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The polarized and up-conversion luminescent films have great potential for use in the design of
various optical devices. In this work, we report the transparent and flexible thin films based on
alternate layer-by-layer assembly of sulfonated Eu- and Tb-based lanthanide complexes (LCs) and
Mg—Al-layered double hydroxide (LDH) nanosheets. UV-visible absorption and fluorescence
spectroscopy showed an orderly growth of the two types of thin films (TFs) upon increasing the
number of deposition cycle. XRD, AFM and SEM measurements indicated that the films feature
periodic layered structures as well as uniform surface morphology. Moreover, by combining the
assembly of both the Eu- and/or Tb-based LC systems, these TFs can exhibit well-defined one- and
two-color polarized fluorescence with high polarization anisotropy. In addition, it was observed
that the two TFs exhibited obvious red and green up-conversion emission upon excited by a near-IR
laser light. Therefore, this work provides a facile way to develop new types of LC TFs with both
up-conversion and color-tunable luminescence, which have much potential applications for the

design of various LC-based optical films and flexible devices.

1. Introduction.

Lanthanide ions own fascinating optical properties due to their
unique f-f electronic transitions in contrast to pure organic
phosphors'®® and inorganic quantum dots.'® They have been
widely investigated in view of their potential applications in
biological labeling,®® light emitting diodes,”® and molecular
devices.” Furthermore, combining the advantages of high
luminescent efficiency and color purity of lanthanide ions with
the low excitation energy, high absorption efficiency and
tailorable molecular structure of organic ligands, lanthanide
complexes (LCs) can be effectively applied into both
photoluminescence (PL) and electroluminescence  (EL)
systems.**¢ To date, many LCs have been continuously reported,
some challenges remain unresolved however.**® For example, the
development of highly ordered luminescent LC film materials is
important for their future optoelectronic applications in the
display field, whereas such LC-based films are still difficult to be
fabricated and have been much less studied compared with the
pure organic and polymer systems.* Furthermore, although the
up-conversion luminescence based on the lanthanide-doped
nanocrystal materials are widely used and developed,* there are
still very few examples of LC materials with high-efficiency
up-conversion emission.*" Such materials may find new
applications in near-infrared detection and wavelength-transfer
image.®*® In addition, to meet the requirements of next generation
optical displays, the construction of new multi-color luminescent
systems in desirable regions by combination of different
color-emissive LC materials continues a major goal.®¢

Layered double hydroxides (LDHs) are one type of layered
solid host matrix, which have been widely used in the areas of
catalysis,” biology,”® and optical materials.’” They can be
described by the general formula [M", . M™ (OH),]**A"~,,-yH,0.

=Y
A

=
S

M" and M™ are divalent and trivalent metals respectively; A" is
the anion.®" Recently, the development of techniques for the
delamination of LDH microcrystals into LDH nanosheets
(Scheme 1la) paves a useful way to fabricate nanostructured
films.**® Particularly, the LDH-based luminescent thin films
(TFs) can be fabricated based on the alternate layer-by-layer
(LBL) of positive-charged LDH nanosheets and fluorescent
anions, which exhibit controllable thickness and uniform
emission intensity. Moreover, the optical stability of the
chromophores confined within LDH layers can be improved
because of the host—guest interactions. In principle, based on the
electrostatic co-assembly of the fluorescent molecules with
different emissive wavelength and LDH nanosheets, it can be
possible to fabricate tunable multi-color luminescent TF systems
due to the regular orientation of the different fluorescent
molecules within the 2D LDH matrix.® Up to now, although
several types of fluorescent anions (such as polymer,” Ru-based
complex,”® and small molecule”) have been successfully
assembled with LDH to obtain nanocomposites, the construction
of ordered LC/LDH films is still rarely reported.’

With the development of both highly uniform LC-based films
and multi-color emissive systems in mind, herein, we have
synthesized the sulfonated Eu(III)- and Tb(IlI)-based complexes
(Scheme 1b and Ic) and Mg-Al--LDH nanosheets as the basic
building blocks. This facilitates the assembly of a new type of
functional hybrid film which combines the properties of the LCs
with those of the inorganic component, and the obtained TFs can
present uniform red/green emission by using the LBL method
(Scheme 1d). By rational choosing suitable substrates, the rigid
and flexible LC-based TFs can be obtained. The resulting TF
systems present long-range ordered structure, polarized
anisotropy, up-conversion luminescence as well as improved
photoluminescent quantum yield (PLQY) and fluorescence
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lifetime compared to their solution and powder counterparts.
Moreover, the alternate deposition or co-assembly of two types of
LCs with LDH nanosheets also affords the tunable two-color
luminescent films. Therefore, this work provides a viable
s methodology for fabricating ordered LC-based TFs by the
incorporation of LC molecules into 2D inorganic layers, which
can be potentially applied in flexible multi-color displays,
polarized luminescence and up-conversion emission.
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Scheme 1. a) the monolayer of Mg-Al-layered double hydroxide
(Mg-Al-LDH) (dark orange: Al(OH)s octahedra; blue: Mg(OH)s
octahedra); the chemical formula of b) FEu(DBM)sbath (red
luminescence), c¢) Tb(acac);Tiron (green luminescence), insets in b) and

15 ¢) show the red/green fluorescence of the powder and solution (10
mol/L) forms; d) procedures for assembling one-/two-color luminescent
TFs.

2. Experimental Section.
2.1 Reagents and materials.

Europium (1) chloride (EuCly), terbuium (1) chloride (TbCly),
2,4-pentanedione (acac), dibenzoylmethane (DBM),
4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt (Tiron)
and bathophenanthroline disulphonic acid disodium salt
trihydrate (bath) were purchased from J&K Chemical Co. Ltd.
Analytical grade Mg(NOs),-6H,0, AI(NOs);-9H,0 and urea were
purchased from Beijing Chemical Co. Ltd. and used without
further purification.
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2.2 Synthesis of
Th(acac);TironCl;Na, LCs.

Eu(DBM);bathCL;Na,  and

30 Eu(DBM);bathCl;Na, was prepared as follows: typically, 1 mmol
of EuCl; was dissolved into 10 mL of deionized water, 3 mmol
of DBM was dissolved into 20 mL of ethanol, and 1 mmol of
bath was dissolved in 10 mL of deionized water. The DBM
solution was poured into the EuCl; solution firstly, and the pH

3s value of the mixed solution was then adjusted to 6.5.

Subsequently, the bath solution was dropwise added into the
mixed solution, which was further stirred at 60 °C. After 1 h, the
yellow precipitate can be obtained, which was further deposited
and collected by centrifugation. The precipitate was dried at

40 65 °C. The synthesis process of Tb(acac);TironCl;Na, is similar
to that described in the synthesis of Eu(DBM);bathCl;Na,. The
yields for the reactions are 79.86% for Eu(DBM);bathCl;Na, and
82.94% for Tb(acac);TironCl;Na,.

2.3 Fabrication of the one- and two-color luminescent TFs.
4s The processes of synthesis and exfoliation of Mg-Al-LDH were
similar to that described in our previous work.'"” 0.1 g of
Mg-Al-LDH was shaken in 100 cm® of formamide for 24 h to
produce a colloidal suspension of exfoliated Mg-Al-LDH
nanosheets. The quartz glass substrate was cleaned in
so concentrated NH3/30% H,0, (7:3) and concentrated H,SO, for 30
min each. After each procedure, the quartz substrate was washed
thoroughly with deionic water. The substrate was dipped in a
colloidal suspension (1 g L") of LDH nanosheets for 10 min
followed by washing thoroughly, and then the substrate was
treated with a 50 mL of LC (Eu(DBM);bath or Tb(acac);Tiron)
aqueous solution (I mmol/L) for 10 min. The multilayer
(LC/LDH), TFs were fabricated by alternate deposition of LDH
nanosheets suspension and LC solution for n cycles. Fabrication
of the two-color luminescent TFs involved the alternate
o deposition of one type of luminescent TF onto the surface of a
different as-prepared luminescent TF. By controlling the
deposition sequence and number of layer-by-layer cycles, TFs
with two-color luminescence were obtained. The as-prepared
(Eu(DBM);bath/LDH),y TF with Eu(DBM);bath as the top layer
es was dipped into a colloidal suspension (1 mmol/L) of LDH
nanosheets for 10 min and then washed thoroughly. The resulting
TF was immersed into a 100 mL of Tb(acac);Tiron aqueous
solution (I mmol/L) for another 10 min and then washed.
Multilayer films of
70 (Eu(DBM);bath/LDH);o/(Tb(acac);Tiron/LDH), (n=0-14) were
fabricated by alternate deposition into a suspension of LDH
nanosheets and a solution of Tb(acac);Tiron for n cycles. The
resulting films were dried under a nitrogen gas flow for 2 min at
25 °C. Other two-color systems can be constructed by another
75 Process. For example, the
(Eu(DBM);bath@Tb(acac); Tiron/LDH),, (c=0-35%) was
fabricated by alternate deposition of the suspension of LDH
nanosheets and the mixed Eu(DBM)sbath@Tb(acac);Tiron
solution for 10 cycles (¢=0-35%, which stands for the molar ratio
so of Eu(DBM);bath to Tb(acac);Tiron).

o
a

2.4 Sample characterization.

The UV-vis absorption spectra were collected in the range from
190 to 900 nm on a Shimadzu U-3000 spectrophotometer, with
the slit width of 1.0 nm. The FT-IR spectra were used on
ss AVATAR-370 FT-IR with the range from 400 to 4000 cm™. The
fluorescence  spectra were performed on RF-5301PC
fluorospectrophotometer with the excitation wavelength of 310
and 360 nm, and both the excitation and emission slit were set to
1 nm. Steady-state polarized photoluminescence and fluorescent
o lifetime measurements were recorded with an Edinburgh
Instruments” FLS 980 fluorospectrophotometer. X-ray diffraction
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patterns (XRD) of TFs were recorded using a Rigaku
2500VB2+PC diffractometer under the conditions: 40 kV, 50 mA,
Cu Ko radiation (4 = 0.154056 nm) with step-scanned in step of
0.04° (26) in the range from 2 to 10° using a count time of 10
s/step. The C, H, N, S elemental analysis was measured using the
varioELcube instrument. The mass spectra (MS) of the LCs was
obtained by wusing an Micromass Quattro premier. The
morphology was investigated by using a scanning electron
microscope (SEM Hitachi S-3500) equipped with an EDX
attachment (EDX Oxford Instrument Isis 300), and the
accelerating voltage applied was 20 kV. The surface roughness
and thickness data were obtained by using the atomic force
microscopy (AFM) software (Digital Instruments, Version 6.12).
Photoluminescence quantum yield (PLQY) was measured using
an HORIBA Jobin Yvon FluoroMax-4 spectrofluorimeter,
equipped with an F-3018 integrating sphere. Up-conversion
fluorescence of the samples was excited by an 800 nm laser on a
Tsunami-Spit-fire-OPA-800C  ultrafast  optical ~ parameter
amplifier (Spectra-Physics).

3. Results and Discussion.
3.1 Characterizations of the LCs.

The ligands of the water-soluble Eu(Ill)- and Tb(IIl)-based

complexes are DBM/bath
(dibenzoylmethane/bathophenanthroline disulfonate disodium)
and acac/Tiron

(2,4-pentanedione/4,5-dihydroxy-1,3-benzenedisulfonate
disodium) respectively. FT-IR spectra (Fig. S1 in Electronic
Supplementary Information (ESI)) show that the as-prepared LCs
present the characteristic peaks of their first and second ligands.
The C, H, N, S elemental analysis and mass spectra (MS, Fig. S3
in ESI) were also performed on the as-prepared complexes. By
contrasting the elemental analysis of experimental and
theoretically calculated results for two LC systems (Table S1 in
ESI), it can be known that the experimental molecular formula
for two LC systems are consistent well with those of the
theoretical ones. In addition, both the Eu(DBM);bath and
Tb(acac);Tiron solutions and powders exhibit well-defined red
and green fluorescence (Scheme 1b and lc, CIE 1931 color
coordination: (0.71, 0.29) and (0.33, 0.60)), which exhibit the
characteristic emissive peaks of Eu(IIl)- and Tb(III)- complexes
at 581 nm (*Dy—"Fy), 614 nm (*Dy—'F,) and 488 nm (°D,—'Fy),
544 nm (°D,—Fs), respectively (Fig. S2a and S2b in ESI).

3.2 Fabrication of the one-color LCs/LDH TFs.

The fabrication of the LC-based TFs involves the alternate
dipping a quartz substrate into colloidal LDH nanosheets and the
Eu(IIT) or Tb (IIT) LC solutions. UV-vis absorption measurement
was employed to monitor the assembly process of the (LC/LDH),
TFs (Fig. 1). The characteristic absorption bands of
(Eu(DBM);bath/LDH), and (Tb(acac);Tiron/LDH), can be
observed at 288 nm (n-n* transition of bath) and 219 nm ('Ey,
transition of Tiron), respectively, whose intensity correlates
linearly with the number of bilayer (n) (Fig. la and 1b, inset),
demonstrating an ordered and regular film growth procedure. The
photograph of the TFs under daylight (inset in Fig. 1) provides a
visual verification of the transparence of the TFs with different n.

75

In addition, The TFs also exhibit the characteristic fluorescent
emission at ca. 581 nm, 614 nm and ca. 488 nm, 544 nm with
enhanced intensity along with n (Fig. 2a and 2b), respectively.
The TFs under UV light irradiation (the inset of Fig. 2a and 2b)
also reveal well-defined red and green luminescence with
enhanced brightness upon increasing n. The fluorescence
positions of the as-prepared TFs show no obvious red or blue
shift upon the increasing bilayer numbers, suggesting the absence
of LCs aggregates in the TFs throughout the whole assembly
process. Additionally, the LC/LDHs TFs can also be fabricated
on any desirable substrate (such as on flexible polymer as
shown in Fig. 2¢ and 2d), which present the uniform red/green
emission as those on the quartz. This guarantees their future
applications in flexible optical displays.
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Fig. 1. UV-vis absorption spectra for a) (Eu(DBM);bath/LDH), (n=4-32)
TFs; b) (Tb(acac);Tiron/LDH), (n=4-32) TFs. Insets show the plot of the
absorbance intensity as a function of n, and photographs of TFs with
different n when exposed to the daylight.
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Fig. 2. Fluorescence spectra of a) (Eu(DBM);bath/LDH), (n=4-32) TFs,
s b) (Tb(acac);Tiron/LDH), (n=4-32) TFs and photographs of TFs with

different » under UV light. ¢) and d) show the (Eu(DBM);bath/LDH)s and

(Tb(acac);Tiron/LDH)s TFs fabricated on flexible polymer substrates.
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3.3 Structural and morphological characterization of the
hybrid LCs/LDH TFs.

X-ray diffraction was employed to detect the structure of the
luminescent LCs/LDH TFs. X-ray diffraction patterns (Fig. S4 in
ESI) of the (Eu(DBM);bath/LDH), and (Tb(acac);Tiron/LDH),
TFs show the appearance of (001) reflection at ca. 2.4° and 2.6°,
respectively, in which the reflection peak intensity increases with
the increase of n. This indicates that the TFs possess a periodical
structure in the normal direction of the film with a period of ca.
3.9 nm and 3.5 nm, respectively. These observations are also in
agreement with the idealized structural models of the LCs/LDH
systems in which the LCs anions adopt a parallel arrangement
fashion relative to the LDH layers (Fig. S5a and S5b in ESI). To
probe the surface morphology of the LC-based films, the
(LC/LDH), TFs were further detected by scanning electron
microscopy and atomic force microscopy (SEM and AFM). The
typical top-view SEM images for the (LC/LDH), TFs (Fig. 3a
and Fig. S6a in ESI) show that the film surface is continuous and
homogeneous; the AFM images (Fig. S7 in ESI) reveal the
root-mean square roughness of the TFs are in the range of
15.318-33.260 nm and 3.444-14.952 nm, respectively, indicating
a relative smooth surface. Side-view SEM images (Fig. 3b and
Fig. S6b in ESI) exhibit that the thickness of the
(Eu(DBM);bath/LDH), and (Tb(acac);Tiron/LDH), TFs increase
nearly linearly from 32 to 145 nm and from 26 to 120 nm (n =
8-32), respectively, further confirming the uniform and periodic
structure of the LC-based TFs. These observations are also in
agreement with the results revealed by UV-vis and fluorescence
spectra described above. Moreover, the increase trend of the
(LC/LDH), TFs (Fig. 3b and Fig. S6b) indicate the thickness of
one bilayer of Eu(DBM);bath/LDH and Tb(acac);Tiron/LDH unit
are 4.53 nm and 3.75 nm, respectively, in consistent with those of
the XRD result.

LI B o B A
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Fig. 3. The top (a) and side (b) view SEM profiles of the
(Eu(DBM);bath/LDH),, .

3.4 Photoluminescence quantum yield (PLQY), fluorescence
s lifetime and up-conversion emission of LC/LDH TFs.

To obtain insight into the excited-state information of
fluorescence for LC/LDHs, the samples were studied by detecting
their fluorescence decays (Fig. S8 in ESI). It can be shown that
the PL lifetime of the LC/LDHs is enhanced compared with those
10 of the solution and powder samples (Table S2 in ESI), and the
lifetime values are at the level of the typical LC-based systems.'!
For example, the lifetime of Eu(DBM);bath/LDH are in the range
of 0.36-0.39 ms, which is larger than those in the solution (0.28
ms) and powder (0.27 ms) forms of Eu(DBM);bath. This can be
15 attributed to the confined effect of LC within the LDH layer,
which decreases the nonradiative relaxation of exciting states.
Furthermore, the temperature dependence of the fluorescence
lifetime was further detected (Table S3 in ESI), and it can be
observed that the fluorescence decay of the LC/LDH TFs and LC
20 solutions are obviously reduced with the increase of temperature,
suggesting that the complex may undergo thermally activated
back energy transfer. In addition, to detect the fluorescence
efficiency of the TFs with different bilayers, the measurement on
photoluminescence quantum yield (PLQY) was further made
2s (Table S4 in ESI), it can be observed that the PLQY values are in
the range of 6.1%-7.8% and 8.2%-10.7% respectively for
Eu(DBM);bath/LDH and Tb(acac);Tiron/LDH systems, in which
the PLQY values have slightly increased upon the increasing
number of layers. The PLQY values for Eu(DBM);bath/LDH are
50 slightly lower than the other reported system,’® and this may be
related to the self-absorption of the films.

To develop potential up-conversion fluorescent materials
based on the ordered LC systems, the Eu(DBM);bath/LDH
and Tb(acac);Tiron/LDH TFs were further excited by an 800

;s nm laser with different excitation power (Fig. 4) It was
observed that the two TFs with n=50 exhibited obvious red
and green emission without emissive shift compared with
those excited by UV light. Moreover, the log (intensity) vs. log
(incident energy) present a good linear relationship, with the slop

40 of 1.841 and 1.897 respectively for the Eu(DBM);bath/LDH and
Tb(acac); Tiron/LDH systems. The two slops are close to 2,
suggesting that the process may involve a two-photon

45

=N
S
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A

mechanism. In this case, this is a conventional two-photon
absorption induced fluorescence process, and two photons of 800
nm were simultaneously absorbed'.
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Fig. 4. Fluorescence spectra of a) (Eu(DBM)sbath/LDH)s, and b)
(Tb(acac);Tiron/LDH)s, excited by a 800 nm laser.

3.5 Fabrication of the two-color LCs/LDH TFs.

Based on the above single-color emission of two LC/LDH TFs,
we have further fabricated the red/green
luminescent TFs. Such films can be prepared in a
heterogeneous structure by the alternate deposition of one type
of TF onto the surface of a different as-prepared TF. Taking
(Eu(DBM);bath/LDH),¢/(Tb(acac); Tiron/LDH), (n=0-14) as an
example, UV-vis spectra show that the ratio of the absorption
intensity at 219 nm to that at 371 nm correlates linearly with »
(Fig. S9a in ESI), indicating a stepwise and regular growth of the
Tb(acac);Tiron/LDH units on the Eu(DBM)sbath/LDH TF.
Fluorescence spectra show that the intensities of characteristic
peaks of the (Tb(acac);Tiron/LDH), (n=2-14) TFs at 544 nm
display a monotonic increase with n, whereas the luminescence
peak at 614 nm attributed to the pristine (Eu(DBM);bath/LDH),
maintain nearly the same intensity (Fig. 5a), suggesting that there
is no energy transfer between the Tb(acac);Tiron/LDH and
Eu(DBM);bath/LDH building blocks. In addition, the two-color
emission can also be constructed by the co-assembly of mixture
solutions of Eu(DBM);bath and Tb(acac);Tiron with LDH

two-color
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nanosheets as indicated by the UV-vis spectra (Fig. S9b in ESI).
Fig. 5b  shows the fluorescent spectra of the
Eu(DBM);bath@Tb(acac); Tiron/LDH TFs with the molar ratio
of Eu(DBM);bath to Tb(acac);Tiron (c) in the range 0%—35%, in

s which the fluorescence intensity ratio Ig4/ls44 display a
monotonic increase with ¢, accompanied with the change in the
emissive color of the TFs (inset in Fig. 5).
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Fig. 5. a) (Eu(DBM)sbath/LDH),¢/(Tb(acac);Tiron/LDH), (n=0-14); b)
different Eu(DBM)sbath@Tb(acac);Tiron/LDH (c=0%-35%). Insets
show the dependence of [s44//614 on n and Ig14/I544 on ¢, and photographs of
corresponding TFs under UV light.

15 3.6 One- and two-color polarized luminescence.

The orderly structures of the LC/LDH TFs inspired us to
exploit their polarized luminescent properties, and the
glancing incidence geometry was employed to determine the
luminescence anisotropy value r."**® The Eu(DBM)sbath/LDH
20 TFs show well-defined photoemission between the parallel and
perpendicular to the excitation polarized direction (Iyy vs. Iyy)
with the anisotropic value (#) of 0.103—0.145 around 614 nm
(Fig. 6a), while the Tb(acac);Tiron/LDH TFs present the r value
in the range of 0.205-0.249 near 544 nm (Fig. 6b). Furthermore,
»s the 7 value is nearly independent on n as shown inset in Fig. 6.
This indicates that the film thickness imposes no obvious
influence on macroscopic polarized Iuminescence of TFs
throughout the whole assembly process. To the best of our
knowledge, very few LC-based materials have exhibited
30 polarized luminescence due to their pseudo-spherical

structures.'® In this work, the high » may be attributed to the
regular alignment of LC anions between LDH monolayers.
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35 Fig. 6. The polarized fluorescence spectra for the (LC/LDH), TFs. a)
(Eu(DBM);bath/LDH)s; b) (Tb(acac);Tiron/LDH)g (the insets show the
plots of the anisotropic value as a function of n).

For the two-color LC/LDH systems, polarized luminescence
measurement (Fig. S10) further shows that the r values at red
40 and green wavelengths has no obvious change compared with
their corresponding single-color emissive TFs. Furthermore,
the effect of bilayer number on the polarized luminescence of the
TFs was studied. The results (inset of Fig. 6 and Fig. S10) show
that the film thickness only has slight influence on the
4s macroscopic polarized luminescence characteristics of TFs,
which is indicative of an ordered assembly of the TFs. Such
observation is consistent with the XRD results. It is anticipate
that such two-color polarized luminescent TFs can be applied as
color-switchable film materials in display devices.

so 4. Conclusion.

In summary, the ordered LC-based TFs were constructed by
LBL deposition of sulfonated LCs and LDH nanosheets, which
show periodic long-range order structure, well-defined
polarized red/green photoemission and up-conversion
ss luminescence. The two-color emission with tunable red/green
emissive intensity can also be achieved by tailoring the
assembly procedure and concentration ratios of the LC units
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within the films. To the best of our knowledge, this work may
involve the first example of the LC-based TFs with polarized
emission, tunable two-color fluorescence and up-conversion
luminescence. It can be expected that, by designing and tuning
the component, diversity and alignment of anionic LCs within
the LDH layers, the LC-based TFs can be readily extended
and applicable to other similar systems, which have much
potential applications for the design of various LC-based
optical films and devices.
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