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BOLUM 0

DFT SIMULASYONLARINDA DEGIiS-TOKUS
KORELASYON FONKSIYONELLERININ VE
SOZDE-POTANSIYELLERIN KARSILASTIRMALI
ANALIZI

Ese Akpmar!
Giris
Yogunluk fonksiyonel teorisi (Density Functional Theory,
DFT), etkilesimli ¢ok-elektron problemini elektron yogunlugu p(7)
iizerinden yeniden formiile ederek, dis potansiyel v(r) altindaki
temel durum enerjisinin yogunluk fonksiyoneli olarak minimize
edilebilecegini gosteren cergceveye dayanir (Hohenberg & Kohn,
1964). Hohenberg—Kohn teoremleri, v(r)'den bagimsiz evrensel bir
yogunluk fonksiyoneli F[n] bulundugunu ve E = [ v()n(r) dr + F[n]
ifadesinin dogru temel durum yogunlugunda minimum verdigini
ispatlar (Hohenberg & Kohn, 1964; Kohn & Sham, 1965). Bu
kavramsal temel, malzeme bilimi ve katihal fiziginde yaygin olarak
kullanilan, periyodik sistemlerin temel durum &zelliklerini
hesaplamaya yonelik 6z-tutarli denklemlerin tiiretilmesine dogrudan
zemin saglar (Lejaeghere et al., 2016).
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DFT'in pratik giicii, degis-tokus korelasyon (exchange-
correlation, XC) enerjisinin uygun bir yaklagimla modellenmesine
baghdir; ¢iinkii Kohn—Sham formiilasyonu, etkilesimli sistemin
karmagikligini XC katkis1 iizerinden tek bir fonksiyonel terime
yogunlastirir (Lejaeghere et al., 2016). Bu nedenle XC se¢imi,
ozellikle bant aralig1 gibi elektronik yapiya duyarli biiyiikliiklerde
belirleyici olabilir: saf (yari-yerel) fonksiyonellerin bant araliklarin
sistematik olarak kiiglimsedigi bilinmekte olup bu eksiklik, 6zellikle
yariiletken ve yalitkan sistemlerde belirgin hale gelmektedir
(Perdew & Schmidt, 2001). Buna karsilik tarali hibrit (screened
hybrid) HSE yaklasiminin bu hatayi belirgin bicimde azalttig1 ve saf
fonksiyonellere kiyasla bant aralig1 tahminlerinde 6nemli iyilesme
sagladig1 gosterilmistir (Heyd et al., 2003).

Bu boliimiin amaci, periyodik katithal sistemlerinde DFT
simiilasyonlarinin iki kritik bileseni olan (i) XC fonksiyoneli ve (ii)
sozde-potansiyel (pseudopotential, PP) yaklasimimni birlikte ele
alarak, hangi hedef 6zellikler i¢in hangi se¢imlerin daha rasyonel
olduguna dair yorumlayic1 bir ¢ergeve sunmaktir (Lejaeghere et al.,
2016). Once Kohn—Sham DFT'nin temel denklemleri verilecek,
ardindan Jacob merdiveni (Jacob's ladder) siniflamasi {izerinden XC
aileleri (LDA, GGA, meta-GGA, hibrit ve dispersiyon diizeltmeleri)
fiziksel i¢gorii ve hesaplama maliyeti baglaminda karsilastirilacaktir
(Perdew & Schmidt, 2001; Sun et al., 2015). Sonrasinda norm-
koruyan (norm-conserving), ultrasoft ve PAW yaklagimlari
tartisilarak PP se¢iminde aktarilabilirlik ve sayisal yakinsama
temalar1 One c¢ikarilacaktir (Vanderbilt, 1990). Son bdliimde ise
literatiirden se¢ili kiyaslamalar iizerinden 2B malzemeler ve oksitler
baglaminda XC/PP se¢imlerinin sonuglara yansimasi fiziksel olarak
yorumlanacak; ardindan pratik bir karar rehberi tablo halinde
Ozetlenecektir (Rekik et al., 2024).



Teorik Cerceve

Hohenberg—Kohn yaklagimi, dis potansiyel v(r) altindaki
etkilesimli elektron gazinin temel durumunu ele alir ve yogunluk
tizerinden evrensel bir fonksiyonel bulundugunu ortaya koyar
(Hohenberg & Kohn, 1964). Bu yaklagim, enerji minimizasyonu
ilkesiyle birlikte DFT'nin varyasyonel temelini olusturur
(Hohenberg & Kohn, 1964; Kohn & Sham, 1965).

Kohn—-Sham DFT

Kohn—Sham (KS) yaklagimi, Hohenberg—Kohn
teoremlerinden hareketle inhomojen etkilesimli elektron sistemi igin
oz-tutarli denklemler gelistirir (Kohn & Sham, 1965). KS
cercevesinde toplam enerji fonksiyoneli tipik olarak asagidaki
bicimde yazilir; burada T etkilesimsiz kinetik enerji, En Hartree
elektrostatik enerjisi, Exc ise degis-tokus ve korelasyon katkisini
temsil eder (Kohn & Sham, 1965):

By = Tylp) + Bulp] + Bxclp] + [ vewe(r) p(r) dr

KS tek-elektron denklemleri, 6z-tutarli ¢oziim gerektiren bir
0zdeger problemine indirgenir (Kohn & Sham, 1965):

1
<_§|72 + veff(r))lpi(r) = &Yi(r)

Bu formiilasyonda efektif potansiyel asagidaki gibi
tanimlanir; burada vxc terimi, uniform elektron gazinin degis-tokus
ve korelasyon katkilarinin efektif potansiyeller olarak sisteme dahil
edildigi sekilde ortaya ¢ikar (Kohn & Sham, 1965):

Verr(1) = Vexe(r) + vp(r) + vxc(1)

XC potansiyeli ise fonksiyonel tiirevle tanimlanir; bu nedenle
pratik hesaplamalar i¢in Exc'ye iligkin secilen yaklasik form, tiim KS
¢cozlimiinii belirleyici hale getirir (Kohn & Sham, 1965):
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SEy
o) = Sl

Oz-Tutarh Alan Dongiisii

KS denklemleri 6z-tutarli alan (self-consistent field, SCF)
dongiisiiyle ¢oziliir; baslangic yogunlugu p(r) ile vesr kurulur,
Ozdeger problemi coziilerek {yi} elde edilir ve yeni yogunluk
giincellenerek yakinsama saglanana dek iterasyon siirdiiriiliir (Kohn
& Sham, 1965). Bu siirecin kararlilig1 ve yakinsama davranisi, XC
fonksiyonelinin ~ sayisal  ozellikleri ve segilen hesaplama
parametreleriyle yakindan iligkilidir. Topluluk 6lgekli kiyaslamalar,
giincel kod ve sozde-potansiyellerin cogu kez birbirleriyle ¢ok iyi
uyum gosterebildigini, ancak eski yaklasimlarin daha az kesin
sonuglar iiretebildigini belirtir (Lejaeghere et al., 2016).

XC Fonksiyonelleri

XC fonksiyonelleri, artan karmasiklik ve (cogu problem
smift i¢in) artan dogruluk hedefiyle "Jacob merdiveni" metaforu
altinda siniflandirilir (Perdew & Schmidt, 2001). Merdivenin alt
basamaklar1 daha yerel bilgiye dayanirken, iist basamaklar daha
fazla yerel/yari-yerel girdi veya agikca orbital bagimli terimler igerir;
bu ilerleme, ¢ogu durumda hesaplama maliyetini de artirir (Perdew
& Schmidt, 2001; Sun et al., 2015).

LDA

Yerel yogunluk yaklasimi (Local Density Approximation,
LDA), XC enerjisini, her noktada homojen elektron gazi referansina
dayali yerel bir enerji yogunlugu iizerinden yaklasiklar (Kohn &
Sham, 1965). Bu yaklagimin fiziksel sezgisi, gercek sistemin her
uzay noktasinda "yerel olarak homojen" kabul edilmesidir;
dolayisiyla XC katkisi, o noktadaki yogunlukla ayni yogunluga
sahip uniform elektron gazinin bilinen degis-tokus ve korelasyon
enerjisiyle temsil edilir (Kohn & Sham, 1965). Katilarda gbzlenen
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sistematik egilimler baglaminda, LDA'nin ¢ogu durumda kafes
sabitlerini kiigiimseme (underestimate) egilimi oldugu ve kohezyon
enerjilerini  fazla  tahmin  etme  davramist  gosterdigi
degerlendirilmistir (Zhang et al., 2018). Bu egilim, homojen elektron
gazi referansinin baglanmay1 "fazla gii¢lendiren" yonlii bir hata
iiretmesiyle tutarli bi¢cimde aciklanabilir (Zhang et al., 2018).
Bununla birlikte LDA, basit metallerde ve yogun iyonik katilarda
elektron yogunlugunun gercekten yavas degistigi durumlarda makul
sonuglar {iretebilmekte; diisiik hesaplama maliyeti ve sayisal
kararliligi nedeniyle oOzellikle on-hesaplama (6n hesaplama) ve
kiyaslama amaglhi kullanimlarda referans baslangi¢c noktasi olarak

tercih edilmeye devam etmektedir (Lejaeghere et al., 2016).
GGA

Genellestirilmis gradyan yaklasimi (Generalized Gradient
Approximation, GGA), XC enerjisini yogunluga ek olarak yogunluk
gradyanina bagl hale getirerek LDA'nin asir1 yerelligini azaltmay1
amaglar (Perdew & Schmidt, 2001). PBE (Perdew—Burke—
Ernzerhof) bu sinifta en yaygin 6rneklerden biridir ve GGA'larin
LDA'ya kiyasla atomlar, molekiiller ve katilarda iyilestirme sundugu
vurgulanir (Perdew et al., 1996). Bununla birlikte, PBE'nin kafes
sabitlerini fazla tahmin edip, bulk modiiliinii kii¢iik tahmin etme
egilimi oldugu rapor edilmistir (Zhang et al., 2018). Bu nedenle
PBEsol gibi "katilar i¢in PBE" varyantlari, 6zellikle yavas degisen
yogunluklar i¢in kafes sabitleri ve ylizey enerjilerinde iyilesme
hedefler (Perdew et al., 2008).

meta-GGA

meta-GGA sinifi, GGA girdilerine ek olarak kinetik enerji

yogunlugu gibi ek yerel biiytikliikleri dahil ederek farkli bag tiirlerini

ayirt etme kapasitesini artirmay1 hedefler (Sun et al., 2015). SCAN

(Strongly Constrained and Appropriately Normed) yaklagimi, meta-

GGA i¢in bilinen 17 kesin kisit1 saglama iddiasiyla tasarlanmis ve
--5--



ozellikle kafes sabitleri ile zayif etkilesimlerde dikkate deger
dogruluk sagladig: bildirilmistir (Sun et al., 2015). SCAN"in, ¢ogu
zaman hibrit fonksiyonellerle karsilagtirilabilir dogruluk saglarken
neredeyse GGA maliyetinde calisabildigi de vurgulanir (Sun et al.,
2016). Yiiksek verimli (yiiksek verimli) hesaplamalar acisindan
’SCAN, SCAN'm sayisal yakinsama sorunlarini azaltmak ve genis
veri setlerinde daha giivenilir yakinsama sunmak {izere tercih edilen
bir varyant olarak degerlendirilmektedir (Kingsbury et al., 2022).

Hibrit Fonksiyoneller

Hibrit fonksiyoneller, degis-tokus enerjisinin belirli bir
kismin1 Hartree—Fock benzeri tam degis-tokus ile karistirarak,
ozellikle bant araligi gibi biiyiikliiklerde yari-yerel yaklagimlarin
sistematik eksiklerini azaltmay1 hedefler (Perdew & Schmidt, 2001).
Ekranlanmig hibrit HSE yaklasimi, Coulomb operatoriinii kisa ve
uzun menzilli bilesenlere ayirir ve yalnizca kisa menzilde HF degis-
tokusunu dahil ederek metal ve dar bant aralikli sistemlerde
goriilebilen fiziksel olmayan uzun menzilli etkileri azaltmay1
amaglar (Heyd et al., 2003). HSE'nin katilarda bant araliklar1 i¢in saf
fonksiyonellere gore belirgin hata azalimi sagladigi ve hesaplama
maliyetinin saf fonksiyonellere gore ¢cogu durumda yalnizca ~2—4
kat arttig1 rapor edilmistir (Heyd et al., 2003; Perdew et al., 1996).

Dispersiyon Diizeltmeleri

Semilokal KS-DFT'nin uzun menzilli korelasyon etkilerini,
ozellikle dispersiyon/van der Waals etkilesimlerini, ¢ogu
fonksiyonelde yeterince tanimlayamadigi vurgulanir; bu eksikligi
gidermek i¢in D3 gibi eklemeli dispersiyon diizeltmeleri yaygin
bicimde kullanilir (Grimme et al., 2010). DFT-D3 yaklagimi, KS-
DFT enerjisine bir dispersiyon terimi ekleyerek Eprr-p3 = Exs-prr +
Edisp seklinde uygulanir ve dispersiyon enerjisinin iki-cisim ile iig-
cisim katkilarindan olustugu belirtilir (Grimme et al., 2010; Ehlert,
2024):



Eprrps = Exsprr + Eaisp

Tkatchenko—Scheffler (TS) yaklasimi ise dispersiyon
parametrelerini  yerel elektronik ¢evreye bicimde
yogunluktan tliretmeyi hedefleyen bir 6l¢ekleme cergevesi sunar
(Tkatchenko & Scheffler, 2009). TS diizeltmelerinin bazi katilarda
baglanma enerjilerini deneysel degerlere kiyasla fazla tahmin
edebildigi ve Ozellikle iyonik sistemlerde ek 1iyilestirme
gerektirebilecegi belirtilmistir (Bucko et al., 2013).

duyarl

Bu boliimde tartisilan XC ailelerinin 6zet bir karsilastirmasi
Tablo 3.1'de verilmistir.

Tablo 3.1. Yaygin XC yaklasimlarinin ozet ozellikleri.

Basamak | Ornek | Fiziksel Icerik | Tipik Arti-Eksi | Goreli
Maliyet
LDA LDA Homojen Kafes sabitini 1x
elektron gazi kiigtimseme,
referansi kohezyonu fazla
tahmin etme
(Zhang et al.,
2018)
GGA PBE p ve Vp; Kafes sabitlerini ~1%
LSD'ye gore fazla tahmin etme
iyilesme (Zhang et al.,
(Perdew et al., | 2018)
1996)
GGA PBEsol | Katilar i¢in Kafes/yiizey ~1x
gradyan iyilesmesi;
acilimini geri atomizasyon
kazandirma enerjilerinde
(Perdew et al., kotiilesme riski
2008)
meta-GGA | SCAN 17 kesin kisit; Hibrit ~1-2x
yiiksek dogruluguna
dogruluk (Sun | yakin performans,
etal., 2015) GGA maliyeti
meta-GGA | r*SCAN | Giivenilir SCAN'a yakin ~1-2x
yakinsama; dogruluk, daha iyi
yiiksek verimli | sayisal stabilite
uygunlugu
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Basamak | Ornek | Fiziksel Icerik | Tipik Arti-Eksi | Goreli
Maliyet

(Kingsbury et
al., 2022)

Hibrit HSE Kisa menzilde Bant aralig1 2-4x
HF degis- tahminlerinde
tokusu (Heyd et | belirgin iyilesme;
al., 2003) maliyet 2—4x

Dispersiyon | D3 Eklemeli Uzun menzilli Diisiik ek
dispersiyon: E2 | korelasyonun
+ Es (Grimme diisiik maliyetle
et al., 2010) dahil edilmesi

Kaynak: Yazarlar tarafindan literatiirden derlenerek hazirlanmustir.

Sozde-Potansiyel Formalizmleri

Diizlem dalga tabanli periyodik hesaplamalarda, ¢ekirdek
bolgesindeki hizli salinimli dalga fonksiyonlarin1 dogrudan temsil
etmek biiylik baz setleri gerektirebilir; sozde-potansiyel yaklagimlar
bu yiikii azaltmak i¢in ¢ekirdek elektronlarini etkin potansiyele
gomer (Vanderbilt, 1990; Blochl, 1994). Bu boliimde norm-koruyan,
ultrasoft ve PAW formalizmleri aktarilabilirlik ve yakinsama
perspektifiyle 6zetlenir (Vanderbilt, 1990).

Norm-Koruyan Yaklasim

Norm-koruyan  sozde-potansiyeller  (Norm-Conserving
Pseudopotentials, NCPP), bir kesme yarigap1 r. disinda sdzde ve
tiim-elektron dalga fonksiyonlarmin eslesmesi kosuluyla {iretilir
(Hamann, 2013). Transferabilite agisindan kritik olan norm-koruma
kosulu asagidaki bicimde ifade edilir; burada ¢@(r) tiim-elektron,

ops(r) ise sdzde dalga fonksiyonunu temsil eder (Hamann, 2013):

j oMIEr2dr = j bps ()22 dr
0 0

Modern norm-koruyan tasarimlarda optimize norm-koruyan
Vanderbilt (ONCV) yaklasimi, daha diisiik kesim enerjilerinde
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yakinsayan ve ¢ogu durumda daha dogru NCPP'ler iiretme avantaji
sunabilir (Schlipf & Gygi, 2015). Biiylik olcekli test cerceveleri
olarak PseudoDojo, ONCVPSP yaklagimiyla iiretilmis genis bir
s0zde-potansiyel tablosunu sistematik test bataryalariyla dogrulayip
iretim hesaplar1 icin kesim enerjisi Onerileri saglamak {izere
tasarlanmistir (van Setten et al., 2018).

Ultrasoft Yaklasim

Vanderbilt'in ultrasoft (US) yaklasimi, norm-koruma
kisitinin uygulanmadig1 ve genellestirilmis bir 6zdeger probleminin
ortaya ¢iktig1, diizlem dalga tabanli katihal hesaplamalarina uygun
ayrilabilir bir s6zde-potansiyel formalizmi sunar (Vanderbilt, 1990).
Bu formalizmde aktarilabilirligin kesme yarigap1 sabit tutulsa bile
sistematik olarak gelistirilebilmesi hedeflenir (Vanderbilt, 1990).
USPP'lerin yiiksek verimli hesaplamalar agisindan pratik degerine
dair 6rnek olarak, bazi kiitliphanelerin tek bir diisiik diizlem dalga
kesimiyle kafes sabitleri, bulk modiilleri ve manyetik momentlerde
iyi genel dogruluk verdigi ifade edilmistir; bununla birlikte dagitilan
iretim girdilerinin kalite garantisi olmadig1 gibi uyarilar da agikca
belirtilmektedir (Kresse & Joubert, 1999).

PAW

Projektdr artirilmig dalga (Projector Augmented-Wave,
PAW) yontemi, sdzde-potansiyel yaklagimi ile LAPW yaklagiminm
dogal bi¢cimde genelleyen bir elektronik yap1 hesaplama ¢ercevesi
olarak tanimlanir (Blochl, 1994). PAW'in ana fikri, sozde dalga
fonksiyonundan tiim-elektron dalga fonksiyonuna bir doniigiimle
erismektir; genisletmenin lokalize projektorlerle Ortiisiim tizerinden
tanimlandig1 vurgulanir (Blochl, 1994). PAW doniisiimii asagidaki
bigimde 6zetlenebilir:

) = [es) + > (I90) = 108 iltes)



Bu ifade, sozde dalga fonksiyonuna cekirdek bolgesinde
tiim-elektron diizeltme terimlerinin eklendigi fikrini tasir ve
PAW'nin dogruluk—maliyet dengesini aciklamak icin kullanighdir
(Blochl, 1994). PAW'nin, bir¢ok malzemede yapisal 6zellikleri PAW,
LAPW ve soOzde-potansiyel formalizmlerinin benzer dogrulukta
temsil edebildigi rapor edilmistir (Holzwarth et al., 1997; Torrent et
al., 2010).

Bu ii¢ yaklasimin pratik bir karsilastirmasi Tablo 4.1'de
Ozetlenmistir.

Tablo 4.1. PP formalizmlerinin karsilagtiriimasi.

Yaklasim Temel Fikir Giiclii Yon Kritik Uyan

NCPP Siireklilik ve Genis kod Transferabilite
norm-koruma; uyumlulugu ve iyi | enerji araligina
sagilma taniml1 formalizm duyarls; kesim
ozelliklerini gereksinimi
yeniden {iretme artabilir (Schlipf &
(Hamann, 2013) Gygi, 2015)

USPP Norm-koruma Daha diisiik PP iiretim kalitesi
yok; kesimle verimlilik; | garanti olmayabilir;
genellestirilmis yliksek verimli igin | kiitliphane
0zdeger problemi; | uygun uyarilarini takip
diizlem dalga i¢in | kiitiiphaneler etmek gerekir
ayrilabilir form mevcut (Kresse & Joubert,
(Vanderbilt, 1990) 1999)

PAW PP ve LAPW'yi Cekirdek bolgesi Uygulama
genelleyen duyarh ayrintilart (6r. XC
genisletme biiyiikliiklerde katkilarinda sayisal
yaklagimyi; giiclii performans; | hassasiyet)
projektorlerle ¢ogu malzemede sonuglart
tanimli dontisgim | AE'ye yakin etkileyebilir
(Blochl, 1994) dogruluk (Torrent et al.,

2010)

Kaynak: Yazarlar tarafindan literatiirden derlenerek hazirlanmustir.

XC ve PP Secim Kriterleri

XC ve PP secimi, yalnizca tek tek "iyi" segenekleri bilmekten
cok, hedef 6zellige gore hata kaynaklarint yonetmek anlamina gelir
(Perdew et al., 1996; Lejaeghere et al., 2016). Topluluk o6lgekli
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kiyaslamalar, modern kodlar ve sodzde-potansiyeller arasinda
sonuglarin genel olarak iyi uyum gosterebildigini, ancak bu uyumun
bir kiyaslama c¢ercevesi i¢inde belgelendirilmesinin Onemli
oldugunu ifade eder (Lejaeghere et al., 2016).

Hedefe Gore XC Secimi

Yapisal 6zellikler, kafes sabiti, bulk modiilii gibi, ¢ogu kat1
icin PBE ve PBEsol gibi GGA aileleriyle makul bir dogruluk
diizeyinde ongoriilebilir (Zhang et al., 2018; Perdew et al., 2008).
Daha yiiksek dogruluk hedefleniyorsa SCAN gibi meta-GGA'larin,
cok c¢esitli bag tiirlerinde geometri ve enerji dogrulugunu
artirabildigi ve c¢ogu durumda hibrit fonksiyonellerle rekabet
edebildigi rapor edilmistir (Sun et al., 2016). Elektronik yap1
ozelinde, ozellikle bant araligi icin yari-yerel fonksiyonellerin
belirgin eksik tahmin egilimi bir¢ok kaynakta vurgulanir (Perdew et
al., 2017). Bu nedenle hibrit yaklasimi, 6zellikle HSE, bant araligi
odakli hesaplarda giiclii bir adaydir (Heyd et al., 2003). Zayif
etkilesimler i¢in dispersiyon katkilarinin kritik olabildigi ve D3 gibi
diizeltmelerin etkin bi¢gimde kullanildig1 vurgulanir (Grimme et al.,
2010; Ehlert, 2024).

DFT+U Yaklasim

Gecis metal oksitleri gibi giiglii korelasyonlu sistemlerde,
standart yari-yerel DFT yaklagimlarin elektron 6z-etkilesimi ve
bant aralig1 eksikligi nedeniyle zorlayici oldugu agikca belirtilmistir
(Dudarev et al., 1998). Gecis metal oksitlerinde LSDA'nin giiclii
Coulomb itmesini yetersiz betimlemesi sonucu metalik temel durum
ongorebildigi ve deneysel yalitkan davranisi kagirabildigi vurgulanir
(Dudarev et al., 1998). Bu baglamda LSDA+U/DFT+U
yaklagiminin, 6rnegin NiO'da 3d kabuk korelasyonlarini daha iyi
hesaba katarak hem elektron enerji kaybi spektrumlari hem de
yapisal kararlilik parametrelerinde iyilestirme saglayabildigi
gosterilmistir (Dudarev et al., 1998).
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PP Se¢imi

PP seciminde birinci kriter, secilen PP setinin sistematik
testlerden gecmis olmasi ve tretim hesaplart i¢in pratik kesim
enerjisi Onerileri sunmasidir; PseudoDojo cercevesi bu amagla,
ONCVPSP ile iiretilmis genis bir tabloyu ¢ok sayida test bataryasiyla
degerlendirip kesim Onerileri saglamak tiizere tasarlanmistir (van
Setten et al., 2018). Ek olarak, sdzde-potansiyellerde "hayalet
(ghost) durumlar" gibi sayisal/temsil kaynakli sorunlarin, 6zellikle
GW ve optik ozellikler gibi uygulamalarda yanlis sonuglara yol
acabilecegi belirtilmistir (Schlipf & Gygi, 2015).

Tablo 5.1, tipik XC—PP—dispersiyon
kombinasyonlarina yonelik pratik bir 6zet sunmaktadir.

Tablo 5.1. DFT kodlart icin pratik XC—PP secim érnekleri.

kod turleri ile

Kod Tipi | Tipik PP Yaklasim XC I¢in Not
Baz Pratik

Baslangi¢

Diizlem Diizlem PAW/USPP/NCPP | PBE/PBEsol; Dispersiyon

dalga dalga (Vanderbilt, 1990; | bant aralig1 icin D3

Blochl, 1994) icin HSE eklenebilir

(Heyd et al., (Grimme et
2003) al., 2010)

Atomik Yerel (Koda bagli) PP PBE/SCAN; Yakinsama

orbital orbital tiirevleri yiiksek verimli | kontrolleri
icin ’SCAN kritik
(Kingsbury et | (Lejaeghere
al., 2022) etal., 2016)

Kaynak: Yazarlar tarafindan literatiirden derlenerek hazirlanmustir.
Literatiirden Karsilastirmah Bulgular

Literatiirdeki karsilastirmali c¢alismalar, XC seg¢imlerinin
yapisal ve elektronik dzelliklerde sistematik egilimler iirettigini ve
bu egilimlerin ¢ogu zaman fiziksel olarak yorumlanabilir oldugunu
ortaya koyar (Zhang et al., 2018). Bu boliimde odak, 2B malzemeler
ve bir oksit Ornegi iizerinden, LDA/GGA/meta-GGA/hibrit
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secimlerinin neden farkli sonuglar verdigini yorumlamaktir (Rekik
et al., 2024).

2B Malzemeler

2B sistemlerde, 6zellikle bant araligi ve uyarilmis durum
ozellikleri, hesaplamanin sayisal ayrintilarina kars1 hassas olabilir.
Ornegin monolayer MoS: iizerinde yapilan GW ¢alismalari, kesilmis
Coulomb etkilesiminin interlayer screening etkisini dnlemek icin
gerekli oldugunu; aksi halde GoWo bant araliklariin ortalama ~0.5
eV kadar diisiik ¢ikabildigini rapor etmistir (Pisarra et al., 2021).
Semilokal DFT'nin bant aralig1 tahminindeki yetersizligi daha genel
bir olgu olarak rapor edilir; DFT bant araligi ile deneysel
kuaziparcacik bant araliginin karistirilmamasi gerektigi hatirlatilir
(Perdew et al., 2017). Spesifik bir 6rnek olarak, 1H-MoS: i¢in HSE
ile bant araliginin 2.35 eV bulunabildigi rapor edilmistir (Rai et al.,
2020).

Oksitler

Oksitler 6zelinde, standart yari-yerel yaklagimlarin bant
aralig1 eksik tahmini ve Oz-etkilesim kaynakli polaronik etkiler
nedeniyle kusur hesaplarinda 6zellikle zorlayici olabildigi agikca
belirtilmistir (Kowalski et al., 2010). TiO: o6rneginde, HSE06
ekranlanmisg hibrit fonksiyonelinin hem temel durum 6zelliklerinde
hem de kusur durumlar i¢in giiglii performans gdsterebildigi rapor
edilmigtir (Deskins et al., 2011). Bant araligi agisindan daha
dogrudan bir 6rnek olarak, rutil TiO2 icin HSEO06 ile 3.12 eV bant
aralig1 elde edildigi ve bu degerin deneysel ~3.05 eV ile iyi uyum
gosterdigi rapor edilmistir (Janotti et al., 2010).

Bu boliimdeki kiyaslamalarin pratik 6zeti Tablo 6.1'de nitel
ve nicel referanslarla derlenmistir.
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Tablo 6.1. Segili sistemler tizerinden literatiir bulgularinin ozeti.

Sistem Yontem Bulgularin Ozeti

Monolayer HSE Bant aralig1 2.35 eV olarak rapor edilmistir

MoS: (Rai et al., 2020).

Monolayer GGA/mBJ | Bazi yari-yerel yaklagimlarin diisiik bant

MoS: aralig1 verdigi ifade edilmistir (Rekik et al.,
2024).

Monolayer GoWo Truncated Coulomb kullanilmazsa bant

MoS. yakinsama | araligi ortalama ~0.5 eV diisiik ¢ikabilir;

45x45 k-1zgarastyla ~0.1 eV yakinsama
hedeflenir (Pisarra et al., 2021).

Rutil TiO: HSEO06 3.12 eV hesaplanan bant aralig1, deneysel
~3.05 eV ile uyumlu rapor edilmistir (Janotti
et al., 2010).

TiO: kusurlar1 | HSE06 HSEO06'nin TiO: modifikasyonlarinda dogru

gap ve kusur diizeyleri igin giivenilirlik
sagladigi belirtilmistir (Deskins et al., 2011;
Kowalski et al., 2010).

Kaynak: Yazar tarafindan literatiirden derlenerek hazirlanmigtir.

Sonug

Bu béliimde DFT'nin yogunluk temelli evrensel fonksiyonel
fikrine dayandigi ve Kohn—Sham 6z-tutarli denklemlerinin degis-
tokus ve korelasyon katkilarii efektif potansiyel lizerinden sisteme
dahil ettigi gosterilmistir (Hohenberg & Kohn, 1964; Kohn & Sham,
1965). XC fonksiyoneli se¢ciminde LDA ve PBE gibi yari-yerel
yaklasimlarin yapisal 6zelliklerde makul sonuglar verebilmesine
ragmen bant araligi gibi biiyilikliklerde sistematik hatalar
iretebildigi; HSE gibi ekranlanmis hibritlerin ise bant aralig
hatalarini1 belirgin bi¢cimde azaltabildigi ve maliyeti cogu durumda
24 kat diizeyinde tuttugu tartisilmistir (Heyd et al., 2003; Zhang et
al., 2018). Dispersiyon etkilesimleri icin D3 ve TS gibi
diizeltmelerin, yari-yerel KS-DFT'nin uzun menzilli korelasyon
eksikligini pratik maliyetle giderebildigi vurgulanmistir (Grimme et
al., 2010; Tkatchenko & Scheffler, 2009). PP tarafinda ise
NCPP/USPP/PAW  yaklagimlarinin ~ farkli  dogruluk—maliyet
dengeleri sundugu; modern tablolarin sistematik testler ve kesim
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onerileriyle se¢cim siirecini daha giivenilir hale getirdigi
gosterilmistir (van Setten et al., 2018).
Sonug¢ ve Pratik Tavsiyeler

Pratikte, yapisal oOzellikler i¢in PBE/PBEsol veya

SCAN/*SCAN gibi yari-yerel yaklasimlarla baslayip, hedef
bliylikliige gore (0zellikle bant araligi i¢in) HSE gibi hibritlere
geemek rasyonel bir stratejidir (Heyd et al., 2003; Perdew et al.,
2008). 2B sistemlerde ve uyarilmis durum hesaplarinda yakinsama
ayrintilarinin  sonuglart ~0.1-0.5 eV o0lceginde etkileyebilecegi
unutulmamalidir (Pisarra et al., 2021). Dispersiyonun 6énemli oldugu
sistemlerde D3 gibi eklemeli diizeltmeler veya yogunluk temelli
vdW semalar1 kullanilmali; ancak bazi smiflarda (6zellikle iyonik
sistemlerde) asir1 baglanma gibi risklere kars1 dogrulama
yapilmalidir (Bucko et al., 2013). S6zdepotansiyel se¢imi, sistematik
testlerden gegmis kiitiiphanelerle yapilmali ve hedef uygulama
(GW/optik gibi bos uzay hassasiyeti) "hayalet durum" tiirii sorunlara
kars1 6zellikle kontrol edilmelidir (Schlipf & Gygi, 2015; van Setten
et al., 2018).

Boliim boyunca tartisilan se¢imlerin hizli bir karar tablosu
olarak 6zeti Tablo 7.1'de verilmistir.

Tablo 7.1. Hedef ozellige gore pratik karar rehberi.

Hedef Ozellik Onerilen XC Onerilen PP Kritik Uyar1
Kafes PBEsol veya PAW veya testli | PBEin kafes
parametresi SCAN/r> SCAN | NCPP tablolar1 sabitlerini biiyiik
(Perdew et al., (Blochl, 1994; tahmin egilimi
2008; Sun et al., | van Setten et al., | olabilir (Zhang et
2015) 2018) al., 2018)
Bant aralig1 HSE (screened PAW/USPP (kod | Saf DFT
hybrid) (Heyd et | uyumuna gore) fonksiyoneller
al., 2003) (Vanderbilt, bant araligint
1990; Blochl, ciddi
1994) kiigiimseyebilir
(Perdew et al.,
2017)
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Joubert, 1999)

Hedef Ozellik Onerilen XC Onerilen PP Kritik Uyar1

Adsorpsiyon PBE + D3 (veya | PAW/NCPP Semilokal DFT

enerjisi benzeri (Blochl, 1994; dispersiyonu
dispersiyon Hamann, 2013) | kagirir; diizeltme
diizeltmesi) sarttir (Grimme et
(Grimme et al., al., 2010)
2010)

Manyetik SCAN veya PBE | PAW (¢ekirdek Gegis metal

sistemler (+U gerekebilir) | bolgesi oksitlerinde yari-
(Sun et al., 2015; | duyarlilig1 i¢in) | yerel yaklasimlar
Dudarev et al., (Blochl, 1994) metalik durum
1998) ongorebilir

(Dudarev et al.,
1998)

2B malzemeler HSE veya uygun | Testli PP + k-1zgarasi ve
yari-yerel + yakinsama truncated
dikkatli odakli se¢im Coulomb se¢imi
yakinsama (van Setten et kritik olabilir
(Heyd et al., al., 2018) (Pisarra et al.,
2003; Pisarra et 2021)
al., 2021)

Yiiksek verimli r’SCAN USPP/NCPP PP kalitesi ve

tarama (numerik tablosu (kesim uyarilar takip
stabilite) onerili) (van edilmeli;
(Kingsbury et Setten et al., yakinsama
al., 2022) 2018; Kresse & belgelensin

(Lejaeghere et al.,
2016)

Kaynak: Yazar tarafindan literatiirden derlenerek hazirlanmigtir.
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BOLUM 0

METHODOLOGICAL APPROACH QUANTUM
CHEMICAL CALCULATIONS AND HIRSHFELD
SURFACE ANALYSIS OF 3-BENZYL-2H-
CHROMEN-2-ONE

CEM CUNEYT ERSANLI

Introduction

The study of naturally existing substances as well as the
functions of these substances within ecosystems is currently one of
the focal areas of modern biotechnology research. The coumarin
derivatives, which are strategically important among the secondary
metabolites of terrestrial flora, have been receiving special
attention not only due to their medicinal properties but also because
of their ability to form complicated structures. In this regard, the
compound 3-benzyl-2H-chromen-2-one obtained from the seeds of
the plant Clausena lansium, which is extensively employed in
Chinese traditional medicine, presents an excellent subject for
quantum chemical calculations due to the benzyl substitution in its
coumarin ring structure. As part of this investigation, the geometry
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of the molecules was optimized to obtain the ground state geometry
of the molecules; also, atomic charges were analyzed by the
Mulliken and natural population analysis (NPA) methods.
Specifically, the NPA treatment of intramolecular charge transfer is
superior to the Mulliken approach in terms of basis set insensitivity.
Moreover, HOMO (Highest Occupied Molecular Orbital) and
LUMO (Lowest Unoccupied Molecular Orbital) energies, which
are essential for determining global reactivity parameters like the
chemical hardness and softness of the molecule, were analyzed,
together with molecular electrostatic potential (MEP) profiles for
identifying reactive sites. Intermolecular interaction analysis,
especially hydrogen bonding and #-- -z stacking, was accomplished
using Hirshfeld surface analysis, an advanced technique, providing
an additional dimension for evaluating the structural stability of the
molecule. These theoretical studies at the molecular scale have
direct implications for the biotechnological applications of
organisms at the macroscale. In this regard, investigations into the
efficiency of natural systems should not only cover land-based flora
but also aquatic systems.

There are many studies available in the literature related to
the composition, distribution, dynamics, and interactions with
environmental factors in relation to algal flora in aquatic
environments (Celik & Ongun, 2007; Tezel Ersanli & Hasirc,
2013; Tezel Ersanli & Goniilol, 2014; Hasirci Mustak & Tezel
Ersanli, 2015; Deniz & Tezel Ersanli, 2016a; Tezel Ersanli &
Hasire1 Mustak, 2017; Tezel Ersanli & Oztiirk, 2017; Yilmaz et al.,
2018; Deniz & Tezel Ersanli, 2020a, 2020b; Solak et al., 2020;
Aswathy et al., 2021; Deniz & Tezel Ersanli, 2021a, 2021b, 2022).
The results of these studies show that algae are organisms that are
essential both for their nutritional value and applications in
biotechnology owing to their fiber, mineral, and protein-rich nature,
low-fat content, and easily digestible carbohydrate compounds

--24--



(Serrano et al., 1998; Sar1 & Tiizen, 2008). It is possible due to the
fact that new progress has also been made in molecular modeling
and quantum chemistry studies, which have provided new insights
into the success of the ability of algae to protect the environment
from pollution (bioremediation). On the other hand, the use of
algae in the process of bioremediation has gained new grounds
during recent years. Studies have shown that such species as
Spirogyra sp. and Rhizoclonium sp. could be used as bioadsorbents
to remove synthetic dyes from aquatic systems (Deniz & Tezel
Ersanli, 2016b). Additionally, many efforts have been directed
toward researching the biosorption capability of macroalgal species
like Chaetomorpha sp., Polysiphonia sp., Ulva sp., and Cystoseira
sp. for the absorption of heavy metals and pollutants (Sar1 & Tiizen,
2008; Deniz & Tezel Ersanli, 2018a, 2018b).

In conclusion, although this research focuses on the density
functional theory (DFT) and Hirshfeld surface analysis of the
coumarin analog obtained from Clausena lansium, there is also an
exploration of the multidisciplinary relationship between natural
products chemistry and algal biotechnology.

Materials and Methods

Molecular geometry of the title molecule (Figure 1),
investigated within the framework of this research, has been
determined based on the findings of Li et al. (2012) on the basis of
the results of single crystal X-ray diffraction, and was used as an
initial geometry for quantum chemistry computations. Quantum
calculations related to investigation of structural and electronic
parameters of the molecule in question were conducted utilizing
Gaussian 03 software package (Frisch et al., 2004). Within
quantum calculations the method of DFT was applied, where the
calculations were conducted using the hybrid functional B3LYP
(Becke, 1993; Lee et al., 1988) along with the 6-311G(d,p) basis
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set accounting for correlation and exchange of electrons. Geometry
optimization of the molecule was done without any restrictions in
terms of its symmetry, which ensured its stability by conducting
vibrational frequency analysis. The HOMO-LUMO molecular
orbitals and MEPs were calculated and depicted using the
GaussView 4.1.2 program (Dennington et al., 2007). The
conformational characteristics of the molecule were studied, and its
crystal structure was plotted using the Mercury CSD 2.0 software
(Macrae et al., 2008). Also, the Hirshfeld surface was analyzed to
explore the type of intermolecular forces in the crystal structure,
which was examined as a 2D fingerprint plot through the
CrystalExplorer 17.5 program (Turner et al., 2017).

Figure 1. Structure of the title compound (Li et al., 2012).

O O
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Results and Discussion

3-Benzyl-2H-chromen-2-one is a compound from the class
of coumarin derivatives that plays an important role because of
their biological and optoelectronic properties. The structural
characteristics of the studied compound, known as 3-
benzylchromen-2-one, have been analyzed on the basis of
comparisons between the experimental and theoretical values of
single crystal X-ray diffraction measurements. Experimental data
have been collected on the basis of the crystal structure provided by
Li et al. (2012). The theoretical part has been done with the help of
the Gaussian 03 software with B3LYP/6-311G(d,p).
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The structure of the compound comprises the usual
benzopyran ring system and a benzyl substituent attached to it.
When comparing the crystal structure obtained experimentally
(Figure 2.a) and the optimized structure obtained theoretically
(Figure 2.b), it can be seen that there is an excellent match between
the two when considering various geometric parameters. The
optimized structure shown in Figure 2.b was modeled using the
Mercury CSD 2.0 program (Macrae et al., 2008).

Figure 2. (a) Crystal structure obtained experimentally and
(b) optimized structure calculated at the B3LYP/6-311G(d,p) level
(modeled using Mercury CSD 2.0).

(®)
The atomic coordinates of the optimized geometry represent
the lowest energy form of the compound and indicate the stability
of the compound by reaching its minimum form. A comparative

study of the experimental and theoretical geometrical parameters is

made and shown in Table 1. While considering the bond lengths, it
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is seen that the O2-C1 bond of the carbonyl group is found to be
1.2128 A experimentally and 1.2040 A theoretically. Likewise, the
bond lengths of O1-C1 and O1-C9 bonds also correlate well. Such
small errors may be considered as due to the fact that DFT
calculation tends to underestimate bond lengths. When it comes to
bond angles, it is seen that the value of O1-C1-O2 bond angle is
found experimentally to be 116.43° and theoretically to be 117.45°.
The bond angles of other atoms also show a very good correlation
with experimental values. As regards the torsion angles, it may be
seen that the compound shows planarity in general and the
theoretical calculations also confirm it.

Table 1. Measured and calculated bond lengths (4), bond angles
(°), and torsion angles.

Bond Distances, Bond and Experimental (Li et. al.,

Torsion Angles 2012) Theoretical
O1-C1 1.3805 (13) 1.38983
02-C1 1.2128 (13) 1.20404
01-C9 1.3834 (13) 1.36389
C2-C10 1.5157 (14) 1.51325

C10-C11 1.5231 (14) 1.52296
C4-C9 1.3944 (16) 1.40337
01-C1-02 116.43 (10) 117.454
C1-01-C9 122.30 (9) 123.086
C2-C1-01 117.80 (9) 116.879
C2-C1-02 125.76 (10) 125.664
C4-C9-01 120.66 (9) 120.886
C8-C9-01 116.75 (10) 117.671
C1-C2-C10 116.75 (9) 116.817
C2-C10-C11 111.95 (8) 113.366
C4-C9-C8 122.59 (10) 121.442

C2-C1-01-C9 -1.63 (13) -0.453

C4-C9-01-Cl1 -1.39 (14) -0.376

C7-C8-C9-01 178.51 (9) 179.675

C8-C9-01-C1 178.61 (9) 179.835
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01-C1-C2-C3 3.29 (14) 1.220

C5-C4-C9-01 -178.70 (8) -179.620
01-C1-C2-C10 -175.41 (8) -178.830
02-C1-C2-C3 -176.32 (10) -178.166
02-C1-C2-C10 4.98 (15) 1.784

02-C1-01-C9 178.02 (9) 178.985

Properties associated with the conformation of the molecule
have been discussed in detail with the help of Figure 3. This
structure comprises two benzene rings (A & C) along with one
pyrone ring (B). The presence of a small dihedral angle of 1.82°
between rings A and B suggests that these rings exist almost in the
same plane. In comparison, the angle of 72.86° between A and C
rings suggests that the benzyl ring is considerably inclined towards
the coumarin core. The calculated total electronic energy for the
molecule is -767.5817153 Hartree, implying that the optimized
structure of the molecule is stable from a thermodynamic point of
view.

Figure 3. Schematic representation of dihedral angles of the

inter-ring system.
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Crystal structure packing features are provided in Figure 4;
this image was similarly generated by the Mercury CSD 2.0
program. The structure was found to be arranged in such a way that
molecules are placed side by side along the c-axis direction within
the crystal lattice. Moreover, there were weak 7 7 interactions
between the aromatic rings present in the structure, with the closest
distance being measured as 3.593 A.

Figure 4. Crystal packing and m—r interaction.

]

This study focuses on the analysis of the structural
characteristics of a derivative of coumarin isolated from the
Clausena lansium plant. Clausena lansium is abundant in coumarin
derivatives and possesses numerous biological properties (Adebajo
et al., 2009; Maneerat et al., 2010; Maneerat et al., 2012). Thus,
due to the antioxidative, antimicrobial, and antitumor properties of
coumarin derivatives, this kind of structural study is highly
significant for clarifying the structure-activity relationship. In this
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connection, a high similarity between the experimentally measured
values by the X-ray method and the theoretically calculated ones at
the DFT/B3LYP/6-311G(d,p) level was observed. The molecular
modeling carried out with the help of the Mercury CSD 2.0
program package promoted understanding of the spatial structure of
the molecule and its crystal packing. Such results both confirm the
validity of theoretical techniques used and make it possible to carry
out a full evaluation of structural characteristics of the investigated
coumarin analogue.

HOMO, LUMO, Global Reactivity Parameters, and MEP

The electronic structure of the compound has been studied
using HOMO-LUMO molecular orbitals, global reactivity
parameters, and an MEP diagram. Since HOMO shows the ability
of the molecule to donate electrons, while LUMO shows electron
acceptance and electrophilic nature, it should be mentioned that in
this case, it may be assumed that the HOMO orbital is
predominantly located on the aromatic ring and conjugated system,
while LUMO corresponds to the carbonyl region and its
surroundings. Such analysis demonstrates the existence of
intramolecular charge transfer in this molecule, while the carbonyl
group plays an important role in such processes (Figure 5). The
HOMO-LUMO energy gap is an essential factor as far as chemical
stability and reactivity of the molecule is concerned. If there is a
relatively large energy gap, then the molecule will be chemically
quite stable and least reactive, and vice versa. The findings of this
molecule suggest that this molecule has moderate reactivity and is
prone to electrophilic and nucleophilic attacks.
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Figure 5. (a) HOMO and (b) LUMO of compound.

HOMO

LUMO

The electronic structure of the 3-benzyl-2H-chromen-2-one
molecule was assessed based on the energies of the molecular
boundary orbitals, which were calculated with B3LYP/6-311G(d,p)
theory using the DFT method. These resulted in HOMO and
LUMO energies of —6.5775 eV and —2.0474 eV, respectively, and
the energy difference (AE) between them being 4.5302 eV. The
energy gap between the highest occupied and lowest unoccupied
molecular orbitals is an essential parameter that gives insight into
the stability and reactivity of the molecules. Since the bandgap was
found to be quite high, the molecule under study can be considered
chemically stable and kinetically highly stable. As per previous
studies, the molecules that have a high energy gap are not
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polarizable and stable (Miar et al., 2021). The chemical hardness
() parameter was determined as 2.2651 eV. This means that the
electron cloud in the molecule cannot be easily distorted. Hardness
inversely correlates with the level of reactivity, and a high value of
hardness corresponds to low reactivity (Alkhatib & Alsulami,
2023). Conversely, the softness (S) parameter was identified as
0.220743 eV''. This value shows that the molecule can resist any
external influences, which means that the molecule has a small
amount of softness. Ionization potential (I = 6.5775 eV)
corresponds to the energy needed to extract one electron from the
atom, and the high value of this parameter shows that the substance
is not inclined to lose electrons. The value of electron affinity (4 =
2.0474 eV) reflects the molecule’ ability to accept electrons. The
electron-donating ability of the HOMO and electron-accepting
ability of the LUMO are the critical components of chemical
behavior in this case.

As can be seen, the value of electronegativity (y) amounted
to 4.3125 eV, which means that the molecule has significant
abilities to attract electrons. The negativity of the value of chemical
potential (u) (¢ = —4.3125 eV) confirms the thermodynamic
stability and inability of the system to lose electrons. The
electrophilicity index (w) is equal to 4.1052 eV and is the
characteristic of accepting electrons by the molecule in the
reaction. The large value of the index is associated with a high
reactivity of the molecule and a pronounced ability to interact with
other substances, especially when dealing with electron-rich
species. It can be assumed that the molecule has active
participation in the process, especially electrophilic reaction
mechanisms (Sabry et al., 2024). However, the 3-benzylchromen-
2-one molecule has the characteristics of a stable, unreactive
compound, since there is a significant energy gap between the
levels of HOMO and LUMO, and the chemical hardness is also

--33--



quite high. However, it differs from others because of its ability to
accept electrons due to the relatively high electrophilicity index.
Such features suggest that the compound is endowed with balanced
characteristics when it comes to electronic stability and the possible
reactions.

MEP calculation, however, makes it possible to determine
reactive areas by showing how the charge is distributed on the
molecular surface. The calculated MEP ranges from —5.288 x 10
a.u. to +5.288 x 10 a.u. (Figure 6). Zones of negative potential are
characterized by an abundance of electrons (red color), whereas
positive potential zones are electron-deficient (blue color). As
shown by the -calculations, oxygen atoms demonstrate high
negative potential value (02: —0.0522312 a.u.; Ol: —0.0352622
a.u.). That means that the indicated atoms are the parts that are
most prone to be affected electrophiles. On the contrary, hydrogen
atoms with positive potential (H5: 0.0257192 a.u.; H8: 0.0197924
a.u.) can act as targets for nucleophiles.

Figure 6. MEP map of compound.




Mulliken and NPA

In this part, the distribution of the electronic charges of the
3-benzylchromen-2-one compound was studied through Mulliken
and NPA analyses, which were derived from the optimized values
of the compound. Even though both systems are designed for the
determination of partial atomic charges, there is some difference
between them.

Table 2. Mulliken and natural population analysis.

Atom Mulliken Natural Atom Mulliken Natural

01 -0.309292 -0.50759 C14 -0.080157 -0.17272
02 -0.322707 -0.58392 C15 -0.085137 -0.15095
C1 0.432412 0.77570 C16 -0.044084 -0.17528
C2 -0.271479 -0.06876 H3 0.084749 0.17728
C3 0.159410 -0.11686 HS 0.086547 0.17300
C4 -0.174949 -0.11969 He 0.093308 0.17232
Cs -0.037039 -0.13559 H7 0.097074 0.17099
Cé -0.084437 -0.17567 HS 0.105678 0.18979

C7 -0.07660 -0.13487 H10A 0.148735 0.21270
C8 -0.039806 -0.20269 H10B 0.116814 0.19235

c9 0.186292 0.35506 H12 0.070990 0.16506
C10 -0.163167 -0.39235 H13 0.084990 0.16631
C11 -0.115471 0.01090 H14 0.085739 0.16723
C12 -0.057757 -0.18853 H15 0.089364 0.16749
C13 -0.085807 -0.15723 H16 0.105790 0.18651

It can be noted from the data presented in Table 2 that the
charge of oxygen atoms is highly negative when calculated using
either method. While the Mulliken population calculation yields
charges of -0.309 e for O1 and -0.323 e for O2, the charges of the
atoms increase in terms of absolute value when considering natural
population charge distribution (-0.508 e for O1 and -0.584 e for
02). One can thus conclude that natural population analysis is
superior in terms of localizing charge distribution. It can be said

that owing to the high level of electronegativity, oxygen atoms
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attract electron clouds towards themselves in reactive zones of the
molecule. Analyzing the data on carbon atoms, it should be noted
that the C1 atom is characterized by a highly positive charge (0.432
e according to Mulliken analysis and 0.776 e according to NPA).
This means that the carbon atom of the carbonyl group takes on an
electrophilic nature due to the withdrawing nature of oxygen.
Likewise, whereas the C9 atom is positively charged, the fact that
the C10 atom is negatively charged in both analyses means that the
charges within the molecule are not uniformly distributed but are
located in certain parts. There exists a trend where the carbon
atoms associated with the aromatic ring and benzyl group are
usually negatively charged or weakly negatively charged. The
reason for such charges is because of the delocalization of =
electrons, an effect that is more evident in the natural population
analysis. Hydrogen atoms tend to have positive charges in both
forms of analyses. Whereas Mulliken charges lie between 0.07 and
0.15 e, natural charges lie between 0.16 and 0.21 e. This clearly
shows that hydrogen atoms have a more electropositive nature than
carbon atoms. Generally speaking, although Mulliken charges
depend more on the basis set used, NPA is more reliable for
obtaining accurate values that correlate better with chemical
behavior. Hence, one could say that the NPA method is more
trustworthy for estimating the reactivity and
electrophilic/nucleophilic sites of the molecule. Such conclusions
prove that the coumarin derivative under study displays specific
charge distribution near the carbonyl group and oxygen atoms, thus
making them potential sites for further reactions.

Hirshfeld Surface Analysis and Intermolecular Contacts

Hirshfeld surface analysis is a good technique which is
commonly applied to analyze the interaction between molecules in
the crystalline state quantitatively and visually. The results of the

Hirshfeld surfaces and fingerprint plots analyzed here have been
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calculated by means of Crystal Explorer 17.5 software (Turner et
al., 2017). The d,,;m parameter, which is considered to be one of
the major ones during the interpretation of the results, can be
calculated by the following equation:

vdw vdw
_di—r d, — 1,

dnorm - vdw vdw

T; 7,

where d; is the distance between a certain atom in the structure and
the nearest atom located outside the Hirshfeld surface; while d; is
the distance between the same atom and the nearest atom inside the
Hirshfeld surface. While the 7 and 7" are the van der Waals
radii of the atoms present within and outside the Hirshfeld surface,
respectively (Kanmazalp et al., 2019; Kansiz & Dege, 2018). A
detailed study was conducted on the interaction forces between
molecules in the structure using three-dimensional Hirshfeld
surfaces derived from the dnom parameter (refer to Figure 7).
Three-dimensional Hirshfeld surfaces provide visualization of
intermolecular interactions through normalization based on the van
der Waals radii of atoms, thereby differentiating between short-
range interactions and long-range interactions. The three-
dimensional Hirshfeld surface plotted by dnom (from -0.1347 to
1.0505), as illustrated in Figure 7, facilitates intermolecular
contacts analysis. The red zones present on the dnorm plane suggest
contacts that are less than the sum of the van der Waals radii, while
white zones denote nearly equivalent contacts, and the blue zones
depict contacts at long ranges. The clear red spots noted in the
present compound suggest that weak hydrogen bonds of the type C-
H---O exist in the compound. Here, the C5-H5---O1 and C8-
HS8---O2 hydrogen bonding contacts are noted between adjacent
molecules whose symmetry codes are (i) x, Y-y, %+z and (ii) X, Y,
1+z, respectively.
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Figure 7. The representation of three-dimensional Hirshfeld

surface with dygm.

The different surface features of the Hirshfeld surface,
illustrated in Figure 8 (duorm,» di, de, shape index, curvedness, and
fragment patch), provide a deeper understanding of the interactions
of the molecule with the environment. The d; and d, surface
features show inner and outer distances of the surface, respectively;
here, the range values of d; (1.0516-2.3970 A) and d, (1.0521-
2.3923 A) suggest that intermolecular contacts have a wide variety
of distances. On the shape index map with the range of (-1.0000,
1.0000), complementing red and blue triangle patterns particularly
suggest - 7 interactions, while curvedness map (range: -4.0000—

0.4000) shows flat and curved areas of the surface, thus describing
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the topology of the contact sites. Finally, the fragment patch surface
feature quantitatively shows the distribution of contact sites around
the molecule.

Figure 8. Hirshfeld surface analysis of the compound with dyorm, d;,
d,, shape index, curvedness, and fragment patch.

Shape index Curvedness Fragment patch

The two-dimensional fingerprint plots shown in Figure 9
demonstrate vividly how the quantitative distribution of the
intermolecular contacts responsible for the Hirshfeld surface area
of compound looks like. These graphs give a full insight into the
nature of crystal packing, allowing us to distinguish not only the
type but also the intensity of interactions leading to formation of
the total surface area. Looking through the available data, it
becomes evident that the strongest influence is exerted by H---H
contacts (46.2%). The high percentage reveals how many hydrogen
atoms are present on the molecular surface, thus indicating that the
van der Waals forces are vital for stabilization of the crystal
structure. Despite the fact that H---H contacts are regarded as being
weak, they become crucial for the crystal packing because of their
high percentage value. The second strongest contacts are
represented by C---H/H:---C interactions (25.9%). The third most
important interaction was the O---H/H---O interaction that

accounted for 17.0%. The interaction is directly linked to the C—
--39--



H---O-type weak hydrogen bonds illustrated in Figure 7. For
instance, the use of carbonyl oxygen as the acceptor in the
hydrogen bonds makes an immense contribution towards the
stability of the crystal structure. The percentage of the contribution
of the C---C interactions was estimated to be 8%. The above
intermolecular contacts are usually associated with the occurrence
of 7+ 7 interactions. Nevertheless, the relatively small percentage
value shows that this kind of interactions has little significance in
crystal packing. Therefore, despite the fact that there are many
aromatic compounds in the structure, the z-- 7 interaction cannot
be the dominant type of interactions for crystal stability. The last
type of interactions is represented by C---O/O---C interactions,
which take up only 2.9%. These kinds of interactions are normally
regarded as weak interactions between dipoles and are quite
insignificant in terms of crystal packing. On the whole, the
fingerprint plots of Figure 9 show that the packing of the
compound is determined by ordinary van der Waals forces, namely
hydrogen bonds (H---H); besides, C---H/H---C and O---H/H---O
interactions provide directional contacts necessary for the stability
of the crystal. It can be concluded that z---7 and other secondary
interactions have a minor contribution to it.

Figure 9. 2D-Fingerprint plots showing the contribution to the

total Hirshfeld surface area of the molecule.
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Conclusions

The structural and electronic characteristics of the 3-benzyl-
2H-chromen-2-one compound extracted from the Clausena lansium
plant have been thoroughly analyzed using a combination of
experimental measurements carried out via single crystal X-ray
diffraction and theoretical calculations based on the density
functional theory. The excellent agreement between the structural
parameters obtained from geometry optimization at the B3LYP/6-
311G(d,p) level and experimental data clearly suggests that the
applied theoretical approach can be effectively utilized to
accurately characterize the molecular structure of the target
compound. The minor discrepancies in the bond lengths, bond
angles, and torsional angles are reasonable, taking into account the
nature of the DFT method. The analysis of the electronic structure
shows that the molecule displays a high HOMO-LUMO energy
gap, which indicates its kinetic stability and low reactivity. Low
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values of chemical hardness and high values of softness provide
evidence of the molecule’s resistance to external effects. At the
same time, the electrophilicity index, which is available at a certain
value, speaks of the presence of active sites of the molecule that
can react with electron-rich reagents. Studies conducted using the
method of MEP show that the zones of negative potential are
located primarily on oxygen atoms, which indicates their sensitivity
to electrophiles. At the same time, positive values of potential at
the sites of hydrogen atoms show that these areas are prone to
nucleophilic reactions. Analysis using methods of Mulliken and
NPA has shown that there is an uneven distribution of the charge in
the molecule and that oxygen atoms have a negative charge. The
fact that NPA provides more reliable results than Mulliken
calculations made it possible to study intramolecular transfers more
accurately. Hirshfeld analysis of surfaces and fingerprint plots
allow us to study the properties of intermolecular interactions.
From the results of the analyses performed, it is observed that there
are van der Waals forces such as H:--H interactions (46.2%) that
mainly determine the nature of the crystal packing. Other
interactions like C---H/H---C (25.9%) and O---H/H---O (17.0%)
contacts also contribute to the stabilization of the crystal packing. It
was also observed that weak C—H:--O hydrogen bonds are essential
in determining the structure of the crystals. Finally, from the study,
it is clear that 7 - -7 interactions such as those involving C---C (8%)
and others such as the C---O/O---C contact are minor contributors
to the crystal packing of the compound.

To sum up, the current research explains the structure
features of the 3-benzyl-2H-chromen-2-one molecule in terms of its
molecular and crystalline structure. Thus, the results obtained can
be considered a contribution to the analysis of the structural
properties of coumarin compounds and may become an excellent
scientific basis for future research related to this topic.
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BOLUM 0

STRUCTURAL AND ELECTRONIC PROPERTIES
OF NATURALLY EXTRACTED (S)-8-
HYDROXYCHROMENONE

CEM CUNEYT ERSANLI

Introduction

In addition to having vital significance in terms of
molecular biology, the biological molecules’ study in nature is
equally critical from the perspective of biotechnology and
medicine. There have been a number of exhaustive investigations
on the biochemical makeup of algae flora in aquatic environments,
as well as their dynamics and interaction with environmental
factors (Celik & Ongun, 2007; Tezel Ersanli1 & Hasirci, 2013; Tezel
Ersanli & Goniilol, 2014; Hasirc1 Mustak & Tezel Ersanli, 2015;
Deniz & Tezel Ersanli, 2016a; Tezel Ersanli & Hasirci Mustak,
2017; Tezel Ersanli & Oztiirk, 2017; Yilmaz et al., 2018; Deniz &
Tezel Ersanli, 2020a, 2020b; Solak et al., 2020; Aswathy et al.,
2021; Deniz & Tezel Ersanli, 2021a, 2021b, 2022). These findings
indicate that algae are significant organisms nutritionally and
technologically because of their rich fiber, minerals, and proteins,
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low fats, and easily digestible carbohydrates (Serrano et al., 1998;
Sar1 & Tiizen, 2008; Li et al., 2015). On the other hand, the
utilization of algae as bioremediation tools has also witnessed
considerable advancements in recent times. The usage of certain
algae types including Spirogyra sp. and Rhizoclonium sp. as
biological adsorbents for cleaning synthetic dyes from aquatic
ecosystems has already been proven (Deniz & Tezel Ersanli,
2016b). Moreover, the biosorption capabilities of different
macroalgae such as Chaetomorpha sp., Polysiphonia sp., Ulva sp.,
and Cystoseira sp. have also gained extensive consideration due to
their capability to eliminate heavy metals and pollutants through
biosorption (Sart & Tiizen, 2008; Deniz & Tezel Ersanli, 2018a,
2018b). The above findings reveal that algae not only constitute
ecological but also biological resources concerning sustainable
environments. Moreover, microorganisms, especially fungi
including the genus Penicillium, play a critical role in
biotechnology because they have the capacity of producing
biological metabolites and natural products (Pitt et al., 2000;
Frisvad & Samson, 2004; Raja et al., 2017). Natural compounds
isolated from the fungus Penicillium sp. play an essential part in the
production of biological compounds like pharmaceutical drugs,
enzymes, and antibiotics. For instance, (S)-8-hydroxy-3-(2-
hydroxypropyl)-6-methoxy-2H-chromen-2-one  obtained from
Penicillium sp. plays an important role in natural products research
based on structural and biochemical analyses of the molecule.
Within this scenario, the study of natural products at the molecular
level plays a pivotal role in gaining insights into the structural and
electronic nature of the molecule, apart from determining its ability
to adapt to the environment and its biotechnological applications.
Theoretical methods such as the highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) analysis
based on density functional theory (DFT), chemical reactivity,

molecular electrostatic potential (MEP) analysis, Mulliken
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population analysis, natural population analysis (NPA), and
Hirshfeld surfaces (HSs) can prove useful in elucidating the
reactivity and molecular interactions of Penicillium sp. compounds.

The main aim of the current research is to explore the
compound named Berkecoumarin, isolated from Penicillium sp.,
whose systematic name is (S)-8-hydroxy-3-(2-hydroxypropyl)-6-
methoxy-2H-chromen-2-one (Decato et al., 2024), based on a
combination of experiment and theory (Figure 1). With this aim,
the structure of Berkecoumarin derived from X-ray crystallography
data (Decato et al., 2024) was compared with the output of
geometry optimization carried out on the basis of the DFT method
at the B3LYP 6-311(d,p) level; Moreover, charge distribution was
studied using Mulliken and NPA techniques; chemical reactivity
was studied using the frontier orbitals of HOMO-LUMO; the
electrostatic distribution was studied using the maps of the MEP;
and intramolecular interaction was studied in depth using the HS
approach. This analysis focuses on providing a more thorough
insight into not only the structural characteristics of Berkecoumarin
but also into its chemical properties and biological activities.

Materials and Methods

The present experiment was performed with the help of the
X-ray diffraction technique, while the structure of the compound
under investigation has been deposited in the CCDC database by
the number: 2337933; 2331641 (Decato et al., 2024), whereby the
theoretical studies were performed with the help of DFT
calculations with B3LYP hybrid functional.
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Figure 1. The chemical structure of berkecoumarin.
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Experimental geometry of the berkecoumarin molecule was
derived from the work of Decato ef al. (2024), published in X-ray
diffraction experiments on a single crystal of the compound, and
used as an input geometry for theoretical calculations. All quantum
chemical calculations of the studied molecule’s structural and
electronic properties were carried out using the Gaussian 03
program package (Frisch et al., 2004). For this purpose, DFT
calculations were utilized, and the basis set of 6-311(d,p) along
with the B3LYP hybrid functional was selected (Lee et al., 1988;
Becke, 1993). Visualization of optimized molecular geometries,
boundary molecular orbitals, and electrostatic potential surfaces
was done with the aid of GaussView 4.1.2 software (Dennington et
al., 2007). Furthermore, HS analysis was carried out to determine
the type of interactions between molecules within the crystal
lattice, and the results were plotted using the CrystalExplorer 17.5
software (Turner et al., 2017).

Results and Discussion

Berkecoumarin (C;3H;40s5) is an example of a natural
compound having a substitution of 3-alkyl-6,8-dioxy, which is very
unusual for compounds of the coumarin family. The compound has
a wide conjugation system as it consists of hydroxyl and methoxy
groups along with the chromone skeleton. Experimental evidence
showed that the absolute configuration of the compound is S-
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enantiomer; this is seen as an important criterion from a biological
point of view.

Figure 2. (a) Experimental structure and (b) optimized structure of

the compound.
05

c12

()

The experimental results obtained for single crystal X-ray
diffraction and theoretical calculations carried out for geometric
parameters based on the Gaussian 03 software employing the
DFT/B3LYP/6-311(d,p) basis set are shown in Table 1 and Figure
2. When the bond lengths shown in Table 1 are carefully



considered, it is seen that there is a high degree of correlation
between experimental and theoretical results. The O1-C1 bond
length of the carbonyl group was found to be 1.217 A from
experiments and 1.203 A from theoretical calculations. Such
findings illustrate that the current level of theory properly accounts
for the nature of the carbonyl bond (Frisch et al., 2004). In addition,
it should be noted that according to previous DFT studies
conducted on similar coumarin analogues, the typical value of the
C=0 bond length equals 1.20-1.22 A. As it can be seen, the bond
lengths of the current system O2-C6 and O4-C1 (ethereal and ester-
like nature) also perfectly agree with such experimental findings.
This is because the bond lengths are critical parameters that can be
affected by the distribution of electrons and resonance; it is for this
reason that the agreement between experimental and theoretical
values makes it credible (Kumar et al., 2020). The same goes for
the bond length values for O3-C8 and O5-C11 bonds which have
no considerable discrepancy from coumarins and their analogues
reported in the literature. Bond angle assessment reveals high levels
of agreement between experimental and theoretical values for O1-
C1-04, O1-C1-C2, and 04-C1-C2 angles especially in the vicinity
of the carbonyl carbon atom. This finding proves that the sp*-
hybridized atoms in the molecule have been accurately described.
Also, the 02-C6-C7 and O3-C8-C9 angles in the aromatic system
have been accurately estimated theoretically. According to
scientific literature, such angles in aromatic and heteroaromatic
systems lie in the range of 118-122°, and the obtained results are in
line with it. After studying the dihedral angles, it becomes evident
that the Berkecoumarin molecule has a flat geometry. For example,
the O2-C6-C7-C8 and O3-C8-C9-C4 dihedral angles amount to
nearly +180°, which means that 7-conjugation has been maintained
(Kumar et al., 2020). This is vital when it comes to the electronic
structure and biological activity of the studied molecule. According

to scientific literature, the planarity of coumarin derivatives is
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important, especially in their interactions with the binding sites of
enzymes. Nonetheless, there was a relatively greater difference
between the experimental (67.3°) and theoretical (61.1°) values of
the C2-C10-C11-O5 dihedral angle. Such a discrepancy arose
because of the conformational mobility of the side chain. Whereas
intermolecular forces in the crystalline lattice, such as hydrogen
bonding and van der Waals forces, could affect such dihedral
angles, density functional theory computations executed in the gas
phase could fail to capture such influences (Frisch et al., 2004). In
a similar vein, comparable differences have been noted in other
studies on coumarin derivatives with side chains analogous to those
present in the target compound. The main contributors to such
differences in experimental and theoretical values are crystal
packing, thermal effects, and the environment. However, the
overall consistency between theoretical and experimental values
indicates that the B3LYP/6-311(d,p) level of theory could be used
as a suitable approach for analyzing the structure of natural
products like Berkecoumarin. Indeed, the results suggest that
density functional theory is an efficient technique for analyzing
conjugated systems like coumarin derivatives. Moreover, the
planarity of the molecule and its conjugated z-system are structural
parameters that correlate well with biological activities in the
literature.

Table 1. Selected ground-state geometrical parameters of I:
experimental and optimized values. Bond lengths (A) and bond
angles (°) are given together with their standard deviations in

parentheses.
Bond Distances, Bond  Experimental (Decato ef Theoretical
and Torsion Angles al., 2024)
01-C1 1.217 (3) 1.20340
02-C6 1.369 (3) 1.36137
02-C13 1.428 (3) 1.42115
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03-C8
04-C1
04-C9
05-Cl11
C6-02-C13
C1-04-C9
01-C1-04
01-C1-C2
04-C1-C2
04-C9-C4
04-C9-C8
05-C11-C10
05-C11-C12
02-C6-C5
02-C6-C7
03-C8-C7
03-C8-C9
02-C6-C7-C8
03-C8-C9-C4
C1-04-C9-C8
C2-C10-C11-05
C4-C5-C6-02
C5-C4-C9-04
C6-C7-C8-03
C13-02-C6-C7

1.358 (3)
1.369 (3)
1.378 (3)
1.434 (3)
116.4 (2)
122.0 (2)
116.5 (2)
125.9 (2)
117.6 (2)
121.7 (2)
116.6 (2)
110.3 (2)
106.5 (2)
124.9 (2)
114.7 (2)
119.9 (2)
122.0 (2)
-178.5 (2)
179.7 (2)
179.6 (2)
67.3 (3)
178.5 (2)
-177.5 (2)
178.7 (2)
177.5 (2)

1.35472
1.39267
1.37099
1.42980
118.413
122.554
117.694
126.026
116.281
122.302
116.251
110.855
106.648
124.651
114.707
120.374
120.927
-179.983
-179.914
179.517
61.139
179.985
-179.914
179.991
179.826

On analyzing the distribution of the HOMO and LUMO
orbitals, it becomes evident that the HOMO is mainly distributed
over the chromone ring structure and specifically over the oxygen
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HOMO, LUMO, Global Reactivity Parameters, and MEP

atoms present near the hydroxyl and methoxy groups. This suggests
that these parts of the molecule are rich in electrons and hence are
possible active sites against electrophile attack. On the other hand,
it was established that the LUMO orbital is distributed over the



entire conjugated system and is localized specifically on the
carbonyl group (Geerlings et al., 2003; Roy et al., 2015).

Figure 3. (a) HOMO and (b) LUMO of compound.

HOMO

LUMO

The energy difference (4E = 4.0564 eV) obtained from the
calculated Ernoyo (—6.2102 eV) and Epumo (—2.1538 eV) values
indicates that the molecule possesses high electronic stability
(Figure 3). The wide HOMO-LUMO energy gap is associated with
low polarizability and limited chemical reactivity, indicating that
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the molecule exhibits a structure resistant to external influences
(Parr & Yang, 1989; Domingo et al., 2016). Global reactivity
parameters  quantitatively  support  this  finding.  The
electronegativity (y = 4.1820 eV), derived from the ionization
energy (/) and electron affinity (4) values, indicates that the
molecule’s electron-withdrawing tendency is balanced. The high
chemical hardness (7 = 2.0282 eV) value indicates that the system
is resistant to charge transfer, while the low softness (S = 0.2465
eV™") value confirms that the molecule has limited reactivity.
According to the values of the electrophilic index (v = 4.3115 eV),
one can assume the presence of an adequate electrophilic nature of
the compound and its ability to react with nucleophiles under
appropriate conditions (Chakraborty et al., 2021; according to the
Conceptual DFT approach). If all the results obtained are combined
into a single picture, then the localization of the HOMO shows
electron-donor areas in the structure of the compound, whereas the
spatial arrangement of the LUMO determines the areas of
electronic acceptors. The quantitative data of global reactivity
characteristics prove the above conclusions made regarding the
molecular orbitals. In this regard, Berkecoumarin is described as a
highly conjugated and electronically stable reactive system. These
features imply that the substance might provide some benefits in
regard to selective bonding and forming a stable complex when
interacting with biological target molecules (Domingo et al., 2016).

The MEP values are in the range of —4.722 x 107 a.u. to
+4.722 x 107 a.u. (Figure 4). Such values reflect a unique charge
distribution existing within the molecule and prove the substantial
participation of electrostatic interaction in the process of molecular
recognition. The negative electrostatic potential zones (in red) tend
to be located mostly near oxygen atoms, whereas the positive
electrostatic potential zones (in blue) appear near hydrogen atoms
(Murray & Politzer, 2017).
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Figure 4. MEP map of compound.

4.722 X 10 .00 4,722 X102 a.u.

In particular, it has been established that the O1 atom (-
0.0463747 a.u.), as well as the O5 atom (-0.0414160 a.u.), have the
maximum negative potential. The mentioned data suggest that the
discussed oxygen atoms have electron excesses and can easily
interact with the substances having electrophilic behavior.
Furthermore, the discussed atoms are important in relation to their
ability to create hydrogen bonds. At the same time, the H50O atom
(+0.0415928 a.u.) and H30 atom (+0.0443541 a.u.) are associated
with hydroxyl groups, thus being positively charged and serving as
donors of hydrogen bonds. This suggests that the molecule may
play an active role in intermolecular interactions (Politzer et al.,
2013). From the MEP of Berkecoumarin, it can be seen that this
molecule has a polar nature, and there is an intramolecular charge
transfer from the oxygen atoms to the z-conjugated system. Even
though the negative and positive regions are evenly distributed in
the molecule, it can be stated that the compound has a structure that
is compatible with nucleophilic as well as electrophilic reactions.
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Finally, it can be stated that reactive sites in the compound were
determined through MEP calculations, and oxygen atoms can be
considered as electrophilic targets whereas hydroxyl hydrogen
atoms as hydrogen bond donors. These electrostatic properties
provide important insights into the molecule’s binding behavior in
biological systems and molecular recognition mechanisms.

Mulliken and NPA

The results of Mulliken and NPA analysis offer significant
details regarding the electronic configuration and reactive character
of the molecule. As seen from the above data (Table 2), all oxygen
atoms (O1-05) are characterized by a significantly negative charge.
In addition, it can be noted that the O5 atom (-0.76482 e, NPA) and
03 atom (-0.64609 e, NPA) are considered the most nucleophilic
elements of the compound. In addition, the high value of the
negative charge demonstrates that oxygen atoms show a high
ability to react with electrophiles and also possess specific
hydrogen-bond-acceptor properties (Lu & Chen, 2012; Politzer et
al., 2013). All carbon atoms (C1-C6) within the aromatic ring show
various charge values depending on their chemical environment. In
particular, the very high positive charge on the C1 atom (0.76708 e,
NPA) points to significant electron deficiency in the mentioned
atom; hence the area becomes prone to electrophilic attack. On the
contrary, other aromatic or aliphatic carbon atoms having either
low positive charges or even negative charges result in
heterogeneity of the reactive properties of the compound. Such a
scenario accounts for reactivity differences in specific parts of the
molecule (Roy et al., 2015). As for the charges on hydrogen atoms,
one notices the very high positive charge on hydrogen atoms H30
(0.46334 e, NPA) and H50 (0.45417 e, NPA). This effect makes
the hydrogen atoms in the molecule more prone to be hydrogen
bond donors and improves their ability to interact with other

molecules. In this regard, it is known that such acidic protons
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significantly contribute to hydrogen bond formation and stability
(Murray & Politzer, 2017). A comparison of Mulliken and NPA
charges reveals that the latter produces more clear-cut charge
distributions. This is because it is known that due to the strong
dependence of Mulliken charges on the basis set used, they are
often more scattered and method-dependent (Lu & Chen, 2012;
Domingo et al., 2016). Hence, NPA charge distribution provides
more reliable data concerning the molecular reactivity. In turn, the
charge distribution analysis allows us not only to reveal the reactive
sites of the molecule but also predict the hydrogen bonding and
other electrostatic interaction patterns. Considering all these
findings together with HOMO-LUMO orbital calculations and
MEP outcomes makes it possible to get a more comprehensive
picture of the electronic structure of the molecule. In addition,
considering the results of the analysis of the charge distribution
along with the concepts of frontier orbitals allows one to make
more complete conclusions concerning the reactivity properties and
bonding tendencies of a given molecule (Geerlings et al., 2003;
Domingo et al., 2016). Therefore, the application of both Mulliken
and NPA approaches is essential for revealing the connection
between electronic features of a molecule and its reactivity.
Moreover, such an integrated approach helps understand better the
biological properties, interactions with ligands, and practical uses
of molecules in pharmaceuticals. Therefore, in theoretical studies in
chemistry, Mulliken and especially NPA methods cannot be
overlooked.

Table 2. Mulliken and natural population analysis.

Atom Mulliken Natural Atom Mulliken Natural

o1 -0.310269 -0.58519 C12 -0.268188 -0.55112
02 -0.348206 -0.52004 C13 -0.134011 -0.15464
03 -0.350544 -0.64609 H3 0.101277 0.17966
04 -0.357136 -0.52020 HS 0.099339 0.18365
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05 -0.400936 -0.76482 H7 0.119799 0.20227
C1 0.438478 0.76708 H10A 0.131991 0.20482

C2 -0.340055 -0.08678 H10B 0.112976 0.18842
C3 0.100755 -0.12004 H11 0.123205 0.15041
C4 -0.124093 -0.08610 H12A 0.118106 0.19249
Cs -0.100075 -0.28584 H12B 0.106322 0.18569
Co 0.175644 0.35948 H12C 0.104987 0.18387
c7 -0.075886 -0.25978 H13A 0.112842 0.15178

C8 0.180363 0.32484 H13B 0.112861 0.15254
Cc9 0.159711 0.25479 H13C 0.134572 0.17204
C10 -0.136653 -0.40562 H30 0.263388 0.46334
C11 0.015767 0.21492 HS50 0.233669 0.45417

HS Analysis and Intermolecular Contacts

HS analysis is considered an efficient method for measuring
the interactions that exist between molecules of molecular crystals.
HSs along with fingerprint plots depicted in this study were
obtained through Crystal Explorer 17.5 (Turner et al., 2017). The
d,..-m refers to the normalized contact distance and its value can be
determined using the following formula:

vdw vdw
di —71; de —Te

i
dnorm - vdw vdw

7; T,

where d. is the distance between a point in the surface and the
closest nucleus that is located outside of the HS, while d; is the
distance between a point in the surface and the closest nucleus
located inside the HS; r®¥ represents the van der Waals radius of
the atom that is inside the HS, whereas r®" is the van der Waals
radius of the atom that is outside the HS (Kanmazalp et al., 2019;
Kansiz & Dege, 2018).

An analysis of the intermolecular forces in the structure of
the molecule was performed utilizing the three-dimensional HS
(see Figure 5), plotted according to the d,,., parameter. This type
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of surface is created through normalization of intermolecular
contacts based on van der Waals radii, making it possible to
differentiate short- from long-range contacts.

Figure 5. The view of the three-dimensional HS plotted over dyom.
Symmetry codes: (i) x-1/2, -y+3/2, -z+1; (ii) x+1,), z.

It should be mentioned that the red regions seen on the HS
displayed in Figure 5 correspond to intermolecular contacts that
can be characterized by the negative value of the d,,, parameter,
which means that they are shorter than the van der Waals contact
distance. It is important to highlight that the presence of such red
regions between hydrogen and oxygen atoms demonstrates that the
O---H interactions are common in the structure considered. They
can be defined as hydrogen bonds and form one of the main
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stabilizing forces that have great importance for crystal packing
(Spackman et al., 2021; Turner et al., 2017). As for the white and
blue regions identified on the HS, the former correspond to
interatomic contacts approaching the van der Waals radii, whereas
the latter denote weak interatomic contacts. It can be seen from this
color chart that strong (short range) and weak (long range)
intermolecular interactions exist in this crystal structure, and that
these interactions are responsible for stabilizing the crystal
structure through a three-dimensional network (McKinnon et al.,
2004). HS analysis with respect to d,,» has been able to shed light
on the type of intermolecular interactions and more importantly on
the fact that short range interactions between hydrogen and oxygen
atoms are crucial in stabilizing the crystal structure. In this context,
the findings provide significant insights into the solid-state
properties of the compound (Spackman & Jayatilaka, 2009).

To offer a more comprehensive understanding of the
molecular properties related to the compound’s intermolecular
interactions, different parametric plots of the HS have been
assessed simultaneously (Figure 6). With regard to the nature of
intermolecular interactions in the crystal structure, d norm, inner
contact distance (d;), outer contact distance (d.), shape index,
curvedness, and fragment patch analysis surfaces have been
considered. Amongst these, although the shape index surface offers
important information regarding z-w stacking interactions, the
curvedness plot has been used to effectively understand the flatness
of the surface and contact zones. On the other hand, fragment
patches offer useful information in distinguishing between
individual fragment contributions (Turner et al., 2017; Spackman et
al.,2021).

--65--



Figure 6. HS analysis of the compound with d,rm, d;, d., shape
index, curvedness, and fragment patch.

444

dnorm
Shape index Curvedness Fragment patch

dnorm surface constitutes an important factor when assessing
the strength and closeness of intermolecular interactions in a given
molecule. It was noted in the experiment that the values of d,m
surface ranged between -0.6462 and 1.2340. In the event that the
value of d,, 1s negative, then it implies a situation where there is a
strong interaction at a contact distance smaller than the van der
Walls’ contact distance. On the other hand, the situation when the
dnorm value 1s positive implies a weak interaction at larger contact
distance. This means that the reddish regions in Figure 6 depict
strong interactions, white and blue depict moderate and weak
interactions respectively. Visualizing the above surfaces is
important since they depict the presence and intensity of
intermolecular interactions (McKinnon et al., 2004; Spackman et

al., 2021). The d; and d, surfaces, representing the inner and outer
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contact distances, respectively, play a significant role in
understanding the direction and reciprocal nature of interactions. In
this case, it is found that d; values vary from 0.7099 to 2.4256 A,
whereas d, varies from 0.7097 to 2.3226 A. These variations mean
that there exist strong short range and weaker long range
intermolecular interactions between the molecule and its
surrounding. Notably, those areas where both low d; and d, values
coexist have been identified as areas where strong intermolecular
interaction takes place (Turner et al., 2021). The shape index
surface whose value lies within —1.0000 to 1.0000 provides the
possibility of identifying concave and convex areas on the
molecular surface, allowing analysis of intermolecular geometry
complementarity. The characteristic alternating distribution of
colors on the surface makes it easy to understand complementary
surface geometry, especially where there is z-stacking interaction.
The Curvedness surface value falls between —4.0000 and 0.4000.
Curvedness is defined as low for wide and flat surface geometries
and as high for smaller and sharper geometries. These studies show
how surface geometry has a direct correlation with the kind of
interactions (Spackman & Jayatilaka, 2009). The fragment patch
study (between 0.0000-13.0000) shows that there are
intermolecular contacts in certain regions of the surface and that
these regions act as interaction centres. This means that there are
certain specific regions on the surface where interactions are not
randomly distributed. These specific regional concentrations have
an important role in influencing crystal packing (Spackman et al.,
2021). From the above discussion, it can be seen that various types
of HS analyses provided in Figure 6 confirm how interactions in
the molecule can be studied quantitatively with respect to distance
and surface geometry. This is made possible by analyzing the dyo/m,
d; and d. parameters along with shape index and curvedness
analysis. Thus, there is no doubt that these analyses make

considerable contributions to crystal packing and molecular studies.
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Detailed investigations of the relative distribution of
intermolecular interactions in the crystal structure of the compound
were conducted using two-dimensional (2D) fingerprint plots
(Figure 7). The fingerprint plots provide information on the ratios
of contributions of various contacts towards the total area of the HS
as well as their typical distribution pattern, thus making it possible
to identify the main mechanisms of interactions in the crystal lattice
(Turner et al., 2017; McKinnon ef al., 2004).

Figure 7. The 2D- Fingerprint plots showing the overall
contribution to the total HS area and the individual percentages of
the diverse intermolecular contacts of the molecule.
2.4 de | ‘ ) ds
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The 2D fingerprint plots provided in Figure 7 demonstrate
the quantitative pattern of intermolecular interactions in the crystal
structure of the compound. From the results of the analysis, it is
evident that H---H bonds are the most dominant interaction type,
representing 46.4% of the interactions. The large contribution is
attributed to the abundance of hydrogen atoms on the molecular
surface, suggesting that van der Waals interactions dominate in the
crystal packing. While H---H contacts belong to the category of
weak interactions, it is noteworthy that they have been shown to
contribute substantially to the stability of the crystal structure
because of their significant percentage contribution (Spackman et
al., 2021; McKinnon et al., 2004). The second most dominant
interaction type is O--*H/H:--O contacts, contributing 27.8%.
These are direction-dependent and selective interactions associated
with hydrogen bonding, involving oxygen and hydrogen atoms.
The significant contribution suggests that hydrogen bonds are
critical to the crystal structure and provide guidance for
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intermolecular ordering (Spackman & Jayatilaka, 2009). If one
considers the contacts with lower contribution values, one can
notice that C---H/H---C contacts are characterized by 13.9% of
contribution value. They may be classified as weak C—H:-7 or
hydrophobic contacts. They provide additional contributions to the
three-dimensional structure organization of the crystal. Moreover,
O---C/C---O contact contribution of 8.5% reflects the presence of
weak directional interactions between oxygen and carbon atoms
(Turner et al., 2017). Finally, it was stated that O---O (2.2%) and
C---C (1.2%) contacts have contribution rates that are extremely
low. It is indicative of the limited scope of == stacking
interactions. The contribution rates of oxygen-oxygen contacts in
crystal structure is rather small as well. Thus, the contribution rate
of C:---C contact points to the absence of strong surface overlap in
the studied aromatic system (McKinnon et al., 2004). As a result of
2D fingerprint analyses, it is possible to state that the crystal
structure formation in question is mainly governed by two factors:
weak van der Waals interactions (H---H) and directed hydrogen
bonding (O---H/H:--O). These two fundamental interaction types
play a complementary role in both ensuring structural stability and
determining intermolecular ordering. It is important to realize that
there are other weak interactions playing an auxiliary role in the
framework of this interaction network. Therefore, the percentage
contributions gained using 2D fingerprints become indicative of the
significance of the intermolecular interactions and contribute
substantially to the evaluation of the compound from the viewpoint
of crystal engineering. In particular, the method appears superior in
terms of identification of interactions, both in their type and
relative strength (Turner ef al., 2017; Spackman ef al., 2021).
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Conclusions

The current research work explores the structural,
electronic, and crystal packing features of (S)-8-hydroxy-3-(2-
hydroxypropyl)-6-methoxy-2H-chromen-2-one  (Berkecoumarin)
compound using a combination of experimental analysis and DFT
methods. The findings of the current work are indicative of the
validity of the adopted approach and highlight the key aspects
related to the behavior of the molecule from the chemical
standpoint. Comparisons of the geometrical parameters have shown
that computations carried out at B3LYP/6-311(d,p) level
demonstrate a high degree of agreement with experimental data
obtained via X-ray diffraction method. In other words, the adopted
computational method can effectively model the structural behavior
of conjugated coumarin molecules. Planarity and extended z-
conjugation system are regarded as valuable characteristics of
Berkecoumarin in terms of electronic properties and its interaction
with biological environment. Analysis of the frontier orbitals of the
molecule suggests that the HOMO is distributed over electron-rich
zones (mainly near oxygen atoms) and LUMO demonstrates
delocalization across the z-system. The large energy gap between
HOMO-LUMO orbitals calculated for the compound suggests the
high electronic stability and low reactivity of the molecule. This
idea is further reinforced by global reactivity parameters which
clearly indicate the balanced electronegativity, high chemical
rigidity, and poor molecular flexibility of the compound. It follows
from the above analysis that Berkecoumarin is indeed a stable
molecule with controlled reactivity. As per MEP analysis of the
molecule, there is an electrostatic charge distribution observed in
the molecule where oxygen atoms are the negative potential
regions being prone to electrophilic attack. Hydroxyl hydrogen
atoms on the other hand form the positive potential region with
hydrogen bond donating property. Results obtained from Mulliken
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and NPA analysis also reinforce the above findings with oxygen
atoms Dbehaving as strong nucleophilic centers and charge
distribution being non-uniform in nature. Since NPA charge
distribution values prove to be more accurate, NPA technique is
thus a better choice for studying reactivity parameters. The HS
analysis and 2D fingerprint plots have quantitatively and
graphically demonstrated the nature of intermolecular interactions
within the crystal structure. From the results of this analysis, it can
be observed that the crystal packing depends on H---H van der
Waals interactions (46.4%) and O---H/H---O hydrogen bonds
(27.8%). The above interactions complement each other to stabilize
the crystal lattice. Other lower-frequency C---H, O---C, and other
intermolecular interactions act as auxiliary contacts to these
interactions. Additionally, shape index and curvedness analyses
have detailed the intermolecular geometric fit and surface
character.
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