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ABSTRACT

Metal-organic frameworks (MOFs) are porous hybrid materials built up from organic ligands
coordinated to metal ions or clusters by means of self-assembly strategies. The peculiarity of these
materials is the possibility, according to specific synthetic routes, to manipulate both the
composition and ligands arrangement in order to control their optical and energy-transport
properties. Therefore, optimized MOFs nanocrystals (nano-MOFs) can potentially represent the
next generation of luminescent materials with features similar to those of their inorganic
predecessors, i.e. the colloidal semiconductor quantum dots. The luminescence of fluorescent
nano-MOFs is generated through the radiative recombination of ligand molecular excitons. The
uniqueness of these nanocrystals is the possibility to pack the ligand chromophores close enough
to allow a fast exciton diffusion but sufficiently far from each other preventing the aggregation-
induced effects of the organic crystals. In particular, the formation of strongly coupled dimers or
excimers is avoided, thus preserving the optical features of the isolated molecule. However, nano-
MOFs have a very small fluorescence quantum yield (QY). In order to overcome this limitation
and achieve highly emitting systems, we analyzed the fluorescence process in blue emitting nano-
MOFs and modelled the diffusion and quenching mechanism of photogenerated singlet excitons.
Our results demonstrate that the excitons quenching in nano-MOFs is mainly due to the presence
of surface-located, non-radiative recombination centers. In analogy with their inorganic
counterparts, we found that the passivation of the nano-MOF surfaces is a straightforward method
to enhance the emission efficiency. By embedding the nanocrystals in an inert polymeric host we
observed a +200% increment of the fluorescence QY, thus recovering the emission properties of

the isolated ligand in solution.



Metal-organic frameworks (MOFs) are a large class of hybrid materials built up from organic
molecules, so called ligands, which are coordinated to metal ions or clusters. These building blocks
show remarkable self-assembly properties, which allow for the controlled growth of crystalline
frameworks that can span in one, two or three dimensions.! 2® The interest in these hybrid materials
was born due to their tunable porosity, which makes MOFs the ideal candidates for industrial
applications such as the gas storing and sensing. The research on this subject was very active in
the last two decades, giving birth to a huge family of multifunctional materials.*!'! Conversely, the
work on luminescent MOFs has attracted much attention, 23115 but only recently the unceasing
advances in this field lead to the development of MOF nanocrystals based on fluorescent ligands
(nano-MOFs), which are a new class of intriguing optically active materials with tailored
electronic properties for applications in photonics, optoelectronics and biomedicine.” ' The key
advantage of these nanomaterials is the possibility to design the material composition and the
ligands arrangement in order to control their optical and energy-transport properties. This can lead,
for example, to the fabrication of nanocrystals with highly anisotropic mobility for charges and
excitons, which are able to collect the excitation energy into preferential active sites. This will
make the nano-MOF an ideal light-harvester, paving the way for the realization of the long-time
desired artificial photosynthesis.!?2%2! On the other side, nano-MOFs are also excellent candidates
to be used in light-emitting devices, due to their structural diversity and tunable emission. For these
reasons, optimized MOFs nanocrystals can potentially represent the next generation of
luminescent materials, with a tremendous impact similar to that one obtained by their inorganic

predecessors, i. e. the colloidal semiconductor quantum dots.??

In nano-MOFs, the luminescence is generated through the radiative recombination of

ligand molecular excitons. The peculiarity of these nanocrystals is the possibility to pack the



chromophores close enough to allow a fast exciton diffusion, but sufficiently far from each other
preventing the aggregation phenomena common in organic crystals, such as the formation of
strongly coupled dimers or excimers, preserving the isolated molecules optical features.?* 24,
However, these nanocrystals have a poor fluorescence quantum yield (QY), as usually happens for
larger luminescent MOFs.!? 2 This can be ascribed to the quenching of excitons before the
radiative recombination that dissipates the largest part of the absorbed energy. With the aim to
overcome this bottleneck, in this work we studied the fluorescence process in blue emitting nano-
MOFs, introducing a model for the diffusion and quenching process of singlet excitons. Our results
demonstrate that the excitons quenching in nano-MOFs can be ascribed mainly to the presence of
surface-located, non-radiative recombination centres. In analogy with their inorganic
counterparts,’®2® the effective passivation of the nano-MOF surface by embedding in an inert

polymeric host allows for a +200% increment of the fluorescence QY, 2° recovering the emission

properties of the isolated ligand.

Figure 1 shows the structure of the nano-MOF employed. The ligand used to fabricate the
hybrid nanocrystal is the 4,4 ’-(anthracene-9,10-diyl)dibenzoate (ADB), a derivative of the 9,10-
diphenylanthracene (DPA). In ADB, the lateral phenyl rings are terminated with carboxylic groups
that allow the anchoring to Zn>" ions, in order to grow a self-assembled framework (Fig. 1a). The

synthesis protocol is detailed in Experimental section of the Supporting Information. The phase



Figure 1. a) Molecular structure of the fluorescent ligand ADB employed to fabricate the metal-organic framework
(MOF) nanocrystals by microwave synthesis. The red arrow depicts the orientation of the dipole moment for the
Sp<>S; electronic transition of the anthracene-like core. b) Crystalline lattice of the nano-MOF obtained from XRD
analysis. The arrows indicate the directions considered for discussing the singlet excitons diffusion within the crystal
framework. ¢) Detail of ADB-Zn?" unit structure in the MOF framework. d) Transmission electron microscopy (TEM)
image of bare nano-MOFs dropcasted from a benzene suspension.

purity of the nanocrystals was confirmed by elemental analysis and by the good agreement
between the experimental and simulated x-ray powder diffraction (XRPD) patterns (Supporting
Fig. S1). As like as for DPA, the ADB optical properties are determined by the conjugated
anthracene core.** The transition dipole moment of the first allowed electronic transition Sy«>S; is
aligned with the short axis of the conjugated backbone (red arrow).>! The ADB, in solution of
dimethylformamide, absorbs in the near-UV region and shows a blue PL peaked at 2.85 eV, with
a fluorescence lifetime of 74pp= 5.3 ns. By considering the natural recombination time of Trad=

6.4 ns, obtained from absorption/PL data using the Strickler-Berg equation, we calculated the



fluorescence quantum yield at room temperature using QY = (74ps/Trad) = 0.81 (see Supporting
Information and Fig. S2). Figs. 1b and 1c show the nano-MOF crystalline structure obtained by
the XRPD analysis. The Zn** ions are connected by ADB ligands to form one-dimensional chains,
with a closest center-to-center distance between the anthracene cores ~9.0 A. The transmission
electron microscopy (TEM) image reported in Fig. 1d shows that the nanocrystals have a pretty

regular elongated shape, with a maximum length of ~100 nm.

The left panel of Figure 2a sketches the fundamental photophysical processes occurring upon
singlets photo-excitation in the nano-MOF. After their generation upon the absorption of a UV
photon, singlet excitons in the nanocrystal can randomly displace for each allowed crystallographic
direction i by an average distance L;, which is determined by their spontaneous lifetime 7o and

diffusivity D; through ** ¥

L; = \2D;7,. (1)

If this singlet diffusion length Z; is large enough to reach a non-radiative recombination centre
(trap) before the natural decay, the excitons are quenched, with a consequent reduction of QY in
respect to that one in solution. This phenomenon is rather common in organic crystalline solids, in
which the presence of structural defects and/or impurities is an unavoidable loss channel because
of the large excitons diffusivities.>® 3 This detrimental effect is even more relevant for nano-sized
systems where the surface-to-volume ratio is very large, as surfaces and interfaces have different
electronic properties in respect to the bulk and, in general, they behave as preferential trap sites for
excitons and charges.®®

The analysis of our nano-MOFs PL properties, by means of continuous-wave and time-
resolved optical spectroscopy measurements, indicates that the scenario described above is fully

valid. The PL excitation (PLE) spectrum of nanocrystals in benzene suspension is identical to that



one of the isolated ligand in solution (Fig. 2b and Fig. S2), showing the same vibronic replica
series. This demonstrates that the controlled packing of constituting chromophores avoids strong
intermolecular interactions which would results in an optical behavior critically different from that
of the isolated molecules.?* The PL spectrum of the nano-MOFs is similar to that of the isolated
ligands, showing only a small red-shift (AE = 90 meV) that suggests the presence of a distribution
of emitting states with energies lower than the S; state of the isolated ligand contributing to the
overall emission. The time-resolved PL data show a peculiar exciton decay kinetic in nano-MOFs,
which is dominated by the occurrence of competitive non-radiative recombination channels. The
signal decay is multi-exponential, as expected for migration-mediated energy quenching by a
defects distribution and its decay time is as short as 7= 1.5 ns, i.e. more than three times faster
than that of ADB in solution (7= 5.3 ns), with a consequent reduction of the QY down to 0.24 (Fig.
2d). Importantly, the cooling of the crystals down to 77 K does not extend significantly the PL
lifetime giving only a small increment of the QY to 0.35, quite far from the emission efficiency of
the isolated ADB. This weak dependence on the temperature of the PL lifetime demonstrates that,
as like as for ADB, the intra-molecular vibrational relaxations does not limit significantly the nano-
MOFs fluorescence (Fig. S2). On the contrary, it suggests once more that the major responsible of
the singlet excitons quenching is their fast migration towards energetic traps.

In general, exciton traps may be found both in the bulk of the crystal and at the surface.
The removal of bulk defects/impurities is not an easy task, because their amount and distribution
can be controlled only during the synthesis route. On the other hand, the surface, thanks to its
natural interaction with the surrounding environment, is suitable for functionalization or
chemically treatments a posteriori. It is worth pointing out that this synthetic approach lead to the

development of high performance semiconductor nanocrystals with PL yields close to 100%,



thanks to an accurate and targeted engineering of their surfaces.?® %% In order to extend this
strategy to nano-MOFs, by taking inspiration from previous works, 4% % we embedded the
nanocrystals in an optically inert polymer able to passivate the traps on the crystal surfaces and
therefore to enhance the QY, as schematically illustrated in the right panel of Fig. 2a.%% 42 To this
aim, we used the poly(methylmethacrylate) (PMMA), which is a well known plastic material with
excellent structural properties and high transparency in the near UV-Vis spectral range. It is also
easy to handle by countless synthetic procedures, and widely used for research and industrial
applications.®® The nano-MOF:PMMA composite film has been prepared by dispersing the
nanocrystals powder in a toluene:PMMA solution, which has been successively drop-casted as a
thin film on a glass substrate to allow the solvent evaporation (see Supporting Information).
Considered the large excess of PMMA in respect to the nanocrystals and given the chemical
affinity of the PMMA with the MOF organic component, whose interaction can be favoured by
the formation of H-bonds between the carboxylic moiety of ADB and the acrylic moiety of
PMMA, we speculate that the polymer can shell the embedded nanocrystals by saturating the
dangling bonds due under-coordinated ligands or metal ions on the crystal surfaces.** The effects
of this embedding on the nanocrystal fluorescence are shown in Fig. 2c. The PLE is not modified
by the polymer shell, as expected considering that the light absorption is a typical bulk process.
On the contrary, striking differences appear in the PL shape and lifetime in respect to the system
in suspension. Now, a structured shape is detectable also in the emission spectrum and it does not
show any red-shift in respect to the ligand PL. This suggests the successful removal of the surface-
related emitting centres responsible for the red-shift of the luminescence in unprotected nano-

MOFs, and of their PL quenching. Accordingly, the PL lifetime is extended to 4.6 ns, which



corresponds to a QY increase up to 0.72 (Fig. 2d). This finding is further confirmed by the direct

measurement of QYs
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Figure 2. a) Sketch of the excitation, diffusion, radiative recombination and quenching processes for the singlet
exciton in a fluorescent ligand-based MOF nanocrystal (left panel). The passivation of the surface by encapsulation
in a polymeric shell reduces the singlets quenching leading to an increment of the emission yield (right panel). b, c)
PL and PL excitation (PLE) spectra of a nano-MOF suspension in benzene (b), and of the nano-MOF:PMMA
composite (c). The ADB ligand PLE (dotted line) and PL spectrum in solution (grey line) are reported for comparison.
d) Time-resolved PL decays of nano-MOFs in benzene at room temperature (triangles) and 77 K (crosses) compared
to the PL decay of nano-MOFs:PMMA (dots). The solid line is the fit of data with a stretched exponential decay
function. The PLs have a characteristic lifetime of 1.5 ns, 2.2 ns and 4.6 ns, which corresponds to an emission quantum
yield 0f 0.24, 0.35 and 0.72, respectively. €) Comparison between the excitation light penetration depth Lex., the largest
crystal dimension d and the calculated exciton diffusion lengths L; along the direction indicated in Fig. 1b (/=x, y,

Z).



with relative and absolute methods (Supporting Tab. 1). We notice that, even if the main PL
overlaps very well the ligand emission shape, there is a weak emission contribution around 2.2-
2.4 eV, which is not recognizable in the corresponding suspension. Its lifetime is considerably
longer than the lifetime of the main emission (Fig. S6), which suggests that it originates from non-
intrinsic emitting centers. We tentatively ascribe this side emission to new surface states induced
by the PMMA encapsulation or, eventually, to bulk defects. In the latter case, their PL is not
detectable before the embedding procedure because the surface traps are more effective in the
exciton capture.

The results obtained hint that the excited singlet quenching in nano-MOFs can be ascribed
to surfaces defects rather than to traps that localized in the nanocrystal volume, even if their nature
is stil debated. For example, they have been ascribed to a different aggregation structure probably
due to intrinsic metal vacancies as well as to surface reconstruction.*® Regardelss their specific
origin, in order to further point out their key role in the quenching of the nano-MOFs fluorescence,
we analyze in detail the exciton generation and diffusion processes. As far as the distribution of
photo-generated excitons inside the nano-MOF is concerned, by knowing the oscillator strength
of the ADB Sp«»S1 electronic transition and the number of chromophores per cubic centimeter, it
is possible to calculate the penetration depth Lexc Of the excitation light (see Supplementary
Information).2* In our case Lexc = 564 nm, which is a distance almost six times larger than the
longest axis of the nanocrystals (4~ 100 nm, Fig. 1c). Therefore, it is reasonable to assume that
excited singlets are generated uniformly in the whole volume of the nano-MOFs, and not only in
the first molecular layers close to the crystal surface where the quenching rate should be especially

large, even in the case of low-mobility molecular excitons. For this reason, it is particularly
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important to evaluate the excited state diffusion length L because only if L/d >> 1 the excitons
are almost free to move within the whole nano-MOF volume before the recombination.
Conversely, if L/d << 1 the excitons generated in the inner part of the crystal remains localized,
and consequently they are expected to be insensitive to any sort of surface-related phenomena.
Since the crystals structure of our nano-MOFs is highly anisotropic, L;have been calculated using
Eq. 1 for the three crystallographic directions 7= X, y, z showed in Fig. 1b. For the evaluation of
the three diffusion coefficients Dj, we assumed that singlets travel within the nanocrystal via homo-
molecular hopping driven by Forster resonant energy transfer (FRET) through the ligand
network.®? The FRET is based on a dipole—dipole electromagnetic approximation,*® and therefore
it implicitly introduces an underestimation of the transfer rates and diffusivities by neglecting other
interaction terms such as the exchange contributions, as derived in the formal equation of the
exciton coupling matrix terms, #’ and the through-bond Coulombic contributions via the metal
centers, here present in the nano-MOFs. However, this approximation is reasonable considering
that FRET usually outperforms the efficiency of the exchange-driven transfer for singlets in solids
where the inter-molecular distances are comparable to chromophores dimensions.®? 8 To support
our general model, we performed a quantum-mechanical modelling of the singlet excitons
coupling in the nano-MOF adopting linear-response time dependent density functional theory
(TDDFT) and semiempirical (ZINDO/S) approaches. As detailed in the Supporting Tab. 4, the
exciton coupling between nearest-neighbors chromophores in the nano-MOF has been computed
by using the so-called supermolecular approach, resulting of the order of tens meV. #° It is worth
pointing out that these values are typical of weak interacting molecules, further corroborating the
experimental observation, i.e. the nanocrystal optical properties are similar to those of the isolated

ligand. This finding justifies our hypothesis that the molecular exciton generated on a given ligand
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moves successively within the emitter framework. The coupling with the next nearest-neighbor
dyes (i.e. second, third, etc.) is significantly lower (Fig. S5), as expected when short range
interactions are vanishing. This latter result excludes that the singlet long-range diffusion in the
nano-MOF is driven by exchange-mediated hopping, indicating that it relies mainly on FRET
mechanism based on long-range coulombic interactions.*

Once verified that the nano-MOF ligands can be effectively considered as isolated
chromophores, we estimated the hopping rate kj,, of the singlet exciton directly from

experimental data using

6
knop = krs = ko (3) e
where kg, is the Forster ET rate, kp= (7app)* is the energy donor excited state decay rate in
absence of the energy acceptor, R is the donor/acceptor inter-molecular distance and Ry are the
Forster radii in the different directions that depend from the overlap between the
emission/absorption spectra and from the relative orientations between the transition dipole
moment of the involved molecules.®® It should be noted that, considering the structural data
reported in the Supporting Tab. 3 and that the transition dipole length of the MOF ligand showed
in Fig. 1a, the Eq. 2 is strictly valid in the point-dipole approximation of the classic Forster model,
i.e when Ris larger than the length of the transition dipole moment involved.>® The obtained values
for Ro, and knop, reported in the Supporting Information, have been calculated by using as ko the
radiative decay rate of an isolated ADB molecule which represents the bottom limit for this rate.

Considering that the diffusivity is given by %3 %
Dy = (khOPRZ)i’ (3)
we calculated the mono-dimensional diffusion length along each crystalline direction, as reported

in Fig. 2e. Notably, these lengths (Z;=296 nm, 252 nm, and 131 nm along X, y and z, respectively),
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are larger than the nanocrystal maximum size d. This result points out that, independently from
the exact point in which the excitons are generated, they can explore the whole crystal during their
lifetime, thus resulting prone to surface traps quenching. This result explains why the surface
passivation by encapsulation in PMMA induces the remarkable three times enhancement of the
QY. The residual difference in the emission yield between the nanocomposite and the isolated
ligand (~11%) is probably due to bulk traps which, even if present in a concentration much smaller
than the surface defects, can still act as secondary energy dissipation channels.

In order to demonstrate the general validity of our approach, we repeated the whole
experiment with other nano-sized MOFs, fabricated using the same fluorescent ligands but
arranged in different lattices. Figure 3 reports the XRD data and the TEM images for two
alternative nanocrystals obtained using the ADB in presence with two different co-ligands, namely
4,4 -bipiridine (MOF-bpy) (Fig. 3a) and 1,4-diazabicyclo[2.2.2]octane (MOF-dabco) (Fig. 3d) *°,
which are optically inert and commonly used as MOF building blocks.>® 3 Despite the structural
analysis shows that these latter nanoscale MOFs are different in both structure and size of the
crystal in respect to the first case (Fig 3b, d), their PL and PLE (Fig 3c, f) spectra show again the
features of the ligand, with low QYs in suspension. Remarkably, when protected in a plastic
PMMA matrices also the QY of this nanocrystals rises from ~ 0.25 to 0.70 and 0.58 for MOF-bpy
and MOF-dabco, respectively. It is interesting to observe that the benefits of the encapsulation are
less evident for the MOF-dabco in respect to the other two systems. This difference can be
explained by correlating the nanocrystals Z/d ratio and the QY rise. The MOF-dabco is the only
one in which the average crystal size is larger than the diffusion length in all directions (Fig. 3e).
Therefore, while in the other two MOFs the excited singlets can explore the entire nanocrystal, in

the MOF-dabco the excitons generated in the inner volume do not reach the surface. Consequently,
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these relatively large crystals, characterized by a reduced surface-to-volume ratio, result less

sensitive to surface treatments aimed to remove the fluorescence-quenching sites located at the
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Figure 3. a, d) Crystalline lattice of two additional fluorescent nano-MOFs (MOF-bpy, MOF-dabco) obtained by
using ADB as ligand. The arrows indicate the direction considered for discussing the singlet excitons diffusion within
the crystalline lattice. b, e) Comparison between Lex, d and the calculated exciton diffusion lengths Z; along the
direction indicated in Fig. 3a, d. The inset reports a TEM image of the bare nanocrystals. c, f) PL, PLE and time-
resolved luminescence spectra of MOF-bpy, MOF-dabco nanocomposites in PMMA. The triangles show the PL decay
for bare nanocrystals in benzene suspension.

interface. As a consequence, their photoluminescence QY is mainly controlled by the presence of
intrinsic bulk defects and impurities. This picture is further confirmed by comparing the data
collected for different sizes of the same nano-MOF. In particular, we synthesized MOF-dabco
nanocrystals with an average size of ~500 nm, which is about two times larger than that one of the

previous batch. In this case, the singlets diffusion lengths are shorter that the average crystal size.
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In agreement with the proposed key role of the surface trap states, these new MOFs in benzene
suspension show a photoluminescence QY as high as 0.36, i. e. 1.5 times larger than the QY of the
smaller ones. Correspondingly, because in this case the surface traps are not the main exciton
quenching channel, the embedding of these nano-MOFs in PMMA give rise to only a small
increment of the QY up to 0.47 (Fig. S7).

In conclusion, we have demonstrated that the emission efficiency of MOF nanocrystals is
controlled by surface traps that introduce non-radiative recombination channels, unless the MOF
dimensions exceed the exciton diffusion length. However, as in the case of semiconductor colloidal
quantum dots, a proper passivation of the MOF surface allows us to rise their photoluminescence
QY which approaches the same value of the emitter employed as ligand. In particular we obtained
highly emissive MOF trough their embedding in a PMMA matrix with the additional results of
obtaining a nanocomposite based on a processable, stable, cost effective and versatile polymer,
which is compatible with many industrial processes for device fabrication such as the multilayer
thin film deposition, roll-to-roll printing and bulk polymerization. These findings completely
change the current vision of the MOF as a system not particularly suitable for optical applications,
and pave the way for future works aimed to the development of a next generation of
multifunctional photonic devices for lighting and photon managing applications, for example in
luminescent solar concentrators,® based on non-toxic hybrid materials. It is worth pointing out
that the proposed strategy can be extended in principle to other systems as conductive polymers,
in order to realize optolectronic devices, and advanced polymerization techinques can be employed

to obtain dispersible encapsulated highly luminescent nanocrystals.>®
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