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Multicomponent hybrids with surfactant-capped
lanthanide polyoxometalate and ZIF-8 to tune

luminescence
Chang Liu, Bing Yan*

In this paper, two kinds of lanthanide polyoxometalates (NagLnW4034°32H,0,
Ki3Ln(SiW;039),-30H,0 (Ln = Eu, Tb, Sm, Dy), abbreviated as LnWj, and LnSiWy,
respectively) are prepared and functionalized to surfactant-capped polyoxometalate
(SLnW¢/SLnSW,;) using hexadecyltrimethyl ammonium bromide. Zeolitic imidazolate
frameworks ZIF-8 nanoparticles are prepared and further composed with SLnWo/SLnSiWy;.
Both of inorganic components are fabricated into the process of polymerization reaction
between ethyl methacrylate (EMA) and 4-vinyl pyridine (VPD) at the presence of initiator
benzoyl peroxide to form multicomponent hybrids. The physical characterization and
especially photoluminescence of these hybrid materials are studied in detail blow, whose

luminescence color can be tuned and integrated by adjusting the building units. The result
provides useful data to prepare multicomponent hybrid materials for practical optical

application.

Introduction

Lanthanide inorganic/organic hybrid materials have attracted
much more attentions in recent decades, because the combination of
organic and inorganic components are both at the molecular and/or
nanometer scale.! These materials possess together the advantages of
organic compounds such as easy processing, flexibility,
multifunctionality, as well hardness, thermal and chemical stability
that derive from inorganic components. At present the studies are
focused on the chemically bonded hybrids, which are constructed by
strong and/or weak interactions such as covalent, ion-covalent,
coordination, hydrogen bond and so forth.? Subsequently, a novel
strategy so-called direct polymerization process is demonstrated to
construct multicomponent hybrid materials.>

Polyoxometalates (POMs) are inorganic metal oxide clusters
composed of transition metal ions that connected by oxygen with a
few nanometer sizes. POMs not merely have well-defined molecular
weight, nanostructure but also chemical, structural, and electronic
versatility,* which can be used to construct large supramolecular
systems as building blocks. These special properties make them play
widely applications in catalysis, electrochemistry, semiconductors,
and magnets efc. >® As the examples of two kinds of lanthanide-
doped POMs, 9-) and  bis-(11-
tungstosilicato)europate (13-) anions as two different potassium salts

10-tungstoeuropate
have been firstly reported by Peacock and Weakley in 1971, whose

interesting luminescence properties catch attentions of the latter
immediately to study extensively. Among the known luminescent
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POMs, NagLnW(O34°32H,0 and K;3Ln(SiW;,039),-30H,0 possess
the highest luminescent quantum yield.® The photoluminescent
property of such POMs can help us to clearly understand the charge
transfer transition state (LMCT) from oxygen to metal ion. In the
above-POMs, inorganic W;0,55 and W;;03% ions affect the
coordination geometry of Ln®* and result in the change of emission
properties of Ln*".

However POMs are such kind of materials which can be dissolved
in water generally and the processibility of pure POMs are inferior
whether they are crystals or powders. In order to realize the
assembly of POMs and other building blocks, it is necessary to
modify POMs which depends on electrostatic interaction between
extra cations and anions of POMs themselves.” In recent research,
POMs can be phase transferred into organic media and
functionalized by essential surfactants.'’ Therefore, as water-
dissolved materials, POMs can be encapsulated into organic
components of surfactants to obtain surfactant-capped POMs. The
counter cations on the surface of POMs can be exchanged
completely by cationic surfactants.'’ So the surfactant-capped POMs
have the structure of a hydrophobic surfactant shell and an
encapsulated hydrophilic POMs core by controlling a certain
stoichiometric ratio in water/organic media. Then the surface
properties of POMs are changed already and surfactant-capped
POMs become soluble in organic media such as chloroform, benzene
or toluene. Under this effective approach, it is readily to obtain some
hybrid materials based with POMs."> POMs can be introduced into
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polymer matrices, which can be expected to have promising
behaviour such as easily processing and good stability.

Metal organic frameworks (MOFs) are a class of porous
coordination polymers materials with a well-defined porous
structure.'”” Porous zeolitic imidazolate frameworks (ZIFs), as a
branch of metal organic frameworks which have exceptional
chemical and thermal stability, have attracted impressive attention in
the past few years for energy, storage and chemical applications.'*'>
In particular, ZIF-8 has the sodalite zeolite-type structure, small
apertures (3.4 A) and large cavities (11.6 A),'* whose nanoparticles
exhibit unique properties that are distinct from both molecules and
bulk solids. ZIF-8 possess the visible emission bands covering blue-
green region, as a luminescent units can be introduced into the
hybrid system and expected to integrate with POMs to realize the
ZIF-8
nanoparticles are popular to choose for its cheap, nontoxic and

tuneable luminescence and even white luminescence.

chemically stable virtues. Moreover, ZIF-8 can be easily modified
with polymer and connected with surfactant-capped POMs and
polymer through polymerization'®.

In this paper, we firstly assemble the hybrid system including
lanthanide POMs and zeolitic imidazolate frameworks (ZIF-8)
and polymer. The detailed characterizations of the obtained
materials and

properties are discussed deeply.

are performed, especially photophysical

Experimental Section

Materials

Four lanthanide nitrates Ln(NOs);-xH,O (Ln = Eu, Tb, Sm, Dy)
were synthesized by dissolving their oxides (Eu,03, Tb;O7, Sm,0s,
Dy,03) into the concentrated nitric acid along with heating and
stirring to accelerate the rate of reactions till the crystal film
appeared. Na,WO,-2H,0 and Hy[Si(W501¢)4]- xH,0 were purchased
from Aldrich. Hexadecyltrimethyl ammonium bromide (HTAB) and
AcOK were from Shanghai Adamas Reagent Co., Ltd. The solvent
tetrahydrofuran (THF) was used after desiccation with anhydrous
magnesium sulfate. All the other reagents were analytically pure and
used as received.

Synthetic procedures
Preparation of NagLnW;(034-32H,0 (abbreviated as LnW,)

The synthesis method of LnW;q (Ln = Eu, Tb, Sm, Dy) was
accorded to the report by Peacock and Weakly ’. Here we used
NagEuW(036°32H,0 (EuW;,) as example: a certain amount of
Na,WO,42H,0 (3.3 g, 10 mmol) was dissolved into 8§ mL deionized
water and the solution was heated to 85 °C, whose pH value is
adjusted to about 7-8 using the glacial acetic acids. Then 1 mmol
europium nitrate was also dissolved in 0.8 mL deionized water, and
the solution of Eu(NOs);-xH,O was added slowly into the above
Na,WO, solution. White precipitate appeared immediately and the
solution was cooled to room temperature. The final powder products
were filtered and dried in vacuum drying oven, named as EuWy,,.
The other three lanthanide tungstates NagTbW;O34-32H,0 (TbWyy),
NagSmW (034:32H,0  (SmWyg), NagDyW,303:32H,0  (DyW)
were also prepared by replacing Eu(NO;3);xH,O with
Tb(NO;);-xH,0, Sm(NOs);-xH,0 and Dy(NOs);-xH,0, respectively.

2| J. Name., 2012, 00, 1-3

Preparation
LnSiWu)
The lanthanide-doped tungsten silicates LnSiW;; (Ln = Eu, Sm,

of K13Ln(SiW11039)2'30H20 (abbreviated as

Dy) were also obtained on the basis of the method by Peacock and
Weakly.” A typical experiment was described as follows:
H4SiW ;040 (5.7 g, 2 mmol) was dissolving into 20 mL deionized
water and heated to 90 °C successively. Then the warm concentrated
mixed solutions of Eu(NO;);-6H,0 (0.4 g, 1 mmol) and AcOK (8.0
g, 80 mmol as the sources of potassium, pH ~ 7) were added
dropwise in the above H;SiW;,04 solutions. The light yellow
solution was kept to stir about 5 minutes at 90 °C until the
suspension of K;SiW;;039 solved completely. A kind of colorless oil
which separated and crystallized from the solution when set the
temperature at 5 °C. The compound was recrystallized thrice from
hot water. The final powder products were filtered and dried in
vacuum drying oven and named as EuSiW ;. Other two lanthanide-
doped tungsten silicate K;3Sm(SiW;;039),"30H,O (SmSiWy;),
K13Dy(SiW;1039),-30H,0 (DySiW;;) were also prepared by
replacing Eu(NO;);-xH,O with their nitrates, respectively.

Preparation of zeoliticimidazolate frameworks (ZIF-8)

Solid state zinc nitrate hexahydrate Zn(NOs),6H,0 (1.5 g 5
mmol) and 2-methylimidazole (H-MeIM) (0.4 g 5 mmol) were
successive dissolved in 75 mL of DMF. The solution was transferred
in a 100 mL vial and heated to 140 °C in a programmable oven and
kept at this temperature then cooled to room temperature after 24 h.
The mother liquor was removed from the solution, and 20 mL of
chloroform was added to the vial. Colorless polyhedral crystals were
separated from the upper layer, washed with DMF three times, and
dried in air to remove the excess DMF for 10 minutes.

The synthesis of surfactant-capped POMs (LnW,;y/LnSiWy,)
clusters (denoted as SLnW,,/SLnSiW,;)

Two kinds of polyoxometalate (POM) newly prepared were
dissolved in aqueous solution and a proportion of chloroform
solution of surfactant HTAB was added slowly with stirring
according to the literature.!” The initial molar ratio of HTAB to
1 and HTAB to LnSiW;; was 13: 1,
respectively. The two polyoxometalates were extracted and

LnW;, was set as 9:

transferred into chloroform solution after ions exchanged. The
organic phase was separated by funnel, and SLnW,¢/SLnSiW,; was
obtained by evaporating the organic phase to dry using rotary
evaporator. The products were washed with deionized water for
three times in order to remove the salts NaBr/KBr. After re-
crystallization with ethanol, the final products were obtained as
white powders.
The preparation of multi-component hybrids
SLnW,(/SLnSiW,,;, ZIF-8 and polymers PEMA (abbreviated as
SLnW,,-ZIF-8-PEMA/SLnSiW,-ZIF-8-PEMA)'®

The sample of ZIF-8 was degassed and dried successively for 10
hrs at 426 K to remove the solvent molecules in their channels under
vacuum. And then 200 mg ZIF-8 was added into 25 mL THF
solution of the above-mentioned lanthanide complexes
SLnW,o/SLnSiW;; (the molar ratio of ZIF-8/SLnW;, or ZIF-
8/SLnSiW;; was 9: 1). The reaction was agitated magnetically to
disperse uniformly for 5 hrs at 313 K. And a certain volume of 4-
vinylpyridine (VPD) was dropwise added to the above suspension
and continued to react with each other for another 5 hrs (the final

This journal is © The Royal Society of Chemistry 2012
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molar ratio of ZIF-8/SLnW,,/VPD or ZIF-8/SLnSiW,;/VPD was 9:
1: 2). Afterwards, 1 mL of liquid monomer EMA was then input to
the above mixture, following with the aggregation initiator benzoyl
peroxide (BPO). The amount of initiator was 0.4 — 0.5 % of the
monomer. The mixed solution was kept agitated magnetically for
approximately 6 hrs at 353 K under argon atmosphere to obtain the
hybrids which were constructed through addition polymerization
between VPD and EMA. The obtained materials were concentrated
under the boiling point of THF to remove the excess solvent using a
rotary vacuum evaporator, and the resulting products were viscous
liquid. The elemental analyses data were shown in supporting
information.

Preparations of SLnW,\-ZIF-8-PEMA/SLnSiW;-ZIF-8-PEMA
thin films

The Iuminescent polymer thin films of SLnW,,-ZIF-8-
PEMA/SLnSiW,-ZIF-8-PEMA were gained by direct spin-coating
method. 1 mL of the above colloid was dissolved in proper amount
of THF and dropped onto a cleaned 1 cm x 1 cm ITO glass which
was fixed on a Laurell spin-coater. The spin rate and spin time were
kept at 1000 rpm/min. The solvent was removed by drying the thin
films at room temperature after spin-coating.

Physical measurements '’

The powder X-ray diffraction (PXRD) patterns were acquired on a
Bruker D8 diffractometer using Cu Ko radiation with 40 mA and 40
kV, the data were collected within the 26 range of 5 — 65 °. Fourier
transform infrared (FTIR) spectra were measured within the 4000-
400 cm™' region on a Nexus 912 AO446 spectrophotometer with the
KBr pellet technique. The elemental analyses (C, H, N) of the
ternary lanthanide hybrids were measured with a CARIO-ERBA
1106 elemental analyzer and the contents of metal element (Ln, Zn)
were determined on the Perkin Optima 2100DV Inductively Coupled

(ICP-OES).
lifetimes

Plasma Optical Emission Spectrometer

Photoluminescence spectra and Iuminescence were
detected by an Edinburgh FLS920 phosphorescent instrument. The
outer absolute luminescent quantum efficiency was determined using
an integrating sphere (150 mm diameter, BaSO, coating) from
Edinburgh FLS920 phosphorimeter. The fluorescence spectra were
corrected for variations in the output of the excitation source (a 450
W xenon lamp) and for variations in the detector response. The
quantum yield can be defined as the integrated intensity of the
luminescence signal divided by the integrated intensity of the
absorption signal. The absorption intensity was calculated by
subtracting the integrated intensity of the light source with the
sample in the integrating sphere from the integrated intensity of the

light source with a blank sample in the integrating sphere.

Results and Discussion

The PXRD patterns indicate that all the POMs with different
lanthanide ions have the same crystal structure (Figure S1).
Hexadecyltrimethyl ammonium bromide (HTAB) is a kind of
cationic surfactant, which has an excellent ability of
with cationic, amphoteric
surfactants. We outline the modification for the specific case of
NagLnW(036°32H,0 (LnW ) as this procedure is followed for
the POMs. As shown in Figure la, surfactant-capped LnW,
(SLnW,o) is prepared with the ion exchange between the

coordination non-ionic  and

This journal is © The Royal Society of Chemistry 2012
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surfactant HTAB and the LnW,, for the electrostatic attraction
force between their different charges.”® A certain amount of
LnW,, is dissolved in water and surfactant HTAB chloroform
solution (the molar ratio of HTAB to LnWj, is 9: 1) is added
slowly with stirring. After ions exchange, LnW,, is extracted
and transferred into organic phase. The chloroform solution is
separated by funnel, and the excess chloroform was evaporated
to obtain SLnW,. The energy dispersive spectrometer (EDS)
analysis of the SEuWj, is performed to check the full
replacement of Na” by HTAB and the result listed in the Figure
S2 and Table S1. The key to understand the polymerization
process of lanthanide inorganic/organic hybrid materials is the
aggregation reaction between different units. While VPD is
added into the compounds of HTAB modified LnW;, and ZIF-
8 to blend, VPD can coordinate to lanthanide ions through its
nitrogen atoms. And after the addition of EMA, under the
action of unsaturated bonds, it can aggregate with VPD to
construct polymer hybrids. Finally, the final multicomponent
hybrid systems are assembled through the copolymerization
reaction between SLnW 4, ZIF-8 and polymer.

" +
evaporatlon ‘\\\\
N+
/' N\
HTAB in CHCl;

b

a

extractlon

LnW,q in water

SLaW

initiator BPO

SLnW(-ZIF-8-PEMA

Thumbnail

Figure 1 Selected scheme of the synthesis process of SLnWj, (a) and
SLnW,,-ZIF-8-PEMA (b), for LnSiW,, system, it is similar.

The FT-IR spectra of HTAB, EuW |, SEuW, and SEuW -ZIF-8-
PEMA are shown in Figure 2. In the spectrum of SEuW,, the bands
at 2917, 2848 cm” belong to the asymmetric and symmetric
stretching vibrations of CH, in HTAB long alkyl -chains,
respectively. And C-H bending vibration is located at 1486 cm’.
SEuW, has almost the same band of HTAB and the partial bands of
EuW,o, which suggests that HTAB surfactant has completely
replaced sodium ions of EuWy,. The broad band situated at 3450 cm’”

J. Name., 2012, 00, 1-3 | 3
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!is related to the stretching mode of O-H, indicating the presence of
water molecules and it is common phenomenon that some water
molecules surround the SEuW,, in their long alkyl chains. In
addition, the stretching vibration absorption bands v (C=0, 1620 cm’
" and v (C-O, 1276 and 1147 cm™) are representative of -COO-
group of EMA. And the band that centered at1470 cm™ of SEuW, -
ZIF-8-PEMA has relation to the asymmetric stretching vibration of
C-N, which reveals the presence of 4-vinyl pyridine. Compared with
SEuW,,-ZIF-8-PEMA, the band to HTAB and EuW;, in the
spectrum of SEuW;, can also be observed as a result of
polymerization reaction. Contrasted with LnW,, material, they have
the nearly same FT-IR spectra in the LnSiW;; (Figure S3).

SEuW, -ZIF-8-PEMA 1020 | oo 1276
/ 1147
/
SEuW,,
o 3450 2917 pgag U\
Q
2 f
<
£
2
—<CD Equ H/\\
HTAB _\J.,_\__\/L_A,_
T T !
4000 3000 2000 1000

-1
Wavenumber / cm

Figure 2 Selected FTIR spectra of HTAB, EuW,,, SEuW,, and
SEuW ,,-ZIF-8-PEMA

The thermal stability of the products is examined by thermal
gravimetric analysis (TGA), which is performed under air with a
heating rate of 5 K/min (Figure S4). TGA data reveals that hybrid
materials releases its organic components (EMA, VPD and BPO) in
the temperature range of 45 °C to 220 °C. Compound SEuW,,-ZIF-
8-PEMA is thermally stable to 350 °C, above which a further mass
loss of 70 wt % before 500 °C is ascribed to decomposition of the
framework forming Zn(MeIM),. It is noted that no mass loss is
observed between 220 and 500 °C, revealing ZIF-8 does not contain
other small molecules inside the channels. Obviously, TGA indicates
that the thermal stability of hybrid materials is much better in
comparison with the lanthanide complexes.

The room temperature PXRD patterns from 5 to 60 ° of HTAB,
EuW,,, SEuW,,, ZIF-8 and SEuW,,-ZIF-8-PEMA are shown in
Figure 3. From the figure, we can see that the PXRD pattern of
surfactant capped EuW;, (SEuW,o) showed almost different peaks
between the bottomed original materials of HTAB and EuW,
which suggests that the structure and morphology are completely
changed after ions exchanging between surfactant and POMs (The
PXRD patterns of HTAB, EuSiW,;, SEuSiW;,, ZIF-8 and
SEuSiW,,-ZIF-8-PEMA are displayed in Figure S5). The HTAB can
replace the Na' and surrounded them to form a hydrophobic
material. In the top pattern, the diffraction peaks of SEuW,y-ZIF-8-
PEMA partly agree well with the each value of EuW,, and ZIF-8 as-
synthesized, which indicates that the products had two main
components of ZIF-8 and EuW . But a little difference accompanies
in the product, which may be influenced by the excess surfactant

4| J. Name., 2012, 00, 1-3

HTAB sticking on the external of EuW;,. At the same time, the
intensity of the peaks of ZIF-8 are much stronger than the other
component in the SEuW;,-ZIF-8-PEMA, which means that the
doping amount of lanthanide ions is less than the ZIF-8 in the
product, and ZIF-8 is the major components of the compounds. And
we can predict that the intensity of lanthanide diffraction peaks may
increase with the increase of SEuW,, content.

h SEuW -ZIF-8

A & ZIF-8 (as-synthesized)

SEuW,,

Intensity / a.u.

HTAB

T T

10 20 30 40 50 60
2 Theta /°

Figure 3 Wide-angle x-ray diffraction patterns of HTAB, EuW,,, SEuW,q,
ZIF-8 and SEuW (-ZIF-8-PEMA

The luminescence performances of lanthanide hybrid materials
have been studied at room temperature. Figures S6 (a) depicts the
luminescent excitation and emission spectra of the parent lanthanide
polyoxometalates EuWj, The excitation spectrum of EuWj, is
monitored by 614 nm of the SDy—'F, Eu®" characteristic transition.
The broad band locating at 300 nm is attributed to the O-W charge
transfer (CT) states.”' The excitation of ligand to metal charge
transfer (LMCT) accompanies with energy transfer from ligand
[Ws015]% to Eu®" which leads to series of Eu® characteristic
emission. The various lines are caused by the interior 4f-4f
transitions in the excitation spectra and the characteristic peaks of
Eu®* situate at 362 ("Fo—>Dy), 374 ('F—>Gy), 381 ('Fo—>G;), 384
("Fy—°>G,) and 394 ("Ep—°Ly), respectively. The "Fy—°Ls transition
at 394 nm is the strongest intensity of excitation bands, which
indicates that 4f-4f transitions have higher intensity than the LMCT
states. The excitation spectra of other LnW, (TbW,y, SmW, and
DyW ) are shown in Figures S6 (b), (c) and (d), and they are all
similar to EuW,, a broad band with peak at nearby 300 nm and
lanthanide inner electron transitions behind. Figures S5 also shows
the information of emission spectra of four parent lanthanide
polyoxometalates LnWo, (Ln = Eu, Tb, Sm and Dy), and the
emission spectra of the other lanthanide polyoxometalates LnSiW,,
(Ln = Eu, Sm and Dy) are displayed in Figure S7. In the emission
spectra of EuW and EuSiW,, (Figure S6 (a), S6 (a)), there are four
main sharp emission bands between 550 and 750 nm which reveal
the characteristic transitions of Eu®" ions and they are ascribed to
SDy—’F; (J = 1-4) transitions at about 594, 614, 652, 703 nm
respectively. In emission spectrum of TbW o (Figure S6 (b)), four
sharp peaks in the range of 450 to 700 nm are attributed to f-f
transitions of Tb>" and are due to *Ds—'F4 (488 nm), °D,—Fs (545
nm), “D;—'F, (583 nm) and *D,—’F; (621 nm), respectively.
Among these emission peaks, the prominent green luminescence

This journal is © The Royal Society of Chemistry 2012
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SD,—"Fs was observed in their emission spectra. The characteristic
narrow emission bands of SmW,, and SmSiW,; which located from
550 to 750 nm are clearly showed in Figure S6 (c) and S7 (b). The
peaks that split into some parallel shoulder peaks are centered about
567 (561), 607 (597), 652 (646) and 703 nm, respectively. They
belong to 4Gsp—H; (3 = 5/2, 7/2, 972, 11/2) of Sm™™. Among these
peaks, the orange luminescence 4Gs—°Hy), is the strongest. Figure
S6 (d) and S7(c) show the emission spectrum of DyW,, and
DySiW,;. The typical transitions of dysprosium ion are obviously
splitting at 479 (490) and 574 (585) nm, which corresponds to
"Fo,—°H,s/2 (479 nm, blue luminescence) and "Fo,—H,3 (574 nm,
yellow luminescence). The blue emission is more efficient than the
yellow emission by comparing their relative intensities.
Photoluminescence comparisons of two kinds of polyoxometalates
encapsulated hybrids in ZIF-8 are discussed below.

a EuW -ZIF-8-PEMA e
1
=

B

<

= A _=613nm

> em

7]

=

2

K|

13

2

=

I

=2

200 300 400 500 600 700

Wavelength / nm

b
Figure 4 The excitation and emission spectra of SEuW,o-ZIF-8-PEMA (a)
and the digital photograph of SEuW,o-ZIF-8-PEMA by a 395 nm irradiated
in dark (b).

Figure 4 (a) shows the luminescence spectra of hybrids with
SEuW,,-ZIF-8-PEMA. The excitation spectra of the hybrids are
monitored by selecting the characteristic emission band of the Eu**
ion at 613 nm, also with large broad band ranging from 250-350 nm.
Besides, it is obvious that strong and sharp lines existed in 330-500
nm range are attributed to the interior narrow 4f-4f transitions of
Eu*" in the host lattice. In the excitation spectra, the front broad band
is ascribed to the O-W charge transfer of the tungstate above-
mentioned. The center of broad band in SEuW,(-ZIF-8-PEMA blue-
shift to about 290 nm from the central 300 nm of the parent EuW,
(the hybrid of SEuSiW,;-ZIF-8-PEMA have the same and further
blue-shift phenomenon from 350 to 330 nm in Figure S8 (a)). And
the excitation spectrum of the two hybrids showing characteristic
peaks of Eu®" is much stronger than the LMCT band. Comparing the
two main kinds of excitation spectra of ZIF-8 and EuW,,, they have

This journal is © The Royal Society of Chemistry 2012
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the same excitation bands at 390 nm approximately (the luminescent
excitation and emission spectra of ZIF-8 is shown in Figure S9).
While monitored the emission wavelength under 395 nm, both of the
two materials are appealed in the emission luminescent spectra of
SEuW,(-ZIF-8-PEMA. The digital photograph of the sample is
checked by exciting at 395 nm (Figure 4 (b)). The weak blue
emissions between 430 and 500 nm are assigned to the ZIF-8, and a
dominant red emission is observed between 580 and 710 nm
originating from the EuW,, above-mentioned, respectively. The
integration luminescence appears pink in color, which is due to a
combination of blue and red emissions from the two materials. The
SEuSiW,,-ZIF-8-PEMA displays a blue-white color and digital
photograph shows in Figure S8 (b).

a TbW -ZIF-8-PEMA e
Tv
=)
5 f
< |
< \‘ A =377mm
> ‘
‘B L =545nm |
5 ‘em Fuq«b ‘
= ol
] [a) |
2 ‘-
k] Vol
o~ o~ | 23 .
é oV V‘\ M FT 9
Vo = 1
|| A A
J | [
TN A
\J/ (N
T T T T —T
200 300 400 500 600 700
Wavelength / nm

Figure S The excitation and emission spectra of STbW,o-ZIF-8-PEMA (a)
and the digital photograph of STbW,(-ZIF-8-PEMA by a 377 nm irradiated
in dark (b).

Figure 5 (a) shows the photoluminescence spectra of terbium
hybrid STbW,-ZIF-8-PEMA. The excitation spectrum is collected
by characteristic emission wavelength of 545 nm of Tb*" ion, and a
broad band between 320 and 400 nm with the maximum peak of
approximately 377 nm originates from Tb*" 4f-4f direct excitation.
The emission spectrum of it is also excited by the maximum
excitation wavelength of characteristic peaks of Tb*". Although the
broad band O-W ligands-metal charge transfer transition has a strong
intensity, it is not allowed to excite the emission of ZIF-8 at the
same time. In the emission spectrum of the hybrids, the blue
luminescence at 485-495 nm is due to *D,;—'Fg transition and the
strongest peaks 545 nm is ascribed to *D,—Fj transition. Other two
weak peaks in the orange luminescence region at 585 nm and the red
at 623 nm are related to °D,—'F; and °Ds—’F; transition,
respectively. Besides the characteristic emission of Tb**, a broad
band locating at the range of 420 ~ 470 nm in the blue region is
assigned to the emission of ZIF-8. Figure 5 (b) shows the digital
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photograph of the sample under the excitation conditions. The final
luminescence displays light blue color for a combination of green
and blue emissions from the TbW,y and ZIF-8 respectively.

a SmSiW, -ZIF-8-PEMA

3

<
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Figure 6 The excitation and emission spectra of SSmSiW,,-ZIF-8-PEMA (a)
and the digital photograph of SSmSiW,,-ZIF-8-PEMA by a 403 nm
irradiated in dark (b).

We study the photoluminescence property of hybrids of SSmW -
ZIF-8-PEMA and SSmSiW,,-ZIF-8-PEMA. Figure S10 (a) shows
the excitation spectra monitored at 600 nm and the emission spectra
obtained by the excitation of LMCT at room temperature. The
emission spectra show three bands of emission transitions as the
result of the introduction of tungstate. Tungstate leads to the split of
4Gsp— Hsp, ‘Gsp—Hop, *Gsp—°Hp, transitions. The transition
4G5, —°Hs), at 568 nm divide from 561 to 568 nm, another transition
4Gs,—°H, at 608 nm split from 600 nm to 608 nm and the last
observed transition *Gs,—°Hy, at 653 nm break into emission
region from 646 nm to 653 nm. Among three emission bands, the
transition *Gs,—°H;, is of the highest intensity. The emission
spectra of SSmW ,-ZIF-8-PEMA only shows the red color of the
matrix by the excitation of LMCT and the photograph shows in the
Figure S10 (b). When monitored the emission wavelength under 395
nm of the characteristic peak of ZIF-8, only another matrix is
appealed in the emission luminescent spectra of SSmW,,-ZIF-8-
PEMA and blue photograph in the Figure S10 (c). SSmW-ZIF-8-
PEMA becomes a material which can appeal different luminescence
under different excitation. But in the hybrid of SSmSiW ,-ZIF-8-
PEMA, due to the different POM, it has different photoluminescence
feature. The excitation spectrum of SSmSiW;-ZIF-8-PEMA is
collected by 600 nm which is a Sm®" ions characteristic emission
wavelength, and a narrow band between 390 and 420 nm with the
maximum peak of approximately 403 nm that is attributed to the
interior narrow 4f-4f transitions of Sm’’. So in the emission
spectrum of SSmSiW,-ZIF-8-PEMA, both of the two materials can
be observed and the digital photograph of the hybrids shown in
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Figure 6 (b) under excited at 403 nm. A dominant red emission
locating between 580 and 710 nm is originated from the SmSiW,;
afore-mentioned; a blue emission between 430 and 490 nm is
ascribed to the ZIF-8. The integration luminescence displays white
color, owing to a combination of blue and red emissions from the
two materials, respectively.
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Figure 7 The excitation and emission spectra of SDyWo-ZIF-8-PEMA (a),
the digital photograph of SDyW,,-ZIF-8-PEMA by a 297 nm irradiated (b)
and 397 nm (c) in dark, respectively.

The luminescence features of SDyW,y-ZIF-8-PEMA and
SDySiW,,-ZIF-8-PEMA incorporating DyW;, and DySiW,, are
presented in Figure 7 (a) and Figure S11 (a), respectively. Two
excitation spectra are both obtained by monitoring the "Fo,—°*H,s/2
transition at 479 nm. In the excitation spectra of SDyW,-ZIF-8-
PEMA, the broad band of O-W ligands-metal charge transfer
transition contributes more than lanthanide characteristic excitation
lines, showing high intensity of the LMCT as well as SSmW (-ZIF-
8-PEMA. Whereas in the excitation spectra of SDySiW,-ZIF-8-
PEMA, the relative intensity of characteristic excitation lines of the
Dy** 5f-5f transitions is more intense than the O-W ligands-metal
charge transfer transition. The emission spectrum of SDyW,-ZIF-8-
PEMA has the similar feature to that SSmW,,-ZIF-8-PEMA and
only shows white luminescence by the excitation of LMCT
(photograph shown in Figure 7 (b)). The emission assembles the
characteristic emission of DyW,, in positions, shapes, width, with
split peaks of "Fo,—®H,spp, 'Fon—°Hy3, transitions in the range of
479-490 nm, 574-585 nm, correspondingly. Meanwhile the blue
luminescence is stronger than the yellow one. ZIF-8 as the other
component the emission wavelength is monitored by 397 nm of its
characteristic peak, and blue photograph in the Figure 7 (c). In the
hybrid of SDySiW,,-ZIF-8-PEMA, its luminescence phenomenon
has different from SDyW,,-ZIF-8-PEMA because incorporating
different matrix. The excitation spectrum of SDySiW;,-ZIF-8-
PEMA was monitored by 479 nm that is one of the characteristic
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emission wavelengths of Dy*" ions, and accompanying series bands
340 to 420 nm with the maximum value of nearly 366 nm which is
ascribed to the interior 5f-5f transitions of Dy*". And two main
components can be observed in the emission spectrum of SDySiW;-
ZIF-8-PEMA in Figure S11 (a) and the digital photograph of the
hybrid showed in Figure S11 (b) under 366 nm to excite. There are
two dominant blue and yellow luminescence located at the range of
479-490 nm and 574-585 nm respectively which derivate from the
DySiW;; mentioned. And a tiny blue emission between 420 and 470
nm was attributed to the ZIF-8. The integration luminescence
displays blue-white color which is combined of a light-blue (trace
amounts of ZIF-8 in the hybrids) and white emissions from the two
components, respectively.

Table 1 Luminescence lifetimes and absolute quantum yields of SLnWj,-
ZIF-8-PEMA and SLnSiW,;-ZIF-8-PEMA

LnW,¢/LnSiWio 7 (us) (%) Jex(nm) Jem(nm)
EuW,, 1017 24.3 395 613
TbWo 936 17.7 377 545
SmW, 54 10.6 295 600
DyWi 55 9.1 297 479
EuSiWy, 938 19.9 394 613
SmSiWy,; 100 11.4 403 600
DySiWy, 74 9.2 366 479

The transmission electron microscopy (TEM) analysis has been
provided in Figure S12. In the TEM, we can see that the process of
ions exchanging make LnW;,/LnSiW;; into nanoparticles and the
of SLnW,y/SLnSiW;; and ZIF-8 are
homogeneous diffused into the organic matrices. The photographs of

inorganic components

the thin films are given in Figure S13. The photographs display the
transparency of the films of SEuW,-ZIF-8-PEMA and SEuSiW ;-
ZIF-8-PEMA respectively. The excitation wavelength, luminescence
lifetimes and emission quantum yields are listed in Table 1. From
the data, it can be seen that the hybrid films fabricated with EuW,
and EuSiW ; possess the longer lifetimes and higher quantum yields
than other hybrid systems.

Conclusions

We have prepared two kinds of lanthanide polyoxometalates
(NagLnW(036-32H,0, K;3Ln(SiW1;03¢),-30H,0 (Ln = Eu, Tb, Sm,
Dy) and encapsulated polyoxometalate into surfactant to obtain
surfactant-encapsulated POM clusters (SLnW;¢/SLnSiW;;) and
zeolitic imidazolate frameworks ZIF-8. In the presence of benzoyl
peroxide (BPO) as the initiator, the synthesized surfactant-
encapsulated POMs, ZIF-8 and polymer units are composed by
additional polymerization reaction. The photoluminescent properties
of these hybrids show that hybrids containing EuW,, or EuSiWy;
both have longer lifetimes and higher quantum yields than other
lanthanide hybrids. And some of the hybrid systems appeal almost
cool-white emission. SSmW,-ZIF-8-PEMA and SDyW,-ZIF-8-
PEMA can carry out emitting different luminescence under different
excitation. SEuW,,-ZIF-8-PEMA, SEuSiW,;-ZIF-8-PEMA and
SSmSiW,,-ZIF-8-PEMA hybrids in particular can be expected to
have potential value in practical cool-white lighting. This provides a
new strategy to obtain white luminescence hybrid materials.

This journal is © The Royal Society of Chemistry 2012
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