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The structural features of cobalt-based oxygen evolution catalysts
are elucidated by combining high-field MAS NMR spectroscopy
and DFT calculations. The superior photocatalytic activity of the
heterogeneous system over its homogeneous counterpart is
rationalised by the structural features. The higher activity is caused
by a more favourable electron-withdrawing character of the
framework.

Transition metal (TM) cubanes are a class of organometallic
compounds that contain an M40, cube as a core, typically sur-
rounded by nitrogen and oxygen donor ligands."™ Most com-
plexes have pyridine- or bipyridine-based axial ligands while
the equatorial facets of the cube are bridged by carboxylates.
TM cubanes have been studied extensively in the last decade
mainly for three reasons. First, their structure is similar to the
active site in photo system II (PS II), which consists of a
{CaMn,0s} oxo cluster, making them ideal model systems to
study the oxygen evolution reaction (OER). Second, the large
number of TM and TM combinations opens up the possibility
to vary the metal core by design. Third, the rich coordination
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chemistry of TM allows the design of an almost infinite
number of cubanes by exchanging axial pyridines and/or equa-
torial carboxylates."® Although cubanes have been widely
studied as OER catalysts or in selective oxidation reactions,
surprisingly their characterisation by (solid-state) nuclear mag-
netic resonance spectroscopy remains scarce, except for the
standard 'H and C liquid NMR characterisation. As with
other metal-organic complexes, ">’N NMR and NMR studies of
the metal are expected to provide important insights into the
local structure.”® To this end tetrakis[(u-acetato-xQ'xQ’)-u3-
oxo-(pyridine)cobalt(II1)]° (Co,04(OAc),Py,, Fig. 1) is an ideal
model, not only because of its high catalytic activity, but also
because the central Co is NMR active (100% natural abun-
dance) with the largest chemical shift range.” Furthermore,
*Co is a quadrupolar nucleus with a spin of 7/2, so the line-
width of the *°Co NMR signal is therefore highly sensitive to
the symmetry of the ligand atom combination.

Here we showcase the detailed insight into the local struc-
ture of Co,04(OAc),Py, available from both liquid- and solid-
state NMR spectroscopy. In addition to Co,04(OAc),Py,, we
also studied its '"N-labelled analogue Co,04(OAc){"°N}Py,
and a Co,04(OAc),Py, derived porous coordination polymer
(PCP).® Solid-state >N NMR spectroscopic studies, either
under magic angle spinning (MAS) or static, provide additional
information not accessible from liquid-state NMR spec-
troscopy. By combining "N NMR with DFT calculations, we
highlight the effect of Co coordination on the chemical shift
tensors of N and on the resulting isotropic chemical shift. In
addition, liquid-state >N and *°Co NMR spectroscopy reveal
the stable coordination of axial pyridine ligands, the (partial)
exchange of equatorial acetate ligands, and the intact structure
of the Co,0, core, even after photocatalysis. In order to obtain
useful nitrogen-15 NMR spectra in a reasonable time, labelling
schemes are essential.” While this is feasible for molecular
complexes with simple ligands such as pyridine, solid
materials require more complex ligands whose labelling leads
to multi-step synthesis schemes. Although the natural abun-
dance of "N is >99.6%, '*N NMR spectroscopy remains
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(A) Molecular structure of Co,404(OAc)4Py, along the crystallographic ¢ direction. Colour code: C: black, O: red, N: blue, Co: cyan and H

white. (B) Solid state NMR spectra of Co404(0AC)4{*°N}Py, with and without MAS as well as a deconvoluted spectra. (C) Comparison of >N NMR
spectra of Co,04(0Ac)4{**N}Py, dissolved in D,O (red), DO (pH > 9, blue), ACN-d3 (cyan), CD,Cl, (orange) with the CP MAS spectrum (black) as
well as the spectrum of pyridine in D,O. # labels *°N signal from ACN-d3. (D) Comparison of >°Co NMR spectra of Co404(OAc)4{*°N}Py, dissolved in

D,O (red), D,O (pH > 9, blue), ACN-d3 (cyan) and CD,Cl, (orange).

scarce.'® Therefore, we have finally extended the investigation
to the 3D solid material using proton-detected nitrogen-14
NMR spectroscopy at fast MAS and high field,"""> adding
another proton-detected technique to the toolbox for PCP
characterisation.™

The "N chemical shift of pyridine is very sensitive to the
coordination or protonation of the N atom.’ It is therefore an
ideal descriptor to monitor changes in e.g. the structure of a pyri-
dine-based complex. The solid state >N NMR spectrum of
C0,40,4(OAc),{*>N}Py, measured under static conditions shows a
typical powder pattern from which the N chemical shift tensor
and the symmetry of the tensor have been extracted to be §; = 465
(5) ppm (611), 6 = 405(5) ppm (55,) and 5, = —54(1) ppm (533,
Seef("°NH; lig.) = 0 ppm). To obtain a deeper insight, DFT calcu-
lations of the chemical shifts were performed using the
Polarisable Continuum Model approximation assuming that the
effects of non-covalent interactions and the crystal field on the
chemical shielding are small, and that a change in the dielectric
constant has a negligible effect (see ESI} for details)."*" The cal-
culated tensors vary between 480 ppm (&), 440 ppm (§,) and
—91 ppm (6,), in good agreement with the observed values.

The solid-state >N NMR spectrum of Co,0,4(OAc),{"°N}Py,
recorded under MAS conditions, gives an isotropic chemical
shift of 246.6 ppm, with a linewidth of 730 Hz. This rather
large linewidth is most likely caused by the distribution of the
N--Co distances, between 1.954(3) and 1.965(2) A
(Table S13%).]| At first sight, it can be assumed that there are
three overlapping signals (239(3), 248(2), 259(2) ppm, Fig. 1b),
with the central signal being twice as intense as the side ones.
Indeed, we would expect such a pattern from the single crystal
structure, as we see three sets of N---Co distances (Tables S5
and S7%).

The effect of Co coordination on the >N chemical shift of
pyridine is very different from that caused by hydrogen
bonding. Hydrogen bonding leads to a strong change in the
tangential component of the tensor.'®'” Coordination to Co™,
however, leads to changes in both the tangential and the per-
pendicular components of the tensor (Tables S5 and S7i).
These changes are unidirectional and result in a large change
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in the isotropic value, compared to the chemical shift of free
pyridine in the solid state (314 ppm (ref. 18)). Also compared
to the impact of hydrogen bonding in the solid state, the
change upon coordination in chemical shift (A6"°N) of pyri-
dine is large, with —68 ppm compared to —20 ppm in case of
hydrogen bonding to water."® The A§"°N values observed both
in the solid state and in solution (vide infra) for pyridine co-
ordinated to Co™ in the cubane are in line with the reported
AS"N value for transition metal complexes containing pyri-
dine-moieties as ligands.”

Next, we studied the cubane dissolved in different solvents.
In aprotic solvents ie. acetonitrile (244.8 ppm) and dichloro-
methane (243.3 ppm), the N chemical shifts are in excellent
agreement with the isotropic chemical shift observed by MAS
NMR (246.6 ppm, Fig. 1c). When dissolved in neutral water or
basic media (pH of catalysis, see below), the signal shifts to
233.3 ppm independent of the pH value. Thus, the N atom is
more shielded in aqueous environments compared to the
solid state or dissolved in aprotic solvents. Importantly, no
traces of free or hydrogen-bonded pyridine are observed.'®
Thus, the small changes in chemical shift observed between
aqueous and aprotic conditions as well as the solid state
cannot be explained by de-coordination of a pyridine even in a
very fast equilibrium. In the case of a fast equilibrium, a low
field shift would have been expected, as only the time average
of the chemical shifts would have been observed.'® An increase
in the Co--N bond length should result in a reduction of
A5 N (Tables S5 and S71) and thus in a low field shift of the
isotopic chemical shift, which we did not observe. Although,
the isotropic "N chemical shifts of the cubane are different in
aqueous solution and in the polycrystalline state, the structure
of the complex is preserved, i.e. the Co---N bond not only does
not break in aqueous solutions but, apparently, becomes
somewhat shorter.

We further studied the catalytically active Co,0, core by
*Co NMR spectroscopy. The linewidth of the *°Co NMR signal
is highly sensitive to the symmetry of the ligand atom combi-
nation."® With decreasing symmetry of the ligand atom combi-
nation, the NMR signal becomes broader or vanishes comple-

This journal is © The Royal Society of Chemistry 2024
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tely. The linewidth of the *°Co chemical shift increases from
3.7 kHz in acetonitrile, 4.4 kHz in dichloromethane to more
than 22.5 kHz in aqueous solution, again independent of the
pH value (Fig. 1d). Similarly, for a series of Co complexes, a
change in linewidth by a factor of approx. 6 has been reported
when acetonitrile was replaced by water, the increase in line-
width has been attributed to additional hydrogen bonding
interactions.?® To allow for significant hydrogen bonding inter-
action with water, some of the labile acetate ligands are (par-
tially) replaced by a water molecule and a hydroxyl group.®
This ligand exchange not only allows for a better hydrogen
bonding interaction, but also decreases the ligand group sym-
metry which may also contribute to the observed increase in
linewidth.! Other effects that may affect the linewidth such as
scalar coupling can be neglected as the **Co NMR spectra for
complexes with °N-labelled and natural abundance pyridine
gave the same linewidth (Fig. S1, and section S4} for further
discussion). The chemical shift is also affected by the solvent
and thus partial ligand exchange: from about 11 770 ppm for
the pristine Co,04(OAc),Py, to 12070 ppm for the cubane in
aqueous solution. Similarly, *’Co NMR spectra can be acquired
under MAS conditions (with spinning speed exceeding the
second order quadrupolar shift). By recording spectra at two
different magnetic fields, an isotropic *Co shift of 12 030 ppm
was extracted for Co,04(OAc),Py, in the solid state. Partial
exchange of acetate by H,O/OH is further evidenced by 'H and
"H-"C double-CP MAS NMR spectra showing a signal at
approx. —1 ppm, characteristic for isolated OH groups such as
in MgO, y-Al,0; or zinc-based metal-organic frameworks.*>>*
Advantageously, the NMR experiments discussed offer
sufficient sensitivity to study Co,04(OAc),Py, under catalytic
conditions. In order to verify the catalytic activity,
C0,04(0Ac),Py, was dissolved in an aqueous borate buffer at
PH 8 containing 6 mM Na,S,0s as a sacrificial electron accep-
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tor and 1 mM Ru(bpy);Cl, as photosensitiser. Irradiation with
a 100 W lamp yields turnover frequencies of up to 1.3 x 1073
s~' (Fig. S3%), in line with reports from Dismukes and co-
workers (1072 s™%, pH 7, carbonate buffer, 250 W lamp)*’ or
Sartorel and co-workers (0.2 x 107 s, pH 8, borate buffer,
450 nm LEDs, Table $9%).>® To shed light on the molecular
structure of the cubane after catalysis, the photocatalytic
experiments were also performed in an NMR tube and in
deuterated solvents under otherwise similar conditions. The
N NMR and *°Co NMR spectra of the cubane dissolved in the
reaction mixture and recorded before and after the reaction
are the same as those observed in aqueous solutions (Fig. S41).
No change in the **Co NMR linewidth is observed, confirming
that no change in the molecular structure has occurred. Thus,
a coordination of borate to the cubane core can be ruled out,
which has been discussed in stabilizing the cubane core.*”
However, such a coordination would change the coordination
sphere of the Co centre, affecting its linewidth (see above).
Similarly, "H NMR spectra did not show any changes in the
cubane signals, in particular no free pyridine is observed, nor
are there any changes in the acetate region of the spectrum, in
contrast to bipyridine-based analogues.*”

To showcase the potential of NMR in establishing the local
structure, e.g. Co’s ligand group symmetry and N coordination,
we also studied an amorphous PCP in which the cubane core
acts as a node. In this PCP, the cubane nodes are intercon-
nected with each other by replacing monodentate pyridine
with tridentate 2,4,6-tri(4-pyridyl)-1,3,5-triazine (TPT) to form
Co,TPT (Fig. 2a).® First we demonstrate the activity of Co,TPT
as an OER photocatalyst in the presence of Ru(bpy);Cl, as a
photosensitiser. Under otherwise identical conditions to
C0,04(OAc),Py,, Co, TPT gives a TOF of 3.0 x 1072 s™*, which is
stable over several cycles (Fig. S5%). Compared to the molecular
C0,04(0OAc),Py,, the TOF increases by a factor of 3 when using
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Fig. 2 (A) Idealised structural model of Co,TPT.8 (B) 5°Co solid-state NMR spectrum of Co404(0Ac)4Py,4 acquired under 70 kHz (blue), 62.5 kHz
(orange) MAS rate at 14.09 T By, field (600 MHz) and under 55 kHz (red), 50 kHz (green) MAS rate at 18.79 T B, field (800 MHz) with indicated centre
of gravity of the isotropic signal and pure isotropic chemical shift of 12030 ppm (dashed line). (C) 2D H-'*C double-CP spectrum of
C0404(0OAC)4Py,. (D and E) 2D *H-**N TRAPDOR-HMQC spectrum of Co,04(0Ac)4Py, (D) and of Co,TPT (E). All spectra in (C—E) were recorded at a

MAS frequency of 62.5 kHz MAS rate at 14.09T.
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the heterogeneous catalyst (Fig. S3%). The higher activity of
Co,TPT is not due to decomposition of the cubane core after
heterogenization. First, only traces of leached Co species are
detected in the supernatant after each cycle (Table S10%). Note
that traces of decomposed cubane, the presence of which
depends on the reaction conditions, have been reported to be
catalytically inactive.”® Second, the IR spectrum of the spent
catalyst confirms the stable nature of the framework, i.e. the
Co---TPT coordination bonds, with the labile acetate ligands
most likely replaced by water and OH groups (Fig. S6 & ESIi
for further discussion).®?® Finally, the presence of free pyri-
dine moieties,® which could be responsible for the change in
activity, was ruled out by "N solid-state NMR spectroscopy
(see below). Thus, the higher activity of Co,TPT compared
C0,04(0Ac),Py, is most likely due to the change of the electron
density on the active cubane core. The replacement of a proton
(Hammett constant of 0) in the 4-position of the pyridine by a
triazine core (Hammett constant of 0.29%%) in the framework
TPT-linker causes a lower electron density on the pyridine and
subsequently on the Co core. For a series of molecular
cubanes, Wang et al. correlated a lower electron density on the
Co core with a higher reaction rate.*® The PCP framework con-
trols the catalytic activity in the same way as a molecular
ligand in homogeneous catalysis and thus behaves as a macro-
ligand in oxidative reactions. Similar behaviour of different
PCPs has already been demonstrated for various reduction
reactions.’?

To rule out that free pyridine moieties® are responsible for
the change in activity, we studied Co,TPT by solid-state NMR
spectroscopy. Selective labelling of the linker TPT with >N on
its pyridyl moiety would require multi-step synthesis schemes.
To avoid such costly schemes, we have instead studied the
amorphous PCP using proton-detected nitrogen-14 NMR spec-
troscopy (TRAPDOR-HMQC)."” For comparison, the molecular
cubane was also studied using the same techniques. In con-
trast to the molecular complex, the "H NMR spectrum of the
amorphous PCP shows two broad peaks at around 7 and
3 ppm of aromatic and aliphatic protons, respectively.
Likewise, the *C NMR spectrum shows broader peaks and
thus loses some of the fine information obtained for the mole-
cular complex (Fig. S2f). However, the proton-detected ‘N
NMR experiments yield very similar **N chemical shifts for the
pyridine moiety centred at around 600 ppm (Fig. 2D and E).
This confirms the very similar coordination geometry of the
pyridine N atoms in Co404(OAc),Py, and Co,TPT. In addition,
observed difference between >N and N shift allows esti-
mation of "*N quadrupolar coupling constant to Cq, = 2.9 MHz
(assuming 7 = 0 see ESI 5.3f). Note that similar differences
between the observed nitrogen-14 and nitrogen-15 shifts have
previously been described and are caused by the contribution
of the isotropic second order quadrupolar shift to the nitro-
gen-14 shift."”** All together with the knowledge obtained
from pair distribution function analysis and X-ray absorption
spectroscopy that the Co,0, core remains intact after inte-
gration into the amorphous PCP,®> we now have a complete
picture of the molecular structure of the active site.
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Conclusions

We have demonstrated a step forward in the analysis of Co,40,-
based model catalyst of nature’s PS II, made possible by com-
bining **¥**N and *°Co liquid-state NMR with solid-state NMR
under high MAS rates and carefully tuned pulse sequences,
and DFT calculations. This allows to understand changes in
N---Co coordination distance on '°N chemical shift, to assign
all nitrogen resonances resolved in the spectrum of the mole-
cular complex Co,04(OAc),Py, and to disclose its behaviour
under catalytic conditions. For the first time the coordination
chemistry of pyridine moieties in an amorphous PCP has been
determined, which is crucial for the understanding of their
catalytic performance. The reported proton-detected **N NMR
experiments are an important addition to the conventional
repertoire of solid-state NMR. Notably, they allow to avoid
costly and challenging labelling schemes to introduce '°N
atoms at selected positions on the molecules, and allow a
reduction in the amount of sample required, which in turn
allows to use of fast MAS to achieve high spectral resolution,
thus increasing the amount of information.
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