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1. Uvod
Habilitatni prace pfedklada vysledky studii, jejichz spolenym tématem je charakterizace
excitovanych stavii. Modelovani excitovanych stavii je ilustrovéno na dvou typech systému: (1)
polyaromické uhlovodiky a odvozené systémy jako modely kvantovych teek v zakladnim a
excitovanych stavech a (2) excitované stavy isolovanych systémi bazi nukleovych kyselin a jejich
modifikaci, a bazi interagujicich pomoci nekovalentnich interakei. Prace, na kterych se autorka
podilela, jsou specificky zminény a zatazeny do kontextu tehdejSich studii na dvou uvedenych
systémech. Jevy, na jejichZ studiu se autorka nepodilela, Jjsou zminény pouze okrajové z diivodu

zachovani tematické celistvosti.

1.1.Charakterizace excitovanych stavii
Ureni eletronové struktury molekuly v zakladnim stavu je prvnim krokem procesu jeji

charakterizace, véetné chemickych vlastnosti a reaktivity. Charakter elektronové struktury pfevazné
vétsiny molekul v zékladnim stavu doveluje popis systému pomoci Jjedné elektronové konfigurace
(Jedno-referenéni popis). Vhodnym ukazatelem je dostate¢ny energeticky rozdil mezi ‘highest
occupied molecular orbital”’ (HOMO) a ‘lowest unoccupied molecular orbital’ (LUMO). Pro nékteré
systémy a procesy, napf. existuje-li vice energeticky blizkych elektronovych konfiguraci (systémy
s d-orbitaly ve valenéni slupce, radikaly), reakce molekul zahrnujici tvorbu nebo pieruseni
chemické vazby a procesy v excitovanych stavech, je tento popis nedostateény. Tyto systémy se
nazyvaji multi-referenéni a pro jejich popis je tfeba zahrnout dalii elektronové konfigurace.'

Popis procesi probihajicich v excitovanych stavech navic zahrnuje situace, ve kterych selhava
Jedna ze zékladnich aproximaci kvantové chemie, Born-Oppernheimerova aproximace (BOA)
separujici elektronovy a jaderny pohyb. Tato separace Je kliCovym piedpokladem feSeni
Schrédingerovy rovnice a spolu s Franck-Condonovym principem, ktery fik4, ze k elektronickému
pechodu s nejvétsi pravdépodobnosti dojde beze zmén polohy jader v molekule a jejim okoli, tvoii
zdklad pro vypoget elektronickych spekter.”~* Mimo Franck-Condonovu oblast mize dojit k situaci,
kdy se k sob¢ dva nebo vice povrchi potencidlni energie (PES) energeticky pribliZi, a tak se pohyby
Jjader a elektront propoji a BOA selhava. Tato situace otevira témata fotoindukovanych procesi,’
neadiabatické fotodynamiky® a neadiabatickych interakei.® Aparat pro popis neadiabatickych
proces( bude ilustrovan v dal§im textu.

Molekularni procesy indukované UV/VIS zafenim hraji vyznamnou roli v mnoha védeckych a

technologickych oborech. Pro experimentalni i teoretické chemiky je odli$né chovani molekul v



elektronicky excitovanych stavech ve srovndni se zdkladnim stavem skutetnou vyzvou.
Experimentélni metody, jmenovité konvenéni stacionarni spektroskopie® a jeji roziiteni na dasové
rozliSenou spektroskopii,'® jsou schopny popsat systémy v excitovanych stavech s velkou pfesnosti.
Pro interpretaci t&chto dat jsou vzhledem ke komplexnimu chovani molekul v excitovanych stavech
vypogetni metody nezbytnym prosttedkem.

1.2 Terminologie pro popis excitovanych stavii
Elektronové stavy molekuly a prechody mezi nimi shrnuje Jablonského diagram (Obr. 1). Absorpce

elektromagnetického zafeni A UV nebo viditelnych vinovych délek vede k vybuzeni molekuly do
nerovnovazného stavu, z kterého se spusti sekvence relaxaénich procesti.

Tyto procesy mohou odpovidat vibraéni relaxaci VR na Jjedné PES, neradiaénimu piechodu na jinou
adiabatickou PES stavu se stejnou (vnifni konverze, IC) nebo rozdilnou spinovou multiplicitou
(mezisystémovy piechod, ISC), pfipadné radiaénim piechodiim, tj. fluorescenci F nebo
fosforescenci P. Relaxaéni procesy probihaji v Casovém rozpéti v fadu nékolika desitek
femtosekund, coz odpovidd vibra&nim relaxacim, az milisekund, odpovidajicf fosforescenci, tedy

v Casovém rozpéti vice nez deseti Fadil.
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Obr. 1. Jablonského diagram definujici procesy: absorpce fotonu (A), fluorescence (F), fosforescence (P),
interni konverze (IC), mezisystémovy ptechod (ISC), vibraéni relaxace (VR)

Po absorpci svétla v bodé 4 systém prejde do bodu B ve Franckové-Condonové oblasti (proces 1
na Obr. 2). Po nalezeni minima excitovaného stavu se systém miiZze vratit do zakladniho stavu emisi
svétla (proces 2 na Obr. 2) nebo ziistat v excitovaném stavu. V druhém pfipadé se systém vyviji ve
tfech ndsledujicich procesech: (i) setrvava po né&jakou dobu v excitovaném stavu, kde mize
pfipadné interagovat s jinymi excitovanymi stavy (viz nize), (ii) nasledn& relaxuje do zékladniho
stavu a (iii) sleduje PES zakladniho stavu do minima. Jak znazortiuje Obr. 2, pii dostatedns velké
pocateéni energii (proces 1) systém piekona bariéru transitniho stavu C a piejde k blizkosti minima
excitovaného stavu, tj. do bodu D, z kterého miize ndsledovat dvé mozné cesty. V prvnim ptipadé
se povrchy v misté pseudo-kfiZeni zakladni a excitované PES (body D a E) nekiizi (tzv. avoided

crossing, AC na Obr. 2), systém setrv4 na excitované PES a pfes transitni stav F prejde do dalsiho
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minima excitovaného stavu H, odkud relaxuje do zakladniho stavu G, které neni identické s A, tzn.
vznika tzv. fotoprodukt. Tento proces, znazornény kfivkou 3, probih4 az do bodu H beze zmény
elektronického stavu a je oznadovan za adiabaticky. V druhém piipadé se kiivky kfizi v bodé
zvaném konicka intersekce (conical intersection, CI na Obr. 2), relaxaéni proces probiha na dvou
PES a odpovidajici mechanismus Je neadiabaticky. Jak vyplyvé z obr. 2, systém mize relaxovat jak
do minima G za vzniku fotoproduktu (kfivka 4a), tak do ptvodniho minima A (kiivka 4b). V
druhém p¥ipadé mluvime o fotostabilnim systému. Na rozdil od adiabatického mechanismu, kdy je
systém v minimu D charakterizovan kone¢nou dobou Zivota, procesy probihajici v CI jsou
mimofadné rychlé, v ¢asovém intervalu molekulovych vibraci, a systém tak neni moZné v tomto

stavu experimentalné zachytit.

Obr. 2. Adiabatické a neadiabatické procesy na kiivkdch potencialni energie dvou stavil.

1.3 Excimery, exciplexy a excitony
V ptipadé absorpce UV zaieni systému s v&tsim mnoZstvim absorbujicich skupin (chromophorti)

muze dojit k jejich interakei v excitovanych stavech. Tyto interakce Jjsou vysledkem dvou hlavnich
piispévki:
(1) Coulombické interakce, tzv. ‘long-range’, které lze popsat interakei transitnich dipélovych
momenti nebo vys3ich multipéli a zévisi na vzdalenosti chromophori (R) jako R
(2) tzv. “short-range” interakce, které Jjsou vysledkem piekryvu orbitalt zapojenych do excitace.
Dosah téchto interakei klesa exponencialné s R.
Podle povahy excitace lze excitované komplexy popsat v terminech lokalizovanych a ‘charge-

transfer” (CT) pfechodi:

Fexe = C1(A"B) + P (AB") + c39(A™BY) + c,p(A¥B), ey



kde Y(A*B) a w(4B*) odpovida excitacim lokalizovanym na A nebo B a YA B*) ayY(AtB)
popisuje CT stavy, pfi kterych dochazi k pfenosu naboje.!! Je-li A identické s B a €1 = €3, C3 = (4,
vysledny komplex se nazyva excimerem, v opaéném piipads se Jjedna o exciplex.

Povahu arozsah interakce a tvorbu excimeru/exciplexu ndzorng ilustruje Obr. (3a) na prikladu dvou
naphthalenti v symetrickém uspofddani.' V zakladnim stavu tvoii dimer slab& vazany komplex s
mélkym minimem v R=3.65 A (ziskané vypoctem ADC(2) metodou) se stabilizadn{ energii mensi
nez 0.1 eV. V excitovaném stavu je stabilizagni energie 1.32 eV s minimem v R=3.2 A. Povaha
interakce v dimeru v excitovaném stavu Je ilustrovana piispévky elektronovych konfiguraci s CT
charakterem (Obr. 3a, spodni graf). VR>5 A jsou CT prispévky nevyznamné a dimer ma charakter
tzv Frenkelova excitonu, ktery lze popsat Frenkelovou excitonovou terorii, podle které je celkovy

Hamiltonidn systému vyjadien vyrazem

= ZA Hat ZA ZBMVAB' &

kde H, odpovida isolovanym chromophorim a V,p je interagujici ¢len. Vlnovou funkei excitonu

vyjadfuje tvar

W, = ZACRA @k, 3)

kde ¢} je vinova funkce excitovaného chromophoru A.
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Obr. 3 a) Horni graf: Zavislost stability naphthalene dimer v zakladnim (So) a excitovaném (S,) stavu na
vzdalenosti, Spodni graf: ptispévek CT charakteru k celkové vinové funkei." b) Molekularni diagram tvorby
excimeru



Je-liR<5 &, CT stavy pfispivaji ke stabilizaci systému (pro naphthalene dimer je ptispévek v
minimu 50%), systém ziskava povahu excimeru a vysledna funkce Jje kombinaci CT a Frenkelova
excitonu,

VEtsi stabilizaci komplexu Ize vysvétlit pomoci molekulérniho diagramu orbitald uplatiiujicich se
pfi excitaci (napf. & orbital) na Obr. 3b. Pfi tvorbé dimeru A-B jsouman orbitaly vysledkem
symetrické kombinace (n(A+B) a n'(A+B)) a antisymetrické kombinace (n(A-B) a 7'(A-B))
orbitald s energii nizsi (vazebna, + kombinace) nebo vyssi (antivazebna, - kombinace) ve srovnani
s orbitdlnimi energiemi monomerii. V zékladnim stavu jsou n(A+B) a n(A-B) pIng& obsazeny, a tedy
dva elektrony obsadi stabilizujici vazebny orbital a dva elektrony obsadi destabilizujici antivazebny
orbital. V celkové bilanci je pfispévek nulovy a k stabilizaci prispivaji pouze disperzni interakce. V
excitovaném stavu obsadi t¥i elektrony stabilizujici kombinaci a Jeden elektron destabilizujici

kombinaci orbitalii, co? vede k vetsi stabilité oproti zakladnimu stavu.

1.4 Neadiabatické procesy
Pro popis neadiabatickych Jjevli vedoucich k silné interakci mezi riznymi elektronovymi

konfiguracemi zii¢astnénych stavil je tfeba zavést formalismus, ktery zohlediiuje propojeni pohybii
Jader a elektrondi. Nasledujici text stru¢né popisuje pFisludny formalismus.

Casové nezavislg Schrodingerova rovnice pro systému m4 tvar
HT™WT(r,R) = ETWT(r,R), €)]
kde R je soufadnice jader, r Je soufadnice elektronii a Hamiltonian H7 je definovan
H'(r,A=TV(R) + H(r,R), (%)

kde TV(R) je operator kinetické energie jader a H (r,R) je elektronovy Hamiltonian, ktery obsahuje
kinetickou energii elektront a Coulombickou interakci mezi &asticemi. Reenim Schrédingerovy

rovnice pro elektrony

HY(r,R) = E{(R)¥(r,R), (6)
Jsou vlastni funkce H, které mohou byt pouzity k rozvoji celkové vinové funkce ve formé

WT(r,R) = T¢u(r, R)x; (1, R), (7)

kde y; jsou rozvojové koeficienty. Pouzitim tohoto rozvoje lze po tpravach ziskat rovnici

1
[T + Ely - § E M (Zﬁ} Vox; + Kﬁ)(j) = ETy, €3]
o
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kde a a J se vztahuji ke stupfiim volnosti jader a elektroni, respektivé. Cleny K, ; a fi; popisuji
interakei elektronickych stavii 7 a J, vyplyvaji z operatoru kinetické energie jader operujiciho na

elektronické vlnové funkce 1;(r, R) a maji tvar

fi§ (R) = (i (r, R)|Vaiy (. R)) (9)
Kiy(R) = ) (i, RO| W3ty 0, B)), (10)

kde V, definuje gradient vzhledem k soufadnicim jader R.

Ve vEtSiné ptipadi je systém popséan jednim elektronovym stavem, &leny K; 7 a f1; jsou zanedbatelné
a mohou tak byt ignorovény, coz vede k tzv. Born-Oppenheimrové aproximaci. V oblasti pseudo-
kiizeni a kiizeni dvou PES musi byt tyto ¢leny zahrnuty. Vektor f; ; Je dominujici, je mé&fitkem
zmény elektronické vinové funkce vzhledem ke zmé&ndm soufadnic jader a je nepfimo umérny

rozdilu energii stavi 7 a J:

f!](R) I‘I—' (11)

Je-li celkova funkce W7 rozvinuta v bazi vlastnich funkci celkového Hamiltonianu HT, je interakce
mezi jednotlivymi electronovymi stavy zahrnuta v &lenu pro kinetickou energii jader TV a
nediagondlni Eleny matice H” jsou rovné nule. Takova representace se nazyva adiabaticka.
Alternativné lze pouzit diabatickou reprezentaci ¢, ve které je interakce elektronickych stavi

vyjédrena nenulovymi hodnotami nediagonalnich ¢lend matice Hamiltonianu, ktery ma tvar

pdiab — [Hn H12] (12)

H21 HZZ

a vlastni funkce maji tvar

Ei,=H + |AH? + HZ,, (13)

kde H = (Hy; + Hy)/2 aAH = (Hyq — Hap)/2.
Pro degenerované hodnoty E; a E;, tj. kiiZzeni dvou PES, musi byt splnény podminky H,; — H,, =

0a H;; = 0. Tyto podminky jsou splnény pro N™ — 2 podprostorii, kde N™ je poget stupfiti volnosti
molekuly. Dvouatomova molekula mé pouze jeden stupeti volnosti, a tak pro dva elektronické stavy
0 stejném spinu a symetrii tato podminka nemiZe byt splnéna, coZ vede k tzv. pravidlu o nekfizeni
stavi. Polyatomické molekuly splituji tuto podminku pro N™ — 2 stupiiii volnosti. Po jistych

Upravéch lze matici (12) pfepsat v soufadnicich kénické intersekee:
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(14)

H=(s1x+ s5y)1 [gx by ]

hy —gx
kde x ay odpovidaji posunu ve sméru vektoru gradientu energetického rozdilu g onormé& g a vektoru
miseni (coupling) h o normé h. Vektory g a h definuji tzv. “branching space”, podprostory, ve
kterych je degenerace porusena, ostatni orthogonalni podprostory definujf tzv. “crossing seam”. s;
a sz jsou projekcemi (g;+g,)/2 do roviny g-h, I je 2x2 jednotkovd matice. Vlastni funkce

Hamiltonianu (14) maji tvar

E12(x,y) = s1x + 55 &/ (gx)? + (hy)? (15)

Pomoci této rovnice je mozné vykreslit PES obou stavii v okoli kénické intersekce, ktera ma tvar
dvojitého kuzele podél dvou soufadnic (Obr. 4). Parametry g a h udavaji tvar CI, parametry si, s2
udavaji jeji naklonéni, kde nulové hodnoty s; a s> odpovidaji vertikalni CI. Obr. 4a znazoriuje tvar
PES podél soufadnic x| a x2, které definuji “branching space™; Obr. 4b podél soufadnice x3, ktera
definuje “crossing seam™. Tvar CI a jejiho okoli m4 zasadni vliv na jeji efektivitu pro neadiabaticky
piechod, a tedy jeho pravdépodobnost. Obr. 4c-4e znazoriiuji priklady CI o rizné efektivité v
disledku charakteru PES v jeji blizkosti. V ptipadé, kdy PES excitovaného stavu monoténné klesé
k bodu kfizeni (Obr. 4¢), je CI nejefektivngjii a pravdépodobnost prechodu z jedné PES na druhou
Je velkd. Vsituaci, kdy PES excitovaného stavu sleduje stoupajici trend smérem k CI (Obr. 44), se
otevira trajektorie zpét do minima excitovaného stavu. Odpovidajici CI je odklon&na z vertikdlniho
sméru, je méné efektivni a prechod je méné& pravdépodobny. Podobné, existence bariéry na PES

excitovaného stavu na cesté k CI (Obr. 4e) zpiisobuje niZ3i pravdépodobnost pfechodu.

Obr. 4. Koénické intersekce: (a) podél soufadnic x; a x», které definujici “branching space”, (b) podél
soufadnice xs, kterd definuje “crossing seam”. Typy reakénich cest excitovaného stavu vedoucich k CI: (a)
monotonné klesajici, (d) stoupajici z minima excitovaného stavu, () ptekonavajici bariéru.



Popis procesi, pii kterych BOA selhavs, vyZzaduje pouziti metod schopnych zohlednit rozd&leni
populace mezi nékolik elektronovych stavi. Jednou z nejpouzivanéjsich metod pro simulaci
neadiabatickych jevi je tzv. ‘trajectory surface-hopping’ (TSH) metoda. V ramci této metody se struktura
propaguje na jedné elektronické potencidlni energetické plose a pfi kazdém kroku stochasticky algoritmus
vyhodnocuje, ve kterém stavu bude trajektorie pokragovat (obr. 5). Tento postup se opakuje dokud
neni trajektorie dokongena. Vzhledem k stochastické povaze metody TSH je popis dynamiky

plnohodnotny pouze v ptipadg, e se uvazuje velky pocet trajektorii.

2

Obr. 5. Dv& mozné situace v TSH metodeé: (1) — adiabaticka trajektorie a (2) — neadiabaticka trajektorie

1.5 Vypocetni metodika

Pro modelovani systémt vyZadujicich zahmuti vice elektronovych konfiguraci je tieba pouzit
multi-konfiguraéni metodu (multi-configurational self-consistent field, MCSCF). V ramci této
metody je celkova vinova funkce konstituovana jako linearni kombinace Slaterovych determinanti
(SD), kazdy popisujici jednu elektronovou konfiguraci. MCSCF tak kombinuje metodu
konsistentniho pole (Self Consistent Field, SCF) a konfiguraéni interakce (Configuration
Interaction). Vyslednd energie systému je ziskana optimalizaci dvou typl rozvojovych koeficientfi:
koeficienti cg; linearniho rozvoje atomovych orbitalt Xs pfi optimalizaci molekulovych orbitalt ¢;

(rovnice (16), MO-LCAQ) v SCF

M
P = caxs(), (16)
s
(symbol (1) vyjadiuje, Ze kazdy atomovy orbital, a tedy i molekulovy orbital, zavisi na soufadnicich
Jednoho elektronu (elektronu 1)) a koeficienti d; linearniho rozvoje SD @, v rozvoji konfiguraéni

interakce



Y= da, (17)
Z ®,

Specidlnim p¥{padem MCSCE metody je tzv. Complete Active Space Self-Consistent Field
(CASSCF) metoda, ve které Jje omezen vybér elektronovych konfiguraci rozdélenim orbitalniho
prostoru na neaktivni, aktivni a virtualni (Obr. 6). V neaktivnim prostoru jsou orbitaly obsazeny
dvéma elektrony (DOCC), v aktivnich orbitalech tvoficich tzv. aktivni prostor (AS) je mozna
Jjakékoliv elektronova konfigurace. Vybrany prostor je charakterizovan poétem elektrond a orbitali
Jjako CAS(n elektronii, m orbitald). Orbitaly v DOCC i AS Jsou pfedmétem optimalizace.

Pro diskusi MCSCF metody je vhodné zavést pojem elektronové korelace, tedy vzajemného vlivu
pohybu elektronti. Elektronova korelace byvd nékdy rozdélovana na dynamickou a statickou
(nedynamickou). Dynamick4 korelace Je disledkem pohybu elektroni, nedynamicka je spojena s
nutnosti zahrnout do vinové funkce systému vice elektronovych konfiguraci, jak je popsano v

MCSCF metodg. Ostra hranice mezi statickou a dynamickou korelaci neexistuje.
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Obr.6. Schéma molekulovych orbitali pro tvorbu aktivniho prostoru.

2. Fotochemie nukleovych kyselin
Komplexita chovani nukleovych kyselin (DNA i RNA) v excitovaném stavu pfedstavuje velkou
VYZVU pro experimentalni i vypocetni chemiky studujici tyto procesy. VSechny béze nukleovych
kyselin (nukleobaze) absorbuji UV zafeni a jejich excitace muze iniciovat fotoreakce, které ve svém
disledku mohou vést k poskozeni genetického kédu, tzv. mutacim, 12 Hlavnim tikolem je pochopeni
relaxaénich procest nésledujicich po elektronické excitaci. Vedle zafivé relaxace existuje v
nukleovych kyselinach nékolik nezafivych relaxacnich procesii (obr. Fik
1) Lokalizace elektronické excitace na Jedné bazi, po niz nasleduje relaxace v rameci tohoto
monomeru
2) Delokalizace excitovanych stavii vedouci k tvorbé excitond
3) Prenos energie elektronické excitace.

4) Tvorba silng interagujiciho komplexu - excimeru
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5) Pfenos elektronii nebo protonii mezi dvéma fetézci nebo v ramei jednoho fetézce
6) Vznik fotochemického produktu
Reakce (6) neodpovida situaci, kdy je zachovéna diive zmin&n4 fotostabilita nukleovych kyselin, a

nebude proto dale diskutovan.

o

Monomer-like

decay Delocalization
and excitation
energy transfer

2

Proton transfer

;i Electron transfer

Photoproduct Excimer
formation formation

Obr. 7. Relaxatni mechanismy v molekuldch nukleovych kyselin

2.1 Fotochemie monomerii
Béze nukleovych kyselin patii do skupiny aromatickych heterocyklickych slougenin odvozenych z

pyrimidinu (cytosin, thymin a uracil) a purinu (adenin a guanin), chromophori silné absorbujici v
UV oblasti. Diky ptitomnosti heteroatom1 jsou nizko polozené excitované stavy vysledkem n—n*
a n—n* prechodd, pfi vy$Sich energiich je moné dosahnout také prechody do o* orbitalii.
Variabilita excitovanych stavii mezi heterocykly zalozené na pyrimidinu a purinu je pfedeviim ve
stabilit€, tedy dobé Zivota excitovanych stavd. Z obr. 8 je patrné, Ze spolegnou vlastnosti viech
diskutovanych slougenin vyskytujicich se v nukleovych kyselinach (nukleobazi) je mimotfadng
kratka doba Zivota excitovanych stavii, v fadu picosekund.'® Zarovesi je zndmo, e tyto baze maji
velmi nizky kvantovy vytézek luminescence. Nukleobaze jsou tak schopné relaxovat do zakladniho
stavu nezafivymi neadiabatickymi mechanismy dfive neZ dojde k jejich chemické piemén&!“16 Click
or tap here to enter text.tj. vykazuji fotostabilitu danou pravd&podobné evoluénim tlakem v raném
biotickém vé€ku. Velmi malé modifikace v chemické struktufe zpiisobi zménu doby Zivota
excitovanych stavii v nékolika fadech. Napf. substituci vodiku v uracilu nebo methylové skupiny v

thyminu v pozici C5 za OH nebo NH: skupinu se doba Zivota prodlou?i z pikosekund na
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nanosekundy (obr. 8).'” Podobng i zmé&na konformace m4 vliv na dobu Zivota. Pfikladem je cytosin

a guanin, v kterych maji keto- formy krat$i dobu Zivota nez enol formy. '>!8

1 .
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Obr. 8. Doby Zivota excitovanych stavii bazi nukleovych kyselin a jejich modifikaci

Vypocetni metody spoleéné s ultrarychlou Sasové rozlifovanou spektroskopii'>!®2 prispaly k
znacnému pokroku v pochopeni neadiabaticky procest. Nicméng, interpretace experimentalnich
Casov¢ rozliSenych spekter se v nékterych piipadech rozchazely v zévislosti na pouzité metodice.?!
Autorka se podilela na komplexni studii v§ech nukleobdzi, Pomoci simulaci neadiabatickou
dynamikou na zdkladé multi-referenénicho popisu (CASSCF metodou) se podarilo ziskat

sjednocujici popis fotostability vSech nukleobdzi**>’, a na zikladé srovndni s Jejich

modifikacemi'’*®

objasnit mechanismus jejich relaxace. Vysledky téchto studii a jejich srovnani
s experimentalnimi daty*' jsou presentovany na obr. 9 a v Tab 1. a pro jednotlivé baze ukazuji
nasledujici:

Adenin: Experimenty provedené pfi absorpéni energie (Eabs) 250-270 nm ukazuji, ze doba Zivota se
zkracuje s rostouci energii. Tento jev byl reprodukovan pomoci simulaci neadibatickou dynamikou,
ve které byly doby Zivota 0.77 ps a 0.63 ps pro Eabs 267nm a 250 nm. V obou pfipadech relaxuji
vsechny trajektorie s jedinou ¢asovou konstantou, coZ? ukazuje na homogenni relaxaéni
mechanismus, Al, vedouci k CI mezi nn’ excitovanym a zakladnim stavem (closed-shell, cs),
charakterizované distorzi Cz atomu z rovinu purinového cyklu.

Guanin: z experimentalnich studii provadénych s Eabs 267 nm byly v zavislosti na zpusobu fitovani
navrhnuty doby Zivota 0.36 ps a 0.8 ps. Dynamické simulace reprodukovaly relaxaci s krat3i dobou
Zivota. Také v tomto pfipadé systém relaxuje s jednim relaxaénim mechanismem G1 vedoucim k

Cl(nn’/cs), ve které je Ca atom distortovan z roviny purinového cyklu.
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Cytosin: Experimentalni studie provedené s Eaps = 250 nm poskytly doby Zivota 0.8 ps a 3.2 ps.
Experimenty s Eaps = 267 nm, v blizkosti centra prvniho absorpéniho bandu, nebyly publikovany.
Podle dynamickych simulaci 74% populace relaxuje s &asovou konstantou 0.53 ps, 13% s Casovou
konstantou 3.08 ps, coz je v dobré shodg s vysledky experimentu. Simulace navic ukazaly, ze 13%
populovanych stavii relaxuje v ultra-kratké dob& b&hem 10 fs. Relaxaéni schéma cytosinu je
mnohem komplexnéj$i ve srovnani s guaninem a adeninem. Relaxa&ni mechanismy sledované pro
trajektorie s €asovou konstantou 0.53 ps néasleduji v 87% trajektorii s piechodem z an* do ni* stavu
pies quasiplanarni CI (Cla). Z této CI se mechanismy d&li na drahu Clb (58%), vedouci ke
quasiplanarni CI na intersekci nm*/cs, a na drahu Clc vedouci na Cld a déale k CI (mm¥/cs),
charakterizované distorzi C6 atomu z roviny pyrimidinového kruhu, a nasledné relaxaci do
zékladniho stavu. Oba mechanismy probihaji na stejné asové skéle. Minoritni frakce (13%)
relaxuje b&hem 10 fs na draze C2.

Thymin: Ptedstavuje nukleobazi s nejdelsi dobou Zivota, v fadu nekolika ps, jak bylo pozorivno v
experimentech s Eaps = 267 nm a 250 nm. Simulace provedené pfi t&chto excitaénich energiich
ukézaly Casové konstanty 2.3 ps v pfipad& vy§3ich energii a 1.7 ps pfi nizSich energiich. Po relaxaci
do Si(nn*) (Pla) stavu jsou dvé moZnosti: 1. relaxace pomoci CI na intersekci nn*/cs stavii (P1b),
charakterizovanou distorzi O atomu z roviny pyrimidinového kruhu, 2. ptechod do an* stavu a déle
k CI na intersekci nn*/cs stavit (Plc a P1d), charakterizovanou distorzi C5 atomu z roviny
pyrimidinového kruhu. Vzhledem k limitované dobg simulace 3 ps nelze jednoznaéné predikovat,
ktery mechanismus pievazuje, i kdyZ niZi energie Cl(mn*/cs) naznacuje, 7¢ Plc mechanismus
prevlada.

Uracil: Experimenty byly provedeny s Eabs = 250 nm, a to na dvou &asovych $kélach, 0.5 psa24d
ps. Pfi nizsich energiich (Eabs = 267 nm) byla pozorovéna pouze relaxace s delsi dobou Zivota.
VétSina trajektorii (77%) simulovéna pfi niZsi po&ate¢ni energii zrelaxovala b&hem 1.8 ps z S2do
Si stavu, dalsi relaxace pfesahovala as simulace, tj. 2 ps. 23% trajektorii se zrelaxovalo do
zakladniho stavu béhem 0.74 ps. Podobné vysledky davaly i simulace pfi vy3§i Eaps, i kdyz v krat3im
Casovém uUseku a s vy38i populaci pIné relaxujicich trajektorii. Analyza trajektorii navrhla tfi
mechanismy relaxace. Vétsina populace (60%) relaxuje obdobnym mechanismem jako thymin do
nn* minima (P1a). Stejné jako u thyminu, nasledny relaxadni mechanismus nebylo moZno urcit v
ramei doby simulace. Druhy mechanismus, objevujici se pro 31% trajektorii, ktery pfispiva k

deaktivaci s Casovou konstantou 0.74 ps/0.66 ps, pouzivd trajektorii podél mn* stavu (P2) k
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Cl(nn*/cs) charakterizované twistem podél C5C6 vazby. K deaktivaci probihajici na stejné ¢asové
Skale pfispiva i tfeti mechanismus spojeny s otevienim pyrimidinového kruhu mezi N3 a C4 atomy.

Srovnéni relaxaénich mechanismi purinovych a pyrimidinovych bazi ukazuje, ze adenin a guanin

g
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Obr. 9. Relaxaéni mechanismy bazi nukleovych kyselin ziskané pomoci neadiabické dynamické studie.?!

predstavuji fotodeaktivaéni mechanismus nasledujici diabaticky nn* stav pfimo a bez bariéry k CI
na intersekci se zakladnim stavem. K dosazeni struktur lokalizovanych v CI je potieba uréita
koordinace v pohybech viech atomil, které ve svém vysledku vedou k distorzi purinového systému
z roviny, vedouci k ponékud odlignym &asiim pro adenin a guanin. Fotodynamika pyrimidinovych
béazi je mnohem komplexn&jsi a jejich doba Zivota je vetdi, vice nez 0.5 ps. Ditvodem je pomé&rné
mélké minimum na PES nn* stavu zpiisobené existenci nékolika stavii nn* riizného charakteru a
delokalizovanymi = orbitaly. Existence mélkého minima zpomaluje ‘nalezeni’ pfimé mn* cesty.
Detaily tvaru PES a energetickych bariér pak uréuji daldi rysy dynamiky.

Dynamické simulace jednotlivych bédzi ukazuji, e neexistuje 74dna jedineéna fotodynamicka
deaktivace, nicméné Ize definovat specifické vlastnosti pro ur€ité relaxacni cesty. Za zminku stoji
predeviim déle trvajici (n&kolik ps) vyskyt pyrimiding, zv1ast& thyminu v S> minimu, tzv "trapping .
Podobné zpomalovaci mechanismy mohou s uréitou pravdépodobnosti hrat roli v dalich

fotoindukovanych procesech, napk. tvorby pyrimidinovych dimer,?® pi které se predpoklada
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uplatnéni tripletovych excitovanych stavil. Singlet-tripletni pfechod probiha na v&tsi &asové skale
a nemize konkurovat relaxacim probihajicim v ramci n&kolika pikosekund, nicméné zpomaleni
podobna vy3e uvedenému trappingu by existenci tripletnich stavii mohl umoznit. Podparnym
argumentem pro roli tripletnich stavii v relaxaci nukleobézi jsou studie naznadujici, Ze v pfitomnosti
vody je aktivovan n* stav a z néj nasledné triplet.*°

BliZ3i pochopeni dynamického chovéani nukleobazi prinsi také studie alternativnich systémdu, které
ukazuji na vliv jednotlivych strukturalnich parametrli, ptedeviim distorzi z roviny kruhu nebo
prodluZovani vazeb, a jejich zmé&n na pravdépodobnosti jednotlivych relaxagnich cest, a tedy
efektivity piisluSnych CI. Takové situace byly studovény napf. na 2,4-diaminopyrimidinu a 2,6-
diaminopurinu.®! Podobné,velmi malé modifikace v chemické struktufe zptsobi zménu doby Zivota
excitovanych stavii v nékolika fadech. Napf. substituci vodiku v uracilu nebo methylové skupiny v
thyminu v pozici C5 za OH nebo NH: skupinu se doba Zivota prodlouzi z pikosekund na

nanosekundy (obr. 8).!7

Tab.1 Casové konstanty relaxace nukleobazi

A(nm) 11 (ps) T2 (ps) 13 (ps) Reference?®
Exp Exp Simulated Exp Simulated
Ade 250 <0.05 0.75 0.63 1,14
267 0.10 1.0 0.77 2,15-19
277 2 14,17
Gua 267 0.15 0.36 0.28 2,16
(0.86)°
Thy 250 <0.05 0.49 6.4 >2.3 1
267 0.11 5:1 >1.7 2,16
Ura 250 <0.05 0.53 0.65 2.4 >1.5 1
267 0.13 0.74 1.1 >1.8 2,16
Cyt 250 <0.05 0.82 3.2 1
267 0.16 0.53 1.86 3.08 2,16
(3.2)°

‘reference v ¢lanku PNAS, *rozdilné hodnoty jsou dany rozdilnou fitovaci procedurou v experimentu

2.2 Vliv okolnich bdzi na absorpéni spektra
Znalost povahy excitovaného stavu v nukleovych kyselinach ve smyslu lokalizace excitace na

monomeru nebo delokalizace je dilezitd pro charakterizaci nasledného vyvoje excitovaného
systému. V molekulach nukleovych kyselin jsou moZné dva typy delokalizace, a to tvorba excitonu
nebo CT excitovanych stavi.!! Autorka se podilela na studiich krafiich fragmentit>3 ve
vzdjemnych orientacich odpovidajicich rozdilnym konformacim DNA, které ukazaly, ze vliv
okolnich bazi, a tedy i strukturnich fluktuaci, na excitaéni energie monomeru je minimalni,

podstatné ale ovliviiuje interakei transitnich dipévych momentd, tedy interakci mezi monomery.
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Predmétem studii, na kterych se autorka podilela, bylo i ovéieni spolehlivosti vipoletnich metod
pro interpretaci absorpCnich spekter. Bylo ukazano, 7e v souladu s obecné znamym faktem, Ze
TDDFT metoda pfecenuje stabilitu CT stavii, metody zaloZené na vlnové funkei ukazuji, Ze tyto
stavy jsou méné energeticky stabilni nez lokalizované stavy. Navic maji CT stavy ve srovnani s
lokalizovanymi stavy men3i transitni dipolovy moment (silu oscilatoru), a tak mensi piispévek v

absorp&nich spektrech nukleovych kyselin.>*

2.3 Vliv okolnich bdzi na procesy v excitovanych stavech
Efekty, které ovliviluji fotoaktivitu nukleobdzi, mohou byt rozdéleny na vngjsi (vliv okolniho

prostfedi) a vnitini (elektronické interakce mezi bazemi). Vzhledem k velikosti systému (az n&kolik
desitek bazi) a pozadavkiim na vypo&etni metodiku (multireferenéni popis) je modelovani t&chto
efektd vypoletné velmi naroné. Obvyklym pristupem je molekulovd dynamika zahrnujici
neadiabatické efekty kombinujici QM metody pro popis bazi Gidastnicich se excitace s MM
metodami modelujici okolni subsystém, tzv QM/MM metoda. Autorka se podilela na pracech
studujich jak vliv ‘stackovych’ interakci a vodikovych vazeb v rdmci jednoho vidkna™® tak
vodikovych vazeb mezi bdzemi sousednich vidken.”’ Vysledky ukézaly, e zejména vodikové
vazby ovliviiuji dosazitelnost CI purinovych bazi, charakterizovanych distorzi kruhu z roviny.
Zatimco v prvnim pfipad€ maji vodikové vazby tendenci urychlovat relaxaéni proces podporenim
této distorze, v druhém piipadé omezuje distorzi, a tim zabraiiuje piistup k CI, jak bylo ukazano na
studiu dynamiky Gua v Cyt-Gua paru bazi v DNA. Vodikova vazba neovlivnila dobu Zivota
excitovaneho Cyt, relaxace Gua se ale vyznamné zpomalila. P¥iginou je existence vodikové vazby
mezi kyslikovym atomem C=O vazby cytosinu a vodikovym atomem NH> skupiny gauninu, kterd
omezuje dostupnost CI zodpovédnou za ultrakratkou dobu Zivota, krat3i nez 0.5 ps.

Tvorba excimerl/exciplexi, neutralnich i CT, je ptikladem relaxace excitovanych stav v disledku
elektronovych interakci mezi bazemi, tedy vlivem vnitinich efektti. Autorka pFispéla ke studiu
téchto komplexii analyzou elektronické interakce z hlediska Coulombickych a orbitdlnich
prekryvovych Eleni.’>> V t&chto pracech bylo ukazéno, Ze elektronicka interakce je vysledkem
pfedevS§im Coulombickych interakei, zatimco orbitalni prekryv pii vzdalenosti odpovidajici
vzdalenosti ve Sroubovici DNA vyznamné nepfispiva. Ukézalo se rovnéz, ze Coulmbické interakce
mezi bazemi se vzajemnou orientaci odpovidajici konformaci A-DNA je vétsi nez v pripadé ktera
odpovida konformaci B-DNA a e zmény v excitadnich energii zpiisobenych nesymetrickymi

s

ucinky jsou o fad vetsi nez ty, které jsou zplisobeny "Gistymi" elektronickymi efekty. Vliv
dimerizace v€etné mozné tvorby excimerd byly studovany také na xanthinovych derivatech,

systémech podobnych nukleob4zim.?
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Vy¢et relaxa¢nich mechanismi doplfiuje tzv “proton coupled electron transfer’ (PCET) probihajici
na jedné z vodikovych vazeb WC béze’**' predpovidajici velmi rychly proces deaktivace. Tento

proces nebyl pfedmétem studia autorky, a proto neni podrobnéji diskutovan.

3. Excitované stavy v kvantovych te¢kich

Od svého objeveni se uhlikové tecky (carbon dots, CD),*? nano&astice na bazi uhliku s alespori
Jednim rozmérem men3im nez 10 nm, rozsifily do velké tfidy nekovovych fotoluminescenénich
nanomateriald. Jejich nespornou vyhodou je nizkd nebo nulova toxicita, biokompatibilita,
dispergovatelnost v Siroké 3kale rozpoustédel, biologick4 odbouratelnost, nizké naklady, snadné a
Skalovatelnd syntéza, pfeduréuji CD k pouziti v mnoha oblastech Zivotniho prostiedi. Diky své
biokompatibilit€ jsou CD idedlnimi kandidaty pro biosenzory v zobrazovacich metodach**** jako
nosice pro podavani 1é¢iv a protinadorovou terapii.***¢

CD jsou malé fragmenty grafenu s konegnou velikosti, &imZ vykazuji na rozdil od grafenu nenulovy
energeticky gap mezi obsazenymi a neobsazenymi orbitaly, a tak jedine¢né optické a elektronické
vlastnosti, véetné vyrazné fotoluminescence (PL). Diky variabilni velikosti, moznosti dopovéni
heteroatomy, funkcionalizaci povrchu a pFitomnosti riiznych typl defekt je mozné dosahnout PL
od UV pfes viditelnou az po blizkou infratervenou oblast a vykazovat riizné PL charakteristiky,
Jako napf. kvantovy vyt&zek, posuny v PL spektrech, atd. Za PL Jjsou zodpovédné tzv. jadra
obsahujici konjugované n-domény, celkové PL chovani ale ovliviiuje také chemicka struktura na
okrajich CD. Elektronovy gap s rostouci velikosti klesa, co? vede k &ervenému posunu emisniho
pasu. Jako u jinych systémd, i v CD je moZna tvorba excimert a excitoni nebo nezafivé relaxace a
pfechody na tripletni stavy, coZ vyrazné ovliviiuje PL vlastnosti. Vy&et faktor(, které mohou
ovlivnit tyto vlastnosti doplituji dal$i parametry, jako detaily struktury, chemické modifikace,
zptisob syntézy, reakéni podminky, atd. Popis PL vlastnosti a interpretace experimentalnich dat tak
predstavuje mimotadné komplikovany problém, ktery je stale intenzing studov4n.>

CD jsou b&zné modelovany pomoci polyaromatickych uhlovodikii (polyaromatic hydrocarbons,
PAH), tzv polyaceny, circumaceny a periaceny. V zavislosti na struktufe a velikosti mohou mit
vlnové funkce PAH v zdkladnim stavu uzavienou nebo otevienou (radikélovou) slupku a/nebo podil
excitovanych elektronickych konfiguraci. Charakteristickym rysem je pritomnost nékolika
rezonancnich struktur, jejichz pfispévky k vlnové funkci zékladniho stavu rostou s velikosti
systémil. Charakter vinové funkce lze pom&mé snadno a spolehlivé urgit pomoci Clarova

F 41 35.47-49
pravidla,

podle kterého ma struktura s vice aromatickymi sextety (tzv. ‘Clar’ sextet) vys§i
aromatickou stabilizaéni energii, diky ¢emu? je mozné, Ze radikalova struktura Jje stabiln&j3i nez

struktura s uzavienou slupkou (Kekulé struktura). Obr 10 ilustruje existenci dvou rezonanénich
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struktur heptacenu (Obr 10a): Kekulé strukturu s uzavienou slupkou a jednim "Clar” sexteterm a
radikdlovou strukturu s dvéma "Clar” sextety; a 3-2-3-periacenu (Obr. 10b): Kekulé strukturu s
uzavienou slupkou a dvéma ‘Clar” sextety a biradikélovou strukturou se ¢tyfmi ‘Clar” sextety.

Autorka se podilela na dil¢ich problémech spojenych s charakterizaci téchto systémi v zakladnim

i excitovaném stavu, které jsou uvedeny v ndsledujicim textu.

3.1 Charakterizace excitovanych stavii
Radikédlova povaha zékladniho stavu spolu s piispévky elektronovych konfiguraci s dvojnasobnou

excitaci pro vetsi systémy, jakoZ i multi-referenéni povaha excitovanych stavi komplikuje vybér
metodiky pro popis optickych vlastnosti CD. Nejpouzivanéjsi metodou pro tyto udely je
Jednoznaéné metoda zaloZena na tzv. ‘time-dependent density functional theory” (TDDFT).
Uvedenou metodu, respektivé vhodnost jednotlivych funkcionali, Je nutné diky vyse uvedenym
problémim tykajicich se zikladniho stavu nékterych CD pelivé testovat srovnanim s
experimentem a metodami schopnych spravné popsat zékladni stav a nasledn poskytnout spravné
pofadi (ve smyslu energie) excitovanych stavii. Autorka se podilela na nékolika pracech, které se
touto problematikou zabyvaji. Studie zahrnovaly charakterizaci excitovanych stavii serie
polyacenii, naphtalenu (n=2, n je polet benzenovych kruhii) af heptacenu (n=7),>° ve které byly
detailné studoviny statické i dynamické prispévky koreladni energie v jednotlivych excitovanych
stavech. Pro ve€Si systémy bylo ukéazano, Ze vzhledem ke kvazi-degenerovanému charakteru
vinovych funkci nemusi byt b&zné pouZivané DFT metody vhodnou volbou a pro vypoéty velkych
PAH by se mély ptednostné pouzivat multireferenéni piistupy.

Presnost jednotlivych funkcionali pro vypodty excitovanych stavi, pfedevsim uréeni spravného
pofadi stavii jak lokalizovanych, tak CT stavi, bylo testovano na modelovych systémech: pyrene,
circum-1-pyrene, coronene, circum-1-coronene, and circum-2-coronene (obr 10c).’! Absorpéni
spektra byly poé¢itiny multireferenénimi metodami, "density functional theory/multireference
configuration interaction” (DFT/MRCI), ‘spectroscopy oriented configuration interaction’
(SORCI) a “contracted-nelectron valence state perturbation theory to second order” (NEVPT2), a
Jednoreferenénimi metodami “scaled opposite-spin-algebraic diagrammatic construction to second-
order” (SOS-ADC(2)), TD-B3LYP a TD-Coulomb-attenuating method-B3LYP (TD-CAM-
B3LYP). Srovndnim s dostupnymi experimentdlnimi daty bylo ukazano, Ze nejkonzistentn&jsi
metodou je DFT/MRCI a je doporudena pro menii systémy. Pro vétsi systémy, kde vzhledem k
vypocetni naroénosti nelze pouzit multireferenén{ metody, jsou ze sledovanych metod nejvhodng;jsi
SOS-ADC(2) a CAM-B3LYP.
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3.2 Efekt dopovdni heteroatomy na optické viastnosti CD
Implementace heteroatomid do CD struktur je jedna z moZnosti jak vyznamné ovlivnit

optoelektronické vlastnosti.> Napt. v zavislosti na koncentraci a poloze heteroatomu lze ziskat
rozdilng typy posund, tj. ke kratsim i del3im vlnovym délkédm. P¥itomnost heteroatomi také zvysuje
kvantovy vytéZek fluorescence. Dopovéni N atomem, kterého lze dosahnout b&hem syntézy s
pouZitim prekurzorii obsahujicich atomy dusiku, je nejéast&jsi. >3

Autorka se podilela na studii zabyvajici se vlivu pozice N(H)-dopaci pyrenu (1, obr. 10d). Byly
zkoumdny tzv. "N-grafitic” (2-4, obr. 1 0d), "N-grafitic-edge” (5 a 6, obr. 10d) a NH-pyridinové (7
— 9, obr. 10d) dopace na stabilitu elektronovych struktur v zdkladnim stavu a viiy Ppritomnosti N
atomit na optickd spektra CD.> Analyza provedend na ziklads multireferen¢nich vypoéti a
kvalitativné (teorie valen&ni vazby, Clarovo pravidlo, HOMA index pro hodnoceni aromatiénosti
atd.) umoznila racionalizovat relativni stability riznych izomerd a také prislugné posuny v UV
spektrech. V "N-grafitic” a ‘N-grafitic-edge” struktuie se pocet m elektron ve srovnani s pyrenem
zvySuje o dva. V ptipadé pyridinovych pozic zlistdva polet 7 elektront nezménén. V pfipadé
grafitického dopovani se elektronicky charakter ¥idi vzdjemnou polohou atomi dusiku. Jsou-li N
atomy lokalizovany na stejném typu alterujicich atomd (uhlikové atomy neoznacené nebo oznacené
*" v obr. 10d, struktufe 1), m4 struktura silny biradikalovy charakter a neni mozné zkonstruovat
zadnou Kekulé strukturu. Pfitomnost Clarova sextetu tento efekt jesté zesiluje. Bylo také zj isténo,
Ze struktury s v&t3i vzdalenosti N atomi (ve smyslu podtu uhlikovych atom@ mezi atomy dusiku)
Jsou stablilngjsi. Pyridinové substituce neovliviiuji opticka spektra ve srovnani s pyrenem na rozdil
od grafitickych pozic, u kterych charakter absorpénich spekter zavisi na vy$e diskutované
(ne)radikalovém charakteru zakladniho stavu. V pfipadé radikalové povahy, tj. N atomy jsou v
pozicich na stejném typu alterujicich atomi a oddgluje je tedy lichy poget atomii C, Jsou SO — S1
excitatni energie v rozmezi od 0.5 — 1 eV, tj. spektrum je vyrazné posunuto k niz&im energiim
(Cerveny posun) do infradervené oblasti, zatimco grafiticky N na okrajich GQDs muZe vyvolat bud’
Cerveny nebo modry posun.

Autorka se rovné% podilela na studiu viivu PFitomnosti F atomii na optickd spektra CD.5 V
uvedené préci byl zkouméan vliv fluoru vazaného kovalentni vazbou, tj. na okrajich CD struktur, a
vliv aniontem fluoru na absorpéni a emisni spektra pyrenu a circum-1-pyrenu. Piedeviim byla
zkouména moznost dosaZeni &erveného posunu ve spektrech a zvy3eni intensity pasii. Studie byla
provedena pomoci DFT/MRCI, ADC(2) a DFT/CAM-B3LYP metod. Jako v pfipadé N-dopovani,
také vliv F-dopovéni zavisi na pozici heteroatomu. Je-li F lokalizovan nad aromatickym kruhem za
vzniku zéporné nabitého komplexu, dochézi k vyrazném posunu k niz§im energiim v absorpénim i

emisnim spektru. Tyto zmény jsou zplsobeny vznikem nového excitovaného stavu s velkym
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podilem CT. Tento jev nebyl dfive pro komplexy tohoto typu zvazovan. Kovalentni substituce
nemaji zasadni vliv na povahu absorp&nich spekter. Navic, optimalizace do minima excitovaného

stavu ukazuje, Ze F ma tendenci disociovat.

3.3 Interakce mezi PAH povrchy
V disledku agregace mohou jednotlivé vrstvy PAH vzajemné interagovat pomoci tzv. ‘stacking”

interakci. Tyto interakce vyvoldvaji zmény optickych vlastnosti podobnych tém pozorovanych v
excimerech/exciplexech Jejich moZné vyuziti bylo naznageno v n&kolika studiich. 58

K pozadavkiim na vypocetni metodu popsanych dfive pro monomery se ptidavaji dali pozadavky,
pfedevSim popis CT mezi jednotlivymi monomery, popis elektronové korelaci na del§i vzdalenost
a ve srovnani se zdkladnim stavem vétsi polarizabilita systému ovliviiujici interakce v excitovaném
stavu. Pro popis excimert/exciplexd je vhodnost standardni TD-DFT problematicka, a to ze dvou
diivodii: diky nespravnému popisu disperznich interakei nezbytnych k ziskani presnych vazebnych
energii v zakladnim a excitovaném stavu pro slabé vazané van der Waalsovy komplexy a diky
nadhodnocené stabilité stavii s CT charakterem.®

K modelovani téchto asociatli se obvykle pouzivaji mensi aromatické systémy (benzen, pyrene,
perylene, atd.)**! Autorka se podilela na studiu absorpénich a emisnich spekter rozsirenych
modelii zaloZenych na pyrenu a coronenu,”* ve které byla rovnés testovina spolehlivost TD-
DFT (konkrétné TD-CAM-B3LYP) a ADC(2) metod na zikladé srovndni s DFT/MRCI vypocty
a experimentdlnimi daty. Studie ukazala, Ze ob& jednoreferenéni metody poskytuji uspokojivou
shodu s "benchmark” daty pro niZii-energetické excitované stavy, TD-CAM-B3LYP ma ale
tendenci podhodnocovat CT stavy, a tak nespravné predikovat pofadi excitovanych stavil. [ pies
tyto problémy poskytuje TD-CAM-B3LYP rozumnou predikci zmény v emisnich spekter se
zvétujicim se poétem aromatickych kruhii ve srovnéni s DFT/MRCI (obr. 11). Rovnéz extrapolace
vedla k podobnym hodnotdm emisni energie pro nekoneéné velké systémy ve srovnéni s ADC(2)
metodou, tj. 1.63 eV (760 nm, ADC(2)) a 1.77 eV (700 nm, TD-CAM_B3LYP), tedy hodnotam
blizici se IC oblasti.

Charakter emisnich spekter, pfedeviim otazka, zda je uréovan jednim chromophorem nebo agregaty
vice chromophornich skupin je jednou z hlavnich otdzek tykajicich se optickych vlastnosti CD.
Zajimavym fenoménem pozorovanym experimentdlng je vyrazny rozdil mezi absorpénimi a

emisnimi energiemi,®*% tzv. Stoke shift.
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pyrene

2-circum-coronene

Obr. 10. Priklady rezonanénich struktur polyaromatickych uhlovodiki. Clar sextety jsou vyznaceny zelené

Z Tab 2 publikované v prdci,** na niz se autorka podilela, je patrné, ze hodnota Stokesova posunu
klesa s rostouci velikosti systému a dosahuje limitni hodnoty pro nekoneéné velké systémy. To

ukazuje, Ze experimentdlné pozorované Stokesovy posuny nemohou byt vysvétleny v ramci
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monomertdl a jsou s nejvétsi pravdépodobnosti disledkem agregati, jak potvrzuji také hodnoty

ziskané pro dimery.

Tab. 2 Stokes shift (eV) pyrenu, circum-1-pyrenu, coronenu, circum-1-coronenu, circum-2-
coronenu pocitany ADC(2) a TD-CAM-B3LYP metodami a def2-TZVP bazi®

TD-CAM- ADC(2)
B3LYP

Monomer Monomer Dimer
pyrene 0.27 0.31 0.96
circum-1-pyrene b 0.21 0.72
coronene 0.27 0.29 0.46
circum-1-coronene 0.16 0.17 0.53
circum-2-coronene 0.12 0.15

“pro circum-2-coronene byla pouZita SVP baze, *nebylo vyhodnocovano v disledku Spatného fazeni
excitovanych stavi
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Obr. 11 Zavislost emisnich energii na velikosti systémi polyaromatickych uhlovodiki (poétu fizovanych
benzenovych kruhi)

4. Shrnuti
Predkladana préce shrnuje vysledky studii dvou biologicky relevantnich systémii

I. Studium procesti v elektronicky excitovanych stavech bazi nukleovych kyselin, a to jak
izolovanych, tak v prostfedi tvofeném sousednimi nukleobazemi. Tyto studie jsou vvznamneé k
pochopeni mimoiddné fotostability nukleobézi uplatiujici se velmi pravdépodobné v ranych
fazich vzniku Zivota, tak pochopeni principt, kterymi se nukleové baze chréani pred svym
poskozenim vlivem, napf. slunetniho zafeni. Autorka se podilela na komplexni studii
relaxatnich mechanismi nukleobazi jak v izolovaném stavu, tak interagujicich s ostatnimi

bazemi v rémci struktury nukleovach kyselin. K pochopeni mechanismu pfispély rovnéz
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[So]

autorliny prace popisujici chovani excitovanych stavi systémi, které predstavuji modifikace

nukleobazi. V studiich byly pouzity metody zalozené na piesném ab inito, prevazné multi-

referenénim popisu systémd. Vysledky lze shrnout do nasledujicich bodi:

i)

iii)

Izolované nukleobaze relaxuji rozdilnymi mechanismy pro ty zaloZené na purinu a
pyrimidinu. Purinové baze maji krati dobu Zivota a pii relaxaci do zakladniho stavu sleduji
Jeden mn* stav vedouci bezbariérové ke kénické intersekei se zékladnim stavem. Relaxace
pyrimidinovych bézi je komplexn&jsi v disledku mélkého minima, kterd zpomaluje
‘nalezeni’ pfimé nn* cesty. Dalsi rozdily dynamiky nukleobézi jsou pak zpiisobeny detaily
tvaru PES a energetickych bariér.

Modifikace nukleobazi maji vliv na strukturni charakter konickych intersekci, napf.
distorzi z roviny kruhu neb prodluzovani vazeb, a a tak na dosazitelnost, a tedy efektivitu
pislusnych CI.

Okolni baze ovliviiuji relaxaéni mechanismus Jednak moznou tvorbou eximerd, ve kterych
se uplatiiuji tzv. “stacking’ interakce v ramci Jjednoho vldkna nukleovych kyselin, tak
interakcemi v ramei dvou vlaken, které mohou omezit strukturalni zmény nutné k dosazeni

piislusné konické intersekce.

. Charakterizace uhlikovych tegek, které vzhledem ke své netoxicité a biologické kompatibilité a

zarovefi vyraznym fotoluminescenénim vlastnostem pfedstavuji materidly s vysokym

potencialem vyuziti v medicinlnich oborech. Na druhou stranu, v disledku komplexniho

charakteru téchto systémi pfedstavuje racionalizace Jejich fotoluminescenénich vlastnosti stale

velkou vyzvu. Vypodetni modelovéni je komplikovano také velikosti uvedenych systémi, a tak

problémy s pouzitim pfesnych vypo&etnich metod. Studie provedené na souboru

polyaromatickych uhlovodika a jejich modifikovanych systémech ukézaly:

i)

iif)

Bezpecnou metodou pro spolehlivou interpretaci absorpénich spekter je multireferenéni
metoda schopné spravné popsat jak ‘statickou’, tak ‘dynamickou” korelaci. Pouziti TD-
DFT metod vyZzaduje pe€livé testovani funkcionali,

Vliv pfitomnosti dopantii na povahu absorpénich spekter, konkrétné vyraznych posuni k
niz§im absorpinim energiim byl vysvétlen na ziklad& analyzy elektronové povahy
zakladniho stavu u N-dopovanych PAH a na ptitomnosti nové vzniklych "charge-transfer
excitovanych stavi u F-dopovanych PAH.

Bylo ukézéno, Ze experimentélng pozorovany posun mezi absorpénimi a emisnimi pasy je
s nejvetsi pravdépodobnosti zplsoben pritomnosti agregatli  vzniklych mezi

chromophornimi skupinami.
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ABSTRACT: Understanding the properties of electronically excited states is a

challenging task that becomes increasingly important for numerous applications in Dynamic = clectron
chemistry, molecular physics, molecular biology, and materials science. A substantial L __F:”"-'“"'ﬂ"
impact is exerted by the fascinating progress in time-resolved spectroscopy, which leads = EXD ,ﬁr‘
to a strongly growing demand for theoretical methods to describe the characteristic Quasi- QIR ocies

features of excited states accurately. Whereas for electronic ground state problems of
stable molecules the quantum chemical methodology is now so well developed that
informed nonexperts can use it efficiently, the situation is entirely different concerning
the investigation of excited states. This review is devoted to a specific class of approaches,
usually denoted as multireference (MR) methods, the generality of which is needed for
solving many spectroscopic or photodynamical problems. However, the understanding
and proper application of these MR methods is often found to be difficult due to their
complexity and their computational cost. The purpose of this review is to provide an overview of the most important facts about
the different theoretical approaches available and to present by means of a collection of characteristic examples useful
information, which can guide the reader in performing their own applications.
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Abstract

Absorption of UV light by nucleic acids can lead to damaging photoreactions, which may
ultimately lead to mutations of the genetic code. The complexity of the photodynamical
behavior of nucleobases in the DNA double-helix provides a great challenge to both
experimental and computational chemists studying these processes. Starting from the initially
excited states, the main question regards to understanding of the subsequent relaxation
processes, which can either utilize monomer-like deactivation pathways or lead to excitonic or
charge transfer species with new relaxation dynamics. After a review of photophysical
processes in single nucleobases we outline the theoretical background relevant for interacting
chromophores and asses a large variety of computational approaches relevant for
understanding of the nature and dynamics of excited states of DNA. The discussion continues
with the analyses of calculations on excitonic and charge transfer states followed by the
presentation of the dynamics of excited-state processes in DNA. The review is concluded by
topics o proton transfer in DNA and photochemical dimer formation of nucleobases.
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Abstract

Biochemical reactions are subject to the particular environmental conditions of
planet earth, including solar irradiation. How DNA responds to radiation is relevant
to human health because radiation damage can affect genetic propagation and lead
to cancer and is also important for our understanding of how life on earth developed.
A reductionist approach to unravelling the detailed photochemistry seeks to
establish intrinsic properties of individual DNA building blocks, followed by
extrapolation to larger systems, to incorporate interactions between the building
blocks and the role of the biomolecular environment. Advances in both
experimental and computational techniques have lead to increasingly detailed
insights in the excited state dynamics of DNA bases in isolation as well as the role of
the solvent and intermolecular interactions. This review seeks to summarise current

findings and understanding.
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A combined experimental and theoretical study on the excited-state behavior of the uracil
analogues, 5-OH-Ura and 5-NH,-Ura is reported. Two-photon ionization and IR/UV
double-resonant spectra show that there is only one tautomer present for each with an excited
state lifetime of 1.8 ns for 5-OH-Ura and 12.0 ns for 5-NH,-Ura as determined from pump-probe
experiments. The nature of the excited states of both species is investigated by means of
multi-reference ab initio methods. Vertical excitation energies, excited state minima, minima on
the crossing seam and reaction paths towards them are determined. Sizeable barriers on these
paths are found that provide an explanation for the lifetimes of several nanoseconds observed

in the experiment.

Introduction

Gas-phase and computational studies of RNA and DNA
bases have revealed unique photophysical properties that are
sensitive to subtle structural differences. Nucleobase excited-
state lifetimes depend on isomerism, ' substitution,* tautomer
form®® and non-covalent interactions, such as hydrogen
bonding with complementary bases™® or with solvent
molecules’ and stacking'® bonding with other nucleobases.
Theoretical understanding describes the excited-state dynamics
in terms of rapid internal conversion mediated by conical
intersections.®'""'* This pathway offers a mechanism to
diffuse electronic excitation by converting it to ground-state
internal energy which can be safely transferred to the environ-
ment. One intriguing implication is the possibility that this
mechanism could have affected prebiotic chemistry on an early
Earth, thus influencing the eventual make-up of the bio-
molecular building blocks that form life as we know it today.

Conical intersections that couple potential surfaces require
geometrical changes in the excited states. For example for
9-methylguanine the internal conversion pathway seems to
involve a strongly bent amino group at position 2.">'7 The
pathway for cytosine appears to involve C=C twisting'®!?
with a low barrier for keto-cytosine (producing a short
vibronic spectrum?®®) and a considerable energy gap to the Sg
state for enol-cytosine, producing an extensive vibronic
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spectrum. 2’ Therefore it should be no surprise that the potential
energy landscapes that form conical intersections are affected
by different substitutions. Excited-state dynamics should be
especially sensitive to substitutions in the positions of the
molecular frame that include coordinates along which the
intersections are formed.

Among several works dealing with the effect of substitution
in photoexcited nucleobases™'*?' 2% we would like to draw
attention to the recent work by Mburu and Matsika.* These
authors have explored the effect of substitutions on purines
and found that substitution at the C2 position decreases the
energy of the first nn* state considerably whereas substitution
at the C6 position has a much smaller effect; the carbonyl
group has in general a stronger effect than the amino group;
nm* states for all substituted purines are blue-shifted compared
to purine. To understand the effect on pyrimidine bases they
compared with 2-pyrimidinone (the ring structure of cytosine
without the amino group) and found that the energy of the
first bright excited state correlates strongly with the nature,
position, and orientation of the substituent.

We have also recently explored the effect of amino substitu-
tions in pyrimidines by studying 2,4-diaminopyrimidine by
means of multi-reference ab initio methods.?® The calculations
of stationary points in the ground and excited states, minima
on the S¢/8, crossing seam and connecting reaction paths show
that several paths with negligible barriers exist, allowing
ultrafast radiationless deactivation if excited at energies
slightly higher than the band origin. Even though the NH,
group attached to the C2 position blocks the path to one of the
lowest energy conical intersections, namely the one associated
with ring puckering at C2, there are still other alternatives for
almost barrierless access to conical intersections associated
with deformations at the C5, C6, and N1 positions.

Substituted uracil compounds can be viewed as structural
analogues of 2,4-diaminopyrimidine in which the C2 and C4
positions are substituted by oxygen rather than amino groups
(see Fig. 1). We now report the effect of substitution at the C5

4924 | Phys. Chem. Chem. Phys., 2010, 12, 4924-4933
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A comprehensive effort in photodynamical ab initio simulations
of the ultrafast deactivation pathways for all five nucleobases
adenine, guanine, cytosine, thymine, and uracil is reported. These
simulations are based on a complete nonadiabatic surface-hopping
approach using extended multiconfigurational wave functions.
Even though all five nucleobases share the basic internal conver-
sion mechanisms, the calculations show a distinct grouping into
purine and pyrimidine bases as concerns the complexity of the
photodynamics. The purine bases adenine and guanine represent
the most simple photodeactivation mechanism with the dynamics
leading along a diabatic m* path directly and without barrier to
the conical intersection seam with the ground state. In the case
of the pyrimidine bases, the dynamics starts off in much flatter re-
gions of the nx* energy surface due to coupling of several states.
This fact prohibits a clear formation of a single reaction path. Thus,
the photodynamics of the pyrimidine bases is much richer and in-
cludes also nx* states with varying importance, depending on the
actual nucleobase considered. Trapping in local minima may occur
and, therefore, the deactivation time to the ground state is also
much longer in these cases. Implications of these findings are dis-
cussed (i) for identifying structural possibilities where singlet/
triplet transitions can occur because of sufficient retention time
during the singlet dynamics and (ii) concerning the flexibility of
finding other deactivation pathways in substituted pyrimidines
serving as candidates for alternative nucleobases.

photodynamical simulation | photostability | ultrafast photodeactivation |
nonadiabatic interactions | ab initio multireference methods

wing to the importance of mutagenic and carcinogenic

effects caused by UV radiation on DNA, the UV-induced
photochemistry and photophysics of individual bases (1-7), base
pairs (8-10), and nuclei acid strands (11-13) have been inten-
sively studied. In each of these levels, it has been found that the
genetic code may count on molecular mechanisms to get rid of
the energy excess minimizing deleterious effects. Isolated nucleo-
bases (Scheme 1), for instance, are all photostable by returning
to the ground state in an ultrafast time scale of a few picoseconds
(1, 2, 14-20), which reduces the probability of undergoing photo-
chemical transformations induced by reactive excited states. The
ultrafast deactivation of the five natural nucleobases contrasts
with the long lifetime of analogous bases not found in DNA
and RNA (2, 21), suggesting that it could have been a source of
evolutionary pressure in early biotic ages.

Ultrafast deactivation occurs through internal conversion
mechanisms, where the molecule transfers the photoenergy
stored in the electronic system to nuclear vibrational degrees of
freedom. This means, the deactivation takes place without photo-
emission in contrast to what occurs for fluorescent and phosphor-
escent species. The energy transfer proceeds more intensely near
nuclear geometries with state degeneracies also known as conical
intersections, which motivates the search for mechanisms ex-
plaining how the molecular geometry is deformed from the
ground state (or Franck-Condon) structure initially photoexcited

www.pnas.org/cgi/doi/10.1073/pnas. 1014982107

NH, (ﬁ

N7"s N\ HN;™ N\
Lalled M e
NN HNTNTTN
H H
adenine guanine
e g g
N7 H HN
T
07 N"  07NT 0PN
H H H
cytosine thymine uracil

Scheme 1.

into the strongly distorted geometries where conical intersections
usually occur.,

Even though the nucleobases share the property of photo-
stability, their structures, electronic properties, and spectra show
considerable variation. Therefore, the question arises whether
there is a common pattern in the deactivation dynamics of the
nucleobases or does one encounter only a collection of processes
that finally lead to the same result of photostability. Advanced
techniques of theoretical chemistry are very well suited for
performing such comparative studies even though the severe dif-
ficulties have to be recognized where several electronic states
and their nonadiabatic interactions have to be considered at
the same time. Together with ultrafast time-resolved spectroscopy
(1, 2, 22), these methods have provided a high degree of detail in
the characterization of internal conversion processes, suggesting
ring puckering as one major structural theme for the photodeac-
tivation of nucleobases (3, 23-26). Based on the available knowl-
edge of computed structures and connecting reaction paths, a
unifying description of the photostability of all nucleobases has
been proposed (5, 23, 27). However, considering the fact that up
to now for all nucleobases about 20 energetically accessible mini-
mum energy conical intersection structures, which still describe
the intersection seam only in a rudimentary way, are known, the
goal of providing a theoretical explanation for the photodynamics
based on description of reaction paths alone seems to be almost
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Photodynamics Simulations of Thymine: Relaxation into the First Excited Singlet State’
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Ab initio nonadiabatic dynamics simulations are reported for thymine with focus on the S; — S, deactivation
using the state-averaged CASSCF method. Supporting calculations have been performed on vertical excitations,
S; and S; minima, and minima on the crossing seam using the MS-CASPT2, RI-CC2, MR-CIS, and MR-
CISD methods. The photodynamical process starts with a fast (<100 fs) planar relaxation from the S, 77*
state into the o™ minimum of the S, state. The calculations demonstrate that (wo 7-excited states (denoted
aw* and mo*) are actually involved in this stage. The time in reaching the So/S; intersections, through
which thymine can deactivate to Sy, is delayed by both the change in character between the states as well as
the flatness of the S, surface. This deactivation occurs in an average time of 2.6 ps at the lowest-energy
region of the crossing seam. After that, thymine relaxes to the nz* minimum of the S; state, where it remains
until the transfer to the ground state takes place. The present dynamics simulations show that not only the
7o7* Sy trapping but also the trapping in the nz* S; minimum contribute to the elongation of the excited-

state lifetime of thymine.

1. Introduction

Upon UV excitation, all five naturally occurring nucleobases
return to the ground state on an ultrafast time scale ranging
from half a picosecond to a few picoseconds.'™ The ultrafast
decay minimizes the time that the molecule remains in reactive
excited states, which could induce photochemical damage. This
enhanced photostability might have been one factor {avoring
the selection of these bases in early biotic ages, to the detriment
of other similar molecules with long-lived excited states.

In general, ultrafast decay depends on the existence of reaction
pathways connecting the Franck—Condon region to the seam
of conical intersections between the excited and ground states
where radiationless processes can occur. For this reason, a great
deal of theoretical work has been dedicated to the characteriza-
tion of reaction paths and conical intersections not only for the
five nucleobases®™'® but also for their isomers,'"'? substituted
species,'>?2! and base models.”** Further progress has been
achieved by means of dynamics simulations, which attempt to
describe the excited-state time evolution and the most frequently
accessed reaction pathways. However, balancing the computa-
tional costs of dynamics simulations lasting for several pico-
seconds while still maintaining a proper description of multiple
electronic excited states and their nonadiabatic couplings still
constitutes a major challenge. Despite the difficulties, semiem-
pirical, > density functional,?” and ab initio*®*®' nonadiabatic
dynamics simulations have been reported recently for nucleobases.

' Part of the “Russell M. Pitzer Festschrift”.
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Among the five nucleobases, thymine has the longest
lifetime.'? Femtosecond-resolved pump-probe resonant ioniza-
tion experiments pumped at 267 nm have revealed (wo
exponential decay components, 6.4 and 100 ps, with the longer
one assigned to the triplet-state population.? Another set of mass-
selected femtosecond-resolved pump—probe resonant ionization
experiments also pumped at 267 nm and identified a two-step
mechanism with time constants 105 fs and 5.12 ps.' In the time-
resolved photoelectron spectroscopy experiments reported in ref
4, three time constants were obtained, <50, 490 and 6.4 ps (pump
energy at 250 nm). Even though there is no full agreement about
the details of the deactivation process, a time constant in the
range of 5 to 6 ps for deactivation to the ground state clearly
emerges from all of these experimental results. This time
constant is, in addition, much larger than those measured for
the other nucleobases (adenine: 1.1 ps, cytosine: 1.86 ps,
guanine: 0.36 ps, uracil: 1.05 ps').

On the basis of the reaction paths connecting the Franck—
Condon region to the S,/S, conical intersections, Perun et al."”
have proposed that the relatively long lifetime of thymine could
be explained by a trapping of the molecule in the dark S, nx*
state after fast deactivation from the S, 7r* state. Nevertheless,
multiple spawning dynamics simulations performed by Hudock
et al® at the complete active space self-consistent field
(CASSCF) level have found a surprisingly small S, — §,
deactivation yield in the first half picosecond. These authors
then proposed that the reason for the long lifetime is the trapping
of thymine in a S, minimum right after the photoexcitation. On
the basis of the analysis of the reaction paths connecting the
minimum in the §; state to the S,/Sy conical intersections,
Zechmann and Barbatti'* have discussed how the low efficiency
of those paths should be an additional factor adding to the S,
trapping to delay the deactivation to the ground state. Recently

© 2009 American Chemical Society
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ABSTRACT: Nonadiabatic dynamics simulations performed at the state-averaged CASSCF
method are reported for uracil. Supporting calculations on stationary points and minima on
the crossing seams have been performed at the MR-CISD and CASPT?2 levels. The dominant
mechanism is characterized by relaxation into the S, minimum of 7r* character followed by
the relaxation to the $; minimum of n7* character. This mechanism contributes to the slower
relaxation with a decay constant larger than 1.5 ps, in good agreement with the long time

constants experimentally observed. A minor fraction of trajectories decay to the ground state with a time constant of about 0.7 ps,
which should be compared to the experimentally observed short constant, The major part of trajectories decaying with this time
constant follows the 7z7* channel and hops to the ground state via an ethylenic conical intersection. A contribution of the relaxation
proceeding via a ring-opening conical intersection was also observed. The existence of these two latter channels together with a
reduced long time constant is responsible for a significantly shorter lifetime of uracil compared to that of thymine,

1. INTRODUCTION

Upon UV excitation all five naturally occurring nucleobases
relax into the ground state through internal conversion mecha-
nisms on time scales not exceeding a few picoseconds,' ¢ in
contrast to some of their analogues not found in nucleic acids.”’
This ultrafast decay serves as a protection mechanism, which
prevents photochemical damage. This remarkable photostability
of the nucleobases has been investigated intensively by means of
experimental and theoretical approaches.

Ultrafast pump —probe techniques’ *° ® have been applied
in order to obtain detailed information on the specific time scales
of the deactivation processes. For the purine bases, adenine and
guanine,"****? experimental data indicate a single homoge-
neous mechanism with a faster decay compared to pyrimidine
bases. The experimental studies performed on the pyrimidine
bases, thymine, uracil, and cytosine, reveal more complicated
photodynamics with generally longer lifetimes; the longest one is
for thymine."™* For uracil, using gas phase time-resolved photo-
electron spectra obtained with a pump wavelength of 250 nm, three
time constants were determined: a decay of less than 0.05 ps,
followed by intermediary (0.53 ps) and longer (2.4 ps) decay
constants.? Using the same initial energy, mass-selected femto-
second-resolved pump—probe ionization measurements were
fitted with two exponentials, giving short and long decay times of
0.13 and 1.05 ps, respectively.' Kang et al. used a monoexpo-
nential fit in the analysis of femtosecond-resolved pump —probe
resonant ionization spectra with 267 nm pump wavelength. They
reported an exponential decay of 2.4 ps.” All these exyerimental
results agree on a faster decay than that of thymine,"* for which

g ACS Publications 2011 American Chemicat society

lifetimes of 6.4 and 5.1 ps have been obtained. A dark state with a
lifetime of several nanoseconds found in time-resolved photo-
electron spectra of uracil and thymine was explained by trapping
in the n7* state.'®"!

Many theoretical studies have been performed to obtain a
molecular picture explaining the observed ultrafast decay mecha-
nisms. Reaction paths and conical intersections between energy
surfaces of different electronic states have been computed for the
natural nucleobases,'> ** nucleobase models,*> %7 isomers,'”2
and substituted species.””****® Special emphasis must be attributed
to these conical intersections and their energetic accessibility
since they are responsible for the ultrafast nonradiative decay
occurring in the nucleobases.

Concentrating the discussion on uracil, the energetically lowest
conical intersection found so far on the S,/S, crossing seam has a
boat conformation.'****® Two main conical intersections for
$; — S, deactivation were identified for uracil. The first one is an
ethylenic conical intersection formed by twisting of the Cs—Cj
bond, which promotes a crossing between the z7* and closed
shell (cs) states. The second conical intersection, found by Lan
et al. using the semiempirical OM2 approach, is formed by out-of-
plane distortion of the oxygen atom connected to the C, atom,
causing a crossing between the n7r* and the closed shell states.3’
On the basis of these investigations, different mechanisms have
been proposed to explain the photophysical deactivation to the
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Ab initio surface hopping dynamics calculations were performed for the biclogically relevant tau-
tomer of guanine in gas phase excited into the first w7 * state. The results show that the complete
population of UV-excited molecules returns to the ground state following an exponential decay within
~220 fs. This value is in good agreement with the experimentally obtained decay times of 148 and
360 fs. No fraction of the population remains trapped in the excited states. The internal conversion
occurs in the 7w * state at two related types of conical intersections strongly puckered at the C2 atom.
Only a small population of about 5% following an alternative pathway via a n * state was found in

the dynamics. © 2011 American Institute of Physics. [doi:10.1063/1.3521498)

I. INTRODUCTION

Like the four other natural nucleobases, UV-excited gua-
nine shows ultrafast radiationless deactivation in gas phase
with a decay time of a few picoseconds in the maximum,'
which implies that it returns to the ground state by means of
an internal conversion mechanism. These ultrafast deactiva-
tion mechanisms of guanine and of the other nucleobases and
their related photostability are of great interest since they are
considered to contribute to a natural chemical defense of the
genetic code against damaging photochemically induced pro-
cesses in reactive excited states.*

The guanine deactivation processes have been measured
at 267 nm pump wavelength,'= slightly below the center of
the first absorption band (284 nm).” The exact time constants
depend on the details of the experimental setup and on the
way of the transient spectra are analyzed. When only the non-
fragmented guanine channel is included in the analysis of the
transient spectrum, guanine deactivation has been explained
by two time constants of 0.148 and 0.36 ps.” When, however,
fragment mass channels are included as well, the longer time
constant has been found to increase more than six times to
23ps?

(8]
N
HN; o
Ny
2 H
SCHEME 1.

Three main reaction pathways have been identified com-
putationally for internal conversion of guanine (9H-1H-keto-
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guanine, Scheme 1) from the first 7* state to the ground
state. The first one is a barrierless pathway with the electronic
state characterized as w77 * excitation and the nuclear motion
described by puckering of the C2 atom and displacement of
the amino group out of the ring plane.*!’ Two slightly dif-
ferent kinds of conical intersections (denoted ethylenic I and
ethylenic II) can be accessed through this pathway. The sec-
ond pathway leads to a conical intersection characterized by
puckering of the C6 atom and displacement of the oxygen
atom out of the ring plane.>* The third alternative is charac-
terized by stretching of one of the NH bonds, promoting an
intersection of the mo * state with the ground state. Reference
9 shows that this pathway may contribute to the deactivation
for excitation energies around 0.4 eV above the absorption
maximum of the first bright 77 * state. In the present, work
we concentrated on a narrower range of excitation energies
below values relevant to N-H dissociation and, therefore, did
not consider this reaction channel further.

The guanine decay dynamics (see Ref. 2 and discussion
above) has been interpreted by Serrano-Andrés et al.” by a
three-state model based on computed minimum energy paths.
The fast decay time observed experimentally (0.148 fs) has
been assigned to a direct decay path to the first type of con-
ical intersection (ethylenic II), whereas for the explanation
of the longer decay time (360 fs) another alternative passing
through the S; nx* minimum has been suggested. Such spe-
cific assignments based on static calculations alone are diffi-
cult. Dynamics simulations are certainly the appropriate tool
to resolve such mechanistic alternatives directly.

So far, non-adiabatic dynamics simulations for excited
guanine have been performed with potential energy sur-
faces computed only with restricted open-shell Kohn—-Sham
(ROKS)'"" and semi-empirical OM2/MRCI® methods, pre-
dicting strongly differing results. The ROKS simulations for
9-methyl-guanine and 7-methyl-guanine do not show the
involvement of conical intersections. Instead, the internal

© 2011 American Institute of Physics
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On-the-fly surface hopping nonadiabatic photodynamical simulations using hybrid quan-
tum mechanical/molecular mechanical approach of 4-aminopyrimidine were performed to
model the relaxation mechanism of adenine within DNA double strand. The surrounding
bases do not affect the overall ring-puckering relaxation mechanisms significantly, however,
interesting hydrogen-bond dynamics is observed. First, formation of intra-strand hydrogen
bonds is found. It is shown that this effect speeds up the decay process. In addition, the
Watson-Crick structure is altered by breaking one of the inter-strand hydrogen bonds also
leading to a decrease of the life time.

Keywords: Ab initio calculations; Excited states; Nucleic acids; Photodynamics; QM/MM
method.

The nature of the excited states of DNA/RNA nucleic acids induced by UV
radiation has been studied extensively over the last decades. To understand
the photochemistry of these compounds, the excited state behavior of indi-
vidual bases'~1?, base pairs?>-2* and nucleic acid strands?5-3! has been stud-
ied both experimentally and theoretically. The ultrafast relaxation of
excited states of isolated species, on the time scale of a few picoseconds has
been the subject of several computational studies performed by means of
nonadiabatic dynamics simulations!*-153233 It js now generally accepted
that nucleobases relax into the ground state through nonadiabatic transi-

Collect. Czech. Chem. Commun. 2011, Vol 76, No. 6, pp. 631-643
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Nonadiabatic photodynamical simulations of 4-aminopyrimidine
(4-APy) used as a model for adenine were performed by embedding
it between two stacking methyl-guanine (mGua) molecules to
determine the effect of spatial restrictions on the ultrafast photo-
deactivation mechanism of this nucleobase. During the dynamics
the formation of a significant fraction of intrastrand hydrogen
bonding from 4-APy to mGua above and below is observed. These
findings show that this type of hydrogen bond may play an
important role for the photodynamics within one DNA strand and
that it should be of interest even in irregular segments of double
stranded nucleic acids structures. The relaxation mechanism of
internal conversion to the ground state is dominated by ring
puckering, and an overall elongation of the lifetime by ~20% as
compared to the isolated 4-APy is computed.

Ultrafast relaxation of excited states of naturally occurring
nucleobases on the time scale of a few picoseconds is a well-known
phenomenon.' ™ Computational studies performed by means of
static®™® and nonadiabatic dynamics simulations® ™' helped 1o
reveal the excited-state time evolution of nucleobases as isolated
species. It is generally accepted that isolated nucleobases relax into
the ground state through nonadiabatic transitions via conical
intersections characterized by strongly ring-puckered structures.
Experimental observations'*™'* supported by theoretical calcula-
tions'®~'® indicate that in DNA excimers and/or excitons can be
formed affecting the resulting excited-state lifetime strongly.
Additionally, localization of the excitation on a single base, which
is expected to resemble the behavior of the isolated base, has been
reported as well.'

The theoretical treatment of the photodynamics of DNA,
especially explicit nonadiabatic simulations, is quite involved, and
corresponding investigations are only at the beginning.'"2! In this
contribution we focus in a first step on steric effects which adjoining
nucleobases will have on an embedded base and its possibilities to
reach conical intersections. These calculations are performed in the

framework of on-the-fly surface hopping dynamics simulations -

which provide a detailed picture of the occurring photophysical
processes. A combined quantum mechanical/molecular mechanical
(QM/MM)?*~2* approach is used in which 4-APy is embedded
between two methyl-guanine molecules (see Figure 1). The methyl
groups were used (o terminate the N-glycosidic bond in Gua. In
these calculations the electronic excitation is confined to 4-APy,
which is treated quantum mechanically. whereas the mGua mol-
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¥ Palacky University.

§ University of Vienna.
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* Present address: Max-Planck-Institut fiir Kohlenforschung, Kaiser-Wilhelm-
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10.1021/ja1029705 © 2010 American Chemical Society

ccules are treated at the MM level. Although this approach does
not account for the electronic reactivity of 4-APy with adjacent
nucleobases, il provides information on their possible sterical
constraints during the excited state decay. Based on previous
experience with dynamics simulations on isolated 4-APy>* =27 this
molecule has been chosen because it is flexible enough to allow
investigating restrictions to puckering at C; and C, atoms, relevant
for purine bases, and at the Cq atom, relevant for pyrimidine bases
(for numbering scheme. see Figure 2).

The stacking model of mGua—4-APy—mGua was obtained by
replacing adenine with 4-APy in the Gua— Ade—Gua sequence cut
out from a B-DNA dodecamer crystal structure (PDBID: 196D).2%
These results are compared to those obtained from photodynamics
simulation of isolated 4-APy?” performed with identical procedures
for creating initial conditions as used in the present study.

Figure 1. Starting structure of mGua—4-APy—mGua for dynamics
calculations. Distances D1—Dé were used to analyze possible hydrogen
bonds forming through the dynamics simulation. The atoms constrained
by harmonic potential function are highlighted by red circles.

The 4-APy (QM part) was calculated at the state-averaged
complete active space self-consistent field (SA-CASSCF) level of
theory. A state averaging procedure with three states (SA-3) was
used throughout the calculations. The active space was composed
of two lone pair orbitals localized on nitrogen atoms of the
pyrimidine ring and three o orbitals and three * orbitals, i.c., 10
electrons in 8 orbitals (CAS(10.8)). The molecular orbitals were
expanded in the 6-31G* basis set.”®*® Analytic energy gradients
and nonadiabatic coupling vectors required for the dynamics were
computed as described in refs 31—34 using the COLUMBUS
program system.* %7

J. AM. CHEM. SOC. 2010, 132, 8261-8263 = 8261
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ABSTRACT: Ab initio surface hopping dynamics calculations
were performed to study the photophysical behavior of cytosine
and guanine embedded in DNA using a quantum mechanical/
molecular mechanics (QM/MM) approach. It was found that the
decay rates of photo excited cytosine and guanine were affected in
a completely different way by the hydrogen bonding to the DNA
environment. In case of cytosine, the geometrical restrictions
exerted by the hydrogen bonds did not influence the relaxation
time of cytosine significantly due to the generally small cytosine
ring puckering required to access the crossing region between
excited and ground state. On the contrary, the presence of hydrogen bonds significantly altered the photodynamics of guanine.
The analysis of the dynamics indicates that the major contribution to the lifetime changes comes from the interstrand hydrogen
bonds. These bonds considerably restricted the out-of-plane motions of the NH, group of guanine which are necessary for the
ultrafast decay to the ground state. As a result, only a negligible amount of trajectories decayed into the ground state for guanine
embedded in DNA within the simulation time of 0.5 ps, while for comparison, the isolated guanine relaxed to the ground state
with a lifetime of about 0.22 ps. These examples show that, in addition to phenomena related to electronic interactions between
nucleobases, there also exist relatively simple mechanisms in DNA by which the lifetime of a nucleobase is significantly enhanced
as compared to the gas phase.

B INTRODUCTION

In the last decades, impressive progress has been achieved in
the understanding of the photodynamics of nucleic acids. The
experimentally observed ultrafast excited state relaxation of all
five naturally occurring nucleobases' ~® has been explained by
internal conversion via conical intersections.” *® The excited
state behavior of nucleobases embedded within the DNA or
RNA structure is, however, much less understood. The complex
behavior of their excited state decay made it difficult to resolve
the relaxation mechanisms in molecular detail. It has been
shown in several experimental studies that the decay properties
of nucleic acids in DNA depend on the base sequence and the
conformation.*'*~?® In contrast to isolated nucleic acid bases in
gas phase and water, where conversion to the ground state
occurs on picosecond or subpicosecond time scale, the
relaxation of nucleobases in DNA ranges in the picosecond

A4 ACS Publications  © 2012 American Chemical Society

and up to hundreds of picoseconds time scale, On the basis of
the experimental observations, it has been suggested that in
addition to excited states localized on single nucleobases also
delocalized exciton and excimer/exciplex complexes are
responsible for nonradiative relaxation of nucleic
acids,'#H12228=38 giopie quantum chemical calculations which
can provide information about the character of excimer/
exciplex complexes and the influence of both, inter- and
intrastrand interactions within the DNA helix®®** support
these suggestions. The relaxation mediated by a proton-transfer
within base-pairs was suggested also.*” The role of the second
strand, and consequently this type of relaxation mechanism,
was, however, lately questioned by Crespo-Hernandez et al.'®
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Nenadiabatic photodynamical surface hopping simulations of 4-aminopyrimidine and 2,4-diaminopyr-
imidine were performed at multi-configurational level. Additional NH, substitution blocks part of the
ring puckering modes necessary to reach ultrafast deactivation channels but does not affect the
excited-state lifetime of 2,4-diaminopyrimidine significantly since other pathways leading to ultrafast
relaxation can be utilized.

The effect of the excess energy on the relaxation mechanism of 2,4-diaminopyrimidine was studied, It
is shown that the amount of initial energy influences the time to reach the crossing seam and thus the
lifetime. This study is important when interpreting the experimental results performed at different pump

energies.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The nature of the excited state of DNA and RNA bases have been
recently studied both experimentally and theoretically by several
groups. In the gas phase the five naturally occurring nucleic acid
bases have an ultrafast relaxation of the excited state to the ground
state [1-6] which is explained by a rapid internal conversion via
conical intersections [7-19].

Structural differences are known to modify the excited-state
lifetime of these species and their related compounds. Long lived
excited states of other tautomeric forms than naturally occurring
nucleic acid bases have been reported [7,20]. The substitution of
certain parts of the ring might affect the excited states lifetimes
by blocking these parts and making relevant conical intersections
inaccessible. A well known example is 2-aminopurine whose ami-
no group at the C2 position leads to a much longer excited-state
lifetime than of adenine (6-aminopurine) [21,22].

Study of the photophysics and photochemistry of model com-
pounds with substitutions at the different position of the rings is
especially important for the understanding of the nature of their
ultrafast deactivation through specific conical intersection. One of
the main theoretical tools in these investigations is the nonadia-
batic dynamics simulation which can provide information about

* Corresponding author.

** Corresponding author.
*** Corresponding author at: Institute of Organic Chemistry and Biochemistry,
Flemingovo ndm. 2, 166 10 Praha 6, Czech Republic.

E-mail address: dana.nachtigallova@uochb.cas.cz (D. Nachtigaliova).

0003-2614/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2010.07.098

the main relaxation pathways and the time scales of the relaxation
process.

Recently, we have performed a combined experimental and the-
oretical study on the modified DNA base 2,4-diaminopyrimidine
(2,4-DAPy; see Scheme 1) [23].

The static quantum chemical calculations clearly show that
conical intersections are accessible when this molecule is excited
near the absorption band maximum and, thus, an ultrafast (few
ps) radiationless decay was predicted. In the experiments per-
formed in the just-mentioned work pump energies near to the
band origin were used revealing a much longer (estimated in the
time range of 10 ps-1 ns) excited-state lifetime than what would
be expected for a radiationless decay. This situation implies that
sufficient energy must be available to overcome barriers before
entering into the internal conversion regime and the photedynam-
ics should be sensitive in this case to the pump energy used.

It was the goal of this work to study the photophysics of
2,4-DAPy by means of dynamics simulations in order to obtain
explicit information on reaction mechanisms and lifetimes. The
first objective was the evaluation of the overall influence of substit-
uents on the relaxation mechanism of the pyrimidine ring by
comparing 2,4-DAPy with 4-APy. The additional NH, substitution
at the C2 atom can block specific decay channels and, conse-
quently, increase the excited-state lifetime of 2,4-DAPy compared
to 4-APy. The second aspect of this investigation concerns the
afore-mentioned effect of the excess energy on the character of
the dynamics by monitoring the dynamics simulations in depen-
dence of different excitation energies. With higher energies a larger
variety of conical intersections located on different crossing seams
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Effect of substituents on the excited-state dynamics of the modified DNA
bases 2,4-diaminopyrimidine and 2,6-diaminopurine
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To explore the excited state dynamics of pyrimidine derivatives, we performed a combined
experimental and theoretical study. We present resonant two-photon ionization (R2PI) and
IR-UV double resonance spectra of 2,4-diaminopyrimidine and 2,6-diaminopurine seeded

in a supersonic jet by laser desorption. For 2,4-diaminopyrimidine (S; — S; 34459 cm™"),

we observed only the diamino tautomer with an excited state lifetime bracketed between
experimental limits of 10 ps and 1 ns. For 2,6-diaminopurine, we observed two tautomers, the
9H- (Sop — S, 34881 cm™") and 7H- (S¢ — S 32215 cm ™) diamino forms, with excited state
lifetimes of 6.3 £ 0.4 ns and 8.7 £ 0.8 ns, respectively. We investigated the nature of the excited
state of 2,4-diaminopyrimidine by means of multi-reference @b initio methods. The calculations
of stationary points in the ground and excited states, minima on the S¢/S, crossing seam and
connecting reaction paths show that several paths with negligible barriers exist, allowing
ultrafast radiationless deactivation if excited at energies slightly higher than the band origin.
The sub-nanosecond lifetime found experimentally is in good agreement with this finding.

Introduction

Gas phase laser spectroscopy provides the means to study the
intrinsic properties of biologically relevant molecules in iso-
lation. Such studies on RNA and DNA bases have revealed
unique photophysical properties that are sensitive to subtle
structural differences. In many cases, the biologically most
relevant tautomeric form has a sub picosecond excited state
lifetime, while other tautomeric forms of the same compound
are much longer lived."? We have even found that the
Watson—Crick structure, adopted by the guanine-cytosine
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(GC) base pair in DNA, appears to have a much shorter
excited state lifetime than other structures of the same base
pair.® Theoretical models explain these short lifetimes by a
rapid internal conversion in which the excited state (S;) is
coupled to the ground state (Sy) via pathways with no or a very
small barrier leading to conical intersections.* For the longer
lived structures, small differences in relative energies cause the
existence of barriers that lead to discrete spectra and lifetimes
that can be two orders of magnitude longer. This rapid
internal conversion pathway provides selected isomers with
significantly enhanced photochemical stability, absent in the
other longer lived structures. It is conceivable that these
differences between excited state lifetimes of different bases
and base-pair structures could have played a significant role in
prebiotic chemistry.?

The five naturally occurring nucleic acid bases®™ exhibit an
ultrafast excited state relaxation in the gas phase. For DNA
bases it has been shown!!®?" that the energetically lowest
conical intersections responsible for fast deactivation to the
ground state are characterized by ring puckering modes.
The most favorable ring puckering conical intersections result
from the change of the HC6C5R (R = H, CHj;) dihedral
angle in uracil and thymine and the HNIC2H dihedral
angle in adenine. This model also explains why by contrast
2-aminopurine, in which the C2 position is substituted by the
amino group, has a long excited state lifetime and strong
fluorescence.” 2’ Alternatively, the puckering at the C6 atom
was also suggested to be responsible for adenine relaxation.”®

Recently, surface-hopping dynamics studies of 4-amino-
pyrimidine (4-APy)?*3! and 9H-adenine®* showed that while
the former relaxes into the ground state via different conical

This journal is © the Owner Societies 2010
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The nature of the electronic interactions of the stacked nucleic-acid bases (adenine, thymine,
cytosine, and uracil) in homodimer and -trimer complexes in their electronically excited states was
investigated and analysed in terms of orbital-overlap and Coulombic interactions. The mutual
orientations of the adjacent bases were selected so as to correspond to the A- and B-DNA
conformations. The extent of the electronic interaction is larger for the former conformation. It is
shown that the orbital-overlap interactions at the distance of two bases relevant to the DNA
structure do not contribute significantly to the overall electronic coupling. Only the states which
are caused by the (1 — n*) transitions manifest an electronic coupling.

1. Introduction

The phenomenon of the delocalisation of excited states, the
electronic coupling and the transfer of excitation energy
between the adjacent nucleic-acid bases in the stacked confor-
mation has recently become the subject of many discussions.
These processes are closely related to energy migration along
the nucleic-acid strands, which may be a possible mechanism
through which nucleic acids protect themselves against UV
damage. The behaviour of nucleic acids in the excited states is
very complex. The dynamics of nucleic acids in the excited
states are affected by numerous factors, including e.g. the
plasticity of the sugar-phosphate backbone, which influences
the mutual orientation of bases, the lifetime of the excited states
and the presence of water molecules, which are bonded directly
to the nucleic-acid bases. It is thus difficult to identify the extent
of the electronic coupling between the stacked nucleic-acid
bases, which is responsible for both the formation of excimers
and the energy migration.

The development of time-resolved fluorescence spectro-
scopy with femtosecond resolution makes it possible to
investigate the excited states of nucleic-acid bases and the
nature of their interactions. The features observed in the
spectra can be explained by the presence of excited states
localised on monomers, excimer formation and the existence
of excitons. The effects of base sequence, the size of the DNA
duplex and the conformation on the spectra were examined.' ®
Spectral manifestation of the exciton formation was observed
for adenine and cytosine dimers but not for thymine and
guanine dimers.® Similar differences with respect to excimer
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tion Coulomb interaction. See DOI: 10.1039/b806323k

formation were observed also for adenine and cytosine, as well
as thymine and guanine oligonucleotides.’

Experiments performed with the alternating (dA-dT),
(dG-dC), and non-alternating dA and dT polymers or oligo-
mers have shown that the efficiency of excimer formation
depends on the base sequence.”'""'? In particular, the transient
absorption signals associated with the excimer formation decay
faster in the case of oligomers with (dA.dT) alternating
sequences. The slow component of the transient signals of
non-alternating sequences in (dA);5-(dT),5 was very similar to
that observed for (dA),s. It was suggested that the excited
states are initially localised, with the subsequent ultrafast
formation of excimers.’

Based on the steady-state absorption and fluorescence spectra
of poly(dA)-poly(dT), it was suggested that the excited states are
delocalised over several bases.*'* Onidas er al. have studied the
fluorescence spectra of alternating A-T polymers and oligomers
and compared them to those for the homopolymeric sequences
(dA),-(dT),."* The steady-state fluorescence spectra for these
two types of oligomers and polymers were different. The
differences in the spectra were explained by a population of
exciton states after the absorption, followed by an ultrafast
intra-band scattering and emission of monomers and excitons.
In the case of the alternating (dAdT),-(dAdT),, these emitting
states were quenched by excimers characterised by long-lived
excited states. The nature of the energy transfer was investigated
theoretically for the model B-DNA poly(dA)-poly(dT) duplex.'>
In accord with experimental findings, it was suggested that for
exciton dynamics the intra-strand stacking interactions are much
more important than those between two chains. The calculations
also predict that, unlike the exciton located on adenosine, the
thymidine exciton decomposes into electron—hole pairs.

Miannay er al. have recently reported the results of a
femtosecond study of guanine—cytosine DNA double helices.’
In poly(dGdC)-poly(dGdC), excited states relax faster than
the respective monomers, unlike A-T duplexes, characterised
by a lengthening of the excited-state lifetime. Nevertheless,
signs of the electron transfer along the helix have been detected
also for this system.

This journal is © the Owner Societies 2008
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The nature of the electronic coupling of stacked nucleic acid
bases adenine (A), thymine (T), and cytosine (C), in A~A, T-T,
and C-C complexes in their excited states was investigated;
a different character of the electronic coupling for the T-T
complex was shown.

The nature of the excited states of DNA bases, in particular,
the extent of excited state delocalization along the double
helix has been the subject of much discussion. The lack
of any significant spectral shift in UV spectra’ led to the
opinion that the excited states are localized on a single base
contrary to theoretically suggested delocalization of the
excited states.? Only recently has the use of time-resolved
fluorescence spectroscopy with femtosecond resolutions of
DNA oligomers*'' allowed the reinvestigation of the
problem of excited states delocalization. Based on the results
of these studies, in particular, on single and double helices
of A and T, it is now assumed that the excited states are
delocalized over several bases. Slow components which appear
in time-resolved transient absorption spectra of (dA)sg,
(dA);g-(dT);s, and (dAdT)s: (dAdT)y were associated with
the adenine excimers.’

The question of excited states delocalization becomes im-
portant when discussing the photostability of DNA with
respect to UV damage. One of the suggested operative me-
chanisms is linked to the very short lifetime of excited states of
isolated nucleic acid bases'? which is attributed to non-radia-
tive relaxation to the ground state. Several mechanisms were
suggested for this non-radiative decay.'*™’

An alternative explanation of how DNA protects itself from
UV damage is the fast transfer of excitation energy which
prevents the localization of electronic energy and subsequent
photochemical reaction. It has already been suggested that the
differences in the photochemistry of poly(A) and poly(dA)
homopolymers are the result of different stacking of the two
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adjacent bases.'® While poly(A) which possesses A-type DNA
conformation shows almost no reactivity in the excited state,
poly(dA) with B-type DNA conformation is able to form
dimeric photoproducts. The photodimerization process of
two adjacent pyrimidine bases is a problem which attracts
even more attention. There are two experimental observations
which are subject to theoretical investigation: (i) upon UVC
irradiation cis,syn-cyclobutane dimer is most frequently
formed between two adjacent T bases,'® (i) oligonucleotides
in an A-type conformation are more UV resistant than in
B-type conformation. Also in this case the question of the role
of delocalization was raised.’> The mechanism of the photo-
dimerization process of adjacent thymines was investigated
theoretically using a time-dependent DFT method.?*%*

Due to its structure, the electronic coupling and hence the
nature of excited state delocalization results from both the
orbital overlap in the short-range limit and interaction of
transition dipole moments (dipole-dipole interaction) in the
intermediate-range limit.>* It is a generally accepted view that
the extent of the delocalization depends on the base sequence
as well as on the structure of the DNA helix which effects their
mutual orientation.

Clearly, electron delocalization is a very complex problem
in which several aspects, including the base sequence
and respective orientation of the bases controlled by the
sugar-phosphate structure play an important role in both
the short-range and intermediate-range limits. The nature of
excited states within the DNA helix has been studied theore-
tically within the framework of the exciton theory.®'® In
these studies, the electronic coupling due to the dipole—dipole
interaction only was investigated. In agreement with experi-
ment, it was suggested that the excited states are delocalized
over at least two bases. Very recently, Olaso-Gonzales er al.
using ab initio complete active space second order perturbation
theory (CASPT2) studied the lowest excited state of two
cytosine bases in the stacked conformation.”® The excimer
formation was predicted which is suggested to be responsible
for redshifted fluorescence observed in cytosine oligo-
nucleotides.

When two chromophores interact in the excited state, the
resulting transition energies are shifted with respect to the
energy of the monomer and the transition energies split. For
symmetrical arrangements this splitting is a measure of the
electronic coupling between the two chromophores (bases) in
the excited state.?*

For non-symmetric arrangements of the monomers, the
resulting energy splitting is due to both, a net electronic

1672 | Phys. Chem. Chem. Phys., 2007, 9, 1672-1675
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The effect of dimerization on the excited state behavior
of methylated xanthine derivatives: a computational
studyt

Dana Nachtigallova,*® Adelia J. A. Aquino,”< Shawn Horn® and Hans Lischka*®¢

The behavior of monomers and dimers of methylated xanthine derivatives in their excited states is investi-
gated by means of the ADC(2), CASSCF, and CASPT2 methods. The results of the calculations of stationary
points in the ground and excited states, minima on the Sy/S4 crossing seams and the relaxation pathways
are used to provide the interpretation of experimental observations of the monomer xanthine deriva-
tives. The effect of dimerization on the excited state properties is studied for various relative orientations
of the monomers in the dimer complexes in comparison with the relevant monomer species. A signifi-
cant stabilization in the excited state minima of dimers is observed. These can act as trapping sites.
Various types of conical intersections, with both localized and delocalized characters of wavefunctions,
have been found, mainly energetically above the lowest bright excited state in the FC region. In addition,
structures with the bonds formed between the two monomers were also found on the crossing seams.

www.rsc.org/pps

Introduction

In the last decade, impressive progress in the field of photo-
chemistry of nucleic acids and related molecular systems
could be observed. As UV irradiation can cause serious
damage to DNA, leading to modifications in the genetic code,
this topic is highly important. The picosecond and subpico-
second excited state photodynamics of isolated naturally occur-
ring nuclecbases was investigated experimentally'™® and their
relaxation mechanisms were explained by a nonadiabatic
internal conversion via conical intersections.”*® These pro-
cesses are fairly well understood now, even though many inter-
esting detailed questions still await their solution. The excited
state behavior of nucleobases becomes much more complex
when embedded in the structure of nucleic acids. The relax-
ation occurs on a time scale of picoseconds up to hundreds of
picoseconds. Relaxation mechanisms mediated by both, the
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The possibility of ultrafast relaxation via these conical intersections is discussed.

formation of intra-strand delocalized excitons and excimer/
exciplex complexes, including charge transfer excited
states,2®?®  and  interstrand proton  transfer, were
discussed.>?3?

To reduce this complexity, the photodynamics of dinucleo-
tide analogues has been investigated (e.g. ref. 33) with the goal
of transferring the experience obtained with such simpler pro-
blems to the more complex situation found in DNA. In this
regard, nucleic acid analogues play an important role because
of the larger choice of compounds available and the interest in
replacing natural counterparts in DNA by these candidates.
Xanthine (3,7-dihydro-purine-2,6-dione) is one important
representative of such nucleic acid analogues.

Recently, excited state lifetimes of xanthine (X) and methy-
lated derivatives (theophylline (1,3-diMet-X), theobromine (3,7-
diMet-X) and caffeine (1,3,7-triMet-X)) were determined using
femtosecond transient absorption spectroscopy in aqueous
and acetonitrile solutions.*® The observed spectra revealed
that in water all of these species relax to the electronic ground
state on a subpicosecond time scale. Resonant two-photon
ionization (R2PI) and IR-UV double resonance spectroscopy
performed for the same methylated species in the gas phase®
and xanthine itself* were all sharp and vibrationally resolved,
suggesting a long excited state lifetime. Computational studies
based on the complete active space with perturbation theory to
the second order (CASPT2) and approximate coupled cluster
singles-and-doubles method (CC2) calculations assigned the
gas phase monomer spectra to the 7H-diketo tautomer of

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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Abstract: Electronic singlet excitations of stacked adenine—thymine (AT) and guanine—cytosine (GC) complexes
have been investigated with respect to local excitation and charge-transfer (CT) characters. Potential energy curves
for rigid displacement of the nucleobases have been computed to establish the distance dependence of the CT states.
The second-order algebraic diagrammatic construction [ADC(2)] method served as reference approach for compari-
son to a selected set of density functionals used within the time-dependent density functional theory (TD-DFT).
Particular attention was dedicated to the performance of the recently developed family of MO06 functionals. The
calculations for the stacked complexes show that at the ADC(2) level, the lowest CT state is S¢ for the AT and as
Sy for the GC pair. At the reference geometry, the actual charge transferred is found to be 0.73 e for AT. In case of
GC, this amount is much smaller (0.17 e). With increasing separation of the two nucleobases, the CT state is
strongly destabilized. The M06-2X version provides a relatively good reproduction of the ADC(2) results. It avoids
the serious overstabilization and overcrowding of the spectrum found with the B3LYP functional. On the other
hand, M06-HF destabilizes the CT state too strongly. TD-DFT/M06-2X calculations in solution (heptane, isoquino-
line, and water) using the polarizable continuum model show a stabilization of the CT state and an increase in CT
character with increasing polarity of the solvent.
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ABSTRACT: In this work CASPT2 calculations of poly-
acenes (from naphthalene to heptacene) were performed to
find 2 methodology suitable for calculations of the absorption
spectra, in particular of the L, (B,, state) and L, (B,, state)
bands, of more extended systems. The effect of the extension
of the active space and of freezing & orbitals was investigated.
The MCSCF excitation energy of the B,, state is not sensitive
to the size of the active space used. However, the CASPT2
results depend strongly on the amount of & orbitals frozen
reflecting the ionic character of the B,, state. On the other
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hand, the excitation energies of the By, state are much more sensitive to the size of the active space used in the calculations
reflecting its multiconfigurational character. We found a good agreement with experimental data for both bands by including 14
electrons in 14  orbitals in the active space followed by the CASPT2(14,14) perturbation scheme in which both o and # orbitals

are included.

1. INTRODUCTION

Due to the promising potential applications of materials which
contain 7-conjugated systems'~™® to be used as chemical
sensors, organic semiconductors, in spintronics and nonlinear
optics, a large number of studies on graphene and its model
systems appeared recently in the literature.’ ™' The electronic
properties of polyacenes (PACs, Scheme 1) not only are very

Scheme 1. Structure of Studied Polyacenes (n = 0—5)
480
{ 5N n

attractive for material science,'®™>* but also they can serve as a
model system for studying the 2grc’]:nzrl:iuas of ground and excited
states of extended z systems™*~** by means of theoretical
methods.

PACs possess Dy, symmetry with a totally symmetric (A,,)
electronic ground state. The two low-lying excited states in the
absorption spectra are short-axis polarized (L,) and long-axis
polarized (L) states of B,, and B,, symmetries, respectively.*
The two lowest excited states of gerade symmetry, not seen in

\ 4 ACS Publications  © 2017 American Chemical Soclety

the absorption spectra, are of A, and B'F symmetries.
According to previous theoretical results,'®?%3"3337-3943-46
two main conclusions can be drawn from these calculations: (1)
the multireference character of the ground state electronic
configuration increases with increasing number of fused
benzene rings and (2) doubly excited configurations contribute
to the wave functions of the low-lying excited states. For
polyacenes larger than tetracene these configurations need to
be included to correctly describe the ordering of the excited
state of A, and B,, symmetries observed experimentally.**

A multiconfigurational character of the wave function was
found®** for the first excited state (B,,) of naphthalene,
resulting from a linear combination of HOMO—~1 —» LUMO
and HOMO — LUMO+1 configurations, while the wave
function of the second excited state (B,,) corresponds almost
exclusively to a HOMO — LUMO excitation. For acenes larger
than naphthalene, the B,, and Bj, states change their energy
ordering. The A;, state is best described by the double
excitation [-IOMO§ — LUMO? The B,, state wave function
has large contributions from the singly excited configurations

Received: March 21, 2017
Published: July 18, 2017

4297 DOI: 10.1021/acs jetc.7b00302
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ABSTRACT

Five paradigmatic polycyclic aromatic hydrocarbons (PAHs) (pyrene, circum-1-pyrene, coronene, circum-1-coronene, and circum-2-
coronene) are used for studying the performance of three single-reference methods {scaled opposite-spin-algebraic diagrammatic con-
struction to second-order [SOS-ADC(2)], time-dependent (TD)-B3LYP, and TD-Coulomb-attenuating method (CAM)-B3LYP} and three
multireference (MR) methods [density functional theory/multireference configuration interaction (DFT/MRCI), strongly contracted-n-
electron valence state perturbation theory to second order (NEVPT2), and spectroscopy oriented configuration interaction (SORCI)]. The
performance of these methods was evaluated by comparison of the calculated vertical excitation energies with experiments, where available.
DFT/MRCI performs best and thus was used as a benchmark for other approaches where experimental values were not available. Both TD-
B3LYP and NEVPT?2 agree well with the benchmark data. SORCI performs better for coronene than for pyrene. SOS-ADC(2) does reasonably
well in terms of excitation energies for smaller systems, but the error increases somewhat as the size of the system gets bigger. The natural
transition orbital analysis for SOS-ADC(2) results indicated that at least two configurations were essential to characterize most of the lower-
case electronic states. TD-CAM-B3LYP gives the largest errors for excitation energies and also gives an incorrect order of the lowest two states
in circum-1-pyrene. A strong density increase of dark states was observed in the UV spectra with increasing size except for the lowest few
states which remained well separated. An extrapolation of the UV spectra to infinite PAH size for S, Sz, and the first bright state based on
the coronene series was made. The extrapolated excitation energies closest to experimental measurements on graphene quantum dots were
obtained by TD-CAM-B3LYP.

Published under license by AIP Publishing. https.//doi.org/10.1063/1.5086760

I. INTRODUCTION in many fields ranging from chemistry! and materials science?
: to astrochemistry.® In particular, PAHs are also regarded as a

Polycyclic aromatic hydrocarbons (PAHs), conjugated aro- cut out and model of graphene, especially in the case of the
matic molecules composed of fused benzenoid rings, have aroused larger PAHs denoted as nanographenes or graphene quantum

widespread interest among scientists due to their important role dots (GQDs),*® which are promising materials being used in

824222 $Z0Z Idy 92

J. Chem. Phys. 150, 124302 (2019); doi: 10.1063/1.5086760 150, 124302-1
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ABSTRACT: Carbon dots (CDs) are a stable and highly
biocompatible fluorescent material offering great applica-
tion potential in cell labeling, optical imaging, LED diodes,
and optoelectronic technologies. Because their emission
wavelengths provide the best tissue penetration, red-
emitting CDs are of particular interest for applications in
biomedical technologies. Current synthetic strategies
enabling red-shifted emission include increasing the CD
particle size (sp* domain) by a proper synthetic strategy and
tuning the surface chemistry of CDs with suitable functional
groups (e.g., carboxyl). Here we present an elegant route for
preparing full-color CDs with well-controllable fluorescence
at blue, green, yellow, or red wavelengths. The two-step
procedure involves the synthesis of a full-color-emitting

Carbon dots

s

Gr’_aphitic_l\—l

mixture of CDs from citric acid and urea in formamide followed by separation of the individual fluorescent fractions by
column chromatography based on differences in CD charge. Red-emitting CDs, which had the most negative charge, were
separated as the last fraction. The trend in the separation, surface charge, and red-shift of photoluminescence was cansed
by increasing amount of graphitic nitrogen in the CD structure, as was clearly proved by XPS, FT-IR, Raman spectroscopy,
and DFT calculations. Importantly, graphitic nitrogen generates midgap states within the HOMO—-LUMO gap of the
undoped systems, resulting in significantly red-shifted light absorption that in turn gives rise to fluorescence at the low-
energy end of the visible spectrum. The presented findings identify graphitic nitrogen as another crucial factor that can red-

shift the CD photoluminescence.

KEYWORDS: nitrogen-doped, graphene dots, red fluorescence, fluorescence mechanism, band-gap tuning

owing to their attractive fluorescence properties. They

are resistant to photobleaching akin to traditional
semiconductor quantum dots™” but still possess a great safety
profile® Therefore, they have found wide utilization in
biomedical fields, eg, cell labeling, optical imaging, drug
delivery, and biosensing,'™® They have also been applied in
various technologies, eg., light-emitting diodes,'® water
splitting,"" and photocatalysis.'* In recent years, many synthetic
procedures have been developed to prepare and tune the
optical properties of CDs. Since the discovery of this material in
2004, mainly blue, green, and yellow fluorescent CDs have been
reported.”> However, very few reproducible synthetic strategies
for red fluorescent CDs have been published.'”'* Red-emitting

C arbon dots (CDs) attract broad scientific interest

7 ACS Publications  © 2017 American Chemical Society 12402

CDs are particularly suitable for biomedical applications
because red light shows the best tissue penetration. In addition,
red CDs can provide the missing building block for a full-color-
emitting spectrum, e.g,, for white-light-emitting diodes. There-
fore, efficient and reproducible synthetic pathways for the
production of red fluorescent CDs can advance applications of
CDs in many scientific and industrial areas.

Recently, attention has been given to understanding the
origin of CD photoluminescence because knowledge in this
field may support the rational design of CD optical properties,

Received: September 8, 2017
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Carbon dots (CDs), including graphene quantum dots, carbon nanodots, carbon quantum dots, and car-
bonized polymer dots, belong to extensively studied nanomaterials with a very broad application po-
tential resulting from their bright photoluminescence (PL), high (photo)stability, low toxicity and great
biocompatibility. However, the design of CDs with tailored properties is still hampered by a fairly lim-
ited understanding of the CD PL, which stems from their rather complex structure and variability of the
PL centers. Theoretical calculations provide valuable insights into the nature of the excited states and
the source of PL. In this review, we focus on state-of-the-art theoretical methods for the description of
absorption and PL of CDs and their limitations, along with providing an overview of theoretical studies
addressing structural models and the electronic structure of various types of CDs in the context of their
overall optical properties. Besides the assessment of the current state of knowledge, we also highlight the

opportunity for further advancements in the field.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction
11. Discovery and definition of carbon dots

Nanosized carbon-based materials, such as fullerenes, nan-
otubes, and graphene, have attracted attention of scientists ow-
ing to their unique physicochemical properties often very dif-
ferent from those of the original bulk material. In 2004, Xu
et al. [1] started to write a new exciting chapter on carbon
nanostructures by separating a mixture of weakly fluorescent car-
bon nanoparticles from single-walled carbon nanotubes obtained
from arc-discharge soot. Since then, carbon dots (CDs), as these
carbon-based fluorescent nanoparticles (with at least one dimen-
sion smaller than 10 nm) are nowadays referred to, have ex-
panded into a large class of metal-free nanomaterials with signif-
icant and tuneable photoluminescence (PL). Other unique proper-
ties, in particular, non/low-toxicity, biocompatibility, dispersibility
in a wide range of solvents, biodegradability, low-cost, facile and
scalable synthesis, predispose CDs for plethora of environment-

* Corresponding author.

https://doi.org{10.1016/j.apmt.2020.100924
2352-9407/© 2020 Elsevier Ltd. All rights reserved.

friendly applications in biomedical imaging and sensing |2-4], can-
cer therapy [5], or theranostics [6], anti-counterfeiting [7], light-
emitting devices [8-11], optoelectronic devices [12-15], photocatal-
ysis [16] and functional materials [17,18].

1.2. Synthesis of CDs

In general, the CDs can be prepared by employing either top-
down or bottom-up approaches [12]. The top-down methods usu-
ally require harsh conditions (strong oxidants, concentrated acids,
and high temperatures) or severe physical techniques (laser abla-
tion, arc discharge and nanolithography) to cut, decompose and/or
exfoliate bulk carbonaceous materials (e.g., graphite, graphene ox-
ide, activated carbon, soot, carbon nanotubes) into carbon nanopar-
ticles [19-27]. On the other hand, the bottom-up strategies such as
stepwise organic synthesis, hydrothermal/solvothermal synthesis,
and chemical vapor deposition and microwave-assisted treatments
can utilize a large variety of simple organic precursors [28,29].
The optimization of reagents and reaction conditions yielded CDs
with significantly enhanced PL quantum yields (QYs) which were
mainly attributed to heteroatom doping effects, surface functional-
ities, and, last but not least, the presence of molecular fluorophores

21
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Tuning the UV spectrum of PAHs by means

of different N-doping types taking pyrene as
paradigmatic example: categorization via valence
bond theory and high-level computational
approachest

Xin Shao,” Adelia J. A. Aquino, {2 Michal Otyepka, {2 © Dana Nachtigallova*® and
Hans Lischka (2 *2¢

Tuning of the electronic spectra of carbon dots by means of inserting heteroatoms into the
n-conjugated polycyclic aromatic hydrocarbon (PAH) system is a popular tool to achieve a broad range
of absorption and emission frequencies. Especially nitrogen atoms have been used successfully for that
purpose. Despite the significant progress achieved with these procedures, the prediction of specific
shifts in the UV-vis spectra and the understanding of the electronic transitions is still a challenging task.
In this work, high-level quantum chemical methods based on multireference (MR) and single-reference
{SR) methods have been used to predict the effect of different nitrogen doping patterns inserted into the
prototypical PAH pyrene on its absorption spectrum. Furthermore, a simple classification scheme based
on valence bond (VB) theory and the Clar sextet rule in combination with the harmonic oscillator
measure of aromaticity (HOMA) index was applied to arrange the different doping structures into groups
and rationalize their electronic properties. The results show a wide variety of mostly redshifts in the
spectra as compared to the pristine pyrene case. The most interesting doping structures with the largest
red shifts leading to absorption energies below one eV could be readily explained by the occurrence of
diradical VB structures in combination with Clar sextets. Moreover, analysis of the electronic transitions
computed with MR methods showed that several of the low-lying excited states possess double-
excitation character, which cannot be realized by the popular SR methods and, thus, are simply absent
in the calculated spectra.

includes also chemical doping, provides a promising strategy
to modulate their electronic properties which should convert

Due to their outstanding optical properties, carbon dots (CD)
constitute a fascinating new carbon-based material with inter-
esting applications in materials science, chemistry, biosensing
and several other fields.'” Their chemical modification, which
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them to materials with even better performance than their
pristine counter-partners.® In particular, nitrogen doping
changes the electronic properties of CDs, which can be effi-
ciently used to design systems such as sensors,” electro-
catalysts in redox reactions,®? systems with capabilities of
electrochemical energy storage,’® photocatalysts,’*'” and bat-
tery constructions.'® Their optical properties with the photo-
luminescence quantum yield up to 75% make them efficient
fluorescence probes'®* and light-emitting diodes.>* In this
context, the red-shift of the fluorescence is of great relevance
e.g. for bioimaging applications because near infra-red light
exhibits deeper tissue penetration.>”

Despite the large potential of just-mentioned N-doped CDs,
understanding of the optical spectra and finding materials
which possess appropriately red-shifted UV and fluorescence
properties represent still a challenging task for experimental as

Phys. Chem. Chem. Phys., 2020, 22, 22003-22015 | 22003
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Fluorescence red-shift depends strongly on the F- position

g
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ABSTRACT: Functionalization of quantum carbon dots (QCDs) and graphene quantum dots (GQDs) is a popular way to tune
their optical spectra increasing their potential applicability in material science and biorelated disciplines. Based on the experimental
observation, functionalization by fluorine atoms induces substantial shifts in absorption and emission spectra and an intensity
increase. Understanding of the effects due to fluorine functionalization at the atomic scale level is still challenging due to the complex
structure of fluorinated QCDs. In this work, the effect of covalent edge-fluorination and fluorine anion doping on absorption and
emission spectra of prototypical polycyclic aromatic hydrocarbons pyrene and circum-pyrene has been investigated. The ways to
achieve efficient red-shifts in the UV spectra and obtaining reasonable intensities stood in the focus of the work. High-level quantum
chemical methods based on density functional theory/multireference configuration interaction (DFT/MRCI) and single-reference
second-order algebraic diagrammatic construction (ADC(2)) and density functional theory (DFT) using the CAM-B3LYP
functional have been used for this purpose. The calculations show that doping with the fluoride anion can have significant effects on
the electronic spectrum. However, the effect of the fluoride ion is strongly dependent on its position with respect to the QCD. The
localization above the GQDs causes large red-shifts to both the absorption and emission of spectra of GQDs, while in-plane
localization leads to only negligible shifts and a tendency to dissociation after electronic excitation. Thus, large red-shifts, observed in
complexes with F~, are obtained due to the introduction of new excited states with large CT character not yet been considered
previously in this context, although they have the potential to significantly influence the photophysics of quantum dots. Doping by
edge fluorination redshifts the spectra only slightly. This study provides insights on fluorine-doped GQDs, which is conducive to
promoting its rational design and controllable synthesis.

1. INTRODUCTION penetration.'” The origin of the red-shifts, observed during
fluorine doping of polyaromatic hydrocarbons dibenzoanthra-

Fluorination of carbon-based materials' is a widely investigated
cene- and benzoperylene-type systems were explained by the

way to modify the properties of carbon materials, including

graphite,” graphene,® and carbon nanotubes.**"'! Extensive e]ectron-wi?:l:xdrawing character of fluorine.”® .
research on fluoro-doped carbon materials, performed over the The stability of the C—F bond and the hydrophobic DAL of
last 10 years, proved their unique electronic,”'? magnetic,u’” the quantum carbon dots (QCD) make the synthesis of

and luminescent'*'® properties. Their high reactivity, thermal fluorinated quantum carbon dots (F-QCD) more challenging
stability, and hydrophobic surface properties make these

compounds an extraordinary material for applications in Received: September 23, 2020
electrocatalysis, electrochemical sensing, spintronics, anticorro- Revised:  November 19, 2020
sion, separation processes, optoelectronics and photonics, and Published: December 16, 2020

biomedicine.” In particular, the red-shift of the fluorescence
emission frequency is of great interest for bioimaging
applications because near-infrared light exhibits deeper tissue

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs jpca.0c08694
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1 Introduction

Excited states and excitonic interactions in
prototypic polycyclic aromatic hydrocarbon
dimers as models for graphitic interactions in
carbon dotst

Baimei Shi, £ 2 Dana Nachtigallova, (2 *°¢ Adélia J. A. Aquino, (2°
Francisco B. C. Machado (! ¢ and Hans Lischka 0 *2

The study of electronically excited states of stacked polycyclic aromatic hydrocarbons (PAHs) is of great
interest due to promising applications of these compounds as luminescent carbon nanomaterials such
as graphene quantum dots (GQDs) and carbon dots (CDs). In this study. the excited states and excitonic
interactions are described in detail based on four CD model dimer systems of pyrene, coronene,
circum-1-pyrene and circum-1-coronene. Two multi-reference methods, DFT/MRCI and SC-NEVPTZ,
and two single-reference methods, ADC(2) and CAM-B3LYP, have been used for excited state
calculations. The DFT/MRCI method has been used as a benchmark method to evaluate the performance
of the other ones. All methods produce useful lists of excited states, However, an overestimation of
excitation energies and an inverted ordering of states, especially concerning the bright HOMO-LUMO
excitation, are observed. In the pyrene-based systems, the first bright state appears among the first four
states, whereas the number of dark states is significantly larger for the coronene-based systems.
Fluorescence emission properties are addressed by means of geometry optimization in the S; state. The
inter sheet distances for the S; state decrease in comparison to the corresponding ground-state values.
These reductions are largest for the pyrene dimer and decrease significantly for the larger dimers. Several
minima have been determined on the S, energy surface for most of the dimers. The largest variability in
emission energies is found for the pyrene dimer, whereas in the other cases a more regular behavior of
the emission spectra is observed.

of GQDs and CDs, which can help in the rational design of
carbon-based materials, was the subject of experimental and

Excited state aggregates of polycyclic aromatic species, which are
the building blocks of graphene quantum dots (GQDs) and carbon
dots (CDs), are currently extensively studied systems as promising
luminescent carbon nanomaterials' due to their potential applica-
tions in photonics and optoelectronics, organic devices, singlet
fission processes, and bio- and medical applications.>” Under-
standing and controlling the origin of the photoluminescence
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computational research (for recent studies see e.g. ref. 8-10). GQDs
can be characterized as larger polycyclic aromatic hydrocarbons
(PAHs), which obtain their discrete absorption and emission
spectra due to their quantum confinement, as compared to
graphene sheets.”" CDs are more complex 3-dimensional systems
which contain as important components graphitic Tegions respon-
sible for their photoluminescence properties.* Due to the aggre-
gation of PAHs in the graphitic regions of stacked sheets, the
optical properties often resemble those of excimers (excited state
dimers of two identical monomers) or exciplexes (excited state
complexes of two non-identical monomers), complexes weakly
associated in the ground state, but strongly interacting in the
excited states."*'* Potential applications of these associates,
including those in CDs, were already suggested in several
studies'*™" and their optical properties were investigated also
computationally using model systems.??"2*

The first experimentally observed pyrene excimer,?* as one
of the basic PAH excimer models, has received great attention
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ABSTRACT: Emission spectra of paradigmatic single-sheet polycyclic aromatic hydrocarbons (PAHs), pyrene, circum-1-
pyrene, coronene, circum-1-coronene, and circum-2-coronene and Stokes shifts were computed and compared with previously
calculated comparable data for relaxed excimer structures using the SOS-ADC(2), TD-B3LYP, and TD-CAM-B3LYP methods
with multireference DFT/MRCI data as the benchmark. Vertical emission transitions and Stokes shifts were extrapolated to
infinite PAH size. Comparison of Stokes shifts computed from theoretical monomer and dimer data confirms assumptions that
relaxed excimers are responsible for the unusually large Stokes shifts in carbon dots observed in experimental investigations.

Polycyclic aromatic hydrocarbons (PAHs), conjugated
aromatic molecules composed of fused benzenoid rings,
have attracted attention as building units of carbon dot
structures (CDs) which include graphene quantum dots
(GQDs), composed of one or few graphene layers a few tens
of nanometers in size, and carbon quantum dots (CQDs),
possessing crystalline structure.’ CDs are three-dimensional
systems containing graphitic regions, which, in contrast to
graphene, exhibit discrete absorption and emission spectra
arising from their quantum confinement.'” Because of their
attractive photoluminescence properties and photostability,
these materials find promising applications as photodetectors,
solar cells, and light-emitting diodes.>* The biocompatibility of
CDs makes them ideal candidates for biosensors’* and for
bioimaging, drug delivery, and anticancer therapy.”'’ How-
ever, despite their practical importance, major questions
concerning the actual mechanisms of CD photoluminescence
are still open,' especially the question of whether the
fluorescence properties can be explained by single fluorophores
or by aggregates.''
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PAHs of various sizes have been used as model systems for
studies on the luminescent behavior of CDs mentioned
above.”''? Recently, Fu et al'* performed spectroscopic
studies of model systems based on three PAHs, anthracene,
pyrene, and perylene, embedded in a poly(methyl methacry-
late) matrix to reproduce the features observed in actual CDs.
An exciton self-trapping originating from relaxed excimer
structures has been considered to be responsible for the large
observed Stokes shifts. Even though these investigations point
clearly to the important role of trapped excitons, a direct
structural verification would be advantageous. The purpose of
this work is to show, in combination with recent theoretical
investigations of PAH dimers performed by our groupm'® that
these trapping effects induced by excimer formation indeed
lead to significant Stokes shifts.

Inspired by the experimental observations of excitation-
dependent photoluminescence, theoretical calculations, almost
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