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The  relaxation  of  electronically-excited  states  of  styryl  dye  (1)  and  its complexes  with  cucurbit[7]uril
(CB[7])  in  aqueous  solution  was  studied  by fluorescence  steady-state  and  upconversion  techniques.  The
n final form 3 July 2014
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decay  of  fluorescence,  a 5-fold  enhancement  of  which  was  observed  upon  addition  of  CB[7],  was  fitted  to
three  exponential  functions  with  time  constants  of  274,  43  and  1.8  ps in  the  presence  of  CB[7],  and  100,
30,  and  1.9  ps without  it.  In the  framework  of  a simple  model,  based  on the  two-dimensional  potential
energy  surface,  the  obtained  results  indicate  that upon  complexation  the fluorescence  rate  constant  of
dye 1 increases  by  3.8  times.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cucurbit[n]urils (CB[n], n = 5–10), a relatively new family of
umpkin-shaped cavitands [1], have recently attracted consid-
rable interest as macrocyclic hosts for producing inclusion
omplexes with fluorescent dyes [2]. The photophysical properties
f fluorescent guests, for example, the quantum yield of fluores-
ence, are often changed upon encapsulation in macrocyclic hosts
s compared with the guests in aqueous solution. This feature looks
romising from the viewpoint of potential biological and environ-
ental applications. Whereas the supramolecular systems based

n other cavitands, for example cyclodextrins, have been exten-
ively studied [3], the effect of complexation of CB[n] on organic
yes has remained relatively unexplored in particular in the field
f an ultrafast relaxation of electronically excited states. In this let-
er, we report on ultrafast fluorescence measurements that could
hell light upon the relaxation of an electronically-excited guest
olecule in the cucurbituril cavity.
As a representative example we refer to a styryl dye (1), which

an produce 1:1 complexes with CB[7] (the binding constant of
bout 106 M−1) and its fluorescence is significantly enhanced upon

omplexation [4]. It is worth noting that CB[7] has the most favor-
ble combination of cavity size and high water solubility among
ther cucurbiturils and its binding constants with cationic organic

∗ Corresponding author.
E-mail address: ivanovd@photonics.ru (D.A. Ivanov).

ttp://dx.doi.org/10.1016/j.cplett.2014.07.006
009-2614/© 2014 Elsevier B.V. All rights reserved.
guests are typically several order of magnitude larger than those of
other cavitands with a similar cavity size. The structures of CB[7]
and dye 1 are shown in Figure 1.

2. Experimental details

The styryl dye, 4-[(E)-2-(3,4-dimethoxyphenyl)ethenyl]-1-
ethylpyridinium perchlorate (dye 1), the chemical structure of
which is shown in the inset of Figure 1, was obtained according to a
known procedure [5]. CB[7] was purchased from Aldrich and used
without further purification. To prepare samples, aqueous stock
solution of dye 1 was added to aqueous solution of CB[7] (distilled
water high performance liquid chromatography grade, Aldrich) so
that the concentration of dye was  about 10−5 M−1 for steady-state
measurements and about 2 × 10−4 M−1 for time-resolved measure-
ments; concentration of CB[7] was  about equal to that of dye 1. In
view of a large binding constant between CB[7] and dye 1, this molar
ratio of the dye to cavitand provides almost a complete complexa-
tion of the dye in both the cases.

Absorption spectra were recorded by a UV-3101PC spectropho-
tometer (Shimadzu) with an increment of 1 nm in 1-cm quartz cells
at room temperature. Steady-state fluorescence spectra of solu-
tions were recorded by a Fluorolog-3� spectrofluorometer (Jobin
Yvon).
The conventional time-resolved fluorescence up-conversion
technique was used to study a fast relaxation of the dye excited
state. Briefly, a Ti:Sapphire laser produces 80 fs pulses centered
around 830 nm at 76 MHz  repetition rate and pulse energy about

dx.doi.org/10.1016/j.cplett.2014.07.006
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2014.07.006&domain=pdf
mailto:ivanovd@photonics.ru
dx.doi.org/10.1016/j.cplett.2014.07.006
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igure 1. Absorption spectra of aqueous solution of dye 1: (1) in the presence of an
quimolar amount of CB[7] and (2) without it. Inset: The structural formula of dye

 and cucurbit[7]uril (CB[7]).

0 nJ. The fundamental pulses were doubled by a 0.3 mm type I BBO
rystal and were split into two beams, one of which (415 nm,  about

 nJ/pulse) was used for the excitation of dye solution placed in the
 mm rotating sample cell. Another beam at 830 nm was  used as
he gating beam after passing through an optical delay line. The
uorescence from the dye solution and the gating beam were col-

ected and focused on another type I BBO crystal to generate the
um-frequency signal. The up-converted signal beam, which was
elected by means of a band-pass filter placed after the crystal, was
ocused on the entrance slit of a monochromator. A Hamamatsu
585 photomultiplier, which detected the signal, was connected
o a photon counter. The polarization of the excitation beam was
arallel to that of the gating beam so that the up-converted signal
arried information on the fluorescence depolarization of the styryl
ye. This allows a direct comparison with results on fluorescence
nisotropy obtained in Ref. [4].

A personal computer collected the digital output of the photon
ounter and controlled an optical delay line. The Fluofit package
as used to fit experimental results; the quality of the fits was

udged by the reduced �2 and by the distribution of residuals.

. Results and discussion
A steady-state absorption spectrum of aqueous solution of dye 1
as a peak at 380 nm that shifts to red region by about 24 nm slightly

igure 2. Fluorescence and corresponding excitation spectra of aqueous solution
f  dye 1: (1 and 3) in the presence of an equimolar amount of CB[7] and (2 and 4)
ithout it.
Figure 3. Normalized fluorescence decay curves of aqueous solutions of dye 1: (1)
in the presence of CB[7] and (2) without it; corresponding residuals are shown for
a  three-exponential fit.

varying in amplitude on the addition of about an equimolar amount
of CB[7] (see Figure 1). Figure 2 shows steady-state fluorescence
spectra of dye 1 excited at 396 nm as well as its excitation spectra
detected at about 525 nm in the presence of about 1 equiv. of CB[7]
and without it. Upon addition of CB[7], the peak of fluorescence
shifts to a blue spectral region by about 20 nm and its intensity
increases by a factor of about 5.

Figure 3 shows the typical decay curves of dye fluorescence
(detected at 530 nm,  and excited at 390 nm)  in the presence of CB[7]
and without it. Three exponential functions have been used to fit
the data; fitting results are listed in Table 1. The shortest time con-
stant (�1) of about 2 ps are almost the same for free and complexed
to CB[7] molecules of dye 1; the pre-exponential factor significantly
decreases upon the addition of CB[7]. The production of complexes
with CB[7] moderately affects the second term of the fitting func-
tion. On the other hand, the addition of CB[7] increases the longest
time constant (�3) by a factor of about 3 and the corresponding
pre-exponential factor by about 50%.

First, under used experimental conditions corresponding to a
case of parallel polarizers, time constants �3 can be attributed to
a rotational depolarization of fluorescence. These values are in
an excellent agreement with rotational relaxation times of dye 1
reported in Ref. [4] (119 ± 14 ps without CB[7] and 277 ± 35 ps in
the presence of CB[7]) that have been obtained by the steady-state
anisotropy fluorescence method. This is in agreement with the sug-
gestion [4] that dye 1 embedded in the cavity rotates as a whole
with CB[7].

Second, in order to characterize relaxation processes related
to �1 and �2, let us consider a commonly accepted picture of
styryl-dye photophysics that has been intensively studied in var-
ious solvents (see, for example, Ref. [6] and references therein as
well as review by Glasbeek and Zhang [7]). In solution, the popula-
tion of the S1 state at the Franck-Condon (FC) point is produced by
photoexcitation of the trans form of styryl dyes. It is followed by an
intramolecular charge transfer resulting in a significant change in

the dipole moment of dye molecules. This is accompanied by a fast
(on a few picoseconds scale) reorientation of water molecules in
the dye’s hydration shell that significantly diminishes the potential
energy of the system.
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Table  1
The best-fit values of the time constants � i , their pre-exponential factors ˛i (i = 1, 2, 3) and the reduced �2 for aqueous solutions of dye 1 in the presence of CB[7] and without
it.

�1(˛1) �2(˛2) �3(˛3) �2

(ps) (ps) (ps)
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Dye 1 1.86 ± 0.05 (32.4%) 30.11
Dye  1 + CB[7] 1.83 ± 0.24 (12.3%) 43.24

Intramolecular rotations determine a slower step of a nonra-
iative relaxation of excited state of styryl dyes. These include
otations around the double bond, i.e. isomerization, and around
ither single bonds in the C C C C fragment. It is widely believed
hat the latter leads to a twisted intramolecular charge-transfer
TICT) excited state. The TICT state is located in the region of the S1
nergy minimum that is also associated with a nonradiative “sink”
egion, the conical intersection (CI). Note that a typical time of inter-
al conversion through the CI seems to be of the order of 100 fs (see

 relevant review by Levine and Martinez [8]).
There exists the state emitting light, the vibronically-relaxed

ocal excited (LE) state. The nonradiative relaxation of the LE state is
lso possible over a low energy barrier to the “sink” region. Figure 4
hows the simplest picture of one-dimensional reaction coordinate
hat allows the description of decay from S1. Such a scheme is com-

only used for describing the behavior of fluorescent dyes (see for
xample Ref. [9]). However, the two-dimensional potential energy
urface is a more adequate model [8] that implies the existence of

 non-radiative bypass (not shown) of the fluorescent LE state from
he FC excited region directly to the ground state via the CI region.

The fluorescence up-conversion method allows the detection
f the transient behavior of the population in the S1 state. In the
ramework of the above model it is reasonable to attribute time
onstants �1 to reorientation of water molecules in the first hydra-
ion shell of dye 1 as a response to the intramolecular electron
ransfer. The diminution of ˛1 upon complexation may indicate
he replacement of some water molecules in the hydration shell by
he CB[7] macrocycle.

The second term of several tens of picoseconds which is not
trongly influenced by complexation may  be associated with

ntramolecular rotations. This corresponds to results of quantum-
hemical calculations that have been reported in Ref. [4]. The
alculated energy-minimized structure of the inclusion complex

igure 4. Schematic energy diagrams describing the relaxation of the styryl-dye
xcited state (for explanation, see text).
4 (18.6%) 100.23 ± 5.88 (49.0%) 1.26
94 (15.3%) 273.83 ± 63.23 (72.4%) 1.12

shows that only the pyridinium moiety of the dye is embedded into
CB[7] cavity when its larger part, the styrene fragment, is exposed
to water molecules from the bulk. Thus one may  expect that com-
plexation does not impose a strong restriction on intramolecular
rotations of the complexed dye molecule as compared with a free
one. Glasbeek and coworkers [10] have shown experimentally that
the rotation around single bonds is of great significance for a non-
radiative relaxation. Bridging of both C C bonds of the ethylene
fragment (i.e. covalently fixing these bonds by chain of two car-
bon atoms) strongly increases the lifetime of the fluorescent state
and does not affect intramolecular charge transfer significantly. It
is worth noting that the presence of only one unbridged single
bond allows a non-radiative decay whose efficiency is almost the
same as that of a completely unbridged molecule. Obviously, inclu-
sion complexes of dye 1 with CB[7] resemble single-bridged styryl
dyes in terms of their photophysics. Thus the values of �2 may  be
associated with the lifetime with respect to the emitting transition
from the LE state to the ground state. The complexation slightly
affects a non-radiative relaxation of electronically-excited state of
styryl dye 1 and a 5-fold enhancement in fluorescence still requires
explanation.

In the framework of the above scheme, the quantum yield of
fluorescence – the probability of emitting light after excitation in
the FC state – is equal to the product of probability of escaping non-
radiative relaxation via “hot” sublevels of S1, and the probability of
emitting light from vibronically-relaxed S1, i.e. kf�2.

� = (1 − q)kf �2, (1)

where kf is the radiative (i.e. fluorescence) rate constant, �2 is the
lifetime of the emitting state, and q, by definition, is the nonradia-
tive quantum efficiency, i.e. the probability of relaxation through a
completely non-radiative route after excitation to the FC state. The
expression, easily derived from Eq. (1), for a relative change in the
radiative rate constant upon complexation is as follows

k′
f = kf

(
�′

�

)  (
1 − q

1 − q′

)(
�2

� ′
2

)
, (2)

where the primed symbols refer to dye 1 complexes with CB[7].
On the basis of comparison of the dye’s excitation and absorp-

tion spectra by the procedure outlined in Ref. [11], we have
estimated the quantum efficiency of the non-radiative route to be
q = 0.29 for aqueous solution of dye 1, and q′ = 0.35 in the presence
of CB[7]. This increase in the probability of non-radiative relaxation
to the ground state may  be attributed to the fact that upon encap-
sulation dye molecules obtain additional degrees of freedom for
vibration.

Substituting (�′/�) ≈ 5 and measured values of q′, q, � ′
2 and �2 to

Eq. (2), we  have obtained that k′
f

≈ 3.8kf . In other words, upon com-
plexation the fluorescence rate constant increases significantly.
Replacing some water molecules in the close environment of dye
1 by the CB[7] macrocycle, complexation might make the hydra-
tion shell more “rigid” that could affect the radiation ability of the
solute. A similar effect, the influence of the dynamical properties of

the preferential solvation shell on the radiative decay of electron-
ically excited states of TDCI cyanine dye in toluene/DMSO liquid
mixtures, was observed in Ref. [12]. However, how modification
of the hydration shell significantly influences on the radiative rate
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onstant is still not understood in a quantitative sense and requires
urther experimental and theoretical investigations, which are now
n progress in our research group.
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