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GENOTOKSISITE CALISMALARINDA
KULLANILAN AMES VE COMET TESLERININ
DEGERLENDIRILMESI

Alper ZONGUR!

1. GIRIS

Genotoksisite testleri, farkli kimyasal maddelerin vermis
oldugu genetik hasarlar: belirlemek igin yapilan in vitro ve in vivo
testlerin batinddar. Genetik toksikoloji testleri kanserojen ve
genetik risk degerlendirmesinin bilesenleri olarak yaygin sekilde
kullanilmaktadir (Kramer, 1998; Demircigil ve ark., 2009). Bu
testler, DNA hasarina ve sabitlenmesine iliskin tehlikenin
tanimlanmasmi  miimkiin kilmalidir. DNA hasarinin  gen
mutasyonlar1, kromozomal hasar, rekombinasyon ve kromozom
degisiklikleri seklinde sabitlenmesinin genellikle kalitsal etkiler
icin ve genetik degisikliklerin rol oynayabilecegi karmagsik bir
stire¢ olan ¢ok agamal1 malignite siirecinde gerekli oldugu kabul
edilir. Bu tiir hasarlar1 tespit eden testlerde pozitif ¢ikan bilesikler,
insanlar igin kanserojen ve mutajen olma potansiyeline sahiptir,
yani kansere ve kalitsal kusurlara neden olabilir. Belirli
kimyasallara maruz kalma ile karsinojenez arasindaki iliski
insanlar i¢in belirlenmis oldugundan, benzer bir iligskinin kalitsal
hastaliklar i¢in kanitlanmas1 zor olmasina ragmen, genotoksisite
testleri temel olarak karsinojenitenin tahmin edilmesi igin
kullanilmistir (Engstrom ve ark., 2015). Bununla birlikte, germ
hatt1 mutasyonlar1 agik¢a insan hastaliklartyla iligkili oldugundan,
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bir bilesigin kalitsal etkilere neden olabilecegi siiphesi, bir
bilesigin kansere neden olabilecegi siiphesi kadar ciddi kabul
edilir (Klapacz ve Gollapudi, 2020). Ayrica bu tiir testlerin
sonuglart kanserojenlik ¢alismalarinin yorumlanmasi agisindan
degerli olabilir. Genotoksisite aslinda temas halinde bulunulan
kimyasallarin hiicre DNA’sina ne Olclide zarar verdiginin
laboratuvar kosullarinda belirlenmesidir. Bu kimyasallar mutajen
olarak mutasyonlara ve kansorojen olarak farkli kanserlere sebep
olabilirler. Genotoksisite, mutajeniteye benzer ve mutajenite ile
karistirilabilir, ancak tiim mutajenik maddeler genotoksiktir, buna
karsilik  bdtiin  genotoksik kimyasal maddeler mutajenik
olmayabilir.

Genotoksik kimyasal maddeler DNA mutasyonlarina,
mitotik boliinme aksakliklarina ve tamamen DNA hasarlarina
sebep vererek canlilar1 etkileyebilmektedir. Ayrica meydana
gelen bu degisiklikler hiicrelerde nesilden nesile aktarilarak farkl
kalitsal degisikliklere sebebiyet verebilmektedir. Bu durum ¢ogu
zaman canlilarda bulunan DNA tamir mekanizmalari ile ya da
kontrollii hiicre 6liimii dedigimiz apoptoz mekanizmalar1 ile
ortadan kaldirilabilmektedir. Ancak bazen genetik hasarlar hiicre
onarim mekanizmalari ile diizeltilemez ve DNA meteryalinde
mutasyonlara sebep olabilirler.

Genotoksin maddeleri canlilardaki etkilerine gore;
Kanserojenler (kansere neden olan ajanlar), Mutajenler
(mutasyona neden olan ajanlar), Teratojenler (dogum kusurlarina
neden olan ajanlar) olmak tizere 3 sinifa ayrabiliriz (Natarajan,
1993). Bir genotoksik kimyasal madde 6karyotik bir organizmada
somatik hiicrelerde genetik hasar maligniteye (kanser) yol
acabilirken germ hiicrelerinde dogum kusurlarina yol agan
kalitsal mutasyonlar meydana getirebilmektedir. Mutasyonlar, bir
hiicrenin genomunun DNA dizisindeki kalict degisikliklerdir ve
iyonlagtiric1 radyasyon, zararli viriisler ve tehlikeli kimyasallar
gibi bir dizi fiziksel ve cevresel faktorden kaynaklanmaktadir
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(Huk ve ark., 2015). Ayrica, DNA replikasyonu, onarimi ve
rekombinasyonu sirasindaki hatalar, tek nokta mutasyonlar1 ve
gen mutasyonlar1 (baz ¢ifti ikameleri ve bir bazin eklenmesi
dahil), kromozomal anormallikler (yapilarda ve sayilarda) gibi
DNA mutasyonlarina ve genom mutasyonlarina yol
acabilmektedir (Nagarathna ve ark., 2013). Bununla birlikte,
genetik materyaldeki bu mutasyonlara neden olan genotoksik
maddelerin kesin molekiiler mekanizmalar1 hala belirsizdir. Son
calismalar  genotoksik maddelerin  bu hasarlara veya
mutasyonlara genetik materyallerle dogrudan veya dolayh
etkilesimler yoluyla neden oldugunu gostermistir (Magdolenova
ve ark., 2014). Ekonomik Isbirligi ve Kalkinma Orgiitii'niin
(OECD) genotoksisite test kilavuzlari, bakteriyel ters mutasyon
testini, kromozom sapma testini, mikroniikleus testini ve kardes
kromatid degisim testini igerir. Kimyasallarin emilimini,
atitlimini, dagilimini ve metabolizmasini agiklayabilen dokularin
kullanildig1 in vivo genotoksisite testleri kullanilabilir, ancak in
vitro testler tam olarak bunu agiklayamamaktadir (Sasaki ve ark.,
2002; Benigni ve ark., 2012). In vitro genotoksisite testleri,
maddelerin (6rn; ilag adaylari, tibbi bitki ekstrakti, kimyasal
maddeler vb.) taranmasi ve bunlarin baslangi¢c giivenliginin
degerlendirilmesi i¢in kullanilabilirken, in vivo analizler
biyolojik ve fizyolojik Oneme iliskin ayrintili bilgi saglar.
Ozellikle inhalasyon yoluyla alian toksik maddeler i¢in akcigeri
temsil eden hiicre hatlar1 ve solar UV i¢in cildi temsil eden insan
keratinositleri ve cildi temsil eden yeniden yapilandirilmis deri
gibi genotoksisite mekanizmalarini aydinlatmak amaciyla hedef
dokular1 temsil eden hiicre hatlarindan faydalanmak miimkiindiir
(Schins ve ark., 2002; Geh ve ark., 2006). Ayrica, in vitro test
asamalarinda gosterilen herhangi bir potansiyel mutajenik
etkinin, hayvanin tiim fizyolojik sisteminde tekrar ortaya ¢ikip
¢ikmadigr in vivo testlerde tespit edebilir (Brendler-Schwaab ve
ark., 2005). Genotoksisite yontemlerinin mekanistik ¢alismalarda
kullanilmasma bir diger ornek ise klinik kullanima sahip
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molekdllerin  genotoksik  potansiyellerinin  belirlenmesidir
(Marrot ve ark., 2010). Genotoksisite testlerinde tehlike
degerlendirmesi ve olasi karsinojeniteyi tahmin etme ve biyolojik
izleme agisindan potansiyel faydalari vardir. Bu ortamlarda
genotoksisitenin  izlenmesi ve tanimlanmasi i¢in  basit
yontemlerin kurulmasi ve kullanilmas1 6nemlidir. Sonug olarak,
in vivo analizler, in vitro testin dogrulanmasi ve risk
degerlendirmelerinde 6nemli siire¢ler olarak bilinmektedir.

Glinlimiizde bilimsel calismalarda kimyasal maddenin
mutajenik olup olmadigini degerlendirmek i¢in, kanserojen ve
genetik risk degerlendirmesi yapilmasi i¢in kullanilan testlerden
bazilar1 sunlardir;

1) Ames Testi

2) Comet Testi

3) Kromozom Anormallikleri (KA) Testi
4) Kardes Kromatit Degisimi (KKD) Testi
5) Mikronukleus (MN) Testi

Genetoksik maddelerin degerlendirilmesine ydnelik en
yaygin test yontemlerinden bazilar1 Sekil 1°de gosterilmektedir.

Sekil 1. Kimyasal ve Fiziksel Maddelerin Mutajenik Etkilerini
Belirlemek i¢in Yapilan Genotoksik Testlerden Bazilari

[ Genotoxic substances }

[ Gene mutations ] [ DNA damages ] [ Chromosomal damages ]
/ \ Structural MNurmerical
[ ] [ } aberrations aberrations
Ames test MLA/HPRT l \ \l’

Transgenic rodent somatic and Comet Chromosome Micronucleus
germ cell gene mutation assays assay aberration test assay

* MLA: Mouse lymphoma assay
* HPRT: Hypoxanthine guanine phosphoribosyl transferase

Kaynak: (Ren ve ark., 2017).
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2. CALISMA iCERIiGi
2.1. Ames Testi

Ames testi toksikolojik c¢aligmalarda  kullanilan
genotoksik testlerden biridir (Tejs, 2008). Endiistride kullanilan
tim yeni farmasotik maddeler ve kimyasallar bu testle test
edilmektedir. Ames testi adini1 Bruce N. Ames'ten almistir. Ames
testi ayrica kimyasal maddelerin mutajenik etkilerinin
aragtirtlmasinda maliyetinin uygun olmasi ve uygulanabilirliginin
fazla olmasi nedeniyle tercih edilen bir testtir. Ames testi, nokta
mutasyonlarin saptanmasinda ve kimyasallarin mutajenik ve
karsinojenik etkilerini ortadan kaldiran antimutajenik ve
antikarsinojenik maddelerin belirlenmesinde de kullanilmaktadir
(Sekeroglu ve ark., 2011).

Ames testi, bir kimyasal maddenin mutajenitesini ve
antimutajenik etkisini belirlemek i¢in siklikla tercih edilmektedir.
Ames testi icin Salmonella typhimurium'un ¢esitli suslar
kullanilmaktadir. Bakteriler besi ortamlarinda biiylimek igin
histidin aminoasidine ihtiyag duymaktadir. Ancak, Salmonella
typhimurium bakterisinde histidin sentezini dnleyen bir mutasyon
vardir. Bu yiizden bakteri kiiltiir ortamina histidin (his) eklenmesi
gerekmektedir.  Aksi  durumda S. typhimurium  his
sentezlemediginden dolayr kiiltiirde gelisemez. Mutajenite
etkinin belirlemesi amaciyla yapilan Ames test uygulamalarinda,
S. typhimurium kimyasal maddenin farkli konsantrasyonlarina
maruz birakilir. Kiltiir ortaminda gelisimin olup olmadig: tespit
edilmeye ¢aligilir. Uygulamalarda tespiti kolaylastirmak igin
bakteriler his segici ortamina aktarilmaktadir. Segici blyime
ortam1 yalnizca ters mutasyonlara ugrayan bakterilerin hayatta
kalmasma ve biliylimesine izin verdiginden dolayr kolonilerin
olusumu bize testimizin pozitif oldugunu yani uygulamalarda
kullandigimiz Kimyasalin mutajenik oldugunu gosterir (Sekil 2).
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Sekil 2. Bir Kimyasalin Mutajen Olup Olmadigim Tespit Etmek
Icin Yapilan Ames Testinin Gosterimi

Ames Test Worflow
Experimental Tube Control Tube
Suspected mutagen, soft agar, Soft agar, S mix rat liver
5% mix rat liver extract, and extract, and Salmonelia strains
Salmonella strains

i — HiS-selective media — |

Incubation Incubation
-
| -
| - - .- - |
= -
o ® - - |
- -
High number of revertants Control with natural
indicates potential mutagen revertants

Genotoksik mutajenite ¢alismalarinda Ames testi mevcut
kabul edilen in vitro testler kapsaminda ilk asamayi temsil
etmektedir (Claxton ve ark., 2010). Ames testi, ikincil DNA
hasar1 gibi farkli mekanizmalar yoluyla mutasyonlara neden
olabilen mutajenik maddeleri tanimlama yetenegine sahip
oldugundan dolayr test edilen kimyasalin potansiyel bir
kanserojen olabilecegi diisiincesini ortaya g¢ikarir. Ames testi
ayrica endiistryel olarak gelistirilen kimyasal maddelerin (Grn.
tedavi Urtnleri, pestisitler, endistriyel kimyasallar, gida katki
maddeleri) mutajenik ve kanserojenik potansiyelini belirlemek
icin yapilan genotoksikolojik ¢alismalara baslangi¢ noktasi
olusturmaktadir (Mortelmans ve Zeiger, 2000). Bu yizden
genotoksik bilimsel ¢alismalarda Ames testi tek basina yeterli
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seviyede olmayip, kromozom hasar1 veya gen mutasyonlar1 igin
memeli hiicre analizleri ile birlikte diisliniildiigiinde in vivo
genotoksisite ve karsinojenisiteye iliskin Ongoriilebilirligin
degerlendirilmesi esastir. Ames testi sonuglari ile in vitro memeli
hiicresi genotoksisite testi arasindaki benzerligi ve in vitro test
kombinasyonlarimin in vivo genotoksisite ve kanserojenligi
tahmin etmek icin EURL ECVAM Genotoksisite ve
Kanserojenlik Ames-pozitif maddeler veri taban1 yayilanmistir
(Kirkland ve ark., 2014). Bu veri tabani, farkli kaynaklardan elde
edilen genotoksisite ve karsinojenite verilerine sahip 726 Ames
pozitif maddeyi icermektedir. Ames-pozitif veri tabani, in vitro
ve in vivo yapilan genotoksisite test sonuglarmin tamamini
paylasmaktadir. Bu veri taban1 genotoksisite ¢alismalar1 igin
oldukca gucll bir referans kaynak olusturmaktadir (Petkov ve
ark., 2016). Ayrica, Ames-negatif sonuclar veren kimyasal
maddeler i¢inde veri tabanina eklemeler yapilmaya baglanmistir.
Ek olarak, kromozomal anormallikler, mikronlkleus ve
karsinojenite verilerine iliskin mevcut bilgilerde veri tabaninda
zamanla yer aldig1 s6ylenebilir (Madia ve ark., 2020).

2.2. Comet Testi

Genotoksisite testlerinde Comet testi (tek hdcreli jel
elektroforezi) giderck daha fazla kullanilmaya baslamistir. Comet
testinin avantajlar1 arasinda c¢esitli dokulara ve 6zel hicre
tiplerine uygulanabilirligi, diisiik diizeydeki DNA hasarini tespit
etme duyarlilifi, numune basma az sayida hiicreye ihtiyag
duyulmasi, test performansmin genel kolayligi ve disiik
maliyetinden dolayr kullanighdir (Tice ve ark., 2000). Ayrica,
Comet testi sadece birkac hiicreye ihtiya¢ duymasinin yan sira,
tek ve cift sarmalli DNA yapisindaki kiiciik degisiklikleri bile
tespit etmek icin kullanilmaktadir (Mgller, 2006). In vivo Comet
testi koklu bir genotoksisite testidir. Bu yéntem ilk kez 1984'te
kullanilmistir (Wojewodzka ve ark., 1998). Glinliimiizde Comet
testinde, mutajenlerin ve kanserojenlerin etkilerini tespit etmek
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icin somatik hiicreler kullanilmaktadir. Bu test ile in vitro
testlerde Dbelirlenen pozitif sonuclarin takip edilmesi ve
genotoksisitenin degerlendirilmesi yapilabilmektedir (Speit ve
ark., 2009). Comet testi bircok kimyasal malzemenin
genotoksisitesini belirlemek i¢in etkin bir yol olmasi nedeni ile
ozellikle gida ve tip endiistrisinde siklikla kullanilan
nanoprtikillerin ~ genotoksisitesinin ~ belirlenmesinde  de
kullanilmaya baglamistir. Bu durum nanotoksikoloji alaninda
gelismelere neden olmustur (Azqueta ve Dusinska, 2015). Comet
testi endiistriyel olarak {retilen yeni kimyasallarin ve
farmasotiklerin  genotoksisitesini  belirlemede  etkili  bir
yontemdir. Bu test ayrica biyolojik c¢evresel etkilerin
belirlenmesinde de uygulanabilmektedir. Comet testi DNA
hasarm1  degerlendirmek  i¢in  uygulamalarda  siklikla
kullanildik¢a, genotoksisite testinin mevcut halinin degismis sekli
alkalin (pH >13) versiyonu olmustur (Hartmann ve ark., 2003;
Brendler-Schwaab ve ark., 2005; Burlinson ve ark., 2007).

Comet testi (Tek Hucre Jel Elektroforezi) tek bir
hiicredeki DNA hasarin1 tespit edebildigini soylemistik. Bu
teknikte hiicrelerin DNA igerigi mikro elektroforezde yurutdlur.
Hicreler agaroz icinde bir mikroskop lami iizerinde pargalanir ve
mikroskop lami bir elektrik akimina maruz birakilir. Sonrasinda
lam etidyum bromir DNA baglama boyasi ile boyanir. Hasarli
DNA (yiiklii DNA) bu alanda go¢ ederek bir “kuyruklu yildizin”
kuyrugunu olustururken, hasar gormemis DNA (nlkleer matris)
“kuyruklu yildizin” kafasinda kalmaktadir (Sekil 3) (Speit ve
Hartmann, 2006). Comet testi bilimsel ¢aligmalarda bir¢ok farkli
hlicre tipine uygulanabilir. Bu yizden Comet testi, DNA hasar1
ve onarimi alanlarinda 6zellikle de genotoksikoloji alanindaki
uygulamalarda kullanilabilir. Bununla birlikte, bu test germ
hlcresi genotoksisitesini tespit etme potansiyeline de sahiptir ve
bir kimyasal maddenin gonadal ve germ hucrelerinin genetik
materyali ile dogrudan etkilesime girme yetenegini gostermek
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i¢in kullanilabilir. Bu tur sonuglar germ hiicresi mutajenlerinin
“Kimyasallarin  Kiiresel Uyumlastirilmis Siiflandirma  ve
Etiketleme Sistemi” (GHS) siniflandirilmasi igin énemlidir. in
vivo genotoksisite testleri i¢in mevcut OECD kilavuzlarini
yuksek kaliteli protokolleri amaclayan standartlar1 agiklayan
oneriler yayinlamistir. Bu konular, 6zellikle oksidatif DNA
Hasarma iliskin Avrupa Standartlar Komitesi (ESCODD),
Avrupa Kuyruklu Yildiz Testi Dogrulama Grubu (ECVAGQG)
olmak lzere bir ¢ok laboratuvarda ele alinmistir (Collins ve ark.,
2023).

Sekil 3. Comet Testi Uygulama Basamaklarimin Sematik
Gosterimi

Exposureof cellsto  Embeddingofcells — Celllysis Electropharesis DNA staining and
DNA damaging into agarose visualization
agents

A~ D
r_ P |
gl f r—1 =) W00 M0d
M~ / ;’ R ()0 0 .
L 7 :4}1_' ‘ "
1“ F":

: I '

Negative cells Positive cells

Kaynak: (Clementi ve ark., 2021).
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3. SONUC

Gunumuzde endustriyel kimyasal madde Gretimleri
fazlasiyla artmaktadir. Asir1 tarimsal faaliyetler biyolojik
cesitliligi olumsuz yonde etkilemekte, hatta tiirlerin hayatlarini
tehdit etmektedir. Kullanilan kimyasallarin tiirler i¢in somatik ve
germ  hicrelerinde  genotoksik ~ zararlar1  olabilecegi
unutulmamalidir. Bu  kimyasallarin  genotoksisitesinin
belirlemesinde ilk agamada uygulanan testlerden birisi Ames
testidir. Ames testi, patojenik bakterilerdeki mutajeniteyi tespit
etmek icin yaygin olarak kabul edilen bir bakteriyel testtir.
Mikrobiyal mutajenite Ames testi, ¢esitli cevresel kanserojenlerin
ve toksinlerin mutajenitesini degerlendirmek i¢in in vitro
gerceklestirilen bir bakteriyel analizdir. Ames testi bakteri
suslarinda mevcut olan revers mutasyonlari tanimlamak ig¢in
kullanildig1 gibi, kolaylikla ¢6ziinen ilag, boya, reaktif, kozmetik,
atik su, pestisitler ve diger maddeler gibi ¢evresel 6rneklerin
mutajenitesini  tespit etmek i¢in de kullanilabilmektedir.
Bilesiklerin genotoksisitesini tespit etmeye yonelik gelistirilmis
yontemler, klinik deneylerde test edilen bilesiklerin
incelenmesine yonelik yontemlerde sorun gidermemize yardimci
olur. Mutajenik kimyasallarin kullanilmas saglik agisindan risk
olusturabilir ve insan yumurtas1 ve sperminde mutasyonlara yol
acarak yavrularda mutasyonlara yol acabilir. Bir kimyasal
maddenin mutajenitesinin belirlenmesi, bir maddenin test
edilmesinin ve giivenlik degerlendirmesinin 6nemli bir
pargasidir. Mutajenik kimyasallar kansere neden olabilir.
Mutasyonlar, tek bir nukleik asit bazini etkileyen bir nokta
mutasyon olarak veya birden fazla bazin degismesi veya yeniden
diizenlenmesi seklinde meydana gelebilir. Mutasyonlar, bir
kromozomun tamaminin kazanilmasi veya kaybedilmesi seklinde
bile ortaya ¢ikabilir. Ames testi, devlet kurumlar1 ve sirketler
tarafindan gegerli bir mutajenlik testi olarak kabul edilmistir ve
bu amagla yaygin olarak kullanilmaktadir. Genellikle hayvanlar
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tizerinde yapilan testlerden Once yapilan bir 6n taramadir.
Laboratuvarlarda uygulanan Ames test verileri uluslararasi
kurumlarda depolanmaktadir.

Genetoksisite testlerinde Onemli sonuglar almamizi
saglayan diger bir test ise Comet testidir. Bu test DNA kirilmasini
belirlemek igin hizli, hassas ve diisiik maliyetli bir tekniktir.
Comet testi hayvan organlarindaki DNA kirilmalarini test etmeye
yonelik bir test olmaktan ¢ok daha fazlasimi Dbizlere
sunabilmekledir. Comet testi ile elde edilen kuyruklu yildiz
kuyruk uzunluklar diger ¢alismalarda tespit edilen uzunluklarla
karsilagtirilarak  mutajen  hakkinda kapsamli  bir  veri
saglayabilmektedir. Test sonuglarinda tespit edilen kuyruklu
yildizin kuyrugundaki DNA miktar1 bize DNA kirilma
yogunlugunu gostermektedir. Comet testi nikleoidlerin lezyona
0zgu bir endonukleazla sindirimi dahil edilerek modifiye edilerek
cesitli  baz  degisikliklerini  tespit  edecek  sekilde
kullanilabilmektedir. Bir kimyasal maddenin genotoksik
etkilerinin comet testi ile belirlenmesi bize toksikolojik
potansiyel hakkinda bilgi sunacaktir. BOylece, bu test ile elde
edilen veriler bize hayvan ve insan sagligini tehdit edebilecek
kimyasallar hakkinda bilgi sunacaktir.  Kitap boélimimiuzde
siklikla bahsedilen mutajenik ve kanserojenik etkinin
degerlendirilmesi i¢in net sonuglar elde etmemizi saglayan Ames
ve Comet testi anlatilmistir. Ayrica bu iki teste ilaveten
Kromozom Anormallikleri (KA) Testi, Kardes Kromatit
Degisimi (KKD) Testi, Mikrontkleus (MN) Testi giinlimuzde
Biyoloji, Tip ve Genotoksisite calismalarinda yaygin olarak
kullanilmaktadir.
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FOSFAZEN KiMYASINDA SiKLOMATRIKS
POLIFOSFAZEN KURELER

Simge METINOGLU ORUM!

1. GIRIS

Fosfazen bilesikleri, tekrarlayan —P=N- gruplar1 tasiyan,
yapilarindaki fosfor atomlarina bagli klor atomlarinin amin,
alkol veya tiyol gibi organik yan gruplar ile yer degistirmesi
sayesinde farkli Ozellikler kazanabilen inorganik-organik yapili
bilesiklerdir. Fosfazenler, diiz zincirli, halkali ve polimerik
olmak Uzere (¢ ana gruba ayrlirlar.  Siklomatriks
polifosfazenler, polimerik fosfazenlerin bir alt smifidir
(Rothemund ve Teasdale, 2016). Bu tip polifosfazenlerin
yapisinda, capraz baglayici olarak, hekzaklorosiklotrifosfazen
(N3PsCle, trimer) veya oktaklorosiklotetrafosfazen (N4P4Cls,
tetramer), monomer olarak ise iki veya daha fazla sayida donor
atoma sahip organik bilesikler bulunur. Olusan capraz bagl ag
yap1 sayesinde kiire, i¢i bos kiire, fiber gibi farkli morfolojilerde
olabilen  siklomatriks  polifosfazenler alev  geciktirme,
adsorpsiyon, kataliz, hiicre goriintiileme, kontrollii ilag salimi
gibi alanlarda uygulamalara sahiptirler (Wan ve Huang, 2017).

Fosfazenlerin tarihine bakacak olursak, ilk sentezlenen
fosfazen bilesikleri fosfor pentakloriir 1ile amonyagin
reaksiyonundan sentezlenen klorofosfazenlerdir, (NPCI)n.
Liebig ve Wohler 1834’te hekzaklorosiklotrifosfazen, (NPCl2)3
bilesigini izole etmeyi basarmiglardir. 1950’lerin ortalarindan
beri halofosfazenlerin aminoliz, fenoliz, alkoliz, yer degistirme,

1 Dog.Dr., Burdur Mehmet Akif Ersoy Universitesi, Fen Edebiyat Fakiltesi, Kimya
Bolumi, simge.metinoglu@gmail.com, ORCID: 0000-0003-4166-4973.
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Friedel Crafts reaksiyonlar1 ve diger pek cok reaksiyonu
aragtirtlmistir.  (NPCl2)s ve (NPCl2)s bilesiklerinin yapilar
zamanla gelisen X-iginlar1, Infrared ve Raman spektroskopisi,
ultraviole spektroskopisi, nukleer manyetik rezonans, ktle
spektrometri ve daha bir ¢cok teknik ile aydinlatilmistir (Allcock,
1972). Bu iki fosfazen bilesiginden yola ¢ikilarak, glnimize
kadar, teknolojik gelecek vaad eden, oldukga farkli 6zelliklerde
fosfazen temelli polimerler sentezlenmistir.

Bu boéliimde fosfazen kimyasinda son yillarda daha da
6nem kazanan siklomatriks yapili polifosfazenler ele alinmustir.
Siklomatriks polifosfazenlerin genel yapisi, sentez mekanizmasi
ve bazi uygulamalari iizerine detayl bir inceleme yapilmistir.

2. SIKLOMATRIKS POLIFOSFAZEN
KURELERIN YAPISI VE SENTEZ
MEKANIZMASI

Son yillarda, siklomatriks polifosfazenler materyal
biliminde blyuk ilgi gormektedir. Siklomatriks polifosfazenlerin
hem sentezi hem de uygulamalar iizerine yapilan ¢aligmalar hiz
kazanmistir. Hekzaklorosiklotrifosfazen (N3P3Cle) diger bir
ifade ile trimer, siklomatriks polifosfazen sentezinde capraz
baglayici ve reaksiyonu baslatic1 6zellige sahiptir. Yiksek
derecede capraz baga sahip siklomatriks polifosfazenler
monomer olarak iki ve daha fazla sayida oksijen, azot veya
kiikiirt igeren organik bilesikler bulundururlar (Ahmad vd.,
2022). Siklomatriks polifosfazenlerin temel yapisi Sekil 1’de
gorilmektedir.

Siklomatriks polifosfazenlerin sentezi kolay, pratik ve
yiizey aktif madde kullanimin1 gerektirmeyen bir prosediir ile
gerceklestirilir.  Yiiksek sicaklik gerektirmeyen bu sentezin
sadece ultrasonik glc ile desteklenmesi gerekir. Siklomatriks
polifosfazenler genellikle 3-6 saat kadar kisa siiren
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kendiliginden birlesme reaksiyonu ile elde edilmis olur. Ayrica,
reaksiyon sirasinda trietilamin (TEA) gibi bir baz kullanilir. Bu
baz reaksiyon siiresince olusan hidroklorik asit ile TEA.HCI
tuzunu olusturur (Li vd.,2016). Olusan bu tuz ¢oziicii olarak
aseton veya asetonitril kullanilirsa ¢oziinerek kiiresel formda
polifosfazenlerin ~ olusmasim1i  saglar.  Ancak  benzen,
tetrahidrofuran ve toluen gibi TEA.HCI tuzunun ¢6ziinmedigi
coziicliler kullanilirsa bu tuz ¢oziinmeden kalir ve kiire yerine
polifosfazen fiberler olusur (Abbas vd., 2019). Farkli yontemler
ile ici bos kiiresel yapilar da elde edilebilir (Chang vd., 2014).
Bu bolimde igi dolu, kat1 kiiresel yapilar tizerinde durulacaktir.
Bununla birlikte, c¢oziici ve reaksiyona giren reaktiflerin
miktarlar1 ile reaksiyon slresi degistirilerek farkli partikiil
boyutuna sahip kiiresel yapilar sentezlenebilir.

Sekil 1. Siklomatriks Polifosfazenlerin Capraz Bagh Yapisi

3N
N

/
~
27\
=
/
A\

Siklomatriks polifosfazen kirelerin olusum mekanizmasi
dort basamaktan olusmaktadir; 1) Reaksiyon sirasinda dncelikle
trimer ve monomerler arasinda olusan polikondenzasyon
reaksiyonu sonucu oligomerler olusur. 2) Oligomerlerin bir
araya gelip agregatlagmasiyla, Onclil ¢ekirdek partikiiller
meydana gelir. 3) Hidrojen baglari ile onciil ¢ekirdek partikiiller
agregatlasir ve kararli partikiiller agiga ¢ikar. 4) Oligomerik
tirler kararli partikillerin Uzerine adsorplanarak partikiller
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biiyiir. Sonug olarak farkli partikiil biiyiikliiklerinde siklomatriks
polifosfazen kiireler elde edilmis olur (Zhang vd., 2009).

Sekil 2. Siklomatriks Polifosfazen Nano/Mikrokiirelerin Olusum
Mekanizmasinin Sematik Gosterimi

Cl\P pe )
; _— . Polikondenzasyon Q Q
i L cl + Monomer oo~ 82— O g
/ N\ £ Q o Q
¢l el oligomerler onctil cekirdek
partikiiller

.

I -
bilyiime ) “O
«—ytme
i .

siklomatriks &3 =)
polifosfazen kararl1 partikuller
nano/mikrokiire

Siklomatriks polifosfazen nano/mikrokurelerin sentezine
ornek vermek gerekirse, Wang vd. (2012) tarafindan yapilan bir
calismada, (3,5-ditriflorometil)-fenilhidrokuinon (6FPH) trimer
ile reaksiyona sokularak nano/mikrokiireler elde edilmistir.
Sentez prosediirii ise soyledir: 100 mL asetonitrilde 0,2 g (0,575
mmol) trimer ve 0,556 g (1,724 mmol) 6F-PH ¢6ziilmiis ve 4
mL TEA ilave edilerek 20°C’de, 3 saat ultrasonik banyoda
tutulmustur. Daha sonra elde edilen nano/mikrokireler
santrifjlenerek ayrilmis, ticer kez THF ve saf su ile yikanmustir.
Beyaz toz halindeki nano/mikrokireler vakum etivinde
60°C’de kurutulmustur.

Sentezlenen siklomatriks polifosfazen kireler farkli
teknikler ile karakterize edilmektedir. En cok yararlanilan
karakterizasyon yontemleri sunlardir: Taramali Elektron
Mikroskopisi-Enerji Aymrimli X-Isin1  Analizi (SEM-EDX)),
Gecirimli Elektron Mikroskopisi (TEM), Fourier Doniistimli
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Kizil6tesi Spektroskopisi (FTIR), Niikleer Manyetik Rezonans
Spektroskopisi (kat1 3'P-NMR, kat1 *C-NMR), X-1s11 Kirmnim
Yontemi (XRD), X-Isin1 Fotoelektron Spektroskopi (XPS),
Termal Gravimetrik Analiz (TGA), Yiizey Alam Olgiimii
Analizi (BET), Dinamik Isik Sa¢ilim Spektrometrisi (DLS).

3. SIKLOMATRIKS POLIFOSFAZEN
KURELERIN BAZI UYGULAMALARI

Siklomatriks polifosfazen nano/mikrokureler dispers
olabilmeleri, yiizey alanlarinin biiyiik olmasi, boyutlarinin deney
kosullar1 degistirilerek ayarlanabilmesi gibi 6zellikleri sayesinde
hemen hemen her tiirlii uygulamada kullanilma potansiyeline
sahip polimerik malzemelerdir. Kontrollii ilag salim,
adsorpsiyon, katalizor, alev geciktirme gibi uygulamalarin yani
sira floresans oOzellik kazandirilarak hiicre goriintiileme, ilag
saliminin takibi gibi biyolojik uygulamalarda da kullanimlar
miimkiindiir. Bu boéliimde kontrollii ilag salimi, adsorpsiyon ve
katalizor uygulamalar tizerinde durulacaktir.

3.1.Kontrollii fla¢c Salimi Uygulamalar

Siklomatriks yapili polifosfazen kiireler kontrolll ilag
salimi uygulamalar1 i¢in oldukca ilgi ¢ceken malzemelerdir. Bu
alanda yapilan calismalar son yillarda artis gostermistir.
Genellikle ilaclar kirelerin yizeylerine adsorbe edilir ve uygun
salim ortamlarinda kontrollii salimlar1 arastirilir.

Son donemlerde yapilan arastirmalara birka¢ Ornek
vermek gerekirse, Mehmood vd. (2023a) tarafindan yapilan bir
calismada monomer olarak kamferol kullanilmistir. Trimer ile
kamferol arasinda gerceklesen reaksiyon sonucu 708,9 nm
capinda kiireler elde edilmistir. Model ila¢ olarak kamptotesin
kullanilmig, bu ilacin kiirelerin yuzeylerine 44,49 mg/g olarak
adsorbe edildigi tespit edilmistir. Ilag salim calismalar1 pH:4,0
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ve pH:7,4 salim ortamlarinda gergeklestirilmis ve 518 saatte
pH:4,0’da % 62,8, pH:7,4’te ise % 40,8 oraninda kamptotesin
salindig1r belirlenmistir. Sekil 3’te mikrokiirelerin sentez
reaksiyonu ve yapilan uygulamanin 6zeti goriilmektedir.

Sekil 3. Trimer fle Kamferoliin Reaksiyonu ile Olusan
Siklomatriks Polifosfazen Mikrokurelerin Sentezi Ve Kontrolll
Ila¢ Saliminda Kullanim

OH
. |) a
"~ A OH
N"'I"‘““‘N ol N TEA, Asetunh
/N7 oo~ 07 Ty TR
cl cl |
Tri ﬁ\‘\j;ﬁ . H
rimer Kamferol OH OH
polifosfazen mikrokiireler
l Kamptotesin:
Q
Q
pH:4.0
o : pH:7.4
o Q

ilag¢ viiklii mikrokiireler
kontrollii ilag salimi

Sekil 4’te sematik olarak 6zetlenen baska bir calismada,
siklomatriks yapili mikrokiireler hesperetin ve trimerin
polikondenzasyon reaksiyonundan sentezlenmis ve kontrollii
ilag salimi arastirmalar1 yapilmistir. Model ila¢ olarak 5-
florourasil ile ¢alisilmis ve elde edilen mikrokirelere bu ilag
88,7 mg/g oraninda yiiklenmistir. 5-florourasilin
mikrokirelerden 216 saatte, pH 4,0’te %39,4, pH 7,4’te ise
%16,5 oraninda salindigi tespit edilmistir. (Mehmood vd.,
2022c).
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Sekil 4. Trimer ile Hesperetinin Reaksiyonu ile Elde Edilen
Siklomatriks Polifosfazen Mikrokurelerin Sentez Reaksiyonu Ve
Kontrollii ila¢ Sahminda Kullanimu.
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Ilaglar sentezlenen nano/mikro kiirelerin yiizeylerine
adsorbe edilebilecegi gibi trimer ile reaksiyona sokularak
kiirelerin olusmasint da saglayabilir. Boylece, ilaclarin salimi
yiizeylere ilac1 yiiklemeden de gerceklestirilebilir. ilag trimer ile
kovalent olarak baglanir ve kontrollii salim1 arastirilir. Ornegin
Metinoglu Oriim (2022) tarafindan yapilan bir calismada,
kurkumin ve kuersetin hem monomer hem de model ila¢ olarak
kullanilmistir. Kiirelerin yapisinda bulunan toplam kuersetin ve
kurmumin miktar1 500 mg/g olarak hesaplanmistir. Kuersetin ve
kurkuminin ayr1 ayr1 salimi ¢alisilmis ve kuersetinin pH 7,4’te
%18,14, pH 5,5'ta %10,12, kurkuminin ise pH:7,4’te %2,25,
pH:5,5’ta %1,02 oraninda salim gosterdigi belirlenmistir (Sekil
5). Tablo 1°de son yillarda yapilmis olan siklomatriks
polifosfazen nano/mikrokureler ve kontrollii ilag salimi
uygulamalari 6zetlenmistir.
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Sekil 5. Kurkumin Ve Kuersetin Kullanilarak Elde Edilen
Mikrokiirelerin Sentez Reaksiyonu Ve Kurkumin ile Kuersetinin

Ikili Salima.
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Tablo 1. Siklomatriks Polifosfazen Nano/Mikroktrelerin
Kontrollii ila¢ Salimi Uygulamalarina Ornekler

. Yiiklenen .
Monomer Model ilag ilag miktar1 Salim profili Kaynak
0
/39,4, pH 4,0 Mehmood
. . %16,5, pH 7,4
Hesperetin 5-florourasil 88,7 mg/g vd.,
216 saat
2022c.
%88,85+2,8,
pH:1,2
. . . %98,55+0,47, Onder vd.,
Tannik asit Rhodamin 6G 39,37 mg/g pH:7.0 2021b.
10 saat
%62,8, pH:4,0
Kamptotesin %40,8, pH:7,4 Mehmood
Kamferol 44.49mglg 516 cant vd., 2023a
Epigallo- %44,9, pH:4,0 Mehmood
katesin DEX 642malg 086 pH 7.4 vd.,
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384 saat 2023b

Kuersetin:
%18,1, pH:7,4
%10,1, pH:5,5

Kurkumin- Kurkumin- . Metinoglu
Kuersetin Kuersetin 500 mg/g (I;Jgrl;ug;;nY 4 Oriim, 2022
%1,0, pH:5,5
%16,7, pH:7,4
%28,6, pH:6,5
S %)56,6,
Silibinin- DOX 2624mglg  pH:7,4+GSH Ozsoy vd.,
sistaminHCI 093 1 2023
pH:6,5+GSH
%53,0 ,pH 4,0
Kamptotesin %37,5, pH 7,4 Mehmood
Resveratrol 89,9 mg/g 11 qiin vd.,
g 2022a
%86,2, pH 4,0
o %547, EH 7.4 Mehmood
Piperazin DOX 76,16 mg/g 216 éaét ' vd.,
2022d
%69,7, pH 4,0 Mehmood
Luteolin DOX 84,6 mg/g %48,1, pH 7,4 vd.,
360 saat 2022h

3.2.Adsorpsiyon Uygulamalari

Siklomatriks polifosfazen nano/mikrokirelerin adsorban
olarak da kullanimlar1 arastirilmakta, yiizey alanlarinin
blyiikligli ve poroziteleri sayesinde olduk¢a iyl sonuglar
vermektedirler.

Ornegin, izosorbit ile trimerin reaksiyonundan elde
edilen polifosfazen mikrokireler katyonik boya adsorpsiyonu
amaciyla sentezlenmistir (Sekil 6). Metilen mavisi model
katyonik boya olarak secilmis ve yapilan deneyler sonucu
maksimum adsorpsiyon kapasitesi pH:10’da, 25°C’de, 200mg/L
metilen mavisi ¢ozeltisinde, 1143,60 mg/g olarak belirlenmistir
(Li vd., 2022).
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Sekil 6. izosorbit ile Trimerin Reaksiyonu Ve Metilen Mavisi

Adsorpsiyonu
OH
., (
N P;::‘\" + [ /\m o THF, TEA Metilen mavisi
- " - = —— -
(.I.\,__Iu ]I)'_,.(‘.l 0 I —bf-\rlﬁnrpsiynn
P -~ \
ad N oa Mikrokiire Mikrokiire
ey HO Adsorpsiyon Adsorpsiyon
frimer izosorbit Sacesl sonras

Jiang vd. (2019) tarafindan yapilan bir arastirmada
poli(siklotrifosfazen-ko-4,4'-diaminodifenil eter) mikrokdreler
trimer ile 4,4'-diaminodifenil eter arasindaki reaksiyondan elde
edilmistir. FT-IR, XPS, zeta potansiyeli ve SEM/EDS teknikleri
ile mikrokurelerin karakterizasyonu yapilmistir. Bu kireler ile
toryum (IV) adsorpsiyonu iizerine calisilmis ve 10 mg
mikrokiirenin, 30 mg/L toryum (IV) c¢ozeltisi kullanilarak,
pH:3,5’ta ve 60 dakikada optimum adsorpsiyon performansi
gosterdigi belirlenmistir. Maksimum adsorpsiyon kapasitesi
29,06 mg/g olarak tespit edilmistir (Sekil 7).

Sekil 7. Trimer Tle 4,4’-Diaminodifenil Eter ile Polikondenzasyon
Reaksiyonundan Mikrokire Sentezi Ve Toryum(1V)

Adsorpsiyonu.
o, o
N"‘P:\\“V i \\\ AR TEA. Asetonitril Toryum({Iv)
-l ot HN—{ 0 p—NH; " isbd b T o
P Nt v/ =r
a E'I 44" -dinminodifenil eter .
Trimer Mikrokiire Mikrokiire
Adsorpsiyon Adsorpsivon
oncest SONrast

Tablo 2’de son donemde yapilmis siklomatriks
polifosfazen nano/mikrokurelerin adsorpsiyon uygulamalarina
ornekler verilmistir.

Tablo 2. Siklomatriks Polifosfazen Nano/Mikroktrelerin
Adsorpsiyon Uygulamalarina Ornekler

Adsorplanan Max ads. Deneysel
Monomer L Kaynak
madde kapasitesi parametreler
. Metilen 200 mg/L MB
Izosorbit mavisi 1143,6 mg/g  ¢ozeltisi, Li vd., 2022
25° C, pH:10
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6 mg mikrokdire

50mg/L MB
¢ozeltisi

96,548 mg/g 25 °C,pH:11-13
5 mg mikrokdire

Zou vd.,
2020

4,4'-diamino Metilen
difenil silfon mavisi

500 mg/L MO

¢ozeltisi

60°C, pH<6 Onder vd.,
10mg 2021a
mikrokire

4-(aminometil)
-1,8- Metil oranj 12447 mglg
oktandiamin

30 mg /L

toryum(1V)

¢ozeltisi
4,4'-diamino
difenil eter

Jiang vd.,
293,15 K, 2019
pH:3,5
10mg
mikrokiire

Toryum(1V) 29,04 mg/g

3.3.Katalizor Uygulamalar

Siklomatriks polifosfazen kirelerin katalizor
calismalarinda da 6nemli sonuclar verdigi yapilan arastirmalarda
gorulmektedir. Ornek vermek gerekirse, Dong vd. (2019)’nin
yaptig1 bir ¢calismada, 4,4’-oksibisbenzenamin (ODA) monomeri
ile trimerin reaksiyonundan siklomatriks polifosfazen partikiller
elde edilmistir. Ayn1 zamanda sitrat kapli Ag nanopartikiller
sentezlenerek polifosfazen partikdllerin yuzeylerine
adsorplanmalar1  saglanmistir. Bu amagla 75 mL Ag
nanopartikil c¢ozeltisine 15 mg polifosfazen partikil eklenerek
oda sicakliginda, 180 rpm karistirma hizinda karistirilmistir.
Daha sonra elde edilen partikiller santrifijlenerek ayrilmas,
polifosfazen partikillerin 59,35 mg/g Ag nanopartikdl
adsorpladigi belirlenmistir. Elde edilen bu partikillerin sodyum
borohidriir varliginda metilen mavisinin indirgenme reaksiyonu
Uzerindeki katalitik 6zellikleri incelenmis ve yiiksek katalitik
aktiviteye sahip oldugu tespit edilmistir (Sekil 8).
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Sekil 8. 4,4’-Oksibisbenzenamin (ODA) Monomeri ile Trimerin
Reaksiyonu ve Elde Edilen Agnp Tasiyan Polifosfazen
Partikullerin Gosterimi

NH;
Hz:N NH;
/
"-‘-..~
\sernnnrll
cl \'l NH;
J \ = \
(o}
H,N NH,
NH;

:AgNP

Fu vd. (2018)’nin yapmis oldugu bir g¢alismada ise,
polietilenimin ile trimer reaksiyona sokularak mikrokireler elde
edilmis ve 2-4 nm c¢apinda Au-Ag nanopartikiller
mikrokiirelerin yilizeylerine yiiklenmistir. 4-nitrofenoliin sodyum
borohidriir varliginda 4-aminofenole indirgenme reaksiyonu
tizerindeki  katalizor  etkisi  arastirllmistir.  Polifosfazen
mikrokireler ile yizeylerinde Au-Ag nanopartikiiller tasiyan
mikrokirelerin katalitik aktiviteleri karsilastirilmis ve Au-Ag
iceren mikrokirelerin daha yiksek katalitik aktivite gosterdigi
belirlenmistir (Sekil 9).

Sekil 9. Au-Ag Polifosfazen Mikrokurelerin Sentezi ve 4-
Nitrofenoliin Indirgenmesi

]
Trimer Asetonitril
+ —_— —_—
Polietilenimin A \
Mikrokiireler Au- J\;__ Mikrokiireler
4-nitrofenol 4-aminofenol
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4. SONUGC

Polifosfazenlerin bir alt sinifi olan ve yiksek derecede
capraz bagli yapiya sahip siklomatriks polifosfazenlerin son
derede rijit ve genellikle toz formunda malzemeler olmalarina
ragmen, sentezlerinin pratikligi, cok fazla kimyasal ve ylksek
sicaklik  gerektirmemesi ve reaksiyon siiresinin kisaligi
sebebiyle, bu polifosfazen materyallerin sentezi tizerine yapilan
calismalarin son yillarda artig gosterdigi goriilmektedir.
Sentezinin kolayligimmin yani sira, bu polifosfazenlerin yizey
alanlarinin  biiyiikliigii, poroziteleri, her ¢doziiciide dispers
olabilmeleri gibi 6zelliklere sahip olmalar1 pek ¢ok uygulamada
kullanilabilmelerine olanak saglamaktadir. Dolayisiyla, fosfazen
kimyasinda giderek daha 6nemli bir hale geldigi goriilen
siklomatriks polifosfazenler arastirmacilara yeni fonksiyonel
materyallerin sentezlenmesi adina ilham vermekte ve pek ¢ok
alanda umut vaad etmektedirler.

KAYNAKCA

Abbas, Y., Zuhra, Z., Basharat, M., Qiu, M., Wu, Z., Wu, D. ve
Ali, S. (2019). Morphology control of novel cross-linked
ferrocenedimethanol derivative cyclophosphazenes: from
microspheres to nanotubes and their enhanced
physicochemical performances. The Journal of Physical
Chemistry B, 123, 4148-4156.

Ahmad, M., Nawaz, T., Hussain, I., Chen, X., Imran, M.,
Hussain, R., ... Wu, Z (2022). Phosphazene
cyclomatrix ~ network-based  polymer:  chemistry,
synthesis, and applications. ACS Omega, 7, 33, 28694-
28707.

Allcock, H. R. (1972). Recent advances in phosphazene
(phosphonitrilic) chemistry. Chemical Reviews, 72, 4.

29



Teori ve Uygulamada Fen Bilimleri

Alp Arici, T., Metinoglu Oriim, S., Siizen Demircioglu, Y.,

Ozcan, A. ve Ozcan, A. S. (2018). Assessment of
adsorption properties of inorganic-organic hybrid
cyclomatrix type polyphosphazene microspheres for the
removal of Pb(ll) ions from aqueous solutions.
Phosphorus, Sulfur, and Silicon and the Related
Elements, 193:11, 721-730.

Chang, F., Huang, X., Wei, H., Chen, K., Shan, C. ve Tang, X.

Dong,

(2014). Intrinsically fluorescent hollow spheres based on
organic-inorganic hybrid polyphosphazene
material:Synthesis and application in drug release.
Materials Letters, 125, 128-131.

Y., Chen, S., Lu, X., ve Lu, Q. (2019). High-level
extraction of recyclable nanocatalysts by using
polyphosphazene microparticles. Langmuir, 35, 5168-
5175.

Fu, J., Wang, S., Zhu, J., Wang, K., Gao, M., Wang, X. ve Xu,

Q. (2018). Au-Ag bimetallic nanoparticles decorated
multi-amino cyclophosphazene hybrid microspheres as
enhanced activity catalysts for the reduction of 4-
nitrophenol. Materials Chemistry and Physics, 207,
315e324.

Jiang, Z., Xie, F., Kang, C., Wang, Y., Yuan, L. ve Wang, Y.

Li, J.,

(2019). Adsorption of thorium(lV) from aqueous
solutions by poly(cyclotriphosphazene-co-4,4"-
diaminodiphenyl ether) microspheres. Journal of
Radioanalytical and Nuclear Chemistry 321:895-905.

Ma, H., Shen, J., Liu, R., Zhu, Z., Zhao, L. ve Xi, Z.
(2022). Isosorbide-based cyclomatrix polyphosphazene
for high-efficient and selective adsorption of cationic
dyes: experimental and computational studies. Applied
Surface Science, 598, 1536809.

30



Teori ve Uygulamada Fen Bilimleri

Li, Z., Wang, G., Zhang, A., An, L. ve Ti, Y. (2016). One-pot
synthesis of monodispersed phosphazene-containing
microspheres with active amino groups. Journal of
Applied Polymer Science, 133, 17, 43336.

Mehmood, S., Haq, F., Kiran, M., Ali, F., Aziz, T., Farid, A. ve
Haroon, M. (2023a). Cyclo-matrix
poly(cyclotriphosphazene-co-kaempferol) microspheres:
synthesis, characterization, EPR study and their
controlled drug release application. Journal of Polymers
and the Environment, doi:10.1007/s10924-023-02890-2.

Mehmood, S., Uddin, Md A., Yu, H., Wang, L., Amin, B. U,,
Hag, F. ... Haroon, M. (2023b). Study on fully cross-
linked  poly(cyclotriphosphazene-co-epigallocatechin)
nanospheres and their application as drug delivery
carriers. International Journal of Polymeric Materials and
Polymeric Biomaterials, doi:
10.1080/00914037.2023.2175825.

Mehmood, S., Uddin, Md A., Yu, H., Wang, L., Amin, B. U,
Hag, F.,...Haroon, M. (2022a). Preparation of size-
controlled poly(cyclotriphosphazene-co-resveratrol)
microspheres and their properties as drug delivery
carriers. Iranian Polymer Journal, 31:1225-1235.

Mehmood, S., Uddin, Md. A., Yu, H., Wang, L., Amin, B. U.,
Haq, F.,...Haroon, M. (2022b). Study on synthesis of
cross-linked poly(cyclotriphosphazene-co-luteolin)
nanospheres and their properties for controlled drug
delivery. Colloid and Polymer Science, 300:861-871.

Mehmood, S., Uddin, Md. A., Yu, H., Wang, L., Amin, B. U,
Hag, F....Haroon, M. (2022c). One-pot synthesis of size-
controlled poly(cyclotriphosphazene-co-hesperetin)
microspheres and their properties as drug delivery
carriers. Chemistry Select, 7, €202200273.

31



Teori ve Uygulamada Fen Bilimleri

Mehmood, S., Wang, L., Yu, H., Haq, F., Amin, B., Uddin, Md.
A, ...Ni, Z. (2022d). Preparation of
poly(cyclotriphosphazene-co-piperazine)  nanospheres
and their drug release behavior. International Journal of
Polymeric Materials and Polymeric Biomaterials, 71:2,
139-147.

Mehmood, S., Wang, L., Yu, H., Haq, F., Fahad, S., Amin, B.,
...Haroon, M. (2020). Recent progress on the preparation
of cyclomatrix-polyphosphazene based
micro/nanospheres and their application for drug release.
Chemistry Select, 5, 5939 -5958.

Metinoglu ~ Oriim, S.  (2022). Novel cyclomatrix
polyphosphazene nanospheres: preparation,
characterization and dual anticancer drug release
application. Polymer Bulletin, 79:2851-28609.

Onder, A. ve Ozay, H. (2021a). Highly efficient removal of
methyl orange from aqueous media by amine functional
cyclotriphosphazene  submicrospheres as  reusable
column packing material. Chemical Engineering &
Processing: Process Intensification 165, 108427.

Onder, A. ve Ozay, H. (2021b). Synthesis and characterization
of biodegradable and antioxidant phosphazene-tannic
acid nanospheres and their utilization as drug carrier
material. Materials Science & Engineering C, 120,
111723.

Ozsoy, F., Comert Onder, F., llgin, P., Ozay, H., Onder, A. ve
Ozay, O. (2023). Self-assembled silibinin-containing
phosphazene/cystamine  hybrid  nanospheres  as
biodagradable dual-drug carriers with improved
anticancer activity on a breast cancer cell line. Materials
Today Communications, 37, 107116.

32



Teori ve Uygulamada Fen Bilimleri

Rothemund, S. ve Teasdale, I. (2016). Preparation of
polyphosphazenes: a tutorial review. Chemical Society
Reviews, 45, 5200.

Wan, C. ve Huang, X. (2017). Cyclomatrix polyphosphazenes
frameworks (Cyclo-POPs) and the related nanomaterials:
Synthesis, assembly and functionalisation. Materials
Today Communications, 11, 38-60.

Wang, Y., Mu, J., Li, L., Shi, L., Zhang, W., ve Jiang, Z. (2012).
Preparation and properties of novel fluorinated cross-
linked polyphosphazene micro-nano spheres. High
Performance Polymers, 24: 229.

Zhang, P., Huang, X., Fu, J., Huang, Y., Zhu, Y. ve Tang, X.
(2009). A one-pot approach to novel cross-linked
polyphosphazene microspheres with active amino
groups. Macromolecular Chemistry and Physics, 210,
792-798.

Zou, J., Liao, K., Xiang, L., Liu, M., Xie, F., Liu, X,,...Wang,
Y. (2020). Synthesis of poly(cyclotriphosphazene-co-
4,4’ -diaminodiphenysulfone) microspheres and their
adsorption properties for cationic dyes (methylene blue).
Journal of Inorganic and Organometallic Polymers and
Materials, 30, 976-985.

33



Teori ve Uygulamada Fen Bilimleri

34



COORDINATION POLYMERS OF 3,3 '-
AZOBISPYRIDINE

Figen ARSLAN BiCER!

1. INTRODUCTION

A compound formed by the coordination of a central atom
and ligand(s), which donates a pair of electrons to the central atom
is called a coordination compound or complex. Coordination
polymers (CPs) can be defined as compounds formed by the
repetition of a unit consisting of a metal ion and organic ligands
in one, two or three dimensions[1-2]. Multifunctional material
design is very important to achieve the goal of molecular smart
materials in chemical and materials science. Multifunctional CPs,
particularly MOFs, have attracted increasing attention due to a set
of well-defined properties [3-5]. Photoluminescence, porosity,
magnetism, optical, electrical, conductivity, etc. are some of these
features. Coordination polymers, thanks to their crystalline and
periodic structures with high thermal stability, have many
promising application areas in chemical/physical sensing [6-8],
light harvesting [9-10], photoelectric material [11-12] drug
delivery [13-14], catalysis [15-18], gas storage/separation [19-
24], magnetism [25-27], fuel cell [28-29]. Besides, many
chemical and physical factors, the mode of selected organic
binding ligands also affect the self-assembly process, which is
responsible for the significant change of physicochemical
properties of CPs due to the difference in crystal packing and
overall network superstructures [30-34].

L Assist. Prof., Karablik University, Faculty of Science, Department of Chemistry,
farslan@karabuk.edu.tr, ORCID: 0000-0002-4024-8233.
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2. AZOBISPYRIDINES

Azo aromatic compounds which have unequaled
combination of electronic and geometrical properties are
increasingly being studied in synthesis of functional CPs [4, 35-
36]. Due to low-lying ©*-MO, azo compounds are preferred the
application for dye function, nonlinear optical elements,
information storage function, and printing systems [37-40].
Additionally, complexes of azo compounds have long been used
in areas such as dye development and nitrogen fixation [37].

Azobispyridines have different isomers named depending
on the position of the nitrogen atoms in the pyridyl moieties, such
as 2,2'-azobispyridine (abpy), 3,3'-azobispyrine (3-abpy) and
4,4'-azobispyridine (4-abpy) (Scheme 1.). Abpy has coordination
sites involving both azo- and pyridyl-nitrogen atoms and can give
one-, two- or poly-nuclear complexes with different coordination
modes. On the other hand, 3- and 4-abpy can act as a bridging
ligand in trans or cis modes only through pyridyl-nitrogen atoms
[41-43](Schemel).

Scheme 1. Azobispyridines And Their Coordination Modes
N —
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2.1.Synthesis of Azobispyridines

Abpy was first synthesized by Kirpal and Reiter in 1927
via the oxidative coupling reaction of 2-aminopyridine[44]. Over
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the years, the Kirpal-Reiter method has been developed to obtain
products with higher yields and purified. The Kirpal-Reiter
procedure: The aqueous solutions of the amino pyridines (2 g in
10 ml) are added to 200 ml sodium 10-14 wt% hypochlorite
solution that stirred and being chilled in a dry ice or ice-water
bath. The reaction is carried out with a 15-45 min addition period.
Followed by extraction with diethyl ether immediately and
purified either by re-crystallization in petroleum ether or by using
chromatography. The products are obtained as crystalline solid
(red-orange) and melting at 86-87 °C, 140-140.5 °C, and 106.5-
108 °C for abpy, 3-abpy, and 4-abpy, respectively [45, 46].

3. SURVEY OF 3,3'-AZOBISPYRIDINE CPs

Although 4-abpy has been frequently preferred as a
flexible bridge ligand containing an azo group in the synthesis of
functional coordination polymers and studies have been carried
out on special usage areas such as gas selection/storage, catalysis,
photoluminescence etc. [30, 36, 47-57], the coordination
chemistry of 3-abpy is still at its early stages.

Although there was a previous report on the use of
azobispyridines as complexing agents [58], the first study in the
literature on complexes of 3-abpy was published by Beadle and
co-workers in 1969 [59]. In the study, metal complexes were
prepared by mixing various metal(ll) salts of cobalt, nickel and
copper with 3-/4-abpy in ethanol solution at a ratio of 1:1. In
1974, the same working group published IR and Raman studies
of ZnXoL (X: CI, Br, I, NO or NCS; L: 2-, 3- and 4-abpy)
complexes. The results revealed that the azo group of
azobispyridines is not coordinated, but it coordinated to the metal
via pyridyl-N atoms[60].

In 2001, Li et al. [61] prepared two compounds, namely
[Osa(u-H)2(CO)10{p-n3-NCsHa(N=N)CsHsN}] and  [Osa(u-
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H)4(CO)10{-n?-NCsHa(N=N)CsH4N}]>  with  abpy/3-abpy,
respectively and the redox features of the compounds have been
studied. Crystal structure data of the compounds have revealed
that  [Osa(u-H)2(CO)10{u-n3-NCsH4(N=N)CsHsN}]  which
exhibited dehydrogenation both pyridyl- and azo-N atoms of
abpy are coordinated to the cluster core, however, [Os4(p-
H)4(CO)10{u-n?-NCsH4(N=N)CsHsN}]2 two tetra-osmium metal
cores have been linked to two 3-abpy ligands via their pyridyl-
nitrogen atoms.

In the same year, by another research group [62], two
Co(I)-CPs  were synthesized by slow diffusion of
Co(Cl04)2'6(H20) and 4-abpy/3-abpy. [Co2(4,4'-
azpy)s(H20)6][ClO4]4:(H20)10°(4,4"-azpy)s, was a 2D network,
while  {[Co(3,3 -azpy)(H20)4][ClO4]2'(3,3"-azpy)s}n  which
synthesized under the same conditions except used
azobispyridines was a single-chain zigzag structure. The study
showed that the structural diversity in CPs is due to the difference
in the positions of the donor pyridyl-N atoms of azobispyridines
and their coordination characters.

Several years later, the two Hg(Il)-CPs with 4,4'-
trimethylenedipyridine and 3-abpy were synthesized and
structurally characterized. This study which was the firstly
investigated the optical limiting effects of CPs, was exhibited that
the add on heavier atoms into the system may gain good NLO
properties of CPs [63].

It is known that compared with the single ligand approach,
mixed- ligand strategy has the advantages to synthesize various
topological and functional coordination networks. The studies on
the design and synthesis of mixed-ligand CPs revealed that the
bipyridine linkers and poly carboxylic acid ligands be the most
reliable and typical building blocks which can be concurrently
applied to synthesize of functional CPs. Combining the
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advantages of two such types of ligands not only lead diversity of
CPs but also it provides emerging applications of CPs such as gas
selective and storage, catalysis, and light harvesting [64].

Three copper(ll) MOFs with 1,3,5-benzenetricarboxylic
acid and different aminopyridine  derivatives  (3,3’-
azobispyridine, N-(pyridin-3-yl)pyrazine-2- carboxamide, and
(E)-4,4’-(ethene- 1,2-diyl)bis(N-pyridin-3-yl)benzamide) were
obtained and examined electrocatalytic and photocatalytic
properties of the CPs. The most striking point in the study is the
in situ conversion of 3,3'-azobipyridine from 3-aminopyridine
during hydrothermal synthesis. (Scheme 2.). It was stated that
this transformation would be possible under hydrothermal
conditions and in the presence of NaOH with a oxidant such as
copper(l1). In a Cus cluster of [Cuz(3-azpy)(HBTC)(H2BTC)(p3-
OH)(H20)2], both one and two deprotonated carboxylate groups
of 1,3,5-benzenetricarboxylic acid ligands coordinate to Cu(ll)
with a p—nlm?. 2D structure of the CP forms by connected of 3-
abpy between adjacent 1D chains. In the study, the effect of
different N,N'-donor ligands on the formation of functional
MOFs with various topological properties is emphasized [65].

Scheme 2. The in Situ Transformation Of 3-Abpy From 3-
Aminopyridine [65].

-

N~ hydrothermal

N
NH, HoN Cu(ll) + NaOH LJ
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N -
3,3'-azopyridine

In study that was published in 2017 [66], five complexes
with 3-abpy and saccharin were prepared systemically by reflux
of the M(I1)-aqua-saccharin complexes [M: Ni(ll), Cu(ll), Zn(ll),
Cd(11), and Hg(I1)] with 3-abpy in various solvent. Although they
were synthesized under similar conditions, it was observed that
both 3-abpy and saccharine adopted different binding modes in
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the complexes. Ni(ll) and Zn(Il) complexes are mononuclear
while Cu(ll), Cd(I1), and Hg(ll) are 1-D coordination polymers.
The photoluminescent properties of Zn(ll), Cd(ll) and Hg(ll)
complexes were attributed to intra-ligand transition of
coordinated 3-abpy ligands.

Some research that used the 3-abpy ligand to construct
MOFs with various topologies and functions is published by
Chand et al. [67-71]. One of these studies contribute to potential
application of MOF towards dual-responsive luminescent probe
for metal ion sensing [67]. Two Cd(Il1) MOFs, based on 3-abpy
with succinic acid and 1,4- cyclohexane dicarboxylic acid, were
prepared and their structures were characterized successfully.
Through the fluorescence measurements, it was determined that
the MOFs not only selectively and sensitively detect Fe** and AI¥*
but also display rapid response time toward sensing of these metal
ions. Their sensitivity to the two metal ions of the MOFs was
explained by the fact that the exposed azo group of 3-abpy, which
has a m-conjugated electronic system that provides strong
luminescence, weakens the fluorescence intensity, and serves as
a functional site for metal ion recognition [67].

Indeed, in the other studies, microporous MOFs
{[Zn(oba)(L)o.s]dma}n which act a trifunctional MOF [68], and
{[Co(OBA)(L)o:5]-S}n [69] based on 4,4'-oxydibenzoic acid and
3-abpy was synthesized by solvothermal reaction. The Zn-MOF
that micro porous luminescent showed several functionalities for
multiple applications such as capable of selectively adsorbing
CO:2 uptake, the selective sensing of Fe**, and selective detection
of nitro methane [68]. High separation values of the MOF that
were obtained via IAST calculations demonstrated the potential
for higher separation selectivity for CO2 over N2 and CH4 at
ambient conditions [69].
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In the other study, three isostructural 3D Cd-CPs with 3-
abpy and three different dicarboxylate ligands (1,4-naphthalene
dicarboxylic acid, 2-amino and 2-nitro terephthalic acid) were
synthesized by the same group. In the study, photoluminescent
spectra of the CPs in different organic solvents revealed the effect
of solvents on the luminescence intensity [70].

In 2009, by the same group two Co-MOFs were prepared
based on 1,4-naphthalene dicarboxylate and fumarate ligands
with 3-abpy. In the study, {[Co2(1,4-NDC)2(L)(H20)2(u?-H20)]
:(DMF)2(H20)}n has been determined that permanently
microporous nature and moderate adsorption capacity for COa.
Also, the Co-MOFs that have pore space with involve azo groups
and the exposed metal sites exhibited efficient catalytic activity
toward the cyanosilylation reactions and Knoevenagel
condensation as the catalysts may be readily separated and
reusable without losing any activity or structural integrity [71].

The Cu-MOF {[Cu(oba)(azd)0.5](DMF)2}n (4,4'-
oxydibenzoic acid and 3-abpy) has been synthesized and
characterized by Chen et al. [72]. Besides, various gas sorption
experiments have been done in order to analyse the C2H2/C2Ha4
potential of the activated {[Cu(oba)(azd)os](DMF)2}n, which
shows its potential for a highly selective adsorption of C2H2 on
Cz2Ha. Additionally, the Cu-MOF exhibits the anti-inflammatory
effect during cirrhosis treatment.

Two studies [73, 74] which have been done on cadmium(ll) and
cobalt(ll) CPs based on 3-abpy and different polycarboxylate
ligands show that structural diversity of the CPs can be acquired
by varying carboxylate ligands and/or synthesis condition. In the
study that was published by Haque et al., five Cd(I1) and Co(ll)
CPs, based on 3-abpy and different dicarboxylate ligands
(succinate, methyl succinate, 2,2-dimethyl glutarate, glutarate
and terephthalate) were synthesized by slow diffusion technique.

41



Teori ve Uygulamada Fen Bilimleri

Gas adsorption studies for the complexes indicate that {[Cd(3,3'-
azbpy)(suc)](MeOH)}» has a comparatively high CO2 uptake
capacity in comparison with other complexes. Moreover, in the
study, it was emphasized that using different carboxylates leads
to structural diversity of the complexes.

Scheme 3. Schematic Illustration Displays The Various Structures
Constructed From Cd(11), Glu, And The 3-Abpy Ligand Under
Diverse Reaction Conditions: Topological representation and 2D
structure of Cd(11)-CPs; (a) {[Cd(3,3 -azbpy)(glut)]2.5(H20)}n.
[73] and (b) {[Cd(p3-glu)(n-abpy)]-3H.O} [74]

Cd(ll) + 3-abpy+glutaric acid

(a) (b)

In the other study, three cadmium(ll) CPs, based on 3-
abpy with phenyl succinate, glutarate and 3,3-dimethyglutarate
were synthesized by hydrothermal conditions. X-ray diffraction
studies revealed that [Cd2(u-phsuc)z(p-abpy)2(H20)2]n and
{[Cd(u3-glu)(u-abpy)]-3H20}n show 3D structure, whereas
{[Cd(p-dmglu)(pu-abpy)(H20)]-H20}n exhibits 2-fold
interpenetrating 2D structure. In sum, these two studies reveal the
effect of the synthesis method, as well as the use of different
dicarboxylate ligands, on the final product (Scheme 3.).
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4. CONCLUSIONS

The studies on the coordination compounds of 3,3'-
azobispyridine which promising ligand for the development of
functional CPs are still at an early stage compared with their 2,2’
and 4,4'-isomers. Previous studies reveal that 3-abpy's mixed-
ligand CPs, especially those applied together with poly carboxylic
acid ligands may be used in emerging applications such as
photoluminescence, catalysis, gas selection and storage, and
electrochemistry. It is widely known that many factors such as
synthesis method, reaction temperature, pH, reaction time,
synthesis conditions, metal ions, and metal salts et al. are effective
on the construction of targeted CPs. Therefore, the topological
and structural diversity of the desired functions of CPs can be
increased by trying different combinations in which one of the
building blocks and/or the synthesis conditions is changed.
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QUANTUM CALCULUS APPROACH TO THE
HYPER DUAL NUMBER SEQUENCES

Faik BABADAG!

1. ABSTRACT

In this paper, we presents hyper dual number sequences
with components including quantum integers. Further, we
consider the g-Fibonacci hyper dual number sequence and g-
Lucas hyper dual number sequence with a different perspective.
It presents some formulas, facts, and properties about these
number sequences. Afterwards, some fundamental identities,
such as D’ocagnes, Cassini, Catalan, and Binet formulas, and
relations of the g-hyper dual number sequences, are demonstrated
and we defines the new hyper dual polynomials and functions
called the g-Fibonacci hyper dual and the g-Lucas hyper dual
polynomial and function sequences. Then, we provide some
properties related to the polynomial and function sequences.
Furthermore, in the current paper, it would be valuable to
replicate similar approaches in hyper dual number sequences with
quantum calculus.

2. INTRODUCTION

In 1873, dual numbers were defined by Clifford and were
used by Study, who used them to represent the dual angle which
measures the relative position of two skew lines in space (Study,
2022; Guggenheimer, 2012). In the following years, dual numbers

L Asist. Prof., Kirikkale University, Faculty of Science and Letters, Department of
Mathematics, faik.babafag@kku.edu.tr, ORCID: 0000-0001-9098-838X.
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are used in the investigation of instantaneous screw axes with the
help of dual transformations in R3. A dual number is a number of
the form a + sa*, where a and a* are real numbers and ¢ is the
dual unit taken to satisfy &2 = 0 with € # 0 (Jorge, 1998;
Kotelnikov, 1895; Frydryszak, 2005; Wald, 1987; Fischer, 1998;
Frydryszak, 2005).

The set of all dual numbers are denoted by
D={A=a+ae|(aa) € R*}

The set D forms a commutative ring with unity according
to the operations which are addition and multiplication

A+ B = (a+b)+e@ +b")

and
AB = ab + e(ab” + a*b)

Another interesting topic is hyper dual numbers in the
field of kinematics and dynamics to simplify derivative equations
of the motion of multi-body systems (Cohen & Shoham, 2016, 2017,
2018). Hyper dual numbers are used in the sense of Study by using
derivative calculations. We can further extend the dual numbers
to a hyper dual space. The set of all hyper dual numbers is defined

by
DZ = {U = uo + ul gl +u2 82 + u3 53 |u0,u1,u2,u3 (S R}
where €1, €2 and €; are the dual units which satisfy the following
rules:
g2 =e2=¢c2=0and g¢&, = 5,6, = &3 (1)

The addition and multiplication of any hyper dual
numbers U and V are defined, respectively, as

U + V = (uO + Uo)‘l' (u1 + 171)81

+ (U + vy)&x + (uz + v3)é3
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The Fibonacci and the Lucas numbers play an important
role in various areas such as mathematics, physics, computer
science and related fields. For positive integer n, the linear
sequences F, and L,, are defined by

B, =Fpq +Fy
and
Ly =Lp1 +Ly,

Here, the initial conditionsare F, = 0,F;, = 1,L, = 2,
and L; = 1, respectively. The Binet formulae of these numbers
are

_a,n_’Bn
L,=a™+p" @)

The properties, relations, results between Fibonacci and
Lucas numbers can be found in (Koshy, 2001; Vajda, 2008; Dunlap,
1997; Verner, 1969; Falcon, 12007,2011; Vorobiov,1974; Nalli &
Haukkanen, 2009). In recent years, many researchers have become
interested in quantum calculus, which occurs in a variety of
mathematical fields of combinatorics and special functions. For
understanding of this paper, we demonstrate definitions and facts
from the quantum calculus. The g-integer is given as follows
(Akkus & Kizilaslan, 2019; Stum & Quiros, 2013; Kac, 2022; S. Kome, C.
Kome, & Catarino, 2022):

1 — g™
[n]q = ‘zl =1+q+...+q""! ®)

of two variables n and q. For positive integer m and n, we obtain

{[m +n]y = [m], + " [n],
[mn], = [m], + [n]m
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(4)

In this paper, we describe the g-Fibonacci hyper dual
number sequence and the g-Lucas hyper dual number sequences.
We get some results for hyper dual number sequences.

3. q-HYPER DUAL NUMBER SEQUENCES

In this section, we demonstrate two types of hyper dual
number sequence with components including quantum integers,
which are called the g-Fibonacci hyper dual number sequence and
the g-Lucas hyper dual number sequences. We obtain the Binet
formulas, Catalan identity, Cassini identity and d’Ocagne identity
for these number sequences.

DEFINITION 3.1. Hyper dual number sequences of the form

Fo = a™[nlg+ a™[nlge; + a™nlge, (5)
+ a™?[n],es

are called the g-Fibonacci hyper dual number sequence and

2n 2n+2 2n+ 4
L, = a"[ ]q+ a"—[ ]q£1+ a"—[ ]q£2
[n], [n+1], [n+2],
[ 2n+6] ©)
n L4M+0lq
+«a —[n+3]q53

are called as the g-Lucas hyper dual number sequence.
Furthermore, we can rewrite these number sequences in other
form as follows:

_ e
F, = a”l qn+ a”“—l a” €
" a—aq a—aq
1-— n+2 1-— n+3
+an+2 —qg +an+3 q €
1- a—aq
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and
1-— 2n 1— 2n+2
Ly, =am qn+ "“Lmsl
1-4¢ 1-g¢q
1— q2n+4 1— q2n+6
n+2 n+3
+ «a —1_qn+252+a 1_qn+353

where ¢, &, and ;5 are the dual units which satisfy the following
rules in Equality 1.
THEOREM 3.2. (BINET’S FORMULA) For any integer n,

Fo = a™tnlge + (@™ B
2n
L, = a”" [[n]]q Yy +a™(1 - B (7)

Furthermore, these number sequences have another
expression of the form

n a—aq (®)

aa+ (aq)"y
“].“ - — =
aa+ (aq)"y

Ln

where

1+ ag; + a?s, + o3gg
=& + of 2];e;, + o?[3],e3 )
=1+ aqe; + (aq)’e; + (aq)’es

IR I |

PROOF. From Equalities 3-5 and 9, we can write
Fo = am[nl,+ a™[nlge + a™[nle + a™2[n],e
= a™[nlg+ a™([nlg+ ¢Me
+ a™([nl, + q"[2],)e; + a™?([nl;+q "al 3],)es

= a™ M [n],(1 + ag + e, + oddey)
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+(a@™ (& + af 2]4e; + ?[3],¢3)
= a™ ! [n]ga + (aq)"B

Calculate the Binet formula for the g-Lucas hyper dual number
sequence £, in other form.

1_ an +1 1_ q2n+2
Ln am™ 1_qn+ n 1_qn+1€1
1 q2n+4— q2n+6
n+2 n+3
+ «a 1= n+282+a —1_qn+383

=a™(A+ g™+ a™ 1+ g™ V)e
+ a™?(1+4 q™?e, + a™3(14+q"3)e;
=a™(1 + ag + s + addey)
+(@@)" (1 + age + (ag)’s; + (ag)’e;)
= aa+ (aq)"y
hence we obtain that
{:Fn = ™ [nl,a + ("B

Ly = aa+ (aq)"y

THEOREM 3.3. (CATALAN IDENTITY) For the integers n, r
such that n > r, then we have

29"
Tn+rTn—r_Tnz = a2 m([—r]q"'[r]q)ﬁz

and

Lysrlnr—LE= a?™ qr(1—q)([—r]g+ [r]g)ay
PROOF. By using Equalities 3, 4, 8, and 9, we obtain
(an+rg+ (aq)™" Z) (an_rng (aq)™" Z)

Tn+rTn—r_Tnz= a—aq

a—aq
( ara+ (aq)" Z)Z

a—aq
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a2 4"
1—¢q

=a 2-q" —qNay

n
— 2n-2 q

(1-9)?

n

= q 2 uz—q)z([_r]q + [r]q)gz

and using the Binet formula of the g-Lucas hyper dual number
sequence, we find that

Lpyrlnr— L=« an q"(1- CI)([ —T]q + [r]Q)gZ

(1-q +1-qNay

where
ay=1+ a[2]gg + o?([3];— q)e; + a®[4]e;
The proof is completed.
THEOREM 3.4. (CASSINI IDENTITY) Forn > 1, we have

29"
Tn+1Tn—1_Tn2= aZn 2 m([_l]q+[1]q)gy

and
Lyy1Lnog —LE= a®™ q"(1- Q)([ —1g+I 1]61)QZ

PROOF. If we write r = 1 in Theorem 3.3, we get the Cassini
identity.

THEOREM 3.5. (D’OCAGNE’S IDENTITY) For any integer
n, m and the g-Fibonacci hyper dual number sequence we have

([mly = [nlg)(1 = B) @

PROOF. Using Equalities 3, 4, 7 and 9, doing necessary
calculations, we obtain

a m+n

FnFrner — Fm T =

a

Tan+1 - :Fm+1Tn
= (@™ [mlga + (@) B) (a" [n+1l4g + (@)™ p)

— (am ' nlya + @)™ ) (a™[m+ 1l + (aq)™ p)
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=a™m 1 ([m][n+1]; = ([ nly[m+ 1]q)g2

+a™ g ((q[mlg —[m+1])+ a™™q™(glnlg — [n+ 1) ap

a™m" (@ -q™ 5, . @"=q"

=— - a“+ a —1—q ap

amMtn (1—gMm4 g™ —1 1—qg*4+gm—-1

_ (1-q"+q )a2+am+"( q"+q )a/;
a 1-gq = 1-q =
am+n

=—5— (Imlg—[nlg) & + ™" ([nlg —[mlg) ap
a,m+n

= (mlg = [nl)(1 = B) a?

a

where from Equality 9, we can write
a- [_i)gz =1+ ag + (xz(Z - [Z]q)sz + a3(3 - [S]q)e3

THEOREM 3.6. For any integers, n,r and s, the g-Fibonacci
hyper dual number sequence and the g-Lucas hyper dual number
sequence satisfy the identity,

LpirFovs — LnssFoer =2q" a 2n+r+s—1([ S]q - [r]q)gz

PROOF. By using Equalities 3, 4, and 7, if we do necessary
calculations, we get

2n+r+s-1 (qr _ qs)

LsrFnrs = LnssFnir = 29" 1—gq ay
:an a 2n+r+s-1 %QY

=2qn a 2n+r+s—1([5]q _ [r]q)gz

4. g-HYPER DUAL POLYNOMIAL SEQUENCES

In this section, we define quantum hyper dual polynomial
sequences or, briefly g-Fibonacci hyper dual polynomial
sequence F, (t ) and g-Lucas Hyper dual polynomial sequence
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L,(t) whose components are the well-known Fibonacci and
Lucas polynomial sequences F,(t) and L, (t), respectively.

DEFINITION 4.1. For h(t) and g(t) dual component
polynomials, the g-polynomial sequences F,(t) and L,(t) are
provided as follows:

{Fn+2(t) = h(t)Fn11(t) = g(OF,(t) (10)
Lp2(t) = h(O)Lys1(t) — g(O)Ln(2)

Here, the initial conditions are F,(t) =0, F;(t) =1,
Lo(t) = 2,and L, (t) = h(t), respectively.

Classify the g- polynomial squences F,(t) and L,(t)
according to the given the polynomials h(t) and g(t) values,
respectively.

i. If we take h(t) = aq + 1 and g(t) = a?q as
constant polynomials, we obtain as follows:

ii. If h(t) = A(s) and g(t) = —1 are not constant
polynomials, then we have

with the initial conditions F,(t) = 0, F,(t) = 1. From Equality
10, roots of r2 — h(t)r + g(t) = Oare

h(t) +/h2(t) — 4g(D)

a(r) = >
PR R ORI

Then, the Binet formulas for g-polynomials E, (t) and
L,(t) are

_ am)"=pm"
) = sy

Lp(t) = a”(t) + B7(t)

65



Teori ve Uygulamada Fen Bilimleri

DEFINITION 4.2. The g-Fibonacci hyper dual polynomial
sequence F,(t) and the g-Lucas hyper dual polynomial £, (t)
are defined by the recurrence relation

F.() = Fn(t) + Fn+1(t)€1 + Fn+2(t)€2 + Fn+3(t)53
Ln(t) = Ln(t) + Ln+1(t)31 + Ln+2(t)52 + Ln+3(t)53

The initial conditions of the g-Fibonacci hyper-dual polynomial
sequence F,(t) are

Fo(t) = Fo(t) + F1(D)e, + Fo(t)e, + F3 (D
=& + h(t)e, +(h%(t) — g(t)e,
and
Fi) =F1(®) + Fy(O)e, + F3(t)e, + F3(t)e,
= 1+h®e + (h°) — gO)e; + (h° (1) — 2h(BOGD)es

The initial conditions of the g-Lucas hyper dual
polynomial sequence £,,(t) are

Lo(t) = Lo(t) + L1()g, + Lo (t)e, + L3(t)e,
= h(t) + (h* (1) — g®)es + (h°(1) = 3R®IGD))e,
+(h*(t) — 4h* () g(t)e;
and
Li(t) =L (t) + Ly(t)e; + Ly(t)e, + Ls(t)es
= h(®) + (h*(®) — g(©))& + (R*(t) — 3R(D)g(t))e,
+(h*(®) — 4h* (D) g(t)es

where &1, &, and &5 are dual units satisfies the multiplication
rule in Equality 1.

THEOREM 4.3. The Binet formula of the g-hyper dual
polynomials 7,(t) and £,(t) are

a()a(r)-pE)" B(r)
Falt) = a()-p@) ’
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Ly (@) = a()a(r) + Br)"B(r)
PROOF. For the g-hyper dual polynomials #,(t) and £, (t), the
proof is calculated similarly to the theorem 3.2.

By doing some calculations, the following relations can be
obtained
Fi(t) —amMFo(t) =),
Fi(8) — BMF, () = a(r),
L) —aMLy) = (B() — a(r)B@),

Li(t) — BMLy(t) = (a(r) — BEr)a(r).

5. q-HYPER DUAL FUNCTIONS

In this section, we derive quantum hyper dual functions
or briefly g-hyper dual function %,(t) in the g-calculus.

DEFINITION 5.1. Suppose that p(t) is an arbitrary function.
Its g-derivative operator (Kac, 2002) is given by

dep(t) = p(qt) — p(®)
Note that in particular d,(t) = (¢ — 1),

p(qt) — p(®) (11)

}]I_I;I}qu(t) = }Il_r)r% @ = Dt

where g # 1. The g-Fibonacci hyper dual function is defined
as follows:

Fo(t) = Fn(®) + Frny1(©Oe + Fpi2(0e; + Fris(e;

where E, (t) is the g-Fibonacci function and ¢,, e, and &, are dual
units satisfies the multiplication rule in Equality 1 and
q-derivative is
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inFn(t) = Dq (Fn(t) + Fn+1(t)31 + Fn+2(t)52 + Fnys (t)53) (12)

where D, F, (t) means the derivative of £, (t).

PROPOSITION 5.2. For the integer n, if we take the g-
Fibonacci function F,(t) = (t — a) 7

i. Ifn > 0, the derivative of E,(t) is
Dan(t) = [n]an—l(t)
and the derivative of the g-Fibonacci hyper dual function is
DeF,(t) = [nl, () + ¢" (W1 + [2], 22 + [3], 55)

PROOF. From Equalities 11 and 12, compute g-derivative of
the function F,(t),

(qt-) - t-a)"
Dafa(®) =0
_@-DeE-a!
(g—1)
= [n]an—l(t)

and doing necessary calculations for D, (t), we get

Dy, (t) = [n] Fooy () + [0+ 1] F (D),
+n+ 2] Frp1(Oe, + [n+ 3] Frpa (e
= [n],(Faci(®) + Fy(D)e; + Fri1 (e, + Frya(t)es)
+q" ([1],F (e + [ 2], Fs1 (®)e; + [3],Fns2(Des)
= [0 Fos(®) + ¢ ([11yes + 21, 2 + [3], &)

ii. If n < 0, the derivative of F_,,(t) is
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DqF—n(t) = _%F—(rwl)(t)

PROOF. By using Equalities 11 and 12, we get g-derivative of
the function F_,,(¢t),

(qt-a) " —t-a)™

Palalt) = "=
@D -
(C)
= [_n]qF—n—l(t)
[n],

=T F_(n+1y(0)

and if we do necessary calculations for D,,(t), we obtain

[n], +1]

[n+1
DaF_,(t) = _FF—(n+1)(t) + _quqF—(n+1)(t)£1

[n + 2] [n + 3]
_qTZqF—(n+1) (e, — ngqF—(n+1) (t)e;

6. CONCLUSION

In this study, the g-Fibonacci hyper dual number
sequences and the g-Lucas hyper number sequences have been
defined by using the notations from quantum calculus. We obtain
some fundamental identities, such as the Binet formulas, the
Cassini, the Catalan, and the d’Ocagne identities for these
numbers and the new hyper dual polynomial and function which
are called the g-Fibonacci hyper dual and the g-Lucas hyper dual
polynomials and function sequences. Then, we give some
properties and identities for these polynomials and function
sequences. In the future, researchers may examine many more
identities of the hyper dual number sequences with quantum
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calculus. Consequently, these number sequences can be used in
interdisciplinary studies.
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