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A Simple and Cheap Ultrasound-Assisted Microextraction Procedure For
Extraction of Tartrazine in Soft Drinks and Foodstuff

Nail ALTUNAY?

Sivas Cumhuriyet University, Yildizeli Vocational School, Medical Services and Techniques Department, Sivas,
Turkey
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Abstract. In this study, a simple and cheap ultrasound-assisted ionic liquid-based floating organic droplets
microextraction (UA-IL-FODME) has been proposed for spectrophotometric determination of synthetic food
dye (tartrazine) in soft drinks and food samples. 1-Octyl-3-methylimidazolium tetrafluoroborate
[C8MIM][BF4] and 1-octanol were used as the extraction solvent and dispersant solvent, respectively. The
method is based on extracting the tarrazine to the ionic phase with the help of ultrasonic effect at pH 5.5. Some
experimental variables (pH, ionic liquid amount, type and volume of dispersive solvent, and ultrasonic
conditions) were studied and optimized in detail. In optimum conditions, some analytical parameters of the
method were as follows. Operating range, limit of detection, preconcentration factor, recovery % and RSD %
values were 10-700 pg L-1, 3.2 pg L-1, 75, 94.7-104.7% and 2.7%, respectively. Following comprehensive
validation studies, the recommended method was successfully applied to the extravasation and determination
of tartrazine in soft drinks and foodstuff.

Keywords: Floating organic droplets, lonic liquid, Ultrasound, Tartrazine, Soft drinks, Foodstuff.

Alkolsiiz Icecekler ve Gida Uriinlerinde Tartrazinin Oziitlenmesi icin Basit
ve Ucuz Ultrason Destekli Mikroekstraksiyon Prosediirii

Ozet. Bu caligmada, basit ve ucuz ultrason destekli iyonik sivi bazli yiizer organik damlaciklar
mikroekstraksiyonu (UA-IL-FODME), sentetik yiyecek boyalarinin (tartrazin), alkolsiiz igeceklerde ve gida
trtinlerinde spektrofotometrik olarak belirlenmesi i¢in 6nerilmistir. 1-Oktil-3-metilimidazolyum tetrafloroborat
[C8MIM] [BF4] ve 1-oktanol sirasiyla ekstraksiyon ¢oziicii ve dagitici ¢oziicii olarak kullanilmistir. Yontem,
pH 5.5'te tarrazin 'in iyonik faza ultrasonik etki yardimiyla 6ziitlenmesine dayanir. Bazi deneysel degiskenler
(pH, iyonik s1vi miktar1, dispersiv ¢dziicii ¢esidi ve hacmi ve ultrasonik kosullar) ¢alisildi ve ayrintili olarak
optimize edildi. Optimum kosullarda, yontemin bazi analitik parametreleri asagida dzetlenmistir. Calisma
aralig1, segme sinir1, 6n konsantrasyon faktori, geri kazanma yiizdesi ve %BBS degerleri sirasiyla 10-700 pg
L-1,3.2 ng L-1, 75, % 94.7-104.7 ve % 2.7 idi. Kapsaml1 validasyon ¢aligmalarinin ardindan, dnerilen yontem,
alkolsiiz igecekler ve gida maddelerinde tartrazininekstraksiyonu ve tayinine basariyla uygulanmistir.

Anahtar Kelimeler: Yiizen organik damlaciklar, Tyonik sivi, Ultrason, Tartrazin, Alkolsiiz igecekler, Gida
iiriinleri.

* Corresponding author. Email address:  naltunay@cumhuriyet.edu.tr
http://dergipark.gov.tr/csj  ©2016 Faculty of Science, Sivas Cumhuriyet University


https://orcid.org/0000-0001-9053-7570

276

Altunay / Cumhuriyet Sci. J., Vol.40-2 (2019) 275-284

1. INTRODUCTION

In the world, food production and consumption are
increasing due to population growth. Food
additives should be used to prevent food spoilage
during transportation and storage. [1]. Food dyes
are defined by the International Food Codex
Commission as additives to regulate the color of
the dish. [2]. Nowadays, for technological reasons,
it is suggested that foods should be colored [3].
Synthetic colorants are substances which can be
produced by chemical synthesis. Synthetic
colorants provide superiority in terms of color
strengths, color ranges, stability, ease of use and
price compatibility according to natural colorants.
[4]. Tartrazine is water soluble synthetic food dye
and its code is E102. Food additives are widely
used for different purposes, including preservation,
coloring and taste. However, some food additives
are prohibited due to their toxicity [5]. Among the
five azo dyes, Amaranth, Allura Red, New Coccine
and Tartrazine (initially 10 ppm) lead to dose-
related DNA fragmentation in the colon [6].
Tartrazine can cause allergic and asthma problems
in delicate people. The analytical control of these
compounds is important for the food industry due
to their toxicity and carcinogenicity [7]. Therefore,
simple, inexpensive and fast analytical methods are
needed to determine synthetic dyes in food.
Analytical methods for the analysis of synthetic
colorants in food and beverages have been reported
in literature. These methods are based on the basis
of the thin layer chromatography (TLC) [8], high
performance liquid chromatography (HPLC) with
diode array detection (DAD) and ion-trap time-of-
flight mass spectrometry (IT-TOF/MS) [9],
spectrophotometry [10], electrochemical sensor
[11], high performance liquid chromatography
(HPLC)-diode array detector (DAD)-electrospray
mass spectrometry (ESI-MS) [12]. It is also
necessary to minimize possible matrix effects when
analyzing at low levels. Therefore, different
extraction methods such as solid phase extraction
(SPE) [13], liquid-liquid extraction (LLE) [14],
cloud point extraction (CPE) [15], molecularly
imprinted solid-phase extraction (MISPE) [16],
ultrasound-assisted extraction (UAE) [17-19] and
ionic liquid based liquid phase microextraction (IL-

LPME) [20-22] were applied before determination
step. In addition to these extraction methods, in the
recent years, extraction methods using ionic liquid
(IL) have become popular. Some of ILs properties
are low toxicity, high vapor pressure,
biodegradable and high hydrophobicity.

The purpose of this study is to develop a simple and
cheap analytical method for the determination and
extraction of tartrazine in soft drinks and foodstuff.
In this context, the ultrasonic-assisted ionic liquid-
based floating organic droplets microextraction
procedure (UA-IL-FODME) was developed and
UV-VIS spectrophotometry was used in the
determination step. Factors affecting the extraction
of tartrazine were investigated in detail. The
proposed method can be applied for determination
of tartrazine in soft drinks and foodstuff. After
routine applications, the results shown that the
proposed method is suitable for the extraction and
determination of tartrazine in different food
samples.

2. MATERIALS AND METHODS
2.1. Apparatus

In the study, tartrazine content in selected samples
was determined at 425 nm using Shimadzu brand
UV-VIS spectrophotometry (UV-1800 PC model,
Kyoto, Japan). Ultrapure water with resistivity of
18.2 MQ cm was obtained by a Milli-Q water
purification system (Millipore Corp., USA).
Extraction of tartrazine from sample solution was
achieved by a universal hettich brand centrifuge
(Hettich, London, England). The pH of samples
solution was adjusted using a digital pH meter
(Sartorius Docu-model, North America). An
ultrasonic bath (UCS-10 model, Seoul, Korea) was
used for both sample preparation and the formation
of microsphere of ionic liquid.

2.2. Chemical and Reagents

The reagents used were of analytical purity, and
were purchased from Sigma (St. Louis, MO. USA)
and Merck (Darmstadt, Germany). The stock
solutions of tartrazine (Sigma) was prepared in
water. Working standards were prepared by
dilution of the stock solution. 1-Octyl-3-
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methylimidazolium tetrafluoroborate
(IC8MIM][BF4]) (Sigma) was used as extraction
solvent. Acetone (Merck), 1-heptanol (Merck), 1-
octanol (Merck), ethanol (Sigma), 2-propanol
(Sigma), and methanol (Merck) were tested as
dispersive solvents. pH 5.5 of acetate buffer
solution (0.1 M) was prepared by mixing an
appropriate amount of sodium acetate and acetic
acid in water. Before the experiment, all materials
were washed in dilute nitric acid, followed by
rinsing three times with distilled water,
respectively.

2.3. Sample collection and preparation

Soft drinks and foodstuff were collected randomly
from the local markets in Sivas, Turkey.
Ultrasonic-assisted sample preparation step was
carried out as follows: First, 50 mL centrifuge
tubes were taken, and then 2 g of foodstuff and 3
mL of soft drinks were added to the tubes. Final
volume of tubes was diluted to 50 mL, were placed
in ultrasonic bath, and then sonicated for 15 min at
30 °C. The resulting mixture was filtered through
the membrane filter after centrifugation at 4000
rpm for 5 min. The same experimental steps were
performed to the blank sample. The proposed
method was applied to 1.0 mL of the prepared
samples.

2.4. UA-IL-FODME procedure

The UA-IL-FODME procedure was performed in
15-mL centrifuge tubes. First, an aliquot of 1.0 mL
sample solution containing 25 pug L—1 of tartrazine
was added to the tubes. Then the pH of the sample
solution was adjusted to pH 5.5 with acetate buffer.
To ensure the extraction of tartrazine from the
sample solution, 400 pL of [C8MIM][BF4]
(extraction solvent) and 300 puL of 1-octanol
(dispersive solvent) were added rapidly with a
micro syringe into the sample solution. The tubes
were sonicated for 5 min at 45 oC in the ultrasonic
bath to form the microspheres of the
[C8MIM][BF4].The tubes were centrifuged at
4000 rpm for 2 min, and then were stored in an ice
bath to facilitate phase separation. At this stage, the
dispersive solvent (1-octanol) was solidified within
2 min. After decantation, the remaining phase was

completed to 500 pL using ethanol. Finally, the
amount of tartrazine was determined at 425 nm by
UV-Vis spectrophotometry. A blank solution was
also carried out using the same experimental steps
without tartrazine.

3. RESULTS AND DISCUSSION
3.1. Selection of working wavelength

The most important step of the experimental
studies using UV-Vis spectrophotometry is the
selection of the measurement wavelength. Because
all the experimental measurements were performed
at the selected wavelength. If the correct
wavelength is not selected, all experimental results
are affected. Therefore, the following experimental
steps were taken to determine the appropriate
wavelength. First, only the tartrazine in the
aqueous solution was obtained at the spectrum.
Second, the spectrum of tartrazine in the presence
of other chemicals was taken. The results were
given in Figure 1. As the results show, the
tartrazine spectrum gave a weak spectrum at 435
nm, while in the presence of IL a sharp spectrum
was obtained at 425 nm. In addition, the
absorbance of the obtained spectrum shows a linear
increase with the concentration of tartrazine. These
reasons were chosen as the appropriate wavelength
of 425 nm for optimization and analysis.

0,40

—— Only tartrazine
0,35 4 ) B
tartrazine (25 ug L™)+IL
tartrazine (75 ug L™)+IL

1| — tartrazine (100 ug L*)+IL

Absorbance
o
N
o

T T T T T
350 375 400 425 450 475 500 525 550

Wavelength, nm

Figure 1. Absorbance spectra obtained in selected
chemical conditions.

3.2. Effect of pH

Electrostatic interactions between chemical species
vary depending on the pH of the aqueous solution.
In the extraction experiments, the interaction
between the analyte and the selected chemical
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medium should be high. Depending on the
interaction, the target analyte can be easily
extracted from the aqueous solution. For a clearer
view of this, the effect of the pH of the aqueous
solution on the absorbance of tartrazine was
investigated in the range of pH 3-9. As shown in
Figure 2, the absorbance of tartrazine increased in
the range of pH 3 to 5.5, and there was a decrease
in absorbance at higher pH values. The reason for
the decrease in absorbance at high pH is due to the
loss of hydrogen from tartrazine. So, pH 5.5 of
acetate buffer was selected as the optimum pH for
higher absorbance and easy phase separation.

0,30

0,20 4

Absorbance

0,15 4

0,10 4

0,05 T T T T T T T
3 4 5 6 7 8 9

pH
Figure 2. Effect of pH on absorbance of tartarazine

3.3. Effect of [CBMIM][BF4] amount

In these methods, the selection of the appropriate
extraction solvent is necessary to good extraction.
The following specifications should be taken into
account when selecting the extraction solvent. (1)
The selected solvent must be green. (11) A small
amount of the extraction solvent should be
sufficient for extraction. (I11) the extraction solvent
should be selective for the analyte. (IV) The
extraction time should be short. Taking these
properties into consideration, the ionic liquids (IL)
such as [CBMIM][BF4] used in many fields were
chosen as extraction solvents. The [C8MIM][BF4]
must be in sufficient volume in the final volume in
order to ensure the extraction. Therefore, the effect
of the amount of [C8BMIM][BF4] on the absorbance
of the tartrazine was investigated in the range of 0-
800 pL. As shown in Figure 3, the extraction
depend on the amount of [CBMIM][BF4. Phase
separation was not achieved in the absence of

[CBMIM][BF4], and maximum absorbance was
obtained when the [C8MIM][BF4] amount was
400 pL. So, 400 uL of [C8MIM][BF4] was

selected as the optimum value for higher
absorbance and easy phase separation.

030

025 |

g oz

010 ]

°® 0 20 100 600 00 1000

Amount of [C8MIM][BF4], uL

Figure 3. Effect of [C8MIM][BF4] amounton
absorbance of tartarazine

3.4. The effect of the type and volume of
dispersive solvent

The main purpose of the dispersive solvent is that
the extraction solvent provides microsphere
formation. The dispersive solvent should also be
dispersible between the ionic liquid and the
aqueous phase. For the selection of dispersive
solvents, different solvents (acetone, 1-heptanol, 1-
octanol, ethanol, 2-propanol, and methanol)
preliminary tests were made, and the best signals
and phase separation were obtained in the presence
of 1l-octanol. So, 1-octanol was chosen as the
dispersive solvent. The effect of the amount of this
dispersive solvent on the absorbance of tartrazine
was investigated in the range of 0-600 pL. The
results were given in Figure 4.

0,35

Absorbance
o
N
3

0 100 200 300 400 500 600

1-Octanol volume, pL

Figure 4. Effect of 1-octanolvolume on absorbance
of tartarazine
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Quantitative results could not be obtained when
dispersive solvent volume was low. The reason for
this is that there is not enough dispersive solvent in
the medium to disperse the [CBMIM][BF4]. The
highest absorbance values were obtained in the
range of 300-400 uL of 1-octanol. At higher 1-
octanol volumes, there was a partial reduction in
absorbance. So, 300 uL of 1-octanol was selected
as the optimum value for higher absorbance and
easy phase separation.

3.5. Effect of ultrasonication time

Ultrasonication is an important variable that
accelerates phase separation. The ultrasound-
induced cavitation makes the ionic liquid
molecules in the aqueous phase move faster.
Selection of appropriate ultrasonic time is essential
for extraction. The effect of ultrasonic time on the
absorbance of the tartrazine was investigated in the
range of 1-20 min. As shown in Figure 5,
guantitative absorbances were obtained in a 5 min
ultrasound. In addition, over 10 min of ultrasound
absorbance decreased. In later studies, 5 min of
ultrasonication time was selected as the optimum
value for higher absorbance and easy phase
separation.

0,30

0,20

Absorbance

0,15 4

0,10 4

0,05 T T T T
0 5 10 15 20
Ultrasonic time, min

Figure 5. Effect of ultrasonic time on absorbance
of tartarazine

3.6. Effect of temperature

Studies have been reported to provide phase
separation at room temperature for ionic liquids.
Additional experimental steps are implemented to
increase the phase separation of ionic liquid. Some
of them are vortexes, heating, and ultrasonic effect,

or a combination thereof. In this study, the heating
effect is used to accelerate the phase separation of
ionic fluid. And the effect of the working
temperature on the absorbance of the tartrazine was
investigated from room temperature to 60°C. The
results were given in Figure 6. The highest
absorbance was obtained at 45°C. The reason for
the decrease in absorbance at high temperatures is
the decrease in the effectiveness of the ionic liquid
and dispersive solvent mixture. So, temperature
(45°C) was selected as the optimum value for
higher absorbance and easy phase separation.

0,30

Absorbance
o
N
ol

o
N
o

0,15

; ; ; ;
30 40 50 60
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Figure 6. Effect of temperature on absorbance of
tartarazine

3.7. Selectivity study

The selectivity of the analyte method is expressed
as the interest of the selected chemical medium to
the analyte in the sample medium. The higher the
selectivity, the less analytical method has less
interference. In general, experimental studies are
performed with model solutions while developing
a chemical method. The ability of the method
developed when the real example is studied is not
known. For this reason, it is necessary to carry out
a selection study before the analysis of the real
samples. These studies were carried out as follows.
First, foreign ions at different proportions were
added to the model solutions, and then the ability
of the proposed method was tested in the presence
of foreign ions by applying the proposed method.
If an ion causes a +5% change in the absorbance of
the analyte, the ion is defined as an interference ion.
In addition, the tolerance Ilimits for the
corresponding ion were determined by the ratio of
the concentration caused by the interference to the
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initial amonuts of tartrazine. The result of the study
was given in Table 1. The results indicate no
significant interference effect. Second, the
analytical properties of the method were
determined by studies on matrix matched solutions.

The impact of all possible initiatives was reflected
in all analytical data. Studies have shown that the
selected chemical medium was highly selective for

the tartrazine.

Table 1. Selectivity of the method in the presence of potential interfering species and tolerance limits

Interfering species Tolerance limits Recovery (%) RSD (%)
Sn?* 1000 94.7 2.1
Cd* 1000 96.4 24

K* 1000 98.1 2.2

Co?* 1000 95.3 2.1
Mg?* 1000 96.2 2.0
Ca? 750 96.8 2.8
Tartaric acid 750 97.5 25
Ponceau 4R 750 96.5 2.6
Fes* 750 98.2 1.8
SO4* 500 94.4 2.7
Allura red AC 500 95.9 25
Ascorbic acid 500 97.1 2.6
AlF* 500 96.3 29
Brilliant Blue 250 96.5 25
Sunset yellow 250 934 24
Erythrosine 250 93.1 2.1
Carmoisine 100 924 2.8
Amaranth 100 92.5 2.5

3.8. Analytical performance

After both chemical variables and experimental
conditions were optimized, the analytical
parameters of the method were determined in
selected chemical conditions. The working matrix
was performed on matched solutions. The
experimental steps were as follows. Different
amounts of tartarazine were added to the prepared
samples, and then the recommended method was
applied. Analytical properties such as the working
linear range, regression equation, detection limit
(LOD), guantification limit (LOQ),
preconcentration factor, sensitivity improvement

factor (SIF) and recovery were calculated from the
results. The linear working range of the method
was calculated as 10-700 pg L. The SIF was
calculated from the slope ratio of the calibration
graphs before and after the UA-IL-FODME
procedure, and was found as 127. The LOD and
LOQ were expressed as the ratio of three and ten
times the standard deviation of the blank samples
to the slope of the calibration graph. The LOD and
LOQ values were 3.2 pug L* and 10 pg L7,
respectively. Comprehensive analytical data was
given in Table 2.

Table 2. Analytical parameters of the proposed method under optimum conditions

Parameters

For matrix-matched solutions

Regression equation
Correlation coefficient, r?
Working linear range, pg L
LOD, (ug L™)

LOQ, (ug L)

Average RSD %

Average Recovery %
sensitivity improvement factor (SIF)
Pre-concentration factor (PF)

Abs.= 0.0018x[Taratizine, pg L] + 0.00024
0.9935
10-700
3.2
10
2.2
96.1
127
50
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3.9. Validation study

The validation parameters (accuracy and precision)
of the proposed method should be tested prior to
the analysis of the real samples. Accuracy is
expressed as the proximity of the experimental
results to the actual accepting value. and the
accuracy of the method was tested by recovery
experiments. Precision refers to the proximity of
the values found in an experiment. The precision of
the method was assessed by the presence of relative
standard deviation (RSDs%) value. The test of
these parameters was evaluated with intra-day and
inter-day studies. Both studies were tested for three
different concentrations of tartarazine. Intra-day
study, triplicate experimental study was carried out
in one day for each concentration. In inter-day
study, three repetitive studies were continued in

intra-day and inter-day study ranged between 1.8-
3.5% and 2.2-3.8%, respectively. In addition,
quantitative recoveries (95.4-103.2% for intra-day
93.3-105.2% for inter-day) were obtained for both
studies.

3.10. Application

After all the analytical parameters of the method
were tested, the applicability of the method was
evaluated for the extraction and determination of
taratizine from the soft drinks and foodstuff.
Taking 1.0 mL of the prepared samples as
described in Section 2.3, the recommended method
was applied, and the amount of tartarazine in each
sample was determined separately. Recovery
experiments were also performed. Analytical
results are given in Table 3.

281

three consecutive days. The RSD% values for

Table 3. Analytical results of the proposed method

Sample Tartarazine (pug L™?) Recovery % RSD %
Added Found
Syrup-preserved fruit - 75.4 - 14
100 170.7 95.3 1.7
200 269.0 96.8 1.8
Carbonated drink- - 117.5 - 2.1
green 100 219.7 102.2 24
200 320.9 101.7 2.5
- 321.0 - 1.8
Carbonated drink- 100 417.4 96.4 1.7
orange 200 516.6 97.8 1.9
Chocolate candy- - 166.0 - 1.7
green 100 259.8 93.8 1.8
200 358.2 96.1 2.1
Chocolate candy- - 245.1 - 1.8
yellow 100 340.8 95.7 2.0
200 442.9 98.9 2.1
- 450.0 - 1.8
Lollipop 100 5114 101.4 2.1
200 652.0 101.0 2.2
- 314.7 - 2.3
Icing sugar 100 414.7 96.6 2.1
200 510.3 97.8 2.0
The amount of tartrazine ranged from 75.4-321 ug  method in literature, the method used was

L for the soft drinks and ranged from 166 to 450
ug L for foodstuff. Furthermore, the RSD% and
recovery values for soft drinks and foodstuff
samples were 1.4-2.5%, 95.3-102.2% and 1.7-
2.3%, 93.8-101.4%, respectively. In order to
understand the positive aspects of the proposed

compared analytically with the other methods
reported. The analytical properties compared were
the  operating range,  detection limit,
preconcentration factor, RSD% and recovery.
When the Table 4 was examined, it was understood
that the proposed method has a wider working
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range and a lower detection limit than other
methods. According to other extraction methods, in
this study, more environmentally friendly and
cheap chemicals were used. In the determination
step, the use of cheap and easy to use

spectrophotometer that can be found in almost any
laboratory is alternative to expensive and complex
techniques such as HPLC.

Table 4. Comparison of analytical performance of the proposed method with other methods.

Extraction Detection technique Linearity Detection RSD  References
(gLt  limit(ugLl?) (%)
IL-DPME HPLC 0.5-2000 0.15 4.7 [23]
Without Electrochemical sensor 9-549 2.7 6.8 [24]
extraction
Without Spectrophotometry 0-10 - 4.2 [25]
extraction
IEME HPLC 1.00-80 1.0 6.1 [26]
CPE Spectrophotometry 0.05-5.00 37.19 3.2 [27]
UA-IL-FODME Spectrophotometry 10-700 3.2 2.2 This study

lonic liquid dispersive phase microextraction (IL-DPME),high-performance liquid chromatography (HPLC), in-tube electro-
membrane extraction (IEME), ultrasound-assistedionicliquid-basedfloatingorganicdropletsmicroextraction (UA-IL-FODME)

4. CONCLUSION

In this study, a simple, innovative and inexpensive
ultrasound-assisted ionic liquid-based floating
organic  droplets  microextraction  (UA-IL-
FODME) method was proposed for the
extravasation of synthetic food dye tartarazine in
soft drinks and foodstuff. The amount of tartarazine
was determined by spectrophotometer. The
extraction of taratizine was provided in the mixture
of ionic liquid ([C8MIM][BF4]) and dispersive
solvent (1-octanol) at pH 5.5. The ultrasonic bath
temperature during extraction was 45 °C. The most
important advantages of the method were the use
of chemicals in pL levels to ensure extraction. The
use of environmentally friendly, inexpensive
chemical and experimental material, rapid
extraction, wide linear range, low detection limit
are other outstanding advantages of the method.
Detailed selectivity and validation studies were
performed. The method was successfully applied to
the extraction and determination of the tartarazine
in selected samples. The results of recovery and
RSD% were acceptable.
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Abstract. In this paper, the differential transformation method is used to examine the random Zeeman Heartbeat
Model. Some of the parameters and the initial conditions of the model are taken as random variables with Beta
and Normal distributions, respectively. The approximate analytical solution of the random Zeeman Model is
obtained and used to find the expectation and variance of the model components. The results from the random
models including Beta and normal distributed random effects are compared and the approximate numerical
characteristics are obtained for these cases. The approximate formulas are also modified by using Laplace-Padé
Method to increase the convergence interval of the approximations.

Keywords: Zeeman Heartbeat Model, Random differential equation, Expected value, Variance, Padé
approximation.

Diferansiyel Doniisiim Yontemi Ile Rastgele Kalp Atis Modelinin Analizi

Ozet. Bu calismada, rastgele Zeeman Kalpatis Modelinin incelenmesi igin diferansiyel déniisiim yontemi
kullanilmistir. Modelin bazi parametreleri ve baslangi¢ kosullart sirasiyla Beta ve Normal dagilimlara sahip
rastgele degiskenler olarak alinmistir. Rastgele Zeeman Modelinin yaklasik analitik ¢oziimii elde edilmis ve
model bilesenlerinin beklenen deger ve varyansi elde edilmistir. Beta ve normal olarak dagilmus rastgele etkiler
altinda, rastgele modellerin sonuglar1 karsilastirilmis ve bu durumlar i¢in elde edilen yaklasik sayisal
karakteristikler karsilastirilmistir. Elde edilen yaklagik formiillere, yaklagimlarin yakinsama araligini artirmak
icin Laplace-Pad¢é Metodu uygulanarak iyilestirilmis ¢6ziimler bulunmustur.

Anahtar Kelimeler: Zeeman Kalpatis Modeli, Rastgele diferansiyel denklem, Beklenen deger, Varyans, Padé
yaklagimi

1. INTRODUCTION

The majority of the investigations of mathematical models in various fields of science is performed by
using deterministic components, ignoring the randomness of the natural course of events. This fact is a
setback for an accurate description of the events through equation systems since there is always an
unignorable amount of uncertainty in the natural realizations of all phenomena. The random effects
approach of Merdan et al. aims to handle this issue swiftly by introducing random noise terms in the
deterministic parameters of compartmental mathematical models [1,2]. Compartmental models are widely
used in the modeling of infectious diseases and such a random modeling approach provides a

straightforward modification of these models to effectively describe the random behavior of diseases.
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The model used in this study has been introduced by E.C. Zeeman in 1972 [3-5]. It consists of differential
equations that describe the heart activity under the control of electrical impulses produced by the body.
The heart regulates the circulation of blood in the body through the contraction of heart muscles, an event
which is triggered by an electrochemical activity. The equation systems of E.C. Zeeman represent the
dynamics of the muscle fiber activity and stimulus which controls muscle fiber contraction over time. The
parameters of the differential equation system will be added random effects with Gaussian (normal) and
beta distribution to represent the natural fluctuations in the dynamics of heartbeat. Similar modeling
studies have been made with random effects for bacterial resistance and biochemical reactions [2, 6] .

In this study, Differential Transformation Method (DTM) will be used to investigate the Zeeman’s
heartbeat models with random components. DTM [7,8] and similar methods related to DTM have been
used for analyzing various mathematical models [17,18]. While DTM has many advantages for analyzing
models such its adaptability for use in fractional, delay and partial differential equation systems, its power
series form approximate-analytical solution which enables a detailed analysis of the problem of interest
and its usability in many problems in applied mathematics. However, the series solution brings along a
serious disadvantage as well, which arises when the problems are analyzed in wide time intervals, causing
issues on the convergence of the approximate solution. One of the techniques for tackling this problem is
the Laplace-Pade method, which proposes the use of a ratio two polynomial functions of orders p and g,
where the orders are arbitrary positive integers. Applications have shown that every different selection of
p,q results in a new approximate solution and generally the selection for p = g provides the best
convergence. Modifying the approximate analytical solution through Pade approximants provides a hew
approximate solution which is convergent to the exact solution on a wider time interval. Details of
Laplace-Pade modification of DTM have been given in the literature [19-20].

Our study concentrates on the improvement of the approximate solutions of the Zeeman heartbeat model
with random components obtained with DTM through Laplace-Pade method [18, 21]. The paper is
organized as follows: Section 2 includes an analysis of the heartbeat model with two equations including
an introduction of the Differential Transformation Method and the distributions used. Section 3 contains
the analysis on the model with three equations. The last section contains the conclusions.

2. TWO DIMENSIONAL ZEEMAN MODEL

The Zeeman model is used for the modeling of heartbeat and the two dimensional version consists of the
following differential equations, where x; represents the heart muscle fiber length and x, represents the
stimulus:

dx1 _

1.3
o = - Of = Txq +xp),

dx,

4 X1 Xa- 1)

The parameters of this system, €, T, x,; are defined as follows: T represents the tension (T > 0), € is a
constant that depends on the timescale and x is the typical relaxed fiber length. The deterministic values
of the parameters have been given as € = 0.2; T = 0.5 and x; = 0 or 0.41 whereas the initial values of
(1) are given as x4 (0) = 0.5 and x,(0) = 0 [3-5].

2.1. Differential Transformation Method
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An outline of the Differential Transformation Method (DTM) can be given as follows. Let x(t) be an
analytical function in the domain D and t = t, be a point in D. The function x(t) can be represented by
using a t,-centered power series. The k-th derivative of x(t) is defined as:

1 dakx(t)
X(k) == [—dtk o VEE D. )

In (2), x(t) is the original function and X (k) is the transformed function. The inverse differential
transformation of X (k) is given as [7,8]:

x(t) = Zizo X (k) (t — t)*, vt € D. 3)

Using (2) and (3), we obtain

@0

o (t=to)¥
x(t) = Zk=0 !0 dtk

: ]t_t , Vt €D. (4)

The basic theorems for one-dimensional differential transformation are given as below.
Theorem 1. If z(t) = x(t) £ y(t), then Z(k) = X (k) + Y (k).
Theorem 2. If z(t) = cy(t), then Z(k) = cY (k).

dy(t)

Theorem 3. If z(t) = o then Z(k) = (k+ 1)Y(k + 1).

Theorem 4. If z(t) = dnyt“), then Z(k) = (k;—'n)!Y(k +n).

d
Theorem 5. If z(t) = x(t)y(t), Z(k) = 2£1=0X(k1)Y(k —kq).

1 k=n

Theorem 6. If z(t) = t™, then Z(k) = 6(k — n) = {0 =

In applications, the function x(t) is represented by an infinite series and by using (4) we can write:
x(t) = X=X () (t — to)*, Vt € D. (5)
The equation (5) states that Y5 .1 X (k) (t — to)* has a negligibly small value.

Consider a system of ordinary differential equations

dx;
E + hl(tl X1, X2, ...,Xm) = gl(t):
L% 4 hy(t = 6
ot 2(t, %1, X2, w00y X)) = g2(0), (6)
dxp,
e + hy (t, %1, X2, oo, X)) = Gm (1),

with the initial values

x1(to) =dy,  x3(tg) =dy, -+, xp(to) = dpy (7)
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Using DTM, the derivative of both sides in the equation system (6)-(7) is obtained as
(k + DX (k + 1) + Hi (k) = Gy (k),

(k+1DX,(k+ 1)+ Hy(k) = G,(k),

(8)
(k+ DXy (k+ 1)+ Hyp (k) = Gy (k).
with
Xl(o) = dl! XZ(O) = dZJ'Xm(O) = dm (9)
Similarly, the n-th term is obtained for (5) as
N
P1n(©) =50 = ) XLk,
k=1
N
D20 ©) = 120 = ) K (),
k=1 (10)
N
@m,n(t) = xm(t) = z Xm(k)tk-
k=1
Using DTM for equation (1), we obtain:
k k2
1
(k+ DX (k+1)=—- Z z X1 (k) X1(ky — k) X1 (k — k) — TX, (k) + X, (k) |,
el i (11)

(k + DX,k + 1) = X, (k) — x48 (k).

We will be choosing random parameters and initial values for the two dimensional Zeeman model to
obtain a random model. In the next section, we introduce the beta and normal distributions which we will
be using for these random components.

2.2. Beta Distribution

The Beta function B(a, ) for the parameters > 0, § > 0 is defined as

1
B(a,pB) = f x® (1 — x)A1dx. (12)
Dividing both sides of (12) by B(«, ), Weoobtain
1
= B(; 5 f x% (1 — x)P1dx. (13)
’ 0

Using the definition of a probability density function, we obtain [9]:
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a-171 _ \B-1
flx) = a (1= x) ,0<x<1 14
= B(a,B) : (14)
0, elsewhere
where
_ T'(0).T(B)
B(a,p) = T@+p) (15)
If X~B(a, B) is a Beta distributed random variable then,
a ap
Bl =g Vel =oprassry
_ a(a+1) _ ala+ 1)(a + 2)
EIX] = (@+B+D(@+p)’ EX°] = (@+B+2)(a+B+D(a+p) ™
E[xM] = ale+D(a+2)..(a+(N-1))

(a+B+N—-D(@+B+N-2)..(a+B+D(a+p)
2.3. Expected Value of the Two Dimensional Zeeman Model

Using Differential Transformation Method [7,8] and its random counterpart [10-14], we can find the
approximate solutions of a random process in the form of a power series by using the formula

N
2y (£) = Z X(k)ek.

k=
The variance and covariance for the approximate solution x, (t) are given as

N
Elxy(0)] = Z E[X(k)]ek (16)
NN
Var[xy(t)] = cov(X (i), X()H)t', (17)
where [11]
cov(X(D), X()) = EX()X()) — EIXDIEIX(],  Vi,j=01,...,N. (18)

Let the parameter T in (1) be a Beta distributed random variable such that T ~ Beta(a = 2,8 = 1). In
addition, assume that the initial conditions are assumed to be random variables Y,, and Y; where Y, and Y;

are independent random variables with normal distribution, i.e. Y,,Y; € N(u,0?). Letu = 1,62 = 1,0 =
1. Then,

ElY)]=u=1LEN]=un=1,

ElYZl=u?+o2=1+1=2,

E[Y12]=[12+O'2=1+1—2

E[YZ] = E[Y?] = u +3uc?=1+3.11=4,

E[Y3] = E[Y{] = ;1 +6y202+30 =1+6.1.1+3.1=10, (19)
E[Y7] = E[Y?] = u +10p30% + 15u0* = 14+ 10.1.1 4+ 15.1 = 26,

E[YS] = E[Y?] = u + 15u402 + 45u?0* + 15¢° =1 + 15.1.+45.1.1 + 15.1 = 76,

E[Y/] = E[Y{] = u’ 4+ 21u%6? + 105u30* + 105u30° = 232.
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Since T > 0 is Beta distributed such that T~B(a = 2,8 = 1) [9],

EIT1 = a 2
[ ]_a+ﬁ_§'
_ ala+1) _2.3_1
B = i g+ D@xp) 342 20
E[T3] = ala+1)(a+2) _2 (20)
T (@+B+2D(@+Bf+D(@+p) 5
E[T4] ala+ 1D)(a+2)(a+3) 1

T @tP@+p+D@+f+2)(@+pf+3) 3
Using (11), the approximate analytical solution of x; (t) in (1) using 4 terms is obtained as (denoted by

X1)
o (75 . o 75, 25 25 5.\,
X1=YO+(—51'1+5TYO—51/0)1:+(7Y0 = SOYGT + — Y3y + — YT —7Y1T—EYO)1:
25 50 , 625 . 125 . 125 . 1125 _ 875 ,
1625

32 2 2 25
Yo T? — 125Y, Y7 + 375Y7Y, T — ?YOT) 3+
Hence, the approximate expected value of the random variable X, is obtained as

E[X1]=E [YO + (=5Y; + 5TY, — 5Y$)t

75 . g 75, 25 25 5.\,
+(7Y0 —50Y0T+7Y0Y1 +7Y0T _7Y1T_EYO)t

25 50 . 625 _ 125 . 125 . 1125 _ 875
+(?Y1+?YO — W+ T - U+ —— YT - — YT

1625 . 5 X 25 s
——Y§T? — 1251 + 375% YlT—?YOT)t ]+

Using the independence of the random variables, we find
65 10945
E[X1]=1—?t+ " t2 — 67353.472t3 + - (21)

The expected value of X; is shown in Figure 1.
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Expectation value of Xy

E(xl)

Figure 1. The expected value of Xi.

5 5 5
X, =Y, + Yt + (_Eyl + =TY, ——Y03>t2

2 2
25 . 50 . 25 ., 25 25 5 \ .

Hence, its expectation becomes

5 5 5
E[X,;] = E[Yl + Yot + (_Eyl +=TY, __Y03> £2

2 2
25 50 . 25 25 25 5 \
+(7Y0 —?YOT-F?YO Y, +?YOT —Zle—gY())t ]+
65 10945
E[X2]=1+t—?t2+?t3+--- (22)

The approximate expected value of X, is shown in Figure 2. It should be noted that more terms are needed
for accurate approximate expectations E [X;], E[X,]. The first three terms have been given to present the
calculation method and to underline the improvements obtained by the modification.
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Expectation value of Xy
2500 T T T T T T T T T

2000

T

1500

T

E(xz)

1000

T

500~

Figure 2. The expected value of X.

2.4. Laplace-Padé Method

If Laplace-Padé method [15,16] is used to improve the results, i.e. to obtain convergent results in a wider
interval, the following result is obtained for (21):

My

1 56373593243647997

= @ 418931110051840 -
7424222958497731096191780362649627
X <7424222958497731096191780362649627

X cosh ( t\/2474740986165910365397260120883209)

418931110051840
+ 141890257577574391V2474740986165910365397260120883209

X sinh(

218931110051840 t\/2474740986165910365397260120883209))

This new expected value of X;, denoted by M1, is shown in Figure 3.
Similarly, Laplace-Padé method for (22) gives:

1 11075

1
My=—— ¢ 2m2 ' 381232315 h(—t\/1143696945>
27 381232315° ( > \816

1
+ 11347vV1143696945sinh (% tv 1143696945))

The modified expected value for X,, denoted by M,, is shown in Figure 4.
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Expectation value of Xq

T T T T T T T

E(xl)

E(x 1)

Figure 3. The expected value of X;, obtained by modified DTM.

Expectation value of Xy
45 T T T T T T T T T
E(x,)

3.5 J

E(xz)

2.5~ ¥

1.5~ q

Figure 4. The expected value of X,, obtained by modified DTM.
2.5. Variances for Two Dimensional Zeeman Model
Using the formulas (17) and (18), the variances for the two dimensional model is obtained as follows.

For the variance of x; (using a three term truncated approximation):
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2 2
Var[X,(0)] = Z z cov(X; (D), X, (Nt =1 — ?t + 8712835 t2 + - (23)

7=0i=0

Laplace-Padé method for (25) gives

1 1395760t) 5 h 73 5
Mi= ——— o(Tasm ) [ —56738917631 V388622723 )
37 T56738917631°C cos (36981

73
v mh (3551 )

+ 673616V3886227235sink (5o V3886227235
Similarly, the variance for X, is:

2 2
Var[X,(0)] = Z Z cov(Xy (D), X, ()t =1 — 462 + - (24)

j=01i=0
and the modified variance becomes

M, = cos(2V2t).
2.6. Expected Values for Initial Conditions with Normal Distribution

Assume that the initial conditions Y, and Y; of (1) are independent random variables with normal
distribution. Using (19), the expected value of the (truncated) approximate solution X; becomes (note that
unlike Section 2.3, the parameter T is not a random variable here):

45 7555
EX]=1-—t+ th — 69644.271t3 + - (25)

If Laplace-Padé method is applied to (25), we obtain

Ms = 0.1 X 1079(9999999999c0sh(119.2044503t)
+9501091052sinh(119.2044503¢))e 1357572336t

Similarly, the expected value of the approximate solution X, is

45 7555
_ 2 34 ... 26
E[X,]=1+t TR yalaths (26)

Its modification is obtained as

1 7645

1
o= o5 (sosas305cos (- wG0557TS)
6 605253056 188 <605 5305cosh 188t 60525305

1
+ 7833v60525305sinh (@ tv 60525305)).
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2.7. Expected Values for Random T Parameter with Beta Distribution

If the parameter T in (1) is assumed to be Beta distributed, the approximate expected value of X; up to t3
can be obtained by using (20) as follows (note that unlike Section 2.3, the initial values are not random

variables here):

1 25 215 9625
EX;]=c+—t——t*——=—1t3+ - 27
%] 224" " 1oz 23040 T @1

Using Laplace-Padé on (27) gives

T 1357422°
1
+—35«22623705u1(§6§¢2262370t)>

1 (s, 1
M, =————e\so —678711005(§6§V2262370t)

Similarly, the expected value of the analytical solution X, becomes

125, 215
E[Xz] :Et+Et —%t + -

Its modification is obtained as
4

_ (sin (Vs
—_V55ela)sin (VB5t),

Mg
3. THREE DIMENSIONAL ZEEMAN MODEL

Let the initial conditions Y;,Y,, Y5 be normal distributed and the model parameters &, u, 8 be (standard)
Beta distributed random variables. Consider the three dimensional model (Zeeman, 1977)

dx; 3
PTG e TR
dx,
ar —8Xq — piXp
‘ (28)
dx;
o - e

x1(0) =Y1,x,(0) = Y5, x3(0) = Y3

Since the initial conditions are independent and identically distributed, E[Y;] = E[Y,] = E[Y3] asin (19)
and (20). The deterministic values are given as & =2,u=2,0 =1 (Zeeman, 1977). We use
&, u,0~Beta(a, B) where ¢ = 1 and 8 = 1. Using the properties of Beta distribution and (20), we get

R

(29)
_ a(a+1) _l
T (@+B+D@+p 3
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B B _ ala +1)(a+2) 1
B = EW] = B0 = o D@ v g D@t ) 4

ala+ 1) (a+2)(a+3) 1

EI§*] = ElW'] = E[07] = (a+B)(a+B+D(a+B+2)(a+B+3) -5

Using this information, the expected values of X;, X, and X5 are obtained as below:

ElX,]=E [Y1 + (1Y, Y2 -Vt

1 3 3., 1., 1 1 ,, .3 1
+ (EYlYZ/,L + 2Y7Y, +§Y1 Ys +§Y1Y2 +§Y2Y3 +§Y1 ¢ +§Y1 +§Y2
1
+—9) t?
2
) 5 2 1 1
+ <—3Y1 YY; — 8Y1 You— 3 SYPY¢ — Y1Y2 H= Y1Y3f Y1 ué (30)
1 1 1 1 1 9
- gY1Y2H2 - §Y2Y3M - 5Y1Y23 - EY22Y3 - gyzg AR §Y15Y2
7 13 1 1 1 1 5
—§Y14 Y _?y13y22 - Y - §Y12Yz ——Y129 —ghi—ghu— 7Y17
1Y2)t ] -=1-6t+ 53t? 7677t3-+
6 ? 36

Using Laplace-Padé for the truncated approximation (30) gives

1
My=—¢
%7 403622041

+ 18821v403622041sinh (% t\/403622041>).

23861
( t) (40362204lcosh (— tv403622041 )

Similarly, the expected value of the approximate analytical solution X, is found as

1 1 1 1 1
E[X;]=E [Yz + (V¢ - Yt + (Eylsg ‘|‘§YlY2St +§Y3‘f +§Y1.U‘f +§Y2M2> t?
1. 2 1 1 1 1
+ (558 — SV — SV — SViVEE —SW¥E — = VPE

1 1 1 1 1 1
- §Y1Y2u€ - ngf - 559 - ngfﬂ - gyzfll - EYKHZ - ngﬂs) t3 ] (31)

+ .-

43 . 661
X,)=1—t+—t2——1¢3
[2] t+24t 72t+

Using Laplace-Padé method, the modification is obtained as

1

309
M :—( ) 1 (— 2871 )
10 957199e <957 99cosh tv2871597

186
+ 556V2871597sinh (ﬁ t\/2871597)>.
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The expected value of X5 is found as

1 1

1,1 1.1 1\,
+ (¥R = g — o — 2 Wait — =¥ ) ] @)
3 1 43

= = —_— Y

E[X;]=1 2t+2t 72t+

The Laplace-Padé modification of (32) becomes

5

1 (s 1 1
M, = —ﬁe(st) <—151cosh (gt\/151) + 14V151sinh (g t\/151>>.

4. CONCLUSION

In this study, we have used the random version of the Differential Transformation Method to investigate
the approximate solutions of the two and three dimensional Zeeman models. The initial values Y, ¥; and
the parameter T were assumed to be normal and standard Beta distributed random variables, respectively.
Using these random values, the expected values and variances were found for the two dimensional model.
Similarly, the same approximate characteristics were investigated for the three dimensional model too.
Finally, Laplace-Padé method was used to modify these approximations and obtain new functions for the
approximate numerical characteristics. It is known from the literature that the modified approximations
obtained by Laplace-Padé method are generally convergent to the exact solutions in a wider time interval.
As the results show, it is seen that the modified approximate results are convergent to the exact solution,
which are also consistent with the deterministic results in the literature. Results from Zeeman’s studies
[3-5] and other studies which do not contain random components show that the systems (1), (28)
successfully model the contraction and relaxation of the heart muscles and the electrical signal
transmission process. In this study, we have shown the use of random components in these models shows
that similar results for the biological significance of the equation systems can be achieved with additional
results for the variance and standard deviations of the results that imply deviations in the muscle and
electrical signal transmission behavior. This study underlines the adaptability of DTM and Laplace-Pade
methods to heartbeat models with random components and the applications can also be generalized to
other mathematical models.
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Hiperlatisler Uzerinde Genellestirilmis Tiirevler

Ozet. Bu makalede hiperlatisler iizerinde genellestirilmis tiirev kavrami tamtildi ve bunlarm bazi temel
ozellikleri elde edildi.

Anahtar Kelimeler: Genellestirilmis tirevler, Hiperlatis.

1. INTRODUCTION AND PRELIMINARIES

Firstly, Marty introduced the notion of hyperstructure in [1] at 8th Congress of Scandinavian
Mathematicians. Normally, the composition of two elements is an element in classical algebraic
structures, but the composition of two elements is a set in algebraic hyperstructures. After this study,
many authors studied this subject. The many concepts in pure and applied mathematics were applied to
hyperstructures [2,3]. There come out many kinds of hyperalgebras such as hypergroups in [4, 5],
hyperrings in [6,7] etc. In [8], Konstantinidou and Mittas introduced hyperlattices and in [9]
superlattices in [9] (for more details see [10] and [11]). In particular some interesting results of the
theory of hyperlattices studied by Rasouli and Davvaz in [12, 13].

Derivations in rings and near-rings have been studied by many mathematicians in several ways [14,
15]. Bresar [16] introduced the generalized derivation in rings and many mathematicians studied on
this concept. N. O. Alshehri applied the notion of generalized derivation in ring theory to lattices [17].
Now, we define the notion of derivation on hyperlattice. In this paper we aim to generalize some
results given in [17] and [18] to generalized derivations of hyperlattices. In this way, we define
generalized derivation on hyperlattice and give an example.

In this section, we first recall some definitions and basic results (for more detailed information see
[10,12,13]).
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http://dergipark.gov.tr/csj  ©2016 Faculty of Science, Sivas Cumhuriyet University
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Definition 1.1 ([13]) Let L be a nonempty set and V:L X L — P*(L) be a hyperoperation, where
P(L)isapowersetof L and P*(L) = P(L)— @ and A: L % L — L be an operation. Then (L,V,/A) is
a hyperlattice if

(1) foralla€Ll,a€ava aha=a;

(2 foralla,b EL,avb=bva, anb=bnha;

@) foralla,b,ce L, (avb)ve=aVv(bvc); (anb)rc=an(bnc);
@) foralla,b € L,a€lan(avb)]n[aV (ab)];
(B)ifacavbforalla,b €L, thenanb=b.

Let A and B be nonempty subsets of L then, AAB={aAbla€AbEB}
AvB={avb|lac Ab e B}

Let L be a hyperlattice. For each x,y € L, we define two relations on L as follows: (x, ¥) €< if and
only if x =x Ay, (x,v) €< if and only if ¥ € x V y. For all nonempty subsets A4 and B of L, we
define A = B ifthere exista € A and & € B such thata = b.

A zero of a hyperlattice L is an element @ with 0 = x for all x € L. A unit 1, satisfies x = 1 for all
x € L, so0 it can be seen that there are at most one zero and at most one unit. A bounded hyperlattice is
one that has both 0 and 1. In a bounded hyperlattice L, ¥ is a complement of x if x Ay = 0 and
1 € x v y. The set of complement elements of x is denoted by x°. A complemented hyperlattice is a
bounded hyperlattice in which every element has at least one complement.

Definition 1.2 ([3]) An element @ € L is called a scalar element if the set @ v x for all x € L has only
one element.

Proposition 1.3 ([13]) Let (L,Vv.A) be a hyperlattice. Then the following hold:

(1) === and (L,=) is a poset. Also we can replace Definition 1.1 (4) by x € x A (x V y) for all
x,y EL;

Q@ xAy=x, y=xVyforallx,y €L;
(3) X € (X Vv X) n (X AX) for anonempty subset Xof L;

@ Xv(¥VEI)=(XVvY)VZand XA(YAZ)= (XAY)AZ for all nonempty subsets X,Y, Z
of L;

(B) fx=y thenxAz=yAzforallx, v,z EL;

6) Ifx,y ExVy thenx =y ,soxVy= Limpliesthatx = yforall x,¥ € L;
(DIfxvy={0}thenx =y =0forallx,y €EL;

(8) If Oisascalarelementof L,then 0V 0 =0,x V0 ={x}forallx € L,

Definition 1.4 ([13]) A subhyperlattice of a hyperlattice L is a nonempty subset of L which is closed
under the hyperoperation v and operation / as defined in L.

Definition 1.5 ([13]) A hyperlattice (L.AV,0,1) is said to be a distributive if for every
a,b,ceLan(bve)=(anb)V(anc)ishold.
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Definition 1.6 ([13]) Let (L,AV) be a hyperlattice and I be a nonempty subset of L. Then I is called a
hyperideal of L when:

(i) I isasubhyperlattice;
(i)xelandy ELimplyx Ay E I

Definition 1.7 Let L be a hyperlattice. A mapping d: L — L such that, for all x, ¥ € L, we have
(D) d(xVvy) S d(x)vd(y), (Qdxay) € (dx)Ay)V(xAd(y))

is said to be a derivation on L, and the pair (L,d) is said to be a differential hyperlattice, or more
precisely, a hyperlattice with a derivation. If the map d such that d(x Vy) = d(x) v d(y) forall x, y €L
and satisfies the condition (2), then d is called a strong derivation of L. In this case, the pair (L,d) is
called a strongly differential hyperlattice

2. GENERALIZED DERIVATION OF HYPERLATTICES

In this section we define generalized derivation and strong generalized derivation of hyperlattice and
give examples. Through this section L will denote a bounded hyperlattice and 0 be scalar element of L

unless otherwise specified.

Definition 2.1 A mapping D: L — L is called a generalized derivation on L if there exists a derivation
d: L — L such that

(1) DxVvy) €D(x)VD(y)

(2) D{xAy) E(D(x)AY)V(xAd(y)
for all x, ¥ € L. The pair (L, D) is said to be a differential hyperlattice or is said to be hyperlattice with

generalized derivation.The map D is called strong generalized derivation if D{xV y) = D{x) v D(y)
and satisfies the condition (2). Then the pair (L, D) is called a strongly differential hyperlattice.

Example 2.2. Let L = {0,a, b, 1} and define A and vby the following Cayley tables

T ECEEERERE vIio]al| b |1
olo|o] o] o0 0 | {0} | {a} | {B} | {13
a | 0| a 0] a a | {a} [{0,a}| {1} {51
b | 0] 0| b | b b | {b} | {1} [{0,b}|{a 1}
1]0]a| b |1 1 [ [0{e] L

0, x=0a

b, x=b,1 3 D:L=L by

Then (L,AV) is a hyperlattice. Define the maps d:L — L by dx = {

Dx = x. Then we can see that D is a generalized derivation on L.
Definition 2.3 Let D be a generalized derivation on L. If x =y implies Dx = Dy forall x,y €L, D is
called an isotone generalized derivation.
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Example 2.4 Let L be a hyperlattice as in Example 2.2. It is easy to check that D is an isotone
generalized derivation of L.
Definition 2.5 A generalized derivation D is said to be contractive if Dx = x for all x € L.

Proposition 2.6 Let D be a contractive generalized derivation and d be contractive derivation on L.
Then the following hold for all x, ¥ € L

a) If L is distributive hyperlattice then dx = Dx,

b) If I is a hyperideal of L then DI &1,

c)D0O=10

d) Dx € Dx V (x A dl)

e)D1 € D1v D1

Proof. a) For all x € L, we have

Dx Adx = D(xAx) Adx € (DxAx)V (x Adx))Adx = (Dx vdx) Adx.
Since L is distributive hyperlattice,we obtain

Dx Adx € (DxAdx)V(deadx). By using Definiton 1.1 (1) we have
Dx A dx € (Dx Adx) V dx. Also from Definition 1.1 (5) we get (Dx A dx) A dx = dx. Then it is
a routine matter to show that Dx A dx = dx, Consequently we have dx < Dx.

b) Let v € DI. Then there exist an x € I such that ¥ = Dx = x. Since I is a hyperideal of L, we have
v eI

¢) It is a routine matter to show that D0 = D(0A0) € (DOAQ) WV (0AdO). By using [18] we
have DO € 0. Hence the result.

d)Dx =D(x A1) E(DxAL)V(xAdl)=DxV (xAdl)

e) It is clear from Definition 2.1.

Proposition 2.7 Let I? be a contractive generalized derivation, then we have
a) If d1 < x, then d1 < Dx,

b) If x < d1, then Dx = x.

Proof. a) Let x € L such that d1 < x, by using Proposition 2.6 d) we have Dx € Dx V (x A d1)
hence Dx € Dx V d1. Therefore we obtain d1 < Dx.

b) Let x&L such that x=dl, by wusing Propositon 26 d) we have
Dx € Dx V (x Adl) = Dx V x, then x = Dx. On the other hand D is a contractive generalized
derivation, therefore Dx = x,

Theorem 2.8 Let D be a contractive generalized derivation on L. Then the following conditions are
equivalent:

1) Dx = xforallx € L,

2)D(xVy) = (xVDy)A(DxVy)
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Proof. (1)=(2) Since D(xvy)=xVy and (xVDy)A(DxVy)=xVy we get
D(xvy)=(xvDy)A(DxVy).

(2)=(1) By putting x = ¥ in (2) we have Dx = x for all x € L since D is contractive generalized
derivation.

Theorem 2.9 Let D be a generalized derivation on L, then the following conditions are hold.
1) D is an isotone generalized derivation.
2)Dx v Dy = D(xVy)

Proof. 1) If x =< y, then we get ¥ € x V ¥. Therefore Dy € D(x V y). By using Definition 2.1 we
have Dy € D(x Vv y) < Dx Vv Dy. Hence we conclude Dx < Dy,

2) Since D is isotone generalized derivation, we have Dx =< D(x V ¥} and Dy = D(xV ¥). Hence
we conclude Dx vV Dy = D(x V y).
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Interference-free determination of carmine in food samples using ultrasonic
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Abstract. In this study, a simple, green and cost effective method of extraction and preconcentration of carmine
used as a food additive in some food samples was developed using ultrasonic assisted cloud point extraction
(UA-CPE) before spectrophotometric determination. Carmine was extracted from the aqueous solution using
polyoxyethylenesorbitan monolaurate (Tween 20) as the extraction solvent in presence of Ni(ll) at pH 6.5.
Variables such as pH, amount of metal, temperature, ultrasonic effect, solvent type, type and concentration of
nanionic surfactant have been optimized in detail. Under the optimum conditions, the analytical characteristics
of the method are as follows; linear working range 1.5-350 ug L!; the detection limit, 0.4 ug L*; and
preconcentration factor, 80. The relative standard deviation (RSD%) obtained for the 10 pg L concentration
(n: 5) of carmine was 3.7%. Recovery values for two different concentration levels were in the range of 94.8-
104.7%. The accuracy and precision of the method were evaluated by intra- and inter-day studies. Finally, the
method has been successfully applied to the determination of carmine in various foods.

Keywords: Carmine, food samples, ultrasound assisted extraction, green chemistry, spectrophotometry.

Spektrofotometri ile birlestirilmis ultrasonik destekli bulutlanma noktasi
ekstraksiyonu kullanilarak gida orneklerinde karminin girisimsiz tayini

Ozet. Bu calismada, baz1 gida 6rneklerinde, carmine'nin spektrofotometrik tayin dncesi basit, yesil ve diisiik
maliyetli dzelliklere sahip ultrasonik yardimli bulut noktasi ekstraksiyonu (UA-CPE) gelistirilmistir. Carmine,
pH 6.5'de Ni (II) varliginda ekstraksiyon ¢oziiciisii olarak polioksietilensorbitan monolaurat (Tween 20)
kullanilarak sulu ¢ozeltiden 6ziitlenmistir. pH, metal miktari, sicaklik, ultrasonik etki, solvent tipi, nanyonik
yiizey aktif madde tiirli ve konsantrasyonu gibi degiskenler en uygun sekilde optimize edilmistir. Optimum
kosullar altinda, yontemin analitik 6zellikleri asagidaki gibidir; dogrusal ¢alisma araligi 1.5-350 ug L'; tespit
limiti, 0,4 pg LY; ve 6n konsantrasyon faktorii, 80. Karminin 10 pg L™ konsantrasyonu (n: 5) i¢in elde edilen
bagil standart sapma (% BSS) % 3.7 idi. iki farkli konsantrasyon seviyesi i¢in geri kazanim degerleri % 94.8-
104.7 arasindaydi. Yontemin dogrulugu ve kesinligi, giin i¢i ve giinler arasi ¢aligmalarla degerlendirildi. Son
olarak, yontem ¢esitli gidalarda karmin tayini i¢in basartyla uygulanmistir.

Anahtar Kelimeler: Carmine, gida 6rnekleri, ultrason destekli ekstraksiyon, yesil kimya, spektrofotometri.

1. INTRODUCTION

Synthetic food dyes are used in different industries  are widely used to make food more attractive and
such as paper, textile, ink, plastics, cosmetics, appetizing. Generally, food dyes have complex
pharmaceuticals, beverages and food. Food dyes aromatic structures and are stable. Therefore, they

* Corresponding author. Email address:  elik@cumhuriyet.edu.tr
http://dergipark.gov.tr/csj  ©2016 Faculty of Science, Sivas Cumhuriyet University
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are biodegradable. Carmine (E120), used as a food
colouring, is a bright red pigment derived from the
aluminium salt of carminic acid [1]. It is used as
colouring pigments in cosmetic products such as
pharmaceutical formulations, eye fir and lipstick as
well as many different products such as carmine,
fruit juices, ice cream, yogurt and sugar. Carmine,
one of the synthetic food colors, is approved for use
in the USA, Canada, Korea and the European
Union [2]. Acceptable daily of carmine intake
(ADI) is average 5 mg based on body weight [3].
Although the amounts of carmine added to foods
and drinks are strictly controlled, their use may
exceed the tolerable limit. Therefore, it is very
important to observe the carmine dye levels in
high-consumption food products.

In recent years, the number of studies on this
subject has witnessed the importance of this
problem. For the analysis of food dyes fast,
accurate and emphasizes the need to develop
selective techniques. Until now, various methods
like differential pulse polarography (DPP) [4],
stripping voltammetry (SV) [5], high performance
liquid chromatography (HPLC) [6], and
spectrophotometry [7] have been proposed for the
determination of carmine in food samples.
Chromatography and polarography methods are
not considered as green analytical methods due to
the use of hazardous organic solvents in the
chromatography and the reduction of mercury in
the polarography [8]. On the other hand, HPLC and
capillary electrophoresis (CE) methods are
interpreted as more effective alternative methods.
However, these methods are expensive, time
consuming, and generates waste containing a high
proportion of organic solvent [9]. Despite the high
sensitivity of electroanalytical methods, its
selectivity is low. Disadvantages of the stripping
voltammetry (SV) include longer analysis times
compared to spectroscopic methods, as well as
interference that can lead to limitations [10]. UV-
visible spectrometry is an important tool in this
area, with a low weight and low cost. In addition, it
is often used in many areas such as chemistry, food,
and environment. There are two main limitations to
the spectrometric determinations of food dyes. The
first is the lower analytical quantity than the

guantitative limits of the UV-visible spectrometry,
and the other is the possible interference effect of
other chemical species present in the samples.
Preconcentration-separation methods such as solid
phase extraction (SPE) [11,12], cloud point
extraction (CPE) [13-16], solvent extraction (SE)
[17], and ion exchange (IE) [18,19] were widely
used to solve these problems. The current trend in
analytical chemistry, especially for quality control
applications, is the development of methods that
include environmentally friendly less reactive
consumption. For this reason, the cloud point
extraction (CPE) method, which uses surfactants
for the separation and preconcentration of carmine,
was used in the study. The basis of the CPE method
depends on the non-ionic surfactant in the aqueous
solutions becoming cloudy (forming
miscellaneous) when heated to a temperature
known as cloud point temperature [20]. The micelle
solution, which is above the cloud point
temperature, forms two separate phases as the
small volume surfactant rich phase and the diluted
aqueous phase [21]. By centrifugation, the
surfactant-rich phase tube is collected at the bottom
and the agqueous phase is separated by decantation.
The surfactant phase which is then dissolved in a
suitable solvent can be analyzed by a suitable
technique. In addition, this method is an alternative
to conventional liquid liquid extraction (LLE) due
to its high enrichment factor, less desirable sample
size, lower toxic reagent use, elimination of large
amounts of organic solvents, use of non-toxic
surfactants, safer, simpler and more economical
[22].

Sonication is a powerful aid in accelerating the
various steps of the analytical process especially
extraction and sample preparation steps [24].
Ultrasonic energy is released at the end through a
cavitation process, which involves evacuation of
the formation and breakdown of microbubbles to
high temperatures [24]. This energy is of great help
in the pre-treatment of solid and liquid samples as
it facilitates and accelerates operations such as the
extraction of different chemical species (organic,
biological, and inorganic compounds) from
different  samples such as  biologicals,
environmental and foods [25-28].
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The purpose of this study, for the determination of
carmine dye used in food samples, was to develop
an analytical method that is selective, sensitive,
consuming less reagents, and environmentally
friendly. To achieve this goal, a combination of
ultrasound-assisted cloud point extraction and
spectrophotometry was used to provide
environmental and low-reagent consumption. The
factors affecting the efficiency of extraction were
examined systematically. The proposed method
was compared with some methods in the literature
in terms of analytical properties. After validation of
the method, the method was successfully applied to
the determination of carmine in various food
samples with satisfactory results.

2. MATERIALS AND METHODS
2.1. Instrumentations

Spectrophotometric analysis was performed on a
double-beamed ~ Shimadzu  UV-1800 PC
spectrophotometry (Kyoto, Japan) equipped with
1.0 cm quartz cells. The injection volume and
detection wavelength were 500 puL and 510 nm,
respectively. Ultrasonic bath (UCP-10 model,
Seoul, Korea) was used for extraction of carmine
and sample preparation. A Universal Hettich model
centrifuge (London, UK) was used to separate the
extract from the aqueous phase. All pH
measurements were performed using a Selecta
2001 Sartorius model (North America) pH meter
combined with a glass calomel electrode. A
Labconco ultrapure water system (Kansas City,
USA) was used to obtain ultra-pure water used in
the experiments and 18.2 MQ cm resistant water
was obtained.

2.2. Reagents

All working reagents were purchased from Sigma
(St. Louis, Mo., USA). Standard work solutions
were prepared by gradual dilution of stock
solutions. The stock carmin solution was prepared
in ethanol-water (50:50, v/v) at a concentration of
0.1 mol L and stored at 4 ° C in a refrigerator. The
standard Ni (1) solution (1000 mg L) was
prepared by dissolving the nitrate salt in water.
5.0% (w/v) polyoxyethylene-isobutyl monolaurate
(Tween 20) was prepared by dissolving 5.0 g of
Tween 20 in methanol using an ultrasonic bath and
diluting to 100 mL with water. The phosphate-

citrate buffer solution was prepared by mixing 35.2
mL of 0.2 mol L* Na;HPO,4 and 14.8 mL of 0.1
mol L* citrate solutions for pH 6.5. Prior to the
experiments, all vessels (glassware, low density
and high density polyethylene bottles) were kept in
10% (v / v) HNOs for at least one day and then
washed five times with ultrapure water.

2.3. Sample preparation
In order to investigate the feasibility of the
food

(strawberries, rice, sour cherry, syrup, powdered

developed method, some samples

drinks, biscuits and jellybeans) were randomly

selected from the markets in Sivas/Turkey.

Ultrasonically assisted extraction (UAE) method
was used to prepare the selected samples for
analysis. Sample preparation steps were performed
as follows.

First, a mixer was used to homogenize 5.0 grams
of food samples. These milled samples were then
transferred to a 100 mL beaker and final volume
was adjusted to 50 mL with pure water by adding
0.05 mol L NaOH solution. The extraction was
performed by applying ultrasonic energy (300 W at
40 kHz ultrasound frequency) at room temperature
in an ultrasonic bath until a clear solution was
obtained [29]. The extract was then centrifuged at
4000 rpm for 5 minutes, and the pore size was
adjusted to 0.45 mm by filtration through a
membrane filter.

2.4. Ultrasonic assisted cloud point extraction

The recommended procedure was resumed as
follows. First, a 3 mL aqueous sample solution
containing 50 pg L carmine was added to a 50 mL
centrifuge tube, and then 1.25 mL of phosphate-
citrate buffer solution was added to adjust the pH
of the sample solution to 6.5. After adjusting the
pH, 2.5 mL of 10 mg L Ni (I1) solution was added
to form a hydrophobic complex with carmine, and
the solutions were diluted to about 45 mL with
distilled water. After waiting 2 minutes to form the
appropriate complex (Carmine-Ni), 1.0 mL of
5.0% (w / v) Tween 20 was added to the solution
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and the final volume was 50 mL. The mixture was
then sonicated in an ultrasonic bath for 10 minutes
at 55 °C to provide cloudiness of the surfactant.
The surfactant phase was separated from the
aqueous phase by centrifugation at 4000 rpm for 5
minutes. The upper aqueous phase was then
withdrawn with a syringe. To reduce the viscosity
of the surfactant rich phase, the remaining phase
was added to 500 pL of methanol and transferred
to a quartz cell. Finally, the absorbance reactivated
versus schooled at 510 nm.

3. RESULTS AND DISCUSSION
3.1. Optimization of UV detection wavelength

To determine the wavelength of the complex, the
absorption spectrum as a function of reactive
vacancy and the carmine concentration was
investigated in the wavelength range of 350-650
nm. The studies were conducted under optimum
conditions for three different concentrations of
carmine.

0,8

0,6 - |\
g [ .

[ | Increasing of carmine amount

[

0,4 1

Only carmine

Absorbance

0,0

T T T T T
350 400 450 500 550 600 650

Wavelength, nm
Figure 1. Spectra obtained depending on
concentration of carmine (10, 50, 100 ug L) under
optimal conditions

As can be seen in Figure 1, it is understood that in
the presence of Ni (Il) there is a large absorption

peak at about 510 nm with a significant sensitivity
difference and a linear relationship with the
carmine concentration. Therefore, the absorbance
measurements were continued at 510 nm to
increase the detection sensitivity. This shows
luminescence with a red shift of 65 nm with
fluorescence-specific carminic acid (Aex: 493 nm,
Aem: 593 nm) with Al (IIT) (Aex: 517 nm, Aem: 582
nm) in contrast to the luminescence of carmine,
which forms stable complexes with Ni (1) ions but
does not cause any wavelength shift due to the
effect of low energetic ligand [30]. In the aqueous
mica medium, the absorption wavelength of the
NiL,* or H2Niz complex in the presence of Tween
20 shifted to 13 nm due to H-bonding, rt-x staking
and hydrophobic interactions.

3.2. Optimization of extraction conditions

In this study, the optimization of the variables that
could affect the extraction efficiency was carried
out by monitoring the recovery. Recovery for each
variable was calculated according to the following

formula.

Cint Vint—C final'V fi
Recovery, %R= int.Vint— " final-V final 100

Cint-Vint

The meanings of the indices in the form are as
follows. Cin: initial concentration, Vin: initial
volume, Csina post-concentration, Visina final
volume. For each optimal point worked, % R is
calculated according to the formula above. The
amount at which the highest %R ratio is obtained
is chosen as the most appropriate value for that
variable. The operating range and optimum value
of each parameter are given in Table 1.

Table 1. Optimization of analytical variables affecting the complex formation and extraction

efficiency of carmine

Parameters Working Range Optimum Value

pH 2.5-10.5 6.5
Ni(II) volume (10 pg L), mL 0.0-3.0 25
Tween 20 volume (%5.0, a/h), mL 0.0-3.0 1.0
Sample volume, mL 5-150 40
Equilibrium Temperature, °C 25-70 55
Ultrasonic time, dk 1-30 10

Centrifugal rate, rpm 1000-4000 4000
Centrifugal time, min 1-10 2
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The first parameter to be optimized in the
extraction procedure is the pH of the solution.
Because the pH of the solution directly affects the
chemical form of the reagents. The optimum pH
value should be selected to form the complex
containing analyte. For these reasons, the effect of
pH on the recovery of Carmine was studied in the
presence of Ni (Il) in the range of 2.5-10.5. The
results obtained are given in Figure 2 (a). From pH
2.510 6.5, % R rapidly increased, but there was no
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, Vol.40-2 (2019) 305-316

significant change from pH 6.5 to 8.5. There was a
significant decrease in %R at higher pH values.
This decrease in extraction yield comes from the
hydrolysis of Ni (1) ions. In further studies, the pH
for the extraction of carmine was chosen as the
optimal value of 6.5 and the pH adjustment was
carried out with 0.1 mol L* phosphate-citrate
buffer solution.

100
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R,%
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4014
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Ni(l) amount ( for 10 ppm), mL (b)
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Figure 2 (a-d). Optimization study of some parameters affecting the extraction method
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Preliminary experiments were carried out at pH 6.5
with some transition metal ions such as Cu (Il), Fe
(1) and Ni (1) in equal molar concentrations to
form a chelate complex at the appropriate and
sufficient consistency with the carmine in the
phosphate-citrate buffer. It has been found that the
best chelate complex formation and phase
separation are obtained in a manner that gives
maximum sensitivity when Ni(ll) is used. This is
due to the coordination of the positive charge of the
Ni(ll) ion with the phenol and keto groups of the
ligand as a result of the concentration-dependent
displacement-based complex formation with the
AI(OH)L,* (Which can give ionic and stable metal
complexes with pKa values of 2.81, 5.43 and 8.10)
can be explained by the formation of chelates as a
result of the decrease of the polarity of the Ni (1)
ion [31].

Ni?* + HCitrate> — NiHCitrate, a stability
constant of about 5.11 Q)

AI(OH)L,* + NiHCitrate- — NiL,> + Al(Citrate)
+ H.0 )]

NiLzz' + 2H,0 — H,NiL, + 20H" (3)

As a consequence of the increased acidity of the
complex over the critical micelle concentration
(CMC), the HzNiL; chelate complex will readily
pass through the surfactant-rich surfactant complex
in a hydrophobic interaction with the hydroxyl and
polar ethoxy groups of Tween 20. Then, the effect
of the amount of Ni (II) in the constant
concentration (10 mg L) of carmine in% GC was
investigated between 0.0-3.0 mL, keeping other
parameters constant. As can be seen from Figure 2
(b), the % R is about 35% in the absence of Ni (1),
but increases rapidly with increasing Ni (lI)
content. When 2.5 mL of the Ni (I1) solution was
used, the % R value was not quantitatively (~ 95%).
On the other hand, in the presence of higher Ni (I1),
a decrease in % R was observed because the excess
of Ni (I1) ions pass into the surfactant phase. For
these reasons, 2.5 mL Ni (I1) solution was used for
carmine extraction in subsequent studies.

Surfactant concentration and species are critical
factors to shift to the surfactant phase of the
resulting Carmine-Ni complex and should be
sufficient for the quantitative extraction of the
analyte. In addition, as the non-ionic surfactant
volume increases, a more efficient mass transfer
from the sample solution to the surfactant-rich
phase can be expected. Therefore, in order to obtain
the highest possible recovery value, the extraction
procedure should be carefully investigated to
identify the minimum required surfactant volume.
For this purpose, the effect of Tween 20 and Triton
X-114 non-ionic surfactants on carmine recovery
was investigated at a constant concentration (5%,
wi/v) in the range of 0.0-3.0 mL. As can be seen in
Figure 2 (c), the best recovery was obtained when
1.0 mL of Tween 20 was used. As the volume of
the surfactant-rich  phase obtained after
centrifugation is increased, the dilution agent in the
higher volumes is used. Therefore, the final volume
has increased. Hence, in subsequent experiments
1.0 mL of 5.0% (w / v) Tween 20 was used to
achieve good phase separation and high recovery.

Optimization of sample volume is important for
both the sensitivity and the enrichment factor
because carmine is found in trace quantities in food
samples. The effect of sample volume on the
recovery of carmine was investigated under
optimum conditions from 5 mL to 150 mL and the
obtained data is given in Figure 2 (d). The results
of the study show that extraction after 40 mL of
sample volume is reduced. For this reason, the
enrichment factor was calculated as 80 with the
highest sample volume (40 mL) to final volume
(500 pL).

Ultrasonic time is an important parameter to
accelerate the surfactant mass transfer. The time
required for the two phases (aqueous phase and
surfactant phase) to reach equilibrium is called the
extraction time. The effect of ultrasonic time on the
% GK was investigated for 1 to 30 minutes by
applying ultrasonic power to the same specimens
(300 W, 40 kHz). From studies, mass transfer is not
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guantitatively complete, so it can be said that the%
R was very low when the duration of sonication
was below 5 minutes. The best recovery was
achieved within 10 minutes and no significant
change in recovery was observed for longer
periods. In subsequent studies, 10 min was selected
as the ultrasound duration for carmine extraction.
The temperature may facilitate clouding by
affecting the water solubility of the extracting non-
ionic surfactant (Tween 20). Furthermore, in
extractions experiments, the temperature of the
experimental environment must be above its
clouding temperature in order for the surface-active
material used to obtain a cloudy appearance, or
clouding does not occur. For this reason, the effect
of equilibrium temperature on recovery is
investigated under optimum conditions from room
temperature to 70°C. At temperatures lower than
55°C, the phase separation is very low as cloud
formation is not complete. At higher temperatures,
there was no phase separation due to possible
degradation of the complex inverse. For this
reason, the optimum equilibrium temperature for
extraction of carmine was 55°C in subsequent
studies.

After subjecting the test tubes to centrifugation at
4000 rpm for 5 minutes, the resulting surfactant
rich phase was highly viscous and low in volume.
For this reason, the final volume of the phase prior
to spectrophotometric determination was set to 500
pL with methanol.

3.3. Selectivity study

After optimizing the variables that could affect the
extraction, the selectivity of the selected chemical
medium was tested. Method selectivity is very
important for carmine extraction. As the method
is developed using model solutions, potential
chemical species in food samples can reduce
recovery by affecting carmine’s complex
formation. For this reason, a wide range of
intervention studies have been conducted and
tolerance limits and recovery values have been
determined for each species. The tolerance limit is
defined as the ratio of the concentration to the
concentration of carmine in the entrepreneurial

analytical signal that causes a failure of less than +
5%. It is clear that there is no significant
interference effect as shown in Table 2. In short,
the proposed method has a high tolerance limit for
foreign ions and can be reliably applied to the
identification and extraction of carmine in food
samples.

Table 2. Effect of possible interfering species on
the extraction efficiency of carmine

Foreign lons Tolerance Recovery, %
Limit
Cd? 1000 102.1
Mg?* 1000 97.7
AR 1000 98.5
Br 750 101.4
SO.* 750 96.9
Ag* 750 96.7
Co** 750 96.8
Pb?* 500 102.5
Tartrazine 500 97.7
Amaranth 500 95.3
Sudan (I-111) 500 96.4
Cr3* 250 103.9
Brilliant Blue 250 95.4
Ponceau 4RC 200 95.1
Cu? 100 95.0
Mn? 50 94.4
Zn* 50 93.7

3.4. Analytical features of proposed method

The analytical properties of the method were tested
in two different ways, after optimizing the
variables that might affect the extraction process.
First, a calibration equation using the model
solution under optimum conditions, linear working
range, limit of detection (LOD) and the limit of
quantification (LOQ), the enrichment factor (EF),
the relative standard deviation (% RSD) and some
analytical including recovery% parameters were
determined. In the second study, the same
analytical properties were found by matrix
matching by adding carmine to sample solutions at
different concentrations. Both studies were
repeated five times.

Calculation graphs were generated for both model
solutions and matched solutions and the slopes
were compared with the Student t-test. For
possible matrix effect, the matrix is 95% with the
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slopes of the matching standard curve, there is no  equation obtained using model solutions in the
significant difference between the model standard  analysis of food products could be used reliably.
curve for confidence level and four degrees of  The detail result was shown in Table 3.

freedom. The calculated t-factor (1.73) was below

the critical Student's t (2.78), so that calibration

Table 3. Analytical characteristics of the method for model solutions and matrices-matched solutions

Analytical Features For model solutions For matrix-match solutions
Calibration equation A=8.25x10"3[carmine]+3.21x10* A=7.85x10"3[carmine]+4.38x10™
Linear range, ug L* 1.5-350 2-300
Limit of detection (LOD, n:12, 0.4 1.1
3o/m), ng Lt
Limit of quantification (LOQ, 15 3.6
n:12, 10c,/m), pg L?
Relative standard deviation 3.7 3.9
(%RSD)
Recovery, % 94.8-104.7 92.4-102.7
Preconcentration factor (PF) 80 80

Table 4. Results for the determination of carmine in food samples by the proposed method

Food Samples Added Found Recovery RSD
(ngLtorpgkg?) (ugLtorpgkg™) (%) (%)
- 120.7 - 2.6
Candy 20 136.2 96.8 2.8
50 167.3 98.0 3.2
- 116.7 - 2.9
Apricot jam 20 140.1 103.1 3.1
50 170.7 102.4 3.3
- 95.4 - 2.9
Cherry jam 20 110.2 95.5 3.1
50 140.7 96.8 3.3
- 183.1 - 3.0
Strawberry jam 20 198.8 97.5 3.2
50 229.8 98.6 3.4
- 195.8 - 3.1
Powder beverage 20 204.6 94.8 3.3
(sour cherry) 50 235.9 96.7 34
- 145.6 - 2.8
Powder beverage 20 158.3 95.9 2.9
(peach) 50 189.9 97.1 3.2
- 55.7 - 2.7
Strawberry biscuit 20 77.7 102.6 28
50 108.3 101.2 3.1
- 30.8 - 2.4
Banana biscuit 20 52.7 104.7 2.5
50 82.8 102.5 2.7
- 125.5 - 2.8
Jelibon 20 142.2 97.7 2.9

50 173.0 98.6 3.1
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3.5. Precision, accuracy and applications

Since we do not have a certified reference material
containing carmine, two different studies have
been conducted to test the correctness and accuracy
of the proposed method. The accuracy of the
proposed procedure was evaluated by intra-day (x)
and inter-day (y) reproducibility studies. This
process was performed as follows. For each study,
three different carmine concentrations were added
to the food samples and the results of three replicate
analyses on three different days were calculated
from the coefficient of variation (CV) %= 2 (-05l0g
© from the Horwitz equation.® Where C is
concentration with ug L™ units. CVxand CVy were
calculated as described in the 1SO 5725-2
guidelines [32] and ranged between 1.8-3.4% and
2.1-3.5% respectively. All CVs, intra-day (7.2%)
and inter-day (11.3%), It was below the maximum
values allowed by the Horwitz equation. The
proposed procedure has examined the correctness
of the recovery process. This process was
performed as follows. Two different carmine
concentrations were added to each food sample,
and then the general extraction procedure was
applied to these samples for the carmine assay.
Quantitative recovery values were obtained during
the studies. This suggests that the correctness of the

proposed method has been tested safely. Detailed
results are given in Table 4.

As is known, carmine is used as food dye. For this
reason, food samples that are important for human
health and that are consumed more are selected to
test the analytical feasibility and reliability of the
proposed method. Food samples were prepared for
analysis as described in Section 2.3. 3.0 mL of the
prepared samples were subjected to the
recommended extraction procedure. The standard
addition method was used to test for correctness
during the analysis.

3.6. Comparison with the other methods

The contribution of the proposed method to the
literature has been shown more clearly compared
to other methods. The results are detailed in Table
5. As can be seen, it has been observed that the
analytical properties obtained using this method are
better or comparable to those of other methods. The
present method has certain advantages such as low
toxicity, simplicity and low cost compared to
expensive, time consuming, complex but precise
techniques which require a specialist user in his
field such as HPLC-PDA, SWV and DPP.

Table 5. Comparison of analytical parameters of the proposed method with some of the methods

reported in literature

Samples Method LOD linerrange RSD, Recovery, Reference
% %
Foods SE/HPLC 0.4mg  1.0-100.0 6.8 94.1 [33]
Lt mg L?
Ice cream and S\ 0.002mg 0.05-0.14 2.2 97.2 [34]
soft drinks L1 mg L*
Confectionery DPP 0.18mg 1.1-100.5 7.8 95.0 [35]
and milk L1 mg L*
Foods Spectrophotometry  0.012mg  0.04-5.0 4.0 100.0 [36]
Lt mg L?
Foods Spectrophotometry 0.4 ugL 1.5-350 3.7 94.8-104.7 The
1 ng Lt current
method

4. CONCLUSION

In this study, a simple, easy to use, low cost and
environmentally friendly method for the carmine
determination of food samples was developed
using ultrasonically assisted extraction before
spectrophotometric detection. The effects of the

main parameters such as solution pH, surfactant
and metal concentration, ultrasonic time and
temperature have been researched and optimized.
After optimization of the experimental conditions,
satisfactory results were obtained for the accuracy
and precision of the method. According to our
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literature review, this study is one of a limited
number of studies done spectrophotometric for
ultrasound-assisted extraction of carmine for trace
levels in food samples. The method is simple,
sensitive, selective and environmentally friendly to
determine carmine in food samples and also does
not require complex technigues such as high
performance liquid chromatography or stripping
voltammetry. Therefore, this method can be safely
applied to effectively monitor carmine in terms of
food safety in food products.
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Abstract. In recent years, the fuzzy sets, interval-valued fuzzy sets, intuitionistic fuzzy sets and soft sets,
which offer different perspectives for the structures containing the uncertainties, have attracted the interest of
many researchers. Also, the intuitionistic fuzzy soft sets produced by combining the intuitionistic fuzzy sets
with the soft sets have been widely studied. In this work, the concept of interval-valued fuzzy parameterized
intuitionistic fuzzy soft set (IVFPIFS set) is introduced. This set is the generalization of soft sets, fuzzy soft
sets, fuzzy parameterized (fuzzy) soft sets, interval-valued fuzzy parameterized (fuzzy) soft sets, intuitionistic
fuzzy soft sets and fuzzy parameterized intuitionistic fuzzy soft sets. For the IVFPIFS sets, basic operations
such as complement, union and intersection are defined. Also, the properties of these operations are
investigated in detail. Lastly, an algorithm by using the aggregation operators based on the IVFPIFS sets is
constructed. The examples are given to verify the feasibility and validity of the proposed algorithm.

Keywords: Fuzzy set, Interval-valued fuzzy set, Intuitionistic fuzzy set, Intuitionistic fuzzy soft set, IVFPIFS
set [2000] 03E72, 03B52,94D05.

Aralik Degerli Bulanik Parametreli Sezgisel Bulanik Esnek Kiumeler ve
Uygulamalan

Ozet. Son yillarda, belirsizlik igeren yapilar igin farkli perspektifler sunan bulanik kiimeler, aralik degerli
bulanik kiimeler, sezgisel bulanik kiimeler ve esnek kiimeler bir¢ok aragtirmacinin ilgisini ¢ekmistir. Ayrica,
sezgisel bulanik kiimeleri esnek kiimelerle birlestirerek olusturulan sezgisel bulanik esnek kiimeler de genis
Olciide calisilmistir. Bu ¢alismada, aralik degerli bulanik parametreli sezgisel bulanik esnek kiime (ADBPSBE
kiime) kavranmu tanitilmigtir. Bu kiime, esnek kiimelerin, bulanik esnek kiimelerin, bulanik parametreli
(bulanik) esnek kiimelerin, aralik degerli bulanik parametreli (bulanik) esnek kiimelerin, sezgisel bulanik
esnek kiimelerin ve bulanik parametreli sezgisel bulanik esnek kiimelerin genellestirilmesidir. ADBPSBE
kiimeler i¢in tiimleyen, birlesim ve kesisim gibi temel islemler tanimlanmistir. Ayrica, bu islemlerin
ozellikleri detayli olarak arastirilmistir. Son olarak, ADBPSBE kiimeler iizerine temellenmis birlestirme
operatorlerini  kullanarak bir algoritma olusturulmustur. Onerilen algoritmanmn uygulanabilirligini ve
gecerliligini test etmek icin 6rnekler verilmistir.

Anahtar Kelimeler: Bulanik kiime, Aralik degerli bulanik kiime, Sezgisel bulanik kiime, Sezgisel bulanik
esnek kiime, ADBPSBE kiime [2000] 03E72, 03B52,94D05.
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1. INTRODUCTION

It is natural to deal with uncertainties and imprecise data in various areas such as economics,
environmental science, social science, medical science and engineering. This situation is part of the
complexity of the real world. Some kinds of uncertainties are major problems which cannot be dealt
with by classical methods. Therefore, the researchers need new mathematical tools to overcome these
difficulties. Fuzzy set theory, offered by Zadeh [1], was developed as an important mathematical tool to
resolve the uncertainty and ambiguity issues. Sambuc [2] proposed a new approach using Int([0,1])
consisting of all closed subintervals of the interval [0,1] instead of the interval [0,1] in the membership
function of the fuzzy set. Moreover, Atanassov [3] defined an intuitionistic fuzzy set which is an
extension of the concept of a fuzzy set. Afterwards, Atanassov and Gargov [4] presented the concept of
interval-valued intuitionistic fuzzy set developed by taking the interval-valued fuzzy values instead of
fuzzy values of membership and non-membership in the intuitionistic fuzzy soft set.

In 1999, Molodtsov [5] introduced the soft set theory which is a general mathematical tool for dealing
with uncertain data. In [6-8], the researchers contributed to the operations of soft sets. Furthermore,
Aktas and Cagman [9] focused on the notion of soft group, thus they pioneered the idea of algebraic
structures on the soft sets. Immediately after, the algebraic structures such as the soft semiring, soft ring,
soft module and soft near-ring were discussed [10-13]. In [14,15], the authors addressed the
fuzzification of the parameters of the soft sets. Moreover, the products [16], means [17] and relations
[18] of fuzzy parameterized soft sets were derived. Deli and Cagman [19] discussed the soft set, whose
parameters have intuitionistic fuzzy weights. Also, Deli and Karatas [20] introduced interval valued
intuitionistic fuzzy parameterized soft sets and their some operations. While the operational and
structural improvements in the soft sets continued, Cagman et al. [21] initiated a new theory called the
fuzzy soft set. Later, they created a selection algorithm using the fs-aggregation operator based on the
fuzzy soft set. Many researchers aimed to improve and further extend these theories by using the matrix
representations of the soft sets and fuzzy soft sets [22-27]. Maji et al. [28] introduced an intuitionistic
fuzzy soft set by embedding the idea of the intuitionistic fuzzy set into the soft set. Xu et al. [29] further
researched on the intuitionistic fuzzy soft sets. Cagman and Karatag [30] redefined intuitionistic fuzzy
soft set by utilizing the concept of fuzzy soft set defined in [21]. Also, they derived new operations for
intuitionistic fuzzy soft sets and obtained several propositions and conclusions. In [31], the authors
focused on the similarity measure between two intuitionistic fuzzy soft sets. In addition to these
developments in the soft set theory, many studies were published about new findings and results on the
different types of soft sets such as interval-valued fuzzy soft sets, intuitionistic fuzzy sets and
neutrosophic soft sets [32-39].

In this paper, we define IVFPIFS sets and their operations. Also, we give various propositions which are
related to the relations and operations on the IVFPIFS sets. Additionally, we present two IVFPIFS-
aggregation operators and accordingly the aggregate interval-valued intuitionistic fuzzy sets produced
by employing these operators. By using new notions, we give an algorithm with illustrative examples.

2. PRELIMINARIES

In this section, the concepts of fuzzy set, interval-valued fuzzy set, intuitionistic fuzzy set, interval-
valued intuitionistic fuzzy set, soft set and intuitionistic fuzzy soft set are given.

Definition 2.1. ([1]) Let A be a collection of objects (points) denoted by a;. Then, a fuzzy set W in A is
defined as
W = {aw(a;)/a;: a; € A}
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where ay,: A — [0,1] is called the membership function of W. The value ay,(a;) denotes the degree of
membership of the element a; € A into the set /.

Definition 2.2. ([2]) Let A be a collection of objects (points) denoted by a;. Also, let Int([0,1]) be the
set of all closed subintervals of the interval [0,1]. Then, an interval-valued fuzzy set X in A is defined as

X ={Bx(a;)/a;: a; € A}

where Bx: A — Int([0,1]) is called the membership function of X such that Bx(a;) = [ﬁ_X(ai),E(ai)]

and 0 < Bx(a;) < By (a;) < 1. The values Bx(a;) and By (a;) denote the lower and upper degrees of
membership of the element a; € A into the set X, respectively.

State that the set of all interval-valued fuzzy sets on the set A is denoted by IVFS(A).

Definition 2.3. ([3]) Let A be a collection of objects (points) denoted by a;. Then, an intuitionistic fuzzy
set Y in A is defined as

Y = {<yy (@) vy (a) >/a;: a; €A}

where y4,yy:A — [0,1] are respectively called the membership function and the non-membership
function of Y with property 0 <y, (a;) + vy (a;) < 1. The values yy(a;) and yy (a;) denote the
degrees of membership and non-membership of the element a; € A into the set Y, respectively.

The remaining part yy(a;) = 1 — vy (a;) — yy (a;) is called the indeterministic part of a; € A.
State that the set of all intuitionistic fuzzy sets on the set A is denoted by IFS(A).

Remark: If v (a;) + vy (a;) = 1 for all a; then intuitionistic fuzzy set Y degenerates into a fuzzy set.

Proposition 2.4. ([3]) Let Y; and Y, be two intuitionistic fuzzy sets on A. Then,

)Y €Y, @ vy (a) <vy(a)andyy, (a) = vy, (a) forall a; € A.

i)Y, nY, = {<inf{yy, (a), vy, (@)}, suplyy, (@), vy, (@)} >/a;: a; € A}.

i) ¥, U Y, = {< sup{yy, (@), vy, (@)}, inf{yy, (@), vy, (@)} >/a;: a; € A}.

V) Y = {< vy, (@), vy, (a;) >/a;: a; € A}.

Definition 2.5. ([4]) Let A be a collection of objects (points) denoted by a;. Also, let Int([0,1]) be the

set of all closed subintervals of the interval [0,1]. Then, an interval-valued intuitionistic fuzzy set Z in A
is defined as

Z ={<v7,vz >/a;:a; € A}

where y; = [E(ai),ﬁ(ai)],yz‘ = [yz(a), vz (@)]:A — Int([0,1]) are respectively called the
membership function and the non-membership function of Z with property 0 < E(ai) +y, (@) <1
and 0 < ﬁ(ai) + Q(ai) < 1. Here, the values ﬁ(ai) and E(ai) denote the lower and upper degrees
of membership of the element a; € 4, and also the values y3 (a;) and y; (a;) denote the lower and
upper degrees of non-membership of the element a; € A4, respgtively.
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State that the set of all interval-valued intuitionistic fuzzy sets on the set A is denoted by IVIFS(A).
Note: If we use notations y;and y;” instead of v (a;) and y5 (a;) for a; € 4, then y; =<y}, y; >=

< [E, ﬁ], [E, ;i | > denotes interval-valued intuitionistic fuzzy value (shortly, IVIF value) of a; € A.

Definition 2.6. ([40,41]) Let y; =<y, yi >=< [y{“,ﬁ], [y7,y7]> be the IVIF value of a; € A.
Then, the score function and accuracy function of y; are respectively defined as follows:

1 -, F —=
Ser(v) =50 —vi +vif —=v),

1 - —F —r—
Acr(y) =5 (v +vi +vi +77).
To compare two IVIF values y, and y,, Tan [40] and Xu [41] introduced a simple method as follows:

(1) If Scr(y,) < Scr(y,) theny; <y,
(2) If Scr(y;) = Scr(y,) then
(i) if Acr(y,) < Acr(y,) theny, <y,
(ii) if Acr(y,) = Acr(y,) theny; = y;.
Definition 2.7. ([41]) Let y; =< [¥{, v L. [vi 751> and v, =< [y3,% 1. [¥7.75 1 > be two IVIF
values. Then, the operations @ and &or Y1 aﬁy2 are respectively deﬁwed as faows:
ANn®y, =< i +vi —vivi, WAV WL lvive i >
D) ®y. =< v, Wi +vi—vive i +% —Vi ) -

Definition 2.8. ([5,42]) Let U be a universal set and P(U) be the power set of U. Also, let £ be the set of
parameters and A < E. Then, a soft set F 4 on U is a set of ordered pairs

Fa=1{(¢jfal€)): ¢ € & fale)) € P(U)}

where the function fz: € — P(U) such that f;(g;) = @ if €; € A. Also, f, is called an approximate
function of the soft set F 4.

Definition 2.9. ([30]) Let U be a universal set. Also, let € be the set of parameters and A4 € &€. Then, an
intuitionistic fuzzy soft set (shortly, IFS set) W 4 on U is a set of ordered pairs

Y ={(€,Ya(E)): € € EPaley) € IFSU)}

where the function 1 4:E& — IFS(U) such that ,(g) =0 if & € A. Also, P, is called an
approximate function of the intuitionistic fuzzy soft set W 4.

State that the set of all intuitionistic fuzzy soft sets on the set U is denoted by IFSS(U).



321

Kamaci | Cumhuriyet Sci. J., Vol.40-2 (2019) 317-331

3. INTERVAL-VALUED FUZZY PARAMETERIZED INTUITIONISTIC FUZZY SOFT SET

In this section, the interval-valued fuzzy parameterized intuitionistic fuzzy soft set (shortly, IVFPIFS
set) is defined. Also, it is given some specific findings and results for the IVFPIFS sets.

Definition 3.1. Let U be a universal set and € be the set of parameters. Also, let X be a interval-valued
fuzzy set over € with the membership function Byx: € — Int([0,1]). Then, an interval-valued fuzzy
parameterized intuitionistic fuzzy soft set (IVFPIFS set) Wy on U is a set of ordered pairs

Wy = {(Bx(g)/g), ¥x(€)): & € E,9x(g;) € IFS(U)}

where the function yx: € — IFS(U) such that ¥x(g;) = @ if Bx(¢;) = [B_X(ej),E(sj)] = [0,0].

State that the set of all interval-valued fuzzy parameterized intuitionistic fuzzy soft sets on U is denoted
by IVFPIFSS(U).

Example 3.2. Let us assume that U = {u,, u,, us,u,} is the set of cars which can be purchased in a car
showroom. To evaluate these cars, there may be five parameters € = {1, &;, €3, &4, €5}, Where ¢, j =
1,2,3,4,5 stand for “equipped”, “speedy”, “sport”, “cheap” and “modern”, resp. If it is taken X;
{[0.2,0.6]/&41,[0.55,0.75] /&,,[0.1,0.85] /¢3,[0,1] /£4,[0.2,0.25] /es} and (&) = {< 0.4,0.3 >
Ju1,<0.7,0.2 >/u3,< 0.11,0.7 >/u}, Py, (&) ={<0.6,0.1 >/u,}, Py, (g5) =<0.50.25>/U,
Py, (&4) = {<0.6,0.35 >/uy, < 0.4,0 >/uy, < 0.4,0.47 >/u,}, Py, (e5) = {< 0.5,0.4 >/us}, then the
IVFPIFS set is written as

Wy, = {([0.2,0.6]/&1,{< 0.4,0.3 >/uy,< 0.7,0.2 >/u3,< 0.11,0.7 >/u,}),
0.55,0.75]/¢,,{< 0.6,0.1 >/u,}), ([0.1,0.85] /&3, < 0.5,0.25 >/U),
0,1]/&4,{< 0.6,0.35 >/u4,< 0.4,0 >/u,, < 0.4,0.47 >/u,}),
0.2,0.25]/¢s,{< 0.5,0.4 >/u3}}.

(
(
(
Definition 3.3. Let Wy € IVFPIFSS(U). Then, Wy is called
a) an empty IVFPIFS set if it is denoted and defined as

lpa = {([O,O]/SJ,{< 0,1 >/ui:ui € U})Ej €EE }
b) a universal IVFPIFS set if it is denoted and defined as
Ve ={([11]/5,{< 1,0 >/u;:u; € U}):¢; € E}

Definition 3.4. Let Wy , Wy, € IVFPIFSS(U). Then,

a) W, is an interval-valued fuzzy parameterized intuitionistic fuzzy soft subset of W, if and only if
&(sj) < &(sj), .B_Xl(gj) < .B_Xz(gj) and Yy, (&) S Py, (g) for all g € E. This is denoted by
Wy, £ Wy,

b) Wx, and Wy, are interval-valued fuzzy parameterized intuitionistic fuzzy soft equal if and only if
B, (£1) = B, (&), Bx, (&) = Bx, (&) and ¥y, (&) S ¥, (&), ¥x, (&) 2 Px, () for all g € £. This is
denoted by Wy, = Wy, .
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Example 3.5. We consider the IVFPIFS set Wy, in Example 3.2. Also, we take the following IVFPIFS
set, for X, = {[0,0.2]/€41,[0.3,0.5]/&,,[0.1,0.85]/¢&3,[0,0.7]/£4,[0.1,0.2] / &5},

Wy, = {([0,0.2] /¢, {< 0.2,05 >/uy, < 0.11,0.8 >/uy}), ([0.3,0.5] /&5, {< 0.3,0.65 >/u,}),
([0.1,0.85] /€3, {< 0.22,0.51 >/u,, < 0.37,0.25 >/us}, < 0.45,0.65 >/u,}),
([0,0.7] /€4, {< 0.3,0.5 >/u;, < 0.3,0 >/u,}), ([0.1,0.2] /€5, {< 0.1,0.8 >/us})}.

Then, we can say that Wy, E Wy, .

Proposition 3.6. Let Wy , Wy,, Wx, € IVFPIFSS(U). Then,
i) Wy, E Ws.

i) W5 E We.

i) Wy, E Wy, .

iv) Wy, E Wy and Wy, E Wy o Wy =Wy .

V) Wy, E Wy and Wy, E Wy =Wy Wy .

Vl) l‘pxl = ‘PXZ a.nd l‘IJXZ = lPX3 = l‘pxl = l'px3.
Proof. The proofs are straightforward, hence omitted.

Definition 3.7. Let Wy € IVFPIFSS(U). Then, the complement of Wy, symbolized by Wy, is defined by
LIJ)? = {(BXE(Ej)/Ej,l/)XE(é'j)): €j € 8, l/)XE(Ej) € IFS(U)}

where Bye(g) =1 — Bx(g) =[1— E(ej),l — Bx(gp)] and 2 (¢;) is the complement of intuitionistic
fuzzy set ¥y (¢;).

Example 3.8. We consider the IVFPIFS set Wy given in Example 3.2. The complement of the IVFPIFS
set Wy, is

Wy, = {([0.4,0.8]/&1,{< 0.3,0.4 >/uy,< 1,0 >/u,,< 0.2,0.7 >/u3,< 0.7,0.11 >/u,}),
([0.25,0.45]/&3,{< 1,0 >/uy,< 0.1,0.6 >/u,,< 1,0 >/usz, < 1,0 >/u,)},
0.15,0.9]/¢3,< 0.25,0.5 >/U),

0,1]/€4,{< 0.35,0.6 >/u;,< 0,0.4 >/u,,< 1,0 >/u3,< 0.47,0.4 >/u,}),
0.75,0.8]/¢e5,{< 1,0 >/u;,< 1,0 >/u,, < 0.4,0.5 >/u3}),< 1,0 >/u,}.

—

(
(
(

_— — —

Proposition 3.9. Let Wy € IVFPIFSS(U).
i) W = Y5

i) ‘Paf =Y,

i) (W5)°¢ = Wy.

Proof. The proofs are trivial.

Definition 3.10. Let Wy , Wy, € IVFPIFSS(U). Then, the union of Wy and Wy, symbolized by
Wy, O Wy,, is defined by

Wy, O Wx, = {(Bx,0ix, (61 /€, ¥x,0ix, (§)): & € E ¥y ux, (&) € IFS(U)}
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where Bx, oix, (£7) = supl Bx, (&), Bx, ()] = [sup{Bx, (&), Bx, ()}, sup{Bx, (£)). Bx, (¢)}] and
Yx,tix, (&) = ¥x, (&) Uy, (&).
Example 3.11. Let’s consider the IVFPIFS set Wy, in Example 3.2. Also, we take the IVFPIFS set

Wy, = {([0.3,0.7] /&y, {< 0.5,0.4 >/uy, < 0.1,0.7 >/u,}),
([0.55,0.8] /¢, {< 0.2,0.75 >/u,, < 0.35,0.35 >/us}),
([0.3,0.9]/€3,{< 0.6,0.3 >/uy, < 0.6,0.2 >/u,}),
([0.1,0.5]/&4,{< 0.5,0.35 >/uy,< 0.2,0.4 >/u,,< 0.5,0.47 >/u,}),
([0.2,0.25] /&5, {< 0.1,0.5 >/us})}.

Then, the union of the IVFPIFS sets Wy, and Wy, is

Wy, O Wy, = {([0.3,0.7]/&;,{< 0.5,0.3 >/uy, < 0.7,0.2 >/us, < 0.11,0.7 >/u,}),
([0.55,0.8]/¢&3,{< 0.2,0.75 >/u4,< 0.6,0.1 >/u,, < 0.35,0.35 >/us3}),
([0.3,0.9]/¢3, {< 0.6,0.25 >/u;, < 0.6,0.2 >/u,, < 0.5,0.25 >/us, < 0.5,0.25 >/u,}),
([0.1,1] /€4, {< 0.6,0.35 >/uy, < 0.4,0 >/u,, < 0.5,0.47 >/u,}),
([0.2,0.25] /5, {< 0.5,0.4 >/u3})}.

Proposition 3.12. Let Wy , Wy, , Wy, € IVFPIFSS(U). Then,
i) Wy, ﬁ Wy, = Wy,

i) Wy 0W5=Wy,.

i) Wy, OWg = Wg.

iv) Wy, OWy =Wy OW,.

V) Wy, i (lPXZ i WX3) = (‘le a ‘PXZ) a Wy, .

Proof. The proofs of (i)-(iv) are trivial, therefore omitted.

v) Forall ¢; € €,
Bx, ti(x,0x5) (&) = sup| Bx, (1), Bx,tix, ()]

= sup|Bx, (&), sup[Bx, (&), Bx, ()]
= sup|Bx, (&), [sup{Bx, (&), B, (1)}, sup{Bx, (&), Bx, ()}]]
= [sup{Bx, (&), sup{Bx, (£)). Bx, ()1}, sup{Bx, (£)), sup{Bx, (£)), Bx, (D]
= [sup{sup{Bx, (£, Bx, ()}, Bx, ()}, sup{sup{Bx, (£)), Bx, ()} Bx, ()]
= sup[sup{Bx, (&), Bx, ()}, sup{Bx, (&), Bx, (D3], Bx, ()]
= sup[sup[Bx, (£, Bx, ()], Bx, ()]
= Sup[ﬁxlﬁxz (Ej)»ﬁx3 (Ej)]
= .B(Xlﬁxz)ﬁx3 (Sj)v
Yx, tix,0x,) (&) = ¥x, (&) U ¥y, nix, (&)

= Px, (&) U (¥x, (&) U Py, (&)
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= (Yx, (&) Uy, () U Py, (g5)
= Yx, 1ix, (&) U Py, (&)
= Y (x,00x,) 05 (&)
Hence, we obtain that Wy, O (W, 0 Wy,) = (W, 0 Wx,) 0 Py,.

Definition 3.13. Let Wy , Wy, € IVFPIFSS(U). Then, the intersection of Wy and W , symbolized by
Wy, Wy, is defined by

Wy, 11 Wy, = {(Bx, rix, (£)/5 ¥x,rix, (§)): & € &, ¥y, rix, (g) € IFS(U)}

where By, rix, (&) = inf[ Bx, (&), Bx, (&)] = [inf{Px, (&), Bx, (&)} inf{Bx, (&), Px,(e)}] and
Yx,rix, (&) = ¥x, (&) NPy, (&).

Example 3.14. We take the IVFPIFS set Wy in Example 3.2 and the IVFPIFS set Wy, in Example 3.11.
Then, the intersection of the IVFPIFS sets Wy, and Wy, is

Wy, Wy, = {([0.2,0.6]/e1, {< 0.4,0.4 >/uy, < 0.1,0.7 >/u,}), ([0.55,0.75] /&3, B),
0.1,0.85] /&3, {< 0.5,0.3 >/uy, < 0.5,0.25 >/u,}),
0,0.5]/&4,{< 0.5,0.35 >/uy,< 0.2,0.4 >/u,, < 0.4,047 >/u,}),

0.2,0.25]/¢s, {< 0.1,0.5 >/us})}.

(
(
(
Proposition 3.15. Let Wy , Wx,, Wy, € IVFPIFSS(U). Then,
i) Wy, 1l Wy, = ¥x,.
i) Wy, [W5 =W
i) Wy, MWe=Wy,.
iv) Wy, fI Wy =Wy [ Wy,
V) (Wx, m ¥y,) m Wy, = ¥x, m (Wx, i Wy,).
Proof. The proofs of (i)-(iv) are trivial, therefore omitted.
v) For all g €€,
.Bxlﬁ“(xzﬁx3)(€j) = inf[ﬁxl (Sj)» .szﬁxs (Sj)]
= inf[Bx, (&), inf[Bx, (&), Bx, (&)]]
= inf[Bx, (&), [inf (Bx, (&), Bx, (D} inf (Bx, (£, Bx, (D3]]
= [inf{Bx, (&), inf{Px, (&), Bx, ()3} inf {Bx, (&), inf {Bx, (£, Bx, (£)}}]
= [inf{inf{Bx, (). Bx, ()} Bx, ()} inf {inf (B, (£, Bx, (1)}, Bx, (¢D}]
= inf[inf (Bx, (&), B, ()}, inf (B, (&, Bx, ()}, Bx, (&)]

= inf [inf|Bx, (&), Bx, ()], Bx, (€)]
= inf[ Bx,rix, (1), Bx, (&)]
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Yx, ficx,fixs) (&) = ¥x, (&) N Yy, rx, (&)
= Py, (&) N (Px, (&) NPy, (g))
= (¥x, (&) NPy, (&) NPy, (&)
= Yy, fix, (&) NPy, (&)
= Y (x,fix,)fixs (Ej)-
Thus, we have Wy 1 (Wy, [ Wy,) = (Wx, 1 Wy,) 1 Wy,.
Proposition 3.16. Let Wy , Wy , Wy, € IVFPIFSS(U). Then,
i) Wy, a (Wx, i Wy,) = (Wx, d Wy,) i (P, ﬁ Wy,)
i) Wy, i (Wx, d Wy,) = (Wx, i Wy,) ﬁ (P, i Wy,)
Proof. The proofs can be proved in a similar manner to the proofs of Propositions 3.12 and 3.15.
Proposition 3.17. Let Wy , Wy, € IVFPIFSS(U). Then, the following De-Morgan laws are valid.
i) (W, OWy,)¢ = Wy ° 11 Wy ©.
i) (Wy, 1 Wy,)° = Wy, © O Wy, ©.
Proof. i) For all g €EE,
ﬁ(xlaxz)ﬁ(sj) =1- ﬁxlﬁxz (Ej)
= 1 — [sup(Bx, (&), Bx, (&), sup(Bx, (&), Bx, (1))]
= [1 = sup(Bx, (&), Bx, (&)1 — sup(Bx, (£, Px, ()]
= [inf (1 — Bx, (5.1 = Bx, (&), inf (1 — Bx, (5.1 — Bx, ()]
= inf[By, c(5), By, (£))]

= :Bxlfﬁxf (&),

Yo (&) = Wy, (8))°
= (Px, (&) Uy, (g))°
= (Px, (£))° N (Px, (g))°
= P, 2(5) Ny (&)
= Yy, crix, (&)-
Hence, we obtain that (Wy, 0 Wy,)¢ = Wy, “ 11 Wy, “.

The proof of (ii) can be proved similarly.
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4.IVFPIFS-AGGREGATION OPERATORS

In this section, the IVFPIFS-aggregation operators which create the aggregate interval-valued
intuitionistic fuzzy sets from an IVFPIFS set and its interval-valued fuzzy parameter set are introduced.
By using these operators, an algorithm for selection is proposed.

Definition 4.1. Let Wy = {(B;/¢, {< y;},yi} >/u;:u; € U}): ¢ € E} be an IVFPIFS set, where y;; =<
y{;,yi} > i1 =1,2,...,n indicates an intuitionistic fuzzy value when the alternative u; is assessed with
respect to the parameter ¢ and g; = [B;, Fj] indicates an interval-valued fuzzy value of the parameter

&. Then, the first IVFPIFS-aggregation operator, denoted by IVFPIFS;,, , is defined by

IVFPIFS},q: IVFS(E) X IVFPIFSS(U) — IVIFS(U), IVFPIFSL,,(X,Wy) =Wy (4.1

where ¥y, = {< [y;,ﬁ], [vi,¥: ] >/u;: u; € U} which is an interval-valued intuitionistic fuzzy set on
U.
Here, the membership degree y;" = [y;,ﬁ] and the non-membership degree y; = [)‘/i‘,f] ofu; €U
is defined as follows:
it = [ =T = By, 1= T, = Byl and v = [TT%, Bvis T2 Byi)
where m denotes the number of parameters in &.
Definition 4.2. Let Wy = {(B;/¢, {< yi‘;,yi; >/u;:u; € U}): ¢ € €} be an IVFPIFS set, where y;; =<
y{;,yi} > i =1,2,..,n indicates an intuitionistic fuzzy value when the alternative u; is assessed with
respect to the parameter ¢ and g; = [B;, [Tj] indicates an interval-valued fuzzy value of the parameter
&;. Then, the second IVFPIFS-aggregation operator, denoted by IVFPIFSC%gg , is defined by
IVFPIFSZ,4:IVFS(E) X IVFPIFSS(U) — IVIFS(U), IVFPIFSZ;,(X,¥x) =¥y (4.2)
where ¥y, = {< [V{',ﬁ], [¥7, 771 >/u;: u; € U} which is an interval-valued intuitionistic fuzzy set on
U.
Here, the membership degree y;" = [y} E] and the non-membership degree y = [y, 7; ] of w; € U
is defined as follows:
pit = e By T Biyifl and 77 = [1 = TT7a (@ = Biyi)) s (L = Byvip)]
where m denotes the number of parameters in &.

Now, we construct an algorithm using the interval-valued intuitionistic fuzzy sets which are found by

utilizing IVFPIFSL,, and IVFPIFSZ,,.

Algorithm

Step 1. Construct an IVFPIFS set Wy on U.

Step 2. By using the first IVFPIFS-aggregation operator given in Eq. (4.1), obtain the first aggregate
interval-valued intuitionistic fuzzy set ¥y = {< [ﬁ E] [Ef] >/u;: u; € U} of the IVFPIFS set Wy
onU.
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Step 3. By using the second IVFPIFS-aggregation operator given in Eqg. (4.2), obtain the second
aggregate interval-valued intuitionistic fuzzy set Wy = {< [V{“,E], [V{,f] >/u;:u; € U} of the
IVFPIFS set Wy on U. B B

Step 4. Find the IVIF values <7yt y; >=<yi,y7 >® <y, 37> for i=12,..,n (or
<y ¥ >=<vyiyi > Q® <y}, ¥ >) by employing any of the operations @ and ® given in
Definition 2.7.

Step 5. Compare the IVIF values by using the score function and accuracy function of ¥; =<y, 77 >
fori =1,2,..,n.

Step 6. As a result of these comparisons, obtain opportune element of U which is denoted and defined
by
Uopp ={u;:u; € Uandy; >y foralli’ # i}.

Let us give two illustrative examples to better understand the steps of this algorithm.

Example 4.3. Let’s consider a retailer planning to open a new store in the city. There are five streets to
be selected, i.e. U = {uy,u;,uz, uy, us}. Three parameters are considered: e;=traffic, e,=rent price, e;=
crowdedness and g,=competition. We aim to determine opportune street, where the retailer can open a
new store. For this purpose, we apply the above algorithm as follows:

Step 1. After evaluating the streets under the specified parameters, the IVFPIFS set is generated as
below:

W, = {([0.4,0.7] /&1 {< 0.6,0.3 >/u;, < 0.5,0.3 >/u,, < 0.4,0.6 >/us, < 0.4,0.3 >/u,,
< 0.7,0.1 >/us}), ([0.6,0.9]/&,, {< 0.4,0.5 > /u;, < 0.7,0.1 >/u,, < 0.2,0.7 >/us,

< 0.35,0.35 >/uy,, < 0.5,0.3 >/us}), ([0.5,0.8] /e53{< 0.7,0.2 >/uy,< 0.85,0.1 >/u,
< 0.1,0.7 >/u3,< 0.4,0.6 >/u,, < 0.6,0.4 >/us}), ([0.3,0.6] /&4, {< 0.5,0.5 >/uy,

< 0.6,0.4 >/u,,< 0.25,0.7 >/us, < 0.2,0.4 >/u,, < 0.85,0.1 >/us})}.

In order to follow the steps of the algorithm more easily, let’s present this IVFPIFS set Wy with the table
as follows.

Table 1: The tabular form of IVFPIFS set Wy.

b% [0.4,0.7]/ &, [0.6,0.9]/¢, [0.5,0.8] /&5 [0.3,0.6]/¢,
Uy < 0.6,0.3 > < 0.4,0.5 > < 0.7,0.2 > < 0.5,0.5 >
U, < 0.5,0.3 > <0.7,0.1 > < 0.85,0.1 > <0.6,04 >
Uj <0.4,0.6 > < 0.2,0.7 > < 0.1,0.7 > < 0.25,0.7 >
Uy < 0.4,0.3 > < 0.35,0.35 > < 0.4,0.6 > <0.2,04 >
Us <0.7,0.1 > < 0.5,0.3 > <0.6,04 > < 0.85,0.1 >

The value in the ith row and jth column of this table denotes the intuitionistic fuzzy value of the

alternative u; evaluated according to the parameter &;.

Step 2. The first aggregate interval-valued intuitionistic fuzzy set Wy of the IVFPIFS set Wy is obtained

as in Table 2.
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Table 2: The tabular form of Wy.

Vil |y =<y =< vt L v v >
[0.680876,0.8856704],[0.00054,0.004536] >
[0.781224,0.9507456],[0.0000432,0.00036288] >

<
<

u; | <[0.350428,0.5383072],[0.0074088,0.06223392] >
<
<

[0.5009728,0.70486912],[0.0009072,0.00762048] >
[0.737164,0.9285286],[0.0000432,0.00036288] >

Usg

Step 3. The second aggregate interval-valued intuitionistic fuzzy set Wy of the IVFPIFS set Wy is
obtained as in Table 3.

Table 3: The tabular form of ¥y,

Vilw | g =<yt 0 ==< 0L T0) >
Uy < [0.003024,0.0254016],[0.52876,0.744514] >
Uy < [0.006426,0.0539784],[0.3084608,0.49734512] >
Uz < [0.000072,0.0006048],[0.7736492,0.94523408] >
Uy < [0.0004032,0.00338688],[0.5717568,0.78613752] >
Us < [0.006426,0.0539784],[0.3891328,0.56604712] >

Step 4. By using the operation @ in Definition 2.7, we have Table 4.

Table 4: The tabular form of ¥; obtained by using @.

Vil | Vi =< V0 =<0 00> @ <7 i >
Uq < [0.68184103,0.8887455],[0.0002855304,0.003377116] >
Uy < [0.78262985,0.95340427],[0.0000133255,0.0001804766] >
< [0.35047475,0.53858643],[0.005731812,0.05882562] >
Uy <[0.50114701,0.70586912],[0.0005186978,0.005990745] >
<1 [

0.73885298,0.93251502],[0.00001681053,0.0002054072] >

Us

)

)

Usg

]
]
]
]

Step 5. We give the results of score function of ¥; =< y:fyl‘ > fori =1,2,3,4,5as in Table 5.

Table 5: The tabular form of the results of score function for &@.
i/Scr(¥) 1 2 3 4 5
Scr(¥;) 0.78346194 | 0.86792016 | 0.41225188 | 0.60025334 | 0.83557289

By Definition 2.6, we have ¥, > y5 > ¥, > ¥, > V3 since Scr(¥,) > Scr(¥s) > Scr(yy) > Scr(¥y) >
Scr(¥3).

Here, if the results obtained by using the score function for some IVIF values are the same, then new
comparison results will be obtained by using the accuracy function for these IVIF values.
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Step 6. As a result of these comparisons, we obtain the opportune element of U is U, = {u,}. Thus,
we can say that the most appropriate street in the city for a new store is u,.

Example 4.4. Let us consider Example 4.3. If the operation & is taken instead of the operation @ in
Step 4, then the following table is obtained.

Table 6: The tabular form of ¥; obtained by using ®.

eee seet

Vilwi | Vi =<V ¥ >=<¥ v > @ <¥i ¥ >
u; | <[0.002058969,0.02249745],[0.52901447,0.74567288] >

Uy < [0.005020145,0.05131973],[0.30849067,0.49752752] >

Uz < [0.0000252308,0.0003255682],[0.77532619,0.94864238] >
Uy < [0.0002019922,0.002387307], [0.5721453,0.78776725] >
Us < [0.004737016,0.05012049],[0.38915919,0.56947051] >

Thus, we have the results of score function of ¥; =< ¥,y; > fori = 1,2,3,4,5 as in Table 7.

Table 7: The tabular form of the results of score function for ®.

i/Scr(¥y) 1 2 3 4 5

Scr(¥;) —0.6250654 | —0.3748392 | —0.8618089 | —0.6786616 | —0.4518861

Then, we obtain y, > ¥s > ¥; >V, > V3 since Scr(y,) > Scr(¥s) > Scr(¥y) > Scr(yy) > Scr(¥V3).
Hence, according to these comparisons, we say that the opportune element of U is Uy, = {u,}.

By Tables 6 and 7, it is easily seen that the values ¥; and Scr(y;) for each u; (i = 1,2,3,4,5) have
changed. However, the comparison results and also the opportune element are the same.

5. CONCLUSION

In this paper, we defined the interval-valued fuzzy parameterized intuitionistic fuzzy soft sets by
combining the interval-valued fuzzy sets and the intuitionistic fuzzy soft sets from parameterization
point of view. Their basic operations and some interesting results were introduced. Also, we proposed a
decision making model based on the IVFPIFS-aggregation operators, which is described in this study.

We think that the IVFPIFS sets can be applied not only to decision making problems but also problems
of many fields containing uncertainty. Moreover, we hope that the findings in this work will help
researchers promote and enhance the further study on intuitionistic fuzzy soft sets.
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Abstract.Biomolecular detection has become a current issue together with the increase in electrochemical
sensor studies. The effect of Aflatoxin B1 and Aflatoxin G1 on DNA hybridization was analyzed with
electrochemically by using pencil graphite electrode. For this purposes; the changes in guanine currents were
monitored before and after hybridization occurred between DNA complementary base sequences using
differential pulse voltammetry (DPV). In the first step of this work the capture probe was immobilized by wet
adsorption onto the surface of PGE optimizing concentration and immobilization time and then hybridization
event was performed between capture and its target probe. In the second step the hybridization experiments
were repeated using inosine modified capture probe instead of capture probe which used in the first step. As
differently from the first step the inosine modified probe was interacted with 2 pg/mL and 4 pg/mL of AFB1
for 10 min before allowing hybridization and the same protocol was repeated for AFG1. The decrease in guanine
current after hybridization was the reference for the genotoxic effects of aflatoxins. The decrease in guanine
oxidations in the cases of 2 pg/mL and 4 pg/mL AFG1 and 2 pg/mL and 4 pg/mL AFBI1 concentrations were
found to be 18% and 26 % for AFG1; and 50% and 61% for AFB1, respectively. AFB1 showed the maximum
genotoxic effect to DNA hybridization.

Keywords:Aflatoxin B1, Aflatoxin G1, Pencil Graphite Electrode, Hybridization, Differential Pulse
Voltammetry

Aflatoksin B1 ve Aflatoksin G1'in DNA Hibridizasyonuna Etkisinin
Elektrokimyasal DNA Biyosensorii ile Incelenmesi

Ozet. Biyomolekiiler analizlerde yeni teknolojilerin gelismesi, elektrokimyasal sensér alamindaki galismalarin
da katilmastyla giincel bir konu olmustur. Bu ¢alismada Aflatoksin B1'in (AFB1) ve Aflatoksin G1'in (AFG1)
DNA hibridizasyonu iizerindeki etkisi, kalem grafit elektrot (PGE) kullanilarak elektrokimyasal yontemlerle
analiz edildi. Bu amagla; guanin oksidasyon akimlarindaki degisiklikler, diferansiyel puls voltametrisi (DPV)
ile birbirlerini eslenigi olan DNA baz sekanslari arasinda hibridizasyon olusmadan 6nce ve sonra izlendi.
Calismanin ilk asamasinda, yakalama probu 1slak adsorpsiyonla PGE yiizeyine immobilize edilirken prob
derisimi ve adsorpsiyon stiresi optimize edildi ve sonra, hedef prop ile hibritlesmeye tabi tutulurken hedef proba
ait konsantrasyon ve hibridizasyon siiresi optimize edildi. Tkinci asamada, hibridizasyon deneyleri, birinci
asamada kullanilan yakalama probu yerine inosin modifiye edilmis yakalama probu kullanilarak tekrarlandi.
Ancak, ilk asamadan farkli bir sekilde inosin modifiye edilmis prob, hibridizasyona tabi tutulmadan 6nce 10
dakika siire ile 2 ng / mL ve 4 ug / mL AFBI ile etkilestirildi ve ayn1 protokol, ayni kosullarda AFG1 igin de
tekrarlandi. Hibridizasyondan sonra guanin oksidasyon akimindaki azalma, aflatoksinlerin DNA sekanslarinin
hibridizasyonuna etkisinin bir sonucu olup, AFBI ve AFGl'in DNA iizerine genotoksik etkisinin bir
gostergesidir. Guanin oksidasyon sinyalindeki azalmalar 2 pg/mL ve 4 pg/mL AFGI igin % 18 ve % 26; 2
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pg/mL ve 4 ng/mL AFB1 igin % 50 ve % 61 olarak bulundu. Sonug olarak AFB1'in DNA iizerindeki genotoksik

etkisi AFG1'e gore ¢cok daha fazla olarak tespit edildi.

Anahtar Kelimeler: Aflatoksin B1, Aflatoksin G1, Kalem Grafit Elektrot, Hibridizasyon, Diferansiyel Puls

Voltametrisi

1. INTRODUCTION

The biosensors in which DNA molecule is used for
recognition surface is defined as DNA biosensors
or genosensors [1]. DNA biosensors have been
frequently used for diagnosis of hereditary and
infectious diseases [2, 3], for detection of the
microorganisms which trigger food [4] and
environment [5] and biological weapons [6].
Particularly DNA biosensors which are used in
health field are interesting. Efforts for detection of
certain diseases from biological materials like
blood, serum, tissue, cell etc. have gained
importance in recent years and these studies have
begun to be used for detection of bacterial, viral,
parasitic and fungal diseases and the mutations [2,
3] which lead to many hereditary diseases.

Hybridization-based DNA  biosensors  work
through binding of the probe which has a short base
sequence (20-40 bases) that corresponds to the
target sequence to the electrode surface [7, 8].
Hybrid is formed by applying the sensor to the
analyte solution which contains the target
sequence. This formation converts to an observable
signal through the converting system which is
found in electrochemical or optic systems.

Hybridization detection of the genes with certain
sequences has been performed based on the
changes in the oxidation signal (hon-indicator
method) or the changes in reduction or oxidation
signal of a hybridization indicator which interacts
with at least one of these bases or an inter-catalyzer
hybridization indicator (indicator method) [9, 10].
In recent years, hybridization detection has been
carried out by using oxidation signals of DNA
bases, guanine and adenine, without using an
indicator in electrochemical DNA biosensors and
progressed rapidly. Studies are carried out for
diagnosis of some infectious and hereditary
diseases with non-indicator DNA hybridization
method [11, 12]. Nucleic acid recognition-based

electrochemical DNA biosensors is a more rapid,
inexpensive and easy method than the routine
analysis methods in diagnosis of hereditary and
infectious diseases [13].

The toxic substances which are synthesized from
the secondary metabolisms of molds are defined as
“mycotoxin”. Mycotoxins are the substances which
have various chemical and biological activities on
the contrary to the bacterial toxins which are
mainly in protein structure and which have
antigenic properties. Mycotoxins are accepted as
very important natural toxins due to being available
and producing toxins by being formed in many
food and feedstuff. Aflatoxins which are the most
studied mycotoxins were discovered in 1960 and
understood to  have  “hepatotoxic”  and
“hepatocarcinogen” effects [ 14]. Aflatoxins are the
substances which have the greatest potential to
cause hepatocellular cancer and evaluated in the
context of Group | carcinogens by The
International Agency for Research on Cancer
(IARC) [15-17]. Aflatoxins have many significant
toxic effects like immune-supression, protein
metabolism impairment besides leading to
hepatocellular cancer [18]. Aflatoxins are produced
by some strains of Aspergillus flavus and by almost

all strains of Aspergillus parasiticus [19, 20].

In the present study, the effect of interaction
between DNA and aflatoxin (B1 and G1) on the
hybridization was investigated by using differential
pulse voltammetry (DPV). An inosine modified
probe (inosine was used instead of guanine in the
sequence of main probe) was immobilized onto the
surface of PGE by using wet adsorption (probe
concentration and immobilization time were
optimized) and hybridization with target probe was
performed under optimum conditions. AFB1 and
AFG1 were interacted with main probe before
hybridization and the changes in guanine oxidation
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current signals were monitored before and after
hybridization by using differential pulse
voltammetry (DPV) technique. To the best of our
knowledge, this is the first report on that the effect
of interaction between DNA and aflatoxin on the
hybridization of DNA.

2. MATERIAL AND METHOD

2.1. Devices

The guanine oxidation peak current was monitored
by using DPV technic with an
potentiostat/galvanostat analysis system
(AUTOLAB PGSTAT 302 N) and GPES 4.8
software. A 7 mL voltammetric cell was used to
electrochemical determinations carried out under
ambient conditions (23 + 2 °C). The triple electrode
system composed of disposable PGE (as working
electrode), platinum wire (as counter electrode)
and silver/silver chloride (as reference electrode)
was used to perform  electrochemical
measurements. A Rotring T 0,5 pencil model was
the holder of graphite bars. A thin metallic wire
was used to provided electrical contact between
conductive parts of the pencil.

2.2. Chemical Substances

The  oligonucleotides  (probes and its
complementary) were supplied from IONTEK
(Istanbul, Turkey). Concentrated (1000 pg/mL)
stock solutions of the Iyophilize nucleotide were
prepared in Tris-EDTA buffer containing of 10
mM Tris—HCI and 1 mM EDTA (pH: 8.0) and
stored as frozen. The experiment solutions were
prepared by diluting the concentrated stock
solution with 0.5 M acetate buffer (contained 20
mM NaCl; pH 4.8).

0.05 M PBS (phosphate buffer solution which
contains 20 mM NacCl; pH 7.4) was used to prepare
diluted target solution. All the other chemical
reagents used in experiments were in analytical
purity grade and supplied from Sigma-Aldrich
(Germany). In every case deionized water was used
to prepare all solutions.

The sequences of the oligonucleotides (probes and
its complementary) were as below:

’ - NH2-(CH2)6-
GCTCCCCTACTGCTGGCGAAAAG-3’:
Capture probe

5’-NH2(CH2)6-ICTCCCCTACTICTIICIAAAAI-
3':Probe substituted with inosine

5-CTTTTCGCCAGCAGTAGGGGAGC-
3":Target probe

AFB1 and AFG1 stock solution were prepared so
as to contain 1000 pg/ml in 99.8% methanol
(MeOH) solution.

2.3. Guideline for AFB1 and AFG1

AFB1

AFG1

Figure 1. Structural formula of AFB1 (C17H120s)
and AFG1 (C17H120y).

2.4. Method

AUTOLAB PGSTAT 302 N (Eco Chemie,
Netherland) was used as potentiostat device and
GPES was used as software program in the present
study which was conducted by using differential
pulse voltammetry. As triple electrode system,
pencil graphite electrode (PGE) was used as
working electrode, Ag/AgCl as reference electrode
and platin wire was used as counter electrode. All
electrodes were bond to the system with metallic
connector and measurement solution was adjusted
in 7 mL volume.

Activation of PGE:

All in voltammetric measurements the renewable
PGE was used to electrochemical determination of
DNA hybridization. Graphite ends of the PGE
(Rotring T 0,5 pencil, Tombo HB model and 0.5
mm graphite bar) which was 6 cm was cut as 3 cm
[21, 22]. 1,5 cm of this 3 cm was marked and
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inserted to the voltammetric cell so as the part of 1
cm to be dipped into the solution.

The working electrodes were pretreated in ABS by
applying a potential of +1.4 V for 0,5 min. The
oxidation peak currents of guanine were monitored
with DPV after baseline fitting.

Immobilization of the capture probe and inosine
modified probe:

The pencil bars activated by electrochemically
were dipped into the vials containing 120 pL
capture probe solution at different concentrations
ranged between 8- 48 pg/mL in ABS for 30 min.
Thus the single stranded capture probe was
attached to PGE's surface by adsorption. In order to
remove unbounded probe parts the electrodes were
immersed in ABS for 3 s. After optimization of
probe concentration as 24 pg/mL, optimum
adsorption time also optimized as 40 min. In the
second step inosine modified probe sequence was
immobilized on to surface of PGE at the same
conditions.

Hybridization and Aflatoxin interaction:

The hyridization experiments between inosine
modified probe and its target were carried out
following of inosine modified probe immobilized
wit wet adsorption. For this purposes the PGE's
which probe modified on their surface were
immersed into the vials containing 120 pL target
probe solution at different concentrations ranged
between 10 - 60 pg/mL in PBS for 30 min. In order
to remove unbounded probe parts the electrodes
were immersed in PBS for 3 s. After optimization
of hybridized target probe concentration as 40
ug/mL, optimum hybridization time also optimized
as 50 min. In another step, inosine probe modified
PGE were immersed in 2 pg/mL AFB1 and 4
ug/mL AFBI1 solutions for 10 min in order to
analyze interaction effect on hybridization. This
step was repeated for AFGL.

Voltammetric measurement:

The guanine oxidation peak current was
determined by using DPV in the potential range of

+0.8V-+14Vin0.5M ABS (pulse amplitude
and scan rate were 50 mV and 50 mV/s
respectively). All experiments were repeated for at
least 5 times.

3. RESULTS AND DISCUSSION

In this work, the DNA biosensor (without labeling)
based on DPV measurement of the hybridization
occured between capture probes (one is interacted
with aflatoxins another one is without interacted)
and target. This study was aimed to develop a label-
free DNA biosensor to analyze the effect on
hybridization of interaction between aflatoxins and
DNA by using disposable sensor (PGE). The
detection of hybridization was monitored
according to guanine oxidation peak current
occurred at + 1.0 V. The critical event that the
probe modified inosine didn't give any oxidation
signal before hybridization.

When the capture probe was immobilized by wet
adsorption, its concentration (Fig. 2) and the
immobilization time (Fig. 3) were optimized
according to the guanine oxidation current.
According to the optimization experiments, capture
probe concentration was found as 24 pg/mL and
the immobilization time as 40 min.
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Fig. 2. (A) Voltamograms and (B) Histograms
related to guanine oxidation currents according to
different capture probe concentrations
(immobilization time was constant as 30 min).
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Fig. 3.(A) Voltammograms and (B) Histograms
related to guanine oxidation currents according to
different capture probe immobilization time (for
constant concentration of 24 pg/mlL)

The following experiments were related to
optimizing the hybridization between capture
probe and its complementary target in different
hybridization times range of 15 and 60 min (Fig. 4)
and the value of the optimum hybridization time
was found as 50 min and in different target
concentration range of 15 and 60 pg/mL (Fig. 5)
and the value of the optimum target concentration
was found as 40 pg/mL.
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Fig. 4.(A) Voltammograms and (B) Histograms
related to guanine oxidation currents according to
different concentrations of the target at constant
hybridization time of 30 min.
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Fig. 5 (A) Voltammograms and (B) Histograms
related to guanine oxidation currents according to
different hybridization times at constant target
concentrations (40 pg/mL).

In the optimization experiments, 50 min
hybridization time and 40 ppm complementary
target concentration were chosen according to the
guanine oxidation signal with a better
reproducibility and these values were used for
further hybridization studies.

The effects of 2 pg/mL and 4 pg/mL AFB1 and
AFG1 (at the same concentrations) on DNA
hybridization were analyzed through the changes in
oxidation signals of guanine. The obtained
voltammograms and histograms were given in Fig.
6 and Fig. 7, respectively.
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Figure 6 (A) Voltammograms and (B) Histograms
related to guanine oxidation currents according to
hybridization [without AFB1 interaction (a),
interaction with 2 pg/mL AFBI1 (b), interaction
with 4 pg/mL AFB1 (c)] with target probe.
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Figure 7 (A) Voltammograms and (B) Histograms
related to guanine oxidation currents according to
hybridization [without AFB1 interaction (a),
interaction with 2 pg/mL AFBI1 (b), interaction
with 4 ug/mL AFBL1 (c)] with target probe.
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Figure 6 shows that the effect of interaction
between AFB1 and DNA on hybridization of
inosine modified probe with its target according to
oxidation signal obtained before interaction with
AFBI1 (a) and after interaction with 2 pg/mL (b)
and 4 ug/mL (c) AFB1. When increased of AFB1
concentration to 4 pug/mL the guanine oxidation
current decreased more. So AFB1 was concluded
to prevent DNA hybridization with proportion to
the concentration of AFB1. The guanine oxidation
current was found to decrease 50 % after
interaction with AFB1 and this reduction was
found to be about 60% when the amount of AFB1
was increased to 4 pg/mL.

The effect of interaction between AFG1 and DNA
on hybridization of inosine modified probe with its
target according to oxidation signal obtained before
interaction with AFG1 (a) and after interaction
with 2 pg/mL (b) and 4 pg/mL (c) AFG1 (Figure
7). When increased of AFG1 concentration to 4
ug/mL the guanine oxidation current decreased
more. It was concluded that AFG1 also prevented
DNA hybridization with proportion to its
concentration. The guanine oxidation current was
found to decrease 18 % after interaction with AFG1
and this reduction was found to be about 26 %
when the amount of AFG1 was increased to 4
ug/mL.

4.  CONSCLUSION

In our study conducted for assessment of sensor
technologies-based DNA analyses, activation of
pencil graphite electrodes (PGE) and the effect of
AFB1 and AFG1 on DNA hybridization on
electrode  surface  were analyzed  with
electrochemical method. The effect of AFB1 and
AFG1 on DNA hybridization was analyzed
through the changes in guanine oxidation signal by
using DPV with hybridization method using PGE
as a working electrode without any labeling. The
biosensor consisting of the immaobilization of probe
which doesn't contain guanine (modified with
inosine) onto the surface of PGE was utilized
successfully to evaluate of interactions between
DNA and Aflatoxins. The duplex formed between
inosine modified probe and its target was detected
in connection with DPV by measuring the guanine
oxidation peak current. In the first step, capture
probe modified with inosine was immobilized by
wet adsorption onto the pretreated PGE surface.

The hybridization occurred between the modified
probe and its target on the PGE's surface was then
determined according to the guanine oxidation
current [23, 24]. Before hybridization experiments,
the inosine modified probe was interacted with
AFB1 and AFG1 at the same concentrations and
the same time. It was seen that the aflatoxins had
genotoxic effect on the hybridization of DNA. It's
well known that the aflatoxins have very much
genotoxic properties among the mycotoxins and
also known that these carcinogenic toxins damage
DNA [25]. The aflatoxins contained furan ring
when covalently binds to DNA form an epoxide.
Studies related to in vitro reaction of synthetic
AFB1 -8,9-epoxide with DNA showed that the
adduct formation proceed by a pre-covalent
intercalation complex between double-stranded
DNA and AFB1-ex0-8,9-epoxide isomer [26]. Our
results in this study also showed that the genotoxic
effect could be easily understood and compared
each other by utilized hybridization event and
AFB1has much more genotoxic effect than AFGL1.
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Abstract. The most well known property of chaotic systems is their sensitivity to initial conditions. In this work
the criterion presented in literature for synchronizing two chaotic systems is applied to a system consisting of
two Van der Pol-Duffing oscillators. First, the route to chaos is investigated for the Duffing oscillator.
Furthermore, the Lyapunov function approach is used to design a high dimensional chaotic system. Then certain
subsystems of a nonlinear chaotic system are synchronized by linking them with a common signal.
Synchronization has been observed when there exists an asymptotic stability and an appropriate Lyapunov
function, also by computing all the Lyapunov exponents and Kolmogorov entropy.

Keywords: Chaotic systems, Lyapunov exponent, Kolmogorov entropy.

Van Der Pol-Duffing Osilatoriinde Senkronizasyon

Ozet. Kaotik sistemlerin bilinen en 6nemli 6zelligi baslangig kosullarma duyarhiliktir. Bu ¢alismada, literatiirde
sunulmus iki kaotik sistemin senkronizasyon kriteri, iki Van Der Pol-Duffing osilatoriine uygulandi. ilk olarak
Duffing osilatorii i¢in kaos yolu arastirildi. Sonra Lyapunov fonksiyon yaklasimi yiiksek boyutlu kaotik bir
sistemin olusturulmasinda kullanildi. Daha sonra dogrusal olmayan bir kaotik sistemin belirli alt sistemleri ortak
bir sinyal ile baglanarak senkronize edildi. Senkronizasyon, uygun Lyapunov fonksiyonu ve asimptotik
kararliginin varligi ile gozlendi.

1. INTRODUCTION

Two identical autonomous chaotic systems started at virtually identical initial conditions would be
observed to quickly diverge from one another [1]. That is, their trajectories become uncorrelated, even if
each maps out the same attractor in phase space. It is thus impossible to build up two identical, chaotic,
synchronized and separated systems. Pecora and Carroll showed that two chaotic systems can be
synchronized by dividing each of them into two subsystems, namely, a drive subsystem and a response
subsystem and by keeping the variable values of the drive subsystems the same [2]. When the Lyapunov

exponents are all negative for the response subsystem, synchronization is achieved [12].

A possible application of synchronization of chaotic signal is to implement a secure communication
system. Since chaotic signals are usually broadband, noise like, and difficult to predict, they can be used
for masking information bearing waveforms. A chaotic masking signal is added at the transmitter to a
message, and at the receiver the masking is reproduced and removed from the received signal [3]. Also,

the Van der Pol-Duffing oscillator can be used as model in
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physics, engineering electronics, biology,
neurology and many other disciplines [13].

Pecora and Carroll have extended the
synchronization of chaotic circuits to periodically
forced circuits [4]. When one of the subsystem is
periodically forced, all the Lyapunov exponents for
the subsystem are not negative, the periodical
forcing introduces a zero exponent. To make the
zero Lyapunov exponent in the response system
negative, they use a phase correction circuit to
match the phase in a response circuit to the phase
in a drive circuit. They also show that the chaotic
behavior is a good candidate to keep period-
multiplied systems in phase (synchronized) [5].
There is a need for this when many devices are
coupled into arrays to increase the sensitivity or
power output beyond what one device would
provide.

A method of controlling nonlinear and chaotic
systems which can synchronize the phase space
trajectory to a desired unstable orbit is discussed in
[6]. This method utilizes the principles of adaptive
control and time dependent changes in the system
parameters. The system parameter values are
changed according to the deviations of the system
variables from desired orbit and the deviations of
the controlled parameters from their values for the
desired orbit.

A method of transmitting signals in a secure way
through chaos synchronization in a physical model
has been discussed in [7]. A criterion for
synchronization of chaos based on the asymptotic
stability has been created and the model developed
has been proved to be useful in analog signal
transmission.

2. THEORETICAL FRAMEWORK
2.1. Asymptotic Stability

Asymptotic stability commonly appears in linear
damped forced systems. When the transient part of
the system response is completed and only the
forced part remains, the system response no longer
depends on the initial conditions, namely, it has
converged to stable point or a desired orbit. This
state of forgetting the initial conditions, steady state

response in forced systems, is known as asymptotic
stability.

There is a very close relationship between
synchronization and asymptotic stability. The term
synchronization denotes an eventual coincidence
of two different systems starting with different
initial conditions. Asymtotic, however, indicates a
case where both systems converge, after sufficient
time, to the same eventual state without respect to
the initial conditions.

Since chaotic systems very much remember the
initial conditions, asymptotic stability for the total
chaotic system would be almost impossible. But, it
is reasonable that a subsystem of a total chaotic
system can exhibit a characteristic of asymptotic
stability. Such a system can be considered to be
constructed from two parts, namely, master and
slave. Now this master-slave system can operate
synchronously.

An outline of the Differential Transformation
Method (DTM) can be given as follows. Let x(t)
be an analytical function in the domain D and t =
to be a point in D. The function x(t) can be
represented by using a ty-centered power series.
The k-th derivative of x(t) is defined as:

2.2. Synchronization of Systems

The phenomena of synchronization is that the slave
system knows which state (attractor) to go to when
driven (stimulated) by a parameter signal. A
dynamical system may be described by the
following ordinary differential equation

x = f(x a). (M

Where x and f are n-dimensional vectors of the
Ax,
{f(x, @), ..., fn(x, @)} respectively where o is a set
of parameters such that the system lies in the
chaotic regime. The desired orbit may be chaotic or
periodic. The system is then divided into two
subsystem a drive subsystem Xxg; = (X1,...,X;)
and a response subsystem X, = (Xj41, - Xpn)
such that x = (x4, x;-).

form x = (xq,...,x,) and a) =

A master system u = (uy4, U, ) may be governed by
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2)
3)

Ug = fa(ua Uy, @),
ur = fr(ud!ur ) CZ).
Furthermore, let the slave system u' = (u;,u;.)
be governed by
4)

uy = fq (ug,uy, a'),

(©)

w=fr(ug, ur, a’)

If the derive subsystem of the master is allowed to
drive that of the slave (see Fig. 1), then

(6)

Ug = Ug

In order to lock the given system onto a given
unstable orbit, start the evolution of the system
with an initial condition u, = (uy,, u;.,) which
slightly deviates from the desired orbit such that
uy = ug but u;. = u, + éu,. The drive variable
u; now evolves according to Eq. (2) and the
response variable u,. evolves according to the
following equation.

u‘ll‘ = f;‘(u’d!u‘)"l a,) (7)
Drive
Subsystem
Response
Subsystem
Master Slave

Figure 1. Block diagram of a master-slave system.

of the
continuously set to those of the desired orbit while

Thus the drive variables slave are
the response variables are allowed to evolve freely.
The total system will settle down onto the desired
orbit, when the drive variables are such that the
Lyapunov exponents of the response system are all
negative. In this case the difference u,. — u, = Au,
goes to zero as t — oo.

2.3. A Model System-Duffing Oscillator

The Duffing oscillator with a double-well potential
can be described by a nonlinear Langevin equation
of the form

. ., d
m¥ + yx +£=f(t), ®
where y is the damping constant, ¢ is a double-well
potential, and f'is a random force or white noise
[8,9].

The physical realization of the Duffing oscillator
circuit is shown in Fig. 2. The circuit element
denoted by N represents a nonlinear negative
resistor and can be constructed by using a set of
diodes and an operational amplifier. The unfolding
parameter is represented by the parameter y which
is controlled by the offset votage of the amplifier.
Such a nonlinear element can be described as

Iy(V) =y +aV + bV3, )

where a < 0 and b> 0. The circuit equations are
easily obtained by Kirchoff*s laws to the various
branches of the circuit as follows

x =-m(x3—ax+pu—1y), (10a)
y=x—-y-—z (10b)
z =Ry, (10c)

where differentiation is with respect to time. Here
x, y and z correspond to the rescaled form of the
voltage across capacitor C;, the voltage across
capacitor (s, through L,
respectively. The rescaled circuit parameters m, «,
B, and p are given as

and the current

m=-=,
1

o =—(1+ar),

u= (br)/?v (1)
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Figure 2. Equivalent circuit of the Duffing oscillator.

Here p unfolds the double well, if p = 0 then the
wells have equal probability and the system

becomes
x=m(x3 — ax — y), (12a)
Y =X-y-z, (12b)
z=Py. (12c¢)

There are several types of synchronization. One of
them holds for systems which are not chaotic, but
follow periodic limit cycles. Here a chaotic
synchronization approach is introduced together
with the necessary and sufficient condition for
synchronization of linear or nonlinear systems.
This approach exploits an appropriate Lyapunov
function to globally establish the asymptotic
stability of subsystem. The Lyapunov function can
be further used to create a high—dimensional
chaotic system, with a nonlinear subsystem. Here
we obtained Lyapunov exponents (1; = 2.13, 1, =
0.44, 2; = 0.00, A,= 0.00, A5 = -75.52). Also we
obtained Kolmogorov entropy and Lyapunov
dimension ( hx=2.48 and D; = 4.04) [13].

For a slave system governed by the subsystem
(12a), the following set of equations can be written

x'=x, (13a)
y'=x—y'-2z', (13b)
z' =Py’ (13¢)

Considering the differences between the unprimed
and primed quantities and starring them,

y*=-y"-z", (14a)

z* =Py. (14b)

If the Lyapunov function is chosen as in [7], i.e., as

E=3[(By" + 2 )24y "+ (1+P)z*%1, (15)
then

E =-By**+z*%)<0. (16)

The equality sign applies only at the origin,
therefore the subsystem [(12b) and (12c¢)] is
globally asymptotically stable. Thus the master and
slave systems eventually synchronize.

3. CALCULATIONS

The choice of system form should be based on the
fact that master and slave systems would be
synchronous. Thus a 5-dimensional Duffing
system (17a-¢) which is derived from the system
(12a-c) has been taken.

X1 = —mx3+omx; +mx,+xs, (17a)
Xy = X1-Xp-X3, (17b)
X3 = Px,, (17¢)
Xy = —X3+xs (17d)
X5 = —X1—X4—Xs5, (17¢)

where x; = x;(t), i=1,2,3,4,5. The slave has an
identical set of equations with the master expect the
signal x; which is common. Notice that the
subsystems are nonlinear, although this is not
always necessary. For dissipative system it must be
ensured that the divergence of the system is
negative. This condition is readily satisfied by the
system (17a-e). If all the Lyapunov exponents for
the slave system are less than zero, then after initial
transients decay, x1, X3, x4, and x5 will be equal to
X1, X3, X4, and, xg; that is, the subsystems
synchronize. Thus, the first step is to calculate the
rest points of the system (17), and the
corresponding Jacobian eigenvalues. The Jacobian
matrix can be formed as
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—3mx? +am m
1 -1
0 B
0 0
-1

0 0 1
-1 0 0
0 0

—3x2 1

-1 -1

where X , X5, X3, X4, X5 denote the rest points. When m =100, @ = .35 and B =300, the system has been
found chaotic because it has at least one positive Lyapunov exponent. At the same time, this situation has
been observed from the phase portrait of the dynamical variables x; and x,. For m = 100, o =0.11 and
= 300, the solution of the system is found to be periodic, Fig.3b. For the system (17) the rest points and
the corresponding Jacobian eigenvalues are shown in Table 1.

Table 1. Rest points and Jacobian eigenvalues of Eq. (17).

Rest Points
X1 Xy X3 Xy Xs Jacobian Eigenvalues
0.00 | 0.00| 0.00 0.00 0.00 37.1376 —1.5828 + 16.7355i —48.60 + 0.8743i
0.59 | 0.00| 0.59 0.479 | 0.11 —70.7669 —0.8524 + 0.9868i 0.1757 + 17.154i
—0.59| 0.00 | —0.59| 0.479 | 0.11 —70.7669 —0.8524 + 0.9868i 0.1757 + 17.154i
The slave system driven by x5 is given as where k; = (x% +x; x] +x;2)=0and k, = (x +
. x4x4 +x42) = 0.
x; =—mx;3 + amxq + mxj) + xg, (18a)
) Consider the Lyapunov function given by
Xy = X} = x5 — X3, (18b)
, E=(x? +x37 +x2 +x37). (20)
x4 =— x> +x&, (18¢c)
) The derivative of Eq. (20) with respect to time is
X5 == X1 — X4 —Xg . (18d) given by

Because Eqgs.(17a-¢) and (18a-d) establish a unique
dynamical system it is possible to observe chaos in
the slave system even though all the Lyapunov
exponents are negative. If the differences between
the corresponding dynamic variables of the master
and slave are established and starred, then

x; = m(a — kq)xy + mx; + Xz, (19a)
X3 =x} —x3, (19b)
xp=—ky X + X2, (19¢)
Xi=—xi—x5—x%. (19d)

E=(m(a-ky)x;%2 + 101 x] x;

21

-x3% - ky x5% - x2?

It is clear that E < 0 if xj and x5 are of opposite
sign and o< k; and the equality sign holds only at
the origin ( x;{ = x5 = x4 = x5 = 0 ). Therefore the
slave system is glabally asymptotically stable [10,
11, a]. The master (Eqgs. (17a-e¢)) and slave
(Egs.(18a-d)) systems will eventually synchronize
as shown in Fig. (3a-d). Furthermore, Lyapunov
exponents of the slave are also not positive (4; =
—1.05, 1, =-504.6, A3 =-2.39, 1, = 0.00).
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0.5r t (Sﬂ)

0.5t

1t (b)

Figure 3(a-d). Synchronization of the dynamics variables of the master and slave systems for =300 when t— co.

4. CONCLUSION

In this work a criterion for synchronization of
chaos, based on the asymptotic stability has been
investigated for the Duffing oscillator. This
criterion holds for only if the appropriate Lyapunov
function is available. This criterion makes it
possible to create a high dimensional chaotic
system with a nonlinear subsystem. Such a chaotic
system has exhibited synchronization in the case of
both periodic limits cycles and chaos, Fig. 3a-b.
The ability to be able to design a synchronous
system consisting of nonlinear and especially
chaotic systems has created new opportunities for
modelling complex systems and applications of
chaos to communications.
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Abstract. Simulations of SPECT studies have been taken attention with the fact that more accurate results can
be constructed in medical imaging with developing computing techniques. As a result, one can visualize new
ideas or improvements with the help of medical simulations before applying on real incidents for clinical
purposes acquiring high level of statistics without harming live tissues. In this study, we focused on the
capability of GATE (a simulation toolkit for PET & SPECT) that is developed under GEANT4 simulation
framework and applications on the effects such as activity degradations, displacements and overlapping of the
tissues. Energy histograms and dose calculations are obtained by using built-in tissues and analyzing virtual
data using ROOT analysis software. Results show the magnitudes of effects that may have a significant
disturbance on SPECT images and their dependence on spesific parameters.

Keywords: SPECT, CT, Geant4, GATE, ROOT, Simulation.

GATE / GEANT4 ile Dinamik Kaynaklar iizerinde SPECT
Benzetimlerinin Doz Hesaplamalari

Ozet. SPECT ¢alismalarinin simiilasyonlari, gelisen bilgisayar teknikleriyle birlikte tibbi goriintiilemede daha
dogru sonuglarin elde edilebilecegi gergegine dikkat gekmektedir. Sonug olarak, canli dokulara zarar vermeden
yiiksek diizeyde istatistik elde etmek i¢in gergek olaylara uygulanmadan dnce tibbi simiilasyonlarin yardimiyla
yeni fikirler veya iyilestirmeler gorsellestirilebilir. Bu galisgmada, GEANT4 simiilasyonlar1 ¢ergevesinde
gelistirilmis GATE (a simulation toolkit for PET & SPECT) yaziliminin yetenekleri ile aktivite azalmalari, yer
degistirmeler ve dokularin {ist iiste gelmeleri gibi etkilerin uygulamalart {lizerine yogunlastik. Enerji
histogramlar1 ve doz hesaplamalari, ntanimli dokular kullanilarak ve ROOT analiz yazilim1 kullanilarak sanal
verilerin analiz edilmesiyle elde edildi. Sonuglar, SPECT goriintiilerde ve bunlarin spesifik parametrelere
bagimliliklarinda 6nemli bir bozulmaya neden olabilecek etkilerin biiylikliigiinii géstermektedir.

Anahtar Kelimeler: SPECT, CT, Geant4, GATE, ROOT, Benzetim.

1. INTRODUCTION

Single photon emission computed tomography (SPECT), as one of the most effective techniques in
nuclear imaging for functional visualization of human or animal bodies [1], is based on the detection and
reconstruction of gamma photons that decayed by the radiotracers introduced into the body before the
process. A SPECT system contains gamma cameras that is fixed on the gantry and rotates around the
target (body) that is of interest recording the two-dimensional projection of a three-dimensional activity
distribution of radiotracers [2]. Afterwards, a serial algorithms are executed to reconstruct the three
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dimensional real-like images from acquired two-
dimensional images by the SPECT system. As a
medical imaging technique, SPECT, can be
considered together with a CT system that forms
the hybrid usage of both technologies named as
SPECT / CT. Considering their scan geometries, 5
generations of CT systems may be classified for
multi purposes by the time they are firstly
introduced in 1960s [3, 4]. Fifth generation CT
systems are convenient to make detections with
cylindrical scanners and prepare source as a cone
beam from higher energy X-ray sources. On the
other hand, third and fourth generation CT systems
use fan beam scanners with multiple array of
detectors in different geometries. Recent hybrid
systems are quite succesfull processing and
superposing both SPECT and CT images allowing
to detect targeted lesions [5, 6]. Because of their
fast scanning features, it is not surprising to see
handheld SPECT devices used in combination with
a thoracoscopic gamma detector that are already
introduced to mark smal sized nodules during
surgical excision [7].

In the fundamental principles of SPECT data
acquisitions, it needs to be reconstructed 3D/4D
models from 2D spectrums of target using a Fourier
transform. This process actually corresponds a
modelling simulation taking into account the
attenuation effects and the measurement errors [8].
Thus one can understand the simulation need in a
hybrid procedure as SPECT / CT imaging in two
ways: i. modelling from CT image reconstructions,
ii. modelling from irradiation of radiotracers
injected in the target. Note that since both of the
simulation types help oncologists providing
different certainities and sensitivities, a hybrid
imaging procedure overlaps two models together to
obtain a better conclusion: CT reconstruction
algorithms are based on grey scale measurements
from X-ray frequencies and SPECT algorithms use
track distributions of lesions from radiated gamma
measurements. Thus one can understand the aim of
a SPECT simulation as creating a realistic model to
trace development of diseases [9]. In order to
complete this task, not only visually but also
numericaly realistic model needs to be simulated to
obtain quantitative changes in dose volumes and

* Corresponding author. Email address:
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irradiation distributions. In addition to the above
mentioned, for educational purposes, simulations
of medical techniques seem to be the most accurate
and harmless solution.

In this work, we have used a setup based on the
SPECT benchmark of GATE v8.1 (a simulation
toolkit for PET & SPECT) running under the
GEANT4 framework that is developed as a
detector simulation for general purposes at CERN
[10]. Thus, one can consider GATE package as a
medical physics oriented tool that consists of
several applications in imaging, radiotherapy,
realistic phantom categories as well as internal
dosimetry for preclinical applications. It is
worthwhile to mention that GATE is more
comphrensive and precise than some of its
successors that is also developed uder Geant4
framework [11] while we are noting that all of these
softwares are still under development.

For years, CERN as a major experimental
laboratory based on the nuclear researhes, also
issued studies that has brought high technology and
insights in to medical researches. Not only
producing isotopes that are needed ingrediants of
radiopharmaceuticals in ISOLDE collaboration but
also supporting new design ideas of medical
accellerators on  cancer  treatments in
university/institute collaborations [12]. Especially
after the major upgrade of Geant4 in 2015 releasing
the version 10.0, medical simulations based on
Geant4 frameworks began to be considered as the
detailed detector simulations that have the highest
resolution in imaging and complex geometries in
setup.

The outline of our paper has been prepared as; the
definitions of main simulation setup and
geometries in section Il, considered dynamical
cases in data acquisition in section 111, analysis and
dose calculations in section IV and presenting the
results with a brief interpretation in section V.

2. GATE/GEANT4 SIMULATIONS
2.1. GATE/GEANT4 Simulation Setup

At the first stage of this study, we have followed
the procedure preparing a macro to create a SPECT
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geometry as mentioned in GATE user manual [13].
In Fig.1, a simple box geometry that has the
dimensions of 7x21x30 cm is shielded with lead
and repeated 4 times to obtain SPECT heads. (Note
that some of the SPECT systems already have 3
heads.) SPECT head system is made of three
levels: base (white), collimator (red) and crystal
(yellow). Base geometry of SPECT heads are
placed in a ring orbit with 0.15 deg/s fixed velocity.
A collimator geometry with lead shielding is
created in 3x19x28 cm (3 cm thickness)
dimensions and hexagone paralell holes are placed
around Y-Z axis. For the last level, a Nal crystal
volume has been created as the main read-out of the

system in 1 cm thickness and placed after
collimator layer. A back compartment in 2.5 cm
thickness made of glass is placed as the last layer.
For the middle stage; a table surface made of glass,
cylindrical phantom and cylindrical source
geometries are created with 20 cm height and 15
cm radius. Translations and materials for these
geometries are chosen from different tissues during
the data taking to simulate dynamic effects that will
be mentioned in the next sections. For simulated
activity, a source confinement is defined in the
phantom and a gamma source set at 140 KeV
energy with 15 KBq activity by default.

Figure 1: Virtualization of SPECT scene with the placements of base, four Nal cameras, collimators and cylindrical phantom

on the table surface.

2.2. Simulation Specifications

Dominant physics processes are included as
standard model e- interactions, rayleigh & compton
scattering, photoelectric effect, electron ionisation
and bremsstrahlung. The simulated data acquired
by 5 second intervals from 4 different angles along
a circular orbit. Compton events occurring in the
phantom, collimator, back compartment, shielding
and table are recorded. However, defining a dose

actor into propoer regions of the simulation setup
can record direct dose values obtained from the
source. In order to observe detector outputs from
SPECT device, one should modelize data
digitization process in a simulation. An output is
obtained more realisticly after applying blurring
process that will gain resolution and distribution.
Gaussian energy blur is applied to the events
detected in the crystal, using an energy resolution
of 10% at 140 keV. The limited spatial resolution
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of the photomultipliers and associated electronic is
modelled using a Gaussian blur with a standard
deviation of 2 mm. Thus, one can calculate FWHM
of a pulse if it is assumed to has a Gaussian
distribution as E x R where E is the peak energy
and R is the resolution. Default random number
generator is used and seeded differently for each
run.

Dose calculations are calculated from the acquired
gammas from the located source in the center of the

Energy - Global Position X-Y

Energy - Global Position X-Z

, Vol.40-2 (2019) 347-354

cylindrical phantom. A dose actor element is
created attaching to the SPECT head volumes and
the root analysis outputs are obtained at the end of
each run. As running a previously coded a root
macro over outputs, DVH (Dose Volume
Histograms) are calculated and plotted as described
in section IV. Profile histograms in Fig.2 shows the
outputs for the world volume with default activity
values in X-Y, X-Z and Y-Z point of views
respectively.
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Figure 2: Global distributions based on the world volume for X-Y, X-Z and Y-Z surfaces respectively.

3. SIMULATED DATA PRODUCTION

In this work, we considered several dynamical
cases for target, namely a cylindirical phantom,
that may cause possible failures in SPECT
imaging as follows:

1. Activity Degradations: Intravenously or
intracavitary injected radiopharmaceutical include
high-affinity molecules as carriers to tumor cells.
Thus, radiopharmaceutical has two important
components: Chemical compound and
radionuclide. One of the most common problems in
radiopharmaceutical productions is impurity of
substances due to the fact that it is not possible to
treat molecules one by one in atomic level. Such
impurities can not be observed directly but may
block bonding of radionuclide molecules to
targeted tissues. If this is the case, one can expect
activity degradations during medical imaging
processes such as SPECT. We simulated activity
degradations by reducing gamma activity in data
taking from SPECT-head starting from 40000 Bq
with 5000 Bq intervals. Total activities are

acquired similar to Fig. 2 but with less entries after
each reduction. We give statistical analysis and
related DVHs from our calculation in the next
section.

2. Volume Displacements: We refer here natural
displacements and movements during radiological
imaging such as breathing, heart beating or reflex-
induced motions of patient that have the small
amplitudes. In order to simulate the motions, one
can categorize them according their coordinates
and directions: translational and rotational motions.
SPECT devices usually apply built-in correction
algorithms for correcting rotational movements but
not for translational movements. The main reason
for that translational movements may be
unrepeated movements to predict before the action
comparing with the rotational movements. It is
possible to create such an algorithm defining a
fourier transform from a given reference frame to
acquired image. Hence that calculating the
transform phase and peak will yield the idea of how
much correction is needed in the frame or
confidence level. In this work to simulate volume
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displacements, we set translations for the phantom
with 0.5, 1, 1.5 and 2 cm respectively. Profile
histograms for the source has reflected the direct
image of a squeezing phantom as in Fig.3 for 20
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seconds time intervals. For this dynamical case,
each run has been merged to form one single
continuous run.
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Figure 3: As an example to respirational motion, source profile histograms of small displacements with 0.5, 1, 1.5 and 2 cm

respectively on the X-Y surface.

3. Tissue / Material Overlapping: A common
and inevitable problem in nuclear imaging can be
considered as tissue overlapping that refers to
intervening of untargeted organs during diagnosis
or treatment. Succesively, that problem increases
the attenuation probability since the untargeted
organs have potential to absorb doses. SPECT /CT
system, that applies attenuation correction
algorithms removing soft tissue artifacts from
medical images, allows a better accuracy. However
it is an important knowledge that how much energy

will be absorbed by those tissues and in what
significances. We have defined several tissues and
materials as below (where d is the density and NoA
is number of atoms) and placed around the gamma
source and calculated the absorbed dose
distributions as in the next section. A statistical
analysis of the data yields the significances if those
distribution differences are at the important levels.
Differences from vacuum and 100% overlapping
cases are considered where the source completely
covered by the material.
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Air: d=1.29 mg/cm?® State = gas; Elements
(Fraction) Nitrogen (0.755268); Oxygen
(0.231781); Argon (0.012827); Carbon
(0.000124).

Blood: d=1.06 g/cm?; State = liquid; Elements
(Fraction) = Hydrogen (0.102); Carbon (0.11);
Nitrogen (0.033); Oxygen (0.745); Sodium
(0.001); Phosphor (0.001); Sulfur (0.002); Chlorine
(0.003); Potassium (0.002); Iron (0.001).

Body: d=1.00 g/cm?® State = solid; Elements
(Fraction) = Hydrogen (0.112); Oxygen (0.888).

Plastic: d=1.18 g/cm3; State=solid; Elements
(NoA) = Carbon (5); Hydrogen (8); Oxygen (2).

Water: d=1.00 g/cm?® State=liquid ;Elements
(NoA) = Hydrogen (2) ; Oxygen(1).

% energy

Entries

80

(RARRRRARRE
o
g

70
60
sof-
wf

=

0

iy h
: i I ]
0 Bhase e e BTG PPN S AVRTREN R - N S
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

energy (MeV)

Figure 4: Energy histogram based on the different materials
show the overlapping effect on tissues in arbitrary units.

4. ANALYSIS OF ENERGY & DOSE
CALCULATIONS

After data is obtained in root file format, a simple
macro script is created to calculate absorbed dose
percentages in a given volume Vasd(Do- D)/ dV
where Dy is the dose of the source and D is the
measured dose by the SPECT system. Target
volume has been differantiated in a loop and dose
values against each volume calculated as in Fig.5,
Fig.6, Fig.7. Apparent dose differences are
observed except for similarly defined materials
such as blood and water in Fig.7. Thus, instead of
using built-in materials, one should define

materials with more details to conclude dose
separations in such plots. However, in order to
realize if those values are at important levels, one
can implement a y? test of indepence as statistical
analysis  separetely constructing null and
alternative hypothesis. One can call null hypothesis
as “A single image case (Activity Degradations /
Volume Displacements / Tissue Overlapping) has
no effect on dose measurements” and its opposite
as the alternative hypothesis. Therefore, we
calculated the ¥? values as follows where O is the
observed values, E is the expected values and i is
the number index for the measurement;

X =Yi(Oi—E)/E 1)

Here we call expected value as 40000 Bq for
activity degredations, 0 cm for volume
displacements and vacuum environment for tissue
overlappings. In Table 1, y? values are revealed for
each case to decide accepting the null hypothesis or
not. Basicly, a standart y 2 table should be used for
relevant significance levels.
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Figure 5: DVHs for tissue / material overlapping around the

40000 Bg gamma source.
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Table 1. Calculated y? values of doses for the considered imaging cases

Activity Degradations | 15000 Bq||20000 Bq|{|25000 Bq||30000 Bq|(35000 Bq
1.48 1.023 0.77 0.3 0.073
Volume Displacements : 0.5cm lcm 15cm 2cm 25cm
: 0.0034 0.008 0.014 0.048 0.07
Tissue / Material Overlapping : Blood Body Plastic Water Air
0.087 0.036 0.092 0.087 ~0

5. CONCLUSION

In this letter, we have qualitatively investigated that
if one can observe significant disturbances in
imaging via the SPECT simulations of GATE /
Geant4. Note that for «a =0.9, volume
displacements with more than 2.5 cm, activity
degradations with more than 15000 Bq and tissue /
material overlappings with heavier than 1.25 g/m?
density will significantly effect on dose
measurements. Thus, one should have to apply
additional correction methods if any of the SPECT
runs have suffered from above mentioned issues.
According to recent medical publications, those
result show that the SPECT calibration of GATE is

quite accurate meeting the realistic expectations.
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Abstract. An inverse boundary value problem for a second-order elliptic equation with periodic and integral
condition is investigated. The definition of a classical solution of the problem is introduced. The goal of this
paper is to determine the unknown coefficient and to solve the problem of interest. The problem is considered
in a rectangular domain. To investigate the solvability of the inverse problem, we perform a conversion from
the original problem to some auxiliary inverse problem with trivial boundary conditions. By the contraction
mapping principle we prove the existence and uniqueness of solutions of the auxiliary problem. Then we make
a conversion to the stated problem again and, as a result, we obtain the solvability of the inverse problem.

Keywords: Inverse boundary value problem, Elliptic equation, Fourier method, Classical solution.

Ikinci Mertebeden Periyodik ve Integral Kosullu Eliptik Denklemler i¢in

Ters Smmir-Deger Problemlerin Coziimii

Ozet. Sunulan ¢alismada dikdértgensel bolgede periyodik ve integral tipli kosullarla verilen ikinci mertebeden
eliptik tip diferansiyel denklemler i¢in bazi ters problemlerin ¢oziimii ele alinmigtir. Matematiksel fizigin
denklemleri i¢in ters problemler olarak verilen denklemlerin ¢dziimii ile ilgili bilinen ek bilgiler yardimiyla
onun katsayilarin veya sag taraftaki fonksiyonlarin, veya katsayilarin ve sag taraftaki bilinmeyen fonksiyonlarin
birlikte belirlenmesi problemleri diigiiniilmektedir. Ters problemler bilimin birgok dallarinda ortaya ¢ikmakta
olup, ozellikle fiziksel ve kimyasal siireclerin takibi sirasinda bazi biiyiiklikklerin belirlenmesinde Gnem
tasimaktadir. Genelde fiziksel ve kimyasal siire¢ler diferansiyel denklemlerle ifade edildiginden ve bu
diferansiyel denklemlerin katsayilari da siiregleri ifade eden fiziksel ve kimyasal biiyiikliklere bagh
oldugundan, siireglerin akisinin belirlenmesi igin bu siireci ifade eden diferansiyel denklemin katsayilarinin
belirlenmesi 6nemlidir. Dolayisiyla, ters problemlerin konumu ve ¢6ziimii bilimsel agidan ¢ok Onem
tagimaktadir.

Anahtar Kelimeler: Ters simir-deger problemleri,Elliptik denklem, Fourier yontemi, Klasik ¢6ziim

1. INTRODUCTION

In this paper, we discuss solutions of some inverse problems for second order elliptic differential
equations under the periodic and integral type conditions in the rectangular area. By using well known
additional information for the solution of inverse problems in mathematical physics equations, we think

* Corresponding author. Email address: ~ emirov@cumhuriyet.edu.tr
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about the problem to determine their coefficients or right-hand side functions, or state coefficients and
right-hand side unknown functions together. Inverse problems have wide-ranging applications in science,
in particular, they are very important to determine some scalar quantities during the follow-up physical
and chemical processes. In general, physical and chemical processes are expressed by differential
equations and their coefficients depend on physical and chemical scalar quantities on which express their
process, for these reasons, it is very important to determine these coefficients of differential equations to
identify the flow of the process. Hence the position of inverse problem and their solutions are essential
in science.

Among them we should mention the papers of A.N. Tikhonov [1], M.M. Lavrentyev [2, 3], V.K. Ivanov
[4] and their followers. For a comprehensive overview, the reader should see the monograph by A.M.
Denisov [5].

In this paper, we prove existence and uniqueness of the solution for the inverse boundary value problem
for the elliptic equation of second order with periodic and integral type conditions.

2. Problem statement and its reduction to an equivalent problem

Consider the equation
u, (X,t) +u, (x,t) =a(t)u(x,t) + bt)g(x,t) + f(xt) 1)

in the interior the domain Dy = {(x,t):0<x<1,0<t <T} with the boundary conditions:
T
U(,0) - & (%0) =¢(x), Uy (x, T) =y (x)+ | pOU(x dlt (0<x<1), @
0

periodic boundary condition

u(0,t)=u(,t) (0<t<T), 3)
nonlocal integral condition
1
Iu(x,t)dx:O (0<t<T) 4)
0
and the additional conditions
u(x;,t)=h(t) (=12;x, #x,;0<t<T), 5)

where  0,x €(0,) (i=1,2)-are fixed numbers, f(x,t),g(x,t),o(x),w(X), p(t),h(t) -are given

functions, u(x,t), a(t) and b(t) - are the unknown functions.

Definition . The triplet {u(x,t),a(t),b(t)} is said to be a classical solution of problem (1)—(5), if the
functions u(x,t),a(t) and b(t) satisfy the following conditions:
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1) The function u(x,t) and its derivatives u, (X,t),u, (X,t), u,(x,t), u,(x,t) are continuous
in the domain Dy ;

2) the functions a(t) and b(t) are continuous on the interval [0, T];
3) equation (1) and conditions (2)—(5) are satisfied in the classical (usual) sense.

In order to investigate problem (1) - (5), we first consider the following auxiliary problem: it is required
to define a triplet {u(x,t),a(t),b(t)} of functions u(x,t)eC?(D;),a(t) e C[0,T] and
b(t) € C[0,T], from relations (1) - (3),

u, O)=u (Lt) (O<t<T), (6)
h(t) +u,, (%, t) = a()h, (t) + b®)g(x, t) + f (1) (i=12,0<t<T). )

Analogously [6], the following lemma was proved.
Lemmal. Suppose that o(x),w(x)eC[01], p(t) e C[0,T], h(t)eC?[0,T](i=12),

h(t) = h (t)g(X,,t) =h, (1) g(x, 1) 20 (0<t<T), f(x,t)eC(Dy), jf(x,t)dx:o (0<t<T)
0

,g(x,t) e C(Dy), }g(x,t)dx =0 (0<t<T) and the compatibility conditions
0
1 1
Jo(x)ydx=0, [y (x)dx=0, ®)
0 0

@(x;) = h; (0) = i (0), w(x;) = hi(T) —E p(®h; (t)dt (I=12). ©)

hold. Then the following assertions are valid:

- each classical solution {u(x,t),a(t),b(t)} of problem (1)-(5) is a solution of problem (1)-(3),
(6), (7);

- cach solution {u(x,t),a(t),b(t)} of problem (1)-(3), (6), (7), satisfying the condition
T(@T + el + T + PO ) <1, (10

is a classical solution of problem (1)-(5).
3. Existence and uniqueness of the classical solution to the inverse boundary value problem

It is known [7] that the system
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1,cos A, x,sin A X,..., COS A, X, SIN A, X, ... (11)
isabasisin L,(01), where 4, =2kz (k=1.2,..).

Since the system (11) form a basis in L,(0,1), we shall seek the first component u(x,t) of

classical solution {u(x,t),a(t),b(t)} of the problem (1)-(3), (6),(7) in the form
u(x,t) = iulk (t)ycosA, x + iuﬂ( (t)sind, x (4, =27K), (12)
k=0 k=1

where

1
Uy (t) = j u(x, t)ydx ,
0
1
Uy (t):ZIu(x,t)cosﬂkxdx (k=12,.),
0

1
Uy (1) = 2[ u(x, 1) sin A xdx (k=12,...).
0

Then applying the formal scheme of the Fourier method, for determining of unknown

coefficients uy (t) (k=0,,...) and u,, (t) (k =12,..) of function u(x,t) from (1) and (2) we have

U (t) = Fp(t;u,a,b) (0<t<T), (13)
ult (t)— A2u, ()= Fy (tu,a,b) (0<t<T;i=12; k=12..), (14)
T
U30(0) = Aijo (0) = grg, Ujo (T) =y3p + [ P (B)CI (15)
0
.
Ui (0) — U (0) = @y, Uy (T) = +I p(uy (Odt (i=1,2; k=12,..), (16)
0

where

Fy (t;u,a,b) = a(t)uy, (t) + b(t)g, )+ f, (t) (k=01..),
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1 1 1 1
91® =Jg(xdx, fio() =1 (X)X, @1 = p(x)dx, y1o =y (X)dx,
Oy (©) = 21 g(x 1) cos e xdx (K =1,2,..), fy (t) = 27 f (x,£)cos A xdx (k =12,..),

0 0
1 1

P =2I p(x)cosA xdX, yy = 2J.w(x) cosA xdx (k=12,.),
0 0
Fao (tu,a,b) = a(t)u,, (t) +b(t) g (t) + o (1),

O () = Zig(x,t)sin/lkxdx (k=12,..), fp (t) = 2i F(x,t)sin A xdx (k =12,..) |

1 1
o =2[ pO)sin A xdx , ypy =2[p()sinxdx  (k=12,..).
0 0

Solving the problem (13)—(16), we find

Uy (t) = gy + (Wlo +£ P2y (r)dt)t +Eeo(t,r) F.o(7;u,a,b)d7 | (17)
(A (T -1) sh(At) + A, 5 ch(A, ) i
Ui O = T+ aesha ) 2 4 T + zkash(sz))(‘”ik + 1P (T)dt)Jr
+£Gk(t,r)Fik (cuabdr (=12 k=12,.), (18)
where
B —-t-0, te[0,7]
GO(t’T)_{—r—é, te[r,T],
ch(4 (T - 7))
RN Pcren +lk5sh(/1k_l_))[ﬁk5ch(ﬂkt) +sh(4.)], te[0,7],
0= eh(4 (T -1))

(A T) + A8 sh(a )0 NtAa) +shAa)] teln T)

After substituting the expressions uy, (t) (k =0,1,...) and u,, (t) (k=12,...) into (12), for the

component u(x,t) of the solution {u(x,t),a(t),b(t)} to the problem (1)—(3), (6), (7) we get
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u(x,t) = ¢ + ('//10 +£ p(T)Ulo(T)dt)t +£Go (t,7)Fyp(7;u,a,b)dr +

i { ch(4, (T —t)) o Sh(Ad0) + A ch(Z,1)

]
dt
ch(AT) + A5 sh(AT) 7% " 2, (ch(/lkT)+/1k5sh(/1kT))(%k + Pk () )+

k=1

+ }Gk (t,7)F (7;u,a,b)d 2'} COSA X+
0

0
+2
k=1

ch(4, (T 1) . sh(h + 48 ch(4,)
ch(AT) + 45 sh(AT) V2 " 2 (ch(AT) + 48 sh(A.T)

]
)[wk + [ P (r)dt}
0

+1G, (t,7)Fy (7U, 8, b)dr}sin}th. (19)
0

Now, using (7) and (12) we have

a(t) = [h(] ™ {g(x ) (00 = T (x,,1))— 904 DT M) = F (%5, 1) =
~ £ AU (9 (%2, 1) 008 4%, — 9(x, )05 4 X,) -
- £ A 00000510 A~ 906, DsinA,)] @)
b(t) =[] b © (5 (1) — T (x,,1))— b, OB -  (x,,1)—

- iﬂiulk (t)(h (t)cos 4, x, —h,(t)cos A4, x,) —
k=L

=S 22U ()M @©)Sin A%, —hy (t)sin 4, xl)} . 21)

k=1

We substitute expression (18) into (20), (21) and have

a(t) =[h® ™ {g 0, 1) (h(t) — T (%, ©))— 9 (xy, (N3 (1) — F (x5,1))—

k=1

o /1{ ch(4, (T —1)) o Sh(2d) + A5 ch(4H)

.
dt |-
‘Lo T)+ A sh(,T) 7 * 2, eh(AT) + 40 sh(/lkT))(W”‘ + 1My (7) )
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+ }Gk (t,7)F, (7;u,a, b)dr](g(x2 ,t)cosA, x; — g(X;,t)COSA, X,) —
0

w ﬂz[ ch(4, (T —1)) o Sh() + 4 5ch(2,)

)
dt ) -
“| (2 T) + Ao sh(T) zk(ch(sz)+xkash(sz))(‘”2k+£p(1)“2k(f) )

k=1
+£G" (t,7)F,y (7;u,a,b)d r}(g(xz,t)sinﬂk X, — g(Xg,t)Sin A4, X,) } (22)

b(t) = [h@ ™ {h @) (h3 (©) — F (x5, )=, () — T (x,,1))-

X 42

ch(4, (T 1)) o ShOAD) + A ch(A)

)
_ dt | =
& "Lh(ﬁkT)+lk53h(/lkT)¢)lk /1k(ch(,1kT)+zk5sh(,1kT))(‘”1k+ép(T)”1k(T) )

+ }Gk (t,7)Fy (7;u,a,b)d r}(hl(t) cosA X, —h,(t)cosA, x;) —
0

k=1

w 2[ ch(4 (T —t)) sh(4t) + A, 5ch(4, 1)

)
u dt |-
Lo+ A8 sh(2T) 72 2, (A T) + 28 sh( AKT))(V/ZK +1 Py (7) )

+£Gk (t,7)F, (73U, 4, b)dr](hl(t)sin/Ik X, —h, (t)sin 4, xl)} , (23)

Thus, the problem (1)—(3), (6), (7) is reduced to solving the system (19), (22) , (23) with
respect to the unknown functions u(x,t) , a(t) and b(t).

Using the definition of the solution of the problem (1)-(3), (6),(7), we prove the

following lemma.

Lemma?2. If {u(x, t),a(t), b(t)} is any solution to the problem (1)—(3), (6), (7), then the functions

1
Uy (t) = j u(x, tydx ,
0

1
Uy (1) = 2[ u(x,t)cos Ay xdx (k=1.2,..),
0
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1
Uy (1) = 2[u(x, H)sin A xdx (k =1,2,...
0

satisfy the system (17), (18) in [0,T].

Remark. It follows from lemma 2 that to prove the uniqueness of the solution to the problem (1)—(3), (6),
(7), it suffices to prove the uniqueness of the solution to the system (19), (22) , (23)

. In order to investigate the problem (1) — (3), (6), (7), consider the following spaces

Denote by B;T [6] the set of all functions u(x,t) of the form
u(x,t) =D uy (t)cos A x + D uy (t)sin 4, x (4 =2kx),
k=0 k=1

defined on D; such that the functions u,, (t) (k=0,1,2,...), u, (t) (k=12,...) are continuous on

[0,T] and

1

”ulO(t)”C[O,T] J{Z(ﬂi ” Uy (t) ”c[o,T])Zj2 +(Z (/ﬁ ” Uy (t) ||C[0,T])2]2 < 0.

=} P}
The norm on this set is given by
. 1 . 1
IO TR (CTROTM | Y Dol IR

Denote by E; the space Bg”T x C[0,T]] of the vector-functions z(x,t) ={u(x,t),a(t),b(t)}

with the norm

|z(x,1)

B, ||U(X,t)

B3 + ”a(t)”C[O,T] + ||b(t)||C[0,T] )
It is known that Bj, and E; are Banach spaces.

Now, in the space E; consider the operator
®(u,a,b) ={d,(u,a,b),d,(u,a,b), ®,(u,a,b)},

where

®,(u,a,b) =U(x,t)= iﬁlk (t)cos/lkx+iﬂ'2k(t)sin AX, ©,(u,a,b)=a(t), ®,(u,ab)= B(t),a

U, (), U, (1) (i=12k=0,12,..), a(t) and B(t) equal to the right hand sides of (17), (18), (22)
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and (23), respectively.

It is easy to see that

ch(4, (T —t)) | 0<t<T) sh(Zt) + A4S ch(Ad) o o 0<t<T)
ch(4, T) + A48 sh(4,T) 7 2 (ch(A4,T) + 4,5 sh(4,T)) -
ch(4 (T - 7))

oA T) + 2o shaTy) o D +sh(ADl< A+ o) O<t<z=<T),

ch(4, (T —1))
2 (Ch(4T) + 24,5 sh(4,T))

[4.8ch(4,7) + sh(A.2)]< A+ 5) (0<7<t<T) .

Taking into account these relations, with the help of simple transformations we find:

1
~ T 2
(o (t)”C[O,T] < |(/’10|+T0V/1o|+T”p(t)”c[oyT] Juso (t)”C[O,T])-l—[ﬁ((U f10(7)|2d7)2 +

1

+Taq)| C[O,T]”ulo @) — JT G}|gm(f)|2 df)2||b(t)|| c[oT] ](T +90), (24)

1 1

(él(/lﬁ (o (t)”C[O,T])Z)Z < \/g(él(lﬂ(”ik |)2)2 +

1

1
+ \/6(1“‘ o) {(? (/ﬁ |V/ik|)2J2 +T ” p(t)” C[o,T](kij: (ﬂi ”uik (t)"C[O’T])Z ] i ] +

1 1

+/6(L+ 5)[ﬁ @éluﬂ fi (T)|)2)2 + 12O £, s Oleor)? ) +

1
(15 Gl <f>|>2)2||b<t>llqo,ﬂ]’ @)

E®leory <|DOT o, 906DV - £ 06, 1) - 906 DOEO — F 00Dy +
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1 1 1
+((£4° P llotx, 0] +lo0c, t)IHC[OT][ (£ Ao )? +<1+5)[ (£ i) +

1

1
+T1PO] cor) 5 £, (il (t)||q0ﬂ>2)2] +(L+ 5)[ﬁ i(g PACHING)S dr)z +

1 1
+T||a(t)||C[0T] ( 5 (A Juse (t)||C[OT] )2 +JT é@éuﬂgik (T)|)2d7)2 ||b(t)||C[OYT]] ”
(26)

B, < OT ., ¥ mOGLO - 106,0) = OO0 - 00,0 g, +

C[0,T]

1 1 1

+(k ) [ Iy ]+ |h, (t)mc[m[ ( (43|<o.k|)) +(1+5)[ (z(zslw.kl))

1

1
+T1PO] cor) 5 £, (il (t)||C[0,T]>2)2] +(L+ 5)[ﬁ Z(g) = (4] fu @) dr)z +

+ 1Oy 3 £, G205 Olegary) )3 wTE(1E o <r>|>2dr);||b<t>||qo,n”}-
(27)
Suppose that the data of the problem (1)(3), (6), (7) satisfy the following condition
Qi- ¢(x) €C[01],¢" () € L,(0),0(0) = (1), ¢'(0) = ¢'(D), ¢" (O =¢"(D) .
w(x) eC?[01, " (X) € L, (01), w(0) =y (@), ¥' O =y'®, ¥"(©0) =y
Qs - F(X,1), F (x1), f (X, 1) €C(Dy), fre (X,1) € Ly (D),
f(0,t)=f(Lt), f (0,t) = f, (Lt), F, (0,8) = f, (Lt) (O<L<T) .

Q.- 9(X,1), 95 (X,1), 9 (X,1) € C(Dr), Gy (X, 1) € L (Dy ),
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9(0.)=9(@1),9,(0,t) = 9,(11), 9, (0.1) =9, 4.1) O<t<T).

Q. . 520, p(t) e C[0,T],h(t) e C2[0,T],h(t) =0 (0<t<T).

Then, from (25)—(27), we get

[a(z D)5, < AT+ BT al®) g ril el D5, +CuD . D5, + DADINp g
(28)

”a(t)”C[O,T] < AZ (T) + BZ (T)”a(t)”C[O,T]”u(x’ t)”BSI + 02 (T)”u(x’ t)”BgT + DZ (T)”b(t)”C[O,T] !
(29)

@) . < AT+ B oo lule )] 5 +Co(Dul )5+ Do) (30)

C[0,T] cro,r1’

where

AT =00 o + TV o + T +NT[F D] o, +
+6[0" OO 0y + VEA+ Ny " OO, 00y + A+ ST [ Fae 6] o
B,(T) =T(T +68) +/6(1+ )T ,

Ci(M) =TIpWllggor, (T +V6(L+5)),

D(T) = (T + ST 9D, (o7 ) + L+ OVET [0 V)] o -

A () =[O . 1 90D - F04,0)= 904, DOF0) = F (a0, +

C[0,T] {|

1
+( 24 ) llota. 0+ TCO I PO N e 0

+ 2(1+ 5)\/?“ fxxx (X’t)||L2(DT)) }’

1

B,(T) =H[h(t)]_luc[o,ﬂ(21%2)2H |g (Xl’t)| * |g (X5, t)mc[o,T] (L+o)T,
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1

Ca =[O £ ) 11800 01+ 06 D, L+ POy T

1
0. =201 |y (2,570 015050 g 0 T 5

A =[O, A R ORZO - F06.0)- R OB - 00D +

1
¥ (éﬁiz)z [0 O+ I Ol 0., (2||€0"'(X)||Lz o T2+ Oy " (o) +

204 ONT e 0 o))}

1

B, (T) =|[nt )]-1HC[OT]( 2)2” I O]+ |y @] g, 0+ )T

1

C,M =[Ih@T . (£4° ) IO+ Ol g, @+ POl T

D, (T) = 2|[nt )]‘1HC[OT]( ) [1900. 0]+ |90, Ol 7, @+ ENT 9,00 5D o
It follows from the inequalities (28)-(30) that.

||u (z,1)

s, HEO] o, + P )

cro, T]

<A(T) + B(T)”a(t)”C[O’T]”u(x, t) st D(T)||p(2)| (31)

B3y cr’

where
A(T) = A(T) + A,(T) + A(T), B(T)=DB,(T)+B,(T)+By(T),
C(T) = C,(T) + C,(T) + C4(T), D(T)=D,(T)+ D,(T)+ Dy(T).
So, we can prove the following theorem:

Theorem 1. Let conditions Q, - Q. be satisfied, and
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(B(T)(A(T) +2) + C(T) + D(T))(A(T) +2) <1. (32)
Then problem (1)-(3), (6), (7) has a wunique solution in the sphere

K = KR(||Z||ET3 <R=A(T)+2) of the space E:.

Proof. In the space ET3 consider the equation

z=0z, (33)

where z ={u,a,b},, the components @, (u,a,b) (i =1,2,3) of the operator ®(u,a,b) are determined by

the right hand sides of equations (19), (22) and (23). Consider the operator ®(u,a,b) in the sphere

K =K, from E; . Similar to (31), we get that for any z,,z,, 2, € K, the following estimations are valid:

075 < A+ B0z +CTD]g + DI, <

< A(T) +B(T)(A(T) +2)* + C(T)(AT) +2) + D(T)(A(T) +2) , (34)

|2~ @2 s < BI)R(lay () = @, ()] g 1y + 1 (. 8) = ()] ) +

+ C(D) (@, t) =y (2,8) o+ DT (®) = b8 g 1 (35)
Then, it follows from (32 together with the estimates (34) and (35) that the operator @ acts in the
ball K = K and is contractive. Therefore, in the ball K = K, the operator @ has a unique

fixed point {z} ={u,a, b}, that is a unique solution to the equation (33), i.e. a unique solution to the
system (19),(22), (23).

The function u(Xx,t) , as an element of the space BS,T , is continuous and has continuous

derivatives u, (x,t),u, (x,t) in Dy .

Now, from (13) and (14) we get

2o Olcgory <180l cgor o Olory + IOl [0 Vg, .+ 1 F X Dlory|

L,(01) L©1

1
[5Gl Ol | <25 2 Olry* )

#2]Jau, (60 +bOg, (60 + £, (V)] cor

L0Y
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Hence it follows that uy (X, t) is continuous in Dy . It is easy to verify that equation (1) and

conditions (2), (3) ,(6) and (7) are satisfied in the ordinary sense.

is unique in the bal K = K .The theorem is proved..

Consequently, {u(x,t),a(t),b(t)}is a solution of problem (1)—(3), (6), (.7), and by Lemma 2 it

By Lemma 1 the unique solvability of the initial problem (1)—(5) follows from the theorem.

Theorem 2. Let all the conditions of Theorem 1 be fulfilled and

} f(x,t)dx=0,jg(x,t)dx:0 (0<t<T),

1 1
[o(dx=0, [y (x)dx=0,
0 0

P04) = ()= /(0), y () = hi(T) = I (O Ot (=1.2),

T(@T +8)(AT) +2) + (T + )| pO)] o, <1-

Then the problem (1)—(5) has a unique classical solution in the ball K =K (|z_; < A(T)+2) of the
T

space E3.
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Abstract. The inverse sum in degree index of G is specified the degrees d; and d;. Some bounds are found for
inverse sum in degree index in this study. Also, some definitions and relations are obtained in terms of degrees.

Keywords: Inverse sum in degree index, co index.

Derece Endeksinde ve Ko Endeksinde Ters Toplam

Ozet. G’ nin derece endeksinde ters toplam d; ve d; dereceleri ile belirtilir. Bu galismada, derece endeksinde
toplam i¢in bazi sinirlar bulunur. Ayrica, dereceler agisindan bazi tanimlar ve bagmntilar elde edilir.

Anahtar Kelimeler: Derece endeksinde ters toplam, Es endeks.

1. INTRODUCTION

Let G be a simple, connected graph on the vertex set V(G) and the edge set E(G). For v; € V(G),
the degree of vertex v; denoted by d;, the maximum degree is denoted by A and the minimum
degree is denoted by 6.

The inverse sum in degree matrix [ISI](G) of graphs is defined as

d;+d; | fiadj fto
if i adjacent to
(IS0 =3 dyd; / J
0 otherwise.

The eigenvalues of [ISI](G) are denoted by §*. New bounds for these eigenvalues are reported
in terms of the degrees.

The Inverse Sum In Degree Index (IST) index of G is defined as

di+d;
ZviVjEE(G) didj '

(See [2] for details.)

In this study, different bounds are set using the Estrada index and Zagreb index for IST index.

* Corresponding author. Email address:  gulistankayagok@hakkari.edu.tr
http://dergipark.gov.tr/csj  ©2016 Faculty of Science, Sivas Cumhuriyet University
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The Estrada index of graph G is explained as

n

EE(G) = Ze’li

i=1
where A is the eigenvalue of adjacency matrix of G. ([1], [10])

The Zagreb co index of G is described in [5], [7] as

Z1(6) = Zower),(de (D) + de()),

Z,(6) = Zviv]-eE(G),(dG (Ddg ().

The Harmonic index of G is specified in [8] as

2
H(G) = ZvivjEE(G)ledj'

Considering these topological indices, Estrada inverse sum in degree index and inverse sum in
degree co index are defined. Indeed, some inequalities are obtained concerned with these indices.

(See [6] for more details deal with this topic.)

2. PRELIMINARIES
In this section, some lemmas and theorems that are needed in main results will be given.

Lemma 2.1. [9]
Let M = (m;;) be an nxn irreducible nonnegative matrix and A, (M) be the greatest eigenvalue

with RL(M) = ;'Zl my;j. Then,
(minR;(M): 1 <i<n) <A, (M) < (maxR;(M):1<i<n)

Lemma 2.2. [4]

If G is a simple connected graph and 4, (G) is the spectral radius , then

2(G) € max(\fmm;:1<i,j<n,v; v; EE)
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Theorem 2.1. [3]

Ifai,biER+,1Si Sn,then

where M; = max a;, M, = max b;, m; = min a;, m, = min b;.
1<i < 1<i<n 1<i <n 1<i <n

Theorem 2.2. [5]
Let G be a graph with n vertices and m edges. Then,
Z,(6)=27Z,6)+n(n—1)?2-4m(n—-1)
Z, (6) = 2m(n—1) — Z 1(G) = Z,(G).
Lemma 2.3. [7]

If G is a regular graph, then

4m?
Zl (G) 2 )
n

4m3
Z,(G) =2 —,
n

m2
+2m(n — 1),

Z; (6) <

3. MAIN RESULTS
3.1. Inverse Sum In Degree Index and Estrada Inverse Sum In Degree Index

Firstly, a relation is given for the largest eigenvalue of ISI matrix including degrees in this
subsection. After, an inequality is obtained for ISI index using this relation. In addition, Estrada
inverse sum in degree index is defined and some relations are found in terms of degrees and
vertices.

Theorem 3.1.1. Let G be graph on n vertices and m edges. Then,

ISI(G) = \/(ZZ(G) H(G) - nTZ(AszZ;s)'

Proof. Let choose ay, = d;d; , by = My =A% my =682, M, =

1
d 28" 27T 2n

By Theorem 2.1, it is seen that
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2

2 1 2 dld] le Az 62
(didy) Z d+d;) Z d+d | ~a\zs 2n)
i 4 ]

vinEE(G) UiVjEE(G) J vi‘lleE(G)

If necessary organizing is applied, this inequality is obtained as follows:

2

S an)( ¥ () - EE-0)

vivjEE(G) Vl'U]‘EE(G)

d;d;
d; + d;

IA

UiVjEE(G)

Putting the definitions in the above inequality, it gets

A3 - 83

(2:(&)) (H(©G) - = < (ISI (6))>2.
2A6

4

Hence,

A3 — 53)

ISI(G) = \/(ZZ(G)H(G))Z - nrz( 206

Lemma 3.1.1. For a simple connected graph of ISI (G),
A

Y <
n'/n \/ (dr + a)(dr + A)

where A is the maximum degree of G.

Proof. Let D(G)™*ISI(G)D(G) = Q(G) and X = (x4, x5, ...,x,)T be an eigen vector of Q(G)
corresponding to an eigen value y*. Also, x; =1 and 0 <x, <1 for every k. Let x; =
maxy (x: v;vy € E, i is adjacent to k). It is known that (Q(G))X = y; (G)X. If i_th equation

from above equation is taken, then yi (G)x; = X (dd:d; )xk = (di dei’; )xk. By the
iTlE i k

Aritmetic-Geometric mean inequality, it gives
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1
) di n di Yn ( [Mk=1 9k ) /n
kdi+dy S k=1g,+d, M-, (di+dy)
n - n o nl/n
o™ Yn
(ap+T, i) ™ A
> - > — —
nt/n n /n(dln + (A™) /n)
Using the Lemma 2.1,
d;A
¥i (6) < :

nl/n(d{l +4)
The j_th equation of same equation has

d;A

+ NN —mM—
YI( )—nl/n(d]n_l_A)

From Lemma 2.2, it is expressed that
d;A d;A
¥ (6) < < ) :
! n'/n(d? + A) nl/n(d}1 +4)

A

Hence,

+
Vi =

- nl/n\/(d{l +4)(d? + A)

Since, A=d; =2d, =,...,=d, =&, itis clear that

A
n'/n (A" + A) (6™ + A)

+
Vi =

Definition 3.1.1. Let G be a graph and y; =y > --- = y,} be eigenvalues of inverse sum in
degree matrix of G. Estrada inverse sum in degree index is defined as

Theorem 3.1.2. Let G be a graph with n vertices and E, be an Estrada inverse sum in deg index.
Then,

(n—-1)

E LSt >— € I
/
e 'n—
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A

nY/n (AR +2) (5T +A)

where K =

1
Proof. Eq, = ¥4 eVl et + n—-1) (H};z eVl ) ot using the Aritmetic-Geometric mean
inequality. Since, »\7- e’/ =0 then Eg = eVl + (71’/_1). It is known that ;" < K. Hence,

e /n-1

(n-1)

K
Eg =ze® + YR
e 'n—-1

Theorem 3.1.3. Let G be a graph with n vertices and E,;, be an Estrada inverse sum in deg. index.
Then,

1
EENZ. Hence,
(o] 1 n
k
n.zF (2v/) zEs°
k=0  j=1
and thus,
[ee] n
2k K
2
Eq* < "'Zﬁz(ﬁ) :
k=0  j=1
Knowing that y;{ > --- > y,t and y{ < K, it is obtained that

Eg? <n F.n.Kk.

It is clear that the equality holds

ElSl S

Theorem 3.1.4. Let G be a graph with n vertices and E,, be an Estrada inverse sum in degree
index. Then,

E,, < +e?K —2eK + X,
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Proof. (E, — e7’1+)2 = (27:1 eylfr)2 -2 (Z?zl eVl e”f) +e2ri

2 Un

n

n
+ +
< Z e¥i | —2nert | | eli + e
j=1

j=1

2 2 2
since (371 ¢"7 ) = (ERon Zi (7)) < (B0 (1)) and 27y ;" = 0, then

(ElSl - e}/f)z S _Zneyf + ez]’f = eyf- [eyi'- — Zn].

Egq < /el’f (er — Zn) + et

In the sequel, Theorem 3.1.2 says that

The inequality states that

E; < eX(eK —2n) + ek,
3.2 Inverse Sum In Degree Co Index

In this subsection, ISI co index is described and different bounds are yielded concerned with
Zagreb co indices, the vertices and the edges.

Definition 3.2.1.

Let G be a simple, connected graph. IST co index is defined as follows:

dg(1)dg ()

BIO= 2, L@+

vv;€E(G)

Theorem 3.2.1. Let ISI(G) be the complement of inverse sum in degree index. If G is regular
then,

n

(n=D?[(%) = m] - (n - 1. (—47"’2 +2m(n — 1)> + <2m2 (1-2- 1))
ISI (G) < y= :
2.(n = D.[(5) —m]+——(2m(n - D)

dgz(Ddg(j)

Proof. By the definition of ISI (G); ISI (G) = YoweE@) PRGEFEDE
G G

d;) and dg(j) = (n — 1 —d;), then

Sincedg(i)=(n—1-
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ISI (G) =
viv]-EE(C) (Tl —-1- dl) + (')’l —-1- d])
vivjeE(G_) Z(Tl - 1) - (dl + d])

< ZUiVjEE(G)(n - 1)2 - (n - 1)(dl + d]) + dld]
B ZviVjEE(G) 2(” - 1) - (dl + d])

(n - 1)2 ZviV]'EE(é) 1- (n - 1) Zviv]-EE(G)(di + d]) + ZVinEE(G) dldj

ISI (G) <
©= 2.0 =D (@) = ] - Sormyer(di + 4)

Because, G has (1) — m edges. By Theorem 2.2, it is stated that

(=) —m| - (- D7 (6) + Z; (&)

ISI (G) < =
@)= 2.(n—D.[})—m] -2, (G)

Since Z; (G) = Z; (G), then

(- D) ~m] - (n~ D7 (6) + 7 (6)

ISI (G) < ——
©) < 2.(n=1D.[(})-m]-Z1 (6)

Using the Lemma 2.3, it is concluded that

n

(n = D?[(%) = m] - (n - 1. <—4nﬁ +2m(n — 1)> + (2m2 (1-2- 1))
ISI (G) < preny :
2.(n—D.[(5) —m] +—— (2m(n - D)

Corollary 3.2.1. Let ISI(G) be the complement of inverse sum in degree index. If G is regular
then,

1

nm—1)m-(n- 1).(—4niz+ 2m(n — 1)) + (Zm2 (1 —Zn—rg——))

n

ISI (G) <

2.(n—1m+ 4Tmz — (Zm(n — 1))

Proof. Applying similar steps to the Theorem 3.2.1, it is obtained that

757 (G) = de(D).de(j)
et de(D) +dg(j)
_ (Tl—l)z—(n—l)(di+dj)+didj
= ZvwjeE(6) 2(n-1)-(d;+d;)
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- 1)’m—(n—1).Z; (6) +Z, (G)
- 2.(n—1)m -2, (G)

By Lemma 2.3, it is resulted that

n

(n—1?*m— (n—1). (—“T’”Z +2m(n — 1)) +(2m? (1-22-1)
ISI (G) <

2.(n—1)m+ 4Tml - (Zm(n — 1))
4. CONCLUSION

In this study, the inverse sum in degree index is expanded, the Estrada inverse sum in degree index is
defined and some bounds are found deal with these indices. In the sequel, inverse sum in degree co index
is described and some inequalities are obtained in terms of the edges and vertices.
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Abstract. Recently, the APT-family has been introduced as a new family of distributions. A special case of
this family with exponential distribution is examined in details. In this paper, Pareto is considered as a
baseline distribution in APT-family. Several properties of the APT-Pareto distribution such as the moments,
hazard rate and survival functions are derived. The maximum likelihood and least square methods are
discussed. Simulation study is also performed to get the bias and mean square errors of estimates. A
numerical example is given to illustrate the capability of APT-Pareto distribution for modelling real data.

Keywords: Distribution family, Estimation, Pareto distribution, Simulation.

APT-Pareto Dagihmi ve Ozellikleri

Ozet. Son zamanlarda, APT-dagihm ailesi adinda yeni bir dagilim ailesi tanitilmugtir. Bu dagilim ailesi igin
iistel dagilim durumunu detayl bir sekilde ele alinmigtir. Bu makalede, APT-dagilim ailesinde Pareto dagilimi
calistlmistir. APT-Pareto dagilimina iligkin momentler, hazard fonksiyonu, yagam fonksiyonu gibi 6zellikleri
elde edilmistir. En c¢ok olabilirlik ve en kiiciik kareler yontemleri tartisilmistir. Tahmin edicilerin yan ve hata
kareler ortalamalarin1 elde edebilmek ic¢in simiilasyon c¢aligmast yapilmistir. APT-Pareto dagiliminin
modellemedeki kullanilabilirligini géstermek amaciyla gergek bir veri uygulamasi yapilmistir.

Anahtar Kelimeler: Dagilimlar ailesi, Tahmin, Pareto dagilimi, Simiilasyon

1. INTRODUCTION

Distribution theory is one of the most important areas of statistics. In the last two decades, there are too
many statistical distributions are introduced by including an extra parameter to an existing family of
distribution functions. Azzalini [1] introduced the skew normal distribution by adding an extra
parameter A to the normal distribution. Let Z be the skew-normal random variable, then the density

function of Z 1is of
H(N)=2¢(2)P(A2), z€R,

where ¢ and @ are the standard normal density and distribution function, respectively. It is clear that

the skew-normal distribution is reduced standard normal distribution for A = 0.

* Corresponding author. Email address:  kkarakaya@selcuk.edu.tr
http://dergipark.gov.tr/csj ©2016 Faculty of Science, Sivas Cumhuriyet University
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Mudholkar and Srivastava [2] proposed a method to include an extra parameter to a two-parameter
Weibull distribution. If a random variable Z has distribution function F(z), then (F(z))’

(0>0) is also distribution function and it is called exponentiated family, where F(z), is baseline
distribution. Mudholkar and Srivastava [2] considered F(z)= (1 —exp(—-z/0)" ) as a baseline

distribution and they get the distribution with cdf

F(Z)z(l—exp(—z/a)a )6

and called it as exponentiated-Weibull family, where 6 is an extra parameter. Some exponentiated
distributions have been introduced by several authors, see for example Gupta et al. [3], Gupta and
Kundu [4] and etc.

Marshall and Olkin [5] proposed another method to introduce an additional parameter to any
distribution function as follows. Let Z is a random variable with cdf F and density f ,then

af(z)

S e i—Fa)y

is also pdf of a random variable, where « is an extra parameter. Marshall and Olkin [5] cosidered
exponential and Weibull distribution for baseline distribution f (z).

Eugene et al. [6] proposed the beta generated method which is defined as follows: Let Z is a random
variable with cdf F , then

F(z)

is a distribution function as well, where («,3)€ R% is an extra parameter vector.

Alzaatreh et al. [7] introduced a new method for generating families of continuous distributions called
T-X family using same idea of Eugene et al. [6]

Mahdavi and Kundu [8] introduced an extra parameter to a family of distributions functions to bring
more flexibility to the given family. This new method is called o -power transformation (APT) method.
The proposed APT method is very easy to use, hence it can be used extensively for the data modelling
purposes. The pdf and cdf of APT-family are given, respectively, by

log(a) ¢ (v Vo, FOIL 4 (X |
fapr (X)=1 o1 ()™ A (x) , o= "
and
Fapr (X) = (X)), a=l N
APT F(X) , a=]l,

where « >0 is an extra parameter and 1, (X) is indicator function on set A which is domain of

baseline distribution. Mahdavi and Kundu [8] applied the « -power transformation to exponential

379
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distribution.

An extra parameter supplies more flexibility to a class of distribution functions and it can be very useful
for the data analysis. It should be point out that the adding extra parameter caused the estimation
problem, but it can be solved by numerical methods. R and Matlab have several numerical algorithms
for this job.

In this paper, «-power transformation is applied to Pareto distribution. In Section 2, moments, hazard
rate and survival functions are given. The maximum likelihood and least square methods are discussed
in Section 3. In Section 4, a simulation study is also performed to observe the performance of the
estimates. A numerical example with the real data is given to illustrate the flexibility of APT-Pareto
distribution for modelling real data in Section 5.

2. a -POWER PARETO DISTRIBUTION

In this paper, Pareto distribution is considered. The pdf and cdf of the Pareto distribution are given,
respectively, by

fp (x) = Bx71(1,00) A3)

and
Fo(X)=1-x"1(100) 4)

where (3 >0 is a shape parameter and [, () is indicator function.

Using Egs. (3)-(4) in Egs. (1)-( 2), the pdf and cdf of APT-Pareto distribution are defined by

ST g () L ezl
fapte (X) = )
BxH1 , a=1
and
a(17X7j3)71 I
- (1,00) (X) , a=l
Faptp (X) = (6)

(1-x7) , a=1,

respectively. The random variable X is said to have a two-parameter APT-Pareto distribution and it is
denoted by APTP(«a,[3) .

Fig. 1 presents the plots pdf of APTP(«,3) for some choices of « and f3.
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Figure 1. Pdf of APTP distribution for some choices of o and [

In the rest of paper, the case « =1 is only considered. The survival function and the hazard rate
function for APTP distribution are given in the following forms

o _Oé(lfx*’)

Sapte (X) = o—1

and

log(a)Bx ol

hapre (X) = (x7)
a—a

respectively. Fig. 2 presents the plots the hazard rate function of APTP(«,3) for some choices of «
and 0.

— T T —— T T o I T T T e v— T T o
S~ a5 a2
N a=10 1 ,\\ o5
x - == R =
£ — = g
05 —_— 05F —
0 0 FE—, =
1 15 2 25 3 35 4 45 5 55 6 1 15 2 25 3 35 4 45 5 55 6
X
06 6 "
a=2 —— =02 a=2 —p=1
—— =05 —— =4
04 308 4 3=1
z z
= z |-
02f - 2
0 [ e— L n — 0 B I T I
1 15 2 25 3 35 4 45 5 55 6 1 15 2 25 3 35 4 45 5 55 6

Figure 2. Hazard rate function of APTP distribution for some choices of « and 3

The r th moment of APTP distribution is obtained by

_Oo log(a) A1 1xf
E(Xr>_[xr — 0" a X" dx

aﬂz 10g” a) [ E )]
7 )@/E((r_zﬁ) WhlttakerM( +2ﬁ,_r+3ﬁ log (« )))
(r—28)(r-=38)(a—1)(3-r)
1og(a)(%)g\/§(ﬁwhittakerm( ro50 log (
(

log<a>(

250 25 o ) r—log(a)ps— 26))
(r=28)(r=38)(a-1)(B-r) ’
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where the WhittakerM( a,b,c ) is a Whittaker function and it can be easily calculated by Maple or
Matlab. It should be noted that r th moments works for only G > %r . This restriction has been

observed in simulation study. It is not proved here.

Moment generating function of APTP distribution is given by

ee]

_ log(a) —6-1 . 1-x7
Mx (t)[exp(tX)ﬁﬁX « dx

_ log(a)ﬁai(—t)"““’ (—log(@))' T(=B(i+1),~t)

a—1 i= i!

where I'(a,b) is the incomplete gamma function.

3. ESTIMATION
3.1. Maximum-Likelihood Method

Let X;,X,,..., X, bearandom sample from APTP(«, ), then log-likelihood function is given by

¢l 3) = ntog L3 | ntog (9)- (54 1) tog(x)+

a—1

n—ix{’}log(a).

The likelihood equations are found to be

=0,

00(a,8) (a1 1 log(a) | n-yix
oo ‘”[logm)][a(a—l) <a_1>2]+ a
ol(a,f) _n

G

00 S g () log() 3 o4 =

i=1

Maximum likelihood estimates (MLE) of «and (8 are obtained by solving likelihood equations. The

likelihood equations cannot be solved explicitly. Likelihood function can be maximized by numerical
method. fminsearch MATLAB command can be used for this job. fminsearch uses the simplex search
method of Lagarias et al. [9].

3.2.Least-squares Method

Let X1y <Xg2) <:+<Xgn) denote the ordered observations from APTP(«,3) distribution. Using
the distribution function given in Eq. (6), we can write
(1=7)
o -1 .
F(xi)=—"— i=1L2,..,n 7
( (l) > o — 1 ) 9 & ’ ( )
Empirical distribution function, denoted by F* can be used to estimate F ( X(i) ) in (7). Substituting the

empirical distribution function in Eq. (7), we have the following model:
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(%)
« —1 .
F* X/ - @ iy |:1,2,...,n,
(X)) ==————+=
where ¢ is the error term for i th observation. Now, the least squares estimators ( oNz,B ) of

parameters can be obtained by minimizing the following equation with respectto « and (3 :

2

L.B) =3 =S| F* (xi)) - = . i=12..,n

n n (1-x:7) 1
i=1 i=1

a—1

Least-squares estimates (LSE) of o and (3 can be obtained by numerical methods. fminsearch
MATLAB command can be used for this job.

4. SIMULATION STUDY

In this section, a simulation study is conducted to compare the ability of estimation procedures
discussed in the previous section. In the simulation, X;, X,,..., X, from the APTP distribution are

generated and then computed the MLEs and LSEs of « and (3 with 10000 repetitions. We then

compared the performance of these estimates in terms of their biases and mean square errors (MSE). We
reported the biases and MSEs of these estimates in Tables 1-2, for different values of n and («,() .

From Tables 1-2, it is observed that both estimates are biased but asymptotically unbiased. Also, as the
sample size n increases, the bias and MSEs of the estimators decreases as expected.

Table 1: Bias of MLEs and LSEs for some parameter values of a and g

a B n & B a B

2 2 50 1.3612 0.0939 1.5310 0.1023
100 0.5514 0.0420 0.5679 0.0413
200 0.2525 0.0196 0.2718 0.0226
300 0.1734 0.0146 0.1764 0.0151
400 0.1341 0.0120 0.1395 0.0137
500 0.1031 0.0094 0.1053 0.0102

3 1 50 2.1219  0.0398  2.4204  0.0439
100 0.8103  0.0178  0.8230  0.0196
200 0.3690 0.0085 0.3904 0.0107
300 0.2532  0.0063  0.2573  0.0071
400 0.1809  0.0044  0.1837  0.0050
500 0.1532  0.0043  0.1553  0.0051

05 0.8 50 04662  0.0908 0.6711  0.1070
100 0.1950  0.0402  0.2800  0.0435
200 0.0912  0.0173  0.1241  0.0131
300 0.0620  0.0109  0.0849  0.0073
400 0.0477  0.0088  0.0648  0.0059
500 0.0392  0.0071  0.0506  0.0039
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Table 2: MSEs of MLEs and LSEs for some parameter values of o and 3

a B n & 3 a 8
2 2 50 21.6056 02314 29.8067 0.3724

100 3.4502 0.1083 4.4688 0.1694
200 1.1274 0.0540 1.5549 0.0812
300 0.6866 0.0365 0.9176 0.0556
400 0.4863 0.0269 0.6272  0.0398
500 0.3657 0.0213 04724 0.0318

3 1 50 46.9261 0.0463 165.8959 0.0686
100 7.6548 0.0221 9.6245 0.0322
200 2.4231 0.0109 3.2240 0.0154
300 1.4694 0.0074 1.8830 0.0106
400 1.0050 0.0055 1.2791 0.0076
500 0.7841 0.0043 0.9722 0.0061

0.5 0.8 50 1.9843 0.0835 4.0642 0.1515
100 0.4171 0.0446 0.7355 0.0797
200 0.1338 0.0224 0.2367  0.0439
300 0.0818 0.0152 0.1480 0.0312
400 0.0564 0.0114 0.1050 0.0243
500 0.0430 0.0088 0.0788 0.0190

5. REAL DATA ANALYSIS

In this section, we illustrate the ability of the APTP distribution. We fit this distribution to two real data
sets and compare the results with the distributions in the literature. In order to compare the models, we
used following three criterions: Akaike Information Criterion(AIC), Bayesian Information Criterion
(BIC) and log-likelihood (¢) wvalues, where the lower values of AIC, BIC and the upper value of ¢

values for models indicate that these models could be chosen as the best model to fit the data sets.

First real data: First real data set is given in Feigl and Zelen [10] for the patients who died of acute
myelogenous leukemia. Feigl and Zelen [10] represent observed survival times (weeks) for AG
negative. The data set is: 56, 65, 17, 17, 16, 22, 3, 4, 2, 3, 8, 4, 3, 30, 4, 43. APTP, Weibull, Alpha-
Power Exponential( Mahdavi and Kundu [8]), Exponentiated Exponential (Gupta and Kundu, [3]), Beta
Generalized-Exponential (BGE) (Barreto-Souza et al. [11]), Beta-Exponential (BE) (Nadarajah and
Kotz [12]), Beta-Pareto (BP)(Akinsete et al. [13]), Generalized Exponential (GE)(Gupta and Kundu
[14]), Exponential Poisson (EP) (Kus [15]), Beta Generalized Half-Normal (BGHN) (Pescim et al.
[16]), Generalized Half-Normal (GHN)(Cooray and Ananda [17]) and Gamma-Uniform (GU) (Torabi
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and Montazeri [18]) distributions are fitted to data. Table 3 shows that the APTP distribution gives a
better fit than the other models for all criteria except GU distribution.

Table 3. Results of AIC, BIC and log-likelihood for APTP and other distributions for the data set

Model IML Estimates of Parameters AIC BIC V4
APTP & = 485.771,3 =1.034 1273 128.9 61.6
Pareto & = 0431 135.2 135.9 -66.6
BGHN a=009,b=040,6 =599, §=132.49 131.9 134.9 -61.9
GHN & =0.76,0 = 73.62 130.2 131.8 -63.1
GE & =0.757,0 = 0.013 129.5 131 -62.7
EP & =0.01,0=0.016 129.1 130.6 62.5
BP a=2035b=2327,4=0.01,0 = 0.06 129.7 132.8 -62.8
Weibull & = 0.948, 3 = 0.055 129.4 130.9 -62.6
EE & = 0.968,0 = 0.053 129.5 131.0 -62.7
APE & = 0.364, 3 = 0.042 129.1 130.6 62.5
BGE a=137.95b=2333,4=0.013,0 = 0.04 132.9 135.9 -62.4
BE b =2.998,4& = 0.96,0 = 0.017 131.5 133.8 -62.7
GU a=199,b=16539,4 = 0.46,0 = 0.30 123 126.1 57.5
1
0.9 -
0.81 APT-Pareto
Real Data
0.7 Weibull
0.6 ~ T TAPE
. -—-—-EE
0.5 ]
[T
0.4 _
0.3 8
0.2 -
0.1 —
0 | | | | | 1 -
0 10 20 30 40 50 60

Myelogenousleukemia data (AG negative)

Figure 3. Empirical and some fitted distribution functions based on myelogenous leukemia data

Second real data set: The real dataset is taken from Nassar and Nada [19], which gives the relief times
of 32 patients receiving an analgesic. The data are: 5.9, 20.4, 14.9, 16.2, 17.2, 7.8, 6.1, 9.2, 10.2, 9.6,
13.3, 8.5, 21.6, 18.5, 5.1,6.7, 17, 8.6, 9.7, 39.2, 35.7, 15.7, 9.7, 10, 4.1, 36, 8.5, 8, 9.2, 26.2, 21.9,16.7,
21.3,354,14.3, 8.5, 10.6, 19.1, 20.5, 7.1, 7.7, 18.1, 16.5, 11.9, 7, 8.6,12.5, 10.3, 11.2, 6.1, 8.4, 11, 11.6,
11.9,5.2, 6.8, 8.9, 7.1, 10.8. APTP, Burr XII distribution by Burr[20], Kumaraswamy Rayleigh (Kum-
R) by Rashwan [21], Beta Bur XII (Beta-BXII) by Paranaiba et al.[22], Weibull Lomax (W-L) by Tahir
et al. [23]. Odd log-logistcWeibull (OLL-W) by Cruz et al. [24], and Exponentiated Generated Weibull
(EG-W) by Cordeiro et al. [25] distributions are fitted to data. From Table 4, it is clear that the APTP
distribution provides the overall best fit and therefore could be chosen as the most adequate model
among the fitted models to second data.
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Table 4. Results of AIC and log-likelihood for APTP and other distributions for the data set.

Model ML Estimates of Parameters AIC BIC 14
APTP & = 485.77,3 =1.03 221.9 228.8 109.2
Pareto a = 0.39 285.9 287.4 142.0
Burr XII A=0.07,0 =561 518.5 521.3 257.2
Kum-R & =149,0 =73.62,\ = 4.70, 3 = 0.19 400.9 401.8 196.5
Beta-Burr XII & =37.30,0 =1.09, A = 0.89, 3 = 3.84 385.9 386.8 188.9
W-L &=3.94,3=326A=261,0=026 396.6 397.5 194.3
OLL-W & = 28.15,1 = 0.08,0 = 793.68 387.5 389.4 190.8
EG-W &=0.19,4 =11.15,A = 0.77,6 = 0.38 387.5 388.3 189.7
TLG-Burr XII & =629,3=1732,1=0680 =181 385.5 386.4 188.8
APE & =328.19,3 =1.64 2235 226.4 109.7
Weibull B=1.76,\ = 0.06 225.5 228.4 110.8

1 R p—
09— - =
APTP
0.8 Real Data
— — —APE
0.7 _
0.6 — =
%os - |
04— =
03 =
0.2 _
01— =
ol ==" g | | | | | |
0 5 10 15 20 25 30 35 40
Relief times of 20 patients receiving an analgesic
Figure 4. Empirical and some fitted distribution functions based on relief times data
6. CONCLUSION

In this study, APT family is considered with baseline Pareto distribution. ML and LS estimation are
discussed for the parameters. An application of the APTP distribution to a real data set is given to
demonstrate that this distribution can be used quite effectively to provide better fit than other available
models.
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Abstract. Nowadays 89Zr is outstanding PET radionuclide with its physical half-life (t1/2 ~ 78 hours), useful
decay specifications and so that it is suitable for antibody-based immuno-PET. Relatively oscillated positrons'
low decay energies supply to take high-resolution. 89Zr-labeled radiopharmaceuticals, especially as 89Zr-
labeled antibodies applications are getting increase day by day.

In this study, calculations about production of 89Zr were done and used (p,n) reaction of 89Y target system.
For this Q-value, Threshold Energy, Minimum Coulomb Barrier Energy of the reaction were calculated then
the cross-sections of this reaction were found using Empire3.2/MALTA code. After determining the irradiation
calculations, the bombardment performed. The irradiation was performed in Ankara Saraykdy Nuclear
Research and Training Center, proton accelerator. The cyclotron is IBA type Cyclone-30. Then separation part
was done with Dowex resine system. After separation 89Zr from the irradiated target system, radioactive 89Zr
was obtained purely..

Keywords: 89Zr, 89Y, Cyclone-30, Empire3.2/MALTA, Radionuclide, Dowex, PET Radionuclides

89Zr'un Proton Hizlandiricida Uretim Kosullarinin Incelenmesi

Ozet. 8Zr, uygun bozunum 6zellikleri, fiziksel yar1 omrii (t1/2 ~ 78 saat) nedeniyle artan ilgi gormiistiir ve bu
nedenle de antikor temelli immiino-PET i¢in uygun goriilmektedir. Relatif olarak salinan pozitronlarin diisiik
bozunum enerjisi yiiksek ¢oziiniirliiklii goriintii alinmasini saglar. 89Zr-isaretli radyofarmasétiklerinin insanda
kullanimi 6zellikle Zr isaretli antikorlar olarak immuno-PET de kullanim: giinden giine artmaktadir.

Bu calismada, 8%Zr iiretimi ile ilgili hesaplamalar yapilmis ve &Y hedef sisteminin kullamldig1 (p, n) reaksiyonu
kullanilmistir. Bunun i¢in reaksiyon sonucu Bag Enerjisi, Esik Enerjisi, Minimum Coulomb Bariyeri Enerjisi
hesaplanmis, daha sonra bu reaksiyonun tesir kesitleri Empire3.2/MALTA kodu kullanilarak bulunmustur.
Isinlama hesaplamalar1 belirlendikten sonra proton bombardimani yapilmistir. Bu 1sinlama Ankara Saraykoy
Niikleer Aragtirma ve Egitim Merkezi'ndeki proton hizlandiricisinda gergeklestirilmistir. Kullanilan siklotron
IBA tipi Siklon-30'dur. Daha sonra ayirma kismi1 Dowex regine sistemi ile yapilmustir. Isinlanmg #Zr, hedef
sistemden ayrildiktan sonra, radyoaktif 8°Zr saf olarak elde edilmistir.

Anahtar Kelimeler: 8Zr, #Y, Siklon-30, Empire3.2/MALTA, Radyoniiklid, Dowex, PET Radyoniiklidleri
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1. INTRODUCTION

Positron Emission Tomography (PET) uses short-lived organic f*-emitters however, in the case

of the slow metabolic processes, longer-lived B*-
emitters are needed. ®Zr is an important positron
releasing radionuclide with its half-life of 78.41

hours and approximately 23% low positron energy
emission. Besides its chemistry is useful labeling
of antibodies (mAbs) for PET imaging in radio-
immunotherapy and personal medicine. In nuclear
medicine, usage of %Zr as a PET radionuclide
increased recently [1, 2, 3, 4, 6, 16, 18, 21]. &Zr
decays to 8™Y with 22.7% of positron emission (B*
decay) and 77.3% of electron capture (EC).
Because of EC, about 15-keV low energy X-ray
irradiation is also seen. Moreover, there is 909-keV
energy gamma radiation with this decay. 511 keV
energy annihilation photons are far away from
noise relatively and this situation causes to increase
the quality of image. In addition #Zr with 902 keV
positron energy and 78.41 hours half-life is more
ideal PET radionuclide than *F with 110 minute
half-life for production and transportation to the
hospital [12, 21].

89Zr can produce in medical cyclotrons with proton
or deuteron irradiation with ®Y(p,n)®Zr or
89Y(d,2n)®Zr reaction [13, 23]. ®Zr is a specific
radionuclide, which can be used in immuno-PET
applications with monoclonal antibodies (mAbs)
in-vivo monitoring and quantifications [2, 12], and
with the half-life of 78.41 hours is an ideal time to
connect the antibodies to the target tissue [20, 23,
24].

When the comparison of gamma scintillation or
Single-Photon Emission Computed Tomography
(SPECT), PET is higher attenuation correction,
resolution and sensitivity [10, 17, 20, 21, 22].
According to that, ®Zr-labeled antibodies used in
tumor detection at preclinic and clinic,
successively [7, 8, 9]. On the other hand ®2Zr-
labeled antibodies with cancer detection and
research, there is also a potential for usage in

* Corresponding author. Email address: ~ bgbulduk@gmail.com

http://dergipark.gov.tr/csj

autoimmune diseases [5, 15]. There are also more
studies about labeled of white-blood cells,
cytokines and labeling of these cells are also
important [11, 14, 19].

2. MATERIALS and METHODS

2.1. Calculation of Q-value, Threshold Energy
and Minimum Coulomb Barrier Energy of
89Y (p,n)®Zr Reaction

Q=[m, +m; —(m, +mg)]c* MeV

- m, is projectile mass in MeV/c?,
- m, is target mass in MeV/c?,
- m, is emitted particle mass in MeV/c?,

- My is residual nucleus mass in MeV/c?,
- Cis the speed of the light.

After calculating the Q-value, the Threshold
Energy (E;,) is,

E, =-Q et pev
T

Threshold energy for the reaction, which occurs at
this energy level, is significant. The other
necessary term is Minimum Coulomb Barrier

Energy (Eg, ) so,

Z,Z.

MeV
Ar (AP113 + Arlls)

E,,. =1.109(A, +A)

- A, is atomic number of projectile,
- A is atomic number of target,
- Z,is mass number of projectile,

- Z. is mass number of target.

©2016 Faculty of Science, Sivas Cumhuriyet University




Bulduk et al. / Cumhuriyet Sci. J., Vol.40-2 (2019) 388-395

091 |E,<E, -

LER /

074 . ‘ / \
064 :

05 / /

044 | : /

S

02 : : '

! L
0,14 : /

00

probability

T T T T T T T T T
4 6E, 8 E 10 12 14 % 18 20 2 24
h o
energy (MeV)

10

09|

<
E.<En o
08|
07+ | |
06 - Lo
[ /
05| Lo /
P

04|

probability

034 i i f
P
02|

0,1

00

T - T T T T T T T
8 EJO E, 12 14 16 18 20 22 2 26
o
energy (MeV)

Figure 1. Comparison of Threshold Energy and Minimum Coulomb Barrier Energy

2.2. Nuclear Cross-section and Irradiation Yield

The general formula of the nuclear cross-section is,
O_R — 7Z'|’02(A;/3 + 1/3)2

where I, is radius of nucleus and about 1.6 fm and

the unit of this total cross-section is barn (10
cm?). In this project, all the cross-sections of the
reactions will be calculated by Empire3.2/MALTA
code.

The rate of production is given by the simplest
equation,

R=nlo
Nonetheless, the cross-section is not always

constant and function of energy so that the more
exact expression is,

o(E) 4
nljd Tax

- R is the number of nuclei formed per second,

-n; is the target thickness in nuclei/cm?,

- | is the incident particle flux per second and is
related to the beam current,

-o is the reaction cross-section, or
probability of interaction, expressed in cm?
and is a function of energy,

- E is the energy of the incident particles,

- X is the distance travelled by the particle and

EO
- I is the integral from the initial energy to the
ES

final energy of the incident particle along its path.

PX
A

is the equation of target thickness also and,

nT=

- A, is the atomic weight of the target material in
grams,

- p isthe density in g/cm3,
- N, is Avogadro’s number and

- x is the distance the particle travels through the
material in cm.

Then the overall rate of production is,

% &(E)

dn
dE - AN
T idE/dx

- A is the decay constant and is equal to In 2/ty; (ti2
is half-life),

- tis the irradiation time in seconds and

- N is the number of produced nuclei in the target.
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For all, the yield of the nuclear reaction is,

_ —/n)J' U(E)

YEOB

- S; (E) is the stopping power, dE / dx actually.

2.3. Energy Loss after bombardment, Stopping
Power and Range of lons in Matter

For Bethe and Bloch (Bethe et al., 1932), stopping
power with the simplest form is,

4Are‘ziz, 1, » C
S= fin2™ )+In(1—/32) B Zz]

MeV/cm

- m is the mass of electron,

- Z1 and Z; are the atomic numbers of the particle
and target,

- e is the electron charge,
- v is the velocity of the particle,

- | is the ionization (excitation) potential,

- fisvic and v is the speed of particle in cm/s and

- C/Z; is the shell correction.

2.4. SRIM (Stopping Powers and Ranges in All
Elements, 2013)

SRIM is the program, which can calculate and
simulate the energies of the charged or uncharged
particles in the system. These particles can be
electrons, protons, neutrons, helium, deuterium or
tritium. According to SRIM2013, it gives the range
of the projectile into the target depends on stopping
power.

2.5. Reaction Q-values and Threshold Energies
for #¥Y+!H

According to Table 1, the reaction Q-value is about
3.6 MeV and so the reactions occur after this
energy level. Also from the equations (1) and (2),
the results are about -4 MeV and 4.1 MeV. Then
the Coulomb Barrier energy (3) for this reaction is
8 MeV. Since Threshold Energy is smaller than
Minimum Coulomb Barrier Energy, the reaction
initiates at the Threshold Energy level.

Table 1. Q-values and Threshold Energies for different reactions of 8Y+p until 15 MeV

391

Reaction Products Q-value (keV) Threshold Energy (keV)
OZr+y 8353.380 0.0
86Sr+0, 1678.100 0.0
8Y+p 0.0 0.0
89Zr+n -3615.110 3656.070

82K r+20 -4679.690 4732.720
8Sr+2p -7076.770 7156.970
®Rb+pt+a -7966.740 8057.020
8Y+d -9257.150 9362.060
8Sr+n+a -9813.140 9924.350
87Sr+3He -10471.360 10590.030
8Se+30 -10669.020 10789.930
8BY+n+p -11481.720 11611.840
7Y +1 -12351.640 12491.610
8Zr+2n -12934.490 13081.070
81Br+p+2a -14583.330 14748.600
84K r+2p+a -14983.700 15153.500

2.6. Cross-sections for the Reaction of #Y+!H

According to Empire3.2, the cross-sections of some reactions of 8Y+p are below;
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Table 2. Cross-sections of the different reactions after the proton bombardment to the target of 8Y (*=the main reaction)

Energy (p,y) reaction | (p,n) reaction (p,2n) (p,d) reaction (p,2p) (p,o)

(MeV) cross-section | cross-section reaction cross-section reaction reaction
(mb) (mb)* cross-section (mb) cross-section | cross-section

(mb) (mb) (mb)
10 0.22577 654.357 0 0 0 0.48568
11 0.18951 681.768 0 5.1E-08 5.8E-06 0.85182
12 0.19406 709.748 0 5.2E-05 0.00156 1.78121
13 0.17922 684.621 0 0.00182 0.03143 3.83865
14 0.17308 682.809 30.3097 0.17112 0.23038 8.97375
15 0.16944 619.156 106.859 4.38041 1.07919 17.9847

From Table 2, the probable radiochemical purities will be *Zr, 8Zr, 8zr, 88y, &8Sr and ¥Sr using Table
1. The reactions’ cross-sections except the main reaction (p,n), is too small to produce another impurity

so they are negligible.

1000
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£
E 600 ——Talys-TENDL
c
-% 300 e Satheesh
o 400
3 == (Omara
a 300
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0 4
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Incident Energy (MeV)

Figure 2. Comparison of the Empire3.2, Talys-TENDL2014 and EXFOR cross-section data for the reaction of Y (p,n)°zr

When incident energy is increased, different
reactions occur directly so minimum energy is
always preferable. Furthermore 12 MeV energy
range is optimum and other probable reactions are
(p,7), (p,d), (p,2p) and (p,a) but if it is compared,
these reactions cross-sections are extremely small
from the main reaction. From these results, other
isotopes can occur actually like %Zr, 8Y, 8Sr and
8Sr as seen in Table 1 then *°Zr and 8Sr cannot
produce because of the threshold energy of the
main reaction.

2.7. Stopping Power of the Target System

From SRIM(2013), the target thickness is the most
important parameter and for 12 MeV proton
energy, energy loss against thickness result is in
Figure 3.

1s : Rty

105} : : : NG

Outer Energy (MeV)
/

95 L L L q L i i L
0 20 40 60 80 100 120 140 160
Thickness(um)

Figure 3. Energy loss with 12 MeV proton beam after target
of 8%Y using MATLAB code

2.8. Rate of Production
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The calculations about the bombardment was
performed with MATLAB using IAEA data for
irradiation. According to Figure 4 to produce %Zr
from 8%Y with proton bombardment under 12 MeV
in Cyclone-30 cyclotron.

t6=150 um

t5=125 um )
t4=100 um 113
t3=75 um |-
t2=50 um | 7]
t1=25um | |

Nurnber of Disintegration (mCi)

i i i i i
u] 10 20 30 40 50 B0
Irradiation Time (min)

Figure 4. Activity for the irradiation of target #Y with proton
beam for 1 hour.

2.9. Preparation of Dowex Resine

First, the activation of the resine was obtained. For
this 10% NaCl solution and 0.2% NaOH was
heated at 80 C° for 2 hours. Then Dowex (1x8) was
passed through the mixture with 0.5% HCI
solution. Before the elution, the column was
conditioned with 12 M HCI. In the first step, the
target will be washed with 12 M HCI and will be
passed through the resine. It is expected that 8°Zr
will stay in the resine in this way then after washing
the resine with 2 M HCI, &Zr will also come from
there.

3. RESULTS AND DISCUSSION

From all the calculations, it is decided that
irradiation parameters were like below;

Table 3. Irradiation Parameters

Yttrium metal foil
(99.99% pure)

Target Material

Irradiation Time 30 minutes
Irradiation flux 20 pA (1.25x10%
proton/cm?)
Proton beam angle 6°
Thickness of the 150 um

target

Proton beam energy 15 MeV
Expected activity 10 mCi
Cooling time 1 day

After bombardment, ORTEC LaBr3 scintillation
detector performed the counting method. In the
first spectroscopy (Figure 5), it is seen that there
are 3 main peaks which are annihilation photon
(511 keV), %Zr gamma peak (909 keV) and %Zn
gamma peak (1116 keV) because of copper target
plate. Then the impurity was removed using
Dowex resine, there are only 2 peaks can be seen
in Figure 6.

Counts
T

ok 1"’ M H{MMM

Energy KV

Figure 5. The first gamma spectroscopy of the target after
irradiation

Counts

ST Y] WA YY1 S W N 11 M W W WA YAT]

Figure 6. The gamma spectroscopy of target after washing
with resine

Totally 3.5 mCi of activity was observed in the
dose calibrator after the irradiation. According to
the spectrum obtained after the initial washing of
the copper target system with 12M HCI, the %Zn
impurity was removed from the system and the
amount of residual activity decreased to 2.5 mCi.
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This is calculated to be around 7 mCi of 8zr
immediately after irradiation. According to the
calculations made, a radiation efficiency of 70%
was achieved. It is believed that the cause of the
error is caused by the heat spread of the yttrium
foil. As a result, 8Zr was obtained in pure form.

4. CONCLUSION

Using new metallic PET radionuclides like 89Zr is
increasing all over the world. With a single photon
energy and half-life, it is useful and more efficient
than other PET radionuclides. To product this
radionuclide, there is a nuclear reaction named
(p,n) and the target for this reaction is 89Y. IBA
Cyclone-30 proton accelerator, which has a 30-
MeV maximum energy of protons, is very common
in the world and the irradiation was performed in
this cyclotron.

To sum up, it is matched that the theoretical data
and experimental outputs. It was calculated that
after irradiation, it was waited about 10 mCi
activity from the target but only 7 mCi total activity
was obtained because of the damaged target due to
high temperature. Last of all, the irradiation was
successfully completed taking radioactive 89Zr
without any radiochemical impurity.
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Abstract. Benzimidazole derivates are investigated the activity of corrosion inhibitor molecules.In quantum
chemical calculation, different parameters such as Enomo, Erumo, AE (HOMO-LUMO energy gap),
electronegativity, chemical hardness, global softness, nucleophilicity are calculated by Gaussian 09 software.
Studied molecules were performed using the Hartree-Fock (HF) and Becke, 3-parameter, Lee-Yang-Parr
(B3LYP) method with sdd, cep-4g, 3-21G, 6-31G, 6-31++G, lanl2dz basis set in gas and aqueous phase. We
can see the corrosion inhibitor ranking as: 4ANPBI > 4APBI > 2NPBI > 2APBI > 4BPBI > 4MPBI > 4CPBI >
PBI in B3lyp method with sdd and lanl2dz.

Keywords: Benzimidazole, DFT, corrosion, activity.

DFT ile benzimidazol tiirevlerinin korozyon inhibitorii olarak incelenmesi

Ozet. Benzimidazol tiirevleri, korozyon 6nleyici molekiillerin aktivitesini arastirildi. Kuantum kimyasal
hesaplamasinda, Exomo, ELumo, AE (HOMO-LUMO enerji aralig1), elektronegatiflik, kimyasal sertlik, global
yumusaklik, niikleofilik gibi farkli parametreler gaussian 09 yazilimi ile hesaplandi. Calisilan molekiiller,
Hartree-Fock (HF) ve Becke, 3-parametre Lee-Yang-Parr (B3LYP) yontemi kullanilarak sdd, cep-49, 3-21G,
6-31G, 6-31 ++ G, lanl2dz temel sette gaz ve sulu fazda hesaplamalari yapildi. Korozyon inhibitorii siralamasini
asagidaki gibi gorebiliriz: 4ANPBI>4APBI> 2NPBI> 2APBI> 4BPBI> 4MPBI> 4CPBI> PBI, b3lyp metodunda
lanl2dz ve sdd settinde.

Anahtar Kelimeler: Benzimidazol, DFT, korozyon, aktivite.

1. INTRODUCTION

Metal corrosion is a very important problem in
various industrial processes which is widely used
water, alcohol and acid. The acid solutions used
cause too much corrosion in the metal that is an
iron, copper, aluminum. Corrosion inhibitors that
are containing nitrogen, oxygen, Sulphur and
aromatic ring, are used to prevent corrosion caused
by acid solutions.

As it is well known that experimental studies have
been used to understand the corrosion inhibition

* Corresponding author. Email address:
http://dergipark.gov.tr/csj

btuzun@cumhuriyet.edu.tr
©2016 Faculty of Science, Sivas Cumhuriyet University

mechanism of molecules and to explain corrosion
inhibition  efficiencies. Quantum  chemical
calculations provide preliminary information on
the activities of molecules. In quantum chemical
calculations, parameters related to the activity of
molecules are calculated using density functional
theory (DFT) that are calculated HOMO (highest
occupied molecular orbital), LUMO (lowest
unoccupied molecular orbital), electrophilicity,
electronegativity, chemical potential, chemical
hardness and nucleophilicity.
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In this study, we can be seen that activity of studied
molecules whose names are 2-(4-nitrophenyl)

benzimidazole  (4NPBI),  2-(4-aminophenyl)
benzimidazole (4APBI), 2-(2-nitrophenyl)
benzimidazole  (2NPBI),  2-(2-aminophenyl)

benzimidazole (2APBI), 2-phenyl benzimidazole
(PBI), 2-(4-chlorophenyl) benzimidazole (4CPBI),
2-(4-metilphenyl) benzimidazole (4MPBI), 2-(4-
bromophenyl) benzimidazole (4BPBI) in Figure 1
[1].

2. COMPUTATIONAL DETAILS

DFT calculation is the most popular method for the
activity of molecules.In this study, we prepared the
input files of the molecules studied by gaussian
view 5.08 programs [2]. Calculations of studied
molecules were performed with Gaussian 1A32W-
GO09RevA.02 and Gaussian AS64L-G09RevD.01
programs [3-4]. Studied molecules were performed
using the Hartree-Fock (HF)[5] and Becke, 3-
parameter, Lee-Yang-Parr (B3LYP) [6-8] method
with sdd, cep-4g, 3-21G, 6-31G, 6-31++G, lanl2dz
basis set in gas and an aqueous phase. HOMO and
LUMO are given information about activity of
molecules.Chemical reactivity parameter of
molecules isgiven to found a good corrosion
inhibitor such as Enomo, EiLumo, AE (HOMO-
LUMO energy gap), electronegativity (),
chemical potential (u), chemical hardness (1),
electrophilicity (), nucleophilicity (€), global
softness (o) and proton affinity (PA) [9-18].

oE
——y=| = 1
H==X (8Njw) (1)
y2e) e 2
o), el @

lonization energy (1) and electron affinity (A) [19]
of studied molecules are calculated with HOMO
and LUMO energy that are interested
Electronegativity, global softness and chemical
hardness obtaining the following equations.

—u-[128) ;
Y =—H= 5 3)

(4)

As it is well known that global softness is defined
as the inverse of the chemical hardness [20].

o=1/n ®)
-E -E
y=—p= ( HOM02 LUMO j (6)
E -E
n= ( LUMO > HOMO j )

The global electrophilicity index () that is
investigated by Parr et al., is the inverse of
nucleophilicity and are given inequality (8).
Electrophilicity and nucleophilicity are used for the
prediction organic and inorganic reaction
mechanisms. Nucleophilicity (g) is defined as the
inverse of the electrophilicity in equations (9).

o= 2n=y*/2n (®)

e=1lw 9)
3. RESULTS AND DISCUSSION

The corrosion inhibitor reactivity of benzimidazole
derivatives is studied by quantum chemical
calculation. The chemical reactivity of studied
molecules that is obtained by the Gaussian
software program, it is shown that a good inhibitor
against different metal atoms. The studied of
molecules are obtained the results are given in
below.

The studied molecules are investigated quantum
chemical parameter such as Enomo, ELumo, AE
(HOMO-LUMO energy gap), electronegativity,
chemical potential, chemical hardness,
electrophilicity, nucleophilicity, global softness
and proton affinity. These parameters are very
important parameters which are compared the
reactivity of studied molecules.

As it is well known that the properties of chemical
reactivity of studied molecules were compared by
molecular orbitals of an inhibitor molecule that
have got two molecular orbitalswhose the name is
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Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO).

The energy level of HOMO has defined the
electron donating ability of studied molecules. The
molecule has got the high values of energy of
HOMO that is showingthe tendency to donate
electrons of the molecule to appropriate that the
acceptor molecules have low energy and empty
molecular orbital [9-18]. From the light of the

OO

H 4NPBI

O,N
|
i : :N >:
H
2NPBI

-0
(O

4MPBI

result given in the information, the energy level of
LUMO of molecules is indicated electron
accepting abilities of studied molecules. When the
energy value of LUMO of inhibitor molecule is
lower, this molecule has more electron accepting
ability in lower energy of molecular orbitals. The
calculated of HOMO and LUMO energy value is
givenin Table 1, 2, 3 and 4.

N

A

N
H 4APBI

oS

2APBI

O

4CPBI

Sevas

4BPBI

NH,

N

Figure 1. The structure and schematic representation of molecules of benzimidazole derivatives

In figure 2, structure of HOMO, LUMO and ESP
studied molecules are given about some
information of this molecule. In figure of HOMO
of molecule, we look where highest occupied
molecular orbital is. In this picture, HOMO orbitals
appear to cover the entire molecule. In figure of
LUMO of molecule, we look where lowest
unoccupied molecular orbital is. In this picture,
LUMO orbitals appear to cover the entire
molecule. Last picture is ESP that is Molecular
electrostatic potential (ESP) figure that given
information about distribution of electrons in

molecular. In this picture, the different value of the
electrostatic potential represented by different
colors [14]. This potential increases in the order red
> orange > yellow > green > blue. The highest
potential is on oxygen atoms.

The energy gap value (AE) in chemical reactivity
of inhibitor molecule is a very important parameter
in corrosion. As it is well known that inhibitor
molecule has a small energy gap value, this
molecule is a good corrosion inhibitor. Since the
energy gap value of inhibitor molecule is indicated
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that the binding ability of inhibitor molecules on  4APBI > 2NPBI > 2APBI > 4BPBI > 4MPBI >
metal surfaces [21]. On the basis of the calculated 4CPBI > PBI in B3lyp method with sdd and
the energy gap value given in Table 1, 2, 3 and 4, lanl2dz.

the corrosion inhibition activity of benzimidazole

derivatives molecules can be written as:4NPBI >

HOMO LUMO

Figure 2. Structures of HOMO, LUMO and ESPs of benzimidazole derivatives
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Table 1. The calculated quantum chemical parameters with B3LYP method in gas phase (eV)

Ernomo  ELumo | A AE n c % Pi [0) € dipol Energy
B3LYP/SDD
4NPBI  -6,903 -3,324 6,903 3,324 3,579 1,790 0,559 5113 -5,113 7,305 0,137 8,811 -22163,416
4APBI  -5,376 -1,259 5,376 1,259 4,117 2,059 0,486 3,317 -3,317 2,673 0,374 5,861 -18105,389
2NPBI  -6,701 -2,566 6,701 2,566 4,136 2,068 0,484 4,633 -4,633 5,191 0,193 4,634 -22162,904
2APBI  -5,618 -1,471 5,618 1,471 4,147 2,073 0,482 3,544 -3,544 3,030 0,330 2,949 -18105,611
PBI -6,193 -1,703 6,193 1,703 4,490 2,245 0,445 3,948 -3,948 3471 0,288 0,998 -16599,339
4CPBI  -6,345 -1,920 6,345 1,920 4,425 2,213 0,452 4,132 -4,132 3,858 0,259 3,522 -29105,350
4MPBI  -6,009 -1,597 6,009 1,597 4,413 2,206 0,453 3,803 -3,803 3,277 0,305 0,391 -17668,447
4BPBI  -6,337 -1,939 6,337 1,939 4,398 2,199 0,455 4,138 -4,138 3,893 0,257 3,421 -16947,196
B3LYP/Cep-4g
4NPBI  -8,192 -4,904 8,192 4,904 3,288 1,644 0,608 6,548 -6,548 13,041 0,077 8,251 -3762,591
4APBI  -6,682 -3,025 6,682 3,025 3,657 1,829 0,547 4,853 -4,853 6,440 0,155 3,823 -2932,975
2NPBI  -8,018 -4,466 8,018 4,466 3,552 1,776 0,563 6,242 -6,242 10,968 0,091 4,138 -3762,160
2APBI  -6,936 -3,193 6,936 3,193 3,743 1,872 0,534 5,065 -5,065 6,852 0,146 2,577 -2933,299
PBI -7,652 -3,443 7,652 3,443 4,209 2,105 0,475 5,547 -5,547 7,310 0,137 1,906 -2649,286
4CPBI  -7,793 -3,739 7,793 3,739 4,054 2,027 0,493 5,766 -5,766 8,201 0,122 4,731 -3038,153
4MPBI  -7,498 -3,327 7,498 3,327 4171 2,085 0,480 5,413 -5413 7,024 0,142 0,913 -2833,735
4BPBI  -7,507 -3,506 7,507 3,506 4,001 2,000 0,500 5,507 -5,507 7,579 0,132 2,813 -2997,697
B3LYP/3-21g
4NPBI  -6,653 -2,814 6,653 2,814 3,839 1,920 0,521 4,733 -4,733 5,836 0,171 7,293 -22043,816
4APBI  -5,108 -0,876 5,108 0,876 4,231 2,116 0,473 2,992 -2,992 2,116 0,473 6,020 -18008,316
2NPBI  -6,514 -2,448 6,514 2,448 4,067 2,033 0,492 4,481 -4,481 4,938 0,203 4,463 -22043,329
2APBI  -5,362 -1,146 5,362 1,146 4,216 2,108 0,474 3,254 -3,254 2,511 0,398 3,212 -18008,695
PBI -6,055 -1,394 6,055 1,394 4,660 2,330 0,429 3,724 -3,724 2,977 0,336 1,122 -16510,517
4CPBI  -6,256 -1,660 6,256 1,660 4,595 2,298 0,435 3,958 -3,958 3,409 0,293 3,943 -28957,276
4MPBI  -5,886 -1,311 5,886 1,311 4,575 2,288 0,437 3,598 -3,598 2,830 0,353 0,200 -17573,972
4BPBI  -6,092 -1,568 6,092 1,568 4,524 2,262 0,442 3,830 -3,830 3,242 0,308 2,607 -86205,409
B3LYP/6-31g
4NPBI  -6,699 -3,019 6,699 3,019 3,681 1,840 0,543 4,859 -4,859 6,414 0,156 8,360 -22160,493
4APBI  -5171 -0,971 5171 0,971 4,200 2,100 0,476 3,071 -3,071 2,246 0,445 5,850 -18103,585
2NPBI  -6,499 -2,190 6,499 2,190 4,309 2,154 0,464 4,345 -4,345 4,381 0,228 4,369 -22159,960
2APBI  -5,420 -1,196 5,420 1,196 4,224 2,112 0,474 3,308 -3,308 2,501 0,386 2,862 -18103,805
PBI -6,008 -1,428 6,008 1,428 4,580 2,290 0,437 3,718 -3,718 3,018 0,331 0,968 -16597,877
4CPBI  -6,200 -1,682 6,200 1,682 4,519 2,259 0,443 3,941 -3,941 3,437 0,291 3,765 -29103,991
4MPBI  -5,838 -1,343 5,838 1,343 4,495 2,247 0,445 3,590 -3,590 2,868 0,349 0,307 -17666,882
4BPBI  -6,124 -1,644 6,124 1,644 4,479 2,240 0,446 3,884 -3,884 3,368 0,297 3,096 -86558,506
B3LYP/6-31++g
4NPBI  -6,977 -3,443 6,977 3,443 3,534 1,767 0,566 5,210 -5,210 7,679 0,130 8,847 -22161,453
4APBI  -5,483 -1,352 5,483 1,352 4,130 2,065 0,484 3,417 -3,417 2,827 0,354 5,786 -18104,341
2NPBI  -6,769 -2,745 6,769 2,745 4,025 2,012 0,497 4,757 -4,757 5,623 0,178 4,581 -22160,962
2APBI  -5,716 -1,536 5,716 1,536 4,180 2,090 0,478 3,626 -3,626 3,145 0,318 2,846 -18104,506
PBI -6,277 -1,757 6,277 1,757 4,520 2,260 0,442 4,017 -4,017 3,571 0,280 0,942 -16598,523
4CPBI  -6,440 -1,981 6,440 1,981 4,460 2,230 0,448 4,211 -4,211 3,975 0,252 3,607 -29104,649
4MPBI  -6,095 -1,664 6,095 1,664 4,431 2,216 0,451 3,879 -3,879 3,396 0,294 0,456 -17667,551
4BPBI  -6,385 -1,962 6,385 1,962 4,423 2,212 0,452 4,174 -4,174 3,939 0,254 3,097 -86559,996
B3LYP/Lanl2dz
4NPBI  -6,908 -3,330 6,908 3,330 3,578 1,789 0,559 5,119 -5,119 7,323 0,137 8,827 -22163,371
4APBI  -5,379 -1,261 5,379 1,261 4,117 2,059 0,486 3,320 -3,320 2,677 0,374 5,862 -18105,360
2NPBI  -6,706 -2,574 6,706 2574 4131 2,066 0,484 4,640 -4,640 5,212 0,192 4,640 -22162,858
2APBI  -5,620 -1,473 5,620 1,473 4,147 2,074 0,482 3,547 -3,547 3,033 0,330 2,955 -18105,584
PBI -6,196 -1,705 6,196 1,705 4,491 2,246 0,445 3,950 -3,950 3,475 0,288 1,003 -16599,313
4CPBI  -6,362 -1,931 6,362 1,931 4,430 2,215 0,451 4,147 -4,147 3,881 0,258 3,656 -16989,793
4MPBI  -6,013 -1,598 6,013 1,598 4,414 2,207 0,453 3,806 -3,806 3,281 0,305 0,387 -17668,421
4BPBI  -6,311 -1,920 6,311 1,920 4,391 2,195 0,455 4,116 -4,116 3,858 0,259 3,211  -16941,355
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Table 2. The calculated quantum chemical parameters with B3LYP method in aqueous phase (eV)

Eromo ELumo | A AE n c x PI [0} € dipol Energy

B3LYP/SDD

4NPBI  -6,795 -3,598 6,795 3,598 3,197 1,599 0,626 5,196 -5,196 8,446 0,118 11,794 -22163,836
4APBI  -5,643 -1564 5,643 1,564 4,079 2,040 0,490 3,604 -3,604 3,184 0,314 11,666 -18105,943
2NPBI  -6,733 -3,252 6,733 3,252 3,481 1,740 0,575 4,992 -4,992 7,161 0,140 5,936 -22163,388
2APBI  -5,853 -1,665 5853 1,665 4,188 2,094 0,478 3,759 -3,759 3,375 0,296 6,213 -18105,980

PBI -6,402 -1910 6,402 1,910 4,492 2,246 0,445 4,156 -4,156 3,845 0,260 1,504 -16599,635
4CPBI  -6,467 -2,028 6,467 2,028 4,439 2,220 0,451 4,248 -4,248 4,065 0,246 4,841 -29105,633
4MPBI  -6,235 -1,846 6,235 1,846 4,390 2,195 0,456 4,041 -4,041 3,719 0,269 0,928 -17668,758
4BPBI  -6,457 -2,046 6,457 2,046 4,411 2,205 0,453 4,252 -4,252 4,098 0,244 4,653 -16947,477

B3LYP/Cep-4g

4NPBI  -8,178 -5203 8,178 5203 2,976 1,488 0,672 6,690  -6,690 15,043 0,066 10,258 -3763,007
4APBI  -7,004 -3,391 7,004 3,391 3,613 1,807 0,554 5,197 -5,197 7,476 0,134 7,187 -2933,601
2NPBI  -8,168 -5,044 8,168 5,044 3,124 1,562 0,640 6,606 -6,606 13,968 0,072 5,275 -3762,659
2APBI  -7,426 -3,335 7,426 3,335 4,091 2,045 0,489 5,381 -5,381 7,077 0,141 6,980 -2934,065

PBI -7914 -3,733 7,914 3,733 4,182 2,091 0,478 5824  -5,824 8,111 0,123 2,767 -2649,691
4CPBI  -7,968 -3,940 7,968 3,940 4,027 2,014 0,497 5954  -5954 8,802 0,114 6,076 -3038,525
4MPBI  -7,811 -3,658 7,811 3,658 4,153 2,077 0,482 5735  -5,735 7,918 0,126 1,585 -2834,169
4BPBI  -7,701 -3,739 7,701 3,739 3,962 1,981 0,505 5720 5,720 8,259 0,121 3,496 -2998,069

B3LYP/3-21g

4NPBI  -6,621 -3,036 6,621 3,036 3,585 1,793 0558 4,829  -4,829 6,503 0,154 9,425 -22044,112
4APBI  -5384 -1216 5384 1216 4,168 2,084 0480 3,300 -3,300 2,612 0,383 11,861 -18008,855
2NPBI  -6,593 -2,818 6,593 2,818 3,775 1,887 0530 4,706  -4,706 5,866 0,170 5,702 -22043,682
2APBI  -5620 -1,355 5620 1,355 4,265 2,133 0,469 3,487  -3487 2,851 0,351 6,313 -18009,045

PBI -6,281 -1,619 6,281 1,619 4,662 2331 0,429 3950  -3,950 3,346 0,299 1,734 -16510,766
4CPBI  -6,391 -1,785 6,391 1,785 4,606 2,303 0,434 4,088  -4,088 3,628 0,276 5,402 -28957,519
4MPBI  -6,133 -1565 6,133 1565 4,567 2,284 0,438 3,849  -3,849 3,244 0,308 0,297 -17574,226
4BPBI  -6,261 -1,731 6,261 1,731 4,530 2,265 0442 3996  -3,996 3,526 0,284 3,579  -86205,643

B3LYP/6-31g

4NPBI  -6,601 -3,273 6,601 3,273 3,328 1,664 0,601 4,937 -4,937 7,324 0,137 11,136 -22160,860
4APBI  -5421 -1262 5421 1262 4,158 2,079 0,481 3,341 -3,341 2,685 0,372 11,164 -18104,077
2NPBI  -6,534 -2,835 6,534 2,835 3,699 1,849 0541 4,684  -4,684 5,932 0,169 5,584 -22160,389
2APBI  -5,639 -1,381 5639 1,381 4,258 2,129 0,470 3,510 -3,510 2,893 0,346 5,802 -18104,128

PBI -6,202 -1,622 6,202 1,622 4,581 2,290 0,437 3,912 -3,912 3,341 0,299 1,437 -16598,127
4CPBI 6,305 -1,773 6,305 1,773 4,532 2,266 0,441 4,039 -4,039 3,600 0,278 5,210 -29104,238
4MPBI  -6,046 -1571 6,046 1571 4,475 2,237 0,447 3,809 -3,809 3,242 0,308 0,679 -17667,162
4BPBI  -6,246 -1,755 6,246 1,755 4,491 2,246 0,445 4,000  -4,000 3,563 0,281 4,269 -86558,747

B3LYP/6-31++g

4NPBI  -6,842 -3,731 6,842 3,731 3111 1,556 0,643 5,286 -5,286 8,982 0,111 12,184 -22161,881
4APBI  -5,706 -1,608 5,706 1,608 4,098 2,049 0,488 3,657 -3,657 3,263 0,306 11,631 -18104,879
2NPBI  -6,834 -3,491 6,834 3,491 3,343 1,671 0,598 5,162 -5,162 7,972 0,125 6,520 -22161,520
2APBI  -5,908 -1,691 50908 1,691 4,217 2,109 0,474 3,799 -3,799 3,423 0,292 6,113 -18104,858

PBI -6,446 -1,927 6,446 1,927 4,519 2,259 0,443 4,186 -4,186 3,878 0,258 1,385 -16598,804
4CPBI  -6,522 -2,049 6,522 2,049 4,473 2,236 0,447 4,286 -4,286 4,106 0,244 5,005 -29104,924
4MPBI  -6,278 -1877 6,278 1,877 4,401 2,200 0454 4,078 -4,078 3,778 0,265 1,185 -17667,850
4BPBI  -6,477 -2,044 6,477 2,044 4,433 2,217 0,451 4,260  -4,260 4,094 0,244 4,225 -86560,265

B3LYP/Lanl2dz

4NPBI 6,801 -3,606 6,801 3,606 3,195 1,598 0,626 5,203 -5,203 8,473 0,118 11,813 -22163,791
4APBI  -5,648 -1568 5,648 1,568 4,080 2,040 0,490 3,608 -3,608 3,191 0,313 11,672 -18105,916
2NPBI  -6,738 -3,263 6,738 3,263 3,475 1,738 0,575 5,000 -5,000 7,194 0,139 5,944 -22163,343
2APBI  -5,858 -1,668 5,858 1,668 4,189 2,095 0,477 3,763 -3,763 3,380 0,296 6,222 -18105,954

PBI -6,408 -1913 6,408 1,913 4,495 2,247 0,445 4,161 -4,161 3,851 0,260 1,520 -16599,610
4CPBI  -6,482 -2,037 6,482 2,037 4,444 2,222 0,450 4,259 -4,259 4,082 0,245 5,016 -16990,077
4MPBI  -6,240 -1,849 6,240 1,849 4,391 2,195 0,455 4,045 -4,045 3,726 0,268 0,921 -17668,733
4BPBI  -6,442 -2,039 6442 2,039 4,403 2,202 0,454 4,241 -4,241 4,084 0,245 4,386 -16941,636
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Table 3. The calculated quantum chemical parameters with HF method in gas phase (eV)

Enomo ELumo | A AE n c b4 Pi [0) £ dipol  Energy
HF/SDD
4ANPBI  -9,731 1,063 9,731 -1,063 10,793 5397 0,185 4,334  -4,334 1,740 0,575 8,069 -22027,634
4APBI  -7,518 2,499 7,518 -2,499 10,017 5,009 0,200 2,509 -2,509 0,629 1,591 1,251 -17988,851
2NPBI  -9,606 0,988 9,606 -0,988 10,593 5,297 0,189 4,309 -4,309 1,753 0,570 5,060 -22026,633
2APBI  -7,286 2,280 7,286 -2,280 9,566 4783 0,209 2,503  -2,503 0,655 1,527 5,928 -17987,967
PBI -8,307 2,265 8,307 -2,265 10,572 5286 0,189 3,021  -3,021 0,863 1,158 1,206 -16492,155
4CPBI  -9,140 0,209 9,140 -0,209 9,349 4,675 0,214 4,466 -4,466 2,133 0,469 4,423 -28979,512
4MPBI  -8,148 2,403 8,148 -2,403 10,552 5,276 0,190 2,872 -2,872 0,782 1,279 0,584 -17553,403
4BPBI  -9,059 2,072 9,059 -2,072 11131 5565 0,180 3,494  -3,494 1,097 0,912 4,188 -16834,371
HF/Cep-4g
4NPBI  -11,048  -0,994 11,048 0,994 10,054 5,027 0,199 6,021 -6,021 3,606 0,277 7,817 -3662,891
4APBI  -8,991 1,491 8,991 -1,491 10,481 5,241 0,191 3,750 -3,750 1,342 0,745 0,917 -2849,671
2NPBI  -11,022 0,115 11,022 -0,115 11,136 5568 0,180 5453  -5453 2,670 0,374 4,664 -3662,380
2APBI  -8,604 1,346 8,604 -1,346 9,951 4975 0,201 3,629  -3,629 1,323 0,756 2,482 -2849,719
PBI -10,075 1,128 10,075  -1,128 11,203 5,601 0,179 4,473 -4,473 1,786 0,560 1,478 -2573,138
4CPBI  -10,547 0,580 10,547 -0,580 11,127 5564 0,180 4,984  -4,984 2,232 0,448 4,665 -2955,887
4MPBI  -9,973 1,282 9,973 -1,282 11,256 5,628 0,178 4,345  -4,345 1,678 0,596 0,721 -2751,804
4BPBI  -10,274 2,506 10,274 -2506 12,780 6,390 0,156 3,884  -3,884 1,180 0,847 3,356 -2916,891
HF/3-21g
4NPBI  -9,509 1,425 9,509 -1,425 10,934 5467 0,183 4,042  -4,042 1,494 0,669 7,167 -21909,792
4APBI  -7,264 2,858 7,264 -2,858 10,122 5,061 0,198 2,203  -2,203 0,479 2,086 0,472 -17893,170
2NPBI  -9,416 1,386 9,416 -1,386 10,802 5401 0,185 4,015 -4,015 1,492 0,670 4,741 -21908,839
2APBI  -7,310 2,611 7,310 -2,611 9,921 4960 0,202 2,349  -2,349 0,556 1,798 1,916 -17893,832
PBI -8,354 2,571 8,354 -2,571 10,925 5462 0,183 2,892  -2,892 0,765 1,307 1,096 -16404,596
4CPBI  -8,659 2,177 8,659 -2,177 10,836 5418 0,185 3,241  -3,241 0,969 1,032 4,153 -28832,859
4MPBI  -8,181 2,665 8,181 -2,665 10,845 5423 0,184 2,758  -2,758 0,701 1,426 0,553 -17460,279
4BPBI  -8,490 2,259 8,490 -2,259 10,749 5375 0,186 3,115 -3,115 0,903 1,108 3,201 -86052,485
HF/6-31g
4NPBI  -9,507 1,349 9,507 -1,349 10,856 5,428 0,184 4,079 -4,079 1,533 0,652 7,884 -22024,747
4APBI  -7,504 3,068 7,504 -3,068 10,572 5286 0,189 2,218 -2,218 0,465 2,150 1,393 -17987,154
2NPBI  -8,786 1,942 8,786 -1,942 10,727 5364 0,186 3,422  -3,422 1,092 0,916 4,966 -22023,629
2APBI  -7,769 2,864 7,769 -2,864 10,633 5316 0,188 2,453  -2,453 0,566 1,768 1,602 -17987,206
PBI -8,150 2,601 8,150 -2,601 10,751 5,375 0,186 2,775 -2,775 0,716 1,396 1,157 -16490,647
4CPBI  -8,422 2,264 8,422 -2,264 10,686 5,343 0,187 3,079 -3,079 0,887 1,127 4,171 -28977,756
4MPBI  -7,993 2,697 7,993 -2,697 10,690 5345 0,187 2,648 -2,648 0,656 1,524 0,608 -17551,797
4BPBI  -8,350 2,280 8,350 -2,280 10,630 5,315 0,188 3,035 -3,035 0,867 1,154 3,734 -86402,492
HF/6-31++g
4ANPBI  -9,086 0,216 9,086 -0,216 9,302 4,651 0,215 4,435 -4,435 2,114 0,473 8,026 -22024,899
4APBI  -7,524 1,058 7,524 -1,058 8,582 4291 0,233 3,233  -3,233 1,218 0,821 0,384 -17988,099
2NPBI  -9,541 0,832 9,541 -0,832 10,373 5186 0,193 4,355  -4,355 1,828 0,547 5,083 -22024,461
2APBI  -7,948 1,053 7,948 -1,053 9,001 4,501 0,222 3,447 -3,447 1,320 0,757 1,618 -17987,709
PBI -8,323 1,056 8,323 -1,056 9,379 4,689 0,213 3,633 -3,633 1,408 0,710 1,159 -16491,100
4CPBI  -8,557 0,974 8,557 -0,974 9,531 4,766 0,210 3,792  -3,792 1,508 0,663 4,066 -28978,198
4MPBI  -8,155 1,084 8,155 -1,084 9,239 4619 0,216 3,535  -3,535 1,353 0,739 0,536 -17552,232
4BPBI  -8,506 0,982 8,506 -0,982 9,489 4,744 0,211 3,762 -3,762 1,492 0,670 3,766 -86403,766
HF/Lanl2dz
4NPBI  -9,686 0,357 9,686 -0,357 10,044 5,022 0,199 4,664  -4,664 2,166 0,462 8,602 -22027,001
4APBI  -7,512 2,501 7,512 -2,501 10,013 5,006 0,200 2,506  -2,506 0,627 1,595 1,248 -17988,792
2NPBI  -9,598 0,989 9,598 -0,989 10,587 5,293 0,189 4,305 -4,305 1,750 0,571 5,061 -22026,572
2APBI  -7,922 2,486 7,922 -2,486 10,407 5,204 0,192 2,718 -2,718 0,710 1,409 1,681 -17988,964
PBI -8,306 2,262 8,306 -2,262 10,568 5,284 0,189 3,022 -3,022 0,864 1,157 1,210 -16492,099
4CPBI  -9,153 2,081 9,153 -2,081 11,233 5,617 0,178 3,536 -3,536 1,113 0,898 4,567 -16877,010
4MPBI  -8,143 2,404 8,143 -2,404 10,546 5273 0,190 2,869  -2,869 0,781 1,281 0,587 -17553,340
4BPBI  -9,042 2,096 9,042 -2,096 11,138 5569 0,180 3,473  -3,473 1,083 0,924 4,187 -16828,705
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Table 4. The calculated quantum chemical parameters with HF method in aqueous phase (eV)

c x Pi o £ dipol  Energy

0,192 4358 -4358 1,821 0549 9,390 -22028,075
0,189 3,180 -3,180 0,955 1,047 2,646  -17989,032
0,195 4,490 -4490 1970 0508 6,386  -22027,146
0,191 2962 -2,962 0,840 1,191 2,161 -17989,338
0,189 3,237 -3,237 0,991 1,009 1,492 -16492,429
0,189 3,355 -3,355 1,067 0,937 4,965  -28979,199
0,189 3112 -3,112 0917 1,090 0,749  -17553,678
0,191 3366 -3,366 1,083 0,923 4,650 -16834,047

0,204 6,125 -6,125 3,817 0,262 8,804 -3663,269
0,193 3,337 -3,337 1,075 0930 19,751 -2847,722
0,196 6,063 -6,063 3,607 0,277 5,968 -3662,986
0,200 4,025 -4,025 1621 0,617 2,910 -2850,076
0,178 4777 4777 2,036 0,491 1,638 -2573,449
0,179 5184 -5184 2,405 0416 5,309 -2956,186
0,178 4,695 -4,695 1,957 0,511 0,767 -2752,114
0,184 4732 4732 2,056 0,486 3,325 -2915,754

0,207 4318 -4318 1,931 0,518 8,571 -21909,680
0,199 2458 -2458 0,601 1,663 1,165 -17894,129
0,183 3,968 -3,968 1,438 0,695 5,566 -21909,660
0,171 2,769 -2,769 0,656 1,524 3,304 -17893,970
0,183 3,147 -3,147 0907 1,102 1,341 -16404,854
0,185 3,383 -3,383 1,057 0,946 5,007 -28833,117
0,164 3,037 -3,037 0,758 1,319 1,831 -17460,878
0,186 3291 -3291 1,008 0,992 3,817 -86052,729

0,218 4,247 -4247 1,968 0,508 9,396 -22024,616
0,210 2579 -2579 0,697 1,435 13,029 -17986,720
0,190 3542 -3542 1,189 0,841 6,228 -22024,133
0,187 2,704 -2,704 0,685 1,460 2,063 -17987,498
0,186 2,998 -2,998 0,836 1,196 1,445 -16490,898
0,187 3,180 -3,180 0,947 1,056 5,078 -28978,014
0,187 2,893 -2,893 0,782 1,278 0,783 -17552,044
0,188 3,152 -3,152 0,935 1,070 4,524 -86402,741

0,224 4,486 -4,486 2,259 0,443 9,556 -22025,334
0,220 3,414 -3414 1283 0,779 1,791 -17988,068
0,200 3,760 -3,760 1,411 0,709 0,050 -5258,296

0,214 3532 -3532 1336 0,748 2,086 -17988,013
0,207 3,702 -3,702 1,422 0,703 1,465 -16491,364
0,205 3,751 -3,751 1,440 0,695 4,977 -28978,465
0,210 3,623 -3,623 1379 0,725 0,731 -17552,497
0,451 4260 -4260 4,094 0,244 4,225 -86560,265

Enomo  Erumo | A AE n
HF/SDD
4NPBI -9,572 0,857 9,572 -0,857 10,428 5,214
4APBI -8,474 2,114 8,474  -2,114 10,587 5,294
2NPBI -9,607 0,626 9,607 -0,626 10,233 5,116
2APBI -8,186 2,262 8,186 -2,262 10,447 5,224
PBI -8,525 2,050 8,525 -2,060 10,576 5,288
4CPBI -8,633 1,922 8,633 -1922 10555 5,277
4MPBI -8,392 2,167 8,392 -2,167 10,559 5,279
4BPBI -8,596 1,864 8,596 -1864 10,460 5,230
HF/Cep-4g
4NPBI -11,038 -1,211 11,038 1,211 9,827 4,913
4APBI -8,517 1,842 8,517 -1,842 10,359 5,179
2NPBI -11,159 -0,967 11,159 0,967 10,192 5,096
2APBI -9,023 0,973 9,023 -0973 9,996 4,998
PBI -10,381 0,826 10,381 -0,826 11,207 5,604
4CPBI -10,770 0,403 10,770 -0,403 11,173 5,587
4MPBI -10,326 0,937 10,326 -0,937 11,262 5,631
4BPBI -10,1476 0,713 10,176 -0,713 10,888 5,444
HF/3-21g
4NPBI -9,143 0,508 9,143 -0,508 9,651 4,826
4APBI -7,485 2,568 7,485 -2,568 10,053 5,027
2NPBI -9,442 1,506 9,442 -1,506 10,948 5,474
2APBI -8,609 3,072 8,609 -3,072 11,681 5,841
PBI -8,607 2,313 8,607 -2,313 10,920 5,460
4CPBI -8,796 2,030 8,796 -2,030 10,826 5,413
4MPBI -9,120 3,045 9,120 -3,045 12,165 6,082
4BPBI -8,664 2,083 8,664 -2,083 10,747 5,373
HF/6-31g
4NPBI -8,831 0,336 8,831 -0,336 9,167 4,584
4APBI -7,350 2,192 7,350 -2,192 9,541 4,771
2NPBI -8,817 1,732 8,817 -1,732 10,549 5,274
2APBI -8,042 2,633 8,042 -2,633 10,675 5,337
PBI -8,373 2,377 8,373 -2,377 10,750 5,375
4CPBI -8,522 2,162 8,522 -2,162 10,684 5,342
4MPBI -8,241 2,455 8,241 -2,455 10,696 5,348
4BPBI -8,469 2,164 8,469 -2,164 10,633 5,316
HF/6-31++g
