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In this study, a water-stable microcrystalline bioMOF was
synthesized, characterized, and loaded with silver ions or highly
emissive rare earth (RE) metals like Eu3*/Th3*. The obtained
materials were used used as active layer in a proof-of-concept
sustainable light-emitting device, highlighting the potential of
bioMOFs in optoelectronic applications.

Since the electronic revolution in 20t century, the extensive use of
solid-state electronics along with the shortening device lifecycle
generate globally 20-50 million tons of electronic waste (e-waste) per
year.! Although large efforts are being made to manage and dispose
e-waste, the presence of toxic heavy elements or non-biodegradable
materials in most of the displays (perovskites, quantum dots, or
plastics) is forcing to seek alternative sustainable strategies.?
Therefore, the development of novel environmentally friendly
materials based on biodegradable and ecologically safe approaches
(using low or non-toxic materials) is considered as a suitable solution
for designing the next generation of electronic devices, known as
“green” electronics.3

Thus far, “green” electronic devices have been developed by using
biological materials like natural dyes, proteins, plant cellulose,
nucleic acids, or nucleobases, to cite a few. 4 However, the limitations
of biodegradable materials as well as the lack of green processing
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methods demand novel approaches to expand the palette of
biomaterials and low-cost processing strategies. In this regard,
metal-biomolecule frameworks (also known as bioMOFs) could offer
a convenient solution to integrate biological species with a molecular
level control and uniform nanoscale pores, which could result in
versatile host materials with tuneable optoelectronic properties.>
Hitherto, some metal-organic frameworks (MOFs) have been used in
novel energy-efficient light-emitting devices (LEDs) 10-13;
nevertheless, to the best of our knowledge, this is the first time a
bioMOF is proposed as an electroluminescent material for the
development of LEDs. Up to now, the large crystal sizes of bioMOFs
have hindered their application in LEDs due to aggregation caused
quenching (ACQ) severely reducing the emission properties of
bioMOFs.14 This, together with their limited water stability (which
normally bleaches the emission) hampers economically feasible
applications.1s

To overcome these limitations, a novel synthetic path for a water
stable bioMOF (IISERP-MOF27)1¢, further referred to as BDC bioMOF,
allows an easier, fast, and more environmentally approach for BDC
bioMOF (1 day vs. 5 days for IISERP-MOF27, further details in ESI),
resulting in microcrystalline ‘desert rose’ like crystal aggregates with
nanometre thickness crystallites (Figure 1 and S2).
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Figure 1. SEM micrograph of BDC bioMOF displaying the desert rose
morphology (a). Diffraction pattern of BDC bioMOF obtained from



CRED (b) and Rietveld plot of BDC bioMOF (c). Vertical bars mark the
allowed reflections. Deconvoluted (d) 13C and (e) H MAS NMR
spectra of BDC bioMOF showing the presence of two distinct BDC

and Ad linkers, and of bridging hydroxyls p,-OH.

The smaller crystal size is of paramount importance in

electroluminescent applications because large particles can suffer

from ACQ, thereby reducing the luminescence efficiency of the

material.

The crystal structure of BDC bioMOF was determined using 3D

electron diffraction data and the continuous rotation electron

diffraction (cRED) technique in the monoclinic space group C2/c,
refined using SHELXL 17 and confirmed by Rietveld refinement of
powder X-ray diffraction (PXRD) data (Figure 1, further details in ESI,
Figures S3-S6).

BDC bioMOF consists of infinite two-dimensional layers, pillared by
rows of terephthalate linkers (BDCg), ultimately yielding one-
dimensional channels along the [001] direction of approximately 10
A in diameter (Figure $3). The layers feature a complex architecture
involving two distinct Zn2* dimers (Zn;-Zn; and Zny-p20-Zny), two
distinct adeninate linkers (1:2 ratio Ada:Adg) and one terephthalate
linker (BDCa). The chemical composition, [ZnsO(Ad)s(BDC),]*, of BDC
bioMOF derived from diffraction experiments reveals an excess of
negative charges in the framework, indicating a lack of lightweight
cations such as protons. Therefore, solid-state MAS NMR
experiments were conducted to study the presence of species/atoms
that cannot be detected via diffraction techniques. First, all linker 1H
and 13C NMR signals were identified, which nicely agreed with the
presence of two chemically different terephthalate and adeninate
linkers in a 1:1 BDCa:BDCg and a 1:2 Ada:Ads ratio (Figure 1d, details
in ESI, Figures S4-S9). Importantly, no other organic species were
observed, which indicates that the protons with the signal at
approximately 1 ppm (Figure 1e) in the 1H NMR spectrum are directly
attached to the framework. The signal can be ascribed to a 4,-OH in
the Zn;-u,0H-Zn, dimer and the signal intensity indicates full
protonation of the Zn, dimer.

Benefiting from the uncoordinated —NH, and pyrimidine nitrogen
atoms on the Adg linkers, several cations like Eu3*, Th3* and Ag* were
incorporated (see experimental details in the SI for more info). The
success of the approach was confirmed by the different emission
colours obtained for Eu@BDC bioMOF (red), To@ BDC bioMOF
(green) and Ag@BDC bioMOF (cyan) under UV irradiation (366 nm)
(Figure S10). Elemental analysis revealed a guest loading of 0.3, 0.3
and 4.2 wt%, for Eu3*, Tb3* and Ag*, respectively. The PXRD patterns
of the different guest@BDC bioMOFs (Figure S11-S12) demonstrated
that there is no structural rearrangement of the MOF upon metal
loading and no metal nanoparticles were observed. Interestingly,
also prolonged exposure to water did not alter the bioMOF’s
structure (Figure S11-S12), which confirms the highly desired water
stability. Moreover, the presence of luminescent silver species in the
Ag*-loaded MOF was confirmed by X-ray photoelectron spectroscopy
(XPS), as observed by the peak at 349 eV (Figure S13), and the lack of
metallic signatures in the XPS spectra.1819

Steady-state diffuse reflectance spectroscopy (DRS) shows two main
absorption peaks at 220 and 260 nm for the pristine BDC bioMOF,
which can be attributed to the electronic transition of T-> m* of the
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adeninate linker 29(Figure S14). In addition, small shoulders at 240
and 290 nm probably originate from the BDC linker 20,
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Figure 2. Luminescence excitation-emission maps for (a) pristine BDC
bioMOFs and (b) after silver loading. (c) DRS spectra showing a new
absorption feature at around 314 nm.

The Kubelka-Munk absorbance spectra of RE loaded MOFs resemble
the one of the non-doped BDC bioMOF because the direct excitation
of RE metals is parity-forbidden.2! However, the steady state UV-Vis
spectrum of Ag@BDC bioMOF reveals a new absorption band
centred at 314 nm (Figure 2), which was determined by subtracting
the parent BDC bioMOF’s spectrum from that of the Ag*-loaded one.
This new band confirms the strong interaction between silver ions
and adeninate, as previously observed for other silver-nucleobase
metallomacrocycle interactions.??

The emission spectrum of the pristine BDC bioMOF can be largely
attributed to the photoluminescence of adenine (Figure S15) as the
main emission peaks match those observed for the adenine molecule
in the solid state. This behaviour was previously observed for
bioMOF-1, where the UV absorption and photoluminescence were
caused by the adenine molecule, as the 4,4’-biphenyldicarboxylate
linker was presumably quenched after incorporation in the bioMOF-
1 structure.? The Eu3* or Tb3*-loaded BDC bioMOFs displayed
completely different emission spectra, as the framework serves as an
antenna and transfers excitation energy from the linkers to the RE
centres.z Figures S16 and S17 show the typical sharp d-f luminescent
transitions of lanthanide cations loaded onto BDC bioMOF, viz. Eu3+
(Aem. = 657, 615, 652, 700 nm) and Tb3* (Aem. = 490, 545, 585, 625
nm). The absence of the 420 nm band characteristic for bioMOF
emission indicates that the energy is effectively transferred from the
bioMOF to the RE, as previously observed for other RE doped MOFs.
22,2425 On the other hand, the strong interaction between Ag* and
adenine loaded BDC bioMOF
photoluminescent spectra, where the weak emission around 420 nm
disappears in favour of a triple-band luminescent feature at Aem =
490, 525 and 560 nm (Figure 2b).

To get more insights about the origin of this new emission species,
the photoluminescence of Ag*-loaded bioMOF was also recorded at
77 K and compared to the standard measurement at room
temperature (Figure S18). The low temperature is known to help to
determine whether the origin of this new emission species is related
to the room temperature phosphorescence (RTP) caused by the
strong interaction between polynuclear d0 as it was previously
described by metal systems with the linker.26 Similar excitation-
emission maps were obtained at both temperatures, and they are
spectrally analogous to the phosphorescence of aromatic
carboxylates.?’.28 These observations suggest the presence of silver-
mediated terephthalate phosphorescence at room temperature.
Although room-temperature phosphorescence of such organic

in silver is also visible in its
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molecules is very rare, it has been recently demonstrated that
crystallization-induced phosphorescence in MOFs can be caused

by the presence of guests. 2829

To further explore the applicability of BDC-bioMOF, a proof-of-
concept bottom-up OLED (organic LED) was constructed with the
BDC bioMOF as emissive layer. The MOF was first mixed with a
polymer matrix to produce a cost-effective, processable and
high-quality film. Purely inorganic electroluminescent materials

are known to form inhomogeneous films, thereby reducing
carrier injection/mobility and thus overall efficiency.3%31 Although
semiconducting polymers like polyvinyl carbazole (PVK) can help
enhancing the charge mobility in the device,32 polystyrene (PS) was
chosen because its absence of charge carrier injection/transport
mechanism 3335, By doing that, the results can be ascribed to the
OLED'’s electroluminescence to the BDC bioMOF. PS cannot alter the
electronic properties of the MOF, but it has previously been reported
that PS could modify the photoluminescence behaviour of the
composites due to specific and non-specific interactions.3®
Nevertheless, this is not case in this study because the luminescent
spectra of the BDC bioMOF do not differ from its PS composite,
demonstrating the absence of alterations by the organic matrix
(Figure S19). So far, the design of the OLED has been based on the
emissive layer, nevertheless, knowing that the quantum yield for all
the MOFs are around 5%, a good optimization of charge carrier
injection and mobility would be critical to get a high-quality device
performance.3¢ Therefore, each component in the device should be
adapted to the electronic structure of the bioMOF. Photoelectron
spectroscopy in air (PESA) suggests that ITO (-4.8 eV) and aluminium
(-4.3 eV) electrodes are the best candidates to obtain an appropriate
charge injection and carrier mobility. Based on this information, an 8
mm? device consisting of vertically stacked: ITO anode / PEDOT:PSS
(40 nm) / MOF (300 nm) / Al cathode (150 nm) was built. Figure 3
displays a scheme of the OLED and a typical current-voltage curve of
non-doped and doped materials.

Among all the obtained data, the best optoelectronic properties
were observed for the OLEDs based on Ag@BDC bioMOF, where the
turn-on voltage is decreased (from 11V in case of the non-doped BDC
bioMOF to 6 V) while the EL intensity increases 2.5-fold compared to
the pristine BDC bioMOF. This enhancement could originate from: a)
the improved carrier mobility by the presence of Ag* cations in the
pores which generate an alternative pathway to transport the
electrons and holes, and b) the RTP mechanism which hinders the
non-radiative triplet emission. Both mechanisms have been
previously observed in related OLED configurations,33:37:38 and in this
case both processes are expected to contribute in boosting the
OLED’s efficiency. The Eu3* or Th3*-loaded BDC bioMOFs cannot rely
on these mechanisms and consequently feature worse performances
in terms of carrier mobility (higher turn-on voltages) and brightness
(lower EL intensity). It is worth to note that all experiments were
conducted outside of the glove box for non-sealed devices, which
confirmed the OLED’s stability toward water and oxygen.

Even though Ag@BDC bioMOF LED displays the best performance,
the same EL spectra were observed for all guest@BDC bioMOFs and
the pristine BDC bioMOF (Figure 3), indicating the same origin of the
electroluminescent emission.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Current density voltage (a) and electroluminescence
spectra (b) of non-doped and doped OLEDs. The inset in a) is a
schematic representation of the OLED configuration. The inset in b)
displays a picture of the device under 20 V.

To unravel this origin, the electroluminescence (EL) spectra of non-
loaded BDC bioMOF were recorded at various voltages (Figure S20).
While no change in the shape or in the full width at half maximum
was observed at higher driving voltages (30 V, bias where breakdown
occurs), the intensity maximum (at ~ 600 nm) increased by about a
factor of thirty. Remarkably, the maximum of the EL band is
bathochromically (red-shifted) by ~ 12745 cm1 in comparison to the
photoluminescence (PL) emission spectrum displayed in Figure S15-
$19. The large mismatch between the PL and EL spectra suggests that
different excited state species are generated under forward voltage
compared to under UV-light irradiation. A plausible explanation for
this different behaviour in the electroluminescence studies is that
charge carriers could recombine at the Zn-carboxylate or Zn-p,OH
nodes of the Zn, dimers, at the grain boundaries or at the different
defects present in the MOFs,10.3%-41 35 previously reported in related
studies on silver-exchanged electroluminescent zeolites 3435 or dye-
doped Zr-MOFs.33 A wide range of studies on ZnO nanostructures,*?
have suggested that the EL of ZnO nanostructures originates from
different types of defects; in this case this hypothesis seems very
plausible. In these studies, it was proven that the type of defect in
ZnO strongly affects the EL maxima;2° for example, orange emission
(+ 620-690 nm) is attributed to oxygen interstitials, red emission (+
690 - 750 nm) corresponds to oxygen vacancies, while blue
electroluminescence (+ 400 - 460 nm) could be related to the
presence of Zn interstitial defects. Based on these reported values,
we assume that the EL behaviour observed in the BDC bioMOF is
most likely linked to the presence of oxygen vacancies in the
framework, presumably at the Zn;-pu,0H-Zn, dimers or Zn-
carboxylate bonds, as the emission maximum band spans between
500 and 720 nm.

In conclusion, the results show the important role played by defects
in the electron-hole recombination and electroluminescence
emission of BDC bioMOF-LEDs. However, the possibility of having
RTP (by confining silver atoms in the MOF pores) induces a positive
effect on the optoelectronic properties of the BDC bioMOF due to
the enhancement of charge injection and mobility. The results reveal
the large potential of bioMOFs based on RTP to provide a novel and
sustainable solution for developing “green” optoelectronic devices.
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