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ABSTRACT 

An approach has been accomplished to a structurally simpler photo-switch machine of prontosil antibacterial drug molecule with gamma 

cyclodexterin as rot-axon machine. In this system, upon to UV light the stable Trans structure is changed into the unstable of Cis 

configuration thermodynamically, while the opposite reaction can be operated with visible light. By this work, sulfamidochrysoidine 

(prontosil) with gamma cyclodexterin ( CD) are simulated as an axle and a wheel respectively, while the boron nitride sheet (BNS) is 

used as a stopper. Prontosil into  CD and combination with BNS can be used such a non-covalent system for photo-isomer-controlled 

machine. It has been exhibited a new system of molecular motor which works like a hinge motion, and has introduced as light-driven 

molecular hinges. The  CD ring in the system can be reversibly switched through irradiation of wide range of UV and visible lights. 

This system can be applied for drug delivery of those antibiotics which cannot be used through straight injection.    
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1. INTRODUCTION 

 A large diversity of molecular motors such as catenanes 

and rotaxanes has been synthesized by researchers [1-3]. 

Molecular machines are able to rotate in one direction based on 

temperature, pressure, pH, light and chemical reaction properties. 

Recently, several molecular motors are subject to Nano biological 

activities in viewpoint of energies, cyclic process, types of motion 

and finally the ways of monitoring as an operating system. These 

systems are categorized and works as the molecular shuttle, 

molecular propeller, molecular tweezers and molecular switches. 

A molecular switch works as a system which can reversibly 

change among a few stable states (mostly two states) which might 

change and shift in terms of pH, UV-visible photons, increase (or 

decrease) of temperature, electrical currents and the presence of a 

ligand. 

 Recently, artificial molecular machines and motors are 

designed based on rotaxanes which its name derives from the 

“rota” (a Latin word) and “axis” for wheel and axle1, respectively. 

Rotaxanes are generally compounded of a molecule (axle-like) 

surrounded1 by a macro molecular-ring (rota) and interrupted by a 

bulky group or a flat sheet as a stopper to prevent disassembling 

[2]. In this work, prontosil antibacterial as an Azo-benzene derived 

molecules with gamma cyclodexterin (   ) are simulated as an 

axle and a wheel respectively, while the h-BN sheet is used as a 

stopper (Fig.1). Prontosil molecule onto     can be used such a 

complex system for photo-isomer- controlled machine [3]. So, a 

rational combination of h-BN and rotaxanes might present a new 

research way, given this fact which the presentation of rotaxanes 

onto h-BN sheets has not been accomplished previously. In this 

study, it has been reported a construction of photo-switchable-

gamma-CD based on h-BN sheet. For achieving photo-switched4 

in this machine, the system has been designed with two stopper-

sides including h-BN and dumb-bell-shaped components of 

So2NH2 part of prontosil (Figs.1&2). 

 
Figure 1. Optimized of the Molecular Motor including Cis & Trans 

isomers of prontosil. 

The    , which has hydrophobic cavities ,serves as a 

host for forming  an exclusive system with the prontosil molecule  

(as axle) including So2NH2 segment that acts as a stopper in the 

end of one side. The system was then attached onto the surface of 

h-BN sheet via a Nitrogen atom (another part of prontosil 

molecule) and thus, h-BN acts as the second stopper on the other 

side of the machine. The     in the system over the h-BN surface 

can move back and forth along the prontosil molecule axles 
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between the dumbbell components driven by cis-trans 

isomerization of the N=N part of  prontosil molecule upon 

alternating irradiation4 with UV-visible light. 

 
Figure 2. Various Dihedral conformational of Prontosil in several 

torsions degree of CNNC dihedrals (A=45º,B=180º,C=-45º and D=-180º). 

 

 

Cis-trans isomerization of Azo-benzene. 

Cis-trans isomerization of Azo-benzene has been used for many 

functional [5] molecules with applications in photonics for several 

chemical systems.  

These two isomers are able to switch with especial light 

wavelengths of ultraviolet regions, that corresponds to the 

different energies gap of the π → π* transitions, for trans-to-Cis 

structures. In blue light region the n→ π* transition will occur for 

Cis-to-trans isomerization. Generally, the Cis isomer is less stable 

than the Trans.  Although in our system, the Trans isomer is stable 

by approximately25 kcal/mol than the Cis, the barrier energies of 

this isomerization (in the ground states) are much more than these 

values. In this study, we exhibited a new system of the molecular 

motor which works like a hinge motion, and has introduced as 

light-driven molecular hinges [6].  The characteristic [7] formation 

of a hinge-like molecule includes two planes which are attached to 

their edge sides through an axel; the motion of the hinge causes a 

conversion between closed and open states. We have exhibited 

that the UV-visible lights of our machine for the “prontosil - CD- 

h-BN” systems has a strong absorption band at 318.7 nm, which is 

corresponded to the      transition in the trans- prontosil unit 

and the  absorption disappeared after irradiation with UVA light 

which indicates that the system is impressed by the trans–cis 

changing. It might be noted that benzene has three aromatic π → 

π* transitions; two E-bands at 180 and 200 nm and one B-band at 

255 nm. 

Prontosil as an Azo-benzene derived molecule with Cis-trans 

isomerization is an antibacterial drug discovered in 19328 at 

the Bayer Laboratories  

in Germany which has a relatively broad effect against Gram-

positive and is not active in vitro. The discovery and development 

of this first sulfo-namide drug opened a new era in medicine [9].  

Prontosil that was the result of a few years of testing involving 

hundreds of compounds related to Azo-dyes, has been replaced by 

newer sulfonamide , including sulfathiazole and sulfamethoxazole, 

in medicine drugs.  

 

2. EXPERIMENTAL SECTION 

Computational details.  

Each part of the machine including 3 sections of h-BN,     and 

Prontosil has been optimized using abinito with DFT calculations 

individually (Fig.3). 

The whole of the h-BN sheet including   and Prontosil axis has 

been calculated with QM/MM methods and the systems are 

accomplished with semi empirical methods. 

In this work, differences of force fields are debated through 

comparing density and energies with OPLS and AMBER force 

fields. In addition, a Hyper-Chem professional release 7.01 

program has been applied for some additional keywords such as 

PM3MM, PM6 (pseudo=lanl2).  

The final parameterization of Cis-trans isomerization of prontosil 

molecule was computed using SCF calculations in order to find 

the optimal starting geometries, as well as the difference energies 

for these conformational structures (Fig.2&3). The DFT with the 

van der Waals densities functional was investigated for modeling 

of exchange-correlation estimation. All optimization of h-BN 

layers were performed by GAMESS-US package [10]. The 

accurate calculations performed using m062x, m06-L, and m06 

for Cis-trans conformations. The m062x, m06-L and m06-HF 

methods have a suitable correspondence in non-bonded 

calculations between two isomers [11]. 

For non-covalent interactions between     and prontosil 

molecule, the ONIOM methods including 3 levels of high (H), 

medium (M) and low (L) calculations have been done. DFT 

methods were used for the high (H) layer and the semi empirical 

https://en.wikipedia.org/wiki/Benzene
https://en.wikipedia.org/wiki/Bayer
https://en.wikipedia.org/wiki/Gram-positive
https://en.wikipedia.org/wiki/Gram-positive
https://en.wikipedia.org/wiki/Sulfonamide_(medicine)
https://en.wikipedia.org/wiki/Azo_dye
https://www.britannica.com/science/sulfa-drug
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method of pm6 and Pm3MM was used for the medium and low 

layers, respectively.  

 
Figure 3. Optimized Gamma-cyclodexterin  and  

optimized h-BN sheets.    

The electrostatic potentials and charges transfer were also 

estimated using the Merz-Kollman-Singh, chelp , and chelp-G The 

charge calculation method based on the molecular-electrostatic 

potentials (MESP) fitting is not well-fixed for treating larger 

systems whereas some of the innermost atom are located far away 

from the point at which the MESP is computed. The representative 

atomic charge for a molecule might be calculated as expectation 

values over several conformations. The interaction energies 

among various situations of Prontosil derived inside      were 

calculated in all items according to the equation:   

        (  )        (                        +         (1)                   

Where the “    ” is the energy of the systems for various 

conformations of prontosil inside      . Several physical 

properties such as electron densities (Fig.6), values of orbital 

wave-functions, electron spin densities, , electron localization 

function (ELF), localized orbital locator (LOL  defined by Becke 

& Tsirelson), total electrostatic potential (ESP), as well as the 

exchange-correlation densities, and the average local ionization 

energies (for two Cis-trans isomers) using the Multifunctional 

Wave-function analyzer have been also calculated for sulfur 

bridge[12] This molecular machine has been simulated based on a 

few fundamental properties such as ELF, LOL, non-bonded 

interactions and structures of stator and rotor motors which have 

been investigated in my previous works [13-36].  

 

3. RESULTS SECTION 

 The light sensor rotaxanes arrays on the h-BN surfaces are 

able to increase the hybrid with new properties. In this work, h-BN 

is used as units from the boron nitride compounds and the covalent 

immobilization of the “UV& Visible-switchable-Rotaxane” which 

is a template-directed of a rational combination as the molecular 

motor (Fig.1). The Nitrogen covalent (Fig.1) instead of van der 

Waals interactions functionalization is beneficial to enhance the 

chemical stabilities of the Rotaxane-functionalized h-BN hybrid.  

In this work, the prontosil axis was designed including SO2NH2, 

as a stopper at one side and the N-h-BN’s bridge at the other side. 

In this model, a wavelength of 318.7nm has resulted for the 

machine system (Table.1) which has a good agreement with the 

experimental result in the visible region.Hong Yan and coworkers 

[37] exhibited experimentally, that an absorption peak appears in 

the UV/vis spectrum, which corresponds to the 4-

propargyloxybenzene unit and experimentally approves this 

theoretical work. In this study, only one stereoisomer in which the 

secondary side of the     rings faces the SO2NH2 stopper was 

demonstrated (Fig.1). In addition, it has been presented that the 

    ring in the Rotaxane can move back and forth between the 

prontosil-trans units upon trans–Cis isomerization (Fig.2 & 

table.1). Besides, the Trans-Cis and Cis–Trans isomers of the 

prontosil -system lead to two points whose results are confirmed 

experimentally [37]. Theoretically, the results exhibited two 

wavelengths around 318.7 nm and 231.3nm for two systems of 

Prontosil and F- Prontosil machines in UVA and UVB regions, 

respectively. As it can be seen in the Fig.1, the     ring in the 

Rotaxane unit is primarily located at the Trans position, which is 

obviously far away from the surface of the h-BN and then     

ring moves towards h-BN sheet position. In contrast of the 

previous position, the Trans-Cis transformation of the Prontosil 

system appears on upper wavelength, so the action of the     in 

forth and back wheel along the prontosil depends on two states of 

Rotaxane-functionalized h-BN sheet which is intrinsically useful 

for any light-sensors.   

 
Figure 4. ELF for Cyclodexterin including 8 glucopyranoside units. 

 

In extra calculations, the other groups (Br, F and Cl) were replaced 

instead of NH2 in the second phenyl ring which interestingly the 

wavelength for the molecular machine shifts to down range in the 
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UVB (for F) and UVC(for Br and Cl) ultra-violets regions. In this 

work, our focus is partially based on the electron density, 

Hamiltonian kinetic energy K(r), potential energy density U(r), 

LOL, ELF and average local ionization energy of the sulfur atom 

when the Br, F and Cl groups have been replaced one by one in 

other side of prontosil system. The electron density (Fig.6) can be 

written as:  ( )       ( ) 
  ∑     ∑        ( ) 

   (2) 

 

Where the   ” indicates orbital’s occupation number. As it can be 

seen in the table.2, the amount of those parameters are much more 

different for Nitrogen atom (attached to h-BN) in the system of 

Br-prontosil and Cl-prontosil compare to prontosil machine while 

the data for F-prontosil is similar to prontosil. One of the reasons 

is the different electronegativity of Chlorine and Bromine with 

Nitrogen which are larger than the Fluorine. Bader [38] has found 

that the big electron localization might have large values of Fermi-

hole and Becke [39] and Edgecombe based on Bader’s theory, 

suggested electron localization function (ELF) (equations 3-5) for 

the relation between spin pair probability with the Fermi hole. 

ELF(r) =
 

    ( )   ( ) 
   (3) where D(r) =

 

 
∑         

  

 

 
 
       

   ( )
 

       

 ( )
  (4) and 

   ( )  
 

  
(   )

 

     ( )
 

     ( )
 

     (5).  

As it can be seen in the table .2, the ELF value for Nitrogen of h-

BN (N*) is larger than LOL in the systems of Cl-prontosil and Br-

prontosil (both for cis and Trans) while this amount is shorter for 

prontosil and F-prontosil. ELF gives a relative localization and 

varied between the range of [0, 1]. A large amount of ELF up to 1 

describes that electrons are completely localized and the large 

amounts indicate lone pair, a covalent bond or inner shells of the 

atoms.   

In the table 2, the ELF in all systems is less than 0.5 which means 

the electron is not localized for the N-h-BN’s bridge and makes 

flexibility for moving the Rotaxane back and forth between the 

Prontosil -axis and it’s derivation units which were controlled by 

different wavelengths. This flexibility for Trans- prontosil and 

Trans-F- prontosil is more than Trans-Br- prontosil and Trans-Cl- 

prontosil machines due to the spatial barrier of Cl and Br compare 

to F and Displacement distances from Trans to cis of CD between 

two dumbbell components indicate those flexibilities (Table.3). 

Savin et al[40]. have investigated the ELF in the viewpoint of 

kinetic energies, which indicated that D(r) gives the excess kinetic 

energy densities caused by Pauli repulsion, while D0(r) can be 

thought-out as Thomas-Fermi kinetic energies. As it can be seen in 

Table1& 2, the difference of Hamiltonian kinetic energies between 

Cis and Trans isomers for the F- prontosil is more than the  Cl- 

prontosil and Br- prontosil machines , meanwhile potential energy 

density for  Cis- prontosil and Cis-F- prontosil is positive while for 

the other systems is negative. It causes that the Cis-Br- prontosil 

and Cis-Cl- prontosil molecular motors cannot move to back and 

forth in the larger wavelengths (UVB & UVA) (Table 2) while 

they act in higher energies or shorter wavelengths (UVC) compare 

to Cis- prontosil and Cis-F- prontosil molecular motors.    

LOL formalism is defined by Schmider and Becke29.     

   ( )  
 ( )

   ( )
 , where ( )  

  ( )
 

 
∑         

 
                   (6) 

LOL has a similar statement compared to ELF but the LOL (Fig.4) 

gives more definitive and explicit images than ELF. 

 
Figure 5. Color-Field Map of LOL for Trans, isomers of Prontosil which 

indicates the geometries, value of LOL and distances. 

 

Based on eq.6, LOL can be demonstrated in kinetic energy path in 

contrast of ELF; small (large) LOL magnitude generally appears 

in border regions of localized orbital because the gradient of 

orbital wave-function is large (small) in this region. In table.2 the 

LOL is larger than the ELF for both Cis and Trans - prontosil and 

F- prontosil systems while it is smaller for Cl- prontosil and Br- 

prontosil which confirms the above interpretation. h-BN has been 

widely used for prediction of molecular recognition and 

intermolecular interaction of N-h-BN  bonds. In other words, the 

total electrostatic potentials (ESP) measure the electrostatic 

interaction between Nitrogen point charges and the h-BN surface. 

The data of molecular electrostatic potential, average local 

ionization energies and electron densities are listed in the (table2, 

Fig.6). 

 
Figure 6. Electron densities for Cl-Prontosil-machines and Prontosil. 
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Table1. The                for Various machine as the Photo switchable Sensors.  

Axle systems                 

energy of Motor 

including (axle, 

wheel and 

Stopper) (Hartree) 

                

For Switch 

(Kcal/mole) & 

Cm
-1

 respectively 

The barrier 

energy 

For Switching 

(ev) 

Wavelength 

(nm), 

Frequency 

(THZ) 

Region of 

Photo 

switchable 

Sensor 

Situation 

 F- Prontosil 

(Cis) to 

 (Trans) 

0.03729 23.4,  8184.3 5.36 231.3, 1269 Ultraviolet C 

(UVB) 

Medium-wave, 

mostly absorbed by 

the ozone layer 

Cl - Prontosil 

(Cis) to 

 (Trans) 

 

0.041274 

 

25.9,  9058.7 

 

5.75 

 

 

 

 

215.6,  1390 

 

Ultraviolet C 

(UVC) 

 

 

Short 

Wave, germicidal, 

completely absorbed 

by the ozone layer 

and atmosphere 

Br - 

Prontosil 

(Cis) to 

 (Trans) 

0.039521 24.8, 8673.9 5.49 225.8, 1327 Ultraviolet C 

(UVC) 

Short 

Wave,  germicidal, 

completely absorbed 

by the ozone layer 

and atmosphere 

Prontosil 

Cis) to 

(Trans) 

0.033784 21.2, 7414.8 3.89 318.7, 940  Ultraviolet A 

(UVA) 

Long-wave, black 

light, not absorbed by 

the ozone layer 

 

Table 2. The Physical properties of Nitrogen-h-BN (N*) bond in various system of Prontosil derivation in a same machine.  

N*-hBN in 

various Axle 

systems 

Lumo/Homo Gap 

(kcal/mol)

                          

ELF & LOL Local 

information 

entropy 

U( r) & K( r) ∑    & ESP 

Prontosil -cis 

Prontosil -

trans 

3.28                    1.02 

4.11                  10.22 

0.157, 0.398 

0.112, 0.320 

0.715 

0.791 

 0.262, -0.130 

-0.129, -0.429 

0.769,  -0.637 

0.805,  -0.609 

Br- Prontosil -

cis 

Br- Prontosil -

trans 

3.15                    5.31 

0.30                    4.12 

0.164, 0.127 

0.304, 0.174 

0.721 

0.864 

-0.198, -0.112 

-0.186, -0.129 

0.733,  -0.701 

0.823,  -0.650 

Cl- Prontosil -

cis 

Cl- Prontosil -

trans 

2.15                    1.03 

2.613                  2.10 

0.213, 0.145 

0.308, 0.175 

0.720 

0.864 

-0.133,  -0.119 

-0.174,  -0.120 

0.706,  -0.662 

0.799,  -0.663 

F- Prontosil -

cis 

F- Prontosil -

trans 

3.28                    1.03 

4.27                   11.51 

0.187, 0.439 

0.122, 0.305 

0.733 

0.843 

 0.242,  -0.127 

-0.143,  -0.55 

0.779,  -0.655 

0.835,  -0.608 

 

All data are approximately equal and negative (Table2) and a 

negative value implies that the current position is dominated by 

nuclear charges (not electronic charges), so they are independent 

of halogens radiuses and depends only to h-BN surface properties. 

The distances between h-BN sheet and     for Functional 

groups- prontosil along the N- prontosil axis (Fig.7 & Table3) are 

not equal in the right and left sides of the machines which indicate 

that the axis has a deviation from the h-BN surface.  

 
Figure 7. The distances between h-BN and     for Prontosil (cis & 

Trans), Cl-Prontosil and F-Prontosil machines along the axis.  

 

The changing of these deviations caused the     in the machine 

over the h-BN surface easily moved back and forth along the 

prontosil axle. As it can be seen in the table 3, the changing of 

these distances in the left side (in contrast the right side) is 

approximately equal which indicates that this movement is 

monotonous in one direction. The carbon NMR shielding of 

Prontosil (Fig.8) has been calculated for the verification of using 

Prontosil as suitable AZO compounds in these kind machines. 

 
Figure 8. The carbon NMR shielding of Prontosil. 

 Table 3. Displacement distances from Trans to cis of  CD between two 

dumbbell components 

Displacements Right side 

(angstrom) 

Left side 

(angstrom) 

Prontosil -machine 3.61 3.71 

F- Prontosil -

machine 

3.65 3.75 

Cl- Prontosil -

machine 

3.50 3.70 

Br- Prontosil -

machine 

3.45 3.69 

 

 

4. CONCLUSIONS 

 We have successfully modeled a system to introduce light-

sensor of      -based rotaxanes over the h-BN sheet. The     

ring in the system can be reversibly switched through irradiation 

of wide range of UV (UVC, UVB and UVA) lights. Through 

https://en.wikipedia.org/wiki/Ultraviolet_germicidal_irradiation
https://en.wikipedia.org/wiki/Ultraviolet_germicidal_irradiation
https://en.wikipedia.org/wiki/Black_light
https://en.wikipedia.org/wiki/Black_light
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changing the functional groups in one side (with halogens in this 

work) and fixing it in another side of dumb-bell ring, various 

systems in a wide range of UV sensors can be simulated to predict 

a model for any further experiments of designing  molecular 

machines. Through changing the functional groups in one side and 

fixing it in another side of dumb-bell ring, various systems in wide 

range of UV sensors can be simulated to predict a model for any 

further experiments of designing molecular machines. These kind 

machines are suitable for drug delivery in nano technology 

subjects. 
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