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ABSTRACT: Hybrid composites with great potential for
white light LED and temperature sensing obtained through a
simple, low cost, and environmental benign way is highly
desirable and remains a challengeable task. Herein we present
luminescent hybrid composites both in the form of powder and
transparent film by simply mixing organic sensitizer, aminoclay
(AC), and lanthanide (Ln®") in aqueous solution, the emission
color of which can be fine-tuned by changing various
parameters such as the molar ratio of Eu** to Tb**, excitation
wavelength, and the temperature. White lights with satisfied
color coordinates have been achieved. The emission intensity

ratio of *D, — ’F; transition (Tb**) to Dy, — ’F, transition (Eu®") of the composite containing both Eu** and Tb*" can be
linearly related to temperature in the range from 78 K to 288 K. These characteristics make the composites suitable for
optoelectronic devices such as thermosensors and white light LED.
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1. INTRODUCTION

White-light-emitting materials have gained intense attention in
recent years due to their widespread applications in
optoelectronic devices such as full color displays and the
back-light of portable display devices." In principle, an ideal
white-light-emitting system should consist of three primary
colors (RGB: red, green, and blue) in desired intensities and
cover the visible wavelength range from 380 to 750 nm, which
are typically composed of multiple cooperating components or
just a single multifunctional emitter.”~* This largely relies on
the fine control of energy transfer process within or between
the components possibly through the proper molecular design
and supramolecular organization of various components.>® The
organization of organic chromophores within the amino moiety
functionalized organoclay’~® has been employed to realize
processable white-light-emitting materials resulting from the
energy transfer between chromophores governed by the
organoclay.'’™"*

The application of lanthanide-containing materials in white-
light generation has attracted considerable attention due to
their unique optical features such as sharp emission bands, large
Stokes shift, long lifetime, and tunable emission.”>™*° White-
light emission has been produced in an elegantly designed
europium(III) complex in which only partial energy transfer
from sensitizing fluorophore to Eu** ions occurs.”® Duan and
co-workers reported tunable emission of three primary colors
(red, green, and blue) and white light through the combination
of an Eu*" complexes exhibiting red light and an organic ligand
consisting of a blue-emitting coumarin fluorophore and a green-
emitting Rhodamine 6G ﬂuorophore.21 Nevertheless, time-
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consuming and high cost as a result of the multistep synthesis
and purifying of ligands constitute the major challenges for the
generation of white light to realize their applications in electro-
optic devices. Furthermore, drawbacks such as low thermal and
photochemical stability and poor mechanical properties as well
as inferior processability exhibited by these complexes also
severely limit their full exploitation in building devi-
es.!192272* The assembly of various trivalent lanthanide
ions (Ln’") and organic sensitizer within inorganic scaffold
leads to luminescent hybrid materials with improved stability
and bettered luminescence output.”*>** Multicolored photo-
luminescence as well as white-light emission were occasionally
observed in some of this kind of materials due to the partial
energy transfer from sensitizer to Ln* ions; the organic
sensitizer can serve as blue components in addition to being a
photosensitizer as a result of the partial energy transfer.””
However, the generation of white light in such a kind of hybrid
materials is fully unexploited since the control of energy
transfer to multicomponents is extremely difficult due to the
sensitivity of luminescence systems to the chemical environ-
ment,”*® and only several reports are available.**” For
instance, Wada reported the fine-tuning of emission color
and white light in NaX zeolite with sensitizer, Eu** and Tb**
encapsulated within the cavities. A white color was only
observed at 77 K, unfortunately.’® Also inserting organic
sensitizers within zeolite cavities has to be done under vigorous
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Scheme 1. Preparation of AC-BTC-Ln Hydrogel®
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“a) a single AC unit; b) Na-BTC; c) digital photo and XRD pattern of AC, d(g;) = 1.64 nm (20 = 5.3°) exhibits a regular layered-structure thickness

of the talc-like phyllosilicate, d(p, 110) = 0.407 nm (29 22°), d130, 200) =

=0.256 nm (26 = 35°), and d(gg0, 330) = 0.156 nm (26 = 59°) reveals the

formation of the 2:1 trioctahedral smectite structure;” d) AC aqueous solution; e) AC-BTC-Ln (hydrogel), with approximate molar ratio of AC: Na-
BTC = 13:7 and Na-BTC: Ln** = 3:4; f) schematic representation of the luminescent materials consist of AC, Na-BTC and LnCly, under UV light
illumination; g) image of the dehydrated fine powder of AC-BTC (254 nm UV illumination).

conditions such as exclusion of water molecules, reduced
pressure, and time-consuming. It is therefore highly desirable to
develop luminescent materials of tunable emissions and white
lighting through a simple, environmentally benign, low-cost,
and less time-consuming procedure.

Herein, we report a fascinating multicolored photolumines-
cent and white-light-emitting hybrid composite by simple
supramolecular coassembly of organoclay, sensitizer as well as
Ln’" in aqueous medium at room temperature. The preparation
of the luminescent composite shown in Scheme 1 is based on
the noncovalent ionic assembly between the anionic organic
sensitizer and the cationic aminoclay (AC) in water. The
aminoclay, a kind of layered magnesium organosilicate which is

talc-like and has an approximate composition of
R3SigMgsO 16(OH)4 where R— is aminopropyl
(NHZCHZCHZCHZ )"~ was selected as the scaffold for the
organization of Ln*" and the organic sensitizers because the
protonation of the amino groups in water can guarantee the
complete exfoliation of clay layers and can interact electro-
statically with the negatively charged sensitizers (Scheme 1a)."!
The XRD pattern (Scheme 1c) reveals a disordered structure of
the as-synthesized aminoclay. Sodium 1,2,4,5-benzenetetracar-
boxylate (Scheme 1b) which we denote as Na-BTC was
employed as the anionic organic sensitizer for Ln** ions. The
negatively charged carboxylate groups are expected to interact
electrostatically with the positively charged organoclay and Ln**
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ions in water to result in noncovalent hybrid composites. When
Na-BTC and AC aqueous solution are mixed in an appropriate
molar ratio, a hydrogel is formed. Dehydration of the obtained
hydrogel at 80 °C in air for several hours yields the final
material named AC-BTC, which has blue fluorescence under
UV lamp illumination (Scheme 1g). Luminescent materials
with tunable emission colors are easily obtained by mixing the
aqueous solution of Na-BTC, AC, and LnCl, (Ln*" = Eu®,
Tb*, or Eu** and Tb*" in different molar ratios) which we
denoted as AC-BTC-Eu, AC-BTC-Tb, and AC-BTC-Eu,Tb,,
respectively, where the molar ratio of Eu** and Tb*' is
represent by x/y (Scheme 1f and Figure 1A). Furthermore,

(A)

325nm UV illumination

Figure 1. (A)-Images of luminescent materials with tunable emission
colors under 254 nm UV lamp illumination: a) AC-BTC; b) AC-BTC-
Eu; ¢) AC-BTC-Eu,Tby; d) AC-BTC-Eu, Tb,; e) AC-BTC-Eu,Tb; f)
AC-BTC-Eu Tby; g) AC-BTC-Tb. (B)-Images of transparent and
luminescent films on quartz substrate: a) AC-BTC; b) AC-BTC-Eu; c)
AC-BTC-Eu,Tb,; d) AC-BTC-Eu,Tb;; e) AC-BTC-Tb, with
excitation wavelength of 254 nm. (C)-Images of the films on quartz
substrate: a) AC-BTC; b) AC-BTC-Eu; ¢) AC-BTC-Eu,Tb,; d) AC-
BTC-Eu,Tb,; e) AC-BTC-Eu,Tb,; f) AC-BTC-Eu,Tb,s; g) AC-BTC-
Tb, under 325 nm UV light illumination.

transparent and luminescent films exhibiting various emission
colors can be facilely achieved by drop-casting of the hydrogels
onto quartz substrate (Figure 1B and 1C). Remarkably, the
materials and their corresponding transparent films show
various emission colors as evidenced from the CIE
(Commission Internationale de L’Eclairage) coordinates
under proper concentration of the various components,
appropriate excitation wavelength, and temperature.

2. RESULTS AND DISCUSSION

The excitation spectrum of hybrid composite AC-BTC-Eu (see
Figure Sla, Supporting Information) shows a broad band
between 230 and 340 nm attributed to the absorption of BTC
and several sharp lines from 350 to 500 nm assigned to intra4f°
transitions of Eu®>* between "F; and the °D,, °G,, ’Lg, and °D;_,
levels. The emission spectrum (Figure 2a) excited at 300 nm
exhibits five sharp bands at 579, 592, 612, 650, and 699 nm,
ascribed to the *D, — F; (J = 0—4) transitions of Eu’". It is
dominated by the D, — ’F, band at 612 nm, which is
responsible for the red emission color shown in Figure 1A, b.
The excitation spectrum of hybrid composite AC-BTC-Tb
(Figure S1b, Supporting Information) is composed of a broad
band peaking at 260 and 300 nm ascribed to BTC and the f-f
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Figure 2. Emission spectra of the luminescent materials excited by a
wavelength of 300 nm (a) and 325 nm (b). The spectra are
normalized according to the peaking intensity of the D, — ’Fq
transition of Tb>*.

lines assigned to Tb*". Excitation at 300 nm results in line-
shaped emission bands (Figure 2a), which are assigned to the
transitions of Tb** from the D, level to the 7FJ levels (J =6, S,
4, 3) at 490, 544, 584, and 620 nm, respectively. The D, — "F;
transition dominates the whole emission spectrum and is
responsible for the bright green emission color shown in Figure
1A, g. We also measured the lifetime of the D, state (Eu** in
AC-BTC-Eu) and the D, state (Tb*" in AC-BTC-Tb), which
is 0.37 and 1.00 ms, respectively (see Figure S2, Supporting
Information). The excitation spectra of the Eu** and Tb**
codoping hybrid composites (named as AC-BTC-Eu,Tb,
Figure Slc, Supporting Information) are fundamentally
identical to that of AC-BTC-Eu, except for the less intense f-f
transition lines of Eu** in materials. The emission colors of AC-
BTC-Eu,Tb, can be simply tuned by varying the molar ratio of
Eu’ to Tb* as revealed in Figure 1A and Table S1. The
emission spectra after excitation at 300 nm shown in Figure 2a
display characteristic sharp bands at 488, 543, 582, and 620 nm,
attributed to the f-f transitions of Tb** (°D, — 7F], J=6,5 4,
3) with °D, — Fj transition (green emission) as the dominant
feature. The bands at 580, 595, 612, 652, and 702 nm attributed
to Eu**, namely the D, — 7F} (J=0,1,2,3,4) transitions with
D, = ’F, transition (red emission) as the dominant feature.
The emission color of AC-BTC-Eu,Tb, is highly dependent on
the molar ratio of Eu** and Tb**. When changing this molar
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ratio, we observe that the red component of the emission
decreases drastically upon increasing the Tb®* concentration.
The colors obtained thus varied from red to green through
yellow as shown in Figure 1A and Figure 3.

0.2 03 04 05 06 07 0.8

Figure 3. a) CIE 1931 chromaticity diagram within the coordinates of
the luminescent materials under 325 nm UV illumination; b) image of
AC-BTC-Eu, Tb, hydrogel written as “White light” under 365 nm UV
lamp illumination.

Furthermore, the emission colors can also be tuned by
changing the excitation wavelength. When the excitation
wavelength was increased to 325 nm, the emission spectra of
the hybrid materials show a broad band in the blue region, in
addition to the green emission from Tb*" ion and red emission
from Eu®* as shown in Figure 2b. The blue component with
maximum at 420 nm in the blue region can be attributed to the
emission of the organic sensitizer. This indicates that the energy
transfer from ligand to Ln®* ions is not very efficient when
excited at 325 nm. Actually, excitation wavelength-dependence
energy transfer is usually observed.%”” The persistence of the
blue emission in the presence of Eu’* and Tb’* affords the
white emission in the hybrid composites where the molar
concentration of Eu** to Tb*" is 1:7 (AC-BTC-Eu,Tb,) as
evidenced by the CIE coordinate of (0.34, 0.34) shown in
Figure 3 and Table S1, which is nearly close to the designed
coordinate for the ideal white light (0.33, 0.33).

In addition, the luminescent behavior of the hybrid materials
can also be tuned by temperature variation. The temperature-
dependent luminescence spectra of AC-BTC-Eu, AC-BTC-Tb,
and AC-BTC-Eu;Tb, (78 K to 288 K, AT = 30 K) are shown
in Figure 4a-c, respectively. The *D, — ’F, transition (612 nm)
of AC-BTC-Eu and the °D, — 7Fj transition (543 nm) of AC-
BTC-Tb have the similar temperature-dependent luminescent
behavior (Figure 4d); both the emission intensity of Eu®" and
Tb** in AC-BTC-Eu and AC-BTC-Tb have no obvious
variation, while the temperature varies from 78 K to 258 K
and then suddenly decreases really fast by 1.19% per K for AC-
BTC-Eu and 0.74% per K for AC-BTC-Tb on increasing
temperature from 258 to 288 K, respectively, which is larger
than the value reported recently for the lanthanide metal
organic framework materials.’® The decrease in emission
intensity upon increasing temperature can be ascribed to the
thermal activation of nonradiative-decay channels.*"*> How-
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Figure 4. Temperature-dependent emission spectra of a) AC-BTC-Eu (excited at 300 nm), b) AC-BTC-Tb (excited at 300 nm), and c) AC-BTC-
Eu, Tb, (excited at 325 nm); d) temperature dependence of normalized intensity of the Dy — F, transition (612 nm) for AC-BTC-Eu (red curve)
and °D, — ’F; transition (543 nm) for AC-BTC-Tb (green curve); e) temperature dependence of normalized intensity of the D, — "F, (red curve)
and °D, — F; (green curve) transitions for AC-BTC-Eu; T, (78 K to 288 K, AT = 30 K); ) temperature dependence of the normalized intensity
ratio of Tb** to Eu®* for AC-BTC-Eu,Tb, from 78 K to 288 K (excited at 325 nm). The curve was fitted through a linear function (Iyy/Iy, =

1.1738—0.0023T, T = temperature, R* = 0.988).
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Figure S. Images of a) commercial available UV-LED cell (4,,, = 365—370 nm, 3.2—3.8 V, 20 mA); b) UV-LED coated with the AC-BTC-Eu,Tb,

hydrogel, which has a bright white light when the LED is on in image c.

ever, unexpectedly, the AC-BTC-Eu,Tb, exhibits a conspicu-
ously different temperature-dependent luminescent behavior
from those of AC-BTC-Eu and AC-BTC-Tb. The emission
intensity of the D, — ’F, transition (612 nm) increases
gradually from 78 K to 258 K and then decreases, while that of
the D, — "F; transition (543 nm) decreases continuously with
the increase in temperature (Figure 4e). This is possibly due to
the partial energy transfer from Tb*" to Eu’* in AC-BTC-
Eu,Tb,, and the energy transform efficiency from Tb** to Eu’**
in AC-BTC-Eu;Tb, (#1p_g,) can be estimated according to eq
1 as follows™

Nepope = 1 — 0/ (1)

where 7, and 7, are the lifetime of the *D, state in AC-BTC-Tb
and AC-BTC-Eu,Tb,, respectively. The 7, is 1.00 ms, as
obtained previously. Therefore, we measured the lifetimes of
the °D, state in AC-BTC-Eu;Tb, (78 K to 288 K, excited at
325 nm) and exhibited them in Table S2, and the 7y, curve
of AC-BTC-Eu;Tb, with the variation of temperature was
shown in Figure S3 (see the Supporting Information).
Apparently, the #p,_g, increases steadily with the increase of
temperature. This strongly confirmed that the energy transfer
from Tb** to Eu** in AC-BTC-Eu,Tb, occurs, and the
efficiency of which is also temperature-dependent.

Since the AC-BTC-Eu,Tb, shows different temperature-
dependent luminescent behavior of *Dy — ’F, and *D, — "Fy
transitions, it is potentially available for designing a self-
referencing luminescent thermometer. Therefore, we studied
the temperature-dependent emission intensity ratio of *D, —
’Fs transition to D, — ’F, transition of AC-BTC-Eu,; Tb, (Ir,/
Ig,), as shown in Figure 4f. Remarkably, the Ip,/Iy, can be
linearly related to temperature by the following equation from
78 K to 288 K

T = 510.35 — 434.78L, /I, (K) @)

which is the equivalent transformation of the equation Iy, /Iy, =
1.1738—0.0023T. This indicates that the AC-BTC-Eu,Tb;, is a
brilliant luminescent thermometer in the temperature range
from 78 K to 288 K, which does not require any extra
calibration of the emission intensity. Although several
luminescent thermometers based on lanthanide have been
reported,>*>* self-referencing luminescent thermometers are
rarely reported®>* despite obvious advantages compared with
other types of solid luminescent thermometers. The AC-BTC-
Eu,Tb, can also emit different colors from cyan to white when
the temperature changes (see Figure S4, Supporting
Information), and the CIE coordinates of these emission
colors are shown in Table S3. When the temperature increases
to 288 K (15 °C), the CIE coordinate of AC-BTC-Eu,Tb, is
(0.34, 0.31), which is very close to the (0.34, 0.34) that was
measured at room temperature (about 25 to 30 °C), indicating

that the AC-BTC-Eu;Tb, is thermostable. Moreover, the
temperature-dependent emission spectra of which is reversible
when the temperature varies between the boiling point of
nitrogen (77 K) and room temperature.

Since the success in preparing thin films constitutes the
prerequisite for a luminescent material to be used in device
fabrication, we therefore have prepared transparent films of the
hybrid materials, which were easily prepared by drop-casting
the hydrogels onto quartz substrate. The emissions of the
transparent films are tuned through altering the molar ratio of
Eu®" to Tb**. The emission spectra of the films shown in Figure
SS (Supporting Information) are similar to those seen in Figure
2. Excitation at 300 nm results in red emissions for Eu**, green
emissions for Tb*', and the mixture emissions for Eu*" and
Tb** codoping thin films. An increased green emission can be
observed when decreasing the molar ratio of Eu** and Tb*",
whereas the red emission decreases remarkably, the emission
colors of the films thus can be systematically tuned, as shown in
Figure 1B and Table S4. Similarly, excitation at 325 nm results
in emission spectra which are composed of the blue component
(sensitizer), the red component (Eu’*), and the green
component (Tb*"). When the molar ratio of Eu®* and Tb*
is 1:7, the luminescent film shows a white light with a CIE
coordinate of (0.32, 0.28). In addition to being casted on the
flat substrate to get luminescent films, the gels can be easily
coated on round shaped objectives like an UV-LED cell and
then a bright white light is achieved (Figure 5). Therefore, we
can conclude here that the emission colors of the luminescent
films can be similarly tuned by changing the molar ratio of Eu**
and Tb*>" as well as by changing the excitation wavelength.

3. CONCLUSION

In summary, a novel kind of solution processable luminescent
materials based on organoclay, organic sensitizer, and Ln** have
been successfully achieved through a simple, environmentally
friendly, low-cost, and less time-consuming procedure. Various
emission colors including white light with good color purity can
be achieved by changing the molar ratio of Eu** and Tb*" and
altering the excitation wavelength as well as varying the
temperature. Interestingly, the hybrid material with a Eu®" to
Tb** molar ratio of 1:7 exhibits a brilliant temperature-
dependent luminescent behavior from 78 K to 288 K, enabling
it to be a candidate for self-referencing luminescent
thermometers. The solution processability of the novel
luminescent hybrids has been well demonstrated by the easy
fabrication of transparent films and painting on round-shaped
objectives such as UV-LED cell from aqueous medium, which
affords them ideal candidates for fabricating devices used as
display and lighting in an environmentally friendly way.
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4. EXPERIMENTAL SECTION

4.1. Materials. 3-Aminopropyltriethoxysilane (APTES, Aldrich),
MgCl,-6H,0 (CP), pyromellitic dianhydride (PMDA, AR), Eu,O;
(99.99%), and Tb,0, (99.99%) were used as received. Na-BTC
aqueous solution (0.07M) was obtained by dissolving PMDA into 0.3
M NaOH aqueous solution. EuCl;:6H,0 and TbCl;-6H,0 were
obtained by dissolving Eu,0; and Tb,O; into concentrated hydro-
chloric acid (37%), respectively.

4.2. Synthesis of Aminoclay (AC). AC was prepared by the
following method: The APTES (246 g, 11.1 mmol) was added
dropwise to a stirred solution of MgCl,-6H,0 (1.68 g, 8.3 mmol) in
absolute alcohol (50 mL) and the white emulsion stirred for 24 h at
room temperature (20—25 °C). The precipitated white solid was
isolated by centrifugation (10000 rpm, 6 min), washed with absolute
alcohol (2 X S0 mL), and dried at 80 °C in air for several hours.
Afterward, the product was finely ground into a white to light yellow
powder.

4.3. Synthesis of the AC-BTC-Ln. AC was dissolved in an
appropriate amount of double distilled water (about 15 wt %), then we
added Na-BTC aqueous solution and 0.1 mol/L LnCl;-6H,0O aqueous
solution (Ln** = Eu®*, Tb*, or Eu®* and Tb>*" in different molar ratio)
quickly to the AC aqueous solution with an approximate molar ratio of
AC:Na-BTC = 13:7 and Na-BTC:Ln*" = 3:4, and a white hydrogel
was formed. Finally, we dried the hydrogel at 80 °C in air for several
hours and ground it into a fine powder, and the hybrid luminescent
materials (AC-BTC-Eu, AC-BTC-Eu;Tb,, AC-BTC-Eu,Tb,, AC-
BTC-Eu,Tb,, AC-BTC-Eu,Tb,,, and AC-BTC-Tb) were successfully
synthesized. The luminescent and transparent films were also obtained
by simply drop-casting the materials onto quartz substrate.

4.4. Characterization. The X-ray diffraction (XRD) measure-
ments were carried out on powdered samples by using a Bruker D8
diffractometer (40 mA, 40 kV) with monochromated Cu—Kal
radiation (4 = 0.15405 nm).

The solid-state luminescence spectra and the lifetimes were
measured on an Edinburgh Instrument FS920P spectrometer, with a
450 W xenon lamp as the steady-state excitation source, a double
excitation monochromator (1800 lines mm™), an emission mono-
chromator (600 lines mm™), and a semiconductor cooled Hamamatsu
RMP928 photomultiplier tube. Powder samples and films on quartz
substrate were directly put in the chamber of the instrument, for the
phtotophysical measurements. A microsecond flash lamp (pulse
length: 2 us) was used as the excitation source for the lifetime
measurements. Photons were collected up to 10 ms until a maximum
of 10* counts. Decay curves were fitted according to the single-
exponential function (I = I, + A * exp[—(¢t—t,;)/7]). The OptistatDN2
liquid nitrogen cryostat was used for the measurement of the
temperature-dependent luminescence spectra.
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