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Wstep

W ostatnich kilkudziesieciu latach obserwuje sie wyrazny wzrost zainteresowania
badaniami oddziatywan wewnatrz— i miedzyczasteczkowych w uktadach ztozonych [1-4]. Nie
ulega watpliwosci, ze zrozumienie mechanizméw oddziatywan miedzymolekularnych w
réznych srodowiskach ma duze znaczenie nie tylko z punktu widzenia chemikdéw czy fizykéw,
ale réwniez biochemikéw, medykéw czy technologédw materiatowych. Sumarycznym efektem
interdyscyplinarnych dziatan naukowych byto stworzenie nowej dziedziny naukowej,
koncentrujacej sie na projektowaniu i syntezowaniu zupetnie nowych i niewystepujgcych w
naturze struktur hierarchicznych oraz badaniu wtasciwosci istniejgcych i nowo powstatych
struktur ztozonych. Te dziedzine wiedzy, ktérej znaczenie gwattownie wzrosto wraz z
przyznaniem Nagrody Nobla D. J. Cramowi, J. M. Lehmanowi oraz C. Pedersenowi w 1987 roku
za ich wktad w badania nad czgsteczkami, ktére oddziatujg w wysoce selektywny sposéb z

innymi czasteczkami, nazwano chemiq supramolekularng [5].

Tak burzliwy rozwdj fizykochemii supramolekularnej nie bytby mozliwy, gdyby
proponowane rozwigzania pozostaly tylko w laboratoriach badawczych. Zwigzki
makrocykliczne okazaty sie réwniez interesujgce ze wzgledu na ich liczne mozliwosci
aplikacyjne w wielu dziedzinach zycia. Cze$¢ z nich znalazta zastosowania w farmaciji,
medycynie, rolnictwie, nanotechnologii, czy przemysle kosmetycznym [6-11]. Pojawianie sie
nowych klas zwigzkéw makrocyklicznych oferuje nowe mozliwosci m.in. w badaniach
farmakokinetycznych. Nowe nosniki mogg by¢ wykorzystywane jako transportery, czyli
sktadniki tabletek, masci, syropow, kropli do oczu, czy aerozoli do nosa [12-13]. Istotng cecha
tych zwigzkéw jest to, ze czesto zwiekszajg one pozorng rozpuszczalnos¢ lekéw
hydrofobowych w osoczu krwi i stymulujg ich dostarczanie do wnetrza komadrek. W rolnictwie
zwigzki supramolekularne stymulujg rozwdj roslin. Wchodzg one w skfad sztucznych
nawozow, sSrodkéw leczniczych i owadobdjczych. W nanotechnologii  kompleksy
wykorzystywane sg jako stabilizatory substancji czutych na S$wiatto, temperature,
czy obecnos¢ tlenu (np. witaminy). Mozna zatem stwierdzi¢, ze liczne uktady
supramolekularne znalazty wiele zastosowan praktycznych, cho¢ nie zawsze ich struktura

wewnetrzna i mechanizm powstawania sg w petni wyjasnione i zrozumiate [14].



Oprécz wspomnianych powyzej licznych mozliwosci aplikacyjnych omawianych
uktadéw, zwigzki makrocykliczne sg niezmiernie ciekawym obiektem z punktu widzenia
mozliwosci systematycznych badan spektroskopowych. Dzieki wykorzystaniu technik
stacjonarnej i rozdzielonej w czasie spektroskopii oraz spektroskopii magnetycznego
rezonansu jadrowego mozliwe jest okreslenie dynamiki proceséw prowadzacych do
powstawania stabilnych kompleksédw inkluzyjnych typu ,gospodarz-gos¢”, jak rdéwniez
okreslenie ich stechiometrii oraz stabilnosci. Z czysto naukowego punktu widzenia,
niezmiernie ciekawe jest badanie komplekséw supramolekularnych w przypadku ktérych
molekuta ,goscia” podlega procesowi fotoindukowanego wewnatrzczasteczkowego
przeniesienia elektronu lub protonu (Intramolecular Electron Transfer (IET), Intramolecular
Proton Transfer (IPT)), oraz tworzeniu miedzyczasteczkowych wigzan wodorowych. Mozna
stwierdzié, ze systematyczne badanie przebiegu rdéinych proceséw fotofizycznych i
fotochemicznych zachodzgcych w uktadzie molekuta organiczna (w szczegdlnosci molekuta
typu ICT)—-makrocykliczny zwigzek organiczny (nosnik) wydaje sie rzecza niezwykle
interesujacy, nie tylko z punktu widzenia czysto teoretycznego (tj. rozumienia mechanizméw
proceséw prowadzgcych do powstania stabilnego kompleksu), ale réwniez ze wzgledu na

mozliwo$é zastosowania zwigzkdw makrocyklicznych w wielu dziedzinach zycia.

Réwnolegle do badan przebiegu réznych proceséw fotofizycznych i fotochemicznych
zachodzgcych w uktadzie molekuta organiczna—zwigzek makrocykliczny, wiele grup
badawczych skupia swe zainteresowania nad badaniami oddziatywan substancji biologicznie
czynnych z réznymi biomolekutami w organizmie. Zrozumienie, na poziomie molekularnym,
oddziatywan lek—biomolekuta jest niezmiernie wazne, przede wszystkim, z punktu widzenia
skutecznosci i czasu dziatania substancji czynnej. Majgc powyzsze na uwadze, zrozumiatym
staje sie fakt wykorzystania réznych technik badawczych do badania proceséw zachodzgcych
w uktadzie molekuta organiczna—albumina surowicy zwierzecej. Poznanie procesu wigzania
molekuty organicznej z biatkiem pochodzenia zwierzecego, ktére jest traktowane jako biatko
modelowe dla albuminy ludzkiej jest decydujace dla zrozumienia proceséw zachodzacych w

uktadach biologicznych.

W swietle przedstawionych powyzej informacji celem nadrzednym niniejszej rozprawy
doktorskiej byto dogtebne zrozumienie proceséw prowadzacych do powstania stabilnych

komplekséw inkluzyjnych pomiedzy wybranymi molekutami organicznymi (pochodne



beznoesanu metylu oraz pochodna bifenylu) a réznymi supramolekularnymi nosnikami
makrocyklicznymi tj. a-, B-, y-cyklodekstryny, kukurbit[7]uryle, 4-sulfonowe kaliks[6]areny
oraz wyjasnienie mechanizméw oddziatywan pomiedzy dwoma pochodnymi benzoesanu
metylu a biatkami pochodzenia zwierzecego (BSA). Przeprowadzone, z wykorzystaniem
technik stacjonarnej oraz rozdzielonej w czasie spektroskopii oraz spektroskopii
magnetycznego rezonansu jgdrowego badania, przedstawione w ponizszych publikacjach:

A1l K. Baranowska, M. Jozefowicz, ,Spectroscopic studies of inclusion complexation between

ortho derivatives of p-methylaminobenzoate and a- and y-cyclodextrins”, Journal of Molecular
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transfer processes of methyl benzoate derivatives in cucurbit[7]uril nanocage”, Journal of
Molecular Liquids 318 (2020) 113921, IF2020=6.17, MNISW = 100,

A3 K. Baranowska, M. Monka, A. Kowalczyk, Z. Kaczyniski, P. Bojarski, M. Jézefowicz,
“Spectroscopic studies on the supramolecular interactions of methyl benzoate derivatives with
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cyclodextrins”, Journal of Molecular Liquids 302 (2020) 112430, IF2020 = 6.17, MNISW = 100,
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of Two Methyl Benzoate Derivatives with Bovine Serum Albumin, International Journal of
Molecular Sciences 22 (2021) 11705, IF2021 = 6.208, MNISW = 140.

miaty na celu:

e ustalenie mozliwych Sciezek dezaktywacji elektronowo wzbudzonych molekut, w
przypadku ktdrych obserwuje sie zjawisko ESPIT, ICT i TICT wewngtrz wybranych
nosnikdw supramolekularnych, jak rowniez ocene roli miedzyczgsteczkowych wigzan
wodorowych w procesie komplesowania,

e ustalenie stechiometrii, geometrii i trwatosci badanych kompleksdéw inkluzyjnych,

e okreslenie wptywu obecnosci nosnikébw  makrocyklicznych  na  zjawisko
fotoindukowanego wewnatrzczgsteczkowego przeniesienia protonu i elektronu,

e okreslenie wptywu budowy przestrzennej konformeréw EDMAADCy na proces

tworzenia komplekséw inkluzyjnych,

® wyjasnienie natury i mechanizmow oddziatywan pomiedzy pochodnymi benzoesanu

metylu (1ill) a albuming surowiczg wotowa.



Rozdziat 1

Kompleksy inkluzyjne typu ,gospodarz-gos¢”
- »8ospodarze” w uktadach supramolekularnych

Na przestrzeni ostatnich kilkudziesieciu lat obserwuje sie duze zapotrzebowanie na
nowe innowacyjne lekarstwa wpisujgce sie w nurt terapii celowanej. Wiele substancji,
majgcych ogromny potencjat leczniczy, zostaje odrzuconych podczas procesu badan
przedklinicznych i klinicznych m. in. ze wzgledu na ich stabg rozpuszczalnos¢ w wodzie. Jedng
z metod, ktéra moze poprawié rozpuszczalnosé leku, a co sie z tym wigze jego biodostepnosg,
jest utworzenie komplekséw inkluzyjnych miedzy lekiem a nosnikami makrocyklicznymi.
Korzysci wynikajgce z zastosowania lekdw w postaci komplekséw inkluzyjnych to réwniez jego
zwiekszona bioaktywnos¢ i stabilno$é, szybkosé biotransformacji oraz redukcja efektéw
niepozgdanych. Ponadto farmaceutyki, ktére sg zainkludowane do wneki supramolekularnego
nosnika sg mniej narazone na wilgoé, co istotne jest przede wszystkim przy wysoce
higroskopijnych substancjach czynnych. Co wiecej, zwigzki makrocykliczne chronig substancje

lecznicze wrazliwe na swiatto, utlenianie, temperature czy degradacje [15].

Z punktu widzenia licznych istniejgcych i potencjalnych zastosowan réznych zwigzkdéw
makrocyklicznych to cyklodekstryny, kukurbituryle, kaliksareny, pillarareny, etery koranowe
oraz cyklofany stanowig baze uktaddéw supramolekularnych, ktérych badania cieszg sie
niestabngcym zainteresowaniem nie tylko wsrdd fizykow, chemikow, biologdow, ale takze
farmaceutéw i medykow. Dzieki zdolno$ciom do tworzenia komplekséw inkluzyjnych z innymi
mniejszymi zwigzkami organicznymi lub nieorganicznymi nosniki te sg szeroko badane w

kierunku mozliwosci budowania réznych architektur supramolekularnych [16-18].

Tworzenie kompleksdw inkluzyjnych polega na wnikaniu rozmaitych czgsteczek, jondw
a nawet rodnikow do wnetrza makrocyklicznego nosnika, czemu zwykle towarzyszy zmiana ich
wiasciwosci fizykochemicznych. Proces ten moze odbywaé sie na zasadzie catkowitego lub
czesciowego wypetnienia hydrofobowej wneki nosnika przez wybrang czasteczke [15]. Tego
typu kompleksy nazywane sg kompleksami inkluzyjnymi typu ,,gospodarz-gos¢”, gdzie funkcje

,,8ospodarza” petng supramolekularne nosniki, a ,,goscia” kompleksowane zwigzki. W



zaleznosci od wzajemnej komplementarnosci czasteczek (dopasowanie elektronowo—
energetyczne oraz geometryczno—sferyczne) kompleksy inkluzyjne moga by¢ uktadami o

réznej stechiometrii (Rys. 1).
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Rys. 1 (A) Schematyczne przedstawienie tworzenia komplekséw inkluzyjnych z nosnikami
makrocyklicznymi (B) Kompleksy inkluzyjne typu ,gospodarz-gos¢” i ich wybrane stechiometrie 1:1,
2:1,1:2,2:2.
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Jak juz wspomniano, proces kompleksowania w roztworach polega na wnikaniu
czgsteczki ,goscia” do wnetrza hydrofobowej wneki makrocyklicznego nosnika ,,gospodarza”
(Rys. 1). Tworzenie komplekséw inkluzyjnych przebiega samorzutnie dzieki oddziatywaniom
elektrostatycznym, typu van der Waalsa, hydrofobowym, a takze na skutek stabych wigzan
wodorowych, przy czym nie dochodzi do tworzenia wigzan kowalencyjnych [19]. W pierwszym
etapie procesu kompleksowania badanych molekut ze zwigzkami makrocyklicznymi w
roztworach wodnych wewnatrz torusa nosnika wytwarzajg sie stabe wigzania wodorowe z
czasteczkami polarnego rozpuszczalnika. Nastepnie czgsteczki wody zostajg wyparte z torusa
przez molekuty ,,goscia”, czego konsekwencjg jest obnizenie energii konformacyjnej molekuty

nos$nika. Czasteczka ,goscia” zostaje zatrzymana we wnece dzieki wczesniej wspomnianym



oddziatywaniom. Nalezy podkresli¢, ze procesowi kompleksowania supramolekularnego
nos$nika towarzyszy zrywanie (ostabianie) miedzyczasteczkowych wigzan wodorowych, ktére

wystepujg miedzy inkludowang czgsteczka a czgsteczkami wody [20-21].

Na zdolnos$¢ nosnikdw makrocyklicznych do tworzenia komplekséw inkluzyjnych z
czasteczkami ,goscia” wptywajg dwa gtdéwne czynniki. Pierwszy zwigzany jest z dopasowaniem
geometryczno—sferycznym. Oznacza to, ze istotnym jest dopasowanie rozmiaru czasteczki
»goscia” do wielkosci wneki ,gospodarza”. Jezeli dopasowanie nie jest spetnione to
umieszczenie molekuty wewnatrz nosnika staje sie niemozliwe z dwéch powoddw: (i) rozmiar
molekuty ,,goscia” jest zbyt duzy i nie miesci sie wewnatrz makrocyklicznego ,,gospodarza”, (ii)
maty rozmiar czgsteczki ,goscia” uniemozliwia utrzymanie sie molekuty we wnece
makrocyklicznego nosnika. Drugim znaczacym aspektem jest dopasowanie elektronowo—
energetyczne pomiedzy roznymi skfadnikami systemu t.j. nosnik supramolekularny,
czasteczka ,goscia” i rozpuszczalnik. W procesie tworzenia kompleksu ,gospodarz-gos¢”
niekorzystne energetycznie oddziatywania, ktére wystepujg pomiedzy polarng czasteczka
wody, a niepolarng czgsteczkg nosnika zostajg zastgpione korzystnymi energetycznie
oddziatywaniami pomiedzy czasteczkg ,goscia” a hydrofobowym wnetrzem torusa

makrocyklicznego nos$nika [22-24].

1.1 Wybrane zwigzki makrocykliczne - cyklodekstryny (CD),
kukurbit[7]uryle (CB[7]) oraz 4-sulfonowe kaliks[6]areny (SCA[6])

Sposrdd réoznych znanych do tej pory klas zwigzkdw makrocyklicznych réznigcych sie
budowag, ksztattem, wielkoscig hydrofobowych wnek i sposobem wytwarzania na przestrzeni
ostatnich kilku dziesiecioleci najwiekszym zainteresowaniem cieszg sie cyklodekstryny. Sg one
wykorzystywane m.in. jako nosniki lekarstw, fotouczulacze w terapii ukierunkowanej oraz w
kompleksach z lekarstwami mogg zwieksza¢ ich dziatanie przeciwwirusowe i/lub

przeciwbakteryjne.

Cyklodekstryny po raz pierwszy zostaty otrzymane przez Villiersa w 1891 roku [25],
natomiast ich gtéwne witasciwosci fizykochemiczne i technika ich izolacji zostata opisana przez
uwazanego za tworce podstaw chemii cyklodekstryn Schardingera w 1903 roku [26]. Zwigzki

te nalezg do grupy cyklicznych oligosacharydow ztozonych z kilku podjednostek a-



glukopiranowych. Cyklodekstryny, okreslane mianem cyklodekstryn pierwszej generacji,
obejmujg trzech przedstawicieli sktadajgcych sie z 6 (a-CD), 7 (B-CD), i 8 (y-CD) jednostek
cukrowych [27]. Cyklodekstryny w roztworze przyjmujg ksztatt Scietego stozka (toroidu) o
otwartych obu koricach, gdzie wnetrze ksztattowane jest przez atomy wodoru i odpowiednie

glikozydowe mostki tlenowe [28].

Dzieki swojej
. . . OH
unikatowej budowie
(drugorzedowe grupy
o)
hydroksylowe na "
szerszej a o
. | ——_
pierwszorzedowe n I ' ‘
HO OH ’ f ! ’

grupy hydroksylowe na . . |
wezszej krawedzi Witasciwosci a-CD B-CD y-CD
torusa) cyklodekstryny lloé¢ jednostek glukowy 6 7 8
posiadaja wiasciwosci 6, empiryczny C36He0030  Ca2H70035  CagHg0040
hydrofilowe, a zatem — - - <

Minimalna srednica wnetrza (A)(a) 4.4 5.8 7.4
dobrze rozpuszczajg

Maksymalna srednica wnetrza (A)(b) 5.7 7.8 9.5
sie w wodzie. Wnetrze
tych cukréw, Srednica zewnetrzna (A)(c) 13.7 15.3 16.9
pozbawione grup Wysokos¢ torusa (A)(h) 7.8 7.8 7.8
hydroksylowych, jest Objetos¢ wneki (A3%) 174 262 427
hydrofobowe. Masa molowa (g/mol) 972 1135 1297
Charakterystyczny

ksztatt ~cyklodekstryn Tab. 1 Wybrane parametry strukturalne cyklodekstryn [27-28]

pozwala whnikaé

roznym czgsteczkom do wnetrza torusa w catosci lub czesciowo [28].

Inng grupg makrocyklicznych zwigzkdw organicznych, ktére dzieki swej budowie mogg
tworzyé kompleksy inkluzyjne z réznymi zwigzkami sg kukurbit[n]uryle (CB[n]). Zwigzki te
zostaty zsyntezowane przez Behrenda w 1905 roku, zas ich struktura krystaliczna zostata
poznana dopiero w 1981 roku dzieki pracom Mocka i jego wspodtpracownikéw [29-30].

Kukurbit[n]uryle sktadajg sie z jednostek n-glikourylowych (5-10) potaczonych parami
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mostkéw metylowych [31]. Podobnie jak w przypadku cyklodekstryn, kukurbit[n]uryle
charakteryzujg sie sztywng strukturg, wewnatrz ktérej znajdujg sie wneki hydrofobowe o
roznej objetosci. Nosniki makrocykliczne: CB[6], CB[7] i CB[8] majg poréwnywalne objetosci i
rozmiary wnek z odpowiednio a-CD, B-CD i y-CD. Nalezy jednak pamieta¢, ze podobieristwa w
rozmiarach omawianych wielkosci zwigzkéw supramolekularnych (CD i CB) nie przektadaja sie
na podobienstwa ich struktur i wtasciwosci wigzgcych. Réznica w budowie miedzy dwoma
omawianymi nos$nikami, wynika sci$le ze sposobu ich wytwarzania. Cyklodekstryny sg to
cykliczne weglowodany otrzymywane podczas enzymatycznej degradacji skrobi, natomiast
synteza kukurbit[n]urili polega na polimeryzacji katalizowanej kwasem glikolurylu i

formaldehydu w efekcie czego powstaje sztywna, cykliczna czgsteczka ,,gospodarza” [32].

Nalezy wyraznie

0O

podkresli¢, ze /U\

cyklodekstryny  majace N N

ksztatt scietego stozka H J

(toroidu), z N\H/N .

drugorzedowymi o

grupami hydroksylowymi ::\::eéjc;:’::itek :B[G] ;:B[7] 23[8]

znajdujgcymi sie  przy
glikourylowych

szerszej krawed?Z torusa

Wz6r empiryczny C36H36N24012  Ca2Ha2N2gO1sa  CaaHagN32016
oraz pierwszorzedowymi S$rednica wnetrza (A)(a) 3.9 5.4 6.9
grupami hydroksylowymi $rednica portalu (A)(b) 5.8 7.3 8.8

szei K dai Srednica 14.4 16.0 17.5
przy wezszej krawedzi o nevonaiA)e)
nie sg idealnie cykliczne Wysokosé torusa (A)(h) 9.1 9.1 9.1
. 7z « IR3

w przeciwieristwie do CB, Objetosc wneki (A3) 164 279 479

Masa molowa (g/mol) 997 1163 1329

ktore charakteryzujg sie

zachowana symetria z Tab. 2 Wybrane parametry strukturalne kukurbit[n]uryli (n=6-8) [29-
30]

obu mozliwych stron

kompleksowania. Réznice w strukturze molekularnej nosnika przektadajg sie niewatpliwie na
mechanizm oddziatywan miedzyczgsteczkowych  molekut ,goscia” z nosnikiem
makrocyklicznym. Badania eksperymentalne oraz teoretyczne obliczenia kwantowo-

chemiczne wykazujg, ze state réwnowagi tworzenia kompleksu inkluzyjnego z nosnikiem CB
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sg nawet o kilka rzedéw wielkosci wyzsze niz w przypadku uktadu z cyklodekstrynami [33-34].
Liczne dane literaturowe potwierdzajg przedtuzenie stabilnosci i aktywnosci leku
zainkludowanego do wnetrza kukurbit[n]uryli w poréwnaniu z uktadem lek-CD [35]. Z catej
rodziny kukurbit[n]urili tylko CB[7] i CB[8] s3g rozpuszczalne w wodzie, co czyni te
makrocykliczne nosniki najbardziej przydatnymi w badaniach uktaddw transportujgcych

substancje farmakokinetyczne.

Kaliks[n]areny [CA] stanowig kolejng grupe zwigzkédw makrocyklicznych mogaca
tworzy¢ stabilne kompleksy typu ,,gospodarz-gos¢” z rdéinymi czgsteczkami goscia. Te
znaczgco réznigce sie ksztattem od cyklodekstryn, jak i kukurbit[n]uryli zwigzki organiczne
zbudowane s3 z cyklicznie utozonych jednostek fenylowych, ktérych ilos¢ (n=4-20) okresla
rozmiar pierscienia makrocyklicznego [36-38]. Zwigzki te zostaty odkryte przez Baeyera ponad
100 lat temu podczas badan reakcji fenoli z aldehydami [39]. W 1942 roku Zinke i Ziegler w
wyniku uproszczenia procesu syntezy otrzymali krystaliczny produkt oraz scharakteryzowali

jego strukture cykliczng [40].

W przypadku posiadajgcych ksztatt podobny do kielicha kaliksarenéw (stad ich nazwa
od greckiego kalyx — kielich) mozna wyrézni¢ dwa gtdwne obszary. Wezsza, posiadajgca
charakter hydrofilowy krawedz greckiej wazy (obrzeze dolne) zakonczona jest fenylowymi
grupami hydroksylowymi (-OH) podczas gdy szerszg hydrofobowg krawedz (obrzeze goérne)
stanowig podstawniki w pozycji ,para” pierscieni aromatycznych. Warto w tym miejscu
podkresli¢, ze Srednica wnetrza CA[6] jest pordwnywalna z B-CD [41]. Podobnie jak w
przypadku wczesniej oméwionych zwigzkéw makrocyklicznych, kaliksareny posiadajag wneke
hydrofobowg, do ktérej mogg przytgczac sie mniejsze czgsteczki badz jony tworzgac kompleksy
typu ,gospodarz-gos¢”. Pomimo tego, iz na pierwszy rzut oka, kaliksareny majg podobny
ksztatt do cyklodekstryn istniejg istotne réznice w budowie tych dwdch omawianych rodzin
zwigzkéw makrocyklicznych. Mianowicie, CD majg dos¢ sztywng strukture czgsteczki, podczas
gdy CA sg czasteczkami elastycznymi zdolnymi do niewielkiego zginania, jak réwniez posiadaja
zdolnos$¢ do catkowitego odwrdécenia pierscienia [41]. Niestety, w przeciwienstwie do
cyklodekstryn staba rozpuszczalnos¢ w wodzie kaliks[n]arendw organiczna ich zastosowanie

biomedyczne.
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W ciggu ostatnich kilkunastu lat nastgpit istotny wzrost zainteresowania wielu grup
badawczych sulfonowymi pochodnymi kaliksarenu (SCA) gtéwnie ze wzgledu na ich wysoka
rozpuszczalnos¢ w wodzie, selektywng zdolno$¢ do tworzenia wigzan z mniejszymi
czasteczkami, dimerami czy jonami. Para-sulfonowe kaliks[n]areny (n=4-8) zostaty po raz

pierwszy opisane przez Shinkaia w 1984 roku [42].

SCA w przeciwiestwie do

cyklodekstryn przyjmuja

rézne konformacje w
zaleznosci od ilosci
jednostek fenylowych.
SCA[4], jako najmniejszy OH
stabilny nosnik przyjmuje Wiasciwosci SCA[4] SCA[6] SCA[8]
ksztaft écietego ,stozka”, a llos¢ jednostek 4 6 8
fenylowych
niewielki rozmiar  wneki . -
Wzér empiryczny Ca8H2401654  Ca2H36024Se  CseHa30325s
makrocyklicznej (por. Tab. 3) —
yklicznej (p ) Srednica wnetrza 3.0 7.6 11.7
umozliwia tworzenie  (A)(a)
komplekséw inkluzyjnych z Srednica zewnetrzna 5.9 4.96 9.23
(A)(b)
niewielkimi  czgsteczkami, —
Wysokos¢ torusa 11.75 16.24 22.4
czy tez jonami. Kolejny w (A)(h)
grupie Zwiazek SCA[G] ma Masa molowa (g/mOI) 745 1117 1489
mozliwosé tworzenia

Tab. 3 Wybrane parametry strukturalne p-sulfonowych

bardziej  skomplikowanych kaliks[n]arenéw (n=4, 6, 8) [34-35]

struktur
supramolekularnych niz SCA[4] poniewaz jego wneka jest wieksza i charakteryzuje sie gietka
strukturg molekuty [39,43]. SCA[6] moze przyjmowa¢ wiecej konformacji w roztworze
wodnym, jednak najczesciej wystepuje w konformacji czesciowego stozka [39,43]. Ostatni
nosnik z rodziny para-sulfonowych kaliks[n]arendw to SCA[8], ktdry charakteryzuje sie
znacznie wiekszg i jeszcze bardziej elastyczng strukturg niz SCA[4] i SCA[6]. W zwigzku z tym
nosnik ten moze tworzy¢ skomplikowane kompleksy inkluzyjne z czgsteczkami o budowie

sferycznej.
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1.2 Wybrane ztozone makroczgsteczki biologiczne BSA i HSA

Jak juz wspomniano, lek zanim dotrze do docelowego receptora podlega
oddziatywaniu z réznymi biomolekutami. Jednym z takich proceséw jest wigzanie leku z
albuming surowicy ludzkiej (HSA z ang. ,,Human Serum Albumin”). Zjawisko to ma istotny

wptyw m.in. na skuteczno$¢ oraz czas dziatania farmaceutyku.

Albuminy to biatka, ktére najobficiej (ponad 60% wszystkich biatek) wystepujag w
osoczu krwi. Odgrywajg one znaczaca role w transporcie réznych substancji w organizmie
(hormony, kwasy tluszczowe, witaminy, leki czy jony metali) przenoszac je do docelowych
tkanek. Biorgc pod uwage fakt, iz albumina jest uwazana za najistotniejszg z biatek osocza krwi
w ostatnich latach grupy naukowcdéw zajmujacych sie badaniami z zakresu farmakokinetyki

lekéw skierowaty swojg uwage na aminokwasy pochodzenia zwierzecego np. albumine

wotowa (,,bovine serum albumin” (BSA)),

ktéra jest traktowana jako biatko IHB

modelowe dla albuminy ludzkiej. Co
wiecej, te naturalne proteiny wykazujace
zdolnos¢ do tworzenia wigzan z
réoznorodnymi molekutami charakteryzujg
sie dobrg rozpuszczalnosScia w wielu
sSrodowiskach (sg hydrofilowe) oraz tatwg
krystalizacjg. Albumina surowicza wotowa,

podobnie jak albumina ludzka sktada sie z

okoto 580 kwaséw aminowych w IIB’
pojedynczych taricuchach
polipeptydowych i 17 mostkéw

Rys. 2 Struktura albuminy surowicy bydlecej (BSA)

dwusiarczkowych. Biatko pochodzenia [A4]

zwierzecego ma w 80% takie same sekwencje jak HSA. Zgodnie z nomenklaturg Sudlowa BSA
posiada trzy gtéwne domeny (I, Il i lll), z ktorych kazda dzieli sie na dwie subdomeny (l1A i IB,
HA i lIB, IIIA i IIB) (Rys. 2) [44-46]. Na podstawie danych literaturowych [47-49] sugeruje sie

dwa mozliwe obszary wigzace, ktére umiejscowione sg w subdomenach lA i llIA.
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Gtéwne sktadniki hydrofobowych wnek to reszty aminokwasowe takie jak tryptofan
(Trp), tyrozyna (Tyr) oraz fenyloalanina (Phe). Chociaz HSA i BSA wykazujg podobne
wiasciwosci konformacyjne, ich wtasciwosci spektroskopowe sg rézne. Jako, ze za absorpcje i
fluorescencje biatek odpowiedzialne s3 wczesniej wspomniane aminokwasy aromatyczne
roznica gtdwnych charakterystyk spektroskopowych zwigzana jest z faktem, iz BSA ma dwie
rézne czasteczki tryptofanu (Trp 134 i Trp 212), ktdre charakteryzujg sie wtasng fluorescencja
podczas gdy HSA ma tylko jedng reszte Trp 214 [46]. Czasteczki tryptofanu Trp 134 sg obecne
na powierzchni pierwszej domeny (IB), podczas gdy tryptofan Trp 212 znajduje sie wewnatrz

hydrofobowej kieszeni znajdujacej sie w drugiej domenie (lIA).

Proces wigzania czgsteczki leku z albuming w organizmie ludzkim, jak i zwierzecym, jest
bardzo ztozony i czesto jest analizowany z wykorzystaniem technik stacjonarnej i rozdzielonej
w czasie spektroskopii UV-Vis. Jak juz wzmiankowano, analiza podstawowych charakterystyk
luminescencyjnych (widma absorpcji i emisji, czasy zycia fluorescencji, wydajnosci kwantowe)
podstawowych aminokwaséw aromatycznych (tryptofan, tyrozyna i fenyloalanina) moze
dostarczy¢ cennych informacji na temat miedzyczasteczkowych oddziatywan lek—albumina.
Pomimo tego, ze wydajnosci kwantowe tryptofanu i tyrozyny w roztworze sg zblizone w
biatkach natywanych fluorescencja pochodzaca od tyrozyny jest silnie wygaszana w wyniku
transferu elektronowej energii wzbudzenia miedzy tyrozyng a tryptofanem. Pamietajac o
niskiej wydajnosci kwantowej fluorescencji fenyloalaniny (w biatkach dodatkowo obnizone z
powodu bezpromienistego transferu elektronowej energii wzbudzenia miedzy fenyloalaning
a tyrozyng i fenyloalaning a tryptofanem) mozna stwierdzié, ze wtasciwosci fluorescencyjne
zaréwno albuminy surowicy wotowej, jak i ludzkiej wynikajg gtéwnie z promienistej

dezaktywacji bardzo wrazliwego na otoczenie tryptofanu.
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Rozdziat 2

Zwigzki typu ESIPT i TICT, jako ,goscie” w uktadach
supramolekularnych

Fotoindukowane wewnatrzczgsteczkowe i miedzyczgsteczkowe przeniesienie tadunku
(protonu lub elektronu) to procesy, ktére odgrywajg kluczowa role w wielu podstawowych
procesach biologicznych i chemicznych [50-54]. Mechanizm tych zjawisk jest silnie zalezny od
struktury chemicznej danej molekuty oraz srodowiska, w ktérym sie znajduje. W okresie
ostatnich kilkudziesieciu lat wielu naukowcéw prdbowato dogtebnie badaé procesy
fotoindukowanego wewnatrzczgsteczkowego przeniesienia elektronu (IET — Intramolecular
Electron Transfer) i protonu (IPT — Intramolecular Proton Transfer). Szczegdlnie ciekawe
okazaty sie badania procesu fotoindukowanego wewnatrzczgsteczkowego przeniesienia
elektronu zwigzanego z zmiang geometrii uktadu (TICT — Twisted Intramolekcular Charge
Transfer) oraz zjawiska tworzenia miedzyczgsteczkowych wigzan wodorowych. Badania te
byly interesujgce zaréwno z punktu widzenia czysto teoretycznego (tj. poznanie
mechanizmoéw procesdow zachodzgcych w badanym ukfadzie), jak réwniez ze wzgledu na
szerokie mozliwosci wykorzystania takich zwigzkdw w réznych obszarach zycia (czujniki
fluorescencyjne, barwniki laserowe, fotostabilizatory UV, sondy fluorescencyjne, molekularne
elementy elektroniczne, obiekty na bazie ktérych produkowane sg leki i wiele wiecej) [55-59].
Warto w tym miejscu nadmieni¢, ze rownolegle do badan zwigzkéw typu ICT znajdujgcych sie
w jednorodnych srodowiskach o réznej polarnosci, w ostatnich latach poswiecono znaczna
uwage badaniom interakcji miedzy czgsteczkami organicznymi  typu ICT, a
supramolekularnymi nosnikami, zwracajac szczegdlng uwage na oddziatywania niespecyficzne

i specyficzne [50-54].
2.1 Pochodne benzoesanu metylu

W niniejszej rozprawie doktorskiej jako obiekt badawczy wybrano m. in. grupe
molekut, ktére sg estrami metylowymi kwaséw: o-metoksy p-metyloaminobenzoesowego (l),

o-hydroksy p-metyloaminobenzoesowego (ll), o-metoksy p-dimetyloaminobenzoesowego (lll),
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o-hydroksy p-dimetyloaminobenzoesowego (IV) (Rys. 3). Prace Kashy i wspétpracownikéw [60-
63] oraz Heldta i wspoétpracownikéw [64-68] jednoznacznie wskazujg, ze wtasciwosci
fotofizyczne i fotochemiczne badanych molekut istotnie zalezg zaréwno od rodzaju
podstawnikow, jak i sSrodowiska w ktérym sie znajdujg. Badania przy wykorzystaniu technik
stacjonarnej i rozdzielonej w czasie spektroskopii oraz teoretycznych obliczed kwantowo-
chemicznych pozwolity na zaproponowanie schematycznego diagramu pozioméw
energetycznych ttumaczacego mozliwe S$ciezki dezaktywacji elektronowo wzbudzonych

badanych molekut (Schemat 1) [62].

I II III IV

CHa_ /CHa CH3\ /

D A~ Ap

OCHg OCH3 OCHa

CH3

Rys. 3 Wzory strukturalne estrow metylowych kwaséw: o-metoksy p-
metyloaminobenzoesowego (l), o-hydroksy p-metyloaminobenzoesowego (llI), o-metoksy p-
dimetyloaminobenzoesowego (lll) i o-hydroksy p-dimetyloaminobenzoesowego (V).

W przypadku molekuty | znajdujgcej sie w rozpuszczalniku aprotycznym
zaobserwowano wytacznie emisje krétkofalowa ze stanu lokalnie wzbudzonego S; (LE) — S,
(LE-locally excited), podczas, gdy w tym samym srodowisku molekuta Il oprdcz fluorescencji
normalnej wykazuje fluorescencje pochodzgcg od tautomeru powstatego w stanie
wzbudzonym w wyniku wewnatrzczasteczkowego transferu protonu S’y (PT) — S'y(PT)

(Schemat 1).

Dalsze badania eksperymentalne i teoretyczne prowadzone przez wczesniej
wspomniane grupy naukowcéw pozwolity stwierdzi¢, ze w aprotycznych rozpuszczalnikach
molekuta Il posiada dwa pasma emisyjne: fluorescencje normalng S;(LE) — S, oraz
fluorescencje zwigzang z fotoindukowanym wewnatrzczgsteczkowym przeniesieniem
elektronu S;"(TICT) = S"o(FC) (po wzbudzeniu molekuty nastepuje skrecenie grupy

dimetyloaminowej, ktére prowadzi do przyjecia przez wzbudzong molekute uktadu
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przestrzennie réznigcego sie od uktadu atomoéw w stanie podstawowym). Ostatnia molekuta
z grupy badanych pochodnych benzoesanu metylu (IV) wykazuje az trzy mody emisyjne:
fluorescencje normalng S; (LE) — S, fluorescencje pochodzgca od tautomeru powstatego w
stanie wzbudzonym S';(PT) —» S'o(PT) oraz fluorescencje powstat3 w wyniku
wewnatrzczasteczkowego przeniesienia elektronu S;"(TICT) — S"((FC). Obecnos¢ trzech
pasm emisyjnych w widmach fluorescencji zostata potwierdzona na drodze ich selektywnego

wykluczania poprzez dobdr odpowiedniego $rodowiska [60-62].

it

Sl
S CTICT ) ————— & i ‘\"‘7‘ ol
A(PT

y ,
S,"(FC) ¢ ! ] / S, (PT)

il e

Schemat 1 Schematyczny diagram pozioméw energetycznych przedstawiajagcy mozliwe
sciezki dezaktywacji elektronowo wzbudzonych badanych pochodnych benzoesanu metylu.
Przejscia promieniste zaznaczone linig ciggta a bezpromieniste ,,falg”.

Warto w tym miejscu nadmienié, ze wybér obiektédw badawczych byt podyktowany nie
tylko faktem, iz pochodne benzoesanu metylu posiadajg bardzo interesujgce wtasciwosci
fotofizyczne i fotochemiczne ale rowniez majg liczne mozliwosci aplikacyjne. Pochodne
benzoesanu metylu I i Il sg sktadnikami olejkdw, masci przeciwzapalnych i przeciwbélowych.
Majg one wiasciwosci przeciwgrzybicze i antybakteryjne [69]. Duza czes$¢ estrow m. in. 1i ll
posiada charakterystyczny zapach (owocowy lub kwiatowy) dzieki czemu znalazty one liczne
zastosowania w przemysle spozywczym i perfumeryjnym, gdzie stanowig sktad kompozycji
zapachowych [70]. Pochodne benzoesanu metylu sg wykorzystywane jako substancje
wyjsciowe do produkcji lekarstw [71]. Molekuty 1l i IV, ktore wykazujg procesy typu CT
znalazty zastosowania jako sondy luminescencyjne [72], w elektronice kwantowej [73], jak
rowniez sg wykorzystywane w produkcji materiatow tryboaktywnych do toneréow

kserograficznych [74].
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2.2 Pochodna bifenylu

Jak juz wspomniano, jednym z gtéwnych celdéw poznawczych niniejszej dysertacji byto
zrozumienie  mechanizméw  oddziatywan  pomiedzy czasteczkami  wykazujgcymi
fotoindukowane wewnatrzaczgsteczkowe przeniesienie tadunku a wybranymi nosnikami
makrocyklicznymi. Chcac poszerzy¢ wiedze na temat tych oddziatywan, a w szczegdlnosci
okresli¢ wptyw geometrii czgsteczek ,,goscia” na trwato$¢ powstatych komplekséw, jako drugi
obiekt badawczy wybrano dwuchromoforowy, donorowo-akceptorowy (D-A) zwigzek
aromatyczny—5-(4-aminofenylo)-3-dimetyloamino-2,4- dicyjanobenzoesan etylu (EDMAADCy)
(Rys. 4). W przypadku tej molekuty, zbudowanej z dwdch pierscieni aromatycznych
potgczonych pojedynczym wigzaniem, fotowzbudzenie inicjuje proces
wewnatrzczgsteczkowego przeniesienia elektronu. Mechanizm tego zjawiska byt szczegétowo
analizowany przez fotofizykdw z grupy prof. Heldta [75-76]. Wykazali oni, ze w przypadku
badanej pochodnej bifenylu znajdujgcej sie w srodowisku niepolarnym badz silnie polarnym i
aprotycznym, widmo fluorescencji posiada tylko jedno, szerokie, krétkofalowe pasmo (emisja
ze stanu lokalnie wzbudzonego), natomiast w srodowisku sredniopolarnym zaobserwowano
dwumodowag fluorescencje tj. emisje ze stanu lokalnie wzbudzonego oraz emisje konformeru
powstatego w stanie wzbudzonym w wyniku wewnatrzczasteczkowego przeniesienia
elektronu [75-76]. Co wiecej, zauwazono, ze widma fluorescencji (natezenie, ksztatt i
potozenie) silnie zalezg od dtugosci fali Swiatta wzbudzajgcego. Zapostulowano, ze zmiany te,
w potaczeniu z niejednorodnym poszerzeniem elektronowych pasm absorpcyjnych i
emisyjnych, stanowig dowéd, na to ze juz w stanie podstawowym zwigzek EDMAADCy tworzy
uktad spektroskopowo niejednorodny (przestrzennie rézne konformery, ktére powstajg w
wyniku stosunkowo duzej swobody rotacji wokdt pojedynczego wigzania C-C, taczgcego dwa

pierscienie aromatyczne) [75-76].

Istnienie przestrzennie roéinych konformerdw badanej donorowo-akceptorowe;j
molekuty w stanie podstawowym potwierdzita analiza teoretyczna (obliczenia kwantowo-
chemiczne). W wyniku obliczen ustalono, iz najbardziej korzystna energetycznie konformacja
w stanie So odpowiada sytuacji, w ktorej oba chromofory sg ustawione do siebie niemal
prostopadle (,perpendicular form”) [76]. Z drugiej strony niewielkie zmiany w wartosciach

energii stanu podstawowego, wywotane obrotem ptaszczyzn obu chromoforéw w przedziale
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miedzy 60° a 120° potwierdzaja, ze badany zwigzek w stanie podstawowym nalezy traktowac
jako zbidr konformerdéw o réznym kacie pomiedzy grupami donorowg i akceptorowgq (uktad
spektroskopowo niejednorodny). W pracach [75-76] na podstawie analizy wynikow
eksperymentalnych wspartych obliczeniami kwantowo-chemicznymi ustalono, zie w
Srodowisku sredniopolarnym krdtkofalowe pasmo emisji zwigzane jest z promienistg
dezaktywacjg lokalnie wzbudzonego konformeru, gdzie oba chromofory sg ustawione w
stosunku do siebie prostopadle ,perpendicular form” podczas gdy dtugofalowe pasmo to
emisja znajdujgcego sie w elektronowo wzbudzonym stanie z wewnatrzczasteczkowym
przeniesieniem elektronu konformeru, dla ktérego kat pomiedzy chromoforami wynosi 45
stopni (,flattened form”). Ustalono, réwniez, ze za obserwowang jednomodowg emisje w

rozpuszczalnikach niepolarnych gtéwnie odpowiada akceptorowa czes¢ badanego zwigzku D-

A.
o)
(@)
H H H OC;Hs H H H OC,Hs
oH, e \ /
\ \ — 2R\
N CN N CN
/ / N &
CH, H3C —
H H CN NH, H A - g
Donor (D) Akceptor (A)

Rys. 4 Wazér strukturalny badanej molekuty 5-(4-aminofenylo)-3-dimetyloamino-2,4-
dicyjanobenzoesan etylu (EDMAADCy).

Podobnie jak to miato miejsce w przypadku pochodnych benzoesanu metylu, wybor
dwuchromoforowej, donorowo-akceptorowej czgsteczki do badan procesu kompleksowania
z wybranymi nos$nikami makrocyklicznymi podyktowany byt réwniez dwoma zasadniczymi
powodami. Pierwszy z nich wynika z potrzeby dogtebnego zrozumienia mechanizmdw reakgji
oddziatywan czasteczka wykazujgca fotoindukowane wewnatrzczgsteczkowe przeniesienie
elektronu—zwigzek makrocykliczny. Drugi powdd zwigzany jest z badaniem zwigzku, ktory
posiada bardzo interesujgce mozliwosci aplikacyjne. Jak pokazano w pracach [77-79] zwigzek
ten moze by¢ wykorzystany jako sonda fluorescencyjna do monitorowania postepu
polimeryzacji oraz w elektronice molekularnej, biorgc pod uwage, jej nieliniowe wtasciwosci

optyczne.

20



Rozdziat 3

Oddziatywania pochodnych benzoesanu metylu z
wybranymi no$nikami makrocyklicznymi

Jednym z celdw wspdtczesnej spektroskopii molekularnej jest badanie oddziatywan
miedzy réznymi molekutami organicznymi i/lub nieorganicznymi, a zwigzkami
supramolekularnymi. W swietle wzmiankowanych w rozdziale 1 informacji sposrdod wielu
znanych zwigzkéw makrocyklicznych szczegdlna uwaga naukowcéw skupita sie na trdjce
gtéwnych przedstawicieli: a-, B- i y-cyklodekstryny, kukurbit[n]uryle i sulfonowe kaliks[n]areny
ze wzgledu na swojg przestrzenng budowe, stabilng strukture i przede wszystkim unikalne
zdolnosci do tworzenia komplekséw inkluzyjnych typu ,gospodarz-go$¢”. W niniejszym
rozdziale zbadano, z wykorzystaniem technik stacjonarnej i czasowo-rozdzielczej
spektroskopii oraz spektroskopii magnetycznego rezonansu jadrowego (*H NMR),
oddziatywania  czterech  pochodnych  benzoesanu metylu z cyklodekstynami,
kukurbit[n]urylami i sulofonowymi kaliks[n]arenami, ktdre dzieki swej budowie sg zdolne do
tworzenia kompleksdw inkluzyjnych. Analiza uzyskanych wynikéw eksperymentalnych
pozwolita uzyska¢ informacje na temat mozliwych s$ciezek dezaktywacji elektronowo
wzbudzonych molekut wewngatrz wybranych nosnikéw supramolekularnych, jak réwniez
oceni¢, jaka role w procesie komplesowania petnig miedzyczasteczkowe oddziatywania
uniwersalne (dipol-dipolowe) i specyficzne (miedzyczgsteczkowe wigzania wodorowe).
Ustalono rdéwniez stechiometrie badanych komplekséw inkluzyjnych oraz okreslono
orientacje molekuty wewnatrz makrocyklicznego nosnika. Wyniki prac zostaty

zaprezentowane w trzech publikacjach naukowych:

A1l K. Baranowska, M. J6zefowicz, ,Spectroscopic studies of inclusion complexation between
ortho derivatives of p-methylaminobenzoate and a- and y-cyclodextrins”, Journal of Molecular
Liquids 265 (2018) 140-150, IF2018 = 4.56, MNISW = 100.

A2 K. Baranowska, M. Monka, A. Kowalczyk, N. Szpakowska, Z. Kaczyniski, P. Bojarski, M.
Jézefowicz, “Spectrosopic studies of the excited-state intramolecular proton and electron
transfer processes of methyl benzoate derivatives in cucurbit[7]uril nanocage”, Journal of
Molecular Liquids 318 (2020) 113921, IF2020=6.17, MNISW = 100.

A3 K. Baranowska, M. Monka, A. Kowalczyk, Z. Kaczynski, P. Bojarski, M. Jozefowicz,
“Spectroscopic studies on the supramolecular interactions of methyl benzoate derivatives with
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p-sulfocalix[6]arene macrocycles” Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy 303 (2023) 123131, IFx023= 4.3, MNISW = 140.

3.1 Widma absorpcji i emisji pochodnych benzoesanu metylu w
wodnych roztworach wybranych nosnikdw supramolekularnych

Ze wzgledu na fakt, iz badania tworzenia komplekséw inkluzyjnych miedzy wybranymi
pochodnymi benzoesanu metylu a nosnikami makrocyklicznymi byty prowadzone w
srodowisku wodnym waznym ich elementem byto wyjasnienie mechanizmu zjawiska
tworzenia sie miedzyczgsteczkowych komplekséw z wigzaniem wodorowym oraz wptywu
wigzan wodorowych na zjawisko fotoindukowanego wewnatrzczgsteczkowego przeniesienia
tadunku. Aby zrozumieé¢ nature oddziatywan miedzy badanymi molekutami a czasteczkami
rozpuszczalnika (uniwersalne (dipol-dipolowe) versus specyficzne (miedzyczasteczkowe
wigzania wodorowe)) przeprowadzono szereg badan eksperymentalnych oraz obliczen

kwantowo-mechanicznych [A1, 80-81].

Jak pokazano w pracy [Al], w przypadku molekut I'i Il znajdujgcych sie w mieszaninie
THF-H,0 dtugofalowe pasmo absorpcji ulega coraz wiekszemu przesunieciu , ku czerwieni”
wraz ze wzrostem utamka molowego wody. To batochromowe, nieliniowe przesuniecie, w
potaczeniu z wyraznymi zmianami ksztattu, szerokosci potéwkowej oraz wartosci molowego
wspotczynnika absorpcji dfugofalowego pasma absorpcyjnego sg zrozumiate w kontekscie
dwadch konkurencyjnych procesdw: zjawiska solwatacji preferencyjnej oraz tworzenia réznych
komplekséw z czgsteczkami wody. Analiza wynikdw eksperymentalnych wsparta obliczeniami
kwantowo-chemicznymi pokazata, ze w sytuacji gdy utamek molowy wody byt mniejszy niz 0.9
(0<xH20<0.9) obserwuje sie kompleksy z miedzyczgsteczkowym wigzaniem wodorowym, z tym
ze tylko pojedyncza czgsteczka wody zostata przytaczona do badanych zwigzkéw (wigzanie
wodorowe miedzy azotem grupy -NH2, a wodorem czasteczki wody — ,monohydrated
complex”). Dla duzego utamka molowego wody (x+20>0.9) mozliwe jest powstanie
komplekséw, w ktérych dwie czasteczki wody sg potgczone z badanymi molekutami
(elementem tgczacym sg grupy -NH, i -COOCHs — ,dihydrated complex”). Analiza widm
fluorescencji molekut Ii Il w czystym polarnym tetrahydrofuranie i polarnej, protycznej wodzie
oraz w ich mieszaninach o réznym utamku molowym wody jednoznacznie wskazuje, ze utamki

molowe poszczegdlnych sktadnikéw mieszaniny w otoczce solwatacyjnej fotowzbudzonej
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badanej molekuty réznig sie od wartosci utamkéw molowych okreslajgcych roztwér jako catosé

co $wiadczy o wystepowaniu zjawiska solwatacji preferencyjnej w stanie wzbudzonym.

Podsumowujac, mozna stwierdzi¢, ze otrzymane wyniki dla zwigzkéw bedacych w
stanie wzbudzonym sg w petni zrozumiate biorgc pod uwage wystepowanie dwodch
konkurencyjnych proceséw tj. solwatacja preferencyjna i specyficzne oddziatywania, ktérego

efektem jest tworzenie réznego rodzaju miedzyczasteczkowych wigzan wodorowych [A1l].

W Swietle powyzszych informacji mozna stwierdzié, ze metody spektroskopowe nalezg
do bardzo uzytecznych technik stosowanych do oceny natury oddziatywan substancja
rozpuszczona—rozpuszczalnik  (zarowno czysty, jednorodny rozpuszczalnik, jak i
dwusktadnikowa mieszanina rozpuszczalnikéw). Jak pokazano w pracach [A1-A3], cenne
informacje na temat mechanizmdéw procesu tworzenia sie kompleksdw inkluzyjnych
pochodna benzoesanu metylu—zwigzek makrocykliczny w stanie podstawowym uzyskano na
podstawie szczegdtowej analizy stacjonarnych widm absorpcji pochodnych benzoesanu
metylu znajdujgcych sie w roztworach wodnych o réznym stezeniu zwigzku makrocyklicznego
(a-, B- i y-cyklodekstryny, kukurbit[7]uryle i sulfonowe kaliks[6]areny). Ponizej zestawiono
najwazniejsze wyniki i spostrzezenia przedstawione w publikacji [A1l] oraz otrzymane na
podstawie dodatkowych, niepublikowanych wynikéw dla zwigzkéw 1 i Il znajdujgcych sie w

wodnych roztworach zawierajgcych rézne stezenia a-, B-, y-cyklodekstryn:

e wzrost stezenia a-CD powoduje bardzo niewielkie zmiany w widmach absorpcji
(ksztatt, potozenie, szerokos¢ potéwkowa), co sugeruje, ze w stanie podstawowym nie
powstajg stabilne kompleksy inkluzyjne miedzy zwigzkami I i Il a a-cyklodekstynami,

e obecnos¢ B-CD powoduje bardzo istotne zmiany w widmach absorpcji (por.
niepublikowane dotychczas widma absorpcji molekut 1 i Il w obecnosci B-CD
przedstawione na Rys. 5). Zmiany wartosci molowego wspotczynnika absorpcji pasma
dtugofalowego (przejscie elektronowe (S, = S;)), przesuniecie pasm absorpcji w
strone fal krdtkich oraz wyraina obecno$é¢ punktu izozbestycznego znamionuje
istnienie réwnowag miedzy badang molekutg (I lub Il) a kompleksem inkluzyjnym (I-B-
CDill-B-CD). Utworzenie kompleksu jest zrozumiate biorgc pod uwage fakt, ze srednica

wneki B-CD jest wieksza niz a-CD. Wzajemna komplementarnos$¢ badanych zwigzkow
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tj. dopasowanie geometryczno—sferyczne przektada sie na powstanie stabilnego
uktadu,

e zmiany w widmach absorpcji, ktére zostaty zaobserwowane dla nosnika, ktdry
charakteryzuje sie najwiekszym rozmiarem wneki sposréd badanych cyklodekstryn
jakim jest y-cyklodekstryna, sg bardzo znaczgce. Podobnie jak to miato miejsce w
przypadku B-CD wyrazne zmiany warto$ci molowego wspodtczynnika absorpcji dwdch
dtugofalowych pasm absorpcyjnych, wyrazne przesuniecie hipsochoromowe,
obecnos¢ punktu izozbestycznego to przestanki swiadczgce o powstaniu stabilnego
kompleksu z y-CD,

e warto w tym miejscu wspomnie¢, ze Jézefowicz wraz z wspdtautorami [82-83] pokazali,
ze w przypadku molekut lll i IV stabilne kompleksy w stanie podstawowym powstajg w
obecnosci B- i y-CD, podczas gdy dla uktadu z a-CD nie znaleziono przestanek

potwierdzajgcych powstanie trwatego kompleksu.

W celu okreslenia wptywu struktury przestrzennej badanych zwigzkow
makrocyklicznych na proces tworzenia stabilnych komplekséw inkluzyjnych w stanie
podstawowym, w pracach [A2] i [A3], przeanalizowano wptyw obecnosci kukurbit[7]uryli i
sulfonowych kaliksarendw na widma absorpcji czterech pochodnych benzoesanu metylu
znajdujgcych sie w wodnym roztworze. Dla wszystkich badanych uktadéw zaobserwowano, ze
wraz ze wzrostem stezenia CB[7] dtugofalowe pasmo absorpcji ulega stopniowym zmianom,
czego przejawem jest m.in niewielkie przesuniecie pasm w kierunku fal krotkich oraz wyrazna
obecnos$é punktu izozbestycznego. Zaobserwowane zmiany w widmach absorpcji molekut,
ktére posiadajg grupe hydroksylowg (lli IV) sg zdecydowanie wieksze niz te obserwowane dla
pochodnych benzoesanu metylu pozbawionych grupy —OH tj. i lll. Zaobserwowane rezultaty
wskazujg, ze kompleksy inkluzyjne miedzy badanymi molekutami organicznymi a CB[7]
powstajg w stanie podstawowym, z tym ze wystepuje zasadnicza rdznica w geometrii i
trwatosci utworzonych komplekséw (1 i Il versus Il i IV). Analiza widm absorpcyjnych w
obecnosci SCA[6] potwierdza, ze rowniez w tym uktadzie badane czgsteczki tworzg kompleksy

inkluzyjne w stanie podstawowym.
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Rys. 5 Widma absorpcji (A, A’) i znormalizowane widma absorpciji (B i B’) (c=5- 10° M) w roztworach

wodnych zawierajgcych rézne stezenia B-CD.

Aby zrozumieé mechanizm molekularny tworzenia komplekséw inkluzyjnych pomiedzy

pochodnymi benzoesanu metylu a wybranymi nosnikami makrocyklicznymi w stanie

wzbudzonym, szczegdtowq analize otrzymanych wynikéw eksperymentalnych w ukfadzie

molekuta organiczna—zwigzek makrocykliczny nalezy odnies¢ do omodwionych wyzej

fotoindukowanych proceséw wewnatrzczgsteczkowych tzn. uwzgledni¢ fakt, iz kazda z

badanych molekut w $rodowisku wodnym oprdcz fluorescencji ze stanu LE (I); LE i ESIPT (Il);

LE, TICT (ln); LE, ESIPT i TICT (IV) charakteryzuje sie rowniez promienistg dezaktywacjq

komplekséw z miedzyczgsteczkowym wigzaniem wodorowym.

Aby uzyskaé petniejsze zrozumienie wewnatrz— i miedzyczasteczkowych proceséw

molekularnych w stanie wzbudzonym wystepujgcych w uktadzie pochodna benzoesanu
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metylu—wybrany nosnik makrocykliczny, badania rozpoczeto od analizy widm emisji w
wodnych roztworach CD, CB[7] i SCA[6]. Analiza danych eksperymentalnych
zaprezentowanych w pracach [A1-A3], ktére zostaty uzupetnione niepublikowanymi dotad
wynikami przedstawionymi m.in. na Rys. 6, wskazuje, ze dla wszystkich badanych ukfadéw,
dodanie a-, B- i y-cyklodekstryn, kukurbit[7]uryli i sulfonowych kaliks[6]arenéw powoduje
istotny wzrost intensywnosci pasm fluorescencji z jednoczesng obecnosciag punktéw
izozbestycznych w znormalizowanych do pola widmach emisji i niewielkie przesuniecie pasm
w kierunku fal krétkich. Takie zmiany w zachowaniu widmowym w obecnosci nosnikow
wskazuja, ze nastgpita wyrazna zmiana srodowiska w najblizszym otoczeniu (sferze
solwatacyjnej) badanych molekut. Wzrost intensywnosci pasm fluorescencji wywotany
obecnoscig a-, B-, y-CD, CB[7] i SCA[6] jest w petni rozumiaty, biorgc pod uwage fakt, iz
zainkludowanie wybranych molekut do wnetrza makrocyklicznego nos$nika powoduje
zerwanie wigzan wodorowych, ktére w istocie wygaszajg fluorescencje. Ponadto,
hipsochromowe przesuniecie pasma krotkofalowego wskazuje réowniez, ze mikrosrodowisko
badanych czgsteczek organicznych zmienito sie na mniej polarne (wneka makrocykliczna).
Zaobserwowane zmiany w widmach emisji molekut I-IV miareczkowanych roztworem zwigzku
makrocyklicznego pozwolity na wyciggniecie nastepujacych wnioskdw na temat zjawiska
fotoindukowanego wewnatrzczgsteczkowego przeniesienia protonu i elektronu (ESIPT i TICT)
oraz miedzyczgsteczkowych wigzan wodorowych zachodzgcych w obecnosci zwigzku

makrocyklicznego:

e dodanie do wodnego roztworu molekuty I a-, B-, y-CD, CB[7] i SCA[6] skutkuje istotnym
wzrostem intensywnosci fluorescencji pasma LE oraz jego przesunieciem w kierunku
fal krétkich. Jak juz wspomniano, to przesuniecie hipsochromowe jest efektem zmiany
mikrosrodowiska na mniej polarne wystepujgce we wnetrzu nosnika,

e w przypadku molekuty Il znajdujgcej sie w wodnych roztworach zwigzkéw
makrocyklicznych, dla ktérej widmo emisji jest wynikiem promienistej dezaktywacji co
najmniej 3 centrow luminescencyjnych (emisja ze stanu LE, ESIPT oraz kompleksu z
miedzyczasteczkowym wigzaniem wodorowym) obserwuje sie wzrost wydajnosci
kwantowej fluorescencji wraz ze wzrostem stezenia nosnika, przy czym najsilniejszy
wzrost intensywnosci pasma ESIPT obserwuje sie w obecnosci CB[7]. Zauwazone

prawidtowosci sugerujg, ze bedacy w stanie wzbudzonym uktad II-CB[7] cechuje

26



Natezenie fluorescencji (j.w.)

w.)

Natezenie fluorescencji (j.

najwieksza, sposrdéd badanych uktadéw, wzajemna komplementarnosé¢ (najlepsze
dopasowanie elektronowo-energetyczne oraz geometryczno-sferyczne). Wyrazny
wzrost prawdopodobienstwa zajscia procesu ESIPT jest dowodem na zainkludowanie

czasteczki do wnetrza nosnika (ESIPT jest mozliwy jedynie we wnece),
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Rys. 6 Widma emisji (A, A’) i znormalizowane widma emisji (B, B’) 1 i Il (¢=5-10° M) w roztworach

wodnych zawierajgcych rézne stezenia B-CD.

e w przypadku molekuty Ill obserwuje sie rdzny wptyw badanego nosnika
supramolekularnego na intensywnos¢ fluorescencji réznych pasm emisyjnych. Wzrost
stezenia cyklodekstryn i sulfonowych kaliks[6]arendw w sgsiedztwie charakteryzujacej
sie 3-modowg fluorescencjg (LE, TICT, kompleks z wigzaniem wodorowym) molekuty
Il powoduje znaczgcy wzrost intensywnosci fluorescencji pasma LE, przy niewielkim
wzroscie intensywnosci pasma TICT. Dopiero dla duzego stezenia molowego CD i
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SCA[6] (cco> 5-103 M, cscag] > 102 M) emisja ze stanu TICT staje sie bardziej
prawdopodobna. Powyzsze zmiany nalezy ttumaczy¢ mozliwoscig petnej izolacji
badanej molekuty lll od s$rodowiska wodnego poprzez catkowite ,uwiezienie”
czasteczki goscia w wnece makrocyklicznej co przektada sie na mozliwos$¢ rotacji grupy
-N(CHs)2i w konsekwencji uaktywnienie procesu TICT. Z drugiej strony niewielki wzrost
intensywnosci pasma fluorescencji po stronie dtugofalowej (TICT) w obecnosci
»gospodarza” CB[7] sugeruje, ze mogto nastgpi¢ zainkludowanie molekuty Il do
wnetrza makrocyklicznego nosnika CB[7], z tym, ze grupa dimetyloaminowa (-NMe3)
pozostata na zewnatrz nosnika (mozliwos¢ oddziatywania z rozpuszczalnikiem (wodg)),
e dodanie do wodnego roztworu molekuty IV cyklodekstryn oraz sulfonowych
kaliks[6]arendw powoduje znaczacy wzrost intensywnosci fluorescencji pasma LE i
ESIPT przy jednoczesnym, nieznacznym wzroscie intensywnosci fluorescencji ze stanu
TICT. Zmiany te sugerujg mozliwo$¢ utworzenia kompleksu typu ,gospodarz-gos¢”,
przy czym wydaje sie, ze mato efektywnemu fotoindukowanemu procesowi
przeniesienia elektronu nie towarzyszy rotacja grupy dimetyloaminowej. Podobnie jak
w przypadku molekuty Il dopiero bardzo duze stezenie no$nikéw CD i SCA[6]
(cco>5-103M, cscpe;> 102 M) powoduje zauwazalny wzrost intensywnosci pasma TICT,
ktory wynika z faktu zainkludowania czgsteczki ,,goscia” do wneki ,gospodarza”, dzieki
czemu istnieje mozliwosé rotacji grupy -N(CHs),. W przypadku uktadu IV-CB[7] dla
catego uzytego zakresu stezen CB[7] nie zaobserwowano obecnosci pasma
fluorescencji TICT. Powyzsze zachowanie sugeruje, ze geometria powstatego w stanie
wzbudzonym kompleksu inkluzyjnego umozliwia zajscie procesu ESIPT, przy
jednoczesnym braku mozliwosci rotacji grupy dimetyloaminowej ze wzgledu na

wigzanie wodorowe pomiedzy -N(CHs), a woda.

3.2 Pomiary czasowo-rozdzielcze pochodnych benzoesanu metylu w
wodnych roztworach wybranych nos$nikdw supramolekularnych

Aby uzyska¢ informacje na temat dynamiki procesdw wewnagtrz i
miedzyczgsteczkowych dla czterech pochodnych benzoesanu metylu w obecnosci zwigzkéw
makrocyklicznych zastosowano technike rozdzielonej w czasie spektroskopii. W niniejszej
rozprawie doktorskiej dokonano analizy czasowo-rozdzielczych widm emisyjnych oraz
krzywych gasniecia fluorescencji badanych pochodnych benzoesanu metylu w roztworach
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wodnych cyklodekstryn, kukurbit[7]uryli oraz sulfonowych kaliks[6]arenéw. Czasy zycia
fluorescencji (t) oraz wspodfczynniki Ai opisujgce udziat procentowy sktadowe] zaniku

fluorescencji o czasie zaniku ti zestawiono w Tab. 4-8.

Krzywa gasniecia fluorescencji molekut I'i Il w wodzie oraz roztworach wodnych a- i y-
cyklodektryn mozna dos¢ dobrze dopasowac stosujgc funkcje dwuwyktadnicze z krétszym
sktadnikiem 11 okoto 50-80 ps i dtuzszym wynoszgcym 12~ 150-300 ps (Tab. 4 i 6). Doktadne
wyjasnienie pochodzenia wszystkich sktadowych wymagato odniesienia tych wynikéw do
otrzymanych wczesdniej przez Kashe i wspdtpracownikdw [60-63] oraz Heldta i
wspotpracownikéw [64-68] czaséw zycia fluorescencji omawianych zwigzkéw znajdujgcych sie
w jednorodnych aprotycznych i protycznych srodowiskach. Na podstawie wspomnianych prac
mozna stwierdzi¢, ze w srodowisku wodnym wystepujg dwa centra emitujgce: wzbudzony
kompleks z miedzyczgsteczkowym wigzaniem wodorowym z czasem zaniku 11 (wigzanie
wodorowe miedzy pochodnymi benzoesanu metylu a czgsteczkami wody (I-H20, 1I-H,0)
powoduje skrdcenie czasu gasniecia fluorescencji) oraz wzbudzona czgsteczka niezwigzana

wigzaniem wodorowym z molekutami wody (molekuta I lub 11).

Z danych zestawionych w Tab. 4 i 6 jednoznacznie wynika, ze wraz ze wzrostem
stezenia zwigzku makrocyklicznego (a- i y-CD) obserwuje sie systematyczny spadek udziatu
procentowego sktadowej zaniku 11 z jednoczesnym wzrostem udziatu procentowego
sktadowej zaniku T, Taka prawidtowos$¢ sugeruje, ze badane molekuty dostaty sie do wnetrza
makrocyklicznego nosnika, ktére chroni pochodne benzoesanu metylu przed bezposrednim
kontaktem z czgsteczkami wody. Ograniczenie interakcji miedzyczasteczkowych (I-H20, II-
H,0), zmniejsza liczbe kompleksdw z wigzaniem wodorowym, czego przejawem jest
zmniejszenie udziatu procentowego Ai. Nalezy zauwazy¢, ze w sytuacji, kiedy stezenie y-CD
jest wieksze niz c=102 M w gasnieciu fluorescencji Il pojawia sie dodatkowo sktadowa T3,
ktorej udziat procentowy rosnie wraz ze wzrostem stezenia. Czas gasniecia T3 nalezy przypisac
promienistej dezaktywacji molekuty Il, ktéra utworzyta kompleks inkluzyjny o stechiometrii
1:2 z y-CD. Obecnos$¢ kompleksdw o stechiometrii 1:1i 1:2 zostata potwierdzona na podstawie

dalszych analiz (patrz rozdziat 3.3).
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a-CD

Stezenie  Ti[ps] A:[%] T2[ps] A2[%] T3[ps] A3 [%] Talps] As[%] X°

(10°%) [M]
0 60 92 240 8 1.17
5 70 84 185 16 1.24
I 10 94 82 280 18 1.14
50 66 74 300 26 1.22
100 80 58 260 42 1.18
200 70 40 305 60 1.14
400 64 21 287 79 1.04
500 82 12 284 88 1.17
0 34 88 120 12 1.11
5 48 74 205 26 1.08
10 32 68 148 32 1.21
I 50 24 64 160 36 1.14
100 62 44 180 52 420 4 1.16
200 38 36 212 48 512 16 1.21
400 72 24 148 51 447 25 1.18
500 54 18 160 47 506 35 1.24
Stezenie  <t> [ps] <A> [%] t3[ps] As[%] Talps] As[%] ¥
(10%) [M]
10 110 43 450 47 3570 10 1.0
n* 25 140 51 470 36 3940 12 1.12
50 170 33 500 38 4080 29 0.99
100 430 25 400 65 4350 10 1.04
500 270 25 630 16 4090 59 1.11
0 50 78 320 22 1.17
IvV¥ 5 70 66 410 34 1.24
50 70 62 440 38 1.11
500 70 33 400 32 3210 35 1.07
Tab. 4 Czasy zycia fluorescencji pochodnych benzoesanu metylu I, I, Il i IV (c = 5-10° M) w

roztworach wodnych zawierajgcych réine stezenia a-CD.
e |lII* dane uzyskane z publikacji [82]
® |V* dane uzyskane z publikacji [83]

Niestety, ze wzgledu na rézny czas, w ktéorym dokonywane byty pomiary czasowo-
rozdzielonych widm emisyjnych, rejestracja czasow zaniku fluorescencji z rozdzielczoscia
czasowa kilkunastu ps byta tylko mozliwa dla molekuty I'i Il w wodnych roztworach a- i y-CD.
Dla wszystkich pdzniejszych pomiaréw (pochodne benzoesanu metylu w wodzie oraz wodnych
roztworach B-CD, CB[7] i SCA[6]) krzywg zaniku fluorescencji mozna byto w zadowalajgcy
sposob dopasowac stosujac funkcje dwu- i trzyeksponencjalne, przy czym czasowa zdolnosé
rozdzielcza wynosita woéwczas okoto 30-50 ps. W tej sytuacji wystepujgcg w gasnieciu

fluorescencji najkrotszg sktadowg (okoto 100 ps) nalezy interpretowac jako sredni czas zycia
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nastepujacych dwéch centréw luminescencyjnych: czasteczki z miedzyczasteczkowym

wigzaniem wodorowym oraz molekuty swobodnej, niezwigzanej wigzaniem wodorowym.

Podsumowujgc wyniki badan z wykorzystaniem metod rozdzielonej w czasie
spektroskopii okreslono wptyw obecnosci nosnikdw makrocyklicznych na  zjawisko
fotoindukowanego wewnatrzczgsteczkowego przeniesienia  protonu i elektronu.

Najwazniejsze wnioski i spostrzezenia przedstawiono ponizej:

B-CD
Stezenie (10?) <t>[ps] <A>[%] ts3[ps] Az [%] Ta[ps] A4 [%] X
[M]
0 100 100 1.11
6 100 100 1.20
| 40 120 100 1.05
60 140 100 1.07
80 180 100 1.12
100 210 100 1.12
0 90 100 1.10
6 130 100 1.09
] 40 140 100 1.04
60 130 84 730 16 1.15
80 210 42 520 58 1.17
100 210 30 550 70 1.13
0 50 78 320 22 1.17
v* 5 40 70 350 21 1.31
50 40 75 320 25 1.15
500 10 53 380 30 2920 17 1.05

Tab. 5 Czasy zycia fluorescencji pochodnych benzoesanu metylu I, 11§ IV (c = 5- 10° M) w roztworach
wodnych zawierajgcych rézne stezenia B-CD.
IV* dane uzyskane z publikacji [83]

e w przypadku molekuty Il, bedacej czgsteczkg typu ESPIT, wzrost stezenia nosnika
makrocyklicznego powoduje, ze w zaniku fluorescencji pojawia sie dodatkowa
sktadowa, ktdrej udziat procentowy rosnie wraz ze wzrostem stezenia nosnika. Co
wiecej, wartos¢ tego czasu jest porownywalna z czasem zycia stanu ESIPT molekuty Il
znajdujgcej sie w jednorodnym, aprotycznym srodowisku [60-68]. Wyniki te
potwierdzaja, ze molekuta Il wnika do wnetrza nos$nika (a-, B-, y-CD, CB[7] i SCA[6]), a
proces izolacji Il od srodowiska wodnego prowadzi do uaktywnienia procesu
fotoindukowanego wewnatrzczgsteczkowego przeniesienia protonu w stanie

wzbudzonym,
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e dynamika fotoindukowanych proceséw dla molekuty Ill, bedgcej zwigzkiem typu TICT,

rézni sie w zaleznos$ci od rodzaju nosnika makrocyklicznego uzytego do badan.
Podobnie, jak to miato miejsce w przypadku molekuty Il, wzrost stezenia nosnika
powoduje pojawienie sie nowej sktadowe] t4, ktérej obecnos¢ w uktadach z a-CD i
SCA[6] nalezy przypisac¢ emisji ze stanu TICT. Takie przyporzagdkowanie wynika z faktu,
iz czas zycia stanu TICT molekuty Il znajdujacej sie w rozpuszczalnikach aprotycznych
jest poréwnywalny z czasem T4 [por. prace 60-68]. Jak juz wzmiankowano zjawisko
fotoindukowanego wewnatrzczgsteczkowego przeniesienia elektronu, ktéremu
towarzyszy rotacja grupy -N(CHs). jest mozliwe jedynie w sytuacji, gdy czgsteczka
zainkludowata do wnetrza nosnika. Co wiecej, dopasowanie geometryczno-sferyczne
w takim uktadzie musi pozwala¢ na swobodny obrét grupy dimetyloaminowe;j. Jest to
mozliwe zaréwno w sytuacji, gdy uktad posiada stechiometrie 1:1 z grupg -N(CHs):
znajdujaca sie catkowicie we wnece nosnika lub kompleks inkluzyjny ma stechiometrie
1:2, gdzie czasteczka jest w petni uwieziona we wnetrzach dwdéch nosnikéw, co

skutkuje petng izolacjg od srodowiska wodnego,

y-CD
Stezenie Ti[ps] Ai[%] Tt2ps] A2[%] t3l[ps] As3[%] tTa[ps] As[%] X2
(10%) [M]

0 54 88 180 12 1.27
| 5 44 83 146 17 1.12
10 80 74 220 26 1.21
50 84 78 256 22 1.14
100 62 66 184 30 120 4 1.16
200 80 58 180 26 212 16 1.08
400 58 32 200 43 147 25 1.21
500 72 22 164 43 206 35 1.16
0 92 64 180 8 1.27
5 84 58 225 16 1.12
10 72 54 320 28 1.14
] 50 71 46 268 29 1.21
100 63 33 200 35 460 2 1.16
200 48 28 358 40 520 12 1.13
400 35 20 404 33 600 32 1.08
500 24 34 380 28 580 38 1.19

Tab. 6 Czasy zycia fluorescencji wybranych pochodnych benzoesanu metylu (c = 5-10° M) w

roztworach wodnych zawierajgcych réine stezenia y-CD.

e w przypadku molekuty lll nowo pojawiajgca sie w obecnosci CB[7] sktadowa T4 stanowi

potwierdzenie utworzenia kompleksu w stanie wzbudzonym, przy czym wartos¢ czasu
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Ts4 (wyraznie rézna od trncr w rozpuszczalnikach aprotycznych) sugeruje, iz w tym
przypadku nie wystepuje catkowite wewnatrzczgsteczkowe przeniesienie tadunku,
ktéoremu towarzyszy skrecenie grupy -N(CHsz), a jedynie ma miejsce czesSciowe
przeniesienie tadunku. Taki proces mozliwy jest w sytuacji gdy w nowo powstatym
kompleksie grupa dimetyloaminowa pozostaje na zewnatrz nosnika i moze

specyficznie oddziatywac z czgsteczkami wody,

CB[7]
Stezenie (10?%) <t>[ps] <A>[%] t3[ps] As[%] Ttalps] Ai[%] x>
[M]
| 0 290 100 1.02
1 260 100 1.18
2 350 100 1.10
4 330 100 1.12
0 370 100 1.20
] 1 380 90 990 10 1.05
2 360 86 630 14 1.10
4 320 71 800 29 1.12
0 290 100 1.18
] 1 270 100 1.21
2 360 87 660 23 1.13
4 660 71 860 29 1.19
0 250 100 1.16
v 1 300 96 1520 4 1.06
2 230 36 1640 24 3850 42 1.19
4 360 8 1480 26 3730 66 1.17

Tab. 7 Czasy zycia fluorescencji pochodnych benzoesanu metylu I, 11, Ill, IV (c=5-10° M) w

roztworach wodnych zawierajacych réine stezenia CB[7].

kinetyka zaniku fluorescencji molekuty IV w obecnosci nosnikdw makrocyklicznych CD,
CB[7] i SCA[6] ma najbardziej ztozony charakter. W obecnosci CD i SCA[6] o niewielkim
stezeniu molekuta IV emituje ze stanu lokalnie wzbudzonego oraz ESPIT. Dla
najwyzszych sposréd uzytych stezen CD i SCA[6] (Tab. 4, 5 i 8) pojawia sie dodatkowa
Sciezka promienistej dezaktywacji zwigzana z emisjg ze stanu TICT. Rotacja grupy
dimetyloaminowej jest mozliwa dzieki utworzeniu komplekséw o stechiometrii 1:2 (IV-
(CD)2) (IV-(SCA[6])2). W sytuacji, gdy molekuta IV znajduje sie w wodnych roztworach
zawierajgcych CB[7], krzywa zaniku fluorescencji posiada sktadowg 13, ktdra
charakteryzuje fluorescencje ze stanu ESIPT, oraz sktadowg zaniku t4 przypisang emisji

ze stanu z czeSciowym przeniesieniem elektronu ICT.
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SCA[6]

Stezenie (10%) <t>[ps] <A>[%] ts[ps] Az [%] ta [ps] A; [%] X2
[M]
| 0 110 100 1.14
1 120 100 1.07
5 160 100 1.28
10 170 100 1.07
50 210 100 1.15
0 170 100 1.09
1 180 37 850 63 1.03
I 5 200 24 710 76 1.13
10 220 5 550 95 1.25
50 240 21 540 79 1.20
0 170 100 1.05
1 180 100 1.09
1 5 210 100 1.14
10 230 5 2610 95 1.13
50 250 8 2910 92 1.01
0 170 100 1.12
1 170 76 450 34 1.20
v 5 220 44 670 56 1.05
10 240 20 650 42 2350 38 1.10
50 270 16 420 51 2310 33 1.21

Tab. 8 Czasy iycia fluorescencji pochodnych benzoesanu metylu |, II, 1ll, IV (¢=5-10° M) w
roztworach wodnych zawierajgcych réine stezenia SCA[6].

Analiza zaleznych od czasu widm fluorescencji zarejestrowanych z wykorzystaniem
kamery smugowej dostarczyta réwniez bardzo cennych informacji na temat relaksacji
czgsteczek osrodka wokoét badanego zwigzku bedacego w stanie wzbudzonym. Czasowa
ewolucja potozenia maksimum pasma fluorescencji zostata poddana analizie =z
wykorzystaniem funkcji korelacji rozpuszczalnika (c(t)) zaproponowanej przez Maroncelliego i
Fleminga [84]. Ze wzgledu na ograniczong rozdzielczo$¢ czasowg aparatury, wynoszgcg okoto
50 ps, analize przeprowadzono dla dtugofalowego pasma: ESIPT molekuta Il oraz TICT
molekuta IV. Dla czasteczki Il znajdujgcej sie w obecnosci CB[7] i SCA[6] czasowa ewolucja
funkcji c(t) ma charakter jednowyktadniczy z czasem relaksacji zwigzanym z procesem
solwatacji wynoszgcym odpowiednio: Tslv.(CB[7]) = 254 ps oraz Tsow.(SCA[6]) = 67 ps. W
przypadku uktadéw IV-CB[7] oraz IV-SCA[6] czasowa ewolucja c(t) ma odpowiednio charakter
dwuwyktadniczy (tsonv.1(CB[7]) = 50 ps oraz oraz Tsv.2(CB[7]) = 337 ps) oraz jednowyktadniczy
Tsolv.(SCA[6]) = 70 ps.

Otrzymane wyniki jednoznacznie wskazujg na wyrazne wydtuzenie czasu relaksacji

zwigzanego z procesem solwatacji w obecnosci badanych nosnikow w poréwnaniu z sytuacja,
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gdy czasteczka znajduje sie w jednorodnym rozpuszczalniku o réznej polarnosci. Odnoszac
otrzymane wyniki do wartosci tsow < 1 ps, ktérg otrzymat Maroncelli badajgc molekute
kumaryny 153 w wodzie, oraz innych jednorodnych rozpuszczalnikach o réznej polarnosci:
etanolu, propanolu, butanolu, 2-propanolu [84] mozna stwierdzi¢, ze w wodnych roztworach
zawierajgcych SCA[6] i CB[7] proces relaksacji solwatacyjnej jest co najmniej o dwa (SCA[6])
lub trzy (CB[7]) rzedy wolniejszy od sytuacji, gdy molekuta luminezujgca znajduje sie w osrodku
jednorodnym. Powyzsze prawidtowosci mozna wyttumaczy¢ faktem zwiekszenia liczby
czasteczek wody zwigzanych z nosnikiem (utrata zdolnosci translacyjnych) w stosunku do

liczby swobodnych molekut H,O [84].

3.3 Stechiometria kompleksow oraz state kompleksowania
wyznaczone w oparciu o model Benesi-Hildebranda, Nigama i
Durochera oraz Joba

Analiza danych doswiadczalnych uzyskanych przy uzyciu metod stacjonarnej i
rozdzielonej w czasie spektroskopii pozwolita na okreslenie stechiometrii i statych tworzenia
komplekséw inkluzyjnych, ktére powstaty pomiedzy badanymi pochodnymi benzoesanu
metylu a wybranymi no$nikami supramolekularnymi w stanie podstawowym i wzbudzonym.
Do wyznaczenia statych réwnowagowych i okreslenia stechiometrii badanych uktadéw
skorzystano z metod: Benesi—Hildebranda (B-H), regresji nieliniowej zaproponowanej przez
Nigama i Durochera (N-D) oraz zaleznosci Joba (J). Metody te pozwalajg na wyznaczenie
wartosci statych kompleksowania zaréwno w przypadku, gdy utworzony zostat kompleks o
stechiometrii 1:1 (K1), jak i 1:2 (K2) na podstawie zmian podstawowych charakterystyk
luminescencyjnych (widma absorpcji i emisji, czasy zycia fluorescencji) zaleznych od stezenia
nosnika. Nalezy zauwazyé, ze metoda B-H pozwala na wyznaczenie wartosci statych
rownowagowych, ktére sg obarczone duzg niepewnoscig i dostarcza raczej szacunkowe niz
doktadne wartosci. Doskonatym narzedziem do wtasciwego okreslenia wartosci K1 i K> okazata
sie analiza danych pomiarowych w oparciu o metode regresji nieliniowej (N-D) wykorzystujaca

wstepnie oszacowane parametry uzyskane przy wykorzystaniu metody Benesi-Hildebranda.

Zaobserwowane zmiany w charakterystykach luminescencyjnych czterech pochodnych

benzoesanu metylu w obecnosci nosnikdw makrocyklicznych (CDs, CB[7] i SCA[6]) pozwolity
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wyciggnac ilosciowe wnioski na temat stechiometrii oraz trwatosci powstatych kompleksow.

Na podstawie danych zestawionych w Tab. 9 mozna stwierdzié, ze:

e wszystkie powstate w stanie podstawowym kompleksy inkluzyjne (wyjatek stanowig
uktady HI-SCA[6] oraz IV-SCA[6]) charakteryzujg sie stechiometrig 1:1. Nalezy
przypomnieé, ze oddziatywanie molekut Ii 1l z a-CD nie powoduje tworzenie stabilnego
kompleksu w stanie podstawowym,

® sposrod wszystkich badanych ukfadéw w stanie podstawowym najwieksza
komplementarnoscia, a co za tym idzie najwiekszg trwatoscig charakteryzujg sie uktady
z kukurbit[7]urylami, za$ najmniej stabilne sg kompleksy z cyklodekstrynami. Te samg
prawidtowos¢ obserwuje sie dla komplekséw w stanie wzbudzonym,

o wszystkie badane uktady majg znacznie wieksze powinowactwo wigzania czgsteczek
»,805cia” w stanie wzbudzonym niz w stanie podstawowym. Zachowanie to jest
zrozumiate, biorgc pod uwage, ze wartos¢ elektrycznego momentu dipolowego
badanych molekut organicznych wzrasta w wyniku fotowzbudzenia (pe>g),

e powstate w stanie wzbudzonym kompleksy inkluzyjne 1-a-CD, (I-IV)-CB[7] oraz I-lI-
SCA[6] posiadajg stechiometrie 1:1, podczas gdy stechiometria 1:2 charakteryzuje
uktady: lII-a-CD, (I-I1)-B-CD, (I-11)-y-CD oraz (lllI-IV)-SCA[6]. State rownowagowe we
wzbudzonych uktadach z CB[7] sg o0 1-2 rzedy wielkos$ci wyzsze niz w dla komplekséw z
o- i y-CD. Jako, ze wymiar wneki hydrofobowej odgrywa istotng role w procesie
tworzenia kompleksdw, niewielkie wartosci statych Ki1i Ko w uktadach z a- i y-CD s3
zrozumiate biorgc pod uwage fakt, ze z jednej strony zbyt mata wielkos¢ wneki a-CD
uniemozliwia powstanie stabilnych komplekséw z pochodnymi benzoesanu metylu, z
drugiej strony, hydrofobowe wnetrze y-CD jest zbyt duze w stosunku do rozmiaru

»80scia”, co réwniez skutkuje niskg wzajemng komplementarnoscig czgsteczek.
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Molekuty Medium K{IM])/ Kj M ¢IMY] / K§[MY]
640° / - 660°/ -
SCX[6] 530°/ - 550°/ -
3009/ - 680° / -
490/ -
CB[7] 1301 (+ 3%)? 1642 (+ 9%)?
I 1531 (+ 7%)° 1626 (+ 3%)°
a-CD NSK® 15 (+ 2)°
NSKP 14 (+ 2)P
B-CD 329° 687a/ 41°
166° 400b / 53°
y-CD 32 (£3)° 3(+0.8)a/ 16 (+2)°
38 (+2)° 4.5 (+0.5)b/ 12 (+ 1)P
Trp (2.1+0.1)x10%2 (2.6+0.1)x10%2
BSA (1.9+0.1)x10%2 (2.1+0.1)x10%2
610°/ - 930% /-
SCX[6] 6300/ - 1200° / -
3507/ - 1440¢/ -
480¢ / -
CB[7] 1176 (+ 17%)° 2153 (+ 12%)?
I 840 (+ 17%)P 4572 (+ 21%)P
a-CD NSK® 587 (+ 63) / 35 (+ 5)°
NSKP 210 (+20)° /5 (£ 2)b
B-CD 1532 4182/ 25°
890 564 / 119°
y-CD 66 (+ 7)° 187 (+ 80)? / 47 (+ 20)°
68 (+ 6)° 379 (+50)° / 15 (+ 2)°
Trp (1.9+0.1)x10%2 (2.6+0.1)x10%2
BSA (2.3+0.1)x10%2 (2.0+0.1)x10%2
ScX[6] 1250% / 550° 1040° / 700°
910P / 450° 1630°/ 1230P
15009 / 370¢ 1150° / 550¢
n 1090¢ / 390¢
CB[7] 1053 (+ 3%)? 1677 (+ 15%)°
1647 (+ 3%)° 1731 (+ 9%)°
B-CD - 106
Scx[6] 1490° / 550° 1950%/ 1010?
1520°/ 500P 2080P / 1470P
13909/ 620¢ 1750°/ 310¢
1720¢ / 410¢
v CBI[7] 2250 (+ 12%)? 3096 (+ 9%)°
1925 (+ 6%)° 4231 (+ 16%)P
a-CD - 38f/ 52f
B-CD - 3267/ 1520f

NSK — kompleks niestabilny

a na podstawie danych otrzymanych z wykorzystanych metod spektroskopii stacjonarnej, stosujgc metode Benesiego-
Hildebranda.

b na podstawie danych z spektroskopii stacjonarnej przy uzyciu metody regresji nieliniowej.
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¢ na podstawie danych z spektroskopii rozdzielonej w czasie, stosujagc metode Benesiego-Hildebranda.

d na podstawie danych z spektroskopii magnetycznego rezonansu jgdrowego (*H NMR), stosujagc metode Benesiego-
Hildebranda.

e na podstawie danych spektroskopowych *H NMR przy uzyciu regresji nieliniowej.

f7 [82-83].

Tab. 9 State réwnowagowe wybranych pochodnych benzoesanu metylu (I-IV) w roztworach
wodnych w obecnosci cyklodekstryn (o, B i y), kukurbit[7]uryli, sulfonowych kaliks[6]arenéw
(SCA[6]) oraz biatka pochodzenia zwierzecego (BSA) wyznaczone za pomocg metody Benesiego-
Hildebranda i regresji nieliniowej.

e sposrdd trojki uzytych do badan przedstawicieli najwyzsze wartosci statych
kompleksowania uzyskano dla CB[7]. Wynika z faktu najlepszego dopasowania
geometryczno-sferycznego CB[7] z badanymi pochodnymi benzoesanu metylu
Kcei71> Ksca> Kep. Co wiecej, zblizony rozmiar wnek CB[7] i SCA[6] do B-CD potwierdza,
ze réwniez dla tych uktadéw powstajg stabilne kompleksy,

e molekuty Il oraz IV tworza bardziej trwate kompleksy inkluzyjne z CB[7] w stanie
wzbudzonym niz | i lll, co moze sugerowaé, ze pochodne hydroksylowe sg gtebiej

osadzone we wnece CB[7].

W celu potwierdzenia stechiometrii omawianych komplekséw inkluzyjnych zaréwno w
stanie podstawowym, jak i wzbudzonym, zastosowano metode Joba zwang réwniez metoda
zmian ciggtych. Metoda ta bazuje na analizie zmian wybranych charakterystyk
luminescencyjnych (widma absorpcji, emisji, czasy zycia fluorescencji) wywotanych
miareczkowaniem nosnikiem makrocyklicznym, przy jednoczesnym zachowaniu statej sumy
stezen molekut ,goscia” i ,gospodarza”. Analiza przebiegu krzywej opisujgcej zmiany wartosci
absorbancji oraz intensywnosci fluorescencji w funkcji utamka molowego no$nika (maksimum
zlokalizowane przy utamku molowym 0.5) potwierdza, ze uktady I-CB[7], I-SCA[6], lI-CB[7], lI-
SCA[6], II-CB[7] oraz IV-CB[7] tworza w stanie podstawowym kompleksy inkluzyjne o
stechiometrii 1:1, podczas gdy dla uktadéw HlI-SCA[6] i IV-SCA[6] maksimum w zaleznosci Joba
obserwowane jest przy 0.6 co potwierdza powstanie kompleksdw inkluzyjnych o stechiometrii
1:2. Metode Joba wykorzystano réwniez do potwierdzenia stechiometrii komplekséw I-B-CD
oraz II-B-CD. Na podstawie niepublikowanych dotgd badan eksperymentalnych (Rys.7)
potwierdzono, ze w stanie podstawowym powstajg kompleksy inkluzyjne I-B-CD i II-B-CD o

stechiometrii 1:1.
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Rys. 7 Wykres Joba prezentujacy zmiany absorbancji w funkcji utamka molowego [B-CD] dla uktadéw
I-B-CD i I1-B-CD.

3.4 Badania oddziatywan pochodnych benzoesanu metylu z
kukurbit[7]urylami i sulfonowymi kaliks[6]arenami z
wykorzystaniem techniki spektroskopii magnetycznego rezonansu
jadrowego (*H NMR)

Dotychczasowe badania jednoznacznie wykazaty, ze witasciwosci spektroskopowe
molekut, ktdre utworzyty kompleksy z wybranymi zwigzkami makrocyklicznymi istotnie réznig
sie o tych, jakie posiadajg nieskompleksowane molekuty. W celu uzyskania szerszego
spojrzenia na proces tworzenia komplekséw inkluzyjnych, w szczegdlnosci w celu
potwierdzenia stechiometrii uktadéw oraz ustalenia struktury geometryczno-przestrzenne;j
powstatych komplekséw wykorzystano technike magnetycznego rezonansu jgdrowego (*H
NMR). Strukture utworzonego kompleksu inkluzyjnego typu ,,gospodarz-gos¢” mozna okresli¢
na podstawie zmian przesunie¢ chemicznych protondw wystepujgcych w czasteczkach
badanych zwigzkéw organicznych. W pierwszym etapie prac zbadano oddziatywania
pochodnych benzoesanu metylu z kukurbit[7]urylami. Zaobserwowane zmiany przesunieé
chemicznych miaty bardzo ztozony charakter. Szczegétowa analiza tych przesuniec¢ pozwolita
na zaprezentowanie schematu poglgdowego powstatych struktur geometrycznych (Schemat
2). W przypadku molekut posiadajgcych grupe metoksylowg w potozeniu orto (I i ll)
zauwazono, ze tylko cze$¢ protonow szkieletu benzenowego jest osadzona wewnatrz nosnika
makrocyklicznego (Schemat 2), podczas gdy fragment grupy metoksykarbonylowej (-COOCHs3)
znajduje sie na zewnatrz nosnika makrocyklicznego. W przypadku uktadéw I-CB[7], Ill-CB[7],
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(molekuty posiadajgce grupe hydroksylowa w pozycji orto) wszystkie protony pierscienia
benzenowego znajdujg sie we wnece CB[7] z fragmentem grupy -COOCH3 usytuowanym poza
wneka nosnika. Podsumowujgc, mozna stwierdzi¢, iz badania z wykorzystaniem metod
spektroskopii magnetycznego rezonansu jgdrowego jednoznacznie potwierdzity, ze badane
pochodne benzoesanu metylu zainkludowaty do wnetrza kukurbit[7]uryli tworzac stabilne

kompleksy inkluzyjne o stechiometrii 1:1.

I I 11 IV

Schemat 2 Schematycznie przedstawienie struktury geometryczno-przestrzennej komplekséw
inkluzyjnych utworzonych miedzy badanymi pochodnymi benzoesanu metylu, a CB[7].

W celu okreslenia struktury geometryczno-przestrzennej komplekséw inkluzyjnych,
ktére powstaty miedzy pochodnymi benzoesanu metylu a sulfonowymi kaliks[6]arenami
zastosowano réwniez technike spektroskopii 'H NMR. Analiza danych dos$wiadczalnych

zaowocowata odnotowaniem bardzo interesujgcych prawidtowosci:
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e ze wzgledu na strukture przestrzenng powstate kompleksy inkluzyjne mozna podzieli¢
na dwie grupy: pochodne z podstawnikiem metyloaminowym (1 i ll) oraz pochodne z
podstawnikiem dimetyloaminowym (Il i IV),

e pochodne | i Il tworzg z sulfonowymi kaliks[6]arenami kompleksy inkluzyjne o
stechiometrii 1:1 z czesSciowo zainkludowanym do wnetrza nosnika pierscieniem
benzenowym (por. Schemat 3), podczas gdy w przypadku HI-SCA[6] i IV-SCA[6]

stechiometria uktadu wynosi 1:2, potwierdzajgc tym samym wczesniejsze obserwacje.

A

Schemat 3 Schematyczne przedstawienie struktury geometryczno-przestrzennej kompleksow
inkluzyjnych utworzonych miedzy pochodnymi benzoesanu metylu z podstawnikiem
metyloaminowym (1,11) (A) oraz dimetyloaminowym (lll, IV) (B), a SCA[6].
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Rozdziat 4

Oddziatywanie pochodnej bifenylu (EDMAADCy) z y-
cyklodestrynami

Jak juz wzmiankowano jednym z celdw pracy byto okreslenie wptywu geometrii
zwigzku organicznego na proces tworzenia komplekséw inkluzyjnych z nosnikami
makrocyklicznymi w stanie podstawowym i wzbudzonym. Do realizacji tego celu wykorzystano
molekute donorowo-akceptorowg (5-(4-aminofenylo)-3-dimetyloamino-2,4-
dicyjanobenzoesan etylu ((EDMAADCYy)), ktéra dzieki mozliwosci rotacji wokét pojedynczego
wigzania miedzy donorem i akceptorem tworzy juz w stanie podstawowym uktad spektralnie
niejednorodny. Ze wzgledu na rozmiary geometryczne molekuty luminezujgcej jako nosnik
makrocykliczny wybrano y-cyklodekstryny. Nalezy w tym miejscu wspomnie¢, ze badania z
wykorzystaniem technik stacjonarnej i rozdzielonej w czasie spektroskopii byty prowadzone w
DMSO oraz mieszaninie dwdch rozpuszczalnikéw DMSO-woda (4:1). Wybor takich srodowisk
byt podyktowany stabg rozpuszczalnos$cig EDMAADCy w czystej wodzie oraz faktem, iz jeden
z rozpuszczalnikéw dwusktadnikowej mieszaniny (H20) jest zwigzkiem, ktéry moze tworzyc
kompleksy z miedzyczgsteczkowym wigzaniem wodorowym z czgsteczkg EDMAADCYy, a co za
tym idzie mozliwe byto zbadanie wptywu specyficznych oddziatywan molekuta luminezujgca—
protyczny rozpuszczalnik na proces tworzenia komplekséw. Wyzej wzmiankowanym

zagadnieniom poswiecona jest praca:

A4 K. Baranowska, A. Bajorek, M. Pietrzak, M. Jézefowicz, , Preferential encapsulation of
different conformer of ethyl 5-(4-dimethylaminophenyl)-3-amino-2,4-dicyanobenzoate in y-
cyclodextrins”, Journal of Molecular Liquids 302 (2020) 112430, IF2020 = 6.17, MNISW = 100.
Jako, ze badania oddziatywan pochodnej bifenylu (EDMAADCYy) z y-cyklodestrynami
byty prowadzone w silnie polarnym DMSO oraz mieszaninie DMSO—-woda zostaty one
poprzedzone okresleniem wtasciwosci spektroskopowych badanej molekuty D-A w tych

srodowiskach bez obecnosci nosnika makrocyklicznego. Badania spektroskopowe czgsteczki

EDMAADCy w DMSO potwierdzity wczesniejsze ustalenia:
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e w srodowisku silnie polarnym obserwuje sie pojedyncze, szerokie pasmo
fluorescencyjne, ktérego ksztatt i potozenie maksimum wyraznie zalezy od stezenia
badanej molekuty oraz dtugosci fali Swiatta wzbudzajgcego,

® przy wzbudzeniu molekuty $wiattem o dtugosci fali odpowiadajgcej maksimum widma
absorpcji, obserwuje sie pasmo emisyjne zwigzane z fluorescencjg konformeru gdzie
donor i akceptor sg ustawione prostopadle do siebie (,,perpendicular form” Schemat
4), podczas gdy wzbudzenie Swiattem o dtugosciach fal z czesci antystokesowskiej
widma absorpcji skutkuje selektywnym wzbudzeniem tych konformeréw, dla ktérych
kat pomiedzy D-A wynosi miedzy 60° a 90° (,flattened form”),

® potozenie maksimum pasma emisji wykazuje istotng zaleznos¢ od dtugosci fali Swiatta
wzbudzajgcego tylko przy niskim stezeniu pochodnej bifenylu (c < 5-10° M). Wzrost
stezenia EDMAADCy powoduje ze uktad staje sie bardziej jednorodny
spektroskopowo,

e zanik fluorescencji EDMAADCy w DMSO zarejestrowany dla rédznych stezerh molekuty
D-A (5-10°®M <cepmaancy<5 - 104 M) jest dwuwyktadniczy z pierwsza krotkg sktadowa t
(1.92-2.92 ns) oraz drugg dtuiszg T2 (5.92-7.14 ns). Udziat procentowy kazdej
sktadowej zaniku silnie zalezy od stezenia badanej molekuty i dtugosci fali detekcji (470
nm i 510 nm). Ustalono, ze czas gasniecia 11 nalezy przypisaé emisji konformeru gdzie
oba chromofory sg ustawione w stosunku do siebie prostopadle, natomiast czas T2
odpowiada promienistej dezaktywacji formy ,wyptaszczonej”. Wzrost stezenia
EDMAADCy z 5-10° M, do 5-10* M powoduje, ze udziat procentowy sktadowej
fluorescencji o czasie zaniku t1 maleje z 60% do 30%, przy jednoczesnym wzroscie

udziatu drugiej sktadowej z 40% do 70% (Schemat 4).

Uzupetnieniem powyzszych badan byto okreslenie wtasciwosci fotofizycznych i
fotochemicznych molekuty EDMAADCy w mieszaninie rozpuszczalnikébw DMSO-woda (4:1),
ktadac szczegdlny nacisk na zrozumienie wptywu miedzyczgsteczkowych wigzan wodorowych
na podstawowe parametry spektroskopowe molekuty. Na podstawie analizy danych
doswiadczalnych (pomiar widm absorpcji, emisji, czaséw gasniecia fluorescencji) oraz obliczen

kwantowo-chemicznych stwierdzono, ze:

® promienista dezaktywacja elektronowo wzbudzonej molekuty EDMAADCy w

dwusktadniowej mieszaninie rozpuszczalnikéw DMSO—woda zwigzana jest z emisjg
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lokalnie wzbudzonej czagsteczki, ktérej konformacja charakteryzuje sie wzajemna
prostopadtoscig grupy donorowej i akceptorowej, emisjg konformeru powstatego w
stanie wzbudzonym w wyniku wewnatrzczgsteczkowego przeniesienia elektronu,
ktoremu towarzyszy zmiana geometrii badanej molekuty oraz kompleksow z

miedzyczasteczkowym wigzaniem wodorowym.

A
DMSO
«Perpendicular conformer” ,Flattened conformer”
A..,= 500 nm A, = 520 nm
T,22ns T,® 7 ns

5 d
S 10°M A =60% A, = 40%

oo ! !

o | H H

2103 M A =30% A, =70%

Q

o

B

DMSO-WATER (4:1)

LPerpendicular conformer” «Planar conformer” »Hydrogen-bonded conformer”
A, = 500 nm A, = 560 nm 580 nm < A_ < 600 nm
T,®2ns T, 7Ns T,=4ns
$=90° $=0° ¢=0°

D == Bl BN -
&
B 10°M A, = 52% A, = 10% A, = 38%
ol i i i
§ 10°M A =38% A, = 6% A, =56%
&

Schemat 4 Schematyczne przedstawienie wplywu stezenia EDMAADCYy na strukture przestrzenng
konformeréw w roztworach DMSO (A) i DMSO—woda (B) [A4].

4.1 Podstawowe charakterystyki luminescencyjne molekuty
EDMAADCy w roztworach DMSO w obecnosci y-CD

Miareczkowanie znajdujacej sie w DMSO molekuty EDMAADCy nosnikiem
makrocyklicznym skutkuje niewielkimi zmianami ksztattu i potozenia widm absorpcyjnych i
emisyjnych. Zauwazono subtelne zmiany zaréwno intensywnosci pasma emisji, jak i niewielkie
przesuniecie potozenia maksimum w kierunku fal krétkich wywotane obecnoscig nosnika.

Przesuniecie hipsochromowe wraz z obecnoscig punktéw izozbestycznych sugeruje, ze
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nastgpita zmiana polarnosci srodowiska, w ktérym znajduje sie badana molekuta w efekcie

utworzenia kompleksu inkluzyjnego EDMAADCy-y-CD.

Cy-co; [M] 1 [ns] A1 [%] 12 [ns] Az [%] X
0 2.76 64 7.34 36 1.31
2.5-10* 2.63 63 7.61 37 1.06
5-10™ 2.54 61 7.01 39 1.11
103 2.88 60 7.44 40 1.14
2.5-10°3 3.02 59 6.84 41 1.23
5-10°3 2.66 57 7.32 43 1.17

Tab. 10 Czasy zycia flurescencji EDMAADCy (c=10* M) w roztworach DMSO zawierajacych réine
stezenia y-CD.

W celu okreslenia wptywu budowy przestrzennej konformerédw na proces tworzenia
komplekséw inkluzyjnych pomocne okazaty sie wyniki analiz krzywych zaniku fluorescencji
otrzymane dla réznych stezen y-CD. Zanik fluorescencji badanej czgsteczki D-A w roztworze
DMSO zawierajgcym rdzne stezenia y-CD mozna w zadawalajgcy sposéb dopasowadé stosujgc
funkcje dwuwyktadnicze (Tab. 10) z krétszg sktadowag zaniku 11 (~ 3 ns), ktérej obecnosé nalezy
przypisac fluorescencji ,,prostopadtej” formy EDMAADCy ($=90°), oraz dtuzszg sktadowg 1 (~
7 ns) zwigzang z promienistg dezaktywacjg ,wyptaszczonej formy” EDMAADCy (60°<¢$<90°).
Wyrazne rdéznice w udziatach procentowych poszczegdlnych sktadowych wywotane wzrostem
stezenia y-CD (udziat A1 maleje a A, wzrasta) swiadczg o tym, ze to konformery, gdzie
chromofory nie sg ustawione do siebie prostopadte inkludujg do wneki cyklodekstryny

tworzgc kompleksy inkluzyjne.

4.2 Podstawowe charakterystyki luminescencyjne molekuty
EDMAADCyY w mieszaninie DMSO-woda w obecnosci y-CD

Jak juz wspomniano w celu okredlenia wptywu miedzyczgsteczkowych wigzan
wodorowych na proces tworzenia komplekséw inkluzyjnych, przeprowadzono badania
spektroskopowe molekuty EDMAADCy w roztworach DMSO-woda o réznym stezeniu y-
cyklodekstryn. Juz pobiezna analiza wykazuje, ze stacjonarne widma emisji ulegajg bardziej
wyraznym zmianom po dodaniu y-CD do roztworu DMSO-woda niz w przypadku czystego
DMSO. Najwieksza, ze spektroskopowego punktu widzenia, rdznica jest ta zwigzana z iloscig
obserwowanych pasm fluorescencyjnych. W mieszaninie rozpuszczalnikow DMSO-woda
czgsteczka EDMAADCy posiada dwa, wyrazne pasma emisyjne. Pierwsze, krétkofalowe pasmo

przypisano fluorescencji ze stanu lokalnie wzbudzonego (LE) ($=90°), natomiast pasmo po
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stronie dfugofalowej zwigzane jest z emisjg konformeru, ktéry powstat w stanie wzbudzonym
w wyniku wewnatrzczasteczkowego przeniesienia elektronu, dla ktérego kat miedzy
chromoforami jest bliski 0. Zauwazono, ze wraz ze wzrostem stezenia nosnika
makrocyklicznego intensywno$¢ dtugofalowego pasma emisji zwieksza sie, podczas gdy

intensywnos¢ pasma krétkofalowego pozostaje praktycznie niezmieniona.

Ciy-co1 [M] Aobs ulns]  Ai[%]  tlns] A:[%] wns]  As[%] X
[nm]
c=10*M
0 500 2.26 48 6.25 9 4,78 43 1.13
560 0.88 32 7.56 8 3.68 60 1.21
5-10% 500 2.48 46 6.64 14 4.55 40 1.07
560 1.04 30 7.15 14 3.95 56 1.11
103 500 2.72 45 6.61 17 4,98 38 1.13
560 1.21 30 7.59 24 3.37 46 1.27
2.5-10°3 500 291 46 6.15 24 4.65 30 1.31
560 1.19 34 7.74 26 3.89 40 1.06
5-10°3 500 2.95 45 6.26 30 412 25 1.14
560 1.26 30 7.89 34 3.33 36 1.19
c=2.5-10*M
0 500 1.98 41 6.29 6 4.26 53 1.21
560 0.81 31 7.95 8 3.56 61 1.06
5-10* 500 2.32 38 6.78 12 4.78 50 1.13
560 0.98 32 7.21 13 3.36 55 1.17
103 500 2.56 35 6.54 21 4.54 44 1.34
560 1.15 30 6.99 19 3.89 51 1.21
2.5-10°3 500 2.54 32 7.06 28 4.25 40 1.17
560 1.21 29 7.21 25 3.87 46 1.06
5-10°3 500 2.38 38 6.45 34 4.39 28 1.19
560 1.17 34 7.78 38 3.35 28 1.23
c=5-10*M

0 500 1.94 36 6.48 7 4.56 57 1.04
560 0.74 30 6.85 5 3.35 65 1.19
5-10* 500 2.16 30 6.45 17 4.59 53 1.16
560 0.89 27 7.51 13 3.40 60 1.08
103 500 2.81 28 6.15 20 4.44 52 1.09
560 1.21 28 7.18 26 3.25 56 1.24
2.5-10°3 500 2.89 32 6.18 28 4.25 40 1.17
560 1.17 32 7.77 24 3.32 44 1.11
5-10°3 500 2.38 28 6.54 34 4.74 38 1.19
560 1.59 25 7.23 38 3.78 37 1.07

Tab. 11 Czasy zycia fluorescencji EDMAADCy (c=10*M, 2,5-10* M, 10* M) w roztworach DMSO—
woda (4:1) zawierajacych roézne stezenia y-CD.

Zanik fluorescencji EDMAADCy zarejestrowany w roztworach DMSO-woda o réznym

stezeniu y-CD mozina dopasowa¢ za pomocy funkcji tréjwyktadniczych. Trzy centra
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fluorescencyjne i odpowiadajgce im sktadowe zaniku sg zwigzane z promienistg dezaktywacja
konformeru charakteryzujgcego sie wzajemng prostopadtoscia obu chromoforéw (t1),
,wyptaszczonej” formy EDMAADCYy (t2) oraz kompleksu z miedzyczgsteczkowym wigzaniem
wodorowym (t3). Z analizy otrzymanych danych eksperymentalnych (Tab. 11) jasno wynika, ze
wzrost stezenia y-CD nie powoduje znaczgcych zmian w wartosciach czaséw zycia fluorescencji
(T1, T2, T3) natomiast obserwuje sie wyrazne zmiany w udziatach procentowych poszczegdlnych
sktadnikdw. Brak zmiany wartosci wspdtczynnika A1 wskazuje, ze konformery
charakteryzujace sie wzajemng prostopadtoscia chromoforéw nie inkludujg do wnetrza
nosnika. Wzrost wartosci udziatu procentowego drugiej sktadowej (Az2) wywotany wzrostem
stezenia y-CD, potwierdza, ze forma planarna EDMAADCy oddziatuje z y-CD tworzac kompleks
inkluzyjny. Zaobserwowane zmiany w wartosciach wspdétczynnika Az wywotane wzrostem
stezenia y-CD (A3 maleje w funkcji [cy-cp]) sg zrozumiate, gdyz wigzanie wodorowe jest

rozrywane podczas wnikania EDMAADCy do wnetrza nosnika makrocyklicznego.

4.3 Stechiometria komplekséw inkluzyjnych EDMAADCy-y-CD w
roztworze DMSO i mieszaninie DMSO—-woda

W celu iloSciowego opisu oddziatywan miedzy molekutg EDMAADCy a y-
cyklodekstrynami wykorzystano model Benesi—Hildebranda do okreslenia stechiometrii oraz
statych kompleksowania badanego uktadu. Analiza wartosci parametréw Ki i K> prowadzi do

nastepujacych wnioskdéw:

e w przypadku molekuty EDMAADCy w obu badanych srodowiskach w obecnosci y-CD
powstajg w stanie wzbudzonym stabilne kompleksy o stechiometrii 1:1,

e otrzymane wartosci K1 w $srodowisku DMSO s3 o rzad wielkosci wieksze niz state
kompleksowania wyznaczone dla osrodka DMSO—-woda, co oznacza, ze powstate w
stanie wzbudzonym kompleksy sg bardziej trwate w pierwszym z badanych uktadow,

e wartosci statych réwnowagowych zalezg od dtugosci fali swiatta wzbudzajacego, t;j.
zmiana dtugosci fali Swiatta wzbudzajgcego z 360 nm na 400 nm powoduje wzrost
wartosci statych rdwnowagowych Ki zaréwno w czystym DMSO, jak i w mieszaninie
DMSO—-woda. To zachowanie jest zrozumiate biorgc pod uwage fakt, ze rozktad

przestrzenny konformerdw jest inny w dwdch badanych uktadach (Tab. 12),
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DMSO DMSO-H;0

Aexc [nm] Ki[M?] Ki[M?]
c=5-10*M
360 646 54
370 757 171
380 1075 217
390 1798 155
400 2121 179
c=2.5-10*M
360 362 60
370 493 156
380 521 164
390 587 179
400 1626 154
c=10*M
360 243 30
370 314 64
380 497 93
390 652 97
400 970 115

Tab. 12 State réwnowagowe komplekséw EDMAADCy-y-CD w stanie wzbudzonym
wyznaczone na podstawie zaleznosci Benesi-Hildebranda dla réznych dtugosci fali Swiatta
wzbudzajgcego w srodowisku DMSO i DMSO—woda w obecnosci y-CD.

stezenie molekuty EDMAADCy ma istotny wptyw na wartos¢ statej Ki. Zmiany tej
wartosci wynikajg z faktu, ze wzrost stezenia EDMAADCy powoduje, ze w zbiorze
konforemerdéw o réznym kacie miedzy D i A udziat tych ,wyptaszczonych” staje sie
coraz bardziej dominujacy (,,concentration-induced planarization”). Nalezy réwniez
pamietac, iz wczesniejsze badania jednoznacznie wykazaty, ze utworzenie kompleksu
z konformerem ,wyptaszczonym” jest bardziej prawdopodobne niz z czgsteczkg, w

ktorej oba chromofory sg ustawione prostopadte wzgledem siebie.
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Rozdziat 5

Oddziatywanie pochodnych benzoesanu metylu z
albuming surowicy bydlecej (BSA)

Podkreslono juz wczesniej, ze badanie oddziatywan lekéw z réznymi biomolekutami
cieszy sie niestabngcym zainteresowaniem wsrdd wielu grup farmaceutdéw, biochemikéw czy
medykow [1,3,15]. Poznanie i zrozumienie procesdw oddziatywania lek—biomolekuta jest
niezmiernie wazne z punktu widzenia odpowiedniej skutecznosci podanego medykamentu.
Badania eksperymentalne i teoretyczne wykazaty, ze albuminy pochodzenia zwierzecego m.in.
albumina wotowa s3g najczesciej stosowane, jako biatka modelowe w ocenie interakcji z
mniejszymi czgsteczkami organicznymi [47-49]. W celu pogtebienia wiedzy na temat natury i
mechanizmdw interakcji pomiedzy zwigzkami organicznymi a biatkami w niniejszej rozprawie
doktorskiej skupiono sie na wyjasnieniu mechanizméw oddziatywan pomiedzy dwoma
pochodnymi benzoesanu metylu (I i 1l) a BSA. Realizacja powyzszych celdw wymagata
zastosowania metod stacjonarnej i czasowo-rozdzielczej spektroskopii. Otrzymane wyniki

zostaty przedstawione w publikacji naukowej:

A5 K. Baranowska, M. Monka, P. Bojarski, M. Jézefowicz, Insight into Molecular Interactions
of Two Methyl Benzoate Derivatives with Bovine Serum Albumin, International Journal of
Molecular Sciences 22 (2021) 11705, IF2021 = 6.208, MNISW = 140.

4.1 Widma absorpcji i emisji oraz czasy zycia fluorescencji uktadéw
dwusktadnikowych I-Trp, II-Trp, I-Tyr, lI-Tyr, I-Phe i lI-Phe

Biorgc pod uwage fakt, ze gtéwnymi sktadnikami wnek hydrofobowych albumin sg
reszty aminokwasowe takie jak: tryptofan (Trp), tyrozyna (Tyr) oraz fenyloalanina (Phe) oraz
to, ze biatka zawdzieczajg swoje wtasciwosci fluorescencyjne obecnos¢ witasnie tych
aminokwaséw, przed przystgpieniem do witasciwych badan oddziatywan pochodnych
benzoesanu metylu z biatkiem BSA, w pierwszym etapie skupiono sie nad badaniami
mechanizmoéw odpowiedzialnych za oddziatywania dwdch badanych zwigzkdw organicznych z

trzema kluczowymi aminokwasami.
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Zmierzone widma absorpcji i emisji molekut I i I w roztworach wodnych (bufor
fosforanowy pH=7.4) istotnie zalezg od stezenia tryptofanu, podczas gdy w przypadku
uktadéw I-Tyr, II-Tyr, I-Phe i lI-Phe miareczkowanie aminokwasem nie powoduje wyraznych
zmian w stacjonarnych widmach absorpcji i emisji (brak utworzenia stabilnych komplekséw z
tymi aminokwasami). Analiza zmian molowego wspoétczynnika absorpcji oraz intensywnosci
fluorescencji w oparciu o model Benesi—Hildebranda, sugeruje, ze dla uktadéw I-Trp i lI-Trp
zarowno w stanie podstawowym, jak i wzbudzonym tworza sie kompleksy z
miedzyczasteczkowym wigzaniem wodorowym o stechiometrii 1:1. Obecnos¢ punktow
izozbestycznych w widmach absorpcji i emisji jest rowniez potwierdzeniem utworzenia takich
komplekséw. Warto w tym miejscu podkresli¢, ze wzrost stezenia Trp powoduje zmniejszenie
intensywnosci pasma emisyjnego ze stanu ESIPT dla molekuty Il, co wskazuje na to, ze podczas

oddziatywania Il z Trp istotng role odgrywaja podstawniki -OH i/lub -COOCH3 (Schemat 5).

0 OCHs

HN

NH,

NH,

Schemat 5 Moizliwe struktury komplekséw utworzonych w wyniku oddziatywania tryptofanu z
molekuta Il

Uzupetnieniem i pomocg w opisie mechanizméw odpowiedzialnych za oddziatywanie
I-Trp i II-Trp byty pomiary czasowo-rozdzielcze. Gtdwne wnioski, ktdére otrzymano na
podstawie analizy czaséw gasniecia fluorescencji | i I w roztworach wodnych (bufor

fosforanowy pH=7.4) o réznym stezeniu Trp (Tab. 13):

o w przypadku molekuty | znajdujacej sie w czystym roztworze wodnym zanik emisji jest
jednowyktadniczy (ti-emisja ze stanu LE) podczas gdy dla czgsteczki Il obserwuje sie
zanik dwuwyktadniczy (ti-emisja ze stanu LE, T2-emisja ze stanu ESIPT),

e wzrost stezenia Trp powoduje, ze wartosci wspotczynnikdw Ai i Az, opisujgce udziat

procentowy sktadowej zaniku emisji LE (I i I) i ESIPT (ll) malejg, z jednoczesnym
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pojawieniem sie w zaniku fluorescencji dodatkowej sktadowej ts3, ktérej udziat rosnie
wraz ze wzrostem stezenia Trp. Powyzsze zachowanie sugeruje, ze czas zaniku t3 nalezy
przypisa¢ promienistej dezaktywacji kompleksu, ktory powstat pomiedzy pochodng

benzoesanu metylu a tryptofanem (Tab. 13).

Molekuty Stezenie Trp 10°° [M] Ti[ns] Ai%] t2[ns] A [%] twns] A3 [%] r?

0 0.19 100 0.97

0.4 0.14 12 3.45 88 0.99

| 0.8 0.12 6 3.34 94 0.99
1.2 0.12 5 3.5 95 0.99

1.6 0.13 3 3.5 97 0.99

2.0 0.14 2 3.5 98 0.99

0 0.20 24 0.80 76 0.95

0.4 0.13 4 0.65 15 3.46 81 0.98

" 0.8 0.11 3 0.87 7 3.71 90 0.99
1.2 0.16 1 0.61 3 3.49 96 0.96

1.6 2.90 100 0.98

2.0 2.98 100 0.98

Tab. 13 Czasy zycia fluorescencji | i Il w roztworach wodnych (bufor fosforanowy pH=7.4) o réznym

stezeniu tryptofanu.

4.2 Widma absorpcji i emisji oraz czasy zycia fluorescencji molekut |
i Il w roztworach wodnych (bufor fosforanowy pH=7.4) o réznym
stezeniu BSA

Po zapoznaniu sie z podstawowymi charakterystykami spektroskopowymi uktadéw
dwusktadnikowych w przypadku ktérych jednym ze sktadnikéw byta czgsteczka aminokwasu,
ktory znajduje sie w ,kieszeniach” hydrofobowych BSA, w kolejnym etapie skupiono sie na
wyjasnieniu na poziomie molekularnym miedzyczgsteczkowych oddziatywan miedzy dwoma
pochodnymi benzoesanu metylu a biatkiem pochodzenia zwierzecego (BSA). Wyniki uzyskane
z miareczkowania spektrofotometrycznego i fluorometrycznego wykazaty, ze zaréwno w
stanie podstawowym, jak i wzbudzonym w wyniku oddziatywania miedzymolekularnego
tworzy sie kompleks miedzy I i BSA oraz Il i BSA. Analiza ilosciowa danych spektroskopowych
wykorzystujgca model Benesi—Hildebranda wykazata, ze podobnie, jak to miato miejsce w
przypadku uktadow I-Trp, ll-Trp, powstate kompleksy charakteryzujg sie stechiometrig 1:1.
Warto réowniez w tym miejscu zauwazy¢, ze w przypadku molekuty Il wzrost stezenia BSA
powoduje stopniowy spadek intensywnosci pasma fluorescencji ze stanu ESIPT. Zachowanie

takie sugeruje, ze ma miejsce specyficzne oddziatywanie miedzy Il i BSA, w ktére
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zaangazowane sg grupy -OH i/lub -COOCHs molekuty Il (brak mozliwosci zajscia procesu

fotoindukowanego wewnatrzczgsteczkowego przeniesienia protonu).

Aby uzyskaé informacje na temat dynamiki procesdéw zachodzgcych w badanych
uktadach w stanie wzbudzonym zmierzono widma czasowo-rozdzielcze oraz dokonano analizy
krzywych zaniku fluorescencji. Krzywe zaniku fluorescencji badanych pochodnych benzoesanu
metylu w obecnosci BSA wykazujg pewne podobienstwa do krzywych otrzymanych w

uktadach I-Trp i lI-Trp, mianowicie:

e w przypadku molekuty | w obecnosci BSA zanik emisji jest dwuwyktadniczy, podczas
gdy dla ukfadu II-BSA jest on bardziej skomplikowany i krzywg zaniku mozna dobrze
dopasowac stosujac funkcje tréjwyktadnicze,

® zmiany jakie zauwazono w udziatach procentowych poszczegdlnych sktadowych
wywotane wzrostem stezenia BSA t.j. spadek wzglednego udziatu procentowego
sktadowych zaniku czaséw t1 i T2 z jednoczesnym wzrostem wspotczynnika As
pozwalajg na nastepujace wyjasnienie pochodzenia wszystkich sktadowych. Pierwsza
sktadowa t1 zwigzana jest z emisjg molekut 1 i Il ze stanu lokalnie wzbudzonego (LE),
druga sktadowg 12 mozna przypisa¢ emisji ze stanu ESIPT (molekuta Il). Ostatnia

sktadowa (t3) odpowiada emisji komplekséw inkluzyjnych I-BSA i II-BSA (Tab. 14).

Badania czasowo-rozdzielcze pozwolity réwniez na poszerzenie wiedzy na temat
proceséw dynamiki solwatacji wybranych pochodnych benzoesanu metylu w wodnych
roztworach zawierajacych czasteczki BSA. Jak juz wspomniano w rozdziale 3, relaksacja
solwatacyjna w jednorodnych rozpuszczalnikach zachodzi w skali subpikosekundowej,
podczas gdy ulega ona wyraznemu spowolnieniu, gdy badana czgsteczka zostanie ,,uwieziona”
we wnece makrocyklicznego nosnika. W celu okreslenia czasu relaksacji solwatacyjnej i
poréwnania dynamiki solwatacji w obecnosci wybranych nos$nikbw chemicznych
(kukurbit[7]uryle i sulfonowe kaliks[6]areny) z uktadami, w sktad ktérych wchodzg albuminy
BSA przeanalizowano czasowg ewolucje potozenia maksimum pasma fluorescencji. Na
podstawie procedury zaproponowanej przez Maroncelliego i Fleminga dla obu badanych
molekut skonstruowano funkcje c(t), ktérej zanik mozna dobrze dopasowac stosujgc funkcje
dwuwyktadnicze (szybka sktadowa ti(solv.) (1) =430 ps (2%), ti(solv.) (II) =520 ps (3%) i wolna

sktadowa Tta(solv.) (1) = 4.07 ns (98%), T2(solv.) (I1) = 5.25 ps (97%)). Wyznaczono réowniez sredni
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czas relaksacji solwatacyjnej: <t(solv.) (I)> = 4.06 ns, <t(solv.) (I1)>=5.24 ns. Analiza uzyskanych
wynikow wyraznie wskazuje, ze proces solwatacji wybranych pochodnych benzoesanu metylu
w obecnosci nosnikdw chemicznych jest znacznie rézny od sytuacji, gdy w sasiedztwie
molekuty luminezujgcej znajduje sie albumina. Stwierdzono, ze S$redni czas relaksacji
solwatacyjnej w uktadzie molekuta-biatko jest o okoto rzad wielkosci dtuzszy niz w uktadzie z
no$nikami makrocyklicznymi (CB[7] i SCA[6]). Na podstawie otrzymanych wynikéw mozna
whnioskowac, ze czgsteczka wody jest ,silniej” uwieziona wewnatrz hydrofobowych wnek BSA,

niz w we wnece CB[7] czy SCA[6], co skutkuje wydtuzeniem czasu solwatacji.

Molekuty Stezenie BSA T1[ns] A1[%] T2[ns] A [%] T3 [ns] A3 [%] r?
1075 [M]

| 0 0.19 100 0.98
0.1 0.20 7 4.49 93 0.99
0.2 0.30 3 5.36 97 0.99
0.4 0.30 2 5.18 98 0.99
0.6 0.32 1 5.57 99 0.99
0.8 5.51 100 0.99
1.4 5.69 100 0.99
2.0 5.78 100 0.99

] 0 0.20 24 0.80 76 0.95
0.1 0.21 14 1.15 15 5.79 71 0.99
0.2 0.19 5 1.19 17 5.56 78 0.99
0.4 0.19 2 1.00 9 5.71 89 0.99
0.6 0.18 1 1.00 6 5.23 93 0.99
0.8 5.58 100 0.99
1.4 5.52 100 0.99
2.0 5.84 100 0.99

Tab. 14 Czasy zycia fluorescencji | i Il w roztworach wodnych (bufor fosforanowy pH=7.4) o réznym

stezeniu BSA.

4.3 Mechanizm wygaszania fluorescencji

Bardzo uzyteczng metodg badania oddziatywan biatek ze zwigzkami organicznymi jest
metoda oparta na pomiarach wygaszania fluorescencji biatek w wyniku interakcji z molekuta
organiczng. W celu okreslenia charakteru wygaszania fluorescencji BSA przez molekuty i ll
(statyczny badz dynamiczny) oraz wyznaczenia statej Ksy (Sterna-Volmera), przeprowadzono
analize wynikéw spektroskopowych otrzymanych przy uzyciu stacjonarnej i rozdzielonej w
czasie spektroskopii emisyjnej postugujac sie réwnaniem Sterna-Volmera. Na podstawie
analizy danych spektroskopowych otrzymanych w réznych temperaturach (wartosc statej Ksy

maleje wraz ze wzrostem temperatury) stwierdzono, ze proces wygaszania ma charakter
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statyczny oraz we wszystkich temperaturach powstajg kompleksy o stechiometrii 1:1. W celu
potwierdzenia statycznego charakteru mechanizmu wygaszania fluorescencji BSA
wywotanego obecnoscia molekuty organicznej zmierzono krzywe zanikéw fluorescencji
albuminy w obecnosci molekut I i Il. Otrzymane wyniki wskazujg, ze zmiany stezenia
pochodnych benzoesanu metylu nie wptywajg na warto$¢ sSredniego czasu zycia, co

potwierdza statyczny mechanizm wygaszania.

Aby poprzeé powyzsze wnioski analize danych otrzymanych w réznych temperaturach
przeprowadzono z wykorzystaniem zaleznosci Scatcharda. Wyznaczone wartosci statej
wigzania (Kp) oraz liczby miejsc wigzacych dla czgsteczek biatka (n) s3 w bardzo dobrej

zgodnosci z wartosciami otrzymanymi z zalezno$ci Benesi-Hildebranda i Sterna-Volmera.

Wartosci parametréw termodynamicznych procesu kompleksowania pochodnych
benzoesanu metylu z BSA wyznaczone z zaleznosci van’t Hoffa przyczynity sie do lepszego
zrozumienia mechanizméw oddziatywan pochodnych benzoesanu metylu z BSA. Z

otrzymanych parametréw termodynamicznych zestawionych w Tab. 15 wynika, ze:

e proces kompleksowania pochodnych benzoesanu metylu z albuming w roztworach
wodnych jest egzotermiczny, a czynnikiem decydujgcym o sile napedowej procesu jest
entalpia,

e w oddziatywaniu pomiedzy I i Il a BSA gtéwng role odgrywajg wigzania wodorowe i

stabe sity van der Waalsa.

Molekuty Temp. [K] Ksv10*[M™] Ken 10* [M?] Kp 10*[M™] n AH [kJ] AS [J] AG [kJ]
| 278 2.4 2.6 3.5 1.07 -25.66 -4.86 -24.308

288 2.1 2.4 2.7 1.04 -24.260

298 1.9 2.0 2.1 1.00 -24.211

303 1.5 1.3 1.3 0.93 -24.187

I 278 2.6 3.6 3.5 1.07 -25.12 -2.17 -24.512
288 2.2 3.0 3.0 1.05 -24.491

298 1.8 2.7 2.7 1.02 -25.469

303 1.5 1.8 1.3 0.99 -25.458

Tab. 15 Stata wygaszania Sterna—Volmera (Ksy), state wigzania wyznaczone metodami Benesi-
Hildebranda (Kug) i Scatcharda (K,) oraz parametry termodynamiczne (liczba wigzania (n), zmiany
entalpii (AH), entropii (AS) i energia swobodna Gibbsa (AG) procesu wigzania) w réznych
temperaturach.
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Podsumowanie

Niniejsza praca doktorska zawiera wyniki badan, ktérych celem byto
scharakteryzowanie oddziatywan molekularnych pomiedzy wybranymi molekutami
organicznymi  wykazujgcymi  zjawisko fotoindukowanego wewnatrzczasteczkowego
przeniesienia fadunku (cztery pochodne beznoesanu metylu oraz pochodna bifenylu) a
zwigzkami makrocyklicznymi, ktére dzieki swej budowie sg zdolne do tworzenia komplekséw
inkluzyjnych oraz zrozumienie mechanizméw oddziatywan pomiedzy dwoma pochodnymi
benzoesanu metylu a albuming surowiczg wotowgq. Do realizacji zamierzonych celéw uzyto
metod stacjonarnej i rozdzielonej w czasie spektroskopii oraz spektroskopii magnetycznego

rezonansu jagdrowego.

Ponizej zestawiono najwazniejsze wyniki i spostrzezenia przedstawione w pracy doktorskiej:

e dla wszystkich badanych molekut organicznych znajdujgcych sie w rozpuszczalniku
polarnym, protycznym, jakim jest woda wystepujg oddziatywania specyficzne miedzy
molekufa luminezujaca a molekutami rozpuszczalnika (miedzyczasteczkowe wigzania
wodorowe w stanie podstawowym i wzbudzonym),

e analiza wynikow eksperymentalnych wsparta obliczeniami kwantowo-chemicznymi
pokazata, ze w przypadku pochodnych benzoesanu metylu (I i Il) znajdujgcych sie w
mieszaninie rozpuszczalnikow THF-H,O wystepujg dwa konkurencyjne procesy:
zjawisko solwatacji preferencyjnej oraz tworzenie réoznych komplekséw z czgsteczkami
wody. W sytuacji gdy utamek molowy polarnej sktadowej jest mniejszy od 0.9 tylko
pojedyncza czasteczka wody jest przytgczona do badanego zwigzku (,,monohydrated
complex”), podczas gdy dla utamka molowego wody x120>0.9 mozliwe jest powstanie
komplekséw, w ktérych dwie czasteczki wody sg potgczone z badanymi molekutami
(,,dihydrated complex”),

e w przypadku badanych pochodnych benzoesanu metylu stabilne kompleksy w stanie
podstawowym powstajg w obecnosci B-CD, y-CD, CB[7] oraz SCA[6], podczas gdy dla
uktadu z a-CD nie znaleziono przestanek potwierdzajgcych powstanie trwatego
kompleksu. Analiza danych doswiadczalnych jednoznacznie wskazuje, ze kompleksy

inkluzyjne miedzy badanymi molekutami organicznymi a CB[7] powstaja w stanie
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podstawowym, z tym Ze wystepuje zasadnicza rdéznica w geometrii i trwatosci
utworzonych komplekséw (I-CB[7] i II-CB[7] versus II-CB[7] i IV-CB[7]),

analiza danych doswiadczalnych uzyskanych przy uzyciu metod stacjonarnej i
rozdzielonej w czasie spektroskopii wskazuje, ze w stanie wzbudzonym powstajg
kompleksy inkluzyjne miedzy molekutami I-IV a wszystkimi badanymi zwigzkami
makrocyklicznymi. W przypadku molekut typu ESIPT (Il i IV) utworzenie kompleksu
powoduje izolacje molekuty od srodowiska wodnego, co prowadzi do uaktywnienia
procesu fotoindukowanego wewnatrzczgsteczkowego przeniesienia protonu w stanie
wzbudzonym. Dynamika fotoindukowanych proceséw dla molekut typu TICT rdzni sie
w zaleznosci od rodzaju nosnika makrocyklicznego uzytego do badan,

analiza danych eksperymentalnych wskazuje, ze dla molekut i Il w obecnosci CD, CB[7]
i SCA[6] w stanie wzbudzonym tworzg sie kompleksy o stechiometrii 1:1. W przypadku
molekut 1l i IV zaobserwowano, ze w obecnosci CB[7] powstajg kompleksy o
stechiometrii 1:1, a dla uktadéw z obecnoscig CD i SCA[6] oprdcz komplekséw o
stechiometrii 1:1 wystepujg kompleksy o stechiometrii 1:2,

sposrod  wszystkich  badanych uktadéw w stanie podstawowym najwiekszg
komplementarnoscia, a co za tym idzie najwiekszg trwatoscig charakteryzujg sie uktady
z kukurbit[7]urylami, zas najmniej stabilne sg kompleksy z cyklodekstrynami. Te samg
prawidtowos¢ obserwuje sie dla komplekséw w stanie wzbudzonym,

w wodnych roztworach zawierajgcych SCA[6] i CB[7] proces relaksacji solwatacyjnej
jest co najmniej o dwa (SCA[6]) lub trzy (CB[7]) rzedy wolniejszy od sytuacji, gdy
molekuta luminezujgca znajduje sie w osrodku jednorodnym. Stwierdzono réwniez, ze
Sredni czas relaksacji solwatacyjnej w uktadzie molekuta-biatko jest o okoto rzad
wielkosci dtuzszy niz w uktadzie z nosnikami makrocyklicznymi (CB[7] i SCA[6]),
badania przeprowadzone przy uzyciu spektroskopii magnetycznego rezonansu
jadrowego (*H NMR) pozwolity uzyska¢ wglad w strukture komplekséw inkluzyjnych
oraz ustali¢ geometrie badanych uktaddw,

w przypadku molekuty EDMAADCy w obu badanych srodowiskach w obecnosci y-CD
powstajg w stanie wzbudzonym stabilne kompleksy o stechiometrii 1:1. Wartosci
statych rownowagowych zalezg od stezenia molekuty oraz dtugosci fali swiatta
wzbudzajgcego. Zachowanie to jest zrozumiate biorgc pod uwage fakt, ze juz w stanie
podstawowym zwigzek EDMAADCy tworzy uktad spektroskopowo niejednorodny,
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analiza ilosciowa danych spektroskopowych wykazata, ze zaréwno w przypadku
uktaddéw I-Trp, ll-Trp, jak i I-BSA, 1I-BSA powstajg kompleksy, ktére charakteryzujg sie
stechiometrig 1:1. Co wiecej w specyficzne oddziatywanie miedzy Il i Trp oraz Il i BSA
zaangazowane sg grupy OH i/lub -COOCH3 molekuty Il (brak mozliwosci zajscia procesu

fotoindukowanego wewnatrzczasteczkowego przeniesienia protonu).
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ABSTRACT

Using the steady-state and time-resolved spectroscopic techniques and quantum-chemical calculations,
photophysical and photochemical properties of the two ortho derivatives of p-methylaminobenzoate (methyl
o-methoxy p-methylaminobenzoate (I) and methyl o-hydroxy p-methylaminobenzoate (II)) have been studied
in binary mixture THF-H,0 and aqueous solutions containing different concentrations of - and 'y-CD. Nonlinear
solvatochromic shifts of the absorption and fluorescence bands were observed for both fluorophores in a mixture
of polar aprotic (THF) and polar protic (H,0) solvents. This nonlinearity has been explained in terms of the non-
specific (dielectric enrichment of the solvent around the polar solute) and specific (hydrogen bond) solute-
solvent interactions. Spectroscopic measurements were used to investigate the role of H-bonding solute-
solvent interactions, and the excited-state intramolecular proton transfer process in the formation of inclusion
complexes between fluorophore and cyclodextrins. The obtained results were used to calculate, according to
Benesi-Hildebrand's plot and nonlinear least-squares regression analysis, equilibrium constants of the
fluorophore-cyclodextrin inclusion complexes. Performed analysis indicates also that both 1:1 and 1:2 inclusion

complexes were formed between studied compounds and o- and y-cyclodextrins.

© 2018 Published by Elsevier B.V.

1. Introduction

It is well-known that an intramolecular and/or intermolecular pro-
ton transfer is one of the most fundamental reactions in biological, phys-
ical and chemical systems [1-5]. The mechanism of this phenomenon
has become the subject of a widely spread discussion among many sci-
entific groups, right after the Weller's discovery of dual emission in the
fluorescence spectrum of salicylic acid and methyl salicylate [6]. This
process, known as an excited state intramolecular proton transfer
(ESIPT), has been extensively investigated not only from a purely theo-
retical point of view (i.e. comprehending the mechanisms of processes
taking place in an examined compounds with proton donor and/or ac-
ceptor sites, as well as explaining the mechanisms of interaction be-
tween examined compounds and their protic environment), but also
because of the possibility to use such ESIPT molecules in a variety of ap-
plications, such as fluorescent sensors, probes for biological environ-
ments, laser dyes, UV photostabilizers, filtered materials, molecular
memory storage devices, fluorescent probes, polymer protectors, meta-
bolic process of living systems, fluorescent solar concentrators, organic
light-emitting devices [7-13].

Simultaneously to the steady-state and time-resolved spectroscopic
studies of different ESIPT fluorophores dissolved in neat, homogeneous

* Corresponding author.
E-mail address: fizmj@univ.gda.pl (M. J6zefowicz).
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environments, in recent years, considerable attention has been focused
on understanding and controlling supramolecular interactions between
organic molecules (e.g., potential drugs) and well-recognized macrocy-
clic hosts: cyclodextrins, cucurbit[n]urils, crown ethers, calixarenes and
cyclophanes [14-17]. Both in photochemistry and pharmaceutical
chemistry there has been increasing interest focused on understanding
and characterize non-specific and specific interactions occurring be-
tween the fluorophore in the ground/excited state and microenviron-
ment, as well as potential applications of cyclodextrin-based systems.
In the light of the presented information, one can completely under-
stand the fact that the family of naturally occurring oligosaccharides, cy-
clodextrins, has great potential in the delivery and controlled release of
drugs. The hydrophobic cavity with hydrophilic external walls make
them suitable and fascinating systems not only for use as drug carriers,
but also for the study of interactions between the investigated dyes in
the ground and/or excited states and cyclodextrins i.e., the stoichiome-
try and the ground and excited-state equilibrium constants of the inclu-
sion complexes.

In the last few years, our special attention has been paid to the de-
scription of the mechanisms of interaction between some methyl ben-
zoate derivatives and their environment (neat solvents and binary
solvent mixtures) [18-24]. It has been shown that photophysical and
photochemical properties of these molecules are largely influenced by
the nature of the substituents of the phenyl ring. Moreover, it is clear
from the steady-state and time-resolved spectroscopic measurements,
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as well as semiempirical quantum-chemical calculations that methyl p-
amino and p-dimethylaminobenzoate and their ortho (—OH, —OCH;)
derivatives undergo, in the excited state, conformational changes
caused by inter- and intramolecular proton transfer reactions and/or
twisted intramolecular charge transfer (TICT) processes.

As it was mentioned, the excited-state intramolecular proton trans-
fer process in different molecules dissolved in neat liquid medium has
been the subject of very extensive experimental and theoretical re-
search for several decades [1-6]. Relatively less attention has been
given to the study of the role of the excited-state inter- and/or intramo-
lecular proton transfer in inclusion complexes formed between
fluorophore and cyclodextrins. Taking into account above, in the pres-
ent paper, we seek to gain a deeper insight into the spectroscopic char-
acterization of two dyes in aqueous solutions containing different
concentrations of a- and y-CD. The first one dissolved in aprotic solvent
exhibits only locally excited fluorescence (molecule I), whereas the sec-
ond one exhibits dual fluorescence i.e., emission from the locally excited
state and the intramolecular proton transfer state (molecule II). There-
fore, the steady-state and time-resolved studies were used to obtain re-
liable information about intermolecular and intramolecular interactions
causing host-guest type inclusion complexes.

2. Experimental details

The molecules under study have been synthesized and purified by
Gormin et al. [25-27]. The purity of synthesized dyes were controlled
by thin layer chromatography. The measurements showed that studied
compounds is high purity. Both a-CD and y-CD were purchased from
Aldrich Chemical Co. and used without further purification.

Steady-state absorption and fluorescence measurements at room
temperature were carried out using a computer-controlled Shimadzu
UV-2401 PC spectrophotometer and Shimadzu RF-5301 PC spectrofluo-
rometer. Time-resolved emission spectra of the sample were measured
applying streak camera (C4334-01 Hamamatsu) and 2501 S spectro-
graph (Bruker Optics). Solid state Nd: YAG laser (PL 2143A/SS EKSPLA)
and optical parametric generator (PG 401/SH EKSPLA) were used as an
excitation light pulses source [28].

All calculations concerning the spectroscopic properties of mole-
cules under study have been performed using the CAChe WS 5.04 pro-
gram. The geometrical structure of the investigated molecules has
been determined using the PM3 semiempirical molecular orbital
method at the Restricted Hartree Fock (RHF) level including single exci-
tation configuration interaction (CIS). The PM3 method based on ne-
glect of diatomic differential overlap (NDDO) approximation takes
into account valence electrons only and for simplicity some of the two
electron integrals are omitted. The ZINDO semiempirical method has
been used in calculations of electronic singlet Franck-Condon (FC)
state energies for UV-visible spectra. In the calculations of oscillator
strengths of the transition between the corresponding states the wave
functions used included all electronic states, which are generated by
single excitation of electrons in the highest occupied (HOMO) and low-
est unoccupied (LUMO) molecular orbitals.

3. Results and discussion

3.1. Absorption spectra in the binary THF-H,0 solvent mixture and their
analysis on the basis of the quantum-chemical calculations

Fig. 1 shows the absorption spectra of I and II in a mixture of THF-
H,O0 at different water concentration keeping a constant solute concen-
tration of ¢ = 5 - 107> M. As can be seen, for both molecules, the ab-
sorption spectrum in neat THF and H,0 possesses two main bands:
strong long-wavelength band in region of 260-340 nm, and weaker
short-wavelength in 220-250 nm. The folded structure of the long-
wavelength absorption band points the presence of two electronic tran-
sitions (Sp — S; and Sp — S;). The peculiarities of these bands (for

methyl benzoate derivatives in vapour-phase) have been thoroughly
described in [18-22]. Finally, one the basis of the experimental results
and quantum-chemical calculations, it has been shown that the long-
wavelength absorption band of the studied dyes consists of two over-
lapping components.

It is also clear from Fig. 1 that the shape, absorption maxima posi-
tions and molar absorption coefficient of the long-wavelength absorp-
tion spectrum of I and II in protic water are different than these in
aprotic THF. The absorption band shifts to the red with increasing con-
centration of a water in a mixture of polar aprotic (THF) and polar protic
(H,0) solvents. Furthermore, the relative contributions of two lowest-
energy transitions (Sp — S1, So — S;) depend strongly on the concentra-
tion of polar protic component in the binary mixture. For both studied
molecules, the value of the molar absorption coefficient of the long-
wavelength absorption band, corresponding to Sp — S; transition, in-
creases with increasing Xy»0. This behavior is accompanied by decrease
of the short-wavelength absorption band (So — S, transition). The men-
tioned changes are more pronounced in the absorption spectrum of I in
comparison to the molecule II It should be noted that, for both investi-
gated dyes, the absorption spectra in THF-H,0 solvent mixtures con-
taining less than about 0.9 mole fraction of water component differ
considerably from those obtained at higher water concentration (Xu20
> 0.9). Furthermore, when the mole fraction of water is increased
from O to 0.9, an isosbestic point can be clearly seen in normalized ab-
sorption bands (see Fig. 1). The appearance of isosbestic point indicates
the formation of hydrogen-bond complex of I and II with water mole-
cules in the ground state. In order to analyze quantitatively the
solvatochromic shifts of the absorption (Sg — S1, Sg — S, transitions)
and fluorescence spectra as a function of the mole fraction of polar
protic solvent, Fig. 2 shows normalized shifts plotted against the H,0
concentration. It is clear from Fig. 2 that for both dyes the position of
the two long-wavelength absorption bands (Sp — S1, So — S) evolves
continuously only up to Xy»0 = 0.9 and this simple dependence break-
ing down at higher water concentration. Analyzing the data assembled
in Fig. 1, in connection with the graphical presentation of the normal-
ized solvatochromic shifts of two long-wavelength absorption bands
(corresponding to Sg — Sy and Sp — S, transitions, see Fig. 2), it is follows
that the nature of absorbing centers is different in the two discussed
ranges of H,O concentration (0-0.9 and 0.9-1.0).

As it was mentioned earlier, the solvent-inducted shift of the absorp-
tion and fluorescence spectra arises from either universal (non-specific)
and/or specific (hydrogen bond) solute-solvent interactions. Taking
into account that studied systems contain a polar molecule (I and II)
in a mixture of aprotic and protic solvents (THF-H,0), in addition to
non-specific (dipol-dipol) interactions, hydrogen bonding between
the solute and solvent molecules can also occurs. Thus, the absorption
spectra of I and II in a mixture of polar aprotic THF and protic H,O can
consist of electronic transitions of different centers absorbing at differ-
ent wavelengths (i.e., neutral molecule and hydrogen-bonded com-
plexes with H,0 molecules). In order to understand the nature of the
solute-solvent interactions in the ground state (i.e., the influence of hy-
drogen bonds on the absorption spectra) a series of quantum-chemical
calculations were carried out. In the lowest panels of Fig. 1, the bars
under the absorption curves give the theoretical electronic state energy
values and corresponding oscillator strengths of the neutral investi-
gated dyes (I and II) in THF, as well as different hydrogen-bond
complexes of I (i.e., Ia, Ib) and II (i.e., Ila, IIb, IIc) with H,0. Taking
into account our previous findings (i.e., fact that methyl p-
dimethylaminobenzoate and its two ortho derivatives in a hydrochloric
acid solution exist as a mixture of neutral, mono-, and dicationic forms)
[21], it is clear that the investigated molecules possess the functional
groups which are the likely sites for intermolecular hydrogen bonding
with water molecules. To understand how water molecule interacts
with investigated dyes we considered a number of possible complexes
between I or II and H,0 molecule. Special attention has been given to
the possible interaction of water molecule with active centers of
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Fig. 1. The absorption spectra of I (A) and II (B) in neat solvents of THF (0) and H,0 (9) and their mixtures at different mole fraction, x,, of H,0.

fluorophore i.e., —NH, and —COOCH; groups. The structures of the pos-
sible complexes between I or II and water molecule are presented in
Fig. 1 (lower panels). As can be seen, the water molecule was added
to the investigated dyes only at the locations considered important for
hydrogen bond formation. It is worth noting that real situation in THF-
H,0 system can be more complex but the simple complex considered
can give a first insight into the specific solute-solvent interaction in
the ground state.

On the basis of the quantum-chemical calculation results, presented
in Table 1 and Fig. 1, one can state that in the binary THF-H,0 solution, a
specific interactions i.e., hydrogen-bonding between I or Il and water
molecules, are occurring in addition to the well-known dipole-dipole
interactions. As it was mentioned earlier, for both studied molecules
the long-wavelength absorption bands become more and more red-
shifted on increasing the water concentration. This bathochromic shift,
as well as the gradual changes in the value of the molar absorption co-
efficient of the long-wavelength absorption band are understandable
in terms of formation of different water complexes e.g., monohydrated
complex Ia, Ila (see Fig. 1) and dihydrated complex (H-bonding be-
tween H,0 and —NH; and —COOCH;3 groups) Ib, IIb, Ilc. Naturally,
the participation of monohydrated and dihydrated complexes of the in-
vestigated dyes in the absorption spectrum is higher at higher water
concentrations. In order to obtain more insight into hydrogen bond for-
mation between solute and solvent molecules the spectral evolution
should be analyzed in two ranges of mole fraction of H,0: 0 < Xyz0 <
0.9 and X0 > 0.9. Analyzing the spectral behavior of I and II in THF-
H,O solvent mixtures containing <0.9 mole fraction of water
(i.e., appearance of the isosbestic point in the absorption spectra) in

connection with quantum-chemical calculations, it follows that an
equilibrium is established between two absorbing species: free
molecule (I or II) and monohydrated form of the parent molecule (Ia
or IIa). Very complex spectral features observed at higher H,O concen-
trations (Xy20 > 0.9) are understandable taking into account not only
appearance of new electronic transitions of monohydrate complexes
but mainly dihydrated forms of the parent molecules (Ib, IIb, Iic).

3.2. Steady-state fluorescence spectra in the binary THF-H,O solvent
mixture

Fig. 3 presents the normalized fluorescence spectra of I and Il in neat
THF and H,0 and their mixtures at different mole fraction of water. In
polar aprotic THF the emission spectrum of I possesses a single fluores-
cence band (locally excited), whereas fluorescence spectrum of Il con-
sists of two partially overlapping bands i.e., short-wavelength (locally
excited) fluorescence, and intramolecular proton transfer band. The lo-
cally excited fluorescence band of I and Il shows the same general de-
pendence on increasing the water concentration as observed for
absorption spectra in THF-H,O mixture i.e., the nonlinear, bathochromic
shift (see Fig. 2). As can be seen in Fig. 3, for molecule I, upon increasing
Xp20 the position of LE fluorescence maximum is red-shifted and simul-
taneously a new long-wavelength band centered at around 450 nm ap-
pears. This indicates that the hydrogen-bond complex or complexes of I
and water molecule exist in the excited state. The fluorescence behavior
of I in THF-H,0 mixture cannot be explained by only two emitting cen-
ters over the whole range of xyj»0 because isoemissive point is evident at
mole fraction of water from 0 to 0.4, and it disappears at higher polar-
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protic solvent concentration (Xy2o > 0.4). Thus, the occurrence of an
isoemissive point in the fluorescence bands suggests the existence of
two types of emissive species (free molecule and hydrogen-bond com-
plex) only up to xyz0 = 0.4.

Fluorescence spectra of II in mixed binary solvents undergo also
complex changes on adding water to tetrahydrofuran. While the grad-
ual red-shift of the LE band was observed with increase in water con-
centration, the maximum position of the ESIPT band is practically of

Table 1
Theoretical energy values of the singlet excited states, E;, and corresponding oscillator
strengths, f;, of the investigated dyes.

Compound State Ei(cm™")/A(nm) fi

1 Sn 29,395/340.2 0.0003
M 33,807/295.8 0.09
S, 35,971/278.0 0.69

Ia S 34,459/290.2 0.08
So 37,010/270.2 0.12

Ib S 31,807/314.4 0.26
S, 38,700/258.4 0.06

I Sn, 29,129/343.3 0.0005
S 34,060/293.6 0.18
S 36,443/274.4 0.48

Ila S 33,944/294.6 0.09
S, 37,065/269.8 0.11

IIb S 33,069/302.4 0.06
So 36,982/270.4 0.38

Ilc S 33,852/295.4 0.28
S, 36,657/272.8 0.26

the solvent polarity independent. On the other hand, it is important to
note that the ESIPT fluorescence full-width at half maximum value in-
creases by about 25% when the x50 is increased from 0 to 1. This behav-
ior is understandable taking into account that at higher water
concentrations, the molecule II in the excited state exists as a mixture
of neutral, mono- and dihydrated forms.

3.3. Absorption and fluorescence spectra in aqueous solution with c- and y-
cyclodextrin

The effect of increasing o- and y-cyclodextrin concentration on ab-
sorption spectra of I and II is shown in Figs. 4(A, B) and 5(A, B). As can
be seen the observed changes in the spectral behavior are very different
in the two analyzed systems (a-CD and y-CD). As the concentration of
a-CD increases (Fig. 4B) the absorption maximum position of II is very
slightly red-shifted with a small, gradual change in absorbance, whereas
for molecule I practically no spectral changes occurred with increasing
a-CD concentration. Similar behavior was observed for methyl o-
hydroxy p-dimethylamino benzoate in a-CD [23], which confirms that
no complexation for molecule I and methyl o-hydroxy p-
dimethylamino benzoate with a-CD has occurred. On the other hand,
for both investigated dyes upon increasing the concentration of y-CD,
the value of the molar absorption coefficient of the long-wavelength ab-
sorption band distinctly decreases. This behavior is understandable tak-
ing into account that the cavity of y-CD is larger than that of o-CD and
v-CD could more effectively interacts with both investigated molecules
causing host-guest type inclusion complexes in the ground state.
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Fig. 3. The normalized fluorescence spectra of I (A) and II (B) in neat solvents of THF (0) and H,0 (9) and their mixtures at different mole fraction, x, of H,0.
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In order to clarity the role of CD in the spectroscopic properties of the
molecules under study in the ground state, all absorption spectra were
normalized by scaling the area under the spectrum to be equal to
unity (see Figs. 4(A', B’) and 5(A', B’)). The occurrence of an isosbestic
points in the normalized absorption spectra of I and II in y-CD, as well
as for II in a-CD suggests that an equilibrium is established between
two types of absorbing species in the studied medium. For the molecule
Iin oi-CD, there is no clear isosbestic point in the normalized absorption
spectra which rule out the formation of well-defined 1:1 (I-(a-CD))
complex.

Fig. 6A and B show a typical example of the a-cyclodextrin effect on
the fluorescence spectrum of the investigated dyes. Because the fluores-
cence spectra of I and I in y-CD are very similar to those in a-CD they
are not presented here. As it was mentioned earlier, and as can be
seen in Fig. 6, the emission spectrum of I in H,O possesses two fluores-
cence bands: short-wavelength - locally excited fluorescence band and
much weaker, the long-wavelength band results from the emission of
intermolecular hydrogen-bond complexes i.e., mono- and dihydrated
forms of the molecule I. On the other hand, fluorescence spectrum of
II in H,0 consists of three partially overlapping bands: LE, ESIPT bands
and emission of H-bonded complexes. For both studied dyes in o- and
v-CD the locally excited fluorescence band blueshifts slightly and the
fluorescence intensity increases as the concentration of cyclodextrins
increases. Similar behavior was observed for the long-wavelength fluo-
rescence band i.e., LW fluorescence component becomes more intense.

Observed blueshift in the LE fluorescence band indicates that both stud-
ied molecules are experiencing an microenvironment that is much less
dipolar that water. The blue-shifts of LE fluorescence band caused by in-
creasing CD concentration along with the increased of fluorescence in-
tensity are due to inclusion of I and II in the hydrophobic cavities of
- and y-CD.

To further characterize the cyclodextrin-induced changes in the
fluorescence spectra of I and II each of the area under the fluorescence
curves were normalized to unity. In this case, each the fluorescence
spectrum corresponds to the emission of the same number of emitting
centers (see Fig. 6A’ and B’). As can be seen in Fig. 6A” and B’ the normal-
ized fluorescence spectra of I and II show a systematic changes with
gradual addition of a-CD showing an isosbestic point. Similar behavior
was observed for fluorescence spectra of the studied dyes in y-CD.
These spectral changes with the clean isosbestic point seem to indicate
the formation of well-defined host-guest inclusion complexes between
a- and y-CD and molecules under study in the electronic excited state.

3.4. Stoichiometry of inclusion complexes

Steady-state and time-resolved spectroscopic measurements
can be used for determination of stoichiometry and equilibrium
constants of the inclusion complexes in the ground and excited
states. For a simple 1:1 inclusion complex between fluorophore
(F) and cyclodextrins (CD) in the excited (F* + CD — (F — CD)")
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or ground (F + CD — (F — CD)) states, I-Ip or A-Ag versus CD concen-
tration ([CD]) should fit the Benesi-Hildebrand equation [29-31]:

1 1 1 1

=l  K&(,—Ip) (D] "=l (13)

1 1 1 1

= —+ s
A—Ao  K§(A1—Ag) [CD]  A1—Ao

(1b)

where Iy (Ag), I (A1) and I (A) are the fluorescence intensities (or
absorbances) of the studied molecule in water (in the absence of
CD), in 1:1 complex (when all of molecules is complexed) and at
the particular concentration of CD. The equilibrium constants K§"
and K{* are expressed as:

 [F—(CD
- [FI[CD]”

(F—CD)']
[F][CD) @

K& ke =
where [F] ([F*]), [CD], [F — CD] ([(F — CD)"]) are the stoichiometric
concentration of the fluorophore in the ground (excited) state, cy-
clodextrins and 1:1 inclusion complex in the ground (excited) state.

Nevertheless, one has to remember that, in many cases, the plot of 1/
(I-Ip) (or 1/A-A) versus 1/[CD] (see Egs. (1a) and (1b)) can be drawn on
the whole studied range of cyclodextrin concentrations not as a single
straight line but as a two straight lines. In this case, the initial linear por-
tion, at high [CD], might contain equilibrium constant (K;) for the

formation of 1:2 inclusion complex between fluorophore and cyclodex-
trins, while the final linear portion, at low [CD], might contain K; value.

For 1:2 inclusion complexes between fluorophore (F) and cyclodex-
trins (CD) the equilibrium can be written as [29-31]:

(F—CD) + CD—(F—(CD),), 3)
where

[(F=(CD),)]

= [(F—coycop @

and [(F — (CD),)] is stoichiometric concentration of 1:2 inclusion com-
plex. For this equilibrium the following relationship can be obtained:

1 1 L1
(I,—10)K1K5[CD)?  —lo”

()

I—Io

It was shown by Nigam and Durocher [32-34] that graphical method
(Benesi-Hildebrand plot) does not allow the determination of equilib-
rium constants properly. They pointed out that spectroscopic data ob-
tained at low CD concentrations are widely spaced as compared to
high-concentration values. Consequently, the slope of the line is very
sensitive to the y value of the data points having the largest x value
[32]. Taking into account above, the graphical method based on
Benesi-Hildebrand plot provides an estimates rather than proper
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equilibrium constants of the inclusion complexes. The nonlinear least-
squares regression analysis is an excellent instrument to determine
more reliable equilibrium constant value. For a low cyclodextrins con-
centration (i.e., when only 1:1 complex is formed), the spectroscopic
data should be fitted using nonlinear regression program into following
equation [32-34]:

_ lo +11K4[CD] ©)
1+K4[CD] ~

Here we would like to note that, nonlinear regression requires pre-
liminary parameters estimates (K, I;) which can be determined from
the linear regression approach i.e., Benesi-Hildebrand plot (see
Eq. (1a)).

In a series of papers [32-37] were shown that, if consider a combina-
tion of 1:1 and 1:2 inclusion complexes in studied system, more reliable
values of equilibrium constants can be obtained from the following
equation:

1 _ lo+ LK1 [CD] + LK Ko [CDF?
1+ K4[CD] + K1Ko[CDP?

(7)

Knowing the initial values of Ky, K5, Ip, I, I> estimated from Eqgs. (1a),
(5) and (6), we are able to calculate two equilibrium constants (K; and
K3) using nonlinear regression program. Furthermore, taking into ac-
count the mentioned above considerations, the graphical method
based on Benesi-Hildebrand plot provides a qualitative rather than
quantitative rationalization of the experimental results (preliminary
parameters).

As it was mentioned in Section 3.3, the a-cyclodextrin-induced
changes in the absorption spectra of I and II are not very pronounced.
Therefore, we applied discussed above procedures to calculate
ground-state equilibrium constants of the inclusion complexes in
aquenous solutions with «y-CD, only. As can be seen in Fig. 7, in the y-
CD system, the graphs of 1/(A-Ap) versus 1/[y-CD] demonstrate linear
variation with good correlation coefficient (r = 0.99, for molecule I
and, r = 0.97 for molecule Il in y-CD). This finding confirms the forma-
tion of 1:1 inclusion complex between both investigated molecules and
v-CD in the ground state. The K§" values obtained from the Benesi-
Hildebrand plot are: 32 M~ for molecule I (with experimental error
being 3) and 66 M~ for molecule II (with experimental error 7). Fur-
ther, using the initial values determined from the linear regression ap-
proach, nonlinear regression procedure (see Eq. (6)) was applied in

10

0,0
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order to determine K¢" value. The K§" values of I and II determined by
two methods differ only by about 16% and 3%, respectively (see
Table 2). It should be noted that, the experimental error in determina-
tion of the K§" value using Benesi-Hildebrand plot does not differ from
this calculated using nonlinear least-squares regression analysis and
equals ~10%. It is also interesting to note that in aqueous solutions of
v-CD, the K§" value determined for molecule I differs significantly
from this calculated for Il i.e., the ratio of the ground-state equilibrium
constant of Il and I (K§"(1I)/K§"(1)) is about 2. This indicates that mole-
cule II forms in the ground state a stronger inclusion complex of 1:1
stoichiometry as compared to molecule L

To understand the nature of complexation of the investigated dyes
in the excited state with a- and y-CD i.e., the stoichiometry and
excited-state equilibrium constants of the inclusion complexes, first of
all, double reciprocal Benesi-Hildebrand plot has been drawn (see
Fig. 8). It can be seen from Fig. 8 that only the plot of 1/(I-Ip) as a func-
tion of 1/[CD] indeed exhibits a straight line (with a good correlation co-
efficient r = 0.99) for molecule I in «-CD system. For both studied
molecules in y-CD, as well as for II in «-CD the Benesi-Hildebrand
plot can be drawn not as a single straight line but as two straight lines,
indicating 1:2 complexations between the guest and the host. As it
was mentioned earlier, the two parameters: K; and I; estimated from
the linear regression method (Benesi-Hildebrand plot for low CD con-
centrations) are employed as initial values. Next, using the initial values
(Ky, I;) the nonlinear regression procedure (see Eq. (6)) was applied in
order to determine K; value. Finally, the more reliable values of K; and
K, were calculated (on the basis of the drawings presents in Fig. 9)
using Eq. (7). It is worth nothing that, in this calculation, the initial
value of K, was estimated from Eq. (5) at high CD concentrations. The
initial and final values of the excited-state equilibrium constants K,
and K; estimated for both molecules in a- and y-CD are listed in Table 2.

Analyzing the data assembled Table 2, it can be clearly stated that
excited-state K; and K, values are different when using the two
methods (Benesi-Hildebrand (BH) plot and nonlinear regression (NL)
procedure) as described above. This confirms Durocher's earlier as-
sumptions that Benesi-Hildebrand plot does not allow the determina-
tion of equilibrium constants properly and provides a estimates rather
than proper values. Furthermore, it is also evident that the values of
equilibrium constants of Il determined by these two method differ sig-
nificantly (KNY(11)/KEH(11) = 0.36, KYY(1)/KEH(11) = 0.14 in «-CD and K"
(1) / KBH(11) = 2.03, KYY(11) / KBH(11) =~ 0.32 in y-CD), whereas smaller dif-
ferences were observed for I (KY'(I) / K8"(I) = 0.93, also in o-CD and K}*
(1) / K8H(1) = 1.5, KY™(1) / KB"(1) = 0.78 in y-CD). This large difference

0,5 1,0 1,5 2,0 2,5
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800

A

1U(A-A)

0 T T T

B ] —.50

440

- 30

(V-"W)/1

420

6
[y-CD]"

10

0,0

05 1,0 15 2,0
[y-CDJ"

Fig. 7. The Benesi-Hildebrand dependence (1/(A-Ao) vs. [y-CD]~") for I (A) and Il (B) in aqueous solutions containing different concentrations of -y-CD.
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Table 2
Equilibrium constants K; (M~") and K, (M~") of I and Il in - and y-CD.
Molecule Medium K Ky
| a-CD - -
15 £ 2)¢ -
(14 £ 2)¢ -
v-CD 32 +3)%/(38 £+ 2)°
(3.0 £ 0.8)° (16 & 2)°
45 +0.5)¢ (12 +1)¢
- (9+1)
Il a-CD - -
587 + 63)° (35 4+ 5)°
(210 + 20)¢ (5+2)
- (11 £ 2)°
v-CD (66 & 7)%/(68 + 6)° -
(187 + 80)° (47 £ 20)°
(379 + 50)¢ (15 £ 2)¢
- (15 &+ 3)°

2 Determined by Benesi-Hildebrand method provided by Eq. (1b).

b Determined by the nonlinear least-squares regression provided by Eq. (6).
¢ Determined by Benesi-Hildebrand method provided Egs. (1a) and (5).

4" Determined by the nonlinear least-squares regression provided by Eq. (7).
¢ Determined by lifetime method provided by Eq. (8).

between K; and K, values for Il determined using two methods can be
understandable taking into account that ESIPT process in molecule II
is accompanied by more complex spectral features than in molecule I

[a-CD]"*10°M
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which exhibits only locally excited fluorescence. Such differences in
the calculated values of equilibrium constants were also observed for
fluorenone (Fl) and 4-hydroxyflurenone (4HOFI) in protic solvents
[35]. It has been shown that the hydrogen-bond complexes of Fl and
4HOFI are of a different nature i.e., proton-transfer relay chain is formed
between oxygen atom and the functional hydroxyl group of 4HOFI.

The analysis of the K; and K values collected in Table 2, gives reli-
able information about stability of 1:1 and 1:2 inclusion complexes. It
is clear that molecule II forms a stronger inclusion complexes of 1:1 stoi-
chiometry as compared to molecule I (K;(II) = 210 vs. K{(I) = 14 in a-
CD, Kq(II) = 379 vs. K4 (I) = 4.5 in y-CD). On the other hand, at high CD
concentrations, 1:2 inclusion complexes between studied molecules
and y-cyclodextrins are the same stabilized (Ky(II) = 15 vs. Ky(I) =
12). Summarizing the findings obtained from the nonlinear regression
analysis, it must be also stated that interactions causing host-guest
type inclusion complex are strongest in y-CD in comparison to a-CD
system (see Table 2). This finding is understandable taking into account
that the cavity of y-CD is larger that of o-CD and y-CD could more effec-
tively interact with the investigated dyes.

3.5. Fluorescence decay times in aqueous solutions with a- and y-CD
It is important to remember that the analysis of the fluorescence
decay curves of the molecule in aqueous solutions containing different

concentrations of cyclodextrins gives reliable information about inter-
molecular interactions causing host-guest type inclusion complexes.

[a—CD]"*10°M

0,0 05 1,0 15 0 2 4 6 8 10
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= E
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0,00 + 0,00
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0 2 4 6 8 0 2 4 6 8 10

[y-CDJ'*10°M
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Fig. 8. Double-reciprocal plot for molecule I (A, A’) and II (B, B’) complexed to a-CD (A, B) and y-CD (A’, B’).
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Fig. 9. Plots of the fluorescence intensity versus [a-CD] (A, B) and [y-CD] (A’, B) for molecule I (A, A’) and II (B, B').

The time-resolved emission spectra were investigated and from them
fluorescence decay times of I and II in aqueous solutions with a- and
v-CD (at different concentrations) were calculated. The excitation was
performed at 290 nm. Fluorescence kinetics of I and II in - and y-CD
(at low CD concentrations ranging from 0 to 0.005 M) can be reasonably
well fitted by biexponential decays with the shorter component of
about 60 ps (for molecule I), and about 50 ps (for molecule II), and lon-
ger one of 150-300 ps for I and 120-320 ps for II (see Table 3). It is im-
portant to note that significant deviation of the data from biexponential
functions was observed for I in y-CD and for Il in o- and y-CD at higher
cyclodextrin concentrations (ranging from 0.01 to 0.05 M). Therefore,
we carried out triple-exponential analysis, which leds to a large im-
provement in the x? value. The pre-exponential coefficient (describing
the contribution of the ith fluorescence decay component to the total
emission), B;, and decay time of the ith component, T;, are shown in
Table 3. The average value of 2, describing the goodness of the fitting
procedure, for all decay curves equals > = 1.2 + 0.2.

On examining the fluorescence decay times and pre-exponential
factors obtained for both investigated dyes in neat water and in o-
and y-CD at the lowest concentrations of cyclodextrin, as well as,
based on the fluorescence lifetimes available in literature for these mol-
ecules in polar protic solvents [23-27], it is evident that the fast decay
component (T;) originates from the emission of the excited hydrogen-
bonded complex (molecule-H,0). Furthermore, based on the
quantum-chemical calculations, it can be clearly stated that dihydrated
form of the parent molecule plays a dominant role in the emission of

excited molecule I or II in neat water (see Fig. 1 and Table 3). For all
studied systems, the pre-exponential factor describing the contribution
of the fast component (B;) decreases with increasing CD concentrations,
whereas B, factor related to longer component (1) presents the oppo-
site behavior. Taking into account that intermolecular (solute-solvent)
hydrogen bonding is reduced upon encapsulation of the studied dye in-
side CD cavities, the longer lifetime component can be assigned to the
emission of the molecule which from 1:1 type inclusion complexes.
This suggestion is further supported by the fact that the value of T,
decay time correlates well with lifetime of the molecules in neat aprotic
solvents [23-27]. Thus, quantitative analysis of the fluorescence kinetics
of Iand Il in - and y-CD confirms conclusion drawn from the evolution
of the steady-state spectra i.e., fact that at lowest concentration of cyclo-
dextrin, the contribution from 1:2 complex is negligible. On the other
hand, for Iin y-CD and II in a- and y-CD in the presence of the highest
CD concentration (ranging from 0.01 M to 0.05 M) the fluorescence
decay profiles are very well fitted by three-exponential functions, with
lifetime component T3 contributing quite significantly. For molecule II
in - and y-CD, the T3 values differ from 7, values by a factor of about
two, whereas for I in y-CD the T, andTs values are essentially the
same (~200 ps). Taking into account that the intramolecular proton
transfer fluorescence of II in neat aprotic solvents decays with lifetime
of about 0.5 ns, it is clear that T3 component observed for Il in - and
v-CD at high CD concentration is associated to the fluorescence from
the ESIPT state. At high CD concentrations, molecule II is entrapped in
the two cyclodextrins and new 1:2 inclusion complex is formed. In
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Table 3
Fluorescence lifetimes of I and Il in aqueous solutions containing different concentrations
of - and y-CD.

Medium Concentration [M] 7i[ps] Bi[%] T.[ps] Bu[%] Ts[ps| Bs[%] x*

|

a-CD 0 60 92 240 8 0 0 1.17
0.0005 70 84 185 16 0 0 1.24
0.001 94 82 280 18 0 0 1.14
0.005 66 74 300 26 0 0 1.22
0.01 80 58 260 42 0 0 1.18
0.02 70 40 305 60 0 0 1.14
0.04 64 21 227 79 0 0 1.04
0.05 82 12 284 88 0 0 1.17

y-CD 0 54 88 180 12 0 0 1.11
0.0005 44 83 146 17 0 0 1.08
0.001 80 74 220 26 0 0 1.21
0.005 84 78 256 22 0 0 1.14
0.01 62 66 184 30 120 4 1.16
0.02 80 58 180 26 212 16 1.21
0.04 58 32 200 43 147 25 1.18
0.05 72 22 164 43 206 35 1.24

I

a-CD 0 34 88 120 12 0 0 1.27
0.0005 48 74 205 26 0 0 112
0.001 32 68 148 32 0 0 1.21
0.005 24 64 160 36 0 0 1.14
0.01 62 44 180 52 420 4 1.16
0.02 38 36 212 48 512 16 1.08
0.04 72 24 148 51 447 25 1.21
0.05 54 18 160 47 506 35 1.16

y-CD 0 92 64 180 8 0 0 1.27
0.0005 84 58 226 16 0 0 1.12
0.001 72 54 320 28 0 0 1.14
0.005 71 46 268 29 0 0 1.21
0.01 63 33 200 35 460 2 1.16
0.02 48 28 358 40 520 12 1.13
0.04 35 20 404 33 600 32 1.08
0.05 24 34 380 28 580 38 1.19

such CD internal cavity the intermolecular hydrogen bonding interac-
tions are inhabited and process of excited-state intramolecular proton
transfer may occurs. In the case of II-y-CD system at the highest concen-
trations of cyclodextrin solution also three emissive species contribute
to the total emission, which confirms the steady-state experiments indi-
cating the formation of inclusion complexes of different stoichiometry
(1:1 and 1:2).

It is worth nothing that Jobe and co-workers [36] have shown that
the equilibrium constants can be also determined from time-resolved
measurements. According to their work, the equilibrium constant K,
can be written as:

IR, B B .
2~ [FCDI[CD] ~ (B + B,)[CD] (1~ B5)[CD]”

and K5 value can be calculated from the slope of the plot of B3 / (1 — Bs)
versus [CD]. For all studied systems, the B; / (1 — Bs) follows a linear de-
pendence on the CD concentrations. Equilibrium constants determined
by the time-resolved method are presented in Table 2. As can be seen in
Table 2, the equilibrium constant K, determined by the nonlinear re-
gression procedure correlates well with the alternatively calculated on
the basis of the decay times measurements. Thus, two independent

methods confirm the formation of 1:2 inclusion complexes between I
and y-CD, as well as Il and a-CD or y-CD in the excited state.

4. Conclusions

The steady-state and time-resolved spectroscopic studies demon-
strate that hydrogen-bonding solute-solvent interactions as well as
excited-state intramolecular proton transfer process play a significant
role in formation of inclusion complexes between investigated
fluorophores and a- and y-CD. A general conclusion from this study is
that nonlinear least-squares regression analysis provides an excellent
method characterizing interactions causing host-guest type inclusion
complexes. Performed analysis indicates that both 1:1 and 1:2 inclusion
complexes were formed between studied compounds and a- and -
cyclodextrins.
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(A) molecule - ethyl 5-(4-dimethylaminophenyl)-3-amino-2,4-dicyanobenzoate (EDMAADCy) - which un-
dergoes excited-state intramolecular charge transfer (ICT) process. The relation between concentration-
dependent spectral behaviour and molecular conformations of EDMAADCy has been studied using steady-state
and time-resolved spectroscopic techniques and quantum-chemical calculations. The observation- and
excitation-wavelength dependence of the fluorescence excitation and emission spectra, as well as fluorescence
decay profiles observed at different solute concentrations were interpreted in terms of concentration-induced
planarization model. Then, investigated dye has been employed as a guest to probe ICT within the interior of
the host y-cyclodextrins (y-CD) in DMSO and DMSO-water binary mixture. The obtained spectroscopic results
were used to calculate, according to Benesi-Hildebrand's plot, equilibrium constants of the EDMAADCy-y-CD in-
clusion complexes. Finally, performed analysis indicates also that specific solute-solvent interaction (hydrogen
bonds) occurring in the DMSO-water system has a significant influence on the stability of inclusion complexes.

Keywords:

Inclusion complex
Cyclodextrins

Intramolecular charge transfer
Hydrogen bond
Solute-solvent interactions

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

It is well-known that interaction between a luminescent molecule
and its microenvironment has an important meaning in photophysics,
photochemistry and related sciences [1-3]. In the past few decades,
there has been considerable interest in the photophysical and photo-
chemical properties of donor (D)-acceptor (A) organic molecules with
possible rotation of the fragments. The interest to the D-A system is
not only academic (excited-state intramolecular electron transfer be-
longs to the most fundamental process in chemistry and biochemistry)
[3-5], but also is due to their potential applications in material science
(non-linear optical materials), photonic technologies (optical comput-
ing, optical switching, second harmonic generators (SHG)) and fluores-
cent probes [6-9].

Biphenyl derivative, ethyl 5-(4-dimethylaminophenyl)-3-amino-
2,4- dicyanobenzoate (EDMAADCy) (see Scheme 1), organic molecule
containing separate electron donor and electron acceptor groups be-
longs to a class of D-A molecules that undergo intramolecular charge

* Corresponding author.
E-mail addresses: fizmj@univ.gda.pl, marek.jozefowicz@ug.edu.pl,
marek.jozefowicz@ug.edu.pl (M. Jézefowicz).
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transfer process upon excitation into the singlet excited state. On the
basis of the analysis of the obtained spectroscopic data and semiempir-
ical quantum-chemical calculations, we have shown [9-13] that the
fluorescence spectra of EDMAADCy in medium-polar solvents consist
of two bands: the locally-excited, short-wavelength (SW) emission -
corresponding to the molecular conformation in which the donor and
acceptor moieties are orthogonal to each other and the long-
wavelength (LW) emission - assumed to originate from the singlet ex-
cited state with charge transfer (ICT) character and almost planar geom-
etry. Because spectroscopic properties of the investigated dye are very
sensitive to the microenvironment, it has been exploited to study vari-
ous inhomogeneous microenvironments such as polymeric systems,
rigid glass [9,10]. It was shown that ICT fluorescence full-width at half
maximum shows a linear dependence on the time of methyl methacry-
late polymerization, which predestines the EDMAADCy molecule to be
used as a fluorescent probe for monitoring the polymerization process.

In recent years, considerable attention has been focused on under-
standing and controlling supramolecular interactions between some or-
ganic and inorganic molecules and well-recognized macrocyclic hosts:
cyclodextrins, cucurbit[n]urils, crown ethers, calixarenes and
cyclophanes [14-17]. Systematic investigations of the host-guest type
inclusion complexes are very interesting issue not only from a purely
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Scheme 1. Chemical structure of ethyl 5-(4-dimethylaminophenyl)-3-amino-2,4-
dicyanobenzoate (EDMAADCYy).

theoretical point of view (i.e. explaining the role of supramolecular as-
semblies in the photophysics of studied dye) but also because macrocy-
clic compounds are widely applied in various fields (medicine, nano-
machines, smart materials, pharmaceutical chemistry, analytical chem-
istry, food technology, chemical synthesis, and catalysis) [18-21]. Re-
cently, our group has contributed to this field of interest by
introducing the role of specific solute-solvent interactions (H-bonding)
and excited-state intramolecular charge (proton and electron) transfer
process in the formation of inclusion complexes between fluorophore
and cyclodextrins [22-24]. Although the interactions of cyclodextrins
with D-A molecules have been reported, the cyclodextrin effect on mo-
lecular systems with inhomogeneous distribution of different con-
formers in the ground and excited states (each possessing different
absorption and relaxation properties) have received less attention. Tak-
ing into account above, in the present paper, the effect of ~-
cyclodextrins (y-CD) on both emission modes: locally excited (LE)
and intramolecular charge transfer (ICT) of the fluorescence spectrum
of EDMAADCy in DMSO and DMSO-water binary mixture has been in-
vestigated using steady-state and time-resolved fluorescence tech-
niques. Because the main purpose of this work was to investigate the
influence of molecular conformation of the investigated D-A dye on
the formation of inclusion complexes with cyclodextrins, the basic,
concentration-dependent luminescent characteristics (absorption, fluo-
rescence excitation, and emission spectra, as well as fluorescence decay
times) were measured in DMSO and DMSO-water binary mixture in the
presence of y-CD. The relation between concentration-dependent spec-
tral behaviour and molecular conformations of EDMAADCy was
interpreted in terms of concentration-induced planarization model.

2. Experimental details

The method of synthesis of ethyl 5-(4-dimethylaminophenyl)-3-
amino-2,4-dicyanobenzoate (EDMAADCYy) is based on modified, previ-
ously described, the procedure given by Milart and Sepiot [25] and it
has been described elsewhere [11]. The solvents used (dimethyl sulfox-
ide (DMSO) and doubly distilled and deionized water (H,0)) for spec-
troscopic studies were of the highest grade commercially available
and were used without further purification. Cyclodextrins were pur-
chased from Aldrich Chemical Co. and used without further purification.

Steady-state absorption and fluorescence measurements at room
temperature were carried out using a computer-controlled Shimadzu
UV-2401 PC spectrophotometer and Shimadzu RF-5301 PC spectrofluo-
rometer. Fluorescence measurements were carried out using the trian-
gular cuvette with frontal excitation to minimize the effect of
reabsorption. The emission was observed perpendicular to the direction
of the exciting beam. Thus the errors due to fluorescence reabsorption
were reduced in a way that mathematical corrections were superfluous.
The fluorescence lifetimes were measured using an Edinburgh Instru-
ments, single-photon counting system (FLS920P spectrometer). The ap-
paratus utilizes for the excitation a picosecond diode laser generating
pulses of about 58 ps at 373 nm. Short laser pulses in combination
with a fast microchannel plate photodetector and ultrafast electronics
make a successful analysis of fluorescence decay signals with a

resolution of few picoseconds possible. The fluorescence light was mon-
itored at the magic angle in respect to the polarized exciting beam.

All quantum-chemical calculations were performed using CAChe WS
5.04 program. The minimalized ground-state energy and geometrical
spatial structure as a function of rotation coordinate were calculated
using the PM3 semiempirical molecular orbital method at the Restricted
Hartree-Fock (RHF) level, including single excitation configuration in-
teraction (CIS). The configuration interaction matrix was compared
with all electronic states taking into account valence electrons only.
The ZINDO/S method has been used in calculations of the singlet
Franck-Condon (FC) state energies for the UV-Visible spectra corre-
sponding to transition moments and oscillator strengths f.

3. Results and discussion

The analysis of the concentration-dependent spectroscopic proper-
ties of investigated D-A biphenyl derivative in different microenviron-
ments should begin by recalling that geometrical conformation of
EDMAADCy corresponding to the energy minimum in Sy state is not pla-
nar. The ground-state rotational potential is essentially flat in the range
from 60° to 120° with an energy minimum for almost perpendicular
conformation (¢ = 105°) that is only 0.07 eV below the conformation
with @ = 60°. It causes that EDMAADCy forms typically spectrally an in-
homogeneous system i.e., conformers having different geometry can
absorb and emit at different energies [11]. We have recently shown
that the fluorescence spectra of the investigated fluorophore are
strongly solvent dependent. In medium-polar solvents, fluorescence
spectrum consists of two bands: short-wavelength (SW), which corre-
sponds to the emission from the locally excited state (perpendicular
conformation) and long-wavelength (LW) which originates from emis-
sion of solvent-relaxed ICT state (almost coplanar conformation),
whereas in non-polar and strongly polar environments, fluorescence
spectrum possesses only a single, broad short-wavelength band. Our
previous investigations and detailed analysis of literature reports unan-
imously point that the observed locally-excited fluorescence in non-
polar and strongly polar solvents originates mainly from the emission
of the excited ethyl 3-amino-2,4-dicyanobenzoate (acceptor moiety)
[9-13].

Since the main purpose of this work was to investigate the influence
of molecular conformation of EDMAADCy on the formation of inclusion
complexes with cyclodextrins, the basic luminescent characteristics
(steady-state absorption, fluorescence excitation, and emission spectra,
as well as fluorescence decay times) were measured in DMSO and, be-
cause of the limited solubility of EDMAADCy in water, in DMSO-water
(4:1 ratio) binary mixture. The first system comprises the strongly
polar DMSO. In this medium the fluorescence spectrum possesses a sin-
gle, broad short-wavelength band originates from the emission of mo-
lecular conformation in which the donor and acceptor moieties are
orthogonal to each other. The second system - solvent mixture - con-
tains water molecules which are capable of forming hydrogen bonds
with the investigated dye. In this binary mixture, the fluorescence spec-
trum consists of two bands at room temperature. The short-wavelength
band corresponds to the emission from the locally excited state (mainly
emission of the excited acceptor moiety) whereas the long-wavelength
band is related to emission of EDMAADCy conformers with strong
charge-transfer character and planar geometry. This allows us to exam-
ine the nature of complexation in systems where only perpendicular, as
well as perpendicular and planar conformers, occur.

3.1. Steady-state and time-resolved spectroscopic studies in DMSO

Fig. 1 shows the absorption (Fig. 1A) and fluorescence excitation
spectra (recorded by detection at Nops = 475 nm (Fig. 1B) and 510 nm
(Fig. 1C)) at different solute concentration (from 5-10° to 5-10™* M)
in polar DMSO. Additionally, to facilitate the analysis of experimental re-
sults, all fluorescence excitation spectra were normalized by scaling the
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Fig. 1. Absorption (A) and normalized fluorescence excitation spectra of EDMAADCy
recorded by detection at Aops = 475 nm (B) and Nops = 510 nm (C) in DMSO at
different solute concentrations: ¢ = 5-10° M, 10° M, 5-10° M, 10 M, 5-10™ M. The
bars presented in panel D give the theoretical electronic state energy values and
corresponding oscillator strengths for different EDMAADCy molecule conformations
(¢ = 60°, 75° and 90°). Insert - Plot of the fluorescence intensity of the SW and LW
fluorescence excitation bands (Isw/I;w) versus solute concentration.

area under the spectrum to be equal to unity. Then, each of excitation
spectra corresponds to the emission of the same number of emitting
EDMAADCy molecules.

The broad, structureless long-wavelength absorption band in DMSO
occurs between 325 and 500 nm with N.x at about 440 nm.
Concentration-dependent measurements did not show any significant
changes in the steady-state absorption spectra, whereas the strong

dependence of the fluorescence excitation spectrum on both concentra-
tion and observation wavelengths was observed. A can be seen in Fig. 1,
the concentration- and observation-wavelength-dependent fluores-
cence excitation spectra in DMSO in the range above 325 nm consist
of two overlapping bands centered at about 340-380 nm (SW band)
and 440-470 nm (LW band). Furthermore, the folded structure of the
board, SW fluorescence excitation band clearly suggests that the ana-
lyzed band consists of two electronic transitions. It is also clear from
Fig. 1 that detection at blue (475 nm) and red (510 nm) edges of the
emission spectrum resulted in the changes in the relative intensities of
these two fluorescence excitation bands. When the observation wave-
length is increased from 475 nm to 510 nm, the participation of the
long-wavelength components (~440 nm) in the total excitation spec-
trum visibly increases. Such correlation is not observed only at high
dye concentrationsi.e., for > 5-10"* M. In this case, the fluorescence ex-
citation spectrum is independent on the observation wavelength. These
results confirm our previous findings that for EDMAADCy (at solute
concentrations ¢ < 5-10™ M) a distribution of spatial conformers (lie
in difference of rotational angles between donor and acceptor moieties)
is always present [11].

It is important to note here, the fluorescence excitation spectra also
strongly depend on the solute concentration. In order to clarity the role
of solute concentration in photophysics of the studied dye, the spectral
evolution is analyzed in the concentration range from 5-10° to 5-10°
4 M. To further characterize the folded structure of obtained
concentration-dependent spectra, we used a linear combination of
Gaussian functions to decompose the absorption and fluorescence exci-
tation (recorded by detection at 475 nm and 510 nm) spectra into three
Gaussian profiles. Fig. 1 shows the example of such deconvolution indi-
cating the presence of three electronic transitions (So — S1, So — Sz and
So — S3) centered at about 430, 380 and 340 nm. Analyzing the
concentration-dependent fluorescence excitation spectra obtained at
two different observations, it is found that upon increasing the solute
concentration from 5-107° to 5-10 M, the intensity of SW band (con-
sists of two electronic transitions Sy — S, and So — S3) continuously in-
creases and at the same time its maximum becomes more and more
blue-shifted. Finally, at high solute concentration, the band centered at
around 340 nm becomes dominant. This behavior is accompanied by
decrease of the intensity of LW excitation band (centered at around
430 nm) with a simultaneous red-shift of its maximum. In order to bet-
ter visualize the obtained changes in concentration-dependent excita-
tion spectra, the ratio of the fluorescence intensity of the LW and SW
fluorescence excitation bands (lexc (SW)/lexc (LW)) is presented in the
insert in Fig. 1. As can be seen, the ratio of lexec (SW)/lexc (LW) follows
a linear dependence on the solute concentration ranging between
5-10°to 5-10™* M. The above results, combined with our previous stud-
ies (steady-state, time-resolved spectroscopic measurements in differ-
ent solvents and quantum-chemical calculations), confirm that
systematic changes in the relative intensities of these two bands are
caused by slight changes in the distribution of spatial conformers
[9-13].

Fig. 2 presents the concentration and excitation-wavelength depen-
dence of fluorescence spectra of EDMAADCy in strongly polar DMSO. In
order to facilitate analysis of spectral behavior and to clarify the role of
the solvent polarity in the photophysics of studied biphenyl derivative,
fluorescence spectra registered for two different excitation wavelengths
(Nexc = 380 and 440 nm) in medium-polar ethyl acetate are given for
comparison. As can be seen in Fig. 2, the emission spectrum in DMSO
possesses a single, broad fluorescence band. Moreover, at the lowest
solute concentration (c = 10~ M) the emission spectrum in DMSO is
quite similar to the short-wavelength spectrum observed in medium
polar solvents (see Fig. 2). A scrupulous analysis of the emission spectra
presented in Fig. 2 allows to state that the fluorescence intensity distri-
bution not only depends on the excitation wavelength (as the excitation
wavelength is shifted to the red, the position of the fluorescence maxi-
mum is also red-shifted), but also on the dye concentration. Upon
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Fig. 2. Normalized fluorescence spectra of EDMAADCy in DMSO at different solute
concentrations: ¢ = 5-10 M (A), 10 M (B), 5-10° M (C) and 10> M (D) as a function
of Nexc. Fluorescence spectra of the studied compound in ethyl acetate for two different
Nexc (380 nm and 440 nm) are given for comparison.

increasing the EDMAADCy concentration, the fluorescence maximum
position is shifted to the longer wavelengths. Moreover, progressive in-
crease of the solute concentration leads to decreasing of the full-width
at half-maximum (AVfY"™) of the emission band. When the solute con-
centration increased from 5-10° to 5-10* M the AVEYHM value de-
creases from 3500 to 2250 cm™. In order to make these behaviors
more evident the position of the fluorescence maximum versus the ex-
citation wavelengths and fluorescence full-width at half maximum ver-
sus solute concentration are shown in Fig. 3. Since the band broadening
can rise from the distribution of spatial conformers, the very sharp de-
crease of the AUEYHM value at high solute concentration indicates that
heterogeneity of the spectral centers significantly depends on the solute
concentration i.e., an increase of the solute concentration leads to the
system becoming more spectrally homogeneous. This is also confirmed
by observed the excitation-wavelength dependence of fluorescence
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Fig. 3. The excitation-wavelength dependence of the fluorescence intensity maximum
position of EDMAADCy in DMSO at different solute concentrations (A). Fluorescence
full-width at half maximum (AVY"™) as a function of solute concentration (B).

spectra i.e., the position of the maximum of emission band shows de-
pendence on the excitation wavelengths only at the low EDMAADCy
concentrations (at the high dye concentrations (c > 10 M), the V"%
does not depend on the excitation wavelength (see Fig. 3A)).

Thus, the observation- and excitation-wavelength dependences of
the steady-state fluorescence excitation and emission spectra, in con-
nection with our previous quantum-chemical calculations [9-13], con-
firm that for investigated molecule in DMSO a distribution of spatial
conformers is also present. When the excitation is carried out at the
maximum of the absorption band, the conformers having perpendicular
geometry are excited. As the Ny is gradually shifted toward longer
wavelengths, the flattened conformers (60° < ¢ < 90°) are also selec-
tively excited. Moreover, the analysis of the obtained concentration-
dependent excitation and emission spectra suggests that at higher sol-
ute concentrations greater participation of flattened conformers occurs.

Spectral changes, commonly observed as a function of a concentra-
tion, are generally interpreted in terms of the intra- and intermolecular
effects (specific aggregation, excimer formation and/or intramolecular
planarization) [26-31]. While it is possible that most examples of spec-
tral behaviors of organic D-A compounds reported in the literature in-
volve planarization and aggregation, their relative contributions have
remained a matter of speculation. Conformational changes should result
in relatively small spectral shifts retaining high emission yields and vi-
brational structure, whereas aggregation effects should give rise to
more shifted, excimer-like emission, with a loss of vibrational structure
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Scheme 2. Schematic representation of concentration effect on the geometrical structure of EDMAADCy in DMSO (A) and DMSO-water (B) systems.

and shorter lifetimes that result from selfquenching [26-31]. Very inter-
esting interpretation of the concentration-induced spectral changes of
1,4-bis(9-ethynylanthracenyl)benzene was offered by Garcia-Garibay
et al. [29-31]. They showed that the wavelength dependence of the
fluorescence excitation and emission spectra observed at different con-
centrations of 1,4-bis(9-ethynylanthracenyl)benzene in THF were due
to concentration-induced planarization of studied dye rather than for-
mation of observable cofacial excimers. Relatively disordered aggre-
gates lead to planarization of the phenyleneethylene moieties long
before a structurally demanding and spectroscopically observable
cofacial interaction may occur [30].

To test whether the concentration-dependent changes in the fluo-
rescence excitation and emission spectra of EDMAADCy in DMSO origi-
nate from the coexistence of the investigated dye in different
geometries a series of conformational, semiempirical quantum mechan-
ical calculations were carried out. We performed theoretical calcula-
tions on the investigated D-A molecule with fixed angle between the
donor and acceptor moieties. Three electronic transitions (up to
30,000 cm™'~, Sy — S1,So — Sz and Sp — S3) and their oscillator strengths
(see bars under the Fig. 1D) have been calculated for three different
EDMAADCy conformations (¢ = 90°, 75° and 60°) in DMSO using
CNDO/S-CI method. Analyzing the steady-state spectroscopic data as-
sembled in Fig. 1A, B, C in connection with the graphical presentation
of the theoretical calculations (Fig. 1D) and our previous finding that
the ground-state rotational potential is essentially flat in the range
from 60° to 120°, one can state that the observation- and excitation-
wavelength dependence of the excitation and fluorescence spectra of
EDMAADCy in DMSO is caused by the presence of various conformers
having different geometries (60°< ¢ <90°) with different absorption
and emission properties. The observed concentration-dependent spec-
tral behavior of the studied molecule in DMSO i.e., the red-shift of the
LW fluorescence excitation band located at around 440 nm, as well as
the gradual increase in the fluorescence intensity of the SW band

located at about 340 nm caused by increasing solute concentration are
understandable in terms of formation of different EDMAADCy con-
formers going from mainly twisted (¢ = 90°) (low solute concentra-
tion) to flattened (@ 60°) (high solute concentration) -
concentration-induced planarization (see Scheme 2A). As can be seen
in Fig. 1D, the positions of the Sop — S;, and Sp — S5 transitions undergo
a pronounced red-shift on changing the angle between the donor and
acceptor moieties from ¢ = 90° to 60° with a simultaneous increase
of their oscillator strength value. Naturally, the participation of the flat-
tened conformers in the excitation spectrum is higher at higher solute
concentration. Moreover, the fluorescence excitation spectrum

Table 1
Fluorescence lifetimes of EDMAADCy in DMSO and DMSO-water (4:1) systems at different
solute concentrations.

Solute concentration  Nops T A T, A, T3 As &
(M) (nm)  (ns) (%) (ns) (%) (ns) (%)
DMSO
5-10°° 470 271 60 683 40 - - 127
510 192 54 604 46 - - 114
5107 470 268 54 714 46 - - 1.31
510 213 39 592 61 - - 108
5104 470 292 37 634 63 - - 113
510 251 32 593 68 - - 147
DMSO-H,0 (4:1)
510 470 214 52 721 10 448 38 1.08
550 084 38 682 4 356 58 131
10 470 241 46 611 8 453 46 127
550 068 34 738 10 353 56 110
2510 470 204 40 621 9 421 53 107
550 071 30 725 6 323 64 111
3510 470 238 41 683 5 437 54 130
550 053 28 718 9 336 63 118
510 470 191 38 623 6 446 56 1.11
550 063 29 693 3 337 68 108
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Fig. 4. Fluorescence spectra of EDMAADCy in DMSO-water (4:1) system at different solute
concentrations from 5-107 to 5-10™* M upon excitation at 360 nm.

(independent on the observation wavelength) registered at high solute
concentrations (¢ > 10 M), can be assigned mainly to the emission of
flattened EDMAADCy conformers (¢ = 60°). This suggestion is further
supported by the fact that for ¢ > 5-10™ M, the fluorescence spectrum
is independent on the excitation wavelength i.e., an increase of the

solute concentration leads to the system becoming more spectrally
homogeneous.

In order to understand the nature of concentration-dependent fluores-
cence spectra of investigated D-A molecule in DMSO, we have carried out
time-resolved measurements. It is well-known that conformational
changes should have significant contributions to the decay profiles regis-
tered at different solute concentrations. The fluorescence decays of the
EDMAADCy were measured upon excitation at 370 nm and detection at
two different wavelengths (short-wavelength — 470 nm and long-
wavelength - 510 nm) and they were fitted to a biexponential decays
with the shorter component 7; (1.92-2.92 ns) and the longer one T,
(5.92-7.14 ns). The participation of the time decay components of two
emitting centers in the total emission distinctly depends on the solute
concentration as well as detection wavelength. The data for various solute
concentrations are collected in Table 1. According to our previous papers
[9-13], we can state that the shorter decay component originates from the
emission of perpendicular conformer (¢ = 90°), whereas the T, decay
time is attributed to the flattened conformer emission. Upon increasing
the solute concentration from 5-107 to 5-10 M, the preexponential fac-
tor describing the contribution of fast decay component decreases from
60% to 37% for detection at 470 nm and from 54% to 32% for detection at
510 nm. In the meantime, the preexponential factor describing the contri-
bution of slow decay component increases from 40% to 63% for detection
at 470 nm and from 46% to 68% for detection at 510 nm.

Quantitative analysis of the kinetics confirms the conclusions drawn
from the evolution of concentration-dependent steady-state excitation
and emission spectra described above i.e., fact that at lowest solute
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concentration emission originates from radiative deactivations of mole-
cules in which two moieties (donor and acceptor) are orthogonal to
each other (mainly) and flattened conformers, whereas an increase of
the solute concentration leads to concentration-induced planarization
process (geometrical structures of EDMAADCy going from mainly
twisted to mainly flattened) (see Scheme 2A). As illustrated in
Scheme 2A, we propose (support for this hypothesis was also found
by an analysis of quantum-chemical calculations) that relatively disor-
dered aggregates may lead to planarization of the donor and acceptor
moieties long before a structurally demanding and spectroscopically ob-
servable cofacial interaction may occur.

3.2. Steady-state and time-resolved spectroscopic studies in DMSO-water
binary mixture

Fig. 4 shows fluorescence spectra of EDMAADCy in DMSO-H,0 (4:1)
at different solute concentrations upon excitation at 360 nm. For dilute
solution (c = 5-107° M) of the investigated dye, the fluorescence spec-
trum has emission peak at around 460 nm accompanied by a weak
shoulder at around 560 nm. Upon increasing solute concentration, the
maximum of the SW emission band shifts to the red with a simulta-
neous decreasing of its intensity. This behavior is accompanied by an in-
crease of the intensity of LW emission band. Noticed spectral
dependences can be also understandable in terms of concentration-
induced planarization model i.e., at high concentrations the distance be-
tween EDMAADCy molecules becomes closer enough to the significant
solute-solute intermolecular interactions causing planarization of D-A
dye. This is also confirmed by the observed concentration-dependent
fluorescence excitation spectra, recorded at different detection wave-
lengths (not presented here), which show the same general depen-
dence on increasing solute concentration as observed for DMSO
medium.

It is worth noting that fluorescence spectra of EDMAADCy in DMSO-
H,O0 are also strongly excitation-wavelength dependent. As can be seen
in Fig. 5, when the excitation wavelength is increased from 360 nm to
420 nm, the fluorescence intensity strongly decreases. Moreover, ana-
lyzing the normalized fluorescence spectra (Fig. 5A" and B'), it is evident
that upon increasing excitation wavelength SW fluorescence band de-
creases with a simultaneous increase of LW band. Additionally,
isosbestic point, indicating the presence of equilibrium between two
conformers, is observed. The above results point that the investigated
biphenyl derivative in DMSO-H,0 established also spectroscopically in-
homogeneous system attributed to the emission from LE and ICT states,
wherein ICT state (long-wavelength fluorescence band) may be formed
either by further geometrical changes of the locally excited conformer
(@ = 90°) or directly by the excitation of planar conformers.

In order to clarify the role of solute-solute intermolecular interac-
tions in the photophysics of EDMAADCy, we also measured the fluores-
cence decays in DMSO-H,0 (4:1 (v:v) ratio) at different solute
concentrations (from 5-10 to 5-10™* M) (Table 1). As can be seen, in
a binary solvent mixture the fluorescence decay data can be reasonably
well fitted by three-exponential decays with two shorter components
(71 and T3) with principal contributions (A; and A3z) and the longer
one T, having only a meager amplitude. The shorter component Ty is
close to the fluorescence lifetime of perpendicular conformer in
DMSO, whereas decay time T, is similar to the flattened conformer
emission in DMSO. Since the spectroscopic properties of EDMAADCy
dissolved in binary mixture of polar aprotic (DMSO) and polar protic
(water) should be dependent on the general (dipole-dipole) and spe-
cific (hydrogen bonds) solute-solvent interactions, it is quite reasonable
to assume that T3 decay component is attributed to the hydrogen-
bonded complex (EDMAADCy-H,0). Moreover, the pre-exponential
factor As, which signifies the hydrogen-bond complexes, shows pro-
gressive increase with solute concentration along with decrement in
the amplitude of perpendicular form (A;). This behavior is also under-
standable in terms of the concentration-induced planarization of the
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Fig. 6. Fluorescence (A) and normalized fluorescence (B) spectra of EDOMAADCy (¢ =5-10"
4M) in mixtures of DMSO-water at different mole fraction of water.

studied D-A molecule. Therefore, the fluorescence behavior in DMSO-
H,0 mixture can be explained by the coexistence of three emitting cen-
ters: perpendicular and planar (negligible contribution) conformers
and hydrogen-bonded complex with H,0 molecules (relative contribu-
tion is quite significant and increases with increasing solute concentra-
tion) (see Scheme 2B).

To differentiate between the non-specific and specific (H-bonding)
solute-solvent interactions, the steady-state and time-resolved spectro-
scopic measurements in DMSO-water at different mole fractions of
water were measured. The fluorescence spectra of EDMAADCy (c =
5-10"* M) in mixtures of DMSO-water at different H,O concentrations
are shown in Fig. 6. Upon increasing water concentration the position
of the short-wavelength fluorescence maximum is slightly red-shifted
and simultaneously a new, broad long-wavelength band centered at
around 560 nm appears. At high water concentration the LW fluores-
cence band, which is assigned to the emission of planar, hydrogen-

Table 2
Fluorescence lifetimes of EDMAADCy in binary mixtures of DMSO-water at different water
concentrations.

DMSO:H20  Nops (Nm) 71 (ns) Aq (%) To(ns) A (%) T3(ns) As(%) x

(viv)
c=25-10*M
10:1 470 211 44 7.38 21 425 35 1.24
550 1.38 29 8.35 18 421 53 1.18
8:1 470 1.86 38 6.73 8 4.78 54 1.09
550 0.76 31 7.24 8 3.71 61 1.21
5:1 470 1.64 35 7.71 9 4.38 56 117
550 0.93 26 7.81 4 3.13 70 1.31
4:1 470 2.04 40 6.21 7 421 53 1.11
550 0.71 30 7.25 6 3.23 64 1.20
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bonded complex of EDMAADCy with water molecules, dominates. An
isosbestic point can be clearly seen between SW and LW normalized
bands, which suggests that equilibrium is established between two
types of emitting species in the investigated medium.

In order to understand processes taking part in DMSO-H,0 system
time-resolved spectroscopic measurements have been applied. Fluores-
cence decays of the EDMAADCy in DMSO-water at different mole frac-
tions of water were measured upon excitation at 370 nm and
detection at the wavelengths where either SW or LW emission is pre-
vailing (i.e., at 470 and 550 nm, respectively). Fluorescence kinetics in
binary mixtures of DMSO-H,O0 at different water concentrations were
deconvoluted to the best fit of a sum of three exponentials (Table 2).
As can be seen, upon increasing the mole fraction/concentration of
polar protic component in the binary mixture, all fluorescence decay
components remain almost the same values within experimental
error, whereas the relative amplitude of decay components strongly de-
pends on the xy50. From the comparison of the decay times of investi-
gated dye in DMSO and DMSO-H,0, as well as based on the
fluorescence lifetimes available in literature for EDMAADCy and
EMAADCYy in different solvents [9-13], it can be stated that in binary
mixture T; component originates from the emission of locally-excited
perpendicular conformer, whereas the T, decay time, which contribu-
tion A, is minor and decreasing with increasing water concentrations,
is attributed to the planar conformer emission. It is well-known that
the solute-solvent hydrogen bonding interactions play a predominant
role at higher water concentration, therefore, the T3 lifetime component
(with increasing contribution at higher water concentration) can be
assigned to the emission of the molecule which form hydrogen-bond
complex.

Taking into account that: (i) as the solute concentration is increasing
LW fluorescence band (corresponding to emission of conformers with
donor and acceptor groups coplanar) grows in; (ii) fluorescence inten-
sity distribution of the LW band of EDMAADCy in DMSO-H,0 is broad
and described by a classical Gaussian shape; (iii) three fluorescence
decay times are required to satisfactorily reproduce the experimental
decay data in DMSO-H;0, one can state that concentration-induced
planarization model with the presence of hydrogen-bonded ICT con-
formers can be assumed for the explanation of observed phenomena
(see Scheme 2B). Thus, concentration-dependent processes responsible
for the observed spectroscopic behavior in DMSO-H,0 system were
identified as radiative deactivations of (1) locally-excited molecule
(perpendicular conformation); (2) ICT molecule with strong charge-
transfer character and planar geometry; (3) hydrogen-bond complex
of EDMAADCy and water.

3.3. Steady-state and time-resolved spectroscopic studies in DMSO and
DMSO-water in the presence of y-cyclodextrins

Because EDMAADCy-vy-CD complexes are barely soluble in water,
steady-state and time-resolved spectroscopic studies have been con-
ducted in DMSO and mixture of DMSO and water (4:1). On addition of
v-CD to DMSO and DMSO-H,0 solution of EDMAADCy, practically no
absorption spectral changes are observed. Therefore, we do not use
these experimental data to calculate of the equilibrium constants in
the ground state. Fig. 7 shows the excitation-wavelength dependence
of fluorescence spectra of the investigated molecule in DMSO (c = 10
4 M) as a function of y-CD concentration. In DMSO solution with differ-
ent concentrations of 'y-CD, for all studied excitation wavelengths (360,
380, 400 and 410 nm), the LW fluorescence band is absent and only
broad, SW emission band occurs. Moreover, gradual addition of y-CD
to DMSO solution of EDMAADCYy (in the studied solute concentration
range from 5-107 to 5-10"* M) led to insignificant increase in fluores-
cence intensity of SW band along with blue shifts in the position of
the fluorescence maximum (~ 10 nm) (Fig. 7). Such shift can be
interpreted in terms of inclusion complex formation resulting in a re-
duced polarity upon encapsulation of the D-A molecule inside CD

Table 3
Fluorescence lifetimes of EDMAADCy (c = 10™* M) in DMSO containing different concen-
trations of y-CD.

Cly-cop (M) 1 (ns) Ay (%) 72 (ns) A; (%) e
0 2.76 64 7.34 36 131
2510 2.63 63 7.61 37 1.06
510 2.54 61 7.01 39 1.11
1073 2.88 60 7.44 40 1.14
25103 3.02 59 6.84 41 1.23
5103 2.66 57 7.32 43 1.17

cavities. The formation of well-defined host-guest inclusion complexes
between y-CD and conformers having perpendicular geometry is also
reflected in the occurrence of the sharp isosbestic point in normalized
fluorescence spectra (Fig. 7).

Interestingly, the spectral changes of EDMAADCy in mixture of
DMSO and water (4:1) containing different concentrations of y-CD are
different to those observed in DMSO solution with «y-CD. As can be
seen in Fig. 8, upon addition of y-CD, the LW emission band which is
assigned to the emission from the planar form of EDMAADCy is greatly
enhanced, while the intensity of the SW (locally-excited) fluorescence
band remains relatively unchanged. The occurrence of an isosbestic
point in the normalized fluorescence spectra is in clear agreement
with the existence of two types of emissive species in the studied me-
dium. The opposite spectral changes in DMSO and DMSO-water (4:1)
solutions with different concentrations of y-CD suggest that the process
of formation of inclusion complex in DMSO and DMSO-H,0 is different
in terms of geometrical structure of EDMAADCy and specific interac-
tions between solute and solvent molecules. In other words, the geo-
metrical structure of EDMAADCy and the presence of hydrogen-bond
complex have a significant influence on the stoichiometry and strength
of binding interactions of the molecule with cyclodextrins.

Table 4
Fluorescence lifetimes of EDMAADCy (c = 10 M, 2.5-10* M, 5-10™ M) in DMSO-water
(4:1) system containing different concentrations of y-CD.

Cly-co) (M) Naps (nm) 71 (ns) Aq (%) T2(ns) Az (%) Ts3(ns) As(%) x?

c=10"M
0 500 226 48 6.25 9 478 43 113
560 0.88 32 7.56 8 3.68 60 121
510 500 248 46 6.64 14 455 40 1.07
560 1.04 30 7.15 14 3.95 56 1.11
103 500 2.72 45 6.61 17 498 38 1.13
560 1.21 30 7.59 24 337 46 127
25107 500 2.91 46 6.15 24 465 30 131
560 1.19 34 7.74 26 3.89 40 1.06
5107 500 295 45 6.26 30 412 25 114
560 1.26 30 7.89 34 3.33 36 1.19
c=2510*M
0 500 1.98 41 6.29 6 426 53 121
560 0.81 31 7.95 8 3.56 61 1.06
510 500 2.32 38 6.78 12 478 50 113
560 0.98 32 721 13 336 55 117
103 500 2.56 35 6.54 21 454 44 134
560 1.15 30 6.99 19 3.89 51 121
25107 500 254 32 7.06 28 425 40 117
560 1.21 29 721 25 3.87 46 1.06
510 500 2.38 38 6.45 34 439 28 119
560 1.17 34 7.78 38 3.35 28 123
c=510*M
0 500 1.94 36 6.48 7 456 57  1.04
560 0.74 30 6.85 5 3.35 65 119
5-10-4 500 2.16 30 6.45 17 459 53 116
560 0.89 27 7.51 13 3.40 60 1.08
103 500 2.81 28 6.15 20 444 52 1.09
560 1.21 28 7.18 26 325 56 124
251073 500 2.89 32 6.18 28 425 40 117
560 1.17 32 7.77 24 3.32 44 111
5107 500 238 28 6.54 34 474 38 1.19

560 1.59 25 7.23 38 3.78 37 107
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In order to clarify the role of supramolecular assemblies in the
photophysics of EDMAADCy, the fluorescence decays in DMSO and
DMSO-water (4:1) solutions with different concentrations of y-CD
were measured at wavelengths where either SW or LW emission is pre-
vailing (i.e., at 470 nm and 500 nm, 560 nm in DMSO and DMSO-H,0,
respectively). In addition, the effect of EDMAADCy concentration on
the fluorescence kinetics was investigated in DMSO-water solution
with different concentrations of y-CD.

The fluorescence decay curves of the investigated D-A molecule in
DMSO in the presence of y-CD can be satisfactorily deconvoluted by
biexponential decays (Table 3). The obtained biexponential decays are
distinguished by a faster component 7 (~3 ns), which bears a resem-
blance to that of the perpendicular conformer, and a slower decay com-
ponent T, (~7 ns), which contribution A, increasing with increasing -y-
CD concentration along with a concerted decrement in A;. This behavior
suggests that the faster and slower components in fluorescence decay
have been assigned to the emission of free (uncapsulated) molecule

having perpendicular geometry and flattened molecule encapsulated
in CD cavities.

As mentioned earlier, in DMSO-H,0 binary mixture the fluorescence
decay data can be fitted by a sum of three exponential functions. From
the data collected in Table 4, it is evident that when y-CD have been
added to the EDMAADCYy solution at its various concentrations, there
are not significant changes in the fluorescence lifetime values (74, T2
and T3) at both detection wavelengths (500 and 560 nm), whereas
the factors describing the contribution of the ith fluorescence decay
component to the total emission (A;, A, and Asz) undergo very pro-
nounced changes on adding y-CD. The preexponential factor A; (de-
scribing the contribution of decay component assigned to the
emission of the hydrogen-bond complex) decreases with increasing -y-
CD concentration, whereas A, factor presents the opposite behavior. It
is important to note here that A; component originates from the emis-
sion of locally-excited perpendicular conformer does not depend (in
the error limit of its determination) on the y-CD concentration.
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Fig. 9. Modified Benesi-Hildebrand dependence (1/[(Isw/liw)-(Isw/l.w)o]) versus (y-CD)™!) for EDMAACDy in DMSO (left panel) and DMSO-water (right panel) systems containing

different concentrations of y-CD.
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Observed dependencies indicate that intermolecular (solute-solvent)
hydrogen bonding is reduced upon encapsulation of EDMAADCy inside
CD cavity (decrease of As factor with an increase of y-CD concentra-
tion), and T, lifetime component can be assigned to the emission of
the planar molecule which froms 1:1 type inclusion complexes (relative
contribution of A, increases with increasing 'y-CD concentration.

3.4. Stoichiometry of inclusion complexes

The presence of an isosbestic point in the fluorescence spectra of
EDMAADCYy in both studied systems is indicative of the formation of
well-defined 1:1 inclusion complex. To quantitatively determine the
strength of binding interactions of the molecule with cyclodextrins
and to confirm the stoichiometry of the formed inclusion complexes,
the emission data have been analyzed by the modified Benesi-
Hildebrand equation [32-34]:

1 1 1
((sw/Tw) — (sw/Tww)o) ~ K1((sw/Tw)y — (sw/Ttw)g) [CD]
1

} ((Isw/lw)1 = (sw/Lw)o)

where K; is equilibrium constant, Isy, and I}y are the intensity of the
short-wavelength (locally-excited) and long-wavelength (intramolecu-
lar charge transfer) fluorescence bands, respectively. (Isw/ILw)o, (Isw/
Iiw)1 and (Isw/Iw) are the fluorescence intensities of the studied mole-
cule in DMSO or DMSO-H,0 in the absence of CD, in 1:1 complex (when
all of molecules are complexed) and at the particular concentration of
CD.

As can be seen in Fig. 9, for both investigated systems, the graphs of
1/((Usw/Iw) — (Isw/Iw)o) versus 1/[CD] (dependence obtained on the
basis of an analysis of the emission spectra recorded for different excita-
tion wavelengths) show linear dependence with good correlation factor
(r>0.9), confirming the formation of 1:1 stoichiometry. It is also clearly
seen that K; values obtained from the slope and intercept of the plots
are also strongly solute concentration and excitation-wavelength de-
pendent (Table 5). Analyzing the data assembled in Table 5, it can be
clearly stated that:

the equilibrium constant determined in DMSO is approximately one
order of magnitude larger than that of the inclusion complex in binary
mixture of DMSO-H,0, which clearly indicates that intermolecular in-
teractions between perpendicular (DMSO) or planar (DMSO-water)

Table 5
Solute-concentration and excitation-wavelength dependent equilibrium constant K; (M
') of EMDAADCy in DMSO and DMSO-water (4:1) in the presence of y-CD.

Nexc (M) DMSO DMSO-H,0
Ky (M) Ky (M)
c=510*M
360 646 54
370 757 171
380 1075 217
390 1798 155
400 2121 179
c=2510*M
360 362 60
370 493 156
380 521 164
390 587 179
400 1626 154
c=10*M
360 243 30
370 314 64
380 497 93
390 652 97
400 970 115

conformers of EDMAADCy molecule and y-CD, causing host-guest
type inclusion complex, are very different. Moreover, specific solute-
solvent interactions (hydrogen bonds) occurring in the DMSO-water
system have a significant influence on the stability of inclusion com-
plexes.

K; value is dependent on the excitation wavelength i.e., as the excita-
tion wavelength is changed from 360 nm to 400 nm, the equilibrium
constant increased about three and four times for DMSO-H,0 and
DMSO system, respectively. This behavior is understandable in
terms of the existence of distribution of spatial conformers in DMSO
and DMSO-water systems. As mentioned earlier, the rotamers with
different angles between their interatomic planes can be directly ex-
cited. Then, the excited conformers can differently interact with y-CD.
upon increasing the solute concentration from 104 to 5- 10 M, the K;
value continuously increases, which is related to the fact that as the
solute concentration increases the molecules become flattened and
flattened conformers differently interact with y-CD.

4. Conclusions

The steady-state and time-resolved spectroscopic measurements
clearly show that investigated biphenyl derivative in DMSO and
DMSO-H,0 forms a typically spectrally inhomogeneous system
i.e., conformers having different geometry can absorb and emit at differ-
ent energies. Noticed concentration-dependent spectral behaviors are
understandable in terms of concentration-induced planarization
model i.e., at high solute concentrations the distance between
EDMAADCy molecules becomes closer enough to the significant
solute-solute intermolecular interactions causing planarization of D-A
dye. Performed analysis indicates that 1:1 inclusion complexes were
formed between studied compounds and vy-cyclodextrins in DMSO
and DMSO-H,0. Moreover, the process of formation of inclusion com-
plex in DMSO and DMSO-H,0 is different in terms of geometrical struc-
ture of EDMAADCy and specific (hydrogen bonds) interactions between
solute and solvent molecules. In other words, the geometrical structure
of EDMAADCy and the presence of hydrogen-bond complex have a sig-
nificant influence on the stoichiometry and strength of binding interac-
tions of the molecule with cyclodextrins.
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The encapsulation of four methyl benzoate derivatives (I-IV) in aqueous solution in the presence of the macro-
cyclic host molecule cucurbit]7]uril (CB[7]) was studied using steady-state, time-resolved and '"H NMR spectro-
scopic techniques. The significant changes in the steady-state and time-resolved fluorescence spectra (and
calculated from them fluorescence decay times) were attributed to the formation of a well-defined, stable 1:1 in-
clusion complex. To understand the mechanism of supramolecular solvation dynamics, the time-dependent fluo-
rescence Stokes' shifts, represented by the normalized spectral response function c(t), were studied. Our studies
have shown that solvation dynamics of water are significantly inhibited inside a cucurbit cavity. The experimen-
tal results were also used to calculate, according to Benesi-Hildebrand plot and nonlinear least-squares regres-
sion analysis, equilibrium constants of the formed inclusion complex. For all investigated dyes, the K; value is
significantly larger than this previously calculated for I-IV inclusion into cyclodextrins (CDs), indicating the supe-
rior host abilities of CB[7] as compared to CDs. The position of the guest molecule inside the host cavity was in-
vestigated by "H NMR experiment. The nature of the 'H NMR shifts for different protons is qualitatively different
for methoxy derivative-CB[7] complex (I-CB[7] and III-CB[7] systems) and hydroxy derivative-CB[7] complex
(II-CB[ 7] and IV-CB[7] systems), which indicates that the inclusion complexes of hydroxy and methoxy deriva-
tives with CB[7] are of a difference in nature. The CB[7]-induced chemical shifts clearly demonstrate that for II-
CB[7] and IV-CB[7] complexes, benzene ring is fully embedded in the interior of CB[7], while for I-CB[7] and
II-CB[ 7] complexes, only the part of the benzene ring is located within the CB[7] cavity. Finally, "H NMR chemical
shifts and evolution of the steady-state and time-resolved emission spectra clearly indicate that -NMe, group at-
tached to the Il and IV is located outside of the CB[7] portal.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

particular interest mainly for two reasons: first, the geometrical struc-
ture of the abovementioned macrocyclic compounds gives rise to the

One of the objectives of contemporary molecular spectroscopy is the
research of the mechanisms and effects of the interaction of electromag-
netic radiation with molecules, which may be present in various envi-
ronments (solid, liquid and gas) [1-3]. During the last several years,
one can observe a very intense increase in the development of research
on supramolecular compounds, which due to their structure are able to
form host-guest inclusion complexes with other organic and/or inor-
ganic compounds. Among the main representatives of supramolecular
compounds, there are the following: cyclodextrins (CDs), cucurbit[n]
urils (CBs), calix[n]arenes, pillar[n]arenes, crown ethers and
cyclophanes [4-6]. These fascinating macrocyclic compounds are of
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fact that they have found numerous applications in pharmacy, medi-
cine, agriculture, nanotechnology or the cosmetics industry [7-12]. On
the other hand, systematic research into various photophysical and
photochemical processes taking place in the organic molecule-
macrocyclic compound system becomes an extremely interesting
thing also from the purely theoretical point of view i.e., the understand-
ing of the mechanisms of the processes leading to the formation of a sta-
ble inclusion complex [13-20].

Among different classes of macrocycles reported to date, cyclodex-
trins (cyclic oligosaccharides composed of six (a-CD), seven (3-CD)
and eight (y-CD) glucopyranose units) and cucurbit[n]urils (rigid cage
consisting of n-glycoluril monomers joined by pairs of methylene brid-
ges) are both important host molecules that have been extensively in-
vestigated [21,22]. Because of the fact, that cavity sizes of CBs (CB[6],
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CB[7] and CBJ8]) are similar to those of CDs (c-CD, 3-CD and y-CD),
cucurbiturils are often compared with cyclodextrins. However, these
size similarities should not be confused with similarities in composition
and binding properties. It is documented that structural differences be-
tween the constituent monomers and differences in the shape of the
hosts (CBs exhibit an equatorial symmetry plane which does not exist
in the CDs) can lead to different binding features of the studied dye
with these two classes of macrocyclic compounds [4-6,21,22].

Several scientific groups, including ours, have presented many of in-
teresting phenomena resulting from host-guest interactions, such as en-
hanced emission of the Twisted Intramolecular Charge Transfer State
(TICT) and/or Excited-State Intramolecular Proton Transfer (ESIPT)
[13-20], the effect of alcohols on the inclusion complexation, changes
in acid-base behavior of encapsulated guests [23], guest relocation
from host cavity to biomolecular binding pocket [24], biological cataly-
sis [25]. In the last few years, our scientific attention has been paid to the
description of the TICT and ESIPT processes of organic molecules in neat
solvents of different polarity [26-29] and aqueous solutions with CDs
[17-20] with particular focus on photophysical and photochemical
properties of methyl benzoate derivatives. This group of molecules is in-
teresting for two reasons: (i) molecules provide means of studying the
general theory of ICT and ESIPT processes, (ii) they can be used as fluo-
rescence probes [30,31], lasing medium in proton transfer lasers [32,33]
and active materials in dry xerographic toners and metal ion sensors
[34,35].

Intrigued by other researchers, who postulate some differences in
the formation of inclusion complex dye-CD and dye-CB, our group has
developed a great interest in the studies of the possible interactions be-
tween CBs and some methyl benzoate derivatives which are capable of
exhibiting TICT- and/or ESIPT-type behavior. Having knowledge regard-
ing the basic spectroscopic characteristics of the inclusion complexes of
the investigated methyl benzoate derivatives with o-, -, and v-
cyclodextrins [17-19], in the present paper, we describe the
photophysical and photochemical properties of I-IV in CB[7] cavities.
Moreover, this study focuses on the improved and complete knowledge
of the effect of two different type of macrocycles of similar cavity size
(P-CD and CB[7]) on the intramolecular electron and proton transfer
processes in investigated dyes i.e., comparing whether or not the
abovementioned organic molecules show similar photophysical and
photochemical properties in the presence of CB[7] as in the case of cy-
clodextrins. Finally, the role of intermolecular hydrogen bonds in deac-
tivation processes of excited inclusion complexes has been investigated
using steady-state, time-resolved and 'H NMR spectroscopic tech-
niques. We believe that our experimental studies can give additional in-
sights into the guest structure-host structure relationship of the
inclusion complexes.

2. Experimental details

The investigated dyes have been synthesized and purified by
Gormin [36-38]. The purity of dyes was controlled by thin layer chro-
matography. Cucurbit|7]urils were purchased from Sigma-Aldrich and
used without further purification. D,O was also purchased from
Sigma-Aldrich.

Absorption, fluorescence excitation and fluorescence spectra were
recorded using, respectively, a Shimadzu UV-2401 PC spectrophotome-
ter and Shimadzu RF-5301 PC spectrofluorometer. The fluorescence
emitted was observed perpendicular to the direction of the exciting
beam. The emission spectra have been corrected for the spectral re-
sponse of the photomultiplier (Hamamatsu R-928) and monochroma-
tor pass, but not for reabsorption which was negligible in these
samples. Time-resolved emission spectra were measured applying
streak camera (C4334-01 Hamamatsu) and 2501 S spectrograph
(Bruker Optics). Solid state Nd: YAG laser (PL 2143A/SS EKSPLA) and
optical parametric generator (PG 401/SH EKSPLA) were used as an exci-
tation light pulses source [39].

Quantum yield of the molecules under study was determined by a
relative method using Coumarin I in ethanol as standard [40]. The fluo-
rescence quantum yield was calculated from the relationship:

or—d [Iw)dv 1-10"" n?
P [Kw)dv 1 - 1070 n?

where @ is the fluorescence quantum yield of studied fluorophore, the
integral is the area under the corrected fluorescence spectrum, D is the
optical density of the studied molecule, n is the refractive index of the
solvent, and the subscript S refers to the standard fluorophore in all
cases.

Solution pHs were measured by a pH meter Eutech Instruments PC
510. Before measurements, the pH meter was calibrated at pH 3 and 7
by using standard pH buffer solution from Merck.

All "H NMR spectra were recorded with Bruker Avance Il 500 MHz
spectrometer at 300 K. 5 mM solutions of I-IV and CB[7] were prepared
in 99.95% ?H,0. Chemical shifts were referenced to the internal standard
of acetone (dy 2.225).

3. Result and discussion

3.1. Steady-state absorption and fluorescence spectra in aqueous solution
with CB[7]

Before undertaking the investigation of the methyl benzoate deriva-
tives in the presence of CB[7], it is necessary to remind the ground- and
excited-state spectroscopic behaviors of these molecules in neat aprotic
and protic solvents. On the basis of the experimental results and
quantum-chemical calculations, it has been shown that the long-
wavelength absorption band of the investigated dyes consists of two
overlapping components (electronic transitions (So — S; and Sg — S)
of different character: nm* and charge-transfer (CT)) (Figs. S1, S2).
Also, it has been reported that the absorption spectrum in protic sol-
vents (water, methanol, ethanol) differs significantly from this regis-
tered in aprotic medium [36-38,41-45]. The dominant differences
(related to the shape, absorption maxima positions and molar absorp-
tion coefficient values of the respective absorption bands) are caused
by the presence of solute-solvent H-bonded complexes in protic
medium.

The excited-state spectroscopic characteristics of the molecules
under study were also the subject of numerous investigations owing
to their very interesting photophysical and photochemical properties
in different homogeneous and heterogeneous media [36-38,41-45]. It
is well established that some of the investigated molecules dissolved
in a polar aprotic medium besides the normal (locally-excited (LE))
fluorescence exhibit the emission from the excited-state intramolecular
proton transfer (ESIPT) (molecules Il and IV) and/or excited-state intra-
molecular charge transfer (ICT) (molecules III and IV) states [41-45]
(Fig. S1). Moreover, spectroscopic studies clearly demonstrate that in-
termolecular hydrogen bonding interaction between methyl benzoate
derivative and protic medium has also significant influence on the
excited-state spectroscopic behaviors i.e., ESIPT and ICT processes
[36-38,41-45].

Fig. 1 shows the changes observed in the absorption (left panel) and
normalized (by scaling the area under the spectrum to be equal to
unity) absorption spectra (right panel) of I-IV upon the gradual addition
of CB[7] in aqueous solution. It was found that pH of the investigated
dyes in the presence of CB[7] solution was in the range of 6.20 to 6.52
(Table S1). These pH values indicate that neutral form of the I-IV dyes
exists in the studied solutions. Upon addition of CB[7], the molar ab-
sorption coefficient of the two long-wavelength absorption bands grad-
ually changes and is accompanied by a small (~2 nm) blue-shift of the
absorption bands which is a clear indication of the reduction of the mi-
croenvironment polarity around the fluorophore. As can be seen in
Fig. 1, the observed changes in the spectral behavior of two hydroxy
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Fig. 1. Absorption (left panel) and normalized absorption (right panel) spectra of I (A,
concentration of CB[7].

derivatives (II and IV) are clearly greater than those observed for
methoxy derivatives (I and III) suggesting that the inclusion complexes
of hydroxy and methoxy derivatives with CB[7] are of a different nature.
Nevertheless, the noticed changes definitely indicate some interaction
between investigated dyes and CB[7] host. Moreover, the occurrence
of an isosbestic point in the normalized absorption spectra (Fig. 1,
right panel) suggests that an equilibrium is established between free
molecule and molecule-CB|[7] inclusion complex in the ground state.
The steady-state fluorescence (left panel) and normalized fluores-
cence (right panel) spectra of I-IV in aqueous solutions containing

v 10’ (cm™)

A", I (B, B"), Il (C,C") and IV (D, D') (c = 5-10~° M) in aqueous solutions containing different

different concentration of CB[7] are depicted in Fig. 2. It is clear from
Fig. 2 that the fluorescence spectrum of I-IV in H,0 possesses besides
the short-wavelength (locally-excited) fluorescence band, a much
weaker, broad long-wavelength band. As previously reported, the
long-wavelength fluorescence band of I in water results from the emis-
sion of intermolecular hydrogen-bonded complexes i.e., mono- and
dihydrated forms of molecule I. Considering molecular structure of II-
IV i.e., fact that studied molecules are capable of exhibiting TICT-type
behavior (Il and IV) and/or ESIPT-type behavior (II and IV), the long-
wavelength fluorescence spectrum in H,O consists of two or three
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Fig. 2. Fluorescence (left panel) and normalized fluorescence (right panel) spectra of I (A, A"), II (B, B’), Il (C, C") and IV (D, D) in aqueous solutions containing different concentration of

CB[7].

partially overlapping bands: ESIPT and H-bonded complexes (molecule
II), TICT and H-bonded complexes (molecule III), and ESIPT, TICT and H-
bonded complexes (molecule IV).

As it is shown in Fig. 2, addition of CB[7] to the aqueous solution of I
and III (molecules which are not capable of exhibiting ESIPT-type be-
havior) brings about a strong increase in the intensity of the LE fluores-
cence band with a slight change in the long-wavelength emission
intensity. A small increase in the LW fluorescence intensity of IIl in
water upon addition of the host CB[7] (absence of TICT fluorescence
band) points toward strong solute-solvent interaction also in the pres-
ence of CB[7] i.e., the water molecules form a chemical bond with n

electrons of N atom of the -NMe, group which causes that the intramo-
lecular charge transfer process in the excited state does not appear.
Therefore, spectral changes observed for Il (SW fluorescence enhance-
ment, absence of TICT fluorescence band and presence of an isosbestic
point in the steady-state area normalized emission spectra) can be ex-
plained by encapsulation of Il in the hydrophobic cage of CB[7] with
the dimethylamino (-NMe,) group exposed to the bulk phase.
Contrary to spectroscopic behavior of molecules I and III, upon addi-
tion of CB[7] to the aqueous solution of II and IV (molecules which are
capable of exhibiting ESIPT-type behavior), the short-wavelength
fluorescence band is rather weakly enhanced. However, distinct
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enhancement ofthe long-wavelength fluorescence band (\ ax~450 nm)
can be observed, which is similar to the emission from the ESIPT state
observed in neat nonpolar and polar aprotic solvents. Such increase in
ESIPT fluorescence intensity can be interpreted in terms of incorpora-
tion of molecules II and IV within the hydrophobic micropockets of CB
[7], resulting in a reduced polarity as compared to the aqueous phase
and possibility of excited-state intramolecular proton transfer process.
It is worth noting that, the absence of the long-wavelength TICT fluores-
cence band (Amax ~ 520 nm) of IV in aqueous solutions containing dif-
ferent concentrations of CB[7] (similar to the situation observed for
molecule III) is related to the fact that molecule IV is also stabilized in
protic water by hydrogen bonding involving the nitrogen electronic
lone pair. The above behavior combined with the presence of an
isosbestic point in the steady-state area normalized emission spectra
of IV bear the evidence of formation of well-defined host-guest inclu-
sion complex (IV-CB[7]), whose structural geometry is similar to that
of II-CB[7] complex in terms of the orientation of the guest molecule
(-OH group is included in the CB[7] cavity (possibility of ESIPT process),
whereas -NMe, group is exposed to the bulk phase (impossibility of ro-
tation of the dimethylamino group).

Fig. S3 presents the fluorescence quantum yield (<F) change with in-
creasing host concentration. For all studied dyes, after a steep initial rise
fluorescence quantum yield trends to level off when most of guest mol-
ecules are complexed. The relatively high increase of & upon increasing
CB[7] concentration may be presumably due to decrease in nonradiative
deactivation rates within the confined CB[7] cavities. Moreover, it is
clearly seen that fluorescence quantum yield of complexes I-CB[7] and
II-CB[7] is notably higher as compared to III-CB[7] and IV-CB[7]
systems.

Fig. S1 shows a typical example of the effect of CB[7] on the fluores-
cence excitation spectra of I-IV. CB[7]-induced spectral behavior (small
blue-shifts of the fluorescence excitation bands, presence of an
isosbestic point) also indicate a structural change of the emitting spe-
cies, brought out by the cucurbituril encapsulation.

3.2. Stoichiometry and equilibrium constants of inclusion complexes

Steady-state spectroscopic measurements can be used for the deter-
mination of the inclusion complex stoichiometry and equilibrium
constants. A reliable determination of the inclusion complex stoichiom-
etry in the excited (e) (or ground (g)) state

€ (g) K (8

"
M+CB & (M:CB)+ (B & (M: CBy) (1)

can be provided by analyzing the difference in fluorescence intensity (or
absorbance) of the investigated molecule in the presence of CBs. Modi-
fied Benesi-Hildebrand (B—H) equation [46,47]:

1 B 1 1
((sw /Tiw)—sw /Itw)o)

_Kﬁ((ISW/ILW)11—(ISW/1LW)0) [CB]"

* ((Isw /Tow )y — Isw /Tuw o)

1 1 1 1
_ . 1 2
A=Ay~ KA —Ay) TCBI ' Ar—Ao (2b)

gives reliable information on the stoichiometry and equilibrium con-
stants of the inclusion complex in the excited (or ground) state. In
Eq. (2a), Isy and Iy are the intensity of the short-wavelength (SW)
and the long-wavelength (LW) fluorescence bands, respectively; n rep-
resents the stoichiometry of the formed complex (n = 1 or 2) with re-
spect to the CB[7], (Isw/I.w)o (Ao), sw/ltw)1 (A7) and (Isw/Iw) (A) are
the fluorescence intensities (or absorbances) of the studied molecule
in water (in the absence of CB[7]), in 1:n complex (when all of the mol-
ecules are complexed) and at the particular concentration of CB[7].

Thus, the 1/((Isw/I;w) — (Isw/I.w)o) should follow a linear dependence
on 1/[CB]" for the correct stoichiometry (n).

Here we would like to note that, graphical method (Benesi-
Hildebrand plot) does not allow the determination of equilibrium con-
stants properly and provides an estimation rather than accurate values.
Nigam and Durocher [48-50] have shown that the changes in fluores-
cence intensity obtained at low macrocyclic compounds concentrations
are widely spaced as compared to high-concentration values. Conse-
quently, the slope of the line is very sensitive to the y value of the data
points having the largest x value [48]. Therefore, when only 1:1 complex
is formed, the nonlinear least-squares regression analysis (NL) is an ex-
cellent instrument to determine more reliable equilibrium constant
value in the excited (or ground) state. The steady-state spectroscopic
data should be fitted into the following equations [48-50]:

Usw/Tw)o + (Isw/Iuw ) K§ [CB]

(Isw/lw) = T+ K°[CB| ,

Ao + A1 KE(CB]
A=T0TTIR T 3b
1+KE[CB| (3b)

Nonlinear regression requires preliminary parameters estimates, (K§
(K3) and (Isw/Iw)1 (A1)) which can be determined from the linear re-
gression approach i.e., Benesi-Hildebrand plot, (Egs. (2a) and (2b)).

As can be seen in Fig. 3, for all studied fluorophores, the plots of
1/(Usw/Iw) — (Isw/Ipw)o) versus 1/[CB], as well as 1/(A — Ag) versus
1/[CB] (n = 1) indeed demonstrate linear dependence giving the linear
correlation coefficient higher than 0.95. The linearity of the double
reciprocal plot clearly indicates the formation of well-defined 1:1 inclu-
sion complex between methyl benzoate derivatives (I-IV) and CB[7]
both in the ground and excited states. From the intercept and slope of
the obtained straight lines, the equilibrium constants (K%, K$) were
determined and collected in Table 1. The equilibrium constants were
also determined using nonlinear regression procedure (see Egs. (3a)
and (3b)). On the basis of the drawings presented in Figs. S4 and S5
and using initial values of K§ (K§) and (Isw/I.w)1 (A{) experimentally
determined from Egs. (2a) and (2b) (Benesi-Hildebrand plot) the final
values of equilibrium constants have been calculated and collected in
Table 1. It should be noted that equilibrium constants determined by
two methods (B—H, NL) differ significantly, which confirms Durocher's
observation that B—H method gives an estimation rather than proper
K§ and K% values. In order to avoid complexity, an average equilibrium
constant value ((K§ )y = (K§ ()(B — H) + K§ ((NL))/2) has been
considered for further analysis (Table 1).

One of the best method used to recognize the inclusion complex
stoichiometry is Job's method (continuous variation method) [51,52].
Job plots were generated by plotting AA-R (or AIR) against R, where
AA (Al) is the difference in absorbance (fluorescence intensity) of the
investigated organic molecule M (I-IV) without and with CB[7] and
R = [M]/([M] + [CB[7]]). As can be seen in Figs. 4, S6 and Tables S2
and S3 for all investigated systems, the value of R = 0.5 clearly indicates
the 1:1 stoichiometry of the formed inclusion complexes in the ground
and excited states.

To understand how methyl benzoate derivatives interact with a dif-
ferent type of macrocycles the values of the ground- and excited-state
equilibrium constants estimated for I-IV in a-, 3- and y-CD are also
listed in Table 1. The results demonstrate that all the studied dyes
have a high binding affinity to CB[7] in both ground and excited states
(significantly higher than in o, B- and y-CD systems). The equilibrium
constants K§ and K5 are 1-2 or even 3 orders of magnitude higher than
that in a-, B- and y-CD supramolecular assemblies. These data indicate
the difference in the photophysical and photochemical properties of the
studied dyes when they form inclusion complexes with CB[7] and cyclo-
dextrins. The more stable inclusion complexes in CB[7] (compared to
cyclodextrins) can be explained in terms of optimal size and shape of
hydrophobic nanocage of CB[7] internal cavity to encapsulation the
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investigated dyes.

methyl benzoate derivatives. Taking into account the fact that -CD host
has a comparable cavity volume to CB[7], it can be argued that the shape
of the cavity plays a very important role in the stability of the com-
plexes. CBs exhibit an equatorial symmetry plane (which does not
exist in the CDs) which lead to different binding features of the studied
dye with these two classes of macrocyclic compound.

From the analysis of K§ and K§ values, it is evident that: (i) all inves-
tigated methyl benzoate derivatives have much higher affinity to bind
guest molecule in the excited state than in the ground state. This
behavior is understandable, if we consider that the value of the electric
dipole moment of the investigated dyes distinctly increases upon
excitation i.e., tl, > lg; (ii) the investigated molecules (excluding IV)
show similar ability to formation of the inclusion complex in the ground
state ({(K§(1)) ~ (K§(IN) ~ (K§(II)); (iii) the molecules which are
capable of exhibiting ESIPT-type behavior (II and IV) form more stable
inclusion complexes with CB[7] in the excited state than two methoxy
derivatives (I and II) ({K§(I)) ~ (K§(IV)) =~ 2(K§(I)) ~ 2{K§(1ID)}),
which may be due to the fact that hydroxy derivatives (Il and IV) are
more deeply embedded in the CB[7] cavity.

3.3. Time-resolved studies in aqueous solution with CB[7]

To get information on the excited-state dynamics of I-IV in H,0 and
aqueous solutions containing different concentration of CB[7], time-
resolved emission spectra were recorded. Fig. 5 presents a typical streak
camera image taken directly from the apparatus [39]. From a presented
image both the fluorescence spectra at various times after excitation as
well as the fluorescence decay times can be derived. The fluorescence
lifetimes and preexponential coefficients describing the contribution
of the i-th fluorescence decay component to the total emission are sum-
marized in Table 2 and Table S4.

In our previous works [19], we have shown that fluorescence kinet-
ics of I-IV in H,0 were reasonably well fitted by biexponential decays
with shorter component ~10-40 ps and longer one ~200-400 ps. The
fast component originates from the emission of the excited hydrogen-
bonded complex (strong intermolecular hydrogen bonding between
methyl benzoate derivative and water molecules results in an increase
in the nonradiative decay rate in the excited state), whereas the longer
component corresponds to the emission of unbound (free) fluorophore.
In our current investigation, for all the studied dyes, the fluorescence
decay curve in the absence of CB[7] can be satisfactorily fitted to the
monoexponential function with the fluorescence decay time
T1 ~250-400 ps (Table 2). It should be clearly stated that this difference
results from the fact that the decay time of the short component
(Ttr ~ 10-40 ps) cannot be precisely determined in the streak camera
experiment because it is much shorter than the temporal resolution
(TR) of the setup (Table S4). Therefore, the designated fluorescence
decay component 7 of methyl benzoate derivatives in water should
be interpreted as average lifetime of two existing species (unbound
(free) molecule and hydrogen-bonded complex).

The fluorescence decay curves in the presence of CB[7] can be satis-
factorily deconvoluted by the monoexponential (molecule I),
biexponential (I, III) and three-exponential (IV) fitting function. For
all the investigated dyes, the value of fast decay component T4 slightly
increases with increasing CB[7] concentration, which can be interpreted
by considering inclusion of the fluorophore in a host cavity. CB[7] pro-
vides superior protection to the encapsulated fluorophore from the
neighbouring water molecules (hydrogen bonding is reduced upon en-
capsulation) which leads to a suppression of the nonradiative decay
channels and enhancement of the fluorescence lifetime. This is consis-
tent with the CB[7]-induced enhancement of the LE fluorescence.

In the case of II, analysis of the fluorescence kinetics in CB[7] con-
firms conclusions drawn from the evolution of the steady-state emis-
sion spectra i.e., the existence of the two different emitting species. In
the presence of low concentration of CB[7] (¢ = 10~* M), fluorescence
decay exhibits a fast decay component (T¢), as a major component
(90%), with a small contribution of slow decay component (~1 ns),
which is close to the lifetime of ESIPT tautomer reported for this mole-
cule in polar aprotic solvents [36-38]. Moreover, the preexponential
factor A, corresponding to decay of ESIPT tautomer increases with in-
creasing CB[7] concentration, whereas A, factor presents opposite be-
havior. These results support that molecule II is encapsulated in the
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Fig. 4. Job plots of the investigated dyes-CB[7] systems prepared by using steady-state absorption data.

host cavity and the protection of fluorophore by CB[7] leads to excited-
state intramolecular proton transfer process.

For molecule III, at the lowest concentration of CB[7], only one life-
time is exhibited, whereas at the highest CB[7] concentration two emis-
sive species contribute to the observed decay curve (see T; and T3 in
Table 2). The preexponential factor associated with the slower lifetime
component (As) shows progressive increase with the concentration of
hosts. Taking into account that (i) upon addition of CB[7] to the aqueous
solution of III, the locally-excited fluorescence band shows a pro-
nounced enhancement, whereas the TICT emission band is rather
weakly enhanced (ii) the value of T3 decay component does not corre-
late very well with the lifetime of TICT conformer of molecule III

Table 1
Equilibrium constants of investigated molecules in CB[7] and cyclodextrins.
Molecule ~ Medium  K§(M~1) (K§) K§(M™1)/KS (K3)
(Y I V) M
I CB[7] 1301 (£3%)* 1416 1642 (+£9%)* 1634
1531 (£7%)° 1626 (+£3%)°
a-CD 14°
y-CD 4.5/12¢
| CB[7] 1176 (£17%)* 1008 2153 (£12%)° 3362
840 (+£17%)° 4572 (+£21%)°
a-CD 210/5¢
y-CD 379/15°
11 CB[7] 1053 (£3%)° 1350 1677 (£15%)* 1704
1647 (£3%)° 1731 (£9%)°
B-CD 106¢
v CB[7] 2250 (£12%)* 2087 3096 (+9%)* 3663
1925 (£6%)° 4231 (+16%)°
a-CD 38/52¢

¢ Determined by Benesi-Hildebrand method.
b Determined by the nonlinear least-squares regression.
€ From [17,19].

registered in aprotic polar solvents (a few nanoseconds), led us to con-
clude thatin 1:1 inclusion complex (III-CB[7]) dimethylamino group re-
mains outside the cavity in aqueous medium and T3 decay component
can be attributed to the emission from the HICT (Hydrogen-bonded In-
tramolecular Charge Transfer) state [27] (possibility of photoinduced
rotation of dimethylamino group is limited due to the presence of hy-
drogen bonds).

As can be seen in Table 2, the fluorescence kinetics of IV in the pres-
ence of CB[7] is of the most complex nature. In CB[7]-free aqueous solu-
tion fluorescence decay curve was fitted by a monoexponential function
(T1~250ps), in the presence of CB[7] at low concentration the decay fits
to biexponential function with time constants of T; ~ 300 ps (96%) and
T, ~ 1.5 ns (4%), whereas at the highest concentration, three discrete
emissive centers with time constants of 7; ~ 360 ps (8%), T, ~ 1.5 ns
(26%) and T3 ~ 3.8 ns (66%) contribute to the observed total emission.
These results in connection with CB[7]-dependent steady-state emis-
sion spectra as well as fluorescence lifetimes for methyl benzoate deriv-
atives in different media available in the literature, indicate that 7,
component is associated with the fluorescence from ESIPT state
whereas the longest time component (T3) can be assigned to the emis-
sion from excited ICT state.

To understand the mechanism of supramolecular solvation dynam-
ics in an even more quantitative sense, we have studied the time-
dependent fluorescence Stokes' shift represented by the normalized
spectral response function c(t), defined by Maroncelli and Fleming
as [53]:

where v(t), v(0), and v(«) are the wavenumbers of the fluorescence
band maximum at times t, 0, and . Fig. 6 presents the emission spectra
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of Il (A, A’) and IV (B, B’) in aqueous solution with CB[7] at various times
after excitation. Because of the limited time resolution of a streak cam-
era set up (~60 ps) an analysis of the dynamic Stokes shift for I and III
was not carried out. Furthermore, we are also missing a part of the sol-
vation dynamics of the molecules II and IV being in the locally-excited
state which also occurs in a time scale faster than the time resolution
of the set up used.

As can be seen in Fig. 6, upon increasing the time after excitation
the position of the long-wavelength fluorescence band maximum
(U™(ESIPT) for Il and v (ESIPT + ICT) for IV) is redshifted. Fig. 7 illus-
trates the temporal behavior of c(t) function for the long-wavelength
band of I (Fig. 7A) and IV (Fig. 7B) in aqueous solution with CB[7]. For
molecule II, c(t) versus time after excitation is very well fitted by a
monoexponential function with the decay component of 7., = 254 ps,
whereas for IV, the data could be well reproduced with the sum of two ex-
ponential functions with a fast (7. (1) = 50 ps) component (Asop, (1) =

Table 2
Fluorescence lifetimes of I-IV in aqueous solutions containing different concentrations of
CB[7].

Molecule  Concentration (M) T4 Aq T2 A, T3 As
[ns] [#] [ns] [%] [ns] [%]

I 0 029 100 - - - - 1.02
0.0001 026 100 - - - - 1.18
0.0002 035 100 - - - - 1.10
0.0004 033 100 - - - - 1.12

I 0 037 100 - - 1.20
0.0001 0.38 90 099 10 - - 1.05
0.0002 0.36 86 063 14 - - 1.10
0.0004 0.32 71 080 29 - - 1.12

111 0 029 100 - - - - 1.18
0.0001 027 100 - - - - 1.21
0.0002 0.36 87 - - 066 13 1.13
0.0005 0.66 71 - - 086 29 1.19

[\" 0 025 100 - - - - 1.16
0.0001 0.30 96 152 4 - - 1.06
0.0002 0.23 34 164 24 385 42 119
0.0005 0.36 8 148 26 373 66 117

12%) and a slow component of Tsop, (2) = 337 Ps (Asow. (2) = 88%), with
dan average solvation time ((Tsolv.) = (Asolv. (1)T§alv. (1) + Asolv. (Z)Tzolv. (2))/
(AsaIvA (1)Tsolv. (1) + AsolvA (Z)TsoIVA (2))) of 304 ps.

It is evident that the obtained solvation component (~300 ps) of II
and IV in aqueous solution with CB[7] is significantly slower (at least
3 orders of magnitude) than the solvation dynamics of some organic
molecule e.g., Coumarin 480 (310 fs) reported by Fleming et al. in bulk
water [54]. These results indicate that the water molecules encapsu-
lated in a supramolecular assembly are fundamentally different from
bulk water. Several experimental and theoretical studies have shown
[54,55] that solvation dynamics of water and DMF are significantly
inhibited inside a cyclodextrin cavity, micelles, lipids, proteins and
DNA [56]. Nandi and Bagchi ascribed the slow dynamics inside cyclo-
dextrin cavity to almost complete suppression of the translational
modes of the trapped water molecules in the y-CD cavity [56,57]. Ac-
cording to the above mentioned investigations, we can state that the ob-
served dramatic retardation of the solvation dynamics inside the
studied CB[7] cavity can be attributed to the loss of translational
modes in analogy to a similar model proposed for slow solvation dy-
namics of water in different supramolecular assemblies. Summarising,
the received component arises mainly from the disruption of the
hydrogen-bond network of water and the binding of water molecules
to CB[7].

34. 'H NMR studies on the host-guest complex

The interaction of methyl benzoate derivatives with CB[7] was also
studied using 'H NMR spectroscopic technique. It is accepted that the
structure of the formed inclusion complex can be recognized by observ-
ing the chemical shift changes of the guest resonances upon addition of
a macrocyclic host [58,59]. The upfield shifts of the proton resonances
are characteristic of dyes encapsulated in the cucurbit cavity, whereas
downfield shifts are observed for resonances from guest protons located
outside of the cavity [58,59]. Fig. 7 shows the 'H NMR spectra of CB[7], I-
IV in D50 in the absence and presence of 1.0 equiv. of CB[7]. As can be
seen, the observed changes in the NMR signals possess very complex
nature (Table 3). Interestingly, the nature of the NMR shifts for different
protons are qualitatively different for methoxy (I-CB[7] and III-CB|[7]
systems) and hydroxy (II-CB[7] and IV-CB[7] systems) derivatives
with CB[7], which indicates that the inclusion complexes of hydroxy
and methoxy derivatives with CB[7] are of a different nature.

Upon addition of 1.0 equiv. of CB[7] to aqueous solution of Il and IV,
all aromatic protons of the benzene skeleton (H,, Hy and H.) an experi-
ence a upfield shift, while the Hq proton of the methoxy group
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undergoes marginal downfield shift (II-CB[7] system) or remains al-
most unchanged (IV-CB[7] system) (Fig. 8). These CB[7]-induced chem-
ical shifts clearly demonstrate that the benzene ring is included inside
the host cavity, while the methyl part of the -COOCH3 group interacts
with the carbonyl oxygens on the host portal. Moreover, the fact that
the signals of the aromatic protons (H,, Hy, and H.) are remarkably
broadened indicates that the benzene ring is fully embedded in the in-
terior of CB[7]. A similar broadening caused by a dynamic distribution
of host-guest species during the time scale of the NMR experiment has
been reported previously [60-62]. It is important to note that the chem-
ical shift of the dimethylamino proton (Hg) of IV-CB[7] complex is prac-
tically unchanged, which also confirms the conclusions drawn from the
evolution of the steady-state and time-resolved emission spectra de-
scribed above i.e., -NMe, group is located outside of the CB[7] portal
(negligible interaction of -NMe, group with CB[7]).

As can be seen in Figs. 8 and S7, in contrast to II-CB[7] and IV-CB[7]
systems, the '"H NMR signals corresponding to the H, and Hy, protons of
the benzene ring of I and III are displaced downfield, while protons Hc
and He show upfield shifts. These behaviors imply that only the part of
the benzene ring is located within the CB[7] cavity. On the other hand,

Table 3

TH NMR chemical shifts for I-IV protons in the absence and presence of CB[7].
Compound CH, CH CH, a b c d e f
CB[7] 4245 5544 5811 - - - - - -
1 - - - 6.506 6.440 7.763 3.844 3.874 -
1-CB[7] 4239 5537 5807 6536 6495 7.751 3.841 3.841 -
1| - - - 6300 6.393 7.724 3911 - -
1I-CB[7] 4.187 5475 5785 6.128 6.128 7.469 3911 - -
m - - - 6.366 6.490 7.845 3.848 3.933 3.059
I-CB|[7] 4241 5539 5804 6.659 6659 7.821 3.837 3.837 3.053
\Y - - - 6.269 6477 7.783 3914 - 3.032
IV-CB[7] 4236 5533 5804 6216 6388 7.691 3914 - 3.042




10

K. Baranowska et al. / Journal of Molecular Liquids 318 (2020) 113921

CB[7] cft
CH, CH,
.
- 2
e+d
d
c a
| t-’l Jk
11-CB[7] s
a+b
1} f
ed
fH;C  CH,'
§ Mo pa N “d -
e+

N-CB[7]

Fig. 8. 'TH NMR spectra of CB[7], I-IV in D,0 in the absence and presence of 1.0 equiv. of CB[7].

the chemical shifts of the Hgq and Hs protons of I-CB[7] and III-CB[ 7] sys-
tems are very similar to those in II-CB[7] and IV-CB[ 7] systems suggest-
ing that Hq and Hy protons interact with the carbonyl oxygens of the
host portal.

4. Conclusions
In the present work the supramolecular interactions of four methyl

benzoate derivatives with CB[7] were studied in aqueous solution
using steady-state, time-resolved and 'H NMR spectroscopic

techniques. We found that investigated dyes form stable 1:1 inclusion
complex in the ground and excited states. Our experimental data clearly
indicate that the molecules which are capable of exhibiting ESIPT-type
behavior (I and IV) form more stable inclusion complexes with CB[7]
in the excited state than two methoxy derivatives (I and III). The ob-
served changes in the '"H NMR signals point toward the fact that hy-
droxy derivatives (Il and IV) are more deeply embedded in the CB[7]
cavity. Finally, "TH NMR chemical shifts and evolution of the steady-
state and time-resolved emission spectra clearly indicate that -NMe,
group attached to the Il and IV is located outside of the CB[7] portal
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(water molecules form a chemical bond with n electrons of N atom of
the -NMe, group and twisted intramolecular charge transfer process
in the excited state does not appear).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2020.113921.
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Abstract: The nature and mechanisms of interaction between two selected methyl benzoate deriva-
tives (methyl o-methoxy p-methylaminobenzoate-I and methyl o-hydroxy p-methylaminobenzoate—
IT) and model transport protein bovine serum albumin (BSA) was studied using steady-state and
time-resolved spectroscopic techniques. In order to understand the role of Trp residue of BSA in the
I-BSA and II-BSA interaction, the effect of free Trp amino acid on the both emission modes (LE-locally
excited (I and II) and ESIPT-excited state intramolecular proton transfer (II)) was investigated as
well. Experimental results show that the investigated interactions (with both BSA and Trp) are mostly
conditioned by the ground and excited state complex formation processes. Both molecules form
stable complexes with BSA and Trp (with 1:1 stoichiometry) in the ground and excited states. The
binding constants were in the order of 10* M~!. The absorption- and fluorescence-titration experi-
ments along with the time-resolved fluorescence measurements show that the binding of the I and II
causes fluorescence quenching of BSA through the static mechanism, revealing a 1:1 interaction. The
magnitude and the sign of the thermodynamic parameters, AH, AS, and AG, determined from van’t
Hoff relationship, confirm the predominance of the hydrogen-bonding interactions for the binding
phenomenon. To improve and complete knowledge of methyl benzoate derivative-protein inter-
actions in relation to supramolecular solvation dynamics, the time-dependent fluorescence Stokes’
shifts, represented by the normalized spectral response function c(t), was studied. Our studies reveal
that the solvation dynamics that occurs in subpicosecond time scale in neat solvents of different
polarities is slowed down significantly when the organic molecule is transferred to BSA cavity.

Keywords: inclusion complex; bovine serum albumin; tryptophan; excited-state intramolecular

proton transfer; supramolecular interactions

1. Introduction

During the past decade, considerable attention has been focused on characteriza-
tion of noncovalent interactions between a macrocyclic host (chemical and/or biological)
and different guest molecules (especially drugs and/or small bioactive molecules) [1-3].
Cyclodextrins («, 3 and ), calixarenes, cucurbiturils, pillararenes, crown ethers and
cyclophanes are one of such chemical organized assemblies possessing a hydrophobic
nanocavity, which can accommodate guest molecules [4-6]. The understanding of the
host-guest interactions is highly desirable for at least two main reasons. First, the ex-
planation of the photochemical and photophysical processes leading to the formation of
host-guest inclusion complex is interesting from a spectroscopic point of view, because
the incorporation of the molecule into the chemical or biological nanocavity creates a new
chemical system with significantly different spectroscopic properties [7,8]. Conversely,
owing to complexation ability, chemical and biological cavities have received widespread
attention for applications in medicine, agriculture, nanotechnology, cosmetics, food and
pharmaceutical industries [9-14]. Among various representatives of chemical and biologi-
cal macromolecules, nontoxic cyclodextrins (chemical) and human as well as bovine serum
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albumin (biological) are the most investigated ones because of their use in medicine as
drug delivery carriers (cyclodextrins) and transport proteins (serum albumins) [15-19].

Serum albumins, the most abundant proteins in the blood plasma, play a significant
role in the transport of both exogenous and endogenous compounds. Several experimental
and theoretical studies have shown that human serum albumin (HSA) and bovine serum
albumin (BSA) present an ideal model of serum carrier protein, and therefore they are
most widely used as model proteins in evaluating small organic molecules (drug)—protein
interactions [15,20-23]. BSA finds a wider range of applications because of its (i) low cost,
(ii) high water solubility (iii) almost 80% sequence homology with HSA and (iv) widespread
availability in a pure form. The crystal structure of BSA shows three domains (I, II, III),
which are divided into two subdomains, named A and B [24,25] (Scheme 1A). The drug-
binding sites are located in hydrophobic cavities in subdomains IIA and IIIA. Although
HSA and BSA exhibit similar conformation properties, their spectroscopic properties
are different. This is because BSA has two tryptophan residues that possess intrinsic
fluorescence (Trp 134 and Trp 212), whereas HSA has only one residue (Trp 214) [26,27]. Trp
212 is located within a hydrophobic binding pocket of the protein and Trp 134 is located on
the surface of the molecule [24].

Scheme 1. Structure of bovine serum albumin (BSA) (A) and methyl benzoate derivatives (methyl
o-methoxy p-methylaminobenzoate-I, methyl o-hydroxy p-methylaminobenzoate-II) (B).

We have recently undertaken spectroscopic investigations of the some methyl ben-
zoate derivatives which, on the one hand, are interesting from the spectroscopic point
of view (they are capable of exhibiting Twisted Intramolecular Charge Transfer- and/or
Excited State Intramolecular Proton Transfer-type behaviour) and, conversely, they have
potential in applications e.g., TICT and ESIPT fluorescence probes, metal ion sensors, active
materials in dry xerographic toners or lasing medium in proton transfer lasers [28-32]. Our
scientific attention has been focused not only on the description of the TICT and ESIPT
processes of organic molecules in different organic solvents and heterogeneous systems,
but also in aqueous solution in the presence of the supramolecular compounds (x-, 3- and
y-cyclodextrins, cucurbit[7]uril) [33-37]. We have shown that photochemical and photo-
physical properties of investigated molecules encapsulated in macrocyclic host macrocyclic
host are significantly different from those observed in bulk solution. These significant
changes in spectroscopic behaviours were attributed to the formation of stable 1:1 and/or
1:2 inclusion complexes. The effect of macrocyclic host complexation on TICT and ESIPT
photochemistry has been interpreted in terms of the protection of the embedded organic
molecule in host cavity from the neighbouring water molecules (reduction of hydrogen
bonds upon encapsulation), size and shape of macrocyclic host, orientation of the guest
molecule in micropockets, restriction on molecular motion and the reduced polarity effect
introduced by cavities as compared to the aqueous phase [33-37].

However, important issues on the nature and mechanisms of host guest interac-
tions remain open and require clarification. Herein, we focus on the deepening the
knowledge of the nature and mechanisms of interactions between two selected methyl
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benzoate derivatives (methyl o-methoxy p-methylaminobenzoate-I, methyl o-hydroxy
p-methylaminobenzoate-II (Scheme 1B))-showing locally-excited (I and II) and ESIPT
fluorescence (II)-and biological cavity (BSA). In particular, it is compared whether or not
the investigated fluorophores show similar spectroscopic and photochemical properties in
the presence of biological cavities (BSA) as in the case of chemical nanocages (cyclodextrins
(o, B and y) and cucurbit[7]urils). The interaction of I and II with the model transport
protein BSA is studied using steady-state and state-of-the-art time-resolved spectroscopic
techniques, which proved to be helpful in understanding the mechanisms of the processes
leading to the formation of a stable small organic molecule-protein complexes (quench-
ing, binding and thermodynamic parameters). Overall, our current (in combination with
our previous) studies offer a detailed outlook into the dynamic and structural aspects
of chemical (CDs, cucurbit[7]urils) [33-37] and biological (BSA) host-guest interactions.
Especially, we investigate the effects exerted by biological and chemical nanocavity on
the excited-state intramolecular proton and electron transfer processes that may occur in
supramolecular systems.

2. Results and Discussion
2.1. Steady-State Absorption and Fluorescence Spectra of I and 11 in the Phosphate Buffer in the
Presence of BSA

As mentioned earlier, UV —visible absorption and fluorescence spectroscopy belongs
to the most important techniques used to explore small organic molecule—protein interac-
tions. This is due to the fact that the spectroscopic properties of HSA and/or BSA (in fact
protein’s fluorophores) are sensitive to the immediate neighbourhood i.e., polarity of their
surroundings, as well as composition of the solvation shell. Thus, before undertaking the
investigation of the interactions between BSA and two methyl benzoate derivatives (I and
II), it is necessary to recall the spectroscopic behaviour of these two organic fluorophores,
BSA, as well as three crucial amino acid residues: tryptophan (Trp), tyrosine (Tyr), and
phenylalanine (Phe) (because, as mentioned, spectroscopic properties of the BSA are mainly
governed by the absorption/fluorescence of above mentioned residues) [38].

Several spectroscopic investigations were carried out on the I-BSA and II-BSA sys-
tems (and in parallel on the I-Trp, II-Trp systems) to recognize whether some interactions
occurred and to obtain insight into the nature of such interactions. The spectral character-
istics of the two investigated methyl benzoate derivatives, BSA and three crucial amino
acid residues (Trp, Tyr, Phe) in the phosphate buffer are presented in Figure 1. As can
be seen, these residues have distinct absorption and emission wavelengths and differ in
the quantum yield (in aqueous medium quantum yields of Trp, Tyr and Phe are near 0.2,
0.14 and 0.03, respectively) [38]. Several experimental and theoretical studies have shown
that, proteins emission is dominated by Trp, which absorbs at the longest wavelength
(Afbs (Trp) in phosphate buffer occurs at 280 nm) and displays the largest molar absorption
coefficient [38]. Although Tyr quantum yield is similar to that of Trp, emission is often
quenched, mostly due to its interactions with the peptide chain or as a result of energy
transfer to Trp [38]. As can be seen, Tyr can be excited at wavelengths similar to that of
Trp (A%, (Tyr) in phosphate buffer occurs at 275 nm) but emits at a distinctly different
wavelength. The wavelength of maximum intensity of the fluorescence band of Tyr is
distinctly blue-shifted in comparison to the fluorescence band of Trp ()\{Zax (Tyr) = 303 nm,
/\J,;lax(Trp) = 351 nm). It is also evident that among the three crucial amino acids, Phe
displays the shortest absorption and emission wavelengths. Considering that proteins
fluorescence is generally excited at 280 nm or at longer wavelengths, Phe is not excited in
the majority of experiments (this holds true also in our case).
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Figure 1. Absorption and emission spectra of the three crucial aromatic amino acids (A), BSA (B,C)
and investigated dyes (B,C) in phosphate buffer solution (pH 7.4). In order to better visualize the
absorbance scale (representing the molar absorption coefficient) for BSA and investigated molecules,
the ordinate axis has been truncated.

In previous reports [28-32], we have shown that the long-wavelength absorption
band of the studied fluorophores in neat solvents consists of two electronic transitions
So —+ 51 and Sg — Sy of different character: 7irt* and charge-transfer (CT). Moreover, it is
well established that molecule II dissolved in some media besides the locally-excited (LE)
fluorescence exhibits the long-wavelength emission from the excited-state intramolecular
proton transfer (ESIPT) state [28-32]. In Figure 1B,C, the long-wavelength absorption
and fluorescence spectra of BSA in the phosphate buffer are compared with those of
I and II. As the spectral behaviours of BSA mainly arise due to the presence of two
tryptophan residues (Trp-212 (located in hydrophobic subdomain IB) and Trp-134 (located
near the surface of the albumin molecule in the second helix of the first domain)), the
steady-state absorption and fluorescence spectra of BSA and Trp show similar spectral

features (A% (Trp) = 280 nm versus A2 (BSA) = 278 nm, /\J,;lax(Trp) = 351 nm versus
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Aﬁax (BSA) = 344 nm). The long-wavelength absorption spectrum of BSA overlaps with the
broad, long-wavelength absorption band (consisting of two different electronic transitions)
of the investigated methyl benzoate derivatives, as well as the short-wavelength, locally-
excited fluorescence band of I and II considerably overlap with that of serum protein.

In order to obtain more insight into I-BSA and II-BSA interaction process, the absorption-
and fluorescence-titration experiments were performed with varying concentrations of
BSA. Figure 2 shows the LW absorption spectra of I and II in the phosphate buffer solutions
containing different concentrations of BSA. Upon addition of BSA, the molar absorption
coefficient of the first long-wavelength absorption band centred at about 275 nm (molecule
I) and 279 nm (molecule II) gradually increases, whereas no significant changes in the
second long-wavelength absorption band (centred at 300 nm (I) and 305 nm (II)) were
observed in the presence of BSA. Considering the absorption characteristics of BSA in
phosphate buffer solution, this spectral behaviour probably comes from the absorption of
BSA molecule. Moreover, an isosbestic point can be clearly seen between these two bands,
which indicates the presence of equilibrium between two different species (I (or II) and the
ground-state complex I-BSA (or II-BSA)).
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Figure 2. Absorption and fluorescence spectra (Aexc. = 300 nm) of I (A,A’), II (B,B”) (c=5 x 10~° M) in phosphate buffer solu-
tions containing different concentration of BSA (0 M, 2.0 x 1079 M, 4.0 x 1070 M, 6.0 x 107°M, 8.0 x 107° M, 1.0 x 105 M,
12 x 1075 M, 1.4 x 1075 M, 1.6 x 107> M, 1.8 x 10-5 M, 2.0 x 10~ M). Insert the ground-state Benesi-Hildebrand depen-
dence for I (A), II (B) and the normalized fluorescence spectra of I (A’) and II (B’) in phosphate buffer solutions containing
different concentration of BSA.

Addition of BSA to the phosphate buffer solutions of I and II brings about a strong in-
crease in the fluorescence intensity with a slight shift in the position of the short-wavelength
fluorescence band maximum (~4 nm). Moreover, when the protein concentration is in-
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creased, an isosbestic point can be clearly seen in normalized fluorescence spectra (we
normalized each of the area under the fluorescence curve to unity, in this case, fluores-
cence spectrum corresponds to the emission of the same number of emitting molecules)
points that equilibrium is established also in the excited state for both studied systems (see
insert of Figure 2). The appearance of an isosbestic point-like feature in the normalized
fluorescence spectra of molecule which is capable of exhibiting ESIPT-type behaviour
(molecule IT) and gradual decrease in the intensity of the ESIPT fluorescence band indicate
that the binding between II and BSA is specific and involves the hydroxy (-OH) and/or
ester (-COOCH3) groups, which causes that ESIPT does not appear.

The changes in the absorbance and fluorescence intensity of I and II in the presence
of BSA have been used to create the Benesi—Hildebrand (B—H) plot (see Equation (2a,b)).
As can be seen in the insert of Figure 2 and Figure S1 (Supplementary Materials), for both
investigated systems, the plots of 1/(A — Ag) versus 1/[BSA], as well as 1/ (I — Iy) versus
1/[BSA]) demonstrate linear dependence, which indicates the formation of well-defined
1:1 complexes with BSA, both in the ground and excited states. The binding constants
were found to be (1.9 £ 0.1) x 10* M~ and (2.3 + 0.1) x 10* M~ in the ground state and
(2.1 +£0.1) x 10* M~ and (2.0 & 0.1) x 10* M~ in the excited state for I and II, respectively.
These results indicate the strong binding affinity of the investigated dyes to BSA in the
ground and excited states.

2.2. Time-Resolved Studies of I and I in the Phosphate Buffer in the Presence of BSA

To obtain information on the excited-state dynamics of the methyl benzoate derivative-
BSA system in the phosphate buffer, the time-resolved emission spectra (TRES) of the
investigated dyes upon the gradual addition of BSA were recorded. Table 1 gives the
fluorescence lifetimes and preexponential factors describing the contribution of the i-th
fluorescence decay component to the total emission.

Table 1. Fluorescence lifetimes of I and II in phosphate buffer solutions containing different concentrations of BSA.

Molecule BSA Concentration 105 (M) T1 (ns) A1 (%) Ty (ns) Ay (%) T3 (ns) Az (%) r?
0 0.19 100 0.98
0.1 0.20 7 4.49 93 0.99
0.2 0.30 3 5.36 97 0.99
I 0.4 0.30 2 5.18 98 0.99
0.6 0.32 1 5.57 99 0.99
0.8 5.51 100 0.99
1.4 5.69 100 0.99
2.0 5.78 100 0.99
0 0.20 24 0.80 76 0.95
0.1 0.21 14 1.15 15 5.79 71 0.99
0.2 0.19 5 1.19 17 5.56 78 0.99
I 0.4 0.19 2 1.00 9 5.71 89 0.99
0.6 0.18 1 1.00 6 523 93 0.99
0.8 5.58 100 0.99
1.4 5.52 100 0.99
2.0 5.84 100 0.99

We will first discuss the changes in the fluorescence lifetimes of molecule II, which is
capable of exhibiting ESIPT-type behaviour, in the presence of BSA in the phosphate buffer
medium. As expected, fluorescence decay profile of II recorded in the absence of BSA
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consists of a slow decay 7, = 0.8 ns as a major component (76%) with a small contribution
of a fast decay component (71 =200 ps, A = 24%). According to our previous works [35,37],
we can state that the slow component can be assigned to the emission from ESIPT state,
whereas the decay time of the fast component originates from the emission of LE state.
The fluorescence kinetics of II in the presence of BSA are of the most complex nature
(see Table 1 and Figure 3). In the presence of BSA at low concentration (107%-6 x 107° M),
the decay fits to three-exponential function with time constants of 71~200 ps, 172~1 ns
and 13~5.7 ns, whereas at the highest concentration (8 x 10762 x 10~> M), fluorescence
decays can be reasonably well fitted by monoexponential function (173~5.7 ns) (see Table 1
and Figure 3). Through the individual form of the time constants of II (LE and ESIPT)
remain almost unchanged, their relative preexponential factors are distinctly modified upon
interactions with BSA. The preexponential factors associated with the LE an ESIPT emission
(A7 and Ajy) are found to be decreased from 24% and 76% to 1% and 6%, respectively,
whereas Aj factor presents opposite behaviour. These results clearly indicate that the short
components (71 and 1) correspond to the unbound forms (LE and ESIPT), while the long
component 13 corresponds to the bound form (II-BSA). Moreover, this binding results in
the absence of the intramolecular proton transfer process in the excited state, confirming the
involvement of the hydroxy (-OH) and/or ester ((COOCH3) groups in specific interactions.
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Figure 3. Fluorescence decay profiles of I (A) and II (B) in absence and different concentration of BSA (0.0 M, 0.1 x 107> M,
0.2 x 107°M,0.4 x 1075 M, 0.6 x 1075 M, 0.8 x 1075 M, 1.4 x 107> M, 2.0 x 107> M)

For the molecule I in the phosphate buffer medium, the fluorescence decay profile
can be satisfactorily fitted by monoexponential function with the fluorescence decay time
71~200 ps (Table 1), in the presence of BSA at low concentration (107°-6 x 10~% M), the
sum of two exponential functions was required, whereas at the highest concentration
(8 x 107%-2 x 1075 M), again only one emissive centre was observed (73~5.7 ns) (Figure 3).
In the presence of low concentration of BSA (10~® M), fluorescence kinetics exhibits a slow
decay component 13 as a major component (93%), which is close to the average lifetime
of two Trp moieties [21], with a small contribution of fast decay component (7;~200 ps).
It should be also clearly state that, the values of fast and slow decay components (73 and
T3) remain almost unchanged (7 slightly increases) with increasing BSA concentration.
Conversely, the preexponential factor A; corresponding to the decay of LE form of the
molecule I decreases with increasing BSA concentration, whereas A3 factor presents oppo-
site behaviour. These findings indicate that the possibility of the emission from LE state
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is limited due to the presence of specific interactions between I and BSA (formation of
I-BSA complex).

In our previous paper, the mechanism of supramolecular solvation dynamics of
the methyl benzoate derivatives in aqueous solution with CB[7] has been investigated
according to the procedure described by Maroncelli and Fleming [37,39,40]. We have
shown that solvation dynamics which occurs in subpicosecond time scale in neat solvents
of different polarities is slowed down significantly when organic molecule is relocated to
CB[7] cavity. In order to determine and compare solvation dynamics in selected chemical
and biological nanocavities (i.e., CB[7]) versus BSA), the time-dependent fluorescence
Stokes’ shifts (determined from the emission spectra registered at various times after
excitation (see Figure 4), were used to create the normalized solvation correlation function
c(t) (see Equation (7)). Figure 5 presents the temporal behaviour of ¢(t) function for I and II
bound to BSA. For both molecules, decay of c(t) is well fitted by the sum of two exponential
functions (see Equation (8)) with a fast component Ty (v, (I) = 430 ps, Ti(solv) (II) = 520 ps
(A1solvyy (D) = 2%, Aq(soly)(IT) = 3%) and a slow component of Ty(sv,) (I) = 4.07 ns, Ty(solv)
(IT) = 5.25 ns (Aj(solv,) (I)=98%, A1(solvy (II) = 97%), with an average solvation time (T(soly,)
(I)) =4.06 ns, and (T (so1y)(II)) = 5.24 ns.
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Figure 4. Time-resolved emission spectra (Aexc. = 300 nm) of II in phosphate buffer solution with BSA (cpsa = 10=6 M) at

various times after excitation.
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Figure 5. Temporal behaviour of c(t) function for the short-wavelength fluorescence band of I (A) and II (B) in phosphate
buffer solution with BSA (cgga = 1076 M).
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In order to explain the presence of the nanosecond component of the solvation dynam-
ics observed in our studies, it is necessary to assume the restriction on the movement of
the biological water molecules in the vicinity of the protein. Similar behaviour has been re-
ported previously and explained as a result of three main causes: (i) in bulk, the movement
of water is cooperative and involves an extensive network of hydrogen bonds, (ii) in the
case of protein-bound water, the hydrogen bond network is significantly disturbed, (iii) the
different solvation times of biological water molecules may correspond to different parts of
albumin [41,42]. Thus, the present investigation clearly shows that the solvation dynamics
of I and II in aqueous solution with CB[7] is different from that in biological nanocavities
(BSA). The average solvation time in methyl benzoate derivative-BSA system is found to
be about one order of magnitude longer than that in I-CB[7] (or II-CB[7]) system. This
indicates that at BSA hydrophobic interior, where investigated organic molecule is buried,
the water molecules are more strongly confined than in the CB[7] cavity and therefore show
slower solvation dynamics.

2.3. Effect of Trp on the Steady-State and Time-Resolved Spectroscopic Behaviour of I and II

In order to understand the role of Trp residue of BSA in the I-BSA and II-BSA interac-
tion, it is useful to also study the interactions between molecules under study and the free
Trp amino acid. As seen in Figure 6, the steady-state absorption and fluorescence spectra
of buffered solutions of I and II are also affected by the presence of tryptophan molecules.
For both fluorophores, with the gradual addition of Trp, the molar absorption coefficient of
the first long-wavelength absorption band increases without change in spectral distribu-
tion of the second LW absorption band. Moreover, the occurrence of an isosbestic point
in the titration experiment suggests that the equilibrium is established between methyl
benzoate derivative (I or II) and the methyl benzoate derivative-Trp complex in the ground
state. The excited-state spectral behaviours of I-Trp and II-Trp systems (e.g., increase in
the fluorescence intensity and presence of an isosbestic point in the steady-state area nor-
malized emission spectra) are similar to those in I-BSA and II-BSA systems suggesting that
methyl benzoate derivative-Trp complex is also formed in the excited state. It is also evident
from the normalized fluorescence spectra that for fluorophore II, upon increasing the Trp
concentration, the intensity of the ESIPT fluorescence band decreases and simultaneously the
short-wavelength (LE) emission band increases. The described experiment indicates (as was
the case with II-BSA system) the involvement of the -OH and/or -COOCH3) substituents in
specific interactions between II and Trp. Here, the same absorption- and fluorescence-titration
experiments were performed for I-Tyr, II-Tyr, I-Phe and II-Phe systems. For these systems,
the absorption and fluorescence spectra of I and II in phosphate buffer solution containing
different concentration of two amino acid residues (Tyr and Phe) were practically unchanged,
which indicates that probably no specific interaction with Tyr and Phe occurs.

As can be seen in Figure S2, for both studied systems, the plots of 1/ (A — Ap) versus
1/[Trp] and 1/ (I — Iy) versus 1/[Tryp] show linear dependence over the whole range of
studied Trp concentration, confirming the formation of complexes with 1:1 stoichiometry
between methyl benzoate derivatives (I and II) and Trp in the ground and excited states.
The binding constants were found to be (2.1 £ 0.1) x 10* M~ and (2.6 4 0.1) x 10*M~1in
the ground state and (1.9 £ 0.1) x 10* M1 and (2.6 £+ 0.1) x 10* M~ in the excited state
for I and II, respectively, which is similar to the previously calculated values for I-BSA
and II-BSA complexes. This behaviour may indicate that mainly the Trp residue of BSA is
involved in process of I-BSA and II-BSA specific interactions.

As can be seen in Table 2, the fluorescence kinetics of the investigated molecules in
the presence of Trp is similar to that in I-BSA and II-BSA systems ((i) decay components
(71, T and 13) remain almost unchanged; (ii) the preexponential factors A; and A, corre-
sponding to decay of LE and ESIPT (molecule II) emission decrease with increasing Trp
concentration, whereas A3 factor (corresponding to the decay of bound form (I-Trp and
II-Trp)) presents opposite behaviour) confirming the formation of complex between methyl
benzoate derivatives (I and II) and Trp.
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Figure 6. The long-wavelength absorption and fluorescence spectra (Aexc. = 300 nm) of I (A,A’) and IT (B,B’) (c =5 X 1075 M)
in phosphate buffer solutions containing different concentration of Trp (0 M, 2.0 X 107 M, 4.0 x 107 M, 6.0 x 1070 M,
80x107°M,1.0 x107°M,1.2 x 107> M, 1.4 x 107°M, 1.6 x 107> M, 1.8 x 107> M, 2.0 x 10~° M). In order to better
visualize the changes in the absorption (in the long-wavelength (LW) region) and emission spectra, the normalized spectra

(by scaling the area under the spectrum to be equal to unity) are presented in insert.

Table 2. Fluorescence lifetimes of I and II in phosphate buffer solutions containing different concentration of Trp.

Molecule Trp Concentration 10~5 (M) T1 (ns) A1 (%) Ty (ns) Ay (%) T3 (ns) Az (%) r?

0 0.19 100 0.97

0.4 0.14 12 3.45 88 0.99

I 0.8 0.12 3.34 94 0.99
1.2 0.12 5 35 95 0.99

1.6 0.13 3.5 97 0.99

2.0 0.14 3.5 98 0.99

0 0.20 24 0.80 76 0.95

0.4 0.13 4 0.65 15 3.46 81 0.98

II 0.8 0.11 3 0.87 7 3.71 90 0.99
1.2 0.16 1 0.61 3 3.49 96 0.96

1.6 2.90 100 0.98

2.0 2.98 100 0.98
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HN

NH,

The presented above findings suggest that mainly Trp residue of BSA is involved in
the process of specific interaction between I (or II) and BSA. Considering possible location
of Trp in BSA, it can be concluded that the molecules I and II enter the hydrophobic cleft
of the IB subdomain (location of the Trp-212 molecule) or near the surface of the albumin
molecule in the second helix of the first domain (location of the Trp-134 molecule) and form
specific hydrogen bonds with Trp-212 and /or Trp-134, thereby causing static fluorescence
quenching of BSA (Trp). Moreover, as the investigated fluorophores have the chemically
active substituents which are likely sites for intermolecular hydrogen bonding with Trp,
Scheme 2 presents the most probable structures of complexes formed between II and Trp
molecule. As can be seen, the Trp residue was attached to the investigated molecules only
at the sites considered important for hydrogen bond formation. It is obvious that actual
situation in I-BSA, II-BSA, I-Trp and II-Trp systems is not simple, but the considered model
can give a first insight into the specific Trp-methyl benzoate derivative interactions. In
future works, separate molecular docking studies will be used to confirm the most probable
binding site with BSA.

0 OCH;

NH,

Scheme 2. Two of the possible structures of complexes formed between II and Trp molecule.

2.4. Effect of I and II on the Steady-State and Time-Resolved Spectroscopic Behaviour of BSA
and Trp

In order to clarify the interaction process between two methyl benzoate derivatives
and BSA and Trp, we have also carried out a series of the steady-state absorption and
fluorescence studies of BSA and Trp in the presence of I and II. To begin with, Figures 7
and S3 show the changes observed in the absorption (A,B) and emission (A’,B’) spectra of
BSA (Figure 7) and Trp (Figure S3) in the phosphate buffer upon the gradual addition of
I (A,A’) and II (B,B’). In order to better visualize the changes in the absorption spectra in
the long-wavelength (LW) region (250-340 nm), the normalized LW absorption bands (by
scaling the area under the spectrum to be equal to unity) are presented in insert of Figures 7
and S3. For both investigated systems (BSA-investigated molecules and Trp-investigated
molecules), upon the gradual addition of the methyl benzoate derivative to the aqueous
buffer solution of BSA (or Trp), the absorbance of the short-wavelength (centred at about
210 nm (BSA-I and BSA-II) and 218 nm (Trp-I and Trp-II)) and long-wavelength (centred
at about 280 nm (BSA-I and BSA-II) and 275 nm (Trp-I and Trp-II)) bands gradually
increases and simultaneously a new absorption band centred at around 310 nm appears.
An isosbestic point in normalized LW absorption bands can be clearly seen between these
two bands (see insert of Figures 7 and S3), which confirms formation of the ground-state
complex between BSA or Trp and both investigated dyes.
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Figure 7. Absorption and fluorescence spectra (Aexc. = 280 nm) of BSA (c =2 x 107 M) in phosphate buffer solutions
containing different concentration of I (A,A”) and II (B,B") (0M, 2.0 x 107 M, 4.0 x 107 M, 6.0 x 107° M, 8.0 x 107° M,
1.0 x 107°M,1.2 x 1075 M, 1.4 x 107° M, 1.6 x 107> M, 1.8 x 107> M, 2.0 x 10~ M). The normalized LW absorption
bands (by scaling the area under the spectrum to be equal to unity) are presented in insert of (A,B). The insert in (A’,B’)

shows a graphical presentation of the relationship between I/I versus (I) (A’) and (II) (B’).

The interactions of BSA and Trp with two studied dyes were also investigated by
the fluorescence quenching spectroscopy. In both cases (BSA and Trp), the addition of
methyl benzoate derivative to a solution of BSA (or Trp) quenches significantly the single,
broad fluorescence band centred at about 340 nm (BSA) and 352 nm (Trp) (registered upon
excitation at 280 nm) without significant changes in the shape of the fluorescence spectrum
(see Figures 7 and S3). There is no shift in the wavelength of maximum intensity of BSA
and Trp when it was quenched by I and II.

Using data obtained from the absorption and fluorescence titration experiments (BSA-
investigated molecules and Trp-investigated molecules), the Benesi—Hildebrand plots were
constructed (Figure S4). Since the plots of 1/ (A — Ag) versus 1/[I] (1/[II]) and 1/ (I — Iy)
versus 1/[I] (1/[II]) produce a straight line for both systems with a good correlation
coefficient (r > 0.95), the stoichiometry of the formed complexes between BSA (Trp) and
methyl benzoate derivatives in the ground and excited states is 1:1. The binding constants
were found to be (2.1 £ 0.1) x 10* M~ and (2.4 + 0.1) x 10* M~ in the ground state and
(2.0 £0.1) x 10* M1 and (2.7  0.1) x 10* M~ in the excited state, for BSA-I and BSA-II,
respectively and (2.0 & 0.1) x 10* M~! and (2.2 + 0.1) x 10* M~! in the ground state and
(1.8 £0.1) x 10* M~ ' and (2.4 £ 0.1) x 10* M~ in the excited state, for Trp-I and Trp-II,
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respectively. It is clearly seen that they are in a good agreement with data presented in
previous section (Section 2.1). The binding constant values determined on the basis of the
two independent titration experiments differ by about 10%.

In order to confirm the existence of the ground and excited states complexes (BSA-I and
BSA-II, as well as Trp-I and Trp-II) and the 1:1 stoichiometry of the complexes, the results
of the steady-state spectroscopic measurements are analysed using the Job’s plot technique
(continuous variation method) [43]. Job plots were generated by plotting the difference in
absorbance (ground state complex) or fluorescence intensity (excited state complex) versus
the mole fraction of the investigated dye (R) in the used solutions (Figure S5). The curve
maximum at about 0.5 supports the previously mentioned 1:1 stoichiometry in the ground
and excited states i.e., the number of I (or II) molecules binding to BSA and Trp is close
to unity.

2.4.1. Mechanism of the Observed Fluorescence Quenching

It is well known that the progressive fluorescence quenching can be explained by three
main reasons: static quenching (nonfluorescent complex is formed between fluorophore
and quencher), dynamic (resulting from collisional encounters between fluorophore and
quencher) and quenching both by collisions and complex formation [38]. In order to
determine the extent and mechanism of the fluorescence quenching of BSA by I and II
molecules, the results of spectroscopic measurements are analysed using Stern-Volmer
equation (see Equation (3)). As can be seen in insert of Figure 7, the Stern-Volmer plot (Iy/I
versus [I] and [II]) at 298 K is linear for both systems, which indicates that only one type
of quenching occurs (static or dynamic). The Kgy values obtained from linear plots are
listed in Table 3. From the Kgy values obtained for both of the systems at room temperature
(298 K), it is evident that the molecule II has only a slightly stronger binding affinity for
BSA in comparison to I (the ratio of the corresponding Stern—Volmer quenching constant,
Ksy (I)/Kgy/(ID), is about 1.05).

Table 3. Stern—Volmer quenching constant (Ksy), binding constant determined using Benesi-
Hildebrand (Kpy) and Scatchard (Kjp) methods and thermodynamic parameters (binding number
(n), changes in enthalpy (AH), entropy (AS), and Gibb’s free energy (AG) of the binding process) at
different temperatures.

Temp. Kgy 10* Kpy 104 K, 104

Molecul AH (k A AG (k
olecule by (M-1) M-1) M-1) 1)) LN()) G K]
278 24 2.6 3.5 1.07 —24.308
288 2.1 24 2.7 1.04 —24.260
I —25.66 —486 ——
298 1.9 2.0 2.1 1.00 —24.211
303 1.5 1.3 1.3 0.93 —24.187
278 2.6 3.6 3.5 1.07 —24.512
288 2.2 3.0 3.0 1.05 —24.491
II —25.12 -217 ———
298 1.8 2.7 2.7 1.02 —25.469
303 1.5 1.8 1.3 0.99 —25.458

Because character of fluorescence quenching (static versus dynamic) can be differenti-
ated by their different dependence on temperature (higher temperatures result in faster
diffusion and dissociation of weakly bound complexes), temperature-dependent fluores-
cence spectral measurements were conducted at four different temperatures, and data are
analysed using Stern—Volmer relation. Plots of Iy/I versus [I] and [II] at four temperatures
are shown in Figure 8. Analysing the Kgy values (obtained at different temperatures)
assembled in Table 3, in connection with the graphical presentation in Figure 8, it is evident
that the quenching mechanism of the investigated systems is sensitive to temperature. As
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can be seen, upon increasing the temperature, Kgy value decreases, which indicates that
the quenching process is static i.e., complex is formed between I (or II) and BSA.
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Figure 8. Stern-Volmer (A,B) and log(Ip-I) /1 versus log(molecule) (A’,B’) plots for quenching of BSA by I (A,A’) and II (B,B’)

at different temperatures.

Static character of fluorescence quenching is also confirmed by temperature-dependent
Benesi—-Hildebrand plot experiment. The plots of 1/(I — Ip) follow a linear dependence
on 1/[I] (1/[11]) for four investigated temperatures (278-303 K). This finding indicates 1:1
complex formation between studied compounds and BSA at all temperatures. As seen in
Table 3, the increase of the solute temperature from 278 to 303 K results also in the decrease
of binding constant (Kppy) value by a factor of 2 (for BSA-I system) and 1.5 (for BSA-II),
which confirms the occurrence of static quenching mechanism - higher temperatures results
in dissociation of weakly bound complexes.

It is well-known that the analysis of fluorescence kinetics is the most definite method
to distinguish the character of fluorescence quenching (static versus dynamic) [38]. For
static quenching, the fluorescence lifetime of the investigated molecule remains unchanged
in the presence of a quencher, while for dynamic quenching 79/t # 1. In order to further
confirm the quenching mechanism, time-resolved emission spectra of BSA upon gradual
addition of I and II were recorded. The lifetime parameters presented in Table 4 show that
fluorescence decays consist of a fast (~1 ns (10%)) and a slow (~5.6 ns (90%)) components,
with an average time ~5.2 ns. The nonexponential kinetic traces of the native BSA has been
described previously and most probably they can be assigned to the presence of two Trp
moieties at distinct conformational states [21]. It is clearly seen that the average lifetime of
BSA is practically unchanged in the presence of different concentrations of I and II, which
confirms our previous conclusions drawn from the analysis of the steady-state spectro-
scopic measurements described above i.e., static quenching mechanism between BSA and
I (or II). Moreover, the high value of the quenching rate constant at room temperature
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(kg(T) = Kgy(I)/ <Tp>=3.6 x 1012 M1 571, ky(I1) = Ksy(I) / <7p> =34 x 102 M1 s7}),
which is much higher than typical diffusion-controlled quenching rate constants
(2 x 101 M~ s71) excludes dynamic character of the quenching process (diffusion con-
trolled reaction).

Table 4. BSA fluorescence lifetimes as a function of I and II concentration at room temperature.

Molecule  MOSHLENT T o 0 w9 e T
0 0.98 6.6 5.59 93.4 5.28 0.99
0.4 0.98 7.8 5.70 92.2 5.35 0.99
I 0.8 0.93 10.4 5.64 89.6 515 0.99
1.2 0.87 12.8 5.49 87.2 4.89 0.99
1.6 091 10.8 5.55 89.2 5.05 0.99
2.0 091 13.2 5.56 86.8 4.94 0.99
0 0.98 6.6 5.59 93.4 5.28 0.99
0.4 0.97 72 5.58 92.8 5.25 0.99
II 0.8 1.01 10.8 5.68 89.2 518 0.99
1.2 0.96 11.5 5.53 88.5 5.02 0.99
1.6 0.83 10.4 5.40 89.6 493 0.99
2.0 0.97 9.6 5.70 90.4 524 0.99

2.4.2. Thermodynamic Parameters

To support the above conclusions i.e., the number of binding sites per protein molecule
(n) and binding constant value, we also analysed the fluorescence quenching data using
Scatchard equation (Equation (4)). As seen in Figure 8, the linear dependence between

log(#) and log[I] (and log|[II]) is obtained at four temperatures studied. The slope and

the intercept values were therefore obtainable and used to calculate n and Kj,. The results
are assembled in Table 3. The calculated, temperature-dependent K;, values confirm that
the fluorescence quenching has a static character, in agreement with the expectation that the
binding constant for the static quenching decreases with increasing temperature. Moreover,
K}, values correlate well with the alternatively calculated binding constant (Kj;;) using
Benesi-Hildebrand relation (see Table 3). Finally, n values (found to be about 1 for both
studied systems) further confirm the 1:1 stoichiometry of the complexes.

In order to understand the role of different types of non-covalent interactions, namely,
van der Waals forces, multiple hydrogen-bonding, hydrophobic, and electrostatic inter-
actions, in the binding of I (or II) with BSA, related thermodynamic characteristics were
estimated by using the van’t Hoff equation (Equation (5)). The values of AH and AS are
determined from the slope and intercept of the plot of In K}, versus 1/T for four different
temperatures and presented in Table 3. The negative free energy change (AG) value de-
termined for both systems indicates that the interaction of BSA with two studied dyes
is a spontaneous reaction. Moreover, from the magnitude and the sign of the AS and
AH thermodynamic parameters (AS < 0, AH < 0 and |AH| > |AS]), it can also be
deduced that: (i) BSA-I and BSA-II interaction is an exothermic reaction (negative en-
thalpy change, AH < 0); (ii) reaction is more enthalpy-driven (negative entropy change
(AS < 0) is balanced by highly negative enthalpy change (AH < 0) i.e., |[AH| > |AS]; (iii)
hydrogen bonding and weak van der Waals forces play a crucial role in methyl benzoate
derivative-BSA interactions.
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3. Materials and Methods
3.1. Reagents and Materials

Bovine serum albumin (BSA, min. 98%, from Sigma-Aldrich, St. Louis, MO, USA)
and tryptophan (Trp, 98%, from Sigma-Aldrich), tyrosine (Tyr, 98%, from Sigma-Aldrich),
phenylalanine (Phe, 98%, from Sigma-Aldrich) and phosphate buffer solution (pH 7.4) were
used as received. The methyl o-methoxy p-methylaminobenzoate-I and methyl o-hydroxy
p-methylaminobenzoate-II have been synthesized and purified by Gormin [44-46]. The
purity of dyes was controlled by thin layer chromatography.

3.2. Apparatus and Methods
3.2.1. Steady-State and Time-Resolved Measurements

Absorption and fluorescence spectra were recorded using, respectively, a Shimadzu
UV-2401 PC spectrophotometer and Shimadzu RF-5301 PC spectrofluorometer. The emis-
sion spectra were corrected for the spectral response of the photomultiplier (Hamamatsu
R-928) and monochromator pass, but not for reabsorption which was negligible in these
samples. Time-resolved emission spectra were taken with the steak camera (C4334-01
Hamamatsu) and 2501 S spectrograph system (Bruker Optics). Solid state Nd: YAG laser
(PL 2143A/SS EKSPLA) and optical parametric generator (PG 401/SH EKSPLA) were used
as the picosecond excitation light pulses source [47].

3.2.2. Determination of Stoichiometry and Binding Constants

The determination of the ground (g) and excited (e) state binding constant and stoi-
chiometry of the formed complex

e (g) e (8)

X+Y & (X:YV)+Y & (X:Y) (1)

can be determined by analysing the changes in the absorbance and/or fluorescence intensity
of the molecule X in the presence of Y. From the fluorescence (absorption) titration data,
the binding constant was determined by Benesi—Hildebrand equation [48]:

1 1 1 1

- . + 2a
A_AO K%(A] —Ao) [Y]n A] _AO ( )

11 1
I-Ip  Kg(h—1l) [Y]" L-—1I

(2b)

In Equation (2), n is binding stoichiometry, Iy (Ag), I (A) and I; (A1) are the fluorescence
intensities (or absorbances) of the molecule X, respectively in the absence of Y, intermediate
and at infinite concentration of Y. Thus, the 1/(I — Ij) (or 1/(A — Ap)) should follow a
linear dependence on 1/[Y]" for the correct stoichiometry (17).

The binding stoichiometry was also determined from Job’s method (continuous vari-
ation method) [43]. Job plots were constructed by plotting the difference in absorbance
and/or fluorescence intensity (AA (Al)) of X observed in the presence of Y against the
mole fraction of the dye X (xx). The value of mole fraction of X at the maximum deviation
yields the stoichiometry of the formed complex i.e., stoichiometry of X:Y complex is 1:2 if
Xx = 0.33; 1:1 if x, = 0.5; 2:1 if x, = 0.66 etc.

3.2.3. Analysis of Fluorescence Quenching Data

In order to determine the extent and mechanism of the fluorescence quenching, the
results of spectroscopic measurements are analysed using Stern—Volmer equation [38]:

0 =14 klQ) = 1+ Ksv[Q ©



Int. J. Mol. Sci. 2021, 22, 11705

17 of 20

where Iy and I are the fluorescence intensities in the absence and presence of different
concentration of quencher ([Q]), respectively. k;, 7o and Ksy are bimolecular quenching
constant, average fluorescence lifetime of the molecule in the absence of quencher and
Stern-Volmer quenching constant, respectively.

Additionally, using fluorescence quenching data, Scatchard equation (Equation (4))
was employed to estimate the binding constant (K;) and the number of binding sites per
protein molecule (1) [49-51]:

Iy—1I

log = log K}, + 1 log[Q] 4)

3.2.4. Analysis of Thermodynamic Parameters
The related thermodynamic characteristics were determined from the van’t Hoff
equation [52]:

anb:_ﬁ"i_? (5)

where K}, is the binding constant at temperature T and R is universal gas constant, AH and
AS are the changes in enthalpy and entropy of the binding process. The Gibb’s free energy
change (AG) during the binding processes was calculated by using the equation:

AG =AH —TAS (6)
at each corresponding temperature.

3.2.5. Analysis of Supramolecular Solvation Dynamics

The supramolecular solvation dynamics was analysed by the decay of the solvation
correlation function c(t), defined by Maroncelli and Fleming as [39,40]:
0(t) — 0(e0)

t = =~ = 7
where (), 1(0), and 0(c0) are the wavenumbers of the fluorescence band maximum at
times t, 0, and co. The decay of the solvation correlation function, c(t), was fitted to an
exponential decay:

N
()= Y At/ ®)
i=1

4. Conclusions

In the present work, an attempt was made to understand the nature and mechanisms
of interactions between two selected methyl benzoate derivatives (I and II) and bovine
serum albumin. In order to clarify the role of Trp residue of BSA in the I-BSA and II-BSA
interaction phenomenon, I-Trp and II-Trp systems were also investigated. Experimental
results show that the investigated interactions (with both BSA and Trp) are mainly based
on the ground- and excited-state complex formation processes. Both molecules form a
stable complex with BSA and Trp (with 1:1 stoichiometry) in the ground and excited states.
The binding constant was in the order of 10* M. Moreover, our experimental data clearly
indicate that mainly Trp residue of BSA is involved in the process of specific interaction
between I (or II) and BSA.

The fluorescence quenching studies along with time-resolved fluorescence measure-
ments show that the binding of the I and II causes fluorescence quenching of BSA through
a static mechanism, revealing a 1:1 interaction. The binding reaction is associated with
the negative AS, AH and AG which implies that the hydrogen bonding and van der Waals
forces play major roles in stabilizing the complex. Moreover, the reaction is spontaneous,
exothermic and more enthalpy-driven. Finally, our studies have shown that solvation
dynamics, which occurs in subpicosecond time scale in neat solvents of different polarities,



Int. J. Mol. Sci. 2021, 22, 11705 18 of 20

is slowed down significantly when organic molecule is transferred to BSA cavity. In future
works, separate molecular docking studies will be used to confirm the most probable
binding site with BSA.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222111705/s1.
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GRAPHICAL ABSTRACT

ABSTRACT

This paper is a continuation of our previous research and aims to further investigate and elucidate the nature and
mechanisms of noncovalent supramolecular interactions between four methyl benzoate derivatives (I-IV), which
are capable of exhibiting Twisted Intramolecular Charge Transfer (TICT) and/or Excited State Intramolecular
Proton Transfer (ESIPT)-type behavior, and chemical and biological nanocavities. Photophysical and photo-
chemical properties of molecules I-IV in aqueous solution in the presence of well-recognized macrocyclic host p-
sulfocalix[6]arenes (SCA[6]) have been studied using steady-state, time-resolved and 'H NMR spectroscopic
techniques. The changes in the ground- and excited-state spectroscopic characteristics (absorption and fluores-
cence spectra, time-resolved fluorescence spectra, fluorescence decay times and 'H NMR spectra) undergo sig-
nificant modifications upon encapsulation of the investigated methyl benzoate derivative in the macromolecular
cavity. For the two compounds (I and II), the interactions with the macrocycles with a hydrophobic SCA[6]
cavity lead to the formation of stable inclusion complexes with 1:1 stoichiometry, both in the ground and excited
state, while the stoichiometry of the III-SCA[6] and IV-SCA[6] complexes in the ground and excited states is 1:2.
The values of the equilibrium constants have been determined from the spectroscopic data using Benesi-
Hildebrand and nonlinear regression procedures. The location of the organic molecule inside the SCA[6] has
been investigated by 'H NMR experiments. The changes in macrocyclic compound-induced NMR chemical shifts
clearly indicate that the chemical structure of inclusion complexes is very different for methyl benzoate
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derivative-SCA[6] and methyl benzoate derivative-CB[7] systems. Finally, we have shown, using time-dependent
fluorescence Stokes shift, that very fast solvation dynamics of pure water is markedly different from that of the
confined water molecule in SCA[6] system.

1. Introduction

Since 1987, when Lehn, Cram and Pedersen shared the Nobel Prize
for their fundamental research in guest-host systems, a rapid growth of
interest of many research groups in supramolecular chemistry has been
observed [1-6]. Over the past few decades, the theoretical and experi-
mental investigations of various research groups have focused on both
purely cognitive and application aspects of host-guest chemistry, which
finally resulted in the award of the 2016 Nobel Prize to Sauvage, Feringa
and Stoddart for research on molecular machines [7]. Considering that,
reversible association processes are mainly stabilized by weak non-
covalent interactions such as electrostatic, van der Waals, hydrogen
bonding, n-x stacking, hydrophobic effects and ion-dipole interactions
among others, considerable efforts have been paid to understand the
mechanisms of such processes leading to the formation of host-guest
systems at the molecular level. In parallel, efforts have also been made to
apply various host-guest supramolecular systems in nanomedicine,
pharmacy, nanoelectronics, molecular machines or various functional
materials [8-13].

Among various macrocyclic compounds with a defined cavity such as
cyclodextrins (CDs), cucurbit[n]urils (CBs), calixarenes (CAs), pillar[n]
arene, cyclophanes, crown ethers first three of these have gained huge
attention, especially for their biomedical and pharmaceutical applica-
tions. Low toxicity, excellent biocompatibility friendly to the biological
environment make these macrocyclic compounds crucial in the devel-
opment and application of biomedical materials. These three most
popular families of macrocycles with a hydrophobic cavity and a hy-
drophilic external surface are container- or basket-shaped, consist of a
broad upper rim and a narrower lower rim, such as CDs and CAs, or with
a symmetrical inner cavity, such as CBs [3]. The upper rim of well-
defined hydrophobic interior cavity of CDs contains secondary hydrox-
yl groups while the narrower is lined with primary hydroxyl groups.
Characterized by a highly symmetrical structure, CBs compounds have
two identical portal ends lined with carbonyl groups. CAs, corn-shaped
with a hydrophobic cavity which dimensions depend on the number of
incorporated phenolic units, also possess two rims. The lower rim con-
tains phenolic oxygen and thus has a hydrophilic property, while the
upper rim is hydrophobic due to the presence of methyl groups [14].
Unfortunately, in contrast with water-soluble CDs, the poor water sol-
ubility of CAs greatly limits their biomedical applications. To address
this problem, researchers have developed a way to make CAs water-
soluble by sulfonation at the rims of CAs. Currently, water-soluble cal-
ixarenes of the p-sulfonato type (p-sulfocalix[n]arenes (SCA[n])) are
well-known for their ability to form host-guest inclusion complexes with
cationic and neutral guest species, as well as supramolecular building
blocks in crystal engineering [15].

The use of various classes of chemical and biological macromolecules
in the study of the ground and excited state processes leading to the
formation of host-guest complexes has been the subject of our great
research interest over the last decade [4,16-24]. In order to be able to
understand the influence of the chemical and biological macromole-
cules, specifically a-, p- and y-cyclodextrins, cucurbit[7]uril and bovine
serum albumin (BSA), on the photochemical processes of the guest
molecule, we investigated the correlation between the host and guest
structure and processes of inclusion complex formation. Recently we
have investigated the spectroscopic and photochemical properties of
organic compounds representing an interesting from the spectroscopic
point of view class of molecules which are capable of exhibiting Twisted
Intramolecular Charge Transfer (TICT) and/or Excited State Intra-
molecular Proton Transfer (ESIPT)-type behavior (some methyl

benzoate derivatives) in neat solvents of different polarity, binary sol-
vent mixtures, chemical (CDs, CBs) and biological (BSA) macromole-
cules [25-30]. Our scientific interest in these compounds has focused
not only on their interesting, microenvironment-dependent photo-
physical and photochemical properties, but also on their potential in
applications e.g., TICT and ESIPT fluorescence probes, metal ion sensors,
active materials in dry xerographic toners or lasing medium in proton
transfer lasers [31-36].

Our spectroscopic studies have shown that both the ESIPT and TICT
processes for methyl benzoate derivatives are clearly different if the
molecule migrates from a polar protic medium (water) to a non-polar,
hydrophobic nanocavity. Interestingly, we found clear differences in
inclusion complex formation between both o-, - and y-cyclodextrins as
well as cucurbit[7]uril [25-29]. We have shown that both the size and
shape of the macrocycle affect not only the geometry, structure, stoi-
chiometry, and binding strength but also photoinduced intramolecular
processes such as ESIPT and TICT taking place inside the cavity. To
obtain further insight into the nature and mechanisms of noncovalent
interaction between some methyl benzoate derivatives and macrocyclic
hosts and to understand fully the mechanisms of ESIPT and TICT pro-
cesses taking part inside different macromolecular cavities, the focus of
this study is to test the influence of p-sulfocalix[6]arenes on the TICT
and ESIPT reactions of some methyl benzoate derivatives incorporated
into SCA[6] hydrophobic cavity. Summarizing, in light of the above-
mentioned applications of the studied methyl benzoate derivatives,
macrocyclic compounds as well as supramolecular systems based on
host — guest interactions, our work may find application in the rational
design of tailor-made self-assembled systems containing macromolec-
ular cavities.

2. Experimental details

The four investigated methyl benzoate derivatives (I-IV) have been
synthesized and purified by Gormin et al. [37,38]. The purity of mole-
cules was controlled by thin -layer chromatography. Self-aggregation
was also studied in the steady-state, time-resolved and NMR spectro-
scopic experiments and showed that no self-aggregation occurred when
investigated molecules were dissolved in different liquid media at con-
centrations below 10™*M [39-41].

p-Sulfocalix[6]arene (SCA[6]) were purchased from Alfa Aesar
(>99%) and used without further purification. Steady-state absorption
and corrected fluorescence spectra were recorded using Shimadzu UV-
2401 PC spectrophotometer and Shimadzu RF-5301 PC spectrofluo-
rometer, respectively. Time-resolved emission spectra were measured
applying a streak camera (C4334-01 Hamamatsu) and 2501 S spectro-
graph (Bruker Optics). Solid state Nd: YAG laser (PL 2143A/SS EKSPLA)
and optical parametric generator (PG 401/SH EKSPLA) system were
used as pulsed excitation light source [42].

IH NMR spectra of I-IV in 99.95% 2HZO (purchased from DEUTERO
GMBH, Kastellaun, Germany) were recorded with Bruker Avance III 500
MHz spectrometer at 300 K. Chemical shifts were referenced to the in-
ternal standard of acetone (&y 2.225).

3. Results and discussion
3.1. Ground-state inclusion complexes
Steady-state and time-resolved spectroscopic techniques are

commonly used to evaluate the nature and mechanisms of interactions
between organic molecules, the photophysical and photochemical
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Fig. 1. Absorption (left panel) and normalized absorption (right panel) spectra of I (A, A), II (B, B*), IlI (C, C’) and IV (D, D’) (c = 5-10° M) in aqueous solutions

containing different concentration of SCA[6].

properties of which strongly depend on microenvironment, and
macrocyclic compounds. For a such system the host-guest complexation
generally leads to significant changes in the absorption and/or emission
properties of organic molecules incorporated into a non-polar cavity. As
in the case of the investigated methyl benzoate derivatives with CDs, CB
[7]1 and BSA systems [25-30], substantial changes have also been
observed in the absorption and fluorescence spectral behavior of I-IV
upon the addition of different concentrations of SCA[6]. As can be seen
in Fig. 1, the addition of SCA[6] to the aqueous solution of the molecules
under study causes changes in both the molar absorption coefficient and
the shape of the analyzed electronic bands in the 200-400 nm spectral
range. This ground-state spectral behavior suggests a significant change

in the immediate neighborhood (solvation shell) of the studied mole-
cule, which may be caused by the incorporation of the molecule inside
the non-polar cavity. It should be noted that, for all studied systems, the
addition of SCA[6] to methyl benzoate derivative in the aqueous solu-
tion led to very similar changes in the absorbance behavior of the
investigated compound, i.e., upon increasing the concentration of SCA
[6] the molar absorption coefficient of the short-wavelength absorption
band located at around 275 nm increases and simultaneously the long-
wavelength band located at around 300 nm decreases. Moreover, the
presence of the isosbestic point between these two absorption (left panel
of Fig. 1) and normalized absorption (right panel of Fig. 1) bands clearly
indicates the existence of an equilibrium between methyl benzoate
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Table 1

Equilibrium constants of I-IV in aqueous solution with SCA[6] determined using
Benesi-Hildebrand and nonlinear regression procedure, and additionally a
comparison of results for the ground- and excited-state complexation of the
molecules under study with cyclodextrins (a, p and y), cucurbit[7]urils (CB[7]),
and bovine serum albumin (BSA).

Molecule Medium K(M Y /K(MY K(MYH/Ky (MY
I SCX[6] 640" / — 6607 / —
530" / - 550" / -
3007 / - 680° / —
490°/ -
CB[7] 1301 (£3%)° 1642 (£9%)°
1531 (£7%)" 1626 (+3%)"
a-CD NSC* 15 (+2)°
14 (+2)°
B-CD 329° 687° / 41°
166" 400" / 53°
y-CD 32 (+3)° 3 (+0.8)" / 16 (+2)°
38 (+2)" 4.5 (+£0.5)°/ 12 (£1)°
BSA (1.9 +£0.1) x 10*2 (2.1 +£0.1) x 10**
i SCX[6] 6107 / — 9307 / -
630" / - 1200° / -
3504 / - 1440° / -
480° / -
CB[7] 1176 (+£17%)° 2153 (£12%)"
840 (£17%)" 4572 (+21%)"
a-CD NSC* 587 (+63)" / 35 (£5)°
210 (£20)" / 5 (£2)"
B-CD 153° 418" / 25
89" 564" / 119"
¥-CD 66 (+7)° 187 (480)" / 47 (+20)"
68 (+6)" 379 (+50)° / 15 (£2)"
BSA (2.3 £ 0.1)x10*? (2.0 + 0.1)x10% 2
m SCX[6] 1250° / 550° 1040° / 700°
910" / 450° 1630° / 1230°
1500 / 3707 1150° / 550°
1090° / 390°
CB[7] 1053 (£3%)° 1677 (+£15%)°
1647 (+3%)" 1731 (+9%)"
-CD - 106"
v SCX[6] 1490° / 550° 1950° / 1010°
1520 / 500" 2080" / 1470°
1390 / 620 1750° / 310°

1720° / 410°
CB[7] 2250 (+12%)"
1925 (+6%)"

3096 (+£9%)°
4231 (+16%)"
38"/ 52

326' / 1520’

a-CD
p-CD -

NSC - No stable complex.

? Determined from the steady-state spectroscopic data using Benesi-
Hildebrand procedure.

b Determined from the steady-state spectroscopic data using nonlinear least-
squares regression procedure.

¢ Determined from the time-resolved spectroscopic data using Benesi-
Hildebrand procedure.

4 Determined from the 'H NMR spectroscopic data using Benesi-Hildebrand
procedure.

¢ Determined from the 'H NMR spectroscopic data using nonlinear least-
squares regression procedure.

f From [25,28].

derivative and methyl benzoate derivative-SCA[6] ground-state
complex.

Since for all investigated systems evident changes in the SCA[6]-
dependent absorption spectra occur, the absorbance values of the
long-wavelength absorption band were used to determine the ground-
state equilibrium constants and stoichiometry between I and IV and
SCA[6] by plotting the Benesi-Hildebrand graph, using a formula
[43,44]:

1 1 1 1

X—X,

- 1
Kﬁ(e)(xl - Xo) [SCA[6H"+X1 —Xo @

where n is the stoichiometry of the host-guest inclusion complex, X
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Fig. 2. Plots of the absorbance (red symbols) and ratio of the fluorescence
intensity of the short-wavelength (SW) and the long-wavelength (LW) bands
(blue symbols) versus SCA[6] concentration ([SCA[6]]) for molecule I (A), II
(B), III (C) and IV (D).
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Fig. 3. Steady-state absorption job plots for the investigated methyl benzoate derivative-SCX[6] systems (I-SCA[6] (A), II-SCA[6] (B), III-SCA[6] (C), IV-SCA

[6] (D).

represents the selected spectroscopic characteristic i.e., Ay, Iy, 7o, 50; A1,
I, 70, 67 and A, I, 7, § are the absorbances, fluorescence intensities,
fluorescence lifetimes and 'H NMR shifts of the guest (in the absence of
SCA[6]), in 1:n complex (when all of the guest molecules are complexed)
and at the particular concentration.

For molecules I and II, the 1 /(A —Ao) follows a linear dependence on
[SCA[6]] " (see Fig. SM1 (Supplementary Materials)), which indicates
that these two organic compounds incorporate inside the SCA[6] host
cavity forming an inclusion complex with a 1:1 stoichiometry and
ground-state equilibrium constant (Kﬁ) equals 640 and 610 M~ forIand
II, respectively (see Table 1). On the other hand, the Benesi-Hilderbrand
dependence for III and IV deviates from linearity which indicates that
molecules III and IV can interact with SCA[6] forming the ground-state
inclusion complexes with stoichiometry 1:2, besides the 1:1 host-guest
absorbing complexes. The analysis of the absorbance variation provides
the equilibrium constants K§ and Kg for III-SCA[6] system as 1250 and
550 M~! and for IV-SCA[6] as 1490 and 550 M.

It is important to note that the equilibrium constants can also be
determined using nonlinear least-squares regression analysis. Moreover,
it has been shown that nonlinear regression provides more reliable K
estimates than the Benesi-Hildebrand method [45-47]. The ground (or

excited) state equilibrium constants (K&, K§)) can be determined from
spectroscopic data using formulas:
X + XK [SCA[6]]

X = ) in the case of 1:1 complex 2)
1+ K [SCAL6]]

and

5 _ X0+ XK} ) [SCA[6]] + X> K5 kS [SCA[6])*
1+ K5[SCA[6]] + KX K5 [SCA[6))?
: 2 complex 3

in the case of 1

Using preliminary parameters estimates obtained from the Benesi-
Hildebrand method, the dependence of absorbance (A) versus SCA[6]

concentration ([SCA[6]]) for all the investigated systems were con-
structed (Fig. 2) and on their basis the equilibrium constants were
determined. Table 1 presents equilibrium constants values determined
using Benesi-Hildebrand and nonlinear regression procedure, and
additionally a comparison of results for the ground-state complexation
of four methyl benzoate derivatives (I-IV) with selected chemical and
biological nanocavities (i.e., cyclodextrins (o, p and y), cucurbit[7]urils,
p-sulfocalix[6]arene and bovine serum albumin). First of all, the dif-
ferences in the equilibrium constants obtained by these two methods are
noticeable, which confirms the previous observations that (i) the Benesi-
Hildebrand method gives an estimation rather than proper values and
(ii) non-linear rather than linear regression methods should be used to
obtain reliable results [48]. Moreover, the most noticeable observation
for the investigated ground-state inclusion complexes in different
microcavities is that the size and shape of the macrocycle affect stoi-
chiometry and binding strength. In the case of all the investigated sys-
tems with chemical and biological carriers, methyl benzoate derivatives
in the ground state form complexes with 1:1 stoichiometry, excluding
the III-SCA[6] and IV-SCA[6] systems in which a single molecule III
(and IV) is trapped in a capsule composed of two SCA[6] cavities. On the
other hand, the ground-state binding strength of the investigated mol-
ecules in the hydrophobic interior of SCA[6] is slightly weaker than
those for the methyl benzoate-CB[7] systems and significantly weaker
than that of the methyl benzoate-BSA systems.

In order to confirm the stoichiometry of the ground-state inclusion
complexes, the continuous variation method, known as the Job plot
method was applied [49,50]. The difference in absorbance recorded at
the location corresponding to the maximum of the LW absorption band
in the absence and presence of SCA[6] was plotted as a function of the
mole fraction of I-IV (R = [M]/([M] + [SCA[6]]), keeping a constant
total concentration of reactants. As can be seen in Fig. 3, for two methyl
benzoate derivatives i.e., I and II, Job’s plot shows a maximum located
at a molar fraction of R = 0.5, which confirms the formation of 1:1 in-
clusion complexes, while for Il and IV maximum observed at about R =
0.6 confirms the formation of ground-state inclusion complexes with 1:2
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Fig. 4. Fluorescence (left panel) and normalized fluorescence (right panel) spectra of I (A, A’), II (B, B’), III (C, C’) and IV (D, D) (c = 5.10° M) in aqueous solutions
containing different concentration of SCA[6].
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Table 2
Fluorescence lifetimes of the molecules under study (c = 10™* M) in aqueous solutions containing different concentrations of SCA[6].

Molecule SCA[6] concentration (10~%) [M] 7, [ns] A [%] T, [ns] Ay [%] 75 [ns] As [%] x>

I 0 0.11 100 - - - - 1.14
1 0.12 100 - - - - 1.07
5 0.16 100 - - - - 1.28
10 0.17 100 - - - - 1.07
50 0.21 100 - - - - 1.15

II 0 0.17 100 - - - - 1.09
1 0.18 37 0.85 63 - - 1.03
5 0.20 24 0.71 76 - - 1.13
10 0.22 5 0.55 95 - - 1.25
50 0.24 21 0.54 79 - - 1.20

III 0 0.17 100 - - - - 1.05
1 0.18 100 - - - - 1.09
5 0.21 100 - - - - 1.14
10 0.23 5 - - 2.61 95 1.13
50 0.25 8 - - 291 92 1.01

v 0 0.17 100 - - - - 1.12
1 0.17 76 0.45 34 - - 1.20
5 0.22 44 0.67 56 - - 1.05
10 0.24 20 0.65 42 2.35 38 1.10
50 0.27 16 0.42 51 2.31 33 1.21

A (nm) A (nm)
350 400 450 500 550 600 350 400 450 500 550 600

T T T
350 400 450
A (nm)

T
500

550

600

T T T T T
350 400 450 500 550 600

A (nm)

Fig. 5. Time-resolved emission spectra of II (A, A’) and IV (B, B") (c = 5-10°° M) in aqueous solution with SCA[6] (1-10" M) at various times after excitation.

stoichiometry.

3.2. Excited-state inclusion complexes

Understanding the molecular mechanisms involved in the formation
of the methyl benzoate derivative-SCA[6] inclusion complexes in the

excited state, first of all, requires the knowledge of the mechanisms of
photoinduced intramolecular charge (electron and/or proton) transfer
processes occurring in homogeneous media. The ground- and excited-
state behavior of the molecules under study in neat solvents of
different polarity has been studied using steady-state and time-resolved
spectroscopic  techniques and quantum-chemical calculations
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(A) and IV (B) in aqueous solution with SCA[6] (cscafe) = 5.10* M).

[37-41,51-55]. Experimental and theoretical studies have shown that
the fluorescence spectrum of I dissolved in polar aprotic medium pos-
sesses a single, short-wavelength, locally-excited band, while emission
of II consists of two partially overlapping bands i.e., LE and ESIPT. It is
important to note that both ESIPT and TICT processes are responsible for
the long-wavelength emission of molecule IV, while for molecule III,
besides the short-wavelength, LE fluorescence, the long-wavelength
TICT emission can also occurs. Moreover, our previous experimental
and theoretical data clearly indicate that, in the polar protic media, a
specific interaction, i.e., hydrogen bonding between methyl benzoate
derivatives and protic solvents, is occurring in addition to the non-
specific dipole-dipole interaction.

In order to get a more comprehensive understanding of the excited-
state molecular processes between methyl benzoate derivatives and SCA
[6], fluorescence (left panel) and normalized fluorescence (right panel)
spectra of I-IV in aqueous solutions containing different concentrations
of SCA[6] are recorded and presented in Fig. 4. It is clearly seen that for
all the investigated systems addition of SCA[6] to I-IV resulted in a
significant increase in fluorescence intensity, along with the presence of
isosbestic points (normalized fluorescence spectra), and slight blue-shift
in the location of the LE fluorescence band maximum (~5 nm). Such
changes in the fluorescence spectral behavior in the presence of
macrocyclic compounds indicate the clear difference of the microenvi-
ronment (solvation shell) surrounding molecules I-IV. The increase in
SCA[6]-dependent fluorescence intensity is fully understandable if we
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assume that the electronically excited molecule embedded inside the
SCA[6] is devoid of intermolecular hydrogen bonds (methyl benzoate
derivative-water) that quench the fluorescence. Moreover, the hyp-
sochromic shift of the LE band also indicates that the investigated
organic molecule has changed its microenvironment (reduction in po-
larity) from the polar aqueous medium to a more hydrophobic macro-
cyclic cavity. Moreover, the presence of the isosbestic point in
normalized fluorescence spectra suggests that the excited-state com-
plexes are formed for all the systems studied.

When analyzing the influence of SCA[6] on the emission spectra of
methyl benzoate derivatives, particular attention should be paid to the
spectral behavior of the molecules exhibiting TICT- and ESIPT-behavior.
Kasha and co-workers have shown [40] that molecules I and III cannot
exhibit ESIPT because of the presence of the methoxy group ortho to the
ester group containing the carbonyl. In contrast, molecules II and IV
contain an o-hydroxy group which can H bond to the carbonyl of the
ester substituent, and which upon excitation is capable of an intra-
molecular proton transfer to the carbonyl group. Moreover, the presence
of the p-dimethylamino group (III and IV) permits TICT to be observed
when activated in a suitable dielectric environment. It has been shown
in our previous papers that the long-wavelength TICT emission of III and
IV is highly sensitive to external hydrogen bonding perturbation, which
can compete with the photoinduced excited-state intramolecular charge
transfer process, causing a decrease in TICT emission yield. The signif-
icantly increased LE fluorescence, with a slight enhancement of TICT
fluorescence of III and IV (located at ~ 450 nm and 525 nm for III and
IV, respectively) upon the addition of SCA[6] indicates incomplete
isolation of the studied molecule from the aqueous environment through
complete entrapment of the guest molecule in a capsule composed of one
or two SCA[6] cavities. Moreover, the significant increase in the LE and
ESIPT fluorescence intensity of molecules II and IV with a simultaneous
slight enhancement of TICT fluorescence for molecules III and IV con-
firms the partial immersion of molecules III and IV in the hydrophobic
micropockets of SCA[6] i.e., the geometrical structure of the formed
host—guest inclusion complex does not favor the process of complete
electron transfer, accompanied by the rotation of dimethylamine group.
It is also important to note that, the above data show that the structural
geometry of the III-SCA[6] and IV-SCA[6] inclusion complexes formed
in the excited state may be different from that of III-CB[7] and IV-CB[7]
complexes in terms of the orientation of the guest molecule [26].

As the changes of the emission spectra recorded in aqueous solutions
containing different concentrations of the macrocyclic compound are
relatively large, the spectral data were used, according to the Benesi-
Hildebrand plot, to estimate the preliminary equilibrium constants of
investigated excited-state methyl benzoate derivative-SCA[6] inclusion
complexes. As can be seen in Fig. SM2 (Supplementary Materials), for I-
SCA[6] and II-SCA[6] systems, the plots of 1/[(Isw/Itw) —Isw/Iw)o]
versus [SCA[6]] " (Isw and Iy are the intensity of the short-wavelength
(SW) and the long-wavelength (LW) fluorescence bands) demonstrate
linear dependence, which indicates the formation of well-defined in-
clusion complexes in the excited state with a stoichiometry of 1:1, while
for INI-SCA[6] and IV-SCA[6] systems departure from linearity is
evident. Assuming that only 1:1 inclusion complexes are being formed
for I-SCA[6] and II-SCA[6] and both, 1:1 and 1:2 for III-SCA[6] and IV-
SCA[6] and using the preliminary equilibrium constants determined
from Benesi-Hildebrand dependence (K§ — 660 and 930 M ! forIand 1I,
respectively and K{ and K% for III-SCA[6] system as 1040 and 700 Mt
and for IV-SCA[6] as 1950 and 1010 M’l, see Table 1) excited-state
equilibrium constants were then determined by using the nonlinear
formula of Egs. (2) and (3) (see Fig. 2). The excited-state equilibrium
constants are presented in Table 1. Similar to the situation observed for
the ground-state equilibrium constants, it is clearly seen that the excited-
state K values determined using the Benesi-Hildebrand method slightly
differ from those calculated using the nonlinear regression procedure.
This behavior confirms our and other research group’s observations that



K. Baranowska et al.

|

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 303 (2023) 123131

| S k SCA[6]
c> «bea J -)el Id—) lf—)
1 al 111
16:1
P | al Jt L J . 8:1
. Jo L o
. Jo L an
- Jo L
1 O
l . JL Ju l 1:4
I T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 ppm III:SCA[6]
«b I(_a 85 —
8.0 A H
- meee [ ] Hc
TR e H,
. (/’5”’1’ ’’’’’’ Ao Al < H
M 65 8
g )
JJA “ a0} )
w:?—7"::::::::':::::‘_v__‘::::::'
35}
30F W4 <« P
< g .
25 T T T T T T T T T T T T T
. 0.000 0.002 0004 0006 0008 0010 0.012
—— [SCA6] (M)]
72 70 68 66 64 62 ppm

Fig. 7. 'H NMR spectra (500 MHz) of III in the absence and presence of SCA[6] (A), chemical shifts of H, and Hj, protons covering the range of 6.2-7.2 ppm (B), and

chemical shifts profiles of H,-Hy for III upon titration with SCA[6] (C).

quantitative data analysis using only linear regression methods is an
oversimplification.

Analyzing the data collected in Table 1 one can state that, the
excited-state and ground-state equilibrium constants for I-SCA[6] sys-
tem are of a similar order, while the excited-state equilibrium constants
for the other three systems studied are slightly higher than the ground-
state equilibrium constants, which suggests a higher binding affinity to
SCA[6] in the excited state. As in the case of the ground-state equilib-
rium constants, the magnitudes of the equilibrium constants for the
investigated methyl benzoate derivative-SCA[6] systems are slightly
weaker than those for inclusion complexes with CB[7] and CDs, and
significantly weaker than those for complexes with BSA.

It is important to note that, the continuous variation method (see
Fig. SM3) (Supplementary Materials) clearly shows that for I-SCA[6]

and II-SCA[6] systems, Job’s curve maximum occurs at a molar fraction
of about 0.5, which confirms the aforementioned 1:1 stoichiometry in
the excited state, while maximum observed at 0.6 for III-SCA[6] and IV-
SCA[6] confirms the formation of excited-state inclusion complexes
with stoichiometry 1:2.

4. Time-resolved studies

As time-resolved emission spectra measurements belong to very
sensitive indicators suitable for monitoring photoinduced intra- and
intermolecular processes in different homogeneous and heterogeneous
media, we also used this spectroscopic technique (that measures both
the fluorescence spectra at various times after excitation as well as the
fluorescence decay times in a single experiment) to explore excited-state



K. Baranowska et al.

Table 3
The complexation-inducted chemical shifts of H,-Hy protons for molecules under
study upon titration with SCA[6].

M:SCX H, Hy H, Hq He Hy
[6] (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
I 6.490 6.423 7.747 3.840 3.856 -
16:1 6.497 6.428 7.755 3.827 3.860 -
8:1 6.540 6.472 7.766 3.819 3.859 -
4:1 6.626 6.560 7.776 3.790 3.848 -
2:1 6.760 6.699 7.774 3.756 3.808 -
1:1 6.844 6.794 7.742 3.700 3.737 -
1:2 6.862 6.823 7.681 3.650 3.650 -
1:4 6.834 6.806 7.614 3.590 3.665 -
i 6.280 6,374 7.707 3.894 - -
16:1 6.290 6,383 7.711 3.880 - -
8:1 6.333 6,417 7.725 3.870 - -
4:1 6.423 6,480 7.740 3.840 - -
2:1 6.575 6,582 7.743 3.795 - -
1:1 6.713 6,654 7.702 3.732 - -
1:2 6.787 6,672 7.617 3.663 - -
1:4 6.808 6,645 7.488 3.620 - -
11 6.344 6.470 7.826 3.834 3.915 3.041
16:1 6.361 6.478 7.831 3.826 3.915 3.033
8:1 6.469 6.555 7.840 3.822 3.911 3.041
41 6.638 6.671 7.844 3.812 3.898 3.041
2:1 6.859 6.808 7.829 3.799 3.861 3.013
1:1 6.964 6.835 7.772 3.771 3.801 2.922
1:2 6.974 6.795 7.714 3.747 3.752 2.831
1:4 6.951 6.742 7.662 3.722 3.710 2.754
v 6.428 6.457 7.765 3.906 - 3.012
16:1 6.251 6.458 7.769 3.901 - 3.009
8:1 6.259 6.462 7.771 3.891 - 3.005
41 6.391 6.533 7.788 3.860 - 3.013
2:1 6.554 6.600 7.783 3.810 - 2.996
1:1 6.755 6.644 7.730 3.750 - 2.930
1:2 6.861 6.616 7.637 3.656 - 2.838
1:4 6.890 6.569 7.560 3.540 - 2.766

processes in investigated host-guest systems. The fluorescence lifetimes
and preexponential coefficients of the studied methyl benzoate de-
rivatives upon the gradual addition of SCA[6] are presented in Table 2.
Before undertaking the investigation of the excited-state interactions
between investigated molecules and SCA[6], it is necessary to remind
that our previous time-resolved fluorescence measurements on I-IV in
water have shown that fluorescence decay fits a two-exponential func-
tion with time constants of fast component tyg ~ 10-40 ps (emission of
the excited hydrogen-bonded (HB) methyl benzoate derivative-Hy0O
complex) and slow one tyg ~ 200-400 ps (emission of an unbound
molecule (UB)). Unfortunately, due to the temporal resolution of our
apparatus (r7r ~ 50 ps), in our current studies, fluorescence decay for I-
IV in Hy0 can be reasonably well fitted by a single exponential function.
Therefore, the fluorescence lifetime 7, of the investigated substance in
water represents the average amount of time the two existing species
(tup (unbound) and typ (hydrogen-bonded complex)) remain in the
excited state prior to their return to the ground state.

In the case of molecule I in H,O and aqueous solutions containing
different concentrations of SCA[6], the fluorescence intensity decay
remains monoexponential. The value of fluorescence decay time
component T slightly increases with increasing SCA[6] concentration,
which suggests that molecule I is encapsulated in the macrocyclic host.
SCA[6] cavity at the molecular level protects the fluorophore encapsu-
lated in the host cavity from direct contact with the neighboring water
molecules, which reduces the intermolecular (I-H,0) hydrogen bonding
interactions, and therefore enhancement of the fluorescence intensity
and lifetime of I in the presence of the SCA[6]. It is clearly seen that
whereas fluorescence decay of molecule II (which is capable of exhib-
iting ESIPT-type behavior in some media) in HyO can be reasonably well
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fitted by monoexponential function, those in the presence of SCA[6]
could be well reproduced with the sum of two exponential functions: fast
71 (170-240 ps) and slow 12 (~0.6 ns) decay components. According to
our recent results [26,29,30], we can state that T9 component (which is
close to the lifetime of ESIPT tautomer reported for this molecule in
polar aprotic solvents) can be assigned to the emission from ESIPT state,
whereas t; component corresponds to the average lifetime of two
existing species i.e., free molecule II and II-H,O hydrogen-bonded
complex. The increase in lifetime t; and preexponential factor A, (cor-
responding to decay of ESIPT tautomer) with increasing SCA[6] con-
centration can be also interpreted in terms of encapsulation of II in the
SCA[6]. Incorporation of molecule II into the interior of SCA[6] (i) re-
duces the efficiency of deactivation via nonradiative channels (sol-
ute-solvent hydrogen bonding interaction), and hence, the value of
fluorescence lifetime of free molecule II increases, (ii) reduces polarity
as compared to HyO and increases the possibility of ESIPT process.

As stated above on the basis of the steady-state experimental results,
the presence of SCA[6] in the aqueous solution of III slightly facilitates
the rotation of the dimethylamino group and thereby enhances the
probability of emission from the TICT state. The fluorescence decay
characteristics of III in the presence of SCA[6] confirm the conclusions
drawn from the evolution of the steady-state emission spectra. Fluo-
rescence decay profiles of III registered in the absence of SCA[6] and in
the presence of SCA[6] at low concentration (cscafs] < 110 M) fit
reasonably well to monoexponential function, whereas at the highest
concentration, fluorescence decay can be approximated by a two-
exponential function with decay times: t; (170-250 ps) (small contri-
bution) and 73 (~2.7 ns) (major component). It is important to note that,
the decay time of the major component (t3) is close to the lifetime of
TICT emission in the aprotic medium [28,38-41]. Therefore, the decay
component T3 should be attributed to the emission from the TICT state.

Similarly to the fluorescence kinetics of methyl benzoate derivative
showing LE, ESIPT and TICT fluorescence (molecule IV) with CB[7], in
the absence of SCA[6] fluorescence decay can be reasonably well fitted
by monoexponential function, in the presence of SCA[6] at low con-
centration (cscafe] < 1-10%), the decay fits two-exponential function
with time constants of t; (170-270 ps) and 13 (~0.6 ns), whereas at the
highest concentration (cscafs; > 1-10'3), three fluorescent species
contribute to the observed total emission. The above steady-state and
time-resolved results combined with our previous investigations
[25,26,28-30] and detailed analysis of literature reports [38-41]
unanimously point that the investigated ESIPT- and TICT-type methyl
benzoate derivative (IV) in the presence of SCA[6] shows also the
spectroscopically inhomogeneous system in which twisted intra-
molecular charge transfer (TICT) process occurs in addition to the LE
and ESIPT processes. Thus, the possibility of photoinduced rotation of
the dimethylamino group is possible due to the presence of a macrocy-
clic host and slow component 73 can be assigned to the emission from the
TICT state.

To support the formation of well-defined excited-state methyl ben-
zoate derivative-SCA[6] inclusion complexes, their stoichiometry and
equilibrium constant values, the analysis of fluorescence kinetics of I-IV
according to the Benesi-Hildebrand model was performed. Using data
obtained from the time-resolved fluorescence titration experiment, the
Benesi — Hildebrand plots were constructed (see Fig. SM4 (Supple-
mentary Materials)), the respective K* and K§* values were calculated,
and presented in Table 1. As seen in Fig. SM4 (Supplementary Mate-
rials), a linear dependence (1/(r —zo) versus [SCA[6]]!) is obtained for
two investigated systems (I-SCA[6] and II-SCA[6]) over the whole range
of [SCA[6]], while for III-SCA[6] and IV-SCA[6] the dependence of
(1/(t —70) versus [SCA[6]] ") can be drawn as two independent straight
lines. This behavior confirms qualitative conclusions drawn from the
evolution of the steady-state emission spectra (according to Benesi-
Hildebrand, nonlinear regression and Job procedures) i.e., the forma-
tion of 1:1 excited-state inclusion complexes between the I (and II) and
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Scheme 1. Schematic representation of the guest-SCA[6] inclusion complexes for methylamino derivatives (I, II) (A) and dimethylamino derivatives (III, IV) (B).
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SCA[6], while the stoichiometry of the III-SCA[6] and IV-SCA[6] com-
plexes in the excited states is 1:2. The equilibrium constant, determined
from the ratio of the corresponding intercept and slope of Benesi-
Hildebrand plots on the basis of the evolution of the spectral and tem-
poral data is substantially different. This difference is understandable in
that the decay time of the short component t; of methyl benzoate de-
rivatives (interpreted as the average lifetime of two existing species
(unbound (free) molecule and hydrogen-bonded complex) in aqueous
solutions containing different concentrations of SCA[6] cannot be pre-
cisely determined in the streak camera experiment because it is much
shorter than the temporal resolution of the setup. Thus, the results of the
time-resolved spectroscopic measurements (according to Bene-
si-Hildebrand plot) provide an estimate rather than a proper equilib-
rium constant of the inclusion complex.

As mentioned in the introduction, we have also recently undertaken
time-resolved spectroscopic studies to understand the solvent dynamics
around the methyl benzoate derivatives encapsulated within selected
chemical (CDs, cucurbit[7]urils) and biological (BSA) nanocavities in an
aqueous medium. It has been shown that solvation time in solvent (bulk
water and other polar solvents) shell is ultrafast and occurs in a time scale
< 1 ps [56-58], whereas, in investigated macromolecular systems sol-
vation dynamics of water molecules significantly slows down as a
consequence of the formation of inclusion complexes between nano-
cavities and I-IV. In order to analyze quantitatively how the relaxation
dynamics is changed when the organic molecule is relocated from the
bulk water to the SCA[6] cavity, time-resolved emission spectra are
monitored. Unfortunately, the time constant of the solvation dynamics of
all molecules under study cannot be precisely determined in the streak
camera experiment because of the limited time resolution of our setup
(~50 ps). Thus, only from the time-dependent long-wavelength fluores-
cence spectral behavior of II and IV, we can directly obtain information
on the solvation dynamics. Fig. 5 shows the temporal evolution of the
fluorescence spectrum of II and IV in an aqueous solution with SCA[6]
(cscafe1=1 0~*M) at various times after excitation. Since the presented in
Fig. 5 spectroscopic data show large time-dependent Stokes shift of the
long-wavelength fluorescence band (455 em ™! (I and 460 cm ™! Iv)), it
was tempting to construct solvent correlation function c(t), describing the
solvation dynamics, introduced by Maroncelli and Fleming as [56]:

51
0 =F0)

— ()
e @
where v(t), (0), and v(oo) are the fluorescence maxima locations at
times t, 0, and oo. The temporal behavior of normalized solvation cor-
relation parameter c(t) is very similar for the two investigated systems
(II-SCA[6] and IV-SCA[6], see Fig. 6). In both cases very good fit can be
obtained to a single exponential function with the decay component of
Tsolv.(II) = 67 ps and T,y (IV) = 70 ps. As expected very fast solvation
dynamics of pure water is markedly different from that of the confined
water molecule in SCA[6] system. The time scale of the investigated
processes in the presence of SCA[6] is a least of 2 orders of magnitude
slower than the relaxation of water molecules in ordinary bulk water.
This unusually large slowdown of the solvation dynamic is under-
standable in terms of the two types of water molecules (bound and free)
in the vicinity of supramolecular systems proposed by Nandi and Bagchi
[57]. They suggested that the bound (those which are hydrogen bonded
to the macromolecules) and free (placed at a distance from macromol-
ecules and formed 3-dimensional hydrogen bond network) water mol-
ecules are dynamically exchanged between these two states of water.
According to the above-mentioned model and Bhattacharyya’s and co-
worker’s previous works [59], we can state that water molecules inside
the SCA[6] are immobilized and solvation dynamics requires an “out-
ward” jump of the molecule from the hydrophobic micropocket so as to
experience solvation by “free” water molecules outside the cavity. It
should be also noted that this dynamic exchanged model developed by
Nandi and Bagchi is also confirmed by computer simulations [58].
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Theoretical calculations clearly show that hydrogen bonding between
macrocyclic compounds and water is much stronger than water-water
specific interactions.

5. NMR studies

In order to obtain more insight into the formed host-guest (methyl
benzoate derivative-SCA[6]) inclusion complex structures, 1H NMR
spectroscopic technique was used. The NMR-titration experiments in
D,0 have been performed keeping constant the methyl benzoate de-
rivative (IIV) concentration (¢ = 2.5:10° M), whereas the SCA[6]
concentration has been gradually increased from O to 1-1072 M. The
complexation-induced 'H chemical shifts of H,-Hy (see numbering of
protons in Fig. 1) i.e., 8,.¢ as a function of the SCA[6] concentration) are
presented in Fig. 7 and Figs. SM5-7 (Supplementary Materials) and
Table 3. To gain insight into the structure of the formed host-guest in-
clusion complex, it is necessary to assume that, in general, the upfield
shift of the proton resonances is due to the magnetic shielding provided
by the aromatic walls of the interior of macrocyclic compounds and thus
it is experimental evidence for the inclusion of fluorophore into SCA[6]
cavity, while the downfield shifts suggest that the proton is rather
outside the cavity [60,61]. Analyzing the data presented in Fig. SM7
(Supplementary Materials Figs. 5-7) and Table 3 one can state that up-
field (encapsulation-induced) chemical shift of the proton resonances
occurs for peaks H¢, Hq and He for all investigated molecules and Hg for
III and IV, while for two aromatic protons (H, and Hjy) is observed a
visible downfield shift. These changes in SCA[6]-induced chemical shifts
clearly indicate that the benzene ring is only partially inside the SCA[6]
cavity (H., Hq and H, benzene region are located in SCA[6] cavity),
while the two other protons (H, and Hy,) are exposed to the bulk water. It
is important to note that, in the case of III and IV, the upfield shift of H¢
proton in the presence of SCA[6] clearly suggests that dimethylamino
group (-N(CHs)y) is incorporated into SCA[6] cavity forming an inclu-
sion complex with a 1:2 stoichiometry, which confirms the conclusions
drawn from the steady-state spectroscopic measurements. Scheme 1
presents the most probable structures of the methyl benzoate derivative-
SCA[6] inclusion complexes created on the basis of our measurements.
For the convenience of data presentation, schematic representation of
the guest-SCA[6] inclusion complexes were classified into the two
following groups: p-methylamino derivatives (I and II) and p-dimethy-
lamino derivatives (III and IV). As can be seen, the substituent (meth-
ylamino versus dimethylamino) in the benzene ring of the investigated
molecules clearly influences the stoichiometry and structure (orienta-
tion of the molecule inside the host’s cavity) of formed inclusion com-
plexes. Interestingly, the changes in macrocyclic compound-induced
NMR chemical shifts are very different for methyl benzoate derivative-
SCA[6] and methyl benzoate derivative-CB[7] systems. In our previ-
ous paper [26], we have shown that the dimethylamino group is located
outside of the CB[7] cavity and molecules III and IV form inclusion
complexes with a 1:1 stoichiometry.

To explore quantitatively the host — guest complex formation be-
tween I and IV and SCA[6], the NMR titration data were analyzed using
Benesi-Hildebrand and nonlinear relations. As protons located via
encapsulation inside the host cavity exhibit the largest upfield shifts, the
NMR titration data obtained for the most sensitive proton to changes in
its immediate environment, Hy, were analyzed based on the Benesi-
Hildebrand and nonlinear regression procedure. For the all systems
under study, the Benesi-Hildebrand dependence for the Hy proton is
shown in Fig. 8. As expected, the I-SCA[6] and II-SCA[6] inclusion
complexes were confirmed to bind in a 1:1 ratio, while, the non-linearity
of the double reciprocal plot for III-SCA[6] and IV-SCA[6] confirms the
formation of higher-order (1:2) complexes. As can be seen in Table 1, a
nonlinear fit of the 'H NMR data to Egs. (2) and (3) (see Fig. 8) allowed
us to determine the equilibrium constants whose values are in good
agreement with the data obtained in the ground-state optical spectros-
copy titration experiments.
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6. Conclusion

The steady-state, time-resolved and 'H NMR spectroscopic studies
clearly indicate that all investigated methyl benzoate derivatives
interact with SCA[6] to form stable inclusion complexes both in the
ground and in the excited state. From our investigations, it is inferred
that a 1:1 host-guest complex is formed for I-SCA[6] and II-SCA[6]
systems, while for III-SCA[6] and IV-SCA[6], a single molecule III (and
IV) is trapped in a capsule composed of two SCA[6] cavities. Moreover,
it was shown that the photoinduced intramolecular processes such as
ESIPT and TICT are strongly dependent on the stoichiometry and
structure (orientation of the methyl benzoate derivative inside the host’s
cavity) of formed inclusion complexes i.e., ESIPT takes place when the
benzene ring is located inside the SCA[6] cavity. The observed changes
in the time-dependent fluorescence Stokes shift point toward the fact
that the dynamics of pure water is markedly different from that of the
confined water molecule in SCA[6] system i.e., water molecules located
inside the SCA[6] exhibit markedly slower solvation dynamics. Overall,
our present (in combination with our previous) studies offer a detailed
outlook into the nature and mechanisms of noncovalent interaction
between some methyl benzoate derivatives and chemicals (CDs,
cucurbit[7]urils, SCA[6]) [25-29] and biological (BSA) [30] macrocy-
clic hosts. In conclusion, we believe that the results obtained in this work
may be important in relation to the applications of inclusion complexes
in pharmacy and medicine (binding, stabilization and release of drug
molecules in host-guest systems) or TICT and ESIPT fluorescence
probes.
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