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bstract

Photoinduced energy transfer is observed in the supramolecular assemblies of mono-6-deoxy-(2-[(p-amino) phenyl]-3,3-dimethyl-5-carboxyl-
H-indole)-�-CD (compound A) with naphthalene and its derivatives, which are stabilized via hydrophobic interactions in aqueous solutions.

ccording to Förster theory, the critical transfer radius R0 was calculated. It was found that the energy transfer efficiency from naphthalene and

ts derivatives to compound A is very high and is increased with increasing their inclusion percents in the �-CD cavity of compound A. Energy
ransfer efficiencies for 2-methoxynaphthalene and 2-naphthol are not much different, but larger than that of naphthalene at the same molar ratio
f donor to acceptor. But, when the molar ratio reaching 1:10, the difference in the energy transfer efficiency for the three donors is negligible.

2006 Published by Elsevier B.V.
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. Introduction

As photoinduced energy transfer (PET) plays a key role in
hotosynthesis [1], it has been frequently applied to probe biol-
gy and estimate chromophore separation and structure on the
anometer scale [2]. It provides information about distances
n the order of 10–100 Å and is thus suitable for investigat-
ng spatial relationships of interest in biochemistry [3]. Large
mounts of research on covalently linked chromophore arrays
or exploring long-range energy transfer and electron transfer
henomena have been documented [4], and the research con-
erning non-covalently linked chromophore arrays has also been
escribed [5]. Generally speaking, the energy transfer mecha-
ism in the non-covalent systems is more complicated than that
n the covalent systems. Non-covalent interactions including

ydrogen bonding, �-stacking, metal-ligand coordination and
ydrophobic interactions often help assemble energy transfer
onors and acceptors [6–10]. To further understand and mimic
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E-mail address: xshen@pku.edu.cn (X. Shen).
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he energy transfer mechanism in biological systems where
ydrophobic interactions are usually dominant, some research
roups designed and synthesized artificial systems of photoin-
uced electron transfer in which the donor and acceptor were
eld together via hydrophobic interactions [11,12]. Ueno and
o-workers investigated the quenching mechanism of the fluo-
escence of naphthalene by the combination process of Förster
nergy transfer and electron transfer to the trinitrophenyl units
13].

Cyclodextrin, containing 6 (�-CD), 7 (�-CD), or 8
�-CD) d-glucose units, is one of the most popular host
olecules to construct various supramolecular assemblies. A
ide variety of cyclodextrin derivatives have been designed

nd synthesized for their application on enzyme mimics
nd as supramolecular receptors and chiral selectors in
eparation science and technology, pharmaceutical chem-
stry, food technology and analytical chemistry [14]. Very
ecently, we have synthesized a new compound, mono-

-deoxy-(2-[(p-amino)phenyl]-3,3-dimethyl-5-carboxyl
3H-indole)-�-CD (compound A) [15,16]. Both experimental
nd computational analyses show that the substituted 3H-indole
oiety of compound A adopts rim-covering conformation in
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A (acceptor) is possible [19].

The fluorescence spectra for the mixture of naphthalene at
fixed concentration and compound A at various concentrations
are shown in Fig. 2. Considering the fact that the fluorescence

Fig. 1. Fluorescence emission of naphthalene (10 �M) and absorption of com-
pound A (10 �M) in aqueous solution.

Fig. 2. Fluorescence spectra of naphthalene (10 �M) in the presence of com-
A. Wu et al. / Journal of Photochemistry and

queous solution [16]. It undergoes novel recognition mecha-
ism, in contrast to the conventional CD-based chemosensors
hat exhibit self-inclusion conformation [16]. The substituted
H-indole moiety of compound A located at the rim of the
-CD cavity is surrounded by water molecules both inside
nd outside of the cavity. Upon addition of guests, some
ater molecules inside the cavity are excluded leading to the

ubstituted 3H-indole moiety transferring from a hydrophilic
icroenvironment to a less hydrophilic one and thus an increase

n its fluorescence intensity [16]. In this article, we will report
hat a photoinduced energy transfer phenomenon occurs from
aphthalene and its derivatives to compound A, which can
fford deeper insight into the mechanism of energy transfer in
he non-covalent systems. Naphthalene and its derivatives are
ncluded in the �-CD cavity of compound A through hydropho-
ic interaction. In these supramolecular assemblies, the energy
ransfer from naphthalene and its derivatives (donors) to the
ubstituted 3H-indole moiety of compound A (acceptor) is very
fficient.

. Experimental

.1. Materials

�-CD (Beijing Shuanghuan, China) was recrystallized three
imes from tridistilled water. Naphthalene, 2-naphthol and 2-

ethoxynaphthene were purified by sublimation at reduced
ressure. All other chemical reagents were of analytical grade.

.2. Instrumentations

Absorption spectra were recorded on UV-3010 (Hitachi)
pectrophotometer using 1 cm quartz cells. Steady-state fluores-
ence measurements were performed on F-4500 (Hitachi) spec-
rofluorimeter. The excitation and emission bandpasses were 10
nd 5 nm, respectively. Each solution was excited near its max-
mum absorption wavelength using 1 cm quartz cells. Fluores-
ence lifetime measurements were made on a multiplexed time-
orrelated single-photon counting fluorimeter FLS920 (EDIN-
URGH). The fluorescence lifetime was determined from data
n the fluorescence transient waveform of the material to be
ested and the lamp waveform data using the least-squares iter-
tive deconvolution method [17]. Three thousand counts were
ollected for each sample.

.3. Methods

Tridistilled water and fresh sample solutions were used
hroughout the experiments. The pH value of solutions, fixed
t 9.5, was adjusted by adding NaOH and no buffers were used
18]. Stock solutions of naphthalene and its derivatives were
repared in methanol. The fluorescence spectra for the mixture
f the donor naphthalene with the acceptor compound A and

or the acceptor compound A only were recorded under same
onditions. The latter has been subtracted from the former to
ive accurate spectral information and the net change in the flu-
rescence intensities for both donor and acceptor. The influence

p
T
o
n
i
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f dissolved oxygen on the systems in the present work was
nvestigated and it was found to be typically less than 5%. Thus,
ll samples for the measurements were not deoxygenated and
easured directly in the air.

. Results and discussion

The interaction between compound A and naphthalene in
queous solution has been studied with absorption and steady-
tate fluorescence spectra. As can be seen from Fig. 1, there is
uch overlap between the emission spectrum of naphthalene and

he absorption spectrum of compound A. This indicates that the
ccurrence of the photoinduced energy transfer from naphtha-
ene (donor) to the substituted 3H-indole moiety of compound
ound A at various concentrations (from (a) to (e): 0, 10, 20, 30 and 100 �M).
he excitation wavelength = 275 nm. Note that the spectrum of the compound A
nly has been subtracted from the fluorescence spectra of the mixture of donor
aphthalene and acceptor compound A, which gives net changes of fluorescence
ntensities for both donor and acceptor.
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Table 1
Förster energy transfer parameters, inclusion association constants of donor–acceptor pair and the inclusion percents of donor in the �-CD cavity of compound A

Donor R0 (Å) K1 (×103 M−1) Molar ratio (donor:acceptor) Inclusion percent of donor (%) EET R (Å)

Naphthalene 20.8
7.2
± 0.9

1:1 6 0.10 30.0
1:2 11 0.23 25.3
1:10 40 0.80 16.5

2-Naphthol 26.6
11.1
± 0.6

1:1 9 0.27 31.0
1:2 16 0.41 28.4
1:10 51 0.83 20.4

2
1:1 10 0.22 40.9

18 0.38 36.3
54 0.84 25.3

s
t
A
u 81.6(dyrabetweeJ
T*
[(undeound)-250(406)-1A0(406)5)-354.406)-1-405.1(6)-1fre05.1(6)-1eerinxcite54.406)7hthalene
-Methoxy naphthalene 33.4
12.4
± 0.1

1:2
1:10

pectra for both donor and acceptor are net ones, we can see
hat the PET phenomenon does take place. Since compound

adopts the rim-covering conformation, energy transfer can
ndergo in two routes, one is the dyra1(Sinc20.5(dyraquench-3
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21], i.e.:

diff = 8kT

3η
= 6.6 × 109 M−1 s−1 (3)

This leads us to conclude that molecular dynamic diffusion
s not the unique mechanism for the quenching studied herein.
ccording to the literature, the bimolecular quenching concern-

ng the singlet state of an organic molecule is mostly attributed to
he long-range Förster energy transfer [22], or electron transfer
23].

In the time-resolved fluorescence measurements, the lifetime
f naphthalene in pure water was estimated to be 35.3 ns. For
e measured the sample directly in the air, the possible weak
uenching of O2 [19] made the value slightly lower than 39.0 ns
eported in the literature [24]. For the same reason, the lifetime
f naphthalene in the aqueous solution of �-CD (10 mM) was
stimated to be 56.3 ns, also slightly lower than 60.9 ns reported
n the literature [24]. To our knowledge, the 1:1 (guest:host)
nclusion complex was formed between naphthalene of low
oncentration and �-CD in aqueous solution, whereas the 2:2
nclusion complex was formed at high concentration of naph-
halene [24,25]. Thus, naphthalene in the hydrophobic cavity
f �-CD can be well shielded from water molecules. This can
educe the intersystem crossing rate of naphthalene to some
xtent and results in a much longer lifetime [24]. To the mix-
ure of naphthalene and compound A at the molar ratio of 1:2
donor:acceptor) that was excited at 275 nm, the fluorescence
obiology A: Chemistry 185 (2007) 144–149 147



1 Phot

t
t
f
b

R

w
d
s
q
g
e
[
i
f
s
t
d

48 A. Wu et al. / Journal of Photochemistry and

or, and R0 is the Förster or critical transfer distance at which
he energy transfer rate is equal to the decay rate. R0 being a
unction of the spectral properties of a donor–acceptor pair can
e represented as [27]:

6
0 = (9000 ln 10)κ2φD

128π5n4N

∫ ∞

0
FD(λ)εA(λ)λ4 d(λ)

= 8.79 × 10−5 (κ2n−4φDJ(λ)) (5)

here κ2 is the orientation factor related to the geometry of the
onor–acceptor dipoles and for random orientation as in fluid
olution κ2 = 2/3, n the refractive index of the medium, φD the
uantum yield of the donor in the absence of acceptor, N the Avo-
adro number, FD(λ) the spectral distribution of corrected donor
mission, and εA(λ) is the extinction coefficient of the acceptor
28]. For this naphthalene-compound A pair, the spectral overlap
ntegral J(λ) was calculated to be 1.514 × 1014 M−1 cm−1 (nm)4

or the emission spectrum of naphthalene and the absorption
pectrum of compound A. Thus, the value of R0 was estimated
o be 20.8 Å, which is in the range of 20–60 Å for a typical
onor–acceptor pair [29]. Based on Eq. (4) and Fig. 2, we
obiology A: Chemistry 185 (2007) 144–149
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