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ABSTRACT: We report a strategy to synthesize highly
emissive, photostable, microporous materials by solid-state
entrapment of boron dipyrromethene (BODIPY) fluorophores
in a metal-organic framework. Solvent-free
mechanochemistry or accelerated aging enabled quantitative
capture and dispersal of the PM605 dye within the ZIF-8
framework starting from inexpensive, commercial materials.
While the design of emissive BODIPY solids is normally
challenged by quenching in a densely-packed environment,
herein reported PM605@ZIF-8 materials show excellent
emissive properties and to the best of our knowledge an
unprecedented  ~10-fold enhancement of BODIPY
photostability. Time-resolved and steady-state fluorescence
studies of PM605@ZIF-8 show that interchromophore
interactions are minimal at low dye loadings, but at higher
ones lead to through-pore energy transfer between
chromophores and to aggregate species.

Organic solid-state fluorescent materials are increasingly
sought after for developing optoelectronic devices,!? such as
lasers,3# data recording and storage devices,> and sensors.”"
A major hurdle in using readily available organic fluorophores
for such applications is in the reduced photon output due to
aggregation-caused quenching, 1011 typically resulting from
non-emissive H-aggregate formation in densely-packed
chromophores. While boron dipyrromethene (BODIPY) dyes!?
exhibit high absorptivity and fluorescent quantum yields, long
singlet excited state lifetimes, and tunable emissions, their use
as solid-state fluorescent materials is prevented by rapid
quenching in a crystalline solid (see Figure S1), facilitated by
intrinsic planarity and preference for n-stacking.'® Strategies
to mitigate such undesired molecular interactions have so far
focused on modification of the chromophore to prevent
formation of ordered structures,'*23 induce the formation of
emissive  J-aggregates,?*?’” or diluting the BODIPY
fluorophores in a polymer matrix.?8-31

Here we present an efficient strategy to synthesize highly
fluorescent, photostable and microporous BODIPY-based

materi-als, by solvent-free entrapment of the dye in a metal-
organic framework (MOF)32 being assembled by
mechanochemistry®3-3* or “accelerated aging” (Figure 1).35-3¢
By using the popular zinc 2-methylimidazolate Zn(Melm),
(ZIF-8)37-41 as the host MOF,#2-4* we show that the quantitative
uptake of the commercial BODIPY dye PM605 during solid-
state MOF assembly results in excellent emission properties.
Most importantly, entrapment lead to an unprecedented ~10-
fold enhancement in BODIPY photostability. Notably, because
solvent-free routes enable rapid assembly of ZIF-8 from
Zn0,* this strategy offers a clean, rapid route to photostable,
emissive materials from the simplest, inexpensive
components.
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Figure 1. Structures of (a) PM605 and (b) ZIF-8; (c) herein
des-cribed solid-state mechanochemical or accelerated aging
syntheses of PM605,@ZIF-8 materials. Selected PM605,@ZIF-
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81.a¢ samples viewed under: (d) room light and (e) ultraviolet
light (centered at 350 nm).

Our strategy is based on comparing the pore and channel
sizes of ZIF-8 (Figure 1) to molecular dimensions of PM605.
The maximum diameter of a ZIF-8 pore is ca. 12 A, sufficient
to host a PM605 molecule whose longest dimension is ca. 11
A. However, ZIF-8 pores are connected by channels of only 3.4
A in diameter, which means that any PM-605 molecules
inserted into the pore should be permanently trapped. At the
same time, this also indicates that the BODIPY dye could not
be readily introduced into ZIF-8 by simple soaking*¢*° of the
pre-synthesized MOF in a solution of the dye.5-5!
Consequently, in order to introduce the dye into ZIF-8, we
turned to synthesizing the framework in the presence of
guests,52-53 which should lead to in situ entrapment of the dye
in the pores of the MOF as it is being formed. To maximize the
efficiency of such a strategy, we explored dye entrapment in a
solvent-free process, in that way avoiding the dispersion of
the dye in a large volume of solvent. Notably, ZIF-8 readily
forms from a 1:2 stoichiometric mixture of ZnO and 2-
methylimidazole (HMelm) in the presence of a protic catalyst
either mechanochemically, by milling in the presence of a
liquid additive (ion-and liquid-assisted grinding, ILAG), or by
accelerated aging, i.e. by exposure to high relative humidity
(RH) and mild temperature (45 °C). Consequently, we
speculated that adding PM-605 dye to the corresponding
solid-state reaction mixtures would enable the direct
conversion of ZnO into PM605@ZIF-8 composites, with the
PM605 dye permanently trapped within the MOF.

The formation of pink-colored materials was indeed
observed upon ILAG33 (Figure 1d) or accelerated aging3°-3¢ of
1:2 stoichiometric mixtures of ZnO and HMelm in the
presence of 0.05-5.0% weight content of solid PM605
(PM605,@ZIF-8;4¢c and PM605,@ZIF-84s, respectively, n
represents the percent weight content of dye). While solid
PM605 does not exhibit noticeable fluorescence in the solid
state (Figure S1), PM605,@ZIF-8 materials were highly
emissive, consistent with dye dispersal in the framework
(Figure 1e). That PM605 was permanently trapped in ZIF-8,
rather than adsorbed on the external surface, was verified by
retention of color and emissive properties of the materials
after multiple washings with methanol (MeOH) and
dichloromethane (DCM). Quantifying the amount of PM605 in
the washing supernatant indicated a dye encapsulation
efficiency of 96-100% for PM605,@ZIF-8).4c and 73-93% for
PM605,@ZIF-8,, (Table S1)

Formation of ZIF-8 by ILAG and accelerated aging was
confirmed by powder X-ray diffraction (PXRD) patterns of all
prepared PM605@ZIF-8 materials, which demonstrated an
excellent match to the simulated pattern of ZIF-8 (CSD code
VELVOY) (Figures 2a, S2). The materials also exhibited a high
porosity, as exemplified by BET surface areas for
PM6050A05@ZIF-8|LAG and PM6050A05@ZIF-8AA of 1522 m? g'l
and 1605 m? g, respectively, after washing with MeOH and
evacuation (Figures 2b-c). These surface areas are
comparable with those previously reported for ZIF-8,
consistent with the low loading of the dye (highest
concentration of PM605 involved ~7%, pore occupancy, see
also Table S1).33 44 54-61

Photophysical properties of PM605,@ZIF-8 samples were
evaluated by measuring emission (Figure 3a and Figure S3-
S5), excitation (Figure S6) and Uv-VIS diffuse reflectance
(Figure S7) spectra as well as fluorescence emission quantum

yields (¢g, Table S2) and fluorescence lifetimes (Figure 3b, and
Figure S8). Bi-exponential fluorescence decays were seen for
all ILAG samples (Table S3), indicating at least two distinct
dye environments.

The emission properties of the lowest-loading
PM605¢9s@ZIF-8; 4 are superior to those of PM605 in
solution. For example, PM605¢ ¢s@ZIF-8; 4 exhibits a slightly
higher average fluorescence lifetime t,,,=7.5 ns, compared to
dilute acetonitrile solutions exhibiting a mono-exponential
decay with 1=6.76 ns®? (see also SI). The increased
fluorescence lifetime highlights a drop in the nonradiative
decay rate upon incarceration of PM605 in the MOF, possibly
a result of the rigid surroundings. As the MOF should not
affect the radiative decay lifetime of the dye (~10 ns),%? the
data reveals that PM605 emission quantum yield in the MOF is
higher than in acetonitrile solution (¢r = 0.67).6% Values for ¢¢
of 0.68 in MOF were recorded for PM605¢s@ZIF-8 .4 (see
Table S2).
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Figure 2. (a) Selected PXRD patterns for: ZnO, HMelm, solid
PM605, simulated for ZIF-8 (CSD code VELVOY),
PM6050_05@ZIF-81LAG and pM605005@ZIF-8AA Comparison of
N, sorption experiments for (b) PM605¢¢s@ZIF-8.4¢ and (c)

PM605¢,05@ZIF-844.

Photophysical properties of PM605,@ZIF-8; 4 were highly
dependent on dye loading. Increasing the PM605 content from
0.05 to 0.5 wt% led to increased emission, consistent with a
higher pore occupancy of the dye (Figure 3a-b) albeit there
was a drop in ¢f from 0.68 to 0.40 respectively. Even higher
loadings (up to 5.0 wt%) led to fluorescence intensity
quenching (¢r = 0.28 and 0.08 for 1.5% and 5% wt loading,
respectively), reduced fluorescence lifetimes (Figures 3a-b,
Table S2), the appearance of a higher energy band in the
excitation and diffuse reflectance spectra (Figures S6 and S7),
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and red-shifted emission (Figures 3a, S4), all indicative of
interchromophore interactions, either within pore or through
pore. These results are consistent with formation of non-
emissive or weakly emissive H-aggregates that, we postulate,
arise from double pore occupancy with increased dye loading
(0.05 to 0.5, 1.5 and 5 wt% loading lead to estimated pore
occupancies of 0.07, 0.7, 2.2 and 7%, respectively). No
appreciable emission was obtained from control samples
prepared either with ZIF-8; 5 or ZIF-8,, and lacking PM605
(Figure 3a).

Consistent with energy migration between fluorophores in
different ZIF-8 pores, time-resolved fluorescence studies of
PM605@ZIF-8;.4; samples showed a gradual shortening of
fluorescence lifetimes (Figure 3b) with increasing (1.5% wt or
higher) PM605 load. The results highlight that dynamic -
through-pore - energy transfer process to non-emissive or
partially emissive aggregates (e.g. dimers within a pore) takes
place at high dye loading. BODIPY dyes have a small Stokes
shift favoring efficient homo energy transfer. Energy transfer
between neighbouring PM605 molecules to lower energy
“trap sites” (e.g. PM605 aggregates) is consistent with the red-
shift in fluorescence emission observed with increasing
concentration of PM605 in the ZIF-8 framework (Figures 3a
and S4).
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Figure 3. (a) Fluorescence emission spectra for PM605@ZIF-

81.ac samples upon excitation at 520 nm and (b) Fluorescence
lifetimes obtained upon exciting the samples at 467 nm and
monitoring their emission at 590 nm. (c) Normalized
integrated emission of PM605¢05s@ZIF-81.6 and
PM605¢0s@ZIF-84y samples and free PM605 in ZIF-8
containing acetonitrile monitored after different irradiation
times (solid lines). The extent of PM605 degradation due to
photobleaching can be estimated by comparing the
fluorescence intensity obtained to that of dark control
samples (dashed lines).

The PM605@ZIF-8,4 solids displayed a similar inverse
relationship between loading and emission intensity (Figure
S5a), with PM605¢s@ZIF-855 being the most emissive.
However, in most cases the emission intensity of PM605@ZIF-
844 samples was lower than for analogous PM605@ZIF-8).x¢
ones (Figure S5b). Furthermore, the fluorescence decays of
PM605@ZIF-84, samples followed a multi-exponential decay
model and were less sensitive to PM605 loading (Figure S8),
suggesting a rather heterogeneous fluorophore distribution in
the pores.

The PM605,@ZIF-8 solids exhibited dramatically enhanced
photostability, as revealed by comparing the rate of
photobleaching for a PM605 o5 @ZIF-8.4c sample dispersed in
acetonitrile to that of a control sample containing an
equivalent amount of ZIF-8 dispersed in an acetonitrile
solution of PM605. Recording the fluorescence spectra of the
samples after different exposure times to blue LED light
(450425 nm, 180 mW cm?) (Figure 3c, solid lines) and
comparison to control samples kept in the dark (Figure 3c,
dashed lines) revealed rapid photobleaching of free PM605 in
acetonitrile. Following 100 min of irradiation only ~15% of
the initial fluorescence intensity remained (Figures 3c, S9-10).
In contrast, photobleaching was significantly lower for
PM605,@ZIF-8 samples where 70% to 80% of the initial
intensity was observed after 100 min irradiation (Figures 3c,
S9-10). Based on the initial rates of photodegradation
obtained once samples equilibrated, entrapment of the dye
within the ZIF-8 porous structure enhanced its photostability
by ~10-fold. A sudden intensity drop was observed with both
dark controls and irradiated samples which we assign to
particle aggregation and increased scattering upon solvent
addition.

The enhanced photostability of PM605 within ZIF-8 may be
due to partial shielding of the dye excited state by the
framework, with reduced molecular mobility and hindered
encounters with solvent and/or 0, molecules minimizing the
rates of photochemical (eg. rearrangements) and
photophysical (e.g. sensitization of singlet oxygen followed by
chromophore oxidation) processes related to dye
photobleaching.®® Similar mechanisms have been suggested
for dyes complexed to supramolecular hosts®4-%5 or linked to
dendrimers.6-70

In summary, we have demonstrated how solvent-free, solid-
state chemistry enables the efficient preparation of
microporous and fluorescent solids with highly enhanced
photostability of a BODIPY dye, starting from simple, readily
available components. This approach led to the first examples
of highly stable solid-state fluorescent materials based on
BODIPY dyes. Our approach provides an efficient alternative
to the recently reported inclusion of fluorophores and
nanoparticles within MOF’ 71 upon crystallizing the
framework from a solution of dissolved or dispersed guests.
By avoiding the need for covalent modification of the
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fluorophore, this approach also enables the preservation of
the electronic properties of the dye and makes the approach
readily extendable to other dyes of suitable molecular size.
Preliminary work shows that this strategy can be used with
other BODIPY systems, yielding highly fluorescent solids with
emission properties spanning the entire 500-800 nm window
(Figure 4).

@ZIF-8, ac @ZIF-8) sc @ZIF-8) xc
OH
CN
a
(a) y X
Y, Cl ’E\E/N Y.
s /N
" -0
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Figure 4. Preliminary results on the incorporation of other
fluorescent BODIPY dyes into ZIF-8, using ILAG methodology.
(a) Structures of BODIPY dyes (PM546, HCIBOH,”? and
PM605). (b) BODIPY(s@ZIF-8,.4c powders under visible light
(left) and UV-light (right) exposure. (c) Emission spectra of
corresponding BODIPY( s @ZIF-8,4¢c samples.

One may thus conceive mixtures suitable for white light
emission. Given that encapsulated PM605 molecules are
capable of undergoing through-pore energy transfer within
ZIF-8 at high loadings, one may also conceive the development
of solid-state materials for energy harvesting applications.
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