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Abstract Fluorescence characteristics of hemicyanine dye
molecules isolated from neighboring molecules and strongly
restricted inside nanosized pores of zeolite (silicalite-1)
crystal were investigated. For samples in which the mole-
cules were sufficiently far away from the others, the fluo-
rescence decay lifetime of the molecules was about 2.2 ns.
As the intermolecular distance was reduced, the steady-state
fluorescence peak shifted toward the longer wavelength and
the fluorescence efficiency decreased markedly. The fluo-
rescence decay lifetime also decreased to 0.8 ns for a sample
with the smallest intermolecular distance of 2.1 nm. These
results were explained in terms of a dipole-dipole interaction
between pairs of dye molecules. From the relation between
the intermolecular distances and the fluorescence decay life-
times of the molecules, the radius of energy transfer of
hemicyanine donor-acceptor pair in zeolite matrix was de-
termined to be 2.2 nm, in fair agreement with the calculated
Förster radius between dye molecules of the same species.
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Introduction

As a host material of organic molecules or inorganic com-
plexes, zeolite has many advantages by providing environ-
ment of uniform nano-sized pores or channels of well-

defined size, which makes it attractive to investigate photo-
physical properties of the materials enclosed in such envi-
ronment [1–5]. Förster energy transfer [6–9] of dye
molecules enclosed in zeolite pores or channels has been
studied for possible applications as artificial light-harvesting
system [1, 10–12]. Lasing action from dye molecules
inserted in zeolite has been reported [13, 14]. Zeolite crys-
tals were self-assembled on a glass plate with their vertical
channels well-oriented normal to the surface, which allowed
the macroscopic, unidirectional alignment of inserted non-
linear optical molecules for optical second-harmonic gener-
ation [3, 15–17].

As one of the key photophysical characteristics, the radi-
ative properties of organic molecules or inorganic nano-
complexes in the nano-confined environment can also be
an interesting subject [11, 12, 18, 19]. Especially, confine-
ment of fluorescent dye molecules in such environments has
been known to change their radiative efficiency drastically.
The underlying mechanisms are very diverse as cavity
quantum-electrodynamic effect (atomic system in a cavity
[20], semiconductor quantum dot in a Bragg-reflector [21]),
change of electric field strength (dye molecule or dye com-
plex near the metallic surface [22–24]), radiative energy
transfer (between nearby dye molecules [24, 25]), and inhi-
bition of intramolecular rotation (dye molecules in zeolite
with narrow pores or channels [5]).

Among the processes listed above, energy transfer be-
tween dye molecules is a phenomenon of fundamental im-
portance, and has found widespread applications in single-
molecule biophysics [26–30]. This fluorescence resonant
energy transfer (FRET) has been studied mostly between a
pair consisting of two different dye molecules commonly
called a donor and an acceptor. The underlying theory
developed by Förster [6, 7] can equally be applied to the
energy transfer between dye molecules of the same kind,
and there have been several studies on this homo-FRET
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process [31–34], which studied the rate of the intermolecu-
lar energy migration between dye molecules in solution or
between fluorescent protein labels [33, 34]. There are some
issues on this phenomenon that awaits more systematic
study. For example, Förster radius (a characteristic length
scale over which the total decay rate of the donor molecule
doubles from that of an isolated dye molecule) between the
same dyes could be investigated systematically by changing
the distance between dye molecules. Physical overlap be-
tween the fluorophores and the resulting change in the
electronic structure has been considered to cause fluores-
cence quenching. However, it hasn’t been easy to control the
situation that relates to fluorescence quenching, as dyes
usually form an aggregate if one tried to decrease the
inter-dye distance by increasing the concentration in a solu-
tion. Regarding the issue, it might be useful to understand
the fluorescence characteristics of dye molecules with con-
trolled intermolecular distances, which would provide
insights for fundamental understanding of the phenomenon.

In this work, we prepared hemicyanine dye molecules
inserted in silicalite-1 with varying intermolecular distances,
and measured their steady-state and time-resolved fluores-
cence properties. Fluorescence quenching phenomenon and
redshift of the fluorescence peak were observed by decreas-
ing the intermolecular distance between dye molecules of
the same kind enclosed in silicalite-1 channels. These phe-
nomena suggested that the energy transfer between mole-
cules and the accompanying fluorescence decay lifetime
change could be explained well in terms of the Förster
energy transfer mechanism.

Materials and Methods

Materials

The dye molecule used for this study is hemicyanine (4-[4-
(dimethylamino) styryl]-1-n-alkylpyridinium bromide, here-
after denoted HC-n). The alkyl chain length used was usu-
ally 3 (HC-3), and we used HC-18 to check for the
possibility of Dexter-type energy transfer mechanism [35].

Figure 1a shows the chemical structure of the hemicya-
nine molecule. The insertion of hemicyanine molecules in
silicalite-1 has been described in previous report [3]. The
size of the silicalite-1 crystal used is 400 nm as in our
previous report [3]. The adsorption site of these silicalite-1
crystals is their straight channels with the channel diameter
of 5.5 Å (Fig. 1a), which is similar to the lateral size of the
HC-n molecule such that the adsorbed dye would hardly
move inside. Moreover the HC-n molecules are adsorbed
only along this vertical channel, as the interconnecting side
channels are bent and not likely to accept 1~2 nm-long
hemicyanine molecules [16, 36–38]. Figure 1a shows the

schematic of the hemicyanine molecules adsorbed along the
vertical channels of the silicalite-1. The accurate determina-
tion of the number density of included hemicyanine mole-
cule (hence the intermolecular distance) in silicalite-1 was
crucial for this study, and the method to get this value was
described in earlier report [3]. In brief, the silicalite-1 con-
taining HC-n made by the same condition as the ones in the
optical measurement was completely dissolved in hydro-
fluoric acid, and the extinction coefficient from the resulting
solution was measured to determine exact amount of incor-
porated dye molecules. As the distribution of the molecules
is believed to be homogeneous across the volume of the
silicalite-1 crystal [3], the intermolecular distance was sim-
ply estimated to be N-1/3, where N is the number density of
the adsorbed molecules [39]. As shown in Fig. 1b, these
silicalite-1 crystals with known number-density of incorpo-
rated dyes were then capped with octadecyltrimethoxysilane
(ODM) molecules, and dispersed into triisopropylbenzene
(TIB) solvent for fluorescence measurement like in Fig. 1c.
The ODM capping was used to keep the incorporated dye
from spilling out of the silicalite-1 channel, and triisopro-
pylbenzene (TIB) molecule is chosen as it is large enough
and round in shape and cannot enter into the silicalite-1
channel (SI.4). Also its refractive index is very close to that
of silicalite-1 such that it can minimize the effect of scatter-
ing from silicalite-1 crystals. These preparations were in fact
not critical as the measurement on HC-n/silicalite-1 crystals
(not surface treated) just piled up in air gave nearly the same
result. Figure 1d shows the distances between the nearest-
and the next-nearest vertical channels in which the dyes are
adsorbed.

a b c 
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Fig. 1 aMolecular structure of hemicyanine dye used in this work and
silicalite-1 structure loaded with dyes along the straight channels. b
ODM (octadecyltrimethoxysilane) treated silicalite-1 crystal. c Well-
dispersed silicalite-1 crystal loaded with dyes in TIB (triisopropylben-
zene) solvent. d Structure of the silicalite-1 crystal showing distances
between the nearest- and the next-nearest vertical channels
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Spectroscopic Measurements

Steady-state absorption spectra were deduced by measuring
the reflection from the HC-n/silicalite-1 sample, and the
steady-state fluorescence was measured by the standard
method. To measure the time-resolved fluorescence from
the HC-n/silicalite-1 sample (HC-n/silicalite-1 powder or
HC-n/silicalite-1 dispersed in TIB solvent), a second-
harmonic of the femtosecond Ti:sapphire laser (800 nm,
100 fs pulsewidth, 82 MHz repetition rate) output was used
as an excitation source. The pump energy was kept below
0.5 mW, and with this pump energy, only ~2 % of the dye
molecules in silicalite-1 are estimated to be in the excited
state for the sample with medium dye loading. Thus a donor
dye (in excited state) is most likely to be near an acceptor
dye (in ground state), and ‘excimer formation’ or interaction
between dye in excited state cannot happen with the above
experimental condition. Changing the pump intensity by
about an order did not change the observed phenomenon
either. The collected fluorescence signal from HC-3/silica-
lite-1 was dispersed by using a monochromator to have 2-
nm resolution and detected by using a fast photomultiplier
tube and a photon counting system (SPC730, Becker &
Hickl) for time-correlated single-photon counting (TCSPC).
The instrument response function (IRF) from the detection
electronics has FWHM of 150 ps, which was deconvolved
using the commercial fitting software (Picoquant, FluoFit).
All the spectra were measured at room temperature.

Results and Discussion

Figure 2a shows the steady-state absorption and the fluores-
cence spectra of the samples in different environments. As
shown in this figure, the Stokes shift of the dye in silicalite-1
is less than that in methanol solvent, which would reflect the
differences in dielectric and solvation properties of the two
different surrounding media [5]. The absorption and fluo-
rescence spectra of the HC-3 in pure crystalline powderform
were qualitatively very different (with wider bandwidths
and shoulders around the peak) from those in methanol
and in silicalite-1, indicating that the stronger intermolecular
interaction altered the electronic structure of the molecules
as compared to those in isolation. By contrast, the absorp-
tion spectra in Fig. 2b remained the same throughout the
concentration range we investigated, ensuring that even at
the highest concentration the dye molecules in silicalite-1
matrix exist as a monomer, well isolated by the channel
walls without forming molecular aggregates.

From Fig. 3, on the other hand, the redshift of the fluo-
rescence peak and reduction of fluorescence efficiency with
decreased intermolecular distance are easily noticeable. The
initial fluorescence peak at 570 nm (for an intermolecular

distance of 12.6 nm) redshifts by as much as~45 nm for a
sample with the shortest intermolecular distance of 2.1 nm,
concurrently with reduced fluorescence intensity. The reab-
sorption of the fluorescence is not responsible as the sample
with much smaller concentration of dispersed HC-3/silica-
lite-1 crystals showed essentially the same fluorescence
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Fig. 2 a Steady-state absorption and fluorescence spectra of hemi-
cyanine in methanol (1×10-5 M, solid lines), in the silicalite-1 (dotted
lines), and in molecular crystalline, powder form (dashed lines). b The
absorption spectra for HC-3/silicalite-1, intermolecular distance—
12.6 nm (solid line), 5.5 nm (dashed line), 3.1 nm (dotted line), and
2.1 nm (dash dotted line). The spectra were shifted upwards for clarity
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Fig. 3 Variations of the steady-state fluorescence of hemicyanine in
the silicalite-1 with varying dye concentration. The numbers beside the
fluorescence spectra indicate the intermolecular distance. The inset
shows the intermolecular distances of the samples used in the experi-
ments using N-1/3
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spectra. This result also indicates that the dye-in-silicalite-1
system is very different from more usual HC-n solution,
where the peak shape and the fluorescence quantum yield
do not change appreciably even at the highest concentration
achievable before the molecules form aggregates.

To account for the interesting behavior shown in Fig. 3,
intermolecular dipole-dipole interaction (Förster energy
transfer) between the dye molecules was proposed for re-
sponsible mechanism. Förster energy transfer requires ex-
cited donor molecule and the acceptor molecule of which
the absorption band overlaps with the fluorescence spectrum
of the donor molecule. This is usually achieved with two
different dye molecules (donor and acceptor) chosen for
maximal spectral overlap, and is widely used in biology
and chemistry as a nanoscale ruler [29, 40]. In this experi-
ment, the pair of hemicyanine molecules (one in excited
state and the other in ground state) would work as a donor
and an acceptor molecule, utilizing the overlap of absorption
and fluorescence spectra of hemicyanine in silicalite-1 (solid
lines in Fig. 2a). As the distance r between the molecules is
getting closer, the rate of energy transfer from donor to
acceptor molecule by dipole-dipole interaction would in-
crease steeply as r-6. The redshift of fluorescence peak can
be explained as the acceptor molecule can only emit at lower
energies than the energy of donor-acceptor spectral overlap,
eating up the blue-part of the fluorescence spectra and
causing the overall redshift of the fluorescence spectra.

To check for the possibility of energy relaxation by
different mechanism, two samples heavily loaded with
HC-3 and HC-18 with the same number density of dyes
were prepared to control the possible overlap of wavefunc-
tions of closest molecules (Dexter process). Even with much
longer alkyl chain at one end to allow different degree of
possible spatial overlap of the core wavefunctions between
nearby molecules, the fluorescence spectrum and the fluo-
rescence decay lifetime for HC-18 were very similar to
those of HC-3 even for the samples with shortest intramo-
lecular distance, confirming the Dexter-type energy transfer
can be ruled out for the relaxation mechanism in our system
[35].

This environment of dye molecules in small channels of
the silicalite-1 is very different from the environment in
which the molecules are forming a molecular crystal. In
the latter case the proximity of the neighboring molecules
introduces various midgap states and nonradiative decay
channels and changes the steady-state absorption and fluo-
rescence spectra markedly as in the dashed lines in Fig. 2,
such that the crystallized molecules lose the photophysical
properties of the single molecule. The introduction of non-
radiative decay channels is also evident from the much
faster fluorescence decay of hemicyanine powder in
Fig. 4b. These observations demonstrate that the silicalite-
1 matrix provides an ideal framework to study the radiative

properties of a dye molecule and make it possible to isolate
molecules even at very small intermolecular distance
unachievable in solution phase while hardly perturbing the
electronic structure of the molecule.

For confirmation of the proposed mechanism and more
quantitative analysis, we investigated the fluorescence dy-
namics of the dyes with different intermolecular distances
by using TCSPC method [41]. Figure 4a indicates the fluo-
rescence decay curves of the samples with varying dye
concentrations measured at 570 nm, peak position of fluo-
rescence corresponding to the sample of the lowest concen-
tration. The fluorescence decay for the sample with the
lowest concentration can be fitted well with single exponen-
tial with the lifetime of 2.2 ns. As the dye concentration in
silicalite-1 matrix increased, the fluorescence decayed sig-
nificantly faster. Furthermore, for highly loaded samples,
two exponential components were necessary to fit the fluo-
rescence decay curve, which means that the relaxation of the
dyes in excited state is through several independent deacti-
vation pathways. To compare the fluorescence decays at
different concentrations quantitatively, the fluorescence de-
cay curves are fitted with two-exponential function A1exp

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
0.0

0.2

0.4

0.6

0.8

1.0

0 2 4 6 8 10 12 14
1E-3

0.01

0.1

1

b

powder

methanol

silicalite-1

N
or

m
al

iz
ed

 in
te

ns
ity

Time (ns)

a

2.1 nm

2.8 nm

4.7 nm

12.6 nm

N
or

m
al

iz
ed

 in
te

ns
ity

Time (ns)

Fig. 4 a Fluorescence decay curves of hemicyanine in the silicalite-1
with increasing concentration of dye (The intermolecular distances are
2.1, 2.8, 4.7, and 12.6 nm, respectively). b Fluorescence decay curves
of hemicyanine in methanol solution, in the silicalite-1, and in powder
form. Fluorescence in methanol was obtained using upcoversion meth-
od (time resolution ~300 fs), and the other fluorescence data were
obtained using TCSPC (instrument response function ~150 ps)
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(−t/τ1)+A2exp(−t/τ2), and the average fluorescence decay
lifetime is defined in usual way as τave0(A1τ1+A2/τ2)/
(A1+A2). With the above analysis, average fluorescence
decay lifetime for the highest loaded sample shortened
significantly to 800 ps.

Calzaferri and co-workers reported that the energy trans-
fer between two different dye molecules (donor and accep-
tor) randomly mixed in zeolite-L changes with the dye
concentration [42–44]. In their data that showed fluores-
cence decay of acceptors (oxonine dyes), one of the terms
in the multi-exponential fitting had negative prefactor (A1<
0, accounting for slow rise of fluorescence after the laser
pulse), which means that the acceptors are excited by means
of energy transfer from the donor molecules. By contrast, in
our case, the fitted result did not show any negative prefac-
tor. This indicates we selectively probed the dye molecules
in the ensemble that worked as donors by monitoring blue-
edge of the fluorescence spectra. Thus the fluorescence
decay results are analyzed in the following in terms of the
energy transfer of the donor molecules.

The variation of the average fluorescence decay lifetime
with increasing intramolecular distance is shown in Fig. 5,
where the decay lifetimes were obtained from two-
exponential fitting of the curves in Fig. 4 and τave0(A1τ1+
A2/τ2)/(A1+A2). From this result, we can obtain the energy
transfer radius (γ0, Förster radius), for which the dipole-dipole
energy transfer rate equals the fluorescence decay rate without
any acceptor molecules (termed intrinsic decay rate from now
on) [6–8]. The measured decay rate κ01/ τave of excited dye
molecule can be expressed as

k ¼ k0 þ knr ð1Þ
where κ0 and κnr are the intrinsic radiative and nonradiative
decay rates of the chromophore, respectively. The rate of
Förster energy transfer (κΕΤ) between donor and acceptor
depends on the intermolecular distance r and the mutual

orientation between the donor and the acceptor molecules as
[7–9],

kET ¼ 3
2 k2
� �

1
tD

r0
r

� �6

with k2
� � ¼ 1

4p

Ð2p
0

Ðp
0
k2 sin θdθdf

ð2Þ

where τD01/k0 is the intrinsic decay lifetime of the single
donor molecule in silicalite-1 channel without acceptors, and
κ2 is an orientational factor. The orientational factor is given
by κ20(cosθT−3cosθDcosθA)2, where θT is the angle between
donor and acceptor transition dipole moment, θD and θA and
are angles between line connecting the center of donor and
acceptor and the donor and the acceptor transition dipole
moments, respectively [45, 46]. When the molecular orienta-
tion is much faster than the energy transfer (i.e. the case of
dynamic averaging), the orientational factor is<κ2>02/3.
However, in our system, all the molecules are aligned along
the vertical channel, and the dipole directions are the same
between the donor and acceptor molecules (θD0θA). Thus by
setting θD0θA0θ and θT00 in the expression κ20(cosθT−
3cosθDcosθA)

2 and averaging over all directions (the energy
transfer is expected to happen between fluorophores in the
same channel and in neighboring channels equally well) by
using Eq. (2), the orientational factor in our case is<κnr>04/5
[45].

By assuming Förster energy transfer is responsible
for observed lifetime change, κΕΤ0κnr, the measured
decay lifetime is described as below from the Eqs. (1)
and (2).

tave ¼ 1

k
¼ tD

1þ 6
5

r0
r

� �6 ð3Þ

By fitting the data in Fig. 5 using the above relation, we
could determine the Förster radius (r002.2 nm) and donor
decay lifetime ( τD02.2 ns) of hemicyanine dye in silicalite-
1 matrix. In Fig. 5, the fluorescence decay lifetimes could be
obtained for intermolecular distances ranging from r0
12.6 nm to 2.1 nm. This smooth change of intermolecular
distance across Förster radius is only possible due to
silicalite-1 matrix, providing rigid and inert channel walls
to isolate the molecules without disturbing their electronic
structures. In contrast, the highest concentration of hemi-
cyanine solution without forming an aggregate was about
~0.01 mol/L, where intermolecular distance was still
5.5 nm. As this distance is appreciably larger than the
Förster radius, the radiative properties did not change ap-
preciably from normal diluted solutions.

Using two-exponential function to fit the decay curve is
only heuristic (to estimate τave), and the fluorescence decay
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Fig. 5 Average decay lifetimes of the samples vs. intermolecular
distance, Solid line is the fitted result using Eq. (3)
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under dipole-dipole interaction is usually fitted using a non-
exponential function as below [8, 44, 47, 48].

IðtÞ ¼ exp � t
tD
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16p3 k2h it
18tD

q
nAr03

� �
¼ exp � t

tD
�

ffiffiffiffi
t
tD

q
A

h i
;

where A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
16p3 k2h i

18

q
nAr03

ð4Þ
where τD is the decay lifetime of dye molecule without any
surrounding molecules, <κ2>is the same orientational factor
as in Eq. (2) and nA is the number density of the molecules.
This equation was devised to describe radiative properties of
the ensemble of dyes with the concentration change in the
system [8, 44, 47, 48]. With τD02.2 ns from the fluores-
cence decay measurement with much diluted sample, we
fitted the fluorescence decay curves for samples of different
loading densities. As all the factors in the above equation
except r0 are known, the Förster radius r0 should be deduced
from the fitting of the fluorescence decay curves. From the
results obtained from the non-exponential model, we found
the Förster radius of the molecules in silicalite-1 matrix is
about 1.9 nm. This r0 value is in fair agreement with the
value obtained from the experiment using Eq. (3), and
remarkably well, remained the same for fluorescence decay
curves of all the samples having different dye concentrations
as measured in this study.

The Förster radius can be calculated from the spectral
properties of donor and acceptor and the fluorescence quan-
tum yield of the donor as follow [7–9],

r0 ¼ 0:211 k2
� �

n�4QDJ lð Þ	 
1=6 ð5Þ
where QD is the quantum yield of the donor, <κ2>is the
same orientational factor as in Eq. (2) [7, 9], n01.4 is the
refractive index of the medium, and J(λ) is the spectral
overlap integral of the fluorescence spectrum of donor and
the absorption spectrum of acceptor. The fluorescence quan-
tum yield of the donor (HC-3) molecule in silicalite-1 chan-
nel is estimated to be 0.3 from the previous reports [49, 50].
From these values, the theoretical Förster radius of the
hemicyanine molecule donor-acceptor pair is about
2.1 nm, in fair agreement with the value obtained from the
experiment.

Finally, observed phenomenon of decrease in fluores-
cence quantum yield with the decrease in intermolecular
distance can be related to fluorescence quenching. Even if
fluorescence quenching has been known for decades, our
understanding is far from complete as it is observed in
various systems with diverse characteristics [9, 38, 46,
51–53]. It is because the increase in nonradiative decay rate
responsible for fluorescence quenching can be caused by
various origins such as excited state reactions, complex
formation, wavefunction overlap, and energy transfer [8, 9,

54]. It has also been commonly supposed that physical
overlap between dye molecules is essential for fluorescence
quenching. In the current case of HC-n/silicalite-1 system,
presence of silicalite-1 matrix allows us to exclude dye
aggregation, wavefunction overlap, and complex formation
as mechanisms for fluorescence quenching. Thus, fluores-
cence quenching in this system could be explained well in
terms of the Förster energy transfer mechanism.

Conclusions

In conclusion, fluorescence characteristics of hemicyanine
dye molecules isolated in silicalite-1 with nano-sized chan-
nels were investigated, and the dipole-dipole interaction
between molecules were proposed to explain the observed
phenomenon. To quantitatively estimate the critical distance
of energy transfer (Förster radius), we varied the distance
between molecules using different concentrations of the
dyes in the silicalite-1 channels. For the molecules with
intermolecular distance above ~5 nm, the decay lifetime
reached a value of 2.2 ns, which can be attributed to the
fluorescence dynamics of the single molecule well isolated
in the silicalite-1 nanochannels. However, for the molecules
having shorter intermolecular distances, the decay lifetime
shortened significantly to ~800 ps. From the relation be-
tween the measured decay lifetimes and the intermolecular
distances, the Förster radius of the hemicyanine dye in
silicalite-1 nanochannels was determined, which is in good
agreement with the value estimated from the theory that
took into account the characteristics of the molecule includ-
ing the spectral overlap.
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