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Fabrication of solid white luminescent materials is a challenging topic. In this work we report that upon
combining the advantages of aggregation induced emission and reversible coordination polymers, solid
white luminescent films with the CIE coordinates of (0.335, 0.347) and external quantum efficiencies of
up to 11.74% can be achieved via layer-by-layer assembly. In particular, the ratio of the R(red) G(green)
B(blue) elements can be rationally controlled via concentration, demonstrating the advantage of
reversible coordination polymers in the fabrication of functional materials. The white emission of the
solid thin film displays excellent stability against temperature, pH, and explosion materials, but exhibits
specific detection for Cl,, suggesting its great potential for application as both a robust luminescent
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Introduction

White emission materials have attracted considerable interest
in the last decade owing to their potential application as
luminescent materials"> and chemical sensors.”” Because
white light can be regarded as a balanced composition of red
(R), green (G), and blue (B) colors at specific intensity ratios, any
change in one color intensity can produce detectable, off-white
emission.® For this reason, sensors based on white emitting
materials are expected to be extremely sensitive to analyses.
The central issue for constructing white emission materials
is the specific intensity ratio between RGB colors. In principle,
materials suitable for the construction of light emissions can
be achieved with infinite compositions.”” For instance, metal-
organic frameworks,'®'"* quantum dots,**** lanthanide doped
systems,"*"® and mixtures of organic dyes'®™® are all reported
for the successful generation of white emission systems. However,
most of the aforementioned systems are formed in liquid, and
function in the form of suspensions or hydrogels. From the
application point of view, solid-state emission materials could
enable long-term stability during storage and transport,'> among
which, film materials are especially desired since they possess a
large surface area and consume minimum working materials.
As a convenient technique of film generation, layer-by-layer
(LBL) assembly employs oppositely charged polycharged molecules,
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usually various polyelectrolytes, to alternatively assemble on a solid
surface. This allows preparing highly homogeneous films from
water solution, which is of crucial significance for economic and
environmental considerations. Furthermore, the layer-by-layer
assembly can generate films with tailored thickness,” composites,
and functionality.>** So far, LBL assembly has been successfully
employed in the construction of various fluorescent micro-
capsules®® and films.>”*° However, white light emitting
films still remain challenging, since few fluorescent materials,
except quantum dots,***" are accessible for LBL assembly.
Therefore, it is highly desired to explore other materials for
the fabrication of LBL white emission films.

Recently, reversible coordination polymers have emerged as
an attractive family of supramolecular polyelectrolytes which
can be used for ionic self-assembly.*>*® Different from those
covalent polymers or polymeric structures based on an inert
coordination bond, the connection between the ligand and the
metal ions are reversible and dynamic, which allows facile
incorporation of versatile metal ions and organic functional
groups into polymeric structures.**°™*' We have shown that
this unique structural and compositional character make them
very capable in building up advanced structures with desired
functions,**™*® especially the controlled mixing of metal ions in
the electrostatic assembly of coordination polymers.*® The
properties of the coordinating rare earth metal ions in these
structures are not interfering, which allows the rational design
of desired functional materials. Herein we report that upon
employment of a ligand containing the aggregation induced
emission (AIE) group as the blue (B) emitting component and
the rare earth metal ions Eu*" and Tb*" as the red (R) and green (G)
emission components, the RGB three color elements can be simply
controlled via concentration. As a result, fluorescent white films
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Scheme 1 lllustration of the fabrication of white emission films with rationally designed reversible coordination polymers.

with CIE coordinates of (0.335, 0.347) and external quantum
efficiencies of up to 11.74% can be facilely fabricated. Specifi-
cally, the white emission solid film displays robust stability
against temperature, environmental pH, and explosive chemicals,
but exhibits specific sensitivity to Cl,, manifesting the excellent
potential of this white emission film for application as a lumines-
cent material and a chemical sensor (Scheme 1). Furthermore, our
work also shows that the judicious design of reversible coordination
polymers may open up a new vista in materials science.

Experimental

Materials

Polyethyleneimine (PEI) (Aldrich, M, = 10 000), Eu(NO;);-6H,0,
and Tb(NO3);-6H,0 were used as received. TPE-DPA and L,EO,
were synthesized in our lab.>® The substrates for the UV-vis
spectroscopic investigations were made of quartz glass.

Methods

LBL film fabrication: the LBL films were prepared on substrates
of quartz glass. The quartz glass substrates were cleaned in a
mixture of H,SO,: H,O, (7:3) at 80 °C for 1 h, and washed with
Milli-Q-water. The substrates were further cleaned using the
RCA cleaning procedure in a H,O: H,0,: NH; (5:1:1) mixture.
After washing with Milli-Q water and drying with air, the pre-
cleaned quartz plates were immersed in a 10 mM polyethylene-
imine (PEI) aqueous solution for 1 h to get a surface coated with
a PEI monolayer. After Milli-Q water rinsing and air-drying, the
greenish-blue LBL films were fabricated by alternating immer-
sion of the modified substrates in PEI (10 mM) for 2 min and a
solution of TPE (20 uM) for 15 min and Tb(NO3);-6H,O (10 mM)
for 2 min. After each dipping, the plates were rinsed 3 times
with Milli-Q water (1 min) and dried with air. The white
emitting LBL films were fabricated by alternatingly immersing
the blue-emitting film in PEI (10 mM) for 2 min and a mixed
solution of [Eu(NOj3);-6H,0/Tb(NO3);-6H,0]-L,EO, for 5 min,
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followed by rinsing with Milli-Q water three times (1 min) and
dried in air.

Characterization

Ultraviolet-visible (UV-vis) spectral measurements were carried
out on a Shimadzu UV-1800 spectrophotometer in the range of
200-700 nm. Fluorescence spectra were recorded on a Hitachi
F7000 Spectrometer in the range of 400-700 nm. AFM measure-
ments were conducted on a Veeco Nanoscope IIla AFM with a
tapping mode under ambient conditions. Quantum efficiency
measurements were carried out on an EI FLS980 lifetime and
steady state spectrometer.

Results and discussion
Preparation of blue-green emission films

Blue-green emission films were first prepared by the LBL
assembly of cationic polyethyleneimine (PEI), the anionic coor-
dination supramolecular polymer made using the ditopic
dipicolinic acid ligand containing tetraphenylethylene (TPE-DPA)
and Tb*" (Scheme 2a). TPE-DPA is soluble in water and emits
weakly, but intense emission can be induced upon coordinating
with Tb®" owing to the aggregation induced emission nature of
the TPE group.”® However, the direct coordination of TPE-DPA
and Tb®" may lead to insoluble structures due to the formation of
three dimensional networks at the coordinating stoichiometry of
Tb**/TPE-DPA = 2/3.°> To solve this problem, the multicharged
TPE-DPA ligand was first assembled on the surface of the
PEI layers, whereas the Tb®* was assembled separately in the
subsequent layer.

The successful growth of the multilayer films was conveniently
monitored by UV-vis spectra. Fig. 1a reveals that the characteristic
absorption of PEI at 212 nm>* increases linearly with the number
of trilayers, indicating the deposition of equal amounts of
PEI/TPE/Tb*" in each cycle. Fig. 1b shows that after 15 cycles
of LBL assembly, stable blue-greenish emission was obtained
on the quartz plate. Fluorescence spectra reveal the coexistence

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 (a) Structure of TPE-DPA; (b) structure of L,EQ,; (c) demon-
stration of coordination between the head of L,EQ4 and Ln**, where Ln
represents rare earth metal ions Eu®* and Tb**.

of a broad emission band of TPE-DPA peaked at 465 nm and the
sharp emission for the coordinated Tb®" at 545 nm in the LBL
film (Fig. 1b).
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Generation of white emission films

The CIE coordinates of greenish-blue (green and blue) emission
of the (PEI/TPE/Tb*"), 5 film are (0.153, 0.234), which can be used
to find the complementary color required for white emission. The
line in Fig. 2b indicates that the required complementary color
to the greenish-blue emission is orange. To this end, we tried
to build an orange emission system with the mixed coordination
polymer of Eu** and Tb*". In order to avoid any introduction of
other emitters, the non-emitting dipicolinic bisligand 1,11-bis(2,6-
dicarboxypyridin-4-yloxy)-3,6,9-trioxaundecane (L,EO,) (Scheme 2b)
was employed to build the mixed coordinating system. Fig. 2a
shows that the red emission of Eu*'~L,EQ, and the green emis-
sion of Tb**-L,E0, are not interfering in the mixed solution, and
their respective emission intensities are proportional to their
molar fraction. The CIE chromaticity coordinates for the mixed
systems with various Eu*'~L,EQ,/Tb**-L,EOQ, ratios are indicated
in Fig. 2b. It is clearly seen that system F, which corresponds to
the Eu*"-L,EO,/Tb*'-L,EO, ratio of 175 uM/75 pM, locates on the
white emission line. This indicates that the white light emitting
films may be constructed by rationally controlling the layer
thickness of PEI/TPE-DPA/Tb** and PEI/Ln*'-1,EQ,. (Ln**-L,EO,
(Scheme 2c) represents the mixture of Eu®*-L,EOQ,/Tb*>"-L,EOQ,
with a molar ratio of 175 uM/75 pm.)"+*3*

Next, the (PEI/Ln**-1,EQ,) layers were assembled on the
basis of the blue emitting (PEI/TPE/Tb*"), ; film. Fig. 3a shows a
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Fig. 1 (a) UV-vis absorption of the film of (PEI/TPE/Tb>*);s; the inset shows a linear increase of the UV-vis absorption at 212 nm. (b) The emission spectra

of (PEI/TPE/Tb**)s5 in film upon excitations of Zex = 254 nm.
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Fig. 2 Emission spectra of various mixed solutions of Eu**-L,EQ, and Tb**-L,EQ, (a) and the corresponding CIE coordinates (b). A-G correspond
to the mixture with compositions of Eu**~1,EQ,: Tb**~1,EQ, = 50 uM: 200 pM, 75 uM: 175 uM, 100 uM: 150 pM, 125 uM: 125 uM, 150 pM:100 uM,
175 pM: 75 puM, 200 uM: 50 pM, respectively. Zox = 254 nm for all the measurements.

This journal is © The Royal Society of Chemistry 2017

J. Mater. Chem. C, 2017, 5, 5083-5089 | 5085


http://dx.doi.org/10.1039/C7TC01429E

Published on 28 April 2017. Downloaded by Peking University on 02/06/2017 03:26:13.

Paper
25 (a) layer=15
layer=16
2.01 layer=17
layer=18
] layer=19
VSI'S layer=20
ia)
<1.0-
0.51
0.0 v
200 400 600
Wavelength/nm
3000 (c) —— (PEI/TPE/Tb™),/(PEI/Ln*"-L,EO,){
>,2000-
2
B2
=
L
=]
— 1000+
0 T T
400 500 600
Wavelength/nm

View Article Online

Journal of Materials Chemistry C

2.5

(b) = LBL/PEVLn"-L,EO,)n
Linear fit of films

2.04 .
(/5 [ ]
e
< . -

1.59 =

Lod— i i i _R=09718

15 16 17 18 19 20

Layer

520

0.1

0.0

0.0 0.5 0.6 0.7 08

Fig. 3 (a) UV-vis absorption spectra of (PEI/Ln®*—L,EQ,),; (b) plots of the absorbance of 212 nm in (a) vs. the number of bilayers; (c) fluorescence
spectrum of the (PEI/TPE/Tb>*);5/(PEI/Ln*T=L,EOQ,)s white emission film, the inset shows the photo of the film; (d) CIE coordinate of the white emission

film.

linear increase of the characteristic absorbance of PEI upon
continuous assembly of the (PEI/Ln**-L,EQ,) layers on the
basis of the (PEI/TPE/Tb*");; film, suggesting the homogeneous
growth of the (PEI/Ln**-L,EQ,) film on the blue emitting film.
White emission was obtained as the layer number of (PEI/Ln*"-
L,EO,) amounts to 5. Fig. 3¢ shows the fluorescence spectrum
of the white emitting film, where the characteristic emission
corresponds to TPE-DPA (broad peak ranging from 400-590 nm),
Tb**(sharp peaks at 475, 545 and 583 nm) and Eu®" (sharp peaks
at 595, 614, 689 and 697 nm) are clearly evidenced. The CIE
coordinates for the emission of (PEI/TPE/Tb*")s/(PEI/Ln* -
L,EO,)s was calculated to be (0.335, 0.347), which is close to
the pure white emission with CIE coordinates of (0.333, 0.333).°>>°
Quantum efficiency measurement suggests that the white emission
displays a high external quantum efficiency of 11.74%, which is
sufficiently high when compared with film devices made with other
tetraphenylethylene materials (5.3%)>” and spirocyclic phosphine
oxide (15%)>® (Fig. S1, ESIY).

AFM measurements indicate that the thickness of the white
emission film is about 49.5 nm (Fig. S2, ESIt). However, this
nanometer-thick film displays excellent stability. As the tem-
perature increases from 25 °C to 85 °C, the emission intensity
only decreases slightly (Fig. 4a and b). With the temperature
increasing, there are also no color changes in the digital photo.
As the film was treated with solutions of pH ranging from 1 to 13
(Fig. 4c and d) or immersed into explosive solution, such as
2-amino-4-nitrophenol (ANP), 4-nitrophenol (NP), 4-nitrotoluene
(NT), and 2,4,6-trinitrophenol (TNP) (Fig. 4e and f), no detectable
color change was observed, too (Fig. 4c—f). These results indicate
that the film can be a robust white emitting material that can
resist severe environmental conditions.

5086 | J. Mater. Chem. C, 2017, 5, 5083-5089

Since white emission is very sensitive to any change in the
RGB compositions, the film is expected to be useful in sensing
of specific chemicals. Compared with the emissions from rare
earth metals, that from the TPE group can be easily affected by
chemicals since the ethylene bond of the TPE group may react
with some specific reagents. This reaction will result in missing
or weakening of the blue emitting element (B) from the RGB
three primitive colors, thus leading to a color change from white to
the complementary color of blue. Indeed, a distinct fluorescence
change from white to orange was observed when the film was
treated with Cl, gas (Fig. 4g), indicating that the blue emission
from the TPE group was quenched. The change of the color is
irreversible, suggesting that chemical reaction has occurred
between Cl, and the TPE groups. Notice that the broad fluores-
cence peak featuring the emission of the TPE group disappears
completely after treating with Cl,, suggesting that Cl, have reacted
with the ethylene bond of TPE, which can also be verified by UV-vis
spectral measurement (Fig. S3, ESIT). In contrast, other gases, such
as SO, (gas), CO, (gas), and H,S (gas), can hardly trigger evident
fluorescence changes (Fig. 4g and h). A weaker fluorescence
change was noticed when the film was exposed to HCI gas, but
the change is drastically different from that triggered by Cl,, since
the characteristic emission of the TPE group still remains (Fig. 4g).
All these results clearly indicate that the white emission film
constructed in this study is able to specifically detect Cl,.

Conclusions

In summary, we have demonstrated the combination of aggre-
gation induced emission and reversible coordination polymers

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The responsiveness of white emission films toward temperature and gas. (a) Emission spectral change of films with temperature; (b) the ratio of
the emission intensity between 480 and 594 nm (/480//594); (C) emission spectral change of films with pH; (d) emission intensity ratio between 480 and
594 nm (I4g0/1594); (€) emission spectral change of films for explosives (c = 5 mM); (f) fluorescence intensity ratio between 480 and 594 nm (/4g0//594);
(g) emission spectral change of films for gas; (h) fluorescence intensity ratio between 480 and 594 nm (/4g0//594). Black bars represent the fluorescence
intensity ratio of white emission films, while red bars represent measurements after films were exposed to various gases.

to construct white emitting solid thin films via LBL assembly.
Owing to the dynamic nature of the reversible coordination
polymers, controlled mixing of red emissive europium and
terbium based coordination complexes becomes possible,
which allows the generation of the complementary color of
the blue-greenish emission of the aggregation induced emis-
sion. Upon the layer-by-layer assembly of the complementary
color components onto a quartz plate, white emission thin
films can be facilely achieved. The white emission exhibits CIE

This journal is © The Royal Society of Chemistry 2017

coordinates of (0.335, 0.347) and an external quantum effi-
ciency of 11.7% at room temperature, which are very close to
those of standard white emission (0.333, 0.333). In addition,
the white film is very stable in a broad temperature and pH
range, and is inert to explosive components, manifesting its
great potential in the fabrication of white emitting devices.
Furthermore, the white film displays specific detection of Cl,,
suggesting its possibility to be used as a chemical sensor.
Compared with various white emission materials, the use of

J. Mater. Chem. C, 2017, 5, 5083-5089 | 5087
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reversible coordination polymers allows the rational design of
white emission composition, which opens a new perspective for
the development of functional white-light-emitting materials.
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