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Metal-organic frameworks (MOFs) permit the 3 10
combination of high internal surface area with 8-
chemical and physical functionality conferred by ‘% 6
the molecular linker. Porphyrins are versatile func- ~ |
tional molecules in catalysis,"! light harvesting,” £ 1
and molecular sensing.®! Porphyrins have been é 21 i
used as building blocks for MOFs,¥ affording O 8 e e e
catalysts,”! light harvesting!® and selective sorption ] B = ; = : ,
in liquid and gas phases.”” MOFs based on Al- 0.0 0.5 1.0 1.5 20 25 3.0
carboxylate coordination chemistry are amongst Q/A™
the most thermally and chemically stable of such c)
systems reported to date.”™ Here we report a water-
stable porous porphyrin MOF with a BET surface
area of 1400 m’g' which performs visible-light-
driven hydrogen generation from water. The free-
base porphyrin can be metalated within the rigid y
host structure. 4

The reaction of AICl;-6 H,O with the free-base )

e

meso-tetra(4-carboxyl-phenyl) porphyrin H,TCPP
(Figure 1b) in water under hydrothermal condi-
tions at 180°C followed by washing with dimethyl
formamide (DMF) to remove unreacted ligand
leads to the formation of the microcrystalline
porous red compound H,TCPP[AIOH],(DMFs;-
(H,0),) 1 (referred to as Al-PMOF, experimental
details are given in section 1.1 in the Supporting
Information). The linker consists of four benzoate

groups around the central porphyrin core.’! The z W

analyzed composition reveals that no aluminium is p y
coordinated within the porphyrin ring, consistent
with the need to use reactive trialkylaluminium
reagents for metalation of the porphyrin in solu-
tion."”) The reaction temperature is required to
solubilize the porphyrin linker. The crystal struc-
ture of 1 was solved and refined from synchrotron powder X-
ray diffraction collected at 100 K. Indexing and Pawley
refinement revealed an orthorhombic cell (a=231.978(3) A,
b=6.5812(4) A, c=16.862(2) A, V=3548.7(6) A%) consistent
with the €222, Cmm?2, and Cmmm space groups. Each of
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Figure 1. a) Final Rietveld refinement of 1 (100 K) showing observed (gray crosses),
calculated (line a), and difference (line b) plots (Q=2x/d). Bragg peak positions
are indicated. b) TCPP porphyrinic linker in 1. c—e) Crystal structure of 1 viewed
down [001], [100], and [010] directions, respectively.

these candidate space groups was evaluated by simulated
annealing using a semi-rigid body to describe the TCPP unit
(Figure S1 in the Supporting Information) with eight refined
parameters describing distances and angles within the por-
phyrin. The best results were obtained for the benzoic acid
group perpendicular to the central porphyrin ring, which can
be best described in Cmmm symmetry, and zero occupancy
for Al at the center of the porphyrin. This model was used in
the final Rietveld analysis (Figure 1a). Fourier mapping
revealed a single guest atom in the channels attributed to
oxygen from water, which was included in the final refine-
ment (Figure S2 in the Supporting Information).

Each porphyrin linker in 1 is coordinated to eight
aluminium centers (Figure 1c—e) through the four carboxyl-
ate groups which each bridge two aluminium units. There is
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a single, non-interpenetrated network defining the structure
of 1. The aluminium coordination consists of four carboxyl-
ate-derived oxygen atoms in the equatorial plane and two ,
axial OH™ bridging adjacent AI*" centers to form an infinite
AI(OH)O, chain, which is a common motif for M** frame-
works with carboxylate ligands. The connectivity of 1 is
comparable to MIL-60,"l which is also based on a tetraden-
tate ligand. Unlike MIL-60, the large, planar porphyrin unit
arranges the chains into an almost perfectly square array. This
arrangement of porphyrin linkers (equally spaced between
pairs of AI(OH)O, chains, staggered in position along [010]
between adjacent pairs of chains by their bridging coordina-
tion to Al which enforces tilting of the octahedra) produces an
intricate, interlaced pore structure (Figure 2).

Two topologically distinct elliptical channels are present
down the [010] direction; one with an in-plane arrangement of
the porphyrin linkers giving rise to an hourglass-shaped pore
(Figure 2b) and one with a staggered arrangement of the
porphyrin linkers giving rise to an S-shaped pore (Figure 2d).
Both elliptical pores are 6x11 A (van der Waals radii
subtracted) and are interconnected by smaller 5 A rectangu-
lar pores running along [001] and [110] to give three-
dimensional porosity (Figure 2¢ and e, respectively).

Consistent with the rigid porphyrin-based arrangement of
the robust Al hydroxide chains, 1 is stable after guest loss to
350°C in air (Figure S4 in the Supporting Information).
Desolvation under vacuum (1072 Pa) at 170°C affords the
guest-free material with both crystallinity and cell parameters
essentially unchanged from the guest-containing system. N,
sorption at 77 K demonstrates a surface area of 1400 m*>g~!
and a micropore volume of 0.625 cm®g™" which matches well
with 0.63 cm®g™! calculated from the structural data at 100 K
(Figure 2a).

Solid-state NMR spectroscopy confirms the structural
chemistry deduced from the long-range average crystallo-
graphic structure of 1 at a local level. The '"H magic angle
spinning (MAS) NMR spectrum (Figure 3a) shows resonan-
ces at 9.0 and 7.8 ppm from the porphyrinic and benzyl rings,
respectively, and —5.5 ppm from the NH protons of the free-
base porphyrin linker. The resonance at 3.9 ppm is assigned to
guest water species. The broad line at about O ppm is
representative of bridging AIOHALI groups. The 'H-'*C CP
MAS NMR spectrum (Figure S6 in the Supporting Informa-
tion) shows six resonances in the aromatic region correspond-
ing to the carbon atoms of the porphyrin. The 7 Al{'"H} MAS
NMR spectrum (Figure 3b) displays a broad, asymmetric
resonance dominated by the second-order quadrupole inter-
action. The quadrupolar parameters (Table S2 in the Sup-
porting Information) from lineshape fitting give an isotropic
chemical shift at 6 =6.0 ppm, a quadrupolar coupling con-
stant of 13.5 MHz, and an asymmetry value of 0.13, indicating
the presence of an octahedral AlOq site. These values are in
agreement with Al-based porous frameworks containing
similar structural units.'”l The ¥ Al MQMAS NMR spectrum
(Figure S7) confirms one AlOg site consistent with the
predicted crystal structure.

The crystallinity of 1 is unchanged on standing for a week
in water, with UV/Vis analysis of the supernatant confirming
no porphyrin ligand is present in solution after this stability
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Figure 2. a) N, sorption isotherms at 77 K for 1 (blue) and 2 (red)
upon adsorption (filled circles) and desorption (empty circles).

b—e) Pore structure of 1. The external and internal pore surfaces are
shown in light gray and purple, respectively. b) Hourglass pore arising
from the in-plane arrangement of porphyrin linkers, as probed by

a radius of 1.8 A. ¢) Section through the hourglass pore network, as
probed by a radius of 1.4 A. The hourglass pores are interconnected by
smaller, rectangular channels in the [001] direction. d) S-shaped pore
arising from the staggered arrangement of porphyrin linkers, as
probed by a radii of 1.8 A. e) Section though the hourglass pore
network, as probed by a radii of 1.4 A. The S-shaped pores are
interconnected by smaller, rectangular channels in the [110] direction
which in turn connect with the rectangular channels in the [001]
direction to form a completely interconnected pore network.

test. This stability extends to pH 5, with dissolution observed
in both diffraction and UV/Vis spectroscopy at pH 8 and
above (Figure 3¢ and d).

The optical properties of 1 are determined by the
porphyrin linker. The solid-state UV/Vis absorption spectra
of the AI-PMOF shows the strong Soret band at 415 nm (S,—
S, absorption process) and four Q bands at lower energies
(Sy—S)), as expected from the m—n* transitions in the free-
base linker™ (Figure 4a). The fluorescence spectrum (Fig-
ure 4b) displays a band at 660 nm arising from the S,—S,
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by Zn*" measured by energy
dispersive X-ray spectroscopy
(EDX) in conjunction with
scanning electron microscopy
Material 2 refined
with similar cell parameters
to 1 (collected at 295K,
a=31.8577(14) A, b=
6.6002(3) A, ¢ =16.8909(8) A,
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V=3551.6(3) A%). Rietveld
refinement of synchrotron X-
ray diffraction data from 2
desolvated at 443 K for 48 h
under vacuum shows that
Zn*" is at the center of the
porphyrin ring, with a refined
occupancy of 0.986(12) in the
plane of the porphyrin in
square planar coordination
(Figure 4c). Thermal stability
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Figure 3. a-b) Solid-state NMR spectra of 1: a) 'H MAS at 25 kHz; b) ZAI{"H} MAS at 25 kHz. c) UV/Vis
absorbance of the supernatant filtered from aqueous suspensions of 1 after standing for one week at
ambient temperature at different pH. d) PXRD of solid 1 recovered after standing in aqueous solutions of

varying pH.
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Figure 4. a) UV/Vis solid-state absorption spectra of 1 and 2. b) Emission fluorescence spectra of 1 and 2
(excitation wavelength: 415 and 425 nm, respectively). c) Structure of the Zn**-metalated porphyrinic unit
in 2; Zn in purple. d) Photocatalytic evolution of hydrogen from water by 1 and 2 under visible-light
illumination, using sacrificial EDTA with catalytic colloidal platinum e) The photocatalytic reaction using 2.
i) Reaction involving 2, methyl viologen, colloidal platinum, and sacrificial EDTA. ii) Reaction involving 2,
colloidal platinum, and sacrificial EDTA. The relevant reaction equations are given in section S8.3 in the

Supporting Information.

radiative processes, as expected for the free-base porphyrin
and consistent with the spectrum of the free linker in solution
(Figure S8 in the Supporting Information).

As the porphyrin is present in its free-base form, 1 can be
considered as a versatile platform framework allowing post-
synthetic chemical modification by porphyrin metalation.
Reaction of 1 with anhydrous zinc acetate in DMF at 100°C
afforded a highly crystalline purple material 2 Zny g4, TCPP-
[AIOH], (see section2 in the Supporting Information),
consistent with 90 % occupancy of the porphyrin center sites
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30 40 .
measured by thermogravimet-

ric analysis (TGA) increases
over that of 1 to 370°C (Fig-
ure S5) in air and the mea-
sured BET surface area is
1200 m?g~! (Figure 2a).

After metalation of the
porphyrin ring to form 2, the
UV/Vis spectrum confirms
Zn**  insertion  through
a slight red shift in the Soret
band to 425 nm (compared to
415 nm for 1) and the predom-
inant presence of two instead
of four Q bands because of the
higher symmetry of the meta-
lated compound. The fluores-
cence spectrum also shows the
effects of metalation on the
optical properties, as the fluo-
rescence signal of 2 displays
two maxima at 620 and
660 nm, corresponding well
to the effect of metalation on
the ligand in solution (Fig-
ure S8 in the Supporting Infor-
mation). Porphyrins have
been evaluated for the photo-
dissociation of water into H,
and 0,.7** The photocatalytic properties of porphyrin
molecules are sensitively controlled by the presence of metal
cations within the ring."”! As the porphyrin functionality is
accessible through the extensive internal surface of 1 and 2,
and the porphyrin is photocatalytically active in visible light,
we evaluated 1 and 2 for photocatalytic evolution of hydrogen
from water. UV-absorbing MOFs have generated hydrogen
from water photocatalytically'® and recently Ir and Ru
complex-doped UiO-67 proved to be catalytically active for
organic transformations such as the aza-Henry reaction under

visible light i)
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visible light.'”! To harvest the energy of the optically
generated porphyrin-based excited states, two approaches
were used. First the MOF/MV*/EDTA/Pt system was
studied. Here the methyl viologen dication MV?*" acts as an
electron acceptor and mediates electron transfer to Pt, which
performs H, evolution and ethylenediaminetetracetic acid
(EDTA) is a sacrificial electron donor (i in Figure 4¢). MV**
is readily adsorbed by 1 and 2 in an aqueous environment
(Figure S9), and EDTA is far smaller than the available pore
dimensions. Following absorption of visible light by the
porphyrin and the generation of the associated electronic
excited species in 1 or 2, the methyl viologen is reduced to the
radical cation (MV™) by electron transfer from the porphyrin
and EDTA is oxidized to organic decomposition products by
the remaining positive charge on the porphyrin unit. MV*
transfers its electron to the colloidal platinum where hydro-
gen is evolved. This reaction scheme is well-understood in the
photochemistry of porphyrin molecules in solution (see
section 8.3 in the Supporting Information). For both frame-
works a small amount of H, was observed after illumination
with visible light in the aqueous EDTA/MV?*"/colloidal Pt
solution for 15h (quantum yield estimated to be less than
0.01%). Such a low activity can be explained by the diffusion
limitations of methyl viologen in the pores, as the Pt
nanoparticles are too large to enter the pore system. To
check this hypothesis, a second set of experiments was
undertaken with the MOF/EDTA/Pt system. In this case the
excited porphyrin molecules in the MOF react directly with
EDTA to form the reduced porphyrin which in turn transfers
an electron to Pt. Pt concentration was increased to ensure
the optimum contact between the metal and the framework.
For both frameworks there was a noticeable increase in H,
generation, producing H, at 100 pmolg 'h™' rate for 2 and
200 umolg'h~! rate for 1 after an induction period of about
3 h, enhancing the quantum yield by more than one order of
magnitude over the MV-based route (Figure 4d). Repeated
reactions with same catalysts showed good data reproduci-
bility. Powder X-ray diffraction (PXRD) and SEM measure-
ments show that the frameworks are unchanged after the
photocatalytic reactions (Figures S10, S11, and S12 in the
Supporting Information). To rule out any homogeneous
photocatalytic activity, a supernatant test was performed for
1 and 2. After stirring the MOF in the reagent solution for
24 h, the solid was filtered out and the solution was exposed to
visible-light source used for the photocatalysis reaction for
15h. No H, could be detected by GC, showing that the
amount of H, is produced by heterogeneous photocatalytic
activity of the framework, consistent with the observed
stability of 1 and 2 under the reaction conditions. We believe
the low quantum yield is due to the self-quenching occurring
inside the porphyrin MOFs 1 and 2.

MOF 1 is a stable high-surface area crystalline material
which presents the chemical and optical functionality of the
porphyrin ligand for a range of applications. The center of the
porphyrin ring is available for subsequent chemical modifi-
cation in 1, exploited here through the introduction of Zn*".
More detailed control of the energy transfer processes
following excitation of the porphyrin linker can be envisaged,
for example, by diluting the concentration of porphyrin in the
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MOF or using alternative central metal ions in the porphyrin,
to enhance the visible-light photocatalysis behavior observed.
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