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Abstract: Azo dye, [SiO2(OH)2]9 molecular ring, and single-walled carbon nanotubes (4,4) SWCNT 

were considered like an axle, a wheel, and stoppers, respectively. The combination of the azo dye on 

the [SiO2(OH)2]9 molecular ring with (4,4) SWCNTs may be thought of as a non-covalent system in 

UV light-isomer- machine. A new molecular motor system that runs like a hinge motion is demonstrated 

like light-powered molecular hinges. A new molecular motor system that acts as a hinge motion has 

been demonstrated and introduced as light-moving molecular hinges. By emitting various ultraviolet, 

visible lights, the [SiO2 (OH)2]9 molecular ring in the system can be reversed with the various dumb-

bell size on one side attached halogens and fixing it on the other side of the (4,4) SWCNTs surface, a 

variety of systems in a wide variety of ultraviolet sensors can be designated to a better model of 

molecular machines and can be used for drug delivery of some antibiotics that are difficult to administer 

by straight injection. Molecular machines containing a wide variety of ultraviolet sensors have been 

designed with the combination of azo derivatives formed by replacing different halogens with hydrogen 

in the azo dye on the [SiO2(OH)2]9 molecular ring to the (4,4) SWCNTs surface.  
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1. Introduction 

After the concept of Richard Feynman, synthetic or artificial molecular machines and 

engines in chemistry and nanotechnology have been one of the ultimate goals [1]. 

An important molecular class of machines, molecular motors use a variety of energy 

sources to design one-way mechanical movement. Working principles of those engines, 

whether biological or artificial, are different from the macroscopic engines of humans. 

Molecular motors in nano-scale sizes operate especially in a solution media having a viscosity. 

Under extremely damped conditions, a low Reynolds number means they cannot rely on inertia 

to maintain motion [2]. 

There are studies on the design and synthesis of “molecular actuators” that can change 

their shape in response to external effects resulting in mechanical work.  

Up to the present, most of the researches has focused on ’‘rotaxanes' and ’‘catennes' [3-

9] and biomolecular structures, which are more elaborate than classical cis-trans isomerism, 

and on bistable systems like machines based on the transition of right-handed to left-handed 

DNA. These systems, in which motion is changed by chemical, electrochemical or 

photochemical forces, are defined as molecular machines. 
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They summarized the recent developments regarding catenanes and rotaxanes, which 

display more complex molecular machine functions. They stated that these next-generation 

synthetic molecular machines are constantly moving out of equilibrium and can be considered 

true prototype molecular motors. The principles they derive are far from any classes of 

structural molecular machines and indeed far from equilibrium. They reported that it could be 

applied to other chemical processes of that process [10-12].  

There are several kinds of molecular motors in nature that perform extremely sensitive 

and complex microscopic studies found in biological systems like ATPase, myosin, dimeric 

kinesin, and dynein. It may be classified as thermal, electrical, chemical [13,14], and light-

powered molecular motors according to different driving forces. 

Many molecular motors, like catenins and rotaxanes, have been synthesized and 

characterized [15-18]. Rotaxanes are usually surrounded by a macromolecular ring (route) and 

assembled from a molecule (ax-like) disconnected by a flat sheet or a bulky group to avoid 

disassembling [16]. 

Our aim in this work is to simulate azo dye as an azo-benzene-derived molecule inside 

[SiO2 (OH) 2]9 molecular ring, while the (4,4) SWCNTs are used as a stopper as an axle and a 

wheel, respectively (Figure. 1). For the design of photo-isomer-controlled machines, a complex 

system can be used in which an azo dye molecule is placed on the [SiO2(OH)2]9 molecular ring. 

    
Figure 1. Optimized of the molecular motor including cis & trans isomers of azo dye over the surface of (4,4) 

SWCNTs & [SiO2(OH)2]9. 

   
Figure 2. Various dihedral conformational of azo dye in several torsions degree of CNNC dihedrals (A=135º, 

B=90º, C=45º). 

https://doi.org/10.33263/BRIAC126.85158526
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC126.85158526  

 https://biointerfaceresearch.com/ 8517 

Therefore, the rational combination of (4,4) SWCNTs and the azo dye may offer a new 

avenue of research given that the presentation of azo dye on (4,4) SWCNTs has not been 

performed before. 

This study reports a machine design based on (4,4) SWCNTs with azo dye embedded 

on a photo-exchangeable-on (4,4) SWCNTs. To achieve this aim, a considered machine was 

formed with two stopper-sides having (4,4) SWCNTs and dumb-bell-shaped components of -

SO2NH- part of azo dye (Figures 1 and 2).    

The [SiO2(OH)2]9 molecular ring with hydrophobic cavities acts as a host to form a 

special system with the azo dye molecule as the axis. Then, those were attached to the surface 

of (4,4) SWCNTs via oxygen atom (another part of azo dye molecule), and thus, (4,4) SWCNTs 

behave like the second stopper on the other side of the machine. The [SiO2(OH)2]9 molecular 

ring in the system over the (4,4) SWCNTs surface can go back and forth along the azo dye 

molecule axes between the dumbell components driven by cis-trans isomerization of the N=N 

part of the azo dye molecule upon alternating irradiation [19] with UV-lights. 

1.1. Cis-trans isomerization of azo-benzene.  

Photoisomerization is the most interesting feature of azobenzene and azobenzene-

derivatives. Azo dye molecules' cis and trans isomers can be reversibly interchanged by 

applying UV light of wavelength > 400 nm. This photochemical property of azobenzene-based 

compounds is the reason for their photosensitive behavior, making them suitable for use in 

various applications, such as developing various sensors. When UV light of the appropriate 

wavelength is given on the molecular system, the thermodynamically more stable trans form 

isomerizes to the cis form [20,21]. 

 We aimed to demonstrate a new molecular motor system known as light-guided 

molecular hinges [22] that works like a hinge movement. 

A hinge-like molecule[23] contains two sides connected to its edge sides via an axis, 

and a molecular hinge provides closing and opening of the system. For azo dye in 

(4,4)SWCNTs systems, we demonstrated that our machine has strong absorption of UV-visible 

lights and causes strong absorption of UV-visible lights at 306.1nm, corresponding to a π-π* 

transition. This absorption was disappeared after irradiation shows that the simulated system is 

affected by the trans form and cis form. 

One of the most important main properties of azobenzene is that it can change from the 

cis form to the trans form when it absorbs UV rays. Due to this property, it is widely used as 

light-sensitive materials [24-26], liquid crystals [27,28], electronic devices [29], or NLO 

chromophores [30]. 

Azobenzene-based compounds are widely used in liquid crystal (LC) materials, 

photosensitive materials, electronic devices, or NLO chromophores due to the ability of azo 

compounds to reversibly change their shape upon illumination (photoisomerization) [24-26] 

Azo derivatives have versatile biological activities such as antimicrobial, anthelmintic, 

anti-inflammatory, antiviral, and anticancer [31-33]. Phenazopyridine, a urinary tract 

analgesic, and sulfasalazine-containing drugs for inflammatory bowel disease are typical 

examples of azo dye compounds. After the discovery of the first sulfonamide drug, it was 

opened a new era in medicine [34]  

A new step in medicine was opened with the discovery of the first sulfonamide drug. 

Phenazopyridine, a urinary tract analgesic, and drugs containing sulfasalazine used for 

inflammatory bowel disease are drugs containing azo dye compounds. 
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2. Materials and Methods 

2.1. Computational details. 

The (4,4) SWCNTs, [SiO2(OH)2]9 molecular ring, and azo dye that makes up the parts 

of the machine have been individually optimized using ab initio DFT calculations. 

The whole system, that is, the whole sheet of the [SiO2(OH)2]9 molecular ring and the 

azo dye axis (4,4) SWCNTs, was performed with the use of QM/MM. 

The difference between the force fields was found by comparing the intensities and 

energies obtained with the OPLS and AMBER force fields. Besides, Hyper-Chem professional 

version 7.01 program with the PM3MM, PM6 (pseudo=lanl2) keywords have been used.  

The result situation of the cis-trans form of the azo dye molecule was performed using 

SCF to calculate the optimal initial structures for these conformational structures and the 

different energies (Figures 2 and 3). DFT investigated van der Waals densities to model the 

variation correlation estimation. GAMESS-US package10 was used to optimize (4,4) SWCNTs 

layers. 

  
Figure 3. Optimized [SiO2(OH)2]9 molecular ring and optimized (4,4) SWCNTs. 

A Cis-trans conformation was calculated by using m062x, m06-L, and m06. This is 

because the m06-HF levels are a convenient consistency in uncoupled calculations between 

two isomers. Calculations in the non-covalent interactions between the [SiO2(OH)2]9 molecular 

ring and the azo dye molecule, the level is high (H) for azo dye, medium (M), for [SiO2(OH)2]9 

molecules, and low (L) for (4,4) SWCNT’ were performed using ring ONIOM methods. The 

high (H) layer, Medium layer, and low layer are performed using DFT, pm6, and MM, 

respectively. 

Merz-Kollman-Singh [35], chelp [36], and chelp-G [37] were used to calculate both the 

charge transfer and electrostatic potentials. The interaction energies between the various 

structures of the azo dye contained in the [SiO2(OH)2]9 molecular ring were calculated 

according to the following equation for each case: 

∆𝐸𝑖(𝑒𝑉) = {𝐸𝑠𝑦𝑠 − (𝐸ℎ−𝐵𝑁 + 𝐸[Si𝑂2(OH)2]9 molecular ring + 𝐸azo dye  } + 𝐸𝐵𝑆𝑆𝐸 (1) 

where the “∆𝐸𝑖” states the energy for the various structures of azo dye in the [SiO2(OH)2]9 

molecular ring. A multifunctional wave-function analyzer was used to compute several 

properties, including electron spin densities, orbital wave-function values, the exchange-

correlation densities, both electron localization function (ELF) and localized orbital locator 

(LOL), electron densities, the average local ionization energies, and total electrostatic potential 

(ESP) of both cis-trans isomers for oxygen bridge [38-40]. This molecular machine has been 
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evaluated for non-bonded interactions ELF, LOL, and structures of stator and rotor motors 

studied in the previous works [41-48]. 

3. Results and Discussion 

In this work, the azo dye axis was modeled including SO2NH2, as a stopper at one side 

and the O-(4,4) SWCNTs’s bridge at the other side (Figure 1). 

As seen from Table 1, the wavelength of the machine system is 306.1nm which is 

closely related to the peaks obtained in the visible region performed by Hong Yan and co-

workers [49] (Figure 1). In this work, a stereoisomer is shown in which the secondary side of 

the [SiO2(OH)2]9 molecular ring; here, the bond formed by two oxygens with carbon acts as a 

stopper. It has also been shown that in the molecular ring [SiO2(OH)2]9 as in Rotaxan, the 

movement of the azo dye between cis-trans units varies (Figure 2 and Table 1). 

Theoretically, two peaks at 306.1nm and 245.03nm were observed in the UVA and 

UVB regions of the two systems of azo dye and F-azo dye machines. These peaks agree with 

the experimental results [49] obtained from the trans-cis isomers. As it can be seen in Figure 

1, the [SiO2(OH)2]9 molecular ring is located quite far from the surface of primarily (4.4) 

SWCNTs when the azo dye is in the trans-state, and then the [SiO2(OH)2]9 molecular ring 

moves towards the (4 ,4) SWCNTs sheet position. 

Contrary to the previous position, the trans-cis conversion of the azo dye system 

appears at the upper wavelength, so the forward and rear-wheel movement of the [SiO2(OH)2]9 

molecular ring through the azo dye depends on the two states of the rotaxane-functionalized 

(4,4) SWCNTs, and this is essentially useful for any light sensor.  

When the groups such as Br, F, and Cl are attached to the second phenyl ring instead 

of NH2, it is interestingly observed that the wavelength of the molecular machinery shifts down 

to the UVB regions for the F group UVB for the Cl and Br groups.  

In this study, we aim to determine the partial electron density, Hamiltonian kinetic 

energy K(r), potential energy density U(r), LOL, ELF, and the average of the various atoms 

when Br, F, and Cl groups replace the NH2 group attached to the phenyl group in the azo dye 

system.  

The electron density can be written as: 

𝜌(𝑟) = 𝜂𝑖⃒𝜑𝑖(𝑟)⃒2 = ∑ 𝜂𝑖⃒𝑖 ∑ 𝐶𝑙,𝑖𝑙 𝜒𝑖(𝑟)⃒2    (2) 

where the"𝜂𝑖” is orbital’s occupation number. Although the amount of these parameters for the 

oxygen atom bound to (4,4)SWCNTs in the Br-azo dye and Cl-azo dye system is much 

different than the azo dye machine, F-azo dye parameters were found to be similar to the 

parameters obtained for azo dye. One of the reasons is that the electronegativity of oxygen is 

higher when chlorine and bromine groups are attached to the azo dye than when fluorine is 

attached to the azo dye. 

Table 1. The ETrans-Cis for various machines as the photoswitchable sensors. 

Axle 

systems 

(cis) to 

trans 

ETrans to Cis  

 the energy of motor 

including (axle, wheel, 

and stopper) (Hartree) 

 ETrans to Cis  

For Switch 

(Kcal/mole) & 

Cm-1 respectively 

The barrier 

energy 

For Switching 

(eV) 

Wavelengt

h(nm), 

Frequency 

(THZ) 

Region of Photo 

switchable 

sensor 

Situation 

 F- azo 
dye) 

0.036334 
22.8,  
 7974.4 

5.12 242.16, 
1238.5 

C (UVB) Medium-wave, mostly absorbed by 
the ozone layer 

Cl - azo 

dye  
0.038406 

24.1,   

8429.1 

 

5.65 

 

 
 

219.5,  

1366.2 

 

C (UVC) 

 

 

Short Wave,  

germicidal, completely absorbed 

by the ozone layer and atmosphere 
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Axle 
systems 

(cis) to 

trans 

ETrans to Cis  

 the energy of motor 

including (axle, wheel, 
and stopper) (Hartree) 

 ETrans to Cis  

For Switch 

(Kcal/mole) & 
Cm-1 respectively 

The barrier 
energy 

For Switching 

(eV) 

Wavelengt
h(nm), 

Frequency 

(THZ) 

Region of Photo 
switchable 

sensor 

Situation 

Br - azo 

dye  
0.040637 

25.5,  

8918.8 

5.73 

216.3. 

1385.5 

C (UVC) Short Wave,  

germicidal, completely  

absorbed by the ozone layer and 
atmosphere 

azo dye  0.035537 
22.3,  

7799.5 

4.32 287.0, 

1044.6 

A (UVA) Long-wave, blacklight, not 

absorbed by the ozone layer 

 

Bader [50] found that large electron localization can have large Fermi-hole and Becke 

and Edgecombe [51] values based on Bader's theory. The proposed electron localization 

function (ELF) for the relationship between Fermi hole and spin pair probability can be written 

by the following equation 

𝐸𝐿𝐹(𝑟) =
1

1+[𝐷(𝑟)/𝐷0(𝑟)]2  (3) 

where 

𝐷(𝑟) =
1

2
∑ 𝜂𝑖𝑖 ⎹∇𝜑𝑖⎸

2 −
1

8
[

⎹⎹∇𝜌𝛼⎸2

𝜌𝛼 (𝑟)
+

⎹⎹∇𝜌𝛽⎸2

𝛽(𝑟)
]  (4) 

and 

𝐷0(𝑟) =
3

10
(6𝜋2)

2

3[𝜌𝛼 (𝑟)
5

3 + 𝜌𝛽 (𝑟)
5

3]  (5) 

It gives an ELF relative localization that varies only in the range [0, 1]. At values up to 

1, ELF describes that the electrons are completely localized and at large values an unshared 

electron pair, a covalent bond, or the inner shells of atoms. As it can be seen in Table 2, (4,4) 

SWCNTs (O*) ELF for oxygen is greater than LOL in Cl-azo dye and Br-azo dye systems (for 

both cis and trans), but for F-azo dye and azo dye, this amount is smaller. 

As seen from Table 2, the ELF in all systems is less than 0.5 means that the oxygen 

electron for the bridge of -(4,4) SWCNTs is not localized and provides flexibility to move it 

back and forth between the azo dye axis like rotaxane. 

For trans-azo dye and trans-F-azo dye, this flexibility is greater than for trans-Br-azo 

dye and trans-Cl-azo dye machines due to the spatial barrier of Cl and Br compared to F (Table 

3). 

Savin et al. [52] examined ELF in terms of kinetic energies; Here, D(r) gives the 

extreme kinetic energy densities caused by the Pauli repulsion, and D0(r) gives the Thomas-

Fermi kinetic energies.  

Table 2. The physical properties of oxygen-(4,4)  SWCNTs(O*) bond in various systems of azo dye derivation 

in the same machine. 

O*-SWCNTs 

in various Axle 

systems (azo 

dye) 

Lumo/Homo Gap 

(kcal/mol) 

Α orbitals β orbitals 

 

ELF & LOL Local 

information 

entropy 

U( r) & K( r)   & ESP 

-cis (O)  

trans (O) 

2.99    3.10 

1.12    4.21 

0.140, 0.380 

0.112, 0.344 

0.734 

0.715 

 0.245, -0.132 

-0.135, -0.431 

0.769,  -0.631 

0.815,  -0.649 

 2.89    3.21 

1.35   4.15 

0.151, 0.138 

0.316, 0.167 

0.712 

0.865 

-0.213, -0.132 

-0.165, -0.136 

0.739,  -0.723 

0.740,  -0.658 

 2.17   1.35 

2.38   1.29 

0.243, 0.138 

0.322, 0.155 

0.733 

0.835 

-0.142,  -0.138 

-0.154,  -0.120 

0.706,  -0.633 

0.811,  -0.644 

 2.54   1.45 

3.16   1.67 

0.147, 0.422 

0.113, 0.313 

0.722 

0.821 

 0.242,  -0.141 

-0.151,  -0.79 

0.651,  -0.603 

0.723,  -0.608 

As seen in Tables 1 and 2, the difference in Hamiltonian kinetic energies between trans 

isomers is greater in F-azo dye than in cis Cl-azo dye and Br-azo dye machines; meanwhile, 

cis-azo dye and cis-F-Azo dye potential energy density is positive for other systems and 
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negative for other systems. Since cis-Br-azo dye and cis-Cl-azo dye molecular motors have 

larger wavelengths (UVB & UVA), it is difficult to move back and forth (Table 2). Whereas 

cis-azo dye and cis-F-azo dye molecular motors are easier to move because they have higher 

energy and shorter wavelengths (UVC). 

Table 3. Displacement distances from trans to cis of CD between two dumb-bell components. 

Displacements  Trans 

distance 

Displacement  of Right side 

(angstrom) 

Displacement of Left side 

(angstrom) 

azo dye -machine 3.99 1.61 1.71 

F- azo dye -machine 3.85 1.55 1.74 

Cl- azo dye -machine 3.61 1.40 1.45 

Br- azo dye -machine 3.49 1.35 1.49 

The formula given for LOL expression is defined by Schmider and Becke [38].     

𝐿𝑂𝐿(𝑟) =
𝜏(𝑟)

1+𝜏(𝑟)
, 𝑤ℎ𝑒𝑟𝑒 (𝑟) =

𝐷0(𝑟)
1

2
∑ 𝜂𝑖𝑖 ⎹∇𝜑𝑖⎸2

   (6) 

Although LOL and ELF contain similar expressions, LOL (Figure 4) gives more precise 

and clearer images than ELF. 

According to Eq.6, LOL can be represented in the kinetic energy path, unlike ELF; 

Since the gradient of the orbital wave function is large (small) in the boundary regions of the 

localized orbit, the small (large) LOL magnitude is usually seen in the boundary regions of the 

localized orbit. In fact, LOL in Table 2 is greater than ELF in cis and trans form for both azo 

dye and F-azo dye systems and smaller for Cl-azo dye, and Br-azo dye systems support the 

previous discussion (Figure 5). 

Figure 4. Color-field Map of ELF for [SiO2(OH)2]9 molecular ring and for trans, isomers of an azo dye, which 

indicates the geometries. 

According to Eq.6, LOL can be represented in the kinetic energy path, unlike ELF; 

Since the gradient of the orbital wave function is large (small) in the boundary regions of the 

localized orbit, the small (large) LOL magnitude is usually seen in the boundary regions of the 

localized orbit. In fact, LOL in Table 2 is greater than ELF in cis and trans form for both azo 

dye and F-azo dye systems and smaller for Cl-azo dye, and Br-azo dye systems support the 

previous discussion (Figure 5). 
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The data of molecular electrostatic potential and average local ionization energy values 

are given in Table 2. ESP has been widely used to predict molecular recognitions and 

intermolecular interaction of O-(4,4) SWCNTs bonds. Estimation of molecular recognitions 

and intermolecular interactions of O-(4,4) SWCNTs bonds can be made with total electrostatic 

potentials ESP. That is, the ESP gives information about the electrostatic interaction between 

the oxygen point charges (Figure 6).  

As seen from Table 2, all data are approximately equal, and negative means that the 

current position is dominated by nuclear charges (not electronic charges). That means that it is 

independent of halogen radii and depends only on the surface properties of (4,4) SWCNT. For 

functional groups-azo dye (4,4) the distances between the plate of SWCNTs and the αCD are 

unequal on the right and left sides of the machines along the N-azo dye axis (Figure 7 & Table 

3), which indicates that (4,4) SWCNTs deviate from the surface caused the [SiO2(OH)2]9 

molecular ring in the machine over the (4,4) The surface of SWCNTs can easily go back and 

forth along the azo dye axis. As seen in Table 3, the closeness of these distances to the right 

(or left) change indicates that this movement is monotonous in that direction (Figure 7). 

 
Figure 5. Electron densities for O-(4,4) SWCNTs. 

 

 
Figure 6. ELF Calculation for Cl-azo-dye-molecular motor. 
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Figure 7. The distances between (4,4) SWCNTs and [SiO2(OH)2]9 molecular ring for optimized azo dye (cis & 

trans), Cl- azo dye (trans), F- azo dye (trans), and Br- azo dye (trans) machines along the axis. 

Carbon NMR values of the azo dye were calculated by the S-NICS method (Figure 8), 

and it was shown that azo compounds could be used as a drug carrier system.  

 

 
Figure 8. The carbon NMR shielding of Azo dye. 
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4. Conclusions 

It has been shown that azo compounds can be used as a drug carrier system from the 

carbon NMR values of the Azo dye calculated by the S-NICS method. ESP predicted the 

molecular recognition and intermolecular interaction of O-(4.4) SWCNTs bonds and gave 

information about the electrostatic interaction between oxygen point charges. Systems for UV 

sensors related to the design of molecular machines are simulated by replacing the functional 

groups on one side with halogens and fixing the other side of the dumbbell ring. Such machines 

could be suitable for drug delivery in nanotechnology subjects. 
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