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Abstract

The paper presents an original integrated photo-electro-chemistry algorithm developed by the
authors for the possibilities of application of molecular machines in photoelectrochemistry.
Concerning molecular machines, five main directions have been approached: the
representation of the studied system through computational programs, the calculation of
reaction parameters based on HSAB principle, estimation of Coulomb blockade, predictions
on the bondonic photovoltaic effect by bondonic spectral correlations, calculations of the
thermodynamic indices of interconversion through the path integral formalism, and
estimations about the corresponding binary logical systems.

Introduction

The current trend is to reduce as much as possible the size and weight of parts of devices and
machines, with the aim of performing more and more complicated operations with much
smaller pieces [1]. Through the combination between the high precision of chemical synthesis
and engineering ingenuity, the "bottom-up™ molecule-to-molecule approach offers unlimited
opportunities for the design and construction of supramolecular nanoscale structures [2].

The design and construction of prototypes [1, 3] for molecular devices, machines and motors
is based on natural processes and systems and brings together various branches of science
such as supramolecular chemistry, engineering or the latest breakthroughs of synthetic
chemistry. The vast majority of engineered molecular machines so far is based on
interconnected molecular species such as rotaxanes, catenane and related species [4, 5, 6, 7].
The essential features of rotaxanes and catenanes derive from non-covalent interactions
between their components that contain complementary recognition centers. Rotaxanes are
prototypes suitable for the construction of both linear and rotary molecular machines. The
typical implementation of rotaxanes for molecular machines is the development of molecular
shuttles with ring translational movements [8, 9]. This type of molecular machines has a well-
organized structure and has to function as multicomponent systems with a proper functional
integration [3, 10].

The major importance of such systems is also confirmed by the fact that in 2016 the Nobel
Prize for Chemistry was awarded to researchers Jean-Pierre Sauvage, Sir J. Fraser Stoddart
and Bernard L. Feringa "for the design and synthesis of molecular machines" [11].

Results and discussions

In the present paper the [2]rotaxane 1H®* [12, 13] was chosen as the working system,
consisting of a dibenzo[24]crown-8 ether (DB24C8), a m-electron-donor macrocycle, and a
dumbbell component containing a secondary ammonium center (-NH,"-) and a 4,4’-
bipyridinium (bpy®*) unit. The stoppers are an anthracene moiety on one side and a 3,5-di-
tert-butylphenyl group on the other side. Because the charge-transfer (CT) interaction of the
p-electron-donor macrocycle with the p-electron-acceptor bpy?* unit is much weaker than the
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[N*-H---O] hydrogen-bonding interactions between the DB24C8 macrocycle and the
ammonium center, the [2]rotaxane 1H** will have the stable co-conformation [14] when the
macrocycle surrounds the ammonium station, as represented in Figure 1 by the 1AH**
structure. If a base is added, in this case, tributylamine, the ammonium center is converted
into an amine function, and the transient state 1A, after the displacement of the macrocycle
onto the bpy** unit is transformed into a stable state 1B**. The reverse process can take place
if an acid is added, in this case, trifluoroacetic acid, and the system goes to the initial state
through the transient state, 1BH®". In the case of the deprotonated rotaxane, through one-
electron reduction of the bipyridinium unit, the CT interactions are destroyed, and the
macrocyclic ring can be displaced from the bpy** station.
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Figure 1. Schematic representation of the shuttling processes of the crown ether ring upon
deprotonation and reprotonation of the ammonium site [13]

The structures of the studied rotaxane (initial, transient and final) during the molecular
shuttling process were represented in HyperChem and are presented in Figure 2.

Based on the “Hard and Soft Acids and Bases” (HSAB) principle, chemical reactivity,
transfer energy, and other parameters are calculated. HSAB principle is an important
conceptual principle to treat the molecular binding and reactive processes. Writing the energy
variation at transfer under the following forms:

A 2
AQ Z——(AZ) 2
4(77A +775)2 @

Ui 2
AQg =-——2——(Ay) 3
TR )
Ay =xn—Xs (4)

the optimal energetic transfer will imply, for instance, the minimization of A, respecting 7a,
in conditions in which Ay and 7z are maintained constant.
Therefore, the condition to achieve the optimum transfer results to be: 7, =7 implying the

fact that the species with a high chemical hardness prefer the coordination with species that
are high in their chemical hardness, and respectively the species with low softness (the inverse
of the chemical hardness) will prefer reactions with species that are low in their softness.
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Figure 2. HyperChem representation of the structures (initial, transient and final) of the
studied rotaxane during the molecular shuttling process

Coulomb blockade is estimated for these systems. A schematic representation of the Coulomb
blockade is given in Figure 3. Tunneling/redistribution of electrical charge is expressed by a
change in the electrostatic potential. Coulomb blockade allows precise control of a small
number of electrons with essential applications in low power dissipation switching devices
and thus an increase in the circuit integration level.
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Figure 3. Schematic representation of the Coulomb blockade
Through bondonic spectral correlations, predictions are made on the bondonic photovoltaic
effect. The bondonic energy in photovoltaic system due to the Planck quantification is:

Eg =/Nlee xVoe =h /%(18.8177x101°)xA5FWHM [em™] ®)
0 6 NL
X g[A] = 219399107 _ 1 3135084x10% ~—Q4 (6)
EgleV] Avgypm [em™]

and eventually rewritten into a macroscopic observable scale
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Xg[meters] =1.35084 ———— “IQ_l (7)
ALgym [6M ]
The PV-related bondonic quantum current will be:
~ -1
1g[A]= % =1 51146107 ACpwm [CM ] (8)
tg IQ

Through the path integral formalism, the thermodynamic indices of interconversion (free
energy, enthalpy, entropy, Gibbs energy, etc.) are calculated. The partition function is given
as a simple integral:

+00 d)(
Zy = = exp[- AW, (%)]
' _[O,/znhzﬂ/mo o ®)

In terms of free energy: F =-4 tlogZ (10)
1
AG—EInZ—IVV(x)dx (1)
AS =+ [vv (xax
- (12)

Molecular systems convert the input stimulus (optical, electrical or chemical) into output
signals (which may also be of optical, electrical or chemical nature). Through the similarity
between molecular machines and binary logic systems, represented in Figure 4, the quantum
logical information is provided, and the type of logical system (AND, OR, XOR)
corresponding to every state of the molecular machine during the shuttle movement could be
estimated.
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Figure 4. Schematic representation of the similarity between molecular machines and binary
logic systems

Conclusion

The five main directions elaborated by the authors of the present paper lead to the
development of an integrated photo-electro-chemistry algorithm of molecular machines
towards moletronics and smart functionalized nano-materials.
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