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A Multifunctional Bismuth-based Metal-Organic Framework with
Record-High Porosity, Rare Topology, and Efficient Visible-Light
Photocatalysis

Michelle Ahlén, @ Ha Phan, @ Mariusz Kubus, ® James N. McPherson, ? Francoise M. Amombo Noa, ¢
Lars Ohrstrém, © Kasper S. Pedersen, ® Maria Stremme, 2 and Ocean Cheung *?

Here, we report the bismuth-based metal-organic framework (MOF), UU-206, constructed from Bi(NOs)s-5H,0 and an
extended tetraphenylenethylene-cored octacarboxylate linker (Hsettb). UU-206 crystallizes as a three-dimensional
framework that can be described by the rare msg/wxs nets and features four one-dimensional channels with pore
diameters of approximately 6-11 A. Nitrogen sorption isotherms at -196 °C reveal a Brunauer-Emmett-Teller (BET) surface
area of 1119 m? g™* and a total pore volume of 0.55 cm? g™, placing UU-206 among the most porous Bi-MOFs reported to-
date. Optical and electrochemical measurements show that the material is a visible-light responsive semiconductor (Eg =
2.68 eV) with efficient photoinduced charge separation. Consequently, UU-206 functions as an efficient
heterogeneous photocatalyst for the aerobic oxidative condensation of amines to imines, delivering up to 86%
yield under visible-light irradiation and outperforming related Bi-based materials. Notably, the reaction can also
be driven by low-intensity natural sunlight at high latitudes, underscoring the potential of UU-206 as a platform
Furthermore,

for solar-driven organic transformations. this work demonstrates how integrating polytopic

chromophore linkers with Bi-cluster nodes provides a powerful design strategy for developing multifunctional MOFs with

high porosity, rare topology, and efficient visible-light photocatalysis.

1. Introduction

Metal-organic frameworks (MOFs) are renowned for their high
porosity and modular pore structure,? which has enabled
their utilization in applications ranging from gas storage and
separation to energy storage and catalysis.>* In particular,
bismuth-based MOFs (Bi-MOFs)>! are an emerging group of
framework materials that are promising Vvisible-light
photocatalysts due in part to the semiconducting properties of
certain inorganic bismuth clusters.'? By interlinking these
clusters with organic ligands, further modulation of the
catalytic properties can be achieved that can significantly
enhance the charge-transfer properties of the materials.*® For
instance, efficient degradation of the organic dye Rhodamine B
under visible light irradiation was achieved by the 2-
mercaptonicotinic acid-linked Bi-MOF Bi-mna.* More than
95% of the dye was removed in the presence of the MOF,
compared with less than 10% for commercial a-Bi,Os. This
enhanced performance was attributed to ligand-to-ligand
charge transfer (LLCT) processes within Bi-mna, and this
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material served as one of the earliest examples of a visible-
light active Bi-MOF photocatalyst. Utilizing electron-rich
polytopic chromophore linkers, such as pyrene- or
tetraphenylenethylene-cored carboxylate compounds, can
further not only enhance the charge-transfer'>!¢ and the light-
harvesting’~1° properties of MOFs, but also give rise to diverse
framework topologies that influence the pore structure of
MOFs. In particular, the unpredictable coordination
environment of Bi3* ions often give rise to topological complex

structures, owing to their large ionic radius and high
coordination number,?° as observed in inorganic compounds
such as BiPd04.2! Furthermore, polynuclear secondary

building units exhibiting diverse motifs have been observed in
Bi-MOFs such as CAU-17, constructed from trimesic acid, in
which 54 unique nodes were identified along with 135 edges
forming a complex net rarely seen in MOF structures.> The
limited number of existing Bi-MOFs makes the search for novel
Bi-MOFs highly interesting from a scientific viewpoint, and also
opens up possibilities for adopting Bi-MOFs in various
applications. Here, we showcase a novel Bi-MOF, UU-206,
which has an unusual topology and one of the highest
porosities reported among all Bi-MOFs to-date. The efficient
photocatalytic property of UU-206 and its performance in
catalyzing the condensation of amines to imines at ambient
conditions are demonstrated under both high and low
intensity visible light.
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2. Experimental
2.1. Materials

Bismuth(lll) nitrate pentahydrate (Bi(NOs)3-5H,0) 98% was
purchased from Sigma-Aldrich, 4’,4",4""",4""""""-(ethene-
1,1,2,2-tetrayl)tetrakis(([1,1’-biphenyl]-3,5-dicarboxylic acid))
(Hgettb) >97% from Tensus Biotech. Benzylamine (1a), 4-tert-
butylbenzylamine (1b), 4-methoxybenzylamine (1c), 3-
methoxybenzylamine (1d), 2-methoxybenzylamine (1e), 4-
fluorobenzylamine (1f), 4-chlorobenzylamine (1g), 4-
bromobenzylamine (1h), 3-bromobenzylamine (1i), 2-
bromobenzylamine (1j), 4-(trifluoromethyl)benzylamine (1k),
2-thiophenemethylamine (1l), and ammonium chloride (NH4Cl)
>99% were purchased from Fisher Chemicals. Anhydrous
sodium sulfate (Na,SOs) 99% was purchased from Thermo
Scientific. Anhydrous N,N-dimethylformamide (DMF) 99.8%,
acetonitrile (MeCN) 99.5%, ethyl acetate (EtOAc) 99.5%, n-
hexane 295%, dichloromethane (CH,Cl;) 99.8%, formic acid
(HCOOH) 99-100%, triethyl amine (EtsN) >=99%, deuterated
chloroform (CDCl;) 99.8%, deuterated methanol (CD3OD)
>99.9% were purchased from VWR Sweden. Absolute ethanol
(EtOH) 99.9% was purchased from Solveco. All reagents were
used as received without further purification, except for
anhydrous MeCN, which was obtained by treating
commercially available MeCN over activated 4 A molecular
sieves.

2.2. Synthesis of UU-206

Bi(NOs3)3-5H,0 (19.3 mg, 0.040 mmol, 1.1 equiv.) and HCOOH
(100 pL, 2.65 mmol, 72 equiv.) were added to a vial containing
anhydrous DMF (5.0 mL). The mixture was sonicated for 5 min
until Bi(NOs)3-5H,0 was fully dissolved, yielding mixture A. In
another vial, Hgettb (36.35 mg, 0.037 mmol, 1.0 equiv.) was
added to a vial charged with EtOH (20.0 mL) and sonicated for
5 min, yielding mixture B. Mixture B was subsequently added
to mixture A, and the reaction was allowed to proceed for 4 h
at 100 °C. After the reaction finished, the as-synthesized UU-
206 MOF was collected by centrifugation at 3800 rpm for 10
min. The collected MOF was further washed with DMF (three
times x 20 mL each time) and EtOH (three times x 10 mL each
time). The washed UU-205 MOF was finally dried under
vacuum at 70 °C overnight, yielding a pale-yellow solid.

2.3. Characterization

Powder X-ray diffraction (PXRD) diffractograms were obtained
on a Bruker D8 Advance diffractometer using Cu Kaz, (A = 1.54
A) radiation at an operating voltage of 40 kV and a current of
40 mA. Gas sorption isotherms of CH4, CO,, N3, Oz, and SFg
were recorded on a Micromeritics ASAP 2020 instrument at
either 20 °C using a circulating water batch or at -195 °C in a
liquid N2 bath. The sample was degassed at 150 °C for 5 h
under dynamic vacuum prior to the measurements. Infrared
spectra were collected on a Bruker Tensor 27 Fourier
Transform (FTIR) spectrometer. The thermogravimetric
decomposition profile of the material was recorded on a
Mettler TGA/DSC 3+ at a heating rate of 10 °C min~! between
30 and 800 °C in airflow (60 mL min=?). Scanning electron

2| J. Name., 2012, 00, 1-3

microscopy (SEM) images were collected on a \Zejss;Merlin
Field Emission (FE) SEM operated at 50 p2Cand HREYEEEltitién
voltage of 2.5 kV. Survey and high-resolution X-ray
photoelectron spectroscopy (XPS) spectra were collected on a
Ulvac PHI Quantera Il instrument using monochromatic Al Ka
(1486.6 eV) radiation, under a flow of low-energy electrons
and argon ions to compensate for charge build-up. Solid-state
diffuse reflectance UV-Vis spectrum of the material was
obtained on a Perkin Elmer Lambda 900 UV/VIS(NIR
spectrophotometer in the range of 250 - 800 nm.
Electrochemical measurements were carried out on a CH
Instruments CHI 660D electrochemical workstation using a
three-electrode setup—Ag/AgCl as the reference electrode
and a platinum wire as the counter electrode—using 0.2 M
Na,SO,4 as electrolyte. The working electrode was prepared by
drop-casting a dispersion of the MOF (5 mg MOF in EtOH and
4.8 wt% polyvinylidene fluoride (PVDF)) onto a 1 cm? area on
an indium tin oxide (ITO) electrode. Nuclear magnetic
resonance (NMR) spectra (*H, *3C, and °F) were acquired on a
JEOL 400 MHz spectrometer. Chemical shifts (8) are reported
in ppm relative to residual solvent signals (CDCls, 6 = 7.26
ppm, 6¢c = 77.16 ppm; or CD30OD, &u = 3.31 ppm, &¢ = 49.00
ppm). The following abbreviations are used to describe peak
patterns when appropriate: s (singlet), d (doublet), t (triplet), q
(quartet), quint (quintet), m (multiplet), br (broad). Reactions
were monitored by *H NMR and/or TLC on silica gel plates (60

A porosity, 250 um thickness). Analytical thin-layer
chromatography (TLC) was performed using pre-coated
aluminium-backed plates (Merck Kieselgel 60 Fzss) and

visualized using potassium permanganate stain, and/or UV

light with a wavelength of 254 nm. Flash column
chromatography was performed using silica gel Merck-60
(neutralized with Et3N).

4. Results and discussions

4.1. Structure and topology of UU-206

UU-206 was solvothermally obtained by reacting

Bi(NOs3)3:5H,0 and the branched n-conjugated carboxylic linker
Hgettb (4,44 47" (ethene-1,1,2,2-
tetrayl)tetrakis((([1,1’-biphenyl]-3,5-dicarboxylic acid))) in a
solution of DMF/EtOH (1:4 v/v) and HCOOH at 100 °C for 4 h.
The framework crystalized in the monoclinic space group P2/m,
with unit cell parameters of a = 11.0903(19) A, b = 9.9420(8) A,
c=34.270(4) A, and 8 = 94.397(14)° (Table S1 and Figure S1) as
revealed by continuous rotation 3-dimensional electron
diffraction (3D ED) (Figure 1d). The Bi3* ions coordinate to six
and seven oxygen atoms from three separate ettb linkers,
respectively, from which one bridging oxygen atom is shared.
This coordination environment gives rise to two unique nodes,
(BiOg) and (BiO5), with Bi—O bond lengths ranging from 2.157
to 2.708 A, forming a dimeric (Bi,O12) cluster (Figure 1a).
Similarities between the inorganic building unit of UU-206
and the Bi-MOF NOTT-220 can be observed, owing to the
chemical structure of the organic linkers, specifically the
spatial arrangement of neighbouring carboxylate groups.!! The

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) Conjugated molecular structure of ettb linker and (Bi,O1,) cluster of UU-
206. Colour code: oxygen (red), carbon (gray), and bismuth (pink). (b) Crystal structure
of UU-206 as viewed along the crystallographic a- and c-axis, along with the van der
Waals surface (light orange). (c) Pore cavities in the framework structure, highlighted
by green, blue, yellow, and orange spheres. (d) 3D ED pattern along the [100] plane and
insert of crystal. (e) Left: The “single node” deconstruction considering only the linkers’
Right: The “all node”
deconstruction, considering all branch points of the linkers, yielding a 3-, 4-, and 6-
connected net. (f) The ideal, most symmetric forms of msq and wxs, the two nets that

overall connectivity, giving a 6- and 8-connected net.

can be used to describe the network in UU-206.

interconnection between the Bi-clusters and ettb linkers forms
a continuous 3D framework structure that exhibits four unique
1D channels running along the crystallographic a and c axes
(Figure 1b) with pore diameters ranging from approximately 6
to 11 A (Figure 1c). The structure exhibits substantial disorder
of the benzene rings, and with one of the ettb linkers having
an occupancy of 0.5, resulting in formulation as [(Bi,)4(ettb)s].
Identification of a proper network topology, therefore,
becomes less straightforward. However, the observed linker
disorder is not random. The linkers with an occupancy of 0.5
are situated at neighbouring but mutually excluding sites, as
phenyl groups would otherwise collide (see Figure S3). To
derive a network topology, we assume the same sites are
occupied throughout the crystal and in the most symmetric
fashion. We explore the two common approaches to network
topology analysis, the “all node” deconstruction, considering
all branch points of the linkers, and the “single node”
deconstruction, considering only the linkers' overall
connectivity (Figure 1e).?2 The latter approach is a necessary
starting point for UU-206 because of the disorder, giving the
msq net, while the “all node” deconstruction, giving the wxs
net, has been shown to differentiate between framework
isomers.?3 Details of the topological analysis are given in the
Supporting Information (section 1.2), and the two nets are
displayed in Figure 1f.

The only previous observation of these two nets was in the
MOF MMPF-2 based on tetrakis(3,5-
dicarboxyphenyl)porphyrin 6-connected distorted
trigonal prism-shaped Cos node.?* MMPF-2 was originally
described by the “single node” deconstruction as an msq net.?*
O’Keeffe and co-workers later analysed MMPF-2 with the “all
nodes” approach and described the 3-, 4-, and 6-connected
five-nodal wxs net.?> The latter one is built up by triangles,

and a

This journal is © The Royal Society of Chemistry 20xx
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squares, and flattened trigonal prisms. The \alhnodes.
approach on UU-206 more closely folloWs! tHelGe¥Peopologs
and reveals three distinct channels (Figure 1f), one large and
two small. Using just arbitrary values of edges and node sizes,
the three apparent channels in the wxs net have radii
proportions 4:3:2. It should be noted that not only are these
topologies very rare, but the situation of what might be called
“topology scrambling” is also unusual. The models we propose,
msq and wxs, are the most symmetric arrangements
consistent with the crystallography data, but most likely other
configurations co-exist. This is distinctively different from the
kind of defect engineering that replaces an entire linker with
two capping groups like formate or acetate.

4.2. Porosity and gas sorption

The highly porous nature of UU-206 was confirmed by
nitrogen (N2) sorption at 77 K (Figure 2a and b) with a
Brunauer-Emmett-Teller (BET) surface area and total pore
volume (Vi) of 1119 m? g ! and 0.55 cm?® g%, respectively.
These values were in agreement with the calculated specific
surface area of 1230 m? g™* and pore volume of 0.63 cm3 g™,
obtained in Mercury,?® and were among the highest reported
for all Bi-MOFs (Figure 2c).671%142027-43 The surface area of UU-
206 was only comparable to that of CAU-7-BTB (1150 m? g7},
Viot = 0.43 cm3 g™1)” and NOTT-22a (1014 m2 g%, Vior = 0.39 cm?
g'),!* two of the most porous Bi-based MOFs to date, yet
surpasses both of the materials in pore volume (Figure 2c and
Table S2). Furthermore, the framework of UU-206 remained
stable after activation, as evident by the DFT pore size
distribution (Figure 2b) showing the presence of 5.9, 8.0, and
11.8 A pores. The experimentally obtained pore sizes were in
good agreement with the pore cavities estimated from the
crystal structure obtained under high vacuum (Figure 1c).

The high porosity of UU-206 can be utilized for gas sorption,
especially for gases that have similar dimensions to the pore
diameter of the framework. Gas sorption experiments at 20 °C
with CO,, O,, N3, CHa4, and SFs showed that the uptake of the
potent greenhouse gas SFs (3.17 mmol g7!) on UU-206 was the
highest of all gases at 100 kPa, followed by CO, (3.02 mmol g™2),
CH4 (0.91 mmol g™1), 0, (0.30 mmol g™!), and N» (0.29 mmol g™?)
(Figure 2d). The high uptake of SFs and CO, over O;, N3, and
CHa4 can be attributed to both size effects and the electrostatic
properties of the molecules.***> The characteristic quadrupole
moment of the CO, molecules is known to give rise to
attractive quadrupole-t interactions with electron-rich
aromatic moieties, leading to the adsorption of the molecules
onto such sites.*® In comparison, the highly symmetric SFe
molecules only interact with weak van der Waals (vdW) forces.
However, the 5.9 and 8.0 A diameter pores of UU-206 may
have enhanced vdW interaction with SFs molecules (5.5 A),
when compared with CO, (3.3 A), because there is increased
contact between the SFs molecules and the pore surface,
which also increases adsorbent-adsorbate interactions due to
the high polarizability of the molecules and the electron-rich
sites in the pores.*’ These interactions, therefore, enable UU-
206 to achieve comparable or superior CO; and SFs uptake
compared to other Bi-MOFs (Table S3). Water sorption on UU-

J. Name., 2013, 00, 1-3 | 3
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Figure 2. (a) N, sorption isotherm recorded at -196 °C (or 77 K), (b) DFT pore size
distribution, (c) comparison of the BET surface area and total pore volume of UU-200
and other Bi-based MOFs, (d) CHa4, CO,, N,, O,, and SFs adsorption isotherms recorded
at 20 °C, and (e) PXRD patterns of UU-206 after treatment in various solvents for 24 h.

206 at 20 °C (Figure S8d) revealed that the framework
exhibited weak hydrophilic properties, possessing an uptake of
8.78 mmol g (0.16 g g™2) at p/p° = 0.9. Furthermore, the MOF
demonstrates excellent structural stability across various polar
and nonpolar solvents over a 24-hour period, however,
degrading in highly acidic and basic environments (Figure 2d).

4.3. Optical and photocatalytic properties

The utilization of bismuth photocatalyst materials has, to a
large extent, included bismuth oxides and binary bismuth
composites, i.e., bismuth titanate, bismuth tungstate (Bi,WOs),
bismuth molybdate (Bi;Mo0Og), bismuth vanadate (BiVO,), and
bismuth oxyhalides (e.g., BiOCl).*®*° Assessment of UU-206 as
a Bi-based photocatalyst, therefore, requires careful
evaluation of the optical and electrochemical properties of the
material. The optical properties of UU-206 were assessed by
solid-state UV-Vis spectroscopy, and the diffuse reflectance
spectrum (Figure 3a) indicated that UU-206 has an absorption
range of 250 to 450 nm and shows the capability of the MOF
to harvest visible light. The optical band gap (Eg) of UU-206
was evaluated from the corresponding Tauc plot (Figure S10a)
to be 2.68 eV (Figure 3b). It falls within the range of other Bi-
based photocatalysts such as Bi,Os (2.1 — 2.8 eV),*° BiVO, (2.4
eV),%! IEF-5 (2.4 eV),¥ and CAU-17 (3.83 eV).>? Mott-Schottky
experiments (Figure S10b) and the valence-band X-ray
photoelectron spectroscopy (XPS) spectrum (Figure S8d) of the
framework were used to estimate the lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular

4| J. Name., 2012, 00, 1-3

orbital (HOMO) of UU-206. The flat-band potentia|,..infesred
from the Mott-Schottky plot, was determiyéd @38/ 7P E/ &5
Ag/AgCl at pH 7, and the valence band was 1.8 eV (Figure S8d),
which corresponds well with the estimated potential (1.89 eV)
calculated from the band gap and LUMO potential. The open-
circuit voltage (OCP) measured under visible light (Xenon lamp,
A >400 nm) illumination (Figure 3c) was ca 180 mV. This value
was higher than that of other visible-light-active MOF
photocatalysts, such as NUT-9 (7 mV)> and Ni-TBAPy-NB (150
mV),>* and was found to be comparable to
MOF/semiconductor composite materials, such as Ov-
BiVO4/MIL-101 (180 mV).>> The photocurrent response of UU-
206 (Figure 3d) further demonstrated that the MOF exhibited
a current density of ca 0.35 pA cm=2, confirming efficient
charge separation of the generated photoelectrons and holes
in the material.

Visible-light-driven organic transformations have attracted
considerable attention as efforts have been made to develop
greener and more sustainable synthetic processes. In this
study, we focused on the use of UU-206 as an efficient
heterogeneous photocatalyst for the oxidative condensation
of amines (Table 1) to imines - an important nitrogen-
containing building block in the synthesis of a wide range of
biologically active compounds and industrial synthetic
substrates.’®®  Under optimized reaction conditions,
consisting of benzylamine 1a (0.2 mmol) as the model
substrate, UU-206 (1.6 mol%) as the photocatalyst, in
anhydrous MeCN solvent (0.05 M), Xenon light irradiation
(with a 400 nm UV cut-off filter) for 16 h at room temperature,
the imine desired product was formed in 86% vyield (Table 1,
entry 1). In the absence of the photocatalyst or light, a
negligible amount of imine 2a was obtained (Table 1, entries
2-3). The reaction was inhibited under a N, atmosphere or
upon the addition of a TEMPO radical scavenger (Table 1,
entries 4-5), confirming the involvement of oxygen radical
species in photocatalytic oxidative condensation of amines.
Control experiments using Hgettb linker resulted in only 8%
yield, while using Bi(NOs);:5H,0 or Bi,Os; as catalysts only
yielded trace amounts of the product (Table 1, entries 6-8).

This result demonstrated the noteworthy photocatalytic
(a) 1) il 087
3 w
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Figure 3. (a) Solid-state diffuse reflectance UV-Vis spectrum of UU-206, (b) band
position diagram, (c) open circuit voltage (OCV), and (d) photocurrent response during
visible light (A > 400 nm) illumination.
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performance of UU-206 itself over its structural components.
In the photocatalytic oxidative condensation of amine, UU-206
is also superior to other bismuth-based MOFs tested under the
same conditions (Table 1), i.e., CAU-7 and UU-200, as CAU-7
gave 26% vyield of 2a while UU-200 formed only a trace
amount of the imine product. Catalyst recyclability study with
a shorter reaction time of 5 h compared to the standard
conditions was carried out. The recycled catalyst showed a
lower yield compared to the pristine UU-206; however, similar

Table 1. Optimization and reaction scope of the photocatalytic oxidative

condensation of amines to imines using UU-206.2
N
SHA®

UU-206 (1.6 mol%)

NH2 Air
Xenon lamp irradiation

1a 18 h, rt. 2a
Entry Deviation from standard conditions  Yield 2a (%)®
1 None 86
2 Absence of catalyst trace
3 No light n.d.
4 Under N, atmosphere trace
5 Addition of TEMPO (2 equiv.) n.d.
6° Using Hsettb instead of UU-206 8
74 Using Bi(NO3)3-5H20 instead of UU-206 trace
8d Using Bi,O, instead of UU-206 trace
9¢ Using CAU-7 instead of UU-206 26
10¢ Using UU-200 instead of UU-206 trace

°Conditions: 1a (0.2 mmol), UU-206 (2.5 mg, 1.6 mol% calculated based
on ettb linkers), MeCN (anhyd., 2.0 mL, 0.05 M), Xenon lamp irradiation
equipped with a 400 nm UV cut-off filter. Reaction was carried out
under air atmosphere at room temperature in a water-cooled jacketed
beaker for 18 h. PReaction yields were determined by *H NMR using
toluene (0.2 mmol) as an internal standard. ‘Hgettb (1.6 mol%) was
used. 9Bi(NOs)3-5H,0 (4.3 mmol%) or Bi,0s (2.1 mol%) was used. *CAU-
7 (1.6 mol% based on btb linker) or UU-200 (1.6 mol% based on btc
linker) was used.

X N X
Z 2 pF, 2f, 48% (48%)
(86%)

R = H, 2a, 86% (86% p-Cl, 29, 83% (80%)
p-tBu, 2b, 80% (77%)  p-Br, 2h, 48% (45%)
p-OMe, 2¢, 70% (68%) m-Br, 2i, 60% (58%)
m-OMe, 2d, 69% (65%) o-Br, 2j, 61% (58%)
0-OMe, 2e, 51% (51%) p-CFa, 2K, 84% (84%)

SNy s
<\f m 21, 47% (47%)

yield was achieved after 18 h of reaction (see Supporting
Information, Section 1.4 for more details).

The scope of the photocatalytic oxidative amine
condensation was explored under the optimized conditions.
Good to excellent vyields of substituted (E)-N-benzyl-1-
phenylmethanimines 2a—k were obtained from benzylamine
derivatives 1a—k. Furthermore, thiophene heterocyclic imine 2l
was also achieved in 47% under optimized conditions. We
envision that under photo-irradiation, energy harvested by the
photosensitizing ettb linkers account for electron-hole
generation,®! and the Bi-MOF’s intrinsic built-in electric fields

This journal is © The Royal Society of Chemistry 20xx
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(BIEFs) play a primary role in charge separation:%2 olhe
photogenerated electrons are then transfértedOt8/kréABI2d%e
clusters via linker-to-metal charge transfer (LMCT).%3%> The
combination of photosensitizing ettb linkers and Bi-oxo
clusters, therefore, exhibit a synergic effect in the
photocatalytic condensation of amines. Based on literature
review,%6% we can at this stage propose that under light
irradiation, holes and electrons are generated in UU-206.
Photogenerated electrons are transferred to O, to form

Figure 4. Proposed mechanism of the photocatalytic condensation of amines on UU-
206.

superoxide radical anions (0;°7),”° and holes reacted with
amines to form benzylamine radical cations. The subsequent
reaction between O,°" and the benzylamine radical cation give
rise to benzylimine, which readily undergoes hydrolysis to yield
benzaldehyde. Consequently, benzaldehyde can thereafter
react with benzylamine 1a to form the imine homo-coupling
product 2a.

As a proof-of-concept experiment, we perform the
photocatalytic amine condensation in a more sustainable
fashion by replacing the Xenon lamp with low-intensity natural
sunlight at high latitude (~59.9° N) in early spring. The reaction,
which was set up outdoors on a day with light cloud coverage
at a recorded daytime temperature of 7 °C, was also shortened
from 18 h (using Xenon lamp) to only 5 h (using natural
sunlight). Under these conditions, an increased loading of the
UU-206 catalyst of 6.4 mol% was employed. Imine 2a was
formed in a synthetically useful yield of 25% using natural
sunlight as the light source, atmospheric air as the oxidant,
and at ambient temperature within 5 h. The reduced vyield of
product 2a, as compared to the optimized conditions, can be
attributed to the limited availability of intense, direct sunlight.
This limitation can be addressed using various strategies, for
instance through modifications of the framework structure of
the MOF by incorporating visible-light-active chromophoric
moieties into the organic linker to enhance light harvesting, as
well as introducing defects or heterojunctions to supress

J. Name., 2013, 00, 1-3 | 5
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charge recombination and promote the formation of long-lived
excited states.”*”> However, overall, this experiment
demonstrates that UU-206 can be an efficient heterogeneous
photocatalyst in aerobic oxidative condensation of amines to
imines. This finding also emphasizes the sustainable aspect of
our approach towards greener chemical production.

5. Conclusions

We have developed Bi-MOF UU-206 by combining a
photosensitising octatopic tetraphenylethylene-based linker
with binuclear (Bi,012) clusters to form a highly porous three-
dimensional framework that can be described by the rare wxs
net and an unusual topology scrambling. UU-206 exhibits one
of the highest porosities reported for Bi-MOFs to date,
together with well-defined channels that enable high uptake of
greenhouse gases, particularly SFs and CO,, and good
selectivity over N, CHy4, and O,. The framework is structurally
robust, retaining its crystallinity after activation, gas sorption,
and exposure to a range of solvents. Optical and
electrochemical studies reveal that UU-206 is a visible-light-
absorbing semiconductor with efficient charge separation
arising from the combination of the macroconjugated
chromophore linker and the Bi-containing inorganic nodes.
These features translate into excellent photocatalytic
performance in the aerobic oxidative condensation of amines
to imines under mild conditions, where UU-206 clearly
outperforms its individual components and related Bi-based
MOFs, although, naturally, a full-scale mechanistic
investigation of the MOF as a photocatalyst would be an
essential next step to correctly assess the application potential
of the MOF as a photocatalyst. Importantly, the reaction can
be driven by low-intensity natural sunlight under cold, high-
latitude conditions, highlighting the potential of UU-206 as a
platform for solar-driven green chemical transformations.
More broadly, this work illustrates how integrating polytopic
chromophore linkers with Bi cluster nodes can be used as a
design strategy to access multifunctional MOFs that combine
high porosity, rare topology, and efficient visible-light
photocatalysis.
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