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ONSOZ

Bilim ve teknoloji alanindaki hizli gelismeler, fizigin temel
ilkelerinin yeniden degerlendirilmesini ve bu ilkelerin farkli
disiplinlerdeki giincel problemlerin ¢6ziimiine yonelik olarak
kullanilmasimni her zamankinden daha Onemli hale getirmistir.
Maddenin  yapisindan elektronik sistemlerin calisma
mekanizmalarina, yeni nesil yariiletken malzemelerden yapay zeka
destekli tasarim yaklasimlarina kadar uzanan genis bir arastirma
alani, fizigin hem temel bilimler hem de uygulamali bilimler
acisindan belirleyici roliinii ortaya koymaktadir. Giiniimiizde
deneysel yontemlerin hesaplamali tekniklerle desteklenmesi, teorik
modellerin gelismis analiz araglariyla biitiinlestirilmesi  ve
disiplinleraras1 arastirma yaklasimlarinin yayginlasmasi, fizik
alanindaki bilimsel iiretimin niteligini ve kapsamini énemli 6lciide
genisletmektedir. Fizikte Gilincel Arastirmalar: Malzemeler,
Elektronik ve Hesaplamali Yaklagimlar baglikl1 bu eser, fizigin farkli
alt alanlarinda ytriitiilen giincel aragtirmalar1 bir araya getirerek
okuyucuya genis bir bilimsel perspektif sunmayr amacglamaktadir.
Kitapta yariiletken malzemeler ve elektronik karakterizasyonundan
yapay zeka destekli metamaterial tasarimina, molekiiler yap1 ve
reaktivite analizlerinden hesaplamali kimya ve molekiiler
modelleme uygulamalarina kadar uzanan c¢esitli konular ele
alinmaktadir. Boliimlerde sunulan calismalar, fiziksel sistemlerin
anlasilmasinda deneysel gozlemlerin, teorik yaklagimlarin ve sayisal
hesaplama  yontemlerinin  birbirini  tamamlayan  6nemini
gostermektedir. Kitabin ilk boliimi, gii¢ elektroniginde kullanilan



yeni nesil yariiletken malzemeleri silisyum (Si), silisyum karbiir
(SiC) ve galyum nitriir (GaN) iizerinden karsilagtirmali olarak
degerlendirmektedir. Bu malzemelerin fiziksel 6zellikleri, elektronik
performanslar1 ve gii¢ elektronigi uygulamalarindaki potansiyelleri,
enerji verimliligi ve yiliksek performansli elektronik sistemlerin
gelistirilmesi agisindan 6nem tasimaktadir. Ikinci béliimde, yapay
zeka destekli tasarim yontemleri kullanilarak enerji hasadi
uygulamalarina yonelik metamaterial sogurucular ele alinmaktadir.
Bu yaklasim, elektromanyetik dalgalarin kontrolii, malzeme
geometrilerinin optimizasyonu ve belirli uygulama gereksinimlerine
uygun yapilarin gelistirilmesi bakimindan giincel arastirma
egilimlerini yansitmaktadir. Ugiincii boliimde yariiletken fiziginin
temel kavramlar1 ve katkilama mekanizmalar1 incelenmektedir. Yiik
tastyicilarinin  davranisi, katki atomlarimin elektronik 6zellikler
iizerindeki etkileri ve yariiletkenlerin elektriksel karakteristikleri,
modern elektronik aygitlarin ¢alisma prensiplerinin anlasilmasi i¢in
temel bir gerceve olusturmaktadir. Bu boliim, kitabin yariiletken
teknolojilerine odaklanan diger calismalariyla da kavramsal bir
biitlinliik saglamaktadir. Dordiincii boliimde, bir ksanten tiirevinin
kristal yapisi, ¢oziicliye bagli reaktivitesi, dogrusal olmayan optik
(NLO) potansiyeli ve molekiiler kenetlenme 6zellikleri deneysel ve
hesaplamal1 yontemler 1518inda degerlendirilmektedir. Molekiiler
yapi ile fiziksel ve kimyasal 6zellikler arasindaki iliskilerin farkl
analiz teknikleriyle incelenmesi, molekiiler diizeydeki etkilesimlerin
anlasilmasina ve islevsel molekiillerin potansiyel uygulamalarimin
arastirilmasina katki saglamaktadir. Besinci boliimde ise Al/GO-
PTCDA/p-Si yariletken yapisinin diisiik frekanslardaki kapasitans-
voltaj (C-V) ve kondiiktans-agisal frekans-voltaj (G/w—V)
karakteristikleri ele alinmaktadir. Bu tiir elektriksel karakterizasyon
caligmalari, araylizey Ozelliklerinin, ylik tasima siireclerinin ve
elektronik yapilarin elektriksel davraniglarinin degerlendirilmesi
acisindan 6nemlidir. Kitabin altinc1 ve son bdliimii, siprofloksasin
tiirevlerini kemoinformatik, yogunluk fonksiyoneli teorisi (DFT),



ADME/T ve molekiiler kenetlenme yaklagimlariyla karsilastirmali
olarak incelemektedir. Molekiiler yapilarin hesaplamali yontemlerle
degerlendirilmesi, bilesiklerin yapisal ve elektronik 6zelliklerinin
yant sira biyolojik sistemlerle olasi etkilesimlerinin aragtirilmasina
olanak saglamaktadir. Bu boliim, fizik temelli hesaplamali
yontemlerin kimya ve biyofizik gibi disiplinlerle kesistigi aragtirma
alanlarina Ornek teskil etmektedir. Bununla birlikte, hesaplamali
bulgularin biyolojik etkinlik veya klinik basar1 bakimindan kesin
sonuclar olarak yorumlanmamasi; gerektiginde deneysel dogrulama
ile desteklenmesi gerektigi de goz oniinde bulundurulmalidir. Eserde
yer alan bolimler, konu ve yontem bakimindan farkliliklar
gostermekle birlikte, fiziksel sistemlerin anlasilmasinda yapi-6zellik
iliskilerinin belirlenmesi, uygun analiz yontemlerinin segilmesi ve
elde edilen bulgularin bilimsel acidan yorumlanmasi gibi ortak
aragtirma ilkelerinde bulusmaktadir. Yariiletken teknolojilerinden
elektromanyetik  enerji  yonetimine, molekiiler diizeydeki
hesaplamalardan elektriksel karakterizasyon g¢aligmalarina uzanan
bu ¢esitlilik, fizigin diger bilim alanlariyla kurdugu gii¢lii etkilesimi
ortaya koymaktadir. Ayrica yapay zeka ve hesaplamali modelleme
gibi yoOntemlerin arastirma siireclerine dahil edilmesi, giincel
bilimsel problemlerin ¢6ziimiinde c¢ok yonlii ve biitiinlesik
yaklagimlarin giderek daha fazla 6nem kazandigini gostermektedir.
Bu kitabin; fizik, malzeme bilimi, elektronik, hesaplamali kimya ve
ilgili  disiplinlerde ¢alisan akademisyenlere, arastirmacilara,
lisanstistii 0grencilere ve konuya ilgi duyan okuyuculara yararl bir
kaynak olmasi hedeflenmektedir. Eserde sunulan ¢aligmalarin yeni
aragtirma sorularmin gelistirilmesine, farkli disiplinler arasinda
bilimsel etkilesimin  gliclenmesine ve gilincel arastirma
yontemlerinin daha genis bir perspektifle degerlendirilmesine katk1
saglamasi temenni edilmektedir. Bu eserin hazirlanmasina katkida
bulunan tim boliim yazarlarina, bilimsel bilgi birikimlerini ve
arastirma deneyimlerini okuyucularla paylastiklar1 icin tesekkiir



eder; kitabin bilim diinyasina ve ilgili arastirma alanlarina katki
sunmasini dilerim.

Prof. Dr. Abdullah GOKTAS
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BOLUM 1

GUC ELEKTRONIGINDE YENI NESIL
YARIILETKEN MALZEMELERIN
KARSILASTIRMALI ANALIZI (Si vs. SiC vs. GaN)

ESRA BALCI!

Giris
Modern gili¢ elektronigi, elektrik enerjisinin {iretimi,
depolanmasi, doniisiimii ve iletimi siireclerinde maksimum
verimlilik ve minimum hacim gereksinimlerini karsilamak adina
kokli bir malzeme devriminden geg¢mektedir. Onlarca yildir yari
iletken endiistrisinin temelini olusturan geleneksel Silisyum (Si)
teknolojisi, malzemenin fiziksel sinirlarina ulasmis durumdadir. Bu
fiziksel sinirlar; ozellikle yiliksek gerilim blokaji, yiiksek calisma
sicakliklar1 ve Megahertz (MHz) seviyesindeki yiiksek anahtarlama
frekanslarinda agilmasi miimkiin olmayan engeller olusturmaktadir.
Geleneksel silisyum tabanli anahtarlarm bu limitleri, yeni nesil gii¢

sistemlerinde verimlilik kaybina ve sistem boyutlarinin biiytimesine
neden olmaktadir (Trzynadlowski, 2015).

Bu dogrultuda, genis bant aralifina (Wide-Bandgap - WBG)
sahip Ug¢iincl nesil yariiletken malzemeler olan Silisyum Karbiir

I Arastirma Gorevlisi, Ankara Haci Bayram Veli Universitesi, Fizik Boliimii,
Orcid: 0000-0003-0217-9481



(SiC) ve Galyum Nitriir (GaN), gii¢ elektronigi mimarilerinde yeni
bir donemi baglatmigtir. Bu genis bant aralikli malzemeler; daha
yiiksek kritik kirilma elektrik alanlari, tistiin 1s1l iletkenlikleri ve hizl
anahtarlama yetenekleriyle sistem kayiplarini dramatik Olgiide
azaltip giic yogunlugunu artirirlar. Malzemelerin gii¢ cihazlar
seviyesindeki performans simirlarin1  nicellestirmek amaciyla
literatiirde tanimlanan (Figure of merit (FOM)) gibi matematiksel
modeller, SiC ve GaN gibi cihazlarin teorik olarak Si’ye gore
yiizlerce kat daha diisiik spesifik acik durum direncine (Ron,sp) sahip
olabilecegini fiziksel olarak ortaya koymaktadir (Gao & Zhang,
2025 : 36).

Uc Temel Malzemenin Tarihsel Gelisimi

Silisyum, 20. yiizyilin ortalarindan itibaren mikroelektronik
ve gii¢ elektroniginin omurgasini olusturmustur. Transistorlerin icadi
ve olgunlagan {iretim siiregleriyle silisyum, endiistriyel standart
haline gelmistir. Ancak yariiletken fizikg¢ileri, silisyumun sinirlaria
ulasacagi gilinii cok dnceden dngdrmiislerdir. 1950'li yillardan bu
yana, silisyumun limitlerine ulagmast durumunda genis bant
aralifina sahip yar1 iletkenlerin bir sonraki adim olacagi
varsayllmistir. Nitekim yar1 iletken teknolojisinin onciilerinden
William Shockley, 1960 yilindaki bir ¢alismasinda silisyum karbtirii
isaret ederek yiiksek sicaklik yari iletkeni olarak bu malzemenin
gelecekteki onemini vurgulamistir (Schokley, 1961:67).

Silisyumun en biiyiilk avantaji, Si/SiO2 arayiizeyinin
kusursuz olgunlugu ve son derece diisilk araylizey tuzak
yogunluguna sahip olmasidir. Bu olgun iiretim altyapist sayesinde
silisyum, yiiksek kaliteli ve biiyiik ¢apl alttaglarin son derece diisiik
maliyetlerle iiretilmesini saglamis ve endiistri standardi haline
gelmistir. Ancak, silisyumun kritik kirilma elektrik alaninin diisiik
olmast (0.3 MV/cm), yiiksek gerilim blokaji saglamak igin
stiriklenme (drift) bolgesinin ¢ok kalin ve az katkili tasarlanmasini



gerektirmigtir. Bu durum, iletim kayiplarinin (a¢ik durum direnci)
teorik olarak sinirlanmasina yol agmistir. Silisyum cihazlarin teorik
limitlerine yaklastig1 1990 yillardan itibaren arastirmacilar, genis
bant araligma sahip alternatif malzemelere yonelmislerdir
(Kaminski & Hilt, 2014: 236).

Silisyum karbiir dogada kayda deger miktarda bulunmayan
bir malzemedir. {1k sentezi, Jons Jacob Berzelius tarafindan 1824
yilinda  elmas  iliretme  girisimleri  esnasinda  kazara
gerceklestirilmistir.  Malzemenin  yariiletken  kristali  olarak
biyiitilmesi, SiC'in 250'den fazla kristal modifikasyonuna
(politiplere) sahip olmasindan &tiirii uzun yillar boyunca son derece
zor olmustur.

SiC kristallerinin ilk siiblimasyon biiytimesi 1955 yilinda J.
A. Lely tarafindan gergeklestirilmistir (Lely, 1955: 236). Ancak bu
yontemde bir¢ok plaka potada rastgele ¢ekirdeklendigi icin ticari
nitelikte  biiylik tekli kristaller elde edilememistir. SiC
teknolojisindeki en biiyiik kirilma noktasi, Tairov ve Tsvetkov'un
1978 yilinda gelistirdigi "Seeded Sublimation" (Cekirdekli
Siiblimasyon) yontemi (diger adiyla Modified Lely Yontemi)
olmustur. Bu teknik, kristalin biiylime yoniinii ve politip yapisin
kontrol edilebilir hale getirmis ve giiniimiiz ticari SiC alttas
tiretiminin temelini atmistir. (Tairov & Tsvetkov, 1978: 212). SiC
Schottky Bariyer Diyotunun (SBD) piyasaya siiriilmesiyle, genis
bant araligia sahip ilk gii¢ cihazi ticari pazara sunulmus ve giic
elektroniginde yeni bir cag baslamistir.

Galyum nitriir de benzer sekilde dogada serbest halde
bulunmaz; ilk olarak 1969 yilinda Maruska ve Tietjen tarafindan toz
formunda sentezlenmistir (Maruska & Tietjen, 1969: 329). GaN
tabanli yapilarin biliylimesinde karsilasilan en biiyiik engel, uygun
tagiyict alttaglarin  bulunmamasi sebebiyle safir gibi yabanci
alttaslarin kullanilmasi ve bunun yaratti§i yiiksek kristal kusur



(dislokasyon) yogunlugu olmustur. GaN teknolojisini modern gii¢
elektroniginin zirvesine tastyan tarihsel adimlar sunlardir:

1986’da Isamu Akasaki, Hiroshi Amano ve c¢aligma
arkadaslari, safir alttas ile GaN katmani arasina ince bir Aliiminyum
Nitriir (AIN) tampon katmani yerlestirerek kristal kalitesini dramatik
bicimde artirmay1 basarmistir. 1993 yilinda Khan ve meslektaslari,
safir altlik tlizerinde c¢alisan ilk GaN tabanli Yiiksek Elektron
Mobiliteli Transistorii (HEMT) gelistirmistir. Bu mimari, AlGaN ve
GaN hetero-arayiizeyindeki polarizasyonun yarattig1 iki Boyutlu
Elektron Gazi1 (2DEG) kanalini kullanarak katkilama safsizligi
olmadan olaganiisti yiiksek elektron mobilitesi sunmusgtur.
2000’lerin ilk yillarinda, International Rectifier (IR) firmasi, RF
alaniin disina ¢ikarak giic kaynagi sistemlerine uygun ilk ticari
GaN gii¢ cithazim1 piyasaya slrmiis ve GaN'in gii¢ donilisim
pazarindaki ticari yiikselisini baglatmistir.

Malzeme Fizigi ve Parametrik Karsilastirma

Giig elektronigi yariiletken elemanlarindan olusan cihazlarin
caligma limitlerini, verimliliklerini ve gii¢ yogunluklarini belirleyen
temel unsur, kullanilan malzemelerin 6zgiin fiziksel ve elektriksel
ozellikleridir. Geleneksel Silisyum (Si), Silisyum Karbiir (SiC) ve
Galyum Nitriir (GaN) malzemelerinin performans sinirlarini
belirleyen temel parametreler; bant genisligi (Ey), elektriksel kirilma
alam1 (E¢), 1s1l iletkenlik (k), elektron mobilitesi (un), doyum
elektron hiz1 (vsa) ve bagil dielektrik sabitidir ().

Enerji Bant Genisligi (Eg)

Bant genisligi, bir elektronu valans bandindan iletim bandina
uyarmak i¢in gereken minimum enerji bariyerini tanimlar.
Silisyumun 1.12eV olan dar bant araligina karsilik, SiC 3.26eV ve
GaN 3.4eV genis bant araliklarina sahiptir.



Sekil 1. Iletken, yariiletken ve yalitkamin enerji bant diyagrami

Enerji

(E)

4 iletken Yaniletken
(Metal) ' (Orn. Si, GaAs) |
iletim Bandi
iletim Band: |
Iletim Bandi
IS

Eg

Valans Bandi ajas H l

Eg=0.1-3eV

Valans bandi ile iletim bandi |
arasinda kicik bir enerji araligi |
bulunur.

o4

Yahtkan
(Orn. Al,O;, Si0;)

Genis bant aralifi, yariiletken malzemenin yiik tasiyict
yogunlugunu (n;) iistel olarak baskilar. Ornegin, 300 K oda
sicakliginda SiC'nin yiik tastyic1 yogunlugu yaklasik 8.2 x 10 cm™
ve GaN ‘mn yiik tastyict yogunlugu 1.9 x 1071° cm™ iken, Si’da bu
deger 9.65 x 10? cm™ seviyesindedir. Bu muazzam fark sayesinde,
sicaklik artisiyla katlanarak biiyliyen sizinti akimlart genis bant
araliina malzemelerde son derece diisiik kalir. Bdylece, silisyum
cihazlar 150°C civarinda termal kagak riskiyle limitlenirken, SiC ve
GaN cihazlar ¢ok daha yiiksek sicakliklarda elektriksel kararliligini
koruyabilir (Galioto ve ark., 2026: §835).

Elektriksel Kirilma Alan (Ec)

Bir malzemenin atomik baglarinin kuvveti, onun elektriksel
kirilma alanini (Ec) dogrudan belirler. Genis bant aralifina bagh
giiclii atomik baglar sayesinde SiC ve GaN, Si’ya gore yaklasik 10
kat daha yiiksek elektriksel kirilma giiciine sahiptir. SiC 3.5 MV/cm.
GaN 3.3 MV/cm iken Si 0.3 MV/cm elektriksel kirilma giiciine



sahiptir. Kritik elektriksel kirilma alanindaki bu on katlik avantaj,
dikey blokaj katmanlarinin tasariminda devrim yaratir niteliktedir
(Pan ve ark., 2026: 286).

Daha Ince Drift Katmam

Belirli bir blokaj gerilimini (V) karsilamak i¢in tasarlanan
stiriklenme (drift) bolgesinin kalinlig1 (Wq), Ec ile ters orantilidir.
Bu durum, WBG cihazlarinin siiriiklenme bolgesinin silisyuma gore
10 kat daha ince yapilmasina imkan saglar.

Daha Yiiksek Katkilama

Stiriiklenme bolgesinin  katkilama konsantrasyonu (Np),
E¢'nin karesiyle dogru orantilidir. Dolayisiyla, genis bant aralifina
sahip drift bolgeleri silisyuma gore yaklasik 100 kat daha yogun
katkilanabilir.

Siirtiklenme bolgesinin incelmesi ve katkilamasinin artmast,
unipolar cihazlarda iletim kayiplarini belirleyen spesifik agik durum
direncini (Ronsp) dramatik Olclide diisiiriir. Teorik dikey unipolar
sinir denklemi ile bu durum asagidaki sekilde ifade edilir:

avE

R =—5
omn.sp ganEc3

Burada es yariiletkenin dielektrik gecirgenligidir. Elektrik
alanin kiipii ile ters orantili olan bu direng, SiC ve GaN cihazlarin
aym gerilim sinifinda Si’ye gore ylizlerce kat daha diisiik iletim
direncine ve dolayisiyla ¢ok daha kiigiik ¢ip alanlarina sahip
olmasin saglar (Kimoto ve ark., 2018: 21).

Elektron Mobilitesi (pin)

Elektron mobilitesi, tasiyicilarin elektrik alan altinda ne
kadar hizli hareket edebildiginin bir gostergesidir. Dokme (bulk)
kristal formunda SiC'nin (900 cm?*/V.s) ve GaN’m (1000 cm?/V.s)
mobilitesi Si (1400 cm?/V.s) gore daha diisiiktiir.



Ancak Galyum Nitriir (GaN), yatay (lateral) Yiiksek Elektron
Mobiliteli Transistor (HEMT) yapilarinda bu simirlamay1 tamamen
asar. GaN HEMT cihazlarinda, AlGaN ve GaN tabakalarinin hetero-
araylizeyindeki spontane ve piezoelektrik polarizasyon farki,
katkilama safsizlig1 igermeyen iki Boyutlu Elektron Gaz1 (2DEG)
kanali olusturur. Herhangi bir katkilama atomu barindirmayan bu
kanalda elektronlar, safsizlik sac¢ilmasina ugramadan akarak 2000
cm?/V.s gibi olaganiistii yiiksek mobilitelere ve yiiksek doyum
hizlarina (2.5 x 107 cm/s) ulasirlar (Singh, Chaudhary & Khanna,
2022: 5800).

Isil iletkenlik ()

Yariiletken malzemenin olugan 1s1y1 paket disina ne kadar
hizli aktarabildigini 1s1l iletkenlik (k) belirler. Bu parametre, yiiksek
glic yogunluklarinda termal kararliligin korunmasi agisindan
kritiktir.

Silisyum Karbiir (SiC): 3.7 — 4.9 W/cm.K degerindeki {istiin
151l iletkenligi ile silisyumdan yaklagik 3 kat, GaN'dan ise 3 ila 4 kat
daha yiiksek termal performansa sahiptir. Bu 6zelligi sayesinde SiC,
elektrikli ara¢ ¢ekis inverterleri gibi yiiksek gii¢lii ve agir termal
yiiklii uygulamalarda harici sogutucu boyutlarint minimize ederek
benzersiz bir avantaj sunar.

Galyum Nitriir (GaN): GaN malzemenin dokme haldeki 1s1l
iletkenligi 1.3 — 2.5 W/cm.K diizeyindedir. Ancak ticari GaN
cihazlar genellikle silisyum gibi yabanci altliklar iizerine ince
epitaksiyel tabakalar halinde biiyiitiildiigii i¢in 1s1 transferi ciddi bir
darbogazla karsilagir. Nanometre kalinligindaki 2DEG kanalinda
tiretilen yogun 1s1, GaN tabakasi ile tasiyict altlik arasindaki
Aliiminyum Nitriir (AIN) tampon katmanindaki yiiksek Termal Sinir
Direncine takilir. Bu nedenle GaN tasarimlarinda ¢ift tarafli sogutma
ve gelismis paketleme teknolojileri zorunludur.



Doyum Elektron Hizi (vsat)

Doyum elektron hizi, bir yariiletken malzeme igindeki
serbest elektronlarin, ¢ok yiiksek elektrik alan siddetleri altinda
ulasabilecegi maksimum siiriiklenme (drift) hizini1 tanimlar. Diisiik
elektrik alanlarinda elektron hizi alanla dogrusal artarken, yiiksek
elektrik alanlarinda 6rgii titresimleriyle (fonon sagilmalar1) meydana
gelen garpismalar nedeniyle hiz doyuma ulasr.

Silisyumun doyum elektron hizi yaklasik 1.0 x 107 cm/s iken,
SiC 2.0 x 107 cm/s ve GaN 2.5 — 3.0 x 107 cm/s seviyesinde doyum
hizlarma sahiptir.

Yiiksek doyum hizi, elektronlarin cihazin siiriikklenme (drift)
bolgesini veya kanalini ¢ok daha kisa siirede katetmesini saglar. Bu
durum, cihazin i¢ gecikme siirelerini minimize ederek MHz ve GHz
mertebesindeki ultra yiiksek frekanslarda kararli caligmasina
dogrudan katki sunar. Ozellikle GaN bazli RF, mikrodalga ve
terahertz haberlesme sistemleri bu yliksek siiriiklenme hizina
dayanir. Yiiksek doyum hiz1 sayesinde, yiiksek elektrik alanlari
altinda tasiyict mobilitesinde ciddi bir diisiis yasanmadan cihaz
boyutlar1 ve kanal uzunluklar1 agresif bir bicimde daraltilabilir. Bu
da daha kiiciik cihazlarin tasarlanabilmesini miimkiin kilar (Pu ve
ark., 2021:101).

Bagil Dielektrik Sabiti (er)

Bagil dielektrik sabiti, bir malzemenin uygulanan dig elektrik
alana kars1 elektriksel yiik depolama kapasitesini Olger. Glig
yariiletkeni fiziginde bu parametre dogrudan cihazin parazitik
kapasitanslarini belirleyen en temel ¢carpandir. Silisyumun dielektrik
sabiti 11.7 - 11.9 iken, SiC 9.7 - 10.0 ve GaN 9.0 - 9.5 civarindadir.



Asagidaki tablo, bu lic malzemenin temel fiziksel ve
elektriksel parametrelerini karsilagtirmali olarak sunmaktadir.

Tablo 1. Si, SiC ve GaN malzemelerinin fiziksel parametrelerinin

karsilastirilmasi
Fiziksel Sembolve | Si (Sslﬁis . %‘g .
Parametre Birim (Silisyum) Karbi}i/r) Nitr 31 )
Bant Aralig1 E, (eV) 1.12 3.26 34
Elektriksel
Kirilma Alant Ec(MV/ecm) | 0.3 3.5 3.3
Isil iletkenlik | k (W/cm.K) 1.5 3.7-4.9 1.3-25
Elektron )
Mobilitesi pn (cm?/V.s) 1400 900 1000
Doyum ; ; ;
Elektron Hizt | Vs (cm/s) 1.0x 10 2.0x 10 2.5-3.0x 10
Bagil
Dielektrik & 11.7-11.9 9.7-10.0 9.0-9.5
Sabiti

Uygulama Alanlari ve Se¢im Kriterleri

Gili¢ elektronigi tasarimlarinda yar1 iletken malzeme secimi;
calisma gerilimi (voltaj sinif1), anahtarlama frekansi, 1s1l iletkenlik,
sistem boyutlari, parazitik parametreler ve toplam maliyet gibi ¢ok
Malzemelerin fiziksel

boyutlu parametrelere
sinirlari, onlar1 birbirleriyle dogrudan rekabet etmek yerine belirli

"optimum caligma bolgelerine" yonlendirir.

dayanmaktadir.

Silisyum (Si): Silisyum (6zellikle IGBT (Insulated Gate
Bipolar Transistor) ve Superjunction MOSFET (Metal-Oxide-
Semiconductor Field-Effect Transistor) mimarileri) genis bant
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aralig1 teknolojilerinin yiikselisine ragmen endistride fiyat-
performans liderligini korumaktadir.Bir tasarimda anahtar se¢im
kriteri en diisiik baslangi¢ maliyeti ve tedarik kolayligi oldugunda
silisyum rakipsizdir. Ayrica, anahtarlama frekansinin diisiik oldugu
(<100 kHz) uygulamalarda ve yiiksek darbe akimi veya asir1 akim
kosullarinda cihazin zarar gérmeden hayatta kalmasini saglayan
genis giivenli caligma alanmi gereksinimlerinde silisyum tercih edilir.
Tiiketici elektronigindeki standart gii¢ kaynaklari, diisiik maliyetli ev
aletleri, diisiik gii¢lii endiistriyel siiriiciiler ve yiiksek darbe dayanimi
gerektiren sebeke frekansl dogrultuculardir (Prado ve ark., 2022:
5244).

Silisyum Karbiir (SiC): Silisyum Karbiir, dikey MOSFET
geometrisi ve istiin dokme (bulk) malzeme 6zellikleri sayesinde
yuksek gerilim, yiiksek gii¢ ve agir termal ¢evrimlerin bir arada
bulundugu uygulamalarin tartismasiz lideridir. Calisma geriliminin
900 V ve tizerinde olmasi, akim tasima kapasitesinin 100 A sinirini
asmasi ve sistemin 15-20 yillik kesintisiz ¢alisma 6émrii sunmasinin
beklendigi durumlarda SiC segilmelidir. Ayrica, SiC'in 3.7 - 4.9
W/em.K seviyesindeki olaganiistii 1s1l iletkenligi, harici sogutucu
boyutlarini kiigliltmek ve agir termal stresleri azaltmak i¢in anahtar
parametredir. Ozellikle 800 V elektrikli arag platformlarinda (1200
V sinift SiC MOSFET kullanimi endiistri standardi haline gelmistir.
Geleneksel Si IGBT'lere kiyasla inverter verimliligini artirarak %5
ila %8 mertebesinde menzil artis1 saglar ve sogutma radyator
hacmini %30-40 oraninda azaltir. 50 kW ile 350 kW+ (XFC -
Extremely Fast Charging) gii¢ seviyelerinde ¢alisan sarj {initeleri,
800V-1000V DC-link baralar1 nedeniyle dogrudan 1200V SiC
MOSFET'lere dayanmaktadir. 1000-1500 V DC dize PV solar
inverterleri ve riizgar enerjisi doniistiiriiciileri, SiC'in yliksek gerilim
dayanimi ve diisiik iletim kayiplarindan yararlanir.
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Galyum Nitriir (GaN): Galyum Nitriir, ultra hizli anahtarlama
kabiliyeti ve sifir ters toparlanma sarji sunan lateral HEMT yapisiyla
hiz, kompaktlik ve ultra yiiksek gili¢ yogunlugu odakli tasarimlarin
merkezindedir. Tasarimin birincil hedefi hacmi kiigiiltmek, agirlig
azaltmak (gii¢ yogunlugunu artirmak) ve MHz seviyesinde ¢alismak
oldugunda GaN ilk tercih olmaktadir. GaN, ultra diisiik kap1 sarj1 ve
ters toparlanma kaybinin olmamasi sayesinde anahtarlama
kayiplarin1  SiC'e gore %50'den fazla azaltir. Ancak lateral
yapisindan 6tiirii hacimli iiretimde gerilim smir1 simdilik 650 V —
900 V ile smrhdir. Yapay zekd is ylklerinin elektrik giicli
gereksinimlerini karsilamak amaciyla tamamen GaN teknolojisine
geemektedir. Akilli telefon ve diziistii bilgisayarlarin kompakt sarj
adaptorlerinde (<650 V) GaN kullanimi, transformator ve kapasitor
boyutlarin1 %10-20 seviyelerine kadar indirerek sarj cihazimi 3 kat
daha kii¢iik ve hafif hale getirir. GaN, yiiksek elektron mobilitesi ve
tistiin doyum hiz1 sayesinde radyo frekansi diinyasinin standart
malzemesidir. Ayrica, uzay gorevlerindeki radyasyon sertligine karsi
SiC ve Si'ye kiyasla istiin fiziksel dayaniklilik sunar (Flack,
Pushpakaran & Bayne, 2016: 2682).
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BOLUM 2

ARTIFICIAL INTELLIGENCE ASSISTED DESIGN
OF METAMATERIAL ABSORBERS FOR ENERGY
HARVESTING

ERKAN TETIK!

Introduction

This chapter presents an artificial intelligence (Al) assisted
framework for the design and optimization of metamaterial (MTM)
absorbers intended for energy harvesting applications. Microwave
and solar energy harvesting are discussed as application domains,
while emphasis is placed on data driven modeling, surrogate
prediction, inverse design, and Al assisted optimization. The rapid
proliferation of the Internet of Things (IoT) and wireless sensor
networks has significantly increased the demand for self-sustained
and autonomous electronic devices. In this context, harvesting
ambient RF energy has emerged as a promising approach to reducing
reliance on conventional battery-dependent systems. Such systems
are inherently limited by finite lifespans, maintenance requirements,
and environmental concerns. Ambient electromagnetic (EM) waves,
now ubiquitous in modern environments due to the widespread use
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of cellular networks, Wi-Fi, and broadcasting systems, represent a
readily available source of low-level energy that can potentially be
reused. To effectively capture and convert this ambient RF energy
into usable electrical power, highly efficient receiving structures are
required (Arinze et al., 2025; Chiu et al., 2022). The performance of
these structures is governed not only by their ability to capture weak
and widely distributed EM signals, but also by their efficiency in
converting the incident RF power into a useful and stable electrical
output. Consequently, considerable research attention has been
directed toward the development of advanced antenna and rectifying
architectures capable of operating over broad frequency ranges and
under low-power conditions. Such developments are particularly
important for emerging IoT applications, where compact size, low
power consumption, and long-term autonomous operation are
essential requirements (Das et al., 2025; Nadali et al., 2024).

While traditional antennas have historically been utilized for
this purpose, they often encounter practical limitations related to
physical footprint, structural flexibility, and angular stability. These
constraints can make conventional antenna configurations less
attractive for compact, wearable, or conformal modern applications.
Consequently, the research paradigm has shifted toward MTMs,
which are artificially engineered structures designed to exhibit EM
properties that are difficult to obtain with conventional materials. In
this field, perfect MTM absorbers (PMAs) have attracted
considerable attention (X. Liu et al., 2023). By carefully engineering
sub-wavelength unit cells, PMAs can achieve near-unity absorption,
minimal reflection, and highly tunable resonance frequencies,
making them promising candidates for compact energy harvesting
systems (Bagmanci et al., 2018). Moreover, the resonant response of
PMAs can be tailored through the geometry, material composition,
and periodic arrangement of their constituent elements, providing a
high degree of freedom in device design. This flexibility enables the
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realization of ultrathin and compact absorbing structures with
tailored spectral and angular characteristics, which can support
efficient energy harvesting in space-constrained environments
(Mahmud et al., 2021; Shukoor et al., 2024) . In addition, the strong
interaction between incident EM waves and engineered resonant
elements offers opportunities to optimize absorption performance
within selected frequency bands, further enhancing the suitability of
PMA-based architectures for self-powered and wireless electronic
systems (Ullah et al., 2025) .

Despite their potential for efficient EM absorption, designing
and optimizing PMAs remains a highly complex and
computationally exhaustive process (C. Zhao et al., 2023). The
conventional design workflow relies heavily on full-wave three-
dimensional EM simulations. To achieve a targeted resonance
frequency and maximum absorption rate, researchers must
iteratively perform extensive parametric sweeps, manually adjusting
the geometric dimensions and material properties of the unit cell (Z.-
X. Liu et al., 2023). This traditional trial-and-error methodology is
not only labor-intensive but also computationally demanding,
creating a significant bottleneck that can slow down the development
and optimization of MTM-based technologies (Zheng et al., 2024).

To overcome these traditional design limitations, Al and
machine learning (ML) paradigms are increasingly being integrated
into the EM design loop. By leveraging data-driven computational
approaches, researchers can establish complex, non-linear mappings
between the physical geometric parameters of MTMs and their
corresponding EM responses, such as S-parameters and absorption
spectra (Sasmaz Karacan & Tetik, 2026; Si et al., 2024) . These
approaches provide an opportunity to explore a much larger design
space without requiring every candidate structure to be evaluated
through a full-wave simulation. This chapter explores the integration
of Al techniques into the design and optimization of MTM absorbers
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for energy harvesting applications. It describes the transition from
conventional parametric sweeping to Al-assisted design
frameworks, detailing the critical stages of simulation-based dataset
generation, algorithmic training, and performance validation.
Ultimately, this chapter aims to provide a practical framework for
applying deep learning to the design and optimization of efficient
energy harvesting structures, with particular emphasis on reducing
computational cost and shortening the overall design cycle.

2. Fundamentals of MTM Energy Harvesting

To effectively integrate Al into the design of MTM energy
harvesting systems, a comprehensive understanding of their
underlying physical and EM principles is essential. This section
provides a foundational overview of the physical mechanisms
governing MTM-based energy harvesting, with particular attention
to absorption, resonance, and energy conversion. It begins by
detailing the structural architecture and core principles of PMAs.
Following this, it explores the physical resonance mechanisms and
equivalent circuit models (ECMs) that enable near-perfect
impedance matching and high-efficiency energy trapping. Finally,
the section outlines the standard computational metrics used to
evaluate harvesting performance, specifically focusing on S-
parameter extraction, absorptivity calculations, and the analysis of
EM field distributions to identify localized hotspots for optimal
energy conversion. Understanding these principles is particularly
important when Al-based design methods are introduced, because
the quality and physical meaning of the data used to train an Al
model depend directly on the underlying EM behavior of the
absorber. In other words, Al can assist the design process more
effectively when the relationship between the geometric parameters,
resonance characteristics, and absorption response is physically well
defined.
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2.1. Principles of PMAs

A common architecture for MTM based energy harvesting
relies on the PMA configuration. A standard PMA unit cell is
constructed using a three-layer topology, consisting of a patterned
metallic resonator on the top, a dielectric substrate layer in the
middle, and a continuous metallic ground plane at the bottom. This
relatively simple layered configuration provides considerable
flexibility in terms of geometry, material selection, thickness, and
resonance characteristics, allowing the absorber to be adapted to
different frequency ranges and application requirements. The
continuous ground plane plays a critical role by completely blocking
the transmission of incoming EM waves, ensuring that the
transmission coefficient is effectively zero. The top metallic pattern,
which can take various geometric forms such as split-ring resonators,
cross dipoles, or fractal shapes, is designed to interact strongly with
the incident electric and magnetic fields (Unal et al., 2015). The
interaction between the incident wave and the patterned resonator
determines the resonant behavior of the unit cell and, consequently,
has a direct influence on its absorption characteristics (Hasan et al.,
2025). By scaling these geometric dimensions, researchers can tailor
the structure to capture specific frequency bands relevant to ambient
RF energy, such as GSM, Wi-Fi, or 5G bands (Bakir et al., 2018).

Another important advantage of the PMA configuration is its
sub-wavelength nature. The physical dimensions of the unit cell can
be considerably smaller than the wavelength corresponding to the
operating frequency, which makes these structures attractive for
compact and integrated energy harvesting systems. The geometry
can also be modified to obtain single-band, dual-band, or multiband
absorption responses, depending on the intended application (L. Ma
et al., 2023). In practical designs, parameters such as resonator
length, gap width, substrate thickness, and dielectric properties can
therefore serve as important design variables. These parameters also
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form a natural basis for Al-assisted optimization, since changes in
the geometry can be systematically related to measurable changes in
resonance frequency and absorption level (Zhu et al., 2024).

2.2. Resonance Mechanisms and ECMs

The underlying physical mechanism of PMAs is governed by
EM resonance and impedance matching, which can be analytically
explained using the ECM. The metallic patterns and the gaps
between them introduce effective inductance (L) and capacitance
(C), forming an LC resonant circuit. The inductive contribution is
primarily associated with the current path along the metallic
resonator, whereas the capacitive contribution is strongly influenced
by the narrow gaps and the dielectric material surrounding the
resonant elements. When the frequency of the incident EM wave
matches the resonance frequency of the designed unit cell, the
structure exhibits strong electric and magnetic resonances (Hannan
et al., 2021). At resonance, the stored electric and magnetic energies
interact strongly within the unit cell, resulting in enhanced currents
and EM fields in specific regions of the structure.

At this precise frequency, the effective input impedance of
the MTM absorber approaches the impedance of free space
(approximately 377 €). This impedance matching prevents the
incoming waves from being strongly reflected, reducing the
reflection coefficient to near zero. Consequently, with both
transmission and reflection minimized, the incident RF energy is
effectively “trapped” within the dielectric substrate and the metallic
traces. From an energy-harvesting perspective, however, the
absorbed energy should not simply be regarded as energy that
disappears within the structure. Instead, the EM energy is dissipated
through the lossy components of the absorber and can, with an
appropriate conversion mechanism, be directed toward an electrical
load. The design objective is therefore not only to obtain a strong
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absorption peak but also to understand where the absorbed energy is
concentrated and how it can be extracted efficiently (Yang et al.,
2025).

The ECM provides a useful physical interpretation of this
behavior and can also help explain how individual geometric
parameters influence the resonance. For example, increasing the
effective inductance or capacitance generally shifts the LC
resonance toward a lower frequency, although the exact response
depends on the complete EM configuration (Almoneef & Ramahi,
2015). This relationship is particularly useful in parameterized
designs, where geometric variables are systematically varied to
generate simulation data. Such relationships can subsequently be
learned by Al models, providing a physical basis for predicting the
resonance behavior of previously unexplored geometries (Y. Liu et
al., 2024).

2.3. Evaluating Harvesting Efficiency

In computational EM design, the harvesting efficiency of
these structures is quantitatively evaluated using scattering
parameters (S-parameters). The absorptivity, A(w), is calculated
using the formula A(w) = 1 — |S;;]|? — |S,1|?, where S;; and S,
denote the reflection and transmission coefficients, respectively.
Since the solid ground plane eliminates transmission (|S,;|? = 0),
the absorption equation simplifies to A(w) = 1 —|S;;|2. This
relationship provides a convenient and widely used metric for
evaluating the frequency-dependent absorption performance of a
PMA. A high value of A(w) indicates that only a small portion of the
incident power is reflected or transmitted, meaning that most of the
incident EM power is absorbed by the structure (Tetik, 2022).
Beyond S-parameters, analyzing the electric field, magnetic field,
and surface current distributions at the resonance frequency is
crucial for practical energy harvesting (Dincer et al., 2016). These
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field distributions reveal localized energy hotspots-regions where
the EM energy is highly concentrated. Such information is valuable
because the maximum absorption level alone does not indicate
where the absorbed energy is concentrated within the unit cell. For
energy harvesting applications, identifying these regions can help
determine suitable locations for the integration of the electrical load
or rectifying components (Xu et al., 2026).

In physical applications, rectifying components (such as
Schottky diodes or resistive loads) are strategically placed at these
exact hotspots across the gaps of the top resonator to efficiently
convert the absorbed RF energy into usable direct current (DC). The
actual conversion process therefore depends on both the EM
absorption characteristics and the electrical properties of the
connected load. In this sense, a PMA designed for energy harvesting
should be evaluated not only according to its absorption magnitude
and bandwidth, but also according to the spatial distribution of the
EM fields and the feasibility of extracting the absorbed energy
(Xiong et al., 2024). These EM quantities also provide important
input and output descriptors for Al-assisted design frameworks.
Geometric parameters such as resonator dimensions, gap sizes,
substrate thickness, and material properties can be used as input
variables, while quantities such as resonance frequency, minimum
reflection coefficient, peak absorptivity, and field intensity can serve
as target outputs. Establishing this relationship between structure,
EM response, and harvesting performance forms the basis for
replacing or reducing repeated full-wave simulations with data-
driven prediction models in subsequent stages of the design process
(Agravat et al., 2026).

3. Al in EM Design

As EM structures grow in complexity, traditional
optimization techniques increasingly struggle to balance design
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accuracy with computational efficiency. This section introduces the
integration of Al into EM design, marking a critical transition from
conventional physics-based solvers to data-driven methodologies.
Rather than replacing EM theory or full-wave simulation entirely,
Al-based approaches can be viewed as complementary tools that
learn the relationships between structural parameters and EM
responses from previously generated simulation or experimental
data. It first discusses the paradigm shift away from exhaustive
parametric sweeps toward surrogate modeling. Subsequently, it
delineates the fundamental differences between forward prediction
and inverse design approaches in the context of MTMs. Finally, it
provides an overview of the key ML and deep learning architectures,
such as Multilayer Perceptrons (MLPs), Convolutional Neural
Networks (CNNs), and ensemble methods like XGBoost, that have
become useful tools for accelerating MTM research and design.

The main motivation for introducing Al into EM design is the
repeated computational cost associated with evaluating large
numbers of candidate structures. Once a sufficiently representative
dataset has been generated, a trained model can approximate the
relationship between the design variables and the corresponding EM
response. This approximation can then be used to screen candidate
geometries, identify promising regions of the design space, and
support subsequent optimization. The effectiveness of such an
approach, however, depends strongly on the quality, diversity, and
physical coverage of the training data.

3.1. Shifting: From Parametric Sweeps to Data-Driven Models

Historically, the optimization of PMAs has relied heavily on
parametric sweeps using full-wave 3D EM simulators based on the
Finite Element Method (FEM) or Finite Integration Technique (FIT).
While highly accurate, this approach suffers from the well-known
“curse of dimensionality.” As the number of geometric parameters
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(e.g., ring radius, trace width, gap distance) increases, the
computational time required to evaluate a sufficiently dense set of
possible combinations grows rapidly. Even when each individual
simulation can be completed within a reasonable time, the
cumulative computational cost can become substantial when
thousands or tens of thousands of configurations need to be
evaluated. Data-driven models offer a paradigm shift by partially
decoupling repeated design evaluations from real-time
computational physics. Instead of simulating every new design
iteratively, Al models are trained on a pre-generated dataset of
geometries and their corresponding EM responses (Shereen et al.,
2025) . In this workflow, the full-wave simulator remains important
during the dataset-generation stage, where it provides the reference
EM solutions used for model training. The trained Al model
subsequently serves as a computationally inexpensive
approximation of this simulation process(Adama et al., 2025).

Once trained, these algorithms act as fast surrogate models,
predicting the performance of new MTM geometries within a much
shorter computational time than a conventional full-wave
simulation, thereby reducing the computational overhead and
potentially shortening the iterative design and prototyping process.
This does not eliminate the need for EM simulation, since the
predictions of the surrogate model should be verified against high-
fidelity simulations, particularly for designs that fall near or outside
the distribution of the training data. Instead, the role of simulation
changes from repeatedly evaluating every candidate to generating
reliable reference data and validating selected Al-assisted designs
(Armghan et al., 2025). The quality of the surrogate model is
therefore closely related to the way the training dataset is constructed
(Y. Wang et al., 2025). The dataset should cover the relevant range
of geometric and material parameters while containing sufficient
variation to represent the expected design space. If the training data
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are too limited or concentrated around a narrow region, the resulting
model may perform well for familiar configurations but exhibit
reduced accuracy for previously unexplored geometries. Dataset
design is consequently an important part of Al-assisted EM
optimization rather than merely a preliminary data-processing step.
The overall relationship between full wave EM simulation, data
driven surrogate modeling, forward prediction, inverse design, and
Al based optimization is illustrated in Figure 1.
Figure 1 Conceptual workflow of Al assisted MTM absorber

design, including dataset generation, surrogate modeling, forward
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Figure 1 summarizes the general workflow for integrating Al
into the design of MTM absorbers for energy harvesting
applications. The process begins with the generation of a
representative dataset through full wave EM simulations, where
variations in geometric and material parameters are used to obtain

the corresponding absorption or S parameter responses. These data
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are then used to train a surrogate model that learns the relationship
between the design parameters and the resulting EM response. In the
forward prediction stage, the trained model estimates the response of
new MTM configurations without requiring a new full wave
simulation for every candidate design. In the inverse design stage,
the direction of the design process is reversed, with the target EM
response used to identify suitable geometric or material parameters.
Different ML and deep learning architectures can be selected
depending on the structure of the dataset and the complexity of the
underlying relationship. Finally, Al generated or optimized designs
are evaluated using full wave EM simulations to verify their
predicted performance and assess their physical consistency.

3.2. Forward Prediction vs. Inverse Design in MTMs

In the context of Al-assisted MTMs, modeling is generally
categorized into two distinct tasks: forward prediction and inverse
design. Forward prediction mirrors traditional simulation; the Al
model takes the physical dimensions and material properties of the
MTM as input and predicts its EM output, such as S-parameters or
the absorption spectrum. For example, the input variables may
include resonator dimensions, substrate thickness, dielectric
properties, and other structural parameters, while the output may be
the reflection coefficient over a specified frequency range or selected
characteristics such as resonance frequency and peak absorptivity
(Z. Wang et al., 2025).

While highly useful, the ultimate goal for energy harvesting
applications is often inverse design. In an inverse design framework,
the desired EM performance (e.g., a specific resonance frequency or
a targeted high-absorption bandwidth) is provided as the input, and
the AI model or an Al-assisted optimization framework predicts the
physical geometry required to achieve it (Q. Wu et al., 2026). This
reverses the conventional design process: rather than starting from a
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geometry and determining its EM response, the desired response
becomes the starting point and suitable structural parameters are
sought accordingly. Such an approach can be particularly useful
when the design objective is clearly defined, for example, when an
absorber is required to operate around a particular ambient frequency
(C.Maetal., 2024).

Although inverse design is a powerful method, it often
encounters the “non-uniqueness problem.” This means that different
geometries may produce the same or very similar EM response (Lin
et al., 2026). Consequently, a single target absorption spectrum does
not necessarily correspond to one unique physical structure. This
one-to-many relationship can make direct inverse prediction more
difficult than forward prediction, because the model may have
several physically valid solutions for the same EM target. Advanced
Al architectures and optimization algorithms are specifically useful
for exploring this one-to-many mapping challenge. For example,
inverse design can be formulated as a combination of a surrogate
model and an optimization algorithm, where the AI model rapidly
evaluates candidate structures while an optimization procedure
searches for geometries that minimize the difference between the
predicted and desired EM responses (Farshbaf et al., 2026). In this
type of workflow, Al is not required to directly produce a single
geometry; instead, it can guide the search toward a smaller and more
promising subset of the overall design space. Another important
distinction is that forward prediction is generally easier to validate
than inverse design. In a forward problem, a predicted response can
be directly compared with the response obtained from a full-wave
simulation for the same geometry. In inverse design, the predicted
geometry must first be reconstructed or simulated and then evaluated
to determine whether it actually satisfies the desired EM
specifications. This additional validation step is particularly
important for practical MTM energy harvesting applications.
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3.3. Key ML and Deep Learning Architectures

Several ML and deep learning architectures have proven
particularly effective for modeling complex MTM behaviors.
Multilayer Perceptrons (MLPs) are widely utilized for establishing
basic, yet robust, non-linear relationships between geometric
parameters and resonance frequencies. Their relatively
straightforward structure makes them suitable for problems in which
a limited number of well-defined design parameters are used as
inputs and one or more EM characteristics are predicted as outputs
(URAL & KILIMCI, 2021). For handling more complex, high-
dimensional frequency responses, 1-Dimensional Convolutional
Neural Networks (1D-CNNs) offer a significant advantage. Because
S-parameters are inherently sequential data distributed across a
frequency spectrum, 1D-CNNs excel at extracting local patterns and
frequency-dependent features from these signals without requiring
extensive manual feature engineering. For example, neighboring
frequency points in an S-parameter spectrum are not independent of
one another; they form a continuous response containing information
about resonance peaks, bandwidth, and changes in the EM behavior
of the structure. Convolutional filters can learn such local patterns
directly from the spectral data, making 1D-CNNs useful for response
prediction and classification tasks involving frequency-dependent
EM characteristics (Chen et al., 2025).

Furthermore, tree-based ensemble methods, notably eXtreme
Gradient Boosting (XGBoost), have demonstrated strong
performance in many structured-data-based MTM optimization
problems. XGBoost handles tabular geometric data robustly,
offering competitive predictive accuracy and a practical balance
between model complexity and computational cost. Another useful
characteristic of tree-based models is their ability to provide
information about feature importance (Rampriya et al., 2026). This
can help researchers investigate which geometric or material
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parameters contribute most strongly to a particular EM response,
thereby providing an additional interpretation of the learned
relationship between structure and performance. The choice of Al
architecture should therefore be guided by the characteristics of the
available data and the objective of the design task rather than by the
assumption that a single model is universally optimal. MLPs can be
appropriate for relatively low-dimensional parameter-to-response
mappings, 1 D-CNNs are well suited to frequency-dependent spectral
data, and ensemble models such as XGBoost can be particularly
useful when the input data consist primarily of structured geometric
or material parameters. In practice, these approaches can also be
combined, allowing different models to address different stages of
the EM design workflow (Patel et al., 2022).

From the perspective of energy harvesting applications, this
flexibility is particularly valuable. The design process may begin
with a set of geometric and material parameters, continue with the
prediction of S parameters or absorption spectra, and ultimately
focus on specific performance indicators such as resonance
frequency, peak absorptivity, bandwidth, or field concentration. Al
models can therefore be incorporated at different stages of the
workflow, depending on whether the objective is rapid prediction,
parameter optimization, physical interpretation, or inverse design.

4. Methodology: Bridging 3D EM Simulations and Al

This section outlines the practical framework for
transitioning from theoretical MTM concepts to a functional, Al-
driven design pipeline. The methodology 1is inherently
interdisciplinary, requiring seamless integration between full-wave
EM simulators and advanced deep learning frameworks. It starts
with a description of the strategies used to automate parametric
sweeps and create a representative and sufficiently diverse dataset.
Subsequently, the section explores the crucial steps of data
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preprocessing and feature engineering, which are necessary to
format raw EM data for neural network consumption. Finally, it
delves into the training process of the Al model, including the
selection of appropriate architectures, loss functions, and
optimization techniques required to build a reliable predictive model
for the EM response of MTM structures.

A key aspect of this methodology is that the AI model does
not directly replace the underlying EM solver. Instead, full-wave
simulations provide reference data from which the data-driven
model learns the relationship between the physical design
parameters and the corresponding EM response. The overall
workflow can therefore be considered as a sequence of
interconnected stages: defining the design space, generating
simulation data, preprocessing and organizing the data, training the
Al model, and finally evaluating its predictions against previously
unseen EM responses. This workflow also highlights the importance
of maintaining consistency between the EM simulation setup and the
subsequent ML process. Parameters such as boundary conditions,
excitation type, frequency range, mesh settings, and material
definitions should be controlled throughout the dataset-generation
stage so that variations in the resulting EM responses primarily
reflect changes in the intended design variables.

4.1. Dataset Generation Strategies

The foundation of any robust Al model is a comprehensive
and diverse dataset. In the context of MTM energy harvesting,
dataset generation involves systematically exploring the geometric
parameter space of the unit cell and extracting the corresponding EM
responses. The objective is not simply to generate a large number of
simulations, but to obtain a dataset that adequately represents the
range of structures that the Al model is expected to encounter during
prediction or optimization. This process is typically automated using
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scripting interfaces or macros (such as VBA or Python) integrated
into various 3D EM simulators (Cerniauskas et al., 2024).
Researchers define realistic boundary conditions, such as unit cell
boundaries for periodic structures and open boundaries for plane
wave excitation. The excitation conditions and boundary definitions
should remain consistent across the simulation campaign, since
changes in these settings can introduce variations in the EM response
that are unrelated to the geometric parameters being investigated. A
parametric sweep is then executed across key geometric variables,
including resonator length, gap width, substrate thickness, and
material permittivity (Ashrafi-Peyman et al., 2025). Depending on
the intended application, additional variables such as resonator
width, periodicity, substrate loss tangent, conductor thickness, or
load resistance may also be included.

For each unique combination, the simulator computes the
frequency-dependent S-parameters (S;; and S,;) and exports them
as numerical arrays. These frequency-dependent responses can
subsequently be converted into other performance descriptors, such
as absorptivity, resonance frequency, bandwidth, or selected field-
related quantities. In this way, each simulation contributes not only
a single performance value but potentially an entire EM response
curve to the dataset. Ensuring sufficient variance in geometric
parameters is critical; a narrow parameter space can lead to a poorly
representative training dataset, limiting AI’s ability to generalize to
novel, unseen MTM designs (Nipun et al., 2026). At the same time,
the selected parameter ranges should remain physically meaningful
and compatible with practical fabrication constraints. Extremely
broad parameter ranges may increase the apparent diversity of the
dataset while introducing geometries that are unrealistic, poorly
conditioned, or irrelevant to the intended application. Dataset
generation should therefore balance EM diversity with physical and
practical feasibility.
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The sampling strategy is another important consideration. A
simple grid-based parametric sweep can be useful when only a small
number of design variables are involved, but its computational cost
increases rapidly as the dimensionality of the design space grows.
Alternative approaches, such as random sampling, Latin hypercube
sampling, or other design-of-experiments strategies, can provide
broader coverage of the parameter space with a more controlled
number of simulations. The choice of sampling strategy should
ultimately depend on the number of variables, available
computational resources, and expected complexity of the EM
response. For large simulation campaigns, automation also reduces
the possibility of manual errors and makes the dataset-generation
process reproducible (Lavadiya et al., 2026). A well-organized
workflow can automatically modify the geometric parameters,
launch the EM solver, monitor the simulation status, extract the
required outputs, and store the results together with the
corresponding input parameters. The resulting dataset can then be
represented in a structured form in which each sample contains a
clearly defined relationship between the MTM geometry and its EM
response.

The foundation of any robust AI model is a comprehensive
and diverse dataset. In the context of MTM energy harvesting,
dataset generation involves systematically exploring the geometric
parameter space of the unit cell and extracting the corresponding EM
responses. This process is typically automated using scripting
interfaces or macros (such as VBA or Python) integrated into various
3D EM simulators. Researchers define realistic boundary conditions,
such as unit cell boundaries for periodic structures and open
boundaries for plane wave excitation. A parametric sweep is then
executed across key geometric variables, including resonator length,
gap width, substrate thickness, and material permittivity. For each
unique combination, the simulator computes the frequency-
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dependent S-parameters (S;; and S,;) and exports them as numerical
arrays. Ensuring sufficient variance in geometric parameters is
critical; a narrow parameter space can lead to a “biased model,”
severely limiting AI’s ability to generalize to novel, unseen MTM
designs.

4.2. Data Preprocessing and Feature Engineering

Raw data extracted directly from EM simulators requires
significant preprocessing before it can be effectively utilized by ML
algorithms. The input features, representing the physical dimensions
of the MTM, often span different orders of magnitude (e.g.,
millimeters for length, dimensionless values for the dielectric
constant). To prevent parameters with larger numerical ranges from
disproportionately influencing the model's weight updates during
training, techniques such as Min-Max scaling or Z-score
standardization are applied. The selected normalization strategy
should be applied consistently to the training, validation, and test
datasets, with scaling parameters calculated from the training data to
avoid information leakage. For the target variables, the complex-
valued S-parameters are typically converted into their magnitude (in
decibels or linear scale) or transformed directly into absorptivity
spectra. The appropriate representation depends on the objective of
the prediction task. For example, predicting |S;;| in dB may be
useful when reflection characteristics are of primary interest,
whereas predicting the complete absorptivity spectrum may provide
a more direct representation of absorber performance. In some cases,
the real and imaginary components of the S-parameters can also be
retained as separate target variables when phase information is
relevant to the design objective (H. Zhang et al., 2024).

In some advanced architectures, such as 1D-CNNs, the
frequency axis itself is treated as a spatial dimension, allowing the
network to learn spectral patterns directly. This representation
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preserves the relationship between neighboring frequency points and
allows the model to identify features such as resonance peaks,
spectral shifts, bandwidth variations, and changes in the shape of the
absorption response. Additionally, removing physically impossible
or redundant simulation outcomes from the dataset is essential to
reduce noise and improve the consistency of the training process (S.
Wu et al., 2024). Quality control at this stage may include checking
for incomplete simulations, missing frequency points, abnormal S-
parameter values, duplicated samples, or geometries that violate
predefined physical constraints. Such checks are particularly
important when the dataset is generated automatically, since a large
simulation campaign can otherwise propagate errors into the ML
stage (Gao et al., 2024).

Feature engineering can also be used when the raw geometric
parameters do not provide the most informative representation of
physical problems. For example, ratios between geometric
dimensions, normalized dimensions relative to the operating
wavelength, or derived quantities related to the resonant structure
may provide additional information to the model. However,
unnecessary feature expansion should be avoided, since redundant
variables can increase model complexity without providing
meaningful additional information. Another important consideration
is the frequency representation of the target response. If all
simulations are evaluated over the same frequency grid, the resulting
S-parameter or absorption spectra can be stored as fixed-length
vectors, which simplifies their use in neural networks. Maintaining
a consistent frequency grid also facilitates direct comparison
between simulated and predicted responses during the validation
stage.

4.3. Training the AI Model
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With a standardized dataset prepared, the next phase is the
actual training of the ML or deep learning model. The dataset is
conventionally partitioned into training, validation, and testing
subsets, often utilizing an 80-10-10 or 70-15-15 ratio. The training
subset is used to optimize the model parameters, the validation
subset is used to monitor model performance during development
and to guide hyperparameter selection, while the test subset is
reserved for the final evaluation of generalization performance
(Olbert et al., 2026). The exact partition ratio can be adjusted
according to the total dataset size and the complexity of the problem.
For regression tasks aimed at predicting continuous S-parameter
curves or specific resonance frequencies, metrics such as Mean
Squared Error (MSE) or Mean Absolute Error (MAE) are typically
employed as the loss function. MSE places greater emphasis on
larger prediction errors, whereas MAE provides a more direct
measure of the average absolute deviation between predicted and
reference values. Depending on the application, additional metrics
such as the coefficient of determination (R?), mean absolute
percentage error (MAPE), or frequency-specific errors may also be
considered.

The optimization process is driven by algorithms like Adam
or Stochastic Gradient Descent (SGD), which iteratively adjust the
network's internal weights to minimize the prediction error. During
training, the model processes batches of samples and progressively
updates its parameters according to the selected optimization
algorithm and learning rate. The learning rate is particularly
important because excessively large values may lead to unstable
training, whereas very small values can result in slow convergence.
Consequently, learning-rate scheduling or adaptive optimization
methods may be incorporated when appropriate. To combat
overfitting, a scenario where the model memorizes the training data
but fails on new inputs, regularization techniques such as dropout,



early stopping, and L2 weight decay are implemented. Monitoring
both training and validation losses provides an additional way to
identify overfitting. For example, if the training loss continues to
decrease while the validation loss begins to increase, the model may
be learning patterns that are specific to the training data rather than
relationships that generalize to unseen MTM configurations. Early
stopping can be used to terminate training when further optimization
no longer improves validation performance. Hyperparameter
selection is another important component of the training process.
Parameters such as the number of hidden layers, number of neurons
or filters, learning rate, batch size, dropout rate, and number of
training epochs can significantly influence the resulting model.
These parameters can be selected through systematic approaches
such as grid search, random search, or more advanced optimization
techniques. The objective is not simply to obtain the lowest training
error, but to identify a model that provides a suitable balance
between predictive performance and generalization (Tuan et al.,
2026).

The ultimate success of the training phase is validated when
the Al model can accurately predict the EM response of a MTM
geometry from the test set with sufficiently low prediction error and
with a response that remains consistent with the corresponding full-
wave simulation. For computationally efficient surrogate models,
inference can be substantially faster than running a new three-
dimensional EM simulation, particularly when predictions are
required for a large number of candidate geometries. This
computational advantage is one of the main reasons Al-assisted
approaches are attractive for iterative optimization and inverse
design. However, the predicted designs should still be verified using
high-fidelity EM simulations before they are considered reliable
candidates for practical implementation. This final verification step
closes the methodological loop: full-wave simulations generate the
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reference dataset, the Al model learns the underlying design—
response relationship, and new Al-generated or Al-predicted designs
are subsequently returned to the EM simulator for independent
validation. Such a closed-loop strategy combines the physical
reliability of full-wave EM analysis with the computational
efficiency of data-driven prediction.

5. Design and Optimization Framework

The theoretical foundations and data preparation
methodologies culminate in the practical execution of the design and
optimization framework. This section details the operational phase
of the Al-assisted pipeline, illustrating how the trained algorithms
are deployed to engineer and evaluate MTM absorbers for targeted
EM performance. It begins by establishing the initial physical
constraints, including the target geometry and the desired operating
frequency range. Subsequently, it explores the Al-driven
optimization process, where data models are leveraged to search the
design space for configurations that provide high absorption
efficiency while satisfying predefined physical constraints. Finally,
the section presents a comparative analysis, discussing the potential
advantages and limitations of Al-based surrogate models compared
with repeated full-wave EM simulations, particularly in terms of
computational time, prediction accuracy, and generalization
capability. An important characteristic of this stage is that Al-based
optimization does not necessarily produce a final design in a single
step. Instead, the trained model can be incorporated into an iterative
search process in which candidate geometries are generated,
evaluated, and progressively refined. The most promising candidates
can then be returned to the full-wave EM simulator for independent
verification. This combination of rapid data-driven evaluation and
high-fidelity EM validation provides a practical framework for
accelerating the design process while retaining the physical
reliability of numerical EM analysis.
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5.1. Defining the Target Geometry and Frequency Range

The design process initiates with defining the base topology
of the MTM unit cell and identifying its targeted operating
frequency. For RF based energy harvesting, typical target bands may
include GSM (0.9/1.8 GHz), Wi Fi (2.4/5.8 GHz), and frequency
ranges associated with contemporary cellular and wireless
communication systems (Karakaya et al., 2019). The selection of the
target frequency should be related not only to the availability of
ambient RF sources but also to the intended application, antenna or
rectifier characteristics, and the expected power density in the
surrounding environment (Hasan et al., 2025). The geometric
parameter space, comprising variables such as resonator trace
widths, gap dimensions, and substrate thickness, must be constrained
within physically realizable limits to ensure subsequent fabrication
viability. Other parameters, including resonator dimensions,
periodicity, conductor thickness, dielectric properties, and load
resistance, may also be included depending on the architecture of the
energy harvester. Establishing these boundaries provides the Al
model with a strictly defined search space (Elwi et al., 2020).

Defining the design space is important for both EM and ML
considerations. From an EM perspective, the selected ranges should
include geometries capable of producing the desired resonance and
absorption characteristics. From a ML perspective, the ranges should
be sufficiently broad to provide meaningful variation while
remaining consistent with the distribution represented in the training
dataset. This constraint prevents the algorithm from predicting
geometries that fall outside the physically meaningful design space,
ensuring that the final optimized geometry can be practically
manufactured using standard printed circuit board (PCB) or textile
fabrication techniques. For example, excessively narrow gaps,
unrealistically thin conductive traces, or substrate dimensions
outside the available fabrication process may result in geometries
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that perform well numerically but are difficult or impossible to
manufacture reliably. Incorporating these constraints at the
beginning of the optimization process can therefore reduce the
number of unsuitable candidate designs generated by the Al
framework. The target performance should also be defined before
optimization begins. Depending on the application, this objective
may be expressed as a target resonance frequency, maximum
absorptivity, minimum reflection coefficient, desired absorption
bandwidth, or a combination of these parameters. In a multi-
objective design problem, additional requirements such as compact
size, angular stability, polarization insensitivity, or fabrication
tolerance can also be incorporated into the optimization process.

5.2. AI-Driven Optimization for Absorption Efficiency

Once the parameter space and target frequencies are
established, the Al framework is deployed to discover candidate
geometric configurations that provide high absorption within the
desired frequency range. In a conventional workflow, this would
require laborious manual tuning or repeated full-wave simulations of
a large number of candidate structures. In the Al-driven paradigm,
optimization algorithms, such as Genetic Algorithms (GA) or
Particle Swarm Optimization (PSO) coupled with the Al surrogate
model, can be used to systematically explore the predefined design
space (Biti et al., 2024). Alternatively, inverse neural networks or
other data-driven inverse-design approaches can be used to directly
estimate candidate geometries from specified EM targets (Eze et al.,
2025). By utilizing the trained deep learning model as an efficient
surrogate evaluation function, the system can evaluate a large
number of candidate geometries without requiring a new full-wave
simulation for every candidate. The optimization process therefore
searches for geometric parameters that maximize the absorptivity
metric, A(w), or another objective function defined according to the

requirements of the application (Omotunde Osho et al., 2024).
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A typical optimization loop begins by generating a candidate
set of geometric parameters. The surrogate model predicts the
corresponding EM response, and an objective function measures
how closely the predicted response satisfies the target specifications.
The optimization algorithm then modifies the design parameters and
repeats the process until a predefined convergence criterion or
computational budget is reached. The resulting candidates can
subsequently be ranked according to their predicted performance and
selected for full-wave verification. This synergistic approach can
substantially reduce the number of expensive EM simulations
required during the exploratory stage. It also allows researchers to
investigate regions of the design space that may be difficult to
explore efficiently through conventional manual parameter sweeps.
Nevertheless, the surrogate model remains an approximation of the
underlying EM solver. Therefore, the best-performing candidates
identified by the Al model should be re-evaluated using high-fidelity
full-wave simulations before being accepted as final designs.

From an energy-harvesting perspective, maximizing
absorption is an important but not necessarily sufficient objective.
The spatial distribution of the absorbed EM energy should also be
considered, particularly when a rectifier, resistive load, or other
conversion component must be integrated into the structure. A design
with a high absorption coefficient may not automatically provide the
most convenient field distribution for practical energy extraction.
Consequently, the optimization objective can be extended beyond
peak absorptivity to include parameters related to field
concentration, bandwidth, impedance matching, or load-dependent
power transfer.

5.3. Comparative Analysis

The effectiveness of the Al-driven framework can be
assessed through a comparative analysis against traditional 3D full-
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wave EM simulations. A conventional parametric optimization
utilizing FEM or FIT solvers may require a substantial amount of
computational time when a large number of candidate geometries
must be evaluated, with the actual duration depending on factors
such as mesh density, simulation frequency range, solver
configuration, model complexity, and available hardware. As the
number of design variables increases, the computational burden can
become particularly significant because a sufficiently detailed
exploration of the parameter space may require a large number of
individual simulations. In contrast, a well-trained deep learning
model can evaluate new candidate geometries considerably faster
than a full-wave solver once the training stage has been completed
(Su et al., 2024). This makes the Al model suitable for screening
large numbers of candidate designs and for use within iterative
optimization algorithms (Koziel et al., 2025). The computational
advantage is especially relevant when the same surrogate model is
used repeatedly during the optimization of a large design space.

Crucially, computational speed alone is not sufficient to
establish the usefulness of an Al model. The predictions must also
be evaluated in terms of accuracy and generalization. Al predictions
can be compared with the corresponding full-wave simulation results
using quantitative metrics such as MSE, MAE, R?, or frequency-
dependent error measures (Koziel et al., 2021). For spectral
predictions, visual comparison of the predicted and simulated S-
parameter or absorption curves can provide additional information
about resonance shifts, bandwidth differences, and variations in
spectral shape. A representative comparison can therefore involve
three levels of evaluation. First, the Al model is evaluated on
previously unseen test samples to determine its predictive
performance. Second, geometries identified as promising by the
optimization process are independently simulated using the full-
wave solver. Third, the predicted and simulated responses are
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compared to determine whether the Al-generated design satisfies the
original EM specifications (Pietrenko-Dabrowska & Koziel, 2020).

This validation procedure helps distinguish between a model
that performs well on the available dataset and a model that can
reliably support the design of new MTM structures. A surrogate
model may achieve low prediction errors on a test set while still
producing unreliable results when the optimization algorithm
explores regions outside the distribution of the training data. For this
reason, maintaining an appropriate relationship between the training
dataset and the optimization domain is essential. The principal
advantage of the Al-assisted approach is therefore not that EM
simulation becomes unnecessary, but that its role can be shifted from
evaluating every candidate design to generating training data and
validating selected candidates (J. W. Zhang et al., 2025). In this
framework, Al provides a computationally efficient approximation
of the EM response, while full-wave simulation remains the
reference method for high-fidelity verification (Pietrenko-
Dabrowska et al., 2022). This complementary relationship can
reduce the computational burden of iterative optimization while
preserving a clear physical validation pathway.

The resulting workflow can be summarized as follows:
define the target specifications — generate or select candidate
geometries — predict their EM responses using the trained surrogate
model — optimize the design parameters — select promising
candidates — validate them using full-wave EM simulation. This
closed-loop strategy provides a practical connection between data-
driven optimization and physics-based EM analysis, forming the
basis for efficient Al-assisted design of MTM energy harvesters.

6. Future Perspectives and Challenges

While the integration of Al into EM design has demonstrated
considerable potential in accelerating MTM development, the field
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continues to evolve. This section discusses the future trajectory of
Al designed MTMs and the practical challenges that must be
addressed for their broader adoption in practical applications. It
focuses on the transition from isolated design frameworks to fully
integrated Internet connected sensor systems and addresses the
critical discrepancy between idealized digital predictions and
physical manufacturing realities. Beyond improving computational
efficiency, future Al assisted MTM systems are expected to address
increasingly complex design objectives that involve EM, electrical,
mechanical, and manufacturing constraints simultaneously. This
evolution will require models that can operate across different
physical domains while maintaining sufficient accuracy and
interpretability. At the same time, the transition from simulation-
based studies to experimental and field deployed systems will
introduce additional sources of uncertainty that are not always
represented in conventional training datasets. Another important
direction is the development of adaptive design frameworks. Instead
of relying on a fixed dataset generated at the beginning of the design
process, future systems may incorporate new simulation or
experimental measurements into the training process. Such
approaches could allow the Al model to progressively improve its
predictions as additional information becomes available, potentially
reducing the amount of full wave simulation required for subsequent
design iterations.

6.1. Integrating AI-Designed MTMs into IoT and Sensor

The future of MTM energy harvesting lies closely in its
seamless integration with the IoT. As Al frameworks become more
sophisticated, the focus will shift from designing standalone
absorbers to developing complete, self powered sensor nodes in
which energy harvesting, power management, sensing, and
communication are considered as interconnected components

(Rosca & Stancu, 2025). Al algorithms may be used not only to
-—42--



optimize the MTM geometry for enhanced RF absorption but also to
jointly optimize or assist in the design of the rectifying circuitry and
sensor interface. This system level optimization approach could
support the development of compact and autonomous electronic
systems that make use of available ambient RF energy to extend their
operational lifetime and reduce their dependence on conventional
batteries (Si et al.,, 2024). Such systems could be relevant to
applications including smart cities, agricultural monitoring,
environmental sensing, industrial monitoring, and selected
biomedical or wearable sensing platforms. An important
consideration in these systems is the relationship between harvested
power and the actual energy consumption of the sensor node. The
amount of ambient RF energy available at a given location can vary
considerably with frequency, distance from the RF source,
environmental conditions, and the orientation of the harvesting
structure. Therefore, future Al based design frameworks should
consider not only the peak absorption of an MTM absorber, but also
the expected RF power density, rectifier efficiency, energy storage
requirements, and power consumption of the connected electronics.
This perspective shifts the optimization objective from the design of
an individual absorber toward the design of an energy harvesting
subsystem (Rajasekaran et al., 2025). For example, an Al framework
could simultaneously consider the resonant frequency of the MTM
structure, the characteristics of the rectifier, the electrical load, the
available power density, and the required sensor operating
conditions. Such a co design strategy could provide a more realistic
representation of the complete energy harvesting chain than
optimizing the absorber independently.

Integration  with  IoT  networks also introduces
communication requirements. A sensor node must periodically
sense, process, store, and transmit information, and each of these
operations consumes energy. Future research can therefore



investigate Al assisted strategies that coordinate energy harvesting
with sensing and communication schedules. In low power
applications, the objective may not be continuous operation, but
rather reliable operation during specific sensing or communication
intervals when sufficient harvested energy is available. Another
promising direction is the development of distributed and adaptive
sensor networks. Multiple MTM energy harvesting nodes could be
deployed across an environment, with Al based algorithms adapting
their operation according to local RF conditions and energy
availability. Such approaches may be particularly useful in locations
where battery replacement is difficult, costly, or undesirable (Trigka
& Diritsas, 2025).

6.2. Physical Fabrication Tolerances and AI Generalization

A significant hurdle in deploying Al designed MTMs is
bridging the gap between digital simulation results and physical
fabrication imperfections. AI models are trained on idealized 3D
simulation data; however, real world manufacturing processes, such
as chemical etching for PCBs or conductive ink printing for textiles,
inherently introduce geometrical variations and material property
tolerances. These variations may affect resonator dimensions, gap
widths, substrate thickness, conductivity, dielectric properties, and
surface roughness, all of which can influence the resulting EM
response. A geometry predicted to have a target resonance at 2.4 GHz
might experience a frequency shift in reality due to slight over
etching of the metallic traces. Similarly, variations in substrate
thickness or dielectric permittivity can modify the effective
capacitance and inductance of the resonant structure, resulting in
changes in resonance frequency, bandwidth, or absorption level (Niu
et al., 2025). These differences can become particularly important
for narrow band absorbers, where relatively small geometric or
material variations may produce noticeable changes in the EM

response. Future research must therefore focus on robust
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optimization strategies, training Al models not just for high
theoretical performance, but also to predict designs that remain
relatively stable under realistic manufacturing and material
tolerances. Instead of optimizing for a single ideal geometry, the
design process can incorporate a range of possible parameter
variations and evaluate the resulting distribution of EM responses
(Wunsch & Hirsch, 2021). This approach allows the AI model or
optimization algorithm to identify geometries that maintain
acceptable performance across a range of manufacturing conditions.
For example, if a resonator dimension is expected to vary within a
predefined tolerance range, multiple perturbed versions of the same
geometry can be included in the simulation dataset. The Al model
can then learn not only the nominal response but also the sensitivity
of the response to parameter variations. Such an approach can
provide additional information about the robustness of candidate
designs and reduce the likelihood that a small fabrication error will
significantly degrade the final performance.

Robust optimization can also be extended to material
uncertainties. In practical fabrication, the dielectric properties of
substrates, flexible materials, or conductive inks may differ from
nominal values reported in material datasheets. Temperature,
humidity, mechanical deformation, and aging may further modify
these properties in some applications. Incorporating such
uncertainties into the training and optimization process can help
establish a closer relationship between simulated performance and
experimentally observed behavior. This consideration is particularly
relevant for wearable and flexible MTMs, where mechanical
deformation introduces another source of variation (Liang et al.,
2026). Bending, stretching, folding, and changes in the distance
between the resonator and the surrounding environment can alter the
EM response. Future AI models may therefore be trained using
datasets that include both geometric manufacturing tolerances and
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mechanically deformed configurations. Such models could
potentially predict not only the nominal performance of an MTM
absorber, but also its behavior under realistic operating conditions
(Y. Zhao et al., 2025).

Ultimately, successful generalization should be considered in
two complementary directions. The first is generalization from the
training dataset to previously unseen digital geometries, which is the
conventional ML problem. The second is generalization from the
digital simulation domain to the physical experimental domain,
where fabrication tolerances, material uncertainties, measurement
conditions, and environmental effects become relevant (Si et al.,
2024). Addressing the second form of generalization will be essential
for moving Al assisted MTM design beyond simulation studies
toward experimentally validated and practically deployable systems
(Tian et al., 2026). These challenges also highlight the importance of
combining simulation and experimental data. A future design
framework may begin with a large simulation-based dataset and
subsequently incorporate a smaller number of experimentally
measured samples to correct systematic differences between the
simulated and physical domains. Such hybrid approaches could
provide a practical pathway toward improving model reliability
without requiring every possible geometry to be fabricated and
measured. Overall, the future of Al assisted MTM energy harvesting
is likely to depend not only on increasingly sophisticated Al
architectures, but also on better representations of physical
uncertainty, manufacturing variability, environmental conditions,
and system level requirements. The combination of data driven
modeling, full wave EM simulation, robust optimization, and
experimental validation can provide a more realistic foundation for
developing reliable MTM based energy harvesting systems.

7. Conclusion
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The paradigm of MTM energy harvesting is evolving with
the increasing integration of Al. This chapter has outlined the critical
shift from traditional, computationally exhaustive parametric
simulations to data driven approaches that can support faster
prediction, optimization, and design exploration. By connecting 3D
full wave EM data with advanced ML and deep learning
architectures, ranging from Multilayer Perceptrons to Convolutional
Neural Networks and ensemble methods, researchers can develop
surrogate models capable of approximating complex relationships
between MTM geometries and their corresponding EM responses.
The discussion has emphasized that the role of Al is not to replace
EM theory or high-fidelity full-wave simulation, but rather to
complement these established methods. Full wave simulations
provide the reference data required for model development, while
trained Al models can provide computationally efficient predictions
during parameter exploration and optimization. This combination
can reduce the number of repeated simulations required during the
design process and can facilitate the exploration of larger and more
complex MTM design spaces.

The chapter has also examined the distinction between
forward prediction and inverse design. In forward prediction, the Al
model estimates the EM response of a given MTM geometry,
whereas inverse design starts from a desired EM response and
searches for suitable physical parameters. Although inverse design
offers significant potential for accelerating the development of
targeted absorbers, the non-uniqueness of EM solutions and the need
for independent full wave validation remain important
considerations. From a methodological perspective, the quality of
the Al assisted design process depends strongly on the quality and
coverage of the underlying dataset. Appropriate parameter selection,
automated simulation, data preprocessing, feature representation,
model training, and independent testing are therefore essential
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components of a reliable workflow. The use of Al should also be
accompanied by careful consideration of generalization, particularly
when the optimization process explores geometries that differ
substantially from those represented in the training data. While
challenges regarding physical fabrication tolerances and holistic
system integration remain, future developments are expected to
extend Al assisted MTM design beyond isolated absorber
optimization toward integrated energy harvesting and sensing
systems. Robust optimization, uncertainty aware modeling,
experimental data integration, and joint optimization of the absorber,
rectifier, load, and sensor electronics may provide new opportunities
for improving practical performance. Overall, the Al assisted
methodology presented in this chapter provides a practical
framework for combining the physical reliability of full wave EM
simulation with the computational efficiency of data driven
modeling. By maintaining full wave simulation as a validation
mechanism while using Al to accelerate design exploration and
optimization, this approach can support the development of compact
and efficient MTM energy harvesting structures for future low power
and autonomous wireless systems. The resulting framework offers a
pathway for further research toward more robust, experimentally
validated, and application oriented MTM based energy harvesting
technologies.
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BOLUM 3

YARIILETKEN FiZIiGIiNIN TEMEL
KAVRAMLARI VE KATKILAMA
MEKANIZMALARI

SABIT KORCAK!
Giris
Yariiletkenler, elektriksel iletkenlikleri metaller ile
yalitkanlar arasinda bulunan ve elektriksel 6zellikleri sicaklik, 151k,
elektrik alani, basing ve 6zellikle katkilama gibi fiziksel ve kimyasal
yontemlerle kontrol edilebilen malzemelerdir. Bu o6zellikleri
nedeniyle yariiletkenler modern elektronik ve optoelektronik
teknolojilerinin temelini olusturur. Diyotlar, transistorler, tiimlesik
devreler, fotodetektorler, giines hiicreleri ve 151tk yayan diyotlar
yariiletken malzemelerin baglica uygulamalart arasinda yer
almaktadir (Neamen, 2012; Streetman & Banerjee, 2015; Sze, Li,
& Ng, 2021).

Yariiletkenlerin elektriksel davranisini agiklamak igin Kkristal
yap1, enerji bantlar1 ve yiik tasiyicilar birlikte degerlendirilmelidir.
Bir yariletkenin elektriksel iletkenligi yalnizca malzemenin
kimyasal bilesimine baglh degildir; tasiyicilarin yogunlugu ve
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hareket kabiliyeti de belirleyici rol oynar. Bu nedenle yariiletken
teknolojisinde amag yalnizca belirli bir malzeme tiretmek degil, ayn1
zamanda bu malzemenin tasiyict Ozelliklerini kontrollii bigimde
degistirebilmektir (Streetman & Banerjee, 2015; Sze et al., 2021).

Katkisiz bir yariiletkende elektriksel iletim, sicaklik veya
bagka bir enerji kaynag1 yardimiyla olusturulan elektron ve desikler
tarafindan gercgeklestirilir. Kristale uygun yabanci atomlarin
kontrollii miktarlarda eklenmesiyle ise tasiyict yogunlugu Onemli
Olciide degistirilebilir. Bu islem katkilama (doping) olarak
adlandirilir ve yariiletken aygit teknolojisinin temel islemlerinden
biridir (Neamen, 2012; Streetman & Banerjee, 2015; Sze et al.,
2021).

Bu bolimde once yariiletkenlerin temel o6zellikleri ele
aliacak, ardindan katkisiz yariiletkenlerde elektron—desik olusumu
aciklanacaktir. Daha sonra dondr ve akseptor katkilar, n-tipi ve p-
tipi yariiletkenler, safsizlik enerji seviyeleri ve bilesik
yariiletkenlerde katkilama mekanizmalar1 incelenecektir. Bant
yapisinin ayrintili analizi, etkin kiitle, Fermi diizeyi ve tastyici
istatistigi ise ikinci boliimde ayrintili olarak ele alinacaktir.

Yarniiletkenlerin Temel Ozellikleri

Katilarin  elektriksel ozellikleri, elektronlarin  kristal
icerisindeki izin verilen enerji durumlariyla yakindan iligkilidir.
Kristal potansiyelinin periyodik yapist sonucunda elektronlarin
enerjileri stirekli bir dagilim yerine izin verilen enerji bantlar1 ve
yasak enerji araliklar seklinde diizenlenir (Seeger, 2004; Sze et al.,
2021; Yu & Cardona, 2010).

Yariiletkenlerin elektriksel davranisinda ozellikle valans
bandi, iletim bandi ve bu iki bant arasindaki yasak enerji aralig
onemlidir. Valans bandi, kristal baglarina katilan elektronlarin
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bulundugu enerji bandidir. Iletim band: ise elektronlarin kristal
icerisinde daha serbest hareket ederck elektriksel akima katkida
bulunabildigi enerji bolgesidir. Bu iki bant arasinda elektronlarin
bulunmasinin yasak oldugu enerji araligi

Eg=Ec-Ey (1

ile ifade edilir. Burada (Eg) yasak enerji araligini, (Ec) iletim
bandinin minimum enerjisini ve (Ey) valans bandinin maksimum
enerjisini gdstermektedir.

Bir malzemenin metal, yariiletken veya yalitkan olarak
siiflandirilmasinda enerji bantlarinin yapisi temel rol oynar.
Metallerde elektronlarin hareket edebilecegi kismen dolu enerji
bantlar1 bulunabilirken, ideal bir yalitkanda dolu valans band ile
bos iletim bandi arasinda genis bir enerji araligi vardir.
Yariiletkenlerde ise bu enerji araligi daha kiigiiktiir ve termal enerji,
151k veya katkilama yoluyla 6nemli sayida tasiyici olusturulabilir
(Neamen, 2012; Streetman & Banerjee, 2015; Sze et al., 2021).

Sekil 1 Metal, yariiletken ve yalitkanlarda enerji bantlarinin

sematik gosterimi
Metal Yaniletken (Intrinsik) Yalitkan
A A A
lletim Bandi
(Conduction cB CcB CcB
Band, CB) T ) °

— e B Eg=11eVv E,>3eV
W | vasak EnerjiT Fermi Seviyesi (arn. si) ) 9
= Arahgr | ol (Ef) E = I I E
2 (Band Gap, E,) F o B
w l E-0 w

Degerlik Bandi
(Valence Band,
VvB)

Sekil 1’de li¢ malzeme tiiriinde valans bandi, iletim band1 ve
yasak enerji aralifinin karsilagtirilmasi gosterilmektedir.
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Katkisiz (Oz) Yariiletkenler

Kristal yapismma kontrolli miktarda yabanc1i atom
eklenmemis yariiletkenler katkisiz veya 0z yariiletkenler olarak
adlandirilir. Silisyum ve germanyum, elementel yariiletkenlere;
GaAs, InP ve GaN ise bilesik yariiletkenlere 6rnek olarak verilebilir
(Deen & Basu, 2012; Streetman & Banerjee, 2015).

Katkisiz bir yariiletkenin diigiik sicakliktaki ideal durumunda
valans bandi dolu, iletim bandi ise bos kabul edilir. Sicaklik
artinldiginda kristal Orgilistine aktarilan termal enerji, bazi
elektronlarin valans bandindan iletim bandina ge¢mesine olanak
saglar.

Bir elektronun valans bandindan iletim bandina geg¢mesi
sonucunda valans bandinda bir elektron eksikligi meydana gelir. Bu
eksiklik desik olarak adlandirilir. Boylece bir elektronun uyarilmasi
sonucunda ayni anda bir elektron ve bir desik olusur. Bu nedenle
katkisiz yariiletkende elektron ve desikler birlikte olusur.

Termal dengede katkisiz bir yariiletken icin elektron ve desik
yogunluklar esittir:

n=p=n; (2)

Burada n elektron yogunlugunu, p desik yogunlugunu ve n; 6z
tastyici yogunlugunu gostermektedir.

Oz tastyic1 yogunlugu sicaklifa ve yasak enerji aralifia
baglidir. Genel olarak sicaklik arttikca daha fazla elektron iletim
bandina gegebildiginden (ni) artar (Neamen, 2012; Streetman &
Banerjee, 2015; Sze et al., 2021). Bu durum yariiletkenlerin sicaklik
davranmisinin metallerden farkli olmasinin temel nedenlerinden
biridir. Yariiletkenlerde sicaklik artis1 tagiyici sayisini1 onemli Slgiide
artirabildigi i¢in elektriksel iletkenlik genellikle artar ve 6zdireng

azalir.
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Sekil 2 Katkisiz yariiletkende elektron—desik ¢iftinin olusumu

Kristal Kafes Modeli Enerji Bandi Diyagrami
Elektron-Desik Cifti Olugumu
Elektron

lletim Band\
(CB)

Termal enerji

(Is1 veya Isik) Yasak Enerji

Arahdi (E)

E)

Enerji, E

Isil Uyanima

Degerlik

\ \ Bandi (VB)
Si atomu

Kovalent bag =Deslk (Hol)

Konum

Sekil 2’de valans bandindan iletim bandina gegcen bir
elektron ve valans bandinda geride kalan desik sematik olarak
gosterilmektedir.

Temel Tasiyicilar

Yariiletkenlerde elektriksel akim iki temel yiik tasiyicisi
tarafindan olusturulur: elektronlar ve desikler. Elektronlar negatif
elektrik yiikiine sahip pargaciklardir ve iletim bandinda hareket
ederek elektriksel akima katkida bulunurlar. Desik ise valans
bandindaki elektron eksikliginin etkin bir gosterimidir. Bir valans
elektronu komsu atomdaki boslugu doldurdugunda, elektronun
ayrildig1r yerde yeni bir bosluk meydana gelir. Bu siire¢ ardisik
bigimde devam ettiginde bosluk kristal i¢erisinde pozitif yiiklii bir
tagiyici gibi davranir (Streetman ve Banerjee, 2015; Pierret, 1996;
Sze, 2002). Dolayisiyla yariiletkenlerde: elektronlar negatif yiik
tastyicilart  ve desikler ise pozitif yiik tasiyicilart olarak
degerlendirilir.

Elektron ve desiklerin yogunluklar1 ile hareketlilikleri

yariiletkenin  elektriksel  iletkenligini  belirleyen  temel
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parametrelerdir. Bu konu ikinci boliimde tasiyict istatistigi ve etkin
kiitle kavramlariyla birlikte daha ayrintili olarak ele alinacaktir.

Katkilama ve Katkili Yariiletkenler

Katkisiz yariiletkenlerde tasiyict yogunlugu yalnizca
malzemenin Ozellikleri ve sicaklik tarafindan belirlenir. Ancak
elektronik aygitlarin iiretiminde tasiyici yogunlugunun kontrollii
bicimde degistirilmesi gerekir. Bu amagla kristal yapiya ¢ok kiigiik
miktarlarda yabanci atom eklenir. Bu islem katkilama olarak
adlandirilir (Neamen, 2012; Streetman & Banerjee, 2015; Sze et al.,
2021). Katkilama sonucunda yariiletkenin enerji yapisinda yeni
safsizlik seviyeleri meydana gelebilir ve serbest tasiyict yogunlugu
onemli Olclide degisebilir. Katkilama isleminin 6nemli bir 6zelligi,
kullanilan katki atomu miktarinin kristaldeki ana atomlarin sayisina
gore cok kiiciik olmasma ragmen elektriksel ozelliklerde biiyiik
degisiklik olusturabilmesidir.

Katkilar temel olarak iki grupta incelenir:
1. Donor (verici) katkilar
2. Akseptor (alict) katkilar

Dondr katkilar yariiletkene elektron kazandirarak elektron
yogunlugunu artirirken, akseptor katkilar valans bandinda desik
olusumunu kolaylastirir (Streetman & Banerjee, 2015; Winnacker,
2022).

Donor Katkili n-Tipi Yariiletkenler

Silisyum (Si), periyodik tablonun IV. grubunda yer alan ve
dort valans elektronuna sahip bir yariiletken elementtir. Kristal yap1
icerisinde her Si atomu, komsu Si atomlariyla dort kovalent bag

olusturarak kararli bir bag yapisi meydana getirir. Saf silisyum
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kristaline V. grup elementlerinden birinin katkilanmas1 durumunda,
katki atomunun bes valans elektronu bulunur. Fosfor (P), arsenik
(As) ve antimon (Sb), n-tipi yariiletken elde etmek amaciyla yaygin
olarak kullanilan V. grup katki elementlerine 6rnek olarak verilebilir
(Sze, Li ve Ng, 2021; Streetman ve Banerjee, 2015; Neamen, 2012;
Pierret, 1996; Sze, 2002).

Katki atomunun dort valans elektronu, komsu Si atomlariyla
kovalent baglarin olusumuna katilir. Besinci valans elektronu ise bu
bag yapisinin disinda kalir ve katki atomuna nispeten zayif bir
sekilde baglidir. Bu nedenle s6z konusu elektron, kiicliik miktarda
enerji kazanarak katki atomundan ayrilabilir ve serbest elektron
haline gecebilir (Sze, Li ve Ng, 2021; Streetman ve Banerjee, 2015;
Neamen, 2012; Pierret, 1996; Sze, 2002). Serbest hale gegen
elektron iletim bandmna gecerek kristalin elektriksel iletkenligine
katkida bulunur. Kristale serbest elektron saglayan bu tiir katki
atomlar1 dondr (verici) olarak adlandirilir. Dondr katkilama
sonucunda elektronlarin ¢ogunluk tasiyicist oldugu yariiletkenler
ise n-tipi yariiletkenler olarak tanimlanir. n-tipi yariiletkenlerde
elektron yogunlugu, desik yogunlugundan daha biiyiiktiir:

n>p 3)
Burada n, elektron yogunlugunu; p ise desik yogunlugunu
gostermektedir. Dolayisiyla n-tipi  yariiletkenlerde elektronlar
cogunluk tasiyicilari, desikler ise azinlik tasiyicilaridir.

Sekil 3 Donor katkilama mekanizmasinin sematik gosterimi
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Kristal Kafes Modeli Enerji Bandi Diyagrami

lletim Bandi (CB
000007

Si Atomu

3

Serbest Elektron Donér Eneji

Kovalent Bag ~ (Tagiyici) lbrgsid |
Seviyesi (E,) E.~E = 0.045 eV
. E.-E4=0045eV|| _______ )
Dondr lyonu (Om.Siigin P) =, Fermi Seviyesi (E,
No") E Yasak Eneriji
iyonize Dondr Araligh (E;)
Yiiki (Np)

Degerlik
i Bandi (E,)

Si Atomu
Kovalent Bag

Konum

Si kristal orgiisiinde bir Si atomunun yerine gecen P atomu,
komsu dort Si atomuyla kovalent bag olustururken, P atomunun
besinci valans elektronu zayif bagli durumda kalir. Bu elektron
yeterli enerjiyi aldiginda serbest hale gecerek iletim bandina
katilir.Sekilde Si kristaline P atomunun yerlesmesi, dort kovalent
bag ve besinci elektronun zayif bagli durumu gosterilmelidir.

Akseptor Katkil p-Tipi Yariiletkenler

Silisyum (Si) kristaline III. grup elementlerinden birinin
katkilanmasiyla p-tipi yariiletken elde edilebilir. III. grup
elementleri {i¢ valans elektronuna sahiptir. Bor (B), aliiminyum (Al),
galyum (Ga) ve indiyum (In) bu tiir katki elementlerine 6rnek olarak
verilebilir (Sze, Li ve Ng, 2021; Streetman ve Banerjee, 2015;
Neamen, 2012; Pierret, 1996; Sze, 2002). III. grup katki atomu
silisyum kristal orgiisiinde bir Si atomunun yerini aldiginda, sahip
oldugu ii¢ valans elektronu komsu Si atomlariyla kovalent baglarin
olusumuna katilir. Ancak dort kovalent bagin tamamlanabilmesi
icin bir elektron eksik kalir. Bu elektron eksikligi kristal yapida
desik (hole) olarak tanimlanan bos bir elektronik durum meydana
getirir.
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Komsu bir kovalent bagdaki elektron, yeterli enerjiyi
kazandiginda bu bos durumu doldurabilir. Elektronun boslugu
doldurmasi sonucunda elektronun ayrildigi yerde yeni bir desik
olusur. Boylece desiklerin kristal igerisinde hareket ettigi
diistiniilebilir. Desiklerin bu etkin hareketi, elektriksel iletime
katkida bulunur.

Kristalden elektron kabul edebilen bu tiir katki atomlarina
akseptor (alic1) ad1 verilir. Akseptor katkilama sonucunda desiklerin
cogunluk tasiyicist oldugu yariiletkenler p-tipi yariiletkenler olarak
adlandirilir. p-tipi  yariiletkenlerde desik yogunlugu elektron
yogunlugundan daha biiyiiktiir:

p>n @

Burada p, desik yogunlugunu; n ise elektron yogunlugunu
gostermektedir. Dolayistyla p-tipi yariiletkenlerde desikler cogunluk
tasiyicilari, elektronlar ise azinlik tastyicilaridir.

Akseptor katkilama, yariiletkenin enerji bant yapisinda
valans bandinin hemen {izerinde akseptor enerji seviyelerinin
olusmasina neden olur. Bu seviyelerin valans bandina yakin olmasi
nedeniyle, valans bandindaki elektronlar nispeten kiiciik bir enerji
kazanarak akseptor seviyelerine gegebilir. Bunun sonucunda valans
bandinda hareketli desikler meydana gelir.

Sekil 4 Akseptor katkilama mekanizmasinin sematik gosterimi
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Kristal Kafes Modeli

Iyonize Akseptor Yiikil (N,)

Elektron
Yakalama
Enerji

%e
O e Araligl fe======eefe-=- Fermi Seviyesi (E)

‘(Aksepmr Atomy (Ea) Isil I
>4 Desik sil Uyariima

Akseptor Enerji

Yasak Seviyesi (E;)
Ey

Enerji

E,-E,=~0.045eV

" Desik (Hol, Tagtyici) E'(om Siigin B)

¢ 9 o B

Kristal Kafes Modeli Enerji Bandi Diyagrami

Sekil 4’de Si kristal 6rgiisiinde bir Si atomunun yerine gegen
B atomu, komsu Si atomlariyla {i¢ tam kovalent bag olustururken
dordiincii bagda bir elektron eksikligi meydana gelir. Bu elektron
eksikligi bir desik (h*) olarak gosterilir.

Akseptor katki atomlarinin yariiletken kristaline eklenmesi,
yasak enerji araliginda valans bandinin hemen iizerinde bir akseptor
enerji seviyesi (Ea) olusturur. Akseptor seviyesinin valans bandina
(Ev) oldukca yakin olmasi nedeniyle, valans bandindaki elektronlar
kiiclik miktarda enerji kazanarak akseptdr seviyesine gegebilir. Bu
gecis sonucunda valans bandinda bir elektron eksikligi, bagka bir
ifadeyle desik (h+), meydana gelir. Olusan desikler p-tipi
yariiletkenlerde elektriksel iletime katkida bulunan cogunluk
tasiyicilaridir.

Enerji gegisi basit olarak asagidaki sekilde ifade edilebilir:
Valans band1 ® Akseptor seviyesi %)

ve enerji farki,
Ea-Ev (6)

seklinde gosterilir. Burada E, akseptor enerji seviyesini, Ey ise
valans bandinin iist sinirin1 gostermektedir.
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Donor Ve Akseptor Enerji Diizeyleri

Saf bir yariiletkene donér veya akseptor atomlarmin
katkilanmasi, yariiletkenin yasak enerji araliinda yeni enerji
seviyelerinin olugsmasina neden olur. Bu seviyeler sirasiyla donor
enerji seviyesi ve akseptor enerji seviyesi olarak adlandirilir (Sze,
Li ve Ng, 2021; Streetman ve Banerjee, 2015; Winnacker, 2022;
Evstigneev, 2022). n-tipi yariiletkenlerde donér atomlari, iletim
bandinin hemen altinda bir dondr enerji seviyesi (Ep) olusturur.
Dondér seviyesinde bulunan elektronlar, kiiciik miktarda enerji
kazanarak iletim bandina gegebilir:

Dondr seviyesi®Iletim bandi (7)
Bu gegcis icin gerekli enerji,

Eion,D:EC'ED (8)
seklinde ifade edilir. Burada Ep, dondr enerji seviyesini
gostermektedir.  Akseptér seviyesi ise valans  bandinin
maksimumunun hemen {izerinde bulunur. Akseptdr seviyesinin
iyonlagmasi icin gerekli enerji

EionA=Ea-Ev ©)
seklinde ifade edilir. Burada EA, akseptor enerji seviyesidir.

S1g donodr ve akseptor seviyelerinin bant kenarlarina yakin
bulunmasi, oda sicaklig1 civarinda katki atomlarinin 6nemli bir
boliimiiniin iyonlasabilmesini saglar. Boylece az miktarda katki
atomuyla 6nemli miktarda serbest tasiyici elde edilebilir (Sze, Li ve
Ng, 2021; Streetman ve Banerjee, 2015; Winnacker, 2022). Sekil
5’de donor seviyesinin Ec'ye, akseptor seviyesinin ise Ey'ye yakin
konumu karsilastirmali olarak gosterilmektedir.
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Sekil 5 Dondr ve akseptor enerji seviyelerinin yasak enerji
araligindaki konumlar

Enerji (E)

intrinsik (Katkisiz)

Yaniletken
lletim Bandi
(Conduction
Band, CB)
A Y
Yasak Enerji
Aralig Er=E=E)2
(Band Gap, E,)

Dederlik Band
(Valence Band,
VB)

Sol Siitun

N-Tipi (Donor Katkili)

Yariiletken

b\

Fermi Seviyesi (Eg)

E- " .

Orta Siitun

Donér Enerji | Es S=0ror0ro———

Seviyesi (Ey)

Silisyumda Yaygin Donor Ve Akseptor Katkilar

P-

Tipi (Akseptor Katkili)
Yariiletken

Fermi Seviyesi (Eg)
/

E-" ' & Akseplor
R . ST Enerji Seviyesi

Ev ! I

Sag Sutun

Silisyum i¢in kullanilan bazi yaygin donoér ve akseptor
katkilar ile yaklasik iyonlagsma enerjileri Tablo 1.1'de verilmistir.
Iyonlasma enerjileri en yakin bant kenarma gdre verilmistir
(Streetman ve Banerjee, 2015).

Tablo 1 Silisyumda yaygin dondr ve akseptor katkilarinin yaklagik
iyonlasma enerjileri

Katki atomu Katk tiirii

Cogunluk Yaklasik iyonlagsma

tasiyicisi enerjisi (eV)

B Akseptor Desik 0.045

Al Akseptor Desik —
Ga Akseptor Desik 0.065

In Akseptor Desik 0.16

P Donér Elektron 0.044
As Donoér Elektron 0.049

Sb Donér Elektron 0.039

Tablo 1’deki degerler, Streetman ve Banerjee (2015) verilen
yaklagik iyonlasma enerjilerine dayanmaktadir. Bu degerler katki
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atomlarinin  olusturdugu seviyelerin s1g seviyeler oldugunu
gostermektedir. Ozellikle P, As ve Sb gibi donérlerin diisiik
iyonlasma enerjileri, fazladan elektronlarinin kolaylikla iletim
bandina gecebilmesini saglar.

Cogunluk Ve Azinlik Tasiyicilar

Katkili yariiletkenlerde elektron ve desik yogunluklar
genellikle birbirine esit degildir. Yogunlugu daha yiiksek olan
tastyict tiirline ¢ogunluk tasiyicisi, daha diisiik yogunlukta bulunan
tastyici tiiriine ise azinlik tasiyicist denir. n-tipi yariiletkenlerde n>p
oldugundan elektronlar ¢ogunluk, desikler azinlik tasiyicilardir. p-
tipi yariiletkenlerde p>n oldugundan desikler ¢ogunluk, elektronlar
azinlik tasiyicilaridir. Bununla birlikte, termal dengedeki bir
yariiletken i¢in elektron ve desik yogunluklar1 arasinda daha genel
bir iliski vardir:

_ 2
n, =n; (10)

Bu bagmt1 kiitle etkisi yasast olarak bilinir. Denklem, katkilama
sonucunda bir tasiyict tiiriiniin yogunlugu artirildiginda diger tasiyici
tiiriiniin denge yogunlugunun azalacagini gosterir. Bu bagintinin
tiretilmesi ve Fermi diizeyi ile iliskisi ise bagka bir bolim
konusudur.

Bilesik Yaniiletkenlerde Katkilama

Bilesik yariiletkenlerde katkilama mekanizmasi, elementsel
yariiletkenlere gore daha karmasik olabilir. Bunun temel nedeni,
katki atomunun kristalde hangi 6rgii konumunu isgal ettiginin de
elektronik davranisi belirlemesidir. Ornegin I1I-V grubu bilesiklerde
bir katki atomunun III. grup elementinin yerine ge¢mesi ile V. grup
elementinin yerine ge¢mesi farkli elektriksel davranislara yol
acabilir.
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Genel olarak bazi III-V yariiletkenlerde:

e Grup II elementleri Grup III konumunu isgal ettiginde
akseptor,

e Grup VI elementleri Grup V konumunu isgal ettiginde
dondr,

e Bazi Grup IV elementleri ise iggal ettikleri alt orgii
konumuna bagl olarak dondr veya akseptdr davranigi
gosterebilir; bu tir katkilar amfoterik katkilar olarak
adlandirilir.

Bu nedenle bilesik yariiletkenlerde katkilama davranisi yalnizca
katki elementinin periyodik tablodaki grubuna bakilarak
belirlenemez; kristal kimyasi, 6rgli konumu ve kusur olusumlari
birlikte degerlendirilmelidir (Streetman ve Banerjee, 2015; Deen ve
Basu, 2012; Boer ve Pohl, 2023; Singh, 2001; McKelvey, 1966;
Kittel, 2005).

Bilesik yariiletkenlerde kontrollii katkilama, optoelektronik
ve yiiksek hizli elektronik aygitlarin gelistirilmesinde onemli bir
role sahiptir.

Katkilama Ve Elektriksel Ozellikler

Katki atomlarmin konsantrasyonu, yariiletkenin elektriksel
ozelliklerini belirleyen 6nemli parametrelerden biridir. Donér veya
akseptor konsantrasyonunun degistirilmesiyle tasiyict yogunlugu
kontrol edilebilir.

Bir yariiletkende yalnizca tek bir katki tiiriniin bulunmasi
durumunda katkilama dogrudan n-tipi veya p-tipi davranis
olusturabilir. Ancak ayni kristalde hem donér hem de akseptor
katkilar bulunabilir. Bu durumda net katkilama etkisi, don6r ve

akseptor konsantrasyonlarmin birbirine gore biyikligi ile
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belirlenir. Basitlestirilmis iyonlasmis katki yaklagiminda yiik
notrligi;

n+N, =p+Nj (11)

seklinde yazilabilir. Burada N iyonlasmis dondr, N, iyonlagmis

akseptor yogunlugunu gostermektedir. Bu baginti, yariiletken
icerisindeki pozitif ve negatif yiiklerin toplaminin dengede olmasi
gerektigini ifade eder.

Katkilama miktarinin artirilmasiyla yariiletkenin iletkenligi
onemli Ol¢lide degisebilir. Ancak katki yogunlugu cok yiiksek
degerlere ¢ikarildiginda katki atomlarinin birbirleriyle etkilesmesi,
kusur olusumu ve tasiyict hareketliliginin azalmasi gibi etkiler
ortaya cikabilir. Bu nedenle katkilama yalnizca tasiyict yogunlugunu
artirma islemi olarak degil, malzemenin tiim elektronik
Ozelliklerinin kontrollii bi¢imde tasarlanmasi olarak
degerlendirilmelidir (Sze, Li ve Ng, 2021; Streetman ve Banerjee,
2015; Winnacker, 2022).

Katkilama Ve Yariiletken Aygitlarin Temeli

Yariiletkenlerin p-tipi ve n-tipi olarak kontrollii bigimde
hazirlanabilmesi, elektronik aygitlarin temelini olusturur. Aymi
kristalin farkli bolgelerinin farkli sekilde katkilanmasiyla elektriksel
ozellikleri birbirinden farkli boélgeler olusturulabilir. Bu yaklasim,
p-n eklemleri, bipolar transistorler, alan etkili transistorler ve gesitli
optoelektronik aygitlarin iiretiminde kullanilir (Sze, Li ve Ng, 2021;
Streetman ve Banerjee, 2015; Neamen, 2012; Pierret, 1996; Sze,
2002; Streetman, 2000). Ornegin p-tipi ve n-tipi bolgelerin bir araya
getirilmesiyle olusan p-n eklemi, yariletken diyotlarin temel
yapisint meydana getirir. Daha karmasik katkilama profilleri ise
transistor ve tiimlesik devre teknolojilerinde kullanilir. Dolayisiyla

katkilama, yalnizca malzemenin iletkenligini degistiren bir islem
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degil, ayn1 zamanda yariiletken aygitlarin fonksiyonel bolgelerini
olusturan temel bir liretim yaklagimidir.

Sekil 6. Katkisiz, n-tipi ve p-tipi yariiletkenlerin tasiyict bakimindan

karsilastiriimasi
Intrinsik. (Katkisiz) n-Tipi Yariiletken p-Tipi Yaridetken
Yaniletken
® ° O]
lletim Band ~
(CB) Elektronlar
E {(E) Euyl—5—9—9—Akseptor
W | vasak E I . Seviyesi (E,)
W | Yasak Enerj Fermi Seviyesi Fermi Seviyesi s
iy Arahgr |p========-- (Er=E) EfVpmmmmmenn (E->E) Efpmmmmmmmn- Fermi Seviyesi
2 | (Band Gap (Ec<E)
P i Codunluk Tagiyicr:
E.ﬂ Elektron
EY
Cogunluk Tasiyici:
Degeni 2 Elektron
Bandi Desikler
(VB) Azinluk Tagiyicr:
Desik

n>=>p
Elektron Bakimindan Zengin

p >>n
Desik Bakimindan Zengin

Tagiyici Dengesi

Sekil 6’da katkisiz yariiletken: (n=p), n-tipi yariiletken: (n>p)

ve p-tipi yariletken: (p>n) durumlart sematik olarak
gosterilmektedir.

Sonu¢

Yariiletkenlerin elektriksel davranisi; kristal yapi, elektronik
enerji bantlar1 ve serbest yiik tasiyicilarinin yogunlugu tarafindan
belirlenmektedir. Valans bandi ile iletim bandi arasindaki yasak
enerji araligi, elektronlarin uyarilmasi ve elektriksel iletimin
gerceklesmesi agisindan temel bir parametredir. Katkisiz
yariiletkenlerde termal enerji ile valans bandindan iletim bandina
gecen elektronlar, valans bandinda esit sayida desik olusmasina
neden olur. Bu nedenle termal dengedeki katkisiz bir yariiletkende,

n=p=ni
iligkisi gecerlidir.
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Yariiletkenlerin elektriksel o6zelliklerinin kontrollii bigimde
degistirilmesinde katkilama temel yoOntemlerden biridir. Kristal
yapiya uygun yabanci atomlarin kontrollii olarak eklenmesi, serbest
tasiyici tiiriinlin ve yogunlugunun degistirilmesine olanak saglar.
Dondr katkilar elektron yogunlugunu artirarak n-tipi, akseptor
katkilar ise desik yogunlugunu artirarak p-tipi yariiletken
davraniginin olusmasini saglar.

Donor ve akseptér atomlarinin yasak enerji araliginda
olusturdugu safsizlik enerji seviyeleri, katkilama mekanizmasinin
etkinligini belirleyen 6nemli unsurlardir. Donér seviyelerinin iletim
bandina, akseptor seviyelerinin ise valans bandina yakin bulunmasi,
bu katki atomlarmin nispeten diisiik termal enerjilerde
iyonlasabilmesini saglar. Boylece oda sicakligi civarinda 6nemli
miktarda serbest elektron veya desik olusturulabilir.

Termal dengedeki yariletkenlerde elektron ve desik
yogunluklar1 birbirinden bagimsiz degildir. Bu yogunluklar
arasindaki temel iligki,

np:nl.

seklinde ifade edilen kiitle etkisi yasasi ile tanimlanir. Buna gore
katkilama sonucunda ¢ogunluk tasiyicilarinin yogunlugundaki artis,
azinlik tasiyicilarinin yogunlugunda karsilik gelen bir azalmaya
neden olur. Bdylece katkilama, yariiletkenin yalnizca tasiyici
yogunlugunu degil, ayn1 zamanda elektriksel iletkenlik karakterini
de dogrudan belirler.

Bilesik  yariiletkenlerde katkilama mekanizmas1 daha
karmagik olabilir. Katki atomunun dondr veya akseptdr davranisi
gostermesi yalnizca kimyasal tiirtine degil, kristal orgii icerisinde
isgal ettigi konuma, yerel baglanma durumuna ve noktasal kusurlarla
olan etkilesimine de baghidir. Bu nedenle 0zellikle bilesik
yariiletkenlerde  katkilama  siireglerinin  degerlendirilmesinde
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elektronik bant yapisi, kristal kimyast ve kusur olusum
mekanizmalarinin birlikte ele alinmasi1 gerekmektedir.

Sonug olarak katkilama, yariiletken malzemelerin elektronik
ozelliklerinin kontrollii olarak degistirilmesini saglayan temel
fiziksel siireclerden biridir. Tagiyict tiiriiniin ve yogunlugunun
kontrol edilebilmesi; p-n eklemleri, diyotlar, transistorler, giines
hiicreleri, 151k yayan diyotlar ve fotodedektorler gibi ¢ok ¢esitli
elektronik ve optoelektronik aygitlarin gelistirilmesine olanak
saglamaktadir. Bu nedenle katkilama mekanizmalarinin anlagilmasi,
yariiletken fiziginin temel prensiplerinin yam1 sira modern
yariiletken aygit teknolojilerinin anlasilmasi agisindan da biiyiik
Onem tasimaktadir.
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BOLUM 4

CHAPTER'I

Experimental and Computational Insights into a
Xanthene Derivative: Crystal Structure, Solvent-
Dependent Reactivity, NLO Potential, and Molecular
Docking

Meryem EVECEN*

Cem Ciineyt ERSANLI?

Introduction

Xanthene is a group of tricyclic compounds with oxygen
rings. The biological activities of xanthene analogs have received
considerable attention (Poupelin et al., 1978; Robertson et al.,
2019). Currently, researchers are concentrating on developing or
designing organic heterocyclic compounds that can be utilized in
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diverse disciplines such as pharmacy, biotechnology, and
fluorescence spectrometry. Chemists in chemical biology have
shown great interest in xanthene derivatives, especially
benzoxanthene derivatives (Poupelin et al., 1978). Xanthene
derivatives form a class of heterocycles that have been extensively
studied in photophysics and medicinal chemistry (Watanabe et al.,
1989). They are used for various biological and photochemical
purposes as antiviral, anti-inflammatory, and antibacterial agents
(Davis et al., 1985). Recently, in corrosion science, xanthene
derivatives have gained significant attention (Obi-Egbedi & Obot,
2012). Based on literature surveys, xanthene heterocycles and their
derivatives have been observed to display significant biological
activities, including neuroprotective, antiparasitic, cytotoxic, and
antibacterial properties and can act as efficient and eco-friendly
inhibitors of metal corrosion in an acidic medium (Dhayabaran et
al., 2004; Maleki et al., 2015). In this regard, the electronic
structure and reactivity properties at the molecular level are
considered significant in predicting the possible uses of these
compounds. The density functional theory (DFT) represents a
quantum mechanical technique that has been commonly used in
studies related to the electronic structure and chemical reactivity of
molecular systems (Kumar et al., 2014). Moreover, the impact of
the solvent medium on molecular properties should be considered
highly significant in terms of studying the variations in polar and
non-polar media. Hence, in addition to gas phase computations, it
is essential to consider the impact of solvents with various
dielectric constants to obtain more realistic results. In this study,
changes in the electronic structure and solvent effects of the
compound 3,3,6,6-tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydro-1H-
xanthene-1,8(2H)-dione  whose  structure was  previously
investigated using single-crystal X-ray diffraction (Reddy et al.,
2009; Banerjee et al., 2023) was investigated at the DFT/B3LYP/6-
31++G(d,p) theoretical level, comparative analyses were conducted
in solvent environments including benzene, ethanol, methanol,
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dimethyl sulfoxide (DMSO), and water, in addition to the gas
phase. Such methodology is supposed to clarify the importance of
solvent polarity in relation to the stability and reactivity of the
molecule.

There are several experimental and theoretical studies in the
literature concerning the synthesis and characterization of xanthene
derivatives (Chen et al., 2016; da Silva et al., 2020; Mulakayala et
al.,, 2012; Tu et al., 2002; Narsale et al., 2026). However, their
notable biological activities and applications have particularly
attracted the attention of researchers to this class of compounds
(Bukulmez et al., 2026; Mellaoui et al., 2024; Canavieira et al.,
2021; Sangwan et al., 2020). In this study, the DFT/B3LYP method
with the 6-311++G(d,p) basis set was employed for the theoretical
calculations of the 1,8-dioxo-octahydroxanthene molecule. The
charge distribution of the optimized structures of the compounds
was determined using Natural Bond Orbital (NBO) analysis. The
Molecular Electrostatic Potential (MEP) surface, as well as the
Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) energies, were visualized,
and quantum chemical parameters were calculated. Furthermore,
molecular docking studies were carried out to investigate the
biological activity of the molecule.

Method

The electronic structure of the compound was explored by
applying density functional theory (DFT). Quantum chemical
calculations were performed using the Gaussian 09 program suite
(Frisch et al., 2009) within the framework of DFT, employing the
B3LYP and WB97X-D functionals in combination with the 6-
311G++(d,p) basis set (Becke, 1988; Becke, 1993; Lee et al.,
1988). Geometry optimizations, molecular structures, vibrational
frequencies, and electronic absorption spectra were visualized
using the GaussView 5.0 software (Dennington et al., 2009).
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Harmonic vibrational frequencies were calculated at the same level
of theory, and a scaling factor of 0.96 was applied for B3LYP
(Jebapriya et al., 2022). Time-dependent density functional theory
(TD-DFT) calculations were performed at the same computational
level. Furthermore, the Integral Equation Formalism Polarizable
Continuum Model (IEF-PCM) was employed to account for solvent
effects within the electronic absorption analysis (Cances et al.,
1997).

Figure 1. Structure of the 3,3,6,6-tetramethyl-9-phenyl-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-dione compound.

Effects due to the solvent were taken into consideration
through the use of the polarizable continuous medium model in the
gas phase and various solvents such as benzene, ethanol, methanol,
DMSO, and water. The calculation of the energies for the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), along with the corresponding reactivity
parameters, was done using the Koopmans Theorem (Koopmans,
1934). Moreover, dipole moments were calculated to analyze the
impact of the solvent environment on the polarity of the molecule.
Chemical diagram was given in Figure 1.
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Results and Discussion
Optimized Structure

The initial coordinates of the 1,8-dioxo-octahydroxanthene
molecule were directly retrieved from the X-ray diffraction data
and subjected to full geometry optimization without applying any
structural constraints. The structural optimization was performed
using DFT with the B3LYP and WB97X-D functionals in
combination with the 6-311G(d,p) / 6-311++G(d,p) basis sets, and
the reliability of the optimized structures was evaluated by
comparing them with the experimental X-ray diffraction
parameters. A detailed comparison of the geometric parameters
obtained from the X-ray crystallographic data and the DFT
calculations is presented in Table 1. The experimental X-ray
crystal structure (a) and the optimized molecular geometry (b) of
the title compound are illustrated in Figure 2, where hydrogen
atoms are depicted as spheres of arbitrary radii.

Figure 2. PLUTON drawings of the compound [Symmetry code:
(i) -x, -y+1, -z+1]. (a) X-ray diffraction view and (b) optimized
structure view.
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Single-crystal X-ray diffraction analysis reveals that the title
compound (Ca3H2603) crystallizes in the monoclinic space group
P2,/c with Z = 4 and a unit cell volume of 1947.0(6) A% The
structure was refined by full-matrix least-squares on F2, yielding
final agreement factors of R; = 0.054 [I > 2¢6(I)] and wR, = 0.182.
Comprehensive crystallographic parameters, data collection details,
and refinement statistics are summarized in Table 1.

Tablo 1. Experimental details and crystallographic data for

Ca3H260s.
Parameter Value
Crystal data
Chemical formula Ca3H2603

Formula weight (M, / g mol™)
Crystal system, space group
Temperature (T / K), Z

a, b, c(A)

B (). V (A%
Radiation type

Absorption coefficient (W/mm™)
F(000)

Crystal size (mm?®)

Crystal color and habit

Data collection

Diffractometer

Scan method

Absorption correction

Measured reflections, Independent
reflections

Observed reflections [1 > 26(1)]
0 range (°)

Index ranges

350.46

Monoclinic, P2,/c
273, 4

6.0546(11), 19.767(4),
16.427(3)

97.943 (6), 1947.0 (6)

Mo Ka radiation (A =
0.71073 A)

0.08

752.455
0.12x0.11x0.1
Block, colourless

Bruker APEX-11 CCD
¢ and o scans
multi-scan

40078, 4045 [Rin: = 0.068]

2353

2.4-20.8
h=-7-7,k=-24—-24,
| =-20—20



Refinement
Refinement method Elzjll-matrlx least-squares on
Data / restraints / parameters 4045/0/ 240
R1, WR2 [1 > 26(1)] 0.054, 0.182
S, (A/6)max 1.04, 0.001
w = 1/[6*(Fo°) +
Weighting scheme (w) (0.0978P)? + 0.0903P]
where P = (F,* + 2F)/3
Largest diff. peak and hole (Apmax, B
Apmin 1 € A% 0.45, —0.42

In our study, the experimental X-ray diffraction parameters
of the investigated molecule were comparatively evaluated against
the theoretical geometric parameters obtained using the DFT
framework (with the B3LYP and WB97X-D functionals). As
presented in Table 2, a high degree of concordance is observed
among the experimental and theoretical bond lengths, bond
angles, and torsion angles.

Regarding bond lengths, oxygen-carbon bonds such as O2-
C5, 02-C9, and 0O1-C7 exhibit closely matching values across
both experimental and computational datasets (e.g., for the O2-C5
bond, the experimental value of 1.383 A compares well with the
B3LYP and WB97X-D values of 1.375 A and 1.365 A,
respectively). A similar agreement is evident in the carbon-
carbon bonds; for instance, the C5-C6 bond length was measured
experimentally as 1.337 A and calculated as 1.346 A (B3LYP)
and 1.340 A WB97X-D).

In terms of bond angles, angles such as C9-02-C5 and C6-
C7-01 show only minor discrepancies between experimental and
theoretical results. These deviations are generally below 1%,
confirming that the geometric framework of the molecule is

successfully modeled by the theoretical calculations.
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Table 2. Selected molecular structural parameters of the title

compound.
Bond length B3LYP/ Exp. Bond length | B3LYP/ Exp.
WB97X-D WB7X-D
02-C5 1375/1.365 1383 | C5-C6 1.346/1.340 1337
02-C9 1377/1.367 1376 | C9-C10 1.498/1.495 1.495
01-C7 1220/1.213 1224 | C7-C8 1524/1517 1497
03-C13 1219/1.213 1226 | c3-C4 1545/1.538 1529
ci7-C14 1515/1.508 1512_| C3-C2 154211536 1534
Ci7-C18 1534/1.526 1526 | C11-CI2 1543/1.536 1524
C17-C6 1516/1.526 1508_| C11-CI5 1542/1.535 1536
C14-C9 1345/1.340 1342 | C19-C20 1.394/1.390 1381
C14-C13 L478/L477 1465
RMS 0.99388/0.99186
Bond angles B3LYP/ Exp. Bond angles | B3LYP/ Exp.
WBO7X-D WB7X-D
C9-02-C5 118.553/118.493 | 117.76 | C6-C7-O1 | 121.286/121.072 | 1204
C6-C17-C14 108.896/108.823 | 108.70 | C8-C7-C6 | 117.556/117.429 | 117.51
C6-C17-C18 111.639/110.414 | 110.82 | C8-C3-C4___| 108.050/107.905 | 108.24
C9-C14-C17 121.975/110.414 | 12215 | C2-C3-C4__| 110.427/110.324 | 110.25
C13-C14-C17 | 119.049/118.714 | 110.48 | C1-C3-C2__| 109.024/109.209 | 109.6
C6-C5-02 122.377/122.657 | 12245 | C3-C4-C5 | 113.035/112.277 | 113.19
C4-C5-02 111.699/111.924 | 111.23 | C12-C13-03 | 121.485/121.852 | 121.8
C7-C6-C5 118.931/119178 | 11836 | 1M | 110215110240 | 1101
C10-C9-C14 1259241125.641 | 12588 | 201 | 120653120452 | 121.2
RMS 0.9921/0.98857
Torsion angles B3LYP/ Exp. Torsion B3LYP/ Exp.
WB97X-D angles WB97X-D
-6.201/-7.243 C17-C14-
02-C5-C6-C17 73 | G 170.611/169.481 | |, ,
02-C5-Co-c7 | TT303OTSEI2 147, 09 | CITCLE 1 479 8061170554 | 1773
C19-C20
02-co-c1a-c1y | 33813157 20(2) | GO0 | 17ss250172.914 | 17465
02-co-clo-c11 | 196733157833 1 4564, | CLA-CO- -23.428/-22.685 | ~22.6
c10-C11
2.47415.273 C18-C23-
01-C7-C6-C17 02 | &8 0.002/-0.068 02
176.786/- C5-C4-C3-
or1crcecs | T8 84 | & 46.054/48.943 | 44.1
oscrs-cle- -8.076/-9.042 66 | O | 165501168405 | 1641
03-CI3-C12- | -145537/- C7-C8-C3-
o ons ~1455 | < 68.711/66.660 | 66.8
RMS 0.78036/0.59882
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An analysis of the torsion angles reveals overall
consistency between experimental and calculated values. For
example, the O2-C5-C6-C7 torsion angle was determined as
174.09° experimentally, whereas the computed values are
173.039° (B3LYP) and 175.632° (WB97X-D). This demonstrates
that the conformational characteristics of the molecule are
accurately predicted by the quantum chemical calculations. In line
with the literature, the optimized structures obtained via
theoretical methods display strong agreement with experimental
X-ray crystallography data (Chen et al., 2016; Sangwan et al.,
2020; Banerjee et al., 2018). Minor discrepancies can be
attributed to the fact that the calculations were performed in the
gas phase, thereby omitting intermolecular interactions present
within the crystal matrix (Demircioglu & Ersanli, 2019).
Furthermore, based on the comparative root-mean-square
deviation (RMSD) analysis, the B3LYP functional was found to
be more accurate in reproducing the experimental geometry than
WB97X-D; hence, B3LYP was selected for subsequent theoretical
investigations.

Spectral Investigation

To confirm the functional groups and vibrational
characteristics of TPHX, the calculated vibrational frequencies
(scaled wvalues) obtained from the DFT method were
comparatively evaluated against experimental FT-IR data
retrieved from the literature (Fahim et al., 2023), as summarized
in Table 3. Overall, an excellent agreement is observed between
the computed vibrational modes and the experimental benchmarks
reported in the literature. Theoretical spectra was also given in
Figure 3.
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Figure 3. Theoretical spectra of IR of TPHX.
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The highly characteristic carbonyl stretching vibrations, v
(C=0), are predicted at 1663 and 1658 cm™ with prominent
calculated IR intensities (288.3 and 53.5 km/mol, respectively).
These calculated modes align closely with the experimental FT-IR
absorption bands recorded in the literature at 1681 and 1661 cm™.
Minor shifts observed in the carbonyl region can be attributed to
intermolecular interactions, hydrogen bonding, or crystal packing
effects present in the solid-state experimental measurements,
which are omitted in gas-phase isolated-molecule calculations.

The aromatic and aliphatic C—H stretching modes span the
theoretical region of 2880-3056 cm™. Specifically, the predicted
symmetric C—H stretching mode at 3056 cm™ corresponds well
with the experimental peak at 3028 cm™, whereas the asymmetric
CHjs stretching vibration at 2965 cm™ matches the literature value
at 2951 cm™.
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Table 3. Vibrational analysis (cm™) of TPHX.

. 1 Experimen
Theoretical (cm™) Intensity taIp (Fahim | Vibrational Assignments
(Unscaled) (Scaled) et al., 2023)
3183 3056 23.1 3028 v(CH)s
3172 3045 215 v (CH) as
3089 2965 46.7 2951 v (CH3) as
3074 2951 0.9 - v(CH)s
3051 2929 9.1 v (CH2) as
3017 2896 36.1 v (CH3) s
3000 2880 15.9 v (CH2) s
1732 1663 288.3 1681 v(C=0)s
1727 1658 53.5 1661 v(C=0)s
1710 1642 216.8 1625 v(C=C)s
1658 1592 72.6 v (C=C) as
1639 1573 2.7 v(CCO)RI1
1523 1462 9.3 1469 y (CH) al
1512 1452 8.7 y (CH3)
1495 1435 7.0 o (CH3)
1473 1414 3.9 a (CH2)
1405 1349 11.2 1361 o (CH3)
1378 1323 144.7 o (CH2)+ o (CH)
1304 1252 4.3 8 (CH2)
1252 1202 48.2 1198 v (COC)+ v (C-CO-C)
1213 1164 195.8 1166 v (COC)
1178 1131 142.3 1141 v (COC)+ o (CH2)
1153 1107 301.5 v (COC)+ & (CH2)
1119 1074 10.6 1013 B (CCO)
1023 982 3.6 0 (breathing) RO
1018 977 0.9 0 (breathing) R
1011 971 64.9 B (CCC)RO
1000 960 0.1 5 (CH2)
975 936 3.2 5 (CH3)
851 817 5.6 852 0 (breathing) R+ v (R-CH)
812 780 10.2 ® (CH)
709 681 48.1 T (CCCO)R
626 601 4.2 1 (CCC) RO
532 511 19.8 528 T (CCOR

v, stretching; o, scissoring; vy, rocking; o, wagging; 8, twisting; Q, breathing; B, in-plane
bending; t, out-of-plane bending; s, symmetric; as, asymmetric; al, alifatic. Abbreviations:
R (C18-C23) ring and RO (C3-C8, 02, C12, C9-C14).
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The ring C=C stretching vibrations are calculated at 1642
and 1592 cm™, directly corroborating the experimental band at
1625 cm™. In the lower frequency region, the intense ethereal and
skeletal stretching modes, v (COC) and v (C-C-C), dominate the
calculated spectrum between 1107 and 1202 cm™ (with intensities
up to 301.5 km/mol). These computed modes exhibit exceptional
consistency with the literature FT-IR bands observed at 1198,
1166, and 1141 cm™. Furthermore, the out-of-plane bending (y/®)
and ring breathing modes in the fingerprint region show
remarkable agreement with experimental values at 1361, 1013,
852, and 528 cm™.

Consequently, the high degree of linear correlation
between the scaled theoretical frequencies and the experimental
literature data confirms the accuracy and validity of the
computational level employed for describing the vibrational
dynamics of TPHX.

UV-Vis Spectral Analysis

The UV-Vis absorption spectrum plays a crucial role in
elucidating the electronic structure of molecular systems and the
nature of the underlying electronic transitions. Absorption bands
observed in the ultraviolet and visible regions are typically
attributed to transitions involving mn, n*, n and o orbitals,
providing key insights into the optical properties of conjugated
systems.

A comparative evaluation of the UV-Vis absorption
spectra of the investigated molecular system in its neat form and
in ethanol solution reveals two prominent absorption bands
located around 220-230 nm and 300 nm in both environments
(Figure 4). The high-intensity absorption band recorded at ~220
nm is assigned to m—=n* electronic transitions originating from
the conjugated n-electron system in both cases. These transitions
correspond to the excitation of electrons from bonding = orbitals

to antibonding =n* orbitals, a phenomenon commonly observed in
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aromatic and conjugated frameworks. Conversely, the secondary
band appearing near 300 nm exhibits a lower intensity and is
ascribed to n—x* electronic transitions. These transitions involve
the excitation of non-bonding lone pairs from heteroatoms
(particularly oxygen atoms) to «* orbitals, intrinsically displaying
lower oscillator strengths compared to =—n* transitions (Table
4).

Comparing the sample in ethanol to its neat state indicates
that while the overall spectral profiles remain consistent, the
ethanol environment exerts a noticeable influence, particularly on
the n—x* transitions. Solvents like ethanol, alongside phenolic
hydroxyl groups, can modulate the energy levels of non-bonding
electron pairs through hydrogen bonding and solvent—solute
interactions. This behavior directly impacts the positioning and
intensity of n—s* transitions. Consequently, the interpretation of
the band at ~300 nm in the ethanol-containing sample
incorporates contributions from both hydroxyl groups and solvent
effects.

Figure 4. Theoretical UV-Vis absorption spectra of the ompound
in the gas phase (a) and ethanol solvent (b).
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In both spectra, vertical lines represent the theoretically
calculated electronic excitation energies and their corresponding
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oscillator strengths. The elevated oscillator strengths around ~220
nm confirm that = —x* transitions dominate the optical response
of the system, whereas the lower-intensity transitions around ~300
nm represent weaker yet essential electronic excitations. These
results align well with similar studies reported in the literature
(Sangwan et al., 2020).

Overall, the spectral data in both neat and ethanol
environments demonstrate that the optical characteristics of the
investigated molecular system are primarily governed by m-
electron conjugation. Nevertheless, the presence of ethanol-
facilitated by hydroxyl groups and solvent interactions-renders the
n—7w* transitions more pronounced, providing additional insights
into the electronic architecture of the system.

Table 4. Calculated absorption wavelengths, oscillator strengths,
and excitation energies of the title compound.

Gas Ethanol
Tran | A f E " Major A f E " Major
sition | (nm) (eV | Contribution (nm) (eV | Contribution
) >10% ) >10%
1 223 01 |55 | H-5-L(38%), 224 0.155 | 55 | H-5—L (48%),
13 | 4 H-1—-L+4 3 H-1—-L+1 (24%)
(26%), H-
1-L+1 (17%)
2 254 00 |48 | H-1>L+1(49%) | 256 0.002 | 48 | H-55L(17%),
03 |7 H-5—L (18%), 3 H-3—L+1
H-3—L+1 (21%) (23%), H-
1>L+1 (47%)
3 304 0.0 H-1-L (90%) 307 0.084 | 40 | H-1-L (90%)
81 3
4 343 0.0 |36 | HoL (64%), 349 0.004 | 35 | H-4-L (20%),
04 |1 H-4—L (20%), 5 H-3—L+1
H-3—L+1 (11%) (11%), H>L
(64%)
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Frontier Molecular Orbital Analysis

Frontier molecular orbitals (HOMO and LUMO) were
investigated to evaluate the electronic architecture and chemical
reactivity of the title compound (Figure 5). The calculated HOMO
and LUMO energy levels were determined as -6.58 eV and -1.92
eV, respectively, yielding an energy gap (AE) of 4.66 eV. The
HOMO-LUMO energy gap provides crucial insights into the
chemical stability and reactivity of the system.

Figure 5. Molecular orbital surfaces and energy levels of the
HOMO-1 and LUMO+1 calculated for the molecule at the
B3LYP/6-311++G(d,p) level of theory.
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A relatively large energy gap indicates that the molecule
possesses high Kkinetic stability and exhibits lower chemical
reactivity. As reported in the literature, the HOMO-LUMO energy
difference serves as a key indicator of electronic stability and
charge transfer characteristics.

An examination of the orbital distributions reveals that the
HOMO density is predominantly concentrated over the
conjugated m-system of the molecule, whereas the LUMO is
localized over regions with electron-withdrawing character. This
spatial distribution points to a potential intramolecular charge
transfer (ICT) mechanism originating from donor-like domains to
acceptor-like moieties within the molecule. Such frontier
molecular orbital analyses are widely employed to elucidate the
optoelectronic properties and reactivity behaviors of molecular
systems.

Furthermore, the electronic properties of the compound,
have been studied in different solvent. Computations have been
done both in gas phase as well as in five different solvents
including benzene, ethanol, methanol, DMSO, and water. Results
have been tabulated in Table 5 below.

While considering the Ea Values, it becomes evident that
the energy (which equals to -1117.8617 Hartree in the gas state)
reduces to a smaller number in the presence of solvents. In this
context, it should be noted that the lowering of energy to -
1117.8776 Hartree in the presence of solvents characterized by
high dielectric constant (for example, in water, & = 78.35), proves
the stability of the molecule in the polar medium. It can be
explained by the increase in molecule-solvent interaction due to
the greater polarization effect (Tomasi et al., 2005).
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Table 5. Theoretical calculation of energies, energy of the front

orbitals, chemical hardness, and dipole moments of the

compound.

DFT/B3LYP/6-31++G(d,p)

Gas phase Benzene Ethanol Methanol DMSO Water

(e=1) (e=23) (e=24.55) (£=32.613) (e=46.7) (£=78.35)

Etota -1117.8617  -1117.8682  -1117.8767 -1117.8770 -1117.8773  -1117.8776
Evomo (€V) -6.4235 -6.5106 -6.6578 -6.6633 -6.6684 -6.6736
ELumo (6V) -1.9097 -1.9500 -2.0191 -2.0213 -2.0234 -2.0256
AE (eV) 45138 4.5606 4.6387 4.6420 4.6450 4.6480
A (eV) 1.9097 1.9500 2.0191 2.0213 2.0234 2.0256
I (eV) 6.4235 6.5106 6.6578 6.6633 6.6684 6.6736
7EV) 2.2569 2.2803 2.3194 2.3210 2.3225 2.3240
S (eV)* 0.2215 0.2193 0.2156 0.2154 0.2153 0.2152
cY) 4.1666 4.2303 4.3384 4.3423 4.3459 4.3496
W (eV) 3.8461 3.9239 4.0576 4.0619 4.0661 4.0704
AN 0.9239 0.9276 0.9353 0.9354 0.9356 0.9358
4 (Debye) 5.5546 6.6135 8.2840 8.3474 8.4109 8.4710

In terms of frontier molecular orbital energies, HOMO and
LUMO energy values vary considerably because of the solvent
effect. The energy of HOMO, which is -6.4235 eV in the gaseous
state, lowers to -6.6736 eV in the aqueous state. Likewise, the
energy of LUMO also goes down to -2.0256 eV from -1.9097 eV.
It implies that the molecule attains stability due to stabilization of
the electronic density and lowering of the energies of its orbitals
(Parr & Yang, 1989). The difference between the HOMO and
LUMO energies (AE) is 4.5138 eV in the gaseous state but
increases to 4.6480 eV in the aqueous state. Such increase implies
reduction of the reactivity of the molecule and its acquisition of
an inert character due to interaction with the surrounding medium.
Increasing values of chemical hardness (i) from 2.2569 eV in the
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gas phase to 2.3240 eV in the aqueous state indicate resistance to
external disturbances. In the conceptual DFT approach, hardness
refers to the electron cloud’s resistance to distortion in a molecule
and is defined by the HOMO-LUMO energy gap in the molecule.
With regard to the increase in hardness of the molecule in the
presence of polar solvents, the above observation implies that the
molecular structure becomes stiffer and less susceptible to charge
transfer phenomena. Specifically, for high-polarity solvents, the
electrostatic screening effects increase, resulting in greater
stabilization of the molecule’s frontier orbitals and an increased
energy gap between them. Moreover, with the decrease in softness
(S=1/27) of the molecule in polar solvents, it implies that the
chemical activity of the molecule diminishes. Given the fact that
soft molecules exhibit higher susceptibility to chemical reactions
owing to their polarizability, the above trend indicates that the
molecule becomes less reactive in polar solvents, making it less
prone to nucleophilic and electrophilic attacks. The increment in
electronegativity values (from 4.1666 eV to 4.3496 eV) shows
that the withdrawing nature of the molecule is strengthened due to
the solvent effect. The increment in this case can be attributed to
the presence of a stronger effective nuclear charge and more
balanced electron density due to the presence of a solvent
medium. In a similar way, the increment in electrophilicity index
(w) values (from 3.8461 eV to 4.0704 eV) shows that the
molecule's ability to accept electrons increases, thus enhancing its
electrophilicity. The electrophilicity index is a parameter whose
value depends on the chemical potential and hardness; therefore,
the increment in this parameter shows that there is a systematic
change in reactivity profile because of the presence of a solvent
medium. Moreover, the higher values of the maximum number of
charges transferred (4Nmax), Which increase from 0.9239 in the
gas phase to 0.9358 in aqueous solution, further corroborate this
reasoning. The higher values of ANnax in polar solutions suggest
that the molecule is capable of engaging in greater numbers of
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charge exchanges when appropriate conditions prevail, although
in a more controlled fashion. It becomes apparent that the solvent
medium not only acts as a stabilizing agent statically but is also
capable of altering the reaction mechanism of the molecule. One
of the most important parameters which reflect the impact of
solvent is dipole moment (). It can be seen that the value of
dipole moment rises from 5.5546 Debye for the gas phase to
8.4710 Debye for the aqueous solvent medium, indicating the
significant polarization of the molecule in polar solvents as well
as formation of considerable dipole-dipole interaction between the
molecules and the solvent. On the whole, these observations
suggest that solvent polarity has its effect on the electronic state
of the molecule. In solvent media having high dielectric constants,
the molecule acquires more stable, inflexible, and unreactive state
as well as greater molecule-solvent interactions due to larger
dipole moments. These findings provide important insights into
the behaviour of xanthene derivative compounds, particularly in
biological and chemical environments.

Molecular Electrostatic Potential (MEP) Analysis

The molecular electrostatic potential (MEP) surface of the
title compound was analyzed to map its electron density
distribution and identify potential reactive sites. In MEP maps,
red regions represent negative electrostatic potential (electron-rich
areas), whereas blue regions signify positive -electrostatic
potential (electron-deficient areas) (Politzer & Murray, 2002).

According to the MEP map illustrated in Figure 6, the
most negative electrostatic potential values are concentrated
around the oxygen atoms, reaching approximately -0.058 a.u.
Represented in red, these regions exhibit pronounced nucleophilic
character due to their high electron density, rendering them the
most favorable active sites for electrophilic attack (Politzer et al.,
2007).
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Figure 6. Molecular Electrostatic Potential Map of the molecule
(up) and Contour maps of the electrostatic potential of the molecule
(down).

-0.05899 a.u.

0.05899 a.u.

Conversely, positive electrostatic potential values were
identified over regions rich in hydrogen atoms, with potential
values ranging from approximately +0.008 to +0.016 a.u. These

--08--



domains display electrophilic character and can be categorized as
susceptible centers for interaction with nucleophilic species. The
green regions observed on the MEP surface correspond to near-
neutral electrostatic potential values around 0.010 a.u.,
representing domains with relatively low chemical reactivity.

Furthermore, the localization of negative potential zones
around the oxygen atoms highlights their role as potential
hydrogen-bond acceptors. This spatial distribution serves as an
important parameter for understanding the intermolecular
interactions and potential biological activities of the molecule (Lu
& Chen, 2012).

Nonlinear Optical (NLO) Properties

Quantum chemical calculations are utilized to examine
nonlinear optical properties. The interaction of electromagnetic
fields gives rise to nonlinear optical (NLO) effects. These
nonlinear optical effects find a wide range of applications in
bright materials, optical signals, telecommunications, molecular
switches, and electrochemical sensors (Bosshard et al., 2000). In
addition to determining optical properties, NLO properties are
crucial as they aid in confirming the presence of valence electrons
within the material, given that valence electrons contribute
significantly to polarizability and hyperpolarizability (Shokr et
al., 2022).

The calculated p-electric dipole moment, a-polarizability,
and B-hyperpolarizability values for the NLO properties of the
TPHX molecule are presented in Table 6. The predominance of
the total dipole moment along a specific axis indicates an
asymmetric internal charge distribution within the molecule,
thereby demonstrating the effective occurrence of intramolecular
charge transfer. Directional charge separation is acknowledged as
a critical component of second-order NLO activity in such
molecules. In studies focusing on systems with NLO properties,
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the urea molecule serves as one of the standard reference
molecules (u, o and B values are 3.88 D, 5.04 A3, and 0.782 x
10 cm®/esu, respectively) (Evecen et al., 2025). The obtained
results can be directly compared with those of the urea molecule.

Table 6. The p, a and B values of the TPHX molecule.

Dipole moment Hyperpolarizability
Ly -0.1860 Brxx 18.412
Ly -1.9910 By 124.493
e -1.5833 By -90.473
ur 2.5505 Byyy -332.951
Polarizability Bxz 186.615
Oy 279.4090 Byyz -12.569
Oy 5.3398 Byyz -37.092
Olyy 296.2432 Byzz 30.732
O 3.6358 Byz -32.243
Oy, 15.8994 Bz -97.721
0y, 234.3681 Br 1.858x107%° esu
or 40.0150x1072* esu

Ao 8.2118x1072* esu

The total dipole moment of the molecule is pr = 2.5505
Debye, with its largest component situated along the y-axis (uy = -
1.9910 Debye). This demonstrates that the electrical polarity of
the molecule is concentrated along the y-direction, exhibiting a
distinct directional character. The polarizability components were
calculated as ayx = 279.4090, ayy = 296.2432, and a,, = 234.3681
esu, yielding a mean polarizability of ot = 40.0150 x1072* esu and
an anisotropy of Aa = 8,2118 x1072*, Compared to urea (urea: a,
~ 3 x1072* esu), the polarizability of the molecule is substantially
higher. This parameter governs the light-matter interaction
capacity of the molecule; a high polarizability indicates that the
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molecule can exhibit a greater electronic response under external
electric field applications. In the literature, the static mean
polarizability of the widely used reference urea molecule has been
reported to be relatively low. The elevated value observed here
demonstrates that the light interaction capacity of the molecule
significantly exceeds that of urea.

An examination of the hyperpolarizability components
reveals the highest value along the y-axis with Byyy = -332.951
esu, while the total hyperpolarizability was calculated as Br =
1.858 x1073° esu. Compared to urea (urea: Puye ~ 0,782 x1073°
esu), this value is considerably higher, demonstrating that the
second-order nonlinear optical (NLO) activity of the molecule is
exceptionally superior to that of urea. Consequently, the molecule
represents a highly promising candidate relative to urea for optical
applications, particularly second-order NLO materials and
optoelectronic devices. Overall, with its dipole moment,
polarizability, and hyperpolarizability all concentrated along the
y-axis, this molecule exhibits a far more effective optical response
than urea, owing to its direction-dependent optical and electrical
properties.

The calculated mean polarizability and polarizability
anisotropy of the molecule are markedly higher than those of
urea, confirming that the molecule can generate a strong response
in light interactions. This characteristic is particularly vital for
applications in optoelectronics and laser technologies.

Molecular Docking

Molecular docking simulations represent a pivotal
approach in contemporary drug design and discovery, offering
crucial insights into the binding modes, spatial conformations, and
target affinities of small-molecule ligands within macro-molecular
active sites. In the present work, computational docking studies
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were conducted to assess the binding thermodynamics and
specific non-covalent interaction profiles of the novel Xanthene
derivative (TPHX) against three therapeutic targets (PDB IDs:
41GS and 2XQW). The high-resolution 3D coordinates of these
receptor proteins were obtained from the RCSB Protein Data
Bank (PDB, http://www.rcsb.org). Docking calculations were
implemented using the AutoDock Vina suite integrated with the
AutoDock Tools (ADT) package (Morris et al., 2009).
Subsequently, the most favorable binding conformations,
minimum binding energies, and detailed intermolecular contact
maps were visualized and analyzed using BIOVIA Discovery
Studio Visualizer and UCSF ChimeraX (BIOVIA, 2022).

Table 7. Calculated binding energies, inhibition constants, and
thermodynamic parameters of TPHX against target proteins
receptors (41GS and 2XQW).

Sr.  Protein Binding Inhibition  Total Torsional  Unbound

No. ID Energy, constant, internal free Energy
AG Ki (nM) energy energy (kcal/mol)
(kcal/mol) (kcal/mol)  (kcal/mol)

1 41GS  -9.46 116.31 +0.00 +0.30 +0.00

2 2XQW  -9.20 181.61 -0.19 +0.30 +0.00

To elucidate the inhibitory potency, binding modes, and
molecular-level interaction mechanisms of TPHX against key
target proteins, molecular docking simulations were conducted
using the 41GS and 2XQW receptor structures. Both biological
target structures represent Aldose Reductase (ALR2), a primary
rate-limiting enzyme in the polyol pathway. The overactivation of
ALR?2 is directly associated with the progression of long-term
diabetic complications (such as diabetic retinopathy, neuropathy,
nephropathy, and cataractogenesis) as well as chronic
inflammatory  pathways. The computed thermodynamic
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parameters obtained from docking calculations are summarized in
Table 7. TPHX exhibited high binding affinity toward the 41GS
receptor cavity, yielding a favorable binding free energy (AG) of -
9.46 kcal/mol. This strong binding propensity is further
corroborated by a low predicted inhibition constant (K;) of 116.31
nM, establishing its potent nanomolar-range inhibitory
performance. Analysis of the 2D and 3D interaction maps reveals
that TPHX forms key non-covalent interactions within the
catalytic pocket of 41GS, including a conventional hydrogen bond
with TRP A:111, a n-Lone Pair interaction with TRP A:20, and =-
Donor hydrogen bonding paired with zw-Sulfur interaction with
CYS A:298 (Figure 7). Furthermore, hydrophobic networks
involving n-o contact with LEU A:300, alongside Alkyl and Pi-
Alkyl interactions with VAL A:47, TYR A:48, and TYR A:209
residues, contribute to complex stability. Similarly, docking
simulations of TPHX with the 2XQW receptor structure yielded a
binding free energy (AG), of -9.20 kcal/mol and a nanomolar
inhibition constant (K;) of 181.61 nM. As depicted in the 2D/3D
interaction profile for 2XQW, the complex is primarily stabilized
through a network of hydrophobic Alkyl and Pi-Alkyl contacts
with HIS A:110, TRP A:111, CYS A:298, TRP A:79, TYR A:48,
and TRP A:20 amino acid residues. The torsional free energy
(+0.30 kcal/mol) and unbound system energy (+0.00 kcal/mol)
were consistent across both macromolecular targets. In
conclusion, the nanomolar inhibition constants (116.31 nM and
181.61 nM) and robust binding free energies displayed by TPHX
against both Aldose Reductase target structures (41GS and
2XQW) highlight its strong binding capacity. These values are in
good agreement with the literatire (Sayad et al., 2024). The
stabilizing interactions with essential active-site residues (TRP20,
TRP111, CYS298) indicate that TPHX holds significant promise
as a potential lead candidate for the development of novel Aldose
Reductase Inhibitors (ARIs) targeting diabetic complications.
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Figure 7. Two-dimensional (2D) and three-dimensional (3D)

molecular docking interaction profiles of the TPHX molecule

within the active binding pockets of 41GS and 2XQW target
proteins.
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Conclusion

In this study, a 9-aryl hexahydro-1H-xanthene-1,8(2H)-
dione derivative was synthesized, and its structural
characterization  alongside theoretical evaluations  were
comprehensively conducted. Intramolecular and intermolecular
interactions were investigated using single-crystal X-ray
diffraction (XRD), Infrared (IR) spectroscopy, UV-Vis
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spectroscopy, and other spectroscopic techniques. The
experimental bond lengths, bond angles, torsion angles, and
molecular conformations were supported by Density Functional
Theory (DFT) and WB97X-D calculations. HOMO-LUMO
analysis revealed the chemical stability and reactivity tendencies
of the molecule. Electrophilic and nucleophilic regions were
identified through Molecular Electrostatic Potential (MEP)
analysis, while nonlinear optical (NLO) analyses demonstrated
that the molecule possesses optical properties.

In addition, the electronic properties and solvent effects on
the compound were investigated using quantum chemical
calculations at the DFT/B3LYP/6-31++G(d,p) level of theory.
The experimental observations have shown that the polarity of the
solvent has a considerable influence on the energy, frontier orbital
energy, and reactivity index values of the studied system. It has
been observed that upon increasing the dielectric constant of the
solvent, the stability of the molecule is improved, but its reactivity
is decreased and its electrophilicity is increased. Besides, an
increase in the dipole moment values means that there exists a
stronger interaction between the molecule and the solvent. This is
important for comprehending the behavior of the compound under
study in various chemical media.

In this study, the inhibitory efficacy of TPHX against
Aldose Reductase (41GS and 2XQW)-a key therapeutic target in
diabetic complications-was established. The low nanomolar K;
values (116.31 nM and 181.61 nM) and strong negative AG values
confirm high complex stability. Crucial hydrogen bonding and
hydrophobic contacts with TRP20, TRP111l, and CYS298
highlight TPHX as a promising lead Aldose Reductase Inhibitor
(ARI).

These studies demonstrate that the integration of
experimental crystallography and theoretical approaches serves as
a powerful tool for understanding the structural, electronic, and
biological properties of xanthene derivatives. The findings
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obtained provide a valuable foundation for the design of related
functional molecules and sustainable syntheses.
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BOLUM 5

Al/GO-PTCDA/p-Si YARI ILETKEN YAPISININ
DUSUK FREKANSLARDAKI KAPASITANS-
VOLTAJ (C-¥) VE KONDUKTANS-VOLTAJ (G/w-V)
KARAKTERISTIKLERININ INCELENMESI

HALIL OZERLI'

Giris
Elektronik  cihazlar, modern  teknolojinin  temel
bilesenlerinden biri olarak giinlilk yasamin yani sira endiistriyel,
iletisim, enerji ve bilgi teknolojileri gibi bir¢cok alanda giderek artan
bir kullanim alanma sahiptir. Bu cihazlarin performansi,
giivenilirligi ve minyatiirizasyonun da kullanilan malzemelerin
elektriksel, optik ve fiziksel Ozellikleri belirleyici bir rol
oynamaktadir. Bu kapsamda, yariiletken malzemeler, kontrolli
elektriksel iletkenlikleri ve elektronik ozellikleri sayesinde diyot,
transistor, sensor ve diger mikroelektronik aygitlarin {iretiminde
temel malzeme gruplarindan birini olusturmaktadir. Nanoteknoloji
alanindaki gelismeler, yariiletken malzemelerin boyutsal olarak
kiiciiltiilmesine ve mikro/nano o6lgekli elektronik yapilarin
gelistirilmesine olanak saglayarak yiiksek performansl ve minyatiir
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elektronik cihazlarin iiretimini miimkiin kilmigtir. Bununla birlikte,
elektronik cihazlarin artan performans gereksinimleri, geleneksel
yariiletken malzemelere alternatif veya tamamlayict Ozellikler
sunabilecek yeni nesil malzemelere yonelik arastirmalar
hizlandirmistir. Bu baglamda grafen, yiiksek elektriksel iletkenligi,
iistiin mekanik dayanimi, genis 6zgiil yiizey alani1 ve karakteristik iki
boyutlu yapis1 gibi dikkat ¢ekici 6zellikleri nedeniyle son yillarda
elektronik ve nanoelektronik uygulamalarda 6nemli bir malzeme
olarak 6ne ¢ikmaktadir (Yu ve ark., 2017; Mbayachi ve ark., 2021).
Grafenin sahip oldugu istiin elektriksel, fiziksel ve mekanik
ozellikler, yariiletken malzemelerden olusturulan diyot yapilarinda
ara ylizey malzemesi olarak kullanilmasina olanak saglamaktadir.
Bu dogrultuda, arastirmacilar tarafindan gelistirilen farkl
yaklagimlar, diyot yapilarmin ara ylizey Ozelliklerinin
tyilestirilmesine ve diyot teknolojisinin gelistirilmesine yonelik yeni
perspektifler ortaya koymustur (Ozerli ve ark., 2017; Kocyigit ve
ark., 2018; Berk ve ark.,2022; Berk ve ark.,2025).

Organik bilesikler, yapisal ve kimyasal kararliliklarinin yan1
sira ayarlanabilir elektronik 6zellikleri ve farkli ylizeyler iizerine
ince film olarak kaplanabilme yetenekleri nedeniyle elektronik ve
optoelektronik uygulamalarda 6nemli bir malzeme grubu olarak 6ne
cikmaktadir. Bu dogrultuda, 6zellikle polimerik (Altindal ve Uslu.,
2011) ve polimerik olmayan organik bilesiklerin elektriksel, optik ve
fotoelektriksel ~ ozellikleri, elektronik aygitlardaki  kullanim
potansiyellerinin belirlenmesine yonelik olarak kapsamli bi¢cimde
arastiritlmaktadir (Karatas ve Berk.,2022; Uzun ve ark., 2025).
Literatiirde gergeklestirilen ¢alismalar, organik bilesiklerin ince film
formunda kullanilmasiyla elde edilen metal/organik malzeme/metal
tabanl diyot yapilarinda (Tak ve ark., 2017; Li ve ark.,2020) belirgin
akim-gerilim dogrultma davraniglarinin  ortaya c¢ikabildigini
gostermektedir. S6z konusu dogrultucu davranisin, organik
malzemenin elektronik yapisi, yiik tasima mekanizmalar ve

--112--



elektrot-organik malzeme ara yiizeyindeki enerji bariyerleri ile
yakindan iligkili oldugu bildirilmektedir. Bu baglamda, yariiletken
ve iletken karakter sergileyen organik bilesiklerin ince film tabanli
diyotlarda aktif veya ara yilizey malzemesi olarak kullanilmasi,
aygitlarin elektriksel karakteristiklerinin kontrol edilmesine ve yeni
nesil elektronik yapilarin gelistirilmesine olanak saglamaktadir.
Dolayisiyla, organik bilesiklerin elektriksel ve dogrultucu
ozelliklerinin anlasilmasi, yiiksek performansli ve islevsel elektronik
aygitlarin  tasarimi  agisindan  Onemli bir arastirma alam
olusturmaktadir. Ayrica  elektronik cihazlarin kullanim siiresinin
artirllabilmesi i¢in enerji depolama kapasitesinin gelistirilmesi
bliylik 6nem tagimaktadir. Bu dogrultuda, iiretilen metal-yariiletken
(MY) vyapilarin performansini iyilestirmeye yonelik temel
hedeflerden biri, kapasitans degerlerini artirmaktir. Bu nedenle, MY
yapilarin ara yiizeyinde kullanilan malzemelerin fiziksel ve
elektriksel 6zellikleri onemli bir parametre olarak one ¢ikmaktadir.
Zira yapilarin kapasitans Ozellikleri, ara ylizeyde kullanilan
malzemenin tiriine ve oOzelliklerine bagh olarak degisiklik
gosterebilmektedir. Bundan dolay1 bu ¢alismada grafen oksit (GO)
ve Perilen-3,4,9,10-tetrakarboksilik dianhidrit (PTCDA) organik
yariiletken maddeleri ara ylizey malzemesi olarak kullanilmistir.
GO-PTCDA malzemesini kullanmamizin nedeni ara yiizey
tabakasinda yiik gecislerinin kontroliinii saglayarak daha kararli ve
kapasitans degeri daha biiylik devre elemani {iretimini saglamaktir.
Bu calismada oncelikli olarak p-tipi Si (p-Si) kirlerden arindirilmak
icin RCA (Ozerli ve ark., 2017) kimyasal temizleme ydntemiyle
temizlendi. Sonrasinda p-Si mat olan kismina termal buharlagtirma
cihaziyla %99,99 saflikta aliminyum (Al) metali buharlastirild1 ve
boylece omik kontak kismi yapilmis oldu. Daha sonra GO-PTCDA
nin sulu c¢ozeltisi p-Si yilizeyinin parlak tarafina damlatilarak
dondiirerek kaplama cihazinda ince film kaplama yapildi. GO-
PTCDA kaplanmig olan yiizeye maske yerlestirerek termal

buharlastirma cihazinda %99.99 saflikta Al metali buharlastirilarak
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dogrultucu kontak kismida yapildi ve AI/GO-PTCDA/p-Si/Al yapisi
iretildi. Bu calismada amacimiz; Al/GO-PTCDA/p-Si yariiletken
yapisinin diigiik frekanslarda kapasitans-voltaj (C-¥) ve kondiiktans-
voltaj (G/w-V) degerlerinin  davramiglarini  detayli  olarak
incelemektir.

MATERYAL-METOD

Bu calismada p-tipi Silisyum (p-Si) kristal (100) yonelimli,
2-10 Qcm o6zdirence ve 525 pm kalinliga sahip yariiletken malzeme
kullanilmistir. Oncelikli olarak iiretilecek diyottan daha verimli ve
giivenilir sonuglar elde edebilmek acisindan p-Si kristalinin temiz
olmas1 son derece dnemlidir. Bundan dolay1 p-Si kristali, lizerinde
bulunan yiizey kusurlarinin ve organik kirliliklerin giderilmesi i¢in
RCA (Ozerli ve ark., 2017) kimyasal temizleme ydntemiyle
temizlendi. Temizlenmis olan p-Si kristali nemin kurutulmasi igin
nitrojen gazi ile kurutuldu. Kurutma isleminin ardindan, p-Si
kristalinin arka/mat ylizeyine termal buharlastirma teknigiyle, 1076
Torr basingta %99,99 saflikta Al metali kullanilarak omik kontak
olusturuldu ve yapilan Al metal kaplamanin yariiletken igerisine
daha iyi ¢oktiiriilmesi i¢in kuru azot gazi akis1 altinda p-Si kristali
450°C'de 3 dakika tavlandi. GO sulu ¢ozeltisi ve PTCDA sulu
cozeltisi ayni oranda (1:1) santrifiij tiipiine konuldu. Birbiri
icerisinde homojen karigim olmasi i¢in santrifiij tlipli ultrasonik
banyoda 40 oC sicaklikta 35 dk siireyle bekletildi. Olusturulan sulu
cozelti p-Si/Al kristalinin parlak tarafina damlatilarak dondiirerek
kaplama cihazinda 30 sn siireyle 3000 rpm hizinda dondiirtilerek
kaplandi. Olusan GO-PTCDA/p-Si/Al yapis1 dogrultucu kontak
olusturmak icin 10" Torr basingta termal buharlastirma cihazinda,
ylizeyine maske yerlestirerek %99,99 saflikta Al metali
buharlastirildi. Dogrultucu kontak yapimindan sonrasinda Al/GO-
PTCDA/p-Si/Al yapist iiretildi. Hazirlanan Al/GO-PTCDA/p-Si/Al
yapisinin kapasitans-voltaj (C-V) ve kondiiktans-voltaj (G/w—V)

Olctimleri “ST2826/A High Frequency LCR Meter” cihazi
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kullanilarak + 3,0 voltaj aralifinda olacak sekilde; 100 kHz, 200
kHz, 300 kHz, 400 kHz ve 500 kHz frekansta C-V ve G/o—V
Olgtimleri alindi. Sekil 1 de AIVGO-PTCDA/p-Si/Al yapisinin
sematik sekli gdstermektedir.

Sekil 1. Al/GO-PTCDA/p-Si/Al yapisinin sematik sekli

BULGULAR VE TARTISMA

Kapasitans Voltaji (C-V) ve iletkenlik Voltaji (G/w-V)
Ozellikleri

Bu boéliimde, Al/GO-PTCDA/p-Si yapisinin frekansa bagh
elektriksel davranigini ve arayilizey oOzelliklerini degerlendirmek
amaciyla, 100-500 kHz frekans araliginda 100 kHz'lik artiglarla
kapasitans-voltaj (C—V) ve  kondiiktans-voltaj (G/w-V)
karakteristikleri incelendi. Olgiimler, ST2826/A High Frequency
LCR Meter kullanilarak gerceklestirildi ve yapinin elektriksel
tepkisi hem dogru hem de ters beslem gerilimleri altinda belirlendi.
Elde edilen C-V ve G/w—V karakteristikleri, uygulanan frekans ve
gerilim kosullarma bagli olarak Al/GO-PTCDA/p-Si yapisindaki
ylik tastyicilarinin ve arayiizey durumlarinin ac elektriksel sinyale
verdigi tepkinin degerlendirilmesine olanak sagladi. Olgiimler
sonucunda elde edilen Al/GO-PTCDA/p-Si yapisina ait C-V ve
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G/w—V karakteristikleri sirastyla Sekil 2 ve Sekil 3’te sunuldu.
Yapinin elektriksel davraniginda arayilizey durumlari ile seri direncin
(Rs) etkisini degerlendirmek amaciyla, 6zellikle birikim bolgesine
karsilik gelen kapasitans ve kondiiktans degerleri ayrintili olarak
analiz edildi. Bu kapsamda, deneysel olarak elde edilen C-V ve
G/w—V karakteristiklerinden yararlanilarak Al/GO-PTCDA/p-Si
yapisinin seri direng (Rs) ve arayilizey durum yogunlugu (Nss)
parametreleri belirlendi. Elde edilen bu parametreler, GO-PTCDA
ara ylizey tabakasmin yapidaki elektriksel dzellikler ve arayiizey
davranisi iizerindeki etkisinin degerlendirilmesinde kullanildi. Sekil
2’de sunulan C—V karakteristikleri, yariiletken yapinin gii¢lii birikim
bolgesine kadar olan gerilim aralifinda, seri direng ve arayiizey
durumlarinin elektriksel davranig {iizerindeki etkilerini ortaya
koymak amaciyla ayrintili olarak degerlendirildi. Elde edilen
deneysel sonuglar, Ozellikle birikim ve tiikenim bolgelerinde,
Olgiilen kapasitansin uygulanan frekansa belirgin bi¢imde bagl
oldugunu ve frekans arttikga kapasitans degerlerinin sistematik
olarak azaldigimi gostermektedir (Alptekin ve ark., 2025; Sevgili &
Orak., 2026). Ayrica, C—V karakteristiginde 1.0-1.1 V araliginda
ortaya cikan belirgin piklerin, yapida bulunan arayiizey durum
yogunluklart (Nss) ile iligkili oldugu degerlendirilmektedir.
Kapasitansin (C) frekansa bagli olarak sergiledigi bu degisim,
arayiizey durumlarmin enerji boyunca siirekli bir dagilima sahip
oldugunu gostermektedir. Buna bagl olarak, frekansin artmasiyla
birlikte arayiizey durumlarinin uygulanan ac gerilimine yanit verme
yeteneginin giderek zayifladigi ve bu durumun 6lciilen kapasitans
degerlerinde belirgin degisimlere yol actigi diisliniilmektedir
(Bastug ve ark., 2025). Bir baska ifadeyle bu davranis, diisiik
frekanslarda ac sinyalini takip edebilen araylizey durumlarinin
yiiksek frekanslarda uygulanan elektriksel uyartya yeterince hizli
yanit verememesiyle iligkilendirilebilir. Dolayisiyla, frekansin
yiikselmesiyle birlikte arayilizey durumlarinin kapasitansa katkisinin
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azalmasi, Olgiilen toplam kapasitansin diismesine neden olmaktadir
(Coskun ve ark., 2024; Azizian-Kalandaragh ve ark., 2025).

Sekil 2. AI/GO-PTCDA/p-Si yapisinin 100 kHz-500 kHz frekans
araligindaki kapasitans-voltaj (C-V) grafigi
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Sekil 3. Al/GO-PTCDA/p-Si yapisimin 100 kHz-500 kHz frekans
araligindaki kondiiktans-voltaj (G/w-V) grafigi
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Sekil 3'te ise frekansin artmasiyla kondiiktans (G/w)
degerlerinde de bir diisiisiin oldugu goriinmektedir (Eymur ve ark.,
2026). Bu durum, yukarida agiklandig: iizere, yiiksek frekanslarda
arayiizey durumlariin ac sinyalini takip edemedigi ve dolayisiyla
G/w degerlerinin sabit kaldigi anlamma gelir. Yani, yiiksek
frekanslarda C ve G/w degerlerinin sabit kalmasi beklenir (Balibay
ve ark., 2025). Ayn1 zamanda, Sekil 2 ve Sekil 3’te sunulan C—V ve
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G/w—V karakteristiklerinden elde edilen ilgili C ve G/w degerleri,
Al/GO-PTCDA/p-Si yapisinin seri direng (Rs) ve arayiizey durum
yogunlugunun (Nss) belirlenmesinde kullanildi. Yapiya ait Rs
degerleri, asagida verilen Denklem 1 kullanilarak hesaplandi
(Balibay ve ark., 2025).

Rg = —&m (1)

T em2+(wCm)?

Bu denklemde, G ve C, degerleri giiglii birikim yerini
gosteren kondiiktans ve kapasitans degerlerini ifade ederken, w
terimi agisal frekansi (2zf) gostermektedir. Denklem 1 kullanilarak
R, degerleri elde edildi. Sekil 4’te, Al/GO-PTCDA/p-Si yapisinin
frekansa bagl olarak degisen R,-V grafiginin egrileri verilmektedir.
Sekil 4’te ki grafikten de goriildiigli lizere, artan frekansla R;
degerlerinde bir azalma gozlemlendi. Bu durum, dogru voltaj altinda
kapasitansin dligmesine bagli olarak daha etkin bir iletimin
saglanmas1 ile agiklanabilir. Ayrica, elde edilen bu sonug¢ Nss
azaldigimi da ortaya koyan 6nemli bulgulardan biridir (Karatas, $.,
& Tirtit 2010). Ayrica, Al/GO-PTCDA/p-Si yapisinin O6nemli
karakteristik parametrelerinden biri olan arayiizey durum yogunlugu
(Nss), frekansa bagli olarak belirlenmis ve bu parametrenin
hesaplanmasinda Hill-Coleman yontemi kullanildi (Coskun ve ark.,
2024). Hill-Coleman yontemine iliskin matematiksel ifade Denklem
(2)’de verildi.
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Sekil 4. Al/GO-PTCDA/p-Si yapisimin 100 kHz-500 kHz frekans
araligindaki seri direng-voltaj (Rs-V) grafigi
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Denklem (2)’de yer alan A, dogrultucu kontagin yiizey
alanint; ¢, elektron yiikiinli; ise acgisal frekansi (w=2mnf) ifade
etmektedir. (G/w)max, G/w—-V karakteristiginde iletkenligin
maksimum degerine ulastigt noktaya karsilik gelen degeri
belirtmektedir. Cm, s6z konusu iletkenlik tepe noktasindaki 6l¢iilen
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kapasitans degerini ifade ederken, Cox yalitkan tabakanin
kapasitansini temsil etmektedir. Cox degeri, Denklem (3)’te (Kaya
& Koralay.,2025) gosterildigi gibi hesaplandi.

Ei€0A
= 3)

Ayrica, Al/GO-PTCDA/p-Si yapisina ait Nss—f grafigi Sekil
5’te verildi ve bu grafikte Nss degerlerinin artan frekansla azaldigi
gbzlemlendi. Nss grafiginde meydan gelen azalma, yariiletken ile
araylizey arasinda olusan bariyer yiiksekliginin diigmesi ve yapidaki
yiik tastyicilarinin hareketliliginin artmasiyla agiklanmaktadir (Tasct
ve ark., 2022).

Cox

= Cm(1 + -2

w2Gm?

Sekil 5. Al/GO-PTCDA/p-Si yapisimin 100 kHz-500 kHz frekans
araligindaki arayiizey durum yogunlugu-frekans (Nss-f) grafigi
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Al/GO-PTCDA/p-Si Yapisinin Frekansa Bagh Dielektrik
Ozellikleri

Bu boliimde, Al/GO-PTCDA/p-Si yapisinin temel dielektrik
parametreleri olan dielektrik sabiti (¢'), dielektrik kayip (&"), kayip
tanjanti (tan o) ve ac elektriksel iletkenlik (o..) degerlerinin frekansa
bagli davraniglari, 100 kHz, 200 kHz, 300 kHz, 400 kHz ve 500 kHz
frekanslarinda ayrintili olarak incelendi. S6z konusu dielektrik
parametreler, C—V ve G/w—V Xkarakteristiklerinden elde edilen
deneysel wveriler kullanilarak hesaplandi ve frekansa bagh
degisimleri degerlendirildi. Bu kapsamda, Al/GO-PTCDA/p-Si
yapisinin elektriksel ve dielektrik 6zelliklerinin fiziksel kokeninin
ortaya konulmasi ve yapisal kalitesinin degerlendirilmesi agisindan
kompleks permitivite (¢*) dnemli bir karakteristik parametre olarak
ele alinmistir. ¢* yapmnin elektrik alanina verdigi hem enerji
depolama hem de enerji kaybi tepkisini birlikte tanimlamakta olup,
asagida verilen Denklem (4) ile ifade edildi (Sevgili & Orak.,2026).

e¥(w) =¢'(w)-ie"(w) 4
Denklem 4’te ¢', kompleks permitivitenin gergek bileseni
dielektrik sabitini temsil ederken, ¢" dielektrik kaybini temsil eder.
Denklemdeki i sembolii hayali birimi, o ise w=2xf iliskisiyle
tanimlanan agisal frekansi ifade eder. Gergek bilesen &', dielektrik
ortamda depolanan enerji miktariyla iligkiliyken, hayali bilesen &"
ortamda meydana gelen enerji kaybini, bagka bir deyisle tiiketilen
enerjiyi temsil eder. Asagida verilen Denklem 5, giiclii birikim
bolgesinde (V>0) gesitli frekanslarda elde edilen dielektrik sabiti (&)
degerlerini hesaplamak i¢in kullanildi (Ulutiirk ve ark., 2026).

cm

g'=— (%)

Co

Denklem 5°te bulunan Cy = (e04/d,,) ifadesinde, A deneyde
kullanilan numunenin ylizey alanini, ¢ vakum dielektrik sabitini
(8,85 x 10 F/cm) ve dox ise araylizdeki yalitim tabakasinin
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kalinligimmi temsil eder. Cm, gii¢lii birikim bolgesinden deneysel
olarak Olciilen kapasitans degerini temsil etmektedir. Ayrica,
Denklem 4'te tanimlanan kompleks permitivitenin hayali bileseni ¢”,
iletkenlik 6l¢iimlerine dayali olarak asagida gosterilen Denklem 6
kullanilarak hesaplandi (Giiglii ve ark., 2025).

,,=Gmdox

(6)

Denklem 6’da Gm, cihazin iletkenligini temsil ederken, @
acisal frekansi belirtmektedir. Ayrica, dielektrik kaybinin hayali

Agoo

kismi ¢”, " = g'tand bagmtisiyla ifade edilir. Dolayisiyla, Denklem
6 kullanilarak kayip tanjanti (tand), asagida Denklem 7’de
gosterildigi gibi tanimlanabilir (Bozkurt ve ark., 2025).
tanSZ% (7)
Ayrica, ac elektriksel iletkenlik (ouc), kullanilan yar iletken
yapinin elektriksel ozelliklerinin analiz edilmesinde 6nemli bir
parametre olarak kabul edilmektedir. ou..’nin frekansa baghligi,
asagida verilen Denklem 8 kullanilarak hesaplandi1 (Bozkurt ve ark.,
2025).

O4c(®) = 0gye'tansd ®

Denklem 7’den de goriildiigii gibi, kayip faktorii tand, " ve
¢’ parametrelerine baghdir. Dolayisiyla, tand’deki degisimlerin
baslica belirleyicileri, " ve ¢’ degerlerindeki farkliliklardir. Frekansa
bagl degisimler, ¢’ i¢in Sekil 6’da, ¢" i¢in Sekil 7°de ve tanod igin
Sekil 8’de grafiksel olarak gosterildi. Sekil 6, Sekil 7 ve Sekil 8 de
goriildiigii lizere frekansin artmasiyla birlikte &, ¢” ve tand gibi
dielektrik degerlerde bir diisiis gozlemlendi. Bu durum, arayiizey
durumlarinin yiiksek frekanslarda alternatif akim (a.c.) sinyalini
takip edemedigi ve dolayisiyla arayiizeydeki dielektrik degerlerinin
frekans artisiyla birlikte azaliyor gibi  goriindiigli anlamina
gelmektedir (Kaya ve ark.,2014; Tezcan ve ark.,2024). Sekil 9, ac

elektrik iletkenliginin (o4.) frekansa bagl degisimini gostermektedir.
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Bu grafik, g degerinin diisiik frekanslarda bile frekansa oldukga
bagli oldugunu ortaya koymaktadir. o, degerlerinin frekansin
artmasiyla birlikte arttig1 gozlenmektedir. Bu durum, olgiilen frekans
araligi icinde etkili bir iletim mekanizmasinin varligini
gostermektedir (Giiglii ve ark., 2025).

Sekil 6. A/GO-PTCDA/p-Si yapisimin 100 kHz-500 kHz frekans
araligindaki dielektrik sabiti-frekans (¢'-f) grafigi
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Sekil 7. AI/GO-PTCDA/p-Si yapisimin 100 kHz-500 kHz frekans

araligindaki dielektrik kayp-frekans (¢"-f) grafigi
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Sekil 8. AI/GO-PTCDA/p-Si yapisinin 100 kHz-500 kHz frekans
araligindaki kayip tanjant-frekans (tano-f) grafigi
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Sekil 9. Al/GO-PTCDA/p-Si yapisimin 100 kHz-500 kHz frekans
araligindaki ac elektriksel iletkenligi-frekans (cuc-f) grafigi
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SONUC

Bu ¢aligmada, 100 kHz- 200 kHz- 300 kHz- 400 kHz ve 500
kHz frekans araliginda gergeklestirilen C—V ve G/w—V dlglimleri
kullanilarak Al/GO-PTCDA/p-Si yapisinin elektriksel ve dielektrik
ozelliklerinin frekansa bagh degisimi incelendi. C—V ve G/w-V
karakteristiklerindeki kapasitans ve kondiiktans degerlerinin
frekansin artmasiyla birlikte 6nemli 6l¢iide azaldig1 gozlemlendi. Bu
davranis, artan frekansa bagl olarak seri direncin (R;) azalmasi ve
yiik tastma mekanizmasinin daha etkin hale gelmesi ile agiklanabilir.
Bu degerlendirme, frekans arttikca R~V karakteristiklerinde
gozlemlenen diisis egilimi ile de desteklendi. Kapasitans
degerlerindeki azalma, yapi i¢inde yiik tasiyicilarinin daha etkili
hareket etmesini kolaylagtirarak iletkenlik davraniginin iyilesmesine
yol agmistir. Ayrica, arayliz durum yogunluklarinin (Nss) frekansin
artmasiyla azaldig1 tespit edildi. Nss grafiginde meydan gelen
azalma, yariiletken ile araylizey arasinda olusan bariyer
yiiksekliginin ~ diismesi ve yapidaki ylik tasiyicilarinin
hareketliliginin artmasiyla agiklanmaktadir. Dielektrik sonuglarinin
analizi, dielektrik sabiti (&), dielektrik kayb1 (¢") ve kayip tanjanti
(tano) degerlerinin frekansin artmastyla birlikte istikrarl bir sekilde
azaldig1 gorilmektedir. Bu davranis, arayiizey durumlarinin yiiksek
frekanslarda alternatif akim (a.c.) sinyalini takip edemedigi ve
dolayisiyla arayiizeydeki dielektrik degerlerinin frekans artisiyla
birlikte azaliyor olmasma atfedilebilir. Ayrica, ac elektriksel
iletkenlik (o) degerlerinin artan frekansla arttig1 gézlemlendi. Bu
durum, Olclilen frekans araligi icinde etkili bir iletim
mekanizmasinin varligin1 gostermektedir. Sonug olarak, Al/p-Si
yapist ile yarn iletken ylizeyi arasina yerlestirilen GO-PTCDA
araylizey tabakasinin, yapinin elektriksel ve arayiizey ozelliklerini
olumlu yonde etkiledigi ve bdylece cihazin genel performansinin
iyilestirilmesine katkida bulundugu sonucuna varilmistir. Bu
baglamda, Al/GO-PTCDA/p-Si  yapisinin  elektronik  devre
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bilesenleri ve ilgili yar iletken cihaz uygulamalarinda kullanim
potansiyeli tasidigi tespit edilmistir.
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BOLUM 6

SIPROFLOKSASIN TUREVLERININ
KEMOINFORMATIK, DFT, ADME/T ve
MOLEKULER KENETLENME
YAKLASIMLARIYLA KARSILASTIRMALI
DEGERLENDIRILMESI

TUGBA AK KiRBAS!

Giris
Kinolonlar, tamamen sentetik kokenli genis spektrumlu
antibakteriyel bilesikler olup klinik kullanimlari 19601 yillarda
nalidiksik asidin kesfiyle baslamustir. Ik kusak kinolon ¢ekirdegi
tizerinde gergeklestirilen yapisal modifikasyonlar, daha genis
antibakteriyel spektruma ve gelistirilmis farmakokinetik 6zelliklere
sahip florokinolonlarin gelistirilmesini saglamistir. Glinlimiizde
florokinolonlar, Gram-negatif ve Gram-pozitif gibi birgok bakteriye

kars1 etkili olmalar1 nedeniyle en 6nemli sentetik antibakteriyel ajan
gruplarindan biri olarak kabul edilmektedir (Pham et al., 2019).

Florokinolonlarin temel farmakoforu, 3-karboksilik asit ve 4-
keto  gruplarmi igeren  bisiklik  4-kinolon ¢ekirdeginden
olusmaktadir. Bu iki fonksiyonel grup, bakteriyel tip 1I

! Dog. Dr., Sinop Universitesi, Fizik Boliimii, Orcid: 0000-0002-5313-7807
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topoizomerazlar olan DNA giraz ve topoizomeraz IV ile kararli ilag—
enzim—DNA kompleksinin olugmasinda kritik rol oynamaktadir.
Florokinolonlar bu kompleksin stabilizasyonunu saglayarak
kesilmis DNA zincirlerinin yeniden birlesmesini engeller ve boylece
DNA replikasyonun durmasina neden olmaktadir. Gram-negatif
bakterilerde temel hedef ¢cogunlukla DNA giraz iken, bir¢ok Gram-
pozitif bakteride topoizomeraz IV baskin hedef olarak gorev
yapmaktadir (Hooper & Jacoby, 2016).

Florokinolonlarin biyolojik aktivitesi, kinolon ¢ekirdeginin
farklt konumlarinda bulunan substitiientlerin birlikte olusturdugu
elektronik, sterik ve lipofilik 6zelliklere baglidir. Ozellikle N1, C6,
C7 ve C8 konumlarinda gerceklestirilen yapisal degisikliklerin
antibakteriyel spektrum, hiicre gegirgenligi, hedef enzim afinitesi ve
farmakokinetik ozellikler iizerinde belirleyici oldugu gdsterilmistir
(Peterson, 2001). Bu konumlar arasinda C7, yapi—aktivite iligkileri
acisindan en sik modifiye edilen bolgelerden biridir. C7’de bulunan
heterosiklik amin gruplar1 hedef enzimlerle etkilesim, lipofilisite,
hiicre gegirgenligi ve farmakokinetik 6zelliklerin diizenlenmesinde
onemli rol oynamaktadir (Domagala, 1994). Piperazin halkasi
siprofloksasin ve norfloksasin gibi florokinolonlarda yaygin olarak
bulunurken; piperidin, pirrolidin ve morfolin gibi alternatif
heterosiklik sistemler farkli elektronik, sterik ve hidrojen bag:
ozellikleri saglamalar1 nedeniyle yeni tiirevlerin gelistirilmesinde
kullanilmaktadir (Domagala, 1994; Domagala & Hagen, 2003;
Renau et al., 1996; Zhang & Haemers, 1991).

Siprofloksasin, iyi tamimlanmig farmakofor yapist ve
kapsamli bigimde arastirilmis yapi—aktivite iliskileri nedeniyle yeni
florokinolon tiirevlerinin tasariminda uygun bir referans molekiil
olusturmaktadir. (Thai et al., 2023; Zhang et al., 2018). Bununla
birlikte, florokinolonlara karst gelisen direng, hedef enzim
mutasyonlari, aktif disa atim mekanizmalar1 ve bazi giivenlilik
sorunlart bu sinifta yeni bilesiklerin gelistirilmesini gerekli
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kilmaktadir. Bu nedenle ortak florokinolon iskeleti korunurken,
ozellikle C7 konumunun sistematik olarak modifiye edilmesi,
molekiiler 6zellikler ve biyolojik potansiyel {izerindeki yapisal
etkilerin degerlendirilmesi ac¢isindan rasyonel bir yaklagim
sunmaktadir (Khwaza et al., 2024).

Bu c¢aligmada, referans molekiil olarak siprofloksasin
secilmis ve C7 konumunda bulunan piperazin halkas1 farkli
heterosiklik yapilarla degistirilerek alt1 yeni florokinolon tiirevi
tasarlanmigtir. Tasarlanan bilesikler, molekiiler tanimlayicilar,
yapisal benzerlik, iskelet analizi ve kimyasal ¢esitlilik bakimindan
kapsamli olarak degerlendirilmis, ilag benzerligi ile farmakokinetik
ve toksikolojik 6zellikleri in-silico yontemlerle incelenmistir. Diisiik
enerjili baglangic konformerleri olusturulan bilesiklerin elektronik
yapilar1 yogunluk fonksiyonel teorisi (DFT) kullanilarak aragstirilmig
ve optimize edilmistir. Potansiyel biyolojik hedefler belirlendikten
sonra segilen proteinler iizerinde optimize ligandlara molekiiler
kenetleme yapilmigtir. Tim hesaplamali veriler bir arada
degerlendirilerek C7 konumundaki heterosiklik modifikasyonlarin
molekiiler 6zellikler ve biyolojik potansiyel tizerindeki etkileri yapi—
ozellik—aktivite (SPAR) iligkileri kapsaminda ortaya konulmustur.

Materyal ve Yontem
Ligand Tasarimm

Bu c¢alismada referans molekiil olarak siprofloksasin
kullanilmig ve ligand tasarimi, florokinolon farmakoforunun
korunarak  yalmizca C7 konumunun sistematik  bigcimde
degistirilmesi esasina dayandirilmigstir. Tasarlanan tiim ligandlarda
N1 konumundaki siklopropil grubu, C3 konumundaki karboksilik
asit grubu (COOH), C4 konumundaki karbonil (4-okso) grubu, C6
konumundaki flor atomu ve C8 konumundaki hidrojen atomu sabit
tutulmustur. Boylece molekiiliin temel iskeleti korunurken, biyolojik
ozellikler lizerindeki etkisi belirgin modifikasyon bolgelerinden biri
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olan C7 pozisyonu kontrollii olarak degistirilmistir. C7 konumuna
elektronik 6zellik, sterik hacim, polarite ve hidrojen bag1 olusturma
kapasitesi bakimindan farklilik gdsteren alti heterosiklik grup
baglanmistir. Tasarlanan ligand serisi; N-metilpiperazin (L1),
morfolin (L2), 3-aminopirrolidin (L3), 4-aminopiperidin (L4), 3-
floropiperidin  (L5) ve 3-hidroksipiperidin (L6) gruplardan
olusmaktadir. Referans siprofloksasin LO olarak tanimlanmig ve LO-
L6 serisi sonraki hesaplamali analizlerde karsilastirmali olarak
degerlendirilmigtir. Tasarim stratejisi ve olusturulan ligand serisi
Sekil 1’de gosterilmistir.

Sekil 1 Florokinolon iskeletinin numaralandirilmasi, referans
molekiil olarak secilen siprofloksasin ve C7 konumunda
gergeklestirilen rasyonel ligand tasarim stratejisi ile olusturulan
tasarlanmus ligand serisi (L1-L6)

1. KINOLON ISKELETI VE NUMARALANDIRMA 2. REFERANS MOLEKUL 3. TASARIM STRATEJISI
Siprofioksazin
+ C7 konumundaki grup (R, degistirilerek
9 o yeni analoglar tasarlandi

F ~ N1-Ciklopropil, C6-F, C3-COOH, C4=0 ve
OH CB-H sabit tutuldu.
| + R, grubunun yapisal cesitiligi ile
ﬁN N elekironik ve sterik 6zelliklerin modle
edimesi hedeflendi
MM « 6 farkil heterosikiik veya fonksiyonel grup

segllerek yapr-&zellik iliskilerinin
incelenmesi planiand:

R, . Degisken grup (C7 konu
N1 : Siklopropil 3 : COOH (sabt)
6 : F (sabit) 4 : =0 (sabit)
8 : H (sabil)

4. TASARLANAN ANALOG SERISI (R, DEGISKENLI 6 MOLEKUL)
( L1~ N-Metilpiperazin L2 - Morfolin [} L3 = 3-Aminopirolidin O
oo 0 F 0o
P 5 R l/‘\ = P QN -~ N
N J \/ -
e A ¢ A A

L4 - 4-Aminopiperidin LS - 3-Floropiperidin ¢ L6 — 3-Hidroksipiperidin ¢

\I\A\j%\(cnw r\©/\juv H pﬁ' COOH
I | I \ I
O e G g f\ N S s e

L I 7 X 7%

W : satit (C8) W COOH : Sebit(G3) W =0 Sebt (CH) M N1-Cyclopropy - Sabi M H:satcs) MR : Degisken ©7)

Kimyasal Yapilarm Dogrulanmas: ve Kemoinformatik Analizler

Tasarlanan ligandlarin iki boyutlu (2D) kimyasal yapilar
RDKit ag¢ik kaynak kemoinformatik kiitliphanesi kullanilarak
olusturulmustur (Landrum et al., 2025). Her bir ligand i¢in molekiil
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formiili ve SMILES gosterimleri belirlenmis ve Tablo 1’de
sunulmustur. Tiim ligandlarin kimyasal kimlikleri dogrulanmis ve
standartlagtiritlmis  bir ligand  kiitiiphanesi  olusturulmustur.
Tasarlanan bilesiklerin 6zgiinliigiinii degerlendirmek amaciyla
PubChem, Google Scholar, Scopus, Web of Science ve patent veri
tabanlar1 taranarak daha once rapor edilme durumlari incelenmis ve
literatiirdeki ~ bilgiler ~ dogrultusunda  6zgilinliik  analizleri
gerceklestirilmistir. ~ Siprofloksasinin  deneysel kristal  yapist
Cambridge Structural Database (CSD)’den (CCDC 714344) temin
edilmistir (Fabbiani et al., 2009). Kristal yapida zwitteriyonik
formda bulunan siprofloksasin dncelikle notr forma doniistiiriilmiis
ve elde edilen yapi referans ligand (LO) olarak kullanilmisgtir.
Tasarlanan L1-L6 ligandlar1, LO yapisinin C7 konumundaki grubun
degistirilmesiyle olusturulmustur. LO ve tasarlanan ligandlarin
molekiiler geometrileri RDKit ortaminda MMFF94 kuvvet alani
kullanilarak enerji minimizasyonuna tabi tutulmus, elde edilen
diisiik enerjili yapilar sonraki kuantum kimyasal hesaplamalarda
baslangi¢c geometrileri olarak kullanilmistir. Standartlastirilan ligand
kiitiiphanesi iizerinde RDKit kullanilarak kemoinformatik analizler
gerceklestirilmistir. Bu kapsamda her bir bilesik icin temel
molekiiler tanimlayicilar hesaplanmistir (Todeschini & Consonni,
2009). Ligandlar arasindaki yapisal benzerlikler Morgan parmak izi
algoritmasi kullanilarak belirlenmis (Zhou & Skolnick, 2024) ve
bilesik ciftleri arasindaki benzerlik diizeyi Tanimoto katsayisi ile
belirlenmistir (Dunn et al., 2023). Ortak yapisal ¢ekirdekleri Bemis—
Murcko iskelet analizi ile belirlenmis (Flores-Padilla et al., 2022),
Ayrica ligandlarin kimyasal uzaydaki dagilimlarini ortaya koymak
amaciyla hiyerarsik kiimeleme analizleri uygulanmis (Tran et al.,
2024), molekiiler tanimlayicilar kullanilarak gerceklestirilen Temel
Bilesen Analizi (Principal Component Analysis, PCA) ile
bilesiklerin kimyasal uzaydaki konumlari, temel degiskenlerin
katkilar1 ve toplam varyans dagilimlart karsilagtirmali olarak

incelenmistir (Yathu Krishna Y K, 2025).
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Tlac Benzerligi ve ADME/Toksisite Analizleri

Tasarlanan florokinolon tiirevlerinin ilag benzerligi ve temel
farmakokinetik  Ozellikleri SwissADME ¢evrimi¢i  platformu
kullanilarak degerlendirilmistir (Daina et al., 2017). Bu kapsamda
illac  benzerligi  kurallari,  farmakokinetik  parametreler,
biyoyararlanim, PAINS ve Brenk filtreleri ile sentetik erisilebilirlik
analiz edilmis, gastrointestinal emilim ve kan-beyin bariyeri
gecirgenligi BOILED-Egg modeli kullanilarak degerlendirilmistir.
Ligandlarin farmakokinetik ve toksikolojik 6zellikleri ADMETIab
2.0 platformu kullanilarak degerlendirilmistir (Xiong et al., 2021).
Analiz kapsaminda absorbsiyon, dagilim, metabolizma, eliminasyon
ve toksisiteye iligkin temel ADMET parametreleri hesaplanmuigtir.

Yogunluk Fonksiyoneli Teorisi (DFT) Hesaplamalan

Tasarlanan florokinolon tiirevlerinin elektronik yapilarini ve
kimyasal reaktivitelerini incelemek amaciyla yogunluk fonksiyonel
teorisi (Density Functional Theory, DFT) hesaplamalar1 Gaussian
09W programi kullanilarak gergeklestirilmistir (Frisch, 2009).
Baslangic geometrileri, MMFF94 kuvvet alan1 ile On enerji
minimizasyonuna tabi tutulan yapilar, B3LYP hibrit fonksiyoneli ve
6-31G(d,p) baz seti kullanilarak gaz fazinda optimize edilmistir.
Geometri optimizasyonlarinin ardindan ayni teori diizeyinde
harmonik titresim frekans1 hesaplamalar1 gergeklestirilmistir.
Hesaplanan titresim frekanslar1 kullanilarak karakteristik IR bantlar1
degerlendirilmistir.

Optimize edilen yapilar kullanilarak sinir molekiiler orbital
(Frontier Molecular Orbital, FMO) analizleri gerceklestirilmis ve
HOMO, LUMO ile HOMO-LUMO enerji farki (AE)
hesaplanmigtir. HOMO ve LUMO enerji  degerlerinden
yararlanilarak Koopmans yaklasimina gore kiiresel kimyasal
reaktivite parametreleri belirlenmistir. Optimize edilen yapilarin
gorsellestirilmesinde GaussView 5.0 ve GaussSum 3.0 (Frisch,

2009) programi kullanilmistir.
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Tablo 1 Tasarlanan ligandlarin kimyasal kimlik bilgileri

Molekiil SMILES
Formiilii
L0 CI17HI8FN303  O=C(O)clen(C2CC2)c2cc(F)c(N3CCNCC3)cec2cl
=0

L1 CI18H20FN303 CNICCN(c2ce3c(=0)c(C(=0)O)cn(C4CC4)c3cc2
F)CCl1

L2 CI17HI7FN204  O=C(O)clen(C2CC2)c2cc(F)c(N3CCOCC3)cec2cl
=0

L3 C17H18FN303 IiIC 1CCN(c2cc3ce(=0)c(C(=0)O)cn(C4CC4)c3cc2

L4 CI18H20FN303 IliI)CC IICCN(CZCC3C(:O)C(C(:O)O)CH(C4CC4)C3CCZ

L5 CI18HI8F2N203 g):CCC(i))c len(C2CC2)c2ec(F)e(N3CCCC(F)C3)ce

L6 CI18HI9FN204 éC:IC:(%)c Llen(C2CC2)c2ec(F)e(N3CCCC(0)C3)ce
2c1=0

Biyolojik Hedeflerin Belirlenmesi ve Molekiiler Kenetlenme

Tasarlanan florokinolon tiirevlerinin potansiyel biyolojik
hedefleri SwissTargetPrediction platformu kullanilarak tahmin
edilmigtir (Khwaza et al., 2024). Tahminler, bilesiklerin SMILES
gosterimleri esas alinarak gerceklestirilmis ve olasilik degerleri en
yikksek olan hedef proteinler degerlendirilmistir. Elde edilen
sonuglar dogrultusunda glikojen sentaz kinaz-3 beta (GSK3p) ve
bromodomain-containing protein 4 (BRD4) proteinleri molekiiler
modelleme c¢aligmalar1 i¢in secilmistir. Protein  se¢iminde
SwissTargetPrediction sonuglarinin yani sira literatiirde bildirilen
biyolojik Onemleri, yiiksek c¢ozintrliiklii  kristal yapilarin
bulunabilirligi ve ko-kristalize inhibitor iceren Protein Data Bank
(PDB) kayitlarinin mevcut olmasi dikkate alinmistir (Berman et al.,
2000). Bu kapsamda kenetleme calismalarinda sirasiyla GSK3f
(PDB ID: 4DIT) ve BRD4 (PDB ID: 4E96), kristal yapilari
kullantlmistir.

Molekiiler kenetlenme hesaplamalar1 AutoDock Vina 1.2.7
yazilimi1 kullanilarak gercgeklestirilmistir (Trott & Olson, 2010).
Secilen protein yapilar1 molekiiler kenetlenme Oncesinde
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hazirlanmis, kristal yapidaki su molekiilleri ve baglanmaya katki
saglamayan heteroatomlar uzaklagtirilmis, polar hidrojen atomlar:
eklenmis ve Gasteiger yiikleri atanmistir. Tasarlanan ligandlarin
DFT ile optimize edilen geometrileri AutoDock Tools kullanilarak
PDBQT formatina doniistiiriilmiistiir. Baglanma bolgesi, her
proteinin ko-kristal ligandin1 kapsayacak sekilde tanimlanmis ve
1zgara kutusu (grid box) parametreleri buna gore belirlenmistir.
Molekiiler kenetlenme hesaplamalari AutoDock Vina'nin varsayilan
arama algoritmasi kullanilarak gergeklestirilmis ve her ligand i¢in en
diisik baglanma serbest enerjisine sahip konformasyon
degerlendirilmistir.  Iki  boyutlu  protein-ligand  etkilesim
diyagramlar1 ise BIOVIA Discovery Studio Visualizer (Baroroh et
al., 2023) yazilimi1 kullanilarak hazirlanmistir.

Bulgular ve Tartisma

Molekiiler Tanimlayicilar

Tablo 2 LO-L6 florokinolon tiirevlerine ait RDKit kullanilarak
hesaplanan molekiiler tanimlayicilar

Paramet L0 L1 L2 L3 L4 L5 L6

re

Molekiil  331.34 345.37 33233 331.34 | 34537 | 348.34 | 346.35
agirhig 7 4 1 7 4 9 8
(g/mol)

LogP 1.583 1925 | 2.010 | 1.711 | 2.101 | 3.112 | 2.135
TPSA 74.57 | 65.78 | 71.77 | 88.56 | 88.56  62.54 | 82.77
(A2)

HBD 2 1 1 2 2 1 2
HBA 5 5 5 5 5 4 5
Fraction  0.412 | 0.444 | 0412 0412 | 0444 0.444 | 0.444
Csp?

Molar 88.479 | 93.106 86.428 @ 88.202  92.819 89.739 | 90.850
refraktivi

te

LogP: oktanol/su dagilim katsayisi; TPSA: topolojik polar yiizey alani; HBD:
hidrojen bag verici atom sayis;; HBA: hidrojen bagi alic1 atom sayisi; Fraction
Csp?: sp? hibritlesmis karbon atomlarinin toplam karbon atomlarina orani.
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Referans bilesik LO ve tasarlanan L1-L6 tiirevlerinin
molekiiler tanimlayicilar1 Tablo 2’de verilmistir. C7 konumunda
gerceklestirilen yapisal degisikliklerin ozellikle lipofilisite, polar
ylizey alani, hidrojen bag1 kapasitesi ve molar refraktivite {izerinde
farkl diizeylerde etkili oldugu goriilmistiir. LogP degerleri 1.583—
3.112 arasinda degigmis ve L5 serinin en lipofilik bilesigi olarak one
cikmig, L3 referans bilesige en yakin degeri gostermistir (1.711).
TPSA degerleri acisindan bilesikler arasinda daha belirgin bir
dagilim ortaya cikmistir. LO i¢in 74.57 A2 olan TPSA, L5'te 62.54
A? ile en diisiik degere inerken, L3 ve L4'te 88.56 A? ile en yiiksek
seviyeye ulasmistir. L6'nin 82.77 A2 TPSA degeri de L0'mn iizerinde
bulunmustur. Hidrojen bagi 0Ozellikleri de tilirevler arasindaki
farklilasmay1 desteklemektedir. Ozellikle L5'in diisiik TPSA degeri,
daha yiiksek LogP degeri ve daha diisik HBA sayis1 birlikte
degerlendirildiginde, serideki diger bilesiklere gére daha az polar ve
daha lipofilik bir profil gosterdigi  goriilmektedir. C7
modifikasyonlar1 molekiiler boyut ve temel iskelet 6zelliklerinde
siirli degisikliklere neden olurken, ligandlarin lipofilik ve polar
karakterlerinde daha belirgin farklilasmalar olusturmustur.

Yapisal Benzerlik Analizleri
Tablo 3 LO-L6 bilesikleri arasinda belirlenen baslica Tanimoto

benzerlikleri
Bilesik cifti Tanimoto benzerligi Tanimoto uzakhg
L3-1L4 0.880 0.120
L5-L6 0.815 0.185
LO-L1 0.769 0.231
LO-L2 0.769 0.231
LO-L4 0.769 0.231
L1-L2 0.769 0.231
L1-L4 0.769 0.231
L2-14 0.769 0.231
L3-L5 0.764 0.236
L3-L6 0.732 0.268
L4-L5 0.727 0.273
LO-L3 0.709 0.291
En diisiik benzerlik 0.696 0.304

~140--



Referans bilesik siprofloksasin (LO) ile tasarlanan L1-L6
tiirevleri arasindaki yapisal benzerlikler Morgan molekiiler parmak
izleri kullanilarak degerlendirilmis ve Tanimoto katsayilari
hesaplanmistir (Tablo 3).

Seride en yiiksek benzerlik L3-L4 (0.880) ve L5-L6 (0.815)
ciftlerinde gozlenmistir. Bu sonuglar, benzer heterosiklik halka ve
stibstitiient 6zelliklerinin molekiiler parmak izi diizeyinde de
yakinlik olusturdugunu gostermektedir. Bilesikler arasindaki
benzerlik degerlerinin genel olarak yiliksek olmasi, ortak
florokinolon ¢ekirdeginin tiim seride korunmasiyla iliskilidir.
Bununla birlikte C7 konumundaki yapisal degisiklikler, tiirevlerin
birbirinden ayirt edilebilir profiller gdstermesini saglamistir.

Iskelet ve Cesitlilik Analizleri

Bemis—Murcko iskelet analizi, LO-L6 serisinde ortak
florokinolon ¢ekirdeginin korunmasma ragmen C7 konumundaki
heterosiklik yapilarin iskelet diizeyinde farklilasma olusturdugunu
gostermistir (Tablo 4). Ozellikle halka biiyiikliigii ve heteroatom
icerigi, bilesiklerin farkli iskelet simiflarinda yer almasinda
belirleyici olmustur. Genel iskelet analizinde gozlenen iki temel
topolojik sinifise esas olarak C7 konumundaki bes ve alt1 tiyeli halka
sistemlerinden  kaynaklanmaktadir. Bu sonuglar, tasarlanan
tiirevlerin ortak yapisal cerceveyi korurken C7 modifikasyonlari
yoluyla kontrollii bir iskelet ¢esitliligi kazandigini1 gostermektedir.

Tablo 4 LO-L6 bilesiklerinin Bemis—Murcko iskelet ¢esitliligi
sonucglart

Parametre D
Incelenen bilesik sayist 7
4
2

Benzersiz Bemis—Murcko iskeleti
Benzersiz genel (generic) iskelet

Hiyerarsik Kiimeleme Analizi

LO-L6 bilesikleri arasindaki yapisal iliskiler Tanimoto

uzakliklarma  dayali  hiyerarsik  kiimeleme  analizi  ile
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degerlendirilmistir (Sekil 2). Hiyerarsik kiimeleme grafigi L3—-L4 ve
L5-L6 giftlerinin sirastyla 0.120 ve 0.185 uzaklikta birleserek en
yakin yapisal gruplari olusturdugu goriilmiistiir. Referans bilesik LO
ile L1 0.231 uzaklikta birlesmis ve L2 de ayni1 uzaklik diizeyinde bu
gruba katilmistir. Hiyerarsik kiimeleme grafiginde olusan alt gruplar,
C7 konumundaki halka yapist ve fonksiyonel grup degisikliklerinin
bilesiklerin yapisal iligkilerine yansidigin1 gostermektedir. Sonuglar
genel olarak, ortak florokinolon iskeleti korunurken C7
modifikasyonlarinin seri igerisinde belirgin bir yapisal farklilagsma
sagladigini ortaya koymaktadir.

Sekil 2 LO-L6 bilesiklerinin Tanimoto uzakliklarina dayali
hiyerarsik kiimeleme dendrogrami

LO-L6 Bilesiklerinin Hiyerarsik Kimeleme Dendrogrami

=4
W
&

| ---- Tanimoto benzerligi = 0.70

o
o
]

o
N
I}

o
=
G

Tanimoto Uzakligi

e
i
53

4
=)
a

0.00

L5 L6 L3 La L2 Lo L1
Bilesikler

Temel Bilesenler Analizi

LO-L6 bilesiklerinin fizikokimyasal 6zellik uzayindaki
dagilimini degerlendirmek amaciyla molekiil agirligi, LogP, TPSA,
HBD, HBA, agir atom sayisi, Fraction Csp* ve molar refraktivite
degerleri  kullanilarak  temel  bilesenler analizi (PCA)
gerceklestirilmistir. Seri boyunca degismeyen doner bag ve halka
sayist analize dahil edilmemistir. 1lk iki temel bilesen toplam
varyansin %86.37’sini agiklamis olup, ligandlarm fizikokimyasal
ozellikler bakimindan ayrigmast Sekil 3’deki PCA biplotunda
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gosterilmistir. Birinci temel bilesende molekiiler biiyiiklik ve
lipofilik 6zellikler 6ne ¢ikarken, ikinci temel bilesende polarite ve
hidrojen bag1 kapasitesinin belirleyici oldugu gortilmistiir.

Sekil 3 Siprofloksasin (L0) ve tiirevlerinin (L1-L6) molekiiler
tammlayicilara dayali temel bilesenler analizi biplotu.

Siprofloksasin ve Turevlerinin Temel Bilesenler Analizi Biplotu

TB2 {29.32%)
o

L2
L5

Q0
TB1 (57.05%)

Ligandlar arasinda 6zellikle LS5, ytiksek lipofilikligi ve diisiik
polar yiizey alaniyla diger bilesiklerden ayrilmistir. Buna karsilik L4
ve L6’nin dagiliminda daha yiiksek polarite ve hidrojen bag:
ozellikleri etkili olmustur. PCA sonuglari, C7 konumundaki yapisal
degisikliklerin ortak florokinolon iskeleti korunmasina ragmen
ligandlarin  fizikokimyasal 0Ozellik uzayinda farkli profiller
olusturdugunu gdstermektedir.

Tlac Benzerligi ve ADME Analizleri

Tasarlanan LO-L6 ligandlarinin ilag  benzerligi ve
farmakokinetik ozellikleri SwissADME platformu kullanilarak
degerlendirilmis ve sonuglar referans molekiil olan siprofloksasin ile
karsilagtirmali olarak Tablo 5'te sunulmustur.
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Tablo 5 LO-L6 ligandlarinin SwissADME ile tahmin edilen
farmakokinetik ve ilag benzerligi ozellikleri

GI BBB P-gp Lead- Sentetik
absorbsiyonu  gecirgenligi  substrati  likeness erisilebilirlik
LO Yiksek Hayir Evet Uygun 2.51
L1 Yiksek Hayir Evet Uygun 2.66
L2  Yiksek Hayir Hayir Uygun 2.56
L3 Yiiksek Hayir Evet Uygun 3.00
L4 Yiksek Hayir Evet Uygun 2.63
L5 Yiiksek Evet Hayir Uygun 3.06
Degil*
L6 Yiksek Evet Hayir Uygun 3.07

*L5'te XLOGP3 > 3.5 nedeniyle bir Lead-likeness ihlali bulunmaktadir.

Tim ligandlar ve referans molekiill i¢in yliksek
gastrointestinal absorbsiyon Ongoriilmiis olup, C7 konumunda
gerceklestirilen modifikasyonlarin oral absorbsiyon potansiyelini
olumsuz etkilemedigi goriilmektedir. BBB geg¢irgenligi acisindan
referans molekiil ile L1-L4 benzer bir profil sergileyerek kan-beyin
bariyerini gegmeyen bilesikler olarak tahmin edilirken, yalnizca L5
ve L6 icin BBB geg¢irgenligi ongoriilmiistiir. Bu farkliligin, flor ve
hidroksil siibstitlientleri iceren piperidin tilirevlerinin molekiiliin
lipofilisitesini ve merkezi sinir sistemi penetrasyonunu artirabilecek
yapisal Ozelliklerinden kaynaklandigr disiiniilmektedir. P-gp
substratligr bakimindan siprofloksasin, L1, L3 ve L4 P-gp substrati
olarak tahmin edilirken, L2, L5 ve L6'nin P-gp substrat1 olmadig:
belirlenmistir. Bu durum sz konusu ligandlarin hiicre igerisinde
daha yiiksek konsantrasyonlara ulasma potansiyeline sahip
olabilecegini diisiindiirmektedir. Tiim bilesikler Lipinski, Ghose,
Veber, Egan ve Muegge kriterlerini ihlalsiz karsilamig; PAINS ve
Brenk uyaris1 gostermemis ve biyoyararlanim skorlar1 0.55 olarak
hesaplanmigtir. Lead-likeness degerlendirmesinde yalmizca LS5'te
XLOGP3>3.5 nedeniyle tek bir ihlal belirlenmis, sentetik
erisilebilirlik skorlarinin ise 2.51-3.07 arasinda degismesi tiim
ligandlarin  sentezlenebilirlik  agisindan  uygun  oldugunu
gostermistir. SwissADME sonuglari, C7 konumunda gergeklestirilen
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modifikasyonlarin siprofloksasinin temel ilag benzerligi ve
farmakokinetik 6zelliklerini biiylik 6l¢iide korurken, 6zellikle BBB
gecirgenligi, P-gp substrathi@i ve lipofilisite iizerinde belirgin
degisikliklere neden oldugunu gostermektedir. BOILED-Egg analizi
de bu bulgular1 desteklemis, L5 ve L6'nin BBB gegirgenligi gosteren
ve P-gp substratt olmayan ligandlar olarak diger bilesiklerden
ayrildigini ortaya koymustur.

Tasarlanan ligandlarin  farmakokinetik ve toksikolojik
ozellikleri, referans molekiil olan siprofloksasin ile karsilastirmali
olarak ADMETlIab 2.0 platformu kullanilarak degerlendirilmis ve
sonuglar Tablo 6'da sunulmustur. Tiim ligandlar ve referans molekiil
icin yiiksek insan intestinal absorbsiyonu (HIA) 6ngoriilmiis olup,
bu sonu¢ SwissADME analizleriyle de uyumlu bulunmustur.

Tablo 6 LO-L6 ligandlarinin ADMETIab ile tahmin edilen ADMET

ozellikleri
LO L1 L2 L3 L4 L5 L6
PPB 37.456 42.815 48956 36.613 42.322 83.100 54.738

VDss 2324 2181 0.780  1.315 1.486  0.639  0.691
CLplasm 3.241 2306 1.846 2.792  2.659 1.585 1.906
a

T1/2 0.0056 0.042  0.118  0.053  0.047 0.045 0.121
Ames Negati Negati Negati Negati Diisik Negati Cok
f f f f olasih  f giicli
k negatif
negatif
hERG Negati Negati Cok Diisiik  Negati Negati  Cok
blokaj1 f f gicli  olasih f f giicli
negatif k negatif
negatif
DILI Yiikse Yiikkse Yiikkse Yiikse Yiikse Yiikse Yiikse

kRisk kRisk kRisk kRisk krisk krisk  kRisk
Ratoral  Negati Diisik Negati Negati Negati Negati Diisiik

akut f olasih f f f f olasili
toksisite k k
negatif negatif

Birimler: PPB (%); VDss (L/kg); CLplasma (mL/min/kg); Half-life (saat)
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L5, %83.10 ile seride en yliksek plazma protein baglanma
(PPB) degerini gosterirken, L2, L5 ve L6 daha diisik VDss ve
clearance degerleriyle referans siprofloksasinden ayrilmistir.
Toksisite tahminlerinde tiim bilesikler Ames mutajenitesi ve hERG
blokaj1 agisindan genel olarak diigiik risk profili sergilemistir. Buna
karsilik DILI agisindan tiim seri i¢in yiiksek risk ongoriilmiis, rat oral
akut toksisite tahminlerinde ise ligandlar arasinda belirgin bir
farklilik  gozlenmemistir. Genel olarak bu bulgular, C7
modifikasyonlarinin temel absorpsiyon ozelliklerini biiyiik dlctlide
korurken 6zellikle dagilim ve eliminasyon davranigini etkiledigini
gostermektedir.

Optimize Yapilar, FMO ve Kiiresel Kimyasal Reaktivite

DFT optimizasyonu sonucunda referans molekiil (LO) ve
tasarlanan ligandlarin (L1-L6) kararli geometrilere ulastig
belirlenmigtir. Tasarlanan ligandlarin frontier molekiiler orbital
(FMO) dagilimlar: Sekil 4'te, HOMO ve LUMO enerji seviyeleri ile
bunlardan hesaplanan kiiresel kimyasal reaktivite parametreleri ise
Tablo 7'de sunulmustur. HOMO ve LUMO orbitalleri
incelendiginde, tiim ligandlarda elektron yogunlugunun biiyiik
Olgtide ortak florokinolon c¢ekirdegi iizerinde lokalize oldugu
goriilmektedir. Konjuge aromatik sistem ve karbonil gruplari frontier
orbitallerin olusumunda baskin rol oynarken, C7 konumundaki
heterosiklik siibstitiientlerin katkist smirli  kalmigtir. Bununla
birlikte, 6zellikle L1, L2, L5 ve L6 ligandlarinda HOMO orbitalinin
C7 yoniine dogru kismi yayilim gosterdigi, buna karsin LUMO
orbitalinin tiim seride agirlikli olarak florokinolon c¢ekirdegi
iizerinde lokalize oldugu belirlenmistir. Bu bulgular, C7
modifikasyonlarinin ortak florokinolon farmakoforunu korurken
frontier molekiiler orbitallerin enerji seviyelerinde ince ayarlamalar
olusturdugunu gostermektedir. Frontier molekiiler orbital analizi,
molekiillerin elektronik kararliligi ve kimyasal reaktivitelerinin
degerlendirilmesinde yaygin olarak kullanilan bir yaklagimdir.
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HOMO enerjisi molekiiliin elektron verme egilimini, LUMO enerjisi
ise elektron kabul etme egilimini ifade ederken, HOMO-LUMO
enerji aralit (AE) elektronik kararliligin 6nemli bir gostergesi
olarak kabul edilmektedir (Aycan et al., 2020). Referans molekiil
olan siprofloksasin (L0), 4.20 eV ile serideki en yiiksek AE degerini
gostermistir. Tasarlanan ligandlarda ise AE degerleri 3.92—4.18 eV
araliginda degismis olup, C7 konumunda gerceklestirilen
modifikasyonlarin enerji aralifinda yalmizca sinirli degisikliklere
neden oldugu goriilmektedir. En diisiik AE degeri L3 (3.92 eV) i¢in
hesaplanmisg olup, bu bilesigin elektronik olarak daha reaktif
olabilecegini diisiindiirmektedir. Buna karsilik L4 (4.18 eV) ve LO
daha yiiksek enerji araliklar1 nedeniyle daha yiiksek elektronik
kararlilik sergilemistir. Koopmans yaklasimiyla hesaplanan kiiresel
kimyasal reaktivite parametreleri de bu egilimi desteklemektedir.
L3, en diisiik kimyasal sertlik (n = 1.96 eV) ve en yiiksek kimyasal
yumusaklik (S = 0.255 eV™!) degerlerine sahip olup seride en kolay
polarize olabilen ligand olarak 6ne ¢ikmaktadir. Buna karsilik LO ve
L4 daha ytiksek sertlik ve daha diisiik yumusaklik degerleriyle daha
kararli bir elektronik yap1 sergilemistir. Elektronegatiflik (y),
kimyasal potansiyel (i) ve maksimum elektron kabul kapasitesi
(ANmaks) degerlerinin tiim ligandlarda birbirine oldukca yakin
olmasi, C7 modifikasyonlarinin genel elektronik karakteri 6nemli
Olciide  degistirmedigini  gostermektedir.  Benzer  sekilde
elektrofiliklik indeksi (w) degerleri de dar bir aralikta degismis olup,
en yliksek degerler L5 (2.919 eV), L6 (2.916 eV) ve L2 (2.915 eV)
icin elde edilmistir. Genel olarak degerlendirildiginde, C7
konumundaki yapisal modifikasyonlar florokinolon g¢ekirdeginin
temel elektronik yapisini korurken, 6zellikle enerji araligy, sertlik ve
yumusaklik parametrelerinde kiiclik fakat anlamli degisiklikler
olusturarak ligandlarin elektronik reaktivitelerini ince ayarlamigtir.
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Sekil 4 Referans molekiil (L0) ve tasarlanan ligandlarin (L1-L6)
hesaplanan HOMO ve LUMO orbital dagilimlari ile orbital enerji
seviyeleri

Lo L1 L2 L3 L4 i L5 L6

[ (ayHomO |
ok

(.

Epomo =—557¢V | Eyouo=-541eV | Eyguo=-54TeV | Eyouo=-520eV  Eyoyo=-553eV Eyomo = =550 eV Enomo = ~5.48 ¢V

vo_ |

(b) LUMO

Eumo=-13TeV | Euo=-139¢V | Eggo=-1416V | Eguo=-128eV | Eyuo=-135eV | Eyyo=-141eV Epwo=-141¢V

Tablo 7 LO-L6 bilesiklerinin HOMO, LUMO ve kiiresel kimyasal

reaktivite
Bilesik  HOMO LUMO AE n S " ANmax
(eV) (eV) V) (V) (eVH (eV)
LO -5.57 -1.37 420 2.10 0.238 -3.47 1.652
L1 -5.41 -1.39 4.02 2.01 0.249 -3.40 1.692
L2 -5.47 -1.41 406 2.03 0.246 -3.44  1.695
L3 -5.20 -1.28 392 1.96 0.255 -3.24  1.653
L4 -5.53 -1.35 418 2.09 0.239 -3.44  1.646
L5 -5.50 -1.41 409 205 0.244 -3.46 1.689
L6 -5.48 -1.41 407 204 0.246 -3.45 1.693

Titresim Frekanslar1 ve IR Spektrumlarinin Analizi

DFT frekans hesaplamalar1 sonucunda LO-L6 bilesiklerinin
karakteristik titresim modlar1 belirlenmis ve titresim atamalari
normal mod animasyonlari incelenerek gerceklestirilmistir. Referans
bilesik L0’da O—H ve N-H gerilme titresimleri sirasiyla 3252 ve
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3531 ecm™ olarak belirlenmistir. L0’daki O—H gerilmesinin diger
bilesiklere gore belirgin bicimde daha diisiik frekansta bulunmasi, bu
gruba ait titresim davranisinin referans yapida farklilagtigini
gostermektedir. L1-L5 tiirevlerinde karboksilik asit grubuna ait
v(O-H) titresimi 3753 cm™"’de gozlenirken, iki farkli hidroksil grubu
iceren L6’da 3814 ve 3753 cm "’ de iki ayr1 O-H gerilme modu
belirlenmistir. Amino grubu tasiyan L3 ve L4’te ise iki N—H gerilme
titresimi sirasiyla 3612/3519 ve 3608/3510 cm™"’de gozlenirken, L1,
L2, L5 ve L6’da N-H gerilmesine rastlanmamustir.

Tablo 8 LO-L6 bilesiklerinin hesaplanan karakteristik IR titresim
frekanslart ve olast titresim atamalart

v(O-H) v(N-H) v(C=0) v(C=C)V(C=N) §(0-H)
L0 3252 3531 1813, 1619, 1529 1520
1656,1663
L1 3753 - 1764, 1721 1652, 1523 1411
L2 3753 - 1765, 1722 1653, 1521 1410
L3 3753 3612, 1763, 1717 1658, 1539, 1409
3519 1519
L4 3753 3608, 1764,1719 1655, 1533 1412
3510
L5 3753 - 1765,1720 1655, 1533 1412
L6 3814, - 1765 1719 1653, 1528 1413
3753

Birimi cm™‘dir

Karbonil titresimleri incelendiginde, L1-L6 tiirevlerinde iki
karakteristik v(C=0) bandinin olduk¢a dar bir aralikta korundugu
goriilmiistiir. Yiiksek frekansli karbonil gerilmeleri 1763—-1765 cm™,
diger karbonil gerilmeleri ise 1717-1722 cm™ araliginda
hesaplanmigtir. Buna karsilik referans L.0’da karbonil karakterli
titresimler 1813 cm™ ile 1656 ve 1663 cmde belirlenerek
tiirevlerden farkl bir titresim profili gostermistir. C=C/C=N iskelet
titresimleri L1-L6 serisinde yaklagik 1652—1658 cm™ ve 1519—-1539
cm™' bolgelerinde yogunlasirken, L0’da karakteristik titresimler
1619, 1529 ve 1520 cm"’de gozlenmistir. Ayrica O—H deformasyon
titresimleri  tlirevlerde yaklastk 1409-1413 cm™ civarinda
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belirlenmistir.

Bu bulgular,

ortak florokinolon

iskeletinin

karakteristik titresim Ozelliklerinin biiylik 6l¢iide korundugunu,
ancak C7 konumundaki heterosiklik modifikasyonlarin 6zellikle N—
H/O-H titresimleri ile karbonil ve iskelet titresimlerinde belirgin
frekans degisimlerine neden oldugunu gostermektedir.

Molekiiler Kenetleme

Sekil 5 Referans siprofloksasin (L0) ve tasarlanan L1-L6
tiirevierinin GSK3B (PDB ID: 4DIT) ve BRD4 (PDB ID: 4E96)
baglanma bolgelerindeki iki boyutlu protein—ligand etkilesim

diyagramlart.
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Molekiiler kenetleme ¢aligmalari,

GSK3p-L6 4%

BRD4-LS 154 ]

845 BRD4-L6

LO-L6 ligandlarinin

GSK3B (4DIT) ve BRD4 (4E96) proteinleriyle baglanma
ozelliklerini degerlendirmek amaciyla gerceklestirilmis ve her
ligand i¢in en diisiik enerjili kenetleme pozu dikkate alinmustir.
Baglanma enerjileri ve tahmini inhibisyon sabitleri Tablo 9'da
--150--



ayrintili protein—ligand etkilesimleri ise Tablo 10'da verilmistir. 2D
baglanma goriintimleri Sekil 5'te sunulmustur.

Tablo 9 GSK3p ve BRD4 icin baglanma enerjileri ve tahmini
inhibisyon sabitleri

Protein Ligand Baglanma enerjisi, Tahmini K;
AG (kcal/mol)

GSK3p (4DIT) LO —8.409 0.686 uM
L1 —8.628 0.474 uM
L2 —8.360 0.745 uM
L3 —8.366 0.737 uM
L4 —8.620 0.480 uM
L5 —8.549 0.541 uM
L6 —8.405 0.690 uM

BRD4 (4E96) LO —7.310 4.383 uM
L1 —7.398 3.778 uM
L2 —7.364 4.001 pM
L3 —7.011 7.259 yM
L4 —7.029 7.042 pM
L5 —6.792 10.506 uM
L6 —7.050 6.797 uM

GSK3B komplekslerinde ligandlarin baglanma enerjileri
birbirine yakin bir dagilim gostermis ve tiim tiirevlerin referans L0
ile karsilastirilabilir bir baglanma egilimi sergiledigi belirlenmistir
(Tablo 9). Bununla birlikte, L1 (—8.628 kcal/mol) ve L4 (—8.620
kcal/mol) seride en diisiik baglanma enerjilerine sahip ligandlar
olarak one cikarken, L5 de referans bilesige gore daha elverigli bir
kenetleme skoru gdstermigtir. Diger tiirevlerin baglanma
enerjilerinin L0'a olduk¢a yakin olmasi, yapilan yapisal
modifikasyonlarin genel olarak GSK3p baglanma kapasitesini
korudugunu gostermektedir. Ozellikle L1 ve L4 i¢in gdzlenen enerji
avantajinin, yalnizca sayisal kenetleme skoruyla degil, aktif
baglanma bolgesindeki karakteristik amino asitlerle olusturulan
etkilesimlerin korunmasi ve bazi ek polar temaslarin ortaya
cikmasiyla da desteklendigi goriilmiistiir. Bu nedenle ligandlar
arasindaki smirli enerji farklarinin yorumlanmasinda kenetleme
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skorundan ziyade baglanma geometrisi ve protein—ligand etkilesim
ag1 birlikte degerlendirilmistir.

Tablo 10. GSK3p (4DIT) ve BRD4 (4E96) komplekslerinde ligand—
protein etkilesimleri

Protein Ligand H-bagi/polar ve 6zel  Hidrofobik / w etkilesimleri
etkilesimler ve diger 6nemli kalintilar
GSK3p LO LYS85, VAL135, LEU188, VAL70, ALAS3;
(4DIT) ASP200, CYS199 n-sigma/alkyl/n-alkyl
temaslari
L1 LYS85, VAL135, LEU188, VAL70, ALAS83 ve
TYR134, ASP200, ¢evre hidrofobik temaslar1
CYS199
L2 LYS85, VAL135, LEU188 ve aktif cepteki
TYR134, ASP200, hidrofobik kalintilar
CYS199
L3 LYS85, VAL135, Aktif cepte ek hidrofobik
ASP200, ASN186, temaslar
ASP133, CYS199
L4 LYS85, VAL135, Aktif cep hidrofobik
ASN64, ASP133, kalintilar1
ASP200, CYS199
L5 LYS85, VAL135, Cevresel hidrofobik/z
ASN186, ASP200, temaslari
CYS199
L6 ASN186, VAL135 LYS85 ve diger hidrofobik
aktif cep temaslari
BRD4 LO TYR97, MET105, LEU9%, LEU92, ILE146,
(4E906) MET132, PROS2 VALS7
L1 ASN140, MET132, LEU92, LEU94, VALS7,
PROS2 CYS136, ILE146, TRP8I,
PHES3
L2 ASN140, MET132, LEU9%4, VAL87, CYS136,
PROS2 ILE146, PHES&3
L3 - LEU9%4, ILE146, LEU92
L4 ASP145, ASN140, ILE146, TRP81, LEU%
PROS2
L5 ASN140 ile temas ILE146, PROS2, MET149,
TRP81, LEU%4
L6 ASN140, PROS2 VALR7, ILE146, TRPSI1,

PHER&3, LEU%
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L1 ve L4, referans L0’ temel baglanma etkilesimlerini
biiylik ol¢lide korurken ek polar temaslar olusturarak 6ne ¢ikmistir.
Ozellikle LYS85 ve VALI135 ile siirdiiriilen etkilesimler, bu
ligandlarin diisiik baglanma enerjileriyle uyumludur. L5 de benzer
sekilde giiclii bir aktif cep etkilesim ag1 sergilerken, L6 nin enerjisi
L0’a yakin olmasina ragmen baglanma profilinin kismen degistigi
goriilmiistiir. Bu durum, ligandlarin degerlendirilmesinde yalnizca
kenetleme skorunun degil, etkilesim Oriintiisiiniin de dikkate

alinmasi gerektigini gostermektedir.

BRD4 komplekslerinde baglanma enerjileri ligandlar
arasinda daha belirgin farklilik gostermistir (Tablo 9). L1 (—=7.398
kcal/mol) ve L2 (—7.364 kcal/mol) referans L0'a gére daha elverisli
baglanma skorlari sergilerken, diger tiirevlerde baglanma enerjisinin
daha az negatif oldugu goriilmiistiir. Bu sonug, 6zellikle L1 ve L2'nin
BRD4 baglanma cebine daha uygun bir yerlesim gosterdigini ve
referans bilesige kiyasla baglanma egilimini korudugunu veya
kismen 1iyilestirdigini diisiindiirmektedir. L1 ve L2, ASN140 basta
olmak iizere baglanma cebinin kritik kalintilartyla daha zengin ve
dengeli etkilesimler gostermistir. L1’in genis hidrojen bagi ve
hidrofobik temas agi, en diisilk baglanma enerjisiyle uyumludur.
Buna karsilik L3, L5 ve L6’da protein—ligand hidrojen baglarinin
azalmasi ve etkilesimlerin daha ¢ok hidrofobik karakter kazanmasi,
daha zayif kenetleme skorlariyla ortiigmektedir. L4 ise ASP145 ve
PROS&2 ile hidrojen baglar1 olusturarak ara diizeyde bir etkilesim
profili sergilemistir.

Her iki protein birlikte degerlendirildiginde L1 en dengeli ve
giiclii baglanma profilini gosteren ligand olarak 6ne ¢ikmistir. L1
hem GSK3B hem de BRD4 i¢in L0O'dan daha diisiik baglanma
enerjileri gostermis ve bu enerji avantaji aktif bolgedeki kritik amino
asitlerle olusturulan zengin etkilesim agiyla desteklenmistir. L2
ozellikle BRD4 i¢in, L4 ve L5 ise GSK3p i¢in dikkat ¢ekici sonuglar
vermistir. Bu nedenle ligandlarin ileri degerlendirilmesinde yalnizca
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kenetleme enerjileri degil, kritik baglanma bolgesi kalintilariyla
etkilesimlerin korunmasi, hidrojen bagi agi ve hidrofobik/n-
temaslarin birlikte dikkate alinmasi daha uygun olacaktir.

Yapi-Aktivite Tligkisi

LO-L6 serisinin birlikte degerlendirilmesi, florokinolon
cekirdegi korunurken C7 konumundaki heterosiklik grubun
degistirilmesinin bilesiklerin temel molekiiler iskeletini bozmadan
fizikokimyasal, elektronik, farmakokinetik ve hedefe baglanma
ozelliklerini farkli yonlerde degistirdigini gostermistir. Molekiiler
benzerlik ve iskelet analizlerinde tiirevlerin ortak florokinolon
cekirdegine bagl olarak yiiksek yapisal yakinlik gostermesine
karsin, C7 modifikasyonlar1 6zellikle lipofilisite, polar yiizey alani
ve hidrojen bag1 kapasitesinde belirgin bir farklilagma olusturmustur.
PCA sonuglarinda da bu ayrim korunmus, 6zellikle L5 daha lipofilik
ve diisiik polar karakteriyle, L4 ve L6 ise daha yiiksek polariteleriyle
serinin diger tiyelerinden ayrilmistir.

C7’deki N-metilpiperazin grubu tasiyan L1, farkli analizler
birlikte degerlendirildiginde serinin en dengeli tiirevi olarak One
cikmigtir.  Siprofloksasinin temel ilag benzerligi ve yiiksek
gastrointestinal ~ absorbsiyon profili korunurken, elektronik
ozelliklerde yalnizca sinirli degisiklik meydana gelmis, buna karsilik
L1 hem GSK3p hem de BRD4 i¢in referans L0’dan daha elverisli
kenetleme skorlar1 gostermistir. Ozellikle GSK3p’de LYS85 ve
VAL135 gibi referans baglanma motiflerinin korunmasi, BRD4’de
ise ASN140 ve cevresindeki baglanma cebi kalintilariyla kurulan
zengin etkilesim ag1, N-metil siibstitiisyonunun baglanma agisindan
olumsuz bir sterik etki yaratmadigini, aksine iki hedef bakimindan
dengeli bir etkilesim profili sagladigini diisiindiirmektedir.

Diger C7 modifikasyonlarinda ise daha hedefe 6zgii etkiler
gbzlenmistir. Morfolin iceren L2, polaritesini ve ila¢ benzerligi
ozelliklerini korurken 6zellikle BRD4 i¢in L0’a yakin hatta kismen
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daha elverisli bir baglanma profili gdstermistir. Amino grubu tagtyan
L3 ve L4 daha yiiksek polar yiizey alanina sahip olup, L3 seride en
diisik HOMO-LUMO enerji araligi ve en yiiksek yumusaklik
degeriyle elektronik olarak en reaktif bilesik olarak ayrilmistir. Buna
karsilik L4 daha yiiksek elektronik kararliligint korumus ve
GSK3p’de ek polar etkilesimler olusturarak L1’e yakin bir
kenetleme performansi gdstermistir. Dolayistyla amino grubunun
halka biiyiikliigii ve konumu, yalnizca polariteyi degil, elektronik
reaktiviteyi ve hedef proteindeki baglanma geometrisini de belirgin
bicimde etkilemistir.

3-floropiperidin tiirevi L5, serinin en lipofilik ve en diisiik
TPSA degerine sahip bilesigi olarak farkli bir profil gostermistir. Bu
degisim BBB gecirgenligi ve yliksek plazma protein baglanmasi gibi
farmakokinetik ozelliklere yansirken, hedef bagimli bir kenetleme
davranisi ortaya ¢ikmistir. GSK3B’ye baglanma agisindan giiglii bir
profil korunmasina karsin BRD4 i¢in serinin en zayif skorlarindan
biri elde edilmistir. 3-hidroksipiperidin tiirevi L6 ise L5’e gore daha
polar bir yapr sergilemesine ragmen BBB gecirgenligi ve P-gp
substrati olmama 6zelliklerini paylagsmistir. GSK3p’de L0’a yakin
baglanma enerjisi gostermesine karsin baglanma etkilesimlerinin
kismen degistigi belirlenmistir. Bu iki bilesik, C7’deki kiigiik
fonksiyonel grup degisikliklerinin yalnizca lipofilisite ve dagilim
ozelliklerini degil, hedef seciciligini ve baglanma modunu da
degistirebildigini gostermektedir.

Genel olarak, C7 modifikasyonlarinin florokinolon
cekirdeginin temel elektronik ve ilag benzerligi 6zelliklerini biiyiik
olgiide korurken, aktivite agisindan belirleyici etkinin heterosiklik
grubun polarite, hidrojen bagi kapasitesi ve sterik oOzellikleri
tizerinden ortaya ¢iktig1 sdylenebilir. Bu kapsamda L1, iki hedefte
de dengeli baglanma davranisi ve uygun farmakokinetik profili
nedeniyle serinin en gii¢lii genel adayi, L4 GSK3p, L2 ise BRD4
acisindan dikkat ¢eken alternatifler olarak degerlendirilebilir. L5 ve
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L6 farmakokinetik dagilim 6zellikleri bakimindan farklilagirken, L3
elektronik reaktivitesiyle one ¢ikmaktadir. Boylece elde edilen
sonuglar, siprofloksasinin C7 konumunun biyolojik potansiyelin
ince ayarlanmasina uygun bir modifikasyon alani oldugunu ve tek
bir parametre yerine yapisal ozellikler, ADME/T profili, elektronik
reaktivite ve protein—ligand etkilesimlerinin birlikte
degerlendirilmesinin daha anlamli bir yapi—aktivite iligkisi ortaya
koydugunu gostermektedir.
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