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A possibility of utilization of molecular motors for creation of unidirectional rotation of tiny disks floating on a surface is considered theoretically. The bottom side of the disk is covered with grafted motors combined with flat blades submerged into a viscous liquid for torque generation. When exposed to UV-light, the motors start to rotate all in the same direction, and they transfer their rotation to the blades creating a mechanical torque that turns the disk. The disk angular velocity scales as ~  L/R where is motor angular velocity, L is the length of the oars, R is the micro-disk size. A competition between directional ballistic-type rotation and rotative diffusion is considered. The setup can be used for evaluation of the primary motor parameters: the motor rotation speed f, and the maximum motor torque load M max .

Introduction

Recent progress in synthesis of molecular-size motors capable of unidirectional rotation between two parts of the same molecule ("rotor" and "stator") provides a potentially great assets for nano-engineering. [1][2][3][4][START_REF] Balzani | Molecular Devices and Machines[END_REF] Such motors form a unique class of molecular machines that are able to rectify thermal fluctuations using the so-called Brownian ratchet mechanisms. [START_REF] Ajdari | [END_REF] The most famous example is a motor family of the Feringa type (synthesized in the group of Prof. B.L.Feringa, [7] Nobel Prize in chemistry 2016) based on overcrowded alkene capable of unidirectional rotation by a 3-stage mechanism upon light exposure, its working principle is illustrated in Figure 1. Feringa developed a series of outstanding works based on this type of motor including acceleration of their speed up to the MHz frequency, [8] their attachment to surfaces, [9] their torque amplification in liquid crystals, [10] or the construction of a nano-vehicle using active molecular rotors as wheels. [11] However, the functional use of such motors was typically based on their state (i.e. cis/trans ratio) while the full profit from their continuous rotary motion was not exploited yet. The next obvious step is to employ the unidirectional nature of motor rotation for driving nano-objects. In this paper we consider the situation when the motors
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Figure 1. Molecular motors based on overcrowded alkene [7] driven by UV-radiation: a chemical structure of the ultra-fast Giuseppone motor variant [12][13][14] the temperature-dependent rate-limiting stage [8] ).

are employed for twirling of tiny disks floating on a surface of a viscous liquid.

Construction of motorized floating disks

Let us consider a thin disk of radius R with molecular revolving engines (MRE) attached to its bottom side and submerged into a liquid which supports the disk, Figure 2. For the stability of the disk on the surface, the interface energies should satisfy the conditions:

      ,       ,         , (1) 
where the numbers correspond to the respective media (see Figure 2a). The MREs are made of molecule motors with one part (say, a "rotor") chemically attached to the disk surface and the other part (a "stator") joint to a flat plate which plays the role of a nanooar (it could be based e.g. upon a heterocyclic compound with several fused rings). The junctions should be made with double bonds or even with two parallel short chains, in order to avoid motor cranking to idle, Figure 2b. Such disk could be a hydrophobic solid disk, or it may be prepared as a small fragment of a surfactant (block-copolymer "2-3")

Langmuir monolayer in a pseudo-crystalline (gel) phase (the bottom double-tail block "3" should be connected to a MRE), for example, by sonication of a Langmuir layer at an elevated temperature (fluid phase), or by depositing a microdroplet of the surfactant solution using a slowly evaporating solvent immiscible with the liquid. The disk rotation is expected due to whirling of the oars upon UV-illumination. Depending on the disk size and nature, rotation can be observed either with an optical microscope for each particular disk (for R>2m) or by registring the changes in the 2D nematic orientation at the surface if the monolayer has a tilted structure and can be aligned by a n external field.

Figure 2. Floating disk (a) decorated with a rare grafts of MREs , and the principal structure of one MRE (b). The molecular motor (rotor + stator) is as in Figure 1, the oar has a width 2W and a length L. Each free motor rotates with an average angular velocity  (the latter depends on UV-irradiation intensity and on the torque load M, cf. Figure 1e). The disk twirls with an angular velocity  2R 0 

Hydrodynamics of a floating disk decorated with grafted MREs

We assume that the engines are grafted uniformly to the disk bottom, Figure 2, and their surface density is n (the typical distance between neighbouring MRE is L M-M  n -1/2 ). To avoid rotation-neutralizing interference between neighboring oars, the distance between their axes should be large enough : L M-M > 4W where the numerical factor was estimated geometrically. Hence, the total reasonable number of MREs on the disk is restricted to:

N < N max = xR/W) 2 , x  0.2, or n<n max = (x/ W -2 , or L M-M > 4W (2)
We can apply the limit of linear hydrodynamics, as the system is always in a range of low Reynolds numbers Re ; the relevant number for a single MRE is Re W and for the disk as a whole it is Re R , as defined below

Re W = W 2 / < 10 -3 , Re R = R 2 /< 1    
where for calculation of the numerical value of Re W we note that low molecular liquids have typical kinematic viscosity > 0.005 cm 2 s -1 and the maximal known molecular motor frequency [8] is f ~ 6*10 6 s -1 ; we also take into consideration that W=10nm is the upper reasonable size for a nano-oar driven by a molecular motor. The condition Re R <1 is justified below in Equation 7.

The rotating MREs (being of the same chirality) create liquid flows that are opposite for any pair of neighboring engines. Hence, only MREs located on the outer edge of the disk (their number is N eff = 2R/L M-M ) participate in creating of the global flow around the disk. Each MRE can be modelled as a cylinder of radius W and length L. An isolated MRE [15] experiences a friction torque M 1 =4W 2 L , or a rotation surface force F 1 = M 1 /W = 4WL. For a MRE on the disk edge an effective surface force is F edge ~ 4WL (as only the edge-facing side of the MRE is participating in its creation). The total torque created by all MREs is thus

M MRE ~ RF edge N eff ~ 8R 2 WL / L M-M (4) 
This torque is counter ballanced by the friction torque M R acting on the bottom surface of a rotating (with angular velocity  ) disk of radius R (cf. Figure 2a) [16] :

M R =  R ,  R ~ (15 2 /32)R 3  (5) 
In equilibrium M R = M MRE , hence the MREs give the disk a constant angular velocity

~ ( 256 / 15) W L / ( R L M-M ) (6) 
From Equation 2, 3 and 6 : Re R ~ 1.35 RL/, hence even for the highest  and the lowest  Re R <1 if RL < 0.6 m 2 , for ~ 6*10 6 s -1 and > 0.005 cm 2 s -1 (7) This justifies neglect of inertial forces for R up to 60m if L~10nm in the worst case.

Equation 6 gives the value of the active rotation of the disk. To be significant in experiments, it should dominate over the rotational thermal diffusion that is characterized by the rotation diffusion constant (cf. Equation 5for  R ) :

D  = k B T/  R ~ (32/15 2 ) (k B T/R 3 ) (8) 
For short observation times t<t* diffusion dominates and can blur the rotation, while for t>t* the active unidirectional rotation of the disk will be evident. The cross-over time is

t* = 2D  /   ~ (15/1024)( k B T/   )( L M-M 2 W -2 L -2 R -1 ) (9) 
The corresponding cross-over rotation angle is

* ~ (4) -1 ( k B T/ ) ( L M-M W -1 L -1 R -2 ) (10) 
For the maximum surface density of the grafted MREs (Equation 2), the maximum motor frequency  (Equation 7), and for t=20 0 C in water : t*/s ~ 2.5*10 -5 *(nm 3 /L 2 R) and * ~ 200*(nm 3 /LR 2 ). Therefore, for L=10nm and R=1m we get : t*~250ps and * ~2*10 -5 .

On the other hand, if the motor frequency is rather low, f=100Hz (~ 6*10 2 s -1 ) we obtain for the same parameters: t* ~ 25ms and * ~ 0.2.

Conclusion

Floating disks decorated with grafted MREs is a system where the molecular motor rotation on molecular scale can be exploited for regular displacement of micro-objects (disks). The angular velocity of the disks is directly related to the primary motor rotation frequency f = /2via Equation 6) and could be used for experimental determination of f. For low UV-irradiation intensities I UV , the motor frequency f is a linear function of I UV , and so is the disk rotation speed : I UV . However, with increase of I UV and rotation frequencies f = /2, the motor torque M edge =WF edge = 4W 2 L (cf. Equation 4) should also increase proportionally to I UV , so at some point the maximum motor load M edge =M max can be reached. Figure 1e shows that this threshold load M max corresponds to a substantial increase of the potential barrier (3), hence M max ~ k B T/ 1 ; at this point the dependence (I UV  must saturate. M max is the second important characteristics of the molecular motor (together with the proportionality coefficient fI UV  and we show that it can also be evaluated in the same experiments with floating disks.

  Figure1. Molecular motors based on overcrowded alkene[7] driven by UV-radiation: a chemical structure of the ultra-fast Giuseppone motor variant[12][13][14] (a), the respective 3D MM+ molecular mechanics model (b), its schematic picture (rotor and stator) (c) and its energy profiles for the motor in the free state (d) and under a mechanical load with torque M (e). The twirling takes place around the overcrowded central double bond (cDB) (indicated with double dots in (b)) that upon activation by absorption of a UV-photon h can penetrate the rotational barriers in one specific direction (here anti-clockwise) that is controlled by the chirality center (marked with a pentagram in (b)). The rotation angle (that plays the role of the main reaction coordinate) is  The full turn by =2, cf. (a), consists of two UV-activation steps h and two steric barrier steps which are marked with dotted segments in (b) and symbols . The energy profiles (d,e) are shown for one half-turn, the curve DB represents the energy of the intact cDB (which demands to be close to n) and the curve DB* (with a weak minimum at =/2) describes the UVactivated state of cDB; the grey zones  around =n correspond to the steric barriers which limit both DB and DB* (to overcome  the rotor and stator geometries should be strongly disturbed). In the case of external load M, the linear function Mshould be added to all -dependent energies (e), this results into shifts of the energy minimums of the cDB. The angle increment by  (    ) comprises of the following three stages (shown with numbers in (d,e)): (1-2) -UV-activation DBDB*, (2-3) -fast diffusion in activated stage followed by cDB recombination, (3-4) -steric barrier penetration (this is the temperature-dependent rate-limiting stage[8] ).
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