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ABSTRACT: Highly luminescent metal—organic frameworks
(LMOFs) have received great attention for their potential use
in energy-efficient general lighting devices such as white-light-
emitting diodes (WLEDs); however, achieving strong
emission with controllable color, especially high-quality
white light, remains a considerable challenge. Herein, we
present a new strategy to encapsulate in situ multiple dyes into
nanocrystalline ZIF-8 pores to form an efficient dyes@MOF
system. Using this strategy, we build three models, namely,
multiphase single-shell dye@ZIF-8, single-phase single-shell
dyes@ZIF-8, and single-phase multishell dyes@ZIF-8, to
systematically and fine-tune the white emission color by
varying the components and concentration of encapsulated
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dyes. The study of these three models demonstrates the importance of the multishell structure, which can effectively reduce the
interactions such as Forster resonance energy transfer (FRET) between encapsulated dyes. This energy transfer would
otherwise be unavoidable in a single-shell setting, which often reduces the efficiency of white-light emission in the dyes@ MOF
system. This approach offers a new perspective not only for fine-tuning the emission color within nanoporous dyes@MOFs but
also for fabricating MOF nanocrystals that are easily solution-processable. The strategy may also facilitate the development of

other types of MOF—guest nanocomposite systems.

B INTRODUCTION

Since the first report on metal—organic framework (MOF)-
based white light emission (WLE) in 2009, many efforts have
been made to improve the WLE performance via changing the
MOF structure and cornposition.z_5 So far, WLE has been
generated on the basis of four types of emission sources: (1)
organic ligands,'® (2) metal nodes or metal nodes combined
with ligands,[ =13 (3) encapsulated guest species,"*”'® and (4)
organic ligands combined with guest materials.'” Among these
categories, MOF-guest-based systems show some advantages
over others, where neither metal centers nor ligands are
required to be emissive so that the selection of MOFs is
expanded. In these systems, MOFs serve as a scaffold for the
dye guests to prevent aggregation-caused quenching (ACQ).
Typically, the MOF—guest composites are synthesized using a
two-step process, where a pristine MOF is synthesized first and
then selected dyes are incorporated into MOFs via ion
exchange.'”'¥?°7*> These dyes@MOF composites often
exhibit great WLE performance; however, this approach has
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certain limitations. For example, the size of the dyes must be
small enough to fit into the aperture of the MOF pores. Also,
the leakage of the dye molecules is another issue if the host—
guest interactions are not sufficiently strong. In addition, the
interaction between different dyes, such as fluorescence
resonance energy transfer (FRET), could interfere with the
WLE and reduce its efficiency.

A recent study shows that if different dye molecules are
encapsulated into MOF at different locations, then bright WLE
with a CIE (0.35, 0.32) could be achieved.'® Control of the
guest location in this work is achieved via a core—shell
cyclodextrin-based MOF, in which the time-consuming
synthesis and the microsized crystal could limit the device
fabrication and commercial applications. As such, further
improvements in developing dyes@MOF-based systems with a
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facile synthesis route, high processability, and excellent WLE
performance are much needed.

Herein, we present a facile approach to encapsulating
multiple dyes into zeolitic imidazolate framework 8 (ZIF-8)
during crystal formation. To understand and control the effect
of dye locations on WLE, three models are established, namely,
multiphase single-shell dye@ZIF-8 (model 1), single-phase
single-shell dyes@ZIF-8 (model 2), and single-phase multishell
dyes@ZIF-8 (model 3) (Scheme 1).**> We hypothesize that the

Scheme 1. Schematic Diagrams of Three Models for the
Preparation of Dye and ZIF-8-Based Composites for White
Light Emission
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WLE can be achieved in all three models by changing the
components and concentrations of dyes molecules, and the
multishell structure in model 3 can eliminate the interactions
between different dye molecules by placing them in different
shells, which represents an entirely new design.”"** The
reasons for choosing ZIF-8 as the host MOF are threefold: (1)
ZIF-8 can be easily synthesized in water and organic solvent at
room temperature, which allows a broader selection of
dyes;”**” (2) the size control and shape control of ZIF-8
nanocrystals are reported, which allows us to have desirable
nanocrystals for the solution-based fabrication of WLE devices;
and (3) the encapsulation of multiple guest species inside the
ZIF-8 with controlled locations has been established.””*”

B RESULTS AND DISCUSSION

To demonstrate our proof-of-concept design, three dye
molecules were chosen as encapsulates. They emit three
different colors, namely, red (rhodamine B or RB), green
(fluorescein or F), and blue (7-amino-4-(trifluoromethyl)-
coumarin or C-151). A careful analysis was made to ensure a
good match between the ZIF-8 pore structure and the
dimensions of these dye molecules. As shown in Figure 1,
the aperture of the pore window and the cage size of ZIF-8 are
3.40 and 11.6 A,” respectively. Therefore, the selected dyes
should be larger than the aperture size but on a length scale
similar to that of the cavity in order to be securely encapsulated
within the ZIF-8 pores. The molecular sizes of RB, F, and C-
151 are ~10.2 X 16.8, 11.0 X 13.0, and 8.0 X 11.0 A (Figure
1b—d),***" respectively, matching the requirement well.
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Figure 1. (a) Single-crystal structure of ZIF-8, where the aperture and
cage sizes are indicated. (b—d) Chemical structures and molecular
dimensions of rhodamine B (RB), fluorescein (F), and 7-amino-4-
(trifluoromethyl)coumarin (C-151).

Then we first applied model 1 to synthesize multiphase
single-shell dye@ZIF-8 to demonstrate that ZIF-8 is capable of
trapping different kinds of dyes in situ.”” A designated amount
of each dye was added to a ZIF-8 precursor solution and
reacted at room temperature. The formed dye@ZIF-8
nanocrystals were washed thoroughly using methanol. The
fluorescence spectra show that the emission profiles of all three
dye-encapsulated ZIF-8 nanocrystals resemble those of the
pristine dyes (Figure S1), with only a slight shift in the
emission maximum. Methanol solutions of C-151@ZIF-8, F@
ZIF-8, and RB@ZIF-8 show blue, green, and red emission,
respectively (Figure S1). To rule out the effect on the
composite emission from the surface-absorbed dyes, the
water—methanol-mediated overgrowth method was used to
coat a pure ZIF-8 shell on the dye@ZIF-8 nanocrystals to
obtain dye@ZIF-8@ZIF-8 (dye@ZIF-8%).”> The concentra-
tion of each dye was then varied to investigate its effect on the
emission properties of dye@ZIF-8> nanocomposites. As shown
in Figure 2a—c, the fluorescence intensity of dye@ZIF-8*
increases initially with increasing concentration of encapsu-
lated dyes (Figures S2—S4, Tables S1—S3). Further increases
in concentration lead to an intensity drop. For F@ZIF-8* and
RB@ZIF-8? a red shift in emission energy is observed with
increasing dye concentration. The quantum yields (QYs)
follow the same trend as the emission intensity (Tables S1—
S3). The gradual color changes of solid C-151@ZIF-8% F@
ZIF-8?, and RB@ZIF-8* under daylight and UV light also
indicate the successful encapsulation of C-151, F, and RB into
ZIF-8 with increasing concentration. The highest QYs are
0.419 for C-151@ZIF-8? 0.626 for F@ZIF-8% and 0.601 for
RB@ZIF-8* with contents of 0.0137, 0.0072, and 0.0372 wt %,
respectively. Increases of 47-, 125-, and 20-fold are compared
to those of the pristine dye molecules in their solid states
(0.009, 0.00S, and 0.03 for C-151, F, and RB, respectively).
These results reveal that dye@ZIF-8* nanocomposites can
effectively reduce the aggregation-caused quenching (ACQ) by
confining and isolating the dye molecules within individual
ZIF-8 pores” " and that the in situ encapsulation approach is
a powerful method for traping different dyes in the ZIF-8 pore
space during crystal formation to achieve higher QY in the
solid state. The best obtained CIE coordinates are (0.16, 0.12),
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Figure 2. Liquid-state fluorescence spectra of (a) C-151@ZIF-8% (b)
F@ZIF-8% and (c) RB@ZIF-8* nanocrystals with different dye
concentrations in methanol solution under 365 nm excitation and
photographs of corresponding composites under daylight (top) and
UV light (bottom). (d—f) SEM images of C-151@ZIF-8%, F@ZIF-8?,
and RB@ZIF-8” nanocrystals, with a scale bar of 200 nm. (g) The
solid-state fluorescence spectrum of a composite of C-151@ZIF-8?,
F@ZIF-8% and RB@ZIF-8* (2:1:3 for 0.0137 wt % C-151@ZIF-82/
0.0146 wt % F@ZIF-82/0.0372 wt % RB@ZIF-8%) and the
corresponding photographs without (top) or with (bottom) grinding
under daylight (left) and UV light (right).

(0.26, 0.58), and (0.57, 0.43) for C-151@ZIF-8%, F@ZIF-8?,
and RB@ZIF-8” respectively (Figure SS), which are close to
the saturated blue (0.14, 0.08), green (0.21, 0.71), and red
(0.66, 0.33) emitters. The structure of dye@ZIF-8” nanocryst-
als was characterized by scanning electron microscopy (SEM)
and powder X-ray diffraction (PXRD) methods. As shown in
Figure 2d—f, uniform truncated rhombic dodecahedrons were
obtained for all dye@ZIF-8* composites. PXRD patterns of
dye@ZIF-8* nanocomposite samples with different concen-
trations are identical to that of the simulated PXRD pattern of
ZIF-8 (Figure $6).>> These data confirm that the introduction
of dye molecules into the ZIF-8 cavity does not alter its crystal
structure

The excellent emission properties of C-151@ZIF-8*, F@
ZIF-8%, and RB@ZIF-8* prompted us to evaluate the
possibility of combining the three colors to achieve WLE by
simply mixing these three composites. As expected, the WLE
was realized by optimizing the ratio of C-151@ZIF-8% F@ZIF-
8%, and RB@ZIF-8%. For example, when a mixture of 0.0137 wt

% C-15S1@ZIF-8%, 0.0146 wt % F@ZIF-8% and 0.0372 wt %
RB@ZIF-8” with a mass ratio of 2:1:3 was ground, a WLE was
indeed achieved as shown in Figure 2g. The corresponding
CIE coordinates of (0.32, 0.34) were calculated (Figure SS),
which are very close to the pure white color of (0.33, 0.33).
These results indicate that single-shell dye@ZIF-8* nanocryst-
als can be combined to form multiphase phosphors of targeted
colors. In addition, because of the nanosize of dye@ZIF-SZ,
they can be well dispersed in solution, making them highly
solution-processable for device fabrication (Figure S7).

The above results inspired us to explore model 2 (Scheme
1). Would the encapsulation of red, green, and blue emitting
dyes simultaneously in ZIF-8 lead to a single-phase C-
151&F&RB@ZIF-8%, for which the WLE color may be tuned
and optimized by adjusting the concentrations of encapsulated
C-151, F, and RB? Also, by combining all of the dyes in one
nanocrystal, we can optimize the emission property in a more
direct way and simplify the fabrication process. To answer this
question, we applied model 2 to synthesize a single-phase,
single-shell C-151&F&RB@ZIF-8* composite by adding C-
151, F, and RB simultaneous to precursor solutions of ZIF-8.
As expected, by carefully adjusting the concentration of three
dyes, white emitting C-151&F&RB@ZIF-8> composites were
obtained. For example, using 20 yL of S mM C-151, 40 uL of 5
mM F, and 20 L of S mM RB (Figure 3a, black line) or 20 uL
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Figure 3. (a) Solid-state fluorescence spectra of C-151&F&RB@ZIF-
8% with different concentrations of dyes under the excitation of 365
nm (inset: a C-151&F&RB@ZIF-8 sample under daylight and UV
light) and (b) the corresponding CIE chromaticity coordinates.

of S mM C-151, 20 uL of S mM F, and 40 uL of S mM RB
(Figure 3a, red line) for the synthesis, both nanocrystals led to
emission spectra that cover the visible light region (400—650
nm) with WLE. The corresponding CIE chromaticity
coordinates, (0.30, 0.34) and (0.34, 0.34), are both very
close to pure white light (Figure 3b), which demonstrates that
model 2 can also be employed as a strategy to realize WLE by
combing three dyes together under optimized conditions.
However, because of the strong fluorescence resonance energy
transfer (FRET) among these three dyes (Figure S8), it is
difficult to calculate their accurate concentrations upon mixing
them together.

As mentioned above, one major drawback of model 2 is the
energy transfer among the emissive dye molecules, which
cannot be ignored because the efficiency of WLE might be
significantly decreased by these kinds of interactions. For C-
151, F, and RB, strong FRET was found in their binary mixture
solutions (Figure S8). To avoid this, we propose to place
different dyes at different locations (shells) on a nanocrystal. It
was found in a previous study that it is possible to encapsulate
different guest molecules into a multishell ZIF-8 nanocrystal
with sufficiently large spatial separation, in which the FRET
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between two guests can be totally suppressed by the solid ZIF-
8 shell.”® Therefore, we developed model 3, a single-phase
multishell dyes@ZIF-8* (Scheme 1) where the three dyes are
encapsulated consecutively into ZIF-8 nanocrystals via shell-
by-shell overgrowth and separated by solid ZIF-8 shells. As
shown in Figure 4a, the first step is to encapsulate two dyes (in
any combination) into multishell ZIF-8 during crystal
formation, where the emission color of multishell dyes@ZIF-
8% can be easily tuned from pink to yellow to cyan by the
formation of RB@ZIF-8°@C-151@ZIF-8%, RB@ZIF-8’@F@
ZIF-8%, and C-151@ZIF-8*@F@ZIF-8% respectively. As one
example to confirm our hypothesis, C-151@ZIF-8” was used as
the core to perform the overgrowth of F@ZIF-8 with increased
F concentrations, and the thus-formed C-151@ZIF-8*@F@
ZIF-8* was then used as the new core for further overgrowth of
RB@ZIF-8 to prepare the multishell dyes@ZIF-8* nano-
composites for WLE (Figure S9 and Figure 4b).

As shown in Figure 4b,c, under the optimized synthesis
conditions, the CIE chromaticity coordinates of multishell C-
151 @ZIF-8*@F@ZIF-8*@RB@ZIF-8* changed from (0.21,
0.26) to (0.32, 0.34) with increasing RB concentration,
suggesting that model 3 can also be very efficient for preparing
composite materials with systematically tunable emission
colors, including white light. The multishell structure
formation was further proven with a scanning electron
microscope (SEM) as depicted in Figure 4d. Via sequential
shell-by-shell overgrowth in water and methanol, it is observed
that the size of ZIF-8 gradually increased, accompanied by the
morphology switch between a truncated cube and a truncated
rthombic dodecahedron. The growth sequence and the
thickness of the shells did not have an obvious effect on the
light quality. The emission spectrum and CIE chromaticity
coordinates of the white-light-emitting RB@ZIF-8*@F@ZIF-
8*@C-151@ZIF-8* multishell nanocomposite (Figure S10a)
are very similar to those of C-151@ZIF-8*@F@ZIF-8’@RB@
ZIF-8* (Figure 4b). In addition, very small changes were
observed in the fluorescence of RB@ZIF-8*@F@ZIF-8*@C-
151@ZIF-8* samples with a different outer-shell thickness of
ZIF-8 (Figure S10b).

The PXRD patterns of single-phase single-shell dye@ZIF-8?,
multiphase single-shell dyes@ZIF-8% and single-phase multi-
shell dyes@ZIF-8” remain essentially the same as that of the
simulated ZIF-8 (Figure 4e), confirming that the in situ
encapsulated dyes have no effect on the single-crystal structure
of the pristine ZIF-8. Leak-checking experiments confirmed
that the dyes were well trapped within the ZIF-8 pores. All
samples tested showed no trace of leakage (Figure S11).

B CONCLUSIONS

We have developed a facile approach to preparing dyes@
MOF-based host—guest nanocomposites to generate white
light emission via the in situ encapsulation of dyes into ZIF-8
pores during its crystal formation. We have studied three
models in which the dye locations are tunable. To avoid an
energy-transfer-caused efficiency decrease due to the inter-
actions between encapsulated dye molecules, a single-phase
multishell dyes@ZIF-8 nanocomposite could confine and
isolate different dye molecules in different ZIF-8 shells. By
adjusting the composition and concentration of encapsulated
dyes, the dyes@ZIF-8 composites prepared on the basis of the
three models all show high WLE quality. Combining the facile
and scalable synthesis, the use of inexpensive and commercially
available dyes, and systematic color tunability, this study has
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Figure 4. (a) Liquid-state fluorescence spectra of single-shell dye@
ZIF-8” and double-shell dyes@ZIF-8” in methanol solution under 365
nm excitation and their corresponding photographs under daylight
and UV light (RB@ZIF-8> to C-151@ZIF-8* from left to right). (b)
Solid-state fluorescence spectra and (c) the corresponding CIE
chromaticity coordinates of C-151@ZIF-8*@F@ZIF-8’@RB@ZIF-8*
with different concentrations of RB (200 uL of 0.5 mM C-151, 200
uL of 5 mM F, and 10, 20, and 100 pL of 0.5 mM RB for pink, blue,
and black lines, respectively). (d) SEM images of various nanocrystal
samples, from left to right: C-151@ZIF-8, C-151@ZIF-8* C-151@
ZIF-8’@F@ZIF-8, C-151@ZIF-8*@F@ZIF-8* C-151@ZIF-8*@F@
ZIF-8*@RB@ZIF-8, and C-151@ZIF-8*@F@ZIF-8’@RB@ZIF-8?,
scale bar 1 um. (e) PXRD patterns of simulated ZIF-8, C-151@
ZIF-8?, F@ZIF-8%, RB@ZIF-8? C-151&F&RB@ZIF-8% and C-151@
ZIF-8*@F@ZIF-8*@RB@ZIF-8°

offered a novel and efficient approach to making highly
solution-processable dyes@MOFs-based nanocomposite ma-
terials that are promising candidate for use as a new family of
phosphors in energy-eflicient lighting devices.
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B EXPERIMENTAL SECTION

General Information. The commercial chemicals were used
without further purification, and a detailed list of chemicals can be
found in the Supporting Information.

Instruments. The fluorescence spectra were measured using a
Fluoromax-4 spectrofluorometer from Horiba Scientific. The
quantum yield was obtained using a C11347 absolute PL quantum
yield spectrometer. Powder X-ray diffraction patterns were measured
using an Ultima IV X-ray diffractometer with Cu Ka radiation.
Scanning electron microscope (SEM) images were obtained on a
JEOL JSM6340F.

Synthesis of dye@ZIF-8. The dye@ZIF-8 was synthesized using
two different methods (A and B), where method A has a much higher
yield than method B but method B has better morphology and size
control than method A for the synthesis of multishell ZIF-8.

Synthesis of ZIF-8 (Method A). A S mL aqueous solution
containing 2.72 M 2-methylimidazole and 0.55 mM CTAB was
stirred for 1 min, followed by the addition of S mL of a 300 mg
Zn(CH;C0O0),-2H,0 aqueous solution. The mixture was stirred for
another 10 s and then was left undisturbed for 2 h at room
temperature. The synthesized R6G@ZIF-8 was spun down at 9000
rpm for 10 min and washed twice using methanol.**

Synthesis of C-151@ZIF-8 (0.0040, 0.0137, 0.0171, and 0.0217
wt %) (Method A). A S mL aqueous solution containing 2.72 M 2-
methylimidazole and 0.55 mM CTAB was stirred for 1 min, followed
by the addition of S mL of a 300 mg Zn(CH;CO0),-2H,0 aqueous
solution. After the mixture was stirred for 10 s, different amounts of a
5 mM C-151 methanol solution (0.10, 0.37, 0.50, and 0.75 mL) were
added. The mixture was stirred for another 10 s and then was left
undisturbed for 2 h at room temperature. The synthesized R6G@ZIF-
8 was spun down at 9000 rpm for 10 min and washed twice using
methanol.

Synthesis of F@ZIF-8 (0.0030, 0.0072, 0.0146, and 0.0180 wt %)
(Method A). A S mL aqueous solution containing 2.72 M 2-
methylimidazole and 0.55 mM CTAB was stirred for 1 min, followed
by the addition of S mL of 300 mg of Zn(CH;COO0),-2H,0 aqueous
solution. After the mixture was stirred for 10 s, different amounts of 5
mM F in a solution containing 2.72 M 2-methylimidazole and 0.55
mM CTAB (0.10, 0.25, 0.75, and 1.00 mL) were added. The mixture
was stirred for another 10 s and then was left undisturbed for 2 h at
room temperature. The synthesized R6G@ZIF-8 was spun down at
9000 rpm for 10 min and washed twice using methanol.

Synthesis of RB@ZIF-8 (0.0132, 0.0372, 0.0705, and 0.0803 wt %)
(Method A). A 'S mL aqueous solution containing 2.72 M 2-
methylimidazole and 0.55 mM CTAB was stirred for 1 min, followed
by the addition of S mL of 300 mg of a Zn(CH;COO),2H,0
aqueous solution. After the mixture was stirred for 10 s, different
amounts of S mM RB aqueous solution (0.10, 0.25, 0.50, and 0.75
mL) were added. The mixture was stirred for another 10 s and then
was left undisturbed for 2 h at room temperature. The synthesized
R6G@ZIF-8 was spun down at 9000 rpm for 10 min and washed
twice using methanol.

Synthesis of dye@ZIF-8@ZIF-8 (dye@ZIF-8?). A 60 mL solution of
30 mM 2-methylimidazole was used to redisperse the as-synthesized
dye@ZIF-8, and then 60 mL of a 30 mM Zn(NOs;),-6H,0 methanol
solution was added. After being shaken for 10 s, the mixture solution
was left undisturbed at room temperature for 1.5 h, and the formed
dye@ZIF-8% was spun down at 6000 rpm for 10 min.*®

Synthesis of C-151&F&RB@ZIF-8 (Method A). A’ S mL aqueous
solution containing 2.72 M 2-methylimidazole and 0.55 mM CTAB
was stirred for 1 min, followed by the addition of S mL of a 300 mg
Zn(CH;C0O0),-2H,0 aqueous solution. After the mixture was stirred
for 10 s, a mixture solution of C-151, F, and RB was added. The
mixture was stirred for another 10 s and then was left undisturbed for
2 h at room temperature. The synthesized C-151&F&R6G@ZIF-8
was spun down at 9000 rpm for 10 min and washed twice using
methanol (one example for white light emission: 0.25 mL of 0.5 mM
C-151, 0.1 mL of 0.5 mM F, and 0.05 mL of 0.5 mM RB).

Synthesis of C-151&F&RB@ZIF-8 (Method B). A 17.5 mL solution
of 790 mM 2-methylimidazole and 0.275 mM CTAB was stirred at
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800 rpm for 5 min, followed by the addition of 2.5 mL of a 97.5 mM
Zn(NO;),-6H,0 aqueous solution. After the mixture was stirred for 3
min, a mixture solution of C-151, F, and RB was added, and the
solution continued to stir for 2 min. Then the solution was left
undisturbed for 3 h at room temperature. The synthesized C-
151&F&RB@ZIF-8 composites were spun down at 8000 rpm for 10
min, washed twice using methanol, and then dispersed in 5 mL of
methanol (one example for white light emission: 20 uL of S mM C-
151, 40 4L of S mM F, and 20 uL of 5 mM RB).

Synthesis of Rhodamine C-151&F&RB@ZIF-8% C-151&F&RB@
ZIF-8 was synthesized using the same method as in the synthesis of
dye@ZIF-8%

Synthesis of C-151@ZIF-8 (Method B). A 1.75 mL solution of 790
mM 2-methylimidazole and 0.55 mM CTAB was stirred for 5 min,
followed by the addition of 0.25 mL of a 97.5 mM Zn(NO;),-6H,0
aqueous solution. After the mixture was stirred for 3 min, 0.2 mL of a
0.5 mM C-151 methanol solution was added and the mixture
continued to stir for 2 min. Then the solution was left undisturbed for
3 h at room temperature. The synthesized C-151@ZIF-8 composites
were spun down at 8000 rpm for 10 min, washed twice using
methanol, and then dispersed in methanol.”®

F@ZIF-8 and RB@ZIF-8 were synthesized using the same method
as for C-151@ZIF-8.

Synthesis of C-151@ZIF-8°. An as-synthesized C-151@ZIF-8
composite was added into 15 mL of a methanol solution containing
30 mM 2-methylimidazole. After the solution was shaken for 5 s, 15
mL of a 30 mM Zn(NO;),-6H,0 methanol solution was added. Then
the solution was left undisturbed at room temperature for 1 h, and the
formed C-151@ZIF-8* was spun down at 5000 rpm for 10 min.

Synthesis of C-151@ZIF-8°@F@ZIF-8 (Method B). As-synthesized
C-151@ZIF-8” was redispersed in 7.0 mL of a solution of 790 mM 2-
methylimidazole and 0.41 mM CTAB. The solution was stirred for S
min, and then 1.0 mL of a 97.5 mM Zn(NO,),"6H,0 aqueous
solution was added. After the mixture was stirred for 30 s, various
amount of S mM F solution were added, and the mixture continued to
stir for 2 min. Then the solution was left undisturbed for 1 h at room
temperature. The synthesized C-151@ZIF-8*@F@ZIF-8 composites
were spun down at 4000 rpm for 10 min and washed twice using
methanol.

Synthesis of C-151@ZIF-8°@F@ZIF-8°. As-synthesized C-151@
ZIF-8’@F@ZIF-8 was redispersed in 30 mL of a 30 mM 2-
methylimidazole methanol solution. After the solution was shaken for
S's, 30 mL of a 30 mM Zn(NOj;),-6H,0 methanol solution was
added. Then the solution was left undisturbed at room temperature
for 1 h, and the formed dye@ZIF-8* was spun down at 3500 rpm for
10 min.

RB@ZIF-8*@F@ZIF-8* and RB@ZIF-8*@C-151@ZIF-8> were
synthesized using the same method as for the synthesis of C-151@
ZIF-8*@F@ZIF-8.

Synthesis of C-151@ZIF-8’@F@ZIF-8’@RB@ZIF-8°. C-151@ZIF-
8*@F@ZIF-8’@RB@ZIF-8* was synthesized using the same method
as for the synthesis of C-151@ZIF-8*@F@ZIF-8>.
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