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The photocycloaddition of styryl dyes 1, mediated by 1:2 hostguest complexes with cucurbit[8]urils (CB
[8]), was studied by fluorescence upconversion techniques. The lifetime of 14.5 ps for photoexcited 1 in
aqueous solution and 3.8 ps for that inside the complexes were gained from the fluorescence decay, the
rate constant of quenching being obtained within the diffusion control limit. Calculations confirmed that
unexcited pairs of 1 inside CB[8] does not fit the topochemical principles. So a translational movement is
required to produce a reaction-ready structure that is in agreement with the timeresolved fluorescence
anisotropy measured in the range of 5 ps.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The [2+2] photocycloaddition (PCA) is one of the most fre-
quently used photoreaction for producing carbocyclic products.
Two olefins, one of which is required to be excited by ultraviolet
or visible light, are involved in this process. It could be an alterna-
tive approach for obtaining products that cannot be efficiently pro-
duced by thermal processes. However, photochemical reactions
usually do not proceed as a regio- and/or stereo-specific process
that prevents photochemistry from being a common tool in chem-
ical synthesis. Pre-organization of reactants either in the solid state
or in supramolecular host-guest assemblies can be used to control
and manipulate photoreactions (see for recent review [1]).

Such assemblies can be designed on the basis of cucurbit[n]urils
(CB[n]). These are a relatively new family of barrel-shaped macro-
cyclic cavitands which are composed of n glycoluril units (basically
n = 5–8) bound by pairs of methylene groups [2]. The PCA can be
mediated by host–guest complex with CB[8], the macrocycle
which is large enough to accommodate two reacting molecules,
as for example in the case of 6-methylcoumarin photodimerization
[3].

As another representative example we refer to styryl dyes 1 (see
Fig. 1), which form 1:2 host-guest inclusion complexes with CB[8]
(the binding constant lgK = 11.9 (L2 mol�2) [4]). It has been
established [5] that cations of dye 1 in the crystal phase form
syn-head-to-tail pairs, which are pre-organized for an efficient
PCA to produce a single stereoisomer of the cyclobutane derivative
2 (Fig. 1). Photolysis of aqueous solutions of 1 in the presence of CB
[8] results only in 2, which is one of eleven possible stereoisomers
[6], (the quantum yield of 2 is 0.07 in the presence of 0.5 equiv. of
CB[8] [4]). It is worth noting that 1:2 host-guest complexes of 1
with CB[8] act as a molecular machine, so called molecular assem-
bler, in which molecules move relatively to one another, mediating
the intermolecular photochemical reaction.

The PCA kinetics on the picosecond time scale, in particular in
aqueous solutions, has not been studied so thoroughly yet. Hoyer
et al. [7] reported on a sub-picosecond time-resolved fluorescence
spectroscopic study of different cinnamic acid crystals, model sys-
tems for solid-state photodimerization reactions. For a-cyano-4-
hydroxycinnamic acid they have found that the dimerization
occurs on a timescale of 10 ps and for sinapinic acid, an extremely
fast sub-picosecond dimerization. By means of picosecond time-
resolved X-ray diffraction, Techert and coworkers [8] have found
that in solid state a-styrylpyrylium trifluoromethanesulfonate
undergoes an ultrafast photoreaction that leads to the production
of dimer state.

There are no doubts that ultrafast dynamics of PCA, occurred in
supramolecular assemblies comprising cucurbiturils in aqueous
solutions, plays the important role in the general mechanism but
it has remained almost unexplored. In this Letter, we report our
preliminary results on the ultrafast physical aspects of pho-
todimerization of styryl dies 1 immobilized in the CB[8] cavity.
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Fig. 2. Normalized fluorescence decay curves of aqueous solutions of dye 1: (1)
without CB[8] and (2) in the presence of 0.5 equiv. of CB[8]; corresponding residuals
are shown for a two-exponential fit.
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Fig. 1. The structural formula of dye 1, cyclobutane 2, and cucurbit[8]uril (CB[8]).
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2. Experimental details

The styryl dye, 4-[(E)-2-(3,4-dimethoxyphenyl)ethenyl]-1-ethyl
pyridinium perchlorate (1) – the chemical structure is shown in
Fig. 1 – was obtained according to the procedure described in
Ref. [5]. Cucurbit[8]uril, purchased from Aldrich, was used without
further purification. To prepare samples, cucurbituril was dissolved
in aqueous solutions of the styryl dyes (Millipore water) so that
dye concentrations were approximately 1.8 � 10�5 M in all 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.

A time-resolved fluorescence up-conversion technique (almost
the same as was described in Ref. [9]) was used to study a fast
relaxation of the dye excited state. Briefly, a Cr:Forsterite laser pro-
duces 90 fs pulses centered around 1250 nm at 96 MHz repetition
rate with the pulse energy about 7 nJ. A common scheme with a
two-step consecutive mixing in nonlinear crystals was used to pro-
duce pulses centered around 417 nm (the third harmonic) which
then excited dye solutions in 2 mm flow through cell. After the sec-
ond mixing, the residual part of fundamental pulses with the
energy about 2.5 nJ was used as the gating beam after passing
through an optical delay line. The fluorescence from the dye solu-
tion and the gating beam were collected and focused on an 0.5 mm
type I BBO crystal to generate sum-frequency signal. The up-
converted beam was selected by a band-pass filter and focused
on the entrance slit of a Solar M 266 monochromator. The polariza-
tion of the excitation beam can be set either parallel or perpendic-
ular to that of the gating beam so that the up-converted signal
carried information on the time resolved fluorescence depolariza-
tion of the styryl dye. A spectrally resolved signal was measured
by a Hamamatsu photon counter. A personal computer collected
the digital output of the photon counter and controlled an optical
delay line. The temporal resolution of the scheme was estimated to
be 210 fs and the spectral resolution, about 20 nm. The Fluofit
package was used to fit experimental results. The fitting quality
was judged by the reduced v2.

Quantum-chemical calculations with full geometry optimiza-
tion of the structures of 1, its 1:2 host-guest complex with CB[8],
cyclobutane, resulted from PCA, and its inclusion complex with
CB[8] were carried out by the density functional theory using
PBE functional [10] and SVP basis set [11] with Grimme’s disper-
sion correction [12]. The calculations were performed with Orca
program package [13]. Dye 1 is a positively charged molecular
cation weakly coordinated with ClO4

� anion. So 1 was assumed to
be completely dissociated in water and was taken in calculation
as a cation; cyclo-2, as dication.

3. Results and discussion

Fluorescence decay-curves detected at 560 nm of aqueous solu-
tion of 1 excited at 417 nm in the presence of approximately 0.5
equiv. of CB[8] and without it are shown in Fig. 2. The observed
decay curves can be fitted by two exponential functions, the results
of which are listed in Table 1. Fluorescence is quenched in 1:2 host-
guest complexes as compared with that of unbound 1.

The obtained results can be considered on the basis of a widely
accepted model describing the photophysical behavior of styryl
dyes (see for example [14] and references therein). The population
of the Franck-Condon (FC) state is initially produced by photoexci-
tation of a planar trans-form of styryl dyes, followed by a very fast
– on the sub-picosecond time scale – vibrational cooling and
intramolecular charge transfer (ICT). It is accompanied by a signif-
icant change in the dipole moment of the dye molecule. This
change results in a fast reorganization response of the nearest
environment (solvation shell) that significantly diminishes the
potential energy of the system. The dye molecule, which is sup-
posed to be approximately planar at this stage of relaxation, emits
light at wavelengths that become longer upon diminishing the
potential energy of the S1 state. Thus, short time constants s1, val-
ues of which are within 1 ps for unbound and embedded 1, should
be attributed to intramolecular relaxation processes.

A slower step of relaxation is associated with intramolecular
rotations of the styryl dye. It is widely believed that rotations
around either single bonds in the CAC@CAC fragment of the dye



Table 1
The best-fit values of the time constants si, their pre-exponential factors Ai (i = 1, 2)
and the reduced v2 for aqueous solutions of dye 1 in the presence of 0.5 equiv. of CB
[8] and without it (560 nm fluorescence wavelength).

A1, % s1, ps A2, % s2, ps v2

1
5 0.83 95 14.5 1.75

1 + CB[8]
23.5 0.57 76.6 3.76 1.24
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lead to a twisted intramolecular charge transfer (TICT) state. The
TICT state corresponds to the minimum of potential energy S1
and is also associated with the conical intersection (CI) region of
the dye, which is a very efficient channel of nonradiative transi-
tions to the ground state with a characteristic time of about
100 fs [15]. The vibronically-relaxed ICT state emitting light can
get the CI region over a low energy barrier. The confinement of
dyes to the cucurbituril cavity increases the barrier between the
ICT state and the CI region, making the lifetime of fluorescence
longer as compared with unbound fluorophore. This point has been
confirmed recently by studying an ultrafast relaxation of excited
states of 1:1 complexes of styryl dyes with CB[n] for n = 6, 7 [16].
In the framework of this model the life time of electronically-
excited state of fluorophore should not be shortened upon the
complex production that is not actually observed.

The decrease of the decay time s2 from 14.5 ps for unbound 1 to
about 3.8 ps for 1 embedded in 1:2 host-guest inclusion complexes
with CB[8] should be attributed to quenching electronically excited
state of the styryl dye by its neighbor inside the cavity. This
bimolecular interaction between electronically excited and unex-
cited particles results in chemical transformation that can be char-
acterized by absorption. Fig. 3 shows steady-state absorption
spectra of 1.8 � 10�5 M aqueous solutions of 1 in the presence of
about 0.5 equiv. of CB[8] before and after laser irradiation in the
region of 417 nm during about 30 min. Upon irradiation a peak
at 380 nm markedly diminished in the amplitude while a new
one appeared in the region of about 230 nm. These spectral
changes are associated with the PCA that leads to the major photo-
product, cyclobutane 2, as it has been recently shown in steady-
state measurements of the PCA of the styryl dye 1 in 1:2 complex
with CB[8] [4].

The observed quenching may be described by the classical
Stern-Volmer equation [17] slightly adapted to this case:

1
se2

¼ 1
su2

þ kq½Q �: ð1Þ

Here se2 and su2 refer to the lifetime values of excited 1 in the pres-
ence and absence of quencher, respectively; kq is the rate constant
Fig. 3. Absorption spectra of aqueous solution of dye 1 in the presence of 0.5 equiv.
of CB[8]: (1) before and (2) after laser irradiation (about 30 min at 417 nm).
of quenching and ½Q � is the local concentration of 1 inside the cavity.
Taking into account that the volume of the cavity is about 500 Å3 [2]
and it comprises two molecule of 1, one obtains ½Q � � 7 M. So it fol-
lows from Eq. (1) that kq � 3 � 1010 M�1 s�1. The obtained value of
quenching rate-constant is within the diffusion control limit for
bimolecular reactions in nonviscous organic solvents and seems
to reflect a low energy barrier of cycloaddition. It is worth noting
that on the basis of the characteristic time 1=kq½Q � (in this case it
is about 5 ps) one can formulate a necessary condition for the PCA
to be occur: the lifetime of excited states of reactants involved in
the photoreaction should be longer than 1=kq½Q �.

Fig. 4 shows the calculated energy-minimized structure of 1:2
host-guest inclusion complexes of dye 1 with CB[8] in the ground
state and the structure of 1:1 complex between CB[8] and cyclobu-
tane, the product of photodimerization. In equilibrium two planar
dye particles are located on parallel planes, which are separated by
approximately 3.6 Å. Distances between C atoms of the participat-
ing double bonds are in the range from 4.1 to 4.2 Å. This structure
fulfills almost all topochemical postulates except the reactive dou-
ble bonds being located one on top of the other. In order to fit it,
the excited cationic 1, which is still almost planar, should be
shifted by about 2.2 Å with respect to another styryl dye along
the line parallel to the CB[8] axis. In addition, upon cycloaddition
two new CAC bonds of 1.585 Å length each are formed. They are
significantly shorter than 3.6 Å, a distance separated the dye parti-
cles before photoexcitation. So the dye particles come by about 2 Å
closer to each other after excitation.

Thus in the course of the PCA, the geometry of the 1:2 host-
guest complexes undergoes a significant structural change,
namely, a marked displacement of excited reactants to fit the
topochemical principles. The driving force of such a movement
inside the cavity may be sophisticated coulombic interactions
involving negatively charged portals of CB[8] and positive charges
of the cationic dye particles, one of which shifts from the pyri-
dinium moiety to the styryl group upon ICT. Note that the initial
charge distribution in cationic 1 is calculated to be more negative
at the dimethoxyphenyl group and more positive at the pyridinium
moiety. Such distribution facilitates the dyes to form an anti-
parallel pairs inside the CB[8] cavity owing to electrostatic and
p-stacking interactions with each other and electrostatic one with
the cucurbituril portals.

In order to shed light on the displacement of guest particles
inside of CB[8], we have measured time-resolved fluorescence ani-
sotropy of the supramolecular assembly

rðtÞ ¼ Ik � I?
Ik þ 2I?

; ð2Þ

where Ik, I? are the fluorescence intensities, detected through paral-
lel and crossed positions of analyzer with respect to linear polarized
excitation pulse respectively. For molecules close in shape to a pro-
late ellipsoid, as is the case with 1, the temporal dependence of flu-
orescence anisotropy is as follows [18]:

rðtÞ ¼ r0 exp � t
u

� �
; ð3Þ

where u is the time of rotational relaxation, which is of the order of
102 ps for styryl dyes in host-guest complexes with cucurbiturils at
room temperature [19]. The initial value of fluorescence anisotropy
r0 is determined by the angle between the absorption and emission
transition dipoles of fluorophores and related to their average angu-
lar displacements that occur between adsorption and subsequent
emission acts

r0 ¼ 2
5

3 cos2 b� 1
2

� �
: ð4Þ



Fig. 5. The temporal dependence of fluorescence anisotropy of aqueous solution of
1 in the presence of 0.5 equiv. of CB[8]: (a) Etotal, �6532.14216 Hartree, (b) Etotal,
�6532.10287 Hartree.

Fig. 4. The structures of 1:2 host-guest complex of 1 with CB[8] cavity (a), and 1:1 host-guest complex of cyclo-butane with CB[8]. Here, carbon is blue, oxygen is red, nitrogen
is deep blue, and hydrogen is grey. Arrays show the direction of displacement of the double bond moiety after irradiation in order to form a four-membered cycle. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Here b is the angle between absorption and emission transition
dipoles of the styryl dye. It follows from formulas (4) that if they
are parallel then r0 = 0.4 as maximum. The measurements of r(t)
on the sup-picosecond scale can reflect the character of fast motions
of an electronically-excited guest molecule with respect to the cav-
itand. Fig. 5 shows that the fluorescence anisotropy is about 0.38
that is close to the maximum value of fluorescence anisotropy
and almost independent of time within the error of experiment over
the range from 1 to 5 ps. A slight tendency for decrease of fluores-
cence anisotropy upon increasing delay time in principle may be
associated with rotation of the complex as a whole. Unfortunately,
we cannot extend the range of measurements for longer delay times
in order to improve this point because of weak fluorescence inten-
sity. Nevertheless, this experimental result shows that the motion
of excited 1 to the reaction-ready position probably occurs along
a direction almost parallel to cucurbituril’s axis in agreement with
the results of quantum-chemical calculations.

In summary, the florescence upconversion technique is a useful
tool for studying ultrafast dynamic aspects of the PCA of styryl
dyes mediated by cucurbit[8]uril. It has been shown that equilib-
rium state of reactants inside of the cavity does not coincide with
a reaction-ready geometry. Being in translational motion during its
lifetime (about 4 ps), an excited styryl dye inside host-guest com-
plex gets the position that corresponds to the topochemical postu-
lates. The driving force of such a movement is the intramolecular
charge transfer caused by photoexcitation of the styryl dye.
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