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RESUMEN

La inclusion de dos derivados del naftoxazol en cucurbit[7]
urilo se ha estudiado empleando métodos fluorescentes
de estado estacionario. Estas moléculas presentan un
comportamiento inusual de la emision cuando se asocian
al cucurbit[7]urilo, mostrando una disminucién de la banda
de fluorescencia correspondiente al estado localmente ex-
citado, concomitante con la apariciéon de una nueva banda
de fluorescencia desplazada al rojo, que aumenta cuando
aumenta la concentracion de cucurbit[7]urilo. Este resul-
tado se interpreta en términos de un complejo de transfe-
rencia de carga intramolecular formado durante el tiempo
de vida del huésped en el estado excitado, después de
que el complejo de inclusién se ha producido. Las cons-
tantes de equilibrio para el complejo de inclusién se deter-
minaron a partir del aumento de fluorescencia a diferentes
temperaturas. Los parametros termodinamicos obtenidos
a partir de estos experimentos, indican que la inclusién
de 2-metilnafto[1,2-d]oxazol, esta determinada por facto-
res entalpicos, mientras que fuerzas impulsoras clasicas
de naturaleza entrépica, son dominantes en el proceso de
inclusion de 2-fenilnafto[2,1-d]oxazol.

Palabras clave: Inclusion; derivados naftoxazol; cucurbi-
taceas[7]urilo

SUMMARY

The inclusion of two naphthoxazole derivatives in cucur-
bit[7]uril has been studied employing steady-state fluores-
cent methods. These guest present an unusual behavior
of the emission, showing a decrease of the fluorescence
band corresponding to the locally excited state, concom-
itant with the onset of a new red-shifted fluorescence
band, that increases when the cucurbit[7]uril concentra-
tion increases. This result was interpreted in terms of an
intramolecular charge-transfer complex formed during the
lifetime of the excited dye, after the inclusion complex has
been produced. The equilibrium constants for the inclusion

complex were determined from the fluorescence increase
at different temperatures. Thermodynamic parameters ob-
tained from these experiments indicate that inclusion of
2-methylnaphtho[1,2-dJoxazole is determined by enthalpic
factors whereas classical entropic driving forces are dom-
inant in the inclusion process of 2-phenylnaphtho[2,1-d]
oxazole.
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RESUM

La inclusié de dos derivats del naftoxazol en cucurbit[7]
uril s’ha estudiat emprant metodes fluorescents d’estat
estacionari. Aquestes molécules presenten un compor-
tament inusual de I’emissié quan s’associen a cucurbit[7]
uril mostrant una disminucié de la banda de fluorescéncia
corresponent a 'estat localment excitat, concomitant amb
I’aparicié d’una nova banda de fluorescéncia desplagada
al vermell, que augmenta quan augmenta la concentracié
de cucurbit[7]uril. Aquest resultat s’interpreta en termes
d’un complex de transferéncia de carrega intramolecular
format durant el temps de vida de I’hoste en I'estat exci-
tat, després que el complex d’inclusié s’ha produit. Les
constants d’equilibri per al complex d’inclusié es van de-
terminar a partir de ’|augment de fluorescencia a diferents
temperatures. Els parametres termodinamics obtinguts a
partir d’aquests experiments, indiquen que la inclusié de
2-metilnafto[1,2-d] oxazol, esta determinada per factors
entalpics, mentre que forces impulsores classiques de na-
turalesa entropica, sén dominants en el procés d’inclusié
del 2-fenilnafto[2,1-d]oxazol.

Paraules clau: Inclusié; derivats naftoxazol; cucurbitace-
as[7]uril
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INTRODUCTION

Since the publication of the molecular structure of cucur-
bit[6]uril by Mock in 1981, [1] cucurbit[n]urils, CBs, and
their derivatives have attracted more and more attention.
These macrocyclic container molecules composed of
glycoluril monomers joined by pairs of methylene bridg-
es, have a hydrophobic cavity accessible through two
identical carbonyl-fringed portals, and form stable host—
guest complex with a wide range of guest molecules
[2-4]. Depending on the number of glycoluril units, ho-
mologues of different sizes are known, importantly CB5,
CB6, CB7, and CB8. All CBs have a highly symmetrical,
pumpkin-shaped structure, similar to cyclodextrins and
calixarenes in their cone conformation [5]. In recent years,
CBs have been established as versatile and interesting
host molecules, which form stable inclusion complexes
with small guest molecules such as organic dyes [6], met-
al cations [7-9], and protonated alkyl and arylamines [5,
10-11]. Several techniques have been employed to study
the binding properties of cucurbituril in solution: NMR
spectroscopy [12-14], calorimetry [15-17], and UV-vis
absorption spectroscopy [18-20]. The effect of CBs on
the photophysical and photochemical behavior on com-
mon neutral fluorescent dyes has been investigated to a
lesser extension. Dye molecules immersed in the cavi-
ty of CBs experience an exceptionally low polarizability
(near that of the gas phase) [21-23], which is expected
to decrease the radiative decay rate constants. On the
contrary, when CBs act as cation receptors, the interac-
tions are stronger than those between protonated fluo-
rescent dyes and cyclodextrins. For example, the results
obtained from the ground-state absorption and steady-
state as well as time-resolved fluorescence and anisotro-
py studies indicate that both the cationic and neutral form
of neutral red, NRH* and NR, respectively, form strong
inclusion complexes with CB7, particularly the protonat-
ed NRH* (K > 10° M) [24]. Cucurbit[7]uril enhances the
fluorescence of several alkaloids such as palmatine and
dehydrocorydaline, [25] berberine [17,26] and coptisine
[27]. Furthermore, the presence of cucurbit[7]uril modifies
the fluorescent properties of several classes of dyes such
as styryls [28], alkyl meso-thiacarbocyanines [29], couma-
rine derivatives [4,30,31], rhodamine [32], and aromatic
polycyclic compounds [33], among others. Benzo- and
naphthoxazole derivatives are heterocyclic dyes with high-
ly favorable photophysical properties, high fluorescence
quantum yields and photostability and their photophysical
properties can be easily tuned by changing the substituent
at position 2 of the oxazole ring. Consequently, aryloxaz-
ole derivatives have been used as organic plastic scintilla-
tors [34] and optical fiber sensors [35,36]. Moreover, some
of the derivatives are biologically active, showing activity
as cytotoxic [37,38], antimicrobial [39,40], inhibitor on both
eukaryotic DNA topoisomerase | and Il [41] and genotox-
ic [42]. They have also been used as fluorescent probes
of micelles, [43] thiols [44-47] and metal cations [48,49]
and as fluorescence markers in biological systems [50,51].
However, their poor solubility in water requires the use of
organic solvents (the simplest approach) is not compatible
with biologically- or environmentally-relevant applications,
and their use on large scales is frequently discouraged by
economic and environmental considerations. The search
for fluorescent molecules with high photostability and
brightness in water, an environmentally-benign and bio-

logically-relevant solvent is a topic of high interest. In this
context, strategies involving stabilizing, solubilizing, dis-
aggregating and enhancing additives have become very
popular. We have studied the formation of supramolecular
systems between naphthoxazole derivatives and CB7. The
aims of this study are to account for the effect of the cu-
curbit[7]uril on the photophysical behavior of naphthoxaz-
ole derivatives, to determine the stoichiometry and binding
constants of the inclusion complex, to determine the ther-
modynamic parameters associated to the inclusion pro-
cess, and ultimately to study the effect of naphthoxazole
structure (Figure 1) on the inclusion process.
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— —

OO N

2-methylnaphtho[1,2-d]oxazole 2-phenylnaphtho[2,1-djoxazole
MNOX PHNOX

Figure1. Molecular structures of naphthoxazole derivatives.

EXPERIMENTAL

Reagents

All experiments were performed with analytical or spec-
troscopic grade chemicals. Cucurbit[7]uril was synthe-
sized as described earlier [52], and its structure was
probed by mass spectrometry. The synthetic procedure
of the fluorescent probes 2-methylnaphtho[1,2-d]oxaz-
ole (MNOX) and 2-phenylnaphtho[1,2-d]oxazole (PHNOX)
was previously described and were available in our lab-
oratory. The purity of these dyes was checked by HPLC
chromatography before use. Distilled water was purified
trough a MilliQ system. Citrate buffer solutions (pH = 3)
were prepared according to the current procedures. All
other solvents used were of commercially available spec-
troscopic grade.

Apparatus

Absorption spectra were recorded in a Unicam UV 4
spectrophotometer using 1 cm quartz cells. Data were
processed with Vision software. Steady-state fluores-
cence measurements were performed with a PC1 pho-
ton counting spectrofluorimeter from ISS, equipped with
a thermostatic rectangular cell holder. The experiments
were carried out in the range 20-40 °C, using a bath/cir-
culation thermostat Haake K. The fluorescence spectra
of each set of solutions were measured under identical
experimental conditions. The excitation wavelength was
set at the absorption spectrum maximum. Fluorescence
decays were recorded with a time-correlated single pho-
ton counting system (Fluotime 200, PicoQuant GmbH,
Berlin, Germany). Excitation was achieved by means of a
330 nm picosecond diode laser working at 10 MHz rep-
etition rate. The counting frequency was kept always be-
low 1%. Fluorescence lifetimes were analyzed using the
PicoQuant FluoFit 4.0 software.

Solution preparation

The dye stock solutions were prepared by dissolving an
appropriate amount of the oxazole derivative in metha-
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nol. The stock solutions of CB7 in buffer were prepared
with concentrations in the range 9 - 12 mM.

Inclusion complex preparation

Typically a set of 8 — 10 CB7 solutions was prepared in
the range 0.15 - 4.5 mM with a constant dye concen-
tration. The final solution was obtained in the following
manner: 8 uL of a stock solution of the 1.5 mM naphthox-
azole derivative in methanol were introduced into a 15 ml
PTFE test tube and the solvent was then removed with
a nitrogen stream. 100 — 1500 uL of the CB7 stock solu-
tion were then added to the dry dye, the solutions were
homogenized in an ultrasonic bath at room temperature
for 2 min and finally shaked at controlled temperature in
a Hangzhou model MSC-100 thermoshaker for 24 hrs at
650 rpm.

RESULTS AND DISCUSION

Addition of CB7 to aqueous solutions of MNOX and
PHNOX, did not produce any significant changes in their
absorption spectra, although a slight increase in the ab-
sorbance with no spectral shift were observed. Under the
same experimental conditions, the fluorescence spectra
changed dramatically. As shown in Figure 2 for MNOX,
the fluorescence band corresponding to the locally ex-
cited S1 state with AMax = 334 nm in buffer pH = 3,
decreased with the concomitant appearance of a new
wide band with maximum at 394 nm. The decrease of
the band at 334 nm and the increase of the band at 394
nm depended on the CB7 concentration. This behavior
was also found for PHNOX. Although for this naphthox-
azole derivative the fluorescence quantum yield is lower
than for MNOX in the absence of CB7, the decrease of
the band corresponding to the locally excited state and
the occurrence of a new broad band that increases sub-
stantially with the incremental addition of CB7 are evident
(Figure 2).
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Figure 2. Dependence of the fluorescence spec-
tra of naphthoxazole derivatives on the CB7
concentration. A: MNOX, B: PHNOX.

An almost 60-fold increase in the fluorescence intensity
was observed for PHNOX. With only a few exceptions in-
clusion of dyes in the CB7 cavity leads to hypsocromic
shifts in the fluorescence spectra, characteristic for the
inclusion in a less polar environment, while the fluores-
cence quantum vyields increase. The onset of a new wide
fluorescence band and its increase in a CB7 concentra-
tion fashion reveal an interaction between CB7 and the
dyes indicating the formation of an inclusion complex. The
unexpected red-shifted new band can be understood in
terms of the formation of a partial charge-transfer excited

state. As was previously reported [43], the fluorescence
spectra of naphthoxazole derivatives shows an important
solvatochromic effect leading to large Stokes shifts and a
large increase of the excited-state dipole moment in polar
solvents, with the charge migrating from the naphthalene
moiety to the oxazole ring, which it is compatible with the
formation of an intramolecular charge-transfer excited sta-
te. An excited state of identical nature could be formed
in the host-guest complex (see the schematic represen-
tation in Figure 3), possibly stabilized by interactions of
the slightly polarizable inner CB7 cavity with the electron
deficient naphthalene moiety and the electron rich oxazole
ring with protons of the surrounding media at pH = 3

Figure 3. Schematic representation of the inclu-
sion complex formed between MNOX and CBY ..

In addition, interactions of the protonated oxazole with the
carbonyl groups at the rim of the cucurbituril macrocycle
could also contribute to the stabilization of intramolecular
charge-transfer state during its lifetime. It is important to
note that this process can occur only during the lifetime
of the excited state, after the naphthoxazole derivative has
been incorporated to the CB7 cavity. As shown in Figure 4,
neither a bathochromic shift of the lower-energy absorption
band of PHNOX nor the onset of new red-shifted bands are
observed in the absorption spectra in the CB7 concentra-
tion range used. The A, = 339 nm measured at CB7 con-
centration of 3.8 mM matches the A, values measured in
a large set of solvents.
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0204 [CB7YmM
[E—— 1 4
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Figure 4. Absorption spectra of PHNOX
in the presence of CB7.

Furthermore, we measured the fluorescence lifetime for
MNOX in several solvents and buffer solutions with added
CB?7 (after equilibrium was obtained). We found monoex-
ponential decays in pure solvents and buffer citrate pH = 3
with lifetimes equal to 6.8 ns (formamide), 6.1 ns (dioxane),
5.7 ns (methanol) and 5.2 ns (buffer citrate pH = 3). In the
presence of CB7, we observed biexponential decays with
T, =6.4nsand v, = 1.7 ns ((CB7] = 0.29 mM); t, = 6.5 ns
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andt, = 1.6 ns (CB7] =1.4 mM); andt, =6.6 nsand, =
1.2 ns ([CB7] = 2.8 mM). Also, the ratio of signal intensities
with CB7 present, 1/I, increases from 3.6 ([CB7] = 0.29
mM) to 5.3 ([CB7] = 2.8 mM). These data show that: a) in
the buffer solution only one transient is present, assigned
to the S1 state of MNOX; b) with CB7 present, the shorter
lifetime decreases when the CB7 concentration increases;
and c) the relative amplitude of the component 2 increases
with the CB7 concentration. We interpreted these results
assigning the shorter-lifetime component to the intramo-
lecular charge-transfer complex formed in the CB7 cavity.
Association constants determinations

The fluorescence increase can be described considering
the inclusion complex formation between the naphthoxa-
zole and CB7. Assuming an 1:1 association complex, the
equilibrium can be described as:

NAPHTHOX + CB7e—=>[ NAPHTHOX ---CB7] (1)

Equation (2) accounts for the fluorescence intensity chan-
ge with CB7 concentration [53, 54].
15 +1,*K,[CBT]

I ="ttt 2
1+ K, *[CBT]

were I° is the fluorescence intensity of the naphthoxaz-
ole derivative without CB7 added, I, is the expected flu-
orescence intensity from the 1:1 complex when all guest
molecules form complexes with CB7, [CB7] is the concen-
tration of CB7, and K, is the equilibrium constant for the
inclusion complex formation. The equilibrium constant can
be estimated using a nonlinear regression method to fit
the fluorescence enhancement data. Figure 5 shows the
integrated fluorescence area of MNOX as a function of
CB7 concentration. The data are properly fitted with equa-
tion (2) from which K, was evaluated. The values of K, for
MNOX are included in Table 1

Figure 6 shows the dependence of fluorescence enhance-
ment of PHNOX on the CB7 concentration. As can be
observed, the data do not fit equation (1) displaying an
important upward deviation at high CB7 concentration.
Deviation of experimental data from the equation for the
formation of 1:1 complex suggests that a consecutive 1:2
complex formation may occur. In this instance, an addi-
tional equilibrium step should be considered:

K\Z

[NAPHTHOX ---CB7]|+ CBT1&—=2[CB7 -+ NAPHTHOX ---CB7] (3)

If the formation of the 1:2 complex is considered, the fluo-
rescence increase of PHNOX as function of CB7 concen-
tration can be described in terms of equation (4):

]:13+11*Kl*[CB7]+112*K1*K12*[CB7]2 w
/ 1+K, *[CBT]+ K, *K,, *[CBT]

were I°, I, [CB7] and K, have been previously defined
and I, is the expected fluorescence intensity from the 1:2
complex when all guest molecules form complexes 1:2
with CB7 and K,, is the equilibrium constant for the 1:2
inclusion complex formation. Figure 4, in which the fluo-
rescence increase does not reach the saturation plateau at
the CB7 concentration employed, shows that the experi-
mental data could be appropriately fitted by equation (4),
from which both K, and K,, were obtained using a nonline-

ar regression method. The values of K, and K, for PHNOX
are collected in Table 1.
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Figure 5. Dependence of the integrated fluores-

cence spectra of MNOX on the CB7 concentra-

tion, [MNOX] = 21 mM. Solid line non-linear plot
shows the best fit of the data to equation (2).

The values of K, for MNOX and PHNOX are lower than
that reported for the association of cationic dyes with CB7
[3] and in the order of the inclusion equilibrium constants
previously measured for neutral molecules [22]. The results
can be understood considering that the protonation at the
oxazole ring can be safely ruled out in buffer citrate at pH
=3, as it is a weaker base (pKa = 0.8) [55], consequently,
the neutral naphthoxazole derivative is included in the CB7
cavity.
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Figure 6. Dependence of the integrated fluores-

cence spectra of PHNOX on the CB7 concentra-

tion, [PHNOX] = 13 mM. Solid line non-linear plot
shows the best fit of the data to equation (4).

Table 1.Values of equilibrium constants for the inclusion
of MNOX and PHNOX in CB7 at different temperatures.

MNOX PHNOX
TK K, /M K, /M K, /M?
293 433 x 39 114 13 0.13 = 0.02
298 421 + 41 135+ 18 0.16 % 0.02
303 366 51 189 + 20 0.21 +0.03
413 308 %27 204 17 0.23 + 0.03

In addition we measured the equilibrium complex forma-
tion constant to gain insight into the factors controlling the
thermodynamics of the reversible binding. The enthalpy
changes of the studied 1:1 complexation reaction were
obtained from van’t Hoff plots (Figure 7).
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Figure 7. van’t Hoff plot of the binding constants for
MNOX-CB7 determined by fluorescence methods.

The AH°, AGP and TAS®values are shown in Table 2. The
values of the Gibbs free energy for the system at 298 K
indicate a thermodinamically favorable reaction.

Table 2. Thermodynamic parameters for the for-
mation of 1:1 inclusion complex between
naphthoxazole derivatives and CB?7.

MNOX PHNOX
AG"KJ mol! -14.9 2 -122%1.5
AH"KJ mol! -13.7x2 2293
T AS"KJ mol! 12£0.2 -35.1 x4

The results indicate that enthalpic factors are the respon-
sible for the inclusion of MNOX in CB7, whereas entropic
factors are the dominant driving forces for the complex for-
mation between PHNOX and CB7. The interaction between
neutral guest and CBs has been barely explored. Recently,
the nature of the driving forces for the complexation bet-
ween CBs and neutral compounds has been discussed in
depth [22-24, 56]. In these cases, the hydrophobic enthal-
pic factor has been mentioned as the main responsible
driving force for complex formation. We interpreted our re-
sults considering that the dominant enthalpic factor, when
MNOX is the guest, is a consequence of a greater amount
of high-energy water molecules released from the CB7 ca-
vity. MNOX can penetrate deeper than PHNOX in the host
due to its smaller volume. With PHNOX as guest, the phen-
yl substituent and the larger volume restrict the complete
guest inclusion, forming a partial inclusion or even a sus-
pended complex. In these situations, classical hydrophobic
effects are the main driving force. This picture of complex
formation also explains the formation of 1:2 complexes at
high CB7 concentration when PHNOX is the guest.

In conclusion, association of MNOX and PHNOX with CB7
is accompanied by an unusual behavior of the fluorescence
spectra, compatible with the formation of an intramolecular
charge-transfer complex inside the CB7 cavity, during the
naphthoxazole derivative lifetime. The inclusion process is
driven by enthalpic factors when MNOX is the guest and
promoted by entropic classical hydrophobic effect when
PHNOX is included, which can be related to the importan-
ce of the size of the substituent on the naphthoxazole ring
in determining the nature of the process.
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