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ABOUT
Eskisehir Technical University Journal of Science and Technology B- Theoretical Sciences

(formerly Anadolu University Journal of Science and Technology B- Theoretical Sciences) is
an peer-reviewed and refereed international journal by Eskisehir Technical University. Since
2010, it has been regularly published and distributed biannually and it has been published
biannually and electronically only since 2016.

e The journal accepts TURKISH and ENGLISH manuscripts.
e The journal is indexed by EBSCO, DOAJ and ULAKBIM.

AIM AND SCOPE

The journal publishes research papers, reviews and technical notes in the fields of theoretical
sciences such as Physics, Biology, Mathematics, Statistics, Chemistry and Chemical
Engineering, Environmental Sciences and Engineering, Civil Engineering, Electrical and
Electronical Engineering, Computer Science and Informatics, Materials Science and
Engineering, Mechanical Engineering, Mining Engineering, Industrial Engineering,
Aeronautics and Astronautics, Health Sciences, Pharmaceutical Sciences, and so on.

PEER REVIEW PROCESS

Manuscripts are first reviewed by the editorial board in terms of its its journal’s style rules
scientific content, ethics and methodological approach. If found appropriate, the manuscript is
then send to at least two referees by editor. The decision in line with the referees may be an
acceptance, a rejection or an invitation to revise and resubmit. Confidential review reports from
the referees will be kept in archive. All submission process manage through the online

submission systems.

OPEN ACCESS POLICY

This journal provides immediate open access to its content on the principle that making
research freely available to the public supports a greater global exchange of knowledge.
Copyright notice and type of licence : CC BY-NC-ND.

The journal doesn’t have Article Processing Charge (APC) or any submission charges.



Ethical Principles and Publication Policy

Policy & Ethics

Assessment and Publication

As a peer-reviewed journal, it is our goal to advance scientific knowledge and understanding.
We adhere to the guideline and ethical standards from the Committee on Publication Ethics
(COPE) and the recommendations of ICMJE (International Committee of Medical Journal
Editors) regarding all aspects of publication ethics and cases of research and publication
misconduct to ensure that all publications represent accurate and original work and that our peer
review process is structured without bias. We have outlined a set of ethical principles that must
be followed by all authors, reviewers, and editors.

All manuscripts submitted to our journals are pre-evaluated in terms of their relevance to the
scope of the journal, language, compliance with writing instructions, suitability for science, and
originality, by taking into account the current legal requirements regarding copyright
infringement and plagiarism. Manuscripts that are evaluated as insufficient or non-compliant
with the instructions for authors may be rejected without peer review.

Editors and referees who are expert researchers in their fields assess scientific manuscripts
submitted to our journals. A blind peer review policy is applied to the evaluation process. The
Editor-in-Chief, if he/she sees necessary, may assign an Editor for the manuscript or may
conduct the scientific assessment of the manuscript himself/herself. Editors may also assign
referees for the scientific assessment of the manuscript and make their decisions based on
reports by the referees. The Editor-in-Chief makes the final decision regarding the publishing
of the manuscript.

Articles are accepted for publication by the Editor-in-Chief in accordance with the COPE
(Committee on Publication Ethics). Authors can access this information online via the journals’
websites (https://publicationethics.org/). Articles are accepted for publication on the
understanding that they have not been published and are not going to be considered for
publication elsewhere. Authors should certify that neither the manuscript nor its main contents
have already been published or submitted for publication in another journal.

The journal adapts the COPE guidelines to satisfy the high-quality standards of ethics for
authors, editors, and reviewers:

Duties of Editors-in-Chief and co-Editors

The crucial role of the journal Editor-in-Chief and co-Editors is to monitor and ensure the
fairness, timeliness, thoroughness, and civility of the peer-review editorial process. The main
responsibilities of Editors-in-Chief are as follows:

* Selecting manuscripts suitable for publication while rejecting unsuitable manuscripts,
* Ensuring a supply of high-quality manuscripts to the journal by identifying important,
* Increasing the journal’s impact factor and maintaining the publishing schedule,

* Providing strategic input for the journal’s development,

Duties of Editors
The main responsibilities of editors are as follows:


https://publicationethics.org/

* An editor must evaluate the manuscript objectively for publication, judging each on its quality
without considering the nationality, ethnicity, political beliefs, race, religion, gender, seniority,
or institutional affiliation of the author(s). Editors should decline any assignment when there is
a potential for conflict of interest.

* Editors must ensure the document(s) sent to the reviewers does not contain information of the
author(s) and vice versa.

» Editors’ decisions should be provided to the author(s) accompanied by the reviewers’
comments and recommendations unless they contain offensive or libelous remarks.

» Editors should respect requests (if well reasoned and practicable) from author(s) that an
individual should not review the submission.

* Editors and all staff members should guarantee the confidentiality of the submitted
manuscript.

« Editors should have no conflict of interest with respect to articles they reject/accept. They
must not have a conflict of interest with the author(s), funder(s), or reviewer(s) of the
manuscript.

* Editors should strive to meet the needs of readers and authors and to constantly improve the
journal.

Duties of Reviewers/Referees
The main responsibilities of reviewers/referees are as follows:

» Reviewers should keep all information regarding papers confidential and treat them as
privileged information.

* Reviews should be conducted objectively, with no personal criticism of the author.

» Reviewers assist in the editorial decision process and as such should express their views
clearly with supporting arguments.

* Reviewers should complete their reviews within a specified timeframe (maximum thirty-five
(35) days). In the event that a reviewer feels it is not possible for him/her to complete the review
of the manuscript within a stipulated time, then this information must be communicated to the
editor so that the manuscript could be sent to another reviewer.

* Unpublished materials disclosed in a submitted manuscript must not be used in a reviewer’s
personal research without the written permission of the author. Information contained in an
unpublished manuscript will remain confidential and must not be used by the reviewer for
personal gain.

» Reviewers should not review manuscripts in which they have conflicts of interest resulting
from competitive, collaborative, or other relationships or connections with any of the authors,
companies, or institutions connected to the papers.

* Reviewers should identify similar work in published manuscripts that has not been cited by
the author. Reviewers should also notify the Editors of significant similarities and/or overlaps
between the manuscript and any other published or unpublished material.

Duties of Authors
The main responsibilities of authors are as follows:

* The author(s) should affirm that the material has not been previously published and that they
have not transferred elsewhere any rights to the article.

* The author(s) should ensure the originality of the work and that they have properly cited
others’ work in accordance with the reference format.

* The author(s) should not engage in plagiarism or in self-plagiarism.

* On clinical and experimental humans and animals, which require an ethical committee
decision for research in all branches of science;



All kinds of research carried out with qualitative or quantitative approaches that require data
collection from the participants by using survey, interview, focus group work, observation,
experiment, interview techniques,

Use of humans and animals (including material/data) for experimental or other scientific
purposes,

* Clinical studies on humans,

» Studies on animals,

* Retrospective studies in accordance with the law on the protection of personal data, (Ethics
committee approval should have been obtained for each individual application, and this
approval should be stated and documented in the article.)

Information about the permission (board name, date, and number) should be included in the
"Method" section of the article and also on the first/last page.

During manuscript upload, the “Ethics Committee Approval” file should be uploaded to the
system in addition to the manuscript file.

In addition, in case reports, it is necessary to include information on the signing of the informed
consent/ informed consent form in the manuscript.

* The author(s) should suggest no personal information that might make the identity of the
patient recognizable in any form of description, photograph, or pedigree. When photographs of
the patient were essential and indispensable as scientific information, the author(s) have
received consent in written form and have clearly stated as much.

* The author(s) should provide the editor with the data and details of the work if there are
suspicions of data falsification or fabrication. Fraudulent data shall not be tolerated. Any
manuscript with suspected fabricated or falsified data will not be accepted. A retraction will be
made for any publication which is found to have included fabricated or falsified data.

* The author(s) should clarify everything that may cause a conflict of interests such as work,
research expenses, consultant expenses, and intellectual property.

* The author(s) must follow the submission guidelines of the journal.

* The author(s) discover(s) a significant error and/or inaccuracy in the submitted manuscript at
any time, then the error and/or inaccuracy must be reported to the editor.

* The author(s) should disclose in their manuscript any financial or other substantive conflicts
of interest that might be construed to influence the results or interpretation of their manuscript.
All sources of financial support should be disclosed under the heading of “Acknowledgment”
or “Contribution”.

* The corresponding author should ensure that all appropriate co-authors and no inappropriate
co-authors are included in the paper and that all co-authors have seen and approved the final
version of the paper and have agreed to its submission for publication. All those who have made
significant contributions should be listed as co-authors. Others who have participated in certain
substantive aspects of the research should be acknowledged or listed under the heading of
“Author Contributions”.

Cancellations/Returns

Avrticles/manuscripts may be returned to the authors in order to increase the authenticity and/or
reliability and to prevent ethical breaches, and even if articles have been accepted and/or
published, they can be withdrawn from publication if necessary. The Editor-in-Chief of the
journal has the right to return or withdraw an article/manuscript in the following situations:

* When the manuscript is not within the scope of the journal,
* When the scientific quality and/or content of the manuscript do not meet the standards of the
journal and a referee review is not necessary,



* When there is proof of ruling out the findings obtained by the research, (When the
article/manuscript is undergoing an assessment or publication process by another journal,
congress, conference, etc.,)

* When the article/manuscript was not prepared in compliance with scientific publication ethics,
* When any other plagiarism is detected in the article/manuscript,

* When the authors do not perform the requested corrections within the requested time
(maximum twenty-one (21) days),

* When the author does not submit the requested documents/materials/data etc. within the
requested time,

* When the requested documents/materials/data etc. submitted by the author are missing for the
second time,

» When the study includes outdated data,

* When the authors make changes that are not approved by the editor after the manuscript was
submitted,

« When an author is added/removed, the order of the authors is changed, the corresponding
author is changed, or the addresses of the authors are changed without the consent of the Editor-
in-Chief,

» When a statement is not submitted indicating that approval of the ethics committee permission
was obtained for the following (including retrospective studies):

* When human rights or animal rights are violated,

ETHICAL ISSUES

Plagiarism
The use of someone else’s ideas or words without a proper citation is considered plagiarism

and will not be tolerated. Even if a citation is given, if quotation marks are not placed around
words taken directly from other authors’ work, the author is still guilty of plagiarism. Reuse of
the author’s own previously published words, with or without a citation, is regarded as self-
plagiarism.

All manuscripts received are submitted to iThenticate®, which compares the content of the
manuscript with a database of web pages and academic publications. Manuscripts are judged to
be plagiarized or self-plagiarized, based on the iThenticate® report or any other source of
information, will be rejected. Corrective actions are proposed when plagiarism and/or self-
plagiarism is detected after publication. Editors should analyze the article and decide whether
a corrected article or retraction needs to be published.

Open-access theses are considered as published works and they are included in the similarity
checks.

1Thenticate® report should have a maximum of 11% from a single source, and a maximum of

25% in total.
Conflicts of Interest

Eskisehir Technical University Journal of Science and Technology A - Applied Sciences and
Engineering should be informed of any significant conflict of interest of editors, authors, or
reviewers to determine whether any action would be appropriate (e.g. an author's statement of

conflict of interest for a published work, or disqualifying a referee).
Financial

The authors and reviewers of the article should inform the journal about the financial
information that will bring financial gain or loss to any organization from the publication of the
article.

*Research funds; funds, consulting fees for a staff member; If you have an interest, such as
patent interests, you may have a conflict of interest that needs to be declared.




Other areas of interest

The editor or reviewer may disclose a conflict of interest that, if known, would be embarrassing
(for example, an academic affiliation or rivalry,a close relationship or dislike, or a person who
may be affected by the publication of the article).

Conflict of interest statement

Please note that a conflict of interest statement is required for all submitted manuscripts. If there
is no conflict of interest, please state “There are no conflicts of interest to declare” in your
manuscript under the heading “Conflicts of Interest” as the last section before your
Acknowledgments.

AUTHOR GUIDELINES

All manuscripts must be submitted electronically.

You will be guided stepwise through the creation and uploading of the various files. There are no
page charges. Papers are accepted for publication on the understanding that they have not been
published and are not going to be considered for publication elsewhere. Authors should certify
that neither the manuscript nor its main contents have already been published or submitted for
publication in another journal. We ask a signed Copyright Form to start the evaluation process.
After a manuscript has been submitted, it is not possible for authors to be added or removed or
for the order of authors to be changed. If authors do so, their submission will be cancelled.

Manuscripts may be rejected without peer review by the editor-in-chief if they do not comply
with the instructions to authors or if they are beyond the scope of the journal. After a manuscript
has been accepted for publication, i.e. after referee-recommended revisions are complete, the
author will not be permitted to make any changes that constitute departures from the manuscript
that was accepted by the editor. Before publication, the galley proofs are always sent to the
authors for corrections. Mistakes or omissions that occur due to some negligence on our part
during final printing will be rectified in an errata section in a later issue.

This does not include those errors left uncorrected by the author in the galley proof. The use of
someone else’s ideas or words in their original form or slightly changed without a proper
citation is considered plagiarism and will not be tolerated. Even if a citation is given, if quotation
marks are not placed around words taken directly from another author’s work, the author is still
guilty of plagiarism. All manuscripts received are submitted to iThenticateR, a plagiarism
checking system, which compares the content of the manuscript with a vast database of web pages
and academic publications. Manuscripts judged to be plagiarised or self-plagiarised, based on the
iThenticateR report or any other source of information, will not be considered for publication.

Preparation of Manuscript

Style and Format: Manuscripts should be single column by giving one-spaced with 2.5-cm
margins on all sides of the page, in Times New Roman font (font size 11). Every page of the
manuscript, including the title page, references, tables, etc., should be numbered. All copies of
the manuscript should also have line numbers starting with 1 on each consecutive page.

Manuscripts must be upload as word document (*.doc, *.docx vb.). Please avoid uploading
texts in *.pdf format.

Manuscripts should be written in Turkish or English.


http://dergipark.gov.tr/uploads/files/5ae2/5b0a/08a9/581999b771531.docx

Symbols, Units and Abbreviations: Standard abbreviations and units should be used; SI units
are recommended. Abbreviations should be defined at first appearance, and their use in the title
and abstract should be avoided. Generic names of chemicals should be used. Genus and species
names should be typed in italic or, if this is not available, underlined.

Please refer to equations with capitalisation and unabbreviated (e.g., as given in Equation (1)).

Manuscript Content: Articles should be divided into logically ordered and numbered sections.
Principal sections should be numbered consecutively with Arabic numerals (1. Introduction, 2.
Formulation of problem, etc.) and subsections should be numbered 1.1., 1.2., etc. Do not
number the Acknowledgements or References sections. The text of articles should be, if
possible, divided into the following sections: Introduction, Materials and Methods (or
Experimental), Results, Discussion, and Conclusion.

Title and contact information

The first page should contain the full title in sentence case (e.g., Hybrid feature selection for
text classification), the full names (last names fully capitalised) and affiliations (in English) of
all authors (Department, Faculty, University, City, Country, E-mail), and the contact e-mail
address for the clearly identified corresponding author.

Abstract

The abstract should provide clear information about the research and the results obtained, and
should not exceed 300 words. The abstract should not contain citations and must be written in
Times New Roman font with font size 9.

Keywords
Please provide 3 to 5 keywords which can be used for indexing purposes.

Introduction

The motivation or purpose of your research should appear in the “Introduction”, where you
state the questions you sought to answer, and then provide some of the historical basis for those
questions.

Methods

Provide sufficient information to allow someone to repeat your work. A clear description of
your experimental design, sampling procedures, and statistical procedures is especially
important in papers describing field studies, simulations, or experiments. If you list a product
(e.g., animal food, analytical device), supply the name and location of the manufacturer. Give
the model number for equipment used.

Results
Results should be stated concisely and without interpretation.

Discussion

Focus on the rigorously supported aspects of your study. Carefully differentiate the results of
your study from data obtained from other sources. Interpret your results, relate them to the
results of previous research, and discuss the implications of your results or interpretations.



Conclusion
This should state clearly the main conclusions of the research and give a clear explanation of
their importance and relevance. Summary illustrations may be included.

Acknowledgments
Acknowledgments of people, grants, funds, etc. should be placed in a separate section before
the reference list. The names of funding organizations should be written in full.

Conflict of Interest Statement

The authors are obliged to present the conflict of interest statement at the end of the article
after the acknowledgments section.

References
AMA Style should be used in the reference writing of our journal. If necessary, at this point,
the reference writings of the articles published in our article can be examined.

Citations in the text should be identified by numbers in square brackets. The list of references
at the end of the paper should be given in order of their first appearance in the text or in
alphabetical order according to the surname of the fist author. All authors should be included in
reference lists unless there are 10 or more, in which case only the first 10 should be given,
followed by ‘et al.’. Do not use individual sets of square brackets for citation numbers that
appear together, e.g., [2, 3, 5-9], not [2], [3], [5]-[9]. Do not include personal communications,
unpublished data, websites, or other unpublished materials as references, although such
material may be inserted (in parentheses) in the text. In the case of publications in languages
other than English, the published English title should be provided if one exists, with an
annotation such as “(article in Turkish with an abstract in English)”. If the publication was not
published with an English title, cite the original title only; do not provide a self-translation.
References should be formatted as follows (please note the punctuation and capitalisation):

Journal articles
Journal titles should be abbreviated according to ISI Web of Science abbreviations.

Guyon I. and Elisseeff A. An introduction to variable and feature selection. J Mach Learn Res,
2003; 3: 1157-1182.

Izadpanahi S, Ozcmar C, Anbarjafari G and Demirel H. Resolution enhancement of video
sequences by using discrete wavelet transform and illumination compensation. Turk J Elec Eng
& Comp Sci., 2012; 20: 1268-1276.

Books
Haupt RL. and Haupt S.E. Practical Genetic Algorithms. 2nd ed. New York, NY, USA: Wiley,
2004.

Kennedy J and Eberhart R. Swarm Intelligence. San Diego, CA, USA: Academic Press, 2001.

Chapters in boks

Poore JH, Lin L, Eschbach R and Bauer T. Automated statistical testing for embedded systems.
In: Zander J, Schieferdecker I, Mosterman PJ, editors. Model-Based Testing for Embedded
Systems. Boca Raton, FL, USA: CRC Press, 2012. pp. 111-146.



Conference proceedings

Li RTH and Chung SH. Digital boundary controller for single-phase grid-connected CSI. In:
IEEE 2008 Power Electronics Specialists Conference; 15-19 June 2008; Rhodes, Greece. New
York, NY, USA: IEEE. pp. 4562-4568.

Theses
Boynukalin Z. Emotion analysis of Turkish texts by using machine learning methods. MSc,
Middle East Technical University, Ankara, Turkey, 2012.

Tables and Figures
All illustrations (photographs, drawings, graphs, etc.), not including tables, must be labelled
“Figure.” Figures must be submitted in the manuscript.

All tables and figures must have a caption and/or legend and be numbered (e.g., Table 1,
Figure 2), unless there is only one table or figure, in which case it should be labelled “Table”
or “Figure” with no numbering. Captions must be written in sentence case (e.g., Macroscopic
appearance of the samples.). The font used in the figures should be Times New Roman with 9
pt. If symbols such as x, p, n, or v are used, they should be added using the Symbols menu of
Word.

All tables and figures must be numbered consecutively as they are referred to in the text. Please
refer to tables and figures with capitalisation and unabbreviated (e.g., “As shown in Figure
2...”, and not “Fig. 2” or “figure 2”).

The resolution of images should not be less than 118 pixels/cm when width is set to 16 cm.
Images must be scanned at 1200 dpi resolution and submitted in jpeg or tiff format. Graphs and
diagrams must be drawn with a line weight between 0.5 and 1 point. Graphs and diagrams with
a line weight of less than 0.5 point or more than 1 point are not accepted. Scanned or
photocopied graphs and diagrams are not accepted.

Figures that are charts, diagrams, or drawings must be submitted in a modifiable format, i.e.
our graphics personnel should be able to modify them. Therefore, if the program with which
the figure is drawn has a “save as” option, it must be saved as *.ai or *.pdf. If the “save as”
option does not include these extensions, the figure must be copied and pasted into a blank
Microsoft Word document as an editable object. It must not be pasted as an image file (tiff,
jpeg, or eps) unless it is a photograph.

Tables and figures, including caption, title, column heads, and footnotes, must not exceed 16 x
20 cm and should be no smaller than 8 cm in width. For all tables, please use Word’s “Create
Table” feature, with no tabbed text or tables created with spaces and drawn lines. Please do not
duplicate information that is already presented in the figures.
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ABSTRACT

The chemical and biological activities are strongly related to the molecular structures and the media to which the molecules
were subjected. Therefore, it is crucial to know the behaviors of molecular systems in the examined solvent media and their
structural and reactivity properties. In the framework of this study, molecular and reactivity properties of some halogenated
piperazine derivatives were undertaken by using the density functional theory. It was observed that halogen atoms have
considerable effects on the behavior of piperazine molecule. Further, the atypical characteristic of fluorine affecting
conformational preference is observed for di-halogenated piperazines with the same halogen atoms.

Keywords: DFT, Halogen effect, Molecular structure, Reactivity properties

1. INTRODUCTION

Piperazine derivatives are considered special types of compounds which were found in large scale
applications possibilities in various fields of science. For example, piperazine and its derivatives have
been found as a component in different marketed drugs [1]. Piperazines were also used as a starting
material to synthesize many different compounds [2, 3]. Recently, Lipin et. al reported the effect of
piperazine substituted Favipiravir drug molecule against the Nipah virus [4]. Further, many piperazine
derivatives have been also known for their antihelmintic effect [5].

Density functional theory (DFT) has been extensively used to probe the molecular structures,
spectroscopic and reactivity properties of many different compounds ranging from small to
macromolecules depending on the computational source available [6-8]. In the essence of DFT, by
taking the electron density as a major parameter, it is possible to understand the ground and also excited
states of molecular structures and many other electronic properties of the investigated systems [9].

Stable molecular structures are closely related to chemical or biological activities. Therefore, in
continuation with our interests in the investigation of piperazine derivatives [10-12], the prime objective
of this search is to predict the stable molecular structures of the examined halogenated piperazines.
Within this objective, we have examined the conformational and reactivity properties of the compounds
together with the halogen and solvent effects. The compounds studied, their names and the abbreviations
used are summarized as follows; Cs4HioN2: piperazine (p), CsHoFN.: 1-fluoropiperazine (1-fp),
C4HoCIN,: 1-chloropiperazine (1-cp), CsHsBrNz: 1-bromopiperazine (1-bp), CsHeCIFN2:1-chloro-4-
fluoropiperazine (1-cfp), CsHoBrFN,:1-fluoro-4-bromopiperazine (1-fbp), CsHsBrCIN,:1-bromo-4-
chloropiperazine  (1-bcp), CsHgFoN2:  1,4-difluoropiperazine  (1,4-fp), CsHeCloN2:  1,4-
dichloropiperazine (1,4-cp), C4aHsBr2N»: 1,4-dibromopiperazine (1,4-bp).
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2. CALCULATIONS

As seen in Figure 1, the calculations were focused on every four conformers (ee, ae, ea, aa, e: equatorial
and a: axial) of the ten compounds. These conformational notations are also in line with the order of the
abbreviations of the molecules. The first character of the ae and ea symbols represents the position of
halogen atoms for 1-fp, 1-cp and 1-bp. Similarly, for 1-fbp, 1-cfp and 1-bcp, the first character of ae and
ea shows fluorine, chlorine and bromine halogen atoms correspondingly.

X——N X——N
N X=H,F,Cl Br | X
\QN o NE\
(a2) J( w

Figure 1. Conformational isomer and notation for the compounds.

Calculations were carried out in the gas phase, benzene and water media using the B3LYP functional
with the cc-pvdz basis set. The polarizable continuum model in which the solvent is considered as a
continuous medium was used to understand the solvation effect [13]. Computations were performed
using the Gaussian 16 program package [14]. GaussView was used for building molecules and
visualization of molecular orbitals [15].

3. RESULTS AND DISCUSSIONS
3.1. Conformational Studies

Piperazine in the chair form is more stable than the skewed boat by ~8 kcal/mol and the most stable
conformation is ee chair conformer. This form is predominant in pure solids whereas the strongly dipolar
ea form is most stabilized in an aqueous solution [16]. Relative stabilities and mole fractions for the
optimized structures of the conformers of the compounds in different environments are given in Table
1. Regarding the calculations by B3LYP/cc-pvdz in the gas phase, benzene and water, the ee form is
more stable than ea (ae) and aa 0.36 / 1.16, 0.29 / 0.93 and 0.18 / 0.60 kcal/mol, respectively. For the
gas phase, piperazine prefers ee, ea (ae) and aa conformers with probabilities of 59.28%, 32.38% and
8.34% correspondingly. These results are also suitable with MP2 and B3LYP calculations with the aug-
cc-pvdz basis set [16]. Similarly, for benzene and water, the molecule prefers the ee form with
approximate probabilities of 55% and 48% respectively and the percentage of the most stable form has
decreased. It is observed that the most stable form of piperazine is independent of the medium and
methods.
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Table 1. Relative energy (kcal/mol) and mole fraction (%) for conformers of the compounds.

Molecule Relative Mol_e Relative Mo!e Relative Mo!e
Energy Fraction Energy Fraction Energy Fraction
p Gas Benzene Water
aa 1.16 8.34 0.93 11.46 0.60 17.23
ea (ae) 0.36 32.38 0.29 33.75 0.18 35.15
ee - 59.28 - 54.79 - 47.62
1-fp
aa 1.55 3.43 1.50 4.13 1.33 6.42
ae 0.78 12.60 0.96 10.36 1.27 7.04
ea - 47.25 - 52.33 - 60.66
ee 0.15 36.72 0.27 33.18 0.50 25.88
1-cp
aa 2.58 0.63 251 0.78 2.32 1.26
ae 1.79 2.36 1.93 2.06 2.20 1.53
ea - 48.81 - 53.96 - 63.54
ee 0.01 48.20 0.13 43.20 0.38 33.67
1-bp
aa 2.45 0.81 2.39 0.99 2.22 1.55
ae 1.73 2.75 1.87 2.39 2.15 1.75
ea - 51.05 - 56.47 - 65.97
ee 0.07 45.39 0.20 40.15 0.45 30.73
1-cfp
aa 0.98 10.63 1.04 10.16 1.08 10.04
ae - 55.60 - 58.62 - 62.11
ea 1.20 7.30 1.18 7.97 1.16 8.75
ee 0.44 26.47 0.55 23.25 0.70 19.09
1-fbp
aa 0.95 11.17 1.02 10.40 1.07 10.10
ae - 55.37 - 58.46 - 61.88
ea 1.22 7.04 1.21 7.54 1.20 8.20
ee 0.44 26.42 0.54 23.60 0.67 19.82
1-bcp
aa 2.02 2.37 1.97 2.44 1.86 2.72
ae 1.04 12.39 0.93 14.05 0.80 16.32
ea 0.97 13.94 0.87 15.65 0.74 18.07
ee - 71.30 - 67.86 - 62.89
1,4-fp
aa - 54.67 - 51.64 - 48.44
ae (ea) 0.25 35.78 0.15 39.83 0.05 44.60
ee 1.03 9.55 1.07 8.53 1.15 6.96
1,4-cp
aa 2.05 2.56 1.99 2.77 1.85 3.30
ae (ea) 0.99 15.30 0.88 17.82 0.75 21.38
ee - 82.14 - 79.41 - 75.32
1,4-bp
aa 1.99 2.88 1.96 2.96 1.87 3.30
ae (ea) 1.03 14.48 0.94 16.42 0.82 19.31
ee - 82.64 - 80.62 - 77.39

Turning to single halogenated piperazines as 1-fp, 1-cp and 1-bp, the most stable conformation is ea
with a probability of 47-66% in the considered environments. Further, the percentage of the most stable
form of the compounds has increased as one goes to the polar water environment (Table 1). The most
stable form of the compounds is independent of the solvent and halogen atom.

According to the calculated energies of di-halogenated piperazines with different halogen atoms, 1-cfp
and 1-fbp prefer ae form with approximate probabilities of 55-61% for the used media whereas the most
stable form of 1-bcp is ee by the probabilities of 63-71%. As going to the polar water environment, the
percentage of preference for the most stable form of 1-cfp and 1-fbp increases whereas it decreases for
1-bcp. The most stable conformer of these compounds is dependent on the halogen atom.

3
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Moving to the optimization energy values of di-halogenated piperazines with the same halogens in the
gas phase, benzene and water, the ee form of 1,4-cp and 1,4-bp is also more stable than other conformers
with the approximate preference of 75-83% probabilities. When all compounds are considered, the data
are the highest percentages. 1,4-fp, however, prefers aa form with the probabilities of 48-55%. The
percentage of preference for the most stable form of the compounds decreases as going to the polar
water environment. The most stable conformer of these di-halogenated piperazines is also dependent on
the halogen atom.

3.2. Reactivity Properties

The frontier orbitals of a molecular system can be used to determine which part of the molecule can
accept and donate electrons [17]. Therefore, distributions of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) as the ionization potential and electron
affinity correspondingly are the indicators of molecular activity. A more negative LUMO value is
reported as the descriptor of the potent biological activities of a given molecule [18]. The energy gap
between these frontier orbitals is known as the electrical band gap (Eg) or transport gap. As an example,
the reactivity parameters such as band gap, chemical hardness (1), Fermi energy (Eg) and electrophilicity
index (w) of the compounds in water are presented in Table 2.

Table 2. Reactivity parameters (eV) of the compounds in water.

Molecule Eromo Erumo Eq n u (Er) ®
p (ee) -6.068 1.538 7.606 3.803 -2.265 0.674
1-fp (ea) -6.393 0.566 6.959 3.480 -2.914 1.220
1-cp (ea) -6.325 -1.118 5.207 2.604 -3.722 2.660
1-bp (ea) -6.272 -1.693 4579 2.290 -3.983 3.464
1-cfp (ae) -6.745 -1.172 5.573 2.787 -3.959 2.812
1-fbp (ae) -6.630 -1.755 4.875 2.438 -4.193 3.606
1-bep (ee) -6.733 -1.741 4.992 2.496 -4.237 3.596
1,4-fp (aa) -6.389 0.470 6.859 3.430 -2.960 1.277
1,4-cp (ee) -6.811 -1.190 5.621 2.811 -4.001 2.847
1,4-bp (ee) -6.694 -1.748 4.946 2.473 -4.221 3.602

The band gap of piperazine in the gas phase, benzene and water is the highest value by 7.385, 7.479 and
7.606 eV correspondingly and it implies high kinetic stability and low chemical reactivity. However,
the lowest value of the band gap belongs to 1-bp with 4.768, 4.688 and 4.579 eV respectively, and it is
the most conductive. Further, these energy gaps of the compounds are sufficiently large to meet the
viability criterion [19]. Similarly, 1-bp has the lowest value of chemical hardness for all media. 1,4-bp,
1-fbp and 1-bcp have more negative LUMO values than others in the gas phase, benzene and water,
respectively. Similarly, these compounds have the highest value of the electrophilicity index. The
density plots for HOMO and LUMO of 1-fbp in water are shown in Figure 2 as an example. HOMO is
delocalized on almost all atoms except some H atoms, but LUMO is delocalized on almost all atoms
except some H and halogen (F) atoms.

HOMO LUMO

J

>

1-fbp
Figure 2. Frontier molecular orbitals of 1-fbp.
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3. CONCLUSIONS

In the scope of this study, very detailed theoretical conformational analysis and reactivity parameters on
halogenated piperazines were carried out. The main conclusions of this work are as follows:
Conformational preference of all compounds is independent of the solvent but there is a halogen effect
for di-halogenated piperazines with both different and same halogen atoms. Further, by comparing the
energetic data of 1,4-fp with those of 1,4-cp and 1,4-bp, it is confirmed that fluorine has an atypical
characteristic affecting conformational preference. The lowest value of band gap and chemical hardness
belongs to 1-bp and it is the most conductive compound. The lowest band gap and chemical hardness
values are independent of the solvent but there are both halogen and solvent effects on more negative
LUMO and the highest electrophilicity index values. It can be said that 1,4-bp, 1-fbp and 1-bcp are more
biologically active than others in the gas, benzene and water media.
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ABSTRACT

Pesticides in plant-derived foods are becoming an important problem due to their intensive use in plant cultivation. Today,
specific pesticides are used in agriculture. Ever since pesticides are potentially hazardous to the environment and thus to human
health through the consumption of pesticide-contaminated food. The European Community, as well as the Ministry of
Agriculture and Forestry of the Republic of Turkey, have set maximum residue levels (MRLs) for pesticide residues in plant-
based foods, based on the assumption that good agricultural practices are applied in the use of pesticides in agriculture. As a
result, food products must be checked to ensure that MRLs are not violated. Therefore, an appropriate control of its residues in
the samples should be carried out.

In this study, polar pesticides in food based on plant origin were determined by LC-MS/MS after extraction with methanol
according to modified Quick Polar Pesticides method which released and implemented by EURL. Optimization of 13 different
polar pesticides was performed with LC-MS/MS Q-Trap. Once the optimization process was completed, the samples to be
initialized according to the SANTE (Guidance document on analytical quality control and method validation procedures for
pesticide residues and analysis in food and feed) guidelines have been carefully selected, including high water, high acid/high
water, high sugar/low water, high oil/low water and high starch/low water content and difficult or unique commodities. Tomato,
lemon, dried fig, red lentil, walnut and sage samples carefully selected according to SANTE guidelines, were run at two
different concentration levels, at the detection limit of 10 ug/L and 100 pug/L. In the light of the studies, it was determined that
the RSD (Relative Standard Deviation) criteria for reproducibility for all substances were below 20%. Furthermore, the
recovery value for all substances was in the range of 70 — 120%. As a consequence, 13 different high-polar pesticide substances
can be analyzed in plant-derived product groups with the LC-MS/MS method developed using a hypercarb column.

Keywords: Polar pesticide, SANTE, LC-MS/MS, MRL, QuPPe.

1. INTRODUCTION

Pesticides are chemicals used to kill pests that live or live on humans, animals and plants, and also
reduce and damage their nutritional value during the production, preparation, storage and consumption
of nutrients. These pests are parasites that carry various diseases, insects that are harmful to agriculture
and plants, weeds and fungi, flying and walking creatures such as flies, lice, fleas, ticks, scabies,
cockroaches in humans, animals, environment and shelters [1-3]. If pesticides are not applied,
approximately 65% of product loss occurs [4].

Pesticides may leave a large amount of residue in foodstuffs in cases where pesticides are used above
the recommended dose, applied more than necessary, mixed with more than one pesticide when
necessary, or when the time required to be left between the last spraying and the harvest period is not
respected.

Pesticides not only increase agricultural productivity, but also pose a serious threat to human and
environmental health with the residues they leave when they are used unconsciously and incorrectly.

*Corresponding Author: denizarslanburak@arel.edu.tr
Received: 01.08.2023 Published: 27.02.2024
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Humans and other living things can be exposed to acute or chronic poisoning by consuming foods
containing high doses of pesticide residues [5-11].

In addition to the obligation to use pesticides in agriculture, a tolerance value has been determined for
pesticide residues due to poisoning and other toxic effects.

Pesticides in terms of food safety since 1962, European Food Safety Authority (EFSA) from 1976, Food
Codex Commission (CAC) established under the World Health Organization (WHO), Food and
Agriculture Organization (FAO) working under the United Nations at the international level. It evaluates
the residues and determines the maximum residue limits that can be found in foods. In Turkey, pesticide
residue limits are determined by the Ministry of Agriculture and Forestry. Applications are made
according to the Turkish Food Codex Maximum Residue Limits Regulation of Pesticides, which was
issued taking into account the European Union Directive No. 91/414/EEC and the relevant provisions
of the European Union Parliament and Council Regulation No. 396/2005/EC.

Determination of high polarity pesticides by liquid chromatography mass spectrometry (LC-MS/MS)
method is carried out successfully, especially in order to determine whether tolerance limits are
exceeded in vegetable original foods [12-17].

The aim of this study is to analyze AMPA, glyphosate, glufosinate, ethephon, ethephon hydroxy, N-
acetyl glufosinate, fosethyl aluminum, chlorate, perchlorate, MPPA, N-acetyl AMPA, maleic hydrazide
and phosphonic acid to determine a new LC-MS/MS method for the qualitative and quantitative analysis
of highly polar pesticides such as phosphonic acid to be performed in a short time, reliably and
accurately.

The study consists of four stages. Determination of the most suitable conditions for the successful
analysis of the pesticide components to be analyzed in the LC-MS/MS device in the first stage; In the
second stage, pesticide components are extracted from plant-based food products using acidified
methanol solution, in the third stage, standard solutions of different concentrations are prepared for the
guantitative determination of each pesticide component, calibration curves are drawn in the LC-MS/MS
device, and in the last stage, recovery studies are carried out using real samples and analysis is carried
out. The performance of the method was measured.

LC-MS/MS device and extra optimization conditions were determined in order to perform the analysis
method in the shortest time, with high efficiency and in the most accurate way.

2. MATERIALS AND METHODS
2.1. Chemicals

1 % (v/v) acidified methanol solution was prepared by adding 10 mL of formic acid to a 1000 mL flask
and completing with methanol. A stock solution was prepared by dissolving the internal standard
(Cyanuric acid) solution in water (LC-MS grade) at 1000 mg/kg. It was used in studies by diluting it
with methanol as 10 mg/kg and 1 mg/kg. Calibration solutions were prepared as a mixture of 3 different
concentrations, with the main stock standards being 10 mg/L. 10 mg/L intermediate stock mix solutions
and 500 pg/L and 25 ug/L calibration mix solutions were prepared with LC-MS purity methanol.

2.2. Methods

To obtain a representative analytical portion from the laboratory sample, the sample is homogenized,
from the homogenized sample to a 50 mL centrifuge tube with a cap, 10+0.1 g for wet products, 5+0.05
g for dry products (such as cereal, legumes, dried fruit, etc.) or 13.5+0.1 g (if the product is rehydrated
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with water, that is, if 500 g of sample is added with 850 g of water and ground) and difficult products
(such as spices, fruit tea, tea, etc.) are weighed 2.5+0.05 g.

Water was added to the tared centrifuge tube at the rate appropriate to the content of the product. Dry
products were kept in water for 20 minutes for wetting after adding water. For 10 g sample, 100 puL of
10 mg/L cyanuric acid (internal standard) standard solution to 100 pg/L; 50 pL for 5 g sample; 25 pL
was added for 2.5 g sample. 10 mL of acidified methanol was added to the prepared sample solution.
The centrifuge tube should be shaken vigorously for 1 minute to effectively break up the crystalline
aggregation. After the prepared solution was mixed in vortex, it was centrifuged at 4100 rpm at 10 °C
for 10 minutes. 3 mL of the centrifuged supernatant was taken and filtered through a 0.20 p PET syringe
filter into a 2 mL polypropylene vial. The filtered sample was diluted five times with water and analyzed
by LC-MS/MS

2.2.1. LC-MS/MS Conditions

The mass spectrometry conditions for LC-MS/MS, AB Sciex 5500 Q-Trap, determined for the analysis
method are given in Table 1.

Table 1. LC-MS/MS conditions

LC-MS/MS Parameters Conditions

lon Source (ESI, Turbo lon Spray Mode) Negative
Carrier Gas (Nitrogen) pressure 30psi

Collision Gas Level Medium

lon Spray Voltage -4500V
Gas 1 (Zero Degree Air) Pressure 55psi
Gas 2 (Nitrogen) pressure 65psi

Gas 2 temperature 650 °C

Min/Max Waiting Time 80/300 minute

2.3. Validation Parameters and Criteria

For pesticide analysis, the SANTE [18] document titled “Guidance document on analytical quality
control and method validation procedures for pesticide residues and analysis in food and feed.”
numbered SANTE/11813/2017 is the main guide.

According to SANTE and UGRL [19] (National Food Reference Laboratory) guideline; linearity,
sample effect (matrix effect), limit of detection (LOD) and limit of determination (LOQ), specificity,
precision, robustness and bias are the parameters controlled during the validation of this study.

In the validation study, sample compatible calibrations were drawn at 7 different concentrations for 6
samples. Evaluation of sample-matched calibrations was done with a correlation value above a
minimum of 0.95.

In this study, “matrix-matched calibration” was used to compensate for the matrix effect. Most
remarkable way to eliminate the matrix effects of sample is to use matrix-matched calibration. Matrix-
matched calibration works to compansate the effects of sample on calibration curve. To prepare the
calibration curve level by level is way adding the standards as amounts by calculation of specified
concentrations. Spiked samples for level of matrix-matched calibration curve is followed up in
accordance with analysis procedure. Afterwards. each levels are injected to instrument to draw curve by
concentration levels.
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Within the scope of the analysis, 10 pg/L contamination studies were performed for each sample, with
10 replications in each product group, and the standard deviation of the results was taken.

In the SANTE document, specificity is defined as the detector's ability to provide the signal that will
effectively identify the analyte (supported by selective extraction, cleaning, derivatization or separation
where necessary). Retention times and signal heights in the LC-MS/MS device were considered
distinctive for 13 different active substances. Retention times of high polarity pesticide active
ingredients are given in Table 2.

Table 2. Retention times of pesticide agents

Pesticide Retention time/min.
Ethephone 5.25
Glyphosate 2.34

Focetyl-Aluminium 4,52
Glufosinate 1.96
Maleic hydrazide 9.88

Chlorate 4.70

Perchlorate 9.47

N-Acetyl-AMPA 5.52
AMPA 1.14
HEPA 251
N-acetyl-Glufosinate 10.41
MPPA 5.55
Phosphonic acid 2.74

The SANTE document envisages the control of reality over the recovery values. Recovery values at
both contamination concentrations should be in the range of 70-120%.

In the reality calculations, 10 and 100 pg/L contamination studies were carried out separately for tomato,
lemon, dried fig, red lentil, walnut and sage samples, with a total of 10 repetitions, and the standard
deviation of the results was taken. Accordingly, for the accuracy control, which constitutes a part of the
accuracy parameter, 5 re-runs at 10 ug/L (at LOQ level) and 100 pg/L concentrations were performed
to check the compliance of the recovery values to the range of 70-120%. The results were found to be
appropriate.

Within the scope of this study, reproducibility and reproducibility studies were carried out. According
to the SANTE document, the repeatability and reproducibility checks are made over the RSD values,
and the compliance of the relevant RSD values with the <20% condition is checked. According to this
for the repeatability control, which is one of the precision components, 5 re-runs were made at 10 pg/L
(LOQ level) and 100 pg/L concentrations, and the conformity of the recovery values to the range of 70-
120% was checked. The results were found to be appropriate and RSDr values of the measured values
were calculated separately for each concentration and it was checked whether these values met the <20%
condition.

According to the SANTE document, recovery studies should be carried out in "at least five repetitions”
in contaminated samples at "at least two different concentrations” in method validation.

The first contamination concentration was chosen as a level below the maximum residue limit, and the
second contamination concentration was chosen as a higher concentration.
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According to the SANTE document, the reporting limit may be equal to or higher than the LOQ.
Accordingly, in accordance with the SANTE document, validation studies were conducted in at least
two concentrations, one of which must be at the LOQ level, and with at least five replications.

3. RESULTS and DISCUSSIONS

This analysis method, as indicated in Table 3, high water content, high acid and high water content, high
sugar and low water content, high oil and very low water content, high oil and medium water content,
high starch and/or protein content and low water and oil content products. The products include the
analysis of 13 polar pesticides found in difficult or unique products. Pesticide agents: Ethephon,
glyphosate, focetyl-aluminium, glufosinate, maleic hydrazide, chlorate, perchlorate, N-Acetyl-AMPA,;
AMPA, ethephon-hydroxy (HEPA), N-acetyl glufosinate, MPPA and phosphonic acid.

Table 3. Representative products used in the experimental study

Product groups Typical prpduct Selected representative

categories products

Products with high water content Seed vegetables / zucchini Tomatoes
Products with high acid and high water content Citrus Lemon
Products with high sugar and low water content Honey and dried fruits Dry fig
Products with high oil and very low water content Tree nuts Walnut

Products with high starch and/or protein and low Dried beans/Legumes Red lentil

water and fat content
Difficult or unique products Sage tea

3.1. Verification
3.1.1. Linear calibration curve

As an example, as given in Figure 1 for the 13 polar pesticide agents, the linear measurement range,
correlation values and sample-matched calibration curve studies performed with the blank sample
showed the linearity, and the correlation curve value was obtained above the value of 0.95 as stated in
the SANTE document. All relevant study results were evaluated according to these calibration curves.
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Figure 1. Calibration curve of (a) AMPA, (b) Chlorate, (c) Ethephone, (d) Focetyl-Aluminium, (e) Glufosinate, (f)

Glyphosate, (g) HEPA, (h) Maleic hydrazide, (i) MPPA, (j) N-Acetyl-AMPA, (k) N-acetyl-Glufosinate,
(1) Perchlorate, (m) Phosphonic acid

3.1.2. Limit of detection (LOD) and limit of quantification (LOQ)

Limit of detection (LOD) is the verified lowest residue concentration which can be quantified and
reported by routine monitoring with verified methods. LOD is calculated as 3 times the standard
deviation [18].

Limit of quantification (LOQ) is the lowest concentration or mass of the analyte that has been verified
with approved accuracy by applying the complete analytical method. LOQ is calculated as 10 times the
standard deviation [18].

Limit of detection and limit of determination values of 13 pesticide active ingredients in ug/L are given
in Table 4.

3.1.3. Recovery studies
The recovery values calculated as a result of the studies carried out for reality were calculated separately

for 13 different high polarity pesticides for each product group in studies belonging to two different
levels. The recovery rates of the studies carried out are given in Table 5.
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Table 4. LOD and LOQ values

Tomatoes Lemon Red lentil Dry fig Walnut Sage tea
LOD LOQ LOD LOQ LOD LOQ LOD LOQ LOD LOQ LOD LOQ
Ethephone 2.29 7.62 241 8.02 1.70 5.67 2.31 7.69 1.87 6.24 0.98 3.26
Glyphosate 131 4.35 1.43 478 0.56 1.86 2.81 9.38 1.52 5.06 2.35 7.84

Pesticides

Focetyl- 1.13 3.76 1.77 5.90 1.22 4,05 1.06 3.52 1.39 465 1.32 4.40
Aluminium
Glufosinate 1.57 5.23 1.47 4.90 0.93 3.09 245 8.16 2.09 6.96 0.53 1.78
Maleic 1.46 4.88 1.56 5.19 1.31 437 1.05 351 1.08 3.59 0.75 248
hydrazide
Chlorate 1.81 6.03 0.84 2.81 1.26 4.20 1.20 3.99 1.53 5.11 1.92 6.40
Perchlorate 2.65 8.85 151 5.04 1.43 478 1.41 4.69 0.68 227 0.91 3.03
N-Acetyl- 2.50 8.35 1.02 3.40 1.17 391 2.18 727 1.30 434 1.76 5.85
AMPA
AMPA 1.35 450 1.76 5.88 1.40 4.65 1.59 5.32 1.38 4,61 0.79 2.62
HEPA 158 5.27 1.18 3.94 0.97 3.22 0.58 1.94 0.73 242 0.70 2.33
N-acetyl- 1.41 471 0.60 2.01 0.70 2.34 1.66 5.55 1.54 5.12 0.66 2.19
Glufosinate
MPPA 2.86 9.52 0.81 271 0.83 2.76 2.68 8.92 2.77 9.23 2.99 9.95
Pho:gi'lf”'c 186 620 218 726 066 220 188 625 120 402 067 = 222
Table 5. Recovery rates of different products
Pesticide Recovery, %
Tomatoes Lemon Red lentil Dryfig Walnut  Sage tea
Ethephone 87.0 92.0 91.9 89.3 87.4 83.1
Glyphosate 88.3 86.6 87.1 86.6 105.1 96.3
Focetyl-Aluminium 83.0 88.2 89.6 824 84.3 77.8
Glufosinate 83.1 82.7 95.7 85.2 87.8 79.3
Maleic hydrazide 82.8 85.1 87.1 79.9 81.8 77.1
Chlorate 89.0 97.9 96.2 84.9 108.7 1015
Perchlorate 84.8 87.1 80.7 89.1 74.3 80.2
N-Acetyl-AMPA 88.6 86.4 84.7 94.2 91.9 86.5
AMPA 84.0 90.2 92.4 84.7 86.1 81.7
HEPA 81.9 83.3 85.4 78.8 84.6 77.6
N-acetyl-Glufosinate 89.6 85.0 102.2 92.7 99.0 93.0
MPPA 93.1 84.4 87.7 87.4 95.5 98.4
Phosphonic acid 86.3 85.8 93.6 79.4 79.6 78.5

3.1.4. Repeatability studies

The relative standard deviation (RSD) values of the studies performed meet the criteria of <20%, as
stated in the SANTE document. The values of the studies carried out are given in Table 6 and Table 7.

Table 6. 10 ug/L RSD values

Pesticide RSD,%
Tomatoes Lemon Red lentil Dryfig Walnut  Sage tea

Ethephone 8.79 7.96 5.50 7.76 7.23 3.85
Glyphosate 4.95 5.66 211 10.85 4.65 8.10
Focetyl-Aluminium 4.92 6.23 4.36 4.45 6.10 5.91
Glufosinate 6.16 5.63 2.64 8.55 8.14 2.40
Maleic hydrazide 5.97 5.92 4.79 4.54 4.65 3.38
Chlorate 7.21 2.46 3.62 5.17 4.46 6.00
Perchlorate 10.41 5.07 5.84 5.42 3.17 3.87
N-Acetyl-AMPA 10.46 4.60 5.25 8.43 5.84 7.01
AMPA 5.41 6.28 4.55 6.04 5.62 3.45
HEPA 6.75 4.76 3.88 2.67 3.27 3.19
N-acetyl-Glufosinate 5.80 2.81 2.03 6.31 6.14 2.47
MPPA 11.74 3.68 3.68 10.03 10.37 10.20
Phosphonic acid 7.35 8.98 1.91 7.92 5.25 2.98
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Table 7. 100 ug/L RSD values

Pesticide RS.D’% -
Tomatoes Lemon Red lentil Dryfig Walnut  Sage tea

Ethephone 4.06 5.31 6.44 4.27 5.09 4.68
Glyphosate 3.58 9.13 6.09 4.47 5.82 6.45
Focetyl-Aluminium 4.66 5.31 5.48 5.25 3.87 4.42
Glufosinate 3,78 5.86 5.36 3.48 2.31 4.92
Maleic hydrazide 4.40 5.22 5.43 3.87 2.70 441
Chlorate 3.72 5.88 4.45 5.15 4.01 8.84
Perchlorate 3.96 6.90 5.49 6.03 3.53 5.48
N-Acetyl-AMPA 3.77 7.46 12.69 5.76 2.36 5.30
AMPA 4.14 9.40 7.31 4.19 3.30 5.91
HEPA 2.37 4.19 6.37 4.32 2.35 4.21
N-acetyl-Glufosinate 2.89 10.57 8.02 4.83 3.02 4.54
MPPA 6.08 2.53 9.77 10.42 19.75 4.82
Phosphonic acid 3.46 3.51 4.49 4.44 4,57 3.19

3.1.5. Reproducibility studies
The RSD values of the studies carried out at low and high levels in six product groups on five different
days meet the criteria of <20% as stated in the SANTE document. The values of the studies carried out

are given in Table 8 and Table 9.

Table 8. 10 pg/L RSD values

Pesticide agent RS.D’% -
Tomatoes Lemon Red lentil Dryfig Walnut  Sage tea
Ethephone 12.02 9.03 16.09 7.53 12.14 3.85
Glyphosate 10.69 7.28 18.82 9.52 20.35 8.10
Focetyl-Aluminium 15.58 10.63 11.71 17.22 16.19 5.91
Glufosinate 14.49 6.99 18.90 10.96 15.27 2.40
Maleic hydrazide 12.65 8.30 8.66 14.59 14.33 3.38
Chlorate 10.91 7.24 17.45 8.13 17.65 6.00
Perchlorate 8.97 7.41 6.04 6.27 4,99 3.87
N-Acetyl-AMPA 16.15 14.59 17.58 12.07 19.37 7.01
AMPA 11.38 6.15 12.03 7.24 12.48 3.45
HEPA 12.67 8.47 9.91 15.02 12.68 3.19
N-acetyl-Glufosinate 14.93 17.18 15.99 7.04 16.41 2.47
MPPA 17.21 6.60 19.91 10.79 12.03 10.20
Phosphonic acid 10.14 17.02 16.73 13.10 9.29 2.98
Table 9. 100 pg/L RSD values
Pesticide RSD %
Tomatoes Lemon Redlentil Dryfig Walnut Sage tea
Ethephone 11.52 9.45 8.12 12.57 8.75 9,0
Glyphosate 16.79 10.79 16.17 12.91 13.81 12.83
Focetyl-Aluminium 7.79 12.74 13.68 7.23 17.66 14.02
Glufosinate 15.45 18.49 9.73 16.04 8.94 17.61
Maleic hydrazide 12.70 7.92 11.40 9.55 14.23 10.21
Chlorate 13.89 11.28 15.52 15.91 11.34 12.79
Perchlorate 15.63 13.02 8.18 13.96 7.27 8.63
N-Acetyl-AMPA 14.99 10.87 13.24 15.26 18.07 9.39
AMPA 12.83 9.58 9.38 11.54 9.34 13.07
HEPA 14.84 16.77 8.85 17.10 10.66 18.60
N-acetyl-Glufosinate 9.23 4.28 8.05 6.47 10.46 6.88
MPPA 16.73 13.19 16.20 14.98 16.26 11.39
Phosphonic acid 15.83 19.94 10.22 15.68 13.76 16.26
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3.2. Investigation of Updates to the Analysis Procedure
3.2.1. Comparison of injection volumes

As a result of the studies carried out by considering the original method source of QuPPe [20], injections
at LOQ level were performed in 2 plL, 5 uL, 10 pL and 15 pL volumes to examine the effect of the
injection amount on the analysis result. In order to examine the effect of injection amount on polar
pesticide active substances, signal fields for each active substance are given in Table 9.

As shown in Figure 2 for the AMPA agent as an example, these injection volumes were not preferred
due to the weak signals for 2 pL. and 5 pL injection amounts. When the signals of 10 pL and 15 pL
injection volumes were examined, it was observed that the peak shapes and areas of the peaks were
higher. As a result of the recovery control of 10 pL and 15 pL volumes, it was determined that the values
for all factors were more appropriate. In addition to all these examinations, a volume of 10 puL was

accepted as the method injection amount in order to prevent contamination of the MS detector and LC
system.
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Figure 2. AMPA agent obtained in different injections (a) 2uL (b) SuL (c) 10uL (d) 15uL

3.2.2. Comparison of dilution coefficients

After the extraction phase was completed, the peak shapes formed between the injection of the sample
directly into the device after filtration and the injection as a result of different dilutions were examined.
Based on the QuPPe method, it is recommended that the sample be injected directly into the device after
extraction. As a result of the studies, it has been observed that the part of the extracted sample is directly
injected into the device, resulting in distortion in the peak shapes and signals are obtained in a sparse
manner. At the same time, it was observed that the signal heights obtained as a result of direct injection
were lower than the signals obtained by dilution. In order to examine the dilution step after extraction,
the sample was diluted 2, 5 and 10 times with ultrapure water in the last step.
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As a result of multiple replication studies, it was seen that the signals of the samples diluted 10 times
were sharper and the peak heights were better than the other diluted samples, as in the AMPA factor in
Figure 3. At the same time, dilution prevents contamination that may occur in the device. As a result of
these studies, the method dilution coefficient was accepted as 10.
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Figure 3. AMPA agent obtained at different dilution coefficients (a) 2 times dilution (b) 5 times dilution (c) 10
times dilution (d) Direct injection

3.2.3. Comparison of run time

There are two screening and quantitative methods published in QuPPe method version 10 and defined
for 13 active substances. In the first of these methods, the ethephone; glyphosate; focetyl-aluminum;
glufosinate; maleic hydrazide; N-Acetyl-AMPA; AMPA; HEPA; N-acetyl-glufosinate and MPPA
agents; chlorate in the other; It was aimed to analyze perchlorate and phosphonic acid agents. The total
time required for two different injections of these methods for a sample analysis is 45 minutes. In our
study, as a result of combining two different methods, it was aimed to analyze 13 active substances in
one study period and in the shortest time. By keeping the chromatographic column and mobile phases
used in the relevant analysis method constant, the pump flow and the UPLC flow program were changed,
making it possible to analyze all factors in a shorter time.

As a result of the injections, the method run time was carried out in as little as 20 minutes, and at the
same time, 13 active substances were detected and determined together. For the AMPA agent, the signals
of the peaks obtained as a result of 20 minutes (a) and 30 minutes (b) run times are given in Figure 4.
As a result of the studies, the comparisons of the retention times of the QuPPe method flow program
and the thesis study flow programs are given in Table 10.

Furthermore, the results in Table 11 were performed according to the technical data sheet of the analysis

for each blank matrix. Verification of the analysis was performed with blank samples deemed 'Not
Detected' for each component.
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Figure 4. Signals and retention times related to the run time of AMPA agent (a) 20 minutes (b) 30 minutes

Table 10. This method and QuPPe method flow programs retention times

Retention time/min.

Pesticide Improved Method QuPPe Method
Ethephone 1.14 1.68
Glyphosate 4,72 7.16

Focetyl-Aluminium 5.33 8.26
Glufosinate 2.54 3.81
Maleic hydrazide 4.61 7.04

Chlorate 1.98 2.97

Perchlorate 2.36 3.54

N-Acetyl-AMPA 9.82 11.43
AMPA 5.60 8.02
HEPA 5.57 8.11
N-acetyl-Glufosinate 10.36 11.96
MPPA 9.37 12.74
Phosphonic acid 2.74 4.11

Table 11. Results of blank samples for each substance

Pesticide

Blank Results, ng/L

Tomatoes Lemon Redlentil Dryfig Walnut Sage tea
Ethephone 0.52 0.15 0.12 0.27 0.75 0.60
Glyphosate 0.49 0.19 0.17 0.21 0.81 0.63
Focetyl-Aluminium 0.50 0.14 0.18 0.23 0.76 0.62
Glufosinate 0.45 0.19 0.13 0.24 0.74 0.61
Maleic hydrazide 0.51 0.12 0.10 0.25 0.73 0.61
Chlorate 0.43 0.18 0.12 0.31 0.74 0.69
Perchlorate 0.43 0.12 0.18 0.26 0.67 0.63
N-Acetyl-AMPA 0.49 0.17 0.14 0.26 0.77 0.69
AMPA 0.41 0.18 0.18 0.24 0.74 0.67
HEPA 0.55 0.17 0.15 0.20 0.66 0.60
N-acetyl-Glufosinate 0.43 0.18 0.15 0.27 0.76 0.68
MPPA 0.53 0.19 0.10 0.28 0.76 0.69
Phosphonic acid 0.50 0.14 0.12 0.28 0.76 0.66
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4. CONCLUSION

As a result, an analytical method has been developed that enables the simultaneous gquantitative
determination of 13 different pesticide active ingredients. With the help of this method, it is possible to
analyze pesticides with different high polarity, which cannot be analyzed together at the same time.
According to the QuPPe method, 13 pesticides, which were analyzed with two different analytical
methods, were analyzed with a single method.

The most suitable conditions were determined by analyzing 13 pesticide active ingredients in different
injection volumes and using different dilution factors, and the precision of the analytical method was
increased by enabling analysis in a short time like 20 minutes.

Reproducibility and reproducibility studies were carried out with the analytical method determined for
each pesticide agent, and some statistical calculations were made as a result of these studies. As a result
of these calculations, the relative standard deviation value for each active substance of the analysis
method was below the 20% criterion and the recovery value was between 70-120%. At the same time,
the expanded resultant uncertainty value calculated as a result of the repeatability and reproducibility
studies was obtained below the 50% criterion as expected for each pesticide agent.

In this study, 13 different polar pesticides were determined simultaneously by the developed QuPPe
method. Compared to similar studies in the literature, method superiority in LOQ, RSD and Recovery
values according to the commodity of samples was compared and this study was found to be more
advantageous. In a study [12] in which the active ingredient glufosinate was performed using the QuPPe
method, it was observed that the RSD values obtained at 10 and 100 pg/L levels were higher than the
RSD values obtained in this study. In the literature, in a different combined analysis method [13], it was
observed that the values obtained as a result of LOQ studies carried out in the oily product group were
higher than the values obtained in this study in similar product group as well. In a study where the QuPPe
method was not used in the literature, but the parameters of maleic hydrazide, glyphosate, fosetyl-Al,
and ethephon were performed, which was carried out as a similar rapid method [14], it was understood
that the LOQ and recovery values obtained in this study were more advantageous compared to the values
obtained in a similar product group.

As a continuation of the study, it is aimed to analyze more pesticide agents with the same method by
increasing the number of pesticide active ingredients with high polarity.
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ABSTRACT

Many possible drugs have taken their places in the world market for the treatment of various medical diseases.
Drug interactions involve combinations with drugs or other substances that alter the effect of a drug on the body.
In this research, by using density functional theory, quantum theory of atoms in molecules, and in silico molecular
docking against the receptor for antidepressant, we have investigated possible outcomes if antidepressant
escitalopram comes across with an organic acid as acetic or lactic acids. The results suggest that escitalopram and
acetic or lactic acids can interact spontaneously without requiring extra energy and depending on the interaction
site different stabilities and reactivities are possible. Further, the findings show potential improvement in the
effectiveness of antidepressant after interacting.

Keywords: Escitalopram, Drug interactions, DFT, Molecular docking

1. INTRODUCTION

A drug interaction is known as a reaction between a drug and a food, herb, beverage, supplement or
between two or more drugs. These kinds of interactions can either produce desired or undesired results
[1-3]. Escitalopram (ESCI), approved for medical use in 2002, is an antidepressant of the selective
serotonin reuptake inhibitor. ESCI is mainly employed for the treatment of depression, general anxiety
and panic disorder [4,5]. The investigations showed that ESCI may be more successful compared to
many other antidepressants for the acute phase of the treatment, particularly with higher tolerance and
acceptability [6]. In 2020, with more than 30 million prescriptions, it was the fifteenth most commonly
prescribed drug in the US [7].

Lactic acid (LA) which is a chiral organic acid has biological significance owing to its function as a
metabolite. LA, a normal intermediate in sugar fermentation, is made after the anaerobic metabolism of
glucose in eukaryotic cells [8-9]. LA has been used in the production of solvents, metal pickling, and
food additives, as an additive in various pharmaceutical products and as an emollient and keratolytic
agent in various cosmetic products [10-12]. Acetic acid (AA) is produced and excreted by acetic acid
bacteria, acetobacter or clostridium acetobutylicum found universally in foodstuffs, water and soil [13].
AA which gives vinegar its characteristic odor is produced by the acetification of alcohol and is an
important chemical reagent and industrial chemical [14] as well it is also a biologically important
metabolic intermediate and is found naturally in body fluids and plant juices.

All 5-hydroxytryptamine (5HT) receptor is the only pentameric ligand-gated ion channel found in the
central and peripheral nervous systems whereas 5-hydroxytryptamine type-3 (5SHT3) differs markedly
in structure and mechanism from the other SHT receptors which are all G-protein-coupled. This family,
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in mammals, contains serotonin, glycine, acetylcholine, y-aminobutyric acid receptors and zinc-
activated ion channels [15]. 5HT3 receptor has played an important role in the pathophysiology of
neuropsychiatric disorders including anxiety, depression, schizophrenia and drug use and is linked to
the improvement of health problems such as depression [16].

Density functional theory (DFT) has been widely used for the examination of molecular structure and
physical, chemical, or biological properties of different types of compounds [17-19]. Furthermore, the
guantum theory of atoms in molecules (QTAIM) has been extensively employed to enlighten the
covalent and non-covalent atom-atom interactions [20, 21]. For drug discovery molecular docking
technique has become an increasingly important tool. It can be used to model the interaction between
small molecules (ligands, drugs) and proteins (receptors) at the atomic level. It characterizes the
behavior of the ligand molecules in the binding site of target receptors as well as elucidates fundamental
biochemical processes [22].

In 2021, the effect of ESCI on the AA-induced ulcerative colitis model was experimentally investigated
in rats [23]. The results were in support of the beneficial anti-inflammatory and anti-oxidant effects of
ESCI in ulcerative colitis regardless of depressive conditions. Further, in 2022, the effect of the LA
bacteria capsules on small intestinal bacterial overgrowth in patients with depression and diabetes was
explored [24]. The results of this study used ESCI for depression states suggested that the compound
LA bacteria capsule is a boon for patients of small intestinal bacterial overgrowth with depression and
diabetes and can improve immune function and ease depression symptoms and reduce fasting plasma
glucose and level of inflammatory factors. Some parts of the experimental and medical studies
mentioned above are related to the interaction of AA and LA molecules with the antidepressant ESCI.
This study, by taking into account the interaction at the molecular level with physical and chemical
parameters by using DFT and molecular docking, has aimed to create a theoretical approach in terms of
drug interactions and to be a model for similar drug types. In continuation of our interest in drug
interactions and molecular docking research[25, 26], the effects of the AA and LA molecules on the
antidepressant ESCI have been examined by using DFT and QTAIM. Regarding the DFT calculations,
the structure — activity relationship was also investigated. To gain deep insights into the interactions and
to compare the interactions of ESCI with AA and LA, the compounds interacted were docked against
the potential protein receptor 6HIS for antidepressants. All of the results obtained were discussed in
brief.

2. CALCULATIONS

All compounds and interactions were optimized without any molecular constraints in water with the
polarizable continuum model [27]. Vibrational frequency calculations were performed to see that the
optimized structures converge to a certain minimum on the potential energy surface. Computations were
carried out to B3LYP functional [28, 29] and 6-31G(d) basis set. B3LYP/6-31G(d) can be used to
investigate the binding energy and reactivity properties for such interactions of the compounds
compared to the highly demanding B3LYP-D3 functional or cc-pvdz basis set [30]. Binding energies
(Eb) and reactivity parameters were calculated as in previous studies [17, 25, 31, 32]. For the E;
computations, the basis set superposition errors (BSSE) were considered by the counterpoise correction
method [33]. Band gap energies (Eg) were taken as magnitudes of differences between the highest
occupied and lowest unoccupied molecular orbitals (HOMO and LUMO). Gaussian and Multiwfn
programs were used for the DFT and QTAIM calculations correspondingly whereas GaussView was
used to construct the examined structures [34-36].

In order to analyse the protein—ligand interactions, docking computations were performed by AutoDock
software [37]. X-ray crystal structure of the protein was obtained from RCSB-PDB [38] encoded with
6HIS for 5HT; [39]. After removing water molecules from the protein, polar hydrogen atoms and
Kollman charges were evaluated whereas for the compounds randomized starting positions, Gasteiger

23



Parlak and Yiicel Sengiin / Eskisehir Technical Univ. J. of Sci. and Technology B — Theo. Sci. 12(1) — 2024

charges, optimizations and torsions were performed. Lamarkian genetic algorithms were used in the
docking process. Docking graphics were evaluated by the discovery studio visualizer [40].

3. RESULTS and DISCUSSIONS

Investigated configurations of the couples ESCI...AA and ESCI...LA were presented in Figure 1.
OH...C=N, OH...F, OH...N and OH...O interactions between the atoms of ESCI and AA or LA. Figure
1 also gives the optimized structures of OH...N site interactions encoded with III...I of both couples.
All the interactions were examined and the important results were discussed and presented in brief.

"@ u@

ESCI...AA ESCI...LA

Figure 1. Encoding of interactions investigated and examples of some optimized structures.

3.1. ESCI...AA interactions

Binding energies of the interacted systems between C=N, F, N, O atoms of ESCI and OH group of AA
were found as -4.44, -1.62, -8.40 and -4.05 kcal/mol (Table 1) respectively and the OH...N (III...I)
interaction is stronger than others. Following this interaction between the compounds, the OH stretching
band of AA shifted from 3679 cm™ to 2497 cm™ and the intensity of it increased from 74.7 to 3724.2.
The red-shift around 1182 cm™ indicates a strong intermolecular hydrogen bond (HB) interaction. In
this case, the C=0 stretching vibration of AA at the interaction site shifted from 1819 cm™ to 1764 cm-
1. The related intensity decreased from 447.6 to 441.8. The OH bond length increased from 0.977 A to
1.038 A whereas the C=0 bond length shifted from 1.215 A to 1.225 A correspondingly. In the OH...N
interaction region, it is obvious that the O atom of the C=0 group of AA interacts with the H atom of
the CHj3 group attached to the N atom of ESCI. The magnitudes of the COH angle and COH...N dihedral
angle for OH...N interaction are found to be 110.35° and 179.68° respectively.

Table 1. Binding energies (kcal/mol) of the investigated interactions.

Interaction Type Eb Corrected Eb
ESCI...AA
I...1 OH...C=N -5.70 -4.44
II...1 OH...F -4.94 -1.62
II...1 OH...N -12.39 -8.40
IvV...1 OH...O0 -7.60 -4.05
ESCI...LA (1)
I...1I OH...C=N -4.36 -2.81
II..11 OH...F -4.12 -0.15
III...1I OH...N -8.90 -4.75
IV...II OH...O -6.05 -1.83
ESCI...LA (2)
I...1 OH...C=N -6.36 -5.04
II...1 OH...F -3.99 -1.30
II...1 OH...N -17.45 -13.07
IvV...I OH...O0 -8.60 -4.17
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In this configuration, QTAIM results suggest three possible HBs occurred between OH...N, H
(CHa)...0=C and H (another CH3)...O=C and the strongest interaction takes place at the OH...N site
with a value of Eng = -16.56 kcal/mol. At this interaction site, the Laplacian of electron density (V2p:
0.1278 a.u.) was found as positive while the value of electronic energy density (H: -0.010 a.u.) showed
a negative value showing a partially covalent interaction [25].

The reactivity parameters of the compounds and interactions as electron affinity (-ELumo), ionization
energy (-Ewnomo), band gap (Eg), electronegativity (x), hardness (n), chemical potential (i) or Fermi
energy and electrophilicity index (w) are given in Table 2. The magnitudes of HOMO-LUMO energy
differences were calculated as 7.817 and 4.327 eV for AA and ESCI correspondingly. For the OH...N
site interaction, the E4 value of the coupled system was computed as 5.122 eV which is higher than the
Eg value of ESCI and lower than the Eg4 value of AA. Therefore, it can be concluded that the reactivity
of the interacted system is higher than single isolated AA whereas it is lower than single isolated ESCI.
However, for the OH...C=N, OH...F and OH...O interactions, Eq values reduced to 4.172, 4.320 and
4.288 eV, respectively, indicating an increase in the reactivity of ESCI...AA.

Table 2. Reactivity parameters of the compounds and interactions.

Molecule Erumo Enomo E, X n n(Er) w
ESCI -5.788 -1.461 4.327 3.625 2.164 -3.625 3.036
AA -7.609 0.208 7.817 3.701 3.909 -3.701 1.752
LA -7.221 0.021 7.242 3.600 3.621 -3.600 1.790
Interaction ESCI...AA

OH...C=N -5.790 -1.618 4.172 3.704 2.086 -3.704 | 3.288
OH...F -5.789 -1.469 4.320 3.629 2.160 -3.629 | 3.049
OH...N -6.594 -1.472 5.122 4.033 2.561 -4.033 | 3.176
OH...O -5.803 -1.515 4.288 3.659 2.144 -3.659 | 3.122

ESCI...LA (1)

OH...C=N -5.791 -1.641 4.150 3.716 2.075 -3.716 | 3.327
OH...F -5.790 -1.478 4.312 3.634 2.156 -3.634 | 3.063
OH...N -6.246 -1.493 4.753 3.870 2.377 -3.870 | 3.150
OH...O -5.790 -1.524 4.266 3.657 2.133 -3.657 | 3.135

ESCI...LA (2)

OH...C=N -5.791 -1.591 4.200 3.691 2.100 -3.691 | 3.244
OH...F -5.788 -1.475 4.313 3.632 2.157 -3.632 | 3.058
OH...N -6.314 -1.467 4.847 3.891 2.424 -3.891 | 3.123
OH...O -5.781 -1.503 4.278 3.642 2.139 -3.642 | 3.101

3.2. ESCI...LA Interactions

As encoded in Figure 1, LA has two OH groups for interaction. Binding energies of the interacted
couples between C=N, F, N, O atoms of ESCI and OH (1) group of LA were found as -2.81, -0.15, -
4.75 and -1.83 kcal/mol, respectively, while E;, values between ESCI and OH (2) of LA were -5.04, -
1.30, -13.07 and -4.17 kcal/mol (Table 1). According to the results, the OH...N interaction for both OH
groups is stronger than other interactions. This interaction occurred with ESCI and the OH (2) group of
LA is the strongest. For this interaction, the OH stretching band of LA shifted from 3677 cm™ to 2473
cm? and its intensity increased from 96.3 to 2921.8. The change in the wavenumber is 1204 cm™ and
the change in infrared intensity is around 2825 addressing a very strong hydrogen bonding at the OH
edge. Following the interaction OH bond length increased from 0.977 A to 1.585 A which confirms the
red-shift in the IR spectrum. Furthermore, it is noteworthy that the hydrogen atom of the OH group
moves to the nitrogen atom of ESCI after interaction and the NH bond length was found as 1.082 A. In
this case, the C=0 stretching vibration of LA shifted from 1817 cm™ to 1683 cm™. The related intensity
decreased from 385.8 to 447.5. The carbonyl bond length shifted from 1.214 A to 1.247 A. In the OH
(2)...N interaction region, it is obvious that O atom of the carbonyl group of LA interacted with the H
atom of the CHs group attached to the N atom of ESCI. The magnitudes of the COH angle and COH...N
dihedral angle for OH (2)...N interaction are found to be 108.75° and -8.15° respectively.
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In this configuration, QTAIM results suggest that three possible HBs occurred as ESCI...LA and the
strongest interaction takes place at the OH (2)...N site with a value of Eng = -17.64 kcal/mol. For this
interaction, V2p (0.1772 a.u.) was found as positive while the value of H (-0.0059 a.u.) showed a
negative value addressing a partially covalent interaction [20, 25].

As seen from Table 2, band gap values were calculated as 7.242 and 4.327 eV for LA and ESCI,
respectively. For the OH (2)...N site interaction, the value of band gap energy for the coupled system
was calculated as 4.847 eV which is higher than the E4 value of ESCI and lower than the Eg value of
LA. Therefore, it can be concluded that the reactivity of the coupled system is higher than single isolated
LA while it is lower than single isolated ESCI. For the other interactions, however, E4 values reduced
to 4.200, 4.313 and 4.278 eV indicating an increase in the reactivity of ESCI...LA. A similar trend is
observed for electronegativity, hardness and Fermi energy as well.

3.3. Molecular Docking

Molecular docking results on the couples ESCI...AA and ESCI...LA with the protein 6HIS for the SHT3
receptor are herein reported together with the data for the drug ESCI [25]. Docking results for ESCI &
6HIS, ESCI...AA & 6HIS and ESCI...LA & 6HIS interactions are given ten binding poses ranked from
the lowest to the highest energetic conformation and the related energy ranges are —6.19 to —5.51, —7.38
to —5.97 and —7.07 to —4.95 kcal/mol, respectively. The best conformer for each docking was chosen
based on the most favourable docking score and the presence of non-covalent bonding interactions.

The results of the lowest binding and decomposed energies are given in Table 3. Approximate binding
free energy (AG) is the sum of the terms; dispersion/repulsion (AGvaw), hydrogen bonding (AGwbond),
electrostatic energy (AGelec), deviation from the covalent geometry (AGeonform), restriction of internal
rotors, global rotation and translation (AGuor), desolvation and hydrophobic effect (AGgesov). The best
poses docked in receptors are given in Figure 2.

Table 3. Lowest binding energy (kcal/mol) and the decomposed component terms.

Structure AG AGvdw+AGHbond+AGdesolv AGelec | AGintermol AGtot int AGtor AGunbound
ESCI & 6HIS [25] -6.19 -6.43 -1.25 —7.68 -1.19 +1.49 -1.19
ESCI...AA & 6HIS -7.38 -9.71 -0.06 -9.77 -1.65 +2.39 -1.65
ESCI...LA & 6HIS -7.07 -8.79 -1.26 -10.05 -2.66 +2.98 —2.66

The values of free lowest binding energies for docking ESCI...AA and ESCI...LA against the protein
6HIS were calculated as —7.38 and —7.07 kcal/mol correspondingly. All the compounds show very good
binding for the receptor 6HIS. However, the magnitudes of free binding energies of the complexes are
higher than the drug ESCI alone which is referring to a stronger interaction for the complexes.

ESCI...AA & 6HIS ESCI...LA & 6HIS

Figure 2. Best poses of the complexes docked in 6HIS.
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In our previous study, the docking of the drug ESCI alone indicated three hydrogen bonding interactions
with the amino acid residues of 6HIS as Ashaso, Valasi and Tyrazs as well as some hydrophobic
interactions [25]. Due to the successful results in binding energy and hydrogen bonds in the docking of
ESCI with 6HIS, the same grid parameters in the receptor were considered for the complexes. Under
the same docking conditions, as for ESCI...AA docked in 6HIS, the results have shown three hydrogen
bonding interactions through both its drug ESCI and AA, namely one hydrogen bond of 3.89 A linking
the drug ESCI to Argass amino acid, as well as two interactions formed between AA and Trpass Or llesio
(of 5.08 and 6.20 A correspondingly).
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Figure 3. 2D interactions of ESCI, AA and LA with the amino acids of 6HIS.

ESCI is involved a n—n stacking with Trpass. Hydrophobic interactions as =, alkyl and mixed n/alkyl
are showed around ESCI as Tprass, Proaiss, lleaiiz, Tyraize and Argaes residues in the ESCI...AA case
as displayed in Figure 3. Furthermore, van der Waals (Aspasz, lleass, Tyrass, LySai27, LeUsisz, Phegios,
Leusgy, Proaiio and Argaaiss), non-classical carbon hydrogen bonds (Tyras1, Asngior and llegioo), covalent
bond (Trpeiss) and halogen interactions (Tyraizs and Trpeiss) have been seen between the ESCI and
residues of 6HIS whereas some interactions such as van der Waals (Tyrass, Valgios, Glugiez, Phegios,
Trpeiss and Tyrae1) and covalent bond (Glugiez) interactions are found for AA and residues.
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For ESCI...LA docked in 6HIS, three hydrogen bonding interactions between LA and amino acids
Asnaii, lleairz and Lysaiz7 (of 3.81, 4.24 and 4.39 A, respectively) are shown whereas the results have
suggested no formation of the classical hydrogen bonding between ESCI and 6HIS. ESCI is involved in
a m—o stacking with Leuaize. Hydrophobic interactions as =, alkyl and mixed n/alkyl are shown around
ESCI as Leuags, Pheaios, Leuaize, and Valaios amino acids (Figure 3). Moreover, van der Waals
interactions (Aspaios, Glyaio7, lleaico, Tryass, Proeiio and Progizs), hon-classical carbon hydrogen bond
(Serai09), covalent bond (Proei1o) and halogen interaction (lleass) are showed between the ESCI and
residues of 6HIS while van der Waals (Proaii0 and Proaizs), alkyl hydrophobic (Leuaize and LySaiz7)
and electrostatic attractive charge (Lysai27) interactions are found for LA and residues.

When evaluating all docking results, ESCI...AA and ESCI...LA couples show very good binding for
the protein 6HIS. It indicates that the associations of AA and LA with the drug ESCI might enhance
their antidepressant-like action. In addition, these results agree with existing experimental results [23,
24]. Further, the ESCI...AA interaction is found theoretically to be performing better than the drug
ESCI alone and ESCI...LA couple docked in 6HIS.

4. CONCLUSION

In the present research, the most possible interaction sites and mechanisms of ESCI with AA and LA
and some important structural parameters, and diagnostic vibrational bands and chemical reactivities of
interacted couples were investigated by DFT and QTAIM. Further, the protein — ligand binding
interactions between 6HIS and the interacted couples were simulated by the molecular docking method.
The results suggest that OH...N site interaction for both ESCI...AA and ESCI...LA is the most stronger
based on the binding energy calculations whereas OH...N=C sites are found to be more reactive than
others. The most reactive and the most stable interactions would be preferable for the purpose of use.
Molecular docking results indicate that both associations might enhance the ESCI antidepressant-like
action. Further, ESCI...AA & 6HIS association has performed better than the drug ESCI alone and
ESCI...LA docked in the binding pocket of 6HIS. In addition, it seems that the theoretical procedures
carried out at the molecular level with physical and chemical parameters can complement clinical trials
or medical experiments, or even venture with some confidence into experimentally unexplored territory.
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ABSTRACT

Soft set theory, developed by Molodtsov, has been applied both theoretically and practically in many fields. It is a useful
mathematical tool for handling uncertainty. Numerous variations of soft set operations, the crucial concept for the theory, have
been described and used since its introduction. In this paper, we explore more about soft binary piecewise difference operation
(defined first as “difference of soft sets”) and its whole properties are examined especially in comparison with the basic
properties of difference operation in classical set theory. Several striking properties of soft binary piecewise operations are
obtained as analogous to the characteristic of difference operation in classical set theory. Also, we show that the collection of
all soft sets with a fixed parameter set together with the soft binary piecewise difference operation is a bounded BCK-algebra.

Keywords: Soft sets, Soft set operations, Soft binary piecewise difference operation

1. INTRODUCTION

Due to the existence of some types of uncertainty, we are unable to employ traditional ways effectively
to address issues in many domains, including engineering, environmental and health sciences, and
economics. Molodtsov [1], in 1999, proposed Soft Set Theory as a mathematical method to deal with
these uncertainties. Since then, this theory has been applied to a variety of fields, including information
systems, decision-making, optimization theory, game theory, operations research, measurement theory,
and some algebraic structures. The initial contributions to soft set operations were stated by Maji et al.
[2] and Pei and Miao [3]. Following this, Ali et al. [4] introduced and discussed several soft set
operations, including restricted and extended soft set operations. Sezgin and Atagiin [5] discussed the
basic properties of soft set operations and the connections between them. They also investigated and
defined the idea of restricted symmetric difference of soft sets. A brand-new soft set operation called
“extended difference of soft sets” was presented by Sezgin et al. [6]. Stojanovic [7] introduced the term
"extended symmetric difference of soft sets" and its characteristics were investigated. The two main
categories into which the operations of soft set theory fall, according to the soft set literature, are
restricted soft set operations and extended soft set operations. Soft binary piecewise operations were
defined by Yavuz [8], who also carefully analyzed their core characteristics. Since the creation of new
soft set operations and derivation of their algebraic properties as well as the introduction of new soft set
operations and their implemantations offer new perspectives for solving parametric data problems, the
operations of soft sets are the fundemantal concepts of soft set theory, and thus soft set operations have
been extensively studied since 2003. For more details, we refer to [9-36].

There is a lot of algebra related to logic. Boolean algebra is related to traditional two valued Aristotelean
logic. MV algebra is suitable for multi-valued logic. BCI/BCK algebra generalizes the concept of set
algebra of sets with the set subtraction as the only non-nullary operation, while these algebras generalize
the algebra of implication. The concept of BCI/BCK algebra was introduced by Imai and Iseki [37] to
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study non-classical propositional logic. Although soft sets over algebraic structures have been studied
extensively with the initial study of soft groups, the soft set algebras themselves have been studied
extensively by [10,18,38,39].

There are five different types of difference operation defined in the soft set literature; one of which is
restricted difference of soft sets defined in [4], the other is extended difference of soft sets defined in
[6], the other is complementary extended difference of soft sets defined in [9], the other is
complementary soft binary piecewise difference operation defined in [28]. Eren [17], in 2019,
introduced a brand-new class of soft difference operations, which we call here as “soft binary piecewise
difference” to avoid confusion, and the core characteristics of the operation together with the distribution
laws were analyzed. This paper is a following study of [17] and we aim to enrich the paper [17] by
investigating more on soft binary piecewise difference operation.

In this study, we especially examine the full algebaric properties of this soft set operation comparatively
with the basic properties of difference operation existing in classical set theory and we obtain many
interesting similarities. Moreover, we prove that the set of all the soft sets with a fixed parameter set
together with the soft binary piecewise difference operation is a BCK-algebra. This paper is arranged in
the following manner. In Section 2, we recall the preliminary concepts in soft set theory together with
BCK-algebras. In Section 3, definition and the example of soft binary piecewise difference operation
defined in [17] are reminded. The full analysis of the algebraic properties of the new operation, including
closure, associativity, unit, inverse element, and abelian property, are then examined. Besides, the
properties of this soft set opertaion are handled comparatively with the difference operation in classical
set theory and we obtain stunning analogies. In the same section, it is proved that the set of all the soft
sets with a fixed parameter set with respect to soft binary piecewise difference operation is a BCK
algebra. In the conclusion section, we put into focus the meaning of the study's findings and its potential
influence on the field.

2. PRELIMINARIES

Definition 2.1. [1] Let U be the universal set, E be the parameter set, P(U) be the power set of U and
A C E. Apair (F,A) is called a soft set over U where F is a set-valued function such that F: A — P(U).

Throughout this paper, the collections of all the soft sets defined over U is designated by Sg(U). Let A
be a fixed subset of E and S (U) be the collection of all those soft sets over U with the fixed parameter
set A. Clearly, S,(U) is a subset of Sg(U).

Definition 2.2. [4] (K, W) is called a relative null soft set (with regard to W), denoted by @y, if K(9) =
@ for all 9eW and (K, W) is called a relative whole soft set (with regard to W), denoted by Uyy if
K®) = U for all $ eW. The relative whole soft set Ug with regard to E is called the absolute soft set
over U. We shall denote by @4 the unique soft set over U with an empty parameter set, which is called
the empty soft set over U. Note that by @4 and by @, are different soft sets over U [10].

Definition 2.3. [3] For two soft sets (K, W) and (T, S), (K, W) is a soft subset of (T, S) and it is denoted
by (K,W) € (T,S), if WE Sand K(9) € T(9), V9 e W. Two soft sets (K, W) and (T, $) are said to
be soft equal if (K, W) is a soft subset of (T, S) and (T, S) is a soft subset of (K, W).

Definition 2.4. [4] The relative complement of a soft set (K, W), denoted by (K, W), is defined by
(K, W)' = (K", W), where K": W = P(U) is a mapping given by (K, W)" = U\W(9) for all 9 € W.
From now on, U\K(9)=[K(9)]" will be designated by K’(9) for the sake of ease.

Soft set operations can be grouped into the following categories as a summary: If " © " is used to denote
the set operations (Namely, © here can be N, U, \, A), then the following soft set operations are defined
as follows:
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Definition 2.5. [4,5] Let (K, W) and (T, S) be soft sets over U. The restricted © operation of (K, W) and
(T,S) is the soft set (B,X), denoted by, (K, W)Or(T,S) = (B,X), where X=WnS=+@and VI €X,
B(9) =K(9) 0 T(9). Here note that if WN § = @, then (K, W)Or(T,S) = @4 [10].

Definition 2.6. [2,4,6,7,11] Let (K,W) and (T,S) be soft sets over U. The extended © operation of
(K,W) and (T,S) is the soft set (B,X), denoted by, (K,W)0.(T,S) = (B,X), where X=WUS and
V9 e X,

K@), 9 € W\S,
B(9) = T(9), 9 eS\W,
K®)OT®), 9ewns.
Definition 2.7. [9,12,23] Let (K,W) and (T,S) be soft sets over U. The complementary extended ©
operation of (K, W) and (T, S) is the soft set (B,X), denoted by, (K, W)0.(T,S) = (B, X), where X =
WuU Sand V9 € X,

K'(9), 9 € W\S,
B ={ T'(9), 9 € S\W,
KM®)OT(I), 9eWwWns.
Definition 2.8. [8,17] Let (K, W) and (T, S) be soft sets over U. The soft binary piecewise © operation
of (K, W) and (T, S) is the soft set, (B,W), denoted by, (K, W)® (T,$) = (B, W), where V9 eW,
K(9), 9 eW\S

B(%)=
K@) e T®), 9eWnNs
A set X containing a binary operation { and a constant 0 is called a BCI algebra if it satisfies

BCI-1((@a¢b)l(acc))(cch)y=0,BCl-2(a¢(a¢h))cb=0, BCl-3aa=0, BCl-4atb=0andb
Ca=0imply a=b. A BCl algebra is called a BCK algebra if it additionally satisfies: BCK-50{a=0.A
BCK algebra X is called bounded if there exists some element 1 € X such thata * {1 =0 for all x € X.
For a bounded BCK algebra X, if an element aeX satisfies 1 { (1 { a) = a, then a is called an involution.

3. MORE ON THE PROPERTIES OF SOFT BINARY PIECEWISE DIFFERENCE
OPERATION

Definition 3.1. [17] Let (V,X) and (Y, I) be soft sets over U. The complementary soft binary piecewise
difference operation of (V,X) and (Y, 1) is the soft set (Q,X), denoted by (V,X)\(Y,I) = (Q, X), where
V3eR,

V(9), geR\l

QE)=
V(9) \Y(9), 9eRrNI

Here note that, in [17], the above definition was given as “difference of soft sets”; however since there
are five types of difference of soft sets operations in the literature, in order to avoid confusion, we prefer
to use “soft binary piecewise operation” for the above definition.

Example 3.2. Let E={e;,e;,e3,e,} be the parameter set Q={e;, e3} and I={e,, e3, e, } be the subsets
of E and U={h,,h;,h3,h,,hs} be the initial universe set. Assume that (V,X) and (Y,l) are the soft sets
over U defined as follows:

(V,X) ={( ey, {hz hs}), (e3,{hy,hz,hsH}
(Y.D={( e2.{h1,hy,hs}), (e3.{hy.h3,h,3), (e { h3hs P} Let (V.X) \ (Y,1)=(Q,X). Then,
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V(9), e\l
QM= {
V(9)\Y(9), 9erNI

Since X={e;, ez} and X\I={e;}, SO Q(ey) = V(ey)={hy,hs}. And since XNI={e3}, so Q(e;)=
V(e3)\Y(e3)={hy, hs}. Thus, (V,R) \(Y,1)={(e;,{hy,h3,h,}), (e3, {hy, hs})}.

In classical set theory, VIY=VNY’. Now, we have the following analogy.
Theorem 3.3 (V,R) \(Y,R) =(V,R) n. (Y,X N R)" [17].

Theorem 3.4.(V,R) \(Y,R) =(V,X) A (Y,R)".

Proof: Let (V,X) N (Y,R)"'=(Q,X), where V3eX,

V(9), 9eR\R

Q®)=
V®NY’(9), 9eRNR

Thus, (Q,X)= (V,R) \(Y,R).

Theroem 3.5. (Algebraic properties of the operation)
1) The set Se(U) is closed under the operation \.
Proof: It is clear that \ is a binary operation in Sg(U). That is,
\: Se(U)x Se(U)— Se(V) 3
(Vi) (Y,1) =(V.8) \ (Y.1)= (Q.X)
In classical set theory, difference operation does not have associative property. Now, we have the
following analogy:

2) [(VRN(Y,®) TNQ.R) = (V,®) \[(Y,X) \(QN)]
Proof: Let (V,X) \ (Y,X)=(T,X) , where V3eX;
V(9), 9eR\R=0
T(®)=
V(©)\Y(H), 9JeRNN=X

Let (T, ®) {(Q, X)=(M, R) , where V9eX;

T(9), 9eR\R=0
M(8)=
TO\Q(9), 9JeRNR=X
Thus,
CT(9), 9eR\R=0
M(9)=

L V() \Y(O)\Q(®), 9eRNR=X
Let (Y,R)\ (Q,X) =(L,X) , where V9eX;

Y(9), 9eR\R=0
L(©®)= -
Y(9)\QE), 9eRNR=N

Let (V,R) \(L,X) =(D,R) , where V9eX;
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V(9), 9eR\R=0
D(®)= -
- V(E)\LE), 9eRNN=R
Thus,
" V(9), 9eX\N=0
D(9)= -
L VEN\YEN\QE)],  9eRNR=KR

It is seen that (M, X) and (D,X) are not the same soft sets.

That is, on the soft sets whose parameter set are the same, the operation \ does not have associativity
property. Moreover, we have the following:

3) [(V.®) N (Y.DIN(Q.2) = (V.X) \[(Y.1) \(Q.2)]
Proof: Let (V,X) \ (Y,)=(T,R) , where V9eX;

" V(9), 9exr\l
T(S): a
| V(9)\Y(9), gernl
Let (T.X) \(Q,2) =(M,X) , where V9eX;
CT(9), 9er\Z
M(9)=
C TO\Q), 9erNZ
Thus,
"V(9), 9e(R\)\Z=RNI"'NZ’
M(@©)= | V(9)\Y(9), 9e(RN\Z=RNINZ’
V(9\Q(9), 9e(R\)NZ=RNI"'NZ
LIVONY@)]\Q®),  9e(RNNNZ=RNINZ

Let (Y,D \ (Q,2)=(K,I), where V9el;

Y(9), 9el\Z
K(9)=
Y(9)\Q(®), 9elnz
Let (V,R) \ (K,I) =(S,X) , where V9eX;
V(9), 9er\I
S(9)=
V(9)\K(9) , 9erNI
Thus,
V(9), 9er\l
S(9)= — V(9)\Y(9), 9eRN(\2)=RNINZ’
V) \[Y(®)\Q®)],  9eRNINZ)=RNINZ

Here let handle 9eX\I in the first line of S(9). Since R\I= RN, if 9€l’, then $€Z\l or Y€(1UZ)’. Hence,
if 3R\, then 3eXNI’NZ’ or 3eXNI’NZ. Thus, it is seen that (M, X) and (S,X) are not the same soft set.
That is, for the soft sets whose parameter set are not the same, the operation \ does not have associativity
property in the set Sg(U).
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In classical set theory, difference operation does not have commutative property. Now, we have the
following analogy:

4) (V.R) L (Y, D#(Y, D\ (V.X)
Proof: Let (V,X) \(Y,1)=(Q,X). Then, V9eX:;

V(9), 9ex\I
Q(®)=

VO\Y(9), 9exNl
Let (Y,1) \ (V,R) =(T, ). Then v9el;

Y(9), 9el\R
T(9)=

Y(9)\R(9), 9elNN

Here, while the parameter set of the soft set of the left hand side is X; the parameter set of the soft set
of the right hand side is I. Thus, by the definition of soft equality

(V&) N (Y, DAY,D) \(V,R).

Hence, the operation \ does not have commutative property in the set Sg(U), where the parameter sets
of the soft sets are different. Moreover, it is easy to see that (V,X) \ (Y,X)#(Y.R) \(V,R) since V(9) \Y(9)
# Y(9)\R(9). That is, the operation \ does not have commutative property when the parameter sets of
the soft sets are the same.

5) (V.R)\ (V.X) = 0.
Proof: Let (V,X) \ (V,R) =(Q,R), where V9eX;

V(9), 9eR\R=0
Q(®)=
VOIW(9) 9ERNN=NR

Here V3eX; Q(8)=V(9) \V(8)= 9, thus (Q,X) = .
That is, the operation \ does not have idempotency property in the set Sg(U).
6) (V.X) \ 9x=(V,R) [17].

Here note that, for the soft sets (no matter what the parameter set is), null soft sets with respect to any
parameter set (Here, K may be E, X, @, or any set) is the right identity element for the operation \ in the
set Sg(U).

7) Ox\ (V.R) = @ [17].

Here note that, for the soft sets (no matter what the parameter set is), null soft sets with respect to any
parameter (Here, K may be E, X, @, or any set) is the left-absorbing element for the operation \ in the
set Sg(U).

8) (V.X) \ Ux=(V,X) \Ug=0y [17].

9) Ux\(V,®) = (V,®)"and Ug\(V,R) # (V,X)" [17].

10) (V. &) \(V,R)'=(V,X).

Proof: Let (V,X)'=(Q,X). Hence, V3eX; Q(9)=V’(9). Let (V,R) \(Q,X) =(T,X) , where V9eX,
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V(9), JeR\R=0
T®)=
V(9) NQ(9), 9eRNR=KR

Hence, V9eX; T(9)= V(9) NQ’(9)=V(9) NV(9)= V(9), thus (T,X) =(V,X).

Note that, relative complement of every soft set is its own right identity element for the operation \ in
the set Sg(V).

11) (V,R)"\(V,X) = (V,X)".
Proof: Let (V,X)'=(Q,R). Hence, V9eX; Q(9)=V"(9). Let (Q,X)\(V,X) =(T,X) , where V9eX;

Q(9), 9eR\X =0
T(9)=
Q(9) NV*(9), 9eRNK =X

Hence, V3eX; T(8)= Q(3) NV’(9)=V’(B) N V’(9)= V’(9), thus (T,X) = (V, X)".

Note that, relative complement of a soft set is its own left-absorbing element for the operation \ in the
set Sg(U).

%
12) [VRNCYDI=(V,R) ~ (YD),

+

Proof: Let (V,X)\(Y,D=(Q.,X). Then, V9eR,

V(9), gex\l

Q®)=
VO NY’(9), 9erNI

Let (Q,X)'=(T,X), so VIeN,

V(9), 9exr\l
T)=
V’(9) UY(9), 9erNI
£S
Thus, (T,8) =(V,R) ~ (Y,I).
+

In classical set theory, VNY =U & V = Uand Y = U. Now, we have the following:
13) (V,8) \(Y,®)=Uyg © (V,X) = Ugand (Y, R)=0x.
Proof: Let (V,R) \(Y,X) = (T,X). Hence, V9eX,
V(®), 9eR-R=0
T(9)=
VEONY’(Y), 9eRNX =X

Since (T,R) = Uy, V9eX, T(9)=U. Hence, V&, T(9)= V(HNY’(9)=Ue VI e X, V(9)=U and
Y’(9)=U © V9eR, V(9)=U and Y(9)= @ & (V,X) = Ugand (Y, X) = By.

In classical set theory, for all A, ® < A. Now, we have the following:

14) B E(V,R) \(Y,1) and 8, E(Y,1) \(V. ).
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In classical set theory, for all A, A < U. Now, we have the following:
15) (V,8) (Y1) € Ugand (Y1) (V,X) € U,

In classical set theory, VIY € V and Y\VCS Y. Moreover, VIY € Y' and Y\V € V' Now, we have the
following analogy:

16) (V.R\(Y,1) E(V.R) and (Y,I) \(V.R) E(Y,I). Moreover, (V,R) \(Y,R) E(Y,X) and (Y,X) \(V.R)
S(V,X)".

Proof: Let (V,X) \(V,l) =(Q,R). First of all, X € X. Moreover, V9eX,

V(9), 9exr\l

Q)=
VONY’(9), 9eRNI

Since V9eR\L; Q(9)C V(9) and VIERNL; Q(I)=V(HNY"(9) € V(9), thus VIER; Q($)C V(9). This shows
that (Q,X) = (V,®)\(Y,.DE(V,R). (Y,D\(V.R)E(Y,I) can be shown similarly.

Let (V,R) \(Y,R) =(K,R). First of all, X € X. Moreover, V9eX,

V(9), 9eR\R=0
K®)=
VONY(9), 9eRNR=N

Since V9eR; K(9)=V()NY (Y)CY’(9), this shows that (K.X) = (V,R)N(Y,R)E(Y,R) . (Y,R)(V,R)
€(V,R)" can be shown similarly.

In classial set theory; V=(V\Y) U (VNY) and Y=(Y\V) U (YNV). Now, we have the following analogy:
17) (V,R) =[(V,®) (Y, ) TT[(V,®) A (YD) Tand (Y,1) =[(Y,)) \(V.®) 1T [(Y,D A (V.¥)].
Proof: Let (V,X) \(Y,I) =(Q,R), where V9eR,

V(9), gex\l

Q®)=
VO \Y(9),  9erNI

and (V,X) N0 (Y,1) =(K,X), where V3eX,

V(9), 9exr\l
K@)=
VO N Y(9), 9erNI

Let (Q,X) U (K,R) =(T,X) , where V9eX,

Q®), JeXR\R=0
T®)=
Q®) UK(®), JeRNN=N
Thus,
VU V@), Se(R\) N(R\D)=(R\I)
V(©)U [VE) nY(©D)], Je(R\) N(RNT)=0
TE) = | [VE)\Y(I)] U V(@©), Je(RNDHN(R\DN=0
[VONY®)] UVE) NYM®)], Se(RNDNRNAT)=(RNI)
Hence,
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V@), 9en\I
T@)= | [VE\Y(®)] U VO NY®)], 9erNI

Since, V3eR, [V \Y®)] U [V®) N Y®)]=V(®), T®)= V(§). Thus, (T,X) =(V,X). The other can be
shown similarly.

In classical set theory, VU Y= (V\Y) U Yand Y U V = (Y\V) U V. Now, we have the following analogy.
18) (V,®) T (Y,1) =[(V,&) \(Y,) T T(Y,) and (Y,1) T (V,R) =[(Y,D) \ (V.X) 1 T(V,X).

Proof: Let (V,R) \(Y,) =(Q,X) , where V9eX,

V(9), 9exr\l

Q®)=
VO\Y(9), 9eXrNI

and (Q, X) U(Y,I) =(K,X) , where V9eX,

Q(9), e\
K@®)=
QOUY(9), 9JeXNI
Thus,
V(9), Ye(R\D\I=R\I
K@®)= | VO\Y(9), 9e(XND\I=0
V(@) U Y(9), 9e(R\DHNI=0

[VOW@]UY®E)  9e®NDNRND=(RNT)
Since [V(O\Y(3)] U Y(9)= V(S)UY(9), V9eR,

V(9), 9exr\l
K(9)=
V(9 U Y(@Q), 9eRNI

Thus, (K,X) = (V,X) U(Y,X). The other can be shown similarly.

In classical set theory, VE Y & V\Y = @. In [17], it was shown that if (V,X) E(Y,I), then (V,&) \(Y,I)
=@y. For satisfying also the necessity, we have the following:

19) (V.X) E(Y,R) < (V,R) \(Y,X) =0x.
Proof: Let (V,X) E(Y,X). Then, v9eX,V(9) < Y(9). And let (V,X) \(Y,R) =(Q,R) . Then, VIeR,

V(9), JeR\K=0

Q®)=
V) \Y(9),  9eRNR=N

Since V9eX, V(9) € Y(9), then V(9)\Y(9)= 0, and hence (Q,X) = (V,X) \(Y,R) =@y, For the converse,
we need to show that when (V,R)\(Y,R) =@y, then (V,X) E(Y,R) . In order to show this, let (V,X) (Y,X)
= (T, X). Then,

V(9), JeR\R=0
T(9)=
V(9)\Y(9), 9eRNKR=K
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Since, (T,X) =@y, VO € X, V(9) \Y(9)= @. Thus, VIeR, V(3)SY(9). Hence, (V.X) E(Y,X).
In classical set theory, V\(V\Y)=VNY and Y\(Y\V)=YNV. Now, we have the following:
20) (V,®) \ [(V,%) \(Y,®)]= (V,®) A(Y,8) and (Y,R) \[(Y,®) \(V,®)]= (Y,R) [ (V,N).
Proof: Let (V,X) {(Y,X) =(Q,X). Then, V9eR,

V(9), 9eR\R=0

Q)=
VO)\Y(9),  9eRNR=KR

Let (V,R) \(Q,R) =(K,R). Then, V9eX,

V(9), 9eR\R=0
K@®)=

V(9)\Q(9), JeRNR=R
Thus, VIeX,

V(9), 9eR\R=0
K(9)=

VN (VO)\Y()), 9eRNN=X
Hence, V3eX,

V(9), JeR\R=0
K(9)=

V) NY(D), 9eRNR=K

Thus, V9eR, (K,X) = (V,R) \ (Y,X). Moreover (Y,R) \ [(Y,R) \(V, ®)]= (Y,R) A(V,X) can be shown
similarly.

In classical set theory, V\(YNV)=V\Y and Y\(VNY)=Y\V. Now we have the following:
21) (VRN [(Y.DAV,R) J= (VR(Y, 1) and (Y1) N IV.R) A (YD) 1= (Y1) (VOR).
Proof: Let (Y,I) A(V,X) =(Q,X). Then, v3el,

Y(9), 9el\R

Q®)=
Y(9) NV(9), 9elNX

Let (V,X) \(Q,1) =(K,R). Then, V9eX,

V(9), e\
K@®)=
VE\NQ@®), 9eXNI
Thus, VIeX,
V(9), e\
K@®)= 7 VO\Y(®) 9eRNI\R)=0

VON[(Y(9) NV(Q)],  9eRN(INK)=RNI
Since V(9 [(Y(3) NV(9)]= V(O\Y (D), hence V9e,

V(9), 9er\I
K(9)=
VO\Y(®), 9erNI
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Thus, (K,&) = (V,®)\(Y,1). Moreover (Y,1) \ [(V.R)A (Y,1) ]= (Y,1) \(V,X) can be shown similarly.
In classical set theory, VA(VNY)=V\Y and Y\(YNV)=Y\V. Now, we have the following:
22) (V,RNI(V,R) ACY,R) ]= (V,R\(Y,R) and (Y,R\Y,R)A(V,R) 1= (Y R)N(VR).
Proof: Let (V,X) N(Y,X) =(Q,X). Then, V9eX,

V(9), JeR\R=0

Q®)=
V(9) NY(9), 9eRNR=KR

Let (V,R) \ (Q,X) =(K,R). Then, V9eR,

V(9), JeRk\R=0
K®)=

VO \Q®), 9eRNR=X
Thus, VIeX,

V(@9), JeX\R=0
K@®)=

VEON(VE) NYW)], JeRNN=N
Hence, V3eX,

V(@9), JeR\R=0
K@®)=

VO\Y(9), 9eRNR=R
Thus, V9er, (K,X)=(V,R)\(Y,R). Moreover (Y, R)\[(Y,R)A(V,R)]= (Y,X)\(V,X) can be shown similarly.

NOTE: In classical set theory, VNY=YNV, hence V\(YNV)=V\(VNY)=V\Y and Y\(VNY)=
Y\(YNV)=Y\V. However, since (V,X) N (Y,1)# (Y,1) A(V,X); while Theorem 3.4 (21) is satisfied when
the parameter sets of soft sets are different; Theorem 3.4. (22) is satisfied only when the parameter sets
of soft sets are the same.

In classical set theory, if VNY= @, then V\Y=V. Now, we have the following analogy:
23) If (V,R) 0 (Y, 1) = @y, then (V,R) \(Y,I) =(V,X).
Proof: Let (V,X) A(Y,1) =(Q,X). Then, for all &,

V(9), gex\l

Q)=
V) NY(S), 9erNI

Since, (Q,X) = @y, then for all 3eX. Q(8)= @. Thus, for all 3eX\[; Q(3)=V(3)= @, and for all 3eXNI;
QO)=V(®) NY(9)= 0. Let (V,R) \(Y,I) =(S,X). Then, for all 9eX,

V(9), gex\l
S@)=
V)\Y(®), 9erNI

Since, for all 3eRXNI; V(S NY(8)= B, V(8) \Y(8)=V(9). Therefore,

V(9),  9eX\l
S@)=
V(9), 9eRNI
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Thus, (S,8)=(V,R) \(Y,1) =(V,).
In classical set theory, (V\Y) NY=0 and (Y\V) NV=@. Now, we have the similar analogy:
24) [(V,®) \ (Y,R) IA(Y,R) = @ and [(Y,&) \(V.R) ]A(V,R) = 0.
Proof: Let (V,X) \ (Y,RX) =(Q,X). Then, V9eX,

V(9), 9eR\R=0

Q®)=
VOVNY(9), 9eRNR=N

And let (Q,R)A(Y,X) =(T,X), where V9eR,

Q®), JeRk\R=0
T®)=

Q®NY (W), 9eRNN=N
Thus, VIeX,

Q®), JeRk\R=0
TE)=

[VENWY®)] N YO, JeRNN=N
Hence, V3eX,

Q®), 9eR\N=0
T®)=

9, 9eRNN=R

Since V9eX, T(9)= 0, thus (T,R) = @x. Moreover, [(Y,R) \ (V,X) ] A(V,X) = @ can be shown similarly.
NOTE: In classical set theory, (VIY)\Y=V\Y (as (VIY) NY=@) and (Y\V)\V=Y\V (as (Y\V) NV=0).
As an analogy, we have the following:

25) [(VRNCY, 1) TNCY,1) = (VR)NCY, 1) and [(Y,1) N(V,8) TN(V.R) = (Y D(VR).

Proof: Let (V,X) \ (Y,1) =(Q,R). Then, V9eX,

V(9), 9exr\l

Q)=
VOVY(9),  9eRNI

And let (Q,X) \ (Y,I) =(T,X), where V9eX,

Q(9), e\l
TO)=
QMY (®), 9exNI
Thus, V9eR,
V(®), Je(R\D\I=R\I
VENY (W), 9e(RND\I=0
TO)= | VO\IY(O), Ye(R\)NI=0
[VOVNY®)]\Y(®), Je(RNDHNI=RNI
Thus, VIeR,
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V(9), 9eR\|
TE)=
VO\Y(9)], 9eRNI

Thus, (T,R)= (V,R)\(Y,1). Also, [(Y,D\(V,X) ] \(V,R) = (Y,D\(V,R) can be shown simillarly.
In classical set theory, (V\Y) N(Y\V)=@. Now, we have the following analogy.

26) [(V,R)N(Y,R)] A [(Y.R)\(V,X) =85 and [(Y,R)\(V,R)] 7 [(V,R\(Y,R) ]=0x.

Proof: Let (V,X)\(Y,R) =(Q,R). Then, V9eXR,

V(9), JeR\R=0

Q®)=
VOIY(S), 9eRNR=N

Let (Y,R)\(V,R) =(K,R). Then, v9eX,

Y(9), JeR\R=0
K(9)=
Y(9\WV(E), 9eRNR=K

And let (Q,X)N(K,X) =(T,X), where V3eX,

Q(9), 9eR\R=0
TO)=

QMO)NK(Y), 9eRNR=K
Thus, VIeR,

Q(9), 9eR\N=0
TO)=

[VEONYO)]N[YO\WV(I)], IeRNN=X
Hence, V3eX,

Q(9), 9eR\R=0
TE)=

0} 3eXNN=R

Since V9eR, T(9)=0, (T,R) =@x. Moreover [(Y,R)\(V,X) ] A [(V.R) \(Y,X) ]=0 can be shown similarly.

NOTE: In classical set theory, (VA\Y)\(Y\V)=V\Y (as (V\Y)N(Y\V)=0) and (YAV)\(V\Y)=Y\V (as
(Y\V)N(V\Y)=0). As an analogy, we have the following:

27) [(V.R) NCY DIV LY NVAR) 1= (V.R) N(Y 1) and [(Y,1) N(V,R) T ICV.R)NCYD) 1= (Y D(VAR)
Proof: Let (V,X)\(Y.,]) =(Q,X). Then, V9eX,

V(9), geR\l
Q®)=
VONY(9),  9erNI

Let (Y,D)\(V,X) =(K, ). Then, v9el,

Y(9), 9el\X
K(9)=
YOWV(@E),  9elny
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And let (Q,X) \ (K,I) =(T,R), where V9eX,

Q(9), 9er\l
T(9)=
QO\K(9),  9eRNI
Thus, V9eR,
T V(9), 9e(R\D\I=R\I
V() \Y(9), 9e(RNI\I=0
T®)=_| VONY(®), 9e(R\DNI\R)=0
VONY(®) \V(9)], 9e(R\NNINK)=@
[V(®) \Y(9)] \Y(9), 9e(RNDNI\R)=@
LIV YO\ [YO\V(®)], 9e(RNDNINR)=INK
Hence, V3eX,
V(9), 9er\l
T(9)=

V(9)\Y(9), 9eRNI

Thus, (T,R)=(V,X) \((Y,D. Moreover, [(Y,D\(V,R)INI(V,R)N(Y,D]=(Y,D\(V,R) can be shown
similarly.

In classical set theory, (V\Y) N(YNV)=@ and (Y\V) N(VNY)=@. Now, we have the following analogy.
28) [(V,®) \ (Y,R) 17 [(Y,R) 73 (V,R) ]=@x and [(Y,R)\ (V,8) 11 [(V.R) A (Y,R) ]=0y.
Proof: Let (V,X) {(Y,X) =(Q,X). Then, V9eR,

V(9), 9eR\R=0
Q®)=
VO\NY(9), 9eRNR=N

Let (Y,X)A (V, X)=(K,X). Then, V9eX,

Y(9), 9eR\R=0
K@®)=
Y(9) NV(Q), 9eRNR=N

And let (Q,X) N (K,X) =(T,X), where VIeX,

Q). 9eR\R=0
T(9)=

Q®) NK(Y), 9eRNR=K
Thus, VIeR,

QM) 9ER\R=0
T(9)=

[VEONY®IN[Y(S) NV(B)], 9eRNR=K
Hence, V3eX,

Q), 9eR\R=0
T(®)=

?, JeRNNR=R
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Since V9eX, T(9)= 0, (T,X) = @x. Moreover, [(Y,R) \(V.R) ] A [(V.X) A (Y,X) ]=0 can be shown
similarly.

NOTE: In classical set theory, (VAY)\(YNV)=(VYY) (since V\Y)N(YNV)=@) and (Y\V)\(VNY)=Y\V
(since (Y\V) N(VNY)=0). As an analogy, we have the following:

29) [(V.R) \(Y.D) TN LCY.D) AV,R) I= (V,8) \(Y,1) and [(Y,1) N(V.R) TALV,R) ACYL1) T= (Y1) N (V).
Proof: Let (V,X)\(Y,]) =(Q,X). Then, v9eX,

V(9), 9exr\l

Q®)=
VO\NY(9), 9exrNI

Let (Y,I) i (V,&) =(K,I). Then, V9el,

Y(9), 9el\R
K(9)=
Y(9)NV(9), 9elNX

And let (Q,X) \ (K,I) =(T,R), where V9eX,

Q(9), 9er\l
T®)=
Q(9\K(9),  9exNI
Thus, V9eR,
L V(9), Ye(R\D\I=R\I
V(9 \Y(), 9e(RNDH\I=0
T®)= | V() \Y(9), 9e(R\NN(I\R)=0
VEONY(9) NV(©)], 9e(R\)NINR)=0
[V(9) \Y(9)] \Y(9), 9e(RNDHNI\R)=0
LIV \YO)T\[Y ) NV(©)], 9e(RNDNINK)=INR
Hence, V3eR,
V(9), 9er\l
T®)=

V(9)\Y(9), 9erNI

Thus, (T,X)=(V,X) \((Y.). Moreover, [(Y,I) \(V.®)\[(V.X) AY,D]= (Y.I) {(V,X) can be shown
similarly.

In classical set theory, VO(Y\V) =@ and YN(V\Y) =@ . Now, we have the following analogy:
30) (V,&) A [(Y,R)\(V,®)]=0x and (Y,R) A [(V,R) \ (Y,K) ]=0x.
Proof: Let (Y,X) {(V,X) =(Q,X). Then, V9eR,

Y(9), 9eR\R=0
Q)=

Y(O\V(9), 9eRNR=X
Let (V,®)7 (Q, X)=(K,X). Then, V9eX,

V(9), 9eR\R=0
K(9)=
VONQ(Y), 9JeRNR=KR
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Thus, VIeX,

V(9), 9eR\R=0
K@®)=

VN [YEW®)], 9eRNN=R
Hence, V3eX,

V(®), JeR\N=0
K®)=

2, 9eRNNR=N

Since V9eR, K(9)= 0, (K,R) = @y. Moreover (Y,RX) A [(V,X)\(Y,R) ]=0x can be shown similarly.
NOTE: In classical set theory, V\(Y\V)=V (since VN(Y\V)= @) and Y\(V\Y)=Y (since YN(V\Y)= 0).
Now, we have the followin analogy:

31) (V,®) \ [(Y, DNV, R)I=(V,R) and (Y,1) X [(V,R) \(Y,1) 1=(YD).

Proof: Let (Y,I) \(V,X) =(Q,1). Then, v9el,

Y(9), 9el\R

Q®)=
YO\V(), 9elny

Let (V,X)\(Q, D=(K,X). Then, V9eX,

V(9), 9er\
K@)=
VEOWQ@®), 9eXkNI
Thus, VIeR,
V(9), e\l
K(9)=7 V(O\Y(9), 9eRN(I\R)= 0
VYOIV (B)], deRNINK)= KRNI
Hence, V3eX,
V(9), e\
K(9)=
V(9), 9eRNI

Since V9eR, K(9)=V(9), (K,R)=(V,R). Moreover, (Y,1) \ [(V.X) \(Y,D)]=(Y,]) can be shown similarly.
In classical set theory, VUY=(V\Y) U(Y\V) u(VNY). Now, we have the following analogy:

32) (V,R) T (Y, D=[(V,®) \ (Y, 1T [(Y, D\ (V,®)] T [(V,®) 7 (Y, D)].

Proof: Let (V,X)\(Y,]) =(Q,X). Then, V9eX,

V(9), gex\l
Q®)=
VONY(9),  9erNI

Let (Y,1) § (V,X) =(K, ). Then, v3el,
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Y(9), 9el\X
K@®)=
YO\V(9),  9elny

And let (Q,X) T (K,I) =(T,X), where V3eX,

Q9), 9eR\l
TE)=
Q)UK(9), 9eRNI
Thus, VIeX,
V(@9), 9e(R\)\I=R\I
V(©)\Y(9), 9e(RNI\=0
T(9)= | V(9) UY(9), Je(R\D)N(I\X)=0
V(9) U [Y(O\V(9)], 9e(R\DNINR)=0
[V(9) \Y(9)] UY(9), 9e(RNDN(I\K)=0
[V(®) \Y(9)] U [YOWV®)], 9Ie(RNDHNAINR)=INR
Hence, V9eX,
V(@9), 9ex\l
T(9)=

[V(9) \Y(®)JU[YO\WV(9)], 9erNI
Let (V,X) N(Y,I) =(W,R). Then, VIeR,

V(9), 9exr\l
W(9)=
V(9) NY(9), 9eRNI

Let (T,X) U(W,X)=(R,X). Thus, for all 9eX;

T(9), 9eXR\R=0
R(9)=
TO) UW(Q), IJeXRNR=N
Thus, VIeR,
V(9) UV(9), 9e(R\I) N(R\D=R\I
R®)= | V@) U[V®E) NY9)], Je(R\DN(RNI) =@
[TV \Y®)IULYOI\WV(®)]] uV(®), Je(RNDHN(X\)=0

[[V() \ YO IU[YOWOUIVONY®)],  e(®NDN(RNT=RNI
Since [[V(9) \Y(9)] U [Y(OW(S)]] U [V($) NY(9)] = V() U Y(9), thus,

V(9), gex\l
R(9)=
V) UY®), 9eRNI

Therefore, (R,X)= (V,X) U (Y, D).

NOTE: Since [(V,X) T (Y,D] U (Z,K) #(V,X) U [(Y,])) U (Z,K)], we should also have looked the
following:

33) (V,R) T (Y, D=[(V.®) \ (Y,) 1T [[(Y, DX (V,®)] T [(V,R) A (Y,D]].
Proof: Let (Y,1)\(V,X) =(Q,I). Then, v9el,
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Y(9), 9el\X

Q®)=
YO\V(), 9elny

Let (V,R) \ (Y,]) =(K,R). Then, V9eR,

V(9), 9exr\l
K@®)=
VONY(9),  9erNI

And let (Q,1) U (K,X) =(T,I), where v9el,

Q(9), 9el\X
T(9)=
Q(HUK(Y), 9elNy

Thus, v9¢l, hence,

T Y(9), 9e(I\R)\R=I\R
Y(9)\V(©), 9e(INR)\R=0
TO=_ Y(OUV(9), 9e(I\R)N(R\)=0
Y(S)U[VINY(9)], 9e(I\R)N(RNI)=0
[Y(9)\V(]UV(9), 9e(INR)N(R\)=0
L IYO\VOIU[VENY (9], 9eINR)NRND=RNI
Hence, V3el,
Y(9), 9el\R

T(9)=
[Y(S) \V(®)] U [VE\Y(®)], 9elny

Let (V,X) \(Y,]) =(W,R). Then, V9eR,

V(9), 9exr\l
W)=
V(9)\Y(9), 9erNI

Let (W,R)U(T,1)=(R,X). Thus, for all 3eX;

W(9), e\
R@)=
W(9) UT(9), 9eXNI
Thus, V3eN,
V(9) Ge(R\D\I=R\I
V) \Y(9), 9e(RND\I =@
V(O)UY(9), Je(R\D)N(T\X)=0
R®)= 1 VOU [[YO)\V®)] U [VO\Y®)]] Je(R\DN(INXR)=0
[VO\NY(O)]UY(I), 9e(RNDHN(I\R)=0

[VENYENIU {[YE\V®)] U [VE\Y(®)]} e(RNDNINK)= 8RNI
Since [V($) \Y(H)] U [[YEGIVE)] U [VEONY@]=VEUY (),
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V(9), gex\l
R(9)=
VOUY(®), 9erNI

Therefore, (R,X)= (V,X) U (Y, ).

In [10], it was shown that the collection of soft sets with a fixed set of parameter set associated respect
to restricted difference becomes a BCK algebra. Now, we have the following:

Theorem 3.6. (Sx(U), \, @x) is a bounded BCK algebra whose every element is an involution.
Proof: Let (V,R), (Q,X),(Z,X)e Sx(U). Then,
BCI-1 [((V.®) \ (Q:X) \ ((V.R®) \ (ZR)]\((Z.¥) \ (Q.R))= Dy. In fact,
Let (V,X)\ (Q,X)=(T,X), where VIeX;
V(9), 9eR\R=0
TO)=
V(3)\Q(), IJeRNN=X

Let (V,R) \(Z,8)=(M,R) , where V9eX;
V(9), 9eR\N=0
M(8)=
V(O\Z(9), 9eRNN=R
Let (T,X) \(M,X)=(W,R), where V9eX:

T(9), JeR\N=0
W(9)=
TEWM(E), 9eRNN=N
Hence, V3eX;
[ T9), 9eR\R=0
W(9)= -

| IV(9)\Q@) [V(\Z(®)], 9eRNR=X
Let (Z,%) {(Q,R)=(S,X), where V9eX;

- 2(9), 9eR\R=0
S(9)= -

| Z(9)\Q(9),  9eRNN=X
Let (W,R) \(S,X)=(X,X), where V9eX;

W(9), YeR\R=0
X(®)= {

W(3)\S(8), 9eRNN=N
Thus, V9eR,

{ W(9), 9eR\R=0

X(9)=

{IVE) \QEN [VENZ®INIZG\Q®)], 3eRNR=R
Thus, VIeX;
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W(S),  9eR\R=0
X(®)=
@, 9eRNR=N

It is seen that (X,X)= @y.
BCI-2 [(V,R) \ ((V,R) \(Q,8)] \ (Q,%)= @y. In fact, let (V,R) \ (Q,R)=(T,R), where V9eX;

V(9), 9eR\R=0
T(®)=
V() \Q(O),  9eRNR=XR

Let (V,X) \(T,R)=(M,X) , where V9eX;

V(9), 9eR\N=0

M(9)= {
VO\T(),  9eRNR=KR

Thus, v9eX
V(9), 9eR\R=0)
M(9)=
V(9) \[V(9)\Q(9)], 9eRNR=X
Thus, V3eR,
V(9), 9ER\R=0
M(9)=
V(9)NQ(S), IeRNR=N
Let (M,R)\(Q,X) =(L,X) , where V9eX;
M(9), 9ER\R=0
L(®)=
M(\Q() 9ERNR=K

Let (V,R) \(L,X) =(D,X), where V9eX;
M(9), 9eR\R=0

D(9)=

[V(9) NQ(9]\Q(Y), 9eRNR=R
Thus,

M(9), 9eR\R=0
D(%)=

2, 9eRNN=KR
It is seen that (D,X)= Q.
BCI-3 By Theorem 3.5. (5), (V.R) \(V,X) =0y.

BCI-4 By Theorem 3.5. (19), (V. ®)\(Y,X) =@x =(V,R)E(Y,X) and (Y,R)\(V,X) =04 =(Y,X) E(V,X)
and thus, (V,X)=(Y,R).

BCK-5 By Theorem 3.5. (7), @x\(V,X)= 0x.
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Thus, (Sx(U), \, @x) is a BCK-algebra. Since, (V, R)\ Ux=0yx for all (V, R)€ Sx(U) (b)y Theorem 3.5.
(8), (Sx(V), \, @x) is a bounded BCK-algebra, where X is a fixed set of parameter set. Moreover since Uy
\[Ux\(V, R)]=(V, R) for all (V, R)E Sx(U), (As Ug\(V, X)= (V, X)" by Theorem 3.5. (9)), and Us\(V,
X)) =[(V, X)T'=(V, X)), every element of S¢(U) is an involution.

In fact, since restricted difference soft set operation coincides with soft complementary difference
operation in the collection of soft sets with a fixed parameter set, the BCK algebra in [10] and the BCK-
algebra in this paper are in fact the same.

4. CONCLUSION

Since the inception of soft set theory by Molodtsov, numerous variations of soft set operations have
been described and used. In this article, in order to improve the soft binary piecewise difference
operation, we have explored its overall properties, especially in comparison with the fundamental
properties of the difference operation in classical set theory and we have obtained very interesting
analogies. Furthermore, we have proved that the set of all soft sets with a fixed parameter set is a
bounded BCK-algebra together with the soft binary piecewise difference operation. Since studying the
algebraic structure of soft sets from the perspective of operations provides deep insight into the algebraic
structure of soft sets and its application and soft set algebra shows the potential applications of soft sets
in classical and nonclassical logic, we hope this paper contibutes to the literature of soft set in this regard.
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RESEARCH ARTICLE

ROGUE WAVES IN DISCRETE KDV EQUATION

Semiha TOMBULOGLU
Saglik Hizmetleri MYO, Kirklareli Universitesi, Kirklareli, Tiirkiye

ABSTRACT

This study considers an array of waveguides described by a discrete KdV equation. Rogue wave solutions are numerically derived
for the dKdV equation under periodic and non-vanishing boundary conditions. When the dKdV equation is solved numerically
under periodic boundary conditions, a discrete rogue wave occurs due to shock front breaking. Furthermore, the dKdV equation has
been solved numerically under non-vanishing boundary conditions, and it has been found that the rogue wave amplitude depends

on the p parameter.

Keywords: Rogue wave, Discrete KdV equation

1. INTRODUCTION

Huge amplitude waves, generally called 'rogue waves' or ‘freak waves,' are a hot topic because of their
exciting feature [1], [2]. One of its features is unpredictability; it appears without warning and disappears
suddenly [3], [4]. In addition, their amplitude exceeds at least twice the surrounding background [5].

Scientists are considering the nonlinearity of the freak waves. They found that modulational instability (MI)
(often called Benjamin-Feir instability) plays an essential role in explaining rogue wave structure [7], [8].
Because of periodic perturbation on a plane wave, Ml has occurred and is critical in the nonlinear evaluation
process. Ml occurs in different physical systems such as fiber optic [32], supercontinuum generation [31],
and plasmas [33], not only water waves [1]. Although researchers mostly used a numerical approach to
investigate MI, the nonlinear Schrodinger (NLS) equation was solved analytically and called Akhmediev
breather [10]. Tulin and Waseda conducted another study about MI in 1999 [11]. As can be seen in many
studies, rogue waves show nonlinear features [12]. The dynamic becomes more complex when M1 develops,
and energy exchange is involved. Besides focusing on the NLS equation [13], [14], classical nonlinear
evolution equations like the Korteweg de Vries equation [15], [16], [17], Gardner equation [18], Ablowitz
Ladik and Hirota equations [19], and similar nonlinear equations can also describe rogue waves [20], [21].

J.S. Russell found the first solitary wave as a nonlinear coherent structure in 1834 [22]. The analysis was
made theoretically by Rayleigh in 1876 [23] and Boussinesq in 1871 [24]. Korteweg De Vries formulated
the KdV equation for shallow waters in 1895 [25]. It was not easy to find a physical application of the KdV
equation until the 1960s. In 1965, Zabusky and Kruskal solved the KdV equation numerically for nonlinear
mesh points and determined how long after the system returns to its initial state [26]. It is the pioneering
work that reveals the presence of soliton solutions in this equation. We note that there is a connection
between the KdV equation and the NLS equation [35]. NLS equation is derived from the KdV equation, or
the inverse of this is possible. The general thought that the KdV equation was not able to explain rogue
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wave solutions until recently [36]. This assumption is valid only if the wave described by the KdV equation
is purely real. However, if we consider complex-valued solutions to the KdV equation, it becomes possible
to obtain rogue wave solutions [35]. The KdV equation has a variety of solutions; indeed, as well as the
classical KdV equation, it is possible to get rogue wave solutions in discrete systems.

Suppose that there is an array of waveguides. All the waveguide components are identical and also an equal
distance from each other. This study considers such an array of waveguides that a discrete KdV equation
can define. We study the dKdV equation numerically under periodic boundary conditions and non-vanishing
(constant) boundary conditions to show that rogue wave(s) can occur in an array of waveguides. Firstly, we
will numerically derive discrete rogue wave solutions for the dKdV equation under non-vanishing boundary
conditions. To our knowledge, it is the first time that the dKdV equation is numerically solved for discrete
rogue wave solutions. Then, we numerically solve the dKdV equation under periodic boundary conditions.
We show that rogue waves occur not because of MI but because of shock front breaking. This is important
since there is a general thought that rogue waves have nonlinear characteristics and occur primarily because
of MI. This study can also enable the comparison of discrete rogue wave amplitudes derived from the dKdV
and the discrete Schrodinger equations. The results of this comparison can shed light on rogue wave evolution.

2. DISCRETE ROGUE WAVES

The discrete KdV equation was given in [34] in the form
dw;
where w; is the field variable at site j, and j is the dimensionless variable, t is time. As studied in [34], the
equation reduces to the KdV equation in a weakly nonlinear limit. When we perform the differentiation of
this equation and denote { = 1 + w, we get the discrete KdV equation, which was already derived by [29]

= Wj_1/2 + Wj+1/2

S = (jor = Wy )W (1)
where 1; is the field amplitude at the jth waveguide and j=1,2,..., N, takes positive integers. Here, N is a
number of lattice sites. If we assume that the wave amplitude is too small, we will obtain the KdV equation
for which the absence of MI has been proved. Now, we numerically solve equation (1) with the properly
given initial condition. Let us now start with the initial wave,

j(t = 0) = A(L + &e 4 ¥
where £ is the very small parameter, & << 1 is the perturbation term, L is the length of each waveguide in the
array, and A is the background intensity. In the case of ¢ — 0 in equation (2), it defines a constant background
whose amplitude equals A. Since these waves arise and recede to the constant background, we can solve
equation (1) with non-vanishing boundary conditions. We perform numerical solutions to find the system's time
evolution under non-vanishing boundary conditions. We take the non-vanishing boundary conditions as

Aim (.t = po ®)
where p,is a real constant here. Assume that the initial condition in equation (2) is subject to those non-

vanishing boundary conditions. We solve the numerically discrete KdV equation to show that rogue wave
occurs under non-vanishing boundary conditions.

Figure 1 shows us the spatial evaluation of the initial wave. The total energy is highly localized in a few
waveguides located at the output end of the system. This concentration leads to the amplitude of the
maximum value being nearly thirty times higher than the background amplitude when p,= 0,4, accepting
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that background amplitude, «, nearly equals 0,1, as seen in Figure 1. a. We see that even small perturbation
affects the stability of this uniform solution. The perturbation is very small, beginning from the left side and
getting larger while going on the right side. The distribution is perturbated, beginning from the t = 0. It
grows in time until its mean peak reaches its maximum value. Then, its amplitude decreases, and finally,
we see that this wave disappears at around t = 700. These features are compatible with rogue waves. We
show that discrete rogue waves appear in discrete KdV equation under non-vanishing boundary conditions
for the first time. Even non-vanishing boundary conditions do not describe the physical system;
mathematically, discrete rogue wave evaluation can be found.

When pyincreases, rogue wave amplitude rises, as resulted in Figure 1. The absolute of the maximum
amplitude is nearly sixty times higher than the background amplitude, k=0,1, when p,= 0,5 as shown in
Figure 1. b. In comparison, the absolute of the maximum amplitude is nearly over a hundred times higher
than the background amplitude, k=0,1, when p,= 0,6 as shown in Figure 1. c. We show that the real constant
Po, 1S important in terms of the rogue wave's amplitude, and even a small change in constant p, leads to a
significant effect on it.

600
WL / 700
S g t
: 100 °
(b)

10} > l
[l ]

77600
/400
ot
'200

(©
Figure 1: The absolute field amplitude for N=100, A=0.05, {=0,007176, and L=100. The initial wave is given by equation (2), and

boundary conditions are provided by equation (3). In Figure 1. a po= 0,4, Figure 1. b py= 0,5, Figure 1. ¢ py= 0,6. The
amplitude of discrete rogue waves increases according to pg.
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We assume the system is subject to periodic boundary conditions, i.e., y(N +1) = y1. We aim to solve
equation (1) numerically under periodic boundary conditions to show that discrete rogue waves occur in a
discrete KdV equation. We will use the complex solution of the initial condition mentioned in equation (2).
The perturbation is given very small on the left side (j=1) and gets larger when going on the right side
(j=100). As a result of the periodic boundary conditions, the discontinuity inevitably breaks up into waves
due to dispersion, causing the waves to arise on the right edge. Note that the waves occur not because of Ml
but because of the shock front breaking.

As seen from Figure 2. a, the amplitude of a wave is nearly twenty times higher than the average surrounding
background, k=0,1. We note that such a huge amplitude growth is much higher than that of a discrete rogue
wave for the discrete nonlinear Schrédinger equation [28]. The exciting point of view is that the study allows
comparing the amplitude of discrete rogue waves calculated by the discrete KdV equation and the discrete
Schrédinger equation. Also, when the discrete KAV equation is solved numerically under periodic boundary
conditions, the rogue wave occurs at about t=180; instead, the equation is solved numerically under non-
vanishing boundary conditions, and the rogue wave occurs at about t=600. We observe that such a different
boundary condition results in a shift of freak wave peak. Indeed, it is well known that rogue waves
sensitively depend on the initial condition. Even small changes can make all the features of rogue waves
different and even unstable [28], [30]. If the constant A increases, the discrete rogue waves become more
chaotic, as seen in Figure 2. b. We numerically observe that if A gets more significant, more rogue waves
occur, and their amplitude increases. Figures 2. a and 2. b show us that discrete rogue waves can happen in
a discrete KdV equation, and the numerousness of discrete rogue waves and their amplitude depends on the
A parameter. One question came up. What is the long-time behavior of the system after the rogue wave
disappears? We see that the discrete system fluctuations begin, leading to other random rogue waves for
very long times.

2.0 / § T /
1.5 - / W - ; 30 Th i
|l % /200 |9l g /01,7 200
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Figure 2. The absolute field amplitude for N=100, A=0.1, £ = 0,0065, and L=100. We study equation (1), and the
initial form (for t=0) is given by equation (2). A wave has occurred, and its amplitude is nearly twenty times
higher than the average background, as shown in Figure 2. a. In this study, Figure 2. b shows the absolute
field amplitude for N=100, A=0.2, ¢ = 0,0065, and L=100. We study equation (1), and the initial form (for
t=0) is given by equation (2). We see that more rogue waves have occurred. Their amplitude increases as
well.
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In general relief, rogue wave evolution depends on only initial condition or small experimental
imperfections [28], [30]. However, this study discusses that it can also depend on assumed boundary
conditions in theoretical studies. We study the discrete KdV equation under periodic and non-vanishing
boundary conditions with the initial wave given in equation (2). We see that a very small perturbation leads to
strong localization, and a large amplitude discrete rogue wave has occurred. Moreover, we see that the
localization of discrete rogue waves under non-vanishing boundary conditions differs from under periodic
boundary conditions, as seen in Figure 1. a and Figure 2. Also, the amplitude of these waves depends on
parameters.

3. CONCLUSION

As rogue waves are rare, it is crucial to understand the mathematical explanation of rogue waves. In this
study, we numerically solve the discrete KdV equation for the first time with the proper initial condition
under non-vanishing and periodic boundary conditions. We show that discrete rogue wave(s) occur in these
types of boundary conditions, and we examine discrete rogue wave features under these boundary
conditions. Even in the NLS equation, MI is mostly one step ahead of explaining rogue waves; we have
discussed that when we solve the dKdV equation under periodic boundary conditions, discrete rogue wave
occurs because of shock front breaking. We observe that rogue wave amplitude rises when the A parameter
increases; more freak waves can also occur. We have solved the dKdV equation numerically under non-
vanishing boundary conditions. We show that p, parameter is also important in enhancing the rogue wave's
amplitude.
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ABSTRACT
In this study, we investigate the following four-dimensional difference equations system

__ QUp3ln2tp stn2+f
( yvn 1tn—2Un- 3
| _ _@Vn_3Un_otp 2+8 ne NOr
yWn 1Un—2Vn-3
4 _ QWn_3Vn_oth 2+8
ytn 1Vn—2Wn— 3
l — atn_3Wn_2+B
n Yun_1Wn_2tn_3'
where the initial values u_q, v_g,w_g,t_q, d € {1,2,3} are non-zero real numbers and the parameters a, 8 are real numbers,
y is non-zero real number. Then, we obtain the solutions of system of third-order difference equations in explicit form. In

addition, the solutions according to some special cases of the parameters are examined. Finally, numerical examples are given
to demonstrate the theoretical results.

Keywords: Periodicity, System of difference equation, Solution

1. INTRODUCTION

First of all, recall that N, N, Z, R, C sembolize natural, non-negative integer, integer, real and complex
numbers, respectively. The notation of |x| standsform <x<m+1,m€Z. If a,b €Z,a < b, the
notation ¢ = a,b means to come {c € Z:a < ¢ < b}.

Difference equations come into view the study of the evolution of naturally occurring events. The theory
of system of difference equations improved until today. Recently, there has been great interest in
studying difference equation or difference equations systems [1-3,5-7,9,12-14].

One of the important difference equation is

ax, +b

——, n€N,, 1
cx, +d " 0 )

Xn+1 =
for ¢ # 0, ad # bc where the initial condition x, and the parameters a, b, ¢, d, are real numbers, which
called Riccati difference equation. Further, the general solution of equation (1) can be obtained in the
following form
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_ xo(bc —ad)s,_1 + (axo + b)s,
(Cxo - a)sn + Sn+1

,nEN, 2)

n

where the sequence (sp)nen, IS satisfying
Spe1 — (@+ d)s, — (bc —ad)s,_; = 0,n €N, (3)

where s, = 0,57 = 1in [11].

In [15], authors acquired the solutions of the following two difference equations systems

Xp-1t1 Yn-1t1
Xppq = ———, =——— neN,. 4
n+1 VnXn—1 Yn+1 Xp V1 0 ( )

Then, the solution of the following rational difference equation is obtained

aAXp_q +
tpir = n1 2B e, ©
YXnXn-1
where the initial values x_, x, are non zero real numbers and a, 8,y € R* [8]. In addition, same
authors investigated the two-dimensional case of equation (5) given by

_axp1+p _ayp1t+ P
Xne1 = o VYn+1 =

,n € Nj. (6)
VVnXn-1 VXnYn-1

Finally, the solutions of the following system of difference equations investigated

AXp_3Zp—2 + b

Xpn = )
CYn-1Zn—2Xn-3
AYp_3Xn_o + b
<yn= Yn-3Xn-2 ,TlENO, (7)
CZpn—1Xn—2Yn-3
AZp_3Yn—2 + b
Iy =— ————

an—13’n—22n—3’
where the initial values X_j,Y-j Z_j, ] € {1,2,3}, and the parameters, a, b, c, are real numbers [10].
Based on the above mentioned studies, we investigate the following system of difference equations

_ Qup 3ty o+ P

U, )
YVn-1tn—2Un-3
AVp_3Up_o +
vy = , n €Ny,
YWn—1Up—2Vn-3
] (8)
AWn_3Vn_p + B
w, = ,
th—lvn—zwn—B
_ atp_3Wp_ + B
n — )
\ YUp-1Wn—2tn-3
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where the parameters «,f are real numbers, the parameter y and the initial values
U_f,V_p,W_p,t_y, € {1,2,3}, are non-zero real numbers. We solve system (8) in explicit form. Then,
we examine the solutions according to some special cases of the parameters. Further, numerical
examples are given to demonstrate the theoretical results.

Definition 1. [4] (Periodicity) A sequence (z,)n=— IS said to be eventually periodic with period p if
there exits ng = —k  such that z,,,, = z, for alln = ny.If n, = —k then the sequence (z,);-—_ is

said to be periodic with period p.

2. EXPLICIT SOLUTIONS OF THE SYSTEM (8)

Let (uy,, v, Wy, th)ns—3 be a solution of system (8). System (8) can be written in the following form

_ QUp_3tn_o + .8 _ a .8
UpUp g =———————=—+—",
th—zun—3 Y ytn—zun—3
QVp_3Up_p + a
van_:L:“—nZﬁz_ L’ nENO
) YUp—2Vn—3 Y YUn—2Vn-3 (9)
_awp 3V, + B B
Wntn—l - - -
YVn—2Wn-3 YV YVn-2Wn-3
_atpawWp2+ B« B
t’nu’n—l - - — ]
YWn_2ln—3 Y  YWn2ln-3
By using the following transformations
UpVUn-1 = X,
UnWn-1 = Yn, n=-2,
Wnln-1 = Zp, (10)
thlun-1 = T
system (9) is transformed into the following system
( a B
Xy = — ,
Y Ve
a B
VY =— , n € N,
a B
Zn = — )
Y VYn-2
a B
1, =— ,
Y Ve

which can be written as
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(. - (3a?By + a* + B2y?)xy_g + a®f + 2af%y
" (@®y + 2aBy?)xn_g + a’yB + p?y?
Ba’By + a* + B*y*)yn-s + a’B + 2ap%y
T T @y + 2aByDyng + @B + B n=o
, = (Ba?By + a* + p2y?H)z,_g + a3 + 2af?y
n =

)

(12)
(@3y +2afyHzng + a?yf + p2y? '

_ @Ba?By +a* + BPy*)rm_g + B + 2aB%y

T @y + 2By D) + aBYB + BV

Then, we consider the following equation
5 = (Ba?By + a* + p2y?)5,_g + a3 + 2ap?%y s (13)
" (a3y + 2aBy?)6,-s + a?yf + 2y* ' '
instead of equations in (12).

If we apply the decomposition of indicesn - 8(m + 1) + k, k = —2,5and m > —1 to (13), then it
can be written as follows

k
50— (Ba?By + a* + ﬁzyz)S,(n) + a3 + 2apB%y
m+1

- : (14)
(@3y + 2apy*)6y," + a’yp + B?y?
where 6,(,11‘) = OgmatoM E Ny, k =

-2,5.
Let

A= 3a’By + a* + p%y?,
By:= a3B + 2apB?y,
Ci:= a3y + 2apy?,
D,:= a?ypB + B%y2.

From equation (2), the general solution of (14) follows straightforwardly as

K K
y —,84)/483 ) St + (A16(§ )+ Bl) Sm
5% = © , m € N,, (15)
(C150 — Al) Sm + Sm+1

for k = —2,5, where the sequence (s;)men, is satisfying

Sm+1 — (A1 + Dy)spy — (B1Cy — A1 Dy)Spy—1 = 0.

We use (10) in (12) and from (15), equations in (12) are expressed as
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—B*y*upvi—15m-1 + (AugVi—1 + B1)sm

Xgm+k = )
mr (CrugVi—1 — A1)Sm + St
y B w11 + (A VWi + B)Sp meN
8 k — )’ 0
mr (C1viWi—1 — A1)Sm + Syt
4 4 4 (16)
, =BV witk1Smo1 + (Aywiti_1 + By)sm
8m+k = ,
mr (Ciwkti—1 — AD)Sm + Smi1
. =B tiug—15m-1 + (Artitg_1 + B)sm
8m+k = :
Lo (Citgug—1 — A1)Sm + Sm1

for k = —2,5. From (10), we get

Xn _ XnWn—2 _ XnZn-2 _ XnZn—2Un—4 _ XnZn-2Xn-4

Uy = =
Un—-1 Yn-1 Yn-1tn-3 Yn-1Tn-3 Yn-1"m-3Vn-5
_ XnZn—2Xn-aWn-6  XnZn-2Xn-4Zn-6 _ *nZn-2Xn-4Zn-6
= = = n—8
Yn-1"n-3¥n-5 Yn-1"n-3Yn-stn-7  Yn-1"n-3¥n-5"n-7
v, = Yn _ Yntn—2 _ YnTn-2 _ YnTn-2Vn-4 _ YnTn—2Vn-4
n = = = = =
Wn-1 Zn-1 Zpn-1Un-3 Zn-1%Xn-3 Zn-1*n-3Wn-s
_ YnTn—2Yn—-aln—6 _ Yn"n—2Yn-4Tn-6 _ YnT"n-2Vn-4Tn—6
= = = n—8
{ Zn-1Xn—3Zn-5 Zn-1Xn-3Zn-5Un—7 Zn-1Xn-3Zn-5Xn-7 (17)
W = Zn _ ZpUn-2 _ ZnXn—2 _ ZnXn—2Wn—4 _ ZnXn-2Zn—4
n = = = = =
tn—1 Th-1 "h-1Vn-3 "™m-1Yn-3 Tn-1Yn-3tn-s
_ ZnXn—2Zn—4Un-6 _ ZnXn-2Zn-4Xn-6 _ ZnXn-2Zn-4¥Xn-6
= = = n—8
"™m-1Yn-3"n-5 "™m-1Yn-3"n-5Vn-7 "™m-1Yn-3"n-5Yn-7
£ = Tn _ ThUn—2 _ ThYn-2 _ ThYn-2tn-4 _ "hYn-2Tn—4
n= = = = =
Un-1 Xn-1 Xn-1Wn-3 Xn—-1Zn-3 Xn—1Zn-3Un—s5
_ TWVn-2"n-4Vn-6 _ ™Vn-2"m-4¥Yn-6 _ "™mYn-2"n-4Yn-6 ¢
= = = n-8,
\ Xn-1Zn-3Xn-5 Xn-1Zn-3Xn-5sWn-7 Xn-1Zn-3X¥n-5Zn-7
forn > 5. From (17), we have
(u _ Xgm+nhZ8m+h—2Xsm+h—-4Z8m+h—6 u
8m+h — g8(m—1)+h’
Yem+h-1Tsm+h—3Y8m+h—5T8m+h-7
_ YVem+h"8m+h—2Y8m+h—4a"8m+h—6 N
Vgm+h = Vg(m-1)+hs m € Ny,
) Zgm+h—1Xgm+h-328m+h—5X8m+h—7 (18)
w _ Z8m+hX8m+h—228m+h—4X8m+h—6 w
8m+h — 8(m—-1)+h
Tg$m+h-1Y8m+h-3"8m+h—5Y8m+h-7
_ Tsm+nYsm+h—2"8m+h—4Y8m+h—6
L tgm+h = tg(m-1)+hs

Xgm+h-1Z28m+h—3X8m+h—-528m+h—7
for h =5,12.

Multiplying the equalities which are obtained from (18), from 0 to m, it follows that
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Ugm+k+7 = Uk—1

mwawwﬂ%mmwﬁmﬂ
(£ ol
wwmmeﬁmmwﬂmv,
(5ol 5o 5k

%M”_%Jﬁ<z$ﬂw7$ﬂ<lwmm4TJ

I=0 ) 8lk+8J a1+ 520 ) +heras| <2

ol es-of B(H[MJ)MHB[MJ)’

(l+lk+4 )+k+2 8lk+4— lk+2 )+k lk+2

=0

(19)

o
N 111[( o0+ 22— 22 o (2 o[22
m+k+7 -
G

o[22 s o 0| 14 [ o[ 5]
(l+lk+5 )+k 3_ 8lk+5 ( lk+3 )+k+1 8[k+3 >,
oo 5l P52 ol

o

m ( l+lk+9 +k+7 8lk+9Jy k+7

(Y s e s 0 (Y L AR L]

=0

k+7 )

t+[ Hhet5— 8[

Lemtk+7 = br—1
1=0

wawm4TMMTW“¢ﬂ>
L o g a2 o 22 o2

forh=k+7, k=-25.

By substituting the formulas in (16) into (19), we obtain
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4.4
/ BT L TP L= T I (=T I (Alumps[%"mpglgﬂ]ﬂ + Bl) Syalkt?)

b (Clukw_s[%”kw_slkgﬁ]_l - Al) Spafeo) + 8 e,

Ugm+k+7 = Uk-1 s
L T L (Alvk%_s['%gjwk%_g[%_l +Bl>sz+[%

\ oV pqmafl2®]Wiepoplkt| g ~ A1) Syt +5, ks

B Wors ot s gk S er7] s (A1Wk+s_s[%]fk+s_s[%]_1 + Bl)%[%

CiWy s gffet?) ey glk?| g ~ A1) Sy, b7 F5 ks

X
BRI T ANINE TR (Altkﬂfgl’%;ﬂ“kﬂfgl%ﬂ + Bl) Spafke)

Colyy g2 Uy g gfkt6]y — A1) S o) ¥ 5 e 0

4.4
—B*v*u 2114 1k+5] S k+5] .t (Alu k+5|V k+5 +Bl)s k+5
ke+3-8| 52| k38| 2] -1 14|51 ke+3-8| 52| T k+3-8| 52| -1 1452

(Clum_g[%”m_a[%_l A Sy S s,

X
By o Wi gttty F (Alvm_sl%wm_sl%_l + 31)514%

Clvk+2—s[%ka+z—8[k%4]—1 ~4 SH[%J * S”l%]“

BV W a3 Ega o323, (Alwku—s[%ltku—sl%lq + B1)Sl+[k%3j\

CiW gy gffe3) by gflrz| g — A1) Sy it +5, ks

Y ey S * (et B

(otapzapiag s =) i * S /

BV gl Wiepy g9 1Sy s, F (Al"kw_ey;;ﬁjwkw_smﬁ]_i +5,) Siiffer?)

B iV gy a2 Wiy g9) 4 ~ A1) Sy fers) 5, i)
Vgm+k+7 = Vk-1 e
=0 | BN IW g gkl g glkte) Sy e F (Alwms_sl%]tkw_sl%]_l +Bl)sz+[%
CiWypmaffet| Croait8] g — A1) Sy it8) + 5, pitey

AL = = (= s (Alfms_slk%qums_g[%_l +5,) Sper]

Cltk+5—8[k%7]uk+5—8[k%7]—1 —4 S”l%] * SHl%]H

X
I L L (A1“k+4_sl%ﬁj"k+4_el%_1 +5,) St

(Cluk+4—8[k%]vk+4—8[k%J—1 - Al) sL+[%J + sz+[%]+1 1)

_B4y4vk+3—8l%]wk+3—8lk%5]—lsl+l%]—l + (Alvk+3—8l%ka+3—Sl%]—1 + Bl)sH[%J

CoVyps kS| WiysglktS|_y — A1) Sy, flbs F5, kts

X
_B4V4Wk+z—8[k%4jtk+2—s[k%4]—1sl+[k%4]—1 + (Alwk+2—8[%]tk+z—8lk%4j—1 + Bl)sH[%J

(Clwk+2—8l%th+2—8lk—g4]—1 4 Sz+[%] + Sl+[%]+1

4,,4
I e e T T (Altm_sl%”m_sl%_l +Bl)sz+[¥]

& A o R

k+1—8lk%3]uk+1—8l

gt e (At e B s

ot g A1) S Sl
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4.4
/ BV W gt b 29y S0y F (Alwkwfs[%fk”fg[gﬂjﬂ + Bl) Syafkt?)

b (Clwkw_g[gﬁ]tkw_sl%_l - Al)sulkgﬁ] S ke)
Wem+k+7 = Wi-1
=0 | =B o glkraiy o glirs_ Sy pkrs o (Art s o gkrs + By )s) ke
8 8 8 8 8 8
\ Colyy okt Uy gfkt8] y —Ar) S, ey +5, ey

B s AT Vs g7 Syt F (Alums_s[%q”ms_g[%_l +5,) S ]

Cotl g gffet?)Viysglkt?| g — A1) Sy, b7 5 ket

X
R = 1L =2 I - T (Al"kﬂfsl’%ﬂw“%s[%]fl + Bl)sul%

Clvk+4—s[%]‘”k+4—8[%]—l 4 S”l%] * Sl)'l%JH

(22)
B W s S g5 oS ers| Ly <A1Wk+3_8[$]tk+3_8[%_1 + Bl)%[%
y 1V k5] gl k5] g — A ) Sy fers) F5 sy
By et U gl St F (Al'-“kﬂ_sl%umz_sl%ﬂ_l + Bl) Spafkd]
Coll gy gflert|Uy g glltt] y — A1) S, fleba +5), ket
LR == T == TR =< T (A1“k+1_gl%3jvk+1_8[%3]_1 + Bl) m%]\
5 Cotly s affer |V g3) g ~ A1) Sy ets +5 sy
Y iy S+ (AT e 4B e
Vol Va2 T ) S T e J
I =t T = TN (Alfk+7_8[gﬁ]“k+7_sy%9j_1 + Bl)sul"sﬁ]
= Colls o9 s r—a9) -1 ~ A1) Spy 9] S, k0,
tgmk+7 = k-1 1_[ .
T T e (Aluk%_e[%sj"k%_e[%_l + Bl)%[%]
Crtlyy a2 Vo8] o ~ A1) Sy it + 5 ey
4,4
BV s Wi el ST T (A1”k+s_sl%7jwk+s_s|%_1 +Bl)sz+[%
y oV gkt 2| Wy g[kt7|y — A1) Sy, b7y +5 ke
LA G = LI = TN =2 B (Alwkﬂ_slk;]fkﬂ_sl%]_l + Bl)%[%]
CiWypmgffet6) Cypgglk2| g — A1) Sy, flebe) F5, ks )

4.,4
I e e R L (Aitm_sl%”m_sl%_l +Bl)sz+[¥]

Cltk+3—8l%]uk+3—8l%]—1 —A S”l%] * SHI%JH

X
I e L (Alum_s[%”m_sl%_l +5) Sty

Cuth gt Vi mglbt g A1) Spyferty + 5, sy

_‘84y4vk+1—8lk;+3jWk+1—8lk%3]—1sl+l%]—1 + (Alvk+1—8lk%3jwk+1—8lk%3j—1 + Bl)sulk%ﬂ

oV g2 Wiepy ki3] g ~ A1) Sy ik +5 sy

Yy et e (e e By

(Clwk—slk%zjtk—s Lac EE R Ay Sz+[k%2] + Sl+lk%2 +1 /

form € Ny, k = —2,5.
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3. PARTICULAR CASES OF SYSTEM (8)
In this section, we will consider the solutions according to some special cases of the parameters.
31l.Casela=y=1[=0.

In this case, system (8) can be written to the following form

( un—3tn—2 1 1
U, = = =Wy = =Up—g
vn—ltn—Zun—3 Un-1 tn—3
Un—3Un—2 1 1
T e v w2 Ty T Ve
{ n—1%n-2%n-3 n—1 n—3 (24)
Wn—3VUn—2 1 1
w,=—"""= =Up_y = =Wp,_4
tn—lvn—ZWn—3 tn—l Un-3
tn—3wn—2 1 1
tn = = = vn_z = = tn_4,
\ un—lwn—Ztn—3 Up—1 Wn-3
forn > 3.
We obtain the solutions of equations in (24) as in the following form
Ugm+j = Uj—g, Vam+j = Vj-a Wam+j = Wj—4 lam+j = tj—a» meN, j=36.

Now, we give numerical example that represent the solutions of system (8) when a =y =1,8 = 0.

Example 3.1. Consider the system (8) with the parameters « = y = 1, # = 0 and the initial conditions
U_3 = 0.1,u_2 = 24‘, u_q = 3,17_3 = 4.06,17_2 = 005, v_1 = 06, W_3 = 70.54‘,W_2 =
0.86,w_; =9.05,t_3 =0.3,t_, = 1.7, t_; = 3.2, the solutions are given as in Figure 1.
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Figure 1. Plots of u,, v, wy, tyincasea =y =1,=0
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Therefore, the solutions of system (8) are eventually periodic with period 4.

32.Case2a=y=-1,=0.

In this case, system (8) becomes

( U3l 1 1
u, = = =Wpo = = Up—a»
“Up—1lp—2Up-3 VUn-1 th—3
~Vn-3Un-2 1 1
Up = = = tn—2 = = VUn—4,
J ~Wn_1Up_2Vn_3 Wn_1 Up—3
~Wn_3Vn—2 1 1
w,=—————= =U,_, = = W,_4,
- 1Vn—2Wn-3 [ Un—3
—lp3Wn_ 1 1
\ ty = = SV = =l
Uy Wp—2tp3 Up—1 Wn_3
forn > 3.
We obtain the solutions of equations in (25) as in the following form
Ugm+j = Uj—g, Vam+j = Vj-a Wam+j = Wj_g, tam+j = tj-a m € Ny,

j =

(25)

3,6.

Now, we give numerical example that represent the solutions of system (8) when a =y = —1,8 = 0.

Example 3.2. Consider the system (8) with the initial values u_; = 0.05,u_, =6, u_; = 0.63,v_3 =
7,1]_2 = 0.6, v_1 = 0.68,W_3 = 7.5 yW_oo = 0.6, wW_q1 = 7.5 ) t_3 = 5.3 ,t_z = 8.6, t_1 =2.1 ) and
the parameters « = y = —1, 8 = 0 the solutions are represented as in Figure 2.

u(n),vn)wn)tn)

— u(n) — wvin) wi(n) t(n)

Figure 2. Plots of u,, v, wy, tyincasea =y =-1,=0
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Therefore, the solutions of system (8) are eventually periodic with period 4.

33.Case3a=1y=-1,=0.

In this case, system (8) becomes

( un—3tn—2 1 1
u, = = - =Wpo = — = Up—a»
—Vp_1tp2Un_3 Up—1 th3
Up—3Up—2 1 1
L u v . w =tn_2=—u = Y-ty
n—1%n-2%n-3 n—1 n—3
) Wn_3Vn—2 1 1 (26)
w,=—""——"—=——"—=1u, ,=— = W,_s,
—th 1 Vp—2Wp-3 [ Un-3
tn—3wn—2 1 1
L by = == =VUp2=— =th g
—Up Wy _2tp 3 Up—1 Wp_3
forn > 3.
We obtain the solutions of equations in (26) as in the following form
Ugm+j = Uj—g, Vam+j = Vj-a Wam+j = Wj_g, tam+j = tj-a meN, =36

Now, we give numerical example that represent the solutions of system (8) whena =1,y = —1,8 =
0.

Example 3.3. Consider the system (8) with the initial valuesu_; =4, u_, = 6.2, u_; =0.2,v_3 =
0.09,1]_2 = 17, V_1 = 0.6,W_3 = _7.5,W_2 = _063, w_1 = 2.6,t_3 = _32, t_z - 68, t—l =
2.1 and the parameters ¢ = 1,y = —1, 8 = 0 the solutions are represented as in Figure 3.
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AL WV\ il WVH\

5—4-.|H| il

0 20 40 60 80 100

— uin) — w(n) win) tin)

Figure 3. Plots of u,, v,,, w,, t,incasea =1,y = -1, =0
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Therefore, the solutions of system (8) are eventually periodic with period 4.

4. CONCLUSION

In this paper, four-dimesional system of difference equations is solved in explicit form by using
convenient transformation. In addition, the periodic solutions of aforementioned system of difference
equations are obtained according to some special cases of the parameters. Finally, to support obtained
results, we give numerical examples.
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