueous suspension. As shown in the following, previous studies have been focused on the study of either dry clay film or clay powder in which intercalation is predominant or clay suspensions in which formation of a cationic surfactant bilayer on the external surface is the driving force of redispersion. From X-ray diffraction measurements on dry clay it has been shown that stepwise changes in basal spacing between the elementary platelets are obtained when a long ~~
 
 (37) Theng, B. K. G. The Chemistry of Clay-OrganicReactions; Adam Hilger, Ltd.; London, 1974. (38) Nakamura, T.; Thomas, J. K. J . Phys. Chem. 1986,90,641. (39) Viaene, K.; Caigui, J.; Schoonheydt, R. A.; De Schry-ver, F. C. Langmuir 1987,3, 107. (40) Viaene, K.; Schoonheydt, R. A.; Crutzen, M.; Kunyima, B.; De Schryver, F. C. Langmuir 1988,4,749. (41) Viaene, K.; Crutzen, M.; Kunyima, B.; Schoonheydt, R. A.; De Schryver, F. C. B o g . Colloid Polym. Sci. 1988,266, 242. (42) Kunyima, B.; Viaene, K.; Khakil, M. M. H.; Schoonheydt, R. A,; Crutzen, M.; De Schryver, F. C. Langmuir 1990,6,482. (43) Kuykendall, V.; Thomas, J. K. Langmuir 1990,6,1346.
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 chain cation such as n-octadecylammonium,37 cetylpyridinium,26 or cetyltrimethylammonium26 is added in increasing amounts to montmorillonite up to 3-fold the cec. The first and second steps correspond respectively to an interlayer separation of 4 and 8 A. These observations were explained in term of formation of single and double layer complexes with the alkyl chain lying parallel to the silicate basal surface (the van der Waals thickness of a methyl or methylene group is 4 A). When the exchange capacity is exceeded, the chains in the double-layer complex stand at an angle to the silicate surface leading to an interlayer separation of 11-12 A which formally corresponds to the intercalation of three-layer complexes. At still higher amounts adsorbed, the interlayer separation increases up to 32.5 A and the alkyl chains are “crowded” into a near-vertical position with respect to the surface, giving rise to a lamellar-like close-packed arrangement which allowsextensivevan der Waals interactions between adjacent alkyl chains to be established. In aqueous suspension, several studies based on fluorescent probe s p e c t r o ~ c o p yhave ~ ~ demonstrated that the cationic surfactant molecules form clusters on the clay surface. At low adsorption density (less than 0.3 cec) parallel orientationa as well as perpendicular orientationa of the adsorbed surfactant molecules relatively to the clay surface have been proposed to account for the experimental results. The surfactant molecules are initially adsorbed on the external surface in an immediate adsorption step. Then a redistribution over the interlamellar surfaces occurs.39 At high adsorption density (more than cec) a surfactant clusterlike bilayer is formed.23 However, to our knowledge, intercalation in the interlamellar spaces and hemimicellization on the external surface have not yet been simultaneouslyconsidered in the characterization of the cationic surfactant bilayer-clay-aqueous suspensions. On the other hand, several studies have focused on the adsorption of cationic surfactant such as hexadecylammonium or hexadecyltrimethylammoniumonto nonswelling silicates such as kaolinite,44 biotite,Z1 or amosite a s b e s t ~ s .CTAB ~ * ~ gives an adsorption plateau at solution concentrations around 2 X l t 5molSL-l, then a steep rise in adsorption around molOL-l, and finally a saturation plateau for higher concentrations. The fist plateau is attributed to saturation of the negatively charged sites of asbestos,45the average area per adsorbed molecules at this stage being 79 A2 which is less than the 120 A2 area calculated for a CTAB molecule lying flat on a surface. On biotite surface the first plateau is attributed to the condensation of a densely packed monolayer of surfactant molecules in a perpendicular orientation relative to the surface.21 The steep rise around mo1.L-l is attributed in each case to the formation of a bilayer on the solid surface. The second step always occurs at a concentration near but below the cmc and is related to the process of hemimicellization.20 On the saturation plateau the average molecular area is 26 A2,45which is in good agreement with the formation of a densely packed bilayer since the molecular area occupied by a trimethylammonium headgroup is reported to be 50 A2.47 Finally, from measurements of intersurface separations between two surfaces of freshly cleaved mica, it has been demonstrated& (44)Pearson, J. T.;Wade, G. J.Pharm. Pharmacol. 1972,24, Suppl. 132P. (45) Raleton, J.; Kitchener,J. A. J . Colloid Interface Sci. 1975,50,242. (46)Atkineon, R. J. J. Colloid Interface Sci. 1973, 42, 624. (47) Pashley, R. M.; M c Guiggan, P. M.; Horn, R. G.; Ninham, B. W. J . Colloid Interface Sci. 1988, 126, 569. (48) Paehley, R. M.; Israelachvili, J. N. Colloids Surf. 1981,2, 169.
 
 0 200
 
 450 700 WAVELENGTH (am)
 
 Figure 8. Transmissionspectraof (a)a 1gL-’ deionized aqueous sol bf sodic laponite and (b) a 2.5 mM CTA+-laponite(1g.L-1)
 
 aqueous colloid obtained after 10 min of sonication.
 
 that a CTAB monolayer is formed on each mica surface at concentrations above 6 X mol-L-l, and a bilayer at about 10” mo1.L-l in the vicinity of cmc. From this review, it appears that the adsorption of cationic surfactant onto nonswelling silicates is well rationalized and can be satisfactorily described by theoretical models.20-21In contrast, adsorption onto swelling clays such as montmorillonite or hectorite is complicated by the evolution of the aggregation state of the clay platelets upon adsorption of cationic surfactants. As a consequence, the relative importance of the interlayer and external surfaces depends on the aggregation state of the clay platelets. As demonstrated in the following, the two different adsorption sites must be considered in order to interprete the adsorption process of a cationic surfactant such as CTAB onto a swelling clay such as laponite. The argumentation is based on geometric considerations and on pyrene probe fluorescence experiments: Geometric Considerations. In deionized water, the adsorption isotherm (Figure 1)shows that the maximum uptake of CTAB is 2.65 cec per gram of laponite. Assuming a basal plane surface of 750 m2*g1for l a p ~ n i t eand ~ ~a molecular area of 50 A2 for a trimethylammonium headgroup adsorbed in a close-packing arrangement,’7 one can calculate that intercalation of a densely close-packed bilayer between the whole disponable basal surfaces, corresponds nearly to 3.40 cec of adsorbed CTA+. In this calculation it is assumed that all the laponite platelets are aggregated in a well oriented film and that the CTA+ bilayer is intercalated between two elementary platelets. However it is well-known that adsorption of CTA+ onto a laponite sol leads first to the flocculationand then to the progressive redispersion of the flocs when the amount of adsorbed CTA+ exceeds the cec. It is expected that a CTA+ bilayer is formed onto the external surface of the redispersed clay particles in a similar way as nonswelling silicates. Thus, the calculated value of 3.40 cec is underestimated. On the other hand, intercalation of twoor three-layer complexes of CTA+ molecules lying flat relatively to the basal plane surface corresponds respectively to the adsorption of 1.42 and 2.13 cec. As shown on Figure 8,a 2.5mM CTA+-laponite (1gL-l) colloid exhibits, even after sonication, a greater light scattering than a 1 pL-l pure laponite sol: this demonstrates that aggregation of the elementary laponite platelets occurs upon CTA+ adsorption as already suggested42and persists even at maximum CTA+ adsorption density where a partial redispersion of laponite is observed. XRD experiments were done on aqueous suspensions in order to proof intercalation of one-, two-, or three-layer complexes in the laponite aggregates. Unfortunately,these
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 Table I. Calculated Adsorption Densities for the Possible States of CTA+ Intercalation in LaDonite
 
 CTA+ intercalation
 
 CTA+ orientation relative to laponite basal surface
 
 adsorption density (cec per gram of laponite)
 
 one-layer complex two-layers complex three-layers complex densely packed bilayer
 
 flat flat flat perpendicular
 
 0.71
 
 1.42 2.13 3.41
 
 measurements, even on moist laponite paste resultingfrom the centrifugation of laponite dispersions, were unsuccessfull. The absence of exploitable diffraction peaks can be explained by the small size of the laponite particles. This is not surprising, since even with montmorillonite samples, where the size of particles is greater, Greelqpd and Quirk reported that the moist samples gave only weak reflection^.^^ These weak reflections were attributed to the formation of interstratified systems of one-, two- or three-layer complexes. XRD of air-dried powders of the CTA+-laponite samples were not convincing and measurements were conducted on air-dried films in order to improve diffraction. XRD of an air-dried film of the original laponite sample gives a basal spacing of 13.5 A corresponding to a monolayer water coverage. After the mo1.L-l CTA+ solution sample was soaked in a 9 X and dried in air, a broad reflection peak, which corresponds to a basal spacing of 19.5 A, is obtained. This increase of the basal spacing agrees with the formation of interstratified systems of one-, two-, or three-layer complexes.25 At maximum adsorption density only 2.65 cec of CTA+ is adsorbed. This value is higher than 1.42 cec and 2.13 cec which correspond to the intercalation of two- or threelayer complexes. It is smaller than 3.40 cec which corresponds to the formation of a densely packed bilayer. Since redispersion of clay23occurs by formation of a densely packed positive bilayer on the external surfaces, it seems reasonable to assume, in order to account for the value of 2.65 cec, that less densely packed two- or three-layer complexes are formed in the internal surfaces. Table I shows the calculated amount of adsorbed CTA+ necessary to form in the interlamellar space, one-, two-, or three-layercomplexesin a flat configuration,or a densely packed bilayer in a vertical configuration. Assuming that the driving force of the clay platelets aggregation process results in the formation of two layers complexes which are adsorbed in the interlamellar spaces, one can calculate that, at maximum adsorption density (2.65 cec), 1.23 cec of CTA+ is in excess and cannot account for the intercalation process. If hypotesis of 1.23cec forming a densely packed bilayer onto the external surface of the laponite particles is done, one can calculate that an external surface of 135 m2 is covered. Thus, the total basal plane surface being 750 m2,the interlamellar surface represents 615 m2 and the laponite clay particles are composed of 5.5 elementary platelets on average. With the hypothesis of intercalationof three-layercomplexes,a similar calculation gives an external surface of 57 m2 and an aggregation of 13 elementary platelets. In deionized water, the first stage of adsorption (domain AB Figure 1) corresponds to the neutralization of the anionic clay sites since adsorption of 1cec is achieved at equilibrium concentrationsas low as 5 X 10-5mol.L-1. Then in domain BC, adsorption increases from 1to 1.8 cec. The adsorption isotherm shape suggests an adsorption occurring in a stepwise fashion which corresponds to the progressive intercalation of well-defined two- or threelayer CTA+ complexes. In domain CD, slightly below the
 
 cmc, the steep rise in adsorption results from a hemimicellization process onto the outer surface of the laponite particles. The driving force of the hemimicellization process has been assigned to the so-called hydrophobic effect, that is the surfactant molecules aggregate in order to minimize their contact with the aqueous environment. This effect is expected to affect preferablythe outer surface species since they are readily exposed to the bulk water in contrast to the intercalated species. This model implies that the organization of adsorbed cationic surfactants is dependent on their location either in the interlamellar spaces or on the external surface. Pyrene Probe Fluorescence Experiments. Pyrene adsorbed on a deionized aqueous laponite suspension containing increasing amounts of adsorbed dodecyltrimethylammonium (DTA+) exhibits a monomeric fluorescence decay which is not monoexponential even at high DTA+ adsorption densities (Figure 9a). However, this decay can be fitted as a biexponential (Figure 9b). This result indicates the existence of two pyrene populations having lifetimes nearly 180 ns and 300 ns (Table 11).The two lifetimes are independent on the surface coverage (Table 11) and agree with the existence of two different solubilization sites for adsorbed pyrene molecules. This simplified two-site model implies the homogeneity of the two solubilizationsites. It is true that the adsorption sites on the surface of the unmodified originallaponite are very heterogeneous. On this kind of heterogeneous surface, a multiexponential decay and not a biexponential decay should be expected. On the other hand, the adsorption layer of cationic surfactant can be expected to smooth out these surface heterogeneities so that the intercalated and the externally bounded surfactant layers constitue two relatively homogeneoussolubilizationmedia for the pyrene molecules. As the amount of adsorbed DTA+ increases from 0.55 cec to the maximum adsorption density of 1.94 cec (Table 11), the proportion of the 300-ns pyrene population increases from 51 % to 85% and the I/III ratio decreases from 2.01 to 1.58. The long lifetime is very close to the lifetime of pyrene solubilized in DTA+micelles (330 ns) and is assigned to pyrene molecules solubilized in aggregates (hemimicelles) of DTA+ adsorbed in a vertical orientation on the external surfaceof the laponite particles. The short lifetime represents the pyrene molecules adsorbed in the interlamellar spaces. Indeed, one- or twolayer complexes of DTA+ lying flat are present in the interlamellar spaces. Thus, intercalated pyrene molecules are close to the clay surface where quenching by lattice iron is known to be effe~tive.~8 The steady-state fluorescence spectra result from the fluorescence addition of intercalated pyrene molecules which exhibit a high I/III ratio indicative of a highly polar environment and of externally adsorbed pyrene molecules which exhibit a small I/III ratio indicative of a micellelike environment. The highly polar environment of intercalated pyrene has already been observed in tetran-butylammonium-pillared he~torite.4~ The butyl groups have been proposed to drive out surface water thus exposing the pyrene molecules directly to the clay interlayer surfaces. As the amount of adsorbed DTA+increases, redispersion of the laponite clay occurs and the available external surface, where bilayer aggregation occurs, increases. As a consequence, the proportion of the long lifetime pyrene population increases and the global I/III ratio of steady-state pyrene fluorescence spectrum decreases. A similar mechanism governs the I/III ratio evolution for pyrene adsorbed on CTA+-laponite suspensions (Figure 3c).
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 Table 11. Biexponential Fitting Parameters for Time-Resolved Fluorescence Decays of Pyrene Monomer Observed at 390 nm in a DTA+-Laponite (1 g L - l ) Deionized Aqueous Suspension (without Sonication). I/III ratio T I , ns T Z , ns a [DTA+I,h, (cec) 0.548 2.23 296.9 172.0 0.493 0.973 1.99 312.8 181.8 0.532 1.397 1.77 309.2 163.7 0.309 1.703 1.63 313.1 153.5 0.220 1.941 1.58 293.1 185.1 0.155 The equation used for the decay analysis is Z(t)/Z(O)= (1 - a) exp(-t/q) + a exp(-t/rz) where Z ( t ) and Z(0) are the fluorescence intensities at time t and time zero, respectively. T I and T Z are the lifetimes in nanoseconds.
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 I"/ I Figure 10. Quenching of lo* mo1.L-l pyrene fluorescence by cetylpyridinium (CP+)in (m) a 2.5 mM CTA+-laponite (1 gL-l) colloid and (0) in a 2.5 mM CTA+micellar solution: (a) evolution of Zo/Z as a function of [CP+]and (b)evolution of the I/III ratio as a function of Zo/Z.Zo and Z represent the pyrene fluorescence intensity in the absence and in the presence of increasing amounts of CP+, respectively. 0
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 + 1.3094 D W I + 2.0265 SKW + 0.3545 KUR = + 4.6399 Figure 9. Time-resolved fluorescence decay of pyrene in the adsorption layer of dodecyltrimethylammonium(DTA+)on a 18 mM DTA+-laponite (1 pL-1) deionized aqueous suspension: (a) monoexponential fit and (b) biexponential fit. The amount of adsorbed DTA+is 1.94cec and the pyrene/surfactant ratio in the adsorption layer is The autocorrelation function and the statistical functions clearly indicate that a better fit is obtained with the biexponential decay. I
 
 The existence of two different pyrene solubilization sites in a CTA+-laponite colloid is unambiguously demon-
 
 strated by the following selectivesteady-state fluorescence quenching experiments set. Figure 10 presents the quenching by cetylpyridinium (CP+)of pyrene lo* mo1.L-' in a 2.5 mM CTA+-laponite (1g-L-') colloid and in a 2.5 mM CTA+ micellar solution. The pyrene fluorescence inhibition is less efficient in the colloid than in the micellar solution (Figure loa). More interestingly, Figure 10b shows that, as the quenching efficiency increases, the fraction of unquenched pyrene molecules in the CTA+laponite colloid exhibits an increasing I/III ratio, whereas this ratio remains almost constant in the micellar medium. In the micellar medium, only one kind of solubilization site exists, namely the hydrocarbon core of the micelles. In the CTA+-laponite colloid, the CP+ are initially adsorbed on the external surface in an immediate adsorption step as already reported with [3-(l-pyrenyl)propylltrimethylammonium.39 Thus, only the externally bounded pyrene molecule fluorescence is inhibited. As a conse-
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 quence, the steady-state fluorescence spectrum becomes more and more representative of the internally bounded pyrene molecules as the inhibition of externally bounded species increases. This effect is illustrated with a 2.5 mM CTA+-laponite colloid by the remarkable increase of the I/III ratio from 1.4 to 2.1 as the Stern-Volmer Io/Iquenching efficiency increases from 1 to 20 (Figure lob). This experiment confirms that pyrene molecules in the interlamellar spaces of a CTA+-laponite colloid are located in a very polar environment. The Stern-Volmer plots of Figure 10a show curvature. This effect is well-known in micellar solution and is explained by a Poisson-type kinetic Nakamura and Thomasz3have already observed this effect for pyrene in a 2 mM CTA+-laponite colloid and showed that the CTA+ molecules form a clusterlike double layer on the clay surface. The fact that pyrene quenching is a much less efficient process in the 2.5 mM CTA+-laponite colloid as compared to the 2.5 mM CTA+ micellar solution (Figure loa) suggests that the CP+ ions quench preferentially the externally bounded pyrene molecules. This hypothesis is reinforced by the I/III ratio evolution (Figure lob). As a consequence, the observed curvature of the CP+ quenching Stern-Volmer plot in the 2.5 mM CTA+laponite colloid (Figure loa) must correspond to a clusterlike nature of the externally bounded CTA+ double layer as already suggestedaZ3 CTA+Adsorption on Laponite Suspensions and on Laponite Clay Modified Electrodes in the Presence of Electrolyte. When the ionic strength of the medium increases,the repulsion potential between the clay platelets decreases and their aggregation is facilitated.zz In parallel, due to the salting out effect and to the neutralization of their ionic headgroups, the micellization of ionic surfactants and their adsorption onto nonswelling solid surfaces occur at a lower c o n ~ e n t r s t i o n .Increasing ~~ the ionic strength leads to higher adsorption densities at maximum coverage mainly because of a reduced repulsion between the ionic headgroups of the hemimi~elles.~~ The amount of adsorbed CTA+ on laponite during the first step is independent of the ionic strength (Figures 1and 21, and increasing the ionic strength only affects the second adsorption step. The above results suggest that intercalation and adsorption of two- or three-layer complexes occur in the first step as in deionized water and that, in the second step, a hemimicellization process occurs onto the outer surface of the aggregated laponite particles. In deionized water, it has been proposed that adsorption of CTA+leads to the formation of a clusterlike bilayer on the laponite surfa~e.~3 This means that, in deionized water, the whole available outer surface of the laponite particles is not entirely covered by the bilayer. As a consequence, increasingthe ionic strength must lead, as already reported with other solid substrates?O to a higher packing density and to higher adsorption densities on the second plateau. In the presence of NazS04 0.05 M, the electrochemical behavior of LCME along with the pyrene fluorescence probe experiments agrees with an identical CTA+ adsorption process onto laponite clay films or laponite clay suspensions. Several electrochemical s t ~ d i e s ~have l!~~ demonstrated that clay films are not perfectly oriented and that "stacking defect zones" exist. The oriented zones originate the interlayer spaces while, in the region of film disorder, the external surfaces of the clay particles are accessible and constitue the so-called microchannels.35 Thus it can be expected that in the oriented zones, only ~
 
 (49) Turro, N. J.; Yekta, A. J . Am. Chem. SOC.1978,100, 5951. (50) Bitting, D.;Harwell, J. H.Langmuir 1987, 3, 500. (51) Carter, M. T.; Bard, A. J. J. Electroanal. Chem. 1987,229, 191.
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 intercalation of two- or three-layer complexes of CTA+ is possible. On the surface of the microchannels where the external surfaces of clay particles are exposed, densely packed CTA+aggregates with a perpendicular orientation can be formed. Upon adsorption of CTA+, the LCME becomes hydrophobic and incorporates and concentrates a hydrophobic species such as ferrocene. Adsorption of CTA+ in excess of cec confers anion exchange properties to the LCME which readily incorporates anionic species such as he~acyanoferrate'~ or oxometallate ions." However it is striking to observe that the currents are of relatively low intensity and less than 10 pA (Figure 7c). Higher current densities could be expected if we assumed that a t maximum adsorption density where 3.2 cecof CTA+ are adsorbed, the 2.2 cec fraction which is adsorbed in excess of cec is available to exchange anionic species. A calculation shows that, unfortunately, the amount of electroactive FeCNs3- in a CTA+(3.2 cec)-LCME represents less than 5% of the maximum theorical amount of FeCNs3which could be exchanged. On the other hand, higher current densities are obtained in a FDDA+(3.2 cec)LCME14 (FDDA+ is (ferrocenylmethy1)dodecyldimethylammonium) and the amount of electroactive FDDA+ represents 0.76 cec. We propose that the electroactivity of ferrocene and FeCNs3- in a CTA+-LCME only arises from species which are present on the external surface of laponite particles and that intercalated ferrocene or FeCNs3- are electroinactive. The species adsorbed in the interlamellar space where two- or three-layer CTA+ complexes are present will have a restricted mobility9 and may not account for the charge transport in the film. In contrast the interlamellar spaces of a FDDA+-LCME are accessible to electroactivity through a charge hopping mechanism between the vicinal electroactive ferrocenyl moieties of the intercalated FDDA+.
 
 Conclusion CTA+ incorporation in a LCME and CTA+ adsorption onto aqueous laponite clay suspensions is governed by a similar adsorption process. This process is the result of two distinct adsorption mechanisms which occur concurrently as the elementary laponite platelets undergo face to face aggregation upon CTA+ adsorption. The first one is related to intercalation of CTA+ molecules in a flat configuration between the aggregated laponite platelets. The second one is relevant from adsorption and hemimicellization of CTA+ onto the outer surface of the aggregates of laponite platelets. Electroactivity of CTA+-LCME arises from electroactive species which are located in the defect zones where the outer surfaces of the laponite particles comprising the film are exposed. Access of electroactivity to the interlamellar spaces needs the intercalation of electroactive cationic surfactants. Acknowledgment. We thank P. Levitz, Centre de Recherche sur la Matiere divide, CNRS, OrlBans, for his scientific collaboration and for the realization of the timeresolved fluorescence experiments in his laboratory. We acknowledge M. Crespin, same adress, for the realization of XRD measurements. Registry No. Laponite, 53320-86-8; cetyltrimethylammonium bromide, 57-09-0; ferrocene, 102-54-5;methylviologen, 1910-425;ferricyanide,13408-62-3;dodecyltrimethylammoniumbromide, 1119-94-4,dodecyltrimethylammrmium chloride, 112-00-5; cetylpyridinium chloride, 123-03-5; pyrene, 129-00-0;disodium sulfate, 7757-82-6. (52) Lee, S. A.; Fitch, A. J.Phys. Chem. 1990,94,4998,
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