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1-1 Research background 

AOS play pivotal roles in the oxidation reactions of organic compounds. AOS, such as singlet 

oxygen (1O2), ozone (O3), and hydroxyl radicals (OH*), are of interest and value in surface modification, 

cleaning, and oxidation processes (1-1). AOS is widely used to clean equipment in medical laboratories, 

including sterilization against Escherichia coli, and is considered more environmentally friendly than 

conventional methods used to clean packages in industrial environments. AOS can be generated by 

various techniques and applied for various industrial processes according to their strong oxidative 

properties (1-2). Accordingly, there are several studies that recently developed an AOS indicator (1-3), (1-4), 

(1-5), (1-6). The action of ozone as a vigorous oxidizing agent of elastomers and other polymers is well 

known (1-7).   

In the previous paper, several methods for the design and application of developing a sensor 

that can visually determine the presence or absence of AOS via the decolorization of MB. We have 

reported the occurrence of indicators as well as the decolorization mechanism generated under specific 

AOS conditions. We have succeeded in preparing uniform MB-dyed water-soluble polymer thin films 

and investigating their decolorization characteristics upon their exposure to the AOS generated under 

the high-humidity condition. Moreover, the previous results of methylene blue/water-soluble polymer 

namely, pullulan and sodium alginate. Furthermore, the decolorization mechanism was investigated by 

comparing the nuclear magnetic resonance (NMR) spectra of MB mixed with water-soluble polymers 

before and after exposure to AOS (1-8). The results indicate that film decolorization is caused by the 

decomposition of MB upon OH* exposure. Moreover, the MB-dyed pullulan and sodium alginate 

uniform thin films selectively reacted with OH*, which is the AOS generated under the high-humidity 

conditions. However, information concerning intermolecular interactions between MB and pullulan 

remains insufficient. To develop a target sensor for detecting OH* (1-9), (1-10), which has the strongest 

oxidative ability among AOS. MB is a convenient indicator for detecting AOS as it decolors after 

exposure to AOS due to the dye's degradation. MB component became weaker with reaction time. This 

phenomenon indicated that MB molecules were degraded and removed in the presence of OH radicals, 
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which is the degradation mechanism of MB in the photocatalytic oxidation process. However, in the 

above studies, none have focused on the degradation mechanism of MB. 

 

Fig 1-1 The methylene blue /pullulan film (The methylene blue /pullulan film lost 

coloration upon exposure to AOS under high humidity conditions) (1-10) 

 

Fig 1-2 The methylene blue /sodium alginate film  (The methylene blue /sodium 

alginate film lost coloration upon exposure to AOS under high humidity conditions) 

(1-11) 
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1-2 Current Research  

In this paper, to clarify this indicator is a composite thin film based on methylene blue and 

water-soluble polymers such as pullulan or sodium alginate. It is well known also a decolorization 

mechanism that only occurs under a large amount of hydroxyl radical (OH*) condition, which has the 

strongest oxidative ability among AOS is presented. We investigated an index for AOS detection by 

elucidating the decolorization phenomenon that occurs between AOS and composite membranes by 

molecular orbital calculations were performed to clarify the molecular interactions between methylene 

blue, pullulan, sodium alginate, and AOS. 

Calculations were performed using molecular orbital as a tool for predict the atomic orbitals of 

the system. MB and polymer structures were obtained using GaussView 5.0.9 software, which creates 

an input file for Gaussian 09 and outputs the calculation result as an image (1-12). Calculations were 

performed using Gaussian 09 (1-13), (1-14). First, the semiempirical methods with PM6 and the HF methods 

with 3-21G and 6-31G(d) basis set calculations were performed to optimize the structures. Then, 

Gaussian 09 program was used to analyze molecular interactions, while molecular orbital calculations 

were used to predict the theoretical interaction positions as well as find the affinity binding energy 

orders of MB and polymer. The interactions between the filled orbitals of one reagent and the filled 

orbitals of another are inherently energy-raising, countered by a small attractive force from the 

interactions between the filled and unfilled orbitals, which are inherently energy-lowering. Both forces 

diminish exponentially with distance, but they come into play at short distances and are not the only 

interactions between nonpolar molecules. The resultant attractive force is known as a dispersion force, 

or more commonly, van der Waals (vdW) attraction. All chemists are familiar with the idea that atoms 

of a given element may be regarded as hard spheres whose radius, the vdW radius, is a characteristic of 

that element. A common reason for using the vdW radius is to compare nonbonded contact distances 

by subtracting the relevant radii from the distance observed in new crystal structures (1-15), (1-16). 

Moreover, the computational method, the MB/sodium alginate and MB/pullulan of complex 

structures can be evaluated by some chemical reactions descriptors such as LUMO energy (eV), HOMO 
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energy (eV), energy gap (eV), ionization potential (IP), electron affinity (EA), global hardness, 

chemical potential, softness, electrophilicity, and electronegativity. The decolorization of the film is 

caused by the degradation reaction of MB upon AOS exposure were also discussed. These 

investigations may also apply to evaluate uniform thin film indicators based on MB-dyed water-soluble 

polymers to elucidate the decolorization mechanism upon exposure to AOS. 

As mentioned above, AOS with high oxidation that allows the film to decolorize. Polymer is 

readily oxidized in the presence of ozone; it was found that the degradation behavior relied heavily on 

the degree of oxidation (1-17). Therefore, this can be used to develop thin-film indicators for AOS 

detection. O3 is needed due to its very high oxidative ability, and similar studies using ozone suggested 

the decolorization of polymers (1-18), (1-19). 

These observations apply to all the polymers studied, pullulan and sodium alginate. On 

comparing the rates of HOMO and LUMO energy value, however, it is observed that they vary from 

polymer to polymer, depending on the reactivity of the compound as defined by the stability of structure 

at specific points in the polymer chain.  

In the computational method, the MB/sodium alginate and MB/pullulan of complex structures 

can be evaluated by some chemical reactions descriptors such as LUMO energy (eV), HOMO energy 

(eV), energy gap (eV), ionization potential (IP), electron affinity (EA), global hardness, chemical 

potential, softness, electrophilicity, and electronegativity. The decolorization of the film is caused by 

the degradation reaction of MB upon AOS exposure were also discussed. These investigations may also 

apply to evaluate uniform thin film indicators based on MB-dyed water-soluble polymers to elucidate 

the decolorization mechanism upon exposure to AOS. 

The results offer insight into possible interaction modes allowing the decolorization of MB 

caused by OH*. The result of MO analysis suggested that the possibility of the formation between the 

OH group (in pullulan with sulfur, carbon, and nitrogen atoms in methylene blue) and the energy of the 

complex was lower than the calculated results for individual molecules. And the results indicated that 

stable methylene blue/sodium alginate complex structures possess intermolecular interactions between 
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the carboxylates (–COO-) of sodium alginate and sulfur, carbon, and nitrogen atoms in methylene blue.  

However, the indicators comprising sodium alginate or pullulan mixed with methylene blue cannot be 

decolorized in ozone exposure. In addition, chemical reactions of OH radical attack on methylene blue 

/pullulan and methylene blue/sodium alginate are investigated by using DFT calculations at B3LYP / 

6-31G (d) level of theory. As a result, it was clarified that OH* has a significant effect on methylene 

blue /pullulan and methylene blue /sodium alginate complex structure of the decolorization mechanism. 
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1-3 Molecular orbital theory  

What is molecular orbital theory  

The molecular orbital theory provides a precise description of the molecular electronic structure 

only for one-electron molecules, but for many-electron molecules, it provides a sufficiently good 

approximate description to be generally useful. The full analytical calculation of the molecular orbitals 

for most systems of interest may be reduced to a purely mathematical problem, the digital computer 

programs that have been prepared to carry out these calculations have been mostly the result of 

extensive work by highly coordinated research groups (1-20). The objective of any theory of molecular 

structure is to provide some insight into the various physical laws based on the chemical molecules. In 

terms of the more fundamental universal physical laws, in principle, such theories can aim at a precise 

quantitative description of the structure of molecules and their chemical properties, since the underlying 

physical laws are now well understood in terms of quantum theory based on the Schroedinger equation 

(1-21). However, in practice mathematical and computational complexities make this goal difficult to 

attain, and one must usually resort to approximate methods. 
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1-4 Computational Chemistry 

1-4-1 Approximate molecular orbital theory  

Approximate molecular orbital theories (1-22) are based on pattern developed within the 

mathematical framework of molecular orbital theory, but with a few simplifications introduced in the 

computational procedure. Often experimental data on atoms and prototype molecular systems are used 

to estimate values for quantities entering the calculations as parameters, and for this reason, the 

procedures are widely known as semiempirical methods.  

1-4-2 GaussView program and Gaussian 09 program  

GaussView(1-23),(1-24),(1-25) is a graphical user interface developed to help you create input files to 

pass to Gaussian and to graphically analyze the output produced by Gaussian. GaussView elevated 

visualization capabilities make it quick and easy to draw even very large molecules. The drawn 

molecular structure can be rotated, moved, and enlarged with just a mouse operation. Also, GaussView 

makes it easy to set up various Gaussian calculations.  If your computer has Gaussian installed on the 

same machine as GaussView, a researcher can start Gaussian directly from GaussView and start the 

calculation. The results of Gaussian calculations using GaussView's various graphics techniques. 

Gaussian calculation results that can be displayed graphically include: 

• Structure-optimized molecular structure. 

• Various molecular orbitals. 

• Calculated electron density surfaces of various densities. 

• Electrostatic potential surface. 

• Surface of magnetic properties. 

• Surface contour display. 

• Atomic charge and dipole moment. 

• Reference mode animation corresponding to vibration frequency. 

• IR, Raman, NMR, VCD and other spectra. 

• Stereochemical information of molecules. 
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• Animation of structural optimization, IRC reaction path tracing, potential energy 

surface scanning, ADMP and BOMD orbits. In 2-variable scanning, it can be displayed 

as a 3D plot. 

• Total energy changes and plots of each data obtained in the above calculations 

(structural optimization, IRC, etc.). 

Gaussian is an ab initio molecular orbital calculation software developed and provided by 

Gaussian, Inc. in the United States. The purpose is to analyze the electronic structure of a substance, 

and it is possible to model molecules under various conditions and analyze their physical properties in 

quantum mechanics. 

1-4-3 Ab initio method 

This type of computation is based only on theoretical principles, using no experimental data. 

The numerous methods have the same basic approach but differ in the mathematical approximations 

used. These are the most popular type of models, even though the calculations take a long time.   

1-4-4 Hartree-Fock (HF)  

HF is the basic ab initio model. It uses the approximation that Coulombic electron-electron 

repulsion can be averaged, instead of considering explicit repulsion interactions (central field 

approximation). There are two ways to compute molecular orbitals using HF: UHF (unrestricted) or 

RHF (restricted). UHF uses a separate orbital for each electron, even if they are paired (used for ions, 

excited states, radicals, etc.). RHF uses the same orbital spatial function for electrons in the same pair 

(good for species with paired electrons, no spin contamination). The major drawback of the HF method 

is the exclusion of electron correlation.  The following models start with an HF calculation and then 

correct for electron repulsion. 
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1-4-5 Semiempirical method  

Semiempirical methods use a certain number of experimental data throughout the calculation. 

For example, bond lengths of a specific type will have a fixed value independently of the system. This 

dramatically speeds up computational time, but in general, is not very accurate. Usually, semiempirical 

methods are used for very big systems, since they can handle large amounts of calculation. 

1-4-6 PM6 

The semi-empirical method has been improved in the order of AM1 (1985) → PM3 (1989) → 

PM5 (2002) → PM6 (2007) → PM7 (2012) by devising integral calculations and parameters. Here, PM 

is an abbreviation for parameter method, and experimental values are used as statistical parameters 

instead of integral calculations. On top of that, a method is most often used to model organic molecules. 

1-4-7 Density functional theory  

DFT methods are becoming more popular because the results obtained are comparable to the 

ones obtained using ab initio methods. The DFT differs from methods based on HF calculations in the 

way that it is the electron density that is used to compute the energy instead of a wave function. 

1-4-8 B3LYP  

This is the most popular DFT model. This method is called to be a hybrid, because it is uses 

corrections for both gradient and exchange correlations. 

1-4-9 Basis sets   

Most methods require a basis set be specified; if no basis set keyword is included in the route 

section, then the STO-3G basis will be used. The following basis sets are stored internally in the 

Gaussian program, listed below by their corresponding Gaussian keyword:  
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• 3-21G  

• 6-31G  

• 6-311G  

Adding Polarization and Diffuse Functions Single first polarization functions can also be 

requested using the usual * or ** notation. Note that (d, p) and ** are synonymous-6-31G** is 

equivalent to 6-31G(d, p), for example-and that the 3-21G* basis set has polarization functions on 

second row atoms only. The + and ++ diffuse functions are available with some basis sets, as are 

multiple polarization functions. The keyword syntax is best illustrated by example: 6-31+G(3df,2p) 

designates the 6-31G basis set supplemented by diffuse functions, 3 sets of d functions and one set of 

functions on heavy atoms and supplemented by 2 sets of p functions on hydrogens. A basis set is a set 

of wave functions that describes the shape of atomic orbitals (AOs). The molecular orbitals (MOs) are 

computed using the selected theoretical model by linearly combining the AOs (LCAO). Not all 

theoretical models require the user to choose a basis set to work with. For example, PMn (n=3...,6) 

models use an internal basis set, while ab initio or density functional theory requires a basis set 

specification. The level of approximation of your calculation is directly related to the basis set used. 

The choice to make is a trade-off between the accuracy of results and CPU time. 

Adding a single polarization function to 6-311G (i.e. 6-311G(d)) will result in one d function 

for first and second row atoms and one f function for first transition row atoms, since d functions are 

already present for the valence electrons in the latter. Similarly, adding a diffuse function to the 6-311G 

basis set will produce one s, one p, and one d diffuse functions for third-row atoms. 
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1-4-10 Type of calculation 

1-4-10-1 Geometry optimization (Opt) 

Geometry optimization is a name for the procedure that attempts to find the configuration of 

the minimum energy of the molecule. The procedure calculates the wave function and the energy at a 

starting geometry and then proceeds to search for a new geometry of lower energy. This is repeated 

until the lowest energy geometry is found. 

The desired fitting basis set is specified as a two-component of the model chemistry, as in this 

example: 

%chk=(file name).chk 

# opt hf/6-31g(d) (method/ basis sets) geom=connectivity 

Title Card Required 

0 1 

Component (1)  0.00  0.00   0.00 

Component (2)  0.00   0.00     0.00 

0 1 is the molecule specification section specifies the net electric charge (a signed integer) and 

the spin multiplicity (usually a positive integer). Thus, for a neutral molecule in a singlet state, the entry 

0 1 is appropriate. For a radical anion, -1 2 would be used. Multiple charge/spin pairs may/must be 

included for some calculation types. 

 

 

 

 

 



16 
 

1-4-10-2 Energy  

This procedure simply calculates the energy, wave function, and other requested properties at 

a single fixed geometry. It is usually done first at the beginning of a study on a new molecule to check 

out the nature of its wave function. 

The desired fitting basis set is specified as a two-component of the model chemistry, as in this 

example: 

%chk=(file name).chk 

# hf/6-31g(d) (method/ basis sets) geom=connectivity 

Title Card Required 

0 1 

Component (1)  0.00  0.00   0.00 

Component (2)  0.00   0.00     0.00 

 

1-4-10-3 Counterpoise 

The Counterpoise keyword requires an integer value that specifies the number of fragments or 

monomers in the molecular environment. This feature also requires an integer value to be added to the 

end of the atom designation to indicate which fragment monomer each atom belongs to. 

BSSE is an abbreviation for "Basis Set Superposition Error". BSSE is the error that one 

molecule overestimates the stabilization energy when calculating the complex of molecules by using 

the basis function of the other molecule to supplement the degrees of freedom of the electron. 

 

 

 

https://www.hpc.co.jp/chem/software/gaussian/help/keywords/counterpoise/
https://www.hpc.co.jp/chem/software/gaussian/help/keywords/counterpoise/
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The following input is an example of a counterpoise calculation: 

%chk=(file name).chk 

# hf/6-31g(d) (method/ basis sets) geom=connectivity Counterpoise=2 

0 1 

Component (1) (Fragment=1)   0.00   0.00   0.00 

Component (1) (Fragment=2)  0.00   0.00  2.98 

 

1-4-11 UV-Vis and electronic transition 

Most molecules have bound higher energy excited electronic states in addition to the ground 

electronic state E0. These states may be thought of as arising from the promotion of one of the electrons 

from the occupied orbital in the ground state to a vacant higher energy orbital. The excitation of an 

electron from the occupied orbital to a higher-energy orbital occurs when a photon with the energy that 

matches the difference between the two states that interact with the molecule. The classical Franck-

Condon principle states that because the rearrangement of electrons is much faster than the motion of 

nuclei, the nuclear configuration does not change significantly during the energy absorption process. 

Thus, the absorption spectrum of molecules is characterized by vertical excitation energies. 

TD: This Time-Dependent calculation is based on a DFT computational method. TD-DFT obtains the 

wave functions of MOs that oscillate between the ground state and the first excited states. 
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The desired fitting basis set is specified as a one-component of the model chemistry, as in this 

example: 

%chk=(file name).chk 

# td hf/6-31g(d) (method/ basis sets) geom=connectivity 

Title Card Required 

0 1 

Component (1) 

 

Singlets: solve only for singlet excited states. Only effective for closed-shell systems, for which it is the 

default. 

1-4-12 Information achieves from calculation 

• Atomic coordinates of optimized molecule 

• Optimized parameters: atomic distances and angles 

• HOMO/LUMO (hartree) 

• Single Point energy 

• Thermochemistry 

o Temperature 

o Pressure 

o Isotopes used 

o Molecular mass 

o Thermal energy: E (Thermal) 

o Constant volume molar heat capacity (CV) 

o Entropy (S) 

o Free Energy (sum of electronic and thermal Free Energies) 

o Enthalpy (sum of electronic and thermal Enthalpies) 
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• Ground to excited state transition 

• Excitation energies and oscillator strengths 

• Electronic Circular Dichroism (ECD) 
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1-5 Purpose of this study 

In this study, we investigated an index for AOS detection by elucidating the decolorization 

phenomenon that occurs between AOS and composite membranes. To address this issue, the index for 

AOS detection using the decolorization phenomenon that occurs between AOS and composite 

membranes was explored at the atomic interaction level. To approach the goal, the quantum chemical 

calculation techniques were used to clarify the molecular interactions between AOS and a methylene 

blue/pullulan or methylene blue/sodium alginate composite thin film.   

1. We investigated the intramolecular interaction between methylene blue and pullulan by using 

a methylene blue/pullulan composite thin film for detecting OH * with high oxidizing power. 

2. The decolorization mechanism of methylene blue was investigated by using sodium alginate. 

This chapter also provide theoretical evidence for understanding how ozone causes 

decolorization of methylene blue and why the indicators made of sodium alginate or pullulan 

mixed with methylene blue are not decolorized by the ozone exposure.  

3. Geometrical properties, highest unoccupied molecular orbital (HOMO), and the lowest 

unoccupied molecular orbital (LUMO) have been studied for better understanding of 

decolorization mechanism of OH* reaction with methylene blue and water-soluble polymers 

(pullulan and sodium alginate).  
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1-6 Organization of this paper  

This paper consists of the following chapters: 

Chapter 1 is an introduction. Consists of a part that describes the molecular orbital theory, 

computational chemistry, purpose of this study, and organization of this paper.   

Chapter 2 is Interactions between Methylene Blue and Pullulan According to Molecular Orbital 

Calculations. In the previous studies, we aim to detect the presence of active oxygen species (AOS) and 

establish its technology for sterilization and surface modifications of polymer substrates. A colorimetric 

indicator based on methylene blue (MB)-dyed pullulan thin films for detection of hydroxyl radicals as 

a novel indicator to detect active oxygen species with improved oxidative ability was developed (1-8). 

However, information concerning intermolecular interactions between MB and pullulan remains 

insufficient. To develop a target sensor for detecting OH* (1-9), which has the strongest oxidative ability 

among AOS, we investigated AOS reactions on MB-dyed, uniform pullulan thin films, revealing that 

MB decolorization of the thin films occurred only under high humidity conditions presumably caused 

by OH* (1-8).  In this study, we identified MB–pullulan interactions using molecular orbital (MO) 

calculations for used a truncated pullulan model represented by five glucose units to investigate the 

large and complex pullulan structure. The results identified MB–pullulan interactions at the HF/6-

31G(d) level, revealing 10 MB–pullulan complex structures with full geometry optimization. Moreover, 

structural and energy analyses predicted the existence of the hydrogen-bonding interactions between 

pullulan hydroxyl groups and MB nitrogen, carbon, or sulfur atoms. The results of MO analysis 

suggested the formation of hydrogen bonds between S, C, and N atoms in the MB benzene ring with a 

pullulan OH group groups, resulting in lower electronic energy in the complex structure relative to that 

observed in the individual molecules. 

Chapter 3 is Molecular interactions between methylene blue and sodium alginate studied by 

molecular orbital calculations. In the previous result (1-8)., an indicator of AOS made from uniform thin 

films was developed using MB-dyed SA, which can be generated under atmospheric conditions and 

have high reactivity. The aim of previous research was to detect AOS and establish AOS technology 
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for the sterilization and surface modification of polymer substrates. Decolorization occurred when the 

film was exposed to AOS with high humidity. This process allows us to reveal the intermolecular 

interactions between MB and SA since the molecular structure will appear digitally. In addition, it will 

deepen our understanding of the interactions between MB and SA as the decolorization reaction occurs 

due to AOS. The molecular orbital theory is used to describe the arrangement of electrons in chemical 

structures. It can also provide insights into the forces involved in the making and breaking of chemical 

bonds—the chemical reactions that are of high interest to organic chemists. The most rewarding 

approach to date has been using molecular orbital calculations to predict the atomic orbitals of the 

system. MB and SA structures were obtained using GaussView 5.0.9 software, which creates an input 

file for Gaussian 09 and outputs the calculation result as an image  

Chapter 4 is reaction of hydroxyl radical (OH*) with methylene blue (MB) and polymer 

(pullulan and sodium alginate) account for chemical reactions and the decolorization mechanism. In 

previous study, we developed a colorimetric indicator based on methylene blue-dyed and polymer 

(pullulan and sodium alginate) thin films for detecting OH* as a novel indicator to detect active oxygen 

species with the improved oxidative ability. In the present work, Geometrical characteristics, HOMO-

LUMO, and binding energy has been studied. Chemical reactions of OH* attack on MB/pullulan and 

MB/SA are investigated using the density functional theory (DFT) B3LYP method with 6-31G (d) basis 

sets. Accordingly, our DFT calculations elucidated that OH* has a significant effect on MB/pullulan 

and MB/SA complex structure of chemical reactions and the decolorization mechanism. Results 

suggested that OH* shows a strong decolorization mechanism of both complex structures. Furthermore, 

the binding energy and HOMO-LUMO energy results indicated that the estimation of MB/pullulan 

complex structures are more stable in comparison with MB/ sodium alginate complex structures. 

Chapter 5 is summarizing the results obtained in Chapters 2, Chapters 3 and Chapters 4. 
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2-1 Background  

In our previous study, we developed a colorimetric indicator based on methylene blue (MB)-

dyed pullulan thin films for detection of hydroxyl radicals as a novel indicator to detect active oxygen 

species with improved oxidative ability; however, information concerning intermolecular interactions 

between MB and pullulan remain insufficient. In this study, we identified MB–pullulan interactions 

using molecular orbital (MO) calculations for used a truncated pullulan model represented by five 

glucose units to investigate the large and complex pullulan structure. Active oxygen species (AOS) play 

pivotal roles in the oxidation reactions of organic compounds. AOS, such as singlet oxygen (1O2), 

ozone (O3), and hydroxyl radicals (OH*), are of interest and value in surface modification, cleaning, 

and oxidation processes (2-1). AOS is widely used to clean equipment in medical laboratories, including 

sterilization against Escherichia coli, and is considered more environmentally friendly than 

conventional methods used to clean packages in industrial environments. According to their solid 

oxidative properties, AOS can be generated by various techniques and applied to various industrial 

processes. Accordingly, there are a number of studies which recently developed an AOS indicator (2-2), 

(2-3), (2-4), (2-5).  

  Because methylene blue (MB), a redox dye used as a colorimetric oxygen indicator, can be 

decomposed by exposure to O3, thin films created using MB-dyed pullulan have been successfully 

established as indicators (2-6) However, in an effort to develop a target sensor for detecting OH*, which 

has the strongest oxidative ability among AOS, we investigated AOS reactions on MB-dyed, uniform 

pullulan thin films, revealing that MB decolorization of the thin films occurred only under high humidity 

conditions presumably caused by OH* (2-7).  

  MB-dyed pullulan films have been used as models to investigate MB decolorization (2-8). For 

this process, it is crucial for MB to be stabilized by mixing with pullulan, where MB is one of the redox 

dyes that is used for colorimetric oxygen indicator. Pullulan also contains numerous OH groups, which 

are considered to form interactions with MB at N+/S+. Pullulan is a natural water-soluble 

polysaccharide with excellent film-forming properties. Pullulan has a large and complex structure that 
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makes it difficult to identify interactions with MB. Therefore, we used molecular orbital (MO) 

calculations to determine MB–pullulan interactions in the present study. 

Determination of MO composition is frequently employed in quantum chemistry (2-9). In the 

present study, we characterized the interaction parameters of possible intermolecular O–H···X (X= N, 

C, or S) hydrogen bonds and binding energies for the pullulan–MB complexes at HF/6-31G(d) to 

investigate changes in structural stability the structure as the energy level decreases (2-10).  The results 

identified MB–pullulan interactions at the HF/6-31G(d) level, revealing 10 MB–pullulan complex 

structures with full geometry optimization. Moreover, structural and energy analyses predicted the 

existence of the hydrogen-bonding interactions between pullulan hydroxyl groups and MB nitrogen, 

carbon, or sulfur atoms. The results of MO analysis suggested the formation of hydrogen bonds between 

S, C, and N atoms in the MB benzene ring with a pullulan OH group groups, resulting in a lower 

electronic energy in the complex structure relative to that observed in the individual molecules. To 

detect AOS with higher oxidative ability, it is necessary to stabilize MB by mixing it with pullulan, 

which has a high affinity for the dye, in order to form MB/pullulan composite films. The MB 

stabilization achieved from this composite enables MB decolorization in the presence of AOS. 

Additionally, in the present study, we aimed to elucidate the chemical reactions and the decolorization 

mechanism associated with exposure of the optimized MB–pullulan structures to OH*. The results offer 

insight into possible interaction modes allowing AOS detection under various conditions. 
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2-2 Purpose   

It was confirmed that the mixture of MB and the water-soluble polymer was uses to form thin 

film did not react with AOS. However, hydroxyl radicals did, and the mechanism behind it was 

unknown. Therefore, to elucidate the decolorization mechanism upon exposure to OH* and apply it to 

industrial processes, my colleagues and I aimed to create a uniform thin film indicator based on MB 

and water-soluble polymers, pullulan. In addition, the decolorization mechanism was investigated by 

using Gaussview, Gaussian 09 programs. Then we analyze by using the calculation for atomic orbitals, 

which will be a good approximation to the molecular orbitals system. 
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2-3 Analytical Methods  

MO calculations were performed at Tokai University (Tokyo, Japan) using Gaussview (v.5.0.9) 

and Gaussian 09 programs (https://gaussian.com/). Gaussview was used to create the molecular 

structures of MB–pullulan (Fig. 2-8), and Gaussian 09 was used to analyze molecular interactions. The 

pullulan molecule was represented by five glucose units and used to create the MB–pullulan complex 

structure. The respective MB, pullulan, and complex structures obtained from the Gaussview program 

were optimized at the Hartree–Fock 3-21G (HF/3-21G) level using MO calculations with the Gaussian 

09 program (2-11). For each complex structure, geometric parameters and bond energies were obtained 

from HF/3-21G ab initio calculations, with HF/3-21G basis sets used for the remaining atoms (2-12). 

These calculations agreed well with our previous data. The geometries of the obtained structures with 

low electronic energy were further fully optimized at the HF/6-31G (d) and DFT calculations at B3LYP 

/ 6-31G (d) level to obtain a set of 20 structures for the MB–pullulan complex. 
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2-4 Experiment 

 

2-4-1 Procedure for submitting calculations  

 

 

Fig 2-1 MB in which the user has just started to build a molecule 

 

When we start by building the MB structure, we will see the main GaussView control panel. 

That consists of the menu bar, toolbars, and workspace, as shown in Fig. 2-1. 

Toolbars

Current Fragment display

Menu bar
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(a) 

 

(b) 

Fig 2-2  Gaussian Calculation setup 

We must set up the program for computing to obtain a proper structure by setup "set the 

preferred Gaussian" at menu calculation and setup dialog settings, as shown in Fig. 2-2 (a). We start 

with setting job type by a set at Optimization in Method mode, as shown in Fig. 2-2 (b). In Method 

mode, we started with the Semiempirical method PM6 because this level of computation is entry-level, 
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making it faster to calculate. However, we need the accuracy of the calculation results. Therefore, we 

will increase the computational level to a higher level following at the Hartree–Fock method at the 

HF/3-21G level, HF/6-31G (d) and density functional theory (DFT) B3LYP/6-31G(d), respectively. 

 

Fig 2-3 The structures of pullulan 5 glucose molecules 

Although the accuracy and the computation time of calculation are in a trade-off relation 

depending on a molecular size, the size of the model should be kept in a reasonable range in the 

calculation. Therefore, the pullulan model was represented by five glucose units. The 3 glucoses units 

in maltotriose are connected by an α-1,4 glycosidic bond, whereas the consecutive maltotriose moieties 

are connected to each other by an α-1,6 glycosidic bond. Initially from previous experiments, we 

thought that the pullulan structure would cover MB. However, the pullulan 3 glucose structure was too 

short to see any changes.  Therefore, we increase the number of glucoses in the pullulan structure. Since 

we don't want the structure to be very complicated, glucose increments are added one at a time. As a 

result, the 5 glucoses structure was the most suitable structure for this research. We start building the 

pullulan structure and follow the same steps as MB.  

Glucose1 Glucose2

Glucose3

Glucose4

Glucose5
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Fig 2-4 MB: Pullulan at 1:1 

The Guassview program created 50-initial structures with the ratio of MB: Pullulan at 1:1. 

Initially, the Pullulan structure was set at the same position. As for MB, the structure was rotated for 

the position around the pullulan structure. Subsequently, these structures were sent to Gaussian 09 for 

geometry optimization at the calculation level of the semi-empirical PM6 method. The accuracy of 

semi-empirical PM6 is good for screening structure errors at the early stage. The PM6 method has been 

well-tuned with empirical parameters to predict roughly geometries (2-13). Thus, the 50 stable structures 

were obtained as an initial set of MB–pullulan complex structures. 

Since the semiempirical method is not very accurate to discuss the geometry of a molecular 

complex (2-14), the geometries of the resulting 50 structures were reoptimized using the ab initio Hartree–

Fock method at the HF/3-21G level. 

We selected some structures (from a total of 50) that provided the lowest energy calculated by 

the energy at the HF/3-21G level. Continued geometric optimization using this method allowed 

identification of the optimized intermolecular separation. Structures were generated according to the 

energy difference between the optimized complex for several trial values (2-15).  
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Further geometry optimization was employed at the HF/6–31G(d) level and DFT B3LYP/6-

31G(d) for some structures. This process resulted in 20 stable structures, which could be used to identify 

the modes of interactions and the binding energies. 

 

2-4-2 Assessment of the interaction modes  

The van der Waals radii of atoms were employed as standards to identify the interaction modes 

between MB and pullulan. Van der Waals radii describe interatomic distances calculated using the sum 

of atomic radii, which differ between metals and non-metals (Table 1). 

 

Table 1.  Several definitions for van der Waals radii of atoms (2-16) 

Author, year 

Radii, Angstrom (Å) 

H N C O S 

Bondi, 1964 
1.20 1.55 1.70 1.52 1.80 

Pauling, 1939 
1.20 1.50 1.70 1.40 1.85 

Rowland, 1996 
1.10 1.64 1.77 1.58 1.81 

Zefirov, 1974 1.16 
1.50 1.71 1.29 1.84 

Gavezzotti, 

1983–1999 1.17 1.50 1.70 1.40 1.85 

 

In this study, we developed a method for obtaining molecular volumes based on the use of 

standard molecular geometries and atomic radii. To obtain bond distances with the stable structures, we 

calculated these geometries using the Pauling equation (2-17) to identify atomic radii [Eq. (1)]: 

 



36 
 

R = 𝑟𝑐 + 0.8               (1) 

 

Where R is an atomic radius and is the van der Waals radii of an atom. Therefore, the sum of 

the radii of two atoms associated with interaction is calculated using Eq. (2): 

 

∑ 𝑅 = (𝑅𝑋 + 𝑅𝑌) =  ∑(𝑟𝑐𝑥 + 𝑟𝑐𝑦) + 1.6    (2) 

 

In this study, the comparison between the calculated atomic distance (D) and the sum of van 

der Waals radii (∑ 𝑅) was performed to judge the presence or absence of the atomic contact (i.e., the 

interaction) between MB and pullulan based on the criteria in Eq. (3): 

 

𝐷 =  {
 𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛; D < ∑ 𝑅  

 
    𝑁𝑜 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛; D > ∑ 𝑅  

    (3) 

 

If the value of D is less than ∑ 𝑅, this shows an interaction between two atoms. On the other 

hand, if the value of D is greater than ∑ 𝑅, there is no interaction between two atoms, as shown in Fig. 

2-5. 

 

(a) No interaction between 2 molecules  

RX RY

D
Atom X Atom Y
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(b) Interaction between 2 molecules occurs 

Fig 2-5 Molecular interactions according to the atomic distance between atoms X and Y (2-16). 

 

2-4-3 Hydrogen bonds   

Hydrogen bonding Interactions would be important in understanding the interaction modes and 

the energetics between MB and pullulan. Van-der-Waals Radii calculations to predict the location of 

atoms and to identify chemical interactions. It was using a chemical interaction position by finding the 

shortage of Van-der-Waals Radii. In general, the hydrogen bond is a fundamental element of the 

chemical structure and chemical reactivity (2-18). Atoms are close to 180° it means they have strong 

interaction. It is primarily electrostatic and formed with strong and weak donors and acceptors 

illustrated in Fig. 2-6. 

In this study, the hydrogen bonding angles (see Fig.2-6) were investigated to characterize the 

interaction between MB–pullulan. The typical angle of the hydrogen bond is the one that is closest to 

180° (2-19).  We then analyzed the hydrogen bonds formed in the complex structure (OH---N, OH---C, 

and OH---S). We focused on the hydrogen bonding patterns of the obtained ten complex structures 

shown in tables 2-4. The geometrical parameters were obtained using the Gaussview program. 

 

(a) Atomic radius 

RX RY

D
Atom X Atom Y
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(b) Atomic angle 

Fig 2-6 Model of hydrogen bonds (2-16) 

The hydrogen bond is an intermolecular attraction caused by hydrogen atoms, forming covalent 

bonds with atoms that have high electronegativities which are F, O, and N, and covalent bonds.  This 

bond is a terminal type that has a very strong polar condition. This is because the electron pair bond is 

pulled closer to the atom of an element with high electronegativity rather than hydrogen atoms and 

element atoms with high electronegativity.  There are also lone electron pairs that attract each other 

between the lone electron pair and the hydrogen atom. These lone electron pairs have the high positive 

electrical power of another molecule to form hydrogen bonds. The example is shown in Fig. 2-6, where 

the formation of a hydrogen bond between hydrogen and oxygen atoms. 

 

2-4-4  Binding energy  

Amount of energy required to separate a particle from a system of particles or to disperse all 

the system particles. Binding energy is especially applicable to subatomic particles in atomic nuclei, to 

electrons bound to nuclei in atoms, and to atoms and ions bound together in crystals.  

The binding energy (∆Eb) is the sum of intermolecular forces (2-20) as defined by Eq. (4): 

∆Eb = [E(MB) + E(pullulan) – Ex] +BSSE        (4) 

    The binding energy is the sum of various atomic interactions, which should involve hydrogen 

bonds, van der Waals interaction, etc., between MB and pullulan. 
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2-5 Results 

The molecular structures of Methylene Blue and Pullulan are created by using the Gauss view 

program. After obtaining the desired molecular structures, the Gaussian09 program analyzes the 

interaction position between Methylene Blue and pullulan and finds the interaction chemical structures. 

Find the common last structures from calculations PM6, HF3-21G, HF6-31G (d), and DFT B3LYP/6-

31G(d) in Gaussian09. The chemical interaction position is obtained by finding the lowest distance of 

Van-der-Waals Radius from these common last structures. 

 

2-5-1 The simulation concepts 

The molecular structures of Methylene Blue and Pullulan are created by using the Gauss view 

program. After obtaining the desired molecular structures, the Gaussian09 program analyzes the 

interaction position between Methylene Blue and Pullulan and finds the interaction chemical structures. 

Find the common last structures from calculations PM6, HF3-21G, and HF6-31G (d) in Gaussian09. 

The chemical interaction position is obtained by finding the lowest Van-der-Waals Radius from these 

common last structures. 

The simulation concept of final structure (from total of 50 structures) that provide the lowest 

energy which represent the stable structure. The results showed samples namely 1:1 of Methylene Blue 

and Pullulan.   
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Fig 2-7 Simulation concept 
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2-5-2 Assessment of the possible intermolecular and binding energy   

The complex structures included 147 atoms between the two molecules (Fig. 2-8), with atomic 

radii corresponding to isotropic (spherical) atoms. The lowest energy conformation for each complex 

structure obtained using the HF/6-31G (d) method and B3LYP/6-31G (d) method are presented in 

Tables 2 through 7.  Initially, MB–pullulan structure models were created in Gaussview to observe the 

molecular structures, followed by Gaussian 09 to analyze interactions between MB–pullulan upon 

complex formation. The interaction positions were determined according to the shortage of interatomic 

distances relative to the sum of atomic radii.  The complex structure was formed by placing MB and 

pullulan in different orientations relative to one another to create a complex structure. We obtained ten 

structures displaying low free energies and proceeded to determine the details concerning atomic 

interactions between MB and pullulan. Fig. 2-8 shows the MB–pullulan structure. The numbering of 

the atoms depends on the arrangement of atoms in the molecules. To create a complex structure, we 

arranged the molecules of both MB–pullulan differently. When pullulan atoms were placed adjacent to 

the MB molecule (with 39 atoms), the atom count for pullulan started from 40. Thus, the first nitrogen 

atom of MB counted at a lower number (N20/N21) as seen for MB/PL (16). On the other hand, when 

pullulan (with 107 atoms) was placed first, the atom count for MB started from 108, setting the position 

of the first nitrogen atom of MB in position N128/N129 as seen for MB/PL (1). 
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Fig 2-8 Structure of the MB–pullulan complex in a ball-and-stick representation generated by 

Gaussview (2-16) 

In this study, the ratio between MB–pullulan was set at 1:1. We measured the close atomic 

contacts between MB and pullulan molecules after the ab initio calculation at HF/6-31G(d). As a result, 

three hydrogen bonds, i.e., OH--N, OH--C, OH--S hydrogen bonds, were specified for the MB–pullulan 

complexes. Tables 2 to Table 7 list the interaction patterns between the N, C, and S atoms, respectively, 

from the MB and the OH groups from the pullulan structures. The closer the distance of atoms, the 

stronger the interaction of the molecules is. 

 

 

 

 

 

 

 

 

 

 

MB 

Pullulan 
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Table 2.  Interaction parameters of the possible intermolecular OH---N hydrogen bonds for the MB/PL 

characterized at HF/6-31G(d). 

Name of complex N··O (Å) N··H (Å) Position Angle (°) 

MB/PL (1) 4.58 3.95 N129,O99,H106 43.50 

MB/PL (6) 3.03 2.11 N130,O105,H108 13.00 

MB/PL (14) 3.39 3.36 N128,O93,H100 80.31 

MB/PL (16) 3.57 3.98 N21,O144,H147 108.95 

MB/PL (20) 3.03 2.11 N130,O105,H108 13.00 

MB/PL (21) 3.35 2.40 N22,O53,H54 4.49 

MB/PL (25) 3.30 2.61 N22,O55,H56 37.62 

 MB/PL (27) 3.16 3.23 N21,O69,H76 85.93 

 MB/PL (28) 3.41 3.50 N22,O55,H56 87.91 

MB/PL (29) 4.61 - N129,O1 - 

 MB/PL (31) 3.63 3.33 N22,O120,H125 64.45 

 MB/PL (35) 3.37 2.43 N22,O53,H54 6.63 

 MB/PL (36) 3.30 2.62 N22,O55,H56 37.61 

 MB/PL (38) 3.30 2.62 N22,O55,H56 37.61 

 MB/PL (39) 3.37 2.43 N22,O53,H54 6.62 

MB/PL (42) 3.29 2.60 N22,O55,H56 37.24 

MB/PL (43) 3.84 4.10 N128,O84,H87 99.42 

MB/PL (44) 3.46 3.12 N20,O120,H125 61.90 

MB/PL (47) 3.60 2.81 N22,O53,H54 29.28 

 

Considering the interaction parameters of complex structures from Table 2, atomic radii for the 

N---OH revealed that structure MB/PL (6) and MB/PL (20) displayed the shortest bond distance from 

the remaining structures. Therefore, it can be concluded that structure MB-PL (6) and MB/PL (20) are 

the structure with the strongest OH---N hydrogen bond. There is another structure, which would have 

a similar OH---N hydrogen bond. The other eight complex structures did not have OH---N hydrogen 

bond based on the atomic distances (according to Eq. (3)) and the angles (according to the large 

deviations from the ideal linear angle).  
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Table 3. Interaction parameters of the possible intermolecular OH---C hydrogen bonds for the MB/PL 

characterized at HF/6-31G(d). 

Name of complex C··O (Å) C··H (Å) Position Angle (°) 

MB/PL (1) 3.39 3.37 C111,O105,H108 80.59 

MB/PL (6) 3.40 2.96 C121,O105,H108 55.29 

MB/PL (14) 3.47 3.73 C143,O21,H22 99.05 

MB/PL (16) 3.35 3.70 C35,O138,H145 103.87 

MB/PL (20) 3.40 2.96 C121,O105,H108 55.29 

MB/PL (21) 3.57 2.96 C13,O53,H54 43.76 

MB/PL (25) 3.28 3.55 C31,O138,H145 99.11 

 MB/PL (27) 3.06 3.53 C12,O69,H76 112.29 

 MB/PL (28) 3.25 3.53 C7,O55,H56 99.04 

MB/PL (29) 3.36 4.09 C139,O40,H43 135.40 

 MB/PL (31) 3.37 3.07 C3,O120,H125 63.96 

 MB/PL (35) 3.57 2.99 C13,O53,H54 45.53 

 MB/PL (36) 3.28 3.55 C31,O138,H145 99.15 

 MB/PL (38) 3.28 3.55 C35,O138,H145 99.15 

 MB/PL (39) 3.57 2.99 C13,O53,H54 45.53 

MB/PL (42) 3.20 3.49 C31,O138,H145 100.13 

MB/PL (43) 3.43 3.75 C131,O84,H87 102.27 

MB/PL (44) 3.36 3.25 C13,O55,H56 73.98 

MB/PL (47) 3.46 4.17 C5,O55,H56 133.35 

 

 At HF/6-31G (d) level, band interaction parameters of the possible intermolecular of OH···C 

hydrogen bonds C--O(Å) and C--H(Å) were calculated by using Eq. (3), the radii result of the 

interaction bond between C and HO were shown in Table 3. The results of the calculated structure of 

MB-PL (27) shows the shortest distance of O···C from among of structures. All the complex structures 

have molecular interactions.  
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Table 4. Interaction parameters of the possible intermolecular OH---S hydrogen bonds for the MB/PL 

characterized at HF/6-31G(d). 

Name of complex S··O (Å) S··H (Å) Position Angle (°) 

MB/PL (1) 3.64 4.02 S127,O105,H108 106.51 

MB/PL (6) 6.13 5.23 S127,O105,H108 16.53 

MB/PL (14) 4.20 3.96 S127,O12,H13 69.13 

MB/PL (16) 4.08 3.86 S19,O55,H56 70.25 

MB/PL (20) 6.13 5.23 S127,O105,H108 16.53 

MB/PL (21) 6.16 5.26 S19,O53,H54 15.46 

MB/PL (25) 5.45 5.18 S19,O55,H56 68.69 

 MB/PL (27) 3.77 3.75 S19,O55,H56 81.42 

 MB/PL (28) 3.45 4.23 S19,O55,H56 141.33 

MB/PL (29) 3.90 3.71 S127,O30,H37 71.58 

 MB/PL (31) 3.46 3.64 S19,O120,H125 93.46 

 MB/PL (35) 6.23 5.32 S19,O53,H54 15.59 

 MB/PL (36) 5.45 5.18 S19,O55,H56 68.71 

 MB/PL (38) 5.45 5.18 S19,O55,H56 68.71 

 MB/PL (39) 6.22 5.31 S19,O53,H54 15.60 

MB/PL (42) 5.51 5.22 S19,O55,H56 67.39 

MB/PL (43) 3.49 3.13 S127,O105,H108 60.42 

MB/PL (44) 3.82 3.67 S19,O123,H126 73.95 

MB/PL (47) 6.42 5.78 S19,O53,H54 44.63 

 

Table 4 presents interaction parameters of the possible intermolecular OH---S hydrogen bonds 

from calculation at HF/6-31G (d) level by using S--O(Å) and S--H(Å) shows the radii results of the 

interaction bond between S and HO are summarized in Table 4. It can be concluded that structure 

MB/PL (28) is the strongest structure with the strongest OH---S hydrogen bond, although the OH---S 

angle is close to 180º. However, of these all of complex structures, there is another complex structure 

that has no interaction. As a result, the calculation distance of this structure is greater than ∑ 𝑅 , 

according to Eq. (3) 
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Table 5.  Interaction parameters of the possible intermolecular OH---N hydrogen bonds for the MB/PL 

characterized at B3LYP/6-31G(d). 

Name of complex N··O (Å) N··H (Å) Position Angle (°) 

MB/PL (1) 3.47 3.35 N128,O30,H37 75.31 

MB/PL (6) 2.82 1.83 N130,O105,H108 2.09 

MB/PL (14) 3.21 3.27 N128,O93,H100 85.16 

MB/PL (16) 3.34 4.01 N21,O138,H145 127.85 

MB/PL (20) 2.82 1.83 N130,O105,H108 2.09 

MB/PL (21) 2.95 1.98 N22,O53,H54 6.54 

MB/PL (25) 2.99 2.11 N22,O69,H76 21.84 

 MB/PL (27) 2.94 1.97 N22,O144,H147 7.13 

 MB/PL (28) 3.30 3.38 N22,O55,H56 85.77 

MB/PL (29) 4.52 - N129,O1 - 

 MB/PL (31) 3.08 2.14 N22,O69,H76 13.23 

 MB/PL (35) 2.98 2.00 N22,O53,H54 7.11 

 MB/PL (36) 2.99 2.11 N22,O69,H76 21.82 

 MB/PL (38) 2.99 2.11 N22,O69,H76 21.82 

 MB/PL (39) 2.97 1.99 N22,O53,H54 7.16 

MB/PL (42) 2.98 2.10 N22,O69,H76 21.60 

MB/PL (43) 3.44 3.83 N128,O84,H87 106.14 

MB/PL (44) 3.30 2.94 N20,O120,H125 60.64 

MB/PL (47) 3.18 2.34 N22,O53,H54 26.51 

 

Table 5 presents interaction parameters of the possible intermolecular OH---S hydrogen bonds 

from calculation at B3LYP/6-31G(d) level by using N--O(Å) and N--H(Å) shows the radii results of 

the interaction bond between N (from MB) and HO (from pullulan). MB-PL (6) and MB-PL (20) shows 

the shortest distance of N···O is 2.82 Å where the result is less than the result of HF/6-31G (d) level. 

Meanwhile, the results of B3LYP/6-31G(d) level suggest stronger the interaction of the molecules occur. 
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Table 6.  Interaction parameters of the possible intermolecular OH---C hydrogen bonds for the MB/PL 

characterized at B3LYP/6-31G(d). 

Name of complex C··O (Å) C··H (Å) Position Angle (°) 

MB/PL (1) 3.25 3.28 C111,O105,H108 82.62 

MB/PL (6) 3.33 2.56 C113,O14,H15 32.02 

MB/PL (14) 3.33 3.57 C143,O21,H22 96.40 

MB/PL (16) 3.14 3.13 C2,O55,H56 80.07 

MB/PL (20) 3.33 2.56 C113,O14,H15 32.02 

MB/PL (21) 3.34 2.81 C13,O53,H54 50.15 

MB/PL (25) 3.16 2.88 C5,O69,H76 64.93 

 MB/PL (27) 2.98 3.12 C11,O69,H76 88.70 

 MB/PL (28) 3.17 3.80 C8,O55,H56 123.24 

MB/PL (29) 3.32 4.14 C139,O40,H43 142.82 

 MB/PL (31) 3.26 3.02 C3,O120,H125 67.20 

 MB/PL (35) 3.33 2.81 C13,O53,H54 50.73 

 MB/PL (36) 3.16 2.88 C5,O69,H76 64.93 

 MB/PL (38) 3.16 2.88 C5,O69,H76 64.93 

 MB/PL (39) 3.33 2.81 C13,O53,H54 50.80 

MB/PL (42) 3.16 2.89 C5,O69,H76 65.03 

MB/PL (43) 3.26 3.34 C135,O84,H87 86.53 

MB/PL (44) 3.18 3.05 C13,O55,H56 73.10 

MB/PL (47) 3.24 4.07 C5,O55,H56 143.71 

 

The interaction parameters of the possible intermolecular of OH···C hydrogen bonds C--O(Å) 

and C--H(Å) from calculation at B3LYP/6-31G(d) level show in table 6. The result indicates than 

MB/PL (27) is the strongest structure with the strongest C---OH hydrogen bond. MB-PL (27) shows 

the shortest distance of C···O is 2.98 Å and C···H is 3.12 Å. 
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Table 7.  Interaction parameters of the possible intermolecular OH---S hydrogen bonds for the MB–

pullulan complex characterized at B3LYP/6-31G(d). 

Name of complex S··O (Å) S··H (Å) Position Angle (°) 

MB/PL (1) 3.45 3.91 S127,O105,H108 110.42 

MB/PL (6) 5.99 5.00 S127,O105,H108 3.07 

MB/PL (14) 3.95 3.67 S127,O12,H13 66.67 

MB/PL (16) 3.65 3.06 S19,O53,H54 46.28 

MB/PL (20) 5.99 5.00 S127,O105,H108 3.07 

MB/PL (21) 5.98 5.05 S19,O53,H54 18.07 

MB/PL (25) 5.22 4.90 S19,O55,H56 65.34 

 MB/PL (27) 3.61 3.66 S19,O55,H56 85.26 

 MB/PL (28) 3.28 4.10 S19,O55,H56 142.65 

MB/PL (29) 3.53 3.45 S127,O30,H37 76.83 

 MB/PL (31) 3.36 3.62 S19,O120,H125 97.61 

 MB/PL (35) 6.00 5.07 S19,O53,H54 18.60 

 MB/PL (36) 5.23 4.90 S19,O55,H56 65.29 

 MB/PL (38) 5.23 4.90 S19,O55,H56 65.29 

 MB/PL (39) 5.97 5.05 S19,O53,H54 19.53 

MB/PL (42) 5.23 4.90 S19,O55,H56 65.03 

MB/PL (43) 3.38 3.07 S19,O105,H108 63.71 

MB/PL (44) 3.59 3.43 S19,O123,H126 72.91 

MB/PL (47) 6.01 5.36 S19,O53,H54 45.01 

 

The interaction parameters of the possible intermolecular OH---S hydrogen bonds from 

calculation at B3LYP/6-31G(d) level by using S--O(Å) and S--H(Å) shows the radii results of the 

interaction bond between S and HO are summarized in Table 7. MB-PL (28) shows the shortest distance 

of S···O is 3.28 Å and S···H is 4.10 Å. 

As for the calculations at different levels. the results show the difference in results. It is can 

clearly see in Tables 2-7. At higher levels of computation, the shortest distance of atom, which results 

in show strength in interaction position between MB and pullulan. 
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Table 8.  Binding energies (∆Eb) for the MB–pullulan complexes characterized at HF/6-31G(d). 

Structure Name Binding energy (kcal/mol) Relative energy (kcal/mol) BSSE (kcal/mol) 

MB/PL (16) -51.06 0 6.90 

MB/PL (1) -41.57 9.49 7.53 

MB/PL (29) -35.41 15.65 3.14 

MB/PL (14) -31.75 19.31 5.65 

MB/PL (43) -29.9 21.16 4.39 

 MB/PL (28) -22.11 28.95 4.39 

 MB/PL (31) -20.37 30.69 8.16 

MB/PL (44) -15.49 35.57 7.53 

MB/PL (6) -4.53 46.53 4.39 

MB/PL (20) -4.53 46.53 4.39 

MB/PL (47) -4.29 46.77 3.14 

 MB/PL (36) -3.99 47.07 4.39 

MB/PL (42) -3.86 47.2 4.39 

MB/PL (21) -3.54 47.52 2.51 

 MB/PL (39) -3.25 47.81 2.51 

 MB/PL (35) 3.13 54.19 2.51 

 

The calculated binding energies of the MB–pullulan complexes are shown in Table 8. Structure 

name MB/PL (16) showed the highest binding energy (-51.06 kcal/mol) via the calculation. The relative 

energy between highest binding energy and lowest binding energy is -54.19 kcal/mol.  
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2-6 Discussions 

The results of MO analysis suggested the formation of hydrogen bonds between S, C, and N 

atoms in the MB benzene ring with a pullulan OH group groups, resulting in lower electronic energy in 

the complex structure relative to that observed in the individual molecules. The results show that: 

 

 

Interaction position of MB 

Fig 2-9 Sites of atomic interactions in the pullulan 5 glucose molecules at HF 6-31G (d) (2-16) 

 

Interaction position of MB 

Fig 2-10 Sites of atomic interactions in the MB benzene ring at HF 6-31G (d) (2-16) 
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Moreover, we are considering that the positions of pullulan and MB after mixed are very close, 

and MB molecular was covered by pullulan in a weak interaction between MB and pullulan. For clarity, 

of the optimization of MB/PL complex structure at HF/6-31G(d) as shown is below. 

 

MB/PL (1) 

 

MB/PL (6) 
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MB/PL (16) 

 

 

MB/PL (20) 
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MB/PL (21) 

 

 

MB/PL (25) 
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MB/PL (27) 

 

 

MB/PL (28) 
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MB/PL (29) 

 

 

MB/PL (31) 
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MB/PL (35) 

 

 

MB/PL (36) 
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MB/PL (38) 

 

 

MB/PL (39) 
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MB/PL (42) 

 

 

MB/PL (43) 
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MB/PL (44) 

 

 

MB/PL (47) 
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MB/PL (50) 

 

Fig 2-11 The optimization of MB/PL complex structure at HF/6-31G(d) 

 

The results for the binding energy of the complex structures show that the energy level from 

the experiment results to find the binding energy of the complex structure between MB and pullulan 

compared to single calculations of MB and single calculations pullulan are different. The binding 

energy result of the complex structure between MB and pullulan has decreased and less than single 

calculations. This result presents when the energy level goes down, the structure becomes more stable, 

and the two molecules interact together. 

The 3D figure shows structure MB/PL (16) was the most stable. This allows the change to be 

identified from its original structure. When calculating the structure of MB and pullulan, particularly 

pullulan was clearly changed. The figure shows that the pullulan structure is contorted to form a cluster 

or circle. As for the MB, some structures are slightly bent.  
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2-7 Conclusions 

In conclusion, by the MO calculation at the HF/6-31G(d) level, we have succeeded in analyzing 

the interaction patterns of the MB–pullulan complex, which undergoes decolorization upon insight into 

possible interaction modes allowing AOS detection under various conditions. The MO analysis 

suggested the formation of hydrogen bonds between N, C, and S atoms in the MB benzene ring and 

pullulan OH group groups. Further analysis of interactions between the N, C, and S atoms in MB 

revealed benzene rings (Fig. 2-9 and Fig.2-10) proximal to the OH group in pullulan.  

In contrast, another N and C associated with amine groups were located farther from this OH 

group. These results indicated that the pullulan structure did not undergo self-binding in the presence 

of MB but rather formed bonds with MB, as shown in Fig. 2-10. The calculations determined the 

shortest bond distances among the ten complex structures displaying the lowest free energies, resulting 

in identifying interactions promoting high affinity between the two molecules. 
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3-1 Background  

Interactions between sodium alginate (SA) and methylene blue (MB) have long been 

studied. In particular, the chemical stability of the colorimetric indicator based on SA thin film 

and MB dye has been investigated upon active oxygen species (AOS) exposure (3-1). Indeed, the 

MB/SA film indicators were found to be useful for detecting hydroxyl radicals (OH*) in the 

atmosphere. To detect OH* with higher oxidative abilities, it is necessary to stabilize MB by 

mixing with a polymer matrix so that AOS other than OH* cannot react MB directly. SA, which 

has a high affinity to MB, was selected for this purpose as it stabilizes MB in its filmy matrix 

so that the attack of AOS to MB can be prevented. SA has attracted the attention of researchers 

in recent decades as it is a water-soluble polysaccharide biopolymer that is extracted from 

brown seaweed (3-2), (3-3). SA, a linear binary copolymer made of β-D-mannuronic acid and α-L-

guluronic acid (G), exhibits excellent film-forming ability, good moisture absorption and 

permeability, and high viscosity in aqueous solutions. It has been widely used in biomedical 

applications and for fabricating new materials (3-4), (3-5), (3-6). Such biocomposite films are not 

only safe and environment friendly but also biocompatible, compensating for common 

inorganic materials employed for practical applications. 

In the previous result (3-1), an indicator of AOS made from uniform thin films was 

developed using MB-dyed SA, which can be generated under atmospheric conditions. The aim 

of previous research was to selectively detect OH* among various AOS and establish AOS 

technology for the sterilization and surface modification of polymer substrates. Indeed, 

decolorization occurred when the film was exposed to OH* with high humidity, but the other 

AOS did not decolorize the film under the identical conditions. To clarify of the molecular 

interaction between MB and SA, the experiments using a microplate reader were performed. 

The results suggested that both MB and SA share an ionic bond, as evidenced by the peak shift 

(Comparison between MB and MB in the mixture of MB and SA) corresponding to the benzene 

ring of MB in the mixture of MB and SA, and SA strongly interacts MB to stabilize MB enough 

to prevent the interaction with atmospheric AOS other than highly reactive OH*. Meanwhile, 

earlier research suggested that SA and MB interact each other between the carboxylates (–
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COO-) of SA and the nitrogen or sulfur atom of MB (3-1). However, the details of the 

intermolecular interactions were not clear. 

In this study, A decolorization reaction of the MB occurs due to excited singlet oxygen 

molecules / atoms and hydroxyl radicals (OH*) including ozone (O3). On the other hand, an 

indicator containing MB mixed with SA or pullulan can be decolorized by exposures of OH *, 

which has the strongest oxidizing abilities, but the decolorization reaction does not occur by O3 

or excited singlet oxygen / molecules exposures.  

Furthermore, we aimed to analyze the interaction patterns of the MB/SA complex by 

molecular orbital calculations to address the interaction modes and binding energies between 

MB and SA and the location of the interactions in both molecules. We have estimated the 

decolorization mechanism of methylene blue dyes employed water-soluble polymers due to 

OH* by the experimental results (3-1). 

 In addition, we attempted to explain the molecular reasons for the resistance of MB/SA 

film against decolorization in the exposure to O3 by calculation for bimolecular and trimolecular 

complexes among MB, SA, and O3 by molecular orbital calculation.  Molecule of MB mixed 

with SA molecular orbitals was assessed by the HOMO estimates the gap between HOMO and 

LUMO, LUMO energy value, and the HOMO-LUMO gap considering the changing HOMO-

LUMO energy gap. The energy band gap can be used to determine the efficiency of the electron 

transition between the HOMO and LUMO energy levels within a structure, whether the 

transition occurs quickly or not.  

In this experiment results, all 10 complex structures were used for theoretical 

investigation. The vdW radius and binding energies according to optimized structures of the 

MB/SA complexes and interaction energies based on molecular orbital have been calculated. It 

was found that in MB/SA complex structures, the most stable binding site for MB is N atom, 

C atom, and S atom in analysis. As for SA, we also found that at molecular arrangement 

structure R1 and R2 of the SA optimal molecular structures were more likely to interact with 

R3 and R4.  
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Moreover, the degradation of colors, the MB/SA complex underwent decolorization 

upon possible interaction modes that allowed AOS detection. O3 was used to observe the 

decolorization mechanism of MB dye based on the SA film. Thus, HOMO and LUMO energy 

values can explain the intramolecular charge transfer from the electron donor to the electron 

acceptor in the MB/SA complex. The decolorization of the film is caused by the degradation 

reaction of MB upon AOS exposure were also discussed. These investigations may also apply 

to evaluate uniform thin film indicators based on MB-dyed water-soluble polymers to elucidate 

the decolorization mechanism upon exposure to AOS. 
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3-2 Purpose   

Therefore, in this paper, we would like to calculate and show that O3 causes MB decolorizing, 

and that indicators containing MB mixed with SA or pullulan do not cause decolorizing by the O3 

exposures. We have estimated decolorization mechanism of methylene blue dyes employed water 

soluble polymers due to hydroxyl radicals by the experimental results, however it is insufficient to make 

clear the mechanism. Thus, we make clear the methylene blue dyes employed these polymers have a 

resistance for ozone by a computational by using GaussView, Gaussian 09 programs.  
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3-3 Calculation Methods 

3-3-1 Materials 

3-3-1-1 Methylene blue (MB) 

MB is a synthetic cationic thiazine dye of an amorphous nature with the molecular formula 

C16H18ClN3S, as shown in Fig. 3-1. It is also called basic blue 9 (3-7), (3-8), which makes a dark blue-

green solution with water, where it dissociates into an MB cation and a chloride anion. This neutral 

ionic molecule was used for molecular orbital calculation. 

 

 

Fig 3-1  Structure of methylene blue (MB) (3-9) 

 

3-3-1-2  Sodium alginate 

SA structure from previous research (3-1). Sodium alginate is a water-soluble polysaccharide 

biopolymer and exhibits excellent film-forming ability, good moisture absorption, permeability, and 

high viscosity. Furthermore, sodium alginate contains OH and COONa, which are also considered to 

interact with MB at N+/S+. SA is composed of β-D-mannuronic acid (M) and α-L-guluronic acid (G) 

linked by 1–4 glycosidic bonds with the molecular formula (C6H7NaO6)n (3-10). In the calculation, this 

copolymer was simplified as a tetramer model as shown in Fig. 3-2. 
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Fig 3-2 Structure of sodium alginate (3-9) 

3-3-2 Methods 

3-3-2-1 Computational details 

All calculations were carried out using Gaussian 09 with GaussView 5.0.9 (3-11) as the interface. 

Molecular structures of MB and O3 were fully optimized at the HF/6-31G(d) and B3LYP/6-31G(d) 

levels. For pullulan, the molecular structure reported in the literature (3-12) was employed. To obtain the 

stable conformations of SA, SA structure was created. Then we calculated at the HF/6-31G(d) and 

B3LYP/6-31G(d) levels until the last structure is remain and the energy is unchanged.  

For a molecular complex between MB and SA, the fully optimized structures obtained for MB 

and SA as described above were employed in a ratio of 1:1. 20 initial structures were first created by 

locating SA at random around MB. The geometry for all the 20 complex structures was fully optimized 

at the HF6-31G(d) and then at the B3LYP6-31G(d) levels. Among the resulting complex structures, 

only 10 structures were employed for further analysis.  

Single-point energy calculations were performed on the obtained structures at the B3LYP/6-

31G(d) level to calculate the binding energies between MB and SA with consideration of the basis set 

superposition error (BSSE), which was estimated by the counterpoise method of Boys and Bernardi (3-

13). Similarly, molecular complex structures of MB—O3, SA—O3, pullulan—O3, MB—pullulan, MB—

SA—O3, and MB—pullulan—O3 were obtained.  
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3-3-2-2 Measurement of atomic distances 

The bond lengths are taken from the vdW radii of the atoms. vdW radii can describe the 

calculation of interatomic distances using the sum of atomic radii, which differs for metals and 

nonmetals (3-14), (3-15), (3-16). There is concern about systematic analysis of nonbonded contacts among 

molecules, which may be affected by inaccuracies assumed by vdW radii. Therefore, the investigation 

was conducted to determine whether the Bondi vdW radii of common nonmetallic elements (C, N, O, 

S) are consistent (with vast numbers of nonbonded contact distances measured by crystallography). The 

vdW radius is estimated using equation (1): 

                ∑ 𝑅 = ∑(𝑟𝐴(𝑣𝑑𝑊)  +  𝑟𝐵(𝑣𝑑𝑊))    (1) 

At the ∑ 𝑅  is the sum of the atomic radius of the complex structure (MB/SA), 

and 𝑟𝐴(𝑣𝑑𝑊),𝐵(𝑣𝑑𝑊) is the vdW. 

Molecular interactions have critical roles in forming a stable MB/SA complex. However, 

existing methods typically allow us to probe vdW radii (e.g., bound or unbound) directly via geometry 

optimization, set at the B3LYP/6-31G(d) level of theory. This process enables identifying interactions 

and quantifying the vdW radii and binding energy. 
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3-3-2-3 Binding energy  

The binding affinity of molecules is the sum of energy caused by thrust and the gravitational 

force between the nucleus and electron, as well as the action force between two electrons. The total 

energy of molecules can be obtained using the calculation of molecular structures. If the result presents 

a stable structure, the binding energy will negative. While the same molecule with the lowest total 

energy is more stable than the one with the highest energy. Binding energy is defined as the difference 

between the total energy of (MB-SA) and that of reactants (MB and SA). With the use of a finite basis 

set, BSSE occurs when atoms of interacting molecules approach one another. Counter poise method 

corrects this energy as shown in equation (2). 

 

The binding energy = E(AB(optimized))-E(A(optimized))-E(B(optimized))+BSSE    (2) 

 

where E(ABoptimized) and E(A(optimized), B(optimized)) are the total energy of products 

(MB-SA) and reactants (MB and SA). The BSSE is energies of the MB/SA complex structure. The 

binding energy is the change caused by BSSE. 

 

3-3-2-4 Measurement of the decolorization mechanism of MB dye based on the SA film 

 To simulate AOS exposure, we used O3, which is an AOS variant, although it may not have the 

same sterilization intensity as OH *. However, O3 is a powerful oxidant and has many industrial and 

consumer applications related to oxidation. O3 is an inorganic molecule with three O atoms, thus making 

it easier to react with other atoms because oxygen is a highly reactive element. We calculate this by 

using computationally predicting of HOMO and LUMO energy in MB dye based on the SA films. 
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3-4 Experiment 

This research allows us to reveal the intermolecular interactions between MB and SA since the 

molecular structure will appear digitally. In addition, it will deepen our understanding of the interactions 

between MB and SA as the decolorization reaction occurs due to AOS. The molecular orbital theory is 

used to describe the arrangement of electrons in chemical structures (3-17). It can also provide insights 

into the forces involved in the making and breaking of chemical bonds—the chemical reactions that are 

of high interest to organic chemists. The most rewarding approach to date has been using molecular 

orbital calculations to predict the atomic orbitals of the system. MB and SA structures were obtained 

using GaussView 5.0.9 software, which creates an input file for Gaussian 09 and outputs the calculation 

result as an image. Calculations were performed using Gaussian 09 (3-18), (3-19), (3-20), (3-21).  

First, Molecular structures of MB, SA, O3, and pullulan were fully optimized at the HF/6-

31G(d) and B3LYP/6-31G(d) levels.  

Second, bimolecular complexes which consist of MB−SA, MB−pullulan, MB−O3, SA− O3, and 

pullulan−O3 were fully optimized at the HF/6-31G(d) and B3LYP/6-31G(d) levels and sent to further 

calculate multiple times in different structures. To analyze molecular interactions positions as well as 

find the binding energy orders of MB and SA. The interactions between the filled orbitals of one reagent 

and the filled orbitals of another are inherently energy-raising, countered by a small attractive force 

from the interactions between the filled and unfilled orbitals, which are inherently energy-lowering. 

Both forces diminish exponentially with distance, but they come into play at short distances and are not 

the only interactions between nonpolar molecules. The vdW radius is used to compare nonbonded 

contact distances by subtracting the relevant radii from the distance observed in new crystal structures 

(3-22). 

Third, O3 were added to the structure of MB−SA and MB−pullulan to create trimolecular 

complexes which is composition of MB−SA−O3 and MB-pullulan−O3 were fully optimized at the HF/6-

31G(d) and B3LYP/6-31G(d) levels. Trimolecular is used to indicate decolorization mechanism of MB.  
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3-5  Results 

Computational methods constitute one of the attractive and useful tools to obtain the optimal 

geometries and determine various aspects of molecules, such as the molecular structure, stability, and 

reactivity. The optimized molecular geometries of the structure were computed using quantum 

mechanical calculations by HF/6-31G(d) and B3LYP/6-31G(d). Then, we optimized and chosen energy 

lowered for the most stable structure. Bond lengths were later computed, which indicated the interaction 

positions between MB and SA. Whether the result of the absorption spectrum of molecules, the 

absorbances of the peaks between the TD-DFT spectra is show differences. These results indicate that 

an intermolecular force (interaction between molecules) occurred. As for the result of binding energy, 

the complex structure with the lowest energy indicates that the lower the energy is, the more stable the 

structure becomes. Next, the result of the decolorization mechanism of MB dye based on the SA film, 

which indicates that MB and the polymer (SA/pullulan) react with O3. 

Fig. 3-3 presents the 3D diagrams of molecular structures that we obtained from the calculation 

optimal of molecular structures and render using program Gaussian09. These include optimal molecular 

structures of MB, optimal molecular structures of SA, and optimal molecular structures of the MB/SA 

complex. The optimal molecular structures of MB present the Cl atom drifts apart from the position of 

the MB structure, while other atoms remain intact, as shown in Fig. 3-3(a) MB, Fig. 3-3(b) presents a 

visualization of the calculated optimal SA structure into a curve structure, but there are still connections 

not separated from each other. This structure has to change from the original structure of SA that be a 

straight line, as shown in Fig. 2. In Fig. 3-3(c) presents the optimal molecular structures of the MB/SA 

complex that N and O have interacted at position N20, O121 and the distance between N and O is 2.91 

Å. In Fig. 3-3(d), this figure also has a distance of interaction between C and O is 2.95 Å at position 

C8, O60, which is the minimum distance from all calculations. Another result that we want to present 

is the S because we speculate that the N and S is a high potential for interaction because they are 

nonmetals with high electronegativity. In Fig. 3-3(e), we present the result of optimal molecular 

structures of the MB/SA complex that S and O interacted at the S19,O106 position and that the distance 

between S and O was equal to 3.20 Å. In addition, the interactions of the optimal molecular structures 
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of the MB/SA complex occur mainly at the position in the atomic distances of N, C, and S from MB 

between O from SA as shown in Table 1. As for binding energies (Table 2) is defined as the difference 

between the total energy of products (MB-SA) and that of reactants (MB and SA). Consequently, we 

obtained many structures displaying the lowest free energy of binding and proceeded to determine the 

details concerning atomic interactions between MB and SA (3-14). 

 

(a) (3-9) 

 

(b) (3-9) 
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(c) MB/SA (19) 

 

(d) MB/SA (6) 

 

(e) MB/SA (20) 

Fig 3-3  Optimal molecular structures (a) MB, (b) SA, and (c) N---O, (d) C---O, and (e) S---O 

the MB/SA complex at B3LYP/6-31G(d) level of theory.  
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3-5-1 Measurement of atomic distances  

Table 1 The atomic distances between (N, C, and S from MB and O from SA) for the complex 

obtained at B3LYP/6-31G(d).  

Structure 

Name 

N---O 

(Å) 

Position 

C---O 

(Å) 

Position 

S---O 

(Å) 

Position 

MB/SA (1) 2.96 N20,O117 3.26 C35,059 3.71 S19,O113 

MB/SA (2) 3.74 N20,O57,H78 3.53 C6,O106 3.23 S19,O60 

MB/SA (3) 3.91 N22,O108,H109 3.24 C31,062 3.48 S19,O108 

MB/SA (4) 3.51 N22,O60 3.46 C27,O106 3.27 S19,O60 

MB/SA (5) 3.46 N22,O60 3.17 C7, O60 3.27 S19,O60 

MB/SA (6) 3.51 N22,O60 2.95 C8, O60 3.26 S19,O60 

MB/SA (7) 3.27 N21,O60 3.13 C35,O60 4.62 S19,O44 

MB/SA (8) 3.51 N22,O60 2.96 C8, O60 3.27 S19,O60 

MB/SA (9) 3.18 N22,O62 2.98 C7, O62 3.29 S19,O62 

MB/SA (10) 3.73 N22,O62 2.96 C5, O60 3.94 S19,O57 

MB/SA (11) 3.27 N21,O60 3.13 C35,O60 4.62 S19,O44 

MB/SA (12) 3.53 N21,O59 3.32 C31, O59 3.69 S19,O113 

MB/SA (13) 3.18 N20,O57 3.19 C30,O57 5.94 S19,O113 

MB/SA (14) 4.19 N21,O60 3.56 C35,O60 3.11 S19,O63 

MB/SA (15) 3.51 N21,O48 3.45 C32,O47 4.24 S19,O62 

MB/SA (16) 3.44 N22,O57,H78 3.19 C35,O60 3.65 S19,O57 

MB/SA (17) 3.51 N22,O60 2.95 C8,O60 3.26 S19,O60 

MB/SA (18) 4.07 N20,O106 3.45 C23,O106 4.88 S19,O113 

MB/SA (19) 2.91 N20,O121 3.57 C23,O121 3.59 S19,O108 

MB/SA (20) 3.28 N21,O63 3.27 C31,O61 3.20 S19,O106 
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For geometry optimization, we decided to use the popular B3LYP functional. As it can 

be seen, the changes in geometry are relatively small. The parameters of complex structure 

(MB/SA) are given in Table1. 

In this experiment, we create structures and perform calculations for optimized molecular 

structures, resulting in interaction and bond lengths. We use functional theory B3LYP/6-31G(d) to 

calculations the stable structure of MB, SA, and complex structure. The interaction between the two 

substances of N---O, C---O, and S---O when the atoms are close enough so that their atomic orbitals 

interact. the vdW radii are estimated using equation (1) (3-14). We considered more than 20 structures in 

the interaction position. All structures are adjusted and calculated. Then, we select ten parameter 

structures from all structures displaying the lowest energy of binding, as shown in Table 1. This data 

presents the position and distance of N---O, C---O, and S---O. In each data presents an atom at short 

distances corresponding to an ionic bond. N--O's shortest distance is 2.96 Å at the position of N21, O58. 

The shortest distance of C--O is 3.18 Å at positions H32, C31, O58. The shortest distance of N --O is 

3.20 Å at positions of S19, O78. 
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3-5-2 Binding energy measurement 

Table 2 Binding energy (in kcal/mol) for the MB/SA complexes characterized at B3LYP/6-31G(d). 

 

 

The binding energies (3-23), (3-24) of complex structures are different from individual molecules. 

Ten structures were chosen from 20 initial structures calculated at HF/6-31G (d) and B3LYP6-31G (d), 

as shown in Table 2. We used the calculation values to support the geometry that the N, C, and S atoms 

of MB inter-act with the O atom of SA. Then, the result presents various stable complex structures with 

many designs, and there are also differences in binding energies. The binding of energy can be obtained 

from equation (2). However, when we considering binding energy, its value obtained with BSSE 

correction implemented during affects binding energy. In the cases of functional theory B3LYP/6-

31G(d) to calculations, the structure MB/SA (20) presents the BSSE (14.32 kcal/mol) by the calculation. 

All the ten structures have relative energy larger than 25.03 kcal/mol. 

 

Structure Name 

Complexation energy 

(kcal/mole) 

Relative 

energy 

(kcal/mole) 

BSSE  

(kcal/mole) 

MB/SA (20) -69.39 0 14.32 

MB/SA (3) -67.56 1.83 11.53 

MB/SA (4) -67.56 1.83 11.53 

MB/SA (14) -64.92 4.47 10.40 

MB/SA (1) -49.58 19.81 12.27 

MB/SA (18) -49.09 20.3 7.06 

MB/SA (12) -47.74 21.65 12.56 

MB/SA (13) -47.06 22.33 6.16 

MB/SA (16) -45.69 23.7 9.80 

MB/SA (2) -44.36 25.03 10.05 
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3-5-3 Time-Dependent calculation 

We successfully identified methylene blue and sodium alginate interactions at results of Time-

Dependent calculation is based on a DFT computational method (TD-DFT). TD-DFT obtains the wave 

functions of MOs that oscillate between the ground state and the first excited states. We suggest that 

MB and sodium alginate share an ionic bond, as evidenced by the shifts in the peaks corresponding to 

the benzene ring of MB in the mixture of MB and sodium alginate.   

 

Fig 3-4 Absorbance TD-DFT of MB and MB/SA complex structures at a 1:1 ratio at B3LYP/6-

31G(d) level of theory. 

The Fig3-5 shows the absorbance from the TD-DFT of MB and a complex structure of MB/SA 

at a 1:1 ratio. The results report that the peak at 550 nm in the MB spectrum shifted to 610 nm in the 

complex structures of the MB and SA spectrum.  The absorbances of the peaks between the TD-DFT 

spectra of 550 and 610 nm are show differences. These results indicate that an intermolecular force 

(interaction between molecules) occurred, thus suggesting that SA and MB undergo intermolecular 

interaction with one another at the –COO− (carboxylate salt) of SA and the N, C, and S position of MB. 

However, the prediction of the ultraviolet-visible absorption spectrum is still difficult, and the 

calculation accuracy is far inferior to the prediction of the real experiment spectrum.  
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3-5-4 Decolorization mechanism of MB dye based on the SA film 

In a previous paper, we reported that to develop an indicator for AOS detection with 

enhanced oxidative ability, it is important to stabilize MB by combining it with SA. If MB is 

stabilized, it will prevent attacks from AOS (3-1).  From that, we assumed the SA acts as a 

protection layer for MB. In this research, we focused on finding the most stable structure of the 

MB/SA complex. The present work, as an extension of our earlier work (3-1), describes the DFT 

calculations implemented in the B3LYP/6-31G(d) level to get an insight into geometric and 

electronic structures. The molecular stability, namely O3, O3–SA, SA, pullulan, pullulan– O3, 

MB– O3, MB, MB/SA, and MB/SA/ O3 were evaluated from the HOMO and LUMO energy 

values.  

As mentioned above, AOS with high oxidation allows the film to decolorize. Therefore, 

we assumed that the MB-covered SA would be exposing MB to radical AOS. AOS such as 

singlet oxygen (1O2), O3, and hydroxyl radicals (OH*) are of interest for surface modification, 

cleaning, and oxidation processes. From that, we can be used to develop thin-film indicators 

for AOS detection (3-25), (3-26), (3-27). Then, we experimented with calculating the HOMO–LUMO 

energy to evaluate the structures because the HOMO and LUMO are some of the best theories 

to explain a molecule's chemical stability (3-28), (3-29). The HOMO and LUMO energies of the 

structure provide information about energy distribution. When the higher the energy of HOMO, 

it more accessible to oxidization of the molecule. More than that, the more negative of the 

HOMO and LUMO energies will establish the stability of structures (3-30), (3-31).  

We present the 3D diagrams of the most optimized geometries by using DFT 

calculations, which were implemented in the B3LYP/6-31G(d) level, as shown in Fig. 3-4. We 

focus on a study uniform a thin film based on a water-soluble polymer with MB to describe the 

decolorization mechanism when exposed to AOS. In structure simulations, we focus to 

simulated two polymers, SA and pullulan. Both of these polymers have a similar positioning of 

O3. We try to position O3 as close to SA as possible in the simulation of complex structures 

because the experimental results of previous studies have shown that a powerful type of AOS 
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is required to react to the film for decolorization. From assumed above that SA would be a 

protective layer before the decolorization mechanism occurs. 

We compared HOMO and LUMO energy values of the optimized structure per-formed 

to the following values: O3, MB, SA, pullulan, MB/SA, and MB–pullulan shown in Table 3. 

The results obtained from the HOMO–LUMO energy calculation can be used to analyze the 

decolorization of the thin film (3-1). To prove that both SA and pullulan act as a protective layer 

for MB, we must look at their HOMO value and compare it with the LUMO value of O3. As 

you can see, the LUMO value of O3 is -4.90 eV. If the HOMO value is above that, oxidation 

will occur. Therefore, MB oxidizes with O3. On the other hand, SA and pullulan have lower 

HOMO values than the LUMO value of O3. Thus, SA and pullulan cannot oxidize with O3. Due 

to that matter, we combine SA and pullulan with MB, creating MB/SA and MB-pullulan. 

Nevertheless, when SA and pullulan are combined with MB, creating MB/SA and MB-pullulan 

complexes, we observed that the HOMO level of MB decreases to −5.73 and −5.57, 

respectively, strongly suggesting the prevention of MB from O3 oxidation in the matrix of SA 

 

Table 3 Comparing HOMO and LUMO energy values of the structures optimized at B3LYP/6-

31G(d) (3-9) 

Structure Name     HOMO (eV) LUMO (eV)     HOMO-LUMO (eV) 

O3 -8.98 -4.90 -4.08 

MB -4.08 -2.99 -1.09 

SA -5.40 -2.05 -3.35 

Pullulan -6.73 0.81 -7.53 

MB/SA -5.73 -3.32 -2.41 

MB/pullulan -5.57 -3.48 -2.09 
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(a) 

 

(b) 

Fig 3-5 Optimal molecular structure of (a) MB/SA and O3, (b) MB/pullulan and O3 at B3LYP/6-

31G(d) level of theory. 

 

The 3D figure shows the most optimized geometries found using DFT calculations, 

which were implemented in the B3LYP/6-31(d) level (Fig. 3-5). The results obtained from the 

calculation can be used to analyze the decolorization of the thin film. However, the indicators 

comprising of sodium alginate or pullulan mixed with methylene blue cannot be decolorized in 

ozone exposure.  

No interaction occurs between molecules

No interaction 

occurs between 
molecules
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3-6 Discussion  

In MB/SA complex structures, the most stable binding site for MB is N atom, C atom, and S 

atom in analysis. As for SA, we also found that at molecular arrangement structure R1 and R2 of the 

SA optimized molecular structures were more likely to interact with R3 and R4. The binding affinity 

of molecules is the sum of energy caused by thrust and the gravitational force between the nucleus and 

electron, and the action force between two electrons. The total energy of molecules can be obtained 

using the calculation of molecular structures. If the result presents a stable structure, the binding energy 

will be negative. At the same time, the same molecule with the lowest total energy is more stable than 

the one with the highest energy. Binding energy is defined as the difference between the total energy of 

(MB-SA) and that of reactants (MB and SA). Using a finite basis set, BSSE occurs when atoms of 

interacting molecules approach one another.   

                In addition, we attempted to explain the molecular reasons for the resistance of MB/SA film 

against decolorization in the exposure to O3 by calculation for bimolecular and trimolecular complexes 

among MB, SA, and O3 by molecular orbital calculation. The HOMO assessed molecule of MB mixed 

with SA molecular orbitals estimates the gap between HOMO and LUMO, LUMO energy value, and 

the HOMO-LUMO gap considering the changing HOMO-LUMO energy gap. The energy bandgap can 

be used to determine the efficiency of the electron transition between the HOMO and LUMO energy 

levels within a structure, whether the transition occurs quickly or not. The degradation of colors, the 

MB/SA complex underwent decolorization upon possible interaction modes that allowed AOS 

detection. O3 was used to observe the decolorization mechanism of MB dye based on the SA film. Thus, 

HOMO and LUMO energy values can explain the intramolecular charge transfer from the electron 

donor to the electron acceptor in the MB/SA complex. The decolorization of the film is caused by the 

degradation reaction of MB upon AOS exposure was also discussed.  

Pullulan is the most suitable for use as a protection layer against AOS attacks. However, 

pullulan still has the biggest gap (with/without O3) compared with SA (with/without O3), which means 

pullulan is more stable than the SA. From that, pullulan is hard to analyze because it is the most stable 

structure. Previous research (3-32), (3-33), (3-34) has mentioned elucidating the chemical reactions and the 

decolorization mechanism associated with exposure of the optimized MB–pullulan structures to OH*.  
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The results offer insight into possible interaction modes allowing AOS detection under various 

conditions. MB-dyed pullulan films have been used as models to investigate MB decolorization. 

Pullulan is a natural water-soluble polysaccharide with excellent film-forming properties but has a large 

and complex structure that makes it challenging to identify interactions with MB. We can confirm the 

strong affinity of the MB–polymer complex for AOS exposure from the bandgap calculation from the 

energies of HOMO and LUMO. Band gaps decrease while the LUMO energies increase upon 

interaction with O3 by a polymer. This result also supports the mechanism of decolorization of 

MB/polymer com-plex towards O3. Overall, we suggested the minimum and maximum values of 

HOMO and LUMO transition from the electron donor to the electron acceptor during the reaction 

between MB/SA and O3. Furthermore, the HOMO–LUMO gaps of MB/pullulan/O3 complex indicate 

that pullulan has the lowest oxidative ability more than MB/SA/O3 complex. Therefore, SA is more 

suitable for computational analysis. 
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3-7 Conclusions 

In this research, we have performed calculations at B3LYP/6-31G(d) levels of theory for the 

geometrical and energetic calculation of MB, SA, and MB/SA. Analysis of the molecular orbital (the 

MB/SA complexes were investigated by comparing vdW radii and binding energy) suggested forming 

bond lengths between N and C in the amine group of MB and O (-OOC-) of SA that happen. The impact 

of the binding energies showed that the complex structures (MB/SA) have different energies based on 

both calculations at the B3LYP/6-31G(d) level of theory. From that, these results supported previous 

results (3-1).  

Consequently, When the binding energy at the B3LYP/6-31G(d) level has increased, the 

structure is more stable. The calculations experiment was achieved by stabilizing all ten complex 

structures and displaying the lowest free energies. The results in the identification of interactions that 

promote high affinity between MB and SA. The MB, SA, pullulan, MB/SA, and MB–pullulan to 

examine film decolorization's response decolorization mechanism of methylene blue dyes employed 

water-soluble polymers. As well as, clarifying the methylene blue dyes employed these polymers have 

a resistance for ozone by a calculation method by using GaussView and Gaussian09.  

We can confirm the strong affinity of the MB–polymer complex for AOS exposure from the 

bandgap calculation from the energies of HOMO and LUMO. Band gaps decrease while the LUMO 

energies increase upon interaction with O3 by a polymer. In this result, we suggested the minimum and 

maximum values of HOMO and LUMO transition from the electron donor to the electron acceptor 

during the reaction between MB/SA, and O3. Furthermore, the HOMO–LUMO gaps of MB/pullulan/O3 

complex indicate that pullulan has the lowest oxidative ability more than MB/SA/O3 complex. So, 

pullulan is more suitable for indicators of AOS that are made from uniform thin films than SA. The 

calculation for MB/O3 and MB/SA or pullulan/O3 complexes showed that O3can decolorize MB; 

however, the indicators comprising SA or pullulan mixed with MB cannot be decolorized in O3 

exposure. Thus, the suitability of selecting SA or pullulan as a polymer matrix to develop AOS detectors 

was validated. 
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4-1 Introduction 

Hydroxyl radicals (OH radical), hydrogen peroxide (H2O2), and ozone (O3) are active 

oxygen species (AOS) in the narrow sense (4-1), (4-2), (4-3). AOS is involved in various applications 

in numerous industrial processes owing to its extremely strong oxidative ability. It is well 

known that HO radicals are electrophilic in nature and react with electron sites of organic 

compounds by complex reaction mechanisms involving free radicals. Wherewith free radicals 

are usually unstable and highly reactive because the unpaired electrons tend to form pairs with 

other electrons (4-5). 

A methylene blue of previous (4-2) studies has revealed the major reaction mechanisms 

of OH radicals in stabilizing methylene blue by mixing it with water-soluble polymers. 

Analyzed a methylene blue-dyed sodium alginate thin-film and methylene blue-dyed pullulan 

thin-film indicator to elucidate the chemical reactions occurring as well as the decolorization 

mechanism generated under the high-humidity condition. The results revealed that the AOS 

was exposed under low-humidity conditions and high-humidity conditions to the methylene 

blue-based water-soluble polymer film. The pigment on the thin film after AOS exposure in a 

high-humidity environment was markedly discolored and became transparent. However, the 

decolorization of the film after exposure to ozone and AOS under low-humidity conditions was 

hardly observed. Therefore, the decolorization of the film due to AOS exposure is related to the 

degradation reaction of methylene blue molecules caused by hydroxyl radicals. Moreover, 

methylene blue and water-soluble polymers results revealed that methylene blue and water-

soluble polymers complex undergo decolorization upon insight into possible interaction modes, 

allowing AOS detection under various conditions. The molecular orbital analysis suggested the 

formation of hydrogen bonds between nitrogen, carbon, and sulfur atoms in the methylene blue 

benzene ring. On the side water-soluble polymers, OH group from pullulan and carboxylates 

salt (–COO-) from sodium alginate. The calculations determined the shortest bond distances 

among the various complex structures displaying the lowest free energies, resulting in the 

identification of interaction promoting high affinity between the two molecules. 
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The objective of this article is to apply computational methods to evaluate the 

decolorization mechanism ability between methylene blue /sodium alginate and methylene blue 

/pullulan of complex structures with OH radical, which has the strongest oxidative ability 

among AOS. In addition, we wanted to show that there is a difference in the decolorization 

mechanism between OH radical and another AOS species with a molecular model, in the 

previous paper (4-1), only ozone is simulated in advance.  

In the present study, molecular orbital calculations reveal the details of the interaction 

between methylene blue and water-soluble polymers. We investigated the stable structures and 

their electronic properties for the complexes of methylene blue /sodium alginate and methylene 

blue/pullulan with ozone, H2O2, and OH radicals in a vacuum, respectively. With MB alone, 

bleaching reaction occurs due to excited singlet oxygen molecules/atoms and OH radicals 

including ozone (although there is a prior document in our laboratory, indicating that the 

indicators comprising sodium alginate or pullulan mixed with MB cannot be decolorized in 

ozone exposure). On the other hand, OH radicals, which have the strongest oxidizing power, 

can be decolorized by using an indicator containing methylene blue in sodium alginate or 

pullulan, but decolorization reaction does not occur in ozone or excited singlet oxygen or 

molecules. To highlight the difference in the mechanism of the attacking reaction of OH 

radicals to methylene blue /sodium alginate and methylene blue /pullulan, density functional 

theory (DFT) calculation has been analyzed to determine these chemical reactivity descriptor 

values of methylene blue, sodium alginate, pullulan, methylene blue /sodium alginate, and 

methylene blue /pullulan of molecules. Computational chemistry can be used to probe chemical 

reactivity and to analyze the changes in the electronic properties of the reactants, transition 

states, and products as a reaction proceeds. In the computational method, the methylene blue 

/sodium alginate and methylene blue /pullulan of complex structures can be evaluated by some 

chemical reactions descriptors such as LUMO energy (eV), HOMO energy (eV), energy gap 

(eV), global hardness, softness, and electro-negativity. Moreover, the degradation of colors, the 

methylene blue/sodium alginate complex underwent decolorization upon possible interaction 

modes that allowed AOS detection. The OH radicals were used to observe the decolorization 
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mechanism of MB dye based on the sodium alginate and pullulan. The decolorization of the 

film is caused by the degradation reaction of methylene blue upon AOS exposure was also 

discussed. These investigations may also apply to evaluate uniform thin film indicators based 

on methylene blue-dyed water-soluble polymers to elucidate the de-colorization mechanism 

upon exposure to AOS. Therefore, in this paper, we would like to clarify the molecular 

mechanism of decolorization of methylene blue in water-soluble polymers by OH radicals, 

which has the strongest oxidative ability among AOS. 
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4-2 Methods 

In this paper, we carried out the DFT calculation (4-6),(4-7)  to provide theoretical supports 

for understanding how OH radical causes methylene blue to decolorize and to compare the 

stability of polymers (between pullulan and sodium alginate), which has the strongest oxidative 

ability that allow OH radical exposure. 

Determination of the stable structure of methylene blue with polymer: Initial structures 

of methylene blue /sodium alginate and methylene blue /pullulan were chosen from the 

structure of a previous study. These calculations were done using the Gaussian 09 suite of 

programs. GaussView molecular modeling software was used to plot the molecular orbitals and 

draw the molecular structure. These structures were optimized in a vacuum and their charge 

distribution was analyzed by using DFT calculation as the exchange and correlation potentials 

and the B3LYP/6-31G(d) basis-set of ab initio MO program Gaussian09. Here we employed 

the DFT calculation due to its good performance for accurate and reliable calculation. Recently, 

computational techniques especially DFT calculation have been commendably applied to 

determine these various parameters of complex molecules.  

To create a complex structure, the formation of the complex structure was undertaken 

by placing methylene blue and water-soluble polymers in different orientations relative to one 

another. To create a complex structure, we arranged the molecules of methylene blue and water-

soluble polymers differently in terms of position. Different positions arrangement allows the 

energy of complex structures to be diverse. 
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4-3 Active oxygen species 

AOS refers to oxygen-based species that are characterized by high oxidizing power and 

are generated by irradiating oxygen molecules with a specific wavelength of UV radiation. Such 

species include ozone (O3), excited singlet oxygen (1O2), hydroxyl radical (OH*), and excited 

singlet oxygen [O(1D)]. Among the types of AOS, OH* have high oxidizing power. The 

hydroxyl radical (OH*) is a powerful oxidant that is produced in a wide range of 

environments1. This radical degrades organic compounds, which makes it harmful if produced 

in excess and in close proximity to cells. Such oxidative stress reactions can have a range of 

adverse effects, and ·OH production may be accelerated by reactive nanoparticles, which 

reactions are of great practical significance. 

 

Fig.4-1. AOS structure at the B3LYP/6-31G(d) level of theory 
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4-4 Results and Discussion 

The various parameters LUMO energy (eV), HOMO energy (eV), energy gap (eV), 

hardness, softness, and electronegativity associated with decolorization mechanisms have been 

calculated for the methylene blue pullulan and methylene blue /sodium alginate complex 

structures. Spin density distribution is an important quantum property in the estimation of 

methylene blue, pullulan, and sodium alginate structures.   

We first placed the methylene blue structure close to the polymer (pullulan and sodium 

alginate) structure and optimized the structures in a vacuum by use of the calculations. We 

perform the binding energy and force calculations using density functional theory at the 

B3LYP/6-31G(d) level. The total binding energy of the optimized methylene blue /pullulan 

complex structures are listed in Fig4-1., indicating that the structure is shown optimized 

methylene blue /pullulan complex structure is at least -54.19 kcal/mol more stable than the 

other structures. As for Fig4- 2, the total binding energy of the optimized methylene blue 

/sodium alginate complex structures. The optimized structure of methylene blue /sodium 

alginate in the gas phase contains -69.39 kcal/mole less energy than the other structures. We 

can predicate that the binding energy results indicated that the estimation of methylene blue 

/pullulan complex structures is more stable in comparison with methylene blue/sodium alginate 

complex structures. 
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methylene blue /pullulan 1 

 

methylene blue /pullulan 6 
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methylene blue /pullulan 14 

 

 

methylene blue /pullulan 16 
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methylene blue /pullulan 25 

 

 

methylene blue /pullulan 27 
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methylene blue /pullulan 28 

 

 

methylene blue /pullulan 29 
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methylene blue /pullulan 31 

 

 

methylene blue /pullulan 35 
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methylene blue /pullulan 36 

 

 

methylene blue /pullulan 38 
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methylene blue /pullulan 39 

 

 

methylene blue /pullulan 42 
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methylene blue /pullulan 43 

 

 

methylene blue /pullulan 44 
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methylene blue /pullulan 47 

 

methylene blue /pullulan 50 

Fig.4-2. The optimized for the methylene blue /pullulan complexes at the B3LYP/6-

31G(d) level of theory. 
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The 3D figure shows the most optimized geometries found using DFT calculations, 

which were implemented in the B3LYP/6-31(d) level (Fig. 4-2). This allows the change to be 

identified from its original structure. When calculating the structure of methylene blue and 

pullulan, particularly pullulan was clearly changed. The figure shows that the pullulan structure 

is contorted to form a cluster or circle. As for the methylene blue, some structures are slightly 

bent. Out of all the structural improvements, structure of methylene blue /pullulan 16 was the 

most stable.  

From the B3LYP/6-31G(d) calculations, this technique has been widely used to 

determine the binding energy of stable molecules. It was found that the binding energy between 

the methylene blue /pullulan structure was -54.19 to -10.15 kcal/mol respectively. Sorted by 

the highest to lowest binding energy among all the results are shown in Fig 4-2. methylene 

blue/pullulan 16 has the highest binding energy of -54.19 kcal/mol, while the lowest binding 

energy of -10.15 kcal/mol is methylene blue/pullulan structures as from Fig 4-2. It also indicates 

that the relative energy difference between methylene blue /pullulan 16 compared with 

methylene blue /pullulan 35 structures is 44.04 kcal/mol. The interaction energy between two 

molecules methylene blue and pullulan is typically calculated as the energy difference between 

the product complex methylene blue/pullulan. The small basis sets stabilize the complex more 

                      

                           initiate structure

initiate structure
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than the separate components due to the basis set superposition error (BSSE). Since the atoms 

are closer when involved in chemical bonds than they are in intermolecular complexes, the 

magnitude of the BSSE. The largest BSSE of methylene blue/pullulan 2 is 10.63 kcal/mol. 

Whereas the smallest BSSE of methylene blue/pullulan 3 to 5.48 kcal/mol was obtained. 

 

Table 1. Binding energy of methylene blue /pullulan structures at the B3LYP/6-31G(d) level 

of theory. 

Structure 

Name 

Complexation energy 

(kcal/mole) 

Relative energy 

(kcal/mole) 

BSSE 

(kcal/mole) 

MB/PL (16) -54.19 -10.16 10.63 

MB/PL (1) -44.03 0.00 11.57 

MB/PL (29) -39.26 4.77 5.48 

MB/PL (14) -34.97 9.06 8.48 

MB/PL (43) -32.61 11.42 7.41 

MB/PL (31) -25.95 18.08 12.33 

MB/PL (28) -23.54 20.49 7.31 

MB/PL (44) -21.45 22.58 12.19 

MB/PL (36) -10.27 33.76 7.90 

MB/PL (38) -10.27 33.76 7.90 

MB/PL (6) -10.15 33.88 7.66 

MB/PL (20) -10.15 33.88 7.66 

MB/PL (42) -10.15 33.88 7.95 

MB/PL (21) -7.28 36.75 4.88 

MB/PL (39) -6.85 37.18 4.94 

MB/PL (35) -6.71 37.32 4.87 

MB/PL (47) -6.34 37.69 5.80 
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methylene blue /sodium alginate 1 

 

 

methylene blue /sodium alginate 2 
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methylene blue /sodium alginate 3 

 

methylene blue /sodium alginate 4 
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methylene blue /sodium alginate 5 

 

methylene blue /sodium alginate 6 
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methylene blue /sodium alginate 7 

 

methylene blue /sodium alginate 8 
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methylene blue /sodium alginate 9 

 

methylene blue /sodium alginate 10 
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methylene blue /sodium alginate 11 

 

methylene blue /sodium alginate 12 
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methylene blue /sodium alginate 13 

 

 

methylene blue /sodium alginate 14 
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methylene blue /sodium alginate 15 

 

methylene blue /sodium alginate 16 
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methylene blue /sodium alginate 17

 

methylene blue /sodium alginate 18 
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methylene blue /sodium alginate 19 

 

methylene blue /sodium alginate 20 

Fig.4-3. the optimized for the methylene blue /sodium alginate complexes at the 

B3LYP/6-31G(d) level of theory. 
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The 3D figure shows the most optimized geometries found using DFT calculations, which were 

implemented in the B3LYP/6-31(d) level (Fig. 4-3). The complex structure of methylene blue /sodium 

alginate has differed from its initial structure. Furthermore, the position of methylene blue and sodium 

alginate structures shifted towards one another, which can analyze the reaction between methylene blue 

/sodium alginate were investigated by comparing vdW radii. Of all the optimized geometries, the 

structure of methylene blue /sodium alginate3 is the most stable.  

The binding energy is usually obtained from the solution of the Schrödinger equation which is, 

in turn, complicated by the impossibility to separate the center-of-mass motion. The binding energy is 

the amount of energy required to separate a particle from a system of particles or to disperse all the 

particles of the system. This binding energy is shown in Fig.4-3 has presented measurements of the 

optimization for the methylene blue /sodium alginate complexes structure at the B3LYP/6-31G(d) level 

of theory. The binding energy results in all 20 complex structures show that the highest value is -81.40 

kcal/mol (methylene blue /sodium alginate 3) and the lowest value of the measurement of the complex 

structure is -44.13 kcal/mol (methylene blue /sodium alginate 5). The relative energy, which shows the 

difference between the most stable complex structure and the lowest stable complex structure, indicates 

that the relative energy is -37.27 kcal/mol. In addition, the BSSE results between the methylene blue 

/sodium alginate structure are 16.18 to 8.54 kcal/mol. 

              
       
         

                                   

initiate structure

initiate structure
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Table 2. Binding energy of methylene blue /sodium alginate structure at the B3LYP/6-31G(d) level of 

theory. 

Structure 

Name 

Complexation energy 

(kcal/mole) 

Relative energy 

(kcal/mole) 

BSSE 

(kcal/mole) 

MB/SA (20) -69.39 0.00 14.32 

MB/SA (3) -67.56 1.83 11.53 

MB/SA (4) -67.56 1.83 11.53 

MB/SA (14) -64.92 4.47 10.40 

MB/SA (1) -49.58 19.81 12.27 

MB/SA (18) -49.09 20.30 7.06 

MB/SA (12) -47.74 21.65 12.56 

MB/SA (13) -47.06 22.33 6.16 

MB/SA (16) -45.69 23.70 9.80 

MB/SA (2) -44.36 25.03 10.05 

MB/SA (7) -42.49 26.90 8.20 

MB/SA (11) -42.49 26.90 8.20 

MB/SA (5) -39.08 30.31 10.22 

MB/SA (8) -38.13 31.26 9.31 

MB/SA (6) -38.12 31.27 9.31 

MB/SA (17) -38.12 31.27 9.32 

MB/SA (19) -21.84 47.55 11.78 

MB/SA (10) -15.97 53.42 9.07 

MB/SA (9) -13.61 55.78 11.30 

MB/SA (15) -1.19 68.20 8.00 
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Table 3. The values chemical reactivity of AOS structure at the B3LYP/6-31G(d) level of 

theory. 

Property Formular 

Structure 

hydroxyl 

radical  

hydrogen 

peroxide  

ozone 

LUMO energy 

(eV) 

ELUMO -6.59 0.57 -4.90 

 SOMO*, HOMO 

energy (eV) 

EHOMO -7.26 -6.71 -8.98 

energy gap  (eV) Eg = ELUMO – EHOMO 0.67 7.27 4.08 

chemical potential μ = (ELUMO + EHOMO)/2 -6.93 -3.07 -6.94 

global hardness η = (ELUMO – EHOMO)/2 0.34 3.64 2.04 

softness σ =1/η 2.98 0.27 0.49 

electronegativity 

(EN) 

χ = – μ 6.93 3.07 6.94 

 

In part of Table 3 presents various parameters. The LUMO energy (eV), HOMO energy (eV), 

energy gap (eV) (The value of the energy difference between HOMO energy and LUMO energy well 

as HOMO energy and LUMO energy play a very important role in the stability and reactivity of 

molecules), hardness (4-8),(4-9), softness (softness is just reciprocal of the hardness), and electro-negativity 

associated with decolorization mechanisms have been calculated for the OH radical structure, H2O2 

structure, and ozone structure respectively. Thus, the oxidant power of structures can be estimated by 

considering all the possible physicochemical characteristics such as orbital. Conceptual density 

functional theory offers a wide range of chemical reactivity indices for the description of chemical 

processes. It is clear from Table1, the energy gap for all molecules depends on the number of HOMO 

and LUMO. The total energy for all study molecules as AOS species. which the structures that were 

analyzed, it is showing different in results. It is well known that the singly occupied molecular orbital 

(SOMO) of a radical species is considered to be highly reactive. The global hardness presents the 
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resistance of a chemical species to change its electronic configuration. The high value of global hard-

ness means a very stable system to accept and donate electrons. The global hardness is positive, and its 

minimum value is zero. From the results, it can be seen that OH radical structure has the highest 

hardness (2.39). In addition, the SOMO energy of OH radical structure (-7.26 eV). In terms of 

electronegativity of OH radical structure (6.93) is also higher than H2O2 structure. 

Table 4. The values chemical reactivity of structure at the B3LYP/6-31G(d) level of theory. 

Property 

Structure 

methylene 

blue 

pullulan sodium 

alginate 

methylene 

blue/pullulan 

methylene blue/sodium 

alginate 

LUMO energy (eV) -2.99 0.81 -2.05 -3.48 -3.32 

HOMO energy (eV) -4.08 -6.73 -5.40 -5.57 -5.73 

energy gap (eV) 1.09 7.54 3.35 2.09 2.41 

chemical potential -3.54 -2.96 -3.73 -4.53 -4.53 

global hardness 0.55 3.77 1.68 1.05 1.21 

softness 1.83 0.27 0.60 0.96 0.83 

electronegativity 

(EN) 

3.54 2.96 3.73 4.53 4.53 

 

The various parameters LUMO energy (eV), HOMO energy (eV), energy gap (eV), 

hardness, softness, and electronegativity associated with decolorization mechanisms have been 

calculated for the methylene blue pullulan and methylene blue /sodium alginate complex 

structures. The chemical reactivity bases on the cooperation effects of different parameters are 

presented in Table 4. The HOMO energy of a molecule shows the electron-donating ability as 

when energetically reacted, found easiest to take away electrons from this orbital path whereas 

LUMO characterizes electrons accepting ability. We report that as the energy gap of methylene 

blue structure is 1.09 eV, pullulan structure is 7.54 eV, and sodium alginate structure is 3.35eV. 

There is indicates methylene blue structure is a smaller gap than the pullulan structure and 
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sodium alginate structure. Thus, the small energy gap between LUMO and HOMO infers the 

molecule can reactive more easily. Whereas the large energy gap indicates the molecule is 

difficult to reactive.  

To develop complex structures for AOS detection with enhanced oxidative ability, it is 

important to stabilize methylene blue by combining it with water-soluble polymers. If the 

methylene blue is stable, it can protect against AOS attacks. Properties of methylene blue: deep 

blue in color, highly soluble in water. Methylene blue (4-10) is a colorful organic chloride salt 

compound used in indicators by us apply as a dye to help them see decolorization under the 

uniform thin film. methylene blue can cause easy oxidation and reduction agents.  

As mentioned above of water-soluble polymers, we choose water-soluble polymers are 

sodium alginate and pullulan act as a protection layer for methylene blue. Due to the good 

properties of sodium alginate and pullulan. Sodium alginate (4-1), (4-2) is obtained from brown 

algae. The structure is an inorganic salt of alginic acid, the most used type in the food industry 

is sodium alginate. Alginates are polymers of two substances, β-D-mannuronic acid (M) and α-

L-guluronic acid (G) acid. Sodium alginate shows good film-forming properties and low price, 

due to its popularity in large-scale production in chemical industries. Pullulan (4-11), (4-12) model 

is represented by five glucose units to investigate the large and complex pullulan structure. 

Pullulan is a natural water-soluble polysaccharide with excellent film-forming properties. It is 

a water-soluble microbial polysaccharide, which is an ideal material for edible films and 

coatings. Besides being flavorless and having good oxygen barrier properties, and its 

application for creating films, Pullulan has low transparency. 

Hence as for complex structures, the energy gap of methylene blue/sodium alginate 

structure (2.41 eV) and methylene blue/pullulan structure (2.09 eV) is bigger than the energy 

gap of methylene blue structure (1.09 eV), which indicates the sodium alginate and pullulan 

would be a protective layer before the decolorization mechanism occurs. Furthermore, in 

complex structures, the energy gap of methylene blue/ pullulan structure is smaller than the 

energy gap of methylene blue/ sodium alginate structure, which indicates a smaller gap allows 

the electron to easily jump from the lower to a higher energy level. Where the methylene blue/ 
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pullulan structure easily oxidation more than methylene blue/ sodium alginate structure. 

Furthermore, we find that the pullulan structure has a bigger gap more than the methylene 

sodium alginate structure, which means the pullulan structure is stable more than the sodium 

alginate structure. The more stable will be to prevent attacks from AOS. The pullulan structure 

is excellent to act as a protection layer for MB due to the harder be to react. 

However, we compare the result of OH radical structure with methylene blue structure, 

pullulan structure, sodium alginate structure, and complex structures. While the HOMO of 

methylene blue structure (-4.08 eV), sodium alginate structure (-5.40 eV) methylene 

blue/pullulan structure (-5.57 eV) and of methylene blue/sodium alginate structure (-5.73 eV) 

are higher than the LUMO of OH radical structure, it indicates that the molecule structures can 

cause oxidation to occur with OH radical structure. Similarly, as for pullulan is lower than the 

LUMO of OH radical structure slightly. Forasmuch OH radical is singly occupied, it is well 

known that a radical species is considered to be highly reactive.   
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4-5 Conclusions 

This study was fully optimized using the B3LYP density functional method and 6-31G 

(d) basis set. The research results are significantly satisfactory and conform with those from 

former and relevant research. The results confirmed the energetic reaction in decolorization 

between methylene blue/pullulan and methylene blue/sodium alginate. Furthermore, when 

analyzing the values of LUMO energy and HOMO energy from the calculation of the structures 

of methylene blue, pullulan, sodium alginate, methylene blue/pullulan, and methylene 

blue/sodium alginate, it indicates that OH radical can induce methylene blue, pullulan, sodium 

alginate, methylene blue/pullulan, and methylene blue/sodium alginate to decolorization. 

Finally of the results research assumption that OH radical, which has the strongest oxidative 

ability among AOS. It is easily reacting with methylene blue/pullulan or methylene 

blue/sodium alginate complex but H2O2 and ozone not, which leads decolorization with the OH 

radicals. According to the species with a highly energetic reaction to molecules due to the high 

potential in oxidation. Consequently, the selection of these two polymers as detectors of OH 

radical can help in protecting the invasion of OH radical which finally results in the 

decolorization of methylene blue. 
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5-1 Conclusions 

In this study, the author aimed to elucidate the index for AOS detection by theoretically 

investigating the decolorization phenomenon, which occurs between AOS and the composite 

membranes made of methylene blue and water-soluble polymers, such as pullulan or sodium alginate. 

To clarify the intermolecular interactions between methylene blue, pullulan or sodium alginate, and 

AOS, molecular orbital calculations were performed using Gaussian09 and GaussView software. 

The thesis started from overviewing the historical research background about AOS applications 

to surface modification technology in industrial environments. Then, the features of the Gaussian and 

GaussView programs were highlighted along with their principles of operation, including input and 

output files of the programs. The objective of this thesis was finally described. 

In Chapter 2, the author has succeeded in analyzing the interaction patterns of the MB–pullulan 

complex, which undergoes decolorization upon OH* exposure and thus can be utilized for selective 

OH* detection, by MO calculation at the HF/6-31G(d) and DFT calculation at B3LYP/6-31G(d) level 

of theory. The results of the calculations suggested the possible formation of hydrogen bonds between 

the OH groups of pullulan and the sulfur, carbon, or nitrogen atom of methylene blue. The stabilization 

energy by the complex formation was also estimated. 

In Chapter 3, the author has performed DFT calculations at B3LYP/6-31G (d) level of theory 

to elucidate the geometrical and energetic features of MB, SA, and MB/SA. The results suggested the 

presence of intermolecular interactions between the N and C atoms of MB and the O (-OOC-) atoms of 

SA. The estimated binding energies showed that the stability of the MB/SA complex changes depending 

on the interaction patterns at the B3LYP/6-31G(d) level of theory. Accordingly, the most preferable 

interaction sites of MB and SA were identified. Moreover, the molecular orbitals of MB, SA, pullulan, 

MB/SA, and MB/pullulan was analyzed to get insight into the decolorization mechanism for the 

methylene blue-dyed thin films of water-soluble polymers. The calculations for MB/O3 and MB/SA or 

pullulan/O3 complexes showed that O3 can decolorize MB; however, the indicators comprising SA or 

pullulan mixed with MB cannot be decolorized in O3 exposure. 
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In Chapter 4, the study was extended to analyze the Fortier orbitals. For the fully optimized 

structures of methylene blue, pullulan, sodium alginate, methylene blue/pullulan, and methylene 

blue/sodium alginate obtained at the B3LYP density functional method using the 6-31G(d) basis set, 

the LUMO and HOMO levels were compared with the SOMO level of OH radical. The results 

supported the assumption that OH radical, a highly reactive species with a high oxidation potential 

toward various molecules, can react with methylene blue even in the polymer matrix to decolorize it. 

The result was satisfactory and conform with the previous experimental observations. 

All these research results help us understand the decolorization phenomenon of the methylene 

blue-dyed thin films upon exposure to AOS at the atomic level and thus provide us a theoretical validity 

to use the film to detect AOS. The weak interactions, which were found in this study to play roles in 

the decolorization of MB, will be useful for developing efficient AOS-based disinfection and surface 

modification technologies in industrial processes. 
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