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KBaHTHOXeM1jcKO Mpoy4daBarbe CyIpaMoJIeKyJICKMX CTPyKTypa ryaHMHa

Caxkerak

I'yvanuHu m OepuBaTy IyaHMHa WCIIOJbaBajy CIIOCOOHOCT Jla ce caMOOpraHu3yjy y
pa3HOJIMKe CyIIpaMoJIeKyJICKe CTPYKType y OMOJIOIKIM aIv ¥ HeOMOJIOMIKMM CpeArHaMa.
IIpucycTBO MOHOBaJIEHTHOT WJIV JBOBAJICHTHOT KaTjoHa y OBaKBVMIM CHCTeMMMa AVKTUpa
caMoopraHmusalyjy y TyaHMHCKe KBaJIpyIUIeKce WM TyaHMHCKe HaHOTpake, Koju
Ipe/ICTaBsbajy IOTeHIMjaJIHe KaHOuaaTe y BUy CyIIpaMOJIeKYJICKMX IUIaTpopMu 3a
IpVIMeHe y OKBUPY MoJIeKyJlapHe eJIeKTPOHUVKe. Y JKMBUM OpraHM3MIMMa, I'yaHVHCKU
KBaJIpyIUIeKCH Cy MAeHTU UKOBaHM Kao TepalleyTCKy pervoHu y TymMopHuM hennjama,
uyja cTaOwMsalyja ca pas/JIMUYUTHM JIMTaHOMMa MOXe 3ayCTaBUTU aOHOpMasIHY
pexkoMbOmHaIujy. MopepHe KBaHTHOXeMMjcKe MeTozie MHOIyT (BpeMeHCKI-3aBVICHe) Teopuje
dyHKIIMOHaJIa T'yCcTMHe M MeTofe YBpPCTe Be3e 3acHOBaHe Ha Teopuju (yHKIIMOHasa
IryCTMHe IIpyXajy OwuTHe [eTajbe KapaKTepuCTMKa TIyaHMHCKMUX KBaJpyIUleKca U
MOJIEKYJICKMX HaHOTpaKa IyaHMHa Ha aTOMCKOM HMBOY. Y OKBUpPY OBe Ayceprailyje,
VICIIUTAHO je HeKOJIMKO HajOMTHMjUX OCOOMHA I'yaHMHCKMX KBaJpyIUIeKca ¥ I'yaHMHCKMX
HaHOTpakKa [eKopucaHMX pwIleHcKMM Oojama. Hajmpe je mcrpaxkeH yTuIlaj kKaTjoHa Ha
vHpalupBeHy CHeKTpaJHV OJI3MB TI'yaHMHCKOI KBaJpyIlUuleKca Kaja WHTeparyje ca
pasIMYnUTM KOMIUIEKCMMa MeTajonopduprHa, KOju MMajy IIOTeHIMjaJl Kao JIEKOBU Y
TpeTMaHy TyMopa. VIHTepakiuja MeTasonpodvpyHa M I'yaHVHa IIPOY3POKYyje IIpoMeHe
CHeKTpaJIHMX KapaKTepucTuKa ucTexyhe BuOpaliije kapOoHWIHe rpyle ryaHMHa Y
OKBUPY KBajlpyIUIeKca, IIITO ce MOXKe yIIOTpeOUTH Kao MapKep 3a MCIUTUBaH-e CIMYHMX
MOTeHIIMjaJIHNX JIeKOBa y TpeTMaHy Tymopa. VicTpaxeH je M adMHUTET CUHTeTMCAHWX
KBaJIpyIUlekca Ka Be3MBalby [IBOBaJIeHTHMX KaTjoHa KoOopAuHMcaHMX W3MeDy cBakor
CyCeIIHOT cJIoja Yy KBaJpyIUIeKcy ¢ 0031poM [a OBaj HauMH Be3VBaiba JBOBaJIEHTHNX jOHa
MOJXKe JIOBeCTU [I0 M3MeHe KapaKTepucTMKa HMCKO IoOybeHmx crama oBMX cucTema. Y
BOJIEHO] CpelIVHW, CyHpaMOJIeKyJICKM [IM3ajH, KOju yK/bydyje KBapTeT IMTO3VHa ca
MoJIeKyJIMMa Bofle n3Meby faBa ryaHMHCKa KBapTeTa, MOXe [la KOOPAVHMIIe [JBOBajleHTHe
KaTjoHe m3MeDy cBakor cycemHor cjioja 4ymHehm oBe CTpyKType WMHTepecaHTHUM 3a
onToesekTpoHcke HameHe. C THM y Be3, IToceOHa ITaKiba je ImocseheHa yTuIlajy KaTjoHa Ha
nobybeHa cTama ca pasfBajarbeM HaeleKTpiicarba Y OKBUPY OBUX crcTeMa. YTBpbeHoO je 11a

KaTjOHM aJIKaJIHVX MeTajla, KOj Cy Y BeJIMKOj Mepy IPUCYTHW Y KBaJpyIUIeKCUMa, IIpU



OMOJIOMIKMM yCIOBMMa HWUCY CIHOCOOHM [a 3HayajHO yTMdy Ha HoOybeHa crama
VCIIMTMBAaHMX KBaZpyIUIeKca. VIcTo BaXku 11 3a cJIydaj KaTjoHa 3eMHOIKaJTHVX MeTasla, KOju
Cy KOOpAaMHMCcaHU M3Meby cBakor IpyTor cioja KBagpyiuvlekca. C gpyre cTpaHe, ITOJIOXaj
MaKCUMyMa (pIIyOpecIieHTHOT cIleKTpa je Moryhe M3MeHWTV ca pa3IMauTUM KaTjoHMMa
anKayiHMX MeTasa. Kama ce [BoBajleHTHM KaTjoHM TIIocTaBe w3MeDy cBakor cioja
KBaZIpyIUIeKca, IIpesiasyi ca IIPeHOCOM HaeJleKTpricarba Cy 3HauajHO CTaOIIN30BaHM IIITO je
Ba)kKHO Ca acIiekTa IIOTeHIVjaIHe IIpMeHe OBVIX CHCTeMa Y omnToesleKTpoHuy. Ha camom
Kpajy pazia, MCIMTaHa je caMOOpraHm3aIyja 1 ONTu4Ke ocoOMHe TyaHMHCKMX HaHOTpaKa
dopMmpaHMx of ryaHMHa KOjU Cy CYICTMUTYVMCAHV PIWIEHCKMM OojamMa Ha ITOBPIIVHN
rpadena. ['yaHmHCcke HaHOTpaKe CYICTUTyMCaHe pWIEHCKMM OojaMa, Kao ¥ BOAOHWYHO
Be3aHe MOJIEKYJICKe MpeJke VCII0JbaBajy TeHIeHINjy Ka popMupary TaHKMX MOJIEKYJICKMX
dmMoBa, Koju MOKpMBajy BesIvKe IOBpIIMHe 1 Koju MebycobHO mMajy cimaHe ocoOnHe
nobybeHnx enekTpoHckMx crama. OBO yKasyje Ha HpWCYCTBO HOyToXmBehmx crarka ca
TIOTIIYHWUM pas[BajarbeM HaeJIeKTpucama, IITO je 3HadajHO ca acreKkTa IIpuMeHe Y

OIITOEJIEKTPOHNIIN.
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Quantum chemical study of guanin supramolecular structures

Abstract

Guanine and its derivates tend to self-assemble into various different supramolecular
architectures in both biological and non-biological environments. Presence of the
monovalent or divalent cations in the system dictates self-assembly into guanine
quadruplexes or G-ribbons which represents promising supramolecular platforms for
molecular electronics application. In vivo, guanine quadruplexes are identified as
therapeutic regions in tumorous cells whose stabilization with different ligands can prevent
abnormal recombination of the cell. Modern quantum chemical methods such as (time-
dependent) density functional theory and density functional based tight binding can
provide valuable atomistic insights into the characteristics of diverse guanine quadruplex
and ribbon nanostructures. In this thesis, several key characteristics of the guanine-based
quadruplexes are addressed as well as the rylene dye decorated guanine ribbons. Firstly,
infrared spectral fingerprint of the potential anti-tumor drug metalloporphyrin complexes
has been studied and results suggested that the presence of the different cations within the
metalloporphyrin system can modulate spectral characteristics of the guanine quadruplex
carbonyl stretching mode, which can serve as a marker for future studies of the similar
promising anti-tumor drug candidates. Affinity of the synthesized quadruplex structures
towards divalent cations imposed between every adjacent quadruplex layer has been
examined since this binding mode of the divalent cations is able to modulate excited state
properties of these systems. In aqueous solution, the supramolecular design associated with
water-mediated cytosine quartet imposed between guanine quartets could be able to host
divalent cations in the unusual binding mode which makes these quadruplexes interesting
candidates for optoelectronic applications. Therefore, special attention is dedicated to
understand interplay between the cation types and the charge separation states of these
systems. It has been determined that biologically abundant alkali metal cations are not able
to significantly modulate excited state properties of the studied quadruplexes. The same
holds for the alkaline earth cations when imposed between every other layer within the
quadruplex. On the other hand, maxima of the fluorescence spectra could be modulated
using alkaline cations. When using divalent cations imposed between every quadruplex

layer, charge transfer states are significantly modulated (stabilized), which is also important



from the aspects of optoelectronics. At the end of the thesis, self-assembly and the optical
properties of the rylene dye decorated guanine supramolecular architectures on the
graphene surface is studied. Both rylene decorated guanine ribbon and reference hydrogen
bonded organic frameworks tend to form molecularly thin films that cover large surface
area with similar electronic absorption properties. These findings suggest a presence of the
prospective long-living charge-separated excited states, which can be significant for the

optoelectronic applications.

Keywords: quadruplex, guanine, excited states, charge separation, self-assembly,

electronics, density functional theory
Scientific field: Physical chemistry

Scientific discipline: Physical Chemistry - Quantum Chemistry, Physical Chemistry -

Spectrochemistry, Physical Chemistry - Chemical Thermodynamics, Materials
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1.YVBon

[TprmMapHa yjiora HyKJIeOTUIHMX a30THMX 6a3a vy Hykileo0asa y ()KMBOM) CBETY
KakaB IIO3HAjeMO je Jla Cy OHe YMHMOLV OCHOBHMIX TIPaJVBHVX KOHCTUTYyeHTa
HYKJIEMHCKIMX KICeJIMHA. 3axBasbyjyhn jenHCTBeHOM MOJIEKYJICKOM IIpello3HaBamby,
HYKJIeOTV/IHe a30THe Oa3e 1Majy CIIOCOOHOCT Ja ce OpraHM3yjy y M3y3eTHe OVOIOMKN
pesieBaHTHe CTPYKType noMmohy 138. Botcon-Kpuxk (Watson-Crick, eHrs.) ciapuama
BofoHMYHMX Be3a.lll OBakap HauMH camoopraHmsalyje HykJIeobasa je M3y3eTaH C
003MpoM /ia Ipy>ka HauMH 3a CKJIaUIITe e FeHeTCKMX MHPOopMaliyja eCeHITMjaTHIX
3a passuhe, pyHKIIMOHMCae 1 PeIpOAYKIINjY CBUX ITO3HATMX OpraHu3aMa. 3ajeIHO
ca meHtosHuM Imehepmma m docdarHM rpymama, HykiIeobase dopmupajy
HyKJIeOTHzle KOju IIpeJicTaB/bajy TpajuBHe OJIOKOBe TOJIVMMEPHMX MOJIeKyJia
MO3HATHUjUX Kao MOJIMHYKIeoTHau. ITommMHyK/IeoTuIHM HU3 caM 110 cebu ITpeficTaBsba
NpUMapHy CTPYKTYPYy HYKJIEMHCKMX KHCe/IHa, [JOK IIoMeHyTo Borcon-Kpuk
capuBame HyKIeoOa3a IOBOAM 10 popMMparba KapaKTepUCTUIHYIX (KAaHOHIHVIX)
CeKYHApHMX CTPyKTypa HYKIeMHCKMX KMCeJIMHa (HIOp. AyIUIM XeJIUKC KOJI
ne3okcupubonykitenHcke kvcenvHe - JTHK, Cimika 1.1.8). Ilopen momenyTor Botcon-
Kpux cnapmsama HykieoOasa, onpebene HykileoOase IOKasyjy CIIOCOOHOCT f1a ce
Mebycobno criapyjy u T38. XyrcruHosuM (Hoogsteen, eHIII1.) TUTIOM BOTOHWYHMX Be3a
(Cmka 1.1.e)2l. OBaj i crmapmBarba HykTeobasa JOBOAM MO IIOjaBe Pa3sHOJIMKMX
(HeKaHOHMYHMX) CeKyHIapHMUX CTPYKTypa HykienHcKux kucenvHa (Cmka 1.1.0-b).
Ca oBakBMM KapaKTepUCTMYHVM THUIIOM CIlapMBamba Ce IoCe0HO MCTuYe TyaHWH.
ITosHaTo je ja y CTpyKTypaMa Ha KpajeBrMa JIMHeapHMX XpOM0o30Ma II0CToje o01acTu
Koje cy Oorare ryaHmMHMMa ¥ y KOjuMa ce jaBjbajy HeKaHOHWYHe CeKyHIapHe
CTPYKType ca MHTepecaHTHVMM 3allITUTHVM OVMOJIOIIKVM CBOjCTBVMA ITOITYT JIOKaJIHe
crabwmsanmje XpoMo3oMa ¥ CIIpedaBarba aOHOpMasiHe pekoMOmHartmjel3l-lel. Y
OKBMPY HEKaHOHWYHMX CeKyHIapHMUX CTPYKTypa, Y umjeM popMuparmy ydecTByje
ryaHVH, MOTY Ce YOYWUTV eKBMBaJeHTHWM CyIIpaMOJIeKYJICKM MOTUBWU. JemaH oOff
Hajuyerrhux M Hajje/THOCTaBHMjM TUII OBMX MOTMBA je T3B. r'yaHuMHcKM kBapTeT (G-

quartet, enri. - Gy, Cmnka 1.2.)B. TTpu in vivo ycimosumMa, y TenomepHoj JHK (Tepmm-
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Xyrcn‘um}a CTpaI ia
A A A
T X \.0_/A

Borcon-Kpuk
cTpanHa

Cauxa 1.1. lllemamcku npuka3s opeanusayuje Hykieobasa ynymap xpomosoma. llemamcxu npuxas (a) fieauje xood
eykapuoma, (0) xpomo3oma ca *xymom 00jom HASHAUEHUM MeAOMEPHUM peeuoHuMa, (B) 0yni0e xeAuxca YHymap
JHK ca HasHauweHum 2eHOMOM Kao npumep cmanoapoHe KaAHOHUuHe ceKyHoapHe cmpyxmype, ()
yHumosexyaprux, (o) oumosexysapuux u (b) mempamosexysaprux eyanuHckux k6adpyniexca xkao npumepu
HeKAHOHUYHUX Ccmpykmypa Y xojuma YyuecmByje eyanun. Hyxaeobase wxoje npunadajy pasiuuumum
NOAUHYKAOMUOHUM AGHYUMA ¢y 0bojenu pasauvumonm bojom. Ca G, A, T u C cy osHaueHe HyKk1e0base eyaHuH,
A0eHUH, MUMUH U Yumosut, pedom. (e) Moeylia mecma 3a ycnocmabrarse Bo0oHUUHUX Be3a KOO eYaHUHA.
Bomcon-Kpux u Xyecmun cmpane cy makobe HasHaueHe. A o3nauaba axyenmopcko mecmo 0ok D o3nauaba

donopcko mecmo 3a odonuuny Besy. Ca R je osnaueno mecmo Be3ubaroa eyanuna 3a nenmosHu uiefiep.

HaJIHe CeKBeHIle JIMHeapHMX XpoMo3oMa), Moryhe je dopmmpare ¥ y3acTOIIHO
Hacinaraanx Gs cTpyKTypa Koje ce MebycoOHO AoaTHO CTaOvIMIIy HEKOBAJIEHTHUM
stacking! viHTepakijama. CykiecuBHO HacjlaraHe Gui CTpyKType dopmupajy T3B.
ryaauHcKn ksanpytuviekc (G-quadruplex, enrnm. - GQ, Cmxka 1.2.)U1. IlpocropHa
opraHmsaiiyja ryanvta yHyTap GQ y cBOM cpeAnITy OocTaB/ba IPOCTOP 3a Be3VBarbe
MOHOBAJIEHTHMX jOHA KOj JOAATHO CTaOWIN3Yyjy OBe CyIIpaMosIeKyJicKe CTpyKTypelsl.
ITpm in vivo ycimoBumMa, To cy Hajuerthe Na* n K+ jorn. 3a GQ ce cmaTpa ce ga Kof
eyKapMOTCKMX XPOMO30Ma CIyXXM Kao MeCTO Be3VBama 3a PUOOHYKIIeOIpOTenH
TesioMepasyl’], koju mma 3HawajHy yJIOTy y KOHTpPOJIMCAlby MexaHm3aMa KOji
ponpuHoce dopmuparsy Tymopalldl 1 Tlopem ryanwmma, kBapTeTe MOTy [a
dopmupajy 1 mpyre Hykiteobase, IONyT aleHMHa, ypamwla wiv muro3mHall2l [13],

ITojaBe oBaKkBIMX KBapTeTa He MOPajy /la yTudy Ha (popMupame ceKyHiapHe CTPyKTY-

1Y cprickoM je3suKy He IIOCTOjU afleKBaTHa TepMMHOJIOTHMja 3a IIojaM ,stacking interactions” xoju je
yCTajbeH y JIUTepaTypy Ha eHITIeCKOM je3uKy. I'7taroi ,to stack” ce Moxe 1peBecTnt Kao ,Haciaeamu”,
JIOK 3a caMy MHTepaKIujy n3sMeby MosieKyJia [0 Koje 10jIa3u yCyIell cJIararba MCTMX He IIOCTOju IIoceOHa
ped. Crora he ce y HacTaBKy TeKcTa KOPVCTUTI TepMUHN: stacking MHTepakiIuja/ e.
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Cauxa 1.2. Cmpykmypa u3 ,npoguasa” (1e60) u ca noesedom Ha yeHmpainu joHcku kamas (Oecho)
mempamosexyaaproe GQ ca PDB (Protein Data Bank, enea.) osnaxom 204F0M4. G4 cmpyxmype y oxBupy GQ
cy obojene pazsuuumum 6ojama. Jbybuuacme chepe npedcmabrajy mecma Besubarwa kamjona. Cmpyxmypa je

6usyasrusobana y3 nomoli NGL cogpmBepalldl.

pe xapakrepuctiate 3a GQ, Beh mory u ga ce yrpame y GQ m mpurtoMm cryrie y
vHTepakOyjy ca Gs TpaguMBHMM CjI0jeBMMa KBafpyIUIeKca CTBapajyhm MemroBmTiu
KBaZlpymwiekc. ToM OpwiIMKOM, HMXOBa WMHTepakilMja ca joHMMa HUje 3HadajHo

HapyIIeHa.

Mako 3acTyrubeHn yHyTap HYKIeMHCKMX KucenvHa, GQ ce Ha MCTY Ha4YMH MOTY
dopMmupaTit 1 y pacTBopMMa I'yaHWHa/TyaHO3MHa 1/ WIM HBUXOBUX JepuBaTa y3
IpNUCyCcTBO pasmmuanTux joHallel. Y omcycTBy joHa, ryanmHM/ryasosvHM m/vom
FbVIXOBU JiepuBaTy I0Ka3yjy TeHIeHIMjy Ka dpopMupamy TpaKacTuxX CTPYKTypa Ha
noppummMa 1y pacrsopmmall’l. [Ise Hacmarane Gi CTpyKType ce HasMBajy
ryaHrHCcKuM okTeTuMa (G-octet, eHrit. — Gg) U mpefcTasibajy MyuHMMaiaH Mozesr GQ
(Cmuxa 1.3.). Crabwiroct GQ je ycioBibeHa ca HeKOJIMKO dpakTopa: 1) mpucycTBoM
joHa y yHyTpallllbeM LeHTpaIJHOM KaHally Kao M HeroBuM ocoOmHaMma (jOHCKU
pagujyc ¥ HaeJleKTpucame); 2) KOOIepaTMBHOCT W jauMHa YCIIOCTaBJ/bEHVIX
BOIIOHWMYHMX Be3a m3Meby cycemHmx MosIeKysla I'yaHMHa; 3) cojlBaTalliOHa eHepruja

crcreMallsl-[23],
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Cauxa 1.3. Cmpyxmype (a) u (6) Ga, () u (r) Gs, (m) u (b) 06a muna eyanunckux nanompaxa. Bodonuune Bese
cy o3HaueHe ucnpekudanum aunujama. Memarnu xamjon y cpeduwmuma cmpyxmypa G u Gs je osHauer ca M.
Ca Ri1 u Ry cy 03Hauena mecma Ha Kojuma eyaHuHu koju popmupajy HaHompaxe moey 0umu Cyncmumyucany

PASAUHUMUM PYHKYUOHAAHUM 2PYNaMa/MOLeKYAUMA.

OBakaB IpWIAroybMB I YjeOHO ¥ CeJIeKTMBaH Ha4lMH CIapyBaiba HykiIeoOasa
oTBapa MOryhHOCT 3a MaHWUIIyJIMCalbe OBMM CTpPyKTypaMma y LWbY IIpUMeHe Yy
HaHOTeXHOJIOTUju 1 XxeMujckoj Omosormju. 3a GQ, koju ce Hajlase y OKBUPY
TeJIOMEPHMX CTPYKTypa, a Ha OCHOBY IbUXOBUX (PU3MUKOXeMUjCKMX CBOjCTaBa, je
MIpe0YeHo [1a MMajy IIOTeHIIMjal Kao MeTe Y TepanvjaMa npotus Tymopal?dl. C npyre
CTpaHe, OBaKBe CyIlpaMOJIeKyJICKe CTPYKType Cy TaKoDe MHTepecaHTHe ca acIleKTa
HAHOTEXHOJIOTMje C OO3MpOM Ha HUXOBY CIIOCOOHOCT caMoOOpraHm3alyje u
MoOryhHOCTV KOBaJIeHTHOT IeKOpucarka OfiroBapajyhyM MosieKysiMa ca IIOBOJbHVIM
CBOjCTBMMA  (HIIp. eJIeKTpW4YHe WIM ONTUYKM aKTVBHe  (YHKIMOHAJIHe
rpyme/Monekyn)[l7) [251-B1l. Takobe, moryhHOCT Be3uBame pasmmanTHX KaTjoHA KOJT
GQ otBapa MoryhHOCT 3a KOHCTPYKIIVY CYIIPaMOJIEKyJICKMX CHUCTeMa Koju Ou
VICIIOJbaBaJIV  CEJIGKTMBHM aduHUTET caMoO Ipema oppebeHMM joHWMa (HIIp.
TokcmuHmM  Pb?* wm Hg?*), Te Owm oBakBM cucTeMM IIpe[CTaB/bald T3B.

joHOOpel! [BOI-33],

CBojy crmocoOHOCT camMoopraHmsallyje, CylpaMoJsieKyJIcke CTPYKType TI'yaHWHa
nonryT GQ ¥ ryaHMHCKMX HaHOTpaka, [IyIyjy jeIMHCTBEHOM HaudMHY ClapyBarba
IbVIXOBMM OCHOBHUM TpaJlMBHUM jeAMHMIIAaMa - TyaHMHMMa. VIcToBpeMeHo,
uHTepakiyja GQ ca joHmMa, XyrCTMHOB HauMH Be3MBarba TIyaHMHa IIoMohy

BOJIOHMYHIX Be3a, MHTepakiija m3Mmeby cycemHmx ciojea G4 M MHTepakiyja ca



YBop,

OKOJIVIHOM, OCTaBJba BeJIVIKV MaHeBapCKV IIPOCTOP 3a (PMHO ITOofelIaBarbe hIXOBUX
ocobrHa. OBU cucTeMI ce MOTY MPOM3BECTU Y KPUCTajIHO] POpMM, BOAEHUM WIN
OpPraHCKMM PacTBOPVMMa V1 IIPUTOM CY OCeTJbMBYU ¥ Ha (paKTOpe IIOIyT TeMIlepaTrype,
eJIeKTpUYHOr 11oJka, pH, joHCKe jaumHe, arcopmiyje eJIeKTpOMarHeTHOI 3padersa,
utn. C gpyre cTpaHe, BeoMa BaykHa Oumosiornika ysora GQ y reHeTCKMM IIpoliecyMa je
Takobe BpeslHa McTpakmBama. Hirp. Ko eykapmoTckux opranmsama, cradmimsaniyja
TestomepHUX GQ Kop, TyMOopHUX hesija MoXe 3aycTaBUTH HeXeJbeHY peruIvKalyjy.
Ogaj dpenomeH ocnmkasa noreHnyjast GQ 3a mpumeHe y Tepanujama Tymopa. Crora je
UCIIUTHBae PyHIaMeHTaITHMX 0COOVHa OBMX CVICTeMa BayKHO U ca acTieKTa IIprMeHe
y HaHOTeXHOJIOTMjU U XeMujcKoj Ouostoruju. TperyTHU poKyc Pr3MUIKOXeMMjCKIIX
VICTpaXVBarba Be3aHVX 3a OBe CHCTeMe je: ICIUTMBarbe MHTepaKLyja Koje Cy 3aciIy KHe
3a CTaOWIHOCTM OBUX CTPYKTypa, mHTepakija GQ ca pasHUM MoOJIeKy/IvMa
(JMraHaMMa) U KaTjoHVMMa, caMoOpraHu3aliyja v 0coOMHe KOBaJIeHTHO JIeKOPMCaHX
IyaHVMHCKMX CyIIpaMOJIEKYJICKX CTPYKTypa (HaHOXMIIe, MeTaJl-OpraHcke Mpexe,
WUTH.), VCIOUTWBarbe ocoOMHa moOybeHMX cTarba OMONIOIIKMX W CUHTETVCAHVIX
IryaHMHCKMX CYIIpaMOJIeKYJICKMX CTpyKTypa. [la ©Om ce TeMme/bHO pasymesn
dyHmaMeHTaIHM ITpoIlecy Koju JOBOMe 0 Tora jJa T'yaHWHCKe CyIIpaMOJIeKyJICKe
CTPYKType WMajy WM3BaHpelHe OcOOMHe W TIIoper, IIpMMeHe HajcaBpeMeHUjIX
eKCIIepMeHTa/IHMX TexHMKa HeomxofmaH je in silico mpuctyn. KpaHTHOXeMujcke
MeTOJIe ¥ MeTO/le MOJIeKYJICKe MexXaHVKe Y TOM CMVCIIY ITpeficTaBsbajy BeoMa ITorojaH
aj1aT 3a IIOJPOOHMje MCINUTUBaKbe OBMX CUCTeMa Ha aTOMCKOM HMBOY ¥ TyMauerbe

EKCIIEPVIMEHTAJIHO 3alla>KeHVX pe3yJITaTa.

1.1. IIpeamMeTt v IM/beBU UCTPaA’KMBamba

ITpenMeT mcTpaxuBara y OKBUPY OBe HOKTOpPCKe mIucepTaiyje Ccy HeKe Off
dyHImameHTaIHMX OCOOMHAa OCHOBHOI 1 IOOybeHMX cTama CympaMOJIeKyJICKMX
CTPYKTypa IyaHMHa. MOTUBM 3a OBO WCTpakuBarbe Cy WM3JI0KEHU Yy IIPeTXOITHOM

IIOIJIaBJby Uy CKJIafly ca TMM Cy IIOCTaBJbeHM cyiefehn nybeBu McTpaKiBarba:

e llcrmTMBarbe NpUpoIe U jaurHe MHTepaKIMje KaTjoHa M3 HeHTPaIHOT jOHCKOT

KaHala ca Gs-MeTaJonopUPUHCKIM KOMIUIEKCHMA y CBpXe M3ajHupara



YBop,

ITO epMKACHMjMX JINTaHazla 3a IIpUMeHe y TepallijaMa 3a cy30ujarme TyMmopa.
ITocebaH akileHaT je cTaB/beH Ha MCIIUTUBaHe KOH(OpMaIoHe CTaOVIHOCTI
M CIeKTpaJIHOT BUOpPAIMOHOT Ofi3MBa OBMX CHUCTeMa Yy 3aBVCHOCTU Of
IIPVICY THOT JINTaH/A.

e lVcnutmBame adpmHmuTeta GQ, Kao M MeIIOBUTMX KBaJpyIUlekca IIpema
Be3VBarby [JBOCTPYKO HaeJIeKTPUCAHMX KaTjoHa Y IbUXOBOM LIeHTPaIHOM
KaHaJIy.

e Anajimza yTuIdja KaTjoHa W3 I[EeHTPa/IHOT JjOHCKOr KaHajla Kao W
cojBaTalloHMX  edekaTa Ha  ocoOmHe 1oOybenmx crama GQ
(drryopecrieH1ja, IIpesiasy ca IpPeHOCOM HaeJIeKTplcarba).

e lcnuTuBare eHepreTmke u I100ybeHmMX cTama caMOOpraHM30BaHMX
KOBaJICHTHO JIeKOpPMCaHMX MOJIeKyjla TyaHMHa ca pwIeHCKMM Oojama Ha
rpacdpeHy y cymmpaMoJIeKyJICKe CTPYKType — HaHOTpake M BOJOHWYHO-Be3aHe

MOJIEKYJICKE MPeXe.

1.2. Teopwmjcka meToaosI0rMja

Pesynratn oBOr MCTpaXXmBarba Cy AOOMjeHM y3 ITOMON HEKOIVMKO PasIMamTVIX
MeTOZIa 3aCHOBaHVIX Ha KBAaHTHOj XeMIjI1, Kao M y3 IIoMOh MoJIeKyJIcKe OMHaMMKe Ca
nosbeM cwia. Ce KopurtheHe meTtome cy Beh HM3 rogmHa ycTajbeHe Ha IIOJBY
padyHapcke xemwuje. Benmmkm pmeo wcTpakmBama je 3acHOBaH Ha Teopwuju
dynkmonasta rycrune (Density Functional Theory, enrin. - DFT) u BpemeHcku
3aBVICHOj Teopuju dyHKIMoHaa ryctune (Time Dependent Density Functional Theory,
eunt. - TDDFT). 3a npumeny DFT wMetome, kxopumtheHn cy crangapAHU
dysxumonamm  (CAM-B3LYPPReI-38], M062X[%, PBEM0 pr BLYPB6L [B7l), xao m
pasianTy 6a3sHM CKYTIOBU. 3a aJleKBaTHO TpeTuparbe AVICIIep3MOHNX MHTepaKIiyja je
kopuithena ['pmmvosa (Grimme, Hem.) D3 xopeknyjal#ll 421, Emepruja mHTepakiiyje
dparmenara gedpuHMCaHMX y CUCTeMMMa je IO IIOTpedu TeMesbHMje VICIIUTaHA Y3
riomoh aHaym3e pasinarama eHepruje (Energy Decomposition Analysis, enrin. - EDA)43L
ITopen DFT metona, kopuiitheHa je 11 Mabe 3aXTeBHa CeMMeMIIVPUjcKa MeTo/1a YBpCTe

Bese Ha Oasum Teopuje dyHKuMoHana ryctuHe (Density Functional Tight
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Binding, earn. - DFTB). DFT u DFTB cy xopumhene u y oksupy bops-
Ornenxajmepose MOJIEKYJICKe  JIMHaMWKe (Born-Oppenheimer ~ Molecular
Dynamics, enrsi. - BOMD) 3a reHepucarbe HOTeHIMjajiHe TOBpIIM cmcTeMa. Ocum
eJIEKTPOHCKMX CTPYKTYPHUX MeTofla, 3a IIoTpebe MOJIeKyJicke AMHaMuKe Cy
KopuirheHN 1 KJIacCMYHN TOTEHIIMjaJIN — T107ba CWUIa. 3a VMMIUIMIIMTHE CUMYJIaIyje

BozieHe cpenuHe je Kopuiither COSMO cosBaTativioHn Mopest(44) [43],

3a cratnuke DFT npopauyne 1 ontrMmsanmje cy KopuirheHV IpOrpaMcKy ITaKeTu
Gaussian0914¢], Gaussian16[4’] 1 Turbomolel*8]. CP2K codtsepl*] je xopurthen 3a
MOJIEKYJICKY AMHAaMMKy ca 1mmosbeMm cwia u ca DFT norenmyjamiva, mox je NAMD
codreepl®] kopuithen camo 3a MOJIEKYJICKY IMHaMUKY ca ItojbeM cwwia. loska cuta
cy npunpembeHa y3 moMoh AmberTools18 codreepckor nakeralbll. CBu mpopauyHm
Koju cy yxbyumBasm kopuiithewe DFTB metone cy mssenmenm y3 momoh DFTB+
codreepal®?l. Pamm esamyammje pesynrara mpobmjenmx ca DFTB wmeromom, 3a
nepvognuHe mnpopauyHe Ha 0asm DFT-ja xopumihen je m SIESTA xoml3l. Op
nomohHOr codTBepa 3a IpUIIpeMarbe ¥ aHAJIM3y TIeOMeTPUjCKMX IlapaMeTapa
vcrTrBaHmX cricreMa Kopuirhenn cy VMDIB4, TRA VISP 1561 1 Chemcraftl7], mox cy
3a aHa/m3y mnobybenmx crama xopuithenn Multiwfnl®8l 1 TheoDOREPI.
CrrertndnyHoCT popadyHa M Mojiela MCIMTUBAaHMX CUCTeMa Cy JlaTe y OKBUPY

o0jaBbeHVIX HayYHMX pajioBa KOji ce Hajla3e Y IIPWIOry.

1.3. OO0jaB/beHV Hay9HM paZOBU

Y Toky mspane oBe JOKTOpCcKe [ycepTaryje o0jaB/beHO je IIecT Hay4HMX pajoBa

(HaBeleHN IO TaTyMy OOjaBJbBarba):

Branislav Milovanovi¢, Milena Petkovi¢, Mihajlo Etinski, Properties of the
Excited Electronic States of Guanine Quartet Complexes with Alkali Metal
Cations, J. Serb. Chem. Soc., 2020, 85 (8), pp 1021-1032.

https.//doi.org/10.2298/]SC191025140M IF(2020) 1,240



https://doi.org/10.2298/JSC191025140M
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Branislav_Milovanovié¢, Ivana M. Stankovi¢, Milena Petkovi¢, Mihajlo

Etinski, Modulating Excited Charge Transfer States of G-Quartet Self-
Assemblies by Earth Alkaline Cations and Hydration, J. Phys. Chem. A, 2020,
124 (40), pp 8101-8111.

https://doi.org/10.1021/acs.jpca.0c05022 IF(2020) 2,781

Branislav_Milovanovié, Milena Petkovi¢, Mihajlo Etinski, Igor Popov,

Water-Mediated Interactions Enhance Alkaline Earth Cation Chelation in

Neighboring Cavities of a Cytosine Quartet in the DNA Quadruplex,
J. Phys. Chem. B, 2021, 125 (43), pp 11996-12005.

https://doi.org/10.1021/acs.jpch.1c05598 IF(2020) 2,991

Ana Stanojevi¢, Branislav Milovanovi¢, Ivana M. Stankovi¢, Mihajlo Etinski,

Milena Petkovi¢, The Significance of the Metal Cation in Guanine-Quartet -

Metalloporphyrin Complexes, Phys. Chem. Chem. Phys., 2021, 23, pp 574-584.

https.//doi.org/10.1039/DOCP05798C IF(2020) 3,676

Branislav_Milovanovié¢, Mihajlo Etinski, Igor Popov, Self-Assembly of

Rylene-Decorated Guanine Ribbons on Graphene Surface for
Optoelectronic Applications: A Theoretical Study, Nanotechnology, 2021, 32
(43), pp 435405.

https.//doi.org/10.1088/1361-6528/ac162c¢ IF(2020) 3,874

Branislav_Milovanovié¢, Milena Petkovi¢, Mihajlo Etinski, Alkaline Earth

Cations Binding Mode Tailors Excited-State Charge Transfer Properties of
Guanine Quadruplex: A TDDFT Study, Spectrochim. Acta A, 2022, 267
(Part 2), pp 120584.

https.//doi.org/10.1016/j.saa.2021.120584 IF(2020) 4,098



https://doi.org/10.1021/acs.jpca.0c05022
https://doi.org/10.1021/acs.jpcb.1c05598
https://doi.org/10.1039/D0CP05798C
https://doi.org/10.1088/1361-6528/ac162c
https://doi.org/10.1088/1361-6528/ac162c
https://doi.org/10.1016/j.saa.2021.120584
https://doi.org/10.1016/j.saa.2021.120584
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Ha ocnHoBy wiana 23. craB 3, IlpaBwiHuka O AOKTOPCKMM CTy[aujamMa Ha
Yuusepsurery y beorpanmy, Cenata Ynusepsurera y beorpamy, op 13. 04. 2016.
roflViHe, OJIHOCHO Ha OCHOBY wiIaHa 18. craB 3. IIpaBiIHmiKa 0 IOKTOPCKMM CTyyjama,
M3panay, oLeHn 1 ogdpaHu TOKTOpCcKe AucepTaliyje Pakysirera 3a PUNUKY XeMUjy
Yuusepsurera y beorpany, om 16. 09. 2016. ronuHe, oBa JOKTOpCKa AvcepTalyja je
KOHITMIIMpaHa Kao CKyII 00jaBJbeHVX HayUYHMX pafoBa, KOjui IIpeCTaBsbajy TeMaTCKY

LIeJIVIHY.

[1o3B0Os1a 3a MPeHOC ayTOPCKMX IIpaBa 3a CBaKOr Off M3JaBava y 4ujeM je 4acOICy

oOjaBsbeH Hay4dHM pafl je Takobe maTa y mpwIory Ipe caMor Hay4HOT paja.
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2. IIperyen pesyirara

2.1. MaTepaKkimja G4 ca MeTas10nOpPMPMHCKNM KOMILIeKCHMa

MetajiH KOMIUIEKCHM 3acHOBaHM Ha IIopdupuHMMa IpecTaB/bajy KIIacy
jenviEbeHa Ofl M3y3eTHOr 3Haydaja 3a XXVMBU cBeT. MarHesujym nopdupuH KOMIUIEKC je
eceHIIMjajIaH 3a XMBOT Ha IUIaHeTU 3eMJbM C 003MPOM Ha H-eTOBY YJIOTY Y 3eJIeHUM
nurMeHTMa Owsbaka M anru. CTora je oBO jelurbere TeMeJbHO MCTpaXkeHO U ca
excriepumMeHTaTHOT!0-198] 11 ca Teopujckor acniexTal®l-I711. TTopen Tora, ncimrisaHze cy
VI CMHTeTVYKe BapujaHTe OBOT jenmiberbal’?l [73], xao 1 oHe BapujanTe mopdmprHa y
KOjMMa yMecTo MarHesujyma durypuite Kammjym74-76l. Cam mnopdupun un
aepuBaTy HopdupmHa Cy (IpUOIVDKHO) IUTaHAPHY MOJIEKYJIV, KOjVI IIPUTOM MMajy "
nvMeHsuje yriopenvse ca Gg, Te cTora IIpezIcTaBsbajy ITOrofHe KaHaugaTe 3a JINTaHae
3a GQ. Ilopenm reomMeTpmjcKmx acrekara, pasJIVuUT CyIICTUTYeHTW Y BUIY
dyHKIIMOHAJIHMX TpyIla WIM KaTjoHa y LeHTPa/IHOj ITYIUbVHW NOpdUpUHaA MOIy
JI0BeCTV [0 onTuMaIHMje MHTepakiije ca GQI77-82l. TeomeTpuja camor KomIuiekca
3aBVICK Of] TOTa Jia JIVI Ce y LIeHTPaJIHOj INYIUbMHI opdUprHa Hajlase [IBa IIPOTOHA
WIV KaTjoHM MarHesujyma u Kauujyma (Mg?t u Ca?*). YV ciyuajeBuma Kaja cy y
YHYTpallib0] IIyIUbMHM IopdupuHa HpUCyTHa [1Ba HpPOTOHa Wi Mg?*, uuras
KOMIUIEKC OcCTaje IUlaHapaH, oK y arydajy Ca?*, kaTjoH OMBa M3MeIlTeH BaH paBHU
nopdpupuHa. OBakBa pasHOIMKOCT y reoMeTpujaMa KOMIUIEKCa je yCJIOB/beHa CaMo
JOHCKMM pajijycoM ¢ 003mpoM fa oba KaTjoHa, Kao M JiBa IIPOTOHa KOji Cy HhUMa
3aMer-eHl, MMajy MCTo dopMasHO HaeyleKTpucame. OBo ocTap/ba Moryhwnocr 3a
TeMeJbHYje VICIIUTVBaIbe yTHIlaja jJOHCKOT paaujyca Ha MHTepaKiyjy jmraHga ca Ga,

Kao HajjeHOCTaBHMjer Mofesla 3a OIVC MHTepakiyje auranga 1 GQ.

Y oxBupy jenHor op oOjaBbeHMX HaydHMUX panosa, The Significance of the Metal
Cation in Guanine-Quartet - Metalloporphyrin Complexes (Phys. Chem. Chem. Phys., 2021,
23, 574-584) paTor y npwiory 1., mpuMeHOM MoOJIeKyJICKe JMHaMMKe 3aCHOBaHe Ha
DFT metoau mcnmTaHu cy KOHQOpMaIlMOHa CTaOWIHOCT M CHeKTPaJIHM OfI3UB
ucrexyhe xkapboHmiHe Bubpatimje ryannHa 3a Tpu Gs-M-1opdupriH KoMIUIekca, rie

je M=H>, Mg?* n Ca?*. Vcrexxyha BuOpanmja KapOoHIUIHe IpyIe TyaHWHa y OKBUPY

10
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GQ je ocersbMBa HIpeMa HeKOBaJIEHTHVM WHTepakiljaMa ¥ CTOra IIpelCTaBlba
KOpVCTaH MapKep 3a MCIUTHBarbe nHTepakija GQ ca okpyxemeM n murasamalésl-
[87]. KorkpetHo, ko, GQ oBaj BuOpaIvoHn MOl MCIOJbaBa LPBEeHN IIoMepaj yciIer,
BOJIOHWYHOT Be3uBama 13MeDy ryaHnHa v MHTepaKiyje KapOOHVITHOT KMCeOHVKa ca

KaTjOHMMa IIPVICYyTHMUM Yy LeHTpPaJIHOM jOHCKOM KaHaiTy[88l,

PesynraTy cuMysianyja MoJjIeKyJIcKe JUMHaMMKe 3a CBa TPy KOMIUIEKca yKasyjy Ja
He IIOCTOje 3HadajHe TepMasiHe QJIyKTyaluje, Te [a je CTaTU4Ky MPUCTYIl Yy
VCIIUTHBaby HEKOBaJIeHTHMX MHTepakilija OBaKBMX cucTeMa ompasiaH. IIparehn
pasfabuHe IleHTapa Maca HopduUpUH-KaTjoH 1 KaTjoH-Gy, 3aT1akeHo je /1a cy Hajsehe
dnykryanmje npucyTtHe Kop cucrema ca Ca?*, xkao u ga Ca?* ocuwiyje nsmeby
nopcpupmna 1 Ga. C ipyre cTpane, Mg?* je cTaOniIHO Be3aH y IIeHTpaTHOj Ty IUBUHM
nopdupmnHa. CiekTpasiHu oMepaj mcrexyhe kapookcmiHe pubpatiyje je crpaheH
y3 oMoh criekTpa cHare (power spectrum, eHIJL), KOju je nspadyHaT Kao PypwmjeoBa
(Fourier, dpa.) TpaHcdopmanmja ayTokopernanuoHe dyHKOuje Opsmre. Hajpehm
yTuIaj Ha ciektap cHare nma Ca?* ca momepajem of1, 56 cm! 'y omHocy Ha cucteM ca Ha
yMecTo KaTjoHa. Mg?* ncriorpaBa momepaj of ceera 11 cml. Hajsehm ytuiaj Ca?* na
CIleKTap cHare KopeJjypa ca pesyJTaTMa CTaTWMYKMX IIpopadyHa, ofgHocHo ra Ca?t
IojavaBa HeKOBaJIeHTHe MHTepakiyje nsMeby ryannna. Pagu nopebersa, ncrimranm
cy u criekTpm cHara Gs cucrema Oe3 kaTjoHa, Kao 1 ca Mg?* n Ca?*. PesysraTu 3a oBe
cucTeMe Cy MOKasall J1a je cieKTpaaHu ytuiaj Mg?t n Ca?* yjeHnTrdaH 1 J1a ce pagu
o romepajy oz 23 cml. OBo je Takobe Moryhe objacHUTI UMEEHNMIIOM Jla Cy 00a joHa
y arydajy Gs cucreMa HO3MIVIOHWpPaHM y CaMOM CPeAUINTy CTPYKType, HOK je y
arydajy Gs-Ca?*-nmopdmpmHCKor KoMIUIeKca KaTjoH gocta oimvokn Ga CTpyKTypw, Te
71a je MHTepaKlyja ca aToMMMa KMCeOHMKa KapOOKCWIHMX rpyIia jada, a caMyM TUM 1
LpBeHN Iomepaj y crekTpy sehn. CymapHO, pesysTaTy cuUMyJlalija MOJIeKyJICKe
nvHaMmyKke 3acHoBaHe Ha DFT Merogm cy ocHaXwile WCIOpaBHOCT CTaTHUUKMX
npopadyyHa ¥ Jaje yBWj, Yy IpPOMeHe CHeKTPaJIHNUX KapaKTepUCTUKa yciief,

MoandMKalyje HeKOBaJIeHTHIMX MHTepaKIyja KoJl OBaKBMX CUCTeMa.
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2.2. AdpuHuTeT KBagpyIviekca IpeMa KaTjoHMMa

3Hauaj KaTjoHa 3a cTabwIn3amyjy Ksazpylulekca je Beh mcTakHYT y yBOmdy oBe
nucepranyje. AdpvanuTer G4 m GQ npema ajKaJHUM U 3eMHOaJIKaJIHUM jOHMMa je
100po MCTpaXeHO ca acleKkTa cTabwnsarnyje oBux cTpykrypal?l Bol-97] Ankamam
MeTaJIi MOTYy Jla 3aysmMajy mosuiuje msmeby csakor Gs y oksupy GQ, 1ok
3eMHOaJIKaJIHM MeTaJiv To unHe m3Meby csakor gpyror Gu yciten, gectabmwmsyjyher

€JIeKTPOCTaTUYIKOT OfI0Mjarba JBOCTPYKO HaeJIeKTPVICAHMX KaTjoHa.

Advmnrer GQ nmpema KaTjoHVMAa JIKAJIHMX MeTasIa je 0110 IIpeaMeT MCTpaXkiBarba
HEKOJIMKO Teopwujckmx cTyaujal®l [101-[103] ¢ oGsmpom Ha Omostomkm 3Havaj OBMX
kaTjoHa. Ha Gs Mmopery je mokasaHo [1a je mpupojia MHTepaKlyje ajIkaJIHiX KaTjoHa ca
ryaHVHVMa ITPBEHCTBEHO eJleKTpocTaTuydKa, J0K je opOuTalHa MHTepakiiuja Koja
IoTU4Ye Of] MpeHoca HaeJleKTpucarba 13 HajBuIlle IIONyHheHe MojleKyJIcke opbuTasie
(Highest Occupied Molecular Orbital, enrnn. - HOMO), nokanmsoBaHe Ha KMCEOHVKY
MoJjleKyJla TyaHWHa, y HajHIDKY HeIOoIlyHeHy MOJIeKyJIcKy opOwurany (Lowest
Unoccupied Molecular Orbital, enrn. - LUMO), koja je jrokanm3oBaHa Ha KaTjOHMMA,
aymwio c1abmja op ernekTpocTaTmuke mHTepakiyjel®l. lomaBamem Gy ciojeBa m
KaTjoOHa aJIKaJIHMX MeTajla Ha 0Baj MOJIeJI je IIOKa3aHo [1a eHepruja Be3uBarba CBaKoT
HapeHOI jOHa Yy CHUCTeMy OcCTaje HPpuUOJIVDKHO WCTa, INTO je HPUIIMCAHO
ypaBHOTeXemy wu3MeDy ectabmwinsyjyhmx ejleKTpocTaTMUKMX WHTepakija wu
crabmmsyjyhux cosBaranmoHux edekara, Kao M €JIeKTPOHCKOI eKpaHMpama y

cuctemyl103],

Adunurer GQ npema gBoBaJIeHTHVM KaTjOHMMa je jOIlI M3pakeHUj| y TIopebersy
ca KaTjoHMMa ayIKaIHMx MeTasial3dl [91), [96], [100], [104]-[108] PasmaTpanmt cy KaTjoHM IOITYT
Be2+192], Mg2+[92], [93], 100}, [105]-[108], Ca2+[91]-[93], [100], [105]-[107], Gy2+[90], [91], [93], [96], [104]-[108],
Ba2+91], [93], [1041-[109], V[n2+[104], [106], Pp2+[35], [93], [108], [110], Cyy2+{111], Zn2+193], Cd2+93], Hg2+193]
¥ KaTjoHM TaHTaHOMaall12], a xoju Mory mmociyxmutn Kao antepHatisa Na* 1 K+, xoju
ce Hajuenthe cpehy y OuortomkmM cucremrMa. EHepreTnka BesvBarba IBOBaJIEHTHMX
KaTjoHa 3a Gg je y OCHOBM VCTa Kao ¥ KOJI KaTjOHa aJIKaJIHVX MeTajla, C TUM IITO ce
ABOBAJIEHTHNM KaTjOHM HeIITO jade Be3yjyll. MHorm op HaBemeHmMX KaTjoHa Cy

TeHOTOKCVYHW Yy CMUCITYy J1a IPWIMKOM m3MeHe ca Na* v K* in vivo norenumjanHo
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MOTY IIPOY3POKOBAaTH [la TeJIoOMepHe ceKBeHIIe 13Ty0e cBojy PYHKIIM]Y. Y TOM CMUCITY
ce mocebno mctray Cd?*, Pb2* n Hg?* xaTjoHM, KOjM 1CII0/baBajy BeJIKM adpVIHUTET
npema GQ, Te je Mmoryhe fa ce npesep3nbiIHO M3MeHe ca Na* v K* xatjoHnMa u
TOM HPWIVKOM yBojehu BejlMKe CTPYKTypHe W3MeHe, Koje MOIy JIOBecTu [0
HdeaKTuBallyje IpuMapHe (PyHKIIMje TeltoMepHOT pervoHa y oksupy JHKP3. Jorckn
panujyc je Takobe GuTHa KapakTepucTHKa KaTjoHa Koja IIpe cBera MMa yTullaja Ha
npoctoprHy opranusauyjy GQ. Ilocnemyuno, mawu Katjoru nonyt Li*t, Mg?* 1 Mn?*
VICTIOJbaBajy TeXIbY la ce KoopauHuily y pasHu Ga 11 TuMe 17100aIHO JiecTabwimsyjy
GQI104], [106] CymrpoTHO, KaTjoHM ca MaJIUM jOHCKMM pamujycoM momyT Lit Gosbe

cTabmIn3yjy KaHoHMYHe BojloHn4YHO-Be3saHe [JIHK maposell13],

ITopen, OwosomIKOr acrekTa, pasHOIMK adUHUTET IIpeMa IBOBaJIeHTHVM
KaTjoHMMa V1 KaTjoHMMa aJIKaJIHMX MeTasla Ipy>ka Moryhnoct 1a ce GQ ynorpebe kao
rpaguBHM OJIOKOBM 3a pas/MuUTe HaHOCTpyKType. Hmnp. y3 momoh ren
estekTpodopese, y nipucyctBy Na*, K* 1 Mg?* kaTtjoHa, je moryhe nampasut GQ
HaHOXWMIIe, Koje MOTY IOCITy>XKUTM Kao CUCTeMU 3a IIpeHoC HaesleKTpucarsaldl 14,y
JUTepaTypy ce Hajlaze ¥ IIpMMepyU MOJIEKYJICKMX pasleIHMKa HaeJleKTpucarba Ha
6asn GQI115], xao 11 crcTeMa Koji OIIOHAIIAjY (POTOCVHTETUYKN PeaKIIMOH IIeHTap,
ONHOCHO aHTeHa Komrwlekcl(l16l 1171 KoBajeHTHO meKopmcaHWM TyaHWHM MOTY Ha
IIOCJIyKe 3a KOHCTPYWCare BOJIOHMYHO Be3aHMX MOJIEKYJICKMX Mpexal?7) [291-31] [117],
Osaxksu cuctemn ce Hamehy Kao IoTeHIIMjaIHa OCHOBA 3a MHOT'e MaTepwujajie Koju ou
VMIMaJIil MHTepecaHTHa ONTWYKa, €JIeKTPOHCKAa, MarHeTHa ¥ KaTaJIUTU4YKa CBOjCTBA.
Buirle peur o OCHOBHMM KapakTepucTuKama IToOybeHmx crama KBajgpyIUlekca ¥

Ha4MHOM MaHMITyIalyje nctux he Outn y HapeTHOM IIOTIaBIbY .

Y okBupy jenHor op oOjaBjbeHMX HayudHUX pajiosa, Water-Mediated Interactions
Enhance Alkaline Earth Cation Chelation in Neighboring Cavities of a Cytosine Quartet in
the DNA Quadruplex, (J. Phys. Chem. B, 2021, 125 (43), pp 11996-12005), mator y
HIPWIOTY 2., MCIIUTaH je apMHUTET pasIMuuTHX KBagpyIUlekca IIpeMa KaTjoHMMa
3eMHOAJIKaJIHMX MeTasla. PasimmanT KBafgpyIuIeKcu Cy IofpasyMeBasii pasMaTpare
JeTHpH eKCIleprMeHTaIHe KPIUCTajIHe CTPYKType, Koje YHyTap IIeHTPaIHOT jOHCKOT
KaHaJIa KOOPAVHUIIY JIBa KaTjoHa 3eMHOAJIKaJIHMX MeTasla M3MeDy cBaKor cycemHOoT

G4[121 113}, 18], orHOCHO cBakor gpyror Gul?l. [Ise o1 4eTpu CTPYKType Y CBOM CacTaBy

13



IIpersen pesysrara

VIMajy 1 KBapTeTe caunibeHe of MMPUMUAVHCKIX HyKjIeoba3a - KBapreTe yparmall?]
u 1nrosuHalldl (crmxke 1. n 2. y npwitory 2.). CBe 4eTupu pasMaTpaHe CTPYKType Cy
eKcIlepMMeHTaIHO oppebene audpakmujom X-3paka. [IpminkoMm oppebusara
CTPYKTypa KBajlpyIUleKca ca KaTjoOHMMa 3eMHOAJIKaIHUX MeTaJliMa Y pacTBOpMMa
roMohy HyksleapHe MarHeTHe pe3oHaHuwmje (Nuclear Magnetic Resonance, eHIJI. -
NMR), Hamasu ce Ha moTemikohe ¢ 003MpoM [a CHEKTpaJIHM CUTHAJI TIOTUYe Off
aToMcknx Bpcta momyT 4Ca, 8Sr m 137Bal’ll 1191 Crora, y PDB 6asu wm3ocrajy
eKcIlepuMeHTaJIHO ofipebeHe CTpyKType KBaJpyIUlekca Ha OBaj HauMH. Y OBOM
VICTpaXkKMBarby, o7 KaTjoHa 3eMHOaJIKaJIHVX MeTasia cy pasmaTpanu Ca?t, Sr2* n Ba?*.
KpucrasiHe crpykType KBajipyIuiekca, ogadbpaHe Ha oBaj HauMH, Ipy»Kajy MoryhHocT
Ja ce pasMaTpa adVHUTET MCTUX IIpeMa IBOBaJIeHTHVM KaTjOHVMa 3eMHOaJIKaJIHVIX
MeTaJla, Kao M Jia ce yIopeay MHTepakKlyja OBUX KaTjoHa ca pasINdUTM TUIIOB/Ma
KBajpymiekcuMa. [laxspus omabup cTpykTypa [aje yBU Yy TeoMeTpujcka U
eHepreTcka OrpaHuYer-a NPWIVMKOM Be3MBarba 3eMHOAJIKaIHMX KaTjoHa w3Meby
cykuecBHUX G4 crojeBa. [Ipumenom EDA metomoriorije kao n mpopadyHa eHepruja
VIHTepaklyje y BaKyyMy W BOJEHOj cpeauHM (y3 IOMON MMIDIMIIMTHOT

conBaTanmoHor Moxesa - COSMO) je pasMmarpaHa rope HaBelleHa Ipo0IieMaTyKa.

Pesynraty OBOr wCTpaXwBarba Cy IIOKasaJM [la je eHepruja Be3uBarba
ABOBaJICHTHOI KaTjoHa YHyTap lLleHTpasHOr joHcKor KaHajla GQ, y kome je Beh
IPUCYyTaH jedaH [BOBaJIeHTHM KaTjoH, a y IHpBOj ciedehoj AOCTYIHO] IIyIUbMHM
3Ha4ajHO Mamba y Iopeberby ca eHeprujoM Be3uBarba IIpBOI KaTjoHa. Takobe, oBa
eHepruja je 3Ha4ajHO Mamba y Iopebermy ca MOHOBaJIeHTHVM KaTjOHVIMa Be3aHVM Y
CBaKOj CyCe[IHOj IIyIULMHM, Kao 1 y nopebersy ca ABOBaJICHTHMM KaTjOHVMAa Be3aHVIM
y CBakKOj Apyroj OocTymHo] ImymwbuHM. OBO yKasyje Ia je Be3uBarbe KaTjoHa
3eMHOAaJIKaJIHMX MeTasla n3Meby cBakor cjioja G4 y BOAEHOj CpeIiHI Hje II0BOJbHO,
Te JIa je HeoIIXOHO Jia KBajlpyIulekc Oyie XuapaTyicaH y pacTBOPY ca HIIP. BeJIMKOM
JOHCKOM jauMHOM KaKO OV ce joHM KOOPpAMHMCAJI YHyTap cBakKe JOCTyIIHe HIyIUbIHE.
Taxobe je mokasano na je eHepruja nsmeHe Na* kaTjoHa ca Ca?* KaTjoHMMa Y BOJIEHO]
cpenvHM n3Meby ceakor cycemHor Gs cj10ja HeIOBOJbHA, OJHOCHO Jla M3HOCK OKO
49 kcal/mol. Curyanmja je cimuna y olydajy KBagpyIulekca KOjii y CBOjoj CTPyKTypu

yMecto jegHor Ga cjioja mocemyje KeapTeT ypamwwia. OBaj KBamgpyIUIeKC, ycIern,
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CTPYKTYpPHUX OrpaHM4Yerba, oMoryhasa a ce nBoBasieHTHM joHM Ba?* mosuimonmpajy
Jajbe jelaH of, Apyror yHyTap LeHTPaJIHOI jOHCKOI KaHaJla, INTO JOIPVHOCKU
CMarberby HeIIOBOJbHOT eJIeKTPOCTaTUUKOr offoujarma. MebyTim, Ba?* xaTtjon ,xoju ce
Hasla3u y HerlocpeHoj 61M31HM KBapTeTa ypallyia, UCIIojbaBa IIO3UTHUBHY eHeprijy
Be3VBarba, IITO YKyIlaH edeKaT Be3vBarba /1Ba Ba?* kaTjoHa y cycemHMM ITyIUbMHaMa
KBaJIpyIUIeKCa UMHM €eHepreTCKM HeIloBOJbHUM Y BOMAeHo] cpenvHn. [Ipyru
pasMaTpaHM KBaJpyIUIeKC caduibeH Ofl jeJHOr KBapTeTa LWMTO3VHA, yMETHYTOI
nsmeby nBa G4 KBapTeTa, oMoryhasa IToBOJbHO Be3uBam-e /iBa Ba?* kaTjoHa y cyceqHIM
mymwbiHaMma. ObakaB edekaT je IpummcaH IOja4aHOj —eJIeKTPOCTaTUUKO]
VHTepakOuju 13MeDy joHa 1 aToMa K1ceoHVKa KOjy ITpUIIajiajy MoJleKyJIMa Bojie U
KOj/ Cy cacTaBHM JIe0 KBapTeTa HuTo3MHa. OBM MOJIEKYJIV BOME, KOjy BOJOHWYHVIM
Be3aMa omoryhasajy Ja ce KBapTeT UMTO3MHaA pOpMIpa, MCTOBPEMEHO VCIIOJbaBajy
HeraTVBHMje INaplyjaJIHO HaeJjleKTpucare Ha aTOMIMMa KMCeOHMKa y rnopebemy ca
aToMMMa KMCeOHMKa Kopi ryaHuHa. OBakaB TreOMeTPUjCKM CKJIa[, LWTO3MHA WU
MoJjleKyJla Bofe omoryhasa jady eJleKTpOCTaTMUKY WMHTepakilijy Ba?* kaTjoHa
MO3VLIVIOHMPAaHNX Y CyCeqHVM IIyIUbMHAaMa ca aToMVMa KVCeOHVKa MOJIeKyJla Boje.
VicroBpeMeHO, yMarbeHO je M eJIEKTPOHCKO eKpaHMparbe, Ia je 3aK/bydak [a OBaj
KBaJIPyIUIEKC MOXKe J1a VICIIOJbY MO3UTMBaH apMHUTET IIpeMa JIBOBaJIeHTHVIM jOHVMa
Be3aHVM y CyCegHVMM IIyIUbMHAMa KBaJpyIlUuleKca y BomeHO] cpeawHn. Obakas
3aK/bydaK je 3HauajaH C 0O3MpoM fa ce oOBakaB HauMH Be3VBara KaTjoHa y
LIEHTPaJIHOM jOHCKOM KaHaJly MOXe WCKOPUCTUTM 3a MOAyJIalyjy OcoOuHa
nobybennx crama, o yemy he OuTy BuIille peun y HapeIHOM mHorsnasby. Taxobe,
Be3yBarbe IBOBAJICHTHNX KaTjoHa Ha OBaj HAUMH je 3Ha4YajHO 3a pasyMeBarbe HaulHa
IpuIrpeMe KBaJpyIuleKca y BOIEeHVM pacTBOPVMa, a KOjy ce KaCHUje MOTy KOPUCTUTI

paau MHTerpauyje y HaHoypebaje.
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2.3. YTumaj crpykrype m THIla KaTjoHa Ha moOybeHa crama

KBajJpyIIeKca

Kaxo 61 ce miportecn Koju ce of1BMjajy Ha aTOMCKOM HMBOY y OKBMPY HaHOCHUCTeMa
y TIOTIIYHOCTM PpasyMesy, Iopel, HajMOAepPHMjUX eKCIIepUMEeHTAIHMX TexXHUKa,
HeOIIXOJaH je M TeOPWjCKM TpeTMaH Yy BUAy IIpVIMeHe PpasHMX KBaHTHOXeMWjCKMX
Metora. Crucreme Ha 06asm GQ Huje 3a00mIIUIa 3aMMHTEPECOBAHOCT 3a €BEHTYTHY
IIpVIMeHY Ha I10JbY MOJIEKYJICKe eJIeKTpOHMKe Wi onToeekTponuke. C TMM y Be3w,
y JmMTepaTypu je mocseheHO [1ocTa IaXibe M3ydaBarby IOOyDeHUX cTama OBUX
cucremal®8l 911391 VcrpaxkmnBarma mokasyjy fa je dortodmsuka GQ ycriopbeHa
BeJIMYMHOM CHCTeMa, OTHOCHO OpojeM Ga jeuHMIIA KOje y4ecTBYjy Y dpopMupamy
GQ. Ilopen Ttora, GuTHa je M peraTMBHaA OpWjeHTaIMja HyKIeoba3a, OTHOCHO
CTPYKTYpHM PaKTOPM y CHCTeMy Kao U IPUCYCTBO joHa. ExcrieprMeHTaIHM ITOfALN
yKasyjy pa y ancopnuyoHom crnekrpy GQ pomuHupajy Ipeasu Koju  Cy
okapakTepucanu kKao ®penxenosu (Pperkess, pyc.) eKCUUTOHN, Kao ¥ IpeJlasy ca
npeHocoM Hasteketpucarba, Tj. CT mpenasu (Charge Transfer, err.)!120) [121], [128], [130],
[133]-[135], [138] MonoOBasIeHTHM KaTjOHM yHyTap IIeHTpaJIHOT joHCKOr KaHaia GQ yTuuy
Ha MHTePMOJIeKYJICKM IIPEeHOC eHepruje y CMMCIy Aa Ta unHu edpukacHujum23], Jormn
jemaH op mpuMepa yTuIlaja KaTjoHa Ha IoOybeHa cTama OBMX cucTeMa je y
pasmumnTOoM  IIyOpPeclieHTHOM OJrOBOPY Y 3aBUCHOCTM Ja JIM Cy Y CUCTeMy
npucytau Na* wm K* katjounl!?4. 'Y ciyuajy Na* xaTjoHa cTama 13 KOjux ce BpII
eMyIcHja Cy eKCLIMTOHCKOT KapaKkTepa, oK cy y any4dajy K* xatjona To CT crama. OBaj
edekaT je mpurncaH Mar0j MoOwiIHOCTM K* KaTjoHa yHyTap LeHTpaJIHOI jOHCKOT
KaHaJIa ycier seher joHckor pagujyca ¢ oo3upom ga cy NMR nopanm ykasusamm ga
He ITOCTOj! 3HadajHa pas3jiMKa y opraHmsaumjyu ryannHa yayTap GQ yoien msmeHe
KaTjoHa. ['pyma IpeTxomHMX WCTpaXuBarba ce OHOCWIA VM Ha IIpoydaBarbe
joHM3alMje T'yaHVHa HaKOH aricopmiiyje yarpabyonuacror (Ultra Violet, enrs. - UV)
3pauerba C O0O3MPOM Ja ce Taja HPOW3BOAM T'yaHMHCKM pajuKal KaTjoH, KOju
ydecTByje Y HU3y OKCUIATMBHMX IIpotieca yHyTap JJHKI131) [132], [135]-[137], [139], [140], Omo0
IIITO ce Y JINTepaTypu 10 TpeHyTKa IIVcarba OBe JycepTaliyje Hije MOIJIo IIpoHahu je

yTHUIlaj IBOBaJICHTHMX joHa Ha mobybena crama GQ. Ilopen yTwuilaja kaTjoHa Ha
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robybena crama Takobe je KOPMCHO UCHIUTAT U CTPYKTYPHM YTHULIAj, Tj. IIPUCYCTBO
ApYyTVX TUIIOBa KBapTeTa YHyTap KBaJpyIUIeKca, a IIOTOTOBO OHMX KOjUI MOTY Jia
J103BOJIE Jla YHYTap lleHTpaJIHOT jOHCKOT KaHala JIBOBaJIeHTHU joHU Oy/y Be3aHU Y
CBaKOj AOCTYIIHO] IyIwbMHY. OBakaB HauMH Be3MBarka KaTjoHa O Tpebasio 11a mosese
no s3HaudajHe crabwmsanmje CT crama OKapaKTepuCaHMX BeJIVKMM MOMEHTOM
Ipejiasa ycojieq, IIPUCyCTBa jaKor eJIeKTPUYHOr M0jba YHyTap LEHTPaIHOT jOHCKOT
KaHas1a. [letajbHUje pasymeBarbe ocobmHa robybenmx crama GQ je 3HauajHO ca
CTaHOBMIIITa IOTeHIIMjajIHe yIoTpebe OBMX CUCTeMa Y MOJIeKYJICKOj eJIeKTPOHUIIN

" / VUIN OIITOEJIEKTPOHWIIN.

Y okBupy jegHor 011 06jaBibeHNX HayYHMX pafoBa, Properties of the Excited Electronic
States of Guanine Quartet Complexes with Alkali Metal Cations, (J. Serb. Chem. Soc., 2020,
85 (8), pp 1021-1032) maror y mpwusiory 3., je MCTpaXkeH yTUIIaj pa3IM4YUTUX KaTjoHa
IKJIHMX MeTajla Ha TeOMeTpUjcKe ITapaMeTpe M IpBuX ocaM moOybenmnx crama Ga
cucteMa. OBUM WCTpaXuBarbeM je Halpab/beHa TeOpHujcKa IIo[yIora 3a JIaKIle
pasyMeBarbe IMOOybeHmMX cTarma KO CJIOKEHWjUIX CHCTeMa OBOra TWIIA, OIHOCHO
BUIIIeCJIOjHMX  KBazpyiulekca. Ilopen wcnmTmBama BepTUMKaIHMX —eKCIMTanyvja,
VICOIMTaHM CY I MMHVIMYMV IIPBOT CYHIJIETHOT IToOybeHor cTama, OIHOCHO JIeTajbHa
anaimsa muxosor CT cagpxaja. Ceu ipopauyHnu cy nsBefenn y3 nomoh DFT metonie,
a KaCHMja aHayIM3a KapakTepa noo0ybeHx cTama je M3BeneHa y3 moMoh geckpumiropa
noOmjeHNX aHaIM30M MaTpuIle TyCTVHE jeHOeIeKTPOHCKOT mpesasza (One-Electron

Transition Density Matrix, enrn. 1eTDM).

PesyrrTaTyi oBOT MCTpaXiBara Cy IIOTBPAWIN IIPeTXO[He pe3yJITaTe Koji ce TUIy
crpykrypa Gs, a Koju cy IIpoHabeHM y jiuTepaTypu, OAHOCHO [1a Maby joHM nonyT Li*
VICIIOJbaBajy TeHOeHLNjy Ja ce Haby OivbKe cpeuITy IeHTpasiHe MIyIubiHe G, 10K
ce Behu kxatjonu momyT Na* m K* mosummonupajy BaH paBHU KBapTeTa. Ilopern
cJjlarara CTPyKTYPHMX KapaKTepuCTVKa ca JIUTepaTypoM, youeHa je 1 JIOKaIm3aryja
eKcIMTalja Ha Buile ol jeqHor ryanmHa, u To ca CI KapakTepucTrnkama Koje
YKIby4dyjy cycefiHe 1 gujaroHasHe ryanuHe Ga crpykrype. VI3 crama ca mpeHOcoM
HaeJlekTpucama, ogHocHO CT crama, Huje 6110 Moryhe msosioBaTi cTama Koja ce
OIUIVIKYjy CBEeyKyITHVMM pasiBajarbeM HaejleKTpucamba, ogHocHo CS crama (Charge

Separation, enri.). Haunn Ha koju je medpwmHmcan xopuinheH IecKpuUITOp TO HUje
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nosBojbaBao. OBO je yKasajlo Ja je HeOIIXOAHO IIPOMEHUTV MeTOHOJIOIujy
KapakTepusaliyje HooybeHMx cTara Koyl OBMX CHCTeMa KaKo Ov ce pasjacHIIIO Koja o7,
CT crama KapaKTepuilie IIOTIIYHO pas3/iBajarbe HaeJleKTplcarba Ha Kpajy eKCcLuTalyje.
Hajamoxmx ocam nobybenux cuHmieTHux crama ko Gu cucrema 0e3 KaTjoHa Cy
okapakTepucaHa ca BucokuM CT cagpxajem. ITpucycTBo KaTjoHa ajIKaJIHMX MeTasla
He yTude 3Ha4ajHO Ha CT campikaj, ajim yTide Ha IIoMeparse IIPBOT 1 APYror CBeTJIOT
CTama y cucTeMy Ka MamuM, ogHOCHO BehuM eHeprujama, pegom. OBaj OaToxpoMHY,
OJIHOCHO XWUIICOXPOMHM ITOMepaj jeé He3aBMcaH Of] TUIla KaTjoHa aJIKaJIHOI MeTasla.
OnTrMmMsaIjoM MMHMMYMa IIpBOT IToOybeHOr cMHIJIETHOr CTama OBUX CHUCTeMa ce
J0J1a3V [10 3aKJbyYKa J1a Cy Y MMHVMYMY S1 CTarba OKapaKTepycaHa Kao JIOKaJIi30BaHa
JI7T* cTarba Ha jefHoM off TyaHuHa. I[Ipy reomeTpujamMa MyHMMYyMa IIpBor 1odybeHor
crama ce nmpuMehyje pasamka y OJHOCY Ha IIPUCYCTBO pasanmuuTux KaTjoHa. OBa
pasimka nsMmeby agmjabaTcKyIX ¥ BEpTUKTHIMX eKCIUTalIMja ce IIPUIIVICYje CIIOKEHUM
reOMeTPUjCKMM ITpOMeHaMma, KOjuMa CHUCTeM IIO[yIe)Xe MHPWIVKOM ONTUMU3alyje
npsor nobybenor crama. OBM pes3ydTaTy IOKasyjy la HPUCYCTBO PasIMUMTIX
KaTjoHa aJIKaJIHVX MeTajla yTude Ha I10JI0)Kaj MaKCMMyMa (PJIyOpeclieHTHOT CIIleKTpa

G4 cucTeMa.

Haxon ncnmtiBama moOybeHnx cTarma KBapTeTa, Y OKBUPY jeJHOT Of1 00jaB/beHmX
HayuHux panoBa, G-Quartet Self-Assemblies by Earth Alkaline Cations and Hydration,
(J. Phys. Chem. A, 2020, 124 (40), pp 8101-8111), maTor y npwiory 4., ICIIUTaH je yTuIaj
KaTjoHa 1 Xxujpartanuje Ha nodybena crama Gs cucrema. Gg cucTeM IpesicTaBlba
MIUHVMMAaJIHM Mofiell 3a ommcuBame ocoomHa GQ. Osora myTa je ymnorpebrbeHa
MOJIeKyJICKa AuHaMuKa Oasupana Ha DFT wMerogm, kako Ow ce wcnuTana
KoHdopMarmoHa ¢IiekCMOMWIHOCT cucTteMa W Oosbe ommcasie  BepTUKaIHe
eKcIMTaIyje, OJHOCHO eJIeKTPOHCKM ariCOPIIIVOHM crleKTap cucreMa. Takobe, npyru
OpuUCTy y neduHMCaY JecKpurropa modybeHmx cramwa y3 nomoh 1eTDM je
omoryhmo pa ce CS crama wmsonyjy op CT crama. Op KaTjoHa cy oBora IyTa
pasmaTtpanu Li*, Na*, K*, Mg?* n Ca?*. ConBaTalnoHu edeKTH 3a jeaH Off crcTeMa
(Gs-Na*) cy pasmaTpaHu yK/byuMBarbeM eKCIUIMIIUMTHIX MOJIeKyJIa Boe y IIpopadyH,

a 4mju Cy T0JI0Xajut ofgpebenn rmomohy MosieKyJicKe JMHaMVKe ca IT0JbeM CHIa.
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PesyrrTaTyi MoJIeKyJicKe AVHaMVKe OKTeTa ca [IOMeHYTMM joOHMMa Yy racHoj dasu y
OCHOBHOM YKa3yjy Ha Behy ¢i1eKcOVMITHOCT KBapTeTa, IIITO je VI O4eKMBaHO ¢ 0031poM
Ha TO J1a 300T BeJIM4MHe CUCTeMa Yy pa3MaTpar-e HUCY y3eTu IeHTo3HM Inehepu ca
docdarammM rpynama. CBr OKTeTM KOOPOVHMCAHM ca KaTjoOHMMa aJIKaJIHMX MeTasla
VICIIOJbaBajy CIIMYHEe OCOOVIHe OCHOBHOT cTama. Kos KaTjoHa ajkayHX MeTasla, KaTjoH
ca HajMarbMM JOHCKMM pagujycoM, Li*, Hajpuime monpmHOCHM — AUCTOP3UjU
nojeqHa4YHMX KBapTeTa yHyTap Gs cucrema. Kox cucrema Gs-Na* je mporabeHo
Hajkpahe IpocedyHO pacTojarbe KaTjOH-KMCEOHMK IIITO omoryhasa ycIiocTasibarbe
Hajjaunx BOJOHMYHMX Be3a m3MeDy ryaHmHa. Y clydajy KaTjoHa 3eMHOaJIKaJIHVX
MeTajla MHTepakilja KaTjoHa ¥ KMCeOHMKa je OodeKMBaHO Hajjadya ¢ 003MpoM Ha
dopmasiHo Behe HaenrekTpucame. Takobe je uspakena 1 seha pUrmIHOCT CTpyKTypa
y OJIHOCY Ha KaTjoHe aJIKaJIHMX MeTasia. Y arydajy Gs-Mg?* cucrema je mpumeheHo ma
ryaHVHU VICIIOJbaBajy TeHIeHIIMjy Ka ITpeKylaliamy ca HajosIvoKiM cyceiMa, IpuToM
HapymaBajyhm cTpykType TojemMHauyHMX KBapTeTa ¥ JoBofehm 10 ciabreersa
BOJOHMYHIX Be3a IITO ce MaHMdecTyje HajpehrM cpeamM pacTojarbeM oHop (H)-

akuerrrop (O).

CTpyKTypHe feBujaliije y OCHOBHOM CTarby ce 0J1aro ofpakasajy m Ha nodybena
cramba Gs-M*/2* cucrema. Cyimano Kao y Ga-M* cucTeMimMa KaTjoHM ajIKaIHVX MeTasla
He yTU4y 3HadajHo Ha I1oOybeHa crarsa okTera. CT canpixaj y cuictemnma ce rnopehasa
Ha oko 31% y omHOCY Ha OKTeT 0e3 KaTjoHa KOl KOra je Taj IIpolleHaT HeIlITO Mamk U
msHOCU 26,9%. Kaja cy y nmramy KaTjoHM 3eMHOaJIKaJIHMX MeTajla, Ty J0JIa3u [0
HEIIITO IIpVMeTHMje pasjIiKe y CIIeKTPVMa ¥ IbUXOBUM KapaKTepucTuKaMa. YOo4ueHo
je Behe paspBajarbe M3Meby IIPBOT U IPYTOr CBETJIOT CTakba, XUIICOXPOMHO IIOMeparbe
nm* crama, kKao u cradbwmsamnyuja CT crarma, OZHOCHO IIOMepame MCTUX Ka MamuM
eHeprujaMa y crieKTpy. Edexar je mpummcaH nojaganoj crabvwmsanyjt n opouraia
Ha aroMyuMa KWMCeOHMKa, IITO IoBehaBa eHeprujy HOTpeOHY 3a eKCHMUTallVjy
eJIeKTpOHa 13 OBUX opOuTaiia y * opouraite. Mmak, cagpxaj CS crarba Huje 3Ha4ajHO
MoamdukosaH 1 nsHock of 20,3 1o 24,4%, ca nsyserkoM Gs-Li* cucrema xop, kxora je
HajMamM 1 m3HOCU 16,6%. JompuHoc CS crama Ha eHeprujama ucmop 5eV je
He3HaTaH, 0KO 1% ocuM kop, Gs-Mg?* cuctema e je oko 4%. OBu mogary ykasyjy Ha

KOMIUIEKCHV yTHUIlaj KaTjoHa Ha reOMeTpUjcKy CTPYKTYypPYy OCHOBHOI CTara Kao U
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ocobrHe nobybennx crama. Pasymepame oBUX yTullaja je KbyuyHO Kako 6m ce GQ
CTPYKType eduKacHO MoIjle KOPUCTUTW Yy HaHOTexHo/oruju 3a ypebaje ca
rofiecuBUM onTukyM ocobmHama. Consartainyja crpykrype Ga-Na* ca eKCIuIMImTHO
TpeTMpaHMM MOJIeKyJIMMa BOJe JOHOCKM HeKOJIMKO 3aKjbydaka. Boma mopaTHO
nosehasa cagpxaj n crabmmsyje CT cTarba y MCIMTVBAHOM €HEPreTCKOM OKBUPY Te
je mpumeTHo 1 ntosehame CT camgpikaja 3a oko 10%. ITopen Tora, maoenTndmKoBaHa Cy
U cTamba I7le mobybenHu elleKTpoH 13 T opOuTasla r'yaHHa Ha Kpajy eKcluTalyje Ovsa
JIOKaJIN30BaH Ha MOJIeKyJIMMa Bope. ITpucycTBo eKCIUIMIUTHMX MOJIeKyya Bofe y
Mozielty je omoryhmio fga ce oBa cTara J1IeTeKTyjy, M TO Y HIMPOKOM OIICeTry eHepruja.
ITocTojarse OBakBMX cTarka yKasyje Ha MoryhHoct ma mcra mnocroje m'y GQ y
OMOJIOIIKOM OKpPYXery, Te Ia Mory gosectn 1o omrehera [IHK HakoH ancopmmmje
UV 3pauera u3 mmpoke obactu eHepriuja. Vinaxk, pesysraTti qobvjeHn Ha Mofieny
6e3 menTO3HMX mIehepa ca dpocdaTHIM Ipyrama Cy caMO CyTeCTMBHY, C 0031poM fa
Ov ce odekmBaJIO JOJATHO 3aKjlamarbe I'yaHMHa Of] eJIeKTPUYHOI TI0jba MOJIeKyJla
BOJIe y CJIy4ajy J1a cy eHTo3HM mehepu ca HeraTuBHO HaeJleKTpucaHuM pocdaTHIM

rpymama IIpyCy THUAL.

VcrmmruBare mobybeHnx crama KBafpyIUleKca je HacTaB/beHO Ha CHUCTEMVIMA 3a
KOje je IIpeTXOAHO pa3MaTpaH 1 adpMHUTeT IIpeMa KaTjoHnMa (BUIeTH IorjIaBibe 2.2.),
OIHOCHO €eKCIIepMMEHTa/IHO ofpebeHMM CTpyKTypama, Koje YHyTap LeHTpaIHOT
JOHCKOT KaHajla KOOPOVHMIILY ABa KaTjoHa 3eMHOaIKaJIHVX MeTaia m3Meby cBakor
cycemgror Gal12l 131 18], otHocHO cBakor Apyror G4l [Ipe pasmaTpaHe cTpyKType y
CBOM cacCTaBy MMajy M KBapTeTe ypauwrall2l ogrocHO 1imrosmnnal’3l. Pesynrati oBor
UCTpaKuBama Cy oOjaBibeHM y HayuHoM pamy Alkaline Earth Cations Binding Mode
Tailors Excited-State Charge Transfer Properties of Guanine Quadruplex: A TDDFT Study
(Spectrochim. Acta A, 2022, 267 (Part 2), pp 120584) natom y ripwiory 5. V3 nomenyTix
CUCTeMa je eKCTpaxoBaHO IIecT KOMITyTallIOHUX Mozesia (rmoryenaT cmke 1. 1 2.y
nputory 5.). Ilet of miect Mofiernia yKby4yjy IBOBaJIEHTHe KaTjoHe 3eMHOAJIKaJTHVIX
Metasia (Ca?* u Ba?*), xkoju cy koopauHucanu n3Meby cBakor cj1oja u jedaH Mojiesl ca
Sr?* kaTjoHMMa m3MeDy cBakor Apyror cioja pagu nopebema. Kao 1 y HayuHum
pajoBMMa pdaTuM y IpwiosuMma 3. M 4., MeTomosiorWja WCTpaXuBarba je

nofipasyMeBajla W3padyHaBalbe BepTUMKaJIHMX eKcouranwja npumeHoM TDDFT

20



IIpersen pesysrara

MeTo/fie 3a eKCIleprMeHTaIHO ofipebeHe reoMeTpuje 1 TeMeJbHY aHaIM3y IIpesiasa y3
riomoh 1eTDM. CosBaTanmonm edeKTH 3a jeflaH of, UICIUTVBaHMX CUCTeMa Cy Takobe
CUMYJIVIPaHV y3VMar-eM eKCIUIMLIUTHUX MOJIeKyJla BOJe y pasMaTparbe, a 4uja je
KOH(duUrypaiija JoOujeHa MOJIeKyJICKOM IMHaMMKOM ca TojbeM ciia. [Taxbpusum
ofgabupoMm dparmeHaTta y cucreMy je omoryheHo ga ce creKTpaJHU ITpodul
palrwiaHy Ha JAOIPUHOCE KOjU IOTUYY Of, JIOK&JIHMX eKcouTanyja (eKCIUTOHMN),

excuyMepcKmx (excited dimer — excimer, enrs.) nonpuaoca u unctux CT crama.

Pesynratm aHanmse crIekrapa OBMX CHUCTeMa VKasyjy /[la eKCHUTOHCKU U
eKCIVIMePCKM  JIONPMHOCK  JIOMUHHUPAjy  alcoOpIUMoHMM  npodwioM. 3a
KBaJIpyIUIeKCe Ca BUCOKO-CMMETPUYHVM ¥ paBHUM KBapTeTyMa eKCIIMepCKa CTarba
HajIBJIajlaBajy eKCIIMTOHCKA U jaBibajy ce Y IIMPOKVM eHepreTcKuM orice3uma. Takobe,
nako je monpuroc CT crarba y ancopiyoHOM CHeKTPYy Maly, OCIIaTOpHa CHara
OBUIX ITpeJia3a He MOXe y ITOTIIYHOCTH J1a ce 3aHeMapu. [ToceGHa naxba je moceehena
CT cramumMa of1, Kojux Cy cBa 3anpaso nageHTndukoBaHa kao CS crama. C TviM y Be3u
y3 pasMaTparmbe allCOpIIIVMOHOI IIpodwia pasMaTpaHa je M TycTuMHa IToOybenmx
cramba, Tj. DOT (Density Of Transition, enri. - DOT). McnutuBawem DOT mpodnia
npumehyje ce nopehame cagpxaja CS crama Kao M HUXOBO IIOMepame Ka MamVM
eHeprujama. KsazipyIuiekcu Kojui y CBOjoj CTPYKTypu mMajy Oap rBe cycermHe G
jenvHMITe McoskaBajy Benuku yaeo CS crarwa y DOT. Hip., 3a Hajpehn ncnitrBanm
cucteM caumbeH of1 1eT Ga c10ja 1 yetnpu Ca?* katjoHa of, HajHvoKMx 80 mobybenrix
CUHIJIETHMX cTamba 75 % je mgeHTndmnkosano kao CS crama. [lopen Tora, BehnHa oBux
CTama je cTabOwIM3oBaHa VICIIOf IIPBOT CBETJIOT CTamba y CIEeKTpPYy. Joll jegaH TuIl
nHTepecaHTHUX CS crama je youeH Kop cuctema ca Ca?" KaTjoHMMa, Kao M KOJI
cucteMa ca ABa Ba?* kaTjoHa M jeqHMM KBapTeTOM ypalwia, OJHOCHO KOJ, CBUX
cucTeMa Iie ce Hajlase Oap aBa cyceqHa Gs KBapTeTa M /iBa JIBOBaJIeHTHa KaTjoHa Y
CyCelHVM INyIUbMHaMa IIeHTPaJHOr joHCKOr KaHasa. OBaj mum CS crama je
OKapaKTepucaH eKCHIMUTalljOM eJIeKTpOHa W3 J opOuTajia JIOKaJIM30BaHMM Ha
ryaHuHuMa y BupryesHe d opOurane Ca?*, ogHocHO Ba?* katjona. Ilpumehenn
edeKTM KOji1 KaTjoHM MHIIYKYjy Y OBMM CUCTeMVMa Cy HPUIIMCaHN OCTOjalby jaKor
eJIeKTPUYHOT I10Jba YHYTap KBajpyIulekca, Koje cTabwinsyje mpesiase ca BeJIVIKMM

MOMEHTOM IIpeJia3a Kao IITO cy ji71* v ryaHnH-KaTjoH CS cramba. ConBaTaryja cucreMa
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ca Tpu Gs cs10ja ut aBa Ca?* KaTjoHa ca eKCIUIMIIUTHIM MOJIeKYyJIMa Bofe JOBOAM 10

ucTux edpekaTa Kao 1 'y airydajy Gs-Ca?* cucreMa.

TemerpHVM pasMaTpamem moOybeHmx cTarba KBaJpyIUIeKCa 3acHOBAaHMM Ha
a"aimsu 1leTDM ce moXxe 3aKJ/byYnTH [1a CY OBV CCTEMM BPeIHM JlaJbel MCIIUTVBAIba,
mpe cBera 300r Bermmke mpucyTHocTn CS crama, Kao 1 MoryhHocTn mopelraBama
IbVIXOBVIX €Hepruja CyIpaMOJIeKYJICKMM AM3ajHOM, OIHOCHO BeJIMYMHOM CHCTeMa,

KaTjOHMMa ¥ IIPUCYCTBOM Pas3/IMUUTUIX KBapTeTa Yy caMOj CTPYKTYPUL.

2.4. CamoopraHmn3anyja v ONTMYIKA CBOjCTBa KOBaJIEHTHO

HAEKOPHMCaHMX I'YaHMHCKUX HAaHOTpaKa

Camoopranmsanyja MOJIEKYJICKMX CUCTeMa HpeAcTaB/ba jeflaH Off eJIeraHTHMX
Ha4dyHa 3a IpuIipeMy HaHoypebaja ca 1toXke/bHMM OCcOOMHAaMa 3a IIpVIMEHe Y OKBUIPY
MOJIEKYJICKe eJIeKTPOHMKe 11 onrToesleKTpoHmKe. Hyxiteobase, a moceOHO ryaHmHm, cy
peripe3eHTaTVBHM  IpUMepM  MWMKPOCKOIICKMX  TpagMBHMX  OJIOKOBa  3a
dyHKIIMOHATHE  HAHOCTPYKType C  OO3MpOM Ha  HUXOBY  CIOCOOHOCT
camMoopraHusaiyje oMoy HeKOBaJICHTHUX MHTepakuwmja. MebyTnmM, matepujanm
3aCHOBaHM Ha CTPYKTypaMa CauMEbeHVM VCKJBYUMBO Ofl, HyKiTleobas3a HCY ITOTOTHM
3a MPaKTUYHY OpuMeHy ¢ 0031poM Ha mrxoBy UV onTuuky akTmsHOCT. Ca OBUM y
Be3y, y JIUTepaTypy ce Hajla3y HU3 PasIvuuTUX OPraHCKMX jefuiberba Koja Y HeKoj
Mepy VCIOJbaBajy CIIOCOOHOCT camoopraHusalyje, ajii He M y Mepu y KOjoj Cy TO
cnocoOHe 1a yuMHe HyKiIeobase ca CBOjUM KapaKTePUICTMYHVM MOJIEKYJICKIM
nperiozHaBarbeMm!141-147].  KoMmOmHOBarmeM caMOOpraHM3alVIOHMX CIIOCOOHOCTHI
HykIeo0Oa3a ¥ TIIOTOOHMX ONTUYKMX OCOOMHa jeduiberba KojuMma je Moryhe
dyHKIIMOHaIM30BaT HyKileobasze ce A00Mjajy T3B. BOJOHWYHO-Be3aHe OpTraHCKe
mpexe (Hydrogen bonded Organic Frameworks, errst. HOF)[281-B1) [148] TTpymmepa HOF
cucteMa Ha Oasy ryaHMHa MMa Yy JIMTepaTypy M 3acHUBajy ce Ha KOBaJICHTHOM
JeKopucary I'yaHMHa MojleKyyIMMa Ha 0asu pwieHcKkux 0oja. KonkperHo pamm ce o
HadTateH-1,4:5,8-6u(nukapbokcmmvm)  (NDI) wm 2,5,8,11-TeTpaxekcmineprieH-
3,4:9,10-6u(mgrkapbokcmmu) (PDI) morexyrmmmal?6) (271, TIpegroct HOF cucrema je

MoOryhHOCT Jlake MaHMIyJIalyje OcoOMHaMa WCTUX KopuihemeM pasImauTiX
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ONTWYKM aKTMBHMX jenyuHuIla. [leMoHcTpupaHa je crtocodbHocT cnHTeTrdkor GQ ma
KpO3 CBOjy CTy0acTy CTPYKTypy KaHaiuile dpoToreHepucaHe IIyIUbuHe (electron
holes, errn.) kama GQ 4nHe ryaHMHM KOjiI Cy CYIICTUTYMCaHU PrjIeHCKUM bojamal?dl-
311,V oBoM cilyd4ajy HpoOCTOpHA opraHm3alyja UIrpa KJbY4HY YJIOTy C 003MpoM ma
HAaKOH eKCLMTAaIlMje y CBeTJIa /uT* CTakba JIOKaJIM30BaHa Ha PIWIEHCKMM Oojama y
CUCTeMy MOJIasy IO pas[Bajarba HaesjeKTpucarba, OTHOCHO A0 peJlakcariuje Kpo3s
nyroxusehe CS crame y KoMme je IIyIUbMHA JIOKaIM30BaHa Ha TyaHMHIMMA, a
eKCIIMTOBaHM eJIeKTPOH (excited electron, eHri.) Ha prleHCKUM Oojama. KoHKpeTHO, y
arydajy ryanmH-PDI (GPDI) cucrema, Bpeme xusota G**PDI*- CS crama je
1,240,2 nsl3ll. PenaTmBHO IOyradyxo BpeMe XMBOTa je MPUIVCAHO IeIOKaIM3arIiji
eKCLITOBaHOr ejlekTpoHa Ha cycegHuM PDI xpomodopama. Kop crcrema ryanmH-
TDI (GTDI) nponabeH je jom jenaH mHTepecaHnTaH Tuil gyroxusehnx CS crama y
KOj/IMa je HaeJleKTpucarbe pasaBojeHo Ha cycenumm TDI jequnvirtama, anv oBora 1myta
6e3 yuemha ryanmua (TDI**TDI*-). Cinune xapatepuctuke mmoOybeHmx crama ce
cpehy m xom HOF cucrema opranmsosaHmx Ha mnospmmHamal?6l-28l. Obakse
KapaKTepyucTHKe IToOybeHmx cTarma y KOMOVHAIVj/ ca CyIIpaMOJIeKYJICKVIM JIV3ajHOM
UMHM OBe CTPYKType W3y3eTHO IIpUMaM/bUBMM 3a IIpUMeHe Yy OKBUPY
onroenekTpoHuKe. ITopen pruteHcKMx 0oja Kao CyIICTUTYeHTV IryaHMHa/TyaHO3HA
y ITepaTypu ce Haase 1 onurornodernl#9-1152, omro(p-de-amoten-suanen)153],
bop-oumpomeren!’™! u OyTmripurennl®). ExcriepmMeHTaIHM aclekT MIpUIIpeMe
OBVIX CMCTeMa je M3y3eTHO KOMIUIMKOBaH U HIIp. y ca1ydajy GPDI 3axTeBa rpy6o oko
116 gacoBa mpwurpeme (3a AeTasbe cuHTe3e morienatn pedepenmy [31]). Taxobe,
KapakTepusallfja OBMX CHUCTeMa 3axTeBa Kopwuilheme HeKOJIVKO pas/ImIuThX
KOMIUIEKCHVX eKCIlepMMeHTaJIHMX TexHrKa. MaTtepujayim Ha 0asy CyIICTUTYVICAaHWX
ryaHMHa ce MOIy CMaTpaTu U KaHOugaTuMa 3a KOHCTpyucarbe (IIeKCHOWIHMX
doroBosITanka ¢ 003MPOM a MCIOJbaBajy TeHIeHIN)y Ka dopMupamy (aTOMCKN)
TaHKMX QwIMOBa Ha IIOBpIIMHaMa. Y TOM CJIy4Yajy HEONXOIHO je Ja TaHKWU
MOJIEKYJICKU (PMIMOBM Oy/1y JelIOHOBaHM Ha TpaHCIIapeHTHNM eJIeKTpojlaMa, a y TOM
cMmCITy ce roceOHO mcTrde rpaden. Kpucraam xeTepocriojeBy HOIYIIPOBOJHMKA U
rpadpeHa, rje cy KapakTepuCcTHKe II0JIyIIpOBOHMKA IT0JIellleHe 3a ogpebeHe HaMeHe,

Cy TeMeJbHO MCIIMTVBAHV MpoTekmx rogmHal>6l-158], TTopen Tora, ekcriepmMeHTaIHO
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Cy peajiM30BaHe caMOOpraHM30BaHe CTPYKType pasHMX PUIeHCKMX 0oja Ha BMCOKO
ypebeHom IIVIPOJTATUKOM rpacpuTyl1>] (Highly Ordered Pyrolytic
Graphite, enrii. - HOPG), kao w ryaHMHa/TyaHO3MHa CYICTUTYMCAaHMX ca
oymrornodennmall49l-11521. JImak, pasymeBarbe Ipolieca KOju ce OIOBMjajy Y OBUM
cUcTeMMMa Ha aTOMCKOM HWBOY HWje IOBOJBHO IIPOy4YeHO C 0O3MpoM Ha
KOMIUIEKCHOCT ¥ BeJIMYMHY CUCTeMa. 3axXTeBHOCT ca KOMIIjyTallIOHOT acliekTa ce
orviefia y TOMe J1a y JIUTepaTypu HeIOCTajy Mofallit O CTPYKTYPHWUM, €eHepreTCKUM U

OIITMYKMM KapaKTePUCTMKaMa OBaKBUX CVCTEMaA.

Ha camoMm Kpajy mncTpaxusarba y OKBUPY OBe JOKTOPCKe AvcepTainyje IIaxiba je
roceeheHa camoopraHmMsanuju M ONTUUYKMM OCOOMHaMa I'yaHMHCKMX HaHOTpaka.
PesysntaTit cy cymmpaHm y oOjaBjbeHOM Hay4dHOM papay Self-Assembly of Rylene-
Decorated Guanine Ribbons on Graphene Surface for Optoelectronic Applications: A
Theoretical Study (Nanotechnology, 2021, 32 (43), pp 435405), mator y mpwiory 6.
Teopwujcku mpucTyI y OKBUpPY OBOT pajia je nofgpasyMmesao Kopuitherse DFT 1 DFTB
MeTofla Kako Ou ce aHajmsMpasia cBojcTBa camoopranmsoaHux GPDI mornexysa y
BOJIOHMYHO-Be3aHe I'yaHVHCKe HaHOTpake Ha rpadeny. Kombunamyja DFT 1 DFTB
npyxa OasaHCMpaH TpeTMaH IIPeIIM3HOCTV ¥ Op3uHe HpopadyHa WCIUTVBAaHVIX
cucTeMa ¢ 0031pPOM f1a Cy MOJIeIN CHCTeMa Y OBOM CJIydajy cauMEbeHM Off HEKOJIVIKO
crotnHa aroMa. [Ipuponma mHTepakimje n3meby agcop6osarmx GPDI Morekyra Ha
rpadeny je pasmarpana y3 nomoh EDA meronosiormje, JOK Cy ONTHUYKe OCOOVIHE
ncnurane ca TDDFT wmeromom. Ilopem GPDI opranmsoBanmx y HaHOTpake,
pasmarpanu cy n HOF cucremn caummenn opn GoPDI mosnekyrna (jeman PDI
CYIICTUTYMIIIE [iBa TyaHWHa ca o0e cTpaHe) KaKBU Cy IIPeTXOIHO eKCIIepUMeHTaTHO
cuHTeTMCcaHn!20) (7], v 1yby KOMITapaTwBHe aHayM3e KapakTepucTuka. Hajmpe je
VICIIUTaH HauMH U eHepreTuka opranmsanuje n GPDI na rpadeny ys nomoh DFTB
MeTofle, 10K je eBajlyamuja pesyirara ypabena DFT meromom. IlokasaHo je ma ce
eHepruje sesusama GPDI mosiexysia He pas/nKyjy 3Ha4ajHO KaJa ce IPUMelbYjy OBe
nse Metoge (oko 0,2 meV/aTomy). [Jo objasrbuBarmba oBux pesynrata HOF cucremn
OBOT THIIA CY Ce IIPOyYaBasIv CaMo ca KJIaCMYHVM IOTeHIIMjaIMa Tj. HosbyiMa cvotal?7l,
VI TO CaMO y IIWbYy TauHMjer TyMaderba CTPYKTypa J1001jeHX peHAreHOCTPYKTY pPHOM

a"Haym3oM. Ha 1moueTKy mcrpaxkuBarba Cy WICIIMTaHe eHepruje afcopIIiuje jeHor
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morstekysta GPDI Ha rpadeny kako Om ce oTKpwle eBeHTyaIHe HpedepeHIje Ka
ofipebeHoM HaumHY Be3uBama. Manmpamem eHepruje afgcoprumje Mosiekysia GPDI 'y
dyHKIMj1 pacTojarka of1 TpadpeHa 1 pelaTuBHe OpUjeHTalVje Y OJJHOCY Ha rpadeH je
IOKa3aHO [la HeMa jeJMHCTBeHMX IIpaBalla y KojuMa Owm ce OBUM MOJIEKY/IU
agcopbosain Ha rpadeny. Takobe, agcopryja GPDI ca cBoje 6ouHe cTpaHe Huje HI
puOJIVDKHO eHepreTCcKN IIOBOJbHA Kao MapasiesiHa afgcopiiyja. Vzoeneprercke GPDI
KOHopMallje 103B0JbaBajy pasInduTe IIOYeTHe yCJIOBe 3a CTBaparbe MOJIeKYJICKVIX
Ha"oTpaka wm HOF crpykrypa. Yoienwio je mcnmruBame jBa Moryha Tuma
MOJIeKYJICKMX HaHoTpaka caumibeHnx of, GPDI kao m HOF crpykrypa (cmka 2. y
npwiory 6). AHaymsupana cy camo asa tira GPDI HanoTpaka ¢ 00311poM Ha cTepHa
orpaHmuera Koja ce cycpehy ycien npucycrsa PDI dyHKIMoHaIHMX IpyIIa KojumMa
cy cymncTuTyvcanu ryanman. Hajpe cy onrruMmsatiijom gooujeHe jemHOAMMEH3OHe
a II0TOM, Y3 IIPYMEeHY IepUOANYHNX YCJI0Ba, u aBoanMensnoHaiHe GPDI nanorpake
Ha rpadeHy. OBakBa aHaJIi3a je CIIpoBe/ieHa Kako Ov ce mIeHTUdUKOBaIM TUIIOBU
BogoHMuHMX Be3a kKojuma cy GPDI jenummiie BesaHe, Tj. BOOOHMYHMX Be3a
ycrnocTab/beHVX M3Meby Mosiekysia ryanmHa, aav u nsmeby PDI dynknmonamHmx
rpyna. EDA ananmsa KoHTakaTa n3Meby cyceqHMX jeyHMIIa Koje YvHe OBa JIBa THIla
GPDI nHanoTpaka je mokasaja Ja Cy 3a IIOBOJbHE MHTepakHyje y CIMYHOj Mepu
OZIFOBOPHM €JIEKTPOCTaTUUKWM, [OJIapV3allVIOHN U IVCIIeP3VIOHN JIOIIPVHOCK. 3a caMo
dopmmpame GPDI HaHOTpaKa cy 3aciTy>kHe IOBOJbHEe MHTepaKIvje n3Meby ryanmHa,
aym ce JonpuHoOcK KoHTakaTa m3Mmeby PDI dyHKIIMOHaIHMX HaHOIpyIla He CMejy
saHemapuT. Hakon pobOwujarba MonoMosekysickor coioja GPDI HanoTpaka Ha
rpadeHy, ONTMMM30BaHO je M Buile BapujaHTH Haciaranmux GPDI nanoTpaka,
OJIHOCHO [IBe, TPY HacjlaraHe 1 OeCKOHa4YHO MHOTO (Y3 HOMON ITeproANYHMX YCII0Ba)
Hacimarannx GPDI HanoTpaka. 3aTum cy IIpopadyHaTe eHepruje BesuBarba 3a OBe
CUCTeMe 11 Ha OCHOBY HbIIXOBe aHasIu3e je 3aKbydeHo ga ou pact GPDI HaHOoTpaka y
paBHU rpadeHa Tpebao OUTY ITOBOJbHMjM Of1 pOopMMparka BepTUKaIHMX HacjlaraHMX
crpykrypa. CmuaH 3akbydak ce Hamehe m 3a pasmarpanu HOF cucrem. Vinak,
OBaKBM 3aK/byulll y WIeaJIM30BaHVM YCJIOBMMA IIPUMEHHeHOI Mofesia Cy camo
CyrecTMBHM C 0031poM Ha ¢IIeKCHOWIHY OPUPOY OBMX MOJIeKyJsla y pacTBOpVMA.

[Topen ciuHe eHepreTHKe M HauuHy MHTepakiyje ca rpadpenom, GPDI nanorpake
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v HOF cucrem ce ommiKyjy 1 CJIMYHOM €JIEKTPOHCKOM CTPYKTYPOM IIITO je yTBpDeHo
M3padyHaBareM IIpodwuia rycrute ctarba (Density Of States, enrii. - DOS) y 6imsvaM
HOMO u LUMO opburane. Hakon mcnmuraHe opraHmusaiyje 1 eHepreTuKe OBUIX
cucTeMa, MaKmba je IocBeheHa 11 CBOjcTBMMa HVIXOBUX MOOybeHMX cTama. 3a Mojies
caunmbeH of aBociojunx GPDI HanoTpaka, ogHocHOo asociiojHe HOF cTpykrype, ca
I10 YKYITHO OcaM MojleKyJia/ CyIpaMoJIeKyJICKVX TpaVBHIX je[IVHNIIA, je 3padyHaT
esleKTpoHCKM ancopnumonmn crekrap/DOT xoju je pasimoxeH Ha OOIpUHOCe
JIOKaJIM30BaHMX, eKcuyMepcknx 1 CS crara Ha MCTM HauMH Kao IITO je To ypabeHo
ca arncoproHuM npodwiom GQ ca IBoBaJIeHTHUM KaTjoHMMa (BUAETH II0IJIaBjbe
2.3.). Kom cBux cucrema je yTBpbeHo fa mmajy Bucok cagpxaj CS crarma y DOT meby
Kojuma je motBpbeno npucycrso G**PDI*-u PDI**PDI*- CS crama, a Koja ypaBo uiHe
OBe CUCTeMe 3aHMM/BMBUM ca acllekTa onToesleKTpoHuke. ITosehaHo mpucycTso
PDI**PDI*- CS crama xop GPDI nanorpaxa y omrocy HOF cTpykrype je npunmcano
IIOBOJbHOj IIPOCTOPHO] OpTaHM3aLVjy FPaaVBHMX jeauHMIIa. Takobe, mokas3aHoO je ma
kop jennor tuna GPDI nanorpaka xao n xog HOF crpykrype G**PDI*- CS crama mory
Ovrtn gupexTHO NoOybena HakoH ancoprmiiuje ¢poTtoHa. ITocrojarme CS crama, Koja ce
OUIVIKYjy ITPOCTOPHVMM pas/iBajarbeM IIyIUb/HE 1 eKCLIMTOBAHOr eJIeKTpoHa msMeby
gIojeBa 'y CuUCTeMy, KaHOudyje OBe CHUCTeMe Kao MOTeHLMjajlHe KOMIIOHEeHTe
doTtoBonrTamka ¢ o03MpoM mga ce pagM O aTOMCKU-TaHKMM rpader-GPDI

XeTepoCTPYKTypama.
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3.3aK/py4aKk

Y oxBupy oBe AucepTaliuje Cy TeOPWjCKMM MPUCTYIIOM pa3MaTpaHe OCOOVHe
CyHpaMOJIeKyJICKMX CTPYKTypa I'yaHMHa y IIMPOKOM CMUCITY. AKILIEHAT je CTaB/beH Ha
HeKe Of], HajBaXHWjMX KapaKTepUCTVKa OBMX CHCTeMa Y OCHOBHOM eJIeKTPOHCKOM
cTarby, Kao mTO je wHTepakiuja Gs ca MeTaonopdUPVHCKAM JIUTaHIOM,
VIHTepaKLIVja pasINdnUTIX KaTjoHa ca HEeHTPaIHMM JOHCKIM KaHaJIoM KBaJpyIuieKca
VI caMoOpraHmsalyja KOBaJIeHTHO JeKOpMcaHMX TyaHHa y HaHOTpake Ha rpadeny.
Takobe, TemerpHO cy mcnmTaHa 1 moOybeHa cTarma IyaHMHCKMX KBajlpyIUleKca U
HaHOTpaKa, ca IToceOHVMM OCBPTOM Ha (aKTope KOji MOJyJIMpajy eIeKTPOHCKY
arcopImujy Kao INITO Cy CyIIPaMOJIeKYJICKVM AW3ajH, TUIl KaTjoHa y CUCTeMy W
IIPUCYCTBO MOJIeKyJla pacTBapada. Y CKJIOIIy OBe JucepTanuje cy KopwuiheHe
TPeHYTHO CTaHJapiHe MeTole KBaHTHe XeMuje, a Koje Cy yjedHO M Hajuerthe
KopuitheHe y JMTepaTypu 3a TpeTMaH OBJle pasMaTpaHux cucTema. Pamgm ce o
MeTOJlaMa 3acHOBaHMM Ha Teopuju (YHKIMOHAja TYCTUMHe, a IIopel IbuX je

KOpVIH.IhEHa " MOJIEKYJICKA IVHaMMKa €a KJIaCITYHVM l'IOTeHL[VIjaJ'H/IMa.

ITomanm v3 jmTeparype yKasyjy Ha OrpoMaH MOTeHIIMjasl CYIPaMOJIeKyJICKMX
CTPYKTypa 3aCHOBaHVX Ha MOJIEKYJICKOM ITpello3HaBamy HyKjIeobasa, a Meby kojumMa
IIoceOHO MecCTO 3ay3VMa TyaHMH. JloHeKJe KOMIUIMKOBaH HaudMH MpuUIIpeMe U
KapaKTepusauyje je yCrmopuo pa3Boj VI yMarbMO MHTepecoBarbe 3a OBaKBe CHCTeMe.
Crora je TemespHa TeOpMjcKa IOTHOpA VM pasyMeBarbe IOjeIMHOCTM Ha aTOMCKOM
HVBOY y Be3M Cca CyIIPaMOJIEKYJICKVM CTPyKTypaMa ryaHnHa nsocraia. CrcreMaTcko
TEOPUJCKO WCTPaXXMBarbe CyIIPaMOJIeKYJICKMX CTPYKTypa IyaHWHa y OKBUPY OBe

AvicepTaliyje je IpPyXwiIo cilefehe 3ak/byuke:

e CnekrpaiHu of3uB y MH(panpseHoMm Aeiny cnekrpa GQ y 3aBuUcHOCTU Of,
IIPVCYCTBa Pa3INUUTIX MeTaJIONOPPUPUHCKMX KOMIUIEKCa je ITOTeHIIMjaIHO
Moryhe ynorpeOutn 3a mpahere HauMHa Be3lMBarba OBaKBUX JIMTaHAA KOju
MOTy OuTHM O 3Hadaja y aHTU-TyMOPHOj Tepanuju. IIprMeHOM MoJIeKyJsicKe
AVHaMMKe je yOueHO M Jla WMCIIPaBHOCT CTaTWMYKMX IIpopadyHa 3a OBaKBe

crcTeMe HUje IIOTpeOHO [OoJaTHO IpeucHIUTHBaTH, Te Aa Cy caMu 1o cebu
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JOBOJBHO TIOY3[aHM VI KOPWICHM 3a OTKpWMBarbe MOTeHIVjaJIHMX MOJIeKYyJla
KaHaugaTa 3a GQ aHTU-TyMOp Teparvje.

Ha npumepy exkcniepMeHTaJIHO AOCTYIIHVX CHUHTeTUMUYKMX KBagpyIUuleKca
JeMOHCTpUpaH je yTUIAj CyIIpaMOJIEKYJICKOT [M3ajHa Ha CTaOWIHOCT
cTpykTypa. YTBpbeHo je ja Ov HaM3MeHMYHO ITOCTaB/beHN KBapTeTy IyaHHa
M OUTO3MHa (ca MoJIeKyJIMMa BOje) MOIJIM Ja KOOPAMHMIIY JBOBajleHTHe
KaTjOHe BOJIEHOj CPeIVIHI Y CBaKOj CyCeIHO] ITyIUbVHN KBaJpyIUIeKCa.

V3 aHaym3e yTuilaja KaTjoHa 1 pacTBapayda Ha 1todbybeHa crama KBagpyIulieKca
je V3BeIeHO je HEeKOIMKO 3aK/bydaka. KaTjoHu ankagHux MeTasa, Kao HU
KaTjOHV 3eMHOAJIKQJIHVX MeTaJla Be3aH! y CBAKOj APYroj JOCTYIIHO] Iy IUbVIHV
KBaJIpyIUleKca He MOy 3Ha4dajHO J1la MOAMUMUKYjy  allCOpIIOHe
KapaKTepucTuKe Kpagpyivlekca. MebyTum, Ha nmpumepy G je mokasaHo Aa
drryopeciieHTHM OOTOBOp CHUCTeMa Ha MPUCYCTBO PasIM4UTUX KaTjoHa
JIKQJIHMX MeTajla HUje VICTY, Te J1a Cé OBO MOXKe VICKOPVUCTUTH Y aHAJIUTIUKe
cepxe. C gpyre cTpaHe, KaTjoHV 3€MHOAJIKJIHVIX MeTajla Be3aHW y CBaKoj
AOCTYIIHO] INYIUBMHM KBaJpyIUIeKCa [JOBOAE [0 3HaYajHMX IIpOMeHa Yy
aricoprioHoM criekTpy. IIpumehena je sHauajna crabmwmsanuja CS crama
VICIIOI, CBETJINX CTarba y criekTpuma. [Topen Tora, meTeKToBaHO je 1 IocTojarbe
IpeJlasa ca MOJIeKyJla I'yaHyHa Ha KaTjoHe 3eMHOAJIKaJIHMX MeTasla. YTulaj
pacTBapada (Boge) ce MaHMdeCTOBaO KpoO3 [IOAATHY CTaOwIM3amujy CBUX
trmosa CS crama.

VicnmTmBarbe CcympaMoOJIeKyJIcKe OpraHmsanyje JeKOPMCaHWX MOJIeKyJla
ryaHyuHa y MOJIeKyJICKe HaHOTpake Ha rpadeHy je ykasajio Ha adpvHUTET Ka
dopMupary MOHOMOJIEKYJICKMX CJIOjeBa OBOT THIIa YMeCTO BepTUKaIHO
HacjaraHmx cTpykrypa. Kapakrepucruke moOybeHmx crama I'yaHMHCKMX
HaHOTpaKa WCIOJbaBajy CIMYHOCT ca eKcrepuMeHTasHO wcnouranmMm HOF
CUCTeMMMa KpO3 MPUCYCTBO JBa TWIlA, Ca CTAHOBUINTA MOJIEKYJICKe

eJIeKTpOHVIKe, MHTepecaHTHNX CS crama.
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The planarity and the appropriate size of the porphyrin ring make porphyrin derivatives ideal ligands
for stacking to guanine quartets and they could thus be used as anti-cancer drugs. In this contribution
we analyzed complexes of a guanine quartet with a porphyrin molecule, magnesium porphyrin and
calcium porphyrin. As magnesium and calcium ions are located in the center and above the porphyrin
ring, respectively, the two metalloporphyrins are expected to have different impacts on the target.
The optimized structures of the three systems revealed geometrical changes in the guanine quartet
upon complexation: while stacking of porphyrin and magnesium porphyrin does not induce significant
changes, calcium porphyrin considerably distorts the quartet's structure, which has significant implications
for the binding properties among guanine molecules. Ab initio molecular dynamics simulations revealed that
the systems perform small fluctuations around the equilibrium structures. The largest atom displacements
are performed by the calcium ion. The interacting quantum atoms methodology enabled analysis of the
binding properties in the studied complexes. Interestingly, although the proximity of the calcium ion is
responsible for the quartet's pronounced deformation and weakening of guanine—guanine binding, it
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DOI: 10.1039/d0cp05798¢ also enables stronger binding of the metal ion to the quartet, resulting in a more stable complex. These

results imply that metalloporphyrin-like ligands with out-of-plane central ions might represent promising
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1 Introduction

More than three decades ago, Sena and Gilbert" suggested that
guanine molecules in guanine rich telomeres are prone to self-
organization into larger assemblies than Watson-Crick base
pairing. The ability to form quartets (composed of four guanine
molecules) and quadruplexes (two or more stacked quartets)
was soon recognized as a convenient property for these species
to serve as anti-cancer pharmaceutical targets® as binding of
the drug to the quartet would prevent the DNA chain from
unfolding. The quartet’s flat structure implied that planar
ligands might represent suitable drug candidates as they could
be stacked to the target.* > Porphyrin-like compounds possess
necessary properties that enable their successful stacking to a
guanine quartet: the ring is flat, it is of comparable size to the
quartet, and the presence of carefully selected substituents
might enhance its interaction with the target. In a series of
experiments, porphyrin’s methyne hydrogen atoms were substi-
tuted with anionic*'® or more often with cationic groups,>”>*

@ University of Belgrade — Faculty of Physical Chemistry, Studentski trg 12-16,
11 158 Belgrade, Serbia. E-mail: milena@ffh.bg.ac.rs

b Institute of Chemistry, Technology and Metallurgy, Njegoseva 12, 11 000 Belgrade,
Serbia

574 | Phys. Chem. Chem. Phys., 2021, 23, 574-584

drug candidates in anti-tumor treatment.

while the central hydrogen atoms (the two protons) were
replaced with metal ions.>***>' The porphyrin ring and
the central metal ion interact with the guanine molecules
themselves, whereas lateral substituent groups communicate
with the DNA backbone. So far, four guanine quartet-porphyrin
derivative binding modes have been identified: (i) end
stacking,'®*'72>2%31 (ii) intercalation,>'®?»2%2%2831 (jj{) sand-
wich formation,””* and (iv) external binding.

In this work, only the end stacking binding mode is con-
sidered: we focused on the nature and the strength of the
guanine quartet (G,) - porphyrin derivative (PM) interaction, as
well as on the role of the porphyrin ring and the metal ion in
metalloporphyrins in the hydrogen bond properties in the
quartet. Three drug models were studied: the porphyrin mole-
cule (PH,), magnesium porphyrin (PMg) and calcium porphyrin
(PCa). We recently analyzed the influence of alkaline earth
cations on hydrogen bond cooperativity in guanine quartets*>
and demonstrated that the metal cation considerably deforms
the guanine quartet, which results in its large deformation
energy, but at the same time enhances the interaction among
guanine molecules. Herein, we extend that analysis to the
impact of porphyrin stacking, along with the synergetic effect
of the porphyrin ring and the alkaline earth cation on the
quartet’s hydrogen bond strength.

5,32 18,21,28
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Since life, as we know it, could not exist without magnesium
porphyrins, these species have been thoroughly investigated
both experimentally and theoretically.>**® In addition to
naturally occurring products, synthetic analogues have also
attracted attention.””*® On the other hand, publications invol-
ving calcium porphyrins are scarce.**>> While substitution of
the central protons with a magnesium cation results in a planar
porphyrin derivative, the calcium ion is located above the
porphyrin plane. When calcium porphyrin is stacked to another
planar ligand, Ca>* is found between the two planes, forming a
so-called double-decker structure (see ref. 50 and references
therein). Since both cations are doubly charged, their distinct
positions in the two metalloporphyrins enabled us to access the
influence of the ion’s radius on the quartet-metalloporphyrin
interaction. The conclusions are drawn from results obtained
by employing the interacting quantum atoms approach,
which has so far been used for analysis of numerous different
systems, unraveling the nature and the strength of various
inter- and intramolecular interactions.>*”*°® The energy
decomposition investigation presented in this work was per-
formed in vacuo.

The manuscript is organized as follows. First, the computa-
tional details are presented. In the following section, the
structural parameters of the three complexes are analyzed.
Subsequently, a detailed investigation of interaction energies
among different fragments is presented and the corresponding
binding energies are analyzed. The results are summarized in
the final section.

2 Computational details

Quantum-chemical calculations were performed with the Gaus-
sian software®® by employing the M06-2X functional”® in
conjunction with the 6-31+G(d) and 6-311+G(d) basis sets”" ">
and an ultrafine integration grid. It is well known that the
MO06-2X functional is able to provide a reliable description
of non-covalent interactions,**®*”%® while diffuse and polar-
ization functions on carbon, nitrogen and oxygen atoms
are expected to adequately model stacking interactions. The
importance of including solvent effects was tested with
the Polarizable Continuum Model (PCM) as implemented in
the Gaussian software.?* All optimized complexes have only real
frequencies and thus represent stable species. We considered
Bader charges, which were computed with the AIMAII software.®®

Density functional based molecular dynamics simulations
of the three complexes (PH,, PMg and PCa) were performed
with the CP2K program package.?® We employed the GGA BLYP
functional®”*® corrected with the D3 scheme for dispersion
interactions.®® The mixed Gaussian and plane wave (GPW)
method®® was used to describe the system’s electron density.
We used the DZVP basis set for localized functions and plane
waves for delocalized functions (with the cutoff and the relative
cutoff set to 350 Ry and 50 Ry, respectively) to describe valence
electrons, while core electrons were described with GTH type
pseudopotentials.”® The SCF convergence threshold was set to

This journal is © the Owner Societies 2021
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5.0 x 1077 a.u. All systems were equlibrated during a 2 ps long
run with a timestep of 0.5 fs for integrating the classical
equations of motion within a nonperiodic cubic box of a 25 A
cell constant and under the NVT ensemble. We employed
the CSVR thermostat® to equlibrate the systems at 300 K.
Production runs lasted 10 ps under the same conditions after
equlibration. The power spectra of the C—=O stretching vibra-
tion were computed from 10 ps long NVE trajectories initiated
from the last NVT configurations. The power spectra were
determined by the TRAVIS program.”*°! We also computed
those spectra for G,—G,4, G4-Mg-G, and G,-Ca-G, quadruplexes
by using the same computational procedures as for the por-
phyrin complexes. The NVE trajectories were initiated from the
NVT trajectories examined in our previous work.”®

2.1 Interacting quantum atoms

The energy partitioning methodology known as Interacting
Quantum Atoms®*** (IQA) is based on Bader’s quantum theory
of atoms in molecules,’®°” according to which a molecule can
be divided into atomic subspaces. Selected atoms form frag-
ments .7 ; the interaction energy between fragments #; and .7,
T T

E

ot » is an additive property composed of the interaction

energies among each pair of atoms I (that belongs to %) and
J (that belongs to 7 ):

En” =123 3 Ve =172 3 (Vi + 1)

le7;Je7;

+ EL

— E‘@i 7 i7)

int

In the above equation, the interaction energy among each
pair of atoms Vil is written as a sum of its classical Vg and
its non-classical Vi. contribution, which constitute analogue
energy components that describe the fragment-fragment inter-
action (E;’i’ and Eo'"7).

A fragment’s deformation energy Ed’;; is defined with respect
to its reference state, which is an isolated fragment with the
geometry it adopts in the complex. The sum of the interaction
and deformation energies defines the IQA binding energy:

i T F i Fi
Ed =123 ST BT+ ESL )
i J i

The number of fragments depends on the phenomenon
of interest. In the current manuscript we employed several
fragmentation schemes for the guanine quartet - metallopor-
phyrin complex, and they are based on: (i) two fragments
(G4 and PH,/PMg/PCa), (ii) three fragments (G4, P and H,/Mg/Ca)
and (iii) five fragments (four guanine molecules and PH,/PMg/
PCa). IQA analysis was performed with the AIMAIl program®® by
employing the promega5 basin integration method. The preci-
sion of this approach, when applied on the system of interest,

can be accessed by comparing the IQA binding energy Ergx' to
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the SCF binding energy EBind,

bind __ p-system T
ESSE = B — ) Edce- (3)
i

Let us consider, for example, G,~PCa composed of six
fragments: four guanine molecules, the porphyrin ring and
the calcium ion. The IQA and SCF binding energies amount to
—1336 and —1310 kJ mol ", respectively. Such a deviation is a
consequence of numerical integrations: this system contains
101 atoms, therefore 101 x (101 — 1)/2 = 5050 pair interactions
are considered. Although the absolute value of the deviation
equals 26 k] mol ™", it represents only 2% of the SCF binding
energy. We can also analyze those results from another
perspective: if we consider just the quartet, the difference
between the IQA and SCF binding energies equals 11 kJ mol .
Since the quartet is composed of four identical units, there are
six pairs of guanine molecules (four neighboring and
two diagonal pairs). If we neglect interactions among diagonal
molecules and only consider neighbors, the average deviation
of the binding energy per guanine-guanine pair is below
3 kJ mol ", which is acceptable for the current analysis.

3 Results and discussion

We start the analysis by inspecting the optimized geometries of
the three complexes, which paves the way to the study of the
interactions among different fragments.

3.1 Basis set convergence and solvent effect

Let us first analyze the quality of the employed level of theory.
We will use the term complexation energy Ecompiex for the
energy difference between the optimized structure of
the complex and the optimized structures of the target and
the ligand (note that the term binding energy refers to the value
computed by taking the geometries of the target and the ligand
that they adopt in the complex). Complexation energies com-
puted at different levels of theory are summarized in Table 1.
The M06-2X functional was employed in all cases. First, we will
consider the results obtained by optimizing the structures with
different basis sets, which are presented in the upper part of
the table. Taking the 6-31+G(d) basis set and performing
calculations in vacuo gives for G4,-PH,, G4,-PMg, and G,-PCa
complexation energies of —128, —137, and —332 kJ mol*,
respectively. Employment of the 6-311+G(d) basis set results in
values that are larger (i.e. more negative) by 10 and 7 kJ mol ™" for

Table 1 Complexation energy Ecomplex (N kJ mol™Y) computed
with different basis sets in vacuo and by including implicit solvent for
G4—PH2, G4—PMg, and G4—PCa

Ec()mplex
Basis set & vacuum or solvent G4—PH, G,-PMg G4—PCa
6-31+G(d) —128 —137 —332
6-311+G(d) —138 —144 —309
6-311+G(d)//6-31+G(d) —138 —144 —-310
6-311+G(d)(PCM)//6-31+G(d) —125 —128 —250
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G4-PH, and G,~PMg, and weaker (less negative) by 23 k] mol "
for G,~PCa. Almost identical Ecompiex Values are obtained at the
6-311+G(d)//6-31+G(d) level, which confirms that the double-
zeta basis provides reliable geometries of the ligand, the target
and the complex. Finally, let us consider solvent effects by
taking the double-zeta geometries and performing triple-zeta
single point energy calculations in the presence of the solvent
included through the Polarizable Continuum Model (PCM) as
implemented in the Gaussian software.®® The complexation
energy is only 3 and 9 k] mol™ " lower for G,~PH, and G,~PMg
compared to the 6-31+G(d) in vacuo values, but it is as much as
82 kJ mol "' lower for G,~PCa. The presented results indicate
less significant importance of solvent inclusion in the absence
of metal ions and in the case when the metal ion is shielded by
the porphyrin ring, as well as its significance if the metal ion
does not lie in the plane of the porphyrin ring. However, the
Ecomplex Values computed at each level of theory presented in
Table 1 are significantly larger in G,-PCa with respect to the
other two complexes. These results demonstrate that neglection
of the solvent does not alter the qualitative picture and that the
IQA procedure (in which solvent effects have not been imple-
mented yet) offers a reliable description of the studied systems.
Additionally, since the 6-311+G(d) basis set only slightly alters
the 6-31+G(d) geometries and complexation energy values, IQA
analysis was performed with the double-zeta basis set.

3.2 Geometric considerations

Optimized structures of the three complexes are presented in
Fig. 1. The area of the porphyrin ring is slightly smaller than the
one of the quartet. Both species are essentially planar, which
enables effective stacking. The small size of the magnesium
cation allows its settlement in the center of the porphyrin ring.
Consequently, substitution of the two central porphyrin
protons with Mg** does not significantly alter the quartet-
porphyrin complex geometry. However, the larger radius of
the calcium cation compared to its analogue with fewer elec-
trons disables its residence in the center of the porphyrin
ring and is responsible for the ion’s location between G, and
P. Such a structure enables simultaneous compensation of the
negative charge located in the porphyrin ring and on guanine
oxygen atoms.

The fact that smaller cations fit in a certain cavity while
larger ones are not able to do so is a well-known fact for metal
ion complexes with guanine quartets: while Na" is able to
accommodate itself between the oxygen atoms of the four
guanine molecules, K" is located above the quartet.**°%1%2
Marek and coworkers'®® demonstrated that stacking G,~Na to
another guanine quartet pulls the metal ion into the cavity
between the quartets, enabling it to stabilize the structure
through the compensation of the negative charge of all eight
oxygen atoms in the quadruplex. While in G,-K-G, the cation is
positioned at the midpoint between the quartets, the sodium
ion in G4,~Na-G, can be found at two equivalent positions
closer to either of the two G, systems, as analyzed by
van Mourik and Dingley.'®" This is to be contrasted with the
situation in magnesium porphyrin, as its stacking to G, does
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Fig. 1 Optimized structures of the complexes (top and side view) formed by G4 and (a) PH,, (b) PMg and (c) PCa.

not withdraw Mg>" from the porphyrin ring: since the ring is
charged, unlike the quartet, it does not allow significant dis-
placement of the cation.

In order to obtain evidence of whether the structure of
the guanine quartet is deformed upon complex formation,
the geometry of the free quartet is overlapped with its analo-
gues from each of the three complexes, Fig. 2. Oxygen atoms
were used to orient the quartets. Let us label them O, O,, O3
and O, in the monomers down-left, down-right, up-right and
up-left, respectively. O, is set as the origin of the coordinate
system, and the x-axis is formed by O; and O,, whereas O,, O,
and O; define the xy-plane. While PH, and PMg do not generate
significant distortion in G,, calcium’s proximity causes electron
redistribution in the quartet, which is reflected in the decrease
of the oxygen-oxygen distance from 4.165 A in unbound Gy,
4.168 A in G,~PH, (average value) and 4.104 A in G,~PMg,

to only 3.111 A in G,~PCa. This simple analysis implies that
metal-porphyrin complexes do not significantly perturb the
quartet, provided that the size of the divalent metal cation is
small enough to fit in the center of the porphyrin ring.

As can be seen in Fig. 2, each oxygen atom might
form hydrogen bonds with hydrogen atoms of both amino
and imino groups of the neighbor. The question of whether
bifurcated hydrogen bonds exist in G, was analyzed by various
authors'®'®* (see the discussion in ref. 33). The M06-2X
functional in free G, favors the structure with bifurcated
hydrogen bonds. The average O---Hymino distance in Gy,
G,-PH,, G,-PMg, and G,-PCa equals 2.037, 2.010, 2.044 and
3.445 A, respectively, while the average electron density at the
O- - -Hamino bond critical points in G4, G4-PH,, and G,~PMg
amounts to 0.023, 0.024, and 0.021 a.u., respectively, suggesting
the existence of bifurcated hydrogen bonds in these three

Fig. 2 Overlapped structures of a guanine quartet in free G4 with the quartet structures in its complexes with (a) PHy, (b) PMg and (c) PCa (see the text for

details).
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complexes and comparable O-:-Hamino hydrogen bond
strength. On the other hand, the O- - -H,mino bond critical point
in G4,-PCa does not exist. Thus, the calcium ion causes vanish-
ing of bifurcated hydrogen bonds in the guanine quartet.

3.3 Are thermal fluctuations in G,-PM complexes significant?

Insight into the system’s flexibility can be gained from
ab initio molecular dynamics simulations. The changes of the
GOM_pCOM  GFOM_Mg/Ca and Mg/Ca-P°™ distances (the
abbreviation COM is used for a center of mass) in the three
systems are displayed in Fig. 3, while their average values are
shown in Table 2. The metal cation does not significantly alter
the average G{°™-P°M distance. Its most pronounced fluctua-
tions are observed in G,~PCa. As expected, the G{°™-Mg
separation is significantly larger compared to d(G§°™-Ca),
but it is characterized by considerably smaller variations.
Finally, the average Mg-P“°™ distance is almost four times
smaller compared to the calcium analogue. Interestingly, the
curves that correspond to the GF°™-Ca and Ca-P°°™ distances
are out of phase, which indicates calcium’s oscillation between
two negatively charged regions. The time evolution of selected
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Fig. 3 Distances (COM stands for a center of mass) between G5°M and

PCOM (dashed lines), G5O and Mg/Ca (dotted lines), and Mg/Ca and P<°M
(full lines) in PH> (black), PMg (red) and PCa (blue).

Table 2 Average distances and their standard deviations (in A) between
GSOM and PCOM/GTOM, GEOM and Mg/Ca, and Mg/Ca and P<°M™/G$°M in
Gya-PH,/G4-Gy, G4—PMg/G4—Mg-Gy, and G4-PCa/Gy—Ca-G, (COM
represents center of mass)

d(G§OM-peoM d(Gf™-Mg/Ca) d(Mg/Ca-P°™)

G4-PH, 3.280 4 0.101

G4-PMg 3.233 £ 0.107 2.832 + 0.036 0.405 + 0.072

G4-PCa 3.248 + 0.145 1.571 + 0.187 1.676 + 0.115
d(GFOM-G§M) d(G°M-Mg/Ca) d(Mg/Ca-G§°™)

G4-Gy 4.110 + 0.355

G,-Mg-G, 3.809 £+ 0.109 1.751 £ 0.056 2.068 £+ 0.054

G4-Ca-G, 3.404 + 0.120 1.684 + 0.142 1.727 £ 0.162
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distances in the analyzed complexes implies small geometry
changes due to the thermal motion.

3.4 Intermolecular interactions and binding energies

Let us now turn to intermolecular interactions. We will analyze
the following: (i) the impact of the ligand on the guanine-
guanine interaction, (ii) the porphyrin ring - metal cation
interaction, (iii) the ligand - target interaction, and finally (iv)
the deformation and binding energies.

3.4.1 Guanine-guanine interaction. Interaction energies
among guanine molecules 4 are compiled in Table 3. In the
absence of the ligand, Ej,; amounts to —253 and —20 kJ mol *
between neighboring and diagonal molecules, respectively.
Around 40% of the interaction energy among the neighbors
is due to Coulomb interactions, whereas the interaction
between diagonal guanines is entirely classical. Stacking of
the porphyrin molecule PH, does not significantly perturb
the guanine-guanine interaction, which is also the case with
magnesium porphyrin. A similar situation was encountered in
guanine quadruplexes as it was demonstrated that the energies
of N-H---O and N-H: - -N hydrogen bonds do not significantly
change upon stacking of two guanine quartets.'’> While
sole alkaline earth cations weaken the guanine-guanine
interaction,* PMg has a negligible influence on the quartet’s
building blocks due to Mg’s position in the center of the
porphyrin ring, which keeps it distanced from G, (Fig. 3 and
Table 2). This is not the case with PCa and the proximity of the
calcium ion is reflected in slight strengthening of the ¥-%
interaction. Interestingly, Ca®>" decreases the classical compo-
nent and increases the exchange-correlation term between the
neighbors. On the other hand, the interaction among diagonal
terms remains completely electrostatic and is basically negli-
gible. This behavior differs from the one in Na' and K'
sandwiched between two quartets'®> - while the sodium ion
does not significantly affect the guanine-guanine interaction
due to the more pronounced G, planarity in the presence of the
cation, the potassium ion weakens the hydrogen bonds in G, as
a result of the stronger oxygen-cation interaction. The opposite
influence of K* and Ca*" is most likely due to different charges,
as the calcium ion causes pronounced quartet distortion, which
results in the decrease of the guanine-guanine distance, Fig. 2,
and consequently stronger intermolecular interactions in G,.
This finding is in accord with the results presented by van
Mourik and Dingley'® who analyzed complexes of guanine
quartets and alkali cations, and demonstrated that the cation

Table 3 Interaction energies E; with their classical £ and non-classical
E,. components in kJ mol™ between neighboring and diagonal guanine
molecules in G4, G4—PH,, G4—PMg and G4—-PCa

Neighboring Diagonal
Fragments Eme E° B Ent E° Eyxe
Gy —253 —-107 —146 —20 —-20 0
G,-PH, —258 —108 —150 —-20 —-20 0
G,-PMg —258 —108 —-150 —20 —-20 0
G,-PCa —278 —88 —190 -8 -8 0

This journal is © the Owner Societies 2021


https://doi.org/10.1039/d0cp05798c

Published on 08 December 2020. Downloaded on 3/15/2021 12:01:18 PM.

Paper

decreases the distance between the oxygen atoms. The decrease
in the O-O distance is even more pronounced in the presence
of alkaline earth cations.

The carbonyl group stretching vibration is a sensitive probe
for non-covalent interactions in quadruplexes. This mode
exhibits in a quadruplex a significant spectral red-shift with
respect to a single strand structure due to the hydrogen bond-
ing with other guanine bases, as well as the interaction with a
cation located between the quartets.'® In order to understand
to what extent thermal motion alters the conclusions from the
static calculations, we computed the C=O stretching power
spectra for the examined systems, Fig. 4. The most intense peak
in each spectrum is due to the C=O stretching, whereas the
two peaks on the red side of the spectra arise from vibrational
couplings to other modes. The substitution of two porphyrin
protons with Mg®* results in the C=O0 stretching mode’s small
red-shift of 11 cm™". This is in accordance with our analysis of
the optimized geometries of the G,-PH, and G,-PMg com-
plexes in which we demonstrated that the magnesium ion has a
negligible influence on the guanine-guanine interaction. On
the other hand, Ca** strengthens the ¥-% interaction, which is
reflected in the red-shift of the C—=O stretching frequency by
56 cm ™ relative to G,~PH,. Therefore, thermal fluctuations do
not modify the conclusions drawn from the analysis performed
at the optimized geometries.

The C—=O stretching power spectra of a stacked guanine
quartet G4,—G,4 and its two analogues with sandwiched magne-
sium and calcium ions are also displayed in Fig. 4. The average
distances of the two quartets in the quadruplexes are
larger than the average distances between the quartet and the
porphyrin ligands, Table 2. Unlike G,—PM complexes in which
Mg>" is located within the ligand, whereas Ca** is not, both
cations are located between the quartets in both quadruplexes,
analogously to quadruplexes with Na* and K*."> Note that the
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Fig. 4 Power spectra of the C—O stretching vibration. Left: G4—PM
complexes (M = H,, Mg, Ca). Right: Guanine quadruplex Gg and its
sandwiches with Mg and Ca ions.
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Mg>" cation is closer to one of the quartets, Table 2, similarly
to Na*.'°" The fact that Ca®" is closer to the quartet in G,~PCa
compared to G,-Ca-G, is reflected in a more pronounced red
shift of the C=0O0 stretching mode in the complex with calcium
porphyrin.

Marek and coworkers'%° studied Na* and K" ions stacked in
artificial DNA quadruplexes (8-halo-9-dezaxanthines) and
demonstrated that the metal ions are responsible for the
electron density redistribution in both quartets, with the smal-
ler ion causing significant electron polarization towards the
cation, while the larger ion shows a tendency of electron
sharing with the quartet. The delocalization indices for O-Mg
bonds in G,~PMg and O-Ca bonds in G,~PCa amount to
4 x 10~* and 0.077 a.u., respectively. The significantly more
pronounced electron sharing with the heavier cation can in the
case of the porphyrin ligands be ascribed to the nature of
the metal ion, as its larger radius is responsible for its proximity
to the quartet, which results in larger delocalization indices.

3.4.2 The two metalloporphyrins: porphyrin ring-cation
interaction. We demonstrated that the nature of the ion
affects the guanine-guanine interaction. Inversely, the proxi-
mity of the quartet also influences the interaction between
the metal ion and the porphyrin ring, Table 4. G, weakens the
P-Mg and P-Ca interaction roughly by 50 and 500 kJ mol !,
respectively. In the case of magnesium porphyrin, it is entirely
due to the charge transfer, which diminishes Coulomb inter-
actions, whereas in calcium porphyrin the quartet noticeably
affects both the E, and the E,. term.

3.4.3 Target-ligand interaction. We now turn to the
interactions between the quartet and the ligand, the quartet
and the porphyrin ring and the quartet and the central cation.
The results are summarized in Table 5. The interaction between
G, and PH,, as well as between G, and PMg, is predominantly
non-classical. Substitution of the central protons with Mg**
slightly strengthens the stacking. However, the G,-PCa inter-
action is roughly two times stronger compared to the other
two analogues. Replacement of Mg”" with Ca®" increases the
exchange-correlation term by more than 35% and the Coulomb
term by 20 times. These results reflect differences in the system
properties that arise from the distinct distances between Mg
and Ca cations and the quartet’s center of mass. In the
optimized structures they amount to 2.713 and 1.337 A, respec-
tively, and are responsible for significant strengthening of the
Ca®'-quartet interaction compared to its smaller counterpart.
While the Mg**-G, interaction is basically purely electrostatic,
the non-classical term of the Ca*'-G, interaction amounts
to almost —170 kJ mol ', which represents close to 20% of

106

Table 4 Interaction energies E; with their classical £ and non-classical
E,. components in kJ mol ™! between Pand M (M = Mg and Ca) in PM and
Gy4—-PM

P &M in PM P &M in G,-PM
Fragments  Ejn Eq Eye Eint Ea Exe
PMg —3107 —2710 —396 —3051 —2660 —391
PCa —2664 —2202 —462 —2155 —1857 —298
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Table 5 Interaction energies E;, with their classical E and non-classical
E.c components in kJ mol ™! between G4 and PM, G4 and M, and G4 and
P (M = H,, Mg, and Ca)

G, & PM G, &M G, &P

Fragments Eine Eq Eye Eint Ey Eye Eine Eq  Exe

G,~PH, —-697 -16 —681 —57 —57 0 —640 41 —681
G,-PMg —-714 -19 —-695 —128 —127 —1 —586 108 —694
G,-PCa —1357 —412 —-945 —-908 —741 —167 —449 329 -—-778

the overall metal-quartet interaction. This finding is consistent
with results obtained for the interaction of the pure metal with
the guanine quartet.’ It results from more pronounced elec-
tron sharing with the heavier metal (see Section 3.4.1) as
discovered in artificial DNA quadruplexes with stacked Na"
and K* ions.'® According to the results presented in Table 1,
the solvent reduces the difference in the G,~PCa and G,~-PMg
complexation energies by 30%. Since ngfpca ~2 X Eii’fPMg,
the corresponding term in a solvent is also expected to be
significantly larger for calcium porphyrin.

Concerning the interaction between the quartet and the
porphyrin ring, it weakens in the order PH,, PMg, PCa. This
behavior is a consequence of the accumulation of the negative
charge in the porphyrin ring (—0.971 e, —1.638 e and —1.629 e,
respectively), whereas the charges of the quartet change in the
order —0.072 e, —0.083 e and —0.114 e. Consequently, the
electrostatic repulsion is significantly increased on going from
PH, to PCa, despite the system’s stabilization through non-
classical interactions. The charges of the two central protons,
the magnesium ion and the calcium ion equal +1.051 e, +1.728 e
and +1.749 e, respectively, which is reflected in the corresponding
E, term.

3.4.4 Deformation and binding energies. At this point we
are able to analyze the deformation and binding energies of the
investigated species, Table 6.

First, consider a two-fragment ligand-target complex. The
small adjustment of the ligand’s structure upon complexation
is the reason behind the comparable deformation energies of
PH, and PMg. EdG;t and Eflq in G4~PH, and G,~-PMg are
essentially the same, which is not surprising as the geometry
of the quartet and the interaction energies between G, and PM
are quite similar in the two complexes. On the other hand, the
considerable distortion of the target and the ligand in G,~PCa
is reflected in significantly larger deformation energies of both
fragments. The strong interaction between the quartet and
calcium porphyrin is, however, responsible for the significantly

Table 6 Deformation Eger and binding E‘tﬁﬁ, energies in kJ mol™ when
considering two (G4 and PM) or three (G4, P and M) fragments in G4—PM
complexes (M = H,, Mg and Ca)

Eger E{)?r?d
Fragments G, PM P M G, & PM G, &P&M
G,-PH, 291 298 585 —2203 —108 —4119
G,-PMg 295 302 788 —-339 —-117 —3021
G4-PCa 472 465 454 —148 —420 —2734
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stronger binding between this ligand and the target compared
to the other two analogues.

In order to get a closer look at the importance of the size
of the metal ions, we will artificially separate the cation from
the porphyrin ring. We want to compare the roles of the
magnesium and the calcium ion, while the results for PH,
are presented for consistency (in this case M stands for the two
hydrogens). Since the Mg-P interaction is almost 50% stronger
than the Ca-P interaction in the corresponding complexes,
Table 4, the deformation energy of the porphyrin skeleton
and the metal ion is much larger in PMg. Note that the
porphyrin ring has a stabilizing effect on the cation, which
results in the ion’s negative deformation energy. Taking into
account the deformation and interaction energies between the
three particles leads to larger binding energy in G,~P-Mg with
respect to G4,—P-Ca by almost 300 kJ mol %,

Finally, let us address the following questions: how does the
ligand affect the binding among guanine molecules and what
is the overall binding energy between the five molecules that
constitute the complex (four guanine molecules and the metal-
loporphyrin)? We analyzed the ligand’s influence on the gua-
nine-guanine interaction energy but so far we did not consider
the ¥ deformation energies. The deformation energies of a
single guanine molecule in G4, G,—PH,, G,-PMg and G,-PCa
amount to 170, 247, 247 and 332 kJ mol ', respectively. It
should be emphasized that the deformation energy of a gua-
nine molecule is not equal to a quarter of the quartet’s
deformation energy due to different fragment partitioning
(i.e. four isolated guanine molecules as compared to a quartet).
Note the significantly larger 4 deformation energy in G,-PCa
with respect to its two counterparts, while all of them notably
exceed E7: in a non-stacked quartet. The binding energies

between guanine molecules in G, and in the three complexes
equal —372, —84, —84 and +152 kJ mol ", respectively. These
results signify that all three ligands weaken the binding among
%’s: G,—PH, and G,-PMg have basically identical impact, while
complexation to PCa leads to a positive binding energy among
the quartet’s constituents. Further, we will estimate the binding
energies in a five-particle quartet-metalloporphyrin system,
treating the complex G,~PM as being composed of four guanine
molecules and a metalloporphyrin ligand. The values for G,—
PMg and G4-PCa amount to —495 and —741 KkJ mol ", respec-
tively. Hence, although the calcium ion distorts the quartet and
is responsible for the guanines’ large deformation energy, it
slightly enhances the ¥-9 interaction, Table 3, and as the ¥-Ca
interaction is substantial, the result is strong binding between
the five fragments (particles).

The binding energies presented in Table 6 are estimated by
considering the geometries the fragments adopt in the complexes.
On the other hand, the complexation energy for G,—~PH, (com-
puted by considering two optimized species, G, and PH,)
equals —128 kJ mol ™, Table 1, which represents approximately
13 kJ mol " weaker binding compared to two stacked quartets.'*>
In other words, two planar aromatic ligands of similar size bind
with comparable strength to the guanine quartet. These results
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imply that fine tuning of the interaction between a specific planar
ligand (with similar shape and dimensions to G,) and the guanine
quartet can be achieved by a careful choice of the metal cation.
This conclusion is in agreement with the results of Meyer et al.*®”
who showed that the most significant interaction in G4,~M-G4
complexes (M = Na*, K') is the one between the quartet and the
metal ion. Pratviel and coworkers®® performed experimental
analysis of binding metalloporphyrins to G, and concluded that
the ligand’s metal does not significantly affect the binding energy.
They employed four metal ions: Ni*", Mn**, Co®*, and Au®". Their
ionic radii amount to 0.69, 0.64/0.58 (high/low spin), 0.61/0.54
(high/low spin), and 0.85 A, respectively, whereas the corres-
ponding values for Mg** and Ca** equal 0.72 and 1.00 A (in all
cases six-coordinated ions were considered).'® Due to their small
size, all four metal ions considered in the experiments are located
in the center of the porphyrin ring, as is the case with the
magnesium analogue. In accordance with our results, their
impact on the ligand’s binding energy is expected to be small.

4 Conclusions

In this contribution we analyzed stacking of porphyrin (PH,),
magnesium porphyrin (PMg) and calcium porphyrin (PCa) to a
guanine quartet (G,) in the gas phase from the viewpoint of
interacting quantum atoms. The guanine quartet is regarded as
an anti-cancer pharmaceutical target that can be aimed at with
a porphyrin-like (PM) ligand. While the magnesium ion is
located in the center of the porphyrin ring, the calcium ion is
sandwiched between G, and PM. The reason for choosing Mg”"
and Ca”" is twofold: (i) since the impact of these two ions on the
quartet had already been established,*® G,~PM study made it
possible to assess the cooperative effect of these metal cations
and the porphyrin ring on the properties of the quartet; and
(ii) due to the distinct position of the divalent metal ion with
respect to the porphyrin ring, this investigation enabled us to
evaluate the significance of the ion’s radius (which dictates the
cation’s position) to the ligand’s binding affinity to the target.

Complexation of G, with PH, and PMg does not significantly
alter the quartet’s geometry, which results in a negligible
change of the guanine-guanine (%-%) interaction. This is to
be contrasted with the G,—PCa formation, which intensifies the
interaction among guanine monomers. Namely, the small
radius of Mg”* is responsible for the planar PMg structure with
a strong P-Mg interaction where the ring acts as a shield,
preventing the cation from engaging in significant interactions
with the target. On the other hand, the large radius of the Ca*>*
ion forbids its settlement within the porphyrin ring, which
results in a smaller G4,~Ca®" distance in G,~PCa. Consequently,
the guanine-guanine interaction is stronger in the complex
with calcium porphyrin, as is the quartet-ion interaction.

In order to access the complex stability, we computed binding
energies Fnpg according to three fragmentation schemes. First,
the fragments were chosen to be G, and PM, in which case Eistaq of
G4~PCa is more than three times larger than the one for G,-PMg.
According to the second scheme, the fragments are the quartet,
the porphyrin ring and the metal cation. Due to the large P-Mg
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interaction, the binding energy with the magnesium ion is almost
10% larger compared to the calcium analogue. Finally, we used a
five fragment system composed of four guanine molecules and
PM (M = Mg, Ca). This fragmentation strategy takes into account
the fact that guanine molecules are held through non-covalent
interactions. In this case, the binding energy is around 50% larger
for the complex that contains the calcium ion. Although Ca”" is
responsible for the larger deformation energy of the guanine
molecules, it strengthens their mutual interaction, while its
proximity to the quartet results in a strong guanine-Ca’*
interaction. Consequently, the binding in the (9-9-9-%)-PCa
system is significantly more pronounced compared to the Mg
counterpart.

The computed complexation energies are considerably
larger for the complex with calcium porphyrin compared to
the one with magnesium porphyrin, both in a vacuum and in
water. In this case the solvent does not alter the qualitative
picture, and the energy decomposition analysis was performed
in a vacuum. Moreover, the presence of the DNA backbone
and the closest bases was not taken into account as the model
would be far too large for quantum chemical calculations. On
the other hand, ab initio molecular dynamics simulations
demonstrated that the system does not undergo large ampli-
tude motion during a 10 ps run, which confirms that results
from static calculations represent a reliable description of the
phenomenon we are interested in, i.e. binding of the ligand to
the target. The presented results imply that metalloporphyrins
with larger metal ions, which are not coplanar with the por-
phyrin ring, are liable to form more strongly bound complexes
compared to the planar analogues and thus might represent
superior candidates for anti-cancer drugs. As the number of
metal ions that fulfill this condition is limited, further research
might be aimed at the synthesis of a porphyrin-like substrate
with an out-of-plane central metal cation.
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ABSTRACT: Larger Coulombic repulsion between divalent cations compared to the

monovalent counterparts dictates the cation—cation distance in the central ion channel of
quadruplexes. In this work, density functional theory and a continuum solvation model
were employed to study bond energies of alkaline earth cations in adjacent cavities of the
central ion channel. Four crystallized tetramolecular quadruplexes with various geometric
constraints and structural motifs available in the Protein Data Bank were examined in
order to understand how the cation binding affinities could be increased in aqueous

Bonding Affinily

i

solution. A cytosine quartet sandwiched between guanine quartets has a larger bond

energy of the second alkaline earth cation in comparison with guanine and uracil quartets.

Four highly conserved hydrogen-bonded water molecules in the center of the cytosine quartet are responsible for a higher
electrostatic interaction with the cations in comparison with guanines’ carbonyl groups. The reported findings are valuable for the
design of synthetic quadruplexes templated with divalent cations for optoelectronic applications.

Bl INTRODUCTION

The stability of nucleic acids’ structures is determined by
nucleobase-specific interactions that allow strands to adopt
energetically favorable forms. A larger diversity of these
nanostructures is achieved by noncanonical nucleobase
pairing." Particularly intriguing is the guanine quadruplex due
to its stability under physiological conditions. It consists of
stacked guanine quartets, in which guanine units are connected
by four hydrogen bonds formed between complementary
Watson—Crick and Hoogsteen edges of neighboring units.
Unlike in other nucleic acid structures, guanines in
quadruplexes interact directly with monovalent and divalent
cations via inner sphere coordination in order to increase the
stability of the overall structure.” While monovalent cations
occupy all quadruplex vacancies in the central ion channel,
divalent cations tend to avoid adjacent vacancies.””’

The interactions between chelated cations and guanines
provides an opportunity to modulate the electronic properties
of quadruplexes by different cation types.* " This can be
achieved by using cations with different ionic radii and charges.
Larger mobility of smaller than larger cations is favorable for
trapping relaxed charge transfer excitons.'’ These collective
excitations are also stabilized to a greater degree by divalent
than monovalent cations."® Electric fields created by several
divalent cations positioned in consecutive vacancies will likely
stabilize charge transfer excitations below bright states.
Considering the importance of these excited electronic states
for nanotechnology applications, it is desirable to understand
how divalent cations in the central ion channel might be
stabilized with the same spacing as monovalent cations.

© XXXX American Chemical Society
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Several theoretical studies have addressed the stabilizing
interactions between monovalent cations and a quadruplex
scaffold.”'*~"® Energy decomposition analysis (EDA) revealed
that the interaction between an alkali cation and guanines in a
two-layer quadruplex is overwhelmingly electrostatic.” The
orbital interaction contribution is found to be twice smaller.
This energy term mainly results from the donation of electron
density from the highest occupied orbitals of guanines’ oxygen
atoms to the lowest unoccupied orbitals of the alkali cation. By
adding the second and the third alkali cation in quadruplexes
with one and two cations, respectively, Nieuwland et al.
showed that electrostatic energies of the added cations
decrease as a result of the electrostatic repulsion between the
cations, whereas the orbital interaction does not change.lg In
the case of two alkali cations, the electrostatic interaction
between the second cation and a quadruplex scaffold chelated
with the first cation is slightly larger than the orbital interaction
of the second cation. By adding the third alkali cation, the
orbital interaction energy of this cation becomes larger than its
electrostatic energy. Destabilizing the electrostatic repulsion
between the hosted alkali cations is counterbalanced by
electronic screening and solvation effects so that the magnitude
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Ba™
Sr -
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Figure 1. Crystal structures of qOuadruplexes coordinated with at least two alkaline earth cations: (a) rf(UG,U),,’ (b) two end-to-end stacked
d(TG,T),," (c) d(GCGTGG),’ (thymines do not form a quartet and are not shown), and (d) 1(GAGGU),.”" The coloring scheme is adjusted
to highlight the reduced computational model used in this work. Nucleobases that are not considered in the model are colored in gray.

of the energy needed for binding consecutive alkali cations
remains unaltered.

Alkaline earth cations have a two times larger charge than
alkali cations, and if they have been coordinated with a similar
spacing along the central axis of a quadruplex as alkali cations,
they experience a 4 times larger electrostatic repulsion between
them. This results in a high energy penalty for alkaline earth
cations binding between consecutive guanine quartets.
Solution NMR faces difficulties to probe the direct response
of alkaline earth cations since their spectral signatures originate
from exotic nuclei such as ®Ca, ¥Sr, and ¥’Ba.**** Due to
this, the existence of two alkaline earth cations positioned in
neighboring vacancies of the central ion channel has not been
experimentally observed in aqueous solutions. Inspection of
the Protein Data Bank (PDB) reveals three crystal quadruplex
structures with at least two alkaline earth cations coordinated
between successive guanine or other nucleobase quartets'”™>"
(Figure 1). Two of them contain a pair of Ba** cations
positioned between three consecutive layers, one of which is a
pyrimidine nucleobase quartet. In the r(GAGGU), quadruplex,
a tandem of guanine quartets interacts with one Ba** cation,
whereas the second Ba®* cation is positioned between the
guanine and uracil quartets.”’ Since the uracil quartet is at the
3’-terminus of the quadruplex, it exhibits out-of-plane
deformation, which enables approximately 1 A longer distance
between the Ba’* cations than those found between other
cations in the quadruplex. The second structure with two Ba**
cations is found in a tetramolecular quadruplex formed from a
decameric oligonucleotide d(CCA“NYKGCGTGG) (“N'K is 3-
cyanovinylcarbazole) sequence.”” The quadruplex contains a
cytosine quartet, which is stabilized by four highly conserved
water molecules positioned in the middle of the quartet. The
oxygens of the water molecules are in the same location as the
O6 of the guanines in a typical guanine quartet. In this case, a
large energy penalty due to electrostatic repulsion between
Ba®* cations is avoided by water coordination of the cations.
The oxygen atoms of four hydrogen-bonded water molecules

in the interior of the cytosine quartet have enhanced electron
densities relative to those in the guanine’s oxygen atom, which
facilitates screening of Ba®* cations.”® Lee et al. crystallized a
tetramolecular d(TG,T), quadruplex in a mixed Na* and Ca**
environment and found an arrangement involving both cations
in the central channel."” The crystallographic unit contains two
end-to-end stacked quadruplexes asymmetrically populated by
Na' and Ca®' cations. One quadruplex is templated with three
Na* cations, whereas the other one has one Na* and two Ca**
cations. There is also one Ca®* cation coordinated at the
interface between the quadruplexes.

The three crystallized quadruplexes provide us with the
opportunity to examine electronic energies of chelated cations
for structures in aqueous solutions. As reference systems, we

19-21

also study tetramolecular quadruplexes coordinated with Sr**
cations between every other layer and one coordinated with
Na* cations. Our goal is to provide insights into the
importance of structural motifs and geometric constraints for
enhancing chelation affinity of alkaline earth cations in
neighboring vacancies. To this end, we performed EDA of
the interaction energy for binding the first and the second
cation and examined many-body and solvation effects in model
quadruplexes consisting of three and four layers. We also
determined the energy needed to exchange two Na® by two
Ca’" cations in tetramolecular quadruplexes with GGG and
GCG sequences. The present results offer a comparison
between the binding energies of alkaline earth cations in
adjacent positions with those in systems with vacant cavities
and energies of alkali cations. The computations reveal that the
cytosine quartet stacked between guanine quartets has a much
higher propensity for binding alkaline earth cations than the
pure guanine quadruplex. This finding reveals that the design
of synthetic tetramolecular quadruplexes with divalent cations
in adjacent chelating sites in aqueous solutions benefits from
selection of the GCG sequence motif.
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Figure 2. Geometries of quadruplexes and labels used in the present work.

B METHODS

In order to make this study computationally feasible, we used a
reduced quadruplex model in which the sugar—phosphate
backbone is neglected. Previous computational studies showed
that the presence of the backbone does not considerably alter
alkali cation binding energies.”'® The geometries of the six
examined structures are given in Figure 2, whereas cation labels
and PDB IDs of quadruplexes from which atomic positions
were extracted are collected in Table 1. Quadruplex 2 was

Table 1. Structures, Cation Labels, and PDB IDs of
Quadruplexes from Which Atomic Positions Were Extracted

structure cation labels PDB ID
1 Gy-Sr2*-Gy-Gy-Sr?t-G, 1J8G®
2 Gy-St*-Gy-Sry -GG, 1J8G*
3 G4Na,-G,-Na,*-G, 2GW0"
4 G,-Ca?*-G,-Ca -G, 2GwWo"’
5 G,-Ba;**-G,-Ba,**-U, 1J6S>
6 G4-Bay**-C4(H,0),-Bap**-G, 4U92%°

created from 1 by shifting the Sr*" cation to the midway
position between the Sr** and Sry** cations (the new cation
label is Sry;**). Crystallographic positions of waters’ hydrogen
atoms are not given for structure 6. Their positions were
determined by performing partial optimization at the level of
theory used for electronic structure calculations in this work.

All calculations were performed with the Turbomole
program package.”* We used density functional theory w1th
the B-LYP functional”>*® and Grimmes’s D3 correction”’ for
calculations of electronic energies. Kohn—Sham molecular
orbitals were expended in the def2-TZVPP basis set.””
Multipole accelerated resolution-of-identity was used to
accelerate the calculation of the electronic Coulomb
interaction. This combination of density functional and valence
triple-zeta polarization basis set has been used often to study
guanine self-assemblies.”*”>* Atomic charges were computed
by using natural population analysis.”> Solvent effects were
taken into account by employing the continuum solvation
model (COSMO)**** with the dielectric constant of water (e
= 78.5). The cation radii used in the COSMO model were
recalculated to reproduce experimental solvation energies of

The recalculated values were 1.8161, 1.9819,
Sr**, Ba?*, and Na®,

the cations.”
2.1890, and 1.8685 A, for Ca™,
respectively.

The bond energy AE,,.q represents the energy needed to
chelate a cation to a quadruplex in aqueous solution. It was
computed using structures depicted in Figure 3. In order to
understand the contribution of various stabilizing and
destabilizing energy terms, we decomposed the bond energy
into
+ AE;, + AE

int

A‘Ebond = AEdesc»lv solv (1)
AE;eory AEgy, and AE;, are the energies of desolvation,
solvation, and interaction energy, respectively (see Figure 3).
The desolvation and solvation energies are related to energy
differences between the gas phase and aqueous solution
energies. Note that binding a cation to a quadruplex results in
deformation of quadruplex’s geometry. The related preparation
energy is relatively small (<10 kcal/ mol)"® and not accounted
for in bond energies since we employed the experimental
geometries. One- and two- catlon interaction energies, AE,.,
are decomposed by using EDA.”” This method decomposes
the electronic energy into electrostatic (AE,.), exchange
(AE,,), repulsion (AE,,,), polarization and orbital interaction
(AE,), and dispersion (sum of correlation and D3 dispersion
energies) (AEdlsp) terms. The energy needed to exchange two
Na' by two Ca*" cations was calculated by the thermodynamic
cycle shown in Figure 3. It contains the desolvation AEgy,
solvation AE,,,, and preparation energy AE,.,, as well as two-
cation interaction energies AE;, ,y, and AE;,c.* with Na*
and Ca®" cations, respectively.

Let us summarize approximations employed in this work. In
the first place, we used molecular geometries determined for
quadruplexes in a crystal environment. These structures are
slightly different from those in the aqueous solution. This
choice of geometries was dictated by difficulties related to
geometry optimization of quadruplexes with more than two
stacked quartets. Bond energies are determined in fixed
molecular geometries without geometry relaxation upon cation
chelation. The sugar—phosphate backbone is not taken into
account, and solvent effects were modeled by a continuum
model. Since cation radii are chosen to reproduce experimental
free hydration energies, the computed bond energies also
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Figure 3. Thermodynamic cycles for the calculation of the bond energy [for the first (a) and the second (b) cation] and the energy needed to
exchange two Na* by two Ca®* cations (c). The fragments encircled by blue lines were computed in aqueous solutions.

Table 2. Partitioning of the Bond Energy (in kcal/mol)

quadruplex 1 2 3
cation St Srp* Sr2* Sryt Na;* Naj*
Eaeeon 456.9 516.1 456.9 516.1 191.5 197.9
E —186.2 —382.5 —186.2 —405.6 —110.6 —159.2
Egesoly + Eorv 270.7 133.5 270.7 110.5 80.9 38.4
E\ —388.2 —234.9 —388.2 —129.1 —157.6 —-111.8
Byond —117.4 —1014 ~117.4 ~18.6 —76.7 -732
quadruplex 4 S 6
cation Ca?* Ca?* Ba?* Ba;** Bay > Bap**
E gesoly 464.9 530.7 395.1 458.7 403.3 467.0
E —171.0 —-395.4 —159.9 —407.4 —168.2 —386.6
Egesoly + Eolv 293.9 135.3 2352 S1.3 235.1 80.3
E; —368.4 —158.9 —327.6 —28.9 —-392.5 —-167.4
Epond —74.5 —-23.7 -92.4 22.4 —157.4 -87.0

implicitly take into account thermal effects of cation hydration.
Nevertheless, the bond energies are not free energies since the
quadruplex’s scaffold thermal effects are not included. Free
energies might be determined by employing molecular
dynamics with polarizable force fields or approximate theories
such as quasi-chemical theory.”®”” In order to estimate the
importance of entropy for binding affinities, we optimized
guanine octets chelated with Na* and Ca®" cations. Although
these systems have 381 normal modes, the zero-point
vibrational energy and entropy differences were found to be
only 983 cm™" and 4.3 kcal/mol (at 298 K), respectively, at the
B-LYP-D3/def2-SVP level. This implies that quadruplexes are
stiff systems toward cation exchange and that the cation—

nucleobase interaction energy dominates the relative free
. 40
energy difference.

B RESULTS AND DISCUSSION

Bond Energies. The sum of desolvation and solvation
energies of a quadruplex scaffold and cations in water is
positive for binding one and two cations. Since water is a more
polarizable environment than crystals, cation binding in the
aqueous solution will be weaker than in the solid state. The
Gibbs energies of hydration for Ca**, Sr**, and Ba®" cations
amount to —1505, —1380, and —1250 kcal/mol,*° respectively.
These energies are much higher than those for Na* (—365
keal/mol), K* (=295 kcal/mol), and Rb* (=275 kcal/mol).*
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At first sight, it appears that the bond energies of alkaline earth
cations are smaller in comparison with alkali cation energies.
However, alkaline earth cations also interact more strongly
with the quadruplex scaffold than alkali cations, which
compensates the solvation effects.

Bond energies and their partition into desolvation,
interaction, and solvation energies are given in Table 2.
Comparison between bond energies of cations from different
quadruplexes is only possible if the quadruplexes have the same
chemical makeup or the cations are of the same type or have
similar radii. The bond energies for chelation of the first cation
in every quadruplex were strongly negative, irrespective of the
cation type. By comparing bond energies of the Ca;**, Sr,** and
Ba,*" cations chelated between guanine quartets, we found that
the most strongly bound cation was Sr**, followed by Ba;**
and Ca/**. This stabilization ordering is in accordance with
experimental findings of Venczel and Sen,*' although we
examined both RNA and DNA quadruplexes. Ba;”* had the
lowest sum of solvation and desolvation energies, but its
interaction energy was considerably smaller than that of Sr;*".
Chelation of Na;" was 2.2 kcal/mol stronger than that of Ca;**
with a similar ionic radius. This unexpectedly small energy
difference indicates that an increase in Ca®>" concentration may
lead to the exchange of one Na* by the Ca®" cation in aqueous
solutions. Yet, the difference in entropic terms computed from
the optimized geometries (4.3 kcal/mol at 298 K) additionally
stabilizes chelation of Na* over the Ca®* cation.

The bond energy of the Ba** cation between guanine and
cytosine quartets is much higher than that between two
guanine quartets. The sum of solvation and desolvation
energies of the Bay** cation is equal to that of the Ba*
cation, implying that these contributions are robust against the
influence of geometric constraints and different structural
motif contributions for binding of the first cation. On the other
hand, we find that the solvation effects for chelating the second
cation were approximately 30 kcal/mol more favorable in
quadruplex S5 than in 6 due to the larger cation—cation
distance.

The energy needed for binding the Nay" cation was almost
equal to the energy of the Na;", as has been found previously."®
A somewhat larger energy difference is noticed for the Srj**
and Sr;** cations, but still the bond energy of Sr;** was
sufficiently negative to allow strong chelation of Sr** two
cavities away from already occupied cavity. If the second Sr**
cation is chelated in the adjacent vacancy, its bond energy is
—19 kcal/mol. This value was 83 kcal/mol higher than the
energy needed for chelation in every other cavity. Since
electrostatic interaction has a long-range character, the third
consecutive Sr** cation and every following cation would
experience even larger Coulomb repulsion than the second
one. Their energies would decrease and eventually become
positive, which prevents chelation of the Sr** cation in the
adjacent cavities of the guanine quadruplex. Therefore, alkaline
earth cations prefer alternating occupation of cavities of the
guanine quadruplex in the aqueous solution.

Similar to the binding of Sr** to quadruplex 2, the bond
energy of the second Ca®" cation was much lower than that of
the first cation. It amounted to —24 kcal/mol, which is 49
kcal/mol smaller than that for the second Na* cation. Hence,
although chelation of two alkaline earth cations in neighboring
quadruplexes’ binding sites is energetically possible, their small
bond energies indicate that these quadruplexes are not as
stable as those templated with monovalent cations. In order to

further reveal the difference in binding affinities of Na* and
Ca’" cations, we computed the energy needed to exchange two
Na' cations in quadruplex 3 by two Ca®" cations in quadruplex
4. The exchange energy amounted to 49 kcal/mol, that is, the
cation exchange was not spontaneous in the aqueous solution.
The desolvation and solvation contributions were 878.6 and
—570.1 kcal/mol, respectively, and their sum was 308.5 kcal/
mol. The large discrepancy between the absolute values of
these terms is due to the fact that water hydrates double-
positive charge of the Ca®" cation more strongly than a single
charge of the Na" cation. The interaction energies —E ,n,"
and E;;,c, are 269.5 and —527.5 kcal/mol, respectively. Their
sum (—258 kcal/mol) is negative since Ca®" cations are more
tightly bound to the quadruplex than Na* cations. The
preparation energy term was very small (—1.5 kcal/mol),
reflecting similar quadruplex scaffolds for structures with Ca®*
and Na" cations. Overall, the cation exchange in the aqueous
solution was not spontaneous even when the entropic
contribution would be taken into account and was dominated
by the solvation penalty. In a crystallizing solution, high ion
concentrations decrease the dielectric constant, which makes
Ca®" cations easier to desolvate than in water. As a result, there
are three Ca’" cations in the adjacent vacancies of the
crystallized stacked guanine quadruplex.'”

The bond energy of the second Ba®" cation in quadruplex §
was positive due to small interaction energy, implying that the
constrained geometry of this quadruplex is only stable under
crowding conditions in the crystal and not in the aqueous
solution. The cytosine quartet sandwiched between two
guanine quartets exhibits much stronger affinity for binding
the second cation than the guanine quartet stacks. The bond
energy of the Bay*" cation is equal to —87 kcal/mol, which
was only 5 kcal/mol lower than the energy needed for binding
the first Ba** cation in the guanine quadruplex.

We can indirectly compare the bond energy of the Baj**
cation with those of alkali cations. In the first place, Ba** and
K" cations have radii which only differ by 0.02 A. In addition,
the bond energies of Na® and K" cations are up to
approximately 1 kcal/mol.> Taking into account that the
bond energy of the Bay,** cation is 14 kcal/mol higher than the
energy of the second Na' cation in guanine quadruplex 3, we
conclude that it is plausible that the Bay*" cation is more
tightly bound than alkali cations in guanine quadruplexes. We
also suggest that two Ba** cations are sufficiently strongly
coordinated in the tetramolecular quadruplex segment with the
GCG sequence being stable in the aqueous solution.

Affinity of the (GCG), Quadruplex toward Na* and
Ca** Cations. The unusually high affinity of the cytosine
quartet sandwiched between guanine quartets for Ba®* cations
might indicate that it will also hold true for other divalent
cations. Yet, Liu et al. showed that this motif in a solution of
Pb** and several monovalent cations bound only one Pb*
cation—the cation in the adjacent vacancy was found to be
Na*.** Since two chelation sites of the (GCG), quadruplex
have distinct coordination geometries (bipyramidal antipris-
matic and nearly square prismatic), Liu et al. argued that Pb**
coordination might depend on the quartet orientation.*” This
observation motivated us to examine bond energies of Na" and
Ca’" cations in the (GCG), quadruplex. We computed these
energies at the geometries of Ba®" cations in quadruplex 6. This
procedure is justified by similar ionic radii of Na* and Ca**
cations (0.97 and 0.99 A) and very small preparation energy
for exchange of two Na* by two Ca®' cations in the guanine
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quadruplex. In addition, it was found that the optimized
guanine quartet chelated by Na* and Ca®" cations also had
similar oxygen-cation distances, 2.26 and 2.27 A,"” respectively.

Table 3 contains bond energies of Na* and Ca®" cations
chelated in vacancies of quadruplex 6 and their partitioning to

Table 3. Partitioning of the Bond Energies of Na* and Ca**
Cations Chelated in Vacancies of Quadruplex 6 (in kcal/
mol)“

cation Nay* Nap,* Cap>* Cap/*
Egesoly 191.8 200.7 464.2 527.8
Eon —113.4 —159.2 —168.1 —386.6
Egesolw + Eso 78.4 41.6 296.0 141.3
Eiy —190.5 —140.1 —442.4 —229.0
Eiond —112.0 —98.6 —146.4 —87.7

“The cations Nay*/Cap®* and Nap,*/Cap?* are positioned in the
place of the cations Bay;** and Bay,**, respectively.

desolvation, solvation, and interaction energy contributions.
Both the first and second bond energy of Na® cations were
larger than those in the guanine quadruplex. Nevertheless, the
larger decrease of the bond energy from the first to the second
Na* cation in comparison with the guanine quadruplex was
found. The bond energies of Ca®" cations were similar to those
of the Ba®" cation, implying that alkaline earth cations are likely
coordinated in both vacancies of this motif. Besides bond
energies, we also calculated the energy needed for exchange of
two Na* by two Ca®" cations. The desolvation and solvation
energies for this process were 878.6 and —561.3 kcal/mol,
respectively. These values are almost equal to those for pure
guanine quadruplex, that is, solvation and desolvation costs are
independent of structural motifs. On the other hand, the
interaction energies —E;, o, and Ej,c,t were 330.6 and
—671.4 kcal/mol, respectively, giving an exchange energy of
—23.5 kecal/mol. Thus, the water-stabilized cytosine quartet
stacked between guanine quartets acts as a selective ionophore
for chelation of alkaline earth over alkali cations in the adjacent
positions. This conclusion is based on the electronic energy
contributions to the free energy.

Structural Properties. The size of a central cavity between
the quadruplex layers overwhelmingly influences the inter-
action between a cation and quadruplex scaffold. This property
is reflected by oxygen-cation distances. Besides, coordinating
oxygen atoms in quadruplexes with pyrimidine bases might
have different charges than those of guanine’s oxygens. Zhang
et al. noticed that cytosine’s N3 and O2 atoms form hydrogen
bonds with water molecules in quadruplex 6, which likely
results in a rise of the electron density at the water oxygen’s

lone pairs.”” Here, we analyze geometric and structural
properties which determine the interaction between cations
and ligands.

Table 4 shows the average oxygen-cation distances for each
layer, their average values for both layers, and their differences
between the layers. It also contains cation—cation distances.
Quantum chemical calculations showed that an occupied
cavity tends to adapt its size when a cation is hosted in the
adjacent position.'® The most frequent oxygen-cation distance
was in the range 2.7—2.8 A. This observation also includes
waters’ oxygens in the cytosine quartet. Deviations form these
lengths indicate that there is distortion in the quadruplex
scaffold. Sr** cations in quadruplex 1 with four layers were
found to be symmetrically positioned between the layers.
Guanine carbonyl groups were distorted toward the cations,
which resulted in average oxygen-cation distances equal to 2.6
A. In quadruplex 2, the Srj** cation was inserted in the
vacancy next to the one of the Sr;** cation, but its oxygen-
cation distances were not relaxed. The obtained average O6—
Sri*" length was 0.3 A longer than the relaxed value.
Quadruplexes 3 and 4 exhibited asymmetric positions of
cations relative to the upper and lower quartets. This was
particularly pronounced for Ca;** and Naj* cations. The
asymmetry might originate from relatively small radii of these
cations, which allow flexibility in their positions within the
cavity. One consequence of this asymmetry was that the
average distance between a cation and oxygens of the closer
quartet was 2.5 A. Note that average distances between
oxygens of both quartets and Ca*" cations were 2.8 A, as found
in other quadruplexes. In quadruplex 5, the Ba;** cation was
much closer to the uracil than to the guanine quartet. The
shortest and longest distance between the cations in the
adjacent cavities was found in quadruplexes 2 and §,
respectively. The distance between two Ba?* cations in
quadruplex 6 was 0.5 A shorter than in quadruplex $.

Figure 4 shows the average oxygens’ charges for each
quartet. Guanine’s oxygen charges were in the range from
—0.57e to —0.76e. It is clearly noticeable that there was a
redistribution of charges within different quartets. In the case
of quadruplexes 3 and 4, the oxygens of the central layer
showed decreased electron density, whereas in the case of
quadruplex 1, every other quartet had the same average charge.
Oxygens of the uracil quartet did not exhibit significantly
different values than on average guanines. On the other hand,
water oxygens in the cytosine quartet had in average —1.09e.
This highly negative charge enables strong electrostatic
interaction between the cations and water molecules.

Energy Decomposition Analysis. The interaction
between cations and biological molecules is characterized by

Table 4. Average Distances (in A) between the Oxygen Atoms of Guanine Quartets (Water Molecules in Structure 6) and

Cations in the Quadruplexes”

quadruplex 1 2 3 4 S 6
cation S Sty St Ca* Cay** Na;" Na,* Ba/* Ba** Bay > Bap**
lower quartet 2.61 2.60 2.90 2.53 2.68 2.75 3.10 2.74 2.35 2.66 2.82
upper quartet 2.61 2.60 2.90 3.13 293 2.54 2.48 2.77 3.64 2.76 2.68
average 2.61 2.60 2.90 2.83 2.80 2.64 2.79 2.76 3.00 2.71 2.75
difference 0.00 0.00 0.00 0.60 0.25 -0.21 —0.62 0.03 1.29 0.10 —0.14
dec 6.37 3.19° 3.59 3.49 439 3.86

“The differences and averages are given between the values for upper and lower quartets. dc is the distance (in A) between the cations. “Distance

between the Sr;** and Sry** cations.
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Figure 4. Average oxygens’ charges for each quartet. See Figure 2 for
quartet labels.

large contributions of both additive and nonadditive (many-
body) polarization. Recently, Jing et al. argued that the
selectivity of calcium-binding proteins for Ca® over the Mg**
cation stems from the energetic cost due to the many-body
polarization effect.”” They revealed that many-body polar-
ization is sensitive to the number and spatial arrangement of
charged residues surrounding the cation. By employing the
EDA, we examine to what extent polarization contributes to
interaction between cations and the quadruplex scaffold.
Besides, we provide insights into decreased stability of the
Bay** cation.

Table S contains the EDA of interaction energies for binding
one and two cations, cation—cation energies, and many-body
effects (MBEs). Polarization contributed to a greater extent to
the interaction energy for alkaline earth than alkali cations. In
the former case, it amounted to around 50% of the one-cation
interaction energy, whereas for alkali cations, this term was
about 25%. The situation was even more drastic for the two-
cation interaction energy: the sum of all other terms for
quadruplexes 2 and $§ was positive, implying that their stability
originated completely from the polarization energy. For other
quadruplexes, polarization contributed to 70—90% of the
interaction energy. Note that approximately one-third of the
cation—cation Coulomb repulsion of alkaline earth cations in
neighboring sites is reduced by many-body polarization energy.
As expected, many-body contributions of other energy
components were strictly or nearly pairwise additive.

The atomic coordinates of the quadruplex scaffold around
the Srj** cation were not relaxed, so that the interaction
energy of this cation was 27 kcal/mol weaker than the one of
the Sr** cation. Note that interaction energies of adjacent
cations in other quadruplexes can vary by up to 10 kcal/mol.
Hence, we predicted that the interaction energy of the Sry;**
cation is approximately 20 kcal/mol underestimated. Never-
theless, this energy value does not modify the conclusions
about Sr** cation chelation in the adjacent cavities of guanine
quadruplexes.

Two Ba** cations in quadruplex 5 were separated by an
around 1 A larger distance than those found for other cations
in the r(GAGGU), quadruplex.”’ This resulted in 90 kcal/mol
lower Coulomb repulsion between the cations. On the other

Table 5. Partitioning of Cation—Cation, One- and Two-
Cation Interaction Energies, and MBE (in kcal/mol)

1-Sr>* 1-Sry St *-Sry?t 1-Sr?t-Srp MBE
AE,, —388.2 —384.6 205.4 —623.1 —55.7
AE,, —252.6 —248.8 208.5 —293.0 0.0
AE,, —43 —4.1 0.0 -84 0.0
AE,, 95.2 92.6 0.0 188.3 0.5
AE, —185.8 —184.1 —0.7 —429.1 —58.5
AEg,, —40.6 —40.2 —2.4 —80.9 2.3
2-Sr>* 2-Srp?t SrPtSr?t 2-Srt-Sry 2t MBE
AE,, —388.2 —361.1 405.6 —517.3 —173.6
AE,, —252.6 —207.4 416.4 —43.7 0.0
AE,, —43 2.0 0.5 -2.0 —0.2
AE,, 95.2 34.3 1.1 133.5 3.0
AE,, —185.8 —154.9 —11.1 —526.9 —175.1
AEyy, —40.6 —35.0 -12 —78.1 12
3-Na,* 3-Na;* Na;-Na;©  3-Na;*-Na;* MBE
AE,, —157.6 —167.4 94.1 —269.5 -38.5
AE,, —1112 —118.7 95.1 —134.8 0.0
AE,, 0.6 12 0.0 1.7 0.0
AE,, 16.7 152 0.0 322 0.3
AE,, —39.6 —41.5 —0.4 —120.9 -39.4
AEg, —24.1 -23.5 -0.7 —47.7 0.6
4-Ca*  4-Ca?t  Ca*-Ca?  4-Ca*-Cap?* MBE
AE,, —368.4 —376.6 364.7 —527.4 —147.0
AE,, —214.5 —215.3 369.8 —60.0 0.0
AE,, -0.3 1.5 0.1 1.3 0.0
AE,, 434 29.3 0.0 73.9 1.2
AE,, —166.5 —162.9 —4.0 —482.1 —148.7
AEg,, —30.6 —29.2 -1.1 —60.4 0.5
5-Ba/* 5-Ba®*  Ba*-Bag*®  5-Ba*-Baj’t MBE
AE,, -327.6 —224.0 296.3 —356.6 —101.2
AE,, —216.1 -179.7 302.7 —932 0.0
AE,, —6.7 —30.8 0.1 -37.5 —0.1
AE,, 114.6 264.5 0.0 382.3 32
AE,, —-175.5 -231.0 -5.7 —517.4 —105.2
AEg,, —43.8 —47.1 -0.9 —90.8 0.9
6-Bay**  6-Bap®’  Bay?*-Bap®*  6-Bay*-Bay®t  MBE
AE,, -392.5  —397.7 335.0 —559.9 —104.7
AE,, —2868  —297.8 344.5 —240.1 0.0
AE,, —8.6 —-11.6 0.5 —20.1 -0.3
AE,, 125.2 145.0 0.4 2723 1.6
AE,, —1747  —184.0 -9.5 —475.1 —106.9
AEy,, —47.6 —49.3 -0.9 -96.9 0.9

hand, the Ba;** is coordinated by a distorted uracil quartet
whose oxygen atoms are closer to the Ba;*" cation than those
of guanines. As a consequence of these close oxygen-cation
distances, the Baj*" cation experienced 150 kcal/mol larger
repulsion energy than the Ba*" cation. Taking into account
other energy components, it was 100 kcal/mol less stable than
the Ba;>" cation. Hence, all energy gain from longer cation—
cation distance was compensated by the repulsion energy due
to proximity of the uracil quartet.

Structure—Property Relations. Although examined
quadruplexes have various geometric parameters and are
chelated with different alkaline earth cation types, the cation
coordination by oxygen atoms provides structure—property
relations for two most stabilizing interaction energy terms:
electrostatic interaction between a cation and quadruplex
scaffold and the electronic shielding of cations due to many-
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Figure S. (a) Plot of the one-cation electrostatic energy (E,.) vs the average oxygen-cation distance for both layers and (b) plot of the sum of the
cation—cation Coulomb repulsion (E¢c) and many-body polarization energy (Eygp) vs the cation—cation distance for each quadruplex. Straight
lines represent linear regressions for all alkaline earth cations excluding those related to a cytosine quartet (depicted by star symbols).

body polarization. These relations hold for quadruplexes with
the same chemical composition, irrespective of the chelated
cations. By studying these relations, we provide insights into
the excess interaction energy of the cytosine-containing
quadruplex 6 relative to guanine quadruplexes.

Figure 5 shows the one-cation electrostatic energy and the
sum of the cation—cation Coulomb repulsion and many-body
polarization energy as functions of the average oxygen-cation
and the cation—cation distance, respectively, for quadruplexes
with alkaline earth cations. Both energy terms exhibited a
linear correlation with the selected geometric parameters. The
correlation coeflicient was slightly lower for the one-cation
electrostatic energy (—0.979) than for the sum of the cation—
cation Coulomb repulsion and many-body polarization energy
(—0.992). Note that the electrostatic energy of the Baj,**
cation which interacts with the uracil quartet was also nicely
correlated with the energies of the other cations. The
electrostatic energies of the Baj** and Bap** cations were
/60 kcal/mol larger than expected from the linear regression.
This is a consequence of the increased water’s oxygen charge
relative to those of carbonyl groups. On the other hand, these
cations and quadruplex 6 exhibited lower many-body polar-
ization energy than guanine systems by 20 kcal/mol. Due to
this weaker cation shielding, there is a larger decrease of the
bond energy from the first to the second cation of the (GCG),
quadruplex relative to that of the guanine quadruplexes.
Overall, the binding of the second Ba®* cation benefits ~40
kcal/mol from waters’ oxygens in comparison with values
expected from O6 oxygens.

B CONCLUSIONS

The most common mode of alkaline earth cation binding to
quadruplexes is the sandwich type with alternating cations and
vacancies.”~” The goal of this study was to understand how
another binding mode related to chelation in adjacent
positions can be enhanced in aqueous solutions. We examined
four crystallized tetramolecular quadruplexes,"”™*' two of
which are associated with pyrimidine quartets. EDA of

interaction energies between quadruplex scaffold and cations
revealed that the binding of the second cation in a consecutive
position is due to additive and many-body polarization.
Solvation effects were found to be robust for different
structural motifs. The common feature of all quadruplexes
was that the bond energy of the second alkaline earth cation
was considerably smaller than that of the first one, unlike for
quadruplexes with alkali cations and alkaline earth cations in
every other cavity. This indicates that each subsequent cation
chelation will be even more difficult and that it is likely that
only two alkaline earth cations can be bound in adjacent
vacancies of hydrated quadruplexes.

Quadruplexes consisting of guanine quartets had negative
energy of chelation of the second cation but these values were
much smaller compared to those of alkaline cations. The
energy needed to exchange two Na’* by two Ca’" cations is 49
kcal/mol, which shows that cation substitution is not possible
in water. Could quartets composed of pyrimidine bases
increase the bond energy of the second cation? Flexibility of
the end-stacked uracil quartet allows elongation of the cation—
cation distance by approximately 1 A in the crystallized
quadruplex. Yet, the reduced Coulomb repulsion between the
cations is compensated by the large repulsion energy between
uracils’ oxygens and the chelated cation. Larger cation
desolvation energies in water than in the crystallizing
environment is responsible for positive bond energy of the
cation coordinated by the uracil quartet. On the other hand,
the bond energy of the second cation in the vacancy created by
cytosine and guanine quartets is sufficiently large to be stable
in aqueous solutions. The energy increase originates from
water-mediated contacts between the cations. The increased
charge of water’s relative to guanine’s oxygen results in
stronger electrostatic attraction with cations, whereas elec-
tronic shielding is somewhat reduced. We tentatively propose
that the cytosine quartet stacked between two guanine quartets
has higher affinity for alkaline earth than alkali cations in water.
This suggests that different structural motifs might be used to
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synthesize quadruplexes with an unusual cation bonding mode
for nanotechnology applications.
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Abstract: G-quartets are supra-molecular structures that consist of four guanine
molecules connected by eight hydrogen bonds. They are additionally stabilized
by metal cations. In this contribution, the excited states of G-quartet and its
complexes with lithium, sodium and potassium were studied by employing
time-dependent density functional theory. The findings indicate that vertical
excitations from the optimized ground state involve transitions from several
bases, whereas excitations from the optimized lowest excited state include
transitions from one base. The charge-transfer character of these states was
analyzed. It was shown that the cations are able to modify positions of the
maxima of the fluorescence spectra of the complexes.

Keywords: density functional theory; G-quadruplex; fluorescence.

INTRODUCTION

Self-assembly of guanines leads to formation of square planar G-quartets
(Gg4) which might further stack into G-quadruplexes. These supramolecular struc-
tures allow binding of metal cations into the central cavity that results in more
stable cation-templated structures. The molecular structure of a G-quartet/metal
cation complex is displayed in Fig. 1. The stability of the complex is largely
determined by cation—guanine interaction and Hoogsteen and/or bifurcated hyd-
rogen bonding between hydrogen bond donating and accepting groups. It is
believed that hydrogen bonding accounts for 50 % of the energy responsible for
internal stability of these structures.!

G-quartets are highly selective towards metal cations. In an aqueous sol-
ution, alkali metal stabilization is in the order: Cst > Rb™ > K™ > Nat > Li",
while in the gas phase, the affinities are in the reversed order.? This is a con-
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1022 MILOVANOVIC, PETKOVIC and ETINSKI

sequence of the increasing alkali metal dehydration as going from Li* to Cs*.2,3
It is additionally due to the fact that smaller cations have stronger electrostatic
interactions and thus they reduce the repulsion between oxygen atoms of the
guanines.# Zaccaria and Fonseca Guerra argued that this mutual repulsion of the
oxygens appears to be a secondary effect and thus the cation is primarily required
for the enthalpic stabilization of these complexes.> Some authors®’7 considered
cation—oxygen interaction to be mostly electrostatic in nature whereas others!-8
considered it to be covalent.

G1 M e 1 ez
— c/“\Fz/Nx i \/ ,H
C==,
TN o\
N
Il \ g
" 01 - /N*C
M (/ ND H \
H U i AH
C*NI — 0 H
7\ .. I
\C§c/ ...,H\"“/ \,C/N\
/ o\ I Y
NN C —H
" \c/" \',“/ \N/ C\N\/ Fig. 1. Atomic and fragment numbering of the G4—
G4 ,f H n G M complex.

Although excited states of G-quadruplexes were investigated both experi-
mentally®-13 and theoretically,!415 not much is known about how cations tune
their properties. Hua and co-workers showed that alkali metal cations (Na™ and
K*) play an important role in modulating decay pathways of G-quadruplexes.12
In the presence of a potassium cation, G-quadruplex emission stems from excit-
onic mm* states, whereas in the presence of a sodium cation, the emission ori-
ginates from charge-transfer (CT) states. Hua and coworkers argued that such
difference is not due to the original excited electronic states but is a consequence
of different mobility of potassium and sodium cations during electronic relation.
Improta studied the excited states of the G-quartet with two potassium cations at
the M05-2X/6-31G(d) level of theory.!4 He found that the lowest absorption
peak of hydrated guanosine monophosphate at approximately 4.90 eV originates
from two nn” states. The lowest energy transition assigned to the L, state origin-
ates from HOMO to LUMO transition, whereas the higher energy state is the Ly
state, which stems from HOMO to LUMO+1 excitation. Although the energy
difference and relative intensities of these two states were correctly reproduced
with the M05-2X functional, there was a blue-shift of 0.86 eV with respect to the
experimental energies. This energy difference was attributed to the employed
basis set and the lack of solvent—solute interaction as well as vibronic effects in
the employed computational model.
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In this contribution, the extent to which alkali metal cations modulate low-
-lying excited singlet electronic states and their charge-transfer character in
G-quartet complexes with metal cations were systematically examined. The goal
was to determine whether various monovalent metal cations might change the
charge-transfer content of the lowest excited singlet state in its minimum. To this
end, the ground and lowest excited singlet electronic states of G-quartet com-
plexes with lithium, sodium and potassium cations were optimized and a detailed
analysis of their charge-transfer character performed.

COMPUTATIONAL DETAILS

The ground state geometries of the G4—M complexes were optimized with the M06-2X
functional, !¢ which correctly describes the dispersion interactions important for hydrogen
bond description. The excited states were computed using the time-dependent density func-
tional theory with a long-range corrected CAM-B3LYP functional.!”:!® This functional pro-
vides a balance description of local and charge-transfer states. It also outperforms the M06-2X
functional in the energy values of the excited state.!® Split valence 6-31+G(d,p) and 6-31G
basis sets20-24 were employed for the ground and excited state optimizations, respectively.
Vertical excitation spectra were calculated with cc-pVDZ correlation consistent basis set?® for
guanines and TZVP basis set26 for the metal cations. Geometry optimizations were performed
without symmetry restrictions. All electronic structure calculations were realized using the
Gaussian 16 program package.?’

Characterization of excited state properties was performed by employing the Multiwfn
program.?82° The interfragment charge transfer (IFCT) methodology was applied and the
natural transition orbitals (NTOs) computed. The IFCT method is based on the analysis of the
transition density matrix. This matrix is used to obtain the interfragment charge transfer mat-
rix M, the diagonal elements of which represent the magnitude of electron redistribution on a
particular atom in the corresponding excited state upon excitation from the ground state. The
off-diagonal elements represent the magnitude of the electron redistribution between different
atoms (i.e., fragments if block matrices are considered). By summing up certain values of
these matrix elements, the local excitation and charge-transfer content (in fractions) for pre-
defined fragments in the system could be estimated for each excited state. Thus, the following
descriptor was defined:

XM
i,je(G .M —G,,.M)

>,

i,j

X =

(M

The sum in the denominator in Eq. (1) runs over all matrix elements while the sum in the
numerator defines the quantity X as follows: X represents local excitation (LE) content if i and
j run over block diagonal matrices that represent only the contribution of excitations within
each fragment (single guanine unit, G;, Gy, = 1, 2, 3, 4; see Fig 1.) and metal ion (M), i.e.,
G1-Gl, G2—G2, G3—G3, G4—G4 and M—M; X represents the charge-transfer content if
summing all block non-diagonal elements, for example, contribution from G1—M or
G4—G3. The charge-transfer content can be divided into three parts: CTyeighpor if Only
charge-transfer excitation contributions between the neighboring fragments are considered,
i.e.,, G1-G2, G1->G4; CTgjagona if contributions are only between diagonal guanine frag-
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1024 MILOVANOVIC, PETKOVIC and ETINSKI

ments G1, G3 and G2, G4; CT,y., depicting the charge transfer between guanines and metal
ion. The descriptors satisfy the following equation:

LE+CT=LE+ CTneighbour + CTdiagonal + CTera = 1 )
RESULTS AND DISCUSSION
The ground state geometry

The optimized structures of Gy, G4-Lit, G4—Na™, G4—K™' are presented in
Fig. 2 (additional data are given as Supplementary material to this paper). Their
most important geometrical parameters are collected in Table I. The G4 structure
is almost planar and it has the C4 symmetry group. The average distance
between oxygen atoms and their geometrical center is 2.95 A. The
N;-H;---O1 and No—Hj---N3 hydrogen bond lengths amount to 1.91 and 2.46 A,
respectively. Alkali metal cations have a significant impact on the structure of the
complexes. The presence of the cations decreases the repulsion between the oxy-
gen atoms and thus decreases the lengths of the hydrogen bond. The later effect
results in stronger hydrogen bonds. In addition, different cationic radii are res-
ponsible for different geometrical parameters of the complexes. The Gy4-Lit
geometry is close to the S4 symmetry group. The average distance between the
oxygen atom and lithium cation is 1.99 A. The N;-H;---O; and Np—-Hj---N3
hydrogen bond lengths are equal to 1.99 and 1.83 A, respectively.

no metal Li Na K
o8 f 19 MY (Y 20 Gl 0
= - . ﬁ P B - A e
_\’l"l *\,3 .'F“_\__;H WY Y, Y el
VR o By .
Hxn BIOy Bior Y
3. A Vg YPoyh SIS &2

" e )
e = O g WA PP

Fig. 2. The G4 and G4,—M (M = Li*, Na*, K*) structures with top and side view. The indicated
hydrogen bond lengths and O;—M distances are given in A.

The dihedral angle between the oxygen atoms has a value of 35.2°
indicating a highly twisted structure. The G4—Na™ structure is much less distorted
compared to the G4—Li* one and it has approximately S4 group symmetry.
Dihedral angle between the oxygen atoms is equal to 0.4°. The N1—-Hj---O1 and
N»>—H»---N3 bond lengths increase and decrease relative to those of the complex
with lithium cation, respectively. The structure with potassium cation has similar
properties to those of the complex with sodium cation. The symmetry of the
G4-K* geometry is close to that of the C4 group. Smaller ionic radius of Li* and
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Na' allow these ions to be positioned in or near the center of the Gy structure,
whereas K* is located out of the plane defined by the G4 structure (see Fig. 2).

TABLE I. Geometrical parameters for G, and G4~M (M=Li", Na*, K*) structures

Structure Bond distance, A Bond angle, °

Gy 2.95 1.91 2.46 151.7 131.8 04

G4-Li* 1.99 1.83 1.96 152.6 167.7 352
G4Na* 2.26 1.88 1.91 161.8 176.2 04

G4 K" 2.61 1.90 1.93 168.1 170.4 1.1

8Average distance between four oxygen atoms and alkali metal ion. For an empty G4 scaffold, the average
distance of the O-geometrical center is taken; baverage inner hydrogen bond distance; average outer hydrogen
bond distance; daverage inner hydrogen bond angle; ®average outer hydrogen bond angle; fdihedral angle
defined by the four O oxygen atoms

Vertical excitation spectrum

Vertical excitation energies, oscillatory strengths, excited state descriptors
and fragment contributions to excitations of the first eight states of G4 and G4—M
complexes are collected in Table II. Electronic coupling and degeneracy of the
excited states of the multiple guanine bases in the examined systems is res-
ponsible for presence of the delocalized states in these supramolecular structures.
Many different canonical orbitals contribute to electronic transitions and thus it is
difficult to understand how the electron density is modified upon excitations. On
the other hand, natural transition orbitals provide a compact description of the
electronic excitations and a small number of orbitals are needed to describe the
transitions. The lowest four states are the combination of different monomer-like
L, transitions, whereas the next four states belong to monomer-like Ly, transit-
ions. Although the transitions include charge-transfer, there is no net charge
separation.

The G4 absorption spectrum has two distinct maxima located at 5.22 and
5.65 eV. The exciton coupling is found to be less than 0.01 eV. Only the first
state of the L, transition is stabilized by 0.04 eV with respect to the other three
states. The lowest absorption band originates from transitions to the bright S, and
S3 states, which are delocalized over the diagonal guanine monomers G1, G3 and
G2, G4, respectively. Local excitations contribute to half of all the transitions.
The dominant CT contributions are diagonal, whereas the excitations between
neighboring guanine monomers account for only 7 %. The Sy and Sy states are
dark states and thus do not contribute to this absorption band. These two states
stem from the orbitals that are delocalized over all the guanine monomers. Their
excitations have mostly neighboring CT character. The four L states have
similar properties to those of the L, states but in this case, the dark states are the
third and four states in the Ly, group.
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1028 MILOVANOVIC, PETKOVIC and ETINSKI

The presence of alkali metal cations in G-quartet results in a red-shift of the
lower energy absorption band. This spectral displacement amounts to 0.17, 0.20
and 0.18 eV for the G4-Li", G4-Na*t and G4-K* complexes, respectively. Thus,
the cation radiuses are not correlated with the band shift of the L, state. On the
other hand, the cation radiuses correlate with the contribution of the guanine to
metal excitations. These contributions are approximately 1, 2 and 3.5 % for the
G4-Lit, G4—Na' and G4—K* complexes, respectively.

The CTinetal contributions mostly arise at the expense of CThejghbour cOntent
making the LE and CTgjagonal components almost unchanged. The Ly states
undergo a blue-shift which amounts to less than 0.05 eV in all three cases.
Similarly to the L, states, these shifts are not correlated with the cation radii. The
CTetal contribution to Ly, states accounts by less than 0.5 % in the G4-Li* and
G4—Na' systems and by less than 2.0 % in the G4—K™'. Metal ions change the
ordering of the bright and dark Ly, states compared to the empty quartet scaffold.
The Sg and S7 states become bright states responsible for the high-energy abs-
orption band. The LE content is comparable to the one of the L, states except for
the G4—Na™ system that has a different character of the S¢ and S7. The Sg and Sy
bright Ly, states of the G4—Na™ system exhibit a high CT content that amounts to
72.8 %. The characters of the S5 and Sg states are not significantly influenced by
the alkali metal ions in the G4—M complexes and they remain dark with a CT
content of 75 %.

The first excited state

The properties of the first excited singlet state are not only important due to
their relation with fluorescence but they might also provide insight into the
electronic relaxation of the molecule. Hua and co-workers argued that the fluor-
escence of G-quadruplexes in the presence of sodium and potassium cations ori-
ginates from states with different charge-transfer properties.12 It is questionable
whether these properties remain for isolated G-quartets, or are a consequence of
G-quartet stacking. Adiabatic and vertical excitation energies, oscillator strengths,
excited state descriptors and fragment contributions to the S; state of G4 and
G4—M complexes are presented in Table III. The vertical excitation energies cor-
respond to the energy differences between the S and ground state at the opti-
mized geometry of the S state. The optimized geometries of the S; states of G4
and G4—M complexes are given in Fig. 3, whereas the most important geometric
parameters are collected in Table IV. Natural transition orbitals reveal that the
electronic excitation is localized on a single guanine fragment so that the trans-
ition mostly involves a local excitation. The charge transfer character is very
small and it does not change upon cation substitution. Thus, it was concluded that
the properties of the Sp states of G-quartet and G-quadruplex are different. It is
proposed that the relaxation of the excited state of G-quartets proceeds via guan-
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ine monomers and does not include all bases. It is likely that the lifetime of the
excited state of the G-quartet is similar to that of an isolated guanine.

TABLE III. Adiabatic and vertical excitation energies, oscillator strengths, excited state
descriptors and fragment contributions to the S; state of G4, and G,~M (M = Li*, Na*, K")
complexes

E E . Fragment
Structure e\[; e\\; j LE CT (T, neighbour CT, diagonal CT, metal contrzigbutions
Gy 497 347 0.11 0979 0.021 0.018 0.003 98% G3—G3

Gg-Lit 497 443 0.17 0939 0.061 0.042 0.008 0.010 96% G4—G4
G4Na" 496 435 0.17 0938 0.062 0.034 0.007 0.021  97% G2—G2
G4K" 4.89 325 0.10 0.944 0.056 0.023 0.005 0.028  99% G2—G2

no metal Li Na’ K
_AAA r.;' ) )““:"\'L""'-(L‘r' - o L }_?A,;,,. i
_ ."‘”":1_ Hr‘{ ﬂ‘\"";‘w.'k i oy »}_\_,L_ ‘:-‘r “"’”‘»’1 N f‘:r

i ey il §5 ., { e Y St

pTN o WP e S -
z 4 # i ,(L- . - 1

Fig. 3. The structures of G4 and G4,—M (M = Li*, Na*, K*) of the optimized state of S; with
top and side view. The indicated hydrogen bond lengths and O1-M distances are given in A.

The adiabatic energies of Gy, and the Gy4—Li" and G4—Na't complexes
amount to approximately 5 eV. The complex with potassium cation has 0.07—
—0.08 eV lower adiabatic energy than the other three systems. On the other hand,
the vertical excitation energies drastically vary with the cation species. The low-
est value (3.25 eV) is found in the complex with potassium cation. The vertical
excitation energy of the G4 complex is 0.22 eV higher. The complexes with
lithium and sodium cations have vertical energies that are approximately equal to
44¢eV.

Therefore, there is a large difference in the maxima of the fluorescence
spectra between the examined complexes. These discrepancies are correlated
with the differences between optimized geometries of the ground and the first
excited states. In addition to Hoogsteen hydrogen bonds, the G4 structure also
exhibits bifurcated hydrogen bonds in the S; state, i.e., the Op atom is the hyd-
rogen bond acceptor for two bonds. The G4 geometry loses its planarity in the
excited state. The average distance between oxygen atoms and their geometric
centers decreases in the excited state by 0.25 A. Thus, the ground state energy of
the Gy structure is strongly destabilized at the S; state optimized geometry. The
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1030 MILOVANOVIC, PETKOVIC and ETINSKI

complexes with the cations exhibit smaller geometrical changes in the optimized
S state than the G4 structure. Yet, the largest distortions between these com-
plexes are found for the structure with potassium cation — its dihedral angle
between the oxygen atoms changes by 5.8 degrees.

TABLE IV. Geometrical parameters for G4 and G4~M (M = Li*, Na*, K) structures in the S,
optimized state

Structure Bond distance, A Bond angle, °

d[O1-M]* N1-HI---O1® N2-H2.--N3¢ zZNIH101¢9 £ZN2H2N3¢ dihgooof
Gy 2.70 1.77 2.21 160.6 148.5 -1.6
G4-Li* 2.04 1.69 1.82 158.4 170.5 31.5
G4Na* 2.26 1.74 1.81 165.4 174.6 -1.2
G4 K" 2.61 1.77 1.85 168.8 170.8 4.7

8Average distance between four oxygen atoms and alkali metal ion. For empty G4 scaffold average distance of
O1-geometrical center is taken; baverage inner hydrogen bond distance; average outer hydrogen bond distance;
daverage inner hydrogen bond angle; ®average outer hydrogen bond angle; fdihedral angle defined by the four
O oxygen atoms

CONCLUSIONS

G-quartet complexes with alkali metal cations are supramolecular structures
stabilized by cation—guanine interaction and hydrogen bonding. Smaller cations
are positioned in or close to the plane defined by G-quartet, whereas larger
cations are located out of the plane. Due to the degeneracy caused by multiple
guanines, the vertical excitations of G-quartet complexes are not localized on one
but involve several guanines. It was found that electronic transitions have local
excitation and charge-transfer character that includes neighbor and diagonal
contributions. Although the transitions include charge-transfer, there is no net
charge separation. The lowest four states are found to be the combination of
monomer-like L, excitations, whereas the next four states have monomer-like Ly,
excitations. In the presence of the alkali cations, the L, and L, transitions exhibit
red- and blue-shifts, respectively. The shifts are not sensitive to the nature of the
cation. The lowest excited singlet state at its minimum is localized on one guan-
ine monomer and its charge-transfer character is approximately equal for all
complexes with the cations. The existence of localized excitation implies that the
excited state lifetime of the G-quartet is similar to that of an isolated guanine
monomer. Although all examined complexes have very similar adiabatic
energies, their vertical excitation energies at the S; minimum differ considerably.
These differences are attributed to distortions of the complex geometries at the S;
minimum. Consequently, alkali metal cations tune the fluorescence spectra
maxima of the G-quartet complexes.
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U3BOJ
CBOJCTBA IIOBYBEHUX EJIEKTPOHCKHX CTAbA KOMITJIEKCA KBAPTETA I'YAHHHA
CA KATJOHUMA AJTKAJTHUX METAJIA

BPAHUCIIAB K. MUWJIOBAHOBUR, MUJIEHA. M. TIETKOBWR 1 MUXAJJIO P. ETUHCKH
Yuusepsutietni y Beoipagy — @axyniuetn 3a pusuuxy xemujy, Cygeniticku wipi 12—16, 11158 Beoipag

G-KBapTeTH Cy CyIpa-MOJIEKYJICKe CTPYKTYpe Koje Ce CacToje off YeTUPH 'yHaHHHA I10Be-
3aHa momohy ocaM BOZOHHYHUX Be3a. OHe Cy NOmaTHO CTabMIMN30BaHE METATHHUM KaTjOHHMA.
Y oBoM pany npoy4yaBamo nodyhena crama G-KBapTeTa U BUXOBHUX KOMIUIEKCA Ca TUTHjYMOM,
HaTPHjyMOM M KaJlHjyMOM KopucTehr BpeMEeHCKH 3aBHCHY TeOpHjy MyHKLIHOHANA eleKTPOH-
cke ryctuHe. Hauu pe3ysTaTy yKasyjy Ia BepTHKanHa nodyhrBama U3 ONTHMH30BaHOT OCHOB-
HOI' CTawma YK/byuyjy mpenase usmehy Hexonuko 0asa, nok mnodyhuBama M3 ONTHMH30BAHOT
HajHIKe modyheHor cTama ybydyjy npenase ca jenHe Hase. AHaIM3WpaH je yneo mpeHoca
HaeleKkTpucamwa y TUM cTambuMa. [Tokasanu CMo Jja KaTjoHH MOTY Aa MOAUGUKYjYy MOIoXkaje
MakcuMyMa (hIIyOpOCLIEHTHHX ClleKTapa KOMIUIEKCa.

(ITpumsmseno 25. okrodpa, peBunupaHo 2. fenemdpa, mpuxsaheno 24. genemdpa 2019)
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ABSTRACT: Guanine self-assemblies are promising supramolec-
ular platforms for optoelectronic applications. The study (Hua et
al, J. Phys. Chem. C 2012, 116, 14,682—14,689) reported that
alkaline cations cannot modulate the electronic absorption
spectrum of G-quadruplexes, although a cation effect is observable
during electronic relaxation due to different mobility of Na* and K*
cations. In this work, we theoretically examined whether divalent
Mg*" and Ca®" cations and hydration might shift excited charge-
transfer states of a cation-templated stacked G-quartet to the
absorption red tail. Our results showed that earth alkaline cations
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blue-shifted nz* states and stabilized charge-transfer zz* states relative to those of complexes with alkaline cations, although the
number of charge-separation states was not significantly modified. Earth alkaline cations were not able to considerably increase the
amount of charge-transfer states below the L, excitonic states. Hydration shifted charge-transfer states of the Na*-coordinated G-
octet to the absorption red tail, although this part of the spectrum was still dominated by monomer-like excitations. We found G-
octet electron detachment states at low excitation energies in aqueous solution. These states were distributed over a broad range of
excitation energies and could be responsible for oxidative damage observed upon UV irradiation of biological G-quadruplexes.

B INTRODUCTION

Guanine (G) and its derivatives are able to self-assemble into
ribbons and macrocycles formed by four monomers (quartets).
In both structures, monomers are connected by four hydrogen
bonds formed between complementary Watson—Crick and
Hoogsteen edges of neighboring units, but their relative
stability depends on the experimental conditions." Particularly,
monovalent and divalent cations dictate the self-assembly of
guanines into a cation-templated G-quartet structure (see
Figure 1). The stability of this supramolecular structure is
determined by cooperative hydrogen bonding, the size of the
cation, and its hydration energy.””’

Stacking of G-quartets into columnar aggregates gives rise to
G-quadruplexes in which cations are sandwiched between two
G-quartets or between every other G-quartet pair as in the case
of the Sr** cation.” The latter binding mode likely occurs due
to unfavorable electrostatic repulsion between double positive
charges. Among monovalent cations, K* has the strongest
ability to govern 5’-guanosine monophosphate self-assembly
into G-quadruplexes followed by Na* and Rb*.'" Generally,
divalent cations are known to be more effective in stabilization
of G-quadruplexes than alkaline cations.'”"* Kwan et al. found
that the divalent cation ability to promote formation of a
guanosine derivative self-assembly follows the ordering of ionic
radii found for monovalent alkaline cations (Sr** > Ba** >
Ca?")."* G-quadruplexes are also found in guanine-rich DNA
and RNA sequences and have important biological func-
tions.'>'® It is possible to form superstructures called G-wires
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by polimerization of short biological G-quadruplex sequences
using gel electrophoresis in the presence of K*, Na*, or Mg**
cations.

Self-assembly of functional building blocks into nanometer-
sized structures is found to be a more efficient approach for
optoelectronic applications than covalent syntheses.'® Guanine
absorbs light in the UV spectral region and it is not suitable for
solar radiation absorption. For photovoltaic applications, it
might be functionalized with a dye molecule. Wasielewski and
co-workers exploited a G-quadruplex decorated with -
chromophores as a supramolecular platform for photochemical
charge separation.'”~*" The core—shell columnar architecture
of these systems favors photoinduced charge separation over a
long distance, which demonstrates that G-quadruplexes can
serve as effective hole conduits in these assemblies. Pu et al
used Sr*'-templated G-quartet self-assembly of guanosine S§'-
monophosphate intercalated with dye molecules as a light-
harvesting antenna.”” This nanostructure showed good light-
harvesting properties both in solution and in the solid state
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Figure 1. (a) Structure of G-quartet coordinated with a metal cation. (b) Top and (c) side views of stacked G-quartet coordinated with a metal

cation.

indicating the potential for application as a photoelectric
device.

Given the growing interest in G-quadruplex-based optoelec-
tronic devices, it is necessary to examine how structural
parameters modulate absorption and electronic relaxation of
these supramolecular structures. Previous experimental and
theoretical studies examined biological G-quadruplexes and G-
wires templated with Na* and K* cations.”>~** These studies
found that their photophysics depends on the number of
stacked G-quartets, relative orientation between neighboring
G-quartets, and a templating cation. Absorption spectra of G-
quadruplexes are dominated by collective excitations,” which
include Frenkel excitons and charge-transfer states.”” Excitons
are found to be more strongly coupled between stacked
guanines than between hydrogen-bonded guanines.”"*”

Although the G-quadruplex structure is necessary for
promoting intramolecular energy transfer, the templating
cations are also needed for the unusually efficient energy-
transfer reactions within the G-quadruplex.”> Hua et al. studied
the absorption and emission spectra of a short DNA sequence
containing G-quadruplexes templated with Na* and K*
cations.”® Two-dimensional NMR experiments could not
detect any differences in the relative positions of guanine
moieties, indicating that the overall structure is not affected by
the cation type. Also, the absorption spectra did not exhibit
significant differences in either shape or intensity. On the other
hand, the fluorescence spectra showed remarkable differences
since they were dominated by emission from charge transfer
and Frenkel excitons for Na*- and K'-templated structures,
respectively. These findings were related to different mobility
of Na* and K' cations in the central vacancies of G-
quadruplexes. More mobile Na* cations stabilized charge-
transfer states during electronic relaxation, whereas this decay
channel is obstructed by the less mobile K* cation.

In this work, we examined to what extent the absorption
spectra of G-quadruplexes templated with divalent cations
differ from those of alkaline cations. Excited charge-transfer
states are sensitive to environment polarity and double positive
charges of divalent cations might stabilize them to a greater
extent than those of monovalent cations. It is particularly
intriguing whether earth alkaline cations are able to shift
charge-transfer states below the first bright state since this
might result in a more efficient photoinduced charge
separation. We also studied the hydration effects on the
excited state properties of G-quadruplexes. To this end, we
simulated the electronic absorption spectra of stacked G-
quartets (G-octet) templated with divalent earth alkaline
cations Mg?* and Ca*" in the gas phase. As a reference, we also
examined structures with monovalent alkaline cations Li*, Na*,
and K" as well as the structure without a cation. These systems

represent a minimal model of G-quartet self-assemblies, which
is at the same time feasible for computational studies. The lack
of a sugar-phosphate backbone enables G-quartets to exhibit
various close-energy conformers and hydrogen-bonding
patterns.” Hence, we computed the ground-state nuclear
ensemble by employing classical density functional theory-
based molecular dynamics. Subsequently, the excited states and
their properties were calculated using time-dependent density
functional theory. The hydration effects on the excited states
were examined by comparing the density of states of G-octets
templated with a sodium cation in the gas phase and in the
microhydrated environment.

The paper is organized as follows. In the next section, we
discuss various computational methods that were employed in
this work. In the following section, we present and discuss
results related to the relative arrangements of guanines in the
G-octets as well as the cation and hydrogen-bonding
interactions with the carbonyl group. Also, we discuss the
density of excited states, charge-transfer character, absorption
spectra, and hydration effects. Finally, we draw conclusions
from our study.

B METHODS

Density functional theory-based molecular dynamics simu-
lations were performed with the CP2K program package.” We
employed the BLYP functional’®*' and Grimme’s D3
correction for dispersion interaction.*” The electron density
was expanded using a mixed Gaussian and plane wave
method® with a DZVP basis set for the localized functions
and a cutoff of 320 Ry for the plane waves. GTH
pseudopotentials** were used to replace core electrons,
whereas the valence electrons were correlated. The simulation
was performed in a cubic box with an edge size of 25 A under
nonperiodic conditions. The SCF convergence was set to 5.0 X
1077 au. The nuclei were propagated on the Born—
Oppenheimer surface of the electronic ground state using a
time step of 0.5 fs. The CSVR thermostat™> was employed in
order to simulate a canonical ensemble at 300 K. The initial
geometries for equlibriation were choosen to be the anti/anti
partial 5/6 ring structure (see Figure 1), which was reported to
be the most common stacking geometry within the G-
quadruplex core.*® The structures were equilibriated for 2 ps
and subsequently propagated for 14 ps in the NVT ensemble.

Electronic absorption spectrum was simulated within the
semiclassical approximation in which it is proportional to an
ensemble average of vertical electronic excitations:

A@) % ( Y,y 80 = a,0)

(1)
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Figure 2. Probability distributions of the dihedral angles between the carbonyl oxygen atoms for each G-quartet (full and dashed lines).

where f,, and @, are the oscillator strength and frequency of
the electronic transition to the nth electronic state,
respectively, and g is a line-broadening function with the
Gaussian shape.

_ i xp(— 2 2
8(@) = ||~ exp(-207/6") o

We used a large broadening value 6 = 0.2 eV, which enables
us to remove statistical noise. The nuclear distribution in the
ground electronic state was prepared by molecular dynamics
simulation. The density of transition was determined by taking
eq 1 and substituting f, , = 1. Excited electronic states were
computed by employing linear response time-dependent
density functional theory with the long-range corrected
CAM-B3LYP functional’” and split valence 6-31G(d) basis
set. We calculated 32 excited electronic states at 10 sampled
configurations separated by 1 ps for each G-octet. The excited
state calculations were carried out using the Gaussian software
package.*® Analysis of the excited states was conducted using
the TheoDORE program,49 which evaluates the one-electron
transition density matrix’>"' and natural transition orbi-
tals.’>>> Excited states of multichromophoric G-octet systems
might be monomer-like excited states, delocalized Frenkel
excitons, and charge-transfer states. Charge-transfer states
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involve transitions between orbitals localized on different
guanines. Charge-separation states are a subset of charge-
transfer states in which there is a net charge transfer from one
group of guanines to the other. In this work, we only consider
charge-separation states arising from excitations from one to
the other G-quartet. In order to distinguish between locally
excited and charge-transfer states, we used a CT descriptor
implemented in the TheoDORE program, which gives a
fraction of the charge transferred between guanines—a value of
1 for the pure charge-transfer state and 0 for locally excited
state. The point from which the locally excited state turns into
the charge-transfer state has to be chosen arbitrary and in this
work, we chose a threshold value of 0.5. Charge-separation
states were determined by analyzing a CT,, descriptor and
two fragments, each consisted of one G-quartet. We also used a
threshold value of 0.5 for assigning charge-separation character.
Delocalization of electronic transitions (the number of
guanines that participate in the excitation) was computed by
employing the DEL descriptor in the TheoDORE program.
This descriptor provided a real value from one up to the
number of guanine fragments (eight). The computed values
were rounded to the nearest integer.

The configurations of the microsolvated cluster used to
elucidate the hydration effect were generated by the following

https://dx.doi.org/10.1021/acs.jpca.0c05022
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Figure 3. (a) Schematic display of overlap between the surfaces enclosed with purine ring atoms within a guanine dimer (brown surface). (b)
Guanine separation coordinate. (c) Probability distribution of guanine separation and overlap coordinates.

procedure. The 10 previously selected structures of Na'-
coordinated G-octet were selected for molecular dynamics
simulations in aqueous solution. Each structure was placed in
the center of the orthorhombic box and solvated by water
molecules using AmberTools20.”*° Edges of the box were
expanded to a distance of 10 A away in all directions from the
solute, resulting in a box size of around 40, 40, and 31 A along
the «, y, and z directions, respectively. The box was filled with
1150 TIP3P*° water molecules on average. We added one CI™
ion to maintain the system electrostatically neutral. The G-
octet was described using generalized AMBER force field
(GAFF)*” while Na* and CI~ were described using the TIP3P
model. The energy of the system was initially minimized by
1000 steps. After minimization, we carried out a 1 ns long
classical NVT molecular dynamics run by using the NAMD
program.”® The temperature was kept constant at 298 K by
means of the Langevin dynamics method.’” During the
minimization and dynamics, coordinates of the G-octet and
Na™ cation were kept fixed to preserve DFT-MD geometries.
This was necessary since GAFF does not preserve the G-octet
structure. The time step for integrating classical equations of
motion was 1 fs. A cutoff of 12 A with a smooth switching
function starting at 10 A was used to describe van der Waals
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forces, whereas electrostatic forces were treated via the particle
mesh Ewald method.®” A microsolvated cluster was created by
taking the G-octet structure with 57 closest water molecules
from the last configuration of the molecular dynamics run.

B RESULTS AND DISCUSSION

Ground-State Properties. The lack of a sugar-phosphate
backbone in stacked G-quartets gives larger flexibility in
relative arrangements of guanine moieties than those in
biological G-quadruplexes. These arrangements determine
dipolar coupling among guanines, which influences the
absorption lineshape. A theoretical study®’ found that the
coordination number of the Li* cation in optimized stacked G-
quartets differs from those of other alkaline cations as Li" is
positioned in the middle of one G-quartet and it coordinates
only four oxygens. This was attributed to the small ionic radius
that prevents coordination of all oxygen atoms.”” In our
molecular dynamics simulations, we observed that Li* might
interact with both G-quartets. Its most probable coordination
numbers were four and five. We also noticed that Mg>*
strongly interacted with six oxygen atoms of which three
belong to one G-quartet. Na*, K*, and Ca** cations were found

https://dx.doi.org/10.1021/acs.jpca.0c05022
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to be coordinated with eight oxygen atoms, so oxygen atoms
formed a square antiprismatic molecular geometry.

Having discussed the coordination of the cations, let us
proceed to the relative orientation of guanines in the G-octets.
The probability distribution of dihedral angles defined between
the carbonyl oxygen atoms is presented in Figure 2. It reflects a
deviation of G-quartet from planarity (dihedral angle equals to
0°). The structures with Na*, K*, and Ca*? exhibit planar G-
quartets, with Ca*? having the least deviations. The G-octets
coordinated with Li* and Mg** cations and without a cation
have G-quartets, which are nonplanar. The broad probability
distributions of these systems indicate that they possess a
shallow potential energy surface along the dihedral angle.
Pronounced asymmetry of the distributions for G-quartets with
Li* and Mg*" cations is due to the flexibility of noncoordinated
guanines.

Azargun et al. failed to produce a 9-ethylguanine octet
coordinated with a Li* cation in the gas phase, although other
alkaline cations easily formed the complexes.”” We believe that
the instability of Li*-coordinated G-octets originates from the
inability of the Li* cation to coordinate all oxygen atoms and
subsequently the lack of G-quartet rigidity, which is crucial for
G-quartet stacking. In the case of the Mg*" cation, the stability
might be even more reduced since it was previously shown that
G-quartets with earth alkaline cations only exist because of
strong cation—guanine attraction’ and this cation also does not
coordinate all oxygen atoms. We will show below that the earth
alkaline cations even reduce the strengths of the inner
hydrogen bonds in the G-octets relative to those of G-octets
coordinated with alkaline cations.

G-quartet arrangements, which have a high degree of 5/6
ring overlap in G-quadruplexes, exhibit exceptional electron—
hole transfer rates and charge-transfer properties.””*> In order
to examine to what extent cations modify guanine stacking in
the G-octets, we studied the following two coordinates: (1)
guanine overlap coordinate, defined as an average overlap
between the surfaces enclosed with purine ring atoms obtained
by projecting a ring of one quartet on its counterpart and
expressed in percents and (2) guanine separation coordinate,
defined as a minimal distance between geometrical centers of
purine rings in one quartet and their analogues in the other
quartet. The probability distribution of these coordinates is
given in Figure 3. It can be noticed that G-octets with alkaline
cations have similar distributions, although the average base
separation coordinate is smaller for the Li'-templating
structure than for the other two structures. In these cases,
the guanine overlap coordinates take values from 0 to 40%,
with larger values indicating smaller separation. The structure
without a metal cation preserves the guanine overlap better
than the structures with alkaline cations. The highest guanine
overlap is found for the Mg*'-templating G-octet with an
average value of 35%. On the other hand, the Ca®" cation
disrupts the base overlap since it does not allow small
separations between the bases. These data might indicate that
the Mg**-containing G-octet would have a higher degree of
exciton delocalization than other G-octets. Yet, we will later
show that this is not the case since nonplanar G-quartets in the
presence of a Mg** cation prevent exciton delocalization.

The carbonyl group plays an important role in low-lying
electronic excitations of G-octets since these transitions
originate from nonbonding n and bonding 7 orbitals localized
on this group. The electron density of carbonyl is perturbed by
inner hydrogen bonds and oxygen—cation interaction.
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Although the latter interaction is dominated by electro-
statics,”” it also has a partially covalent nature. Selected
geometrical parameters related to these interactions are
collected in Table 1. Similarly, as for the guanine overlap—

Table 1. Selected Distances (in A) and Angles (in °)“

cation O--MY*  5[WCp+0] N-H-O N-H-O
no metal 3.51 0.000 1.96 153
Li* 2.96 0.011 1.84 160
Na* 2.77 0.009 1.82 163
K* 2.93 0.007 1.84 165
Mg™ 2.63 0.028 2.19 146
Ca* 2.60 0.024 1.88 158

4Q--M** is the oxygen—cation distance (in the case without a
cation, it is the distance between the geometrical center of eight
oxygen atoms and oxygen atoms), S[WCyp-O] is the distance
between a Wannier center of the oxygen lone pair (directed toward
the cation) and oxygen nucleus relative to the value for the G-octet
without a cation, N—H---O is the inner hydrogen bond length, and
N—H-O is the inner hydrogen bond angle.

separation probability distribution, we find that G-octets with
alkaline cations have comparable geometrical parameters. The
inner hydrogen bonds of alkaline cation-coordinated G-octets
amount to 1.82—1.84 A, whereas their angles are in the range
of 160—165°. In the case of earth alkaline cations, the
hydrogen bond length is found to be longer. This implies that
G-octets in complexes with earth alkaline cations have weaker
inner hydrogen bonds relative to the alkaline analogues.
Particularly, the Mg*"-coordinated structure has a 0.23 A
longer inner hydrogen bond than the one in the G-octet
without the cation. On the other hand, earth alkaline cations
make the oxygen—cation distance even shorter than the
alkaline cations, which is favorable for electrostatic interaction
between lone pairs of the oxygens and cation. This interaction
results in elongation of the oxygen lone pair toward the metal
cation and subsequent stabilization of the oxygen n orbital.
Hence, the excitations from the oxygen n orbitals will have
higher energies in G-octets with earth alkaline than with
alkaline cations.

Density of Excited States. Assigning the diabatic
character of excited electronic states from each configuration
in a nuclear ensemble is a difficult task. A recently proposed
procedure for automatic spectral assignment®” is not applicable
due to large discrepancies between the selected reference
geometry and other geometries in the ensemble that result
from G-octets’ pronounced flexibility. Yet, we were able to
assign nz* and zz* transitions by visual inspection of natural
transition orbitals.

The density of states for examined G-octets are given in
Figure 4. There is a correlation between the ground-state
properties of the G-octets and those densities. As we already
discussed, the ground-state properties of the G-octets with
alkaline cations are similar. The same is valid for their densities
of states. The situation is somewhat different with earth
alkaline cations. This is in line with a finding of Jissy et al. who
showed that electronic properties of a G-quartet are more
sensitive to cation radii in the case of earth alkaline cations
than in the case of alkaline cations. Note that the density of
states for the Mg**-coordinated G-octet exhibits a long tail at
the low-energy side likely due to insufficient sampling in the
nuclear ensemble.

https://dx.doi.org/10.1021/acs.jpca.0c05022
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In all analyzed systems, most of the first 32 computed
excited states belong to zmz* excitations. The first two ma*
states of guanine are well-known L, and L, states. By using the
semiclassical approximation, Sapunar et al. estimated their
energies to be 4.57 and 5.22 eV, respectively, in the gas phase
at the ADC(2)/aug-cc-pVDZ level of theory.”> From the
shoulder of the zz* density of states, we find that L, states are
positioned at 4.40 eV in the empty G-octet. The presence of
the alkaline and earth alkaline cations red-shifts these states by
0.15 and 0.20—0.25 eV, respectively. The energy of the L,
states amounts to 5.25 eV in the empty G-octet. The
complexation of the G-octet with alkaline and earth alkaline
cations blue-shifts the L states by 0.05—0.10 and 0.10 eV,
respectively. Interestingly, the L, and L, states in aqueous
solution® have the opposite energy shift relative to those due
to the cation complexation in G-quadruplexes. The L, and Ly,
states are followed with two close-energy groups of mz*
states,”* which are difficult to resolve in our density of states.

nz* transitions are found above the L, states. Their ratio in
the first 32 states decreases from 21% in the empty G-octet to
16—18% in G-octets coordinated with alkaline cations and 9
and 2% for Mg*'- and Ca’'-coordinated complexes,
respectively. This is a consequence of the stabilization of the
oxygens’ n orbitals due to hydrogen bonding and interaction
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with a cation, which results in higher excitation energies of n7*
states. These states are shifted above the first 32 states and at
the same time, higher zz* states are lowered to their positions.
In order to understand the origin of the latter effect, we
examined charge-transfer and charge-separation characters of
the excited states. Their contributions to the density of states
are displayed in Figure 5. Only zz* states above the L, states
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Figure S. Density of states (black line) and its charge transfer (blue
line) and charge separation (green line) contributions.

exhibit a significant charge-transfer character. Their contribu-
tion for energies below S eV is less than 1%. The exception is
the Mg**-coordinated G-octet, which has approximately 4% of
charge-transfer states. The contribution of charge-transfer
states to density of states of the empty G-octet is 27%. It
increases to 31—33% for the G-octets with alkaline cations,
which again confirms that Franck—Condon states of these G-
octets have very similar properties. An even larger increase is
found in the systems coordinated with earth alkaline cations,
with 38 and 48% for Mg** and Ca®', respectively. Stabilization
of these zm* charge-transfer states is due to the cation
electrostatic field. Contrary to charge-transfer states, the total
number of charge separation states does not considerably

https://dx.doi.org/10.1021/acs.jpca.0c05022
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depend on the cation type. The largest number of charge-
transfer states is observed in the G-octet coordinated with the
Ca** cation—only 2% more than the G-octets with Na* and K*
cations. Thus, it is not possible to employ earth alkaline cations
to significantly modulate charge separation in the vertical
electronic excitation spectrum. In addition, this finding reveals
that additional charge-transfer states due to a cation
coordination do not have net transfer of charge but are
formed from the mutual charge relocations between guanines.

Charge-transfer states are typically characterized with low
oscillatory strengths. Let us now discuss the absorption spectra
and their charge-transfer contribution (Figure 6). The
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Figure 6. Computed absorption convoluted and stick spectra (black
lines), their CT contributions (red lines), and density of states (gray
shaded area).

absorption spectrum consists of two peaks due to the L, and
L, transitions. These two peaks converge into a single broad
peak with a shoulder in the case of the empty G-octet. On the
other hand, the gap between them is larger for earth alkaline
than for alkaline cations. UV light-absorbing charge-transfer
states are positioned at somewhat higher energies than the
maximum of the L, band. The contribution of these states to
absorption of the empty G-octet is 10%. Alkaline cations have
negligible effects on the charge-transfer state absorption,
whereas earth alkaline cations increase this contribution by
50%. These results demonstrate that photoabsorption leads to
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a more pronounced population of charge-transfer states of
earth alkaline complexes compared to their alkaline analogues.
Decompositions of the absorption spectra according to excited
state delocalization are given in Figure S1 in the Supporting
Information. The absorption is dominated by excited states
delocalized on two guanines. The contribution of states
delocalized on three guanines is larger than those of monomer-
like states. The latter states contribute at most to the
absorption in the red tail, similarly as in single-stranded
polyadenine.”* We find that that delocalization does not
considerably vary with the cation type. This implies that
intramolecular energy transfer occurring upon photoexcitation
of these systems has similar initial dynamics.

Hydration Effects. Charge-transfer states in aqueous
solution exhibit strong solvatochromism due to dipole electric
field caused by the hydration shell. Yin et al. found that the
lowest charge-transfer state of stacked adenine in water is red-
shifted by 0.7—1.0 eV relative to the value in the gas phase.’®
The charge-transfer state is found to be positioned below
bright states in the absorption red tail. Motivated by this
finding, we studied hydration effects on charge-transfer states
of G-octets templated with the Na" cation.

Figure 7 displays the absorption spectra, density of states,
and their decomposition for the system in the gas phase and
aqueous solution. Both charge-transfer and charge-separation
states are considerably stabilized in water relative to the gas
phase. They appear in the absorption red tail but their density
is lower than that of monomer-like states. In the blue part of
the spectrum, charge-transfer density of states also increases,
whereas nz* states are blue-shifted. It is interesting that
delocalization of excited states in water is larger than in the gas
phase. Particularly, there are two times less monomer-like
states and three times more states that are delocalized on three
guanines.

In addition to charge-transfer states localized on the G-octet,
we also found charge-transfer states that include electron
transfer for the G-octet to water molecules. These electron
detachment states have a very broad distribution that begins at
4.4 eV. Their contribution to the total density of states
amounts to 7.5%, which points to their probable population
upon photoexcitation. In Figure 7, we also provide natural
transition orbitals for one such transition. This is a long-range
electron transfer, i. e., an electron is transferred from a guanine
to water molecules that are not in its vicinity.

Note that unlike other nucleobases, guanine is very weakly
soluble in water. It has to be functionalized with hydrophilic
moieties such as the sugar-phosphate group in order to become
more soluble. Yet, it is not clear to what extent these moieties
screen guanines from water electric field. Nogueira et al
showed that charge-transfer states of single-stranded poly-
adenine in aqueous solution are not located in the red side of
the absorption spectrum.’* They argued that the sugar-
phosphate backbone prevents water molecules to interact
directly with nucleobases and thus, small cluster models with
hydrated nucleobases do not appropriately describe hydration
of biological self-assemblies.

Recently, Markovitsi and co-workers reported that photo-
ionization of biological G-quadruplexes occurs at much lower
energies than for guanine mononucleotide.””°® This process is
found to be operative in a very broad excitation energy range.
Since the cation effect was noticed,?” these authors argued that
photoionization of G-quadruplexes does not proceed vertically
but occurs in a series of steps that start from the population of
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J. Phys. Chem. A 2020, 124, 81018111


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05022/suppl_file/jp0c05022_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05022?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05022?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05022?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c05022?fig=fig6&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c05022?ref=pdf

The Journal of Physical Chemistry A pubs.acs.org/JPCA
(a) 12F; . " ) 4 80 i
40
8 30 _
by 140 o 250 5
. 4 o g
= 1 72} 10 =,
fich = g
Bl2r {80 & W8
b1 . =]
E e 40 3
& e 1 = 30 S
5 - 40 an =
.-_t, 5
1 10
4.0 45 5.0 5.5 6.0 123456
Energy [eV] Delocalization Participation
b] [Number of Bases)
(b) . . . e
#3.4%
Sanp 1 <
o] { 5
=
o,
Byl
w0
=
L ¥)
)
=
=40t
4.0 45 5.0 55 6.0
Energy [eV] g
(c) . . .
80+ 1
. 33.4% s .
=S40t 1 ' A N Y
£ o 9
E‘sn 3 1 - i .
2
8
=
=40} -
4.0 45 5.0 55 6.0
Energy [eV]

Figure 7. Excited-state properties of of the G-octet templating with the Na* cation in the gas phase (upper plots) and aqueous solution (lower
plots): (a) Left: decomposition of the absorption spectra (black lines) according to excited-state delocalization: DEL = 1 (red lines), DEL = 2 (blue
lines), DEL = 3 (green lines), DEL = 4 (purple lines), DEL = S (cyan lines), and DEL = 6 (yellow lines). The insets show the decomposition of the
absorption red tail. Density of states is represented by the gray shaded area. Right: histograms of DEL contributions to the spectrum (the same
coloring code as in the spectrum plots). (b) Density of states (black line) decomposed on the zz* (green line) and nz* (orange line) states,
charge-transfer states between the G-octet and water (purple line), and transitions localized on water molecules (blue line). (c) Density of states
(black line) and its charge-transfer (blue line) and charge-separation (green line) states localized on the G-octet. (d) Natural transition orbitals
involved in a selected charge transfer from the G-octet to water molecules.

G-quadruplex charge-transfer states. The similarity between
properties of electron detachment states observed in our
simulation and experimentally detected photoionization states
of biological G-quadruplexes’”*° led us to tentatively propose
that G-quadruplex oxidative damage upon UV light absorption
might also take place in a single step.

B CONCLUSIONS

In this work, the cation and hydration effects on low-energy
excited states of G-quartet self-assemblies in the Franck—
Condon region were studied. We employed a minimal model
consisting of two stacked G-quartets coordinated with alkaline
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Li*, Na*, K', and earth alkaline Mg** and Ca®" cations. The
lack of a sugar-phosphate backbone in these systems resulted
in larger conformational flexibility of guanine molecules.
Generally, all alkaline cation-coordinated G-octets had similar
ground-state properties. The exception was the lower
coordination number of the Li* cation, which enabled larger
distortions of G-quartets. Also, the complex with the Na*
cation had a somewhat shorter oxygen—cation distance and
stronger inner hydrogen bonds than the complexes with other
alkaline cations. On the other hand, the G-octets coordinated
with earth alkaline cations exhibited larger variations in
guanine arrangements and inner hydrogen bond strength.
Interestingly, it was found that stacked guanine molecules in
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the Mg“-containing G-octet experience more pronounced
overlap than those in any other G-octet.

G-octets coordinated with divalent earth alkaline cations had
slightly different excited-state properties compared to their
alkaline counterparts. Apart from the larger L,—L; gaps, the
presence of earth alkaline cations blue-shifted nz™* states and
stabilized charge-transfer zz* states. Yet, the number of states
that resulted in charge separation between G-quartets was not
considerably modified upon cation exchange. The ratio of
charge-transfer states lower than S eV was below 1% in all G-
octets except for the Mg*'-coordinated one, which had
approximately 4%. Therefore, earth alkaline cations are not
able to increase the density of charge-transfer states in the
absorption red tail. The present study unraveled a complex
relation between the properties of the metal cation and the
electronic absorption spectra of G-quadruplexes that might be
exploited in the design of novel nanostructures with adjustable
optical properties. In this respect, it would be interesting to
study the effects that may arise from the coordination with
trivalent lanthanide metal ions®’ or two divalent cations
coordinated between consecutive G-quartets.

Hydration shifted charge-transfer states to the absorption
red tail. However, this spectral range was dominated by
monomer-like excitations as in the gas phase. We found a
broad density of states related to electron transfer from G-octet
to water molecules. These electron detachment states might
also be present in biological G-quadruplexes, although the
sugar-phosphate backbone screens guanines from water
electric field. We tentatively proposed that these states are
responsible for oxidative damage of G-quadruplexes®”*® upon
UV photoexcitation.
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HIGHLIGHTS

« The cations bound at adjacent cavities
of the quadruplex stabilize CT states.

« Increasing the number of the layers
and cations in the quadruplex tends
to redshift CT states.

« Stabilization of cations’ d orbitals
assists in redshifting of nucleobase-
metal CT states.
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ABSTRACT

Quadruplexes formed by nucleic acids and their derivates tend to chelate different monovalent and biva-
lent cations, which simultaneously affect their excited electronic states properties. Cation binding to
every and every other cavity of the central ion channel could be exploited for tuning exited-state charge
transfer properties. In this work we utilize set of descriptors constructed on the basis of the one-electron
transition density matrix obtained using linear-response TDDFT to study excited states properties of four
crystallized tetramolecular quadruplexes that chelate alkaline earth cations (Ca?*, Sr** and Ba®*). Here,
we show that alkaline earth cations situated at adjacent vacancies promote existence of the
nucleobase-metal charge separation (CS) states, contrary to the structures with cations that occupy every
second available vacancy. We argued that stabilization of these CS states is due to the strong electric field
that stabilizes d orbitals of the cations which accept an excited-electron. Moreover, CS content is
increased and redshifted below the first bright transition when number of the chelated cations is
increased. Hydration effects stabilized CS states and increased their relative content. We also identified
electron detachment states in the broad energy range for the Ca** containing system. These findings
are valuable for understanding and development of the novel nanostructures based on the quadruplex
scaffold with adjustable optical properties.

© 2021 Elsevier B.V. All rights reserved.

Introduction

Within the purine rich telomeric regions of the DNA non-
standard four-stranded structures can be formed via Hoogsteen-
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type hydrogen bonding of the guanine (G) bases called guanine
quadruplexes (GQ), Fig. 1 [1-4]. GQs are made up of the layers
called G-quartets or G-tetrads in which four guanines/guanosines
are connected via hydrogen bonds. In the absence of the nucleic
backbone, guanine/guanosine and their derivates are also able to
self-assemble into square planar structures (G-quartets) and infi-
nite hydrogen bonded ribbons (G-ribbons) [5]. Stabilization of GQ
supra-molecular architectures is regulated by multiple factors:


http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2021.120584&domain=pdf
https://doi.org/10.1016/j.saa.2021.120584
mailto:etinski@ffh.bg.ac.rs
https://doi.org/10.1016/j.saa.2021.120584
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa

B. Milovanovié, M. Petkovi¢ and M. Etinski

(a) 1

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 267 (2022) 120584

(b) 2

Fig. 1. Quadruplex structures used to extract computational model. Nucleobases and its sugar phosphate backbones are colored according to scheme: uracil (U) - cyan,
thymine (T) - blue, cytosine (C) - yellow, adenine (A) - red and guanine (G) - green. Spheres represent ligands/cations within the quadruplex structures with coloring method:
Na* - purple, Ca®" - green, Ba®" - orange and Sr?* - blue. The biological assembly of: a) crystal structure of d(TGGGGT) sequence - Na* and Ca?* complex (PDB ID: 2GWO0) [52]
consisted of two end-to-end stacked d(TGGGGT) molecules, upper (accommodating two Ca%* and one Na*) and lower (accommodating three Na*) separated by five interface
Ca?* cations - abbreviated with 1; b) crystal structure of a DNA/Ba®* G-quadruplex containing a water-mediated C-tetrad (PDB ID: 4U92) [53] - abbreviated with 2; c) crystal
structure of an RNA tetraplex (UGAGGU), with A-tetrads, G-tetrads and U-tetrads (PDB ID: 1J6S) [54] - abbreviated with 3; d) RNA tetraplex (UGGGGU), with divalent Sr**
cations (PDB ID: 1J8G) [55] - abbreviated with 4. Quadruplex structures are visualized using NGL Viewer at RCSB PDB [56,57].

(1) presence of the cation within its central cavity and its proper-
ties (charge and size); (2) cooperativity and efficiency of the hydro-
gen bonding between neighboring G units; and (3) solvation
energy of the system. [6-13].

Preferences of GQs and G-quartets towards different alkaline
and alkaline earth cations have been extensively investigated
[6,13-23]. Alkaline metal cations can adopt positions between
every or every second G-quartet layer within the GQ, while desta-
bilizing electrostatic repulsion of the bivalent alkaline earth
cations forces them to adopt positions between every second G-
quartet, making this binding mode more favorable as in the case
of the Sr?* within the RNA tetraplex structure [16,24]. Recent work
from Fonseca Guerra group emphasizes that destabilizing electro-
static repulsion is also apparent in the case of the alkaline metal
cations as well as the counterbalance in the form of the stabilizing
solvation effects [ 14]. Nevertheless, GQ affinity towards some biva-
lent cations is found to be even stronger compared to the alkaline
cations under certain conditions [18-20,25-30]. Cations such as

Be?* [13] Mg?* [13,19,27-29,31], Ca%* [13,19,27-29,20,31], Sr**
[16,18,20,26-30], Ba** [20,26-30,32], Mn?** [26,28], Pb?*"
[25,30,33] and Cu?* [34] were considered as an alternative to the
biologically abundant Na* and K* for both biologically occurring
thrombine binding aptamer and isolated guanosine derivates
nanostructures. As in the case of the alkaline cations, ionic radii
play crucial role for enhanced stabilization of the GQs assembled
via alkaline earth cations. From all bivalent cations investigated
throughout the literature Sr?* is found to elevate GQs structural
stability upmost [18,20,29,30]. Alkaline earth cations stabilization
trend of the 5’-guanosine monophosphate self-assemblies pro-
posed by Kwan and coworkers [20] follows the trend: Sr**>>Ba%*>
Ca®* which is similar to that found for the alkaline cations: Cs**>
Rb*~ Na?*> K* with respect to the ionic radii [21-23]. Furthermore,
it is found that smaller cations such as Li*, Mg?* and Mn?" tend to
destabilize GQs [26,28]. On the other hand, quite opposite effect of
the smaller Li* cation is found for the canonical, i.e. standard
hydrogen bonded DNA base pairs [35].
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Beside the important biological functions, GQs can serve as
building blocks for the bottom-up approach in constructing
nanometer-sized structures using its self-assembly feature [5,36-
38]. GQs find manifold of applications in the material science. For
example, molecular G-wires are used for the long-range charge
transport and can be formed via gel electrophoresis in the presence
of the Na*, K" and Mg?" cations [39,40]. The molecular scale current
splitters and charge transfer juctions designed using GQs are also
reported [41]. When peripherally functionalized with dye mole-
cules GQs provide guidance for the self-assembly of the structures
that could be used for the optoelectronic applications as an effi-
cient alternative to the covalent synthesis of such materials [42].
GQs can be exploited for crystalline 2D organic frameworks assem-
bly when linked with rylene dye molecules such that G acts as an
electron donor upon photoionization [43]. Photogenerated
electron-holes and excited-electrons in these systems have long
recombination lifetimes and thus favorable kinetics of the charge
carriers. Few more interesting examples could be found in the lit-
erature such as core-shell columnar aggregates of dye decorated
GQ where G moiety also serves as an electron-hole conduits upon
photochemical charge separation [44-46]. By using self-assembly
of the 5’-guanosine monophosphate decorated with thiazolium
based dye in the presence of the Sr?* cations Pu and coworkers
managed to create nanofibers with similar properties to those of
the light-harvesting antenna i.e. nanostructure that displays pho-
tocurrent upon visible light irradiation [47].

Cations coordinated within quadruplex structures provide solid
ground for modulating their excited electronic states properties
[8,48-51]. It has been demonstrated [50] that alkaline cations’ size
could affect charge-transfer exciton trapping ability of the quadru-
plex. Smaller and more mobile Na* cations favor conversion of the
it excitons to the charge transfer states while larger and less
mobile K* cations favor emission from the initially populated local-
ized m* excitons. On the other hand, a bivalent cation sandwiched
between two G-quartets is not able to significantly modulate its
absorption profiles compared to the monovalent cations [31].
Therefore, it is interesting to examine to which extent excited elec-
tronic states of multilayered quadruplex structures are modified in
the presence of two bivalent cations, especially when cations are
interposed between every consecutive quartet layer. It is expected
that such cation arrangement leads to the stabilization of the
charge transfer states due to the presence of the strong electric
field within the central ion channel. To the best of our knowledge,
no experimental data on the electronic absorption of the quadru-
plex structures accommodating doubly charged cations is cur-
rently available. Given the increasing interest for self-assembled
system such as GQs for optoelectronic application, it is of great
importance to investigate their excited electronic states in detail.

In this paper we focus on the excited electronic states proper-
ties of the quadruplex structures in which bivalent cations are
interposed between every quartet layer. We found three experi-
mentally obtained crystal structures [52-54] (see Fig. 1a-c) with
such cation arrangement from which we extract our computational
model. These crystal structures hold out against standard binding
mode in which doubly charged cations are positioned between
every other quartet layer due to their mutual electrostatic repul-
sion. For the sake of comparison, we also investigate one crystal
structure containing two Sr?* in the standard binding mode (see
Fig. 1d) [55]. Impact of such cation arrangement on the electronic
absorption of the quadruplex structures is investigated. Special
attention is given to the charge transfer components of the elec-
tronic absorption spectra since we anticipate involvement of dou-
bly charged cations on their properties.

The paper is organized in the following order: after introduction
of the examined systems, theoretical methodology is presented.
Then we proceed with the results and discussion section that

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 267 (2022) 120584

includes excited states characterization, discussion of the elec-
tronic absorption and DOS profiles and hydration effects. At the
end, conclusions are given.

Theoretical Methodology

Our computational model consists of up to five nucleobase lay-
ers/quartets and doubly charged cations inserted between every or
every second consecutive layer. Since we are interested in the
effects introduced by cations within the central cavity, our quadru-
plex model consists from nucleobases without accompanying
sugar-phosphate backbone and is therefore computationally feasi-
ble to study. The geometries of six studied systems are presented
in Fig. 2. Three structures are obtained from the quadruplex 1: 1-
Ca, by extracting three G-quartets and two Ca®* coordinating
cations from the upper d(TGGGGT) molecule. 1-Casz is extended
version of 1-Ca, with another G-quartet layer and Ca®* cation. This
cation is located at the interface between two end-to-end stacked d
(TGGGGT) molecules in quadruplex 1 (see Fig. 1a). 1-Ca4 computa-
tional model is obtained by replacing Na* cation closest to the
interface layer with Ca®* cation. This can be rationalized by the fact
that both Na* and Ca?* have similar and relatively small ionic radii.
Average Ca?"-oxygen distances in the upper d(TGGGGT) molecule
amount to 2.83 and 2.80 A while average Na*-oxygen distance of
the exchanged Na* cation is 2.65 A. Remaining Na* cation in the
lower d(TGGGGT) molecule has average Na'-oxygen distance of
2.79 A. This reflects flexible position of small cations within the
central ion channel in the GQ structures. Computational models
2-Ba, and 3-Ba, are derived from the quadruplexes 2 and 3,
respectively. Both computational models containing Ba?* cations
have one pyrimidine nucleobase quartet. 2-Ba, has water medi-
ated C-quartet in-between two Ba?* cations while 3-Ba, has U-
quartet as a terminal layer in the structure. This U-quartet is
formed via 3’-ends of a RNA strand and therefore has an out-of-
plane deformation which leads to greater separation between
two Ba?* cations within 2-Ba,. 4-Sr; is formed using standard four
layered GQ designated as 4 and with two Sr?* cations in the stan-
dard binding mode.

Electronic absorption spectrum for the studied systems is com-
puted using linear response time-dependent density functional
theory (LR-TDDFT) and the long-range corrected CAM-B3LYP func-
tional [58] in conjunction with Grimme’s D3 dispersion corrections
[59]. Kohn-Sham orbitals were expanded using def2-SV(P) basis
set [60,61]. All calculations were carried out using Gaussian09
[62]. For each nucleobase in the system we included four lowest
lying singlet excited states (N). For example, in the case of the
smallest systems with three nucleobase layers (1-Ca,, 2-Ba, and
3-Ba,) we computed 48, while for the largest system 1-Cas with
five nucleobase layers we computed 80 lowest lying singlet excited
states. Gaussian shaped function is used to broaden vertical elec-
tronic transitions at the given geometries. Electronic absorption
spectrum is calculated according to:

N . _FEAN\2
AB) ~ zf;mz exp(_%(E JEJ> ) (1)

where f; and E; is oscillator strength and energy of the j-th vertical
electronic transition, respectively. Broadening parameter o
amounts to 0.2 eV in all cases. This value of broadening parameter
is found to be optimal for resolving the absorption profiles. The den-
sity of excited states (DOS) is also computed using Eq. 1 but with f;
values set to 1 for each transition.

Excited states character is analyzed using TheoDORE program
package [63-67] which relies on the analysis of the one-electron
transition density matrix (1eTDE) and it is useful to resolve types
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Fig. 2. Computational models extracted from quadruplex structures presented in Fig. 1. Three- four- and five-layered quadruplex structures accommodating Ca®* cations are

depicted on the panels (a), (b) and (c) and denoted as 1-Ca,, 1-Cas and 1-Cag, respectively. Two three-layered structures with Ba?*

cations within the central cavity are

denoted as 2-Ba, and 3-Ba, and presented on the panels (d) and (e), respectively. Four layered quadruplex with two Sr?* cations in the standard binding mode is denoted as 4-
Sr,. Prefixes 1, 2, 3 and 4 indicate that structures originate from 2GWO0, 4U92, 1J6S and 1J8G quadruplex sequences, respectively. G4, U4 and C4+4H,0 designate G-, U- and

water mediated C-quartets.

of excitations in the systems of interacting chromophores. Excited
states character is determined using two descriptors based on
decomposition of the 1eTDE. First descriptor denoted with PR is
calculated as arithmetic mean of the participation ratios of
electron-hole and excited-electron, i.e. number of defined frag-
ments on which they are delocalized at the moment of excitation.
Second descriptor denoted with CT describes charge transfer char-
acter of the excited state, with the values ranging from zero (locally
excited state) to one (charge transfer state). To test whether some
of the encountered charge transfer states are charge resonance
states or completely charge separation states we used additional
descriptor denoted with PRyyo. This descriptor is the measure of
how many different natural transition orbitals (NTOs), i.e., how
many transitions are required to describe examined state. In our
case, PRyro is close to one for all states previously identified as
charge transfer states which means these states can only be char-
acterized as charge separation states. Therefore, in our case PR and
CT descriptors are useful for distinction between localized, excimer
and charge separation transitions. Detailed derivation of these
descriptors from the 1eTDM could be found elsewhere [64]. Frag-
mentation of the system is important for this type of analysis
and it is described in the following section. Multiwfn software
[68] was used to derive NTOs and to inspect orbital composition
of the molecular orbitals (MOs).

To account for the solvation effects, we generated microsol-
vated cluster using force-field molecular dynamics simulation. Sys-
tem was prepared using AmberTools20 [69,70]. For this purpose
we selected the 1-Ca, structure which we placed in the center of
the orthorhombic box and solvated with the 2698 water molecules
and added four Cl ~ ions in order to electrostatically neutralize sys-

tem. This resulted in the simulation box size of 50.8, 50.4 and 44.3
A along the x, y and z directions, respectively. Guanines were mod-
eled using generalized AMBER force field (GAFF) [71], while water
molecules, Ca?* and CI~ ions were described using TIP3P model
[72]. Prior to the NVT production run, system’s energy was mini-
mized. 1-Ca;, coordinates were fixed in order to preserve configu-
ration and only water molecules were allowed to move. In this
way we are able to elucidate solvation effects for the particular
experimental quadruplex geometry. NVT production run lasted
for 0.5 ns and was performed using CP2K [73]. CSVR thermostat
[74] was used to equilibrate system to the temperature of 300 K.
The cutoff radius for the nonbonded interactions was set to 10 A
and smooth particle mesh Ewald method [75] was used to treat
the electrostatic forces. From the last frame of the molecular
dynamic run we extracted microsolvated cluster by taking into
account all water molecules within the 3 A radius from the 1-
Ca,. Using this procedure, we modeled the first solvation sphere
that contains 79 water molecules which together with 1-Ca,
yielded 431 atoms in total.

Results and Discussion
Excited States Characterization

To assign orbital character of the transitions we visually inspect
NTOs. All transitions within studied energy window involved only
7 orbitals in the case of nucleobases and a mixture of different d
orbitals in the case of the cations. Note that the final localization
of the excited-electron is always situated at the cations when they



B. Milovanovié, M. Petkovi¢ and M. Etinski

are involved into a transition. Schematic description of the excita-
tions encountered for the computational models presented in Fig. 2
are depicted in Fig. 3. Three main types of excitations are encoun-
tered in our systems: localized, excimeric and charge separation
(CS). Due to multichromophoric character of these assemblies
three different fragmentation schemes must be employed in order
to effectively distinguish between several subtypes of the excita-
tions. In the first fragmentation scheme every nucleobase in the
system and the cations are considered as separate fragments.
Descriptors obtained in this way are denoted as CT; and PR;. After
defining certain threshold value, CT; is useful to determine
whether excitations have local, excimeric or CS character. CT
threshold values are chosen arbitrary in the way that excitations
with CT; < 0.2 are considered as localized, with 0.2 < CT; <0.8
as excimeric and CT; >0.8 as a pure CS states. PR, is used to distin-
guish between monomeric and excitonic localized transitions, i.e.
transitions with CT; < 0.2. If the value of PR, is lower than 1.25
that transition is considered as localized monomeric. On the other
hand, PR; values greater than 1.25 suggest that it is an excitonic
state. Threshold value of 1.25 for PR; is chosen following the defi-
nition of this descriptor [64]. If the transition exhibits PR; > 1.25 it

Localized
I—
CT,- 0.2
INonomer exciton
=0 =

=t P dogar
g

PR <1.25

Excimer

0.2-CT,~0.8
niicleobase-nncleohase

micleohase-metal

CT,<0.2 0:2<CT,<0.8

Charge Separation
CT, 08

mterlayer nucleobase-metal

Fig. 3. Schematic depiction and names of the types of the excited states encoun-
tered for multilayered quadruplex structures with cations adopting positions
between every consecutive quartet layer. Yellow cuboids represent nucleobases
while grey spheres represent cations. h* and e~ illustrate electron-hole and excited-
electron while arrows points from initial to the final localization of electron during
excitation process. CT and PR descriptors thresholds are given for each excited state
type. Note that not necessarily all of the excited states types must be present in the
electronic absorption profile for all studied systems.
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means that one quarter of the electron density is delocalized over
more than one fragment defined in the system which in combina-
tion with CT; < 0.2 condition leads to the excimeric character des-
ignation for that transition. To anticipate involvement of the
cations in the eximeric and CS transitions we defined fragments
in the systems in two additional ways. Firstly, every nucleobase
layer and every cation are defined as a separate fragment and sec-
ondly all nucleobases together and all cations together in the sys-
tems are defined as a separate fragment leading to only two
fragments in total. CT descriptors defined via former fragmentation
scheme are denoted as CT, and with the latter as CTs. Transitions
with 0.2< CT; < 0.8 are qualified as excimeric and furthermore
as nucleobase-nucleobase or nucleobase-metal excimers if fulfilled
CT; < 0.2 and 0.2 < CT3 < 0.8 conditions, respectively. In the sim-
ilar fashion using last two fragmentation schemes we could differ-
entiate between interlayer and nucleobase-metal CS transitions.
When CT; > 0.8 is combined with CT, > 0.8 and CT; < 0.2 transi-
tion is regarded as interlayer nucleobase-nucleobase transition
without direct involvement of the cations. On the other hand,
CT, > 0.8 and CT; > 0.2 indicate that transition has nucleobase-
metal CS character with the excited-electron localized on the mix-
ture of d orbitals of the cations. Note that intralayer CS type of tran-
sitions are not encountered in studied systems in the gas phase and
therefore its scheme is not presented in Fig. 3. These transitions
would have CT; > 0.8, CT, < 0.8 and CT; < 0.2 combination of
the descriptor values. Additional fragmentation scheme was
employed to segregate electron detachment from the other transi-
tions in the case of the 1-Ca, microsolvated cluster. Electron
detachment transition forms hydrated electron [76,77] which can
be treated as G-H,O CS state. For this purpose, two fragments are
defined: whole 1-Ca, system as the first fragment and all water
molecules as the second. This fragmentation scheme defines CT,
descriptor that takes values CT4 > 0.8 if the transition is character-
ized as the electron detachment.

Electronic Absorption Spectra

Let us first discuss electronic absorption profiles presented in
Figs. 4 and 5. All 3-Ba,, 2-Ba, and 4-Sr, electronic absorption pro-
files have the first peak positioned around 5 eV, i.e. 4.96, 4.97 and
5.02 eV, respectively. Character of these transitions is purely exci-
tonic for 3-Ba, and 4-Sr, and mixed excitonic/excimeric for 2-Br,.
Different spatial organization of guanines within the quadruplex
assemblies can affect electronic absorption properties [78,79]. Less
flexible quadruplex structures, i.e. having quartets with increased
planarity should promote existence of the excimeric transitions
[78]. Quartets forming 2-Ba, structure are exhibiting least devia-
tion from the planarity with root-mean-square deviation (RMSD)
of the atomic position amounting to 0.30 A which is smaller than
0.38 A and 0.58 A RMSD values found for 4-Sr, and 3-Ba, quartets,
respectively. Therefore, excimeric transitions for the 2-Ba, system
appear in the wide range of the energies and contribute signifi-
cantly to the electronic absorption intensity. Another interesting
feature for the 2-Ba, system is the peak positioned at 5.34 eV orig-
inating from the two closely lying localized monomeric cytosine
transitions. These transitions correspond to the S; state (HOMO-
LUMO transition) of an isolated cytosine. At the similar level of the-
ory (CAM-B3LYP-D3/6-31+G(d,p)) Yaghoubi-Jouybari et al. calcu-
lated this energy to be 5.00 eV [80]. The second peak for the 2-
Ba, and 4-Sr, structures is found at 5.83 and 5.65 eV, respectively,
both with mixed excitonic and excimeric character. For 3-Ba, the
second peak is not observed within the studied energy window
since we only included 48 excitations. This is due to the stabiliza-
tion of the CS transitions which are now mostly below the first
bright transition in the spectrum. Ca%* containing GQs also exhibit
similar first peak positions. They are found at 4.85, 4.77 and
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4.61 eV, together with peak shoulders located at 4.53, 4.52 and
4.32 eV for the 1-Ca,, 1-Caz and 1-Ca,, respectively. The second
peak is visible only for the 1-Ca, system due to the same reasons
as for the Ba%* and Sr?* accommodating sequences. With increasing
number of layers, i.e. number of interacting chromophores collec-
tive effects become more apparent. Localized excitonic contribu-
tion to the spectrum decreases, while excimeric contribution
becomes dominant. Red shift of the first peak and accompanying
shoulder peaks are also apparent. These effects were already
emphasized by Markovitsi and coworkers in the systems with
monovalent cations withing the central GQs cavity [49]. Also, CS
states have noteworthy contribution to the electronic absorption
spectra and therefore can be populated directly upon
photoabsorption.

Density of Excited Electronic States

Analysis of the DOS profiles through decomposition to the dif-
ferent contributions provides valuable insights into arrangement
and interplay of all and not just bright excited electronic states.
Identifying energy range and participation of such usually dark
CS states is useful from the aspects of application for the optoelec-
tronic devices. DOS for studied systems are presented in Figs. 4 and
5. Excited states densities for the 4-Sr, assembly with the Sr**
cations obeying standard binding mode have transitions roughly
arranged with the respect to the excitation energy in the following
way: localized < excimeric < CS. Main feature for the 4-Sr, system
is that CS states are mostly localized on the high energy part of the
DOS with the total contribution of 42 % while low energy part of
the DOS is dominated with localized excimeric transitions con-
tributing with 25 % of the total DOS. In-between these two regions
excimeric transitions are dominant (33 %) together with smaller
amount of latter contributions. Similar arrangement of the excited
states is encountered for the smaller model systems i.e. two G-
quartets with sandwiched Mg?* and Ca?* cations [31]. However,
this is not the case for the Ba%* containing systems. For both 2-
Ba, and 3-Ba, CS states are stabilized below the first bright n7*
transition. Stiffness of the quartets of 2-Ba, structure reflects on
the DOS in the same way as for its absorption spectrum, i.e. exci-
meric transitions are delocalized over wide range of the energies.
Participation of CS transitions in DOS is not significantly changed
for 2-Ba, when compared to 4-Sr, i.e. 39 % compared to the 42
%. Content of the localized transitions for 2-Ba, is slightly increased
to 38 % due to the presence of two localized monomeric cytosine
transitions. On the other hand, 3-Ba, DOS is abundant with CS
transitions which cover 65 % of the examined DOS with most of
these states located below the absorption maximum. In this case,
localized and excimeric transitions participate with 15 % and 21
%, respectively. Further decomposition of the CS states yields inter-
esting features. All of the CS states occurring between nucleobases
are interlayer guanine-uracil (G-U) and guanine-guanine (G-G) CS.
Majority of them are G-U type excitations, with the excited-
electron always located at uracil. This can be rationalized with
highest electron affinity of uracil [81] as well as the lowest ioniza-
tion potential of guanine [82] among all nucleobases. Another
interesting type of CS states is also encountered for 3-Ba, system
and that is CS between nucleobases and cations with the excited-
electron always located at the cation. Average value of CT3 descrip-
tor in this case is 0.57 which means that more than a half of
excited-electron density is localized at the cations at the end of
the excitation. These states could be exploited for the purposes
of photoinduced charge transport in such systems [44-46]. Its
BaZ* binding mode in combination with low ionization potential
of guanine and adjacent arrangement of G-quartets that causes sta-
bilization of the nucleobase-cation CS states. It would be interest-
ing to see whether these states could be stabilized bellow the first
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bright mm* transition. In order to investigate whether this is the
case for the Ca?' containing sequences we conducted the same
type of analysis for 1-Ca,, 1-Caz and 1-Cag systems. With increas-
ing number of layers and Ca®* cations in the system, redshift of
DOS becomes visible and CS content drastically changes. CS con-
tent increases gradually from 50 % to 59 % and to 75 % for 1-Ca,,
1-Caz and 1-Cay, respectively. While CS content is increased with
increasing system size simultaneously content of the localized
transitions reduces. It amounts to 10 % for 1-Cay, only 2 % for 1-
Caz and drops to zero for the 1-Cas. Owing to the spatial overlap
of numerous identical chromophores, all of the localized transi-
tions have excitonic character. Excimeric content originating at
the high energy part of DOS is also reduced from 40 % to 39 %
and to 25 % for 1-Cap, 1-Caz and 1-Cag4, respectively. Another type
of excimeric states is encountered in these systems and that is
nucleobase-metal, i.e. G-Ca®>" excimers. G-Ca®* excimers are
encountered at the blue part of the DOS and manifest in the stud-
ied energy region only in the systems where at least two Ca* are
situated in the adjacent vacancies of three-layered GQ. In all three
systems low lying CS states are bellow first electronic absorption
band. Additional decomposition of the CS part of the spectrum
reveals presence of the nucleobase-cation CS states similar to the
3-Ba, system (G-Ca®* CS) as well as their appealing feature. With
increasing system size these states become dominant in the red
part of the DOS. Orbital composition of the MOs contributing the
most to the electron-accepting NTOs of G-Ca®* CS states is given
in Table 1. Representative G-Ca%* CS transitions are depicted in
Fig. 6. Fraction of the MOs localization in the region of the Ca®*
cations is also given in Table 1. From the results compiled in Table 1
we can notice high degree of the Ca?* d orbitals participation in the
excited-electron accepting MOs for these systems. Moreover, d
orbitals content and participation of Ca?* atomic orbitals is further
increased within these MOs when increasing system size. Interest-
ingly, LUMO has among the largest participation of the d orbitals
located on the Ca®* cation along with some of the MOs with higher
energies, i.e. LUMO + 4, LUMO + 8 and LUMO + 15 for the 1-Cay, 1-
Ca; and 1-Ca4, respectively. Spectral consequence of such orbital
composition is that G-Ca?* CS states are pushed to the red side of
the DOS. Moreover, for the largest studied Ca®* containing system

Table 1

MOs with major contribution (> 10 %) in the unoccupied excited-electron accepting
NTOs. Percentage of the d orbitals and Ca®* cations participation in the orbital
composition of the selected MOs for Ca®* containing systems is also indicated.

System Dominant excited-electron d orbitals Ca?*
accepting MOs participation participarion
1-Ca, LUMO 183 30.6
LUMO + 1 6.1 5.6
LUMO + 2 6.5 6.4
LUMO + 3 7.1 6.4
LUMO + 4 22.7 233
1-Caz LUMO 50.4 57.4
LUMO + 1 9.6 26.9
LUMO + 2 9.9 9.0
LUMO + 3 6.5 6.3
LUMO + 4 11.8 12.2
LUMO + 6 10.3 11.7
LUMO + 7 17.5 17.3
LUMO + 8 26.7 345
1-Cay LUMO 50.9 58.5
LUMO + 1 349 41.0
LUMO + 4 12.0 104
LUMO + 5 15.2 41.6
LUMO + 6 123 11.0
LUMO + 8 12.7 16.8
LUMO + 10 10.8 10.8
LUMO + 12 20.8 20.0
LUMO + 15 75.0 75.3
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Fig. 6. Representative NTO pairs of the G-Ca®* CS states for (a) 1-Ca (Sis,E =
4.92 eV), (b) 1-Cas (Ss,E = 4.02 eV) and (c) 1-Cag (S1.E = 3.36 eV) systems.

S, is identified as G-Ca?* CS state (see Fig. 6¢). This spectral charac-
teristic could be explained by the mutual effect of the Ca* interac-
tion with the guanine’s coordinating oxygens’ and unusual Ca®*
binding mode. Latter effect is previously characterized as predom-
inantly electrostatic for the alkaline cations [6,13,31,83,84| while
on the other hand there is evidence supporting strong orbital inter-
action between cations and coordinating oxygens [10,14,85]. This
would depend on both cation size and charge. Strong electric field
within the GQs central cavity induced by doubly charged Ca®*
cation provides solid ground for the stabilization of the d orbitals.
This stabilization is even more enhanced with Ca?* binding mode
that causes delocalization of the d orbitals between adjacent Ca®*
cations and further decreases their energy.Thisleads to the
increased participation of the Ca?* d orbitals in the unoccupied
frontier MOs tailoring spectral properties of studied GQs.
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Hydration effects

CT states are prone to stabilize in the aqueous environment due
to the presence of the electric field induced by the solvent. In the
case of the stacked adenine dimer strong stabilization (~1 eV) of
the CT states is found [86]. Therefore, we performed additional cal-
culation to inspect solvation effects on the CT states for the 1-Ca,
system. We choose the smallest studied system since we use
microsolvated water cluster to account for the hydration effects
since this methodology drastically increases number of atoms in
the system.

In the Fig. 7 comparison of the absorption spectrum, DOS and
accompanying CS contributions to the DOS for the 1-Ca, in the
gas phase and aqueous environment is presented. The position of
the first absorption maximum remains unchanged (4.85 eV). How-
ever, underlying decomposition of the first absorption maximum
suggests slight stabilization of the excimeric transition which par-
tially possesses CT character. The absorption red-tail is dominated
with excimeric transitions in both cases. At first glance, the hydra-
tion effect on the second absorption maximum is more apparent
which is blueshifted by around 0.2 eV. However, slightly asymmet-
ric shape of this peak can be observed and detailed examination of
the transitions actually reveals that the position of the gas phase
second absorption maximum is almost unchanged while blueshift
seemingly originates from additional excimeric states that are now
present since we included 32 more excited states in the calculation
for the 1-Ca, with the microsolvated water cluster. Overall, bright
states are not greatly influenced by the solvation. On the other
hand, this is not the case for the CT component of the DOS. The
composition of the DOS within the studied energy region remains
almost unaltered. Slight increase by 5 % of the CS content is
observed. At the same time excimeric content is reduced by 5 %.
Contrary to the composition, positions of the CS peaks are highly
affected and overall stabilized due the hydration. The first two
excited states are identified as interlayer CS and G-Ca?* CS states
positioned at 3.93 and 4.38 eV, respectively. Beside the stabiliza-
tion, we identified intralayer CS states at somewhat higher ener-
gies that were not present in the gas phase Ca?' containing
systems. In addition, we also observed transitions that include
charge transfer from the G to the surrounding water molecules.
These states were previously described as the electron detachment
states [31,76,77] that could be responsible for the oxidative dam-
age upon the absorption of the UV light, i.e. generation of the G
radical [87-89]. These electron detachment states appear in the
broad energy range as in the case of G-octets [31].
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Fig. 7. Decomposition of (a), (d) electronic absorption spectrum (shaded area) and (b), (e) density of excited states (DOS) (shaded area) into the localized (blue lines), excimer
(green lines) and charge separation (red lines) contributions. Percentage of each contribution to the DOS is indicated. Further decomposition of the charge separation
contributions is presented on the panels (e) and (f) with the legend on the upper right panel. Upper panels ((a), (b) and (c)) and lower panels ((d), (e) and (f)) correspond to the

1-Ca; systems in the gas phase and in the aqueous environment, respectively.
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Conclusions

Affinity of the GQs structures to chelate alkali cations within the
central cavity is extensively investigated [6,13-15,17,21-23].
Alkali cations usually occupy cavities between every quartet layer
which is referred as a standard binding mode. On the other hand,
alkaline earth cations are rarely found in the standard binding
mode arrangement but usually occupy every other available cavity
[24,32,55,90]. The purpose of this study is to understand how alter-
ing between two binding modes of alkaline earth cations affects
electronic absorption of GQs. To this end we used linear-response
TDDFT method to examine four crystalized tetramolecular quadru-
plexes [52-55]. Three of them have alkaline earth cations defying
standard binding mode of which two structures accommodate
one pyrimidine quartet. Decomposing absorption spectra and cor-
responding DOS reveal several interesting conclusions. Excimeric
and excitonic contributions rule the absorption profiles for all
studied structures. Especially, excimeric contribution is dominant
in the wide range of the energies when quadruplex’s quartets
experience small deviation from the planarity as found for 2-Ba,.
Non-negligible absorption intensity for CS transitions is also
encountered, especially for the Ca?" containing sequences.

Special attention is devoted to the CS states and their properties
dependence on the type of cation binding mode. We found that
increasing the size of the quadruplex enhances collective effects
as well as the redshift of the CS states. For quadruplexes having
at least two adjacent G-quartets and two alkaline earth cations
chelated at adjacent cavities CS states dominate DOS and most of
them are found below the first bright transition. For instance, 75
% of the 80 lowest lying singlet states are identified as CS states
for 1-Cas system. This supramolecular design also promote exis-
tence of the G-Ca®* CS states which also become dominant in the
red part of the spectrum with increasing number of cations and
layers. Presence of the G-Ca?* CS states is ascribed to the favorable
stabilization of Ca?" d orbitals due to interaction of doubly charged
cations with guanine’s coordinating oxygens and d orbitals delocal-
ization across Ca®" situated at adjacent cavities of GQ. Such CS
imprint is not observed for the 2-Ba, system where water medi-
ated C-tetrad is sandwiched between two G-tetrads, nor in the 4-
Sr, system in which two Sr?* cations are chelated in the standard
binding mode.

Hydration leads to the stabilization of the CS states among
which interlayer and G-Ca?* CS states are greatly stabilized and
found to be lowest lying singlet states for the solvated 1-Ca;, sys-
tem. Furthermore, electron detachment states are identified in
the broad energy range. These excited states may be responsible
for the oxidative damage upon the UV light absorption within
the biologically occurring quadruplexes.

Using robust computational approach we demonstrated inter-
esting optical properties concerning CS states of the experimen-
tally realized tetramolecular quadruplexes. We believe our
findings could help utilize these CS states for the optoelectronic
devices and help in designing novel nanostructures with adjustable
optical properties.
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Abstract

We are witnessing a change of paradigm from the conventional top-down to the bottom-up
fabrication of nanodevices and particularly optoelectronic devices. A promising example of the
bottom-up approach is self-assembling of molecules into layers with predictable and
reproducible structural, electronic and optical properties. Nucleobases possess extraordinary
ability to self-assembly into one-, two-, and three-dimensional structures. Optical properties of
nucleotides are not suitable for wider application to optoelectronics and photovoltaics due to
their large optical band gap, which is in contrast to rylene-based dyes that have been intensively
investigated in organic optoelectronics. However, these lack the self-assembly capability of
nucleobases. Combinations of covalently decorated guanine molecules with rylene type
chromophores present ‘the best of the both worlds’. Due to the large size of such compounds and
its flexible nature their self-assemblies have not been fully understood yet. Here, we use a
theoretical approach to study the structural, energetic and optical properties of rylene-based dye
decorated guanine (GPDI), as self-assembled on a graphene sheet. Particularly we utilize the
density-functional based tight-binding method to study atomic structure of these systems
including the potential energy surface of GPDI and stability and organization of single- and
multilayered GPDIs on graphene sheet. Using density-functional theory (DFT) we employ the
energy decomposition analysis to gain a deeper insight into the contributions of different
moieties to stability of GPDI films. Using time dependent DFT we analyze optical properties of
these systems. We find that atomically thin films consisting of only a few molecular layers with
large surface areas are more favorable than isolated thick islands. Our study of excited states
indicates existence of charge separated states similar to ones found in the well-studied hydrogen
bonded organic frameworks. The self-assembly characterized with a large homogeneous
coverage and long-living charge-separated states provide the great potential for optoelectronic
applications.

Supplementary material for this article is available online
Keywords: DFT, DFTB, guanine, rylene, self-assembly, stability, electronics
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1. Introduction

Complexity and difficulties in fabrication of optoelectronic
nanodevices, including photovoltaics, rapidly rise as their
minimal structural features decrease. Consequently the con-
ventional top-down solutions are increasingly getting sub-
stituted by bottom-up fabrication methods. The self-assembly
process provides a highly promising bottom-up approach
toward the fabrication of novel functional materials and
nanodevices. Nucleobases are the representative example of
microscopic building blocks ideally suited for self-assembling
into nanostructures. Non-covalent bonding between nucleo-
bases is the key feature that enables nucleobases to build the
complex nanostructures including the deoxyribonucleic acid
(DNA). In recent years several groups have demonstrated
novel nucleotide-based nanostructures beyond the usual
helical ones [1-13]. Unfortunately, materials based exclu-
sively on nucleobases are not well suited for optoelectronic
and photovoltaic applications due to their photo-activity only
to the ultra-violet part of the solar spectrum. To this end a
range of organic dyes are considered [14-20], however they
usually lack the self-assembly ability of nucleobases.
Hydrogen bonded organic frameworks (HOFs) present a
prominent ‘best of the both worlds’ solution [21-25]. The so
far experimentally realized nucleobase based HOFs are built
up from covalently decorated guanine molecules (G) with
rylene type chromophore as a linker. In particular, naphtha-
lene-1,4:5,8-bis(dicarboximide) (NDI) and 2,5,8,11-tetra-
hexylperylene-3,4:9,10-bis(dicarboximide) (PDI) linkers have
been studied [26, 27], where tasks of self-assembly and
desired optical properties are assigned to guanine and the dye
molecules, respectively. The important advantage of HOFs is
a wide choice of molecules to assemble with guanine, which
provides a great potential to finely tune materials for desired
optical properties. It is demonstrated that G-quadruplexes can
serve as effective conduits for photogenerated positive charge
in ordered columnar architectures—covalently linked electron
rich core (G-quarduplex) and rylene dye based electron
acceptors [22-28].This unique hole-trapping ability of gua-
nines within the central quadruplex channel could be
exploited for range of applications in optoelectronic devices.
Chromophore organization within these systems ensure pre-
sence of the long-lived charge-separated (CS) states. Upon
photoexcitation to the bright excitonic 77" state localized on
the rylene dyes, system undergoes charge separation to form
CS state (G™"-dye" ") that later encounter ground state through
charge recombination. Such CS states are found for guanine-
PDI (GPDI) folded quadruplexes and decays to the ground
state within 1.2 4= 0.2 ns [22]. Such long decay is attributed to
the electron delocalization over adjacent PDI chromophores.
Another, shorter decay time constant is also observed
(98 £ 12 ps) and it is associated with PDIs localized excimer-
like state decay towards CS state [22]. Fast photoinitiated hole
transport within quadruplexes suggest potential utilization for
conductive nanodevices. Mechanism of such hole transport is
still speculated [28, 29]. Another interesting type of long-
lived CS state is observed for guanine coupled to the terry-
lenediimide (TDI) to form units which build GTDI-

quadruplex [24, 25]. High degree of stacking between adja-
cent TDIs ensures that upon photoexcitation system effi-
ciently populates symmetry-breaking CS (SB-CS) state, i.e.
ion pair excited state (TDI""-TDI'") which has undivided
attention for the organic photovoltaics application [30].
Similar excited states characteristics are found for
G-quadruplex-based organic frameworks [26, 27] and GTDI
thin films on the glass substrate [25]. Alternative structures to
HOFs with the same guanine-(dye molecule) building blocks
and potentially the task sharing capability are quasi-one-
dimensional nanoribbons and two-dimensional layered
materials based on them. Beside rylene diimide substituted
guanine, i.e. NDI and PDI, in literature we find several more
compounds of interest for the optoelectronic applications as a
guanine/guanosine substituent: oligothiophenes [9, 31-33],
oligo(p-phenylene-vinylene) [34], boron-dipyrromethene [35]
and butylphyneyl [36]. From the experimental aspect,
synthesis of these compounds is complex and time-consum-
ing [22-27]. For instance, synthesis of the GPDI takes place
in the solution with total preparation time of ~116h (see
Synthesis details from the [22]). Particularly in case of GPDI,
synthesis is a three-step process: (1) guanine is functionalized
at C8 position using ethynyl group (see figure 2(a)); (2) PDI
rylene dye is functionalized using 4-iodopheny] (arene linker)
at N position of one of the PDI imide groups; (3) GPDI
conjugate is prepared in the mixture of organic solvents
(dimethylformamide and triethylamine). Likewise, character-
ization of these compounds requires several complex exper-
imental techniques.

Importantly, having structure of atomically thin films,
these materials can be considered for flexible photovoltaic
and optoelectronic applications when deposited on a trans-
parent electrode. Graphene has gained the increased interest
as transparent electrode. Crystalline semiconductor—gra-
phene heterojunctions, where semiconductor has optical
properties tuned for application of interest, have been inten-
sively investigated recently [37-39]. Besides these systems,
self-assembled systems of various rylene diimides adsorbed
on highly oriented pyrolytic graphite (HOPG) have been
reported [40] as well as the covalently decorated guanine/
guanosine molecules with oligothiophene derivates [9,
31-34]. However, understanding interfaces of the relatively
large flexible molecules and graphene is challenging pri-
marily from the computational aspect, hence details of their
structural, energetic, electronic and optical properties remain
scarce.

In this paper, we use a theoretical approach, which
includes density functional theory (DFT) and density-func-
tional based tight-binding (DFTB) method, to analyze prop-
erties of the self-assembled GPDI molecules at the atomic
level. This combination of methods provides a very good
balance between accuracy and speed necessary to investigate
in detail the large systems of interest. We find that GPDI
molecules tend to self-assemble in homogeneous atomically
thin films, which, as in the case of above mentioned crys-
talline semiconductor—graphene heterojunction, is important
for applications in optical devices. Despite having different
structures than HOFs, we show that optical absorption
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properties of investigated layered ribbons are very similar to
those of HOFs. These optical properties of atomically thin
self-assembled layered homogeneous anisotropic graphene-
GPDI heterojunctions provide an alternative solid ground for
their applications in flexible photovoltaics and optoelectronic
devices.

The paper is organized in the following order: after
introduction of investigated systems, stability of self-assem-
bled structures will be discussed based on binding energy,
energy decomposition analysis (EDA) and electronic density
of states (DOS). Optical properties of these systems will be
analyzed in detail, and conclusions given at the end.

2. Theoretical methodology

We used DFTB+ program [41] to perform DFTB calcula-
tions. DFTB SCC-Hamiltonian is constructed within a fra-
mework of the third order density functional tight-binding
model (DFTB3) along with D3 correction for disperion
interactions [42, 43] in conjuction with 3ob third-order
parametrization for organic and biological systems [44].
During DFTB3 optimizations and molecular dynamics runs
we also enabled additional corrections for dispersion inter-
actions and hydrogen bonds [45, 46] denoted with HS. Acc-
uracy of DFTB3 method along with other popular
semiempirical methods is recently found to have a good
accuracy for complex non-covalently glued molecular sys-
tems [47-49]. DFTB method has also been tested for a range
of organic molecules including nucleobases and its molecular
complexes (stacked guanine trimer, guanine-cytosine dimers)
[47] and reasonable agreement (structural and energetic) with
the reference structures is found. Furthermore, results are not
much different from those obtained using more sophisticated
DFT functionals such as M06-2X in combination with modest
basis sets. Another study conducted comprehensive invest-
igation of the performance of DFTB-D3 method along with
various H-bond corrections. [48] In general, non-covalent
interactions (binding energies) between 7 conjugated bio-
molecules (including nucleobases) are slightly overestimated,
while dispersion interactions with graphene-like substrate are
slightly underestimated. Another fact is that different
H-bonding parametrization can lead to drastic changes from
geometry and/or energetic aspects. Transferability of para-
meters of semiempirical methods among different classes of
molecules/interactions is a well-known issue, and therefore
evaluation of the parameters on a model system is required.
For the benchmark purposes we used G-quartet as a model
system. G-quartet is a representative of finely tuned non-
covalently glued molecular system. Also, G-quartet is a key
motif responsible for the assembly of the HOFs used for the
comparison in this work and it exhibit same types of hydro-
gen bonds which are encountered in studied GPDI ribbons.
Various available DFTB general purpose parameter sets are
used for the benchmark and the results are reported in the SI.
DFTB3-D3HS5 in conjunction with 3ob parameter set for bio
and organic molecules outperform other tested methods/
parameters. In addition, we slightly changed default HS5

parameters to even better reproduce results obtained with
hybrid functionals (benchmark is also provided in the SI). The
DFTB3-D3H5 /30b geometry optimizations were followed by
single point (SP) energy calculation at DFTB3-D3/30b level
of theory, i.e. without HS correction since in this case binding
energies are much closer to the DFT results as discussed in
the following section. Geometry optimizations are performed
using conjugate gradient method and maximal force comp-
onent threshold of 1 x 10~ a.u.. All periodic calculations are
performed at the I'-point.

Siesta code [50] was used to perform periodic DFT cal-
culations. These calculations were employed to benchmark
binding energies obtained using DFTB methodology.
4770¢eV is used for the plane wave cutoff in the real space
grid and the Perdew—Burke—Ernzerhof form of the general-
ized gradient approximation [51], while the core electrons are
described by norm-conserving pseudopotentials with partial
core corrections [52].

Two-dimensional nature of the material is simulated by
setting the lattice vector ¢ (which is perpendicular to the
materials plane) to 30 A, which provides vacuum of around
20 A between a unit cell and its periodic replica for the lar-
gest, multilayared ribbons. Two types of ribbons were
investigated. Type I ribbons are simulated using cell vectors
of 22.29, 47.30 and 30.00Aalong x, y and z axes, respec-
tively. This resulted in a super-cell containing 660 atoms for
single layered type I ribbon in which four GPDI molecules
were hydrogen bonded and adsorbed on a graphene surface.
Type 1I ribbons (also four hydrogen bonded GPDIs adsorbed
on graphene) are simulated using somewhat smaller cell
vectors of 22.29, 43.00 and 30.00Aalong x, y and z axes,
respectively, which resulted in a super-cell accommodating
624 atoms in total. We also simulated multilayered ribbons
(up to three layers) where each additional stacked ribbon layer
contained 264 atoms. For comparison with the ribbons we
also investigated previously experimentally realized HOF
structures [26]. These are prepared using in silico procedure
described in the [26]. In HOF structures PDI molecule serves
as a covalent linker between two guanines which is denoted
with G,PDI. Hydrogen at N° position of guanine is sub-
stituted with soluble octyl group as in the case of the
experimentally realized HOF [26, 27]. Structure and
arrangement of G,PDI in HOFs require only two G,PDI per
unit cell where both ends of the G,PDI participate in the
hydrogen bonding to form HOF. Cell vectors of such system
amount to 43.00, 42.12 and 30.00Aalong x, y and z axes,
respectively, which results in a super-cell that contain 960
atoms. Multilayered HOFs (up to three additional layers) are
constructed analogously to the multilayered ribbons with
additional 280 atoms per layer. Beside structures adsorbed on
graphene, we simulate infinite layers of ribbons and HOF by
reducing z axis cell vector to 5.97, 6.09 and 6.87 A for type L,
type II ribbon and HOF, respectively. These values corre-
spond to the double value of average interlayer separation
since we used two layers and periodic boundary conditions to
construct an infinite layer. Parameters characterizing super-
cells of studied systems are compiled in the table 1.
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Total interaction energy between GPDI units adsorbed on
graphene is decomposed using EDA [53] implemented in
Turbomole program package [54]. In order to make study
computationally feasible for EDA purposes we used non-
periodic DFT with B-LYP functional [55, 56] and Grimmes’
D3 dispersion correction [57] in conjuction with def2-TZVPP
basis set [58, 59]. Electronic Coulomb interactions were
calculated using multipole accelerated resolution-of-identity.

Electronic absorption spectrum for two layered ribbons
and HOF structures is obtained for geometries optimized at
DFTB3-D3H5/30b level of theory. Each system contained 8
GPDI/G,PDI units without absorbent (graphene) which is
mostly transparent within studied excitation window. This
amounted to 528 and 736 atoms for the most stable two
layered type I/II ribbons and HOF structures, respectively.
Excitations were computed using linear response time-
dependent density functional theory (LR-TDDFT) and the
long-range corrected CAM-B3LYP functional [60] in con-
junction with def2-SV(P) basis set [58, 59]. LR-TDDFT
calculations were carried out using Gaussian09 software [61].
For each system 64 lowest lying singlet excited states (Ny)
were calculated. Vertical electronic transitions are broadened
using Gaussian shaped function and electronic absorption
spectrum is obtained as:

4 (E- E»Z)

fi
AE) ~ ) —— 1
o~ % g5 v

where f; and E; is oscillator strength and energy of the ith
electronic excited state, respectively. v is the broadening
parameter set to 0.2eV in order to better visually resolve
spectrum. The density of transition (DOT) is also obtained
using equation (1) with f; values set to 1. Benchmark calc-
ulation for the employed method i.e. absorption profile calc-
ulation and comparison to the experimental spectrum is
available in the SI. Excited states character is analyzed using
TheoDORE program package [62—66] which relies on the
analysis of the one-electron transition density matrix (1eTDE)
and it is useful to resolve types of excitations in the systems
of interacting chromophores. Excited states character is
determined using two descriptors based on decomposition of
the 1eTDE. First descriptor denoted with PR is calculated as
arithmetic mean of the participation ratios of hole and elec-
tron, i.e. number of fragments on which they are delocalized.
Second descriptor denoted with CT is describing charge
transfer character of the excited state, with the range of values
from zero (locally excited state) to one (completely charge
separated state (CS)). PR and CT descriptors are useful for
distinction between localized, excimer and charge separation
transitions in our case. In addition, we used another descriptor
denoted with CT,,; which represents amount of charge trans-
ferred between the defined fragments. Detailed derivation of
used descriptors from the 1eTDM could be found elsewhere
[63]. Fragmentation of the system is important for this type of
analysis and it is described in the section The Excited States
Densities of Transitions.

3. Results and discussion

3.1. GPDI organization on graphene

In order to estimate quality of our DFTB structural and energy
calculations firstly we optimized GPDI molecule on graphene
using orthogonal super-cell that is large enough
(34.64 A x 34.28 A x 30.00 A), such that GPDI molecules’
replicas could not interact with each other. Afterwards we
refined the DFTB structures of GPDI on graphene at PBE/
DZP+PP level of theory. We found excellent agreement for
the adsorption energy. PBE adsorption energy is 10.147 eV
(19.5 meV/atom) while DFTB value is 10.044eV
(19.3 meV /atom). Therefore, the computationally feasible
DFTB method still gives us valuable structural and energetic
data concerning these large supramolecular assemblies which
has been so far treated only with molecular mechanics models
on this scale [26].

To examine the orientation of GPDI interaction with
graphene we calculated the adsorption energy of GPDI on
graphene with respect to the orientation angle and average
GPDI-graphene separation (see figure 1).

In total 2400 SP energy calculations were done to explore
configurational space by varying the orientation angle in steps
of 3° and GPDI-graphene separation in steps of 0.1 A. The
GDPI adsorption interaction with the graphene surface is
nearly isoenergetic with respect to the defined orientation
angle coordinate. Therefore, there is no preferential angle for
GPDI adsorption on graphene. Beside SP calculations, we
also performed optimization for different starting GPDI
conformations on graphene which introduced multiple
minima on the potential energy surface. Adsorption energies
for these structures are compiled in the table 2.

Adsorption energies for the optimized structures do not
differ much from the SP calculated energies, which indicates
that deformation energy of the graphene layer and GPDI
molecule due to their mutual interaction is small, amounting
to 0.13 meV/atom and 1.14 meV/atom, respectively. The
energy released upon GPDI deposition on graphene is suffi-
cient to compensate the deformation penalty. Adsorption
energies for optimized structures span in energy range from
—18.1 to —19.3 meV/atom. Similar to the case of SP cal-
culations, there is not a preferential orientational angle for
adsorption while average separation of GPDI and graphene
amounts to 3.08 A. All attempts to find possible stable side-
adsorbed structures (sideways adsorption) failed, since geo-
metry optimization always reorients the GPDI molecule to be
parallel to the graphene sheet. Several SP calculations imply
that side-adsorption energy amounts to around -4 meV /atom,
which is significantly smaller than adsorption energy of par-
allel conformations.

Various almost isoenergetic GPDI conformations on
graphene allows different starting grounds to build up
G-ribbons. In the following paragraph we investigate stability
and organization of two types of G-ribbons and G,PDI based
HOF structures in mono- and multilayer organizations.

Free-standing guanine-based ribbons have been pre-
viously studied in detail [1, 3, 4, 6, 9, 67-71]. Since hydrogen
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Figure 1. (a) Adsorption energy for single GPDI molecule on the graphene monolayer. (b) GPDI structure optimized at the DFTB3-D3H5/
30b level of theory. Torsion angle between arene and PDI moiety is indicated. (c) Structure of the single GPDI molecule adsorbed on the
graphene monolayer. Arrows depicts two coordinates used for molecule positioning on the graphene: orientation angle—angle between
longest intramolecular rotational axis and x-axis. Graphene—GPDI separation—all atom average separation of GPDI molecule from the

graphene at DFTB3-D3H5/30b level of theory.

Table 2. Adsorption energies for the optimized GPDI structures on the graphene. GPDI molecule positions are characterized with graphene-
GPDI separation and orientation angle (see figure 1 for the coordinates definition).

Graphene-GPDI

Graphene—GPDI

separation Orientation angle  Adsorption energy separation Orientation angle  Adsorption energy
[A] [degrees] [meV /atom] [A] [degrees] [meV /atom]
3.00 —-1.0 —19.3 3.08 100.7 —18.7
3.08 9.0 —18.8 3.08 110.5 —19.1
3.07 20.0 —18.5 3.08 118.3 —19.3
3.09 24.3 —18.6 3.11 123.3 —19.2
3.09 50.6 —18.6 3.06 1534 —18.9
3.12 60.4 —18.1 3.08 161.8 —18.7
3.09 68.6 —18.7 3.08 169.3 —184
3.09 80.2 —19.0 3.05 177.2 —19.1
3.07 89.6 —18.8

bonds between neighboring guanine molecules are respon-
sible for stability of ribbons, only two ribbon configurations
are possible. Following the same spatial reasoning and con-
sidering positions of H-bond accepting O6 and N3 and
H-bond donating N1 and N2 atoms of guanine moiety (for
atom numbering see figure 2), we determine only two pos-
sibilities for arranging of GPDI into ribbons on a graphene
sheet. The same H-bonding pattern as in type B ribbon of the
[12] is employed in GPDI-based ribbon, which we denoted
here as type I ribbon. In contrast, H-bonding pattern of type A
ribbon of the [12] cannot be realized for GPDI ribbons, since
the PDI decoration of guanine at C8 position would encounter
steric hindrance between neighboring ribbon units. Same
hindrance problem is encountered when considering type III
ribbon of the [4]. However, we derived another possible
GPDI ribbon geometry from the type I ribbon by rotating one
of the GPDI units by 180° around its longest intramolecular

axis and than rotating it again by 90° perpendicular to the
longest intramolecular axis. We denoted this ribbon as type II
ribbon. Both studied ribbon types are presented in the
figure 2. To best of our effort we recognized only these two
ribbon types.

For both ribbons type, we identified four hydrogen bonds
in which guanine moieties participate—two on each non
Watson—Crick side of the guanine. For type I ribbon we
identified two pairs of two opposite N2-H2---N3 and N1-
HI1---O6 H-bonds where N1-H1---O6 are slightly shorter (see
figure 2). Single type of H-bond is found on each of the non
Watson—Crick side of the guanine. For type II ribbon we also
identified two types of H-bond, N2-H2.--O6 and NI-
H1---N3. In this case both H-bond types are found on both
non Watson—Crick sides of guanine also in the opposite
arrangement. Type II ribbons have more pronounced geo-
metrical differences in H-bonding pattern between guanines
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(a)

H9“

Figure 2. (a) Guanine molecule with its atoms numbering. (b) type I ribbon, (c) type II ribbon and (d) HOF structures. GPDI molecule
numbering is indicated with numbers from 1 to 5. PDI moieties on the right-hand side of the ribbons present part of the periodic replicas to
illustrate H-bonding between PDI moieties. Blue dotted lines represent H-bonds with their lengths indicated in A units. Pink atoms show
places where rest of the molecule is bound to. Graphene layer underneath structures is excluded due to clarity.

compared to type I ribbons. This is probably due PDI-PDI
moieties interactions, i.e. geometrical arrangement of the
GPDI units. When analyzing contacts between PDI moieties,
i.e. ribbons periodic replicas we find that they establish
H-bonds via imide functional groups. Two imide groups are
present, front and terminal, i.e. closer and further from the
arene moiety linker, respectively. Imide groups oxygen atoms
are H-bond acceptor in this case interacting with hydrogens
bound to nitrogen and carbon atoms of the PDI. This yields
two types of hydrogen bonds: N-H:--O and C-H---O. In case
of the type I ribbon PDI moieties interact only via terminal
imide group forming in total four hydrogen bonds per PDI—
two N-H---O and two C-H:--O in the opposite directions.
Somewhat more complex situation is found for the type II
ribbon where front imide group participate in the H-bonding
as well. Different geometrical arrangement of the GPDI
molecules allow that front imide group oxygens’ now interact
with neighboring PDI’s side C-H groups and form one
bifurcated H-bond. As it will be qualitatively described later
with EDA analysis, these H-bonds are not strong as ones
established between guanines, but their contribution in the
total stability of the ribbon cannot be neglected.

To gain a deeper insight into the multilayer GPDI ribbons
formation on graphene we analyze the binding energy in
figure 3. The binding energy is calculated as difference of the
energies of optimized periodical supramolecular assembly

and separately optimized geometries of GPDI and graphene
under the same periodic conditions. The binding energies
without graphene are calculated as a difference of the SP
energy of the adsorbed GPDI geometries and separately
optimized geometries of GPDI. Ratio of following energies
indicates the formation mechanisms of investigated systems:
formation of ribbon in plane parallel to graphene, vertical
stacking of molecules, and their interaction with graphene.
GPDI-graphene interaction has a crucial role in the initial
steps of ribbon formation. In the formation of type I ribbon
the binding energy is lowered by 32 meV /atom when second
GPDI is added to initial molecule placed on graphene,
whereas the energy is nearly constant when graphene is
absent. Addition of second pair of GPDI molecules in the
ribbon lowers the energy by about 5 meV /atom. Two pairs of
GPDI in the type II arrangement has even larger energy dif-
ference of 59 meV/atom when graphene is or is not present.
This can be attributed to the local polar nature of the type II
ribbon, which will be better understood later in text after the
EDA analysis. Introduction of the second layer in the stack
significantly stabilizes the system by around 12-18 meV/
atom (for type I ribbon, depending on stacking dislocations
and mutual layers orientation) and about 23 meV /atom (for
type II ribbon, the range of energies is smaller for this ribbon
type). We analyzed three types of stacking geometries as
illustrated in figures 3(a) and (b): face-to-back (F2B), and two
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Figure 3. Stability and organization of GPDI and HOF structures on graphene. Binding energy for the system with and without graphene is
shown respectively in black and red colors, respectively for type I (panel (a)), type II (panel (b)) ribbons and HOFs (panel (c)). Progressing
from left to right are shown structures and binding energies for monolayer, bilayer, trilayer and infinitely thick structures (GPDI/HOF

stacks). For each thickness systems the energy and geometries for one, two and more GPDI molecules in ribbon assemblies are presented.
Shades of brown rectangles illustrate the PDI moiety in different levels of stacked ribbons. Graphene layer underneath ribbons and HOF

structures is omitted for clarity.

face-to-face (F2F) configurations. F2B geometries were
derived by adding one ribbon on the top of the another in the
same arrangement. One type of the F2F geometries is con-
structed by rotating upper ribbon layer by 180° with the
respect to the central guanine units (i.e. H-bonds directions)
whereas subsequent rotation perpendicular to the central

guanine units yielded another F2F arrangement. All multi-
layered ribbon types showed tendency towards interlayer
slippage with respect of the directions of guanine-guanine
H-bonds. Interlayer slippage between ribbons occures in order
to minimize steric hindrance between arene linker moieties
(see figure 1(b)). The antiparallel electric dipoles
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Type I ribbon

Table 3. EDA for type I and type II ribbons. See figure 2 for fragments (GPDI molecules) layout. All energies are given in kcal mol ™.

1-2 2-3 2-4 1-3 2-5 4-6 2-6 4-5
AE, —127 —-147 —-12 -1.2 —6.3 -59 00 —-140
AE,, —159 =226 05 -04 —-100 —9.6 00 217
AE,, —3.7 —5.2 0.1 0.1 -1.8 -1.8 0.0 —5.5
AE,,, 27.6 34.6 0.0 0.0 19.5 18.8 0.0 37.1
AE,, —104 -109 -02 —-0.2 —4.7 —4.6 00 —13.0
AEg, —103 -105 —0.6 —0.6 —9.2 —8.7 00 -109

Type II ribbon

1-2 2-3 24 1-3 2-5 4-6 2-6 4-5
AE,  —167 —-180 —-11.0 —88 -9.2 —-88 05 0.0
AE,, —18.6 —222 7.1 -81 —11.0 -—-123 05 0.0
AE,, —4.0 —4.8 1.2 —0.2 -1.5 —-2.2 0.3 0.0
AE,,, 31.8 38.0 15.8 19.7 16.9 20.4 0.1 0.0
AE,, —137 —145 —48 —5.1 —5.8 -60 04 0.0
AEgy, —123 —-144 -160 —150 —7.9 -87 1.1 0.0

(antiferroelectric-like) in the bilayer stack of the polar type II
ribbons is more stable than the parallel orientation by around
4 meV/atom due to the dipole—dipole interaction. Initial
stacking from mono to bilayer ribbon (when it is still small
containing two pairs of GPDI molecules) has a significantly
larger energy change for free-standing ribbons than in the
case of the stack growth on graphene. As well, the initial
stabilization due to vertical growth is more energy remarkable
than the in-plane development of the ribbons. Importantly,
these differences rapidly decay already with triplelayer. The
effect of graphene-GPDI interaction is crucial at the initial
stage of structural growth, while the interaction is becoming
irrelevant for thick stacks. Energy difference between infi-
nitely thick stack and a monolayer is 60 meV /atom and 78
meV /atom for type I and type II ribbons, respectively.
Importantly, these binding energies have type I/II monolayer
ribbons that contain 30/32 GPDI molecules (equivalent 15/
32 unit cells) in one layer, which can be estimated from
energy decrease of 5 meV/atom with in-plane growth of
ribbon by a pair of GPDI molecules (one unit cell). Con-
sidering that energy difference in stacking process is rela-
tively large in mono- to bi-layer ribbon of graphene transition
(around 18 meV /atom for type I ribbon and 23 meV /atom for
type II ribbon) very short ribbons with only 10 GPDI mole-
cules in a monolayer (5 unit cell) are more energy favorable
than bilayer ribbons. Therefore, in-plane growth is more
likely than stacking and consequently very thin films of GPDI
molecules covering large surface areas of graphene are
expected, as indicated by the sample energy difference ana-
lysis. We also calculated binding energy of reported hydrogen
bonded organic frameworks based on GPDI molecules
(figure 3(c)) reported in the literature [26, 27]. Due to large
systems it was not feasible to calculate energies of their in-
plane growth, but only a columnar phase. Similarly to rib-
bons, the energy difference of free-standing HOFs and HOFs
on graphene rapidly decreases by stacking thickness, reaching

zero already for a bilayer HOF. Here, we also investigated
F2B and F2F arrangements of HOFs. The energy loss in
mono- to bi-layer transition of HOF on graphene is only about
13 meV /atom. If we assume that in-plane growth decreases
energy close to that value of ribbons (a reasonable assumption
since similar types of H-bonds are also responsible for growth
of HOFs) then in-plane growth on graphene is also a more
preferable than stacking.

It has been experimentally demonstrated that alkylated
guanosine derivates can form supramolecular nanoribbons on
the solid(HOPG)-solution interface [72]. Role of the solvent
and solubilizing alkyl or glycol tails is important in order to
effectively furnish these kinds of supramolecular archi-
tectures. However, we do not tackle this issue as it would
dramatically increase number of atoms in the system and
consequently the computational time. Yet, due to the very
flexible nature of studied molecules and ribbons and their
high mobility when deposited on graphene there can be suf-
ficient space for long alkyl or glycol solubilizing tails with
whom GPDI can be functionalized at different positions.
Therefore, solubility of GPDI in different organic solvents
would be ensured. Assuming a fine balance between solubi-
lity and the molecular association on the graphene and
according to results from this section (similar binding ener-
gies for single-layered ribbons and HOFs with four units, i.e.
55.8 and 35.9 meV /atom, respectively) it is very likely that
ribbon-like in-plane organization of GPDI molecules would
indeed occur.

3.2. Energy decomposition analysis

In order to gain a deeper insight into guanine-guanine and
PDI-PDI moieties interactions, i.e. driving force for GPDI
ribbons assemblies, we performed EDA by decomposing total
interaction energy (AE,,) between GPDI molecules into
electrostatic (AE,,), exchange (AE,,), repulsion (AE,,,),
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polarization (AE,,) and dispersion (AE;,) energy terms
EDA results for type I and type II ribbons are compiled in the
table 3. H-bonding patterns for type I and type II ribbons are
previously discussed in the text and here we present its
energetic aspects.

Most stabilizing interaction for type I ribbon is found
between GPDI molecules 2 and 3 (see figure 2 for molecule
numbering). Molecules 2 and 3 are glued through guanine
moieties with two N1-HI1.--O6 H-bonds in the opposite
direction with similar bond lengths of 1.94 and 1.97 A. Main
and only destabilizing term for interaction(s) between these
two (any other) molecules is AE,, amounting to
34.6 kcal mol . This contribution is easily overcomed by all
other stabilizing interactions and mainly with AE,,
(—22.6 kcal mol ') whereas AE,, and AEq, terms are of
equal importance and amount to —10.9 kcalmol ' and
—10.5kcal mol ', respectively. The relatively large AE,,
indicate significant change in the orbital shape and partially
covalent character of this H-bond which is expected since O6
of guanine moiety is strong H-bond acceptor. Second stron-
gest interaction for type I ribbon is found between PDI
moieties, i.e. molecules 4 and 5. This interaction has almost
the same stabilizing effect as H-bonding between molecules 2
and 3. This is expected since same type and number of the
H-bonds mediate this interaction, particularly two N-H:--O
with the opposite direction. However, their bond length of
1.83 A iis shorter than those of N1-H1---O6 of guanine moi-
eties (1.94 and 1.97 A) but with less favorable angle between
H-bond donor and acceptor—143 and 168°, respectively. Third
strongest intermolecular interaction is found between mole-
cules 1 and 2. This interaction is mediated through two N2—
H2---N3 H-bonds arranged in the opposite direction and its
total interaction amounts to —12.7 kcal mol ', This is some-
what weaker interaction when compared to the total interac-
tion between molecules 2 and 3 or 4 and 5. Weaker affinity of
N3 as H-bond acceptor compared to O6 of guanine moiety is
responsible for this effect. Non-negligible interactions are also
found between molecules 2—5 and 4-6, i.e. neighboring PDI
moieties. Total interaction between these molecules amount
to —6.3 and —5.9 kcal mol ', respectively. Similar interplay
of the energy terms is found for 2-5 and 4-6 as for the
strongest ones except for AE;, which now plays even more
important role and it amounts to —9.2 and —8.7 kcal mol .

More diverse contacts between GPDIs are found for type
IT ribbon. Strongest interactions are again found between
guanine moieties, i.e. molecules 1-2 and 2-3 and AE,,, for
them amount to —16.7 and —18.0 kcal mol ', respectively.
Two H-bonds in the opposite direction are stabilizing guanine
moieties—N2-H2---N3 and NI1-H1---O6. Increased stabili-
zation compared to the type I ribbon originate from the
favorable locale dipole arrangement of the guanine moieties.
Another distinguishable feature for type II ribbons is non-
negligible interactions between molecules 1-3 and 2—4 that
amounts to —8.8 and —11.0 kcal mol . Bifurcated H-bonds
are responsible for stabilization between these molecules with
pronounced AEy, term. PDI-PDI interaction between
neighboring molecules (2-5 and 4-6) is also noticeable (—9.2
and —8.8 kcal mol ") for type II ribbons.
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Figure 4. Density of states (DOS) for (a) type I ribbon, (b) type II
ribbon and (c¢) HOF systems. Dotted, dashed and solid lines
correspond to the one-, two- and three-layered structures’ DOS.
Gaussian broadening function is used with broadening parameter set
to 0.025eV.

Overall higher stability (lower binding energy, see
figure 3 and accompanying text) of the type II ribbon com-
pared to the type I ribbon is attributed to additional favorable
dispersion driven contacts between PDI moieties and dipole
enhanced H-bonding within guanine moieties.

Many-body effects are not investigated within this EDA
scheme. AE,, and AE,, terms are pairwise additive, while
AE,,, AE,,, and AE;, are not and all many-body effects in
non-covalenty glued systems like this should originate from
the polarization energy [53]. One can also inspect to which
extent H-bonding cooperativity is increasing stabilization in
these systems since H-bonding cooperativity is a fingerprint
property of self-assembled free standing G-quartets and
G-ribbons on the surfaces [4] and it is beyond the scope of
this paper.

3.3. Electronic DOS

In section 3.1. we showed that in-plane parallel to graphene
growth is more likely to occur than the vertical stacking of the
molecules. To investigate electronic properties of the pro-
posed structures we calculated DOS for the most stable one-,
two- and three-layered ribbon structures as well as for one-
and two-layered HOF structures (see figure 3). DOS profiles
are calculated with DFTB3-D3/30b method, i.e. using the
same level of theory as for the single-point energy calcula-
tions in the section 3.1. DOS diagrams in the vicinity of the
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HOMO-LUMO gaps are presented in the figure 4. Complete
DOS profiles are reported in the SI.

DOS for all studied structures exhibit characteristic
molecular DOS profiles. Type I and type II ribbons’ DOS
profiles are very similar in the vicinity of the HOMO and
LUMO energies. Addition of second layer to these systems
leads to broadening of the DOS profile and consequently a
reduction of the HOMO-LUMO gap from 0.44 to 0.22 eV and
from 0.53 to 0.36eV for type I and type II ribbons, respec-
tively. On the other hand, adding the third layer does not
dramatically influence DOS profiles for the ribbons. Some-
what more pronounced influence of the third layer is observed
for type II ribbon due to the antiparallel orientation of the
electric dipoles in the three-layered stack. This additional
layer slightly reduces the HOMO-LUMO gap for both sys-
tems by 0.03 and 0.08 eV for type I and type II ribbons,
respectivelly. HOF system’s DOS profile initially have
smaller HOMO-LUMO separation (0.28 eV) compared to
those of ribbons. Addition of a second layer to the HOF
structure also reduces the HOMO-LUMO gap by 0.12 eV, i.e.
from 0.28 to 0.16 eV. Although, GPDI and G,PDI molecules
that build ribbons and HOF structures, respectively, are not
equivalent, their DOS profiles and the HOMO-LUMO
separations are found to be similar. This indicates similar
electronic properties of these supramolecular architectures.

3.4. The excited states densities of transitions

Faith of rylene dye covalently decorated G-quadruplex long-
lived CS states’ lifetimes and quantum yields is highly
affected via spatial and orbital overlap between stacked dye
units, i.e. its structural properties [23, 25, 26]. Solvent polarity
plays minor to almost no role in the CS states dynamics due to
shielding of aromatic GTDI quadruplex core with aliphatic
shell [25] which again can be considered as a structural
constraint. Results in the following section are gas phase
results. Including implicit solvent model in the calculations
would probably lead to the stabilization of the CS states.
More polar solvents would lead to the greater stabilization of
the CS states than the less polar ones. On the other hand,
solvents with a strong H-bond accepting properties could lead
to disruption of self-assemblies, like in the case of pyridine
and GTDI assemblies. [25] However, we expect this effect to
be similar for all of the studied structures and therefore does
not affect conclusions withdrawn from the gas phase results.

Structural similarities to those of G-quadruplex based
organic frameworks and columnar supramolecular archi-
tectures are encountered in multilayered G-ribbons studied
here. High-degree of 7 stacking between PDIs in multilayered
G-ribbons could imprint similar CS states properties to those
of HOFs and columnar G-quadruplex based donor-acceptor
systems. Accurate computational study of the exciton for-
mation, evolution and decay for large molecules’ systems
such GPDI quadruplexes and ribbons is not yet feasible.
Therefore, we are only limited to study excited states’ prop-
erties in the Frank—Condone region and compare it to their
HOFs counterparts.
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Types of excitations encountered in the multilayered
GPDI ribbons and GPDI based HOFs are presented in the
figure 5. In order to distinguish between localized, excimer
and CS states we divided system into the fragments in the
way that each PDI moiety and each guanine together with
arene linker build one fragment. Descriptors obtained within
this fragmentation scheme are denoted with CT; and PR;.
Thresholds for descriptors are chosen somewhat arbitrary. In
that sense excitations with CT ; < 0.2 are considered to be
localized, while CT | > 0.8 are considered as pure CS states.
If CT values are between these two threshold values
(0.2 < CT | < 0.8) excimer character is attributed to the given
excited state. Furthermore, considering PR; descriptor value
to be lower or greater than 1.25 we could distinguish between
PDI localized and PDI excitonic states, respectively.
PR, > 1.25 means that 1/4 of the total electron density is
delocalized over more than one fragment in the system.
Inspection of the natural transition orbitals (NTOs) suggests
that only PDIs are involved in the localized transitions within
this energy window. Combination of 0.2 <CT | < 0.8 and
PR | >1.25 characterizes excimer states. States with
0.2 <CT ;< 0.8 and PR | < 1.25 are not encountered in none
of these systems. To further distinguish between different
types of excimer and CS states different fragmentation of the
system is required. CT, descriptor is obtained when system is
described with two fragments only, one consisting of all PDI
moieties and another of all guanine moieties in the system.
PDI and G-PDI excimer states are then sorted with CT, < 0.2
and 0.2 < CT 4 < 0.8 conditions, respectively. Various types
of CS states are also identified and could be divided into two
groups, i.e. G- PDI"” and PDI"*-PDI"~ CS states which are
previously experimentaly identified [22, 30]. Another two
fragmentation schemes are required to classify them in more
detailed fashion. CT, descriptor is acquired when single
GPDI/G,PDI molecule is considered as a separate fragment
while CTj; descriptor is obtained when whole ribbon/HOF
layer consisting of four molecules is considered as a fragment.
CT, would suggest if CS state is monomolecular (occurring
withing single GPDI/G,PDI molecule) while CT; would
describe inter or intralayer CS. Different combinations of
CT,, CT,, CT; and CT4, as presented on the figure 5 helps us
identify CS G*-PDI"~ monomolecular, CS G"*-PDI"~
intralayer, CS G™*-PDI"~ interlayer, CS PDI'"-PDI" " intra-
layer and CS PDI""-PDI"" interlayer states. All of the CS
states can be considered as almost pure ion-pair excited states
since they exhibit high CT,, descriptor value ranging from
0.90 for G™"-PDI"~ monomolecular CS state to 0.95 for inter-
and intralayer CS states in all systems. Localized and CS
states involving guanine moieties only are not found within
this energy window nor PDI localized states due to high
overlap of PDI moieties which favours PDI exciton
formation.

Absorption profiles, DOT and its decompositions are
given in the figure 6. Absorption spectra (figure 6(a)) of type I
ribbon has one pronounced peak located at 2.65eV origi-
nating from transition to the bright PDI excimeric states. Two
shoulders to this peak are encountered on the high and low
energy part of the spectrum arising from PDI excimeric and
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Figure 5. Schematic representation of types of the excited states in multilayered GPDI ribbons. Red and blue rectangular cuboids represent
PDI and guanine moieties, respectively. Thresholds for descriptors (PR and CT) are given. 2" and e~ depicts electron-hole and excited-
electron, respectively. Note that same types of excitations are present within HOF absorption profile.

localized PDI excitonic transitions, respectively. Negligible
contribution of CS states to the absorption is also observed.
Distinctive red tail absorption feature at 2.08 eV for type I is
found and attributed to populating four closely lying PDI
excimer states. Absorption profile of type II ribbon also has
pronounced peak at 2.65 eV. However, in this case localized
transitions are not contributing to the absorption spectra but at
higher energies (peak at around 2.98 eV) there is non-negli-
gible absorption attributed to the CS G™"-PDI"". Two
shoulders to the main absorption peak coincide to those of
HOF structure making type II ribbon more alike HOFs
absorption profile than type I ribbon. Electronic absorption
for optimized two layered HOF is found in the almost same
energy range (2.15-3.10¢eV) as for type I and type II ribbons
2.00-3.15eV and 2.15-3.15 eV, respectively. However, HOF
absorption profile is characterized with two distinct peaks
located at 2.42 and 2.82 eV, both originating from the elec-
tron promotion to the mixture of PDI and G-PDI excimer
states. We also observed that peak located at 2.82eV has
considerable participation of the CS G™"-PDI"~ which suggest
that these CS states could be populated directly upon photon
absorption. Same characteristic garnish type II ribbon
absorption but in this case different type of CS G™*-PDI"~ are
enrolled. The band gap between the frontier molecular orbi-
tals (HOMO and LUMO) is determined for all three systems
(see section 3.3.). It is clear that these energies do not cor-
relate with any of the corresponding absorption maximum
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energies since the HOMO — LUMO transition is not repre-
sented in any of these absorption bands. For example, two
most dominant contributions to the absorption band for the
type I ribbon located at 2.65 eV are: HOMO-11 — LUMO+-4
and HOMO-12 — LUMO+-2.

Compared to absorption profiles, DOT profiles appear in
the wider energy range, especially for the ribbon arrange-
ments. When analyzing global DOT composition (figure 6(b))
we notice that amount of CS G "-PDI'~ states are similar
between all the systems and equal for type I ribbon and HOF
arrangement (65.6%). Although CS G™*-PDI"~ states appear
in the similar energy range with ribbons’ CS contribution
blueshifted by around 0.3 eV, their distribution across DOT is
not equal. Low energy part of the DOT for type I ribbons
lacks of CS G™"-PDI" states but they are supplant by other
type CS PDI"*-PDI"" states, i.e. 15.6% compared to 4.7% in
HOF structure. This is not the case for type II ribbon where
CS content is high for for both types of CS excited states,
54.7% and 20.3% for CS G™"-PDI"~ and CS PDI'"-PDI"",
respectively. Another interesting feature is greater presence of
localized transitions for type I ribbon (7.9%) compared to
type II and HOF (1.6%) structures. On the other hand, HOF
structure has highest participation of excimeric states, 28.1%
compared to 10.9% and 23.4% for ribbons. Most of these
excited state characteristics can be explained by different
spatial organization of HOF and ribbon structures. Greater
overlap between both PDI and guanine moieties in HOF
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Figure 6. Decomposition of (a) absorption spectrum (shaded area) and (b) density of transitions (DOT) (shaded area) into the localized (black
lines), excimeric (blue lines), CS G™"-PDI"~ (magenta) and CS PDI'"-PDI’~ (orange) excited states contributions. Percentage of each
contribution in DOT is indicated. Type I ribbon absorption profile is presented on the far left, type II ribbon in the middle and HOF
absorption profile on the far right panel. Panels (c), (d) and (e) represent more detailed decomposition of excimeric, CS G"-PDI"~ and CS
PDI"*-PDI"~ contributions to the DOT, respectively. For excited states types description see figure 5 and corresponding text.

structures compared to ribbons enhances electronic coupling
and therefore promotes excimer formation. This can be
rationalized via further decomposition of excimeric contrib-
ution to the DOT (figure 6(c)) and noticeable absence of
G-PDI excimers for type I ribbons. Type II ribbon arrange-
ment is characterized with higher overlap PDIs (comparable
to those of HOF) and therefore can accommodate both G-PDI
and PDI excimers just like HOF. Due to higher number of
identical guanine chromophores within the HOF, G-PDI
excimer participation is reasonably higher. Higher degree of
chromophore 7w overlap also leaves different imprint to the
CS PDI'*-PDI" states (Figure 6(e)), while relative arrange-
ment of CS G™"-PDI"~ states (figure 6(d)) is relatively similar.
Content of intralayer CS PDI""-PDI"™ states is significantly
higher for the ribbons arrangements due to proximity of
adjacent PDI units. Stronger electronic interaction between
adjacent PDI moieties is pronounced for type II ribbon where
intralayer CS PDI""-PDI'~ clearly dominates. This type of
excitations would require more energy in the case of HOF
arrangement. Relative amount and ordering of CS G™-PDI"~
states within DOT profiles is maintained for all three systems.
Monomolecular contributions are lowest in energy followed
by interlayer and intralayer contributions. It is important to
note that characteristics of both types of CS states could be
exploited for optoelectronic applications as well as there are
not huge differences between type II ribbon and HOF struc-
tures absorption and DOT profiles at Frank—Condone region.
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In fact, in total both types of ribbons exhibit higher amount of
total CS withing this energy region compared to HOF, 81.2%
and 75% compared to 70.3%, respectively. Furthermore, we
believe that these differences would become even less pro-
nounced if we used ensemble average of absorption and DOT
profiles and/or model consisting of more GPDI molecules.
Overall, surprising similarities of DOT composition are
encountered for these systems making ribbons worthwhile for
further investigation of exciton dynamics.

4. Conclusions

While HOFs based on GPDI molecules have been studied in
detail for application in optoelectronics, layered ribbons made
of these molecules supported on graphene have not been
studied in such details yet. This is primarily due to complexity
of the interfaces of flexible molecules and graphene and
relatively large systems that are difficult to study with
demanding ab initio methods. Our theoretical approach has
proved as an excellent choice to overcome this obstacle. We
theoretically analyzed favorable growth mechanism and
structure of deposits using DFTB method and optical prop-
erties by the LR-TDDFT. We found that growth is rather
homogeneous and thin few-layers ribbon structures cover
large surface area of graphene. Absorption spectra and
especially DOT profiles are very similar to those in HOFs in
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the investigated energy window. We showed that CS
G™'-PDI'” states can be directly populated upon photo-
excitation in the HOF and type II ribbon structures. Increased
presence of CS PDI""-PDI"~ states in the ribbons arrange-
ments is encountered and this excited state feature is ascribed
to the favorable geometrical organization. Existence of CS
states between layers of the stacked structures promises
potential application of these atomically thin graphene-GPDI
heterostructures in photovoltaics and other optoelectronic
devices.
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ITpwtosn

IIpnsior 7

V3jaBa 0 ayTOpCTBY

Vme n mpe3ume ayTopa: bpanucias Mwiosanosuh

bpoj nanexca: 2017/0321

U3jaBrpyjem

71a je JOKTOPCKa AycepTaliyja o, HacJIOBOM

KBaHTHOXEMT/[iCKO ITpoy4YaBarbe CYITPaMOJIEKVJICKVX CTPYKTYPpa I'vaHVHa

e pe3yJITaT COIICTBEHOT MCTPKMBAYKOL pasia;

e aaycepTalMja y LeJIVMHY HI Y eJI0BMMa Hujje O1ula IpeyIokeHa 3a CTULIakbe
Apyre OWIUIOMe IIpeMa CTYAMjCKMM IIporpaMmma OPYTMX BVCOKOIIKOJICKVIX
yCTaHOBa;

e la Cy pe3yJITaTi KOPeKTHO HaBeleH! 1

¢ Jla HUCaM KpIIMO ayTOpCKa IIpaBa ¥ KOPUCTVO VIHTEJIEKTYaJIHY CBOjT/IHy

APYyTUX JIIIA.

IToric ayTopa

Y beorpany,
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ITpwior 8

V3jaBa 0 MCTOBETHOCTM IITAaMIIaHe U eJIEKTPOHCKe Bep3uje
OOKTOPCKOTI paga

Vme u mipesnme ayTopa: bpanmcias Mwitosanosuh

bpoj nnpekca: 2017/0321

Crynujcku mporpaM: IOKTOpCKe akajeMcke cTyauje pusmuke xemuje

Hacos paga: KBaHTHOXeMMjCKO TIpoy4YaBatbe CynpaMoIeKyJICKMX CTPYKTypa

'YaHVIHa

MenTopu: gp Muxajino EtuHcky, BanpenHu nnpodecop; ap Vrop Ilonios, Buinm

HAYYHM capaJHUK

VsjaBsbyjeM m1a je mramiiaHa Bep3uja MOT JOKTOPCKOT pajia VICTOBETHA eJIeKTPOHCKO)]
Bep3uju KOjy caM Ipenao paam IIoxpameHa y [urnrasHOM pemo3smuTopujymy

Yuusepsurera y beorpany.

[o3BorpaBaM fa ce objaBe MOjVI JIMIHM IIOHAIV Be3aHM 3a AoOMjarbe aKageMCKOr
HaslBa JOKTOpa HayKa, Kao IIITO Cy MMe ¥ IIpe3uMe, TOAMHa ¥ MeCcTo pobema 1 JaTyM

ortOpane pasa.

OBu jMyHM IOJalUM MOTy ce O0jaBUTM Ha MPEeXHWUM CTpaHMIaMa IUrUTajIHe
OubrmoTeke, y eJIeKTPOHCKOM KaTaJIory M y HyOimKalujama YHuBepsuTeTa y

beorpany.

ITornic ayTopa

Y beorpany,
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ITpnsor 9

M3jaBa o kopunihemy

Osnanthyjem Yausepsurercky 6ubimoreky , Cseto3ap Mapkosuh” ga y Aurnraiam
penosuTopujym YHuBep3urera y beorpany yHece MOjy IOKTOPCKY amcepTanyjy I10f,

HaCJIOBOM:

KBaHTHOXEeMIjCKO ITpoyUaBaibe CYIIPaMOJIeKYJICKMX CTPYKTYpa I'VYaHMHa

KOja je MOje ayTOpPCKO JeJI0.

Huvicepraiyjy ca cBUM HpWIO3MMa IIpefao caM y eJIeKTPOHCKOM popMaTy IIOrOJHOM

3a TpajHO apXVBUparbe.

Mojy mOKTOpcKy pawcepTaunyjy MHOXparbeHy y HUIMTaTHOM —pPerosuTopujyMy
YHuusepsurera y beorpany v oCTyIIHy y OTBOpEHOM HPVCTYIYy MOI'Y 1a KOPVICTE CBU
KOj1 IIOIITYjy ofpen0Oe cagpykaHe y omabpanomM tuy nmiieHIle Kpearnshe 3ajemaniie

(Creative Commons) 3a Kojy caM ce O[Ty 4uo.
1. Aytopctso (CC BY)
2. Ayropctso - HekoMmep1mjaiiHo (CC BY-NC)
3. AyTtopcTBO - HeKoMepIImjastHo - 6e3 rpepana (CC BY-NC-ND)
yTopCTBo - HeKoMepIIyjaHo — gety nof uctym ycstoBuma (CC BY-NC-SA)
5. AyTtopctBo - Oe3 ipepana (CC BY-ND)
6. AytopcTBo - nesity mof, uctum ycstoBuma (CC BY-SA)

(MomMo fa 3a0Kpy>XuTe caMo jefHy of, IiecT noHybenmx ymeHmny. Kpartak omic

JIMIIeHITVje cacTaBHM J1e0 OBe 13jaBe).

ITornic ayTopa

Y beorpany,
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1. AyTtopcrBo. [lo3BO/baBaTe yMHOXaBame, OVCTPUOYIIMY ¥ jaBHO CAOIIIIITaBarbe
mera, 11 IIpepaje, ako ce HaBelle VIMe ayTopa Ha HaumMH ofpebeH of cTpaHe ayTopa
VIV aBaolia JIMIIeHIle, YaK 1 y KoMepiyjasiHe cepxe. OBO je Hajcsio00qHMja o1 CBYIX

JIVLIeHIIN.

2. AyTopcTBO - HeKOMepHMjasiHO. [lo3BObaBaTe yMHOXaBambe, AUCTPUOYIINY U
jaBHO caoIlIlITaBak-e Jlela, M IIpepaJjie, ako ce HaBeJle MMe ayTopa Ha HauuH ofpebeH
OfI CTpaHe ayTopa win Aasaolla jueHile. OBa JinileHIia He JO3BO/baBa KOMepLVjasTHy

ynoTpe0dy nera.

3. AyTtopcTBO - HeKoMepIMjaTHO - 0Oe3 mpepapa. [losBosbaBaTe yMHOXaBaibe,
AUCTPUOYIINYy M jaBHO CaoMINTaBarke Iejla, Oe3 IIpoMeHa, IpeobOMKOBarba VUIIN
yroTpebe miej1a y CBOM JIejly, aKo ce HaBele MMe ayTopa Ha HaunH ofgpebeH of1 crpaHe
ayTopa win JaBaolia jmiieHIle. OBa JIIIeHIIa He J03B0JbaBa KOMePIMjaJIHY yIOTpeoy

Aena. Y ogHOCY Ha CBe ocTaJle JIMIIeHIle, OBOM JIVIIEHIIOM ce OrpaHu4YaBa
Hajsehnt 06mM 1TpaBa Kopumrhema gerna.

4. AyTOpcTBO - HeKOMepLMja/IHO — AeJIUTH HOAd MCTUM ycJI0BMMa. [lo3BospaBaTe
yMHOXXaBarbe, AUCTPUOYIINjY 1 jaBHO CAOIIIITaBambke 1ejla, U IIpepaje, ako ce HaBefe
VMe ayTopa Ha HauMH ofpebeH ofl cTpaHe ayTopa WiV JaBaolia JIMIIeHIle 1 aKo ce
npepazga AUCTPUOyMpa IIOf, MICTOM WWIM CIIMYHOM JmrmeHnioM. OBa JIMIleHIIa He

J103BOJbaBa KOMepIjaIHy yIIoTpely Jiela v IIpepasa.

5. AyTopcTBOo - Oe3 mpepana. [lo3BosbaBaTe yMHOXaBare, IUCTPUOYIIMjy U jaBHO
caoIlIITaBambe /iejia, 6e3 IIpoMeHa, IpeobIIMKoBama MM yIIoTpebe fiejia y CBOM JIely,
aKko ce Hapelle MMe ayTopa Ha HauuH ojpebeH o7 cTpaHe ayTopa WIM JaBaolia

nvtieHIle. OBa JIMiieHIa J03B0JbaBa KOMepLVjaJIHy yIIOTpeOy Aera.

6. AyTOpcTBO - HeIUTM oA, MCTMM ycIoBuMa. [lo3BojpaBaTe yMHOXaBaibe,
AVCTpUOYIIMjY U jaBHO caollllITaBaibe [ella, U IIpepajie, ako ce HaBeJle Me ayTopa Ha
Ha4yMH ofpebeH of cTpaHe ayTopa WIM JaBaolla JIMIIeHIle M aKo ce IIpepaja
AucTpuOyupa MO WCTOM WIM CIMYHOM JmieHIoM. OBa JIMIIeHIIa [103BOJbaBa
KoMepIlvja/IHy ynoTpeOy nena u npepapa. CimdnHa je codpTBepcKuM JIMIieHIIaMa,

OTHOCHO JIMII€HIIaMa OTBOpPEHOTI KoJa.
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