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Abstract Rhodamine 6G (R6G), a well-known fluorescent
dye, has been intercalated into layered potassium titanonio-
bate (KTiNbOs) through a guest—guest exchange method by
using propylammonium titanoniobate (PrNH;"-TiNbOs) as
a precursor. The synthesis process, the structure and mor-
phology characterizations for lamellar nanocomposite have
been investigated by means of XRD, FTIR, and SEM.
The thermostability of R6G*-TiNbOs nanocomposite is
discussed on the basis of thermogravimetric and calorimetric
techniques. Absorption and fluorescence techniques are
applied to study the photoresponse of R6G in hybrid film.
The results indicate that R6G™ cations in thin film are highly
fluorescent even at a high dye concentration, which may be
due to the formation of J-dimers within the confined galleries.

Introduction

Nanocomposites derived from photoactive molecules
associated with layered inorganic solids have attracted
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considerable attention for the design of new optical,
photonic, and photoelectronic devices with potential
applications as tunable solid-state lasers, optical switches,
double-frequency crystals, solar cells, etc. [1-3]. The guest
molecules are able to exhibit unique properties because the
guest species interact with both the host layers sandwiching
them and other intercalated molecules arranged in the
interlayer spaces. Among the many inorganic host mate-
rials, two-dimensional semiconducting crystallites of tita-
nium oxide and niobium oxide are interesting hosts.
Compared with other layered compounds, these nanosheets
possess a high negative charge density, a high anisotropy,
and an ultrathin thickness, which allow the intercalation
compounds to show peculiar photofunctions, e.g., photo-
induced electron transfer and photosensitization. Following
these ideas, in recent decade interest has focused on the
photofunctions of niobates and titanates intercalated with
methylene blue [4], methyl viologen [S], porphyrin [6, 7],
and ruthenium complex [8, 9].

On the other hand, Rhodamine 6G (R6G) is chosen as
guest molecule because it is a cationic xanthene dye with a
high capacity to absorb and to emit light in the visible
region. However, R6G shows a strong tendency to form
aggregates when dissolved in concentrated solution, which
may drastically modify the optical properties of the dye
[10]. For example, at 10~* M the R6G aqueous solution
does not show any lasing capability. In the past few dec-
ades, hybrid materials were prepared by introducing R6G
molecules into solid matrixes of inorganic (clays [11-13],
silica glass [14, 15], molecular sieve [16], and transition
metal oxides [17-19]) and polymeric (PMMA [20], SSEBS
tri-block copolymer [21]) nature. And it has been well
documented that the environmental factors (polarity,
charge, etc.) could have an important influence on the
spectroscopic and optical properties of aggregated dyes.
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For instance, enhanced fluorescence of R6G was observed
in the channels of MCM-41 mesophase [16].

Recently, Nakato et al. [22, 23] have reported the syn-
thesis of the intercalation compound of hexaniobate
(K4yNbgO7) with R6G dye. These reports prompted us to
examine a preparation of novel R6G intercalated potassium
titanoniobate (KTiNbOs) (Fig. 1) nanocomposite by a
guest—guest exchange process. X-ray diffraction (XRD)
and infrared (IR) spectra were measured to confirm the
incorporation of cationic dyes into the interlayer space of
titanoniobate. The morphology of the compound was
checked by scanning electron microscopy (SEM).
In addition, DSC and TG analysis measurements were used
to analyze the thermostability of the new hybrid. Finally,
absorption and fluorescence spectroscopic data have also
been obtained, from which the aggregation state of dye
molecules in constrained and rigid nanostructured envi-
ronment can be evaluated.

Experimental
Materials

A layered compound KTiNbO5 was synthesized by heating
homogeneously mixed powders of K,COj;, TiO,, and
Nb,Os5 (anatase, high-purity chemicals) in molar ratios of
1:2:1 at 1,150 °C, according to the procedure described in
the literature [7]. Commercially available chloride salt of
R6G (Sigma) and n-propylamine (Sinopharm Chemical
Reagent CO., Ltd) were used without further purification.

Intercalation of R6G into layered titanoniobates

1.0 g of KTiNbOs5 powder sample was treated three times
with 1 M HCI for 24 h at room temperature. The titanon-
iobic acid formed was washed with deionized water until
free of C1™, and then dried in air. 0.5 g of titanoniobic acid

Fig. 1 Structure of KTiNbOs. Squares represent the TiOg (and
NbOy) octahedra, and circles indicate the exchangeable cation K™ in
the interlayer
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was sealed in an ampule with 15 mL of a 50% n-propyl-
amine aqueous solution and allowed to stand for 2 weeks at
room temperature. The precipitate powder was washed
with alcohol and dried in air. The obtained white powder of
propylammonium titanoniobate (PrNH;'-TiNbOs) was
again sealed with 0.05 M aqueous solution of R6G™ at
60 °C for 3 weeks. The R6G* solution was adjusted to a
pH of 6 with n-propylamine. The reaction was carried out
in the dark in order to avoid photodegradation of R6G. The
resultant solution was centrifuged and washed with meth-
anol and water thoroughly to obtain a red powder of R6G™
-TiNbOs nanocomposite. The intercalation compound was
dispersed in deionized water with sonication and cast on
quartz substrates, so that optically transparent PrNH;"
-TiNbOs and R6G'-TiNbOs hybrid thin films were
obtained and used for further structural characterization.

Characterization

XRD profiles were obtained with a RINT 2000 diffrac-
tometer (Rigaku), using Cu K, radiation (4 = 0.154 nm)
with 20 going from 2.5° to 40° in 1.0° steps. SEM images
were taken with a JSM-5600 apparatus (JEOL) operating at
20 kV for the Au-coated samples. IR spectra were recorded
on a Shimadzu FTIR-8400S spectrometer in solid KBr
pellets. The composition of the R6G™-TiNbOs hybrid was
performed using a Perkin Elmer 2400-CHN elemental
analyzer. DSC and TG analysis measurements were carried
out with a Netzsch Sta 409 PC/PG apparatus at a heating
rate of 20 °C min~' under dry nitrogen. Visible absorption
spectra were recorded on a Varian spectrometer (model
CARY 50). The emission spectra were measured on a
spectrofluorometer (model FL3-TCSPC, Horiba Jobin-
Yvon).

Results and discussion

Incorporation of R6G molecules into layered
titanoniobate

The incorporation of bulky ions into the interlayer spaces
of titanoniobates is difficult owing to the high charge
densities of TiNbOs~ layers. Herein, we have employed a
guest—guest exchange method and successfully incorpo-
rated R6G™ cations into the layered titanoniobate. The
XRD pattern of KTiNbOs (Fig. 2a) indicates that this
compound is obtained as a single phase. The protonation of
KTiNbOs causes the basal spacing to be shortened to
0.85 nm (Fig. 2b). The propylammonium ions intercalated
compound with 1.57 nm of the dy, (Fig. 2c) is subse-
quently treated with R6G™ to produce a R6G™-TiNbOs
hybrid, resulting in an increase of the dyg, value to 2.26 nm
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Fig. 2 XRD patterns of a KTiNbOs, b HTiNbOs, ¢ PrNH;t-TiNbOs,
and d R6GT-TiNbO;

Table 1 XRD spectrum data

Compound doopn (nm) Ad* (nm)
KTiNbOs 0.92 0.24
HTiNbOs 0.85 0.17
PrNH;*-TiNbOs 1.57 0.89
R6GT-TiNbO5 2.26 1.58

* Ad is gallery height

(Fig. 2d). The basal spacings of these products are listed in
Table 1. By subtracting the thickness of TiNbOs~ slab
(0.68 nm) [24], the net interlayer height of R6G"-TiNbOs
can be calculated as 1.58 nm. Considering the R6G
molecular dimension (1.38 x 1.15 x 0.90 nm) [25], it is
postulated here that R6G™ forms monolayer coverage with
its long molecular axis being oriented perpendicular with
respect to titanoniobate nanosheets (Fig. 3).

Figure 4 shows a sequence of SEM of KTiNbOs as
starting material (a), after acid treatment (b), after prein-
tercalation in the presence of n-propylamine (PrNH;'-
TiNbOs) (c), and after ion exchange with R6G* (R6G™-
TiNbOs) (d). From Fig. 4a, we can see that the original
KTiNbOs consists of plate-like texture reflecting its layered
structure. The texture of the particles remains almost
unchanged after the acid treatment process (Fig. 4b).
Exfoliation of titanoniobate nanosheets can be observed in
the SEM image of PrNH;'-TiNbOs (Fig. 4c). And the
structure of the intermediate is basically retained in the
resultant intercalation compound R6G™*-TiNbOs (Fig. 4d).

The intercalation of R6G™ ions is also supported by IR
spectroscopic analysis. Many characteristic absorption
peaks of R6G™ can be observed in the IR spectrum of
R6G-TiNbOs hybrid (Fig. 5b) [22]. The 1320 cm ™' peak

is assigned to the aryl C-N stretching and the peaks at
1611, 1529, and 1501 cm™' are associated with in-plane
vibration of the xanthene ring. The absorption peak at
1721 em ™' is attributed to C=0 stretching vibration in the
carbonyl-phenyl group. The bands in the range of
400-1000 cm ™" arise from the Nb-O and Ti-O stretching
vibration of the layered host [4]. On the basis of elemental
analysis (C, H, and N distribution of 26.36, 3.42, and
2.21%, respectively), the calculated formula for R6G*-
TiNbOs hybrid is (R6G™)y3H,7TiNbOs - 1.5H,0. The
experimental C/N molar ratio is 13.92, which is in agree-
ment with the expected value of 14.0. These results indi-
cate that propylammonium ions are completely removed
from the R6G'-TiNbOs hybrid during the guest—guest
exchange procedure. And the dye loading in the hybrid can
be estimated as 34.8 wt%.

Thermal analysis

The thermal stability of the R6G molecules in solid host
material has been investigated by thermogravimetry and
calorimetric techniques in an inert N, atmosphere. Figure 6
shows the TGA and DSC thermograms of pure R6G and
R6G-TiNbOs hybrid. Both TGA curves exhibit a several-
step weight loss process. And the weight loss of organic
matter in the R6G'-TiNbOs hybrid is slower and is
extended to higher temperatures (at around 600 °C) than the
pure dye (sharp weight loss in the 270-540 °C range). The
DSC of R6G displays a small endothermic effect at about
266 °C due to incipient melting, followed by two exother-
mic peaks related to sample decomposition [14]. The first
and sharp one at ~320 °C is attributed to the decomposi-
tion of -COOCH,CHj; group. The second and broader one
at ~500 °C is due to the decomposition of the skeleton of
the molecule. On the other hand, the DSC curve for R6G™-
TiNbOs hybrid shows a endothermic peak at ~ 106 °C,
which can be ascribed to the removal of water molecules
from the gallery space. Similar to the pure dye molecule, the
following two overlapping exothermic peaks corresponds to
the decomposition of R6G molecules in the hybrid. How-
ever, in this case, the dye degradation takes place at higher
temperatures with the first exothermic effect at ~384 °C
and the second one at ~530 °C. This result suggests that
the intercalation of dye molecules in solid inorganic host
material enhances thermostability of the dye.

Spectroscopic properties of R6G1-TiNbOs hybrid

Comparison of the visible absorption spectra of a R6G™
intercalated titanoniobate film and a R6G™ aqueous solu-
tion is shown in Fig. 7. In R6G™' aqueous solution, the
main band at 526 nm and shoulder at about 500 nm are
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Fig. 3 Intercalation model

of R6G™-TiNbOs

2.26 nm

Fig. 4 SEM images of a KTiNbOs, b HTiNbOs, ¢ PrNH;*-TiNbOs, and d R6G*-TiNbOs

observed. The former is associated with the absorption by
monomeric dye and the latter is due to the formation of
H-dimer (placed at higher energies than the monomer
absorption band). When R6G™ cations are inserted into the
titanoniobate layers, the main band is shifted to longer
wavelength (A1 = 14 nm). Similar phenomena in the
visible absorption spectra of R6G have also been observed
in other solid matrices. For example, Grauer et al. [26]
studied the adsorption and intercalation of R6G™ in
montmorillonite and Laponite and found red shifts of 20
and 13 nm, respectively. Conversely, Nakato et al. [22]
reported shorter wavelength shift when they studied the
spectroscopic behavior of R6G™ intercalated layered nio-
bate. The red shift of the main peak has been attributed to
the formation of the J-dimer (placed at lower energies than

@ Springer

the monomer absorption band), which is not present in the
bulk aqueous solution except at very high concentrations.
In general, the matrix polarity has an important influence
on the aggregation state of dye molecules in confined
spaces and less polar media favors the formation of the
J-dimer. In our case, the interlayer spaces are more
hydrophobic as compared to the aqueous solution system.
In the spectrum of hybrid film, the shoulder at about
500 nm can also be observed, indicating the presence of
H-dimer. As the H-excites states of aggregates are not
fluorescent, the absorption technique is a more appropriate
method to spectroscopically characterize the dimerization
process of dyes. This coexistence of H-dimers and J-dimers
of rhodamines in different surfaces and interfaces has been
also proposed by several authors [27, 28].
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Fig. 5 IR spectra of a KTiNbOs and b R6G*-TiNbOs
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Fig. 6 TGA (solid line) and DSC curves (dashed line) of a pure R6G
and b R6G*-TiNbOs

Fluorescence spectra for solution phase and nanocom-
posite system are acquired (see Fig. 8). We are delightly to
find that R6G™ cations in thin film are highly fluorescent
with efficiencies even at a high concentration. This is quite
different from the photophysical behavior of dye in

Wavelength / nm

Fig. 7 Normalized absorption spectra of 107> M R6G aqueous
solution (solid line) and the film deposited from R6G'-TiNbOs
hybrid (dashed line)

Fluorescence intensity / a.u.

n 1 " 1 " 1 " 1 " 1 n 1 "
500 550 600 650 700 750 800 850
Wavelength / nm

Fig. 8 Normalized emission spectra of 107°M R6G aqueous
solution (solid line) and the film deposited from R6G'-TiNbOs
hybrid (dashed line), obtained by excitation at A = 482 nm

aqueous solution, where undesirable concentration quench-
ing caused by the formation of H-dimer is often observed.
When R6G™ cations are intercalated in the titanoniobate
layers, the emission maximum is red shifted from 555 to
633 nm, suggesting the formation of fluorescent J-dimer
species [29]. As proposed above, the matrix polarity can
also be used to explain the observed red shift in the
luminescence. Besides, it can be seen that the emission
band of R6G™ intercalated titanoniobate film has been
remarkably broadened as compared to that of dye in water.
This implies that the nearest-neighbor structure around the
dye is not so simple as the cluster structure of solvation in
solution. In fact, intramolecular charge transfer caused by

@ Springer
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host—guest interaction has been reported for intercalation
compounds of semiconducting oxides with dyes [30].
Similar interactions may occur in present system.

Conclusions

This is the first successful example of a R6G/KTiNbOs
intercalation compound. The insertion of R6G' was con-
firmed by the change in the color (from white to red) and
the expansion of the basal spacing (from 0.92 to 2.26 nm).
The intercalated R6G™ cations form monolayer coverage
with long molecular axis being oriented perpendicular with
respect to titanoniobate nanosheets. The incorporation of
cationic dyes in the bidimensional nanostructure produces
a red shift in the absorption band of the dye. The coexis-
tence of H-dimers and J-dimers of R6G™ in interlayer
space of titanoniobate is proposed. The solid matrix offers
a larger thermal stability and allows emission of fluores-
cence even at a high dye concentration. R6G"-TiNbOs
hybrid possesses a good quality in optical properties and is
an excellent host—guest solid-state system with possible
photofunctional applications.
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