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Encapsulation of Yellow Phosphors into NanocrystallineMetal-
Organic Frameworks for Blue-Excitable White Light Emission
Xiao-Yuan Liu,a, b Yang Li,c Chia-Kuang Tsung,c Jing Li *, b, a 

Host-guest based highly emissive and solution processable 
nanocomposites are achieved byin-situ encapsulation of yellow-
emitting molecular dyes into ZIF-8 and UiO-66 during 
theirnanocrystal formation, whichcan be effectively excited by 
bluelight to generate white light. 

In the recent years, metal-organic framework (MOF) based 
host-guest composite materials have received tremendous 
attention, largely because of their multi-fold tunability. In 
addition to modifiable chemical composition and crystal 
structure as commonly observed for conventional MOFs, the 
composite materials have an added advantage, namely nearly 
unlimited choice of guest species. Studies have demonstrated 
their potential in various important applications, including, but 
not limited to catalysis,1-5 drug delivery,6, 7 and chemical 
sensing8. Dye encapsulated MOF (dye@MOF) composites are 
particularly promising in producing high quality white light.9-18 
Usually, the preparation of this kind of host-guest composites 
starts from the synthesis of pristine MOFs, followed by ion 
exchange to incorporate the dye molecules into MOFs 
structure.9, 10, 14, 19, 20 Unlike other MOFs-based white light 
emitting materials,21-24 dye@MOF composites do not contain 
complex ligands and/or rare-earth elements. More importantly, 
the composites typically show remarkable enhancement in 
their solid state luminescence over pristine dye molecules, as 
the host-guest systems can effectively suppress the aggregation 
caused quenching (ACQ) by confining and isolating individual 
dye molecules within MOF pores. 

However, further improvement is required to overcome 
several shortcomings of these host-guest composites. First of 
all, the two-step preparation method mentioned above is time-
consuming, and more problematically, the guest molecules 
must be smaller than the aperture size in order to enter MOF 

pores, which will not only restrict the choice of guests but also 
cause severe guest leakage.9, 11, 13Secondly, the synthesis of 
strongly luminescent MOFs often require use of expensive 
reagents and in most cases, a UV light source is needed to excite 
them effectively. Third, most of the reported dye@MOFs are 
macro-sized composites, which are not suitable for device 
fabrication due to the lack of solution processability.  These 
pose serious limitations for their commercial applications in the 
current lighting technologies. Therefore, developing alternative 
synthetic strategies that can address these drawbacks is much 
desirable.

Scheme 1.The schematic diagram illustrating the synthesis of MOF and yellow 
phosphor based host-guest composite (top), and the generation of white light from 
a blue light source and a blue-excitable yellow phosphor (bottom).

To improve the tedious two-step synthesis and prevent the 
captured guest molecules from leaking out, a new and simple 
synthetic approach has been developed which allows trapping 
guest molecules in-situ into MOF pore space.25 In this study, we 
apply this method to encapsulate two yellow-emitting dyes into 
MOFs, namely zeolitic imidazolate framework 8 (ZIF-8) and UiO-
66 during their crystal formation (Scheme 1, top). As the dye 
molecule can be effectively excited by a blue light source (450 
nm), a white LED combining a blue LED chip and the dye@MOF 
composite can be constructed (Scheme 1, bottom). We 
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demonstrate that high quality nanocomposites can be formed 
by selecting a MOF-dye pair with comparable solubility.

Fig. 1. The single crystal structure of (a) ZIF-8 and (e) UiO-66 with aperture and 
cavity sizes included; the molecular structure of (b) R6G and (f) DBNT with the 
dimensions; fluorescence spectra as a function of excitation energies of(c) R6G 
in water solution, (d) solid R6G@ZIF-82, (g) DBNT in DMF, and (h) solid 
DBNT@UiO-66;inset: (d) the photographs of R6G@ZIF-82 under daylight and 
excitation, (h) the photographs of DBNT@UiO-66 under daylight and excitation.

Rhodamine 6G (R6G) was chosen as the yellow phosphor in 
this work because of its excellent yellow emission property in 
water solution.26 As shown in Fig. 1c, R6G emits at 553 nm 
(yellow) and its fluorescence intensity first decreases slightly as 
the excitation wavelength increases from 365 to 420 nm. A 
significant and monotonic increase in emission intensity is 
observed as the excitation wavelength continues to increase 
from 440 to 480 nm, reaching a maximum at 480 nm. This 
observation is consistent with its absorption spectrum (see Fig. 
S1). These data confirm that R6G is an excellent yellow 
phosphor that can be excited most efficiently by blue light, very 

similar to the commercial yellow phosphor YAG:Ce. In order to 
effectively trap R6G, the pore size of the MOF should be at the 
same length scale or larger than the molecular dimension of the 
dye, while its pore aperture should be significantly smaller. ZIF-
8 makes a perfect candidate based on these considerations for 
R6G. As shown in Fig. 1a-b, the molecular size of R6G is ~1116 
Å,27 which is indeed much bigger than the aperture size of ZIF-8 
(3.4 Å) and at similar scale with the pore size of ZIF-8 (11.6 
Å).28TheR6G@ZIF-8wasthen synthesized by adding R6G 
aqueous solution into ZIF-8precursors to form encapsulated ZIF-
8 crystals in-situ.25, 29 The nanocrystal product was washed 
thoroughly using methanol. Another shell of ZIF-8 was then 
grown on the R6G@ZIF-8 nanocrystals to obtain R6G@ZIF-
8@ZIF-8 (guest@ZIF-82) to avoid any possible interference on 
the luminescence of the nanocrystals from the surface 
absorbed guests.25, 30 The solid-state fluorescence spectrum of 
R6G@ZIF-82 is similar to that of the R6G water solution, yet 
having a remarkable increase in intensity under blue-light 
excitation (Fig. 1d). As depicted in the inset of Fig. 1d, the light-
brown colored R6G@ZIF-82 powder sample emits bright yellow 
light under irradiation. The highest internal quantum yield (IQY) 
of 63.1% was achieved for R6G@ZIF-82 at a concentration of 
0.0264 wt% R6G (Figs. S2-4) under 450 nm excitation. The 
formation of high quality nanocrystals structure was confirmed 
by scanning electron microscopy (SEM) and powder X-ray 
diffraction (PXRD). Fig. 2a-b shows truncated rhombic 
dodecahedral crystals of ZIF-82 and R6G@ZIF-82 with uniform 
size distribution. The PXRD patterns of R6G@ZIF-82 with various 
amount of R6G are nearly identical to that of simulated ZIF-8 
(Fig. 2e and Fig. S5). These results demonstrate that the in-situ 
encapsulated approach has no effect on the crystal structure of 
ZIF-8.

It is worth noting that many of organic phosphors with 
excellent light emission property are insoluble in water and 
methanol, as such they cannot be encapsulated into nano-sized 
ZIF-8 in-situ using water and methanol as solvents. For example, 
4,9-dibromonaphtho[2,3-c][1,2,5]thiadiazole (DBNT) is another 
yellow emitting dye (em= 550 nm) exhibiting aggregation-
induced fluorescence quenching in solid state.31 Unlike R6G, it 
is insoluble in water and only slightly soluble in methanol. 
However it shows good solubility in DMF. The changes in its 
emission intensity as a function of excitation energy follow a 
similar trend as R6G in water, first decreasing from 365 to 400 
nm and then gradually increasing from 420 to 480 nm(Fig. 1g). 
The maximum fluorescence intensity achieved for blue light 
excitation suggests that DBNT is also a promising yellow 
phosphor compatible with the current WLED technology.

Due to the fact that DMF is a poor solvent for forming 
dye@ZIF-8 nanocrystals, UiO-66 was chosen as a MOF host for 
DBNT and was synthesized following a previously reported 
procedure.32 As depicted in Fig. 2c and Fig. S6, high quality 
nanocrystals of UiO-66 with uniform size distribution (~150-200 
nm) were confirmed by SEM and transmission electron 
microscopy (TEM). The molecular size of DBNT is ~6.38.0 Å, 
which is larger than the aperture (~6 Å) of UiO-66,33 but smaller 
than two kinds of cages (~7.5 Å for the tetrahedral cage, ~12 Å 
for the octahedral cage) of UiO-66 (Fig. 1e-f),34 thus, DBNT can 
be effectively trapped into the pores of UiO-66. The 
DBNT@UiO-66 nanocrystals were grown by adding DBNT/DMF 
into the growth solution of UiO-66. While UiO-66 precursor 
solution is non-emissive and plays no effect on the fluorescence 
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of DBNT (Fig. S7), the DBNT@UiO-66 nanocomposite sample 
emits yellow light (Fig. 1h inset) with a quantum yield of 
22.7%under 450 nm excitation at a DBNT concentration of 
0.0105 wt%. The solid state fluorescence of DBNT@UiO-66 
shows a blue-shift of ~12 nm compared to DBNT in DMF 
solution and the same emission intensity dependence on 
excitation wavelength (Fig. 1h). The sizes of octahedron shaped 
DBNT@UiO-66 nanocrystals are similar to those of pristine UiO-
66 (Fig. 2c-d). The PXRD patterns of simulated, as-synthesized 
UiO-66, and DBNT@UiO-66 are almost identical (Fig. 2e), clearly 
indicating that the encapsulation process has no effect on the 
crystal structure of UiO-66.35 These results demonstrate that 
the in-situ encapsulation method is a general approach that is 
likely to be applicable to a large number of MOFs with different 
pore structure and dyes with various molecular size and 
solubility to prepare blue light excitable composites for 
generation of white light and other colored light.

Fig.2 The SEM images of (a) pure ZIF-8, (b) R6G@ZIF-82, (c) pure UiO-66 and 
(d) DBNT@UiO-66, scale bar: 200 nm; (e) the PXRD of simulated ZIF-8, as 
synthesized ZIF-8 and R6G@ZIF-82, simulated UiO-66, as synthesized UiO-66 
and DBNT@UiO-66.

Due to the excellent emission property of R6G@ZIF-82, we 
fabricated a prototype WLED bulb by coating R6G@ZIF-82 onto 
a commercial blue light bulb (450 nm) to demonstrate the 
suitability of nanocomposite dye@MOF as yellow phosphor for 
a WLED device. As illustrated in Fig. 3a-c and Fig. S8, R6G@ZIF-
82 coated blue LED chip based bulb emits high quality white 
light. To assess its potential for commercial applications, 
thermal stability of selected dye@MOF nanocomposites were 
evaluated. R6G@ZIF-82samples were treated under 60 and 100 
C for 24 hours. The corresponding quantum yields (QYs) are 
decreased from 63.1% to 52.1% and 34.5%, respectively. The QY 

decrease is likely a result of degradation of R6G, as the PXRD 
patterns of the samples after stability tests remain essentially 
intact (Fig. 3d). Similar results were found on DBNT@UiO-66 
nanocomposites. 

Fig.3 Photographs of 450 nm blue light LED lamp when power is turned off (a) 
and on (b); and photograph of the LED lamp coated with R6G@ZIF-82 when the 
LED is turned on (c); (d) PXRD patterns changes before and after the treatments 
(heated at different temperture for 24 hours). 

In conclusion, we have shown in this study that different 
MOF hosts and a wide range of dye molecules may be selected 
to form dye-encapsulated nanocomposites with solubility 
compatibility, solution processability, and greatly enhanced 
solid state luminescence. We demonstrate this strategy by 
forming two nanocomposites using two MOFs (ZIF-8 and UiO-
66) and two dyes that exhibit ACQ. Both R6G@ZIF-82and 
DBNT@UiO-66 nanocomposites emit bright yellow light and can 
be effectively excited by blue-light. A high QY of 63.1% is 
obtained for R6G@ZIF-82 under 450nm excitation, making it 
compatible with the current commercial WLED technology. 
Based on these findings, it is clear that the in-situ encapsulation 
of luminescent guest molecules into MOF structures is a viable 
route to form solution processable nanocomposites with high 
solid-state luminescence efficiency. To improve stability of 
these nanocomposite materials, it is important to seek for high 
performance guest species that have strong resistance to heat 
and irradiation. Carbon dots (CDs) might be a promising 
candidate due to their cost-effective synthesis, superior optical 
properties, excellent biocompatibility and high stability.36-38 
Developing CDs@ZIF-8 nanocomposites as alternative 
phosphor materials37, 39 will be a new direction of our future 
research.
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