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Clear evidence for encaging guest molecules in a host material was obtained for FAU-type zeolite containing fluo-
rescein (FL) as a guest by employing the luminescence-quenching phenomenon of FL with C60. Whereas fluorescence of
FL molecules adsorbed on the outer surface of the zeolite was effectively quenched as well as that in a homogeneous
solution, that of the most FL molecules in the cages of the zeolite did not suffer from quenching by C60, giving clear
evidence that FL molecules are located in the inner cages, which are inaccessible to C60. Only the fluorescence of the
FL molecules located in the cages in the outermost unit cells of the zeolite was partially quenched. This partial quench-
ing can be understood by considering the structure of the zeolite and the critical distance of electron transfer inducing the
fluorescence quenching.

Nanohybrid materials using host–guest systems are current-
ly attractive for scientists working in chemistry and biology,
because of their special properties and functions that cannot be
obtained from independent constituents. To make use of these
functions, optical functional materials based on nanohybrid
systems have widely been studied, and a large number of pa-
pers on nanohybrid systems have been published.1–8 Recently,
our research group has reported that rare earth metal ions and a
photosensitizer encaged in zeolite cages show rainbow-color
photoluminescence.9 The change in the color of the photolumi-
nescence induced by changing the temperatures and the exci-
tation wavelength is a good example of the special functions
that cannot be obtained from independent constituents.

Distinction between guests encaged in hosts and those ad-
sorbed on the surface of hosts is essential for systematizing
nanohybrid chemistry. In order to systematize nanohybrid
chemistry using host–guest systems, it is required to elucidate
the origin of the specific properties of nanohybrid systems,
which usually appear only when the guests are encaged into
the hosts. NMR,10–13 IR,12,14,15 SEM,16,17 optical microscopy,18

and TEM1,16,17,19 are used as the conventional methods for the
distinction. NMR and IR are important tools that give informa-
tion of local structures or environments of guests and hosts in
the range from atomic size to molecular size. In studies on
nanohybrid systems using organic host materials (e.g., cyclo-
dextrin20 or crown ether21), NMR and IR measurements pro-
vide us clear information on the position of guest molecules,
because these organic hosts have small and simple structures

compared to inorganic host materials (e.g., zeolite9–15 or meso-
porous silica2,16). Only partial information on the interaction
for the nanohybrid systems containing inorganic hosts can be
obtained by using these methods.

Although much discussion has been made on interactions
between hosts and guests in studies on nanohybrid systems
using inorganic host materials,12–15 only a few reports can be
found for distinction of guests encaged in hosts or adsorbed
on the surface of hosts,19,22,23 because it is difficult to deter-
mine clearly the guests’ position by using conventional meth-
ods such as NMR,10–13 IR,12,14,15 SEM,16,17 and optical micros-
copy.18 Beutel and Su, for example, have measured NMR of an
organic molecule (phenol) adsorbed onto FAU-type zeolite.11

In their paper, the signal of hydroxy protons of phenol shifts
from 0.7 to 1.3 ppm and that of H-atoms of the benzene ring
shifts from 6.4 to 6.8 ppm due to adsorption on the zeolite sur-
face. However, the location of the adsorption of phenol, either
inner surface or outer surface of the zeolite, cannot be distin-
guished, because the chemical shift is derived from a similar
interaction between organic molecules and both inner and
outer surface of the zeolite, showing no difference between
the two locations.

In the case of IR, Salavati-Niasari, for example, has reported
the adsorption of a metal complex to FAU-type zeolite.15 In
this paper, the encapsulation of the metal complex into the
zeolite was related to a shift in the IR bands (5–10 cm�1) of
the metal complex compared to solutions. This shift in the
IR bands cannot give information on the location of the
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complex, that is, either adsorbed an inner surface or an outer
surface, because the shift is induced by the interaction of the
complex with the local structures of the surfaces.

SEM and optical microscopy measurements do not have
magnification strength that made it possible to observe molec-
ular-sized guests. This makes it difficult to use these tech-
niques to distinguish clearly between guests encaged in the in-
side of hosts and those adsorbed on the outer surface of hosts.

TEM is a good method for observing nano-sized samples. In
principle, TEM offers sufficient resolution power to observe
structures at the single-molecule level. Unfortunately, this
method requires specific techniques for preparing proper sam-
ples, and then, it can be troublesome when applied to compli-
cated samples, such as nanohybrids. Damage to the samples
from the electron beam should be also taken in account when
nanohybrid systems containing organic molecules are investi-
gated.

Based on the results from using the conventional methods
for distinguishing the location of guests in hosts, it is signifi-
cantly important and strongly desired in the field of nano-
hybrid systems to create a new method to identify the location
of guests in hosts. In this paper, we report a new method
for distinguishing the location of luminescent guests in hosts
by employing a luminescence-quenching phenomenon. The
theoretical background and the model systems based on the
background follow.

Theoretical

Photoluminescence of a molecule is quenched when it is in
solution with a quencher. However, when a luminescent guest
is encaged in a host into which a quencher cannot penetrate,
that is, a quencher cannot be in close proximity to a lumines-
cent guest, then the luminescence of the guest is not quenched,
resulting in no change in the photoluminescence intensity after
adding the quencher molecules to the system (Fig. 1a). On the
other hand, when a luminescent guest is adsorbed on the outer
surface of a host, a quencher can approach the luminescent
guest within the distance at which an electron transfer or ener-
gy transfer can proceed, and thus, the luminescence of the
guest is effectively quenched (Fig. 1b). In order to realize this
idea as a method for distinction of the locations of guests in the

host, two requirements must be fulfilled. First, a luminescent
guest should not come out from the inside of hosts. Second,
a quencher should not invade into a host. It is worthy to note
that the critical distance for electron transfer between a donor
(a luminescent molecule) and an acceptor (a quencher) is sev-
eral nanometers,24,25 whereas that for energy transfer is about
10 nm for Förster relaxation26 and 1 nm for Dexter relaxa-
tion.27 In any case, the critical distances on the order of nano-
meters are considered to be proper for realizing the idea
proposed here.

Model System

An experimental system was modeled by using FAU-type
zeolite as a host material, fluorescein (FL) as a luminescent
guest molecule, and fullerene (C60) as a quencher. Nano-sized
FAU-type zeolite (about 100 nm in diameter) is a suitable and
attractive host material for optical applications due to its trans-
parency and dispersibility in organic solvents. FAU-type zeo-
lite has supercages of 1.3 nm internal diameters, which are
connected to each other by 12-membered ring opening with
0.7 nm windows. FL as a luminescent guest molecule is one
of the most famous and popular dyes having a molecular diam-
eter of about 1.3 nm, which is a suitable size for encapsulation
into the supercage of a FAU-type zeolite host. Then, once it is
encaged into the supercage, FL cannot come out.

A large number of studies have been made on quenchers,28

for example, halogens, metal cations, and paramagnetic gases.
However, these quenchers are small molecules. Recently,
many investigations have shown that fullerene (C60) is a good
electron acceptor. C60 is 0.8 nm in diameter, and this is larger
than the window of FAU-type zeolite (0.7 nm). Therefore, C60

cannot enter into the zeolite. Furthermore, fluorescein–fuller-
ene dyads have shown fluorescence quenching due to a photo-
induced electron transfer from FL to fullerene (C60) moiety,29

indicating that C60 is an effective quencher of FL. Thus, C60

was selected as the quencher in the present work. This model
should fulfill the two requirements mentioned in the theoretical
background section.

Experimental

Materials. Tetramethylammonium hydroxide solution (10%

host material
No electron transfer

Luminescence

: luminescent material : quencher

Quenched

Electron transfer

(a) (b)

Fig. 1. Schematic image of the mechanism to distinguish the location of luminescent guest materials by quenching their lumines-
cence. (a) In the case of a luminescent guest material locating inside the host material, luminescence is observed, whereas (b) in
the case of a luminescent material adsorbed on the outer surface of host material, luminescence is quenched.
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in water) and aluminum triisopropoxide powder were purchased
from Kishida Chemical Co., Ltd. and Nacalai Tesque, Inc, respec-
tively. LUDOX HS-40 colloidal silica (40wt% suspension in
water), fluorescein, and phthalic anhydride were purchased from
Aldrich, and resorcinol was purchased from Wako Pure Chemical
Industries, Ltd. Fullerene (C60) was purchased from Tokyo Kasei
Kogyo Co., Ltd. These reagents were used without further
purification.

Nano-Sized FAU-Type Zeolite Synthesis. Synthesis of the
nano-sized FAU-type zeolite was carried out according to a proce-
dure reported in the literature.30 Tetramethylammonium hydrox-
ide aqueous solution (10% solution, 160.5 g) and deionized water
(3.8 g) were added to aluminum isopropoxide (15 g), giving a clear
solution. Then, silica sol (LUDOX HS-40, 24 g) was added, while
stirring, and the mixture was further stirred for 30min. The com-
position of this solution was 0.15Na2O:5.5(TMA)2O:2.3Al2O3:
10SiO2:570H2O. After 48 h of aging with stirring, the solution
was heated at 373K for 3 days. The resulting solid was separated
by centrifugation (15000G) for 1.5 h, and washed with deionized
water. The solid was separated by centrifugation again and dried
at 358K.

Preparation of FL Encaged in Zeolite. FL encaged in the
nano-sized zeolite was synthesized by the ship-in-bottle method
reported in the literature.31 Phthalic anhydride (200mg) and resor-
cinol (297mg) were mixed with the synthesized nano-sized FAU-
type zeolite (500mg), and the resulting white powder was heated
up to 473K under vacuum and kept at the temperature for 1 h. The
obtained powder was washed by centrifugation and decantation
with dichloromethane (twice) for removing the residual reactants
and with ethanol (13 times) for removing FL from the outer
surface of the zeolite, followed by drying at 353K, resulting in
the yellow powder (denoted as FL-NZ).

Preparation of the Sample of FL Adsorbed on the Outer
Surface of the Zeolite. To prepare a sample with FL adsorbed
on the outer surface of the zeolite, FL and the nano-sized zeolite
were just mixed in ethanol for 12 h under stirring. In order to peel
off the excess FL molecules, the sample was washed with pure
ethanol and separated by centrifugation 10 times. The obtained
yellow powder should contain only FL adsorbed onto the outer
surface of the zeolite, because the size of FL is so large that it
cannot enter into the zeolite through the window, which has a
diameter of 0.7 nm. This sample is denoted as FL+NZ.

Measurements. The amounts of FL in the samples of FL-NZ
and FL+NZ were calculated from the results of combustion
chemical (C, H, and N) analysis by Perkin-Elmer CHNS Analyzer
2400.

In order to characterize FL-NZ and FL+NZ, absorption spectra
and fluorescence spectra were measured on a JASCO V-570
spectrophotometer and on a Hitachi F-4500, respectively. FL-NZ
(0.33 gL�1) or FL+NZ (1.3 g L�1) was dispersed into ethanol and
put into a quartz optical cell for measuring absorption spectra and
fluorescence spectra. The spectra of a FL solution (6:0� 10�5

mol L�1) were also measured.
For the fluorescence-quenching experiments of FL-NZ and

FL+NZ, FL-NZ (0.15 g), or FL+NZ (0.28 g) was dispersed into
200mL of mixed solvent of THF/ethanol (volume ratio, 2:1).
The dispersions were transparent, but slightly turbid, indicating
that the nano-sized zeolite particles were well dispersed in the
solvents. C60 was dispersed into mixed solvent of THF/ethanol
(volume ratio, 2:1). We judged that C60 was molecularly dispersed
in these systems, because no precipitation occured in the resulting
solutions. The C60 dispersion was added to the FL-NZ or FL+NZ

dispersion (5mL) in a quartz cell, giving the different concentra-
tions of C60, followed by the measurements of transmittance
absorption spectra on a JASCO V-570 spectrophotometer and
steady state front-face fluorescence spectra on a Hitachi F-4500.
Absorption spectra of C60 in a solvent of THF/ethanol (volume
ratio, 2:1) was also measured with different concentrations of
C60 (0–0.09 gL�1).

Frequency Domain Lifetime Measurement. The fluores-
cence lifetimes of FL-NZ and FL+NZ were determined by using
a frequency-domain method.32 In this method, the excitation was
performed by using an intensity-modulated light source. The mod-
ulation of the excitation light is given by b=a, where a is the aver-
age intensity and b is the peak-to-peak height of the incident light.
The modulation of the emission is defined similarly as B=A, where
A is the average intensity and B is the peak-to-peak height of the
emission. The modulation of the emission is measured relative to
the excitation, m! ¼ ðB=AÞ=ðb=aÞ, where ! is the modulation
frequency in radians per a second. Although m! is actually a de-
modulation factor, it is usually called the modulation. Because of
the time lag between absorption and emission, the emission is
delayed in time relative to the modulated excitation. The delay
is measured as a phase shift �! between the excitation and emis-
sion. The lifetime of the sample can be calculated from the ob-
served modulation (m!) and phase-shift (�!). Since these values
are affected by the equipments, the modulation and the phase-shift
need to be corrected for unknown samples using a standard sample
having a known lifetime. Single-, double-, and triple-exponential
fitting were performed on the obtained data, and the �2 values
which are the parameter for the goodness of the fitting between
the obtained data and the calculated values, were compared. The
fitting giving the smallest �2 value was employed to determine
the lifetime therein.

The lifetime measurements were carried out on a Jobin Yvon
SPEX Fluorog-3. A logarithmic sequence of 16 different frequen-
cies, from 0.2 to 100MHz, was applied to the Pockels cell.

First, we measured the lifetimes of an anthracene cyclohexane
solution, a 2,5-diphenyloxazole (PPO) cyclohexane solution and a
1,4-bis[2-(5-phenyloxazolyl)]benzene (POPOP) ethanol solution
in order to check the reliability of the lifetimes obtained by this
method. The concentrations of these solutions were adjusted to
show almost the same fluorescence intensity. The excitation wave-
lengths were 375, 340, and 345 nm, and the phase and modulation
of the fluorescence were recorded at 420, 400, and 410 nm for
each solution, respectively. An anthracene cyclohexane solution
(1:0� 10�5 mol L�1) with a lifetime of 4.10 ns33 was used as a
standard for correcting the modulation and the phase-shift. As a
result, the lifetime of an anthracene cyclohexane solution was
again found to be 4.03 ns (4.10 ns in the literature33), the lifetime
of a PPO cyclohexane solution was found to be 1.41 ns (1.28 ns in
the literature33), and the lifetime of a POPOP ethanol solution was
found to be 1.10 ns (1.32 ns in the literature33) (see Fig. S1). These
results confirmed the reliability of the frequency domain lifetime
measurements carried out in this work.

For the lifetime measurements of FL-NZ and FL+NZ, a stan-
dard sample, which can be excited at the same excitation wave-
length region as FL-NZ and FL+NZ and shows fluorescence at
the same wavelength region, is required, because a photomulti-
plier tube possesses a wavelength-dependent time response affect-
ing the frequency-domain lifetime measurements. A standard
having a similar lifetime to FL-NZ and FL+NZ is also required.
Thus, we selected a fluorescein ethanol solution (1:0� 10�4

mol L�1), which has a lifetime of 3.5 ns,34 as the standard.
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FL-NZ or FL+NZ was dispersed into ethanol, respectively, and
these dispersions were introduced into a quartz cell for measuring.
The amount of dispersed FL-NZ or FL+NZ was adjusted to show
almost the same fluorescence intensity as the standard solution.
The excitation wavelength was 400 nm, and the phase and modu-
lation of the fluorescence were recorded at 510 nm.

Results

Sample Preparations. We employed a ship-in-bottle syn-
thesis method31 for preparing FL encaged in a nano-sized zeo-
lite host (FL-NZ). Fluorescein can be prepared by reacting
phthalic anhydride with resorcinol in the presence of zinc chlo-
ride as a Lewis acid catalyst.35 Scaiano et al. have reported the
ship-in-bottle synthesis of FL in an FAU-type zeolite host, in
which the zeolite worked as an acid catalyst according to their
paper.31 In their paper, FAU-type zeolite (CsY), which is usu-
ally regarded as a weak acidic catalyst or even as a basic one,
works as an acid catalyst for the synthesis of FL. In our study,
we used the nano-sized FAU-type zeolite synthesized in our
lab, which contained tetramethylammonium (TMA) cations
and Na cations as the exchanged cations. Although this zeolite
should have a weak acidity, it would behave as an acid catalyst
in this reaction as well as in the reaction using zeolite CsY by
Scaiano et al.

In the ship-in-bottle synthesis carried out in our work, FL
should have been synthesized both inside the cavity and on
the outer surface of the zeolite. Thus, in order to remove FL
synthesized on the outer surface, the zeolite powder was wash-
ed thoroughly after heat treatment. The color of the extracted
solvent was deep yellow until the eighth wash, and it changed
gradually to transparent pale yellow by the further washing of
5 times. We judged that most of the FL molecules on the outer
surface were removed and the residual FL molecules should
not affect the optical measurements in the experiments carried
out in the work. This was confirmed with the results of the life-
time measurements of the fluorescence as mentioned below.

From the results of the combustion chemical (C, H, and N)
analysis of the FL-NZ and FL+NZ, the amounts of FL incor-
porated into the zeolite were calculated. The result of the anal-
ysis of FL-NZ was found to be C, 5.63; H, 3.50; N, 0.93wt%.
Based on the assumptions that 1) the nitrogen is from TMA
cations, and 2) the chemical formula of the unit cell of the zeo-
lite is NaxAl58Si134O384 (x = from 0 to 40), which is a conven-
tional chemical formula of a zeolite X, the amount of FL in-
corporated into the zeolite in FL-NZ was calculated to be
3.4wt%, corresponding to 1.3 molecules to 1.4 in a unit cell.
The result of the analysis of FL+NZ was found to be C, 4.58;
H, 3.28; N, 1.25wt%. Based on the same assumptions men-
tioned above, the amount of FL adsorbed on the outer surface
of the zeolite was calculated to be 0.41wt%.

Characterization of FL-NZ and FL+NZ. The absorption
spectra and the fluorescence spectra of the dispersion systems
of FL-NZ and FL+NZ in ethanol were measured and com-
pared to those of FL in ethanol as shown in Fig. 2. FL in etha-
nol showed two absorption peaks at 456 and 482 nm (Fig. 2a,
solid line) and fluorescence peaks at 512 and 540 nm (Fig. 2a,
gray line). Anpo et al. have reported that FL in ethanol shows
two absorption peaks at 450 and 485 nm and by a fluorescence
peak at 515 nm with a shoulder around 550 nm.36 The excita-

tion spectrum monitored at 505 nm in the fluorescence showed
two peaks at 456 and 482 nm (Fig. 2a, dashed line), showing a
similar shape to the absorption spectrum but a different peak
intensity ratio.

FL-NZ showed an absorption peak at 455 nm (Fig. 2b, solid
line). The steep background was due to the light scattering
by the dispersed zeolite particles. In comparison with the FL
solution, the peak corresponding to that at 482 nm of the FL
solution disappeared in FL-NZ. A similar spectrum has been
reported in the literature,31 showing an absorption peak at
450 nm for FL in zeolite. The average concentration of FL con-
tained in the dispersion of FL-NZ was estimated to be 1:3�
10�5 mol L�1 using the absorption coefficient at 456 nm ob-
tained by the absorption measurements of the FL solution,
although the FL molecules were located in the cages of the
zeolite. The concentration of FL estimated from the absorption
spectrum was half of that estimated from the amount of FL
molecules contained in the zeolite determined from the ele-
mental analysis of FL-NZ (3:3� 10�5 mol L�1). The differ-
ence between the average concentration estimated from the
absorption spectrum and that determined from the elemental
analysis is probably due to the estimation using the absorption
coefficient determined for the FL solution, in spite of the FL
molecules being located in the cages of the zeolite. The
absorption coefficient for FL in the cages of the zeolite might
be changed from that for FL solution by encaging the mole-
cules. Fluorescence spectrum of FL-NZ is shown in Fig. 2b
by a gray line, exhibiting a fluorescence peak at 515 nm. This
spectrum is similar with the spectrum of FL in FAU-type zeo-
lite reported by Scaiano et al.31 It is also very similar to that of
the FL solution, suggesting that FL molecules in the zeolite
cavity are isolated in the environment similar to that in etha-
nol. The excitation spectrum observed for the FL-NZ disper-
sion showed a peak at 465 nm with a shoulder at 450 nm,
which were slightly shifted to blue compared to those observed
for the FL solution (Fig. 2b, dashed line). Then, these spectra
have confirmed successful synthesis of fluorescein molecules
in the zeolite cavity.

In the case of FL+NZ, an absorption peak and an excitation
peak (monitored at 505 nm fluorescence) were observed at
the same wavelength of 448 nm (Fig. 2c, solid line), which
was slightly shifted from that of the FL solution and that of
FL-NZ to the shorter wavelength. The average concentration
of FL contained in the dispersion of FL+NZ was estimated
to be 1:36� 10�5 mol dm�3 using the absorption coefficient
at 456 nm obtained by the absorption measurements of the
FL solution, and the FL molecules were located on the outer
surface of the zeolite. The concentration is close to that
estimated from the amount of FL molecules contained in the
zeolite determined from the elemental analysis of FL+NZ
(1:66� 10�5 mol dm�3).

A fluorescence peak was observed at 513 nm with a shoul-
der at 540 nm (Fig. 2c, gray line). The excitation spectra
showed a peak at 448 nm with a weak shoulder around 480
nm. Whereas the two peaks were observed in the excitation
spectra of the FL solution, only one peak was distinguished
in that of FL+NZ. The second peak observed at the longer
wavelength for the solution was weak, resulting in a weak
shoulder observed in the spectrum of FL+NZ. The similar
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shapes in the absorption spectrum and the fluorescence spec-
trum observed for FL+NZ to those observed for the FL solu-
tion and FL-NZ indicate that FL molecules adsorbed on the
outer surface of the zeolite should be present in a similar envi-
ronment to those of the solution and the FL-NZ dispersion.
The only difference between FL-NZ and FL+NZ must be
the location of FL molecules, i.e., in the cage or on the outer
surface. Summarizing the characterization of FL-NZ and
FL+NZ by observing the absorption and fluorescence, these
photophysical properties should be insensitive to the location
of the FL molecules, making it difficult to distinguish the
locations of the molecules.

Fluorescence Lifetime. The results of the frequency do-
main lifetime measurements are shown in Fig. 3. The modula-
tion (m!) and the phase shift (�!) are denoted by open squares
and open triangles, respectively, in the top panels. Single-,
double-, and triple-exponential fitting were performed on the
data shown in the top panels of Fig. 3 for FL-NZ and FL+NZ.
The values of �2 were compared for the three fittings of each
sample. In FL-NZ, the �2 values for the single-, double-, and
triple-exponential fitting were 9.72, 7.94, and 3.50, respective-
ly (Table 1), and the triple-exponential fitting gave the lowest
�2 value. The result of the triple-exponential fitting is plotted
in the top left panel of Fig. 3 as the dashed line, and the resid-
uals in the fitting compared to the experimental data are shown

in the bottom left panel of Fig. 3. In the result of the triple-
exponential fitting, the three lifetimes were obtained to be
�1 ¼ 1:5 ns, �2 ¼ 0:0 ns, and �3 ¼ 9930 ns. The component
of �2 (=0.0 ns) was due to the scattered light from the zeolite,
and the component of �3 (=9930 ns) was neglected because of
its low fraction (�3 ¼ 0:03). Therefore, the fluorescence life-
time of FL-NZ was determined to be 1.5 ns. Only one compo-
nent of the fluorescence lifetime determined for FL-NZ indi-
cates that the FL molecules are in a homogeneous environ-
ment, i.e., in the cavity of the zeolite, which means that the
amount of FL remaining on the outer surface of the zeolite
is negligible.

The result of the triple-exponential fitting for FL+NZ is
shown in the top right panel of Fig. 3 as a dashed line, and
the residuals in the fitting are shown in the bottom right panel
in Fig 3. In FL+NZ, the �2 values for the single-, double-, and
triple-exponential fitting were 10.03, 8.87, and 3.56, respec-
tively (Table 1), and the triple-exponential fitting gave the
lowest �2 value again. From the triple-exponential fitting,
three lifetimes were calculated to be �1 ¼ 3:0 ns, �2 ¼ 0:0 ns,
and �3 ¼ 1124 ns. The component of �2 (=0.0 ns) was due to
the scattered light from the zeolite, and the component of
�3 (=1124 ns) was neglected, because of its low fraction
(�3 ¼ 0:05) again. Therefore, the fluorescence lifetime of
FL+NZ was determined to be 3.0 ns.
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(dashed line) spectra of (a) FL solution (6:0� 10�5 mol dm�3), (b) FL-NZ dispersion (0.33 g dm�3), and (c) FL+NZ dispersion
(1.3 g dm�3) in ethanol.
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The lifetime for FL-NZ (1.5 ns) was shorter than that in
ethanol solution, and the lifetime for FL+NZ was closed to
that in ethanol solution. The shorter lifetime for FL-NZ com-
pared to that of FL or FL+NZ can be attributed to an encap-
sulating effect of the zeolite host.

Fluorescence Quenching. In Fig. 4, fluorescence-quench-
ing phenomena of FL-NZ and FL+NZ were examined by the

addition of C60 into the dispersions. We examined the quench-
ing phenomena with variety of C60 concentrations (from 0
to 0.09 g dm�3). Figure 4 shows fluorescence quenching of
FL-NZ and FL+NZ, in which fluorescence of FL+NZ was
effectively quenched compared to that of FL-NZ. Detailed
analysis of the quenching phenomena is discussed in the
following section.
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Table 1. Fluorescence Lifetimes of FL, FL-NZ, and FL+NZ in Ethanola)

Lifetime/ns Pre-exponential factors

Samples Fitting �1 �2 �3 �1 �2 �3 �2

FL 3.5b) — — 1 — — —

FL-NZ one-component 1.4 — — 1 — — 9.72
two-component 1.6 0.0 — 0.81 0.19 — 7.94
three-component 1.5 0.0 9930 0.85 0.11 0.03 3.50

FL+NZ one-component 3.4 — — 1 — — 10.03
two-component 3.7 0.0 — 0.88 0.12 — 8.87
three-component 3.0 0.0 1124 0.94 0.01 0.05 3.56

a) The excitation wavelength was 400 nm, and the phase and modulation of the fluorescence
were recorded at 510 nm. b) From Ref. 34.
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tions (solvent: THF/ethanol, volume ratio = 2:1).
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Discussion

Shading Effect. The absorption spectra of the FL-NZ (in
(a)) dispersion and the FL+NZ dispersion (in (b)) containing
C60 at various concentrations are shown in Fig. 5. The absorp-
tion by FL was observed on the broad baseline at 455 and
458 nm, for FL-NZ and FL+NZ, respectively. The baseline
resulted partially from the light scattering by the zeolite parti-
cles. Furthermore, the baseline gradually increased with an in-
crease in the amount of added C60 due to the broad absorption
of C60 ranging in the whole wavelength scale as shown in
Fig. 5 (See also absorption spectra of C60 dispersions at
various concentrations shown in Fig. S2.). These spectra show
an important fact that C60 absorbs the excitation light for FL
(420 nm), and the photon number in light for exciting FL
should be decreased by this absorption (shading effect). Thus,
we needed to correct the fluorescence spectra (Fig. 4) showing
quenching by adding C60 in order to discussing the intrinsic
quenching phenomena.

Figure 6 shows the absorption spectra of the FL-NZ disper-
sion in the presence of C60 and its absence. The intrinsic ab-
sorption spectrum of only FL can be obtained by subtracting
the background attributed to the light scattering by the zeolite
particles and the absorption of C60 from the observed spec-
trum, giving the curves shown on the horizontal axises of the
figures. In the case of FL-NZ, the absorbance of FL at 420 nm
was determined to be 0.024 without C60 (Fig. 6a). However,
the intrinsic absorbance of FL at 420 nm was determined to

be 0.020 in the presence of 0.09 g dm�3 of C60 (Fig. 6b). Thus,
it can be concluded that the absorbed light intensity at the ex-
citation wavelength (420 nm) of FL in FL-NZ in the presence
of 0.09 g dm�3 of C60 decreases to 82% compared to that of
FL in FL-NZ without C60. Then, it should be noted that the
decreases in the fluorescence intensity observed for the disper-
sions containing FL-NZ and FL+NZ by adding C60 in Fig. 4
are partially due to the decrease in the light intensity absorbed
by FL.

Here, we estimated the shading effect supposing that the
shading effect is in proportion to the concentrations of C60,
and corrected the fluorescent spectra shown in Fig. 4, which
are shown in Fig. 7. For example, the absorbed light intensity
due to FL-NZ at the excitation wavelength by FL-NZ with
0.09 g dm�3 of C60 was 82% compared to that by FL-NZ with-
out C60. If FL-NZ in the presence of 0.09 g dm�3 of C60 could
absorb the same intensity as FL-NZ without C60, it would
show stronger fluorescence by 1.22 times (=1/0.82 times).
Taking the shading effect into consideration as described
above, the fluorescence spectra of FL-NZ and FL+NZ with
various concentrations of C60 were corrected and are shown
in Fig. 7.

Now, we can discuss the quenching effects of C60 on the
fluorescence of FL molecules present in the cage and on the
outer surface of the zeolite. In the case of the FL-NZ disper-
sion, the intensity of fluorescence from FL encaged in a zeolite
cage was quenched by 13% when 0.09 g dm�3 of C60 was
added (Fig. 7a). On the other hand, the fluorescence intensities
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Fig. 5. Absorption spectra of (a) FL-NZ dispersion and (b) FL+NZ dispersion for various C60 concentrations (solvent: THF/
ethanol, volume ratio = 2:1).
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from FL were effectively decreased by 77% by adding the C60

in the case of FL+NZ (Fig. 7b). The difference of the quench-
ing phenomena between FL-NZ and FL+NZ is clearly demon-
strated in these figures, i.e., the drastic decrease in the fluores-
cence intensity was observed for the FL+NZ dispersion, but
only a little quenching occurred with the FL-NZ dispersion.
This difference can be used to provide evidence for the loca-
tion of FL molecules in the zeolite cage as discussed in the
following section.

Stern–Volmer Plot. Although it is not appropriate to carry
out a Stern–Volmer plot for the data shown in Fig. 7 without
considering the heterogeneous location and distribution of
FL molecules in the dispersion systems, we prepared one in
order to further discussion of these systems. Figure 8 shows
Stern–Volmer plots for the FL-NZ and FL+NZ dispersions
in the presence different concentrations of C60. The two plots
for the FL-NZ and FL+NZ dispersions are demonstrated the
apparent linearity. But this apparent linearity should give us
a key for understanding the quenching phenomena occurring
in these systems by analyzing as described below.

The slope of the Stern–Volmer plot (KSV) can be related to
the rate constant of the quenching process in the Stern–Volmer
relation:37

I0

I
¼ 1þ KSV½Q� ¼ 1þ �kq½Q�; ð1Þ

where I0 and I represent the fluorescence intensity of the lumi-
nescent materials in the absence and in the presence of quench-
er, respectively, [Q] is the quencher concentration, � is the fluo-
rescent lifetime in the absence of quencher, and kq is the rate
constant for a quenching process. The slopes of Stern–Volmer
plot (KSV) were found to be 0.98 dm3 g�1 for the FL-NZ dis-
persion and 39 dm3 g�1 for the FL+NZ system. The quenching
rate constants (kq) were calculated from the Eq. 1 using the
values of KSV and � in Table 2. The kq value for the FL-NZ
dispersion was obtained to be 0.65 dm�3 g ns�1, whereas it
was found to be 13 dm�3 g ns�1 in the case of FL+NZ, which
is 20 times larger than that for FL-NZ.

The kq value was also determined for the solution of FL.
Figure S3 in the Supporting Information shows the absorption
of an FL solution in the absence and the presence of C60 in the
various amounts. The fluorescence spectra were measured for
the same solutions as employed in the experiments of Fig. S3
(Fig. S4). The fluorescence spectra showing the quenching ef-
fects were corrected considering the shading effect in the same
method as described above (Fig. S5). The value of KSV was
determined by carrying out the Stern–Volmer plots from the
results of the fluorescence spectra corrected by considering
the shading effects (Fig. S6). The KSV was found to be
4.6 dm3 g�1, giving a kq of 1.3 dm�3 g ns�1 (Table 2).

The kq values obtained from the Stern–Volmer plots for the
dispersions of FL-NZ and FL+NZ and the FL solution will be
discussed further in the following section for obtaining the sci-
entific basis for distinguishing the location of the FL molecules
between in the cage of the zeolite and on the outer surface.

Quenching at the Outermost Unit Cells. The drastic
difference in the kq values obtained between the FL-NZ
dispersion and the FL+NZ dispersion should be related to the
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Fig. 8. Stern–Volmer plots for FL-NZ (open circle) and
FL+NZ (closed triangle) with varied C60 concentrations.

Table 2. Slopes of Stern–Volmer Plots (KSV), Fluorescence
Lifetimes (�), and Quenching Rate Constants (kq) for FL,
FL-NZ, and FL+NZ

Sample KSV/dm
3 g�1 �/ns kq/dm

�3 g ns�1

FL 4.6 3.5a) 1.3

FL-NZ 0.98 1.5 0.65
FL+NZ 39 3.0 13

a) From Ref. 34.
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Fig. 7. Fluorescence quenching of (a) FL-NZ dispersion and (b) FL+NZ dispersion for various C60 concentrations after correction
considering the shading effect by C60.
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inaccessibility of C60 into the cage of the zeolite. Considering
that the size of the open window of the zeolite is 0.7 nm com-
pared to that of C60 (0.8 nm), C60 never enters the cage through
the window. If this is the case, no quenching should be ob-
served for the FL-NZ dispersion. However, the fluorescence
was partially quenched. Why did the fluorescence intensity
decrease in the FL-NZ dispersion by addition of C60 (Fig. 7)?

Here, we take into account FL molecules located in the
outermost unit cells of the zeolite host. A cubic zeolite model
with 100� 100� 100 nm3 is proposed, considering the lattice
constants of the FAU-type zeolite (a ¼ b ¼ c ¼ 2:4 nm; � ¼
� ¼ � ¼ 90�). Thus, three different locations for FL mole-
cules can be distinguished (the positions 1, 2, and 3 in Figs. 9a
and 9b). Position 1 is a FL molecule adsorbed on the outer sur-
face of zeolite (denoted as FLposi1) representing FL in FL+NZ,
and an excited state of this FL should be readily quenched
by C60 due to electron transfer from FL to C60 (Fig. 9c). Posi-
tion 2 is a FL molecule encaged in the cage in the outermost
unit cell (denoted as FLposi2). An excited state of FLposi2 could
be quenched by C60, because C60 can approach FLposi2 within
the critical distance of the quenching. The lattice constant of
FAU-type zeolite (2.4 nm), is close to the critical distance of
electron transfer generally accepted (1–2 nm).24,25 In the model
of the cubic FAU-type zeolite, there are 74088 unit cells in
total, and 10088 unit cells of these are classified as the outer-
most unit cells, corresponding to 14% of the total unit cells.
Assuming that FL molecules are uniformly located in each
zeolite particle, 14% of the FL molecules are located in the
cages in the outermost unit cells. This value coincides to the
percentage of the quenched fluorescence observed for the
FL-NZ dispersion (13%) in the presence of C60 (0.09 g L�1).
Although we have mentioned above that FL encaged in a zeo-

lite host should not be quenched by C60 considering the in-
accessibility of C60 into the cage of the zeolite, an excited state
of FLposi2 located in the outermost unit cells could be quenched
by C60, resulting in the partial quenching observed for FL-NZ.

Position 3 is a FL molecule encaged in the cage in the inner
unit cells (denoted as FLposi3). An excited state of FLposi3 is
never quenched by C60, because C60 cannot approach FLposi3

within the critical distance for the electron transfer quenching.
So, FLposi3 should not suffer from fluorescence quenching.
Now, it is clear why partial quenching was observed for the
FL-NZ dispersion and have found a basis for a new method
for obtaining evidence of the encapsulation in the inner cages
of the zeolite host.

As explained in Fig. 9, we have introduced three positions
for FL molecules and are ready to discuss the values of kq
using this idea. We need to consider only FLposi2 and FLposi3

in explaining the quenching phenomena. The quenching phe-
nomena of FL-NZ are expressed in the following reaction
equations.

FLposi2 þ FLposi3 þ 2h� ! FLposi2
� þ FLposi3

�

(excitation) (process 1); ð2Þ
FLposi2

� þ FLposi3
� ! FLposi2 þ FLposi3 þ 2h�0

(fluorescence) (process 2); ð3Þ
FLposi2

� þ C60 ! FLposi2 þ C60
�

(quenching) (process 3); ð4Þ
FLposi3

� þ C60 ! FLposi3 þ C60 þ h�0

(fluorescence, no quenching) (process 4): ð5Þ

Only the fluorescence from FLposi2 (about 14% of all FL) in
FL-NZ is readily quenched by C60 (process 3), but the fluores-
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cence of FLposi3 is never quenched by C60 (process 4). Here,
we ascribe the fluorescence of 86% left even after addition
of C60 to the fluorescence of FLposi3.

Let’s compare the three values of kq obtained for the FL so-
lution, the FL-NZ dispersion, and the FL+NZ dispersion. The
apparent value of kq (0.65 dm�3 g ns�1) for the FL-NZ disper-
sion was smaller than that for the FL solution, because of
the inability of C60 to enter into the zeolite cage. This value
should be related to a slow quenching process of fluorescence
of FLposi2. Thus, the kq value must be apparent for the FL-NZ
dispersion and it should be close to zero for FLposi3. At least,
we can emphasize the fact that the kq value is smaller than that
for the FL solution and is much smaller than that for the
FL+NZ dispersion. On the other hand, the large kq value ob-
served for the FL+NZ dispersion might be explained as an ac-
cumulation effect of FL molecules and C60 on the outer surface
of the zeolite. In other words, the local concentrations of FL
and C60 are increased due to the adsorption of these molecules
on the surface.

Conclusion

We proposed a novel method for clear distinction of the
location of luminescent guests in host–guest systems using a
luminescence quenching. We successfully provided evidence
for the encapsulation of fluorescein molecules in the cages
of the zeolite host in this paper. This method is expected to
be applicable to general host–guest systems by selection of a
suitable quencher.
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Supporting Information

Frequency domain lifetime plots for anthracene, PPO, and
POPOP solutions are shown in Fig. S1. And absorption spectra
of C60 dispersions at various C60 concentrations are shown in
Fig. S2. Experimental procedures for the measurements of fluo-
rescence quenching of FL solutions are also described, and the re-
sults are shown in Figs. S3, S4, S5, and S6. This material is avail-
able free of charge on the web at: http://www.csj.jp/journals/bcsj/.
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23 T. Ban, D. Brühwiler, G. Calzaferri, J. Phys. Chem. B

2004, 108, 16348.
24 H. Ohkita, T. Ogi, R. Kinoshita, S. Ito, M. Yamamoto,

Polymer 2002, 43, 3571.
25 K. Nagai, T. Nishijima, N. Takamiya, M. Tada, M.

Kaneko, J. Photochem. Photobiol., A 1995, 92, 47.
26 T. Förster, Ann. Phys. 1948, 437, 55.
27 D. L. Dexter, J. Chem. Phys. 1953, 21, 836.
28 J. R. Lakowicz, Principles of Fluorescence Spectroscopy,

3rd ed., Spribger, New York, 2006, p. 279.
29 B. Jing, D. Zhang, D. Zhu, Tetrahedron Lett. 2000, 41,

8559.
30 S. Mintova, N. H. Olson, T. Bein, Angew. Chem., Int. Ed.

1999, 38, 3201.
31 M. N. Chrétien, B. Shen, H. Garcı́a, A. M. English, J. C.

Scaiano, Photochem. Photobiol. 2004, 80, 434.
32 J. R. Lakowicz, Principles of Fluorescence Spectroscopy,

3rd ed., Spribger, New York, 2006, pp. 157–199.
33 J. R. Lakowicz, Principles of Fluorescence Spectroscopy,

3rd ed., Spribger, New York, 2006, pp. 883–887.
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