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ABSTRACT

Two functional dyes, coumarin and 3,3'-diethyloxacarbocyanine (DOC), are integrated with a wide
range of DOC contents by intercalating DOC into the solid-state two-dimensional nanospace of a
coumarin/phyllosilicate hybrid, wherein the coumarin moiety is anchored covalently to the phyllosil-
icate moiety. Ultraviolet-visible spectroscopy and X-ray diffraction analysis show that the mole ratios
of DOC to coumarin moiety ([DOC]/[Coum]) range from 0.004 to 40 mol/mol, thus providing a series of
systems with a variety of fluorescence properties and arrangements of fluorophores. Fluorescence spec-
troscopy reveals that both the coumarin moieties and DOC molecules fluoresce and that DOC even emits
by excitation at 320 nm due to energy transfers within the integrated coumarin/DOC systems. The extent
of the energy transfers and fluorescence intensities depend on [DOC]/[Coum]. The proposed models of
the arrangements of the fluorophores for the integrated systems consist of coumarin moieties located
on both close to and far from the DOC molecules in the same two-dimensional nanospace with the DOC
molecules always in close proximity to a coumarin moiety. These unique arrangements of fluorophores
allow two types of fluorescence behavior: (1) fluorescence resonance energy transfer (FRET) from the
excited coumarin moiety located close to DOC and (2) emission by coumarin for the excited coumarin
moiety located far from DOC.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The advantages of immobilizing multiple substances in the
spaces of solid media are that the substances can express diverse
functions and that multifunctional solid-state devices can be fab-
ricated. Furthermore, in integrated systems, the distances and
orientation between the target reaction substances, including
functional dyes, metal complexes, etc., can be fixed [1-50]. The
target reactions, such as photoinduced electron transfer and
energy transfer (ET), are interesting basic reactions of photo-
synthesis. Therefore, immobilization has attracted considerable
attention in the fields of artificial photosynthesis, photochem-
istry, hybrid nanomaterial chemistry, etc. Integrated systems
have recently been constructed in nano-ordered pore channels
of mesoporous organosilicas [1-9], multifilms [10-22], inter-
layer nanospaces of phyllosilicates [23-38], and others [39-50].
One of the most important objectives of these studies has
been to understand the relevance of the nano-level structure
to the target reactions and to control the target reactions by
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designing suitable nano-level structures, e.g., the suitable distances
and dispositions of the immobilized target reaction substances
[1-5,8,10,11,13,14,16,17,19-32,40,44,45,48,49].

The efficiency of fluorescence resonance energy transfer (FRET)
depends strongly on the distance between the donor and acceptor
(D-A distance) [1-5,10,12-16,20,23,26,29,32,50,51]. The Forster
distance (Rp) is the distance between the donor and the accep-
tor at which the FRET rate is equal to the emission decay rate
from a donor in the absence of an acceptor and is typically in
the range of 1.5-9.0nm [1,2,5,10,12-15,23,51,52]. Dexter-type ET
is associated with the electron exchange process and is domi-
nant when the D-A distance is short enough that their electron
orbitals overlap [53]. Radiative ET is due to emission from the
excited donor and subsequent reabsorption of the photons by
the acceptor [51]. FRET and Dexter-type ET exceed radiative ET
in cases where the donor-acceptor distance does not signifi-
cantly exceed Rg. Interesting investigations have been reported
on regulating the D-A distances by inserting a spacer in layer-
by-layer deposited ET systems [10], changing the spacer chain
length in polymers [44,45,49] and supramolecules [40,47], etc.
[23,25,28,32].

Two-dimensional nanospace is more effective for the con-
struction of integrated systems than three-dimensional nanospace
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because it is possible to more concisely analyze how the nano-level
structure governs the mechanisms and extent of the target reac-
tions in two-dimensional nanospace. Therefore, the extent of the
target reactions can be more easily controlled. Phyllosilicates have
layered structures with each layer consisting of two-dimensional
Si tetrahedral and cation octahedral sheets [54]. The interlayer
spaces in phyllosilicates provide an attractive two-dimensional
nanospace, which can be easily expanded to accommodate the
height of a guest [24,25,30,36,46]. However, it has been reported
that the preparation of integrated systems is difficult because of
the stratification of the co-intercalants into individual interlamellar
spaces, i.e., segregation of the co-intercalants [46]. Investigations
of integrated systems within two-dimensional nanospace seem to
have abated because of this difficulty despite their high potential.
Recently, investigations were revived [23-38] in response to the
current growing need to create integrated reaction systems such
as solid-state artificial photosynthesis systems and dye-sensitized
solar cells [29,36]. Although there are only limited reports, inter-
esting integrated ET reaction systems have been constructed in the
galleries of phyllosilicates [34,36] or suspensions of phyllosilicates
and two different dyes [29]. Furthermore, challenging investiga-
tions [23,25,28,32] have been carried out on how the nano-level
structure governs reactions. The time has come to embark on
research that will reveal how the nano-level structure governs
the reaction mechanisms and efficiencies within solid-state two-
dimensional nanospace.

We have proposed [33] aunique and sound strategy wherein the
key is to anchor one of the reaction substances covalently to the
solid-state two-dimensional nanospace in order to overcome the
problems of segregation and deintercalation. Our strategy is imple-
mented as follows: first, one of the reaction substances, such as a
functional dye or metal complex, is placed in the interlayer space
of the phyllosilicate by covalently anchoring it to the interlayer
surface of the phyllosilicate; thus, a hybrid consisting of reaction
substance and phyllosilicate moieties is prepared [55-64]. This
hybrid is referred to as the host hybrid and the substance is referred
to as the host substance. Second, the integration of the target reac-
tion substances is achieved by intercalation of another reaction
substance (i.e., the guest substance) into the interlayer space of the
host hybrid.

Coumarin and 3,3'-diethyloxacarbocyanine (DOC) are widely
used as functional dyes and as spectral sensitizers for dye lasers and
in photography in the liquid state [65-74]. Thermal Z/E isomeriza-
tion, E/Z photoisomerization [66-68], and H- and J-aggregates [70]
of DOC have been reported.

We previously reported preliminary results on the construction
and interesting fluorescence behavior of coumarin/DOC systems,
which suggested the occurrence of ET within the solid-state
two-dimensional nanospace, using our proposed strategy as a
communication intended for urgent publication [34]. However,
the mole ratio of DOC to coumarin moiety ([DOC]/[Coum]) in
that study was limited to a narrow range, and the mecha-
nisms for the integration, interesting fluorescence behavior, and
arrangements of the fluorophores were insufficiently addressed
[34].

In our most recent investigation [35], we examined time-
resolved photoluminescence (PL) and analyzed the PL transients
in terms of a FRET model by taking into account the effect of
radiative ET to reveal the mechanism for the interesting pho-
toreaction between the coumarin moieties and DOC molecules
in the integrated coumarin/DOC systems. This investigation
revealed that the excited coumarin moiety transfers its excita-
tion energy to DOC via at least two different paths, i.e., extremely
fast FRET and radiative ET [35]. Further study is needed to
explore the construction and characterization of these systems
(including steady-state ultraviolet visible (UV-vis) absorption and
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Scheme 1. Schematic view of host hybrid. 7 represents the average distance
between the coumarin moieties.

fluorescence spectroscopy) and the arrangements of the fluo-
rophores in the integrated coumarin/DOC systems with a wide
range of [DOC]/[Coum].

The aims of this report are to demonstrate the construction
of the integrated coumarin/DOC systems with a wide extended
range of [DOC]/[Coum] and to reveal the steady-state fluorescence
properties, the arrangements of the fluorophores (especially, the
distances between the photoreactive substances), and the rele-
vance of the fluorophore arrangement to the ET of the integrated
coumarin/DOC systems. The construction of integrated systems
with a wide range of [DOC]/[Coum] was successfully achieved
by applying our strategy. The steady-state fluorescence spec-
troscopy results showed that both the coumarin moieties and
DOC molecules fluoresce and that ET occurs from the coumarin
moieties to DOC molecules in the integrated coumarin/DOC sys-
tems. Further, these emission intensities are relatively easily
controlled by changing the concentration of DOC in the starting
intercalation solutions. Unique fluorophore arrangement models
are described by multiple D-A distances. Namely, some of the
coumarin moieties are sufficiently close to the acceptor (DOC)
to achieve FRET, while other coumarin moieties are too dis-
tant; all DOC molecules are close to a coumarin moiety. This
unique fluorophore arrangement allows at least two types of
simultaneous ET, i.e.,, FRET and radiative ET, in the same two-
dimensional nanospace. Both the number of coumarin moieties
close to acceptors and the extent of FRET increase as [DOC]/[Coum]
increases.

2. Experimental
2.1. Materials

A coumarin/phyllosilicate host hybrid (Scheme 1) was
synthesized by a reaction between 7-(3-triethoxysilylpropyl)-
0O-(4-methyl-coumarin)urethane (CygH;9NO7Si) and inorganic
reagents (LiF, Mg(OH), gel, and silica sol) [33,34,64] and not by the
intercalation of organic molecules into the interlayers of phyllosil-
icate. The chemical formula of the host hybrid can be described
as  (Cy4H14N04)0.01(CsH1902N)o 2 Lig.16(Lio.16Mg2.84)Si4010(OH);
based on elemental analysis results. It was confirmed by X-
ray diffraction (XRD), elemental analyses, infra-red spectra,
and high-resolution solid-state 29Si nuclear magnetic reso-
nance spectroscopy that the synthesized coumarin/phyllosilicate
hybrid consists of an Mg-phyllosilicate-analogue and coumarin
moieties, and that the coumarin moieties (Scheme 2(a)) are
anchored to and located between the layers of the inorganic
Mg-phyllosilicate-analogue moieties [33,34,64].

3,3’-Diethyloxacarbocyanine iodide (DOCI) was purchased from
Exciton, Inc. and used without further purification. Synthetic smec-
tite (SWN) [75] was kindly donated by the Co-op Chemical Co.,
Ltd.
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Scheme 2. Scheme of (a) coumarin moiety and (b) 3,3'-diethyloxacarbocyanine (DOC).

2.2. Preparation of integrated coumarin/DOC systems and
DOC/smectite composites

The coumarin/phyllosilicate hybrid was utilized as the host
hybrid for preparing the integrated coumarin/DOC systems. The
DOC molecules were intercalated into the interlayer spaces
in the host hybrid by adding 2-200mL of aqueous solutions
(2.00 x 1076, 2.00 x 10~>, and 2.00 x 10~* mol/L) of DOCI (3, 3'-
diethyloxacarbocyanine iodide) to 2 mL of an aqueous dispersion
of the host hybrid (the host hybrid/H,O ratio was 0.020 g/mL).
The ratios of DOC to the host hybrid (x) in the starting mix-
tures were 0.010, 0.10, 1.0, 10, and 100 mmol/100 g. For example,
for x=0.10, 2mL of a DOCI aqueous solution with a concentra-
tion of 2.00 x 10~> mol/L was used. 200mL of a DOCI aqueous
solution with a concentration of 2.00 x 10~4 mol/L was used for
x=100 (Supplementary data). After stirring the mixtures at room
temperature for a week, yellowish precipitates were formed
and then filtered, washed with water, and dried to yield the
coumarin/DOC/phyllosilicate hybrids.

The DOC/smectite composites reference samples were prepared
in a similar manner as the coumarin/DOC/phyllosilicate hybrids,
except that SWN was used as the host instead of the host hybrid.

2.3. Characterization

Ultraviolet-visible (UV-vis) spectra were measured using a
Jasco V-570 UV/VIS/NIR spectrophotometer. An integrating sphere
was attached to the spectrophotometer for the powder sam-
ples. The coumarin/DOC/phyllosilicate hybrids with high DOC
contents were diluted with barium sulfate (BaSO4) because
of strong absorptions by DOC. X-ray diffraction (XRD) mea-
surements were performed at room temperature using CuKo
radiation on a Rigaku Rint 2000S diffractometer equipped with
a humidity/temperature-controlled chamber [76]. Fluorescence
emission and excitation spectra were recorded with a Hitachi F-
7000 fluorescence spectrophotometer. An integrating sphere was
attached to the fluorescence spectrophotometer to measure the
amount of fluorescence as a total integrated intensity of emission.

3. Results and discussion

3.1. Construction of integrated coumarin/DOC systems with a
wide range of DOC/coumarin ratios within two-dimensional
nanospace

Strong absorption peaks were observed at 480 and 458 nm
in the UV-vis spectra of the DOCI aqueous solutions before the
intercalation reactions (Fig. 1(a)). These absorptions are attributed
to the DOC molecules [65-70]. Accordingly, only very weak
absorptions due to DOC molecules were observed for the super-
natants after the intercalation reactions (Fig. 1(b)). The UV-vis
spectra also show several absorption peaks corresponding to
the coumarin/DOC/phyllosilicate hybrids (Fig. 2). The absorption
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Fig. 1. UV-vis absorption spectra for (a) 2.00 x 10~ mol/L DOCI aqueous solution
and (b) supernatant after an intercalation reaction for x=0.10.
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Fig. 2. UV-vis absorption spectra for the integrated coumarin/DOC systems pre-
pared from the starting mixtures with x=(a) 0.010, (b) 0.10, (c) 1.0, (d) 10, and
(e) 100 mmol/100 g. (The samples were diluted with BaSO4 for x=10 and 100. The
spectra are enlarged by factors of 1.8 for x=10 and 3.6 for x=100. The factors were
calculated by dividing the absorbance at 292 nm for the samples without dilution
by the absorbance for the samples diluted with BaSO4, The spectra without dilution
are presented in Supplementary data.)
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Fig. 3. Relationship between the content of DOC incorporated in the integrated
coumarin/DOC systems (vertical axis) and the DOC/host hybrid ratios (x) in the
starting mixtures (horizontal axis).

peaks were observed around 488, 466, 293, 255, and 205 nm.
These absorptions are attributed to DOC [65-70]. The absorp-
tion peaks increase in intensity in the UV-vis spectra of the
coumarin/DOC/phyllosilicate hybrids as the concentration of DOC
(x) in the starting mixtures is raised. The strong peak at around
466 nm is attributed to absorption by the E-isomer resulting in iso-
merization to the Z-isomer as well as an excitation [66-68,77-80].
Another strong absorption peak at around 488 nm is attributed to
the Z-isomer of the DOC molecules [66-68]. Thermal Z/E isomer-
ization and E/Z photoisomerization reactions are well known for
DOC molecules [68]. It has been reported that the E-isomer fluo-
resces whereas the Z-isomer does not fluoresce [66-68]. It has also
been reported that H-aggregates (sandwich aggregates) are not flu-
orescent while J-aggregates (head-to-tail aggregates) are, and that
absorption due to the J- and H-aggregates has been observed at
around 560 nm and 455 nm, respectively [70]. No peak or shoulder
was observed around these wavelengths in the UV-vis spectra of
the coumarin/DOC/phyllosilicate hybrids (Fig. 2). However, a small
absorption due to J-aggregates could be overlapped with the longer
wavelength side of the broad absorption around 488 nm. Also, the
absorption due to H-aggregates may be overlapped with the broad
absorption around 466 nm for the coumarin/DOC/phyllosilicate
hybrids when x =100 (Fig. 2(e)). H-aggregates are not formed in the
coumarin/DOC/phyllosilicate hybrids when x=0.010-10 because
the clearance spaces between the phyllosilicate moieties do not
allow for the formation of H-aggregates, as described below. The
absorption peaks in the short wavelength range (200-300 nm)
can be described as a characteristic of the condensed ring [71].
Thus, the UV-vis spectra show that DOC is incorporated into the
coumarin/DOC/phyllosilicate hybrids over a wide content range.
A broad absorption peak is also observed at around 330 nm. This
absorption is due to the coumarin moiety. This absorption is
observed for samples with low x, as shown in Fig. 2(a) and (b)
[81], but becomes difficult to observe as x increases. This can be
attributed to the overlap with the absorption by DOC. It is well
known that phyllosilicate layers are almost transparent in visible
light. They are not completely transparent in the UV region, but
they do not show a characteristic peak. Fig. 3 shows the depen-
dence of the ratio of incorporated DOC molecules to the hybrid on
x.The ratio is calculated from the change in the concentration of the
DOC aqueous solutions before and after the intercalation reactions.
As x increases, the ratio of the incorporated DOC to the host hybrid
increases from 0.0095 mmol/100 g for x=0.010 to 100 mmol/100g
for x=100. These ratios correspond to the extensive range of
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Scheme 3. Schematic representations of models for (a) host hybrid, (b and c)
coumarin/DOC/phyllosilicate hybrid with x=100, and (d and e) with x=0.010-10.

[DOC]/[Coum] of 0.004 (x=0.010)-40 mol/mol (x=100). Surpris-
ingly, the ratio of incorporated DOC is not saturated in the wide
range studied here (0.010 <x <100 mmol/100 g).

The interlayer distance of the host hybrid is about 1.4nm
[33,34,64]. Therefore, since the thickness of an inorganic layer
is approximately 0.95nm, the clearance space between the lay-
ers is about 0.45nm [82]. Scheme 2(a) schematically represents
a model of the energy minimized structure calculated [83] for
the coumarin moiety, which is estimated to be about 0.4nm
thick. The coumarin moiety is considered to be aligned nearly
parallel to the Si-O-Si surface of the inorganic layers in the
host hybrid (Scheme 3(a)) [33,34,64]. Fig. 4 shows the XRD pat-
terns of the coumarin/DOC/phyllosilicate hybrids. The XRD pattern
in Fig. 4(e) shows that the interlayer distance is approximately
1.9nm for the coumarin/DOC/phyllosilicate hybrid with x=100.
This increase in the interlayer distance shows explicitly that the
guest is incorporated into the interlayers of the host hybrid, i.e., an
integrated coumarin/DOC system is constructed within the solid-
state two-dimensional nanospace between the inorganic layers.
The thickness is about 0.3 nm and the width is about 0.8 nm for
the DOC molecule, as shown in Scheme 2(b). The clearance space
between the inorganic layers is evaluated to be about 0.95nm
for the integrated coumarin/DOC system with x=100. For the
integrated coumarin/DOC system with a large clearance space
(0.95 nm), many models can be proposed. One example is shown
in Scheme 3(b) and features the DOC molecules aligned perpen-
dicular to the Si-O-Si surface of the inorganic moiety. Another
model can also be proposed, as shown in Scheme 3(c). In this
model, the DOC molecules are aligned nearly parallel to the sili-
cate surface and stacked with three layers of DOC molecules. The
XRD patterns in Fig. 4(a-d) show that the interlayer distances are
about 1.4nm for the coumarin/DOC/phyllosilicate hybrids with
x=0.010-10, i.e., the interlayer distances are the same as that
of the host hybrid. The clearance spaces are about 0.45nm for
the coumarin/DOC/phyllosilicate hybrids with x=0.010-10. Two
models can be proposed for these coumarin/DOC/phyllosilicate
hybrids, as shown in Scheme 3(d) and (e). In the model shown
in Scheme 3(d), the DOC molecules are aligned nearly parallel to
the inorganic sheet. In the model shown in Scheme 3(e), the DOC
molecules are oriented with a tilting angle (8) of approximately 30°
with respect to the silicate surface.



K. Fujii et al. / Journal of Photochemistry and Photobiology A: Chemistry 225 (2011) 125-134 129

1 1 1 1 L 1

N
3
o e
S
2 (@
e
O C
o
=

4 6 8 1I0 12 14
20/° (CuKa)

Fig. 4. XRD patterns for the integrated coumarin/DOC systems prepared from the
starting mixtures with x=(a) 0.010, (b) 0.10, (c) 1.0, (d) 10, and (e) 100 mmol/100 g
and (f) the host hybrid as a reference.

The clearance space between the layers allows about 66 mmol
of DOC molecules per 100 g of the host hybrid with a 1.4 nm inter-
layer distance based on the sizes shown in Scheme 2(b). When DOC
molecules are intercalated into the interlayer spaces in excess of
this threshold value, the space between the inorganic layers should
expand, which does, in fact, occur, as shown in Fig. 4. The incor-
porated DOC is 100 mmol/100 g for the integrated coumarin/DOC
systems with x=100, and 9.9 mmol/100g for x=10, as shown in
Fig. 3.

The chemical formula for the host hybrid can be described as
(C14H14NO4)0,01(C5H1002N)o.2Lio 16(Lio.16Mg2.84)Si4010(OH)z
based on elemental analysis results. The intercalation of
the dye into the host hybrid can be carried out by an ion
exchange reaction with Li ions up to 0.16 per formula, i.e., up to
40mmol/100g. The incorporated DOC is 0.009-9.9 mmol/100g
for the coumarin/DOC/phyllosilicate hybrids with x=0.010-10.
Therefore, the DOC cation can be loaded into the interlayer of the
host hybrid by the ion exchange reaction. However, the incorpo-
rated DOC is 100 mmol/100 g for the coumarin/DOC/phyllosilicate
hybrid with x=100. Therefore, at least 60% of the incorporated DOC
is loaded into the interlayer of the host hybrid by reactions other
than the ion exchange reaction. The interlayer of the host hybrid
is hydrophobic due to the coumarin moieties and the incorporated
DOC. It can be speculated that the cyanine molecules are stable
in the hydrophobic interlayer of the host hybrid rather than in
the aqueous solution during the intercalation reaction. Therefore,
this would allow the cyanine molecules to penetrate into the
interlayers of the host hybrid in such a large amount. This model
for the intercalation reaction demonstrates that this strategy has
the potential to be applied to the construction of new integrated
systems with neutral or anionic functional guests.

DOC can be adsorbed on the external surface as well as in the
interlayers of the host hybrid [84]. Assuming that the guest adsorbs
initially on the external surface of the layered host materials and
the guest then intercalates into the interlayers after the external
surface is completely covered, all of the DOC could be adsorbed

Intensity (a.u.)

350 ' 400 ' 450
Wavelength (nm)

Fig.5. Emission spectra for the integrated coumarin/DOC systems with x=(a) 0.010,
(b)0.10, (c) 1.0,(d) 10, and (e) 100 mmol/100 g, Aex =320 nm. (Spectra were normal-
ized as follows: each spectrum is enlarged (reduced) by the emission intensity at
347 nm and baseline subtracted.)

only on the external surface of the host hybrid when x=0.010-1.0.
For the coumarin/DOC/phyllosilicate hybrids with x=10 and 100,
68% and 98% of the adsorbed DOC s located within the interlayers of
the host hybrid, respectively. We will discuss this further and show
that the DOC molecules are dominantly adsorbed on the interlayers
in Section 3.3.

We achieved the construction of integrated coumarin/DOC
systems with a wide range of mole ratios ([DOC]/[Coum]
of 0.004-40mol/mol) within the solid-state two-dimensional
nanospace. The [DOC]/[Coum] can be accurately controlled by
changing the concentration of DOC in the intercalation solutions
because the coumarin moieties are anchored to the inorganic lay-
ers and therefore, the amount of incorporated coumarin does not
change.

3.2. Fluorescence behavior and energy transfer in integrated
coumarin/DOC systems

An emission is observed at around 385 nm when the integrated
coumarin/DOC systems within the solid-state two-dimensional
nanospace are excited at the absorption maxima of the neutral
coumarin, i.e.,320 nm, as shown in Fig. 5. This emission is attributed
to the neutral form of the coumarin moiety [64,72]. The emis-
sion intensity decreases as x increases. The decrease is correlated
with the intercalation of DOC, as described in detail in the next
section.

Emissions are observed around 520 nm when the integrated
coumarin/DOC systems are excited at 480 nm, as shown in Fig. 6.
These emissions are attributed to DOC [65-70]. Both the coumarin
moiety and DOC can fluoresce evenin the integrated coumarin/DOC
systems, resulting in the formation of a solid-state luminous mate-
rial with a wide fluorescence wavelength of 350-600 nm. The
emissions become intense as x increases in the low content range
(x=0.010-0.10 mmol/100 g). In contrast, the emission intensities
decrease as x increases in the relatively higher content range
(x=0.10-100), especially when x > 10. The enhancement in the low
content range is caused by the increase of the fluorophore con-
tent. The decrease in the relatively higher content range could
be attributed to quenching including ET to other DOC molecules
and/or aggregates, electron transfer, etc. The quenching could also
be related to clustering (see the following section).

The emission from DOC shifts to longer wavelengths depending
on the value of x. Several mechanisms can be proposed for the red



130 K. Fujii et al. / Journal of Photochemistry and Photobiology A: Chemistry 225 (2011) 125-134

Intenstiy (a. u.)

(d)
) - e
500 550 600 650
Wavelength (nm)

Fig. 6. Emission spectra for the integrated coumarin/DOC systems with x=(a) 0.010,
(b)0.10, (c) 1.0, (d) 10, and (e) 100 mmol/100 g, Lex =480 nm.

shift: (1) the homo-reabsorption effect by DOC molecules or aggre-
gates[85],(2) clustering, (3) the formation of a charge-transfer state
with an excited state at a lower energy level [86], and (4) inter-
action with the environment, especially the Si-OH groups of the
inorganic moieties [64,73], etc. The homo-reabsorption effect, the
formation of the clusters of fluorophores, and/or the formation of a
charge-transfer state are more likely because these should become
more significant as the DOC content increases. The red-shift will be
discussed in more detail elsewhere.

Surprisingly, emissions from DOC are observed around
520nm even when the integrated coumarin/DOC systems are
excited at 320nm, as shown in Fig. 7. The emission inten-
sity from DOC increases as x increases in the relatively low
content range (x=0.010-1.0). The emission intensity from the
coumarin moieties decreases as x increases. In particular, the
emission from the coumarin moiety decreases considerably
at x=10 ([DOC]/[Coum]=4) and is hardly observed at x=100
(|DOC]/[Coum]=40). DOC hardly fluoresces in the DOC/smectite
composites and DOC aqueous solution when excited at 320 nm, as
shown in Fig. 8. The fluorescence emissions from DOC are observed
around 510 nm for the DOC/smectite composites (Fig. 8(b)) and the
DOC aqueous solutions when excited at the absorption maxima of
DOC. Two mechanisms can be proposed as follows:
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Fig.7. Emission spectra for the integrated coumarin/DOC systems with x=(a) 0.010,
(b) 0.10, (¢)1.0, (d)10, and (e) 100 mmol/100g, tex=320nm. (Each spectrum is
enlarged (reduced) by the emission intensity at 347 nm and baseline subtracted.)

Intensity (a.u.)

Wavelength (nm)

Fig. 8. Emission spectra for the DOC/smectite hybrid, Aex =(a) 320 (dashed) and (b)
480 nm (solid).

(1) The first one is non-radiative ET (e.g., FRET) from the excited
coumarin moieties (donors) to the DOC molecules (acceptors),
which results in the observed emission from the acceptor
(DOCQ). FRET results from long-range dipole-dipole interactions
between the donor and acceptor (Férster model) [51,52].

(2) The second proposed mechanism is radiative ET due to emission
from the coumarin moieties and reabsorption of the photon
by the DOC molecules. This would also result in the observed
emission from DOC.

The absorption spectra of DOC in the integrated coumarin/DOC
systems overlap with the emission spectrum of the coumarin moi-
eties in the host hybrid, as shown in Fig. 9. This spectral overlap
indicates that FRET can occur from the coumarin moiety to DOC in
the integrated coumarin/DOC systems [8] since FRET can occur in
systems where the absorption spectrum of the acceptor overlaps
with the emission spectrum of the donor when the D-A distance is
comparable to or less than Ry [51]. However, radiative ET can also
occur in systems with spectral overlap.

The amount of fluorescence from the donor should be smaller
for systems in which FRET occurs than for systems without the

Intensity (a.u.)
Absorbance (a.u.)

350 400 450 500 550
Wavelength (nm)

Fig. 9. (a) Emission spectrum for the host hybrid, Aex=320nm and (b) UV-vis
absorption spectrum for the integrated coumarin/DOC system with x=0.10.
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Fig. 10. Dependence of the integrated emission intensity at around 385nm on x
(the DOC/host hybrid ratios in the starting mixtures). The integrated coumarin/DOC
systems were excited at 320 nm. The emission spectra were measured using a fluo-
rescence spectrophotometer equipped with an integrating sphere attachment.

acceptor present and should therefore decrease as the ratio of
acceptors to donors increases. Fig. 10 shows the experimental data
for the integrated intensity of the emission from the coumarin moi-
ety in the integrated coumarin/DOC systems with various x values.
The integrated intensity of the emission from the coumarin moi-
ety decreases as x increases. Furthermore, the integrated intensities
are smaller for the integrated coumarin/DOC systems than for the
coumarin moieties in the host hybrid, i.e., the system without the
acceptor. The integrated intensity for the integrated coumarin/DOC
system with x=0.010 is about 3% of the integrated intensity for
the host hybrid. However, the integrated intensity of the emission
should also be smaller if radiative ET occurs.

The experimental results indicate the occurrence of ET from
the coumarin moieties to the DOC molecules, as described above.
However, it is difficult to distinguish via which path, i.e., FRET or
radiative ET, the ET occurs. FRET should be dominant if the distance
between the coumarin moieties and DOC (D-A distance) is compa-
rable to or less than Ry for the integrated coumarin/DOC systems.
This is because FRET occurs much faster than radiative ET in sys-
tems where the D-A distance is less than or equal to Ry. When the
coumarin moiety is located far from the DOC molecules, radiative
ET would primarily occur. The integrated coumarin/DOC systems
with a wide range of [DOC]/[Coum] provide wide range of ET and
various arrangements of fluorophores. This wealth of information
enables discussions on the nano-level structure and relevance of
the nano-level structure to the ET mechanism, as we will discuss in
the next section.

The integrated coumarin/DOC systems are attractive materi-
als for certain applications. The integrated coumarin/DOC systems
emit over a wide range of wavelengths, from 350 to 600 nm,
in response to only one excitation at 320nm; therefore, the
emission in a wide wavelength range does not need several exci-
tations at different wavelengths, as shown in Fig. 7. Furthermore,
the emission intensities vary extensively over the wide range
of [DOC]/[Coum] (Fig. 10) and are relatively easily controlled
by changing the concentration of DOC in the starting interca-
lation solutions. It is demonstrated that the construction of the
integrated coumarin/DOC systems with extended [DOC]/[Coum]
values provide fluorescent materials with user-defined fluores-
cence intensities.

3.3. Arrangements of fluorophores and energy transfer
mechanisms in the integrated coumarin/DOC systems

Each of the coumarin moieties occupies a mean area of 26 nm?
in the host hybrid (Supplementary data). Thus, the mean distance
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Scheme 4. Schematic representations of proposed fluorophore arrangement mod-
els for (a) host hybrid and the integrated coumarin/DOC systems with (b) x <0.10
and (c)x=1.0.7 represents the average distance between the coumarin moieties. The
radius of each circle is equal to the Forster distance for the integrated coumarin/DOC
systems.

between neighboring coumarin moieties is estimated to be 5.5 nm.
Scheme 4(a) illustrates the arrangement of coumarin moieties
before intercalating the DOC molecules. When the DOC molecules
are intercalated, the coumarin moieties do not migrate because
they are anchored to the inorganic moiety by a covalent bond. Con-
sequently, every DOC molecule is within Ry of a coumarin moiety
regardless of the [DOC]/[Coum] and DOC position (Scheme 4(b) and
(c)). A characteristic scale is known as the Forster distance (Rg)
[1,2,5,10,12-15,23,51,52], which was estimated to be 4.2 nm for
the integrated coumarin/DOC systems [87].

Scheme 4(b) shows the expected arrangement of fluorophores
in the integrated system with a low [DOC]/[Coum] (x <0.1). We
found that many of the coumarin moieties are far away from
any DOC molecule (dotted circle), although some coumarin moi-
eties are close to DOC molecules (solid circle) within the same
two-dimensional nanospace. In this manner, a unique fluorophore
arrangement is achieved. The most important factor in the con-
struction of a unique fluorophore arrangement is the anchoring of
the coumarin moiety to the inorganic moiety through the covalent
bond. It is not sufficient here to describe the fluorophore arrange-
ments by the mean D-A distance estimated simply from the total
density of the fluorophores per unit area. It should be noted that
the rate of energy transfer (k) for the integrated coumarin/DOC

systems is not given by kr = J—D (RTO)G, which is only applicable to
isolated donor-acceptor pairs. For energy transfer systems with
multiple D-A distances within a two-dimensional surface, the
intensity decay of the donor is given by integrating the intensity
decay for the distribution of the multiple D-A distances [88].

An increase in [DOC]/[Coum] leads to an increase in the number
of coumarin moieties that are within a radius of Ry from a DOC
molecule, as illustrated in Scheme 4(c) (x=1.0) and Scheme S2
(a tentative model for x=10). The proportions of such coumarin
moieties, which contribute to FRET, are estimated at about 2, 15,
and 70% for x=0.010, 0.10, and 1.0, respectively, while all DOC
molecules are close to a coumarin moiety. For x =100, many DOC
molecules surround each coumarin moiety, as shown in Scheme 3.

In general, FRET becomes the dominant ET path over radiative
ET as the D-A distance becomes shorter. When the donor is excited
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by incident light in cases with a D-A distance comparable to or less
than Ry, FRET can occur from many of the excited donors to the
adjacent acceptors. In contrast, when the D-A distance is signifi-
cantly longer than Ry, the excited donor itself fluoresces. Many of
the photons radiated from the excited donors are emitted out of
the systems, while some of the photons are absorbed by the accep-
tors. As a result, the acceptor is excited via radiative ET. Indeed
FRET occurs even in integrated systems with D-A distances longer
than Ry. However, FRET becomes slower than the emission from the
donor and the excited donors transfer energy mainly via radiative
ET in systems with D-A distance greater than Rg.

Almost all of the excited coumarin moieties would transfer their
excited energy to DOC molecules via FRET in the proposed flu-
orophore arrangement models of the integrated coumarin/DOC
systems with x=10 and 100 because the D-A distance is shorter
than Ry for every coumarin moiety. In the proposed fluorophore
arrangement models for x < 1.0, the excited coumarin moieties
would undergo ET via at least two different paths: (1) FRET from
the excited coumarin moieties close to DOC molecules (D-A dis-
tance < Ry for the coumarin moiety) and (2) radiative ET from the
excited coumarin moieties far from any DOC molecules (D-A dis-
tance is significantly longer than Ry for the coumarin moiety).

Furthermore, the extent of FRET is considered to vary with
[DOC]/[Coum] because the number of coumarin moieties close to
DOC molecules increases as [DOC]/[Coum] increases. Therefore, the
extent of FRET can be relatively easily controlled by changing the
concentration of DOC in the intercalation solutions.

ET can also occur via the Dexter mechanism in systems such as
the integrated coumarin/DOC system with x=100. It is well known
that Dexter-type (electron exchange process) ET can occur in a
system where the donor and acceptor are in contact with each
other, i.e., the electron orbitals of the donor and acceptor overlap.
Of course, a number of the excited fluorophores also return to the
ground state by radiationless deactivation. It is well known that
an ET can occur across two-dimensional surfaces such as layered
double hydroxide layers by the Forster mechanism [10,19]. How-
ever, the nano-level structure in a two-dimensional nanospace is
sufficient for the practical discussion of how the mechanism and
extent of ET are governed by the nano-level structure, i.e., the dis-
tances and relative disposition between the fluorophores in the
integrated coumarin/DOC systems. This is because the shortest
D-A distance within the two-dimensional nanospace is estimated
to be shorter than the shortest D-A distance across the inorganic
sheet.

We will discuss here the D-A distance between the coumarin
moieties and DOC molecules in more detail (Scheme S3). During
intercalation, the DOC molecules settle where the intermolecular
potential energy is minimized with regard to the coumarin moi-
ety. Such a condition is met when the intermolecular distance is
slightly longer than the closest approach between the molecules.
We also note that, because the Si-OH group is localized around the
coumarin moiety in the inorganic surface (Supplementary data),
cationic DOC molecules are more drawn to the coumarin moieties.
The resultant short intermolecular distance allows FRET to occur in
very short time scales. In fact, our study of time-resolved PL con-
firmed an ultra-fast FRET process occurring on the scale of a few
picoseconds in addition to the radiative ET path [35].

The fluorophores may cluster in the integrated coumarin/DOC
system with x=10, as shown in Scheme 5, because the DOC
content is high and the DOC molecules are close to each other
(Supplementary data, Scheme S2). If the fluorophore arrangement
can be represented by the tentative model without clusters, as
shown in Scheme S2, almost all of the excited coumarin moieties
can transfer their excited energy to the surrounding DOC molecules
via FRET and therefore emission from the coumarin moieties should
be barely observable for the integrated coumarin/DOC system

'

Coumarin moiety DOC

Scheme 5. Schematic view of proposed model of nano-level structure for the inte-
grated coumarin/DOC systems with x=10.

with x=10. In this manner, the tentative fluorophore arrange-
ment model without the cluster (Scheme S2) conflicts with the
experimental results of the steady-state fluorescence measure-
ments. However, the proposed fluorophore arrangement model
(Scheme 5) with the clusters is consistent with the experimental
results. Indeed, even some of the coumarin moieties excluded from
the clusters can transfer excited energy to the DOC molecules via
FRET, but the extent of FRET will not be high. Furthermore, the
results of the time-resolved PL in our previous report [35] are con-
sistent with the fluorophore arrangement model with the clusters
(Scheme 5) for the integrated coumarin/DOC system with x =10 and
the fluorophore arrangement model without clusters (Scheme 4(c))
for x=1.0. Thus, as x increases, the D-A distance tends to shorten
for the coumarin moieties (whereas the D-A distance <Ry for all
DOC molecules, even at low x) and the fluorophores become denser,
resulting in stronger intermolecular forces, e.g., van der Waals
forces, and the ultimate formation of fluorophore clusters. Tak-
agi et al. proposed a partially clustered nano-level structure but
without aggregation for porphyrins in interesting clay-porphyrin
complexes even with a low concentration of porphyrins (0.4% vs.
cationic exchange capacity (CEC)) [23]. CEC was reported to be
99.7 meq/100 g for the clay used in their investigation [23]. Cya-
nine derivatives are well known to aggregate well even at very
low concentrations [89-91]. The fluorophores are considered to
form clusters in the integrated coumarin/DOC systems until the
[DOC]/[Coum] becomes high (x=10), as described above. This may
be because the coumarin moieties are anchored apart from each
other and the interactions between the coumarin moieties and DOC
molecules could be stronger than those among the DOC molecules.

Assuming that the DOC molecules adsorb preferentially
on the external surface rather than in the interlayer of the
host hybrid, FRET would rarely occur in the systems with
x<1.0. This is because, based on this assumption, all the DOC
molecules are assumed to adsorb only on the external surface for
coumarin/DOC/phyllosilicate hybrids with x < 1.0, as described in
Section 3.1. The occurrence of ultra-fast FRET [35] demonstrates
that the DOC molecules are intercalated into the interlayers even
in the case of the low DOC content (x < 1.0).

4. Conclusion

The integrated coumarin/DOC systems were constructed with
an extended [DOC]/[Coum] range of 0.004-40 mol/mol in the solid-
state two-dimensional nanoscale space between inorganic layers
using the strategy proposed by us. This is achieved by utilizing
the coumarin/phyllosilicate hybrid in which the coumarin moi-
eties are covalently anchored to the phyllosilicate moieties. DOC
molecules are loaded in excess of the limit by ion exchange reaction,
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which demonstrates the potential to deploy this strategy to various
systems even with neutral guest species. This successful construc-
tion provides a series of systems with a wide extent of FRET
and various nano-level structures. The [DOC]/[Coum], fluorescence
intensities, and the extent of FRET can be controlled relatively easily
by changing the concentration of DOC in the starting intercala-
tion solutions. The proposed nano-level structures are described
with the coumarin moieties both close to and far from the DOC
molecules in the same solid-state two-dimensional nanospace,
while every DOC molecule is close to a coumarin moiety. The
integrated coumarin/DOC systems are also useful as attractive flu-
orescent materials with a wide range of emission wavelengths
from 350 to 600 nm by only one excitation at 320 nm and user-
defined fluorescence intensities. The sound construction strategy
and the knowledge of how the nano-level structures govern the
mechanisms and extents of the ET reactions reported herein can
be applied to provide new integrated systems. These systems will
be constructed with suitable nano-level structures for target reac-
tions such as ET and electron transfer reactions. One of the most
important goals would be the realization of integrated reaction sys-
tems with tailored functions, e.g., artificial photosynthesis systems,
dye-sensitized solar cells, etc.
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