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ABSTRACT

Two novel three-dimensional metal-organic frameworks (MOFs) based on the photoactive pyrene
tetraphosphonate ligand and copper (denoted as IEF-8 & 9) have been hydrothermally synthesized
and fully characterized (XRD, FTIR, TGA, SEM, XPS, etc.). Their crystal structures were
unveiled by single-crystal X-ray diffraction. Remarkably, these materials exhibit coordinatively
unsaturated copper (II) sites, free -PO3H, and —POsH acidic groups, and good thermal and
chemical stability. Further, their optoelectronic characterization evidenced a photoresponse
suitable for photocatalysis. In this sense, the photocatalytic activity of pyrene phosphonate MOFs
was evaluated for the first time for the challenging hydrogen evolution reaction (HER). In
particular, IEF-8 exhibited a catalytic efficiency higher than the benchmarked Ti carboxylate
photocatalyst MIL-125(Ti)-NHa, producing 1800 umol-g! after 22 h under UV—Vis irradiation in
absence of any co-catalyst. Furthermore, this material presented a good reusability (at least up to

4 cycles), preserving its activity and structural integrity.

INTRODUCTION

Although scarcely explored when compared with other metal organic frameworks (MOFs;
phosphonate-MOFs vs. carboxylate-MOFs = 1:10; according to Web of Science, September 2022),
phosphonate-based MOFs (P-MOFs) present an extremely high scientific interest associated with:
1) the versatility of metal bonding modes in the structure of P-MOFs caused by the multiple
protonation states of the R-POsH> groups; ii) their capability to form stronger bonds with soft
cations (e.g. divalent) compared to carboxylates due to their lower hard character (following the
hard soft acid base theory, HSAB'), leading to chemically robust MOFs,*? and iii) the formation

of numerous non-covalent interactions (e.g. hydrogen bonds) inside their structures, resulting in



formation of P-MOFs with a high structural richness.* However, P-MOFs are difficult to
synthesize and to be obtained as large crystals, hindering the determination of their crystal structure
by conventional techniques.

Despite the limited number of P-MOFs, they have shown promising performances in a wide
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variety of applications (e.g. environment>, biomedicine!* 2, catalysis and energy
Among these, P-MOFs can be considered as promising candidates for photocatalysis due to their
structural robustness and the efficient charge separation.?! These features can be exploited to
produce Ha, a green energy vector, using renewable and clean solar energy?? by hydrogen evolution
reaction (HER). It is worthy commenting that nowadays hydrogen production from methane steam
reforming is the main method of industrial hydrogen production and, therefore, the development
of cost-effective and sustainable alternatives such as solar-driven photocatalytic HER is a
technology of great interest.”®> Generally, the most efficient HER photocatalyst contain precious
metals (e.g. platinum, palladium, rhodium) as they exhibit high catalytic efficiency?*.
Nevertheless, their scarcity and high cost limit their real practical application. Although other
alternative to noble metals (e.g. transition metal oxides?, sulphides®® and phosphides®’) have been
proposed, they present a lower photocatalytic efficiency. Furthermore, MOFs are rich in topology,
composition and highly dense in active sites. In addition, they can be extra and easy tunable
through post-synthetic modifications focus on enhancing their photocatalytic properties.?® In this
sense, MOFs could be the next generation of catalysts since their versatility allows to optimize the
catalytic performance.?** Nevertheless, even when using photoactive MOFs, co-catalysts based
on precious metals are often employed to reach competitive H, generation performances.’!

Among the large number of MOF-based photocatalysts employed for the HER, some of the most

active and stable materials for this purpose include traditional topologies such as MIL-125(T1),



UiO-66(Zr) and MIL-101(Cr or Fe) as well as some porphyrin-based MOFs.*> Recently, some of
us have reported one of the first examples of P-MOFs as photocatalyst, namely
Ni(Hsttbmp)(H20)2]-H2O  (Hattbmp:  2,4,6-tris[4-(phosphonomethyl)phenyl]-1,3,5-triazine),
exhibiting an activity for the HER of 77 umol-g!'-h™!'.%

Since photoinduced ligand-to-metal electron transfer is one of the most common elementary
steps involved in HER, the use of ligands based on highly conjugated organic molecules, able to
absorb light in the solar spectrum is highly wanted. In this sense, pyrene-core ligands might be a
suitable option to design P-MOFs with enhanced HER performance due to the distinctive
photochemical properties of this chromophore. Pyrene is a highly symmetric condensed polycyclic
aromatic hydrocarbon, that possesses unique characteristics such as visible light absorption,
thermal stability, ability to donate electrons in its excited state and availability for coordination
with metal ions when functionalized.*® Until now and to the best of our knowledge, only three P-
MOF structures have been so far reported employing pyrene phosphonate-based ligands and
different cations (Ln*", Ba®*, Ni**)3*%, but none of them have been tested as HER photocatalyst.

Therefore, for its use as photocatalyst, we designed a P-MOF with an appropriate combination
of the metal-ligand properties based on the photoactive tetratopic phosphonate pyrene ligand
(pyrene-1,3,6,8-tetrayltetrakis phosphonate) and the redox active Cu®" ion to form robust and
efficient photocatalytic P-MOFs. This combination could enhance visible light absorption by the
pyrene chromophore and suppress electron-hole pair recombination by easily reducible Cu**. In
this sense, the abundant, low cost and environmentally friendly copper cation is a well-known
redox metal widely used as active site in photo- and/or electro-catalyst.*” Thus, two novel copper-
based P-MOF structures, named IEF-8 & 9 (IEF stands for IMDEA Energy Framework) were here

successfully synthesized. Their crystal structures were unveiled by single-crystal X-ray diffraction,



fully characterizing both solids by different techniques (XRD, TGA, FTIR, SEM, XPS, etc.).
While both solids demonstrated a high thermal and chemical stability, their in-deep optoelectronic
characterization evidenced a photo-response suitable for photocatalysis. In accordance with this
characterization IEF-8 and IEF-9 P-MOFs were evaluated as photocatalysts for the challenging
HER under UV—Vis and simulated sunlight irradiation in absence of any co-catalyst, comparing
the obtained results with other benchmarked photocatalysts (copper oxide, MIL-125(Ti)-NH>%®, a
Ni-based P-MOF?*¢, and other MOFs photocatalysts).

MATERIALS AND METHODS

Reagents. All the reagents were used as received without any purification: copper(Il) nitrate
trihydrate (Cu(NOs3)2-:3H20  99%, Acros Organics); nickel(I) nitrate hexahydrate
(Ni(NO3)2:6H20, 98%, Alfa Aesar); pyrene (CisHio, 98%, Sigma Aldrich); nitrobenzene
(CeHsNO2,  99%, Thermo Scientific); bromine (Br;, >95,5%, Sigma Aldrich);
tetrakis(triphenylphosphine)palladium(0) ([Pd(PPhs)4], 99%, Sigma Aldrich); triethyl phosphite
(P(OC3Hs5)s, 98%, Sigma Aldrich); petroleum ether (C¢Hi4, >95%, LabKem); n-hexane (CsHa4,
technical grade, VWR Chemicals); hydrochloric acid (HCl, 37 %, Fisher Chemical);
dichloromethane (CH>Clo, 96 %, VWR Chemicals); methanol (CH30H, >99,9%, Chem-Lab);
tetrahydrofuran (C4HsO, >99,9%, Chem-Lab); acetonitrile (C2H3N, >99,5%, Honeywell); N,N-
dimethylformamide (C3H7NO, >99,5 %, Chem-Lab); octane (CsHis, >98%, Alfa Aesar); toluene
(C7Hs, 99,8%, LabKem)

Synthesis of IEF-8 [Cuz(Py(PO3H)4)(H20)2]-4H20. 0.196 g (0.81 mmol) of Cu(NO3)2-3H,0O
and 0.211 g (0.405 mmol) of the lab-made linker Py(PO3H>)4 (see SI) were dispersed in 27 mL of
a mixture of distilled H,O and MeOH (volumetric ratio 1:2) inside a 45 mL Teflon-lined autoclave.

After that, the reactor was closed and heated at 120 °C from room temperature (RT) for 8 h and



then, maintained at this temperature for 48 h. After cooling to RT for 8 h, the obtained pale-yellow
crystals were filtered and washed with water and methanol, recovered and dried under air. Yield:
40%

Synthesis of IEF-9 [Cuz2(Py(PO3H)4)(H20)2]-3H20. 0.217 g (0.90 mmol) of Cu(NO3)2-3H,0
and 0.336 g (0.45 mmol) of the home-made linker Py(PO3Et>)4 (see SI) were dispersed in 30 mL
of a mixture of distilled HO and MeOH (volumetric ratio 2:1) inside a 45 mL Teflon-lined
autoclave. After that, 0.20 mL of HCI 6M were added to the reaction media. Finally, the reactor
was closed and heated at 120 °C from RT in 8 h and then, maintained at this temperature for 48 h.
After cooling to RT during 8 h, the obtained dark green crystals were washed with water and
methanol, recovered and dried under air. Yield: 50%

Single-crystal X-ray diffraction. SC-XRD data of IEF-8 were collected on a Bruker D8
Venture diffractometer equipped with an air-cooled InS Cu Ko microfocus source and Bruker
Photon100 CMOS detector. IEF-9 data were collected on a Bruker APEX II CCD and Bruker D8
Venture with a Photon detector equipped with graphite monochromated MoKa radiation (A =
0.71073 A). The data reduction was performed with the APEX3 software, and corrected for
absorption using SADABS. The crystalline structures were solved and refined by using the
SHELX software package®** and Olex2 software. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC 2214087 and 2214398 for
compounds IEF-8 and IEF-9, respectively. Copies of the data can be obtained free of charge on
application to the Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, U.K. (Fax: +44-1223-

335033; e-mail: deposit@ccdc.cam.ac.uk).



Powder X-ray diffraction. PXRD patterns were collected in an Empyrean Panalytical
diffractometer, equipped with a PIXcel3D detector and with a copper radiation source (Cu Ka, A
=1.5406 A), operating at 45 kV and 40 mA with 0.02 soller slits from 3 to 90 26° with an
acquisition time of 120 s and refined using FullProf suit program.*

Variable temperature PXRD. VTPXRD data were collected on a D8 Advance Bruker AXS 06—
20 diffractometer (Cu Ka X-radiation, A=1.54060 A), equipped with a LYNXEYE XE detector,
operating at 40 kV and 40 mA and an Anton Paar XRK 900 high-temperature chamber.

Scanning electron microscopy. SEM images were collected on a Hitachi TM-1000 microscope
operating at 15 kV. Fourier transform infrared (FTIR) spectra were collected in the 4000 to 400
cm’! range using a Thermo Nicolet 6700 FTIR instrument (Thermo Scientific, USA) with an ATR
accessory. Elemental analyses were carried out in a Flash 2000 analyzer from Thermo Scientific.

Inductively coupled plasma optical emission spectroscopy. ICP-OES analyses were done in
a 2300 DV spectrometer equipment from Perkin Elmer.

Thermo-gravimetric analyses. TGA were carried out using an SDT Q-600 thermobalance (TA
instruments) in the 25-1000 °C range at 5 °C-min™!' and an airflow of 100 mL-min"".

Diffuse reflectance UV-Vis measurements were recorded in a Perkin Elmer spectrometer
(Lambda 19) equipped with an integrating sphere.

X-ray photoelectron spectra. XPS was recorded using a SPECS spectrometer equipped with
an MCD-9 detector using a monochromatic Al (Ka = 1486.6 eV) X-ray source. CASA software
has been used for the high-resolution XPS deconvolution. The XPS calibration is based on a series
of independent measurements using Au, Ag and Cu foils. The Au 4f7/2, Ag 3d5/2 and Cu 2 p3/2
ISO standard binding energies for metallic gold, silver and copper used for calibration were 83.95,

368.22 and 932.63 eV, respectively.



Ultraviolet photoelectron spectroscopy. UPS measurements were carried out in a SPECS
GmbH photoelectron spectroscopy analysis system equipped with a UHV system and an energy
analyzer PHOIBOS 150 9MCD. He I (21.2 eV) was employed as photon source and with pass
energy of 2 eV. The UPS instrument was calibrated by referring the Fermi level of Ag at 0 eV.

EPR measurements. EPR spectra were recorded at RT on a Bruker EMX-12 instrument
operating in X band at 9.5 GHz, modulation amplitude of 1G and modulation frequency of
100KHz.

Photocatalytic tests. The photocatalytic HER experiments were carried out in water/methanol
solutions. All the experiments were performed at least in triplicate and the presented data
corresponds to the average values of the independent experiments. Briefly, the required amount of
the photocatalyst (i.e. IEF-8 solid; 10 mg) was dispersed in 20 mL of a mixture of H>O (16 mL)
and methanol (4 mL), using a quartz reactor (51 mL), and the system sonicated for 20 min to obtain
a good dispersion. Then, the system was purged with Ar for 1 h. The suspension under magnetic
stirring was irradiated using a Hg-Xe lamp (150 W) equipped or not with an AM 1.5 filter to
simulate the sunlight irradiation or visible light filter (A > 455 nm).

The evolved gases from all experiments were analyzed by taking aliquots at different reaction
times. The reaction aliquots were injected into an Agilent 490 Micro GC system (Molsieve 5 A
column using Ar as carrier gas). The temperature of the reactor was monitored and the pressure
was analyzed using a manometer.

Photocatalytic MV"" generation. The photocatalytic methyl viologen dication (MV?*")
reduction to methyl viologen radical cation (MV"") solution was performed in acetonitrile using
the IEF-8, IEF-9 and Ni-Pyrene P-MOF solids. Briefly, an acetonitrile suspension of the solids

(0.2 mg-mL"!, 200 pL) was added to another acetonitrile solution of MV(PFe)2 (0.17 M, 1.05 mL)



and, then, additional acetonitrile (1.75 mL) was added to the quartz cuvette. Then, the solution was
purged with Ar for 20 min. Subsequently, a Hg-Xe lamp (150 W) was employed for the irradiation,
and the UV-Vis spectrum of the system was recorded periodically. The concentration of the MV""
radical cation was calculated by applying the Lambert-Beer equation A = €-1-:C where A is the
absorbance measured at 390 nm, ¢ is the molar extinction coefficient of MV2"at 390 nm (13900
M-1.cm™) and 1 is the length of the cell employed (1 cm).

Photocurrent measurements. Photocurrent measurements were performed in a three-electrode
electrochemical setup. For this purpose, an Ag/AgCl electrode was employed as a reference
electrode, a Pt electrode as a counter electrode, and a transparent fluoride-doped tin oxide (FTO)-
coated glass with a thin layer of the IEF-8 solid as a working electrode. Before the measurements,
the system was purged with Ar for 20 min to remove the oxygen present in the electrochemical
cell. The current intensity was measured under both dark and under illumination with an optical
fiber connected to a Hg-Xe lamp (150 W) by a series of consecutive 1 min periods of light off and
on. The working FTO electrode was submitted to a polarization at potentials from 1.5 to -0.1 V.

RESULTS AND DISCUSSION

Synthesis and crystal structure of IEF-8 and IEF-9

Two novel 3D MOF structures based on Cu?* and the pyrene-tetraphosphonate linker (home-
made prepared at multi-gram scale, see experimental section at SI for further details), denoted as
IEF-8 & IEF-9, were prepared optimizing the synthetic conditions (temperature, time, solvents,
precursors, etc.) by using the very efficient high-throughput method.*? One of the more relevant
parameters to obtain the IEF-8 phase rather than IEF-9 one was the use of the acidic ligand instead
of the ester-protected one. Interestingly, the different polarity of the linkers (and then, their

solubility) made that the proportion of solvents used during the reactions (i.e. H2O and MeOH)



could not be the same for both materials, changing from 1:2 for IEF-8 to 2:1 for IEF-9. As
expected, the deprotection kinetics of both linkers might also play an important role in the
reactivity. The use of the ester-protected linker required the addition of acid (e.g. HCI) to obtain
well-crystallized materials instead amorphous powders. In contrast, the addition of an extra source
of H" was not helpful when using the non-protected version of the linker, obtaining in this case
amorphous powders.

Briefly, IEF-8 was obtained by solvothermal reaction of pyrene tetraphosphonic acid
(Py(PO3Hz)4) and copper nitrate in a water:methanol mixture at 120 °C during 64 h (see
experimental section), obtaining pale yellow crystals and reaching yields of 40 %. The obtained
crystals (~100 pm, Figure S1) were suitable for structure solution by SC-XRD. Hence, IEF-8
crystallized in the monoclinic space group C2/c (Table S1) with the formula
[Cuz(Py(PO3H)4(H20)2]-4H20. The structure (Figure 1a) was built-up from CuOs square pyramids
distorted in one of the corners of the pyramid base as secondary building unit (SBUs, Figure S2).
The Cu, which was located in the base of the pyramid, and not inside, presented a coordination
constituted by 4 different -PO3H groups coming from different linkers and by one slightly disorder
water molecule in the distorted corner. Each phosphonic group from the ligand was coordinated to
two different Cu atoms, maintaining one free —OH group and creating 1D zig-zag Cu-PO;3 chains
along the b axis (Figure 1b). Perpendicular to these 1D chains, the structure presented void cavities
(with a crystallographic size of ~8.5x5.5x6 A) interconnected by small free spaces (~2.5 A). The

free water molecules of the structure (12 per unit cell) were located inside those cavities.
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Figure 1. Crystalline structure of IEF-8 viewed from two different perspectives (a, b). Cu,
C, O, P and H are represented in blue polyhedra, brown, red, orange polyhedral and

white, respectively. Free water molecules were removed for clarity.

Similarly, IEF-9 was prepared using an analogous procedure, but using the ethyl ester-form of
the linker (tetraphosphonic pyrene ethyl ester, Py(PO3Et2)s) and copper nitrate in a solution of
water/methanol/hydrochloric acid at 120 °C during 64 h (see experimental section), yielding dark
green crystals (yields ~50 %). These large crystals (~300 um, Figure S3) were suitable for their
structural resolution by SC-XRD. IEF-9 crystallizes in the monoclinic space group C2/c (Table
S2) with the formula [Cux(Py(PO3H)4(H20)2]-3H20. The structure (Figure 2a) was built up from
CuOgs octahedral sharing the apical corners with a CuOg4 square planar, creating Cu-O chains as
SBUs (Figure S4) that were interconnected by the linkers. Interestingly, this SBU was described

here for first time, being the Cu usually in two coordination geometries.
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Figure 2. Crystalline structure of IEF-9 along two different perspectives (a, b). Cu, C, O,
P and H are represented in blue polyhedra, brown, red, orange polyhedral and white,

respectively. Free water molecules were removed for clarity.

As shown in Figure 2b, the Cu-O interconnected chains along the a axis direction presented the
same octahedral-square order, but with different orientation of the polyhedra between chains
(presenting a difference of tilting of 59.04°). On the other hand, the interconnected chains along
the b axis presented different octahedral-square order, but with the same orientation of the
polyhedra. The linkers exhibit an ABA stacking along the ¢ axis (see Figure S5) with a 37.5°
difference between them, derived from the different disposition of the Cu-O chains. The
coordination sphere of the CuOg¢ octahedral was composed by 4 O coming from 4 different
phosphonate groups (two of them shared with the square planar) and by 2 O of the two coordinated
water molecules. The Cu-O distances corresponding to the shared O (2.515 A) are significantly
larger than the other ones (2.027 and 1.901 A), as a consequence of the Jahn-Teller effect.”® The
coordination sphere of the square planes is composed by 4 O coming from four different
phosphonate groups. Each phosphonate group of the ligand is coordinated by two Cu atoms, being

two of them bounded by the same O atom and the other two by two different O atoms, keeping
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one free -OH group each. The structure discloses a frame of 1D channels along the ¢ axis (~6x9
A), where free water molecules are located (12 per unit cell).

Physicochemical characterization

The purity of these polycrystalline materials was corroborated by PXRD using Le Bail profile
fittings (Figures S6, S7 and Tables S3, S4). FTIR spectra showed a significant shift of the
phosphonate bands (v P=0O and v P-O) of IEF-8 and IEF-9 when compared with the free linker
(from 1006 to 1017 cm™, from 1076 to 1091 cm™ and from 1132 to 1123 cm’! for the IEF-8; and
from 1009 to 1017 cm™ and from 1068 to 1091 cm™! for the IEF-9; Figures S8 and S9 respectively),
supporting the coordination of the phosphonate groups to the Cu cations.

The chemical formula of IEF-8 [Cux(Py(POs;H)4(H20):]-4H,O) and IEF-9
([Cuz2(Py(PO3H)4(H20)2]-3H20) were confirmed by elemental analysis (C, H) and ICP-OES (P,
Cu) in the dried solids, being the oxygen estimated by difference (%Exp.=S.D. (%Theo.) IEF-8:
C27.31£0.06 (25.51); H2.474+0.04 (2.94); O 35.82 (38.22); P 17.9£0.9 (16.4); Cu 16.5+0.8 (16.8);
and IEF-9: C 26.14+0.11 (26.13); H 2.79+£0.08 (2.74); O 33.67 (36.98); P 16.9+0.8 (16.8); Cu
17.4+0.9 (17.3). On the other hand, although the estimation of the final composition is not possible
by TGA due to the incomplete combustion of both solids in TGA analysis, the coordinated and
free water contents were confirmed in both cases. Thus, TGA curve of the IEF-8 (Figure S10)
showed an initial weight loss (from RT to 180 °C) of approx. 8.3%, which corresponds with the
departure of the 4 water molecules inside the pores of the structure. Then, a second weight loss
appears (4.1%, from 200 to 300 °C), which might correspond with the removal of the 2 coordinated
water molecules. A last weight loss can be observed at around 550 °C, corresponding with the
combustion of the organic ligand. These data agree with the VT-PXRD patterns (Figure S11),

where slight structural changes are observed with the departure of the 4 hydration water molecules
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in the range 130-140 °C, followed by a structural collapse at around 280 °C when the last 2
coordinated water molecules are removed. Concerning the IEF-9, the TGA curve (Figure S12)
shows an initial weight loss (from RT to 100 °C) of approx. 7.5 %, which corresponds with the
removal of the 3 free water molecules located within the pores. Then, a second loss of 5% (from
100 to 290 °C) is observed, explained by the departure of the 2 coordinated water molecules.
Finally, a weight loss at around 580 °C is attributed to the ligand degradation. In this line, an initial
phase transition can be observed in the range between 60-90 °C in the VT-PXRD patterns (Figure
S13), followed by the complete loss of crystallinity at 250 °C. On the whole, IEF-8 exhibits a
higher thermal stability than IEF-9 (structural transition 140 vs. 90 °C; complete amorphization
280 vs. 250 °C). Note here that the phase transitions evidenced in both solids might be the reason
of the negligible gas sorption capacity determined upon the N> sorption experiments at 77 K, in
spite of the crystallographic porosity of the pristine structures (8.5x5.5x6 A and 6x9 A for IEF-8
and IEF-9 respectively, see above).

Besides their thermal stability, the chemical robustness of both MOFs was assessed by
suspending the powdered solids overnight in different organic solvents of industrial interest and
commonly used in relevant catalytic reactions (see SI for further details), being their structural
integrity evaluated by PXRD. Again, IEF-8 evidenced a higher stability than IEF-9 (Figures S14
and S15) in all the tested organic solvents (i.e. N,N’-dimethylformamide, acetonitrile, toluene,
hexane, dichloromethane, methanol, octane and tetrahydrofurane). Notably, the structural integrity
of both MOFs was kept also under water:methanol mixtures (conditions used in the HER) and in
high relative humidity (RH) atmospheres (Figures S16 and S17), opening the gate to their use as

hydrogen generation photocatalysts.
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Optoelectronic characterization

Envisioning the potential of these materials as photocatalysts, their optoelectronic properties
were investigated. Considering some similarities of the present two P-MOFs with an already
reported nickel pyrene tetraphosphonate (i.e. same linker, free —OH groups, presence of
coordinated and free water molecules), this Ni Pyrene P-MOF was also prepared for comparison.
Note here the successful scale-up of the synthesis (3 vs. 30 mL reaction), prepared at lower
temperature (120 vs. 150 °C) and slightly shorter times (72 vs. 60 h) with higher reactions yields
(46 vs. 70 %) in absence of dangerous reactants (i.e. HF; see SI for further details). The stability
of the Ni Pyrene P-MOF was also characterized, evidencing a higher thermal stability than IEF-8
& -9 (320 vs. 150 & 100 °C) and similar chemical robustness in the selected solvents (see Figures
S18-S22).

Then, IEF-8, IEF-9 and Ni-Pyrene P-MOF were characterized by XPS (Figures S23-S25). In
general, the three MOFs exhibited some similarities due to the presence in their structure of pyrene
tetraphosphonate as organic ligand. The C 1s spectrum showed the presence of the C-C sp* (284.4
eV) accompanied by the C-P (287 eV). In addition, the broad O 1s signal was centered at about
531.5 eV due to the presence of oxygen atoms coming from the —-PO* functional groups and Cu-
O nodes for I[EF-8 & 9 or Ni-O metal nodes for Ni-Pyrene P-MOF. The P 2p spectrum showed a
band centered at 133 eV, attributed to the —-PO*" functional group. IEF-8 and IEF-9 solids were
characterized by a Cu 2p spectrum having the expected double peaks centered at 935 and 955 eV,
corresponding to the Cu?" 2p*2 and Cu?* 2p'? species, respectively.* Ni-Pyrene P-MOF exhibited
a Ni 2p spectrum having double peaks at 856 and 874 eV, assigned to Ni** 2ps» and Ni** 2pi.

species.

15



Furthermore, the optical properties of the novel Cu-based solids and the Ni-Pyrene P-MOF were
evaluated by UV-Vis diffuse reflectance spectroscopy (Figure S26). All these MOFs exhibited a
broad band with absorption edges up to about 450 nm in a similar way that the pyrene-
tetraphosphonate molecule, employed as ligand. The optical band gaps of IEF-8 and IEF-9, or Ni-
Pyrene P-MOF were estimated from these data using the Tauc plot (Figure S26; 2.73, 2.53 and
2.70 eV, respectively), whereas the valence band maxima versus the Fermi level (E) were
determined by XPS (Figure S27;2.2,2.6 and 2.4 eV, respectively). The valence band position with
respect to the NHE (E,™E; Normal Hydrogen Electrode potential) was obtained from the equation
EVNHE = Euf + ¢y + EoSHE (Eq. 1) where ¢sp is the work function of the spectrometer (4.244 eV)
and E¢STE is the energy of the SHE (Standard Hydrogen Electrode) with respect to vacuum level
of the electron (—4.44 eV).* From this E,."ME value and the optical band gap of the conduction
band energy minimum (E.NF) of the MOFs can be also determined.*®*” As it can be observed in
Figure 3, the three tested MOFs exhibit an appropriated band alignment, compatible to perform
the HER in the presence of methanol as sacrificial electron donor. For the most active IEF-8 sample
the valence band versus the Fermi level (E'y) was also estimated by means of UPS with the value
of 2.13 eV (Figure S28). Then, the E,™E was obtained from Eq. 1 with the value of 2.06 eV, in
this case ¢sp of the UPS spectrometer is 4.37 eV. Additionally, valence band maximum of IEF-8
estimated by subtracting the UPS spectrum width (Figure S28) from the He I energy (21.22 eV)
source and referred to the SHE resulted to be 1.95 V. Importantly, both XPS and UPS
measurements have led to almost equal valence band values. Moreover, the UPS spectrum was
recorded also with a negative applied voltage without observing change in the shape of the

spectrum and reconfirming the valence band potential.
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Figure 3. Energy level diagram of IEF-8, IEF-9 and Ni-Pyrene P-MOF.

Photocatalytic efficiency in HER

The photocatalytic activity of the novel Cu-based MOFs IEF-8 and IEF-9 was evaluated for
HER. As shown in Figure 4a, IEF-8 exhibits the highest photocatalytic activity, achieving a
hydrogen production of around 1800 pmol-g™! after 22 h under UV-Vis irradiation. In comparison,
IEF-9 presented a lower activity (740 pumol-g™' after 22 h). Upon photocatalytic reaction, the
structural integrity of IEF-8 and IEF-9 solids was kept, as evidenced by PXRD (Figure S29).
Further evaluation of the chemical stability by monitoring the leaching of the copper to the reaction
solution by ICP-OES revealed a higher robustness of the more active IEF-8 (<0.2 wt%) than the
less active, IEF-9 (4.3 wt%).

When comparing both Cu-based P-MOFs, the higher hydrogen generation of IEF-8 vs. IEF-9
could be explained by different factors. On one hand, the higher reduction potential of IEF-8 when

compared with IEF-9 (-0.73 vs. -0.13 V, respectively). In this sense, one could also suggest that
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the different SBU should affect their photocatalytic activity. While IEF-8 presents pentacoordinate
clusters (CuOs square-based pyramids, where Cu is at the base of the pyramid), IEF-9 structure is
based on chains of hexacoordinate clusters (CuOs octahedra) connected to tetracoordinate clusters
(square-planar CuQOs4). This different coordination could influence the accessibility of the metal
centers. Furthermore, although the number of coordinatively unsaturated metal sites (CUS) with
Lewis acid character is the same per unit formula, IEF-8 presents one CUS for each Cu
pentacoordinate Cu atom (CuOs), and IEF-9 shows 2 CUS for each 2 Cu atoms of those that
compose the octacoordinated clusters (CuQOg). Thus, due to the different nature of the SBUs, a
different Lewis acid strength could be expected for the CUS in both structures and, consequently,
different interactions during the catalytic reaction. On the other hand, the higher structural stability
of IEF-8 (<0.2 vs. 4.0 % degradation) and the presence of a larger number of free water molecules
in their structure (specifically, 4 vs. 3 water molecules per chemical formula in IEF-8 and IEF-9)
could contribute also to the better catalytic water splitting performance. Note here that both MOFs
present the same number of coordinated water molecules in their structures (2 water molecules per
formula).

Considering the higher photocatalytic activity and stability of IEF-8, this solid was selected to
further evaluate the heterogeneity of the reaction in presence of this catalyst. Thus, upon the
removal of the IEF-8 catalyst from the HER reaction system, no hydrogen production was
observed (Figure 4a, red line), confirming that the photocatalytic activity is truly heterogeneous.

In order to further compare the catalytic performances of IEF-8 with other photocatalysts,
commercial copper oxide, the Ni-Pyrene P-MOF and the benchmarked Ti-based MOF
photocatalyst MIL-125(T1)-NHz were employed as photocatalyst under similar reaction conditions

(22 h under UV-Vis irradiation). Commercial copper oxide and Ni-Pyrene P-MOF as controls
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results in much lower HER respect to IEF-8 (391 and 929 vs. 1800 umol-g!, respectively),
evidencing the role of both the photoactive pyrene ligand as light harvesting unit (higher
performance of IEF-8 and Ni-Pyrene P-MOF) and the influence of the nature of the redox
properties of the transition metal (Cu®** more efficient than Ni>"). Considering that IEF-8 and Ni
P-MOF have similar band gap values (~2.7 eV) and photostability based on XRD and ICP
measurements (<0.3% degradation; Figure S28), the higher photoactivity of IEF-8 could be
attributed to its more negative reduction potential of the Lowest Unoccupied Crystal Orbital
(LUCO) level, having higher driving force to promote HER associated to the Cu cation.
Interestingly, IEF-8 photocatalyst is 2.2 times more efficient than MIL-125(Ti)-NHz (1800 vs. 825
umol-g!). Considering that these two MOFs have similar band gap values (~2.7 eV), the higher
HER using the former could be associated to the more negative LUCO value of IEF-8 (-0.73 V)
vs. MIL-125(Ti)-NH2 (-0.65 eV).*® Even further, although one should consider the complex
comparison between studies using different conditions (type of lamp, irradiation, reaction times,
concentration, sacrificial agents, use co-catalysts/sensitizers, cyclability, etc.), the activity of IEF-
8 has been compared with other MOF photocatalysts (Table S5, reader is referred also to some
recent reviews>%%). It seems that IEF-8 is one of the best photocatalysts in HER in absence of any

co-catalysts/sensitizer, not only in the Hz production but also in its cyclability.
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Figure 4. a) Photocatalytic HER using IEF-8 (m), IEF-9 (e) or commercial copper oxide
(o) under UV-Vis light irradiation. The red line shows the photocatalytic HER upon
removal of IEF-8 catalyst after 5 h during the first catalytic cycle (e). b) Influence of the
irradiation source on the photocatalytic HER using IEF-8. c¢) IEF-8 reusability during the
photocatalytic HER under UV-Vis irradiation. d) PXRD patterns of the fresh (a) and four-
times used IEF-8 photocatalyst (b). Reaction conditions: Photocatalyst (10 mg), H20 (15
mL), MeOH (5 mL), Hg-Xe lamp (150 W) output beam without filter or equipped or not

with filters (AM 1.5 filter or A > 455 nm) as indicated in each respective caption.

Besides, the activity of IEF-8 was also evaluated using different light sources (UV-Vis, >455
nm and simulated sunlight; Figure 4b), confirming its activity upon irradiation in all these

wavelength regions. In this sense, although the produced hydrogen under more real conditions (i.e.
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simulated sunlight) significantly decreases when compared with the obtained using UV-Vis
irradiation (1800 vs. 743 pumol-g!, this Ha evolution value is still a high value in the current state
of the art considering the absence of co-catalysts. As expected, the use of a cut-off filter that allows
only irradiations with wavelengths higher than 455 nm results in the conditions with the lowest
photocatalytic activity since the IEF-8 exhibits low absorption at these visible wavelengths (Figure
S26a). Finally, IEF-8 also proved to be recyclable 4 cycles, retaining its photocatalytic activity
(Figure 4c¢), preserving its crystalline structure (Figure 4d) and exhibiting the same functional
groups than the fresh material as revealed by FT-IR (Figure S30). These results highlight the
potential of developing novel P-MOF-based photocatalysts with improved photocatalytic activity
for the HER without the need of a noble metal co-catalyst.

In order to further evaluate the ability of the IEF-8 to promote photoinduced reduction reactions,
methyl viologen (MV?"; E° = -0.44 V) was used as probe molecule.® It is well-known that the one-
electron reduction of MV?" results in the formation of its corresponding blue-colored MV ™" radical
cation that can be usually observed and monitored by UV-Vis optical spectroscopy.® Figure 5a
shows that IEF-8 was able to promote the one-electron reduction of MV?* to MV** under UV-Vis
irradiation. This observation indicates the occurrence of photoinduced charge separation when
using IEF-8 as photocatalyst under UV-Vis irradiation. Further evidence to support this hypothesis
was obtained by photocurrent measurements. The photocurrent response of the IEF-8 supported
on an FTO support as a function of the polarization voltage during five light on/off 1 min cycles
using acetonitrile as solvent and NBuPFs as electrolyte is depicted in Figure Sb. The presence of
methanol during the measurements increased the photocurrent response, a fact that agrees with its
role as a sacrificial electron donating agent that quenches the photogenerated holes and, thus,

avoids the electron/hole pair recombination, proving the ability of IEF-8 as efficient photocatalyst.
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EPR spectroscopy was used to monitor the change in Cu(Il) environment and its concentration
upon irradiation of the IEF-8 as a solid powder with UV-visible radiation. The results, presented
in Figure S31a, show a decrease in the component at lower field and a shift in the position of the
higher field component, as well as the appearance of a new peak. The decrease in the intensity of
the low-field peak reflects a decrease in the population of Cu(Il) becoming Cu(I) (EPR silent),
while the shift in the position of the high-field component and the appearance of a new component
indicates a change in the coordination of the remaining Cu(Il) ions under steady-state irradiation.
We propose that photogenerated Cu(I) species are responsible for the proton reduction to hydrogen
atoms, two of which combine to form H>. Additionally, the positive holes present on the organic

ligands might act as active centers to oxidize methanol that is present as sacrificial electron donor

(Figure S31b).
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Figure 5. a) Observation of the photoinduced one-electron reduction reaction of MV?* to
MV"*, photographs of the MV?* solution before (left side) and after the irradiation (right
side and blue colored solution) in the presence of IEF-8 as photocatalyst. b) Photocurrent

response of IEF-8 material supported on FTO electrode in acetonitrile (bl) or

22



acetonitrile/methanol (b2) solution upon electrode polarization during five light on/off

cycles using a Hg-Xe lamp (150 W).

CONCLUSIONS

Two novel Cu-based P-MOF structures (branded as IEF-8 & 9) were hydrothermally synthesized
using a photoactive tetraphosphonate pyrene derivate as ligand. These materials presented good
thermal and chemical stability (organic solvents typically used in catalysis and hydrogen
photogeneration). Their optoelectronic properties were assessed finding that both of them show
promising features as photocatalysts (bandgap 2.7 eV). In particular, IEF-8 presented a higher
catalytic efficiency producing 1800 pmol-g™! after 22 h without co-catalyst, this value exceeding
the benchmarked MIL-125(Ti)-NH> photocatalyst. Furthermore, the material presented a good
reusability at least up to 4 cycles preserving its activity and structural integrity. This work paves
the way to employ phosphonate MOFs not only for hydrogen generation but also in other catalytic
reactions relevant in different societal and economically-key fields.

Supporting Information
The Supporting Information is available free of charge at (link here).
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