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 Influence of Surface Hydrophobicity on the Layer Properties of Adsorbed Nonionic Surfactants Lachlan M. Grant,† Thomas Ederth,†,‡ and Fredrik Tiberg*,† Institute for Surface Chemistry, Box 5607, S-11486 Stockholm, Sweden, and Department of Chemistry, Surface Chemistry, Royal Institute of Technology, S114 86 Stockholm, Sweden Received June 3, 1999. In Final Form: November 5, 1999 The structure of adsorbed octa(oxyethlyene) n-dodecyl ether (C12E8) layers at a series of goldalkanethiolate surfaces was investigated by atomic force microscopy. The hydrophobicity of the surfaces was systematically varied by changing the relative amounts of chemisorbed thiohexadecane (CH3(CH2)15SH) and thiohexadecanol (CH2OH(CH2)15SH) surface groups. This allowed complete control over the hydrophobicity of the surface. Adsorption was studied on five different thiol-modified gold surfaces prepared from solutions containing 0%, 25%, 50%, 75%, and 100% hexadecane thiol, respectively (henceforth referred to as 0% CH3, 25% CH3, 50% CH3, 75% CH3, and 100% CH3). The following general evolution of the adsorbed layer morphology with increasing surface hydrophobicity was observed: diffuse micellar coverage; dense micellar coverage; bilayer; and finally a monolayer structure at the most hydrophobic surface. The adsorbed layer structure observed at the different surfaces was interpreted in terms of the effective interaction between different parts of the surfactant and the solid surface. On the basis of our adsorption data, we also infer that hydrophobic interactions are the main driving force for adsorption of ethylene oxide segments at partially hydroxylated surfaces (such as silica) and that hydrogen bonding reduces the free energy penalty of displacing water.
 
 Introduction Surfactant adsorption at interfaces has for quite some time been a subject of considerable scientific interest, both theoretical and experimental.1-3 This is largely because of its importance to a number of industrial processes: for example, detergency, froth flotation, and colloidal stability. The adsorption and concomitant spontaneous organization (self-assembly) of surfactants at interfaces often gives rise to the unique surface properties, which are exploited in such applications. Besides the industrial importance of surfactant adsorption, the structure of the adsorbed layer and the forces involved are also of genuine scientific interest. The equilibrium structure of adsorbed layers results from the balance of many forces, including those that determine the structure of aggregates in bulk solution, e.g., hydrophobic attraction between surfactant tails, repulsive steric headgroup interactions, and geometric packing constraints. Adsorbed at an interface, there are additional interactions between the solid and the solution and between the solid and both the hydrophilic and hydrophobic portions of the surfactant, which must be taken into account. Adsorption isotherms have been widely studied for quite some time. Such measurements provide important information about surfactant-surface interactions as well as the evolution of adsorbed layer properties with concentration. Further details about the segment density distribution normal to the surface and different thickness measures can be obtained by techniques such as ellipsometry,4 neutron reflection,3,5,6 and indirectly by surface * To whom correspondence should be addressed. † Institute for Surface Chemistry. ‡ Royal Institute of Technology. (1) von Rybinsky, W.; Schwuger, M. J. Nonionic Surfactants: Physical Chemistry; von Rybinsky, W., Schwuger, M. J., Ed.; Marcel Dekker: New York, 1987; Vol. 23. (2) Tiberg, F. J. Chem. Soc. Faraday Trans. 1996, 92, 531. (3) Bo¨hmer, M. R.; Koopal, L. K.; Janssen, R.; Lee, E. M.; Thomas, R. K.; Rennie, A. R. Langmuir 1992, 8, 2228. (4) Tiberg, F.; Landgren, M. Langmuir 1993, 9, 927.
 
 force techniques.7 However, the issue of the in-plane molecular organization of adsorbed surfactants remained for a long time unknown. This problem has been alleviated with the introduction of atomic force microscopy (AFM) for characterizing adsorbed surfactant layers. The pioneering work by Manne and Gaub8 provided a relatively simple means of detailed characterization of the in-plane adsorbed layer structure at solid surfaces. In addition, the technique can be used for measurements of force curves and, indirectly, thicknesses of adsorbed layers. Recently this technique has been used to study the equilibrium structure of anionic,9,10 cationic,11-14 zwitterionic,15 and nonionic16,17 surfactant layers adsorbed to a variety of surfaces. In a previous publication, a systematic AFM study of nonionic surfactants adsorbed to substrates of various hydrophobicity (graphite, silica, and hydrophobized silica) was presented.16 The main aim of the present work was to systematically study how the interfacial organization of adsorbed nonionic surfactant molecules is affected by varying surfactantsurface interactions. The surfactant chosen for this purpose was octaethylene glycol monododecyl ether (5) McDermott, D. C.; Lu, J. R.; Lee, E. M.; Thomas, R. K.; Rennie, A. R. Langmuir 1992, 8, 1204. (6) Lee, E. M.; Thomas, R. K.; Cummins, P. G.; Staples, E. J.; Penfold, J.; Rennie, A. R. Chem. Phys. Lett. 1989, 162, 196. (7) Claesson, P. M.; Ederth, T.; Bergeron, V.; Rutland, M. W. Adv. Colloid Interface Sci. 1996, 67, 119. (8) Manne, S.; Cleveland, J. P.; Gaub, H. E.; Stucky, G. D.; Hansma, P. K. Langmuir 1994, 10, 4409. (9) Wanless, E. J.; Ducker, W. A. J. Phys. Chem. 1996, 100, 3207. (10) Wanless, E. J.; Davey, T. W.; Ducker, W. A. Langmuir 1997, 13, 4223. (11) Manne, S.; Gaub, H. E. Science 1995, 270, 1480. (12) Lamont, R. E.; Ducker, W. A. J. Am. Chem. Soc. 1998, 120, 7602. (13) Jaschke, M.; Butt, H. J.; Gaub, H. E.; Manne, S. Langmuir 1997, 13, 1381. (14) Manne, S.; Schaffer, T. E.; Huo, Q.; Hansma, P. K.; Morse, D. E.; Stucky, G. D.; Aksay, I. A. Langmuir 1997, 13, 6382. (15) Grant, L. M.; Ducker, W. A. J. Phys. Chem. B 1997, 101, 5337. (16) Grant, L. M.; Tiberg, F.; Ducker, W. A. J. Phys. Chem. B 1998, 102, 4288. (17) Patrick, H. N.; Warr, G. G.; Manne, S.; Aksay, I. A. Langmuir 1997, 13, 4349.
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 (C12E8), which has been shown to form surface micelles when adsorbed at hydrophilic silica from solutions above the critical micelle concentration, cmc, whereas adsorption at a hydrophobized silica surface results in the formation of a surfactant monolayer at the surface.2,16 In the present study, surfactant-surface interactions were varied over a wide range by changing the hydroxyl-to-methyl ratio of the surface-bound thiol terminal groups and thus also the surface hydrophobicity. Adsorption at the purely hydroxylated surface is induced by very weak headgroupsurface interaction, while adsorption at the methylated surface is driven by more strongly attractive tail-surface interactions. Besides trying to understand the impact of surfactant-surface interaction on the adsorbed layer structure, we have also attempted to investigate the nature of the interaction between nonionic surfactants and surfaces partially covered by hydroxyl groups, such as silica. Experimental Section Materials. Octaethyleneglycol n-dodecyl ether (C12E8) was purchased from Nikko Chemicals (Japan) and was used without further purification. Polished and oxidized silicon surfaces were first coated with a 10 Å titanium adhesion layer, followed by a 100 Å gold layer. Both layers were deposited using an electron-beam ultrahighvacuum evaporation system (Balzers UMS 500P).18 Thiohexadecanol (HS(CH2)15OH) (g99.5%, courtesy of Professor Liedberg, Linko¨ping University) and thiohexadecane (HS(CH2)15CH3) (>99%, Fluka) were used as received. Thiol molecules were adsorbed onto the gold substrated from 1 mM solutions in ethanol immediately after evaporation. The incubation times used were at least 15 h. This procedure results in well-ordered thiolate monolayers, and in the case of mixed monolayers, the two components are evenly distributed over the surface.19,20 Immediately prior to injecting surfactant, large areas of the substrate (5-12 µm2) were scanned in contact mode in liquid to ensure that the thiol-modified gold surface was smooth. The root mean square roughness over 1 µm2 was less than 0.25 nm for all surfaces. The dominant surface features that contribute to this roughness value are undulations of between 30 and 50 nm in diameter; the overall height of these features was less than 1.5 nm (see below). The lateral dimensions of these features are much larger than the size of the discrete aggregates that are observed on the hydrophilic surfaces (ca. 6 nm in diameter). Figure 1 shows the contact angle of the various surfaces studied. There is an almost linear relation between contact angle and percentage of CH3 termini. Microscopy. Images were captured with a Nanoscope III AFM21 (Digital Instruments, CA). Imaging was performed with silicon nitride cantilevers (Digital Instruments, CA) with spring constants of 0.21 ( 0.02 nm -1 (as determined by measuring the resonant frequency of loaded and unloaded cantilevers).22 The surfaces of the cantilevers were treated in a plasma cleaner (Harrick Scientific Corp., model PDC-3XG) for 5 min immediately before use. Measurements were performed in contact mode, in situ, through the use of an AFM liquid cell (Digital Instruments, CA). The images presented are deflection images with low integral and proportional gains and scan rates of about 10 Hz. The only filtering of images was the linear subtraction from each scan line inherent in deflection mode imaging. All measurements were performed in the temperature range 23 ( 2 °C with single-phase C12E8 surfactant solutions. Before images were captured each substrate solution combination was left to equilibrate for at least 30 min and was monitored for at least 2 h. Changes in structure were not observed during this period. Each combination of (18) Ederth, T.; Claesson, P.; Liedberg, B. Langmuir 1998, 14, 4782. (19) Bertilsson, L.; Liedberg, B. Langmuir 1993, 9, 141. (20) Ulman, A. Chem. Rev. 1996, 96, 1533. (21) Binnig, G.; Quate, C. F.; Gerber, G. Phys. Rev. Lett. 1986, 56, 930. (22) Cleveland, J. P.; Manne, S.; Bocek, D.; Hansma, P. K. Rev. Sci. Instrum. 1993, 64, 403.
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 Figure 1. Contact angles of the investigated substrates as determined by Wilhelmy plate measurements in pure water at 25 °C. Chemisorption of alkanethiolates onto gold surfaces enables control over the substrate hydrophobicity. The almost linear relation between the percentage of CH3 termini and contact angle demonstrates the effectiveness of this control. surfactant and substrate was investigated at least twice. Imaging was performed at a force and separation at which the force exerted on the tip was dominated by the surfactant film, and thus the image provides information about the surfactant film. Forces between the tip and the sample were also measured using a Nanoscope III AFM. The force between the tip and the sample is measured as a function of sample displacement, which in an AFM is manipulated by controlling a piezoelectric scanner. The force acting on the tip is determined from the deflection of a microfabricated cantilever. A laser beam reflected from the back of the cantilever is made to fall onto a split photodiode, which detects small changes in the deflection of the cantilever. The recorded data consists of a set of 512 diode voltage versus sample displacement points. To convert these data to force against distance values, it is necessary to first define three parameters: (a) the range of zero separation, where the diode voltage becomes a linear function of sample displacement (often referred to as the region of constant compliance); (b) the range of zero applied load, which is chosen as the region where the diode voltage difference is constant as the piezo displacement is changed (i.e., zero cantilever deflection); (c) the value of the cantilever spring constant (determined by the measuring the resonant frequency of loaded and unloaded cantilevers).22 By definition the force in the constant compliance region is independent of the separation and is used to covert the recorded diode voltage to cantilever deflection. The deflection is then scaled by the spring constant to give units of force. In the presence of adsorbed surfactant the tip reaches a separation which is stable over applied forces ranging over several nanonewtons. This repulsive steric force barrier is introduced by the adsorbed surfactant layer, which impedes the AFM tip from contacting the thiol-modified surface. However, once the applied load exceeds a critical value, the adsorbed layer is squeezed out from the contact region and the tip “jumps” into contact with the sample. The compliance of the system is now constant and is approximately equal to the spring constant. It is important to note that the zero distance of separation is defined to occur when the gradient of force has a high constant (and negative) value, which implies that the tip is in contact with the sample. A very strongly adsorbed film or a film that thins very slowly with increasing force may be overlooked, and this could easily introduce an error in the determination of the zero separation distance for a complete measurement of force as a function of separation. However, this is not believed to be a problem for the systems studied in this work. The measured force depends on the shape of the tip and the value of the spring constant. Since different tips were used for different experiments, the magnitudes of the forces measured for different substrate/surfactant combinations are only compared in a qualitative sense.
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 Figure 2. An AFM image of the interface between the 25% CH3 surface and a 2 × cmc C12E8 solution. The spacing between the globular features is approximately 7-8 nm. This image is one of the very few instances where a surfactant layer was observed for the duration of the scan. The 0% CH3 surface produces very similar behavior. Our interpretation of this behavior is that surface micelles are weakly adsorbed to these surfaces. These aggregates are not as well ordered as those observed on the 50% CH3 surface (Figure 3) nor are they as stable.
 
 Results The adsorption of C12E8 was studied at five different surfaces with methyl-to-hydroxyl ratios equal to 0%, 25%, 50%, 75%, and 100%. At the 0% CH3 and 25% CH3 surfaces, blurry images of micellar-like structures were obtained. The imaging of the adsorbed layer proved to be problematic on these surfaces, due to weak surfactant-surface interactions (Figure 2). Note that the AFM tip can influence the structure that it interrogates. It is therefore important to remember that any structure that we image may be affected the imaging probe, particularly when the interaction between the surfactant and the surface is weak. While it is apparent that there is some adsorption of micelles at the 0% CH3 and 25% CH3 surfaces (Figure 2), it is difficult to predict the effect that the tip may have on the observed structure. However, on the 50% CH3 surface (Figure 3), it is evident that globular surface micelles form during adsorption. The adsorbed layer structure at this surface is indeed very similar to the layer structure previously observed for the same surfactant system on silica.16 The center-to-center distances between aggregates are ca. 6 nm, which is smaller than the distances at the more hydrophilic surfaces discussed above. Finally, laterally homogeneous layers form on the 75% and 100% CH3 surfaces (Figure 4). For the surfaces that exhibit a laterally homogeneous layer, it is necessary to obtain information on the thickness of the adsorbed film in order to distinguish between, for instance, bilayer or monolayer structures. An estimate of the thickness may be obtained by examining the forces measured between the tip and the substrate as a function of separation. Figure 5 shows typical force-distance curves for the C12E8 solutions on the five different surfaces. The force curve for the 100% CH3 surface shows a steric repulsive interaction starting at a tip-surface distance of
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 Figure 3. An AFM image of the C12E8 aggregates adsorbed to the interface between the 50% CH3 terminal thiol surface and a 2 × cmc solution. Light areas represent high regions or regions of greater repulsive force. The dominant features of this image are discrete surface micelles with center to center distances of 6.5 ( 0.5 nm. The undulating nature of the surface itself gives rise the large brighter regions in the image.
 
 about 3.5-4.0 nm. The maximum extension of a C12E8 surfactant is slightly larger than 4 nm, and the bulk solution micellar radius of the same surfactant is about 3 nm (as measured by nuclear magnetic resonance, using a pulsed gradient field method).23 It is, therefore, reasonable to infer a monolayer coverage at the 100% CH3 surface, with the dodecyl chain anchoring at the surface and the ethylene oxide headgroup protruding into solution. A significantly thicker layer, around 6 nm, was observed on the 75% CH3 surface. Often force measurements at the 75% surface also showed steps in the force curve at separations between the force onset and the hard wall contact (see Figure 6). Such steps were not observed on the 100% CH3 surface. The image in Figure 4a in conjunction with the value of the force onset distance of the steric barrier leads to the conclusion that a bilayer is formed at the 75% CH3 terminated thiol surface. The force curve for the 50% CH3 surface also indicates a layer with a thickness of ca. 6 nm. In conjunction with the image of the surfactant layer (Figure 2), we conclude that a micellar layer is adsorbed at this surface. The force curves on the 25% CH3 and 0% CH3 samples show thinner layers. This may be due to various effects, including (a) a decreased coverage that increases the probability of measuring at low-density regions and/or (b) a labile force barrier at these surfaces. Note again that it was exceptionally difficult to attain the correct tip proximity to the surface and maintain an appropriate force gradient without removing or disrupting the adsorbed layers at the 25% CH3 and 0% CH3 surfaces. As well as providing information on the thickness of the surfactant layer the force at which the layer is displaced gives an indication of the affinity of the adsorbate for the surface. As the hydrophobicity is increased, a dramatic increase in yield force is observed, particularly (23) Nilsson, P. G.; Wennerstro¨m, H.; Lindman, B. J. Phys. Chem. 1983, 87, 1377.
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 underlying surface. If the applied force is further increased, only small regions of compressed adsorbed surfactant remain in valleys of the scanned surface area. At high force the surfactants are completely removed and the bare surface features are imaged. For the 75% CH3 surface, only relatively small holes appeared in the layer surfactant before all the surfactant was removed. Discussion
 
 Figure 4. AFM image of the association of C12E8 molecules at the interface between a 2 × cmc solution (a) the 75% CH3 or terminal thiol surface or (b) the 100% CH3 terminal thiol surface. The 75% CH3 terminal surface exhibits a much smoother layer than 100% CH3 terminal thiol surface even though the topography of the underlying thiol surface is quite similar. This masking of surface features together with the difference in layer thickness (shown in Figure 5) lends weight to the interpretation that a bilayer forms on the 75% CH3 surface and monolayer coverage exists on the 100% CH3 terminal thiol surface.
 
 when the 50% and 75% CH3 surfaces are compared. This suggests an increase in surface pressure of the adsorbed layer. Force curves for the 0% and 25% CH3 surface demonstrated only a very small and variable repulsive steric barrier indicating a very weak interaction between the surfactant layer and the surface. Figure 7 shows the effect that the applied force has on the resulting image of the surfactant layer adsorbed at the 100% CH3 surface. At low force the surfactant monolayer seems intact. The undulating surface topography observed is simply a reflection of the topography of the underlying thiol-modified gold surface. As the force is increased, the holes begin to appear in the surfactant film. These holes are located at higher regions of the
 
 The aim of the present study was to examine the relationship between the structural properties of the adsorbed nonionic surfactant layers and the chemical nature of the solid surface. The interfacial behavior of nonionic surfactants has for quite some time attracted a large scientific interest.1,2,4,6,24-28 Adsorption is most commonly studied on natural oxides, such as silica, and at hydrophobic surfaces. Surfactant Surface Interactions and Adsorbed Layer Structure. It is well established that surfactants adsorb to form sub-monolayers or monolayers at hydrophobic surfaces, whereas adsorption on hydrophilic oxides (e.g., silica) result in the buildup of surface micelles or bilayer-type aggregates above a critical concentration. On some crystalline surfaces, such as graphite, adsorption may also result in ordered hemicylindrical structures.9,16,17 An increase of the surface excess at hydrophilic surfaces is generally accompanied by an increase in the number density of micelles at the surface, but sometimes also in an in-plane growth of the surface aggregates.27,29-32 The latter effect is typically observed for surfactants that have an interaction geometry (as given by the critical packing parameter) that favors the formation of more planar surface layers. The corresponding trend at hydrophobic surfaces is a continuously decreasing tilt of the surfactant toward the surface plane with increasing surface coverage. Despite the many studies of nonionic surfactant adsorption, a number of important issues still remain open for discussion. One of these concerns the influence of the surface composition on the structure of the adsorbed layer. To identify aspects such as structural changes from surface micelles to monolayer, we chose to use AFM to probe the adsorbed layer structure at surfaces with varying ratios of terminal hydrophilic hydroxyl to hydrophobic methyl surface groups. Earlier AFM studies together with elipsometry measurements show that monolayers form on methylated surfaces, whereas surface micelles are formed at silanol-covered silica surfaces.2,16 It is worth noting that in this context the driving force for adsorption of nonionic surfactants at silica remains unclear. A further aim of the present study was to clarify the nature of this interaction. The AFM force curve (Figure 5) and image (Figure 2) indicates that adsorption is sparse at the fully hydroxylated (0% CH3) surface. The adsorption density of micelles at these surfaces is in fact less dense than micelles on silica. It has been suggested in previous studies that hydrogen bonding is the driving force for adsorption of (24) Klimenko, N. A.; Permilovsaya, A. A.; Traysorukova, A. A.; Kaganovskii, A. M. Kolloidn. Zh. 1975, 37, 972. (25) Clunie, J. S.; Ingram, B. T. Adsorption of Nonionic Surfactants; Clunie, J. S., Ingram, B. T., Eds.; Academic Press: New York, 1983; p 105. (26) Bo¨hmer, M. R.; Koopal, L. K. Langmuir 1990, 6, 1478. (27) Levitz, P. Langmuir 1992, 7, 1595. (28) Ducker, W. A.; Wanless, E. J. Langmuir 1996, 12, 5915. (29) Levitz, P.; Van Damme, H.; Keravis, D. J. Phys. Chem. 1984, 88, 2228. (30) Levitz, P.; Van Damme, H. J. Phys. Chem. 1986, 90, 1302. (31) Tiberg, F.; Jonsson, B.; Tang, J.; Lindman, B. Langmuir 1994, 10, 2294. (32) Tiberg, F.; Jonsson, B.; Lindman, B. Langmuir 1994, 10, 3714.
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 Figure 6. A force curve measured between a 2 × cmc solution and the 75% CH3 surface. The step feature shown in this curve was commonly observed at this surface. We suggest this feature arises from a difference in the force required to remove of the top and bottom sections of a bilayer or discrete bilayer fragments adsorbed to this surface.
 
 Figure 5. Forces between the AFM tip and the surface as a function of tip sample separation for the five surfaces studied. The force curves for both the 0% and 25% CH3 terminal thiol surfaces show adsorbed layers that are easily displaced by the tip. Both the layer thickness and the yield force were variable for these surfaces. The 50% CH3 terminal thiol surface exhibits a more stable steric barrier with an interaction starting at approximately 6 nm. This value is comparable to the micellar diameter of 62 Å. For the 75% CH3 terminal thiol surface, the interaction between the tip and the surfactant layer begins at ca. 6 nm, again comparable to the hydrodynamic diameter of bulk micelles. The 100% CH3 surface displays a much thinner steric barrier starting at ca. 4 nm, consistent with monolayer coverage.
 
 ethylene oxide groups on surfaces covered by hydroxyl groups.25,33-35 We find this an unlikely driving force in aqueous media, due to superior hydrogen bonding ability of water. Quite weak and limited adsorption is nevertheless undoubtedly observed even at the 0% CH3 surface, which only has hydroxyl end groups, but the adsorption is clearly enhanced when the fraction of methyl groups is increased to 50% (see Figures 3 and 5, respectively). Indeed, the adsorption at the 50% CH3 surface seems identical to the corresponding phenomena at silica (see Figure 3 and ref 16). These results hence seem to suggest that the main driving force is hydrophobic attraction between ethylene oxide segments and the partially hydrophobic surface. Hydrogen bonding between surfactant ether groups and surface hydroxyl groups does of course promote adsorption by decreasing the free energy penalty of displacing water. This rational is in good agreement with the previous work of Rubio and Kitchener,36 who reported that adsorption of poly(ethylene oxide) on silica is favored if the silica surface is made increasingly hydrophobic through heat treatment, which results in the conversion of silanol groups to siloxanes. On the 0% and 25% methylated surfaces, the availability of hydroxyl groups for hydrogen bonding with the surfactant may also be decreased due to hydrogen bonding between surface groups, while the formation of such hydrogen bonds between surface groups does not occur for surfaces with more than 50% methyl groups.19 The fact that some adsorption is observed at the 0% CH3 surface, i.e., covered only by thiohexadecanol, indicates either that there is some additional contribution to the driving force for adsorption other than hydrophobic interactions or that the surface hydroxyl groups are not in a tightly packed uniform arrangement. Hydrophobic sites can also still be present at the surface due to local reorganization.37 The presence of some hydrophobic sites at the 0% CH3 surface is to some extent supported by the fact that the contact angle on this surface is nonzero; see Figure 1. When the surface methyl group ratio, and thereby also the hydrophobicity, is increased from to 50% CH3 to 75% (33) Cases, J. M.; Villieras, F. Langmuir 1992, 8, 1251. (34) Somasundaran, P.; Snell, E. D.; Fu, E.; Xu, Q. Colloids Surf. 1992, 63, 49. (35) Giordano-Palmino, F.; Denoyel, R.; Rouquerol, J. J. Colloid Interface Sci. 1994, 165. (36) Rubio, J.; Kitchener, J. A. J. Colloid Interface Sci. 1976, 57, 132. (37) Evans, S. D.; Sharma, R.; Ulman, A. Langmuir 1991, 7, 156.
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 Figure 7. Images of the interface between the 100% CH3 terminal thiol surface and a 2 × cmc C12E8 solution at a variety of forces. All images were captured in the same scan area in the order given. (a) A low force image of the adsorbed monolayer film. At this tip-sample separation the surfactant film is largely undisturbed. This image reflects the equilibrium structure at this surface. The uneven appearance of the image reflects the underlying surface features. (b) Here the force exerted on the sample has been increased and holes in the surfactant layer have begun to appear over higher surface features. (c) This image was captured only slightly below the force where all the surfactant is removed from the surface. Only small areas of vestigial surfactant remain in lower areas of the scan area. (d) A high force image of the substrate, the surfactant film has been completely removed and only the thiol-treated gold surface features are visible.
 
 CH3, a drastic change in the in-plane adsorbed layer structure is observed. The imaged adsorbed layer undergoes a transition from discrete aggregates to a continuous structure. Obviously this is related to a change in the relative affinity of water and surfactant for the substrate surface, which promotes a more planar packing of surfactants. We propose a bilayer structure for this surfactant-surface combination based on the featureless image in Figure 4a and force curve in Figure 5. The remaining surface hydroxyl groups still make interactions with the oligoethylene oxide headgroups more favorably than interactions with the hydrophobic tails. The shift from discrete micellar to bilayer structure is most likely a consequence of both a stronger adsorption energy and a less hydrated inner surface bound headgroup region, which favor planar structure packing conditions.
 
 On the 100% CH3 surface, a laterally homogeneous layer is also observed (here inferred to be a monolayer). The hydrophobic effect is the only reasonable driving force for adsorption at this fully methylated surface, from which water is completely excluded. Figure 8 shows a sketch that describes our interpretation of how the adsorbed layer structure evolves with increasing surface hydrophobicity. Some caution should be taken when interpreting the data at the 75% CH3 surface. Our results clearly support the presence of a bilayer at this surface, but other possibilities cannot be totally excluded. Further studies with other techniques may be needed to confirm our hypothesis. Comments about Force Curves. The general characteristics of the force curves are as follows: zero force at large separation; a force onset followed by a fairly steep
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 Figure 8. A schematic diagram illustrating the proposed aggregate structures on the surfaces studied. (a) Diffuse micellar coverage is observed on the most substrates hydrophilic substrates (see Figure 2); the force curves for these surfaces indicate that there is a weak interaction between the surface and the surfactant. The spacing between the surface aggregates is ≈8-10 nm. (b) A more densely packed layer of surface micelles is observed on the 50% CH3 terminal thiol surface, with an interaggregate spacing of ≈6 nm. This together with the increase in yield force seen in Figure 5 indicates a stronger interaction between the surfactant and the surface. (c) At 75% CH3 terminal thiol surface we infer a bilayer adsorbate structure from the thickness and appearance of the force curves obtained (see Figures 5 and 6) and also the appearance of the images obtained (Figure 4). (d) A structure consistent with a monolayer at the most hydrophobic surface, this orientation is in keeping with the literature.
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 At the 75% CH3 surface, the force barrier has increased even more, but the force onset distance remains the same as for the 50% CH3 surface. An interesting feature at this surface is the steps seen in many of the measured force curves (see example in Figure 6). We assume that these steps arise when the force needed for expulsion of the top and bottom layer differ. The fact that the curves vary to some extent between measurements at the 75% CH3 surface indicates that the balance between surfactantsurfactant and surfactant-surface interactions is subtle and may vary depending on measurement conditions and the surface position at the surface where the measurement is done. It should be noted, however, that the onset distance is more or less constant in all measurements at this surface and that that the barrier heights are also comparable. The force onset at the 100% CH3 surface starts at smaller separations than on the 50% and 75% CH3 surfaces and there is again an increase in the force required to expel surfactant from between the surface and the tip. The decreased force onset distance is related to the transition from bilayer to monolayer coverage, with the alkyl tails anchored at the surface and the ethylene oxide segments protruding into solution, while the increased barrier height is related to increased adsorption energy. Influence of Force Load on Imaging. An interesting observation is seen in Figure 7. The AFM images of the adsorbed layer covered substrates change with the setpoint used to adjust the normal force load during imaging. This result shows clearly that the local force varies in the plane of the surface during imaging and that this variation is related to the topography of the underlying substrate. Holes in the adsorbed layer start to appear as the force load is increased, and these holes are localized to high regions on the substrate surface where the local force exceeds the surface pressure of the adsorbed layer. With an increasing load, these holes grow until, finally, the bare surface is imaged. This is an elegant example of how AFM images relate to the force used during imaging.
 
 steric barrier and then hard wall contact. In the region between hard wall contact and the force onset, the shape of the curves can vary somewhat between different force runs, particularly during separation. In a previous study of interaction forces between surfaces covered by nonionic block copolymers,38 it was found that the height of the barrier was equal to twice the value of the surface pressure exerted by the adsorbed layer. Since the geometry of the AFM tip is undefined, it is impossible to calculate a force per unit area. However, the height of the force barrier is likely to provide relative measures of the surface pressure and thereby also the adsorption energy. At the two most hydrophilic surfaces, short force onset distances and small force barriers are observed. It is not expected that the force onset correlates with the extension of the adsorbed layer at these surfaces, since very small normal forces, which cannot be distinguished with the AFM, are probably sufficient to partially remove the weakly adsorbed surface micelles out from the contact region. On the 50% CH3 surface, at which the micelles are fairly close packed, a better correlation is found between the force onset distance and the expected layer thickness. The force onset starts at separation slightly larger than 6 nm, which in turn is larger than the maximum extension of the C12E8 molecule. We also see that the repulsive barrier is of larger magnitude in force on this surface than on the 0% CH3 and 25% CH3 surfaces, indicating a higher surface pressure. This agrees well the increasing surfactantsurface interactions due to increased hydrophobic attraction and the layer image showing more densely packed surface micelles.
 
 Conclusions The organization of C12E8 aggregates at the solid liquid interface is strongly influenced by the hydrophobicity of the interface. For the 0% and 25% CH3 surfaces there are many sites for hydrogen bonding water, which competes effectively for positions next to the surface. The surfactants are hence relatively weakly adsorbed at this surface through hydrophobic interactions plus a small van der Waals contribution. As the ratio of CH3 termini is increased, the interaction between the surfactant headgroups and the interface becomes stronger, showing that hydrophobic interactions are important also for micellar adsorption where the headgroups are in contact with the surface. Discrete surface and fairly close-packed micellar aggregates are observed at the 50% CH3 surface. The 75% CH3 surface exhibits a laterally homogeneous layer seemingly consistent with a bilayer structure, whereas a thinner laterally homogeneous layer consistent with monolayer coverage is observed on the 100% CH3 surface. The large perturbations from the solution structure on the substrates of high hydrophobicity are explicable in terms of strong surfactant-surface interactions, which promotes planar surface aggregation.
 
 (38) Eskilsson, K.; Tiberg, F.; Yaminsky, V. V.; Ninham, B. W. Langmuir 1999, 15, 3242.
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