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Are Buckminsterfullerenes Molecular Ball Bearings?

Buckminsterfullerenes (C 60 ) are near-spherical molecules which freely rotate at room temperature in the solid state and when dissolved in solution. An intriguing question arises as to whether C 60 molecules can act as molecular ball bearings, i.e. preventing direct contact between two solid surfaces whilst simultaneously dissipating shear stress through fast rotation. To explore this, we performed measurements of friction across a solution of C 60 in the boundary lubrication regime. High resolution shear and normal force measurements between mica sheets separated by the C 60 solution were made using a Surface Force Balance to provide a single-asperity contact and sub-nanometer resolution in lm thickness. We nd that, even at small volume fraction, C 60 forms a solid-like amorphous boundary lm sustaining high normal load, suggesting that this system undergoes a glass transition under connement. The C 60 lm gives rise to a low friction coecient up to moderate applied loads, and we discuss the possible relevance of the ball bearing eect at the molecular scale.

Introduction

force during shearing cycles evolves as the applied load is increased. At higher loads a clear yield spike followed by smooth sliding is observed; from this the kinetic friction F L,k is deduced.

in magnitude and varies directly with the applied shearing amplitude; the saw-tooth shape is the signature that the surfaces are rigidly coupled, i.e with no relative motion throughout the cycle. Because of the strong adhesion between the surfaces, friction is controlled by adhesion 36 and is so high that the yield point of the contact is not reached within the range of lateral force explored. Thus we nd that the yield force of the contact must be higher than 110 µN in this case. In experiments with higher shearing amplitudes, we found that the yield force was in fact higher than 330 µN; corresponding to a lower limit for the contact shear stress of σ L ∼ 26 MPa. During retraction, a damped oscillation at the resonance frequency of ∼ 25 Hz is obtained when the surfaces jump-out, and then no lateral force is detected, consistently with the behavior on approach. In sum, we nd that tetralin alone cannot support any applied load, and so squeezes out of a contact whennite load is applied, giving rise to high friction in accordance with direct mica-mica contact. 

1 ferent

 1 Human activity has always required the motion of objects, from the building of edices in prehistorical ages to the harvesting of energy 29 with wind turbines in present times. The ques-30 tion of whether logs were used as rollers to 31 move megaliths has been debated, 1 nonetheless 32 it is clear that the idea of using wheels to re-33 place sliding by rolling was early found to be 34 an ecient way to reduce energy dissipation 35 during motion, i.e. friction. While formulat-36 ing the rst fundamental laws of solid friction, 37 Da Vinci conceived of many ingenious machines 38 involving rotary parts where the friction is lim-39 ited to the axis. 2 Ball bearings, consisting of 40 balls running along a groove (e.g. in an axle 41 assembly), are designed to reduce the friction 42 further by transforming sliding into rolling. It 43 is also known, since ancient times, often complicated by processes act-55 ing over multiple length-scales and timescales 56 simultaneously. For example a uid may lu-57 bricate motion as a thick lm (hydrodynamic 58 regime) or in molecular connement between 59 close asperities (boundary regime), either at dif-60 regions of a rough contact or under different shearing conditions. Buckminsterfullerene (C 60 ) is a molecule of almost ideal spherical shape 7 (structure in Fig- ure 1(a)). In its pure form under ambient conditions C 60 forms a solid in which the molecules are able to rotate freely; inspection of the temperature dependence of the heat capacity shows that the energy associated with rotation of C 60 in the crystal is smaller than the ambient thermal energy. 8 This interesting property, com- bined with relative chemical stability, led to the early proposal that C 60 could act as an eective boundary lubricant: it might be expected that even when conned between two surfaces it could rotate to dissipate stress, the molecules eectively performing as molecular ball bearings. Direct observations have shown that spherical nanoparticles can rotate between sheared surfaces, in a manner which is reminiscent of the rolling without slipping motion of macroscopic ball bearings. 9 By analogy to the macroscopic mechanism of ball bearings, a molecular ball bearing system should sustain normal load (i.e. keeping the shearing solid surfaces apart) yet without hindering molecular rotations (which serve to dissipate shear stress and so reduce friction). Although this provides a useful motivating concept to consider the eect of rotations in modifying friction at the nanoscale, we note that the macroscopic mechanism of ball bearings does not map perfectly onto molecular systems under ambient conditions: the molecular rotation rate will typically be much higher than the imposed shear under ambient conditions. To dierentiate between these two situations, we call the molecular mechanism the molecular ball bearing effect. In this work we measure and appraise whether C60 might satisfy these criteria. Previous studies have investigated lubrication by C 60 or fullerene-like molecules in dif- ferent ways. On one hand, they have been used as a solid lubricant in dry conditions (from simply dispersed powder to carefully sublimated thin lm), but they didn't provide particularly exceptional frictional properties. 1014 C 60 have been used as wheels for single- molecule nanocars, and the displacement of such nanocars was found to be indeed due to 110 the rotation of the C 60 on the Au-(111) sur- 111 face at ∼ 200 • C.
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 35252 Figure 1: (a) Chemical structures and sizes of buckminsterfullerene (C 60 ) and tetralin. (b) Schematic of the SFB experiment, that allows to determine the interaction and friction forces between two mica surfaces separated by a liquid lm of controlled thickness. (c) Normal force F N rescaled by the radius of curvature R of the surfaces as a function of the separation D obtained at approach velocities v N ∼ 1 nm/s, for tetralin (approach in brown, pull-o force measured on retraction indicated by the black arrow) and the solution of C60 in tetralin (approach in purple, retraction in black).
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 31 Figure 3: (a) Kinetic friction F L,k as a function of load F N . Friction in pure tetralin was above the range limit of the experiment, as indicated by the shaded bar, whereas the solution of C 60 in tetralin gave rise to measurable friction (in purple). The two stars correspond to the lateral force traces shown in insets of Figure 2(b), and the red lines are the linear ts used to deduce the local friction coecient µ. (b) Normal (red) and kinetic friction (blue) force proles, for the solution of C 60 in tetralin. (c) Schematic representation of the system in connement: the C 60 molecules are randomly packed, steric interactions lead to a signicant repulsion between the solid surfaces, but fast rearrangements induce a relatively small shearing resistance.

  transition as C 60 molecules be- 451 ing kinetically trapped between the surfaces 452 and having no time to order. We never ob-453 served a structural force over the explored spots 454 on the surfaces, experiments and velocities be-455 tween ∼ 1 nm/s and ∼ 12 nm/s. This is most 456 likely to be due to the dierent solvent and 457 concentration chosen: Campbell et al. used 458 a concentration of 0.095 mg/mL correspond-459 ing to a molar fraction of ∼ 0.001% or ∼ 3% 460 of the saturation limit in toluene (2.8 mg/mL 461 at 25 • C 22 ), whereas here we use a concentra-462 tion of 5.60 mg/mL corresponding to a molar 463 fraction of ∼ 0.1% or ∼ 35% of the saturation 464 limit in tetralin (16 mg/mL at 25 • C 22 ). In our 465 case, the C 60 molecules in the bulk are much 466 more concentrated and close to the agglomera-467 tion limit, and the order/disorder kinetic tran-468 sition may have been shifted to approach ve-469 locities much smaller than 1 nm/s. Combining 470 the observations of no structural force and of 471 a solid-like friction response, we conclude that 472 under the experimental conditions used the C 60 473 must form a disordered/amorphous solid, i.e. a 474 glass, where the molecules are randomly packed 475 in the gap (as illustrated in Figure 3(c)). The 476 situation is thus related to the dicult probthen tempting to interpret our mea- 481 sured kinetic friction-load curve as a kind of 482 Angell plot, that conventionally represents how 483 the logarithm of the viscosity increases with the 484 inverse temperature (for molecular liquids) or 485 with the packing fraction (for colloidal liquids) 486 when approaching the glass transition. 49,50 Fol- 487 lowing this scenario, it would be the increase 488 of the C 60 packing fraction with the load (as 489 shown by the compression of the lm) that leads 490 to a dramatic slowing down of the dynamics, 491 i.e. of the rearrangement timescale of the glassy 492 lm in the gap, as measured by the increase of 493 the friction force. 494 Role of rotation. One can nally ask 495 whether the rotation of C 60 contributes to the 496 frictional behavior. As shown by a 2D molecu-497 lar dynamics simulation of lubrication by cir-498 cular molecules, a high concentration in the 499 gap can lead to jamming, which hinders the 500 molecular rotation because the two sides of two 501 molecules in contact would have to rotate in opposite directions.51 So if the rotation of C 60 plays a role in our system, it is likely to happen at small loads, for which we indeed measured a small friction coecient. Because of the relatively strong adhesion of the C 60 on mica (De- bye interaction), the lateral motion is probably distributed in the middle of the gap and not at the lm/mica interfaces. The small resistance to ow in the gap indicates that energy is dissipated eciently in the lm; the mechanism for this could originate from (at least) three modes. First, there is only small adhesion between C 60 molecules (London interaction).

18 Second,

 18 there is room and time for rearrangements, since C 60 molecules are randomly packed with vacancies, at a packing fraction far enough from the glass transition. Third, the C 60 may rotate freely in the thin disordered lm, like they do in the bulk crystal, and this free rotation could contribute to a dissipation mechanism leading to low friction. In other words, a molecular ball bearing eect may be occurring and be partly responsible for the low friction regime. Conclusions To summarize our ndings, C 60 performs as an excellent boundary lubricant additive in our system; ∼ 0.1% of C 60 is sucient to form a strong boundary lm that reduces wear by preventing direct contact between the sliding surfaces and gives rise to a small friction coecient at moderate loads. A key ingredient leading to this useful outcome is that C 60 has a nite sol- ubility and tends to solidify when the concentration exceeds the saturation point locally in conned contacts thus preventing squeeze-out of the lm. The fact that the C 60 appears to form a disordered solid, evidenced by no regular oscillatory structural force despite solid-like mechanical response, indicates that the convex friction-load relationship may be the manifestation of a glass transition under connement. The friction coecient at moderate loads is remarkably small, and so it is hypothesised that the molecular rotations intrinsic to C 60 the molecular ball bearing eect may be impor-548 tant for reducing shear stress. 549 Future investigations should involve a sys-550 tematic study of the eect of the concentra-551 tion on kinetic trapping and on friction re-552 sponse. To clarify the role of molecular rota-
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