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ABSTRACT: Lanthanide-based organic—inorganic hybrid materials
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which can fully protect Eu®* ions from the water molecule quenching.

The mechanism of how the imidazolium salt favors the formation of Eu**-f-dikeonate complex with large coordination number
was elucidated. The result is that the removal of the abundant protons on the Laponite platelets through a mechanism of synergic
effect of ion exchange and neutralization drives the formation of Eu*'-f-diketonate complexes with high coordination number.
The high efficiency of the resulting luminescent nano-LnOIH in water endows the nanohybrid with good aqueous solution
processability and opens the possibility of using them under complicated aqueous conditions for biorelated applications.

KEYWORDS: nanohybrid, Laponite, lanthanide, luminescence, flexible film

1. INTRODUCTION

Lanthanide-based organic—inorganic hybrid materials (LnOIH)
resulting from the embedding of lanthanide complexes within
inorganic matrices constitute an intensive research subject for
decades, due to the great interest in them for pure academic
activity and for potentially practical applications.' "> Recently,
a luminescent molecular hybrid material, which is a viscous
liquid at room temperature, has been realized by grafting Eu’*-
p-diketonate complex to a silicon corner of polyhedral
oligomeric silsesquioxane."> Improvements in thermal and
photostability of lanthanide complexes were attained in the
resulting LnOTH."*™'® Moreover, the fine manipulations of
luminescence colors as well as the realization of white light
were also achieved via the confinement of lanthanide complexes
within inorganic matrices."”™'® Despite their versatility and
intriguing optical properties (such as large Stoke shifts, narrow
emission bands, and long luminescence lifetimes of lanthanide
ions), LnOIHs that are sufficiently bright in aqueous solution
are rarely reported owing to effective radiationless deactivation
of the excited state through weak coupling with the vibrational
states of high-frequency OH oscillators of water ligand,”*~>
which further excludes them from biological applications such
as bioimaging and biolabeling. Therefore, the development of
facile and environmentally friendly methodologies to prepare
LnOIH showing high luminescence efficiency in aqueous
solution is highly desirable for biological applications and has
still remained a challenge.
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Herein we report a simple two-step strategy to fabricate
nano-LnOIH exhibiting high luminescence efficiency in water.
First, the in situ formation of Eu®*'-f-diketonate complex
(Eu*(TTA,), TTA = 2-thenoyltrifluoroacetate) on surface of
Laponite platelets in aqueous solution leads to luminescent
nano-LnOIH. Subsequently, an imidazolium salt with reactive
silane groups (1)** is loaded on surface of the platelets via ion
exchange, and some of them are simultaneously covalently
grafted to the edge of the platelets through adding 1 to the
aqueous suspension of the nano-LnOIH and sonicating the
mixture for several minutes. The modification with 1 affords the
luminescent nanohybrid in aqueous environment a very high
absolute quantum yield of ~0.7, a high value that is rarely seen
for LnOIH in water. A consequence is that strongly
luminescent transparent material can be prepared on glass
substrate and LED cell using aqueous solution of the
luminescent nanohybrid. The transparent, flexible, and strongly
luminescent self-standing film can also be obtained through
casting aqueous solution of the luminescent nanohybrid with a
small amount of water-soluble organic polymer like poly(vinyl
alcohol) (PVA). The mechanism behind the high luminescence
efficiency of the obtained nano-LnOIH in aqueous environ-
ment was clearly elucidated. More importantly, this approach is
convenient and environmentally friendly (water is mainly used
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Figure 1. (a) Schematic representation of single Laponite crystal (left) and its idealized structure formula (right). (b) TEM image of Laponite
platelets. (c) XRD pattern of Laponite platelets. (d) Chemical structures of the organic salts used in this study.
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Figure 2. (a) Fabrication process of the luminescent nano-LnOIH with photographs under near UV-light illumination. For Eu**(TTAn)@Lap-1, the
amount of 1 actually used per unit cell is 6.3. (b) Excitation spectra monitored at 612 nm and (c) emission spectra excited at 340 nm of Eu**(TTAn)

@Lap (black line) and Eu**(TTAn)@Lap-1 (red line).

as the solvent), with no need for multistep synthetic
procedures, sophisticated equipment, and harsh conditions.

2. RESULTS AND DISCUSSION

Characterization of the Nanohybrid. Laponite was
selected as the platform for preparing the luminescent nano-
LnOIH, which is a member of the trioctahedral smectite clay
family (chemical composition Nay,[SigMgs sLig3]0,0(OH),).
Its structure, morphology, and XRD pattern is shown in Figure
1>*7*7 As synthesized nanoclay (Figure la), Laponite is
composed of stacked platelets of an average diameter 25 nm
and 0.92 nm in height, which can be completely delaminated to
individual disks to form transparent solution when they are
dispersed in water. Each single laponite platelet contains
roughly 1500 unitary cells (u.c.). The Laponite disk surface
charges negatlvely, both cations®> and neutral organic
molecules® can be readily accommodated on the individual

disks, which allows for the in situ formation of Eu*"-$-
diketonate complexes on the disks in aqueous solution to form
luminescent nano-LnOIH named as Eu**(TTA,)@Lap.
Eu**(TTA,)@Lap was obtained by adding TTA dissolved in
minimum amount of EtOH to Eu*'-containing Laponite
aqueous suspension as described in Experimental Section.
The experimentally determined Eu** and TTA loading per u.c.
~ 0.3 and ~1.1, respectively. The presence of the TTA ligand
can be straightforwardly detected by UV—vis absorption spectra
shown in Supporting Information, Figure S1. The bands at 265
and 340 nm in the absorption spectrum of Eu®*(TTA,)@Lap
are assigned to the absorption of TTA ligands.” The formation
of Eu**(TTA,) complexes on the platelets is easily seen by
naked eyes under UV illumination (Figure 2a) and is well-
demonstrated by excitation and emission spectrum (Figur-
e2b,c). An appropriate amount of 1 dissolved in water was

added to Eu**(TTA,)@Lap, which is highly dispersed in
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aqueous solution, and the mixture was sonicated for several
minutes. A wet gel containing at least 80% water (determined
from Thermogravimetric Analysis (TG) curves) was obtained
after centrifugation, which was denoted as Eu**(TTA,) @Lap-1.
1 can be loaded on Laponite platelets via exchanging a cation

and/or via grafting to the edges of the platelets through
condensation of the bulky triethxoysilane moiety with the OH
groups present at the edge of the platelets.** > Because the
platelets of Eu’*(TTAn)@Lap have a low negative surface
charge (zeta potential { = —12 mV), 1 with positive charge is
strongly favored. After 1 was added into the Eu**(TTAn)@Lap,
electrostatic interaction reverses the negative charge of the
platelet (£ = +23 mV).>* However, the cointeraction or ion pair
adsorption could not be excluded.** The presence of 1 is clearly
seen from the UV—vis absorption spectra shown in Supporting
Information, Figure S1. Strong band at 240 nm in Figure SI is
assigned to the absorption of imidazole ring of 1, verifying the
loading of 1 on the platelets during the modification processing.
The grafting reaction is clearly evidenced in Figure 3, which

3+
—Eu (TTAn)@Lap

3+
—Eu (TTAn)@Lap-1
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Figure 3. Solid-state *Si DP/MAS spectra of samples.

illustrates the *Si solid-state NMR spectra of the samples. The
spectrum of Eu**(TTA,)@Lap shows a large peak at —95 ppm
assigned to the completely condensed silicon and a smaller
peak with a shoulder at —85 ppm, which represents the
uncondensed silicons.>* After modification with 1, the relative
intensity of peak at —85 ppm is clearly decreasing due to the
grafting reaction between 1 and the SiOH groups of Laponite
sheet, and the appearance of two broad bands is observed at
—67 and —56 ppm, corresponding to different condensation
levels of the Si—O moieties.’**"

Optical Properties. Eu**(TTA,)@Lap displays a pro-
nounced increase in luminescence efficiency upon modification
with 1, as revealed by the digital photo taken under near-UV
illumination (Figure 2a), excitation and emission spectra
(Figure 2b,c), and the absolute quantum yield. The broad

bands in the range from 200 to 420 nm exhibited in the
excitation spectra are due to the absorption of TTA, which is
overlapped with the absorption spectra (Figure S1). The
emission spectra excited at 340 nm show five sharp lines
attributed to the D, — 7FJ (J = 0—4) transitions. The D, —
’F, transition at 612 nm dominates the emission spectra and is
responsible for the bright red emission shown in Figure 2a. The
absolute quantum yield determined by the integrating sphere
also increases by ca. 7-fold, from 0.10 to 0.70, a high value that
is rarely observed for LnOIH in aqueous solution. We are
extremely surprised that Eu®* exhibits so large quantum yield in
the water-abundant environment since the parity-forbidden f —
f transition is typically quenched in OH-containing solvents due
to relaxation via O—H vibrations.>*° This indicates that water
molecules coordinated to Eu®* ions were replaced by TTA
ligands after modification with 1, which is further supported by
the luminescence decay time and the intensity ratio I(°D, —
’F,)/I(°Dy — "F,). The luminescence decay time calculated
from the decay curves shown in Supporting Information, Figure
S2 is remarkably increased from 022 to 0.72 ms after
modification with 1. The prolonged lifetime of the Eu** excited
state implies a displacement of water molecules from the first
coordination sphere by TTA ligands, indicating that 1 is
favorable to the formation of Eu’*-f-dikeonate complex with
large coordination number, and thereby Eu®* ions are well-
protected from the water molecule quenching. The number of
water molecules (n,) in the coordination sphere of Eu®* was
estimated based on the emission spectra and the lifetime of the
’D, state of the Eu’* ions according to the method described
elsewhere.*® The result reveals that the n, in Eu**(TTA,)@Lap
and Eu*(TTA,)@Lap-1 is ~3.1 and ~0.2, respectively, which
is in good agreement with our assumption. In addition, the ratio
of the integral intensity of I(°D, = 'F,)/1(°D, — "F,) is often
used to measure the degree of Eu’* symmetry variation in
different local environment. It becomes larger with increasing
interaction of the Eu’* with its neighbors because the site
symmetry decreases.® The modification leads to a significant
increasing in intensity ratio ID, — F,)/I(°D, — "F,) from
11 to 18, indicative of lower symmetry of Eu®* site and a larger
Eu**ligand interaction, which implies more complete coordi-
nation of Eu®* to $-diketonate. No specific crystal structure is
available for the hybrid materials; however, the high intensity
ratio I(°D, — ’F,)/I(°D, — ’F,) indicates that the actual
coordination polyhedron will be closer to a dodecahedron or a
bicapped trigonal prism than to a square antiprism.”” Actually,
the luminescence intensity of Eu’*(TTA,)@Lap increases
gradually with increasing amount of added 1, which reaches
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Figure 4. (a) Emission spectra of Eu**(TTA,)@Lap-1. The excitation wavelength is 345 nm. (b) Amount of the modifier 1 loaded on the
nanohybird (dot) and luminescence intensity vs the amount of 1 added to the reaction mixture (solid). The value in the brackets indicates the added

amount of 1.
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its maximum when the added amount of 1 was 6.3/u.c. (Figure
4a). Interestingly, as shown in Figure 4b, all the molecules are
loaded on the platelets during the modification when the added
amount of 1 was low (0.17/u.c.). However, only 10% of 1 was
found on the platelets if the added amount of 1 was high (6.3/
u.c.).

The Mechanism for Enhancing the Luminescent
Efficiency by 1. The luminescence data aforementioned
reveal that the presence of 1 in luminescent nano-LnOIH can
favor the formation of Eu®'-f-dikeonate complex with large
coordination number. The questions are why and how can 1
increase the coordination number of Eu**-f-dikeonate complex
accommodated on the platelets. It has been well-documented
that abundant acidic sites exist on the surface of the individual
delaminated platelets of Laponite in water.*** The acidic sites
have negative influence on the luminescence efficiency of
lanthanide complexes on the Laponite platelets.”® TTA ligand
can be protonated under the acidic environment of Laponite
platelets higly dispersed in water, which competes with full
coordination to Eu** ions (Scheme 1). We therefore can reason

Scheme 1. Formation of Eu**-f-Dikeonate Complex

o} o] o] OH (1)
1
S s
\ / CF3 \ / 7 CF3
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that 1 can decrease the proton activity on the platelet surface.
We propose that the protons on the Laponite platelets can be
removed by 1 presumably through a mechanism of synergic
effect of ion exchange and neutralization. The proposed
mechanisms can be further supported by the following
observations: (1) the pH of an aqueous solution of 1 (2 mg
mL™") was measured, and a pH of 7.9 was observed, implying 1
can act as a weak base to neutralize the protons on the platelet
surfaces; and (2) the aqueous suspension of Eu**(TTA,)@Lap
displays a decrease in pH from ~7.3 to 6.7 even after adding a
low amount (0.17/u.c.) of 1, indicating the releasing of protons
from the surface to water by exchanging H" with positively
charged part of 1. This can explain why a large intensity
enhancement was observed after adding only a low amount of
1, for example, 0.17/u.c. (Figure 4a). It is worth noting that
other imidazolium salts (2—3) and pyridium salts showing
weak acidity in aqueous solution (pH 4.2—5.8) can also be
effective to enhance the luminescence of Eu**(TTA,)@Lap but
to a lesser extent (Figure S). A similar luminescence-boosting
effect was previously observed by us in the nanozeolite L-based
luminescent nano-LnOIH; however, the mechanism respon-
sible for decreasing the proton strength was not clearly
elucidated.*® Furthermore, the advantages of Laponite platelet
over zeolites lie on its complete delamination in water and on
its “soft” confinement of guests because the guest species are
normally accommodated between interlayers that can to some
extent adjust to the thickness of a guest species.*'

Aqueous Solution Processability of the Nanohybrid
and the Flexible Luminescent Film. The luminescent
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Figure S. (a) Emission spectra at 345 nm excitation. (b) Decay curves
measured at room temperature using an excitation of 345 nm and
monitored around the most intense emission line at 612 nm.

boosting effect of 1 for the nanohybrid is even more significant
when these nanohybrids were applied in aqueous environ-
ments. We prepared visually clear aqueous solution with
Eu**(TTA,)@Lap and Eu**(TTA,)@Lap-1 at a low concen-
tration (~2 mgmL™'); only that of the 1-modified nano-
LnOIH exhibited a bright emission under UV-light illumination
(inset of Figure 6a). The Eu**(TTA,)@Lap-1 aqueous solution

a) 2 -
E
g i
P
‘@
=
Q
£ El

1
y T T T T T
550 600 650 700

Wavelength (nm)

Figure 6. Demonstrations of the aqueous solution processability of the
luminescent nanohybrid. (a) Emission spectra of aqueous solution of
Eu**(TTA,)@Lap (1) and Eu**(TTA,)@Lap-1 (2). (inset) Photo-
graphs of same under daylight (top) and UV-light irradiation
(bottom). (b) A luminescent and transparent film results from casting
the aqueous solution of Eu**(TTA,)@Lap-1 on a glass substrate. (c)
The commercially available UV-LED (4,,,, = 395 nm) and that coated
with Eu’*(TTA,)@Lap-1. (d) The flexible film casting aqueous
solution of the Eu**(TTA,)@Lap-1 with a small amount of water-
soluble organic polymer like PVA.

exhibits an absolute quantum yield of 0.42 and a decay time of
0.68 ms, while the value for the aqueous solution of
Eu**(TTA,)@Lap is 0.05 and 0.2 ms, respectively. The success
in obtaining luminescent thin film is highly desirable for a
luminescent material to be fabricated into optical device;
transparent film was therefore prepared by simply dropping the
aqueous solution of Eu**(TTA,)@Lap-1 onto a glass substrate,
followed by drying at 60 °C in air. Bright red emission under a
UV-light illumination was then observed (Figure 6b). In
addition to being coated on the flat substrate, the aqueous
solution can be easily casted on a round-shaped objective such
as an LED cell, and then a bright red light is achieved (Figure
6¢).

Red-emitting luminescent materials excited effectively by
near-UV light are highly desirable for white light-emitting
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LED.* Since flexible luminescent films show great potential in
collapsible optoelectronic devices owing to their advantages of
foldability and crack resistance,” we also prepared highly
luminescent and transparent flexible films using Eu**(TTA,)@
Lap-1 as the building blocks via a very simple process: casting
aqueous solution of the Eu’*(TTA,)@Lap-1 with a small
amount of water-soluble organic polymer like PVA. Very
interestingly, the resultant flexible film shows bright red light
even under daylight (Figure 6d, top). Strong bright red-
emission light is observed when the flexible film was illuminated
with a UV light (Figure 6d). The excitation and emission
spectra of the flexible films shown in Figure 7 are similar to
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Intensity/a.u.

200 250 300 350 400 450 550 600 650 700
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Figure 7. Excitation spectrum (a) monitored at 612 nm and emission
spectrum (b) excited at 345 nm of the flexible thin film.

those displayed in Figure 2. The excitation spectrum is
composed of a broad band ranging from 200 to 400 nm. It is
attributed to the absorption of TTA ligand. Excitation at 345
nm leads to the same *D, — 7FJ emission line as observed in
Figures 2 and 6 with the D, — ’F, band as the most
prominent feature. The luminescence lifetime was determined
to be 0.53 ms from the mono-exponential decay curve
(Supporting Information, Figure S3). The absolute quantum
yield was determined to be 0.45. The photophysical data of the
film are smaller than those of the wet gel. The interaction of the
luminescent nanohybrid with PVA polymer might account for
the decreased luminescence efficiency. The optimization of the
preparation procedure, for example, choosing an appropriate
polymer, is under investigation.

3. CONCLUSION

In summary, we have demonstrated a simple and environ-
mentally friendly way to achieve luminescent nanohybrid of
sufficient brightness in water by in situ formation of Eu**-f-
dikeonate complexes on aqueous dispersible nanoclay and
further modification with a silane-functionalized imidazolium
salt. The mechanism responsible for the surprisingly high
luminescence efficiency of the nanohybrid in aqueous medium
has been elucidated. The result is that the removal of the
abundant protons on the Laponite platelets through a
mechanism of synergic effect of ion exchange and neutralization
drives the formation of Eu**-f-diketonate complexes with high
coordination number. The resulting highly luminescent nano-
LnOIH has also been used as building blocks for fabricating
transparent film on a substrate, red-emitting LED, as well as
flexible and crack resistive nano-LnOIH/polymer composite
film by aqueous solution process. Our results represent a major
step forward in the research on LnOIH that is highly
luminescent in aqueous environment and also show great
interest for applications in different fields of optoelectronics
and bioimaging. Furthermore, our results highlight the
importance of understanding the influence of inorganic
matrices on the properties (e.g., luminescence) of lanthanide

complexes in LnOIH and serve as a basis for the rational design
of highly luminescent materials.>**’

4. EXPERIMENTAL SECTION

Materials. 2-Thenoyltrifluoroacetone (TTA), (chloropropyl)-
triethoxysilane, and 1-butylimidazole were purchased from Aldrich
and were used as received. Laponite RD was purchased from
Rockwood Additives Ltd. and was used as received. Aqueous solutions
of EuCl;-6H,0 were prepared by dissolving Eu,O; in concentrated
hydrochloride acid. The imidazolium salt 1 was synthesized and
characterized according to the procedure reported in ref 23.

In Situ Formation of Eu3*-g-Dikeonate Complexes on
Laponite Platelets. Laponite RD (0.5 g) was dispersed in deionized
water (10 mL) and was sonicated for 1 h to obtain a colloidal
suspension solution. A solution of S mL of EuCl;-6H,0 was added to
it, and then the mixture was stirred at 80 °C for 24 h. A wet gel was
obtained by centrifugation. The wet gel was added into 10 mL of
ethanol solution of TTA (0.15 g) and was sonicated for 2 h. The
Eu**(TTA,)@Lap was obtained after centrifugation.

Maodification of Eu**(TTA,)@Lap with 1. Eu*>*(TTA,)@Lap wet
gel (100 mg) was dispersed in 20 mL of water containing an
appropriate amount x of 1, and the mixture was sonicated for 2 h. The
product was recovered by centrifugation and denoted as Eu**(TTA,)
@Lap-1(x), where x represents the number of 1 per u.c. of Laponite.

Preparation of the Transparent Film. Eu**(TTA,)@Lap-1(6.3)
(0.1 g) wet gel was dispersed in 20 mL of deionized water and was
sonicated for 1 h to obtain a visually clear solution. A transparent and
luminescent thin film was formed by dropping the solution on micro
slide glasses, followed by evaporation of water at 60 °C in air.

Preparation of Flexible and Luminescent Films. PVA (0.2 g)
was dissolved in 10 mL of water. An aqueous solution of Eu**(TTA,)
@Lap-1(6.3) was then added and sonicated for 30 min. The flexible
and luminescent films were formed by dropping the mixed solution on
glass, followed by evaporation of water at 60 °C in air for 10 h. The
films were then peeled from the glass.

pH Measurement. Before a pH meter is used, the electrodes must
be rinsed with distilled water and allowed to drain (not dried,
however). They can be blotted with a paper tissue. The meter should
be standardized with two buffers, one with pH below (4.00) and one
with pH above (9.18) the values to be measured. The temperature of
the standard buffers is measured, and the temperature compensation
control is adjusted to the temperature of the solution. When the meter
has been standardized and readings are stable, the pH of the test
solution can be measured.

Eu**@Lap (0.1 g), Eu**(TTAn)@Lap (0.1 g), and Eu**(TTA,)@
Lap-1 (0.1 g) wet gel were dispersed in 20 mL of deionized water and
then were transferred to three beakers (50 mL) after sonication for 1
h. An electrode from a pH meter was then submerged into the
solution that was previously prepared; the solution was allowed to stir
until the pH meter gave an accurate reading. This process was
repeated until the readings are almost same.

Quantification of 1 on Eu**(TTA,)@Lap-1. The amount of 1
loaded on the nanohybrid was determined by measuring the
absorbance at 211 nm by UV—vis spectroscopy.

Characterization. SEM images were obtained from an FE-SEM
(Hitachi S-4300) at an acceleration voltage of 10 kV. The steady-state
luminescence spectra and the lifetime measurements were measured
on an Edinburgh Instruments FS920P near-infrared spectrometer, with
a 450 W xenon lamp as the steady-state excitation source, a double
excitation monochromator (1800 liness-mm™), an emission mono-
chromator (600 linessmm™), a semiconductor cooled Hamamatsu
RMP928 photomultiplier tube. Absolute quantum yield measurements
were carried on the aforementioned fluorescence spectrophotometer
equipped with an integrating sphere. The fluorescence quantum yield
of the sample was obtained according to the manual provided by the
company. The pH of the solution was measured with a PHS-3C pH
meter (Rex Instrument Factory, Shanghai, China). The zeta potential
values of the micelles were determined on a Brookhaven ZetaPALS
(Brookhaven Instrument, U.S.A.) at 25 °C. The instrument utilizes
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phase analysis light scattering to provide an average over multiple
particles. Doubly distilled water was used as the background electrolyte
for zeta potential measurements. A UV—visible Agilent crayl00
spectrometer, with a quartz cuvette with path length 10 mm, was used
to determine the wavelength of the maximum UV absorbance peak.
The absorbance was measured from 200 to 800 nm.
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UV-—vis absorption spectra of Eu’*(TTA,)@Lap and
Eu3+(TTAn)@Lap—1 in water, luminescence decay curves of
Eu**(TTA,)@Lap and Eu**(TTA,)@Lap-1 measured at room
temperature, luminescence decay curves of the flexible thin film.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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