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 Single-Molecule Study on Intermolecular Interaction between C60 and Porphyrin Derivatives: Toward Understanding the Strength of the Multivalency Yiheng Zhang, Ying Yu, Zhenhua Jiang, Huaping Xu, Zhiqiang Wang, and Xi Zhang* Key Lab of Organic Optoelectronics and Molecular Engineering, Department of Chemistry, Tsinghua University, Beijing 100084, PR China
 
 Masafumi Oda, Tomoya Ishizuka, and Donglin Jiang* Department of Materials Molecular Science, Institute for Molecular Science, National Institutes of Natural Sciences, 5-1 Higashiyama, Myodaiji Okazaki 444-8787, Japan
 
 Lifeng Chi and Harald Fuchs Physikalisches Institut and Center for Nanotechnology (CeNTech), Westfa¨lische Wilhelms-Universita¨t, :: 48149 Munster, Germany Received April 17, 2009. Revised Manuscript Received May 8, 2009 Multivalency is important in molecular self-assembly, although it remains a challenge to correlate the single-molecule results with the multivalent interaction. As the first example, we have combined a well-defined self-assembling system with AFM-based single-molecule force spectroscopy (SMFS) to investigate the intermolecular interactions and multivalency between C60 and porphyrin derivatives. Compared with the interaction between C60 and a single porphyrin (29 pN), SMFS has revealed that porphyrin tweezers can provide an enhanced binding interaction with C60, resulting in a more than 2-fold higher unbinding force (75 pN, at the same loading rate). In addition, a much lower dissociation rate and a shorter effective distance between the bound state and transition state of the interaction are indicated by dynamic force spectroscopy. These results provide new quantitative information on the divalency effect in the unbinding process of C60 and porphyrin tweezers at the single-molecule level, which is of significance in understanding the strength of the multivalency in the molecular assembly.
 
 Multivalency (or polyvalency) plays an important role in life science as well as supramolecular science.1,2 It is wellknown that multivalency describes the simultaneous binding of multiple ligands on one biological entity (a molecule or a surface) to multiple receptors on another.1a Multivalent interaction can be collectively much stronger than corresponding monovalent interaction. A famous example is the cluster glycoside effect (i.e., multivalent saccharide ligands provide an enhancement in valence-corrected binding activities to protein receptors, which apparently represents the best strategy to overcome the inherent low affinity of monoor oligosaccharide ligands for their protein receptors1c). In the case of artificial supramolecular systems, multivalency can serve as a promising driving force for forming molecular *To whom correspondence should be addressed. (X.Z.) E-mail: [email protected]. Tel: +86-10-62796283. Fax: +86-10-62771149. (D.J.) E-mail: [email protected]. Tel/Fax: +81-564-59-5520. (1) (a) Mammen, M.; Choi, S.-K.; Whitesides, G. M. Angew. Chem., Int. Ed. 1998, 37, 2754. (b) Badjic, J. D.; Nelson, A.; Cantrill, S. J.; Turnbull, W. B.; Stoddart, J. F. Acc. Chem. Res. 2005, 38, 723. (c) Lundquist, J. J.; Toone, E. J. Chem. Rev. 2002, 102, 555. (d) Prins, L. J.; Reinhoudt, D. N.; Timmerman, P. Angew. Chem., Int. Ed. 2001, 40, 2382. (e) Mulder, A.; Huskens, J.; Reinhoudt, D. N. Org. Biomol. Chem. 2004, 2, 3409. (2) (a) Ercolani, G. J. Am. Chem. Soc. 2003, 125, 16097. (b) Mulder, A.; Auletta, T.; Sartori, A.; Ciotto, S. D.; Casnati, A.; Ungaro, R.; Huskens, J.; Reinhoudt, D. N. J. Am. Chem. Soc. 2004, 126, 6627. (c) Howorka, S.; Nam, J.; Bayley, H.; Kahne, D. Angew. Chem., Int. Ed. 2004, 43, 842. (d) Badjic, J. D.; Cantrill, S. J.; Stoddart, J. F. J. Am. Chem. Soc. 2004, 126, 2288.
 
 Langmuir 2009, 25(12), 6627–6632
 
 self-assemblies. Compared with many biological multivalent interactions, supramolecular multivalent interactions are ideal for obtaining a quantitative fundamental understanding of multivalency.1e It is well documented to address supramolecular multivalency using ensemble-based techniques, for example, thermodynamic and kinetic methods.1,2 In contrast, multivalency is still not fully understood on the single-molecule level. For this purpose, one needs to choose an appropriate method of single-molecule force spectroscopy (SMFS) and to design a suitable model system of selfassembly. Among different methods of SMFS, the atomic force microscopy (AFM)-based SMFS provides a versatile platform for the direct measurement of intermolecular force precisely at a singlemolecule level.3,4 Until now, various intra- and intermolecular (3) For reviews, please see (a) Zhang, X.; Liu, C.; Wang, Z. Polymer 2008, 49, 3353. (b) Hugel, T.; Seitz, M. Macromol. Rapid Commun. 2001, 22, 989. (c) Zhang, W.; Zhang, X. Prog. Polym. Sci. 2003, 28, 1271. (d) Liu, C.; Shi, W.; Cui, S.; Wang, Z.; Zhang, X. Curr. Opin. Solid State Mater. Sci. 2005, 9, 140. (e) Butt, H. J.; Cappella, B.; Kappl, M. Surf. Sci. Rep. 2005, 59, 1. (f) Kienberger, F.; Ebner, A.; Gruber, H. J.; Hinterdorfer, P. Acc. Chem. Res. 2006, 39, 29. (g) Giannotti, M. I.; Vancso, G. J. ChemPhysChem 2007, 8, 2290. (h) Janshoff, A.; Neitzert, M.; Oberdo¨rfer, Y.; Fuchs, H. Angew. Chem., Int. Ed. 2000, 39, 3212. (4) (a) Kufer, S. K.; Puchner, E. M.; Gumpp, H.; Liedl, T.; Gaub, H. E. Science 2008, 319, 594. (b) Cao, Y.; Li, H. Nature Nanotech. 2008, 3, 512. (c) Valle, F.; Zuccheri, G.; Bergia, A.; Ayres, L.; Rowan, A. E.; Nolte, R. J. M.; Samori, B. Angew. Chem., Int. Ed. 2008, 47, 2431. (d) Sulchek, T.; Friddle, R.; Ratto, T.; Albrecht, H.; DeNardo, S.; Noy, A. Ann. N.Y. Acad. Sci. 2009, 1161, 74.
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 interactions have been detected by SMFS, including covalent bonding,5 hydrophobic interactions,6,7 host-guest interactions,8,9 coordination bonding,10,11 multiple hydrogen bonding,12 charge-transfer interactions,13 π-π interactions,14 intercalation between DNA and acridine,15 and the interactions between dendrimers.16 In addition, the obtained quantitative information about the strength of the intermolecular interaction can be employed for a precise manipulation of supramolecular building blocks. For example, Gaub and co-workers have recently demonstrated an elegant cut-and-paste surface assembly method by the manipulation of supramolecular interactions of base pairs. They picked up functional units coupled to DNA oligomers from a depot area and then transferred and deposited these units on a target area to create basic geometrical functional structures.4a Recently, AFM-based SMFS have been utilized to investigate the supramolecular systems involving multivalent interactions as well. An interesting example is the use of a polyethylene glycol (PEG)-based comblike polymer exposing multiple nitrilotriacetate groups for measuring the multiple coordination interaction.4c However, it is still a big challenge to correlate the single-molecule results with the valence of multivalent system in molecular selfassembly. This correlation is useful for us to master the role of multivalency from a single-molecule point of view and is essential to bridging the gap between single molecules and ensembles. In this letter, we will describe a first attempt to employ porphyrin derivatives and C60 as a model of a self-assembling system for studying the interaction and the multivalency by the use of AFM-based SMFS. C60 and porphyrin are fascinating building blocks in supramolecular chemistry.17-22 The supramolecular systems of porphyrins and fullerenes have often been employed for various purposes (e.g., axial coordination of a fullerene derivative on the central zinc atom of porphyrin can afford a stable dyad to achieve an efficient and long-lived chargeseparated state between the porphyrin and fullerene moieties upon photoexcitation, leading to the potential use of moleculebased electronics).18 It has been proposed that the fullereneporphyrin supramolecular interaction is attractive and structuredefining, originating from the π-π interactions associated with van der Waals forces and so on.18,22 In particular, the stability of a C60-porphyrin complex can be increased dramatically when C60 is sandwiched in bis(porphyrin) moieties. The bis(porphyrin) moieties are often referred to as porphyrin tweezers and have been extensively studied as hosts for different fullerenes in (5) Grandbois, M.; Beyer, M.; Rief, M.; Clausen-Schaumann, H.; Gaub, H. E. Science 1999, 283, 1727. (6) Cui, S.; Liu, C.; Zhang, W.; Zhang, X.; Wu, C. Macromolecules 2003, 36, 3779. (7) Gu, C.; Ray, C.; Guo, S.; Akhremitchev, B. B. J. Phys. Chem. B 2007, 111, 12898. (8) Scho¨nherr, H.; Beulen, M. W. J.; Bugler, J.; Huskens, J.; Veggel, F. C. J. M. v.; Reinhoudt, D. N.; Vancso, G. J. J. Am. Chem. Soc. 2000, 122, 4963. (9) Eckel, R.; Ros, R.; Decker, B.; Mattay, J.; Anselmetti, D. Angew. Chem., Int. Ed. 2005, 44, 484. (10) Conti, M.; Falini, G.; Samori, B. Angew. Chem., Int. Ed. 2000, 39, 215. (11) Kersey, F.; Yount, W.; Craig, S. J. Am. Chem. Soc. 2006, 128, 3886. (12) Zou, S.; Scho¨nherr, H.; Vancso, G. J. J. Am. Chem. Soc. 2005, 127, 11230. (13) Skulason, H.; Frisbie, C. D. J. Am. Chem. Soc. 2002, 124, 15125. (14) Zhang, Y.; Liu, C.; Shi, W; Wang, Z.; Dai, L.; Zhang, X. Langmuir 2007, 23, 7911. (15) Liu, C.; Jiang, Z.; Zhang, Y.; Wang, Z.; Zhang, X.; Feng, F.; Wang, S. Langmuir 2007, 23, 9140. (16) Shi, W.; Zhang, Y.; Liu, C.; Wang, Z.; Zhang, X. Langmuir 2008, 24, 1318. (17) Sun, D.; Tham, F. S.; Reed, C. A.; Chaker, L.; Burgess, M.; Boyd, P. D. W. J. Am. Chem. Soc. 2000, 122, 10704. (18) Boyd, P. D. W.; Reed, C. A. Acc. Chem. Res. 2005, 38, 235. (19) Li, W.; Jiang, D.; Suna, Y.; Aida, T. J. Am. Chem. Soc. 2005, 127, 7700. (20) Cho, S.; Li, W.; Yoon, M.; Ahn, T. K.; Jiang, D.; Kim, J.; Aida, T.; Kim, D. Chem.;Eur. J. 2006, 12, 7576. (21) Marois, J.; Morin, J. Langmuir 2008, 24, 10865. (22) Wang, Y.; Lin, Z. J. Am. Chem. Soc. 2003, 125, 6072.
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 Scheme 1. Molecular Structures of Porphyrin Tweezers Derivative Por2SAc, Porphyrin Derivative PorSAc, and C60-PEG
 
 solution.18-21 Therefore, we designed C60 as a ligand, porphyrin derivative PorSAc as a monovalent receptor, and porphyrin tweezers derivative Por2SAc as a 1 + 1 divalent receptor, as shown in Scheme 1. Utilizing these C60 and porphyrin molecules, the interactions between C60 and porphyrin can be successfully achieved, especially that between C60 and porphyrin tweezers. As we will demonstrate, AFM-based SMFS can not only provide quantitative data on the fullerene-porphyrin interaction but also helps us to probe the simplest case of multivalency (i.e., a divalent interaction). It is hoped that the single-molecule manipulation of fullerene and porphyrin molecules may strongly assist the development of future molecule-based electronics. To achieve the single-molecule measurements by SMFS, we have immobilized porphyrin derivatives on gold substrates and C60 on AFM tips. The introduction of a thiol acetate group (SAc group) allows for the chemisorption of Por2SAc or PorSAc on gold substrates and simultaneously prevents the undesirable coupling between thiol groups. It is known that the generation of defects on a self-assembled monolayer (SAM) can be a good strategy for diluting the target molecules, thus providing an effective way to perform single-molecule research.23-26 Following the reported procedure, Por2SAc or PorSAc was immobilized onto the defects of a SAM of HO-(CH2)6-SH. The reason for choosing HO-(CH2)6-SH is that its chain length is comparable to the spacer between the porphyrin motif and the SAc group in the Por2SAc or PorSAc structure. Meanwhile, a C60 molecule was connected to an AFM tip through a flexible PEG chain that was end functionalized with an amino group (i.e., C60-PEG).27 The use of PEG as a flexible spacer can provide a means for differentiating the force signals on the basis of the extension length of PEG and for avoiding the disturbance of the nonspecific interaction between the AFM tip and substrate. By controlling the movement of the piezo tube, the AFM tip tethered with C60 was carefully brought into contact with the gold substrate modified with PorSAc, as schematically shown in Figure 1a (r. t., ∼25 °C). The C60-tethered AFM tip was settled onto the sample surface for ∼2 s at a contact force below 200 pN to increase the chance of formation of the C60-PorSAc complex and at the same time to avoid potential damage to the AFM tip by harsh contact. Upon retraction, PEG was stretched and the (23) Friggeri, A.; Scho¨nherr, H.; Manen, H. V.; Huisman, B.; Vancso, G. J.; Huskens, J.; Veggel, F. C. J. M. v.; Reinhoudt, D. N. Langmuir 2000, 16, 7757. (24) Zou, S.; Ma, Y.; Hempenius, M. A.; Scho¨nherr, H.; Vancso, G. J. Langmuir 2004, 20, 6278. (25) Cui, S.; Liu, C.; Zhang, X. Nano Lett. 2003, 3, 245. (26) Shi, W.; Giannotti, M.; Zhang, X.; Hempenius, M.; Scho¨nherr, H.; Vancso, G. J. Angew. Chem., Int. Ed. 2007, 46, 8400. (27) Sonnenberg, L.; Luo, Y.; Schlaad, H.; Seitz, M.; Co¨lfen, H.; Gaub, H. E. J. Am. Chem. Soc. 2007, 129, 15364.
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 Figure 1. Interaction between C60 and a single porphyrin. (a) Schematic setup for measuring the interaction between C60 and a single porphyrin by SMFS. C60 is connected to the AFM tip through a PEG chain, whereas PorSAc is immobilized with the defects of the HS-(CH2)6-OH SAM on the gold substrate. (b) Typical force curves of the C60-modified tip desorbed from the PorSAc-modified substrate in water at r. t. (c) Histogram of the unbinding forces of the interaction between C60 and porphyrin at a loading rate of 5000 ((500) pN/s, showing a unimodal distribution. The most probable unbinding force is 29 ( 6 pN obtained by a Gauss fit. (d) Typical M-FJC model fitting curve. The fitting parameters are lk= 0.8 ( 0.1 nm and Ks= 150 ( 10 N/m, which are in accordance with those of a single PEG chain.
 
 interaction between C60 and the porphyrin derivative can be ruptured. After we recorded the movement of the piezo and the deformation of the cantilever, the data were converted into a force versus extension curve, in brief, a force curve.3b,3c As usual, soft cantilevers were used, whose spring constants were in the range of 0.010-0.030 N/m according to the measurement of their thermal fluctuation.28 Prior to the force measurement, a droplet of water, acting as a buffer, was injected between the substrate and the cantilever holder, and then both the substrate and the cantilever were immersed in water. The single-molecule unbinding force of the interaction between C60 and PorSAc is measured to be 29 pN at a loading rate of 5000 pN/s. Figure 1b shows typical force curves acquired in water in different SMFS experiments with different AFM cantilevers. The initial part of each of the force curves corresponds to the nonspecific interaction between the tip and the substrate. During polymer elongation, the force rises with increasing extension of the polymer chain in each curve and then drops to zero suddenly after the rupture point is reached. Only one force signal is observed in the stretching event, which is completely separated from that of the nonspecific adhesion peak that normally appeared at the beginning of the stretching curve because of the introduction of a PEG spacer. The different extension values can be attributed to the polydispersity of the PEG chains and/or the different anchoring locations of the PEG spacers on the AFM tip. Figure 1c shows the statistical histogram of rupture forces with a unimodal distribution between C60 and porphyrin at a loading rate of 5000 ( 500 pN/s. The loading rate of the rupture force was calculated from the ∼10 points on the force versus time curve just before the rupture point. A linear least-squares fitting of these (28) Butt, H. J.; Jaschke, M. Nanotechnology 1995, 6, 1.
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 data points affords the force loading rate.12 The most probable rupture force is found to be 29 pN with a distribution width of 6 pN by a Gauss fit. The question arises as to whether the rupture force of 29 pN originates from the unbinding force of the interaction between C60 and PorSAc at the single-molecule level. To address this issue, we have done the following analysis. First, the most probable rupture extension is found to be consistent with the PEG contour length of ∼56 nm (Supporting Information); therefore, the extension length at which the force signal appears provides a window to recognize single-molecule rupture events. Second, we have used the modified freely jointed chain (M-FJC) model to roughly estimate the elasticity of the polymer chain semiquantitatively.3b,3c,29 As a result, these force curves can be well fit by two parameters, namely, the Kuhn length lk = 0.8 ( 0.1 nm and the segment elasticity Ks = 150 ( 10 N/m, as exemplified by one of the typical fitting curves shown in Figure 1d. The good consistency between these fitting parameters with narrow standard deviations and the corresponding data reported for a single PEG chain30 indicates that the observed stretching events in the force curves are attributed to the stretching of single PEG chains. Moreover, we have performed a series of control experiments (details in Supporting Information) and have confirmed the following points: there are no repeated specific interactions when the AFM tips are modified with PEG but without C60 or the substrates have absorbed HO-(CH2)6-SH but not PorSAc. These results indicate that the rupture forces are related to the single-molecule unbinding of C60 and porphyrin. (29) Li, H.; Liu, B.; Zhang, X.; Gao, C.; Shen, J.; Zou, G. Langmuir 1999, 15, 2120. (30) Oesterhelt, F.; Rief, M.; Gaub, H. E. New J. Phys. 1999, 1, 6.1.
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 Figure 2. Interaction between C60 and porphyrin tweezers. (a) Schematic setup for measuring the interaction between C60 and porphyrin tweezers by SMFS. C60 is connected to the AFM tip through PEG, and Por2SAc is immobilized with respect to the defects of the HS-(CH2)6OH SAM on a gold substrate. (b) Typical force curves of the C60-modified tip desorbed from the Por2SAc-modified substrate in water at r. t. (c) Typical M-FJC model fitting curve. The fitting parameters are lk= 0.8 ( 0.1 nm and Ks= 150 ( 10 N/m, which are in accordance with that of a single PEG chain. (d) Histogram of the unbinding force of the interaction between C60 and porphyrin tweezers at a loading rate of 5000 ((500) pN/s, showing a bimodal distribution. A multipeak Gauss fit gives the two most probable unbinding forces: the lower force is 32 ( 8 pN, corresponding to the interaction of C60 with one arm of the porphyrin tweezers; the higher force is 75 ( 15 pN, corresponding to the interaction of C60 with the porphyrin tweezers.
 
 Similarly, we have employed AFM-based SMFS to investigate the unbinding force between C60 and porphyrin tweezers. As schematically shown in Figure 2a, Por2SAc was immobilized with respect to the defects of the HS-(CH2)6-OH SAM on the gold substrate, and C60 was connected to the AFM tip through PEG. Figure 2b shows typical force curves of the C60-modified tip desorbed from the Por2SAc-modified substrate in water at room temperature. Only one force signal is observed in the stretching event, and this force signal is completely separated from that of nonspecific interaction because of the introduction of a PEG spacer. The extension length is in accordance with the contour length of PEG, considering the influence of PEG polydispersity and/or the different anchoring locations of the PEG spacers on the AFM tip. Figure 2c shows a typical M-FJC model fitting curve. The fitting parameters are lk = 0.8 ( 0.1 nm and Ks = 150 ( 10 N/m, which are in accordance with that of a single PEG chain. These facts, together with the control experiments, confirm that the rupture forces of the interaction are ascribed to the unbinding interaction between C60 and porphyrin tweezers at the single-molecule level. In contrast to the unimodal distribution for the interaction between C60 and PorSAc, a statistical analysis of the rupture forces between C60 and porphyrin tweezers at a loading rate of 5000 pN/s exhibits a bimodal distribution, as shown in Figure 2d. A multipeak Gauss fit gives the two most probable rupture forces: the lower force is 32 ( 8 pN, and the higher force is 75 ( 15 pN. It should be pointed out that the lower force (Figure 3d) is close to the unbinding force between C60 and PorSAc (Figure 2c). This fact suggests that it is possible for C60 to interact with only one arm of the porphyrin tweezers during the force measurement of 6630 DOI: 10.1021/la901360c
 
 C60 and Por2SAc. In contrast, the higher force of 75 ( 15 pN corresponds to the unbinding interaction of C60 with porphyrin tweezers. This phenomenon is reasonable for the following reasons: (1) Por2SAc can adopt different conformations on the interface, and there are two possibilities for C60 to interact with porphyrin tweezers; one is the interaction of C60 with one arm of the porphyrin tweezers and the other is the interaction of C60 with two arms of the porphyrin tweezers, thus yielding a lower unbinding force and a higher unbinding force, respectively. (2) C60 and porphyrin shows an effective unbinding strength of 29 pN at 5000 pN/s, which may increase the difficulty for C60 to enter the tweezers structure, especially at the solid interface rather than in solution. Interestingly, the interaction between C60 and porphyrin tweezers (75 ( 15 pN) is 2 times higher than that between C60 and porphyrin (29 ( 6 pN). These results suggest that the two arms of Por2SAc can interact with C60 together, and the tweezers structures originating from the introduction of two porphyrins can provide additive binding strength of interaction, thus providing direct evidence of the multivalent effect in the unbinding process of C60 and porphyrin tweezers. To understand if the most probable unbinding forces between C60 and porphyrin or porphyrin tweezers is loading-rate-dependent, we have varied the loading rate for obtaining the data of dynamic force spectroscopy. The corresponding force curves in every loading rate were analyzed in a similar way as shown above. Figure 3a,b proves that indeed there exist loading rate dependences of the two interactions, indicating that the unbinding of C60 with porphyrin or porphyrin tweezers is a dynamic processes, and the experiments were performed under nonequilibrium conditions. For every loading rate in the C60 and Por2SAc system, Langmuir 2009, 25(12), 6627–6632
 
 Letter
 
 Figure 3. Dynamic force spectroscopy. (a) Plot of the most probable unbinding force between C60 and porphyrin tweezers as a function of the corresponding loading rates on a logarithmic scale. The force values are analyzed from the C60 and Por2SAc experiment and obtained from the higher forces of the histogram with bimodal distributions. (b) Plot of the most probable unbinding forces between C60 and porphyrin as a function of the corresponding loading rates on a logarithmical scale. The force values are obtained from the C60 and PorSAc experiment. In a and b, the horizontal error bars reflect the standard deviation of the most probable unbinding forces, and the vertical error bars reflect the deviation of the loading rates.
 
 the histograms of unbinding forces always show a bimodal distribution. In contrast, for each loading rate in the C60 and PorSAc system, histograms of unbinding forces always show a unimodal distribution (Supporting Information). It can be seen that the unbinding force between C60 and porphyrin tweezers is 2 times higher than that between C60 and porphyrin at every measured loading rate. For example, at a high loading rate of 10 000 pN/s, the unbinding force between C60 and porphyrin tweezers is 87 ( 22 pN, and that between C60 and porphyrin is 39 ( 10 pN. At a low loading rate of 3000 pN/s, the unbinding force between C60 and porphyrin tweezers is 64 ( 18 pN, and that between C60 and porphyrin is 24 ( 7 pN. The loading-rate dependence can be rationalized by the thermally driven unbinding theory of an activated decay of a metastable bound state. In this case, the measured unbinding forces are not constant, depending on the temporal force evolution on the molecular complex, which is referred to as the loading rate (dF/dt, rf).31,32 According to the thermally driven unbinding theory, the logarithmic plots of most probable unbinding force (F) versus loading rate (rf) are fitted with the Bell-Evans model.31,32 This treatment allows for analyzing the energy landscape of the unbinding force of receptor-ligand pairs. As shown in eq 1, where kBT is thermal energy (4.11 pN nm at 298 K), xβ is the effective distance between the bound and transition states, rf is the force-dependent loading rate, and koff is the thermal off rate at zero force (dissociation rate).   xβ kB T kB T lnðrf Þ þ ln F ¼ xβ xβ koff kB T
 
 ð1Þ
 
 The slope of the linear fit correlates with the potential barrier along the reaction coordinates of the system, yielding xβ. (31) Bell, G. Science 1978, 200, 618. (32) Evans, E. Annu. Rev. Biophys. Biomol. Struct. 2001, 30, 105.
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 By extrapolating the fit to zero force, the natural thermal off-rate koff for the system can be obtained. For the interaction between C60 and Por2SAc, the line fit of Figure 3a reveals that a dissociation rate at zero force of koff1 is 6.53 s-1 and a potential width of xβ1 is 0.20 nm. For the interaction between C60 and PorSAc, the line fit of Figure 3b indicates that a dissociation rate at zero force of koff2 is 42.7 s-1 and a potential width of xβ2 is 0.31 nm. koff1 is much lower than koff2, clearly indicating that C60 fits more tightly into the porphyrin tweezers, and the interaction between C60 and Por2SAc is much stronger than that between C60 and PorSAc. In other words, the multivalency effectively enhances the binding between C60 and porphyrin tweezers. In addition, the effective distance (xβ) between the bound and transition states may provide physical insights into the origin of the multivalent effect in the unbinding process of C60 and porphyrin tweezers. Both xβ1 and xβ2 obtained above are in agreement with the theoretical results.18,22,33 xβ1 of C60 with porphyrin tweezers is lower than that of C60 with porphyrin. This fact suggests that when the two porphyrins bind together with C60 the effective distance between the bound state and transition state becomes smaller, therefore yielding extra binding affinity to C60 and resulting in the multivalent effect in the interaction of C60 and porphyrin tweezers. It should be noted that both xβ1 and xβ2 are rather small, which suggests that essentially a short-range interaction is involved, such as a π-π interaction. We have employed different methods of characterization to confirm that Por2SAc and PorSAc can be immobilized on gold substrates by chemisorption prior to performing single-molecule experiments. The immobilization on the gold electrode was monitored by cyclic voltammogram (CV) in a solution of 2 mM K3[Fe(CN)6] + 0.1 M KCl at a scan rate of 0.10 V/s. Fe(CN)63-/ Fe(CN)64- couple peaks were used to identify the electrontransfer efficiency through the SAMs. As shown in Figure 4a, after Por2SAc molecules were bound to the gold surface, electron transport was blocked gradually. After a dwell time of 60 min for the modification, only a slight change in the peak current can be observed even though the assembly time was increased, which indicates that the chemisorption of Por2SAc reached saturation. Moreover, X-ray photoelectron spectroscopy (XPS) was employed to confirm the chemisorption of the Por2SAc molecules on gold substrates. The XPS peak of S 2p with a binding energy of 161.9 eV shown in Figure 4b clearly indicates that the Por2SAc molecules are chemisorbed onto the gold slides, with the formation of a Au-S bond.34 The immobilization of PorSAc was also characterized by CV and XPS, and the data is similar to reported results.35 In summary, we have investigated the interaction of C60 with both porphyrin and porphyrin tweezers on the single-molecule level. Our results clearly indicate that divalency enhances the binding of C60 with the two-arm system of porphyrin tweezers. Moreover, dynamic force spectroscopy provides some useful data of the dissociation rate and the effective distance, which can reflect the physical nature of the interaction and support the conclusion of enhanced binding derived from multivalency. It has been reported that the porphyrin-fullerene interaction can be influenced by many other factors, for example, the metal in the core of a porphyrin.18 We are planning to extend our study (33) Margetic, D.; Warrener, R. N.; Butler, D. N.; Officer, D. Theor. Chem. Acc. 2007, 117, 239. (34) Jiang, Y.; Wang, Z.; Xu, H.; Chen, H.; Zhang, X.; Smet, M.; Dehaen, W. Langmuir 2006, 22, 3715. (35) Lu, X.; Li, M.; Yang, C.; Zhang, L.; Li, Y.; Jiang, L.; Li, H.; Jiang, L.; Liu, C.; Hu, W. Langmuir 2006, 22, 3035.
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 Figure 4. Characterization of Por2SAc chemisorption. (a) Cyclic voltammograms of Por2SAc in a solution of 2 mM K3[Fe(CN)6] + 0.1 M KCl at a scan rate of 0.10 V/s. After 60 min, only a slight change in the peak current can be observed, which indicates that the chemisorption reaches saturation. (b) S 2p spectra of Por2SAc adsorbed on a gold surface. XPS high-resolution spectra of the S 2p regions are presented and referenced to the binding energy of C 1s.
 
 to different porphyrin derivatives and to investigate the effect of molecular structure on intermolecular interactions and the multivalent effect. In addition, with respect to combining SMFS with suitable supramolecular systems, we hope that this line of research can provide more information on multivalency in heterogeneous molecular systems, leading to a better understanding of the general rules that govern the molecular self-assemblies. Acknowledgment. This work was funded by the Natural Science Foundation of China (20834003), the DFG-NSFC
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 Transregio SFB (TRR61), and the National Basic Research Program of China (2007CB808000). Supporting Information Available: Materials and instruments, synthesis procedures, experimental details, M-FJC model, extension length distribution in SMFS measurements, histograms of the unbinding forces between C60 and a single porphyrin, histograms of the unbinding forces between C60 and porphyrin tweezers, and control experiments. This material is available free of charge via the Internet at http://pubs.acs.org.
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