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ABSTRACT: Luminescent metal—organic frameworks exhibit great potential as materials
for nanophotonic applications because of their programmable properties and tunable
structures. In particular, luminescent guests (LG) can be hosted by metal—organic
frameworks due to their porosity and guest confinement capacity, forming LG@MOF
composite systems. However, such guest—host systems are mainly produced as loose
powders, preventing their widespread use in practical devices and technological applications
that require implementation of a stable continuum solid. In this regard, using monolithic
MOF hosts might be a workable option to solve this challenge. Herein, we reported the
facile synthesis and fabrication of novel prototypical sol—gel monolithic systems, designated
as LG@monoMOF. Red (rhodamine B), blue (7-methoxycoumarin), and yellow
(fluorescein) emitting dyes were encapsulated in a robust UiO-66 monolithic host,
resulting in the red, blue, and yellow light-emitting luminescent monoliths. The mechanical
and photophysical characterization of the three LG@monoMOF systems was systematically
carried out in order to unravel the role of guest—host interactions in the mechanical and
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optical response of the bespoke LG@monoMOF composites.

B INTRODUCTION

Metal—organic frameworks (MOFs) are nanoporous hybrid
materials, whose building blocks, metal ion nodes, and organic
linkers self-assemble to create a variety of lattice structures
exhibiting a high internal surface area and varied physicochem-
ical properties.

The range of potential applications of MOFs has been further
expanded by the development of guest-encapsulated MOF
composites, denoted as Guest@MOF.1 Subsequently, lumines-
cent MOF system (LMOF) has been explored following this
strategy: the porosity of MOFs can be exploited to host a variety
of luminescent guests (LG), resulting in the formation of the
LG@MOF systems with vastly tunable photophysical proper-
ties.” A common LG is represented by organic dyes,‘?”4 metal
hydroxyquinolates,”® quantum dots,”® and many other
exemplars.”~"* Although the majority of LG materials are highly
luminescent in the solution state, they experience aggregation-
induced quenching when prepared in the solid state. Hitherto,
this is a major impediment for the engineering of practical
applications. Notably, it has been demonstrated that the
confinement of LGs in the nanosized pores of MOF host can
help to overcome this obstacle.” To date, luminescent dyes@
MOFs systems have been reported in the solid-state form as
powders,g’]0 nanoparticles,15 nanosheets,”'°~'® fibers,'® mono-
liths, etc.

One of the main reasons limiting the spread of LG@MOFs
(and MOFs in general) for use in real-life devices lies in the
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powder morphology of the MOFs. In this sense, the use of
monolithic MOF hosts could offer a viable solution.”' ~** These
structurally robust and continuous morphologies present key
advantages over powders, such as easier material handling,
hierarchical porosity, and functions. Monoliths also feature
numerous advantages over the MOF-polymer composites,zs’26
widely found in the literature, being the simplest method for
enhancing the mechanical stability of these materials. Of note,
the monolithic structure allows high effective volumetric
loadings. This is in contrast to the MOF-polymer composites
due to poor colloidal stability, limiting the inclusion of a high
volume fraction of MOF filler causing embrittlement and
cracking in a polymeric matrix.””** Moreover, the nanopores in
monolithic MOFs are fully accessible,” in contrast to MOF-
polymer composites, where some of the internal porosity may be
blocked by infiltration of polymer chains.*’

A facile and yet effective method for producing pure MOF
monoliths is by leveraging the sol—gel process, which involves
the removal of solvent from a MOF gel resulting in a monolithic
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Figure 1. (a) Schematic of the synthesis route used to fabricate the LG@MOF monoliths. (b) Optical images of the monoliths under visible light and
365 nm UV light. (c) XRD patterns of pristine UiO-66 monolith and the three LG@monoUiO-66 systems.

morphology.”"””" Several studies on the synthesis of sol—gel
MOF monoliths have been reported in recent years for a variety
of MOFs, including HKUST-1,°>** ZIFs,*>**** Ui0-66,°
and MIL-68.% Sol—gel MOF monoliths are characterized by
increased capabilities of gas uptal(ve,,z‘?”zg"%3”35 due to different
pore sizes that are found within the same hierarchical material.

Herein, we successfully synthesized and characterized three
prototypical sol—gel monolithic LG@MOF systems (LG@
monoMOF). The zirconium-based UiO-66 was selected as the
MOF host, due to its predicted good chemical and mechanical
stability.”” Three organic dyes were used as LGs, namely,
rhodamine B (RhB), fluorescein (Fl), and 7-methoxycoumarin
(7MC), corresponding to the red, yellow, and blue emitters,
respectively. Both the photophysical and mechanical properties
of these novel “composite” systems were studied, and the effects
of guest encapsulation on the resultant structure and functions
of the monoliths were explored to gain insights into the
structure—property relationships.

B EXPERIMENTAL SECTION

Materials Synthesis. Four UiO-66 reactions were started in
parallel. For each batch, ZrOCl,-8H,0 (2 mmol, 644 mg), terephthalic
acid, and BDC (2.9 mmol, 481.4 mg) were dissolved in 10 mL of DMF.
Subsequently, 1.5 mL of HCl and 2.5 mL of glacial acetic acid were
added to the solution and stirred. Finally, 0.5 mL of each dye solutions
(taken from a S mM stock) were added individually to three of the four
batches. The last one was left as prepared, in order to obtain the pristine
UiO-66. All samples obtained were washed 3 times with DMF and once
with MeOH (centrifugation at 12,000 rpm for 10 min during each
washing step). The solid products were left to dry at room temperature
for 72 h.

X-Ray Diffraction. X-ray diffraction (XRD) patterns of the
monoliths were recorded by using a Rigaku MiniFlex with a Cu Ko
source (1.541 A).
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Nanoindentation Studies. An iMicro nanoindenter (KLA-
Tencor), equipped with a SO mN load cell, was used for nano-
indentation testing. Cylindrical samples were produced by cold
mounting the as-synthesized monoliths in an epoxy resin (Struers
Epofix). The specimens were carefully polished with emery papers and
then diamond suspensions (up to 0.1 ym surface finish) to minimize
roughness and obtain a flat sample surface suitable for nanoindentation
studies.

A Berkovich diamond indenter tip was used. Continuous stiffness
measurement (CSM) technique was employed, allowing measurement
of the indentation modulus (M obtained by letting the Poisson’s ratio of
sample, v, = 0)*® and hardness (H) as a function of the surface
penetration depth. The maximum indentation depth was set to 2000
nm for all of the tests. Thermal drift was determined at 90% unload for a
period of 60 s. Average values of M and H were computed from the
surface penetration depths of 500—2000 nm. The NanoBlitz 3D
technique was also employed to generate indentation maps of local
mechanical properties across the sample surface of 200 ym X 100 ym.

Density Measurements. The density of the monoliths was
determined using Archimedes’ principle by measuring its weight in
air and when submerged in an auxiliary liquid (distilled water). A
Mettler Toledo laboratory balance equipped with a density kit was
employed.

Solution "H Nuclear Magnetic Resonance (NMR) Spectros-
copy. Monolithic samples were ground to a fine powder, and then, 15—
20 mg was dissolved in a solution composed of 500 L of methanol-d4
and 50 uL of DCI/D,0 (35 wt %). All 'H NMR spectroscopy of the
acid-digested samples was collected at 298 K using a Bruker Avance
spectrometer operating at 600 MHz, equipped with a BBO cryoprobe.
Data were collected using a relaxation delay of 20 s, with 128,000 points
and a sweep width of 19.8 ppm, giving a digital resolution of 0.18 Hz.
Data were processed using Bruker Topspin with a line broadening of 1
Hz and 2 rounds of zero-filling.

ATR-FTIR. Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectra were recorded by using a Nicolet iS10 FTIR
spectrometer, employing a diamond crystal mounted on the ATR
module.

https://doi.org/10.1021/acs.chemmater.4c00963
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Figure 2. Nanoindentation of the LG@monoUiO-66 composites. Averaged (a) indentation modulus and (b) hardness vs indentation depth, resulting
from the CSM nanoindentation tests (see Methods). (c) Optical micrograph of the surface of the RhB@UiO-66 sample, with a magnified view of the
area on which NanoBlitz 3D mapping (see Methods) was performed. (d) Indentation modulus and (e) hardness maps of the area highlighted in (c).

Table 1. Mechanical Properties and Density (Average of 3 Measurements) of the UiO-66-Based Monoliths®

monolith sample number of nanoindentation tests

Ui0-66 pristine” 32
RhB@UiO-66 33
Fl@UiO-66 28
TMC@UiO-66 43

indentation modulus, M (GPa)

hardness, H (MPa) density (g cm™)

2.06 £ 0.20 72 £ 12 1.348 = 0.011
3.02 + 1.59 145 + 101 1.42 + 0.005
3.79 £ 0.42 181 +£27 1.270 + 0.001
591 + 1.38 263 + 114 1.316 £ 0.011

“Nanoindentation measurements were performed at a maximum surface penetration depth of 2000 nm. “Note the larger scatter and differential
values of elastic modulus and hardness compared with the previous report by Connolly et al.** These differences could be attributed to the
variation in the synthetic and drying protocols employed to yield MOF monoliths.

Nearfield Infrared Nanospectroscopy (nano- FTIR) Nanoscale
Fourier transform infrared (nano-FTIR) spectroscopy’’ was performed
using a neaSNOM instrument (Neaspec GmbH), where a platinum-
coated atomic force microscope (AFM) probe (Arrow-NCPt, tip radius
<25 nm, 285 kHz) under the tapping mode is illuminated by a
broadband mid-IR difference frequency generation (DFG) laser source
(Toptica). Local nano-FTIR spectra were acquired in the two phases of
each sample. Each nano-FTIR point spectrum was derived from
nearfield nanospectroscopy of an average of 10 individual interfero-
grams taken on the same spot (probe size ~20 nm), with 1024 pixels
and an integration time of 11 ms per pixel, normalized by a reference
spectrum taken on a silicon wafer. AFM height topography images were
also determined under the tapping mode.

Photophysical Properties Characterization. Solid-state photo-
luminescence (PL) spectra were recorded by using the FS-$
spectrofluorometer (Edinburgh Instruments). The spectrofluorometer
equipped with the SC-10 module facilitated the acquisition of steady-
state excitation—emission spectra as well as time-correlated single-
photon counting (TCSPC) emission decay data of solid-state samples.
For the TCSPC measurements of the emission lifetime, a 365 nm

EPLED picosecond pulsed laser source was utilized to excite the
samples. Photoluminescent quantum yield (PLQY) measurements
were conducted by using the SC-30 module. Data analysis was
performed by using the Fluoracle software. It is worth noting that all
emission lifetime and quantum yield measurements were performed
using mm thick monoliths of ca. 1 X 1 cm” area, as dictated by the
default size of the sample holder in the FS-5. As such, the size-
dependent attenuation effects were not significantly varied across the
monoliths being tested in this study.

B RESULTS AND DISCUSSION

The three LG@monoMOF composites were fabricated via a
single-step in situ guest confinement strategy (Figure la). A
detailed description of the synthesis protocol is glven in the
Methods section. Guided by our previous study,” the guest
concentration used during the synthesis was set to 5 mM. We
obtained cm-sized monoliths that luminesce under UV light
(Figure 1b). XRD patterns confirmed the successful synthesis of
UiO-66 in all cases (Figure 1c).
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Figure 3. AFM height topography of the LG@MOF monoliths reveals the local regions that exhibit differential surface porosity and nanoscale defects.

Nanoindentation tests were carried out to study the
mechanical response of the composites. As shown in Figure 2
and Table 1, guest encapsulation improved both the indentation
modulus (M) and hardness (H) of the pristine UiO-66 monolith
with 7MC@UiO-66 outperforming the RhB and Fl counter-
parts. However, these results exhibit a significant scatter,
quantified by the large standard deviation of the indentation
modulus and hardness values. This can be explained by the
presence of two different “phases” within the materials, which
exhibit different optical and mechanical properties (Figures S1
and S2). As an example, a cross-section of RhB@UiO-66 is
shown in Figure 2c, for which a “smooth” and a “porous” phase
can be clearly told apart. We performed the micromechanical
mapping by employing the NanoBlitz method implemented in a
KLA iMicro nanoindenter (see Methods). The resulting
contour maps of the indentation modulus (Figure 2d) and
hardness (Figure 2e) clearly demonstrate the presence of two
different phases: the “smooth” phase is both stiffer and harder
than the “porous” counterpart. Based on the nanomechanical
finding, we propose that these two phases were derived from a
nonhomogenous aggregation of the MOF nanoparticles
constituting the monoliths. Figure 3 shows the AFM scans of
the local regions present on the LG@MOF monoliths, revealing
the nanostructured morphology of the consolidated nano-
particles found on the surface. Notably, the topographic images
reveal the fine-scale porosity and surface defects evidenced on
the surface of the monoliths.

Such a hypothesis was confirmed by nearfield characterization
via nano-Fourier transform infrared (nano-FTIR) spectroscopy:
local IR absorbance spectra were collected on the two phases for
each sample. No major differences were detected in the
characteristic spectra of UiO-66, thereby revealing that the
chemical structures of the two phases are similar (Figure 4d).
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The nano-FTIR “local” spectra of the two phases also match the
ATR-FTIR “bulk” spectrum of the UiO-66 sample (black in
Figure 4), suggesting that the framework structure was preserved
upon guest encapsulation. Bulk ATR-FTIR spectra of the
composites (Figures 4a—c and S3) were also collected and
compared with those of the pristine dyes and UiO-66. As
expected, the spectra of the composites matched the pristine
UiO-66 spectrum, given the low concentration of the guest
loading used; this notion is supported by solution 'H NMR
spectroscopy presented in Figures S4—S6. For example, we
estimated that the guest concentration of the RhB@UiO-66
monolith is 1 rhodamine B for every 86.2 pores of UiO-66, while
it is relatively lower for the FI@UiO-66 monolith with 1
fluorescein for every 400 pores.

The only difference detectable from nano-FTIR spectra of the
two phases is a slight merging of the main characteristic peak of
Ui0-66 at ~1390 cm™" with the peaks of the RhB dye, which
might suggest that the “porous” phase is richer in guest, probably
in an aggregated form, sitting inside intergranular macropores.
The presence of intergranular macropores would justify the
relatively lower mechanical stiffness and hardness determined
for the “porous” phase. On the other hand, the higher stiffness
and hardness of the “smooth” phase might be due to the dyes
well confined as guests within the nanopores of the UiO-66 host.
This speculation could also explain why no changes whatsoever
are detected in the nano-FTIR spectra of the FI@UiO-66 and
7TMC@UiO-66 composites: F1 and 7MC molecules are in fact
relatively smaller than RhB (see Figure 1a) (176 and 332 g/mol
against 479 g/mol, respectively) and can more easily fit into the
nanoscale pores of the UiO-66 MOF host.

The absence of aggregated dyes on the surface of the monolith
is confirmed by the absence of characteristic vibrational peaks of

https://doi.org/10.1021/acs.chemmater.4c00963
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Figure 4. Far-field ATR-FTIR and nearfield nano-FTIR spectra of (a) RhB@monoUiO-66, (b) 7MC@monoUiO-66, and (c) Fl@monoUiO-66. (d)
Comparison of the nano-FTIR (local) spectra of the porous and smooth phase of the three composites and the ATR-FTIR (bulk) spectrum of the
pristine UiO-66 monolith (black trace). Characteristic vibrational mode of UiO-66 at 1390 cm™" is highlighted in green.

the guests in the nano-FTIR spectra, in line with the results of
Mbslein et al.*’

The detailed photophysics of luminescent monoliths
presented in this work reveal intriguing insights into their
luminescence behavior. Our study covers the entire visible color
spectrum, achieving the blue, green, and yellowish orange
emissions by encapsulating corresponding fluorophores such as
7MC, Fl, and RhB within the UiO-66 host. Initially, the
excitation and emission peaks of each monolith were determined
(Figures S7 and S8). The blue-emitting monolith (7MC@UiO-
66) exhibited excitation and emission maxima at 325 and 370
nm, respectively. The monolith labeled as FI@UiO-66 emitted
green light with excitation and emission peaks at 334 and 550
nm, respectively. On the other hand, the monolith labeled as
RhB@UiO-66 emitted yellow—orange light with excitation and
emission peaks located at 356 and 590 nm, respectively (Figure
Sa—d).

The solid-state photoluminescent quantum yield (PLQY) of
these monoliths was found to be remarkably high. Specifically,
the QY values for the blue, green, and yellow-orange light-
emitting monoliths were determined as 7% =+ 1.3, 13.7% + 1.9,
and 45% = 2.4, respectively. In comparison, the pristine UiO-66
monoliths had a QY of only 1.9% + 0.4. These values
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significantly surpass the QY values of pristine dye molecules
(Figure Se).

Furthermore, our analysis delved deeper into photophysics
through time-correlated single-photon counting (TCSPC)
measurements. The decay curves (Figure S9) exhibit multiple
lifetime 7 components (Figure Sf) suggesting the coexistence of
different molecular species with varying lifetimes, indicating a
mixture of monomeric and aggregated forms of dye molecules in
the monoliths. For instance, the yellow—orange emitting
monoliths exhibited a lifetime component greater than 7-—8
ns, indicating the presence of monomers, while a component of
5.34 ns points to a possibility of dye aggregation on the surface.*!
Similarly, the green-emitting monoliths showed lifetime
components of 7, = 2.51 ns and 7, = 4.57 ns, suggesting the
presence of predominantly the J’-type aggregated forms of the
fluorescein dye within the monolithic materials.” In contrast, the
blue-emitting monoliths displayed a lifetime component of 7, =
1.26 ns, indicative of monomeric states, and a lifetime
component of 7; = 11.95 ns, signifying aggregation of the
7MC dye molecules. The presence of an intermediate lifetime
component of 7, = 4.35 ns indicates the coexistence of
monomeric and excimer states within the blue-emitting
monolithic materials.*”** Since the majority of the molecules
existed in aggregated forms, the overall QY improvements in

https://doi.org/10.1021/acs.chemmater.4c00963
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Fl@UiO-66 monolithic materials are quite low compared to
those of the 7MC@UiO-66 and RhB@UiO-66 monoliths.

B CONCLUSIONS

In summary, we have successfully fabricated novel LG@MOF
monoliths by leveraging a facile sol—gel synthesis route.
Mechanical, chemical, and optical characterization have been
systematically performed, in an effort to relate photophysical
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and mechanical behavior of the luminescent composite
monoliths.

The mechanical properties of the three composites out-
performed those of pristine host UiO-66, indicating an effect of
the organic luminescent dyes as guests on the monolith
structure. Particularly, two phases were distinguished in the
composites (i.e., a “porous” phase and a “smooth” phase), which
exhibited similar chemical properties (as demonstrated by local

https://doi.org/10.1021/acs.chemmater.4c00963
Chem. Mater. 2024, 36, 8247—8254


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00963?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00963?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00963?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c00963/suppl_file/cm4c00963_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c00963?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

nano-FTIR spectra), but exhibit differential mechanical
behavior in terms of elastic stiffness and hardness. We
hypothesize that such a phase separation was due to the
nonhomogenous aggregation of MOF nanoparticles forming the
monoliths, resulting from dye encapsulation. The thorough
investigation of photophysics shows that the aggregated forms of
fluorescein dye are predominantly present in the monoliths.
This is reinforced by the notably reduced quantum yield of
green-emitting FI@UiO-66 monoliths compared with other
monoliths investigated in this study. Overall, this first study on
the intricate photophysics and mechanics of luminescent
monoliths has provided valuable insights into their molecular
states in the “bulk” MOF solids, paving the way for their
potential applications in multifunctional sensing devices and
optoelectronics.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
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Optical microscopy images, nanoindentation load—
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