An Inbuilt Electronic Pawl Gates Orbital Information Processing and Controls the Rotation of a Double Ratchet Rotary Motor
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One could build a nanofactory if all essential molecular components, motors, sensors and controllers operate independently and cooperatively while anchored to a single nanoplatform. Given the nanoplatform's wide range of applications, from medicine to space explorations, it is essential to design and synthesize programmable motors. For a decade, we have developed dendrimer-based nanoplatforms anchored to a double ratchet motor (DRM), which comprises a Brownian rotor (BR) and a power stroke (PS) rotor coupled to a −C≡C− stator—controls the energy flow by a proton-intercalation mechanism in the DRM resulting in different rotational thrusts and speeds (high/low/stop). Here, using suitable functional groups, we modulate the quantum transport of vibrational energy through coupled orbitals such that a conceptual linear vibrational energy flow chain (VEFC) forms. VEFC allows encoded quantum information to control the classical thermodynamics for harvesting thermal noise, -a prerequisite to orbital programming.     


Introduction
Molecular nanofactory is a futuristic goal of nanotechnology, and molecular motors1,2 are the main executing components. It has the potential to revolutionize the research fields of energy harvesting, inventing ultra-fast quantum engines,3nanobots for bloodless surgery,4 and nanoarchitectonics.5-7 By definition, a molecular machine should do some physical work, following information written in its atomic orbitals; how this quantum information regulates classical thermodynamics is an open question, triggering the debate on thermodynamics of information content8 (Amano, S., Esposito, M., Kreidt, E. et al. Insights from an information thermodynamics analysis of a synthetic molecular motor. Nat. Chem. 14, 530–537 (2022). https://doi.org/10.1038/s41557-022-00899-z). So far, most invented molecular machines can generate mechanical thrust works at shallow temperatures (5K to 80K) due to their vibrational oscillations.9 As the temperature rises, the rotor machine rapidly passes through all steps to complete a periodic task. The stator of a rotor controls the direction,10 and the functional group in a rotor completes a 360ο rotation,11 the wheels of a nano car complete one rotation,12 the period for a quantized rotation is homogeneously distributed among all steps. A homogeneous rotational speed of a motor cannot deliver complex tasks. However, a proper mechanism to design a stepper motor that brakes at desired angles to deliver a programmed thrust is still in progress.13 Attempts were made to induce one plodding step (0.005 seconds) using the thermally induced helix-inversion.14,15 It is still to be found how does a choice of the functional group could deliver inhomogeneous rotations in a molecular motor. A stepper motor should have at least four steps;16 during a 360ο rotation, the rotating part would slow down at particular angles and then speed up.17,18 Efforts were plenty, from interface modification,19 chemical fueling,20 and atomically precise external control;21 the continuous rotation appears as quantum control by molecular orbital. Therefore, we need a quantum design strategy for regulating step-by-step angular rotation at the molecular scale. 
Feynman proposed the nanomachine and suggested implementing two ratchets or control livers in one system to avoid thermodynamical Maxwell's demon.22-24 Most machines invented thus far have one ratchet in the molecule, and the other ratchet's task was performed by creating an energy gradient externally. That is why in all machines, we find an external influence.25-26Recently, we resolved this issue by implementing a PS rotor in a double ratchet motor.27 We fused two classic biological motor concepts, PS and BR, in a single motor.28-29 Here, the coupled orbital network connecting the two planes of the motor is used  to conceptualize an atomic chain of vibration, we named it VEFC engineering.30,31 Coupled  orbitals passing through the junction of two planes act as a critical quantum energy transport channel. In this channel, through molecular orbitals, the absorbed noise extracted energy packet transmits connecting the molecule's functional parts. Thus, the chain of atoms may act as programmable machinery if we could change the distribution of energy on the atomic sites in the desired way by choosing the functional groups. Here we have added functional group OH through an auxiliary molecule (AM) so that the activity of the energy flowing chain is programmed to deliver a step-wise thrust within a 360o rotation (Scheme 1). We could pause/play the rotation of the BR module of DRM by controlling VEFC to switch the motion of the PS module. Herein we describe AM's fabrication method as an internal control of DRM. We also report AM's intramolecular proton intercalation (IMPI) mechanism to control VEFC. If PS couples with AM, the N-atom of the resulting Schiff-base can participate in the proton intercalation process32 via a strong hydrogen bonding that may even disrupt the normal state of orbital density fluctuations that fuel the BR motion.
Since the invention of ultra-high vacuum scanning tunneling microscopy (UHV-STM),39 discoveries have proved that the electron density distribution in the molecular orbitals is a quantum mechanical phenomenon.40 This distribution involves a dynamic motion of the electron clouds through the bonding, antibonding, and non-bonding orbitals around the atoms aligned along the bonds in the molecule. We need a better scientific understanding of all the influencing factors of a single molecule's orbital density distributions. Herein, we have described that a partial proton translocation towards either end of the hydrogen-bonded atoms is essential in influencing the VEFC. BR in DRM has unrestricted rotation at ambient temperature; if PS forms hydrogen bonding, the BR motion ceases. If we remove H-bonding, the BR motion can restart to the next point. With the increasing demand for single-molecule electronics, such a study is highly relevant for energy harvesting and conservation.41-43
At a shallow temperature, we expect a motion restriction of BR and observe two or more different rotamer states (e.g., near planar, out of the plane, near perpendicular, etc.) of the DRM. Using VT-NMR spectroscopy 33-34 (see Supporting Information, Figure S-1a), we have shown that the thermal noise-operated motor changes relative distances of aromatic planes, which is attributed to a triangular shape inversion (see Supporting Information, Figure S-1b). Therefore, we can program a quantum orbital-energy transmission route in a rotor to slow down the quantized rotation.35-38Power harvesting molecular motors should be designed to be autonomous powered systems. Instead of depending on external input energy, it is expected that external factors should be applied to control/cease their motion. These factors would also minimize input power consumption and produce maximum output power. In most cases, restricted rotation in a molecular rotor is controlled by bond breaking-making, interaction due to steric crowding, hydrogen bonding interaction, buttressing effect, etc.48-52 Recently, we have reported that a molecular rotor work under ambient conditions; thermal kT would be sufficient to induce mechanical motion in the molecule. It is implemented respectively in a PCM and a PCMS nano-platforms to produce some giant nano-structures and resonance energy-inducing drug materials by controlling their dynamics through different electromagnetic energy pumping.55-56 The molecular rotor structure is self-powered and can harvest energy from the ambient temperature.27 To our knowledge, this is the first report of an embedded VEFC, a speed controller of a molecular motor.
Results and discussion
Restricted phenyl ring rotation around a single bond in a biphenyl molecule results in atropisomerism. The factors that influence such restricted rotation are electronic and steric.57 Double bonds and triple bonds do not rotate; however, Ben Feringa's group has discovered molecular motors of different generations where relative rotation of plans around the double bond takes place by photoexcitation mechanism. A single bond next to a C≡C bond can rotate, and J M. Tour's group uses this mechanism to produce nanocar.58 So, electronic factors will likely cause the molecule's restricted rotation at the two terminals of a C≡C bond. Our report shows that electronic factors can impact the single bond rotation attached to a triple bond (Figure 1a). Earlier, we reported the method of unison of many such motors via radio wave triggering.27 The challenge is controlling the rotational speed of the motor. Therefore, we must investigate if a such rotational restriction is embedded with the molecular orbitals and how the VEFC influences such controlled rotation. The simple way to describe VEFC is a transient electron density distribution change with a change in the atomic environment in the molecule.63 Here, we have explored the mechanism of molecular rotor motion, and its control evolves from the molecular orbital (MO) levels. This would be the first report of pawl-like use of AM and BR's motion control by the dynamic VEFC. This experimental fact reveals that instead of breaking any chemical bond, a molecular electron density distribution (Figure 1b) could control a molecular rotor having angular velocity. 
A rigorous 1H and 13C NMR analyses of DRM show that all protons and carbon peaks in the spectrum have a regular appearance at room temperature. We speculate the reason may be the faster rotational speed (THz, ps order) (see the Supporting Information, Video 1) of BR vs. PS under the NMR scanner (MHz, µs order) to detect the asymmetric protons.64-66 of rotamers. However, a variable temperature 1H-NMR spectra analysis of the DRM starting from 213K (-60 oC) to 313K (40 οC) shows an unusual peak shifting of some of the protons in both the BR and PS modules (see the Supporting Information, Figure S-8a & Table 2). We identified that these particular protons belong to BR and PS at two terminals of the rotor molecule. This result can explain VEFC as an active electronic orbital communication channel, which can play a pivotal role in controlling the staggered rotor motion of the BR and PS. At 213K, the protons associated with the −OCH3 group on the BR appeared as two singlets at δ (in ppm) 4.00 (singlet) and δ 3.73 (singlet). The intensity of the former peak is less than the latter. At 313K, the same set of protons shifts from δ (in ppm) 4.00 to 3.97 (singlet) and from 3.73 to 2.72 (singlet); the peak intensity of the former one is now consistently more prominent than the last peak. Therefore, it is evident that at various temperatures from lower to higher, different rotamers at different quantized states reach particular conformations where orbital density on methyl group of -OCH3 has intensified to shield the protons. Since the planar conformation is less affected by such a shielding effect, non-planar conformation is observed to have a significant shielding effect. Here we observe only those 1H-NMR peaks for populated rotamers present in the solution at a detectable concentration under the instrument limit.
Nevertheless, we see aromatic protons of the BR appear only once, though we expected them to be at least double. Also, sometimes we observe very low-intensity singlet peaks for the up-field protons of −OCH3 at some temperatures, while the other peaks remain unchanged. We speculate that over the rotation, as we previously observed under UHV-STM images and reported elsewhere,27 the molecule reached some bent conformations (Figure 1c). In these temporary conformations, the information of methyl protons was temporarily lost due to the shielding environment of π-electron clouds of −C≡C− bond. On the other side, the protons of the amine group shifted from δ (in ppm) 6.40 (at 213K) to 5.56 (at 313K), which may be attributed to some dynamic electron shielding on the N atom due to out-of-plane wagging vibrations at a higher temperature (Figure 1d). A variation of the measurable peak shifts and varying intensities of particular aromatic protons are observed at different temperatures (see Supporting Information, Figure S-8d). This significant phenomenon is attributed to the temperature-dependent dynamic conformational change and the corresponding ring current oscillations.
In our DRM structure (Scheme 1), if both the BR and PS planes are coplanar, the HOMO has a significant orbital contribution from the upper aromatic BR plane. Still, as soon as the BR plane is rotated away from the coplanar conformation, the orbital density is shifted towards the aromatic naphthyl group of the PS (Figure 1e). We attribute this to quantized rotations around the axis of rotation. However, Gaussian calculation shows that the rotational barrier among the coplanar and non-planar structures is relatively narrow (see Supporting Information, Figure S-9) and equivalent to only three kT (see Supporting Information, Table 1). Later by introducing AM, we could observe that coupling reaction results in both coplanar and non-planar products (Scheme 1), which appeared in the thin layer chromatography as two overlapped spots. One of the spots has bright luminescence, while the other appears dull when both are excited with (λmax) 365 nm radiation.
Further analysis by NMR spectroscopy shows that the two compounds are distinctly present in the mixture in an almost equivalent ratio. From Figure 1, we can also predict that the −NH2 and the −OCH3 groups in the molecule are crucial factors influencing this rotational feature of the DRM. So, we aimed to temporarily break or tune the intercommunication between these two groups by adding some items. Hence, we took a theoretical approach before experimentally investigating the molecular rotation guiding factors. After studying the LUMO, we observed that the orbital density is shifted from the phenyl ring of BR to the naphthyl ring of PS, where the H-bonding between the corresponding protons of a phenolic ortho- hydroxyl group is attached to the AM, and N atom of the Schiff base favours the IMPI. On the other structure [LR1], where the aromatic planes are non-planar, the HOMO of the BR has more orbital density, and the LUMO also has almost comparable orbital density. So, we found that if we use a suitable ortho-hydroxy aromatic aldehyde to synthesize the corresponding Schiff base derivative of the DRM, as shown in Scheme 1, then characteristic molecular dynamics are observed. It also shows that the rotational hindrance is observed even at room temperature, depending on the availability and proximity of the phenolic H atom to the N atom that is a part of the Schiff base.
Our earlier report shows that when the BR part absorbs energy (kT) at ambient temperature and gets activated. A VEFC is lined up from the BR part to the PS part through the triple bond stator. Thus, we observed that the O atom of the −OCH3 group and the N atom of the −NH2 group play an active role in the asymmetric variation of the dynamic orbital behaviour. We demonstrate here how these two heteroatoms participate in molecular dynamics. We aimed to investigate the probable controlling parameters that can effectively arrest the rotational motion by targeting the VEFC. We have designed a few active structures to initiate the IMPI process in DRM. The general synthetic scheme started by preparing 3 (Scheme 1). We performed the reaction in different solvent conditions (e.g., CH3CN, THF, and DMF) under an inert gas atmosphere to get compound 5 [LR]. Depending on the AM, we get two products, 7 [LR1] & 9 [LR2], as a sticky liquid in 70% & 75% yield, respectively (Scheme 2).31 In this study, we envisioned regulating the rotational dynamics of the BR by electron flow control throughout the system by AM from another end. We kept two things in mind while choosing a good AM; firstly, the molecule should be electron deficient so that the electronic flow moves towards it, and secondly, the addition of some extra flavor by incorporating a good chromophore or fluorophore (with high stoke shift) or both for proper visualization. 
After doing a literature survey, we concluded that the only thing which can tactfully solve our purpose is ESIPT. Henceforth, we incorporated the same judiciously synthesizing the above two molecules, LR1 and LR2 (Figure 2a,b). Both the compounds were chromophores (LR1 is yellow and LR2 is orange) due to the −C=N bond, which shows low energy (n →π*) electronic transitions. Simultaneously, they were found to have fluorescence (due to proton translocation via ESIPT) with a high Stokes shift (> 100 nm) (see Supporting Information, Figure S-10). We systematically studied the pure compounds and how the IMPI controls the rotor's behavior (see Supporting Information, Video 2). While characterizing compound LR1, we observed several other protons in the 1H-NMR spectra. On finding the source of these additional protons, we found that the noticeable change was in the −OCH3 region of the molecule, where two distinct methyl peaks with equal integrations showed up (Figure 2c). Not only that, but we also found some additional peaks in the aromatic region. It is noteworthy that we have performed the reaction in THF, a comparatively less viscous solvent (0.46×10-3 Pa s); thus, maybe until it reaches the state of rotational hindrance, the BR part gets time to reach different orientations in the NMR time scale. To confirm, we have performed the reaction in DMF, which is a more viscous solvent (0.80×10-3 Pa s). Surprisingly, we observed no ambiguities in 1H-NMR, which confirmed that more viscous solvent DMF did not allow the BR part of the molecule to rotate freely under similar reaction conditions. 
To go deeper into this study, we created one analogous molecule, LR2, in THF medium, with an AM containing a naphthyl ring. However, this molecule did not attest to similar observations (Figure 2d), and there is no significant change in the shifting of protons of the −OCH3 group in the BR. However, based on the arbitration by the H-bonding proton present in the system, we could explain the additional changes in the low-field protons region. Viscous solvent DMF did not allow the BR part of the molecule to rotate freely under similar reaction conditions. We have also performed the reaction in different solvents as a controlled study but found the same results. Compound 3, corresponding to LR2, shows the same kind of NMR pattern, which was missing in the compound of LR1. Hence, it is evident that some ESIPT-type mechanisms may play a crucial role here.      
According to the result, we hypothesized that in the case of LR1, IMPI is weak and strong ESIPT might be helping the molecule to get different particular orientations. Thus, two possible orientations of the BR part are possible, leading to this structural ambiguity. When phenolic hydrogen of AM part can intercalate between the O atom of phenol and the N atom in the PS part, hydrogen bonding occurs. Then rotational motion is ceased as observed in structure LR1′ (minor, fluorescent) and structure LR1″(major, non-fluorescent). Thus, when the auxiliary molecular part, salicylaldehyde Schiff base, is attached to the DRM, the resulting DRM shows a unique NMR spectrum (see Supporting Information, Figure S-11a-c) in which the protons from the phenyl group of the BR module appeared double the number than expected (Figure 2c). However, keeping the sample at ambient temperature showed the conversion of the less stable LR1″ rotamer to the more stable fluorescent rotamer LR1′ (Figure 2a). It is noteworthy because a weak IMPI process allows a flexible locked rotamer to convert to a stable H-bonded rotamer; one of the two singlets of non-degenerate methoxy protons disappears. Cyclic voltammetry study of LR1 resulted in a crossover between forward and backward scan (Figure 2f), which supports an ECE mechanism81 in the process in LR1, and we have discussed the keto-enol isomerization in online Supporting Information (Figure S-10).
However, in LR2, the strong IMPI replaces the ESIPT process.67-69 Hence, pre-orientation was already there in the molecule (as seen in Figure 2). Not only that, but the total electron flow was already towards the BR part of the molecule as the N atom of the −C=N became more electron-deficient during IMPI. Both these factors helped LR2 stabilize in a particular arrangement, disabling the BR's rotating property. On the other hand, compound LR2, due to higher stabilization from the IMPI process of the H atom of naphthol, can bind with nitrogen atoms tightly (see Supporting Information, Figure S-12). 1H-NMR indicated the dynamic translocation of the H atom on the phenolic oxygen between the N and O atoms (Figure 2d). Therefore, the orbital density fluctuation process is ceased, so rotamer LR2″ is disfavored, and only structure LR2′ (fluorescent) is observed. Two SI video files70 of theoretical simulations closely corroborate these arguments.
Conclusions
In summary, molecular programmability offered by VEFC embedded inside the linear chain of functional groups in a molecule could affect quantum transmissions (refer nano letters here). Here we have shown IMPI and ESIPT control on the VEFC, it is more profound quantum information analog than that claimed earlier.8 When a lone pair of electrons on the amine nitrogen is available, orbital density fluctuation controls the BR and PS parts to interact and continue the rotational motion. Electron-donating or withdrawing functional groups can modulate VEFC. Thus, VEFC may be compared with a dynamic programming tool for molecular machines that could bring wide ranges of mobility, transformability, and self-assembling abilities into the motor network. Most importantly, we have shown earlier that it is possible to control VEFC remotely, which means one could wirelessly switch on/off the quantized mechanical thrust produced by a motor, enabling global control on the atomic scale of physical tasks molecularly programmed in the resonance chain. VEFC-control would deliver chemists a tool for stepper motor application in nanorobotics, ligand modification for the catalyst activity and increased catalysis cycles, and ESIPT-triggered device design.
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Scheme 1. DRM (I) results in two Schiff base varieties (II) and (III) when reacted with salicylaldehyde and naphthaldehyde (above). General reaction scheme of synthesis of Schiff bases of DRM (below).
[image: ]
Scheme 2. Reagents: Pd(PPh3)3Cl2/CuI, and Et3N as a base. Two rotamers, LR1ʹ and LR1ʺ, have resulted in from 6 via a proposed intermediate structure 7 (i.e., LR1) (above). Single rotamer LR2ʹ is formed from 8 via a proposed intermediate 9 (i.e., LR2).
[image: ] 
Figure 1. (a) A drawing of DRM in motion, where BR can harvest thermal/electromagnetic noise (kT) and rotate freely in an angular path around 360o; R1, R2, R3, etc., are BR planes in space at various rotational states. PS has a flipper motion and produces a thrust under a downhill energy gradient. (b) Images of a DRM under a scanning tunneling microscope; the first and second differential of the orbital density distributions resulted in less noisy images featuring the orbital embedded VEFC. The second differential image shows density distribution concentrated on two hetero-atoms. (c) Orbital density images (scale bar = 0.5 nm) of different rotamer states. (d) The proximity of CH3 protons to the C≡C bond. Temperature-dependent proton NMR spectra of DRM, NH2, and CH3 protons follow an up-field shift with rising temperature. (e) DFT study of rotamers and corresponding HOMO densities.
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Figure 2. (a) Chemical structure of LR1 (DRM derivative) with favoured interconversion and different rotamers. (b) Chemical structure of LR2 (DRM derivative) with disfavoured rotamers. (c) 1H-NMR spectrum (in CD3CN) of LR1; the spectrum of LR1′ (above, blue), a rotamer is formed in reaction condition using DMF (high viscous solvent); proton Ha is intercalated between N and O atoms, and a strong IMPI is displayed by a dynamic change of proximity between N and Ha, which is attributed to the shifting of Ha peak to Ha′ and the corresponding shifting of Hb peak to Hb′. 1H-NMR spectrum (in CD3CN) of rotamers LR1′ and LR1″ (below, maroon), which are formed in the reaction using THF (low viscous solvent), so IMPI is weak and allows the ESIPT process to operate. (d) A 1H-NMR spectrum of LR2' where Hp is strongly intercalated between N and O atoms. A dynamic change of proximity between N and Hp is attributed to the shifting of Hp peak to Hp′, which is supported by the corresponding shifting of Hq peak to Hq′. (e) The resulting emission data of DRM obtained from CEES spectroscopy is plotted: (1) Scattered plot of emission vs. solvent viscosity (10-3 Pa s). MeOH = 0.54, Ethanol = 1.08, EtOAc = 0.43, DMF = 0.80, CHCl3 = 0.54. With the increase in viscosity of the solvent, emission shift to lower energy region where chloroform is an exception may be because of a counter effect of a high density of chloroform. (2) Scattered emission plot vs solvent density (g/mL). MeOH = 0.791, Ethanol = 0.789, EtOAc = 0.894, DMF = 0.948, CHCl3 = 1.498. Except for ethanol, we can see a natural emission shift from higher to lower energy with increasing solvent density. (f) Cyclic voltammogram of LR1 is observed with a crossover between forwarding and backward scan. It clearly shows that an ECE mechanism (see supporting information, Figure S-23) is associated with the rotation of LR1.
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