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ABSTRACT: Heterogenization of molecular catalysts via their immobilization within extended structures often results in
a lowering of their catalytic properties due to a change in their coordination sphere. Metal-organic polyhedra (MOPSs)
are an emerging class of well-defined hybrid compounds with a high number of accessible metal sites organised
around an inner cavity, making them appealing candidates for catalytic applications. Here we demonstrate a design
strategy that enhances the catalytic properties of dirhodium paddlewheels heterogenized within a MOP (Rh-MOP) and
its three-dimensional assembled supramolecular structures, which proved to be very efficient catalysts for the selective
photochemical reduction of carbon dioxide to formic acid. Surprisingly, the catalytic activity per Rh atom is higher in the
supramolecular structures than in its molecular sub-unit Rh-MOP or in Rh-MOF, and yields turnover frequencies of up
to 60 h™* and production rates of approx. 76 mmole formic acid per gram of catalyst per hour, unprecedented in hetero-
geneous photocatalysis, demonstrating the high potential of MOPs as catalysts for the photoreduction of CO,. This
opens new perspectives for the electronic design of discrete molecular architectures with accessible metal sites for the
production of solar fuels. The enhanced catalytic activity is investigated by XPS spectroscopy and electrochemical
characterization, showing that self-assembly into supramolecular polymers increases the electron density on the active
site, making the overall reaction thermodynamically more favourable. The catalyst can be recycled without loss of activ-
ity and with no change of its molecular structure as shown by pair distribution function analysis.

INTRODUCTION

A fruitful strategy in the design of molecularly-defined
heterogeneous catalysts is the immobilization of isolated
active sites within a host framework whose intrinsic po-
rosity ensures the accessibility of the active site. Impor-
tantly and beyond technical advantages like direct cata-
lyst separation from product, heterogenization can also
stabilize accessible metal sites that act as single atom
catalysts, avoiding the formation of metal clusters and
maintaining a high concentration of active sites.'™

Thus, the controlled structuration of accessible metal
sites as a key catalytic component in a porous frame-
work would confer appealing catalytic properties combin-
ing high site density and stabilization with active site
accessibility on the corresponding materials. However,
the integration of catalytically active centres into a solid
support often results in an intrinsic reduction of their
activity compared to their homogeneous molecular coun-
terparts.>”® The reasons for this decrease in catalytic

activity are not yet fully understood. Recently we demon-
strated that one crucial factor resulting in a lower cata-
Iytic activity after heterogenization is the change in the
electron density on the catalytically active site caused by
the heterogenization itself.’

In the context of catalytically active accessible metal
sites, Rh,"" paddlewheel complexes, in which the re-
moval of labile ligands from the axial position of the pad-
dlewheel can give access to open Rh metal sites, stand
out by their high chemical stability as well as their variety
of accessible redox states, including Rh,"' and Rh,""
oxidation states.'®'* Consequently, Rh,"" paddlewheel
complexes have attracted interest in a large range of
catalytic reactions,’* including cyclopropanation,***?
hydrogenation,**™" ethylene dimerization,’® or photo-
catalytic hydrogen evolution reaction.’®**?° So far, the
heterogenization of the Rh,"" paddlewheel as a catalytic
centre has been limited to their immobilization within
supramolecular structures (through non-covalent interac-
tion) or coordination polymers and metal-organic frame-



works (MOFs). A controlled arrangement of Rh,"" pad-
dlewheels has recently been reported in metal-organic
cages, also called metal-organic polyhedra (MOPSs),
which are discrete molecular structures, self-assembled
from bent ligands and metal precursors. *7** As one of
the smallest porous units, MOPs have been used as
templates to accommodate and control properties of
various guests, and have shown promising applications
in, sorption, separation, and sensing.”****’ In catalytic
applications MOPs have been used mostly as nanocon-
tainers, encapsulating catalytically active species,? or as
nanoreactors, with grafted organocatalysts or inorganic
complexes to their linker backbone.”** So far, the use
of the secondary building unit of metal-organic polyhedra
as a catalytic centre is still scarce,®* > and their potential

as a photocatalyst is as yet unexplored.

Here, we explore the catalytic activity of the pre-
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dicarboxylate) and their assembled supramolecular
structures formed by coordination with 1,4-bis(imidazol-
1-ylmethyl)benzene as ditopic N-donor linkers. Depend-
ing on the amount of N-donor linker, the materials are
obtained as colloidal particles (Rh-CPP) or aerogels (Rh-
SAG, Figure 1).** As heterogeneous catalysts in the
photocatalytic reduction of CO, to formic acid, they yield
unexpectedly high catalytic activities, outperforming both
molecular Rh,"" paddlewheel complexes and other het-
erogeneous photocatalysts. We use pair distribution
function analysis, XPS, in situ EPR spectroscopy and
electrochemical measurements to rationalize these find-
ings. The key favourable properties of these catalysts
are their high density of Rh active sites, their high acces-
sibility due to the cage structure of the MOP, and the
increased electron density of the active site induced by
immobilization in a supramolecular polymer with a suit-
able electron donating linker.
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Figure 1. Schematic representation of (a) the Rh-MOP, [Rhz(R-bdc)z]12 (R = 5-dodecoxy (Ci2) or H), with the green polygon
highlighting the cuboctahedral geometry of the cage and the purple atoms the substituent groups in the five positions of the
isophthalic acid (R-bdc). The structure is calculated from the single crystal data of [ha(H-de)z]12.37 (b) Schematic represen-
tation of the supramolecular polymerization reaction between Rh-MOP and bix, which leads to the formation of colloidal parti-



cles (Rh-CPP) when bix is added stepwise or to the formation of a colloidal gel network when 12 eq. of bix are added. The gel
is then transformed into the corresponding colloidal aerogel (Rh-SAG) after solvent exchange and ScCO; drying process. (c)
Schematic representation of the Rh-MOF, [Rh3BTC:],, derived from isostructural CusBTC, (because of the absence of exper-
imental [RhsBTC3], structure) view along the crystallographic a axis (CCDC 827934). H-atoms are omitted for clarity. Color
code: Rh green, O red and C grey. The Rh-MOP and Rh-MOF possess two axial, accessible metal sites in the rhodium pad-
dlewheel, while for the assembled colloidal particles and aerogel based on Rh-MOP building blocks, the metal nodes are
partially coordinated by bix molecules in the exohedral axial site (at the MOP surface).

RESULTS AND DISCUSSION

Design of Rh,"" paddlewheel photocatalysts. Pre-
viously, we reported the self-assembly of isophthalic acid
derivatives with rhodium paddlewheel precursors
(Rhy(OAC),) to form stable rhodium-based cuboctahedral
MOPs, which possess an internal cavity with a diameter
of ~ 1.2 nm and window openings of 0.4 and 0.7 nm for
trigonal and square shaped apertures respectively, as
determined using an automated structural analysis of
molecular pores.®® In case of isophthalic acid (H-bdc) as
ligand the MOP [Rh,(H-bdc).];. is obtained,*” and in case
of 5-dodecoxybenzene-1,3-dicarboxylic acid (Cy,-bdc)
the MOP [Rh,(Cy,-bdc),]1,,%° called hereafter HRh-MOP
and C;,Rh-MOP respectively (Erreur ! Source du ren-
voi introuvable.a). In the case of HRh-MOP, it is nec-
essary to solubilize the cage through the coordination of
1-dodecyl-1H-imidazole (diz), to the exohedral axial
metal sites of the MOP, prior to any supramolecular
polymerization reaction. Further reaction of the exo-
hedral Rh(Il) ions of the Rh-MOPs with 1,4-bis(imidazol-
1-ylmethyl)benzene (bix) as a ditopic N-donor ligand

drives their self-assembly into supramolecular polymers (
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Figure 1b).*® During the stepwise addition of bix (see
S| section S2 for details), the supramolecular polymers
can be obtained as spherical coordination polymer parti-
cles (CPP) with an average diameter of 206 + 63 nm and
79 * 18 nm for C;,Rh-CPP and HRh-CPP respectively
(Figure Sba, b). When adding the Rh-MOP to 12 molar
equivalents of bix, a colloidal gel network, made of parti-
cles of 30 nm, is formed. Further processing of the gel
with supercritical CO, dryer lead to the formation of a
supramolecular aerogel after solvent removal (Ci,Rh-
SAG, Figure S8).*° The C;,Rh-CPP has an average
composition of [Rhy(Ci,-bdc),]i,(bix)s, (Figure S6a),
while the content of bix linker is approximately double in
the aerogel, giving a composition of [Rhy(Cy,-
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bdc),]12(bixX)s s (Figure S9).*® For HRh-CPP, the composi-
tion is [Rhy(H-bdc),li2(bix)s 2(diz)s 3 (Figure S6b). All su-
pramolecular polymers are built from well-defined build-
ing-blocks but lack long range order.

In the Rh-CPP and Rh-SAG materials, the endohedral
axial rhodium atom of each Rh paddlewheel is an acces-
sible metal site pointing towards the inside of the porous
cage, while the exohedral one can be coordinated by bix
molecules. For comparison, we also synthesized a Rh-
paddlewheel-containing Rh-MOF, [Rhy(BTC),],,*® which
was obtained by reacting Rh,(OAc), with benzene-1,3,5-
tricarboxylic acid (HsBTC) in aqueous acetic acid at 150
°C. In this material, the Rh, paddlewheels are linked in
all three dimensions by bridging BTC® molecules, result-
ing in a rigid, crystalline, porous framework (
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Figure 1c), its properties in line with results from litera-
ture (S| section S2, Figure S13 for further characteriza-
tion).40 In a similar fashion to the Rh-MOPs, the Rh-MOF
contains Rh paddlewheels with accessible metal sites in
the axial positions, but with smaller estimated pore sizes
of 0.8 compared to 1.2 nm for Rh-MOP. With the excep-
tion of C;,Rh-MOP, all of the materials are porous to-
wards nitrogen at 77 K, with sharp uptakes at low pres-
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sures characteristic of microporous materials, and ap-
parent surface areas of 20 m/g, 100 m?/g, 160 m?/g and
880 m%g for C,,Rh-CPP, HRh-CPP, C;,Rh-SAG and
HRh-MOP respectively (Figure S10), and 870 m%g for
Rh-MOF (Figure S13a). The pore size distribution (PSD)
demonstrates that all of the samples have pores in the
microporous range, in good agreement with the dimen-
sions of the cuboctahedral cage (Figure S11). In addi-
tion, the supramolecular systems present extrinsic po-
rosity arising from the free volume between the MOPs
within the colloidal particles. The smaller surface areas
observed for the C;,Rh-systems compared to HRh-
systems as well as Rh-MOF are explained by the bulky
alkyl chain hindering the access to the MOP cavity and
occupying free volume in the materials. It is worth noting
that Rh-MOF, Rh-MOPs and the supramolecular poly-
mers C;,Rh-CPP, C;,Rh-SAG and HRh-CPP are ac-
cessible for CO,.%¢4%

Photocatalytic CO, reduction. In the context of
greenhouse gases reduction and solar fuel production,
Rh paddlewheel-based materials have never been re-
ported as CO, reduction catalysts so far. Thus, we
evaluated the performance of the Rh-MOPs, as well as
that of solid Rh-CPPs and Rh-SAG, as catalysts in the
photochemical CO, reduction in the presence of
Ru(bpy)s;Cl, as photosensitizer and triethanolamine
(TEOA) as sacrificial electron donor. For the sake of
comparison, the catalytic behaviour of Rh-paddlewheels
has also been studied in molecular Rh,(OAc), and when
used as building block for the construction of Rh-MOF
material.

The photocatalytic CO, reduction experiments were
carried out in a mixture of acetonitrile as solvent and
triethanolamine as proton and electron donor and using
a solar simulator as light source. All materials showed
catalytic activity for the transformation of CO, into formic
acid as the only carbon containing product (Figure 2a,
vide infra). To calculate the catalytic activity, we consid-
ered that — consistent with reports from hydrogen evolu-
tion reaction*®**?° and electrochemical CO, reduction** —
the catalytically active site consists of one Rh, paddle-
wheel unit, independently of whether there are one or
two accessible metal sites per paddlewheel. The lowest
catalytic activity was obtained with the Rh-MOF, with a
turnover frequency (TOF) of only 5 h™ and a production
rate R of up to 10.1 mmOl;ymic acia/9ea/n (Figure 2a, Table
S6, & Table S7). In a clear contrast, the supramolecular
polymers, Rh-CPPs and Rh-SAG, achieved TOFs of up
to 59 h™ (Figure 2a, R =76 MMOlgmic acia/Jca/h, Table
S6), independently of their apparent surface area. Gas
phase analysis of the reaction head space as well as
carbon-13 labelling experiments using **CO,, confirmed
that formic acid is the only carbon containing reduction
product and it was produced exclusively from CO,, im-
plying that the network had not decomposed (SI, section
6.3, Figures S26, S27).

Rationalization of catalytic activities. Despite their
different morphology and porosity, C;,Rh-CPP and
C1,Rh-SAG show slightly higher catalytic activities than
their molecular building block C,,Rh-MOP (TOF =52 h
1. The main structural difference between the isolated
C,,Rh-MOP and the 3D materials C,,Rh-CPP and



C,Rh-SAG results from the coordination of the bix
ligands to the exohedral axial positions of the C.;Rh-
MORP thus (i) introducing extrinsic porosity to the materi-
als and (ii) changing the molecular environment of the
active site (
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Figure 1). In order to mimic the coordination by bix N-
atoms in C;,Rh-CPP and C;,Rh-SAG solids, the exo-
hedral Rh atoms of the pristine C;,Rh-MOP were
capped by reaction with 12 equivalents of monodentate
1-benzylimidazole (bnix) to yield [Rhy(C1,-bdc),]io(bnix):,
(C1,Rh-MOPy,,,;,) as a molecular model of the corre-
sponding CPP and SAG (Figure S2). C;,Rh-MOPy,
gave rise to an increased catalytic activity (TOF =58 h’
b, very similar to the activity observed for C,,Rh-CPP
and C;,Rh-SAG. We thus infer from this trend that (i) the
reaction is not limited to surface processes in the het-
erogeneous supramolecular polymers and (ii) the inner
part of the heterogeneous catalysts is indeed accessible
for the reactants, including TEOA. Importantly, the coor-
dination of monotopic bnix molecules to the exohedral
Rh atoms of the Rh, paddlewheel slightly increases the
electron density on Rh centres, resulting in higher cata-
lytic activity (vide infra). It is worth noticing that the sub-
stituents of the bdc linker in the 5-position of the Rh-

MOP have an effect on the catalytic activity. Indeed,
when the alkoxy group of the C,,Rh-MOP is replaced by
hydrogen (HRh-MOP), the TOF and production rate
show a slight decrease (TOF = 43h™ vs. 52h™ for
C1,Rh-MOP). As for C;,Rh-MOP, heterogenization of
HRh-MOP in the corresponding HRh-CPP material re-
sults in an increase of TOF to approx. 56 h™* (Table S8,
entry 26). The slightly higher catalytic activities of the
C1,Rh-MOP based materials can be explained by an
higher electron density on the active Rh site in those
materials, caused by the higher electron donating prop-
erties of the alkyl chain when compared to the hydrogen
atom in the 5-position of the isophthalate linkers.”*?

Despite having structurally similar Rh-paddlewheel build-
ing units, the Rh-MOP molecular systems show a two-
fold increase in TOF compared to the Rh,(OAc), (Table
S4, entries 1, 2 & 30). Here we note that during photo-
catalysis Rh,(OAc), decomposes into Rh nanoparticles,
as evidenced by TEM analysis of the reaction mixture
(see Figure S24). On the other hand, we did not observe
any indication of decomposition in the Rh-MOP molecu-
lar systems, e.g. leaching of paramagnetic Rh species or
formation of Rh nanoparticles. Thus, the increase in
turnover numbers is most likely caused by a stabilisation
of the dirhodium moiety within the Rh-MOPs. Similarly,
for the extended structures, the Rh-MOP-based catalysts
show a twelve-fold increase in TOF compared to the Rh-
MOF. To understand these differences in catalytic activ-
ity, X-ray photoelectron spectroscopy (XPS) is an asset
to investigate changes in electron density on the active
site. Indeed, the catalytic activity in heterogeneous mo-
lecular photocatalysis in a series of structurally compa-
rable heterogenized catalysts has recently been demon-
strated to depend on the electron density of the active
site. We recently reported that for Rh catalysed CO,
reduction reaction, a decrease in rhodium electron bind-
ing energy (EBE), corresponding to a higher electron
density on the rhodium, results in a higher catalytic activ-
ity.” Here we observed similar behaviour. Rh atoms in
the Rh-MOF show a significant higher electron binding
energy (309.6 eV) compared to the Rh atoms in the Rh-
MOP (309.3 eV) or the Rh-CPP and Rh-SAG (309.2 eV,
Figure 2b, ¢ & Figure S14).

Thus, the lower catalytic activity of the Rh-MOF can be
attributed to the lower electron density on the active site
(higher EBE), directly affecting the reaction rate. This
difference in EBE is directly related to replacing the elec-
tron donating substituents in the 5 position of the ben-
zene moiety in Rh-MOPs by an electron withdrawing Rh-
carboxylate. This is further reflected by an increase in
the substituents’ Hammett constant, an empirical de-
scriptor of the electron density, for the more electron
withdrawing group.>®***?

The Rh-MOP based polymers outperform the most ac-
tive heterogeneous photocatalyst for the selective trans-
formation of carbon dioxide into formic acid reported so
far by at least one order of magnitude when comparing
production rates to the catalysts based on different metal
catechols and metal-oxo clusters, as well as Cu, Mn, Rh
or Ru-polypyridyl complexes independently of the nature
of the host (MOFs, porous organic polymers, graphitic
carbon nitride, semiconductor, Table S9).%** For those



catalysts, production rates of up to 4 mmolmic acia/Jca’h
were reported (Table S9), while HRh-CPP reaches
76 mmo'formic acid/gcat/h-
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Figure 2. a) Overview of catalytic activity in photocatalytic
CO; reduction over various Rho-based catalysts in the
presence of Ru(bpy)sCl, as photosensitizer. Reaction condi-
tions: 0.05 mM catalyst, 1 mM Ru(bpy)sCl, in ACN : TEOA
(5:1,V:V), 2h, ABA class solar simulator without filter. b)
XPS spectra of RhzBTC,, Rhy(OAc)s, Ci1,Rh-MOP and
C12Rh-CPP showing C 1s and Rh 3d binding energy region
and c) enlarged region of Rh 3d binding energy. Change in
the electron binding energy is highlighted by the dotted line.
Deconvoluted spectra are provided in Figure S14.

Here we note that lower catalytic activities were ob-
served for the MOP-based catalysts when the solar
simulator was replaced by a 200 W Hg lamp as light
source (Table S8), similar to the setup used in
literature.>**™*" However, they still outperform the best
heterogeneous catalysts, a porous polymer embedding a
Cp*Rh(bpy) molecular complex (Cp*Rh@BpyMP-1),
reported so far for the CO,-to-formate photoreduction,’
by one order of magnitude, even when studied under
identical conditions (Tables S7 — S9).

Thermodynamic driving force. The huge advance in
production rate cannot only be attributed to the higher
density of active sites in the Rh-MOPs, as the TOF is
also at least doubled. Recently, Fontecave and co-
workers demonstrated that the redox potential of the
active site in a series of [Cp*Rh(X-bpy)]** catalysts corre-
lates directly with the Hammett constant of the substitu-
ent X on the bipyridine ligand,** and is thus a suitable
descriptor for the change in electron density on the ac-
tive site and subsequently in the catalytic activity. They
observed that a lower redox potential, corresponding to
a higher LUMO energy position, give rise to a higher
catalytic activity, which they attributed, using DFT calcu-
lations, to a lower transition state barrier of the rate-
limiting step. To elucidate the origin of the differences in
catalytic activity, we determined the redox potential of
the active site for molecular cluster models, e.g. the
C1,Rh-MOP, C;,Rh-MOPy,,;y, and HRh-MOP,,x as solu-
ble model catalyst for our systems, and ([(5,5-
bis(phenylethinylene)-2,2'-bipyridine)(pentamethyl-
cyclopentadienyl)rhodium] dichloride (Cp*Rh(bpe-
bpy)Cl,) as a soluble model catalyst for Cp*Rh@BpyMP-
1. The Cp*Rh(bpe-bpy)Cl, molecular cluster model has
been demonstrated to have the same electron density
and thus the same catalg/tic activity as the corresponding
heterogeneous catalyst.

The electrochemical properties of the molecular clus-
ters models were explored with cyclic voltammetry (for
experimental details see Sl, section 5). The cyclovolt-
ammogram of C,,Rh-MOP indicates that the oxidation of
the Rh, paddlewheel is reversible and occurs at approx.
0.64 V vs ferrocene/ferrocenium (Fc™, -5.6 eV, Figure
S17b). Upon addition of 12 equiv. bnix to simulate the
linker surrounding the MOP in the solid materials,*® the
redox potential of the Rh,""/ Rh," redox couple in
C1,Rh-MOP,,ix is shifted to approx. 0.52 'V vs Fc*° (-
5.5 eV) and the oxidation becomes irreversible. This shift
in redox potential was further supported by differential
pulse voltammetry and is similarly observed for
Rh,(OAc), (Figure S17a). Interestingly, no differences in
the redox potential of the endohedral and exohedral
axial Rh atom of the MOP were detected, indicating a
strong electronic communication between the two Rh
atoms. These observations are in line with the XPS in-
vestigations, showing also only one contribution for Rh in
the oxidation state +lI (Figure 2c). As the reduction of the
Rh species cannot be detected by cyclic voltammetry,™
we used the position of the T — o transition of the Rh-
Rh bond, determined from UV-vis spectroscopy (Figure
S19), to calculate the LUMO energy level of the Rh-
paddlewheel at -3.5 and -3.3 eV for C;,Rh-MOP and
C1,Rh-MOP,.ix respectively (Figure 3b). For the HRh-
MOP,,ix molecular cluster model the LUMO position is at



approx. -3.4 eV. Although we are aware that this proce-
dure may overestimate the HOMO-LUMO-gap and thus
place the estimated LUMO position at a higher energy
position, we attempted to align frontier orbital positions
with respect to the redox potential of the CO,-to-formic
acid transformation, to get insights into the thermody-
namic driving forces. For the Cp*Rh(bpe-bpy)Cl, mo-
lecular clusters model, the cyclovoltammogram shows a
reversible signal for the two electron reduction of the
Rh"" redox couple at approx. -1.06 V vs Fc*° (-3.9 eV),
corresponding to its LUMO position (HOMO-LUMO gap
approx. 3.3 eV®). The higher LUMO position of the
C1,Rh-MOPyix (-3.3eV) as compared to the LUMO
position of the HRh-MOP,;, (-3.4 eV) is indicative of a
higher electron density on Rh atoms in the Rh,"" pad-
dlewheel, which explains the increased catalytic activity.
The Cp*Rh(bpe-bpy)Cl, molecular cluster model shows
the lowest LUMO position explaining also the lowest
catalytic activity observed here, with TOFs up to 47 h*
as compared to 58 h? for C;,Rh-MOP, i, (Table S6,
entries 2, 29 and Table S7, entries 1, 5).>"

The redox potential of CO,/JHCOOH was calculated in
acetonitrile following the procedure proposed by Mayer
and co-workers™ to be approx. 0.07 V vs Fc™ (-5.05 eV,
see SI).*** Note that acetonitrile is an aprotic solvent,
thus formic acid and not formate is the main product as
the pK, (20.9%%°) of formic acid is significantly higher
than the pK, of TEOAH" (calculated between 15.9°" and
13.7°®), which will be mainly deprotonated. We also con-
sidered the solvation and interaction of formic acid with
triethanolamine using the following equation:

c = 55
Ecoz(g)/HCOZH(ACN) = 0.07V—0.059 - pK,,

resulting in a redox potential range for CO,/HCO,H in
ACN/TEOA between -4.10 and -4.24 eV. The thermody-
namic driving force can be estimated from the energy
difference  4E  between the redox potential
Eco, ) /HCO,Hacy, @Nd the LUMO position of the molecular

cluster model.* For the molecular model systems HRh-
MOPy,ix, C12Rh-MOP and C;,Rh-MOPy,;,, with LUMO
positions at -3.4, -3.5 and -3.3 eV, the thermodynamic
driving forces for CO, to formic acid reduction are ap-
proximately 670, 560 and 790 meV respectively, while
the driving force is reduced to 180 meV in case of
Cp*Rh(bpe-bpy)Cl,. Thus by increasing the electron
density on the Rh paddlewheel, bnix coordination results
in a higher thermodynamic driving force for the reaction,
most likely by a reduced energy barrier for the rate-
limiting step,™ explaining the observed higher catalytic
activities in C;,Rh-CPP and C;,Rh-SAG materials (Fig-
ure S21). This finding is in line with our recent work on
molecular catalysts in microporous materials and the
design of the catalytic activity by tailoring the Hammett
constants of the metal ligands and subsequently the
electron density on the active metal site.’
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Figure 3. a) Cyclovoltammogram of C12Rh-MOP (light tur-
quoise), C12Rh-MOPynix (dark turquoise) and HRh-MOPix
(blue) in DMF containing 0.1 M BusNPFg using a glassy
carbon working electrode at a scan rate of 100 mV.s ™. b)
Diagram of HOMO and LUMO energy levels of C12Rh-MOP
(light turquoise), C12Rh-MOPyunix (dark turquoise), HRh-
MOPpnix (blue) and Cp*Rh(bpe-bpy)2+ (gray) together with
redox potentials in eV for formic acid production in acetoni-
trile (taking also the solvation effect of TEOA and its pKa
into account to calculate the appropriate potential range).

Recycling experiments. Recycling tests were con-
ducted using the most active heterogeneous catalyst
C1,Rh-CPP to demonstrate the heterogeneous nature of
the catalyst. After 2 h of photocatalysis, the catalyst was
isolated, washed, dried under vacuum and used for up to
4 cycles (Figure 4, Table S6, entry 20 — 23, see SI for
further details). The catalytic activity seemingly in-
creased slightly, but the variation is within the standard
deviation and is therefore assumed to be constant. In
addition, long term experiments were carried out to un-
derstand the stability of the catalyst during several hours
of continuous irradiation. After two hours of catalysis, the
catalytic activity started to decrease from ~53 h™ to
~22 h'* after 8 hours of catalysis (Table S6 entries 4 — 7).
The initial level of catalytic activity could be recovered by
adding fresh solution of Ru(bpy)sCl, after 2, 4 and 6
hours of catalysis (Figure 4b, see Sl section 6.1 for fur-
ther details, Table S6 entries 8 — 19).**° Here we note
that the initial catalytic activity was retained if at least the



initial molar amount of Ru(bpy)sCl, was added after each
step, indicating that most of the photosensitizer was
decomposed within two hours. Thus, both recycling and
long-term experiments highlight the stable catalytic activ-

ity.
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Figure 4. a) Catalytic activity over four cycles of catalysis
using Ci2Rh-CPP  (~1.1 pmol) in the presence of
Ru(bpy)sCl, (21.2 pmol, 1 equiv) as photosensitizer in
ACN/TEOA (4:1, V:V), 2h. After each run the solid was
isolated by centrifugation, washed and reused with a fresh
solution of Ru(bpy)sCl,. b) Comparison of TON and
productivity for continuous photocatalytic experiments
where different amounts of Ru(bpy)sCl, were added after 2,
4 and 6 h. 0 equiv. (black), 0.025 equiv (light grey), 0.25
equiv (grey) and 1 equiv of the initial amount of Ru(bpy)sCl,
added.

Importantly, the structural properties of fresh and
spent C;,Rh-CPP remain unchanged (Figure 5, and Sl
section 6.2). TEM analysis indicate no change of the
particle morphology (Figure 5a, b). The powder X-ray
diffraction (PXRD) patterns of fresh and spent catalyst
are not distinguishable, featuring broad peaks at low
diffraction angles, indicative of a partial long-range order-
ing in the materials (Figure 5c). Importantly no changes
in the relative signal intensities and full width at half
maximum are observed, excluding any loss in crystallin-
ity or amorphization to occur during catalysis. XPS spec-
tra after one cycle of photocatalysis reveal no changes of

the organic backbone of the material but significant
changes of the electron binding energy on the catalyti-
cally active Rh sites (Figure 5d). After catalysis, the main
signal (~75% of surface species) is centred at 309 eV
with a minor contribution from reduced species (~25% of
surface species) visible as a small shoulder at 307.4 eV,
which is most likely attributed to Rh%.°" A reduction into
crystalline metallic Rh is excluded by PXRD, as no addi-
tional peaks are observed after catalysis (Figure 5c) and
no Rh nanoparticles are observed by TEM analysis
(Figure 5a, b, Figures S24, S25). However, the formation
of amorphous Rh° clusters cannot be excluded from
TEM analysis alone.

PDF analysis and molecular structure of the active
site. To obtain insights into the precise molecular order-
ing around the active site after MOP incorporation into
the supramolecular polymers, we performed pair distri-
bution function analysis (PDF).®*® PDF provides local
structural information such as inter-atomic distances
between atoms even from amorphous materials,®” and
has been recently shown to be a powerful technique to
assess the post-catalytic structural integrity of molecular
components of complex catalysts.*” Hence, we aimed to
reveal possible structural changes after catalysis, as well
as the nature of the Rh° species observed by XPS
analysis (Figure 5d). Interestingly, the PDFs of fresh and
spent C;,Rh-CPP and C,;,Rh-SAG catalysts display
similar features up to 22 A, with only slight differences in
peak position and intensity (S| section S4, Figure S16).
We here focus on the short distances up to 11 A (Figure
5e, f). The peak at approx. 1.5 A can be attributed to C-C
bonds. Peaks at higher distances were assigned usin
the single crystal structure of the pristine HRh-MOP.?
Peaks at 2.0 and 2.39 A can be attributed to Rh-O and
Rh-Rh distances within one paddlewheel, respectively.
The diffusion factor of rhodium being stronger than those
of other involved atoms of Rh-MOPs, most of the peaks
seen here emanate from Rh-based pairs (distances
between carbons atoms across several C-C bonds are
hidden). Peaks in the region 2.9 — 7 A can thus be as-
signed to distances between one Rh atom and one C or
O atom from the BDC ligands within the Rh, paddle-
wheel unit, while peaks between 7.9 and 10.7 A can be
assigned to Rh-Rh distances between two neighbouring
paddle wheel units in the C;;,Rh-MOP cuboctahedral
architecture. The similarity of the pristine and spent G(r)
curves demonstrates that at the molecular level, no de-
composition or distortion of the active Rh paddlewheel
sites occurs after catalysis for C;,Rh-CPP and Cj,Rh-
SAG. This stability during catalysis is also highlighted by
the clear absence of a peak at 2.7 A, that would have
shown the formation of metallic Rh or Rh? clusters and
would indicate unwanted reductive decomposition of the
Rh, paddlewheel.®®** Thus, PDF analysis provides
strong evidence that the Rh° resting state observed by
XPS analysis is located in a reduced [Rh,"°] or [hao'og
paddlewheel, but not caused by the formation of Rh
clusters.
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Figure 5. TEM image of a) fresh and b) spent C12Rh-CPP. ¢) Powder XRD pattern of pristine C12Rh-CPP (purple), spent
C12Rh-CPP catalyst (gray) and spent C12Rh-SAG catalyst (black) measured using Mo K, radiation. Bragg marker: Rh (red),
COD 9008482, calculated for Mo K, radiation. d) XPS spectra of fresh and spent catalyst including deconvolution of the sig-
nals. On the surface, 25% of the Rh atoms are reduced to most likely Rh° species. e) PDF analysis: G(r) curve of pristine
C12Rh-CPP (purple) and spent C12Rh-CPP catalyst (grey) and f) G(r) curve PDF of pristine C12Rh-CPP (purple) and spent
C12Rh-SAG catalyst (black). Interatomic distances within the Rh,Og-moiety are highlighted in green, within the Rh, paddle-
wheel unit and including the benzene dicarboxylic acid (bdc) ligands in yellow and neighboring paddlewheels in blue.

In summary, the combined XPS and PDF investigation
of spent catalysts exclude any degradation into Rh° clus-
ters or particles,”® or into unimolecular or polymeric Rh'
species,”*™" which, in contrast, was observed in the
case of photocatalysis with [Rh,(OAc),] as catalyst (Fig-
ure S24b) and has been reported for different molecular
Rh,"" carboxylates.”>" Thus the fixation of the Rh,
paddlewheel into a solid scaffold prevents these unde-
sired side reactions.’® Moreover, X-ray fluorescence
spectroscopy and ICP OES analysis of the supernatant
confirms that no quantifiable leaching of Rh occurs (<5
ppm).

Catalytic cycle. To shine light onto the photo-induced
activation of Rh,"" paddlewheel, EPR studies under
illumination were conducted on the molecular Rh-MOPs
in the presence of Rugbpy)3CI2. Upon irradiation of a
solution of [Ru'(bpy)s]” in ACN/TEOA mixture, the
photo-excited [Ru"(bpy)s]*" is reductively quenched by
reaction with TEOA yielding the [Ru"(bpy)s]** radical
cation with the characteristic EPR signal at approx. g
= 2.00 for a bipyridine centred radical (Figure S28). The
signal of the reduced radical [Ru"(bpy)s]** species is
efficiently quenched upon addition of Rh-MOP to the
solution (Figure S28). No signal of a reduced Rh,"' pad-
dlewheel species can be observed with g-values well
above 2,%"*™ in line with the XPS investigation of spent
catalysts highlighting a Rh° resting state (Figure 2c) as
well as the electrochemical investigations (Figure 3).
Combining the results from XPS, EPR and electro
chemical characterization, we postulate a reaction

mechanism that involves (i) the photoexcitation and
reductive quenching of the [Ru"(bpy)s]** photosensitizer
by TEOA to yield [Ru"(bpy)s]**, then (ii) electron transfer
from the reduced photosensitizer [Ru'(bpy)s]** to the Rh
catalyst and followed by (iii(? the reduction of CO, into
formic acid (Figure $29)."%"® The required protons for
the formic acid formation most likely stem from proton
abstraction from the nitrogen centred TEOA®" radical to
yield a carbon centred radical, which is a much stronger
reductant, capable of transferring a second electron as
well as a second proton and thus avoiding back electron
transfer.”®"®

CONCLUSION

We investigated Rh, paddlewhee-based cuboctahe-
dral metal-organic polyhedra, Rh-MOP, both molecularly
and self-assembled into supramolecular polymers colloi-
dal particle (Rh-CPP) and colloidal aerogel (Rh-SAG) as
well as [Rh3BTC;], (Rh-MOF) for photocatalytic CO,
reduction. The heterogenized supramolecular catalysts
showed extraordinary turnover frequencies of up to 60 h°
! corresponding to production rates of approx. 2.7 Giomic
acid/9ea/h, outperforming the molecular Rh-MOP catalysts
by up to 30 % and state-of-the-art heterogeneous photo-
catalysts, including Rh-MOF, by at least a factor of
twelve. The very high catalytic activity compared to other
heterogeneous photocatalysts can be rationalized by the
high number of Rh sites per gram of catalyst, but also by
their very high accessibility inside the supramolecular
cage. Importantly, we were able to show, by pair distribu-



tion function analysis, that all Rh is coordinated in mo-
lecular cages and that no formation of colloidal Rh® or
Rh nanoparticles occurs, indicating the high stability of
these heterogeneous catalysts. This is confirmed by
recycling tests of at least 4 cycles without any loss of
activity. The coordination of the MOP by electron-
donating N-ligands not only leads to a heterogenization
of the active centre in a stable, and easily recyclable
polymer. XPS spectroscopy and electrochemical charac-
terization also show that the N-ligands increases the
electron density at the active Rh site compared to the
molecular catalyst in solution, leading to a higher ther-
modynamic driving force of the reaction. This finding is in
line with our recent works on molecular catalysts in mi-
croporous materials and the design of the catalytic activ-
ity by tailoring the Hammett constants of the metal
ligands.

The present work demonstrates the high potential of
MOP and of their polymer derivatives as catalysts for the
photoreduction of CO, with unprecedented efficiency and
opens new perspectives for the electronic design of
novel discrete molecular architectures with accessible
metal sites for the production of solar fuels.
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