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ABSTRACT: The immobilization of polyoxometalates (POMs) near catalytic centers of Metal-Organic Frameworks (MOFs) has been re-
ported as an advantageous strategy to boost their photocatalytic activity towards strategic reactions such as CO. reduction (CO-RR) or hydro-
gen evolution (HER), although the reasons for such enhancement are still poorly understood. Unveiling the role of POM guests in the reaction
mechanisms is therefore a key step towards the development of the next generation of multi-component catalytic materials with optimal pho-
tocatalytic performances. Here, we elucidate the remarkable role of encapsulated [PW1:0u0]*> (PWi2) polyoxometalates in boosting the photo-
catalytic activity of the Rh-functionalized UiO-67 MOF towards CO,RR and HER by combining theoretical DFT and microkinetic modelling
approaches with experimental photophysical and spectroscopic techniques. Firstly, we characterized a new detailed mechanism for CO.RR and
HER catalyzed by the PWy»-containing Rh-functionalized MOF, using [Ru(bpy)s]** as the photosensitizer (PS) and triethanolamine (TEOA)
as sacrificial electron donor in acetonitrile. Our results reveal that the encapsulated POM:s act as efficient electron reservoirs, which quench
[Ru(bpy)s]* - the photogenerated reduced form of the PS - and transfer the electrons to the Rh catalytic sites of the MOF. Notably, this is shown
to favor the regeneration of the oxidized PS over its unproductive degradation, boosting the turnover numbers of the photocatalytic system.
Such mechanism can explain not only the higher formate and H. product yields in the POM-containing catalyst, but also the experimentally
observed higher impact on the HER pathway than that on the CO:RR one, as the source of protons is generated in the reductive quenching of
the photoexcited PS by TEOA. Finally, our computational exploration was extended to a whole variety of POMs, which allowed establishing
relationships between their redox potentials and the activity of the related POM-containing catalytic materials. The optimal activity is reached
when both the ability of the POM to accept electrons and that of its reduced form to reduce the Rh catalyst are simultaneously maximized,
leading to a volcano plot whereby POMs with moderate redox potential display the highest impact on photocatalytic performances.

INTRODUCTION times within relatively narrow potential ranges.*!' Taking advantage
of these properties, but also of their high thermal stability and high
tunability, POMs have been successfully used to boost or to enable
the photo- and electrocatalytic activity of both homogeneous and
heterogeneous catalysts, including examples of strategic reactions
such as CO:RR and hydrogen evolution (HER).”>? Typically, in an
early example of {Re(L)-POM} hybrid complex,'>"* the non-cova-
lent attachment of the non-catalytic POM to the (Re)bpy(CO)s
CO»-to-CO reduction catalyst has been shown to allow efficient
charge transfer from the reduced POM to the Re catalyst under illu-
mination, the POM acting as a photosensitizer (PS), electron reser-
voir and electron donor. More recently, it was reported that the elec-
tron-transfer property of the POM@PCN-222(Co) composite oc-
curring in the electrocatalytic conversion of CO: into CO was en-
hanced owing to the directional electron-transfer from the mixed-

The reduction of CO, (CO:RR) is an attractive approach to sim-
ultaneously tackle two important societal challenges, that are the ur-
gent need for reducing the atmospheric CO, emissions and the syn-
thesis of value-added products, including fuels and commodity
chemicals, using a cheap and readily available carbon feedstock."
Using solar light as a renewable energy source to promote photo-
catalytic CO:RR is also a highly pursued goal within the context of
the current transition to a greener and fossil fuel-independent soci-
ety.>* In this regard, the development of photocatalytic platforms for
CO:RR represents an ever-growing research field, whereby many ef-
forts have been devoted to improve their activity and in turn, their
quantum efficiency.

Polyoxometalates (POMs) are polynuclear, anionic, metal oxide

clusters usually composed by early transition-metal atoms in their

highest oxidation state, such as W(VI), Mo(VI) or V(V).5 Owing valence POM to Co single-metal sites of the porphyrinic MOE.!®

to the high oxidation state of metal centers in POMs, their lowest set Still, although such boosting effect occurring in homogeneous or
heterogeneous conditions is commonly ascribed to the possible
roles of POMs as electron or proton relays, the origin of the benefi-

cial interplay between POM:s and catalytic sites often remains to be

of unoccupied molecular orbitals consists of linear combinations of
d-type orbitals from the metals with strong leaning towards accept-
ing electrons,” which allow them to be reversibly reduced multiple



elucidated, and more generally still misses rationale, thus hindering
the development of clear design strategies.

Very recently, the immobilization of a Keggin-type POM anion,
namely [PW1:04]* or PW1 for short, inside the octahedral pores of
a Rh-functionalized UiO-67 catalyst was shown to provide a signifi-
cant enhancement of its photocatalytic activity towards CO.RR and
HER.* The Rh-based [(Cp*)Rh(bpydc)Cl]* (Cp* = *-Cs(CHs)s;
bpydc = 2,2’-bipyridine-5,5-dicarboxylic acid) molecular catalyst,*”
namely RhCp*, was originally immobilized within the Zr-based
UiO-67 MOF by linker exchange, leading to the RhCp*@UiO-67
catalytic material*® This strategy allowed overcoming the recyclabil-
ity issues underlying homogeneous catalysts, while improving the
stability of the Rh-catalyst in the RhCp*@UiO-67 by preventing its
deactivation via dimerization. In both homogeneous and heteroge-
neous conditions, RhCp* was found to produce HCOO™ under vis-
ible-light irradiation from CO:-saturated acetonitrile solutions using
[Ru(bpy)s]* as PS and triethanolamine (TEOA) as sacrificial elec-
tron and proton donor, along with H, depending on the used porous
host.>**

In a more ambitious goal, both the RhCp* catalyst and the PWi,

POM were successfully co-immobilized within the framework of the
Ui0-67, leading to the (PW1,RhCp*) @UiO-67 material (Figure
1a). With the latter, the yield of HCOO™ and H. was found to be
respectively ca. 2 and 2.5 times higher than that in the POM-free sys-
tem (see Figure 1b and Table S1) under the same photocatalytic
conditions (visible light irradiation, X > 415 nm, in 5:1 (v/v)
CH:CN:TEOA solutions containing [Ru(bpy)s]** as PS).”* An in-
depth structural characterization of the (PWi,RhCp*)@UiO-67
catalyst confirmed the integrity of the POM once encapsulated in
UiO-67 and revealed that POM:s are preferably located in the vicin-
ity of RhCp* catalytic site inside the material as shown in Figure 1a.
However, their participation in the reaction mechanism, as well as
the origin of the enhanced photocatalytic performance both remain
to be elucidated. More generally, these recent detailed findings not
only offer a unique opportunity to elucidate the beneficial role of
PW1, in the photocatalytic performances of (PWi,RhCp*) @UiO-
67 but also open new questions regarding how such beneficial guest
species should be selected in order to target specific enhanced per-
formances and selectivities for CO.RR and HER.
Herein, we carried out a comprehensive theoretical study by means
of DFT calculations and microkinetic modelling techniques to in-
vestigate the role of encapsulated POMs in boosting the photocata-
Iytic activity in the (PW12,RhCp*) @UiO-67 material. To do so, we
initially analyzed in detail the mechanisms underlying the photo-
catalytic activity of the POM-free system, which were then com-
pared to those prevailing in (PW1,,RhCp*) @UiO-67. This theoret-
ical analysis is complemented by experimental photophysical and
spectroscopic analyses, which aided the identification of the redox
states accessible to the photosensitizer in solution and supported the
conclusions derived from the theoretical work. Finally, we per-
formed a systematic investigation of the potential impact of a wide
variety of POMs differing in their overall charge, structure and com-
position on the CO.RR and HER performances of {POM,RhCp*}
combinations. The latter allowed setting structure-activity relation-
ships via the construction of a volcano plot that relates the redox po-
tential of the POM with the activity of the derived
(POM,RhCp*) @UiO-67 catalytic material.
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Figure 1. (a) Representation of an octahedral pore of the
(PW12,RhCp*) @UiO-67 catalyst for the photoreduction of CO> and H*
in the presence of [Ru(bpy)s]** and TEOA. The {RhCp*(bpydc)Cl}
linker is highlighted with ball-and-sticks; red spheres: O, dark grey
spheres: C, blue spheres: N, green sphere: Cl, dark green sphere: Rh.
The POM and MOF nodes are represented with polyhedra (blue: WOs;
pink: POy; orange: ZrOs). Hydrogen atoms are omitted for clarity. (b)
Comparison of the experimental evolution with time of HCOO™ and H,
products  using RhCp*@UiO-67  (dotted  lines)  and
(PW12,RhCp*) @UiO-67 (solid lines) as catalysts. Data reconstructed
from ref. 26.

RESULTS AND DISCUSSION

In light of the experimental and computational investigations re-
ported so far in homogeneous conditions on the RhCp* sys-
tem,””**"* we propose the catalytic cycle depicted in Figure 2 for
the RhCp*@UiO-67 system. In the first step, the two-electron re-
duction of the Rh(III) center triggers the decoordination of the
chloride ligand to give a Rh(I) species, which is then protonated by
a proton source to generate a Rh(III)-hydride. As evidenced by elec-
trochemical studies,*">"*
tion occurring on the bipyridine (bpy) group of the ligand (high-
lighted in red in Figure 2) in order to generate the active radical form

the latter needs to undergo a third reduc-

of the catalyst. The latter is then hydridic enough to transfer a hy-
dride to an incoming electrophile such as CO, or H* to yield the
HCOO™ and H.: products, respectively. Finally, a one-electron re-
duction of the catalyst regenerates the Rh(I) species, closing the cat-
alytic cycle.



Figure 2. Proposed mechanism for the catalytic reduction of CO:
and H* into HCOO™ and H,, respectively, by the RhCp* catalyst.
E(8") stands for an electrophilic center of the substrate (C atom in
CO: or HY). Labels in parentheses correspond to those assigned
throughout the mechanistic exploration (vide infra).

1. Photoinduced generation of electron and proton donors.
As the formation of the active form of the catalyst requires several
reduction and protonation steps, we initially identified the nature of
the possible electron and proton sources that may be generated un-
der photocatalytic conditions.

The ground state of the PS is known to generate metal-to-ligand
charge transfer (MLCT) singlet excited states under visible-light ir-
radiation, which rapidly undergoes intersystem crossing and relaxes
to the most stable and long-lived (up to 1100 ns in CH;CN)*
MLCT triplet, *[Ru™(bpy)(bpy®”)]***** This *MLCT state, la-
beled as [Ru(bpy)s]*"* for simplicity, can be seen as a potential elec-
tron donor species (with a E°w of -0.56 V vs NHE for the
[Ru"(bpy)s]** + e — *[Ru"(bpy)(bpy*")]*"* half reaction).**
Alternatively, [Ru(bpy)s]*"* can be also reductively quenched by an
electron donor, here TEOA, to form the one-electron reduced
[Ru(bpy)s]* complex in addition to a TEOA®* molecule (Figure
S1). The latter displays a much stronger reductive power (E°:q of -
1.08 V vs NHE) than [Ru(bpy);]** (-0.56 V). Still, the ability of
TEOA to promote the reductive quenching of [Ru(bpy)s]*** has
been a matter of debate in the literature. While several studies
showed no significant variations of the [Ru(bpy)s]*** lifetimes in
the presence of TEOA,”” some other authors proposed such a pro-
cess as required to obtain a reducing agent strong enough to explain
the observed reduction of other species, such as catalysts or sub-
strates.*** Although our DFT calculations suggest that such a reduc-
tive quenching is thermodynamically favorable in high concentra-
tions of TEOA, it is not possible to unambiguously determine
whether it is kinetically accessible (see SI for details). For this rea-
son, we next performed transient absorption spectroscopy (TAS)
measurements of a 5:1 (v/v) CHsCN/TEOA solution containing
26 uM [Ru(bpy)s]CL.

As shown in Figure 3a, the presence of TEOA causes a loss of
ground state bleaching of [Ru(bpy)s]** at 460 nm in the transient
absorption spectra, together with the appearance of a new

absorption band centered at 510 nm. This is the clear signature of
the formation of a [Ru(bpy)s]" species,**” which proves the ability
of TEOA to reductively quench the [Ru(bpy)s]*** species at the
concentrations used in photocatalytic experiments. Additional
photo-irradiation experiments (Figure 3b) showed the decrease of
the [Ru(bpy)s]* absorption band at 450 nm initially accompanied
by the appearance of the band at 510 nm of [Ru(bpy)s]* which is
followed by an increase of red absorption tail due to the degradation
of the solution (see Figure S2 for differential absorption spectra).
This degradation is related to the low stability of [Ru(bpy)s]* over
extended periods, most likely caused by the loss of a bpy ligand trig-
gered by the population of metal-centered states,”***° and will be
minimized with the presence of catalyst, which is in line with previ-
ous observations.” Thus, [Ru(bpy):]* can be formed under photo-
catalytic conditions and as such, it can be considered to act as the
reducing species that reduces the catalyst.

Regarding the proton source, Fujita and coworkers recently
showed that mixtures of TEOA and CO are in equilibrium with a
zwitterionic covalent alkylcarbonate (Scheme S1),°* which was fur-
ther proposed to play the role of a proton source.** Our calculations
indicate that, indeed, this zwitterionic alkylcarbonate may act as a
proton source, although protonation steps are more favorable with
an N-protonated TEOA, namely HTEOA, which is generated after
the reductive quenching of [Ru(bpy)s]*** upon deprotonation of
TEOA** (see Figure S1 and related text in the SI for further de-
tails).***” Thus, HTEOA" is identified as the main source of protons
in our system. One should also note that the deprotonation of
HTEOA" by traces of water is rather unfavorable (AG = +27.2 kcal
mol” considering a water dimer as proton acceptor to give a Zundel
cation, HsO»", in acetonitrile). Therefore, free protons were not con-
sidered to participate in the reaction mechanism.
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Figure 3. (a) Transient absorption spectra at 2 ps delay times of
[Ru(bpy)s]** in degassed CHsCN (red line) and in S:1
CH;CN:TEOA (black line) after excitation at 460 nm. (b) Evolu-
tion of the UV-Vis spectrum of [Ru(bpy)s]** (26 pM) in degassed
5:1 CHsCN:TEOA during photo-irradiation from 0 (purple) to
2100 (red) seconds with LED at 456 nm.
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Figure 4. Gibbs free energy profile (kcal mol ™) for the reduction of CO. into formate and H* into molecular hydrogen promoted by 3. Dashed
red lines denote an alternative higher energy pathway that prevails at low concentration of photosensitizer.

2. Reaction mechanism for the photo-reduction of CO: and
protons catalyzed by RhCp*@UiO-67. With the gained
knowledge about the nature of the proton and electron sources gen-
erated upon light irradiation, we next analyzed in detail the reaction
mechanism governing the reactivity of the POM-free system by
means of DFT calculations. These calculations were performed on a
cluster model consisting of a Rh-containing linker of the MOF,
whereby the terminal carboxylate groups were capped with H atoms
(see Computational details section for further details). The initial
reduction steps of the Rh(III)-chloride species (1) can be easily at-
tained by [Ru(bpy)s]* through two consecutive SET steps to gener-
ate, first, the Rh(II) species 2’ upon releasing the chloride ligand,
and then, the Rh(I) intermediate 3 (see Scheme S2). Species 3 was
found to exhibit a singlet ground state, although the lowest triplet
state is only 0.5 kcal mol " less stable. Conversely, the reduction of 1
by [Ru(bpy);]*** involves free-energy barriers that are too high (ca.
13-14 kcal mol”, Scheme S2) to compete with the decay of
[Ru(bpy)s]*** to the ground state, which translates into a barrier of
ca. 9 keal mol ™" according to its experimental lifetime® and assuming
first-order kinetics. Thus, [Ru(bpy)s]*** is not a strong enough re-
ductant to promote the efficient activation of the catalyst, indicating
that the generation of stronger reducing species, i.e. [Ru(bpy)s]*, is
required for the catalysis. Notably, this is further supported by addi-
tional TAS measurements, which showed negligible interaction be-
tween [Ru(bpy)s]*** and the RhCp* catalyst (Figure S3). Radical
species involved in the TEOA®** degradation are also less likely than
[Ru(bpy)s]* to promote the reduction of 1 (Scheme S2). It is im-
portant to note that [Ru(bpy)s]*, with a diameter of approximately
13 A, is too bulky to go into the pores of the UiO-67 MOF, which
has a pore window size of ca. 8 A. We thus assumed that SET pro-
cesses between the reduced PS and the catalytic sites (and POM
guests in (PWi,RhCp*) @UiO-67; vide infra) take place at the

surface of the MOF. Nonetheless, due to the presence of redox-ac-
tive Rh-containing linkers, electrons can then diffuse to more inner
regions of the MOF to grant catalytic activity to more hindered Rh
centers.”**” Such electron diffusion is expected to be further eased in
(PW12,RhCp*) @UiO-67, since the electric conductivity of MOFs is
known to be greatly enhanced upon the incorporation of redox-ac-
tive guests such as POMs® or fullerenes.”!

Figure 4 displays the Gibbs free-energy profile for the reduction of
CO: and H" into formate and Hy, respectively, promoted by species
3. Firstly, the protonation of 3 by HTEOA" proceeds through a
smooth free-energy barrier of 9.7 kcal mol” (TS;.4a) from the non-
covalent 3.-HTEOA* adduct. This yields the Rh(III)-hydride spe-
cies 4a, which lies slightly above 3 in terms of free energy. The for-
mation of metal hydrides assisted by amines has been proposed be-
fore for the RhCp* catalyst in homogeneous conditions,” but also
for other catalysts in the context of CO.RR.“* Also of note, this pro-
cess is faster than the putative coordination of CO: to 3, which in-
volves a higher, overall free-energy barrier of 14.8 kcal mol’, in line
with the product selectivity towards formate. As shown in Figure 1b,
the experimental evolution of the products concentration over time
follows a logarithmic growth, reaching a plateau after ca. 90 min in
the RhCp*@UiO-67 system.” This was ascribed to the degradation
of the photosensitizer, since addition of fresh [Ru(bpy)s]** to the re-
action mixture was found to resume the reaction with a rate compa-
rable to the initial one.” Consequently, two regimes may be differ-
entiated in the free-energy profile, depending on the concentration
of [Ru(bpy):]* along the reaction. In the first regime (black line
pathway in Figure 4), when the concentration of [Ru(bpy)s]* is high
enough, a rapid SET from [Ru(bpy)s]* to 4a can trigger the for-
mation of Sa, which is the active form of the catalyst. This step is ex-
ergonic by 13.2 kcal mol” and proceeds through a low free-energy
barrier of 6.6 kcal mol. Species Sa can then transfer a nucleophilic



hydride to either the carbon atom of an incoming CO- molecule or
to a N-bound proton of HTEOA" through outer-sphere mecha-
nisms,” giving access to formate and H products, respectively.

The reduction of CO: occurs through TS-CO:RR involving a
smooth free-energy barrier of 15.6 kcal mol " from Sa. This process
is assisted by a TEOA molecule interacting with the CO, fragment
viahydrogen bonding, which stabilizes the increased negative charge
supported by the CO: oxygens in the TS structure. Without the as-
sistance of TEOA, the CO:RR barrier increases by 2.2 kcal mol™.
The interaction between CO, and TEOA does not only occur during
the hydride-transfer process, but also in solution, being thermody-
namically favorable by 2.3 kcal mol™. This thus suggests that CO
migrates together with a TEOA molecule to the catalytic sites. The
as generated formate product is then released to the solution as a
HCOO"-TEOA non-covalent adduct (with an interaction free en-
ergy of -11.5 kcal mol"), while the electron in the bpy ligand of the
catalyst migrates to the Rh center to regenerate species 2°. Although
the reduction of CO: to formate from Sa is endergonic by 3.5 kcal
mol’, the subsequent reduction of 2’ by [Ru(bpy)s]* to regenerate
species 3 renders the overall process exergonic and irreversible (see
Scheme S2). The protonation of the HCOO"--TEOA adduct by a
HTEOA" molecule to give HCOOH.-TEOA is predicted to be
slightly exergonic (AG =-0.6 kcal mol™) and therefore, both the pro-
tonated and deprotonated forms of the product might coexist in the
reaction mixture. One should also note that the coordination of for-
mate to 2 is endergonic by 2.4 kcal mol ™" and therefore, it is not ex-
pected to influence the overall kinetics of the reaction. On the other
hand, the HER proceeds through TS-HER, in which the Rh-hydride
is transferred to HTEOA®, promoting the H—N*bond cleavage and
releasing a TEOA molecule. This process readily generates H over-
coming a free-energy barrier of 14.6 kcal mol", which is very similar
to that obtained for the CO.RR pathway (15.6 kcal mol).

In a second regime (dashed line pathway in Figure 4), the concen-
tration of [Ru(bpy)s]* in solution is expected to be rather low after
several hours of reaction due to the degradation process mentioned
above. As a consequence, the formation of products through the
black line pathway in Figure 4 would still be operative, although the
proton-hydride tautomerization of 4a into the more stable 4b,
overcoming a free-energy barrier of 16.5 kcal mol", might prevail
over the direct reduction of 4a into Sa by [Ru(bpy);]*. This tautom-
erization occurs through TSs.4, whereby the Rh-hydride inserts
into a Rh—C(Cp*) bond in 4a reducing the Rh(III) ion into Rh(I).
Akin to 4a, 4b can be easily reduced at the bpy ligand by
[Ru(bpy)s]*, leading to species §b through a favorable SET step
(Figure 4). The active form of the catalyst (Sa) can be reached from
Sb through another intramolecular proton-hydride tautomerism,
which can be seen as the reverse process to that described above.
This step proceeds uphill (AG = +6.8 kcal mol") and needs to over-
come a rather high free-energy barrier of 26 kcal mol”, involving
TSsa-sv. As both TS-CO:RR and TS-HER lie at a lower energy than
TSsa-sv, the tautomerization of species Sb into Sa represents the rate-
determining step of the whole process within that second regime.
Consequently, 5b is expected to behave as the resting state of the
RhCp*@UiO-67 catalyst that accumulates once the concentration
of [Ru(bpy)s]"* is not high enough to permit the direct formation of
5a from 4a. Remarkably, the barrier to reach TSsa.s» from 5b (26.0
keal mol™) is significantly higher than those for the hydride transfer
to both CO, and HTEOA" (15.6 and 14.6 kcal mol”, respectively).
This is consistent with the presence of two regions in the

experimental kinetic evolution of formate and H, products (Figure
1b), whereby changing slopes (going from steeper to flatter) reflects
the change of pathway.”® Thus, in agreement with the experimental
observations, our DFT calculations indicate that these two regions
correspond to conditions of high and low concentration of the pho-
tosensitizer, respectively.

3. Role of PW1. in boosting the photoreduction of CO, and H*
catalyzed by (PW1,RhCp*) @UiO-67.

DFT calculations. Previous DFT calculations on the
(PW1,RhCp*) @UiO-67 system showed that the LUMO of the
POM is lower in energy than that of 1. This suggests the POMs im-
mobilized in the material are more prone to accept electrons than
the Rh catalyst itself. Indeed, our DFT calculations indicate that the
PW1>PWiy(1e) reduction by [Ru(bpy)s]* is more exergonic but
also slightly faster than that of 152 (AG = -23.2 vs -16.0 kcal mol”
and AG' = 5.0 vs 5.7 kcal mol”, respectively). Besides, PWi2(1e) is
found to be oxidizing enough to spontaneously accept a second elec-
tron from [Ru(bpy)s]* (AG = -8.2 kcal mol"), forming PW1(2e)
through a higher but still accessible free-energy barrier of 10.4 kcal
mol™. According to this, the second reduction of the POM might
take place after the reduction of 1 into 3, which proceeds through
faster SET steps with free-energy barriers <10 kcal mol’ (see
Scheme S2 and Table S2).

Figure S summarizes the key steps that take place in the POM-
containing system. Interestingly, the PWy2(2e) anion immobilized
near the Rh-catalyst in the pores of (PW1,RhCp*) @UiO-67 is ca-
pable of reducing 4a into Sa through a SET that is exergonic by 5.0
kcal mol” and gives and PWi.(1e). This process (left, green arrows)
takes place through a lower free-energy barrier than the proton-hy-
dride tautomerization (left, red arrows) to give 4b. Importantly, this
indicates that, akin to [Ru(bpy):]*, PWi2(2e) can also assist the for-
mation of Sa while bypassing that of the highly stable intermediate
5b, allowing Sa to proceed through the hydride transfer step to yield
the products (Figures 4 and §, right). Note that although reduced
POMs are susceptible to associate protons in organic solvents to sta-
bilize the excess of negative charge,’ the basicity of nitrogen centers
of TEOA is stronger than that of oxygen atoms of the POM, which
prevents the protonation of the reduced POMs in the MOF. As a
matter of fact, the protonation of

PW;,(2e)

[Ru(bpy)s]**
[Ru(bpy)s]*
PW.y(2e)

AG*=11.6

AGt=19.2 \,H—\
( AGt=14.6
i

AGt =156 CO2

AG*=16.5

Figure S. Schematic representation of the key steps involved in the
photocatalytic reduction of CO, and H* by the POM-containing
(PW12,RhCp*)@UiO-67 catalyst. Gibbs free-energy barriers are
given in kcal mol™.
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Figure 6. Evolution of the concentrations of (a) HCOOH (black lines) and Ha (red lines) products, (b) major forms of the catalyst (see Figure
SS for other, low-concentration species), and (c) active and depleted forms of the photosensitizer (PS), along reaction time for the POM-free

and the POM-containing systems (dotted and solid lines, respectively). The concentrations of the products were normalized over the maximum
production attained by the POM-free system, and that of HCOOH is expressed as the sum of [HCOO™.-TEOA], [HCOOH.-TEOA] and free

[HCOOH] in solution.

PW1:(2e) by HTEOA® is endergonic by 10.4 kcal mol™. It is also
worth mentioning that PW1.(1e) is not reducing enough to pro-
mote the reduction of the catalyst and as such, its reoxidation to
PW.1, is not expected to occur during the reaction.

Overall, the above results raise two possible hypotheses to explain
the enhancement in the CO,RR and HER catalytic activity observed
for the POM-containing system.

On the one hand, the ability of the POM to act as an electron relay
may limit the formation of the resting state Sb via boosting the direct
reduction of 4a into Sa when compared to the POM-free-system, in
which the rate of this process depends on the encounter probability
between [Ru(bpy):]* and the intermediate 4a. Therefore, the direct
reduction of 4a into $a, which allows forming the products through
lower energy barriers (Figure S, vide supra), is more efficient in
(PW1,RhCp*)@UiO-67 than in the POM-free system since
PW:12(2e) anions are immobilized in close contact with the catalyst.

On the other hand, the decomposition of [Ru(bpy)s]*" and its re-
duced form triggered by light is a known process, which has been
proposed to involve the population of metal-centered excited states
that prompt the loss of bpy ligands.*****° We recall to the fact that
the light-driven formation of formate and H. by
(PW12,RhCp*) @UiO-67 is limited by the decomposition of the
photosensitizer,” a phenomenon that had been observed before in
other systems.”**>®7! Thus, it is also reasonable to propose that the
PWi:(1e) species, which is regenerated over the cycles via a SET
from PWi.(2e) to the catalyst, could act as an additional quencher
of [Ru(bpy)s]*, regenerating [Ru(bpy);]** and preventing in turn,
its unproductive decomposition to a higher extent than in the POM-
free material. Notably, this hypothesis is consistent with the higher
selectivity towards H, observed with the POM-containing system.
As every molecule of photosensitizer would be able to undergo a
greater number of [ photoexcitation - reductive quenching - reoxida-
tion] cycles before decomposing, this might lead to a higher concen-
tration of HTEOA" in solution (see Figure S1), thus favoring the
HER over the CORR.

Microkinetic modelling. To evaluate the validity of these hypoth-
eses, we next developed microkinetic models using the rate con-
stants obtained from the DFT-derived free-energy barriers and the
reported experimental initial concentrations for our system.” The
rate constants for processes involving photons, including the

photogeneration of [Ru(bpy)s]* and the photoinduced decomposi-
tion of both [Ru(bpy):]** and [Ru(bpy);]*, were empirically fitted
to reproduce the experimental behavior of the POM-free system
(see SI for details). The same rate constants were then applied in the
microkinetic model for the POM-containing catalyst, allowing com-
parison between both systems. As shown in Figure 6a, the resulting
models can nicely reproduce the experimental increase of activity
upon incorporating PWi. in the RhCp*@UiO-67 material, as well as
its stronger impact on the HER pathway than on the CO:RR one.
The predicted 1.6- and 4-fold increase of the HCOOH and H. yields
after 300 min is in nearly quantitative agreement with the experi-
mental values of ca. 2 and 2.5, respectively.* Note that the product
selectivity is very sensitive to the difference in free-energy between
TS-CO:RR and TS-HER (see Figure 4). This was estimated as 1
kcal mol", which falls well within limits of computational uncer-
tainty. Thus, the overestimation of the H,:>HCOOH ratio lies within
the expected margin of error of our calculations. Even so, the overall
2.8-fold increase of activity in terms of products formation predicted
by our models is rather aligned with the experimental factor of 2.3,
further validating the ability of the models to predict the enhance-
ment in photocatalytic activity granted by the POMs. Remarkably,
disabling the electron transfer from PWi2(2e) to 4a in the microki-
netic model results in product yields comparable to those obtained
with POM-free catalyst (Figure S4), indicating that this step is in-
deed crucial for the POM to improve the performance of the cata-
lyst. Also of note, disabling the electron transfer from [Ru(bpy)s]*
to 4a in the POM-free system results in almost no activity at all, as
only the red line pathway in Figure 4 is allowed, whereas it only
causes a slight decrease of the activity in the POM-containing system
(Figure S4). This indicates that in the POM-containing catalyst,
both pathways in which the reduced POM and the reduced PS pro-
mote the reduction of 4a into Sa are operative.

Microkinetic modelling allows not only studying the rate of prod-
ucts formation, but also tracking the concentration of every single
species involved in the reaction mechanism over time. A deeper anal-
ysis of the time evolution of reaction intermediates revealed that the
presence of the POM does not significantly alter the rate at which
the resting state accumulates (Figure 6b). However, it is found to
have a much stronger impact on the decay of the [Ru(bpy)s]** con-
centration over time (Figure 6¢c). The POM-containing system



displays a significantly slower conversion of the active photosensi-
tizer (labeled as PS) into its depleted form(s) (PSacpieea), the latter
no longer participating in the reaction.’® Therefore, we may con-
clude that the encapsulated POMs play the key role of limiting the
degradation of the [Ru(bpy)s]** photosensitizer. In conclusion, the
various beneficial impacts of the POM may be thus envisioned as fol-
lows:

= The POMs act as electron reservoirs by accepting and storing
electrons from the reduced photosensitizer, favoring the regen-
eration of [Ru(bpy)s]** over the non-productive decomposition
of [Ru(bpy)s]*, which prevails in the absence of POMs due to a
lower concentration of electron acceptors (see Figure 6c).

»  The above allows the concentration of [Ru(bpy)s]** and its re-
duced partner to be high enough to proceed through the fast re-
action pathway (solid lines in Figure S) for a longer time, result-
ing in an increase of the products yield.

"  Finally, the reduced POMs (PW1.(2e)) release electrons to the
catalysts at the required stage of the catalytic cycle, giving back
the oxidized POMs (PW1»(1e)) that can keep on accepting elec-
trons from [Ru(bpy)s]*. Along this line, it has to be pointed out
that, increasing the catalytic activity is mechanistically linked to
a decrease of the selectivity towards HCOOH, as the concentra-
tion of HTEOA”, which is the proton source, increases with the
number of catalytic cycles in which [Ru(bpy)s;]** can participate
before decomposing.

To validate our conclusions, we finally reproduced the photocata-
lytic COx-reduction experiments reported in ref. 26 (Figure 1b) us-
ing RbCp*@Ui0-67 and (PW12,RhCp*) @UiO-67 as catalysts (A >
415 nm, in 5:1 (v/v) CH;CN:TEOA solutions containing
[Ru(bpy)s]** as PS, see Experimental Section) and compared the
evolution of the experimental UV-Vis spectra of the reaction mixture
over time for the POM-containing and the POM-free catalysts. In
striking agreement with our findings, Figure 7 shows a slower decay
of the spectral features of [Ru(bpy);]** (maximum absorbance at
455 nm) in the presence of (PW12,RhCp*) @UiO-67, compared to
those collected with the POM-free system (see Figure S6 for a com-
parison of the time-evolution of the UV-Vis spectra). This further
confirms that POM guests enhance the activity of the material by
limiting the degradation of the PS.

4. Impact of the nature of the POM guest: Structure-activity re-
lationships.

Prompted by the ability of our kinetic models to predict variations
of both catalytic activity and product selectivity upon the presence
of POM in the material, we next conducted a systematic exploration
whereby a series of various POMs is evaluated aiming to set struc-
ture-activity relationships for CO;RR and HER performances. Aside
from PW1,, the series of POMs include an array of Keggin-type ani-
ons: [SinzOzm]*, SiWu; [A1W1204o] 5‘, Aqu; [H2W12040]6,
H>Wy,; the [HzPTileoOw]S‘, H,PTi:Wio; [PMO1zO4o:] ¥, PMouy;
[SiM012040]*, SiMo12 and [PV2Mo10040]*, PVaMoo; the Lindqvist-
type [WsO15]”, We; and the decatungstate [W10O32]*, Wio anion.
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Figure 7. Experimental decrease of the absorbance at 455 nm over
time of the reaction mixture (S:1 (v/v) CHsCN:TEOA containing
0.5 mM of Ru(bpy);CL) during photocatalytic experiments using
(PW12,RhCp*) @Ui0O-67 (red line) and RhCp*@Ui0-67 (black
line) catalysts.

As discussed in the previous section, a crucial condition for boost-
ing the catalytic activity of a (POM,cat) @MOF system is that the
encapsulated POMs must be capable of both accepting an electron
from the reduced PS and transferring it to the catalyst (species 4a)
in an exergonic fashion or with an affordable free-energy cost. Table
S5 compiles the AG values for both SET processes calculated for all
the selected POMs and considering multiple redox states. All tested
polyoxomolybdates are not suitable for acting as electron relay as
their reduced form may not reduce the catalyst, in line with their low-
energy laying d-band.” Among the rest of POMs, we found that and
identified 7 redox pairs (including 1 and 2 electron-reduced forms)
that do fulfill the aforementioned condition: SiWi.(0/1e),
Wi(0/1e), PWn(1/2e), AlWwn(0/1le), SiWn(1/2e),
H,PTi:W10(0/1e) and Ws(0/1e). Further studies were thus con-
ducted with these POMs only. Specifically, we determined the free-
energy barriers for the SET steps (Table SS), which allowed us to
predict the catalytic behavior of the related (POM,cat) @MOF ma-
terials using our microkinetic models. For comparison, we also in-
cluded here the H;W12(0/1e) pair, which performance might be
limited by the cost of H:-W1, reduction by [Ru(bpy)s]* (AGser =
+7.9 kcal mol™) and PW1.(0/1e), which activity is hampered by
PWi:(1e) not being able to spontaneously reduce the catalyst
(AGser = +10.0 keal mol™). In all cases, the loading of POM inside
the material was assumed to be the same as in (PW1,RhCp*) @UiO-
67.%

Figure 8 plots the predicted catalytic activities of the
(POM,RhCp*)@UiO-67 systems expressed as the total product
yields after 300 min and normalized by that of the POM-free
RhCp*@UiO-67, against the reduction potential of the POM (see
Table S6 for values). Interestingly, the distribution of catalytic activ-
ities does not follow a linear relationship with the reduction poten-
tial of the POM, but rather describes a volcano-type dependence.
The highest impact on the catalytic activity (almost 3 times that of
the POM-free system) was found for POMs with a moderate reduc-
tion potential (ranging from ca. -0.6 to -0.8 V vs NHE). By far, the
highest activities are predicted for the (W10, RhCp*) @UiO-67 and
our experimentally-tested (PWi2,RhCp*)@UiO-67 system which
shows a high selectivity for H, (see Figure S8). The other POMs
with either higher or lower potentials within a range of ca. 200 mV
(i.e. We, AIW1,, and SiW12) can still provide a higher catalytic activ-
ity than that of the POM-free system, although a less pronounced
enhancement is predicted (by a factor of ~1.3-1.9; see
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Figure 8. Volcano-plot of the catalytic activity of
(POM,RhCp*)@UiO-67 catalysts normalized by that of the
RhCp*@UiO-67 system vs the redox potential of the encapsulated
POM. Gray lines are depicted to guide the eye.

Figure 8). This further evidences that enhancing the catalytic activ-
ity of (POM,cat) @MOF catalysts requires the POM to have a bal-
anced ability to accept electrons from the reduced PS with that of
transferring them to the catalyst. Indeed, as shown in Figure S9, the
highest activity is reported for POMs that simultaneously minimize
the free-energy barriers for both SET steps, whereas POM:s with too
high and too low redox potentials cannot be efficiently reduced by
the PS or their reduced partner is not reducing enough for activating
the catalyst. Nevertheless, some of the POMs with moderate impact
of the overall catalytic activity, such as Ws or AIW1,, could give ac-
cess to a formate production comparable to that of
(PW12,RhCp*) @UiO-67, in conjunction with a lower amount of Ha
(see Figure S8), hence providing improved selectivity towards
CO2RR compared to (PW1:,RhCp*) @UiO-67.

Importantly, the structure-activity relationships described in Fig-
ure 8 can be used as a generic approach to evaluate a whole variety
of redox-active guests inside porous catalytic hosts and edit general
rules for targeting guests with beneficial impact on the activity of the
whole photocatalytic system. In general, the reduction potentials of
the PS and the catalyst determine the top and bottom limits of the
region where the redox potential of the guest should lie in order to
boost the catalytic activity. Bearing this in mind, the theoretical, op-
timal activity is reached when the redox potential of the guest is half-
way between those of the catalyst and the PS. Nevertheless, the lo-
cation of this optimum is expected to slightly vary depending on the
reorganization energies involved in the SET steps (PS to guest and
guest to catalyst), which influences the relative rate of both pro-
cesses. Overall, the herein reported trends might serve as a guideline
to rationally develop the next generations of host-guest and, more
generally, of multi-component catalytic systems with tailored activ-
ity and selectivity under photocatalytic conditions.

CONCLUSIONS

The beneficial role of immobilizing polyoxometalates near cata-
Iytic sites for boosting their photocatalytic activity is elucidated by a
comprehensive approach combining DFT calculations and microki-
netic modelling techniques, supplemented by photophysical and
spectroscopic experimental measurements. We selected here the

recent experimentally-tested (PW12,RhCp*) @UiO-67 catalytic ma-
terial, known to outperform its POM (PWy2)-free analogue in the
visible-light driven reduction of CO, and H* to HCOOH and H,,
respectively, in the presence of [Ru(bpy)s]** as an external photo-
sensitizer and TEOA as a sacrificial donor.?® Our mechanistic inves-
tigations first show that the PWi, POM inside this MOF acts as an
efficient electron reservoir, accepting electrons from the photo-re-
duced PS, [Ru(bpy)s]*, and transferring them to the Rh catalyst in
the MOF to generate its active form. Secondly, the comparison of
the POM-free and POM-containing catalysts by means of microki-
netic models correctly predicts the experimental trends in term of
boosting yields and observed selectivities, while revealing that stor-
ing electrons in the POM:s benefits the overall catalytic activity by
favoring the regeneration of the oxidized PS, [Ru(bpy)s]**, over its
unproductive degradation, the latter being a usual limitation of the
activity of the system. This boosts the overall activity by allowing the
PS to participate in a greater number of catalytic cycles before it de-
composes. Finally, the reduced POMs are reoxidized by transferring
electrons to the catalytic sites. Indeed, experiments confirmed a
slower degradation of the PS in the presence of PW1 in the material.
Still, as the activity increases, so does the selectivity towards Hs, since
ahigher concentration of protons is generated through the reductive
quenching of the photoexcited photosensitizer by TEOA.

Finally, we have further undertaken a systematic investigation of
the potential impact of a series of POMs with different compositions
on the overall catalytic activity of analogue (POM,cat) @MOF sys-
tems. A volcano plot that correlates the photocatalytic activity of the
(POM;cat) pair with the reduction potential of the POM is identi-
fied. Besides predicting POM:s with potential ability to tune the ac-
tivity and selectivity of the catalyst for CO.RR and HER, this analysis
reveals that a sweet spot is reached when a balance between the abil-
ity of the POM to be reduced by the PS and the ability of its reduced
form to transfer an electron to the catalyst is attained.

Overall, we provide for the first time a complete picture of the pro-
cesses governing the photocatalytic activity of a (POM,cat) @MOF
material, which allowed rationalizing the boost in its CO.RR and
HER performances observed upon encapsulating POMs inside the
pores of the RhCp*@UiO-67 catalyst. Most importantly, we estab-
lished structure-activity relationships that are POM-chemistry inde-
pendent; i.e. activity vs redox potential of the guest. We expect these
results to pave the way for the rational design of novel, porous heter-
ogeneous catalysts and assembled multi-component photocatalytic
platforms with enhanced activity and tailored selectivity, inspiring
the scientific community in photocatalysis towards the use not only
of POMs, but also of other types of redox-active mediators.

METHODS

Computational Details. DFT calculations were carried out at the
wB97X-D level” using the Gaussian16 (rev C01) quantum chemis-
try package.” Such level of theory has proved good agreement with
experimental data concerning reaction mechanisms, including both
kinetic and thermodynamic features.”*’® Also, the energies obtained
with this functional for steps involving variations of overall charge
and multiplicity do not differ significantly from those obtained with
other GGA and meta-GGA functionals (see Table S8). The
LANL2DZ basis set and associated pseudopotentials”” were used to
describe Rh, Ru, W, Mo, V, and Ti centers. These were supple-
mented by a Frenking’s f-type polarization functions.”® The remain-
ing atoms were treated with the all-electron 6-31G(d,p) basis set.””
*! Increasing the dimension of the basis set up to triple-{ quality does



not significantly alter the results (Figure S11). Solvent effects of ac-
etonitrile were included in geometry optimizations and energy cal-
culations by means of the IEF-PCM implicit solvent model,* as im-
plemented in Gaussian16. Calculations on the RhCp*@UiO-67 sys-
tem were carried out with models consisting in a RhCp*-containing
linker, where terminal carboxylate groups were saturated with hy-
drogen atoms (see Figure S12). Geometry optimizations were full
and without any symmetry restriction. The nature of all the station-
ary points on the potential energy surface was confirmed by fre-
quency calculations. A data set collection of the optimized structures
for the most representative species is available in the ioChem-BD re-
pository® and can be accessed via doi.org/10.19061/iochem-bd-6-
128. Unless otherwise noted, Rh complexes were modeled in their
lowest Ms value, according to previous computational studies on ho-
mogeneous RhCp* derivatives.” Further details of their electronic
structure can be found in Figures S13 and S14. The standard-state
correction of +1.89 kcal mol " was applied to the free energy of all the
species. This accounts for the free-energy variation in going from the
reference state of an ideal gas at 1 atm used by Gaussian to the stand-
ard state of 1 mol L in solution at 298.15 K. wB97X-D-derived re-
dox potentials in acetonitrile were corrected by applying a rigid shift
obtained from comparison with experimental values (see SI for de-
tails). Microkinetic analyses were performed using the Acuchem
software® for solving the differential rate equations. Rate constants
for elementary steps were obtained from the calculated standard
state free-energy barriers and using the Eyring’s equation, while ini-
tial concentrations were set to reproduce the experimental condi-
tions.”® Free-energy barriers for SET processes were estimated by
8586 as adapted
by Vaissier et al.”” Further details about the microkinetic models and

means of the Marcus theory of the electron transfer,
the application of the Marcus theory are provided in the SL

Transient absorption spectroscopy. Nanosecond transient ab-
sorption measurements were performed on a home-built setup,
which has been described previously.* Briefly, a Nd:YAG pumped
optical parametric oscillator (OPO) laser is used for sample excita-
tion at 460 nm with an energy of ~ 2 mJ/pulse with a repetition rate
of 10Hz. After excitation, the sample is probed by a white light con-
tinuum laser (LEUKOS) in a repetition rate of 20 Hz. The probe
beam is split into two arms, one for probing sample and the other for
reference in order to compensate for energy fluctuations. The prob-
ing arm is coupled, after passing the sample, into a round to linear
optical fiber bundle, before being analyzed by a spectrograph SPEX
270M (Jobin-Yvon). Detection of the dispersed white light is per-
formed by an intensified CCD (ICCD) detector PIMAX 4 (Prince-
ton Instrument). Transient absorption spectra were calculated using
the following formula:
gon SUf f
AOD = logy, (—é X S”—nb>
ref prob

where Sf,gc and S: ef ff are reference spectra when pump laser is on and

off respectively, Spr,, and 5;;:5 p are probe spectra when pump laser

is on and off, respectively.

Photo-irradiation experiments. Photo-irradiation experiments
were performed in a 1 cm optical path quartz cuvette in Ar-saturated
solutions. Analytik Jena Specord spectrometer was used to probe the
sample. The sample was irradiated with a 456 nm LED light source
with ~ 60 mW/cm? output (Kessil PR160L).

General photochemical procedure. RhCp*@UiO-67 and
(PW1,RhCp*)@UiO-67 were prepared and characterized as

described in ref. 26. A 5:1 CH;CN/TEOA mixture was used as a sol-
vent (CH3CN and TEOA purchased from Sigma-Aldrich and used
without further purification). The photosensitizer utilized was a 0.5
mM solution of Ru(bpy);Cl. (purchased from Sigma-Aldrich used
without further purification). 1.4 mg of (PWi,RhCp*)@UiO-67
and 0.9 mg of RhCp*@UiO-67, which corresponds to 0.17 pmol of
RhCp* catalyst, were used for the photocatalytic studies. Samples
were saturated with CO, via directly bubbling CO, through the so-
lution mixture for 20 min. During irradiation, the samples were vig-
orously stirred and 100uL of solution were taken at different time.
The reaction mixture was diluted 10 time and centrifuged before re-
cording UV-Vis spectra. Photochemical reactions were performed
using a 280 W, high pressure Xe arc lamp (Newport Instruments).
The beam was passed through a water infrared filter, a collimating
lens, and a filter holder equipped with a 415 nm band-pass filter
(Asahi Spectra). Samples were prepared in a 1 cm path length quartz
sealed cuvette (Hellma) which was placed in a temperature-con-
trolled cuvette holder (Quantum Northwest) maintained at 20 °C
with a circulated water bath. UV—vis spectra were recorded on a
PerkinElmer Lambda 750 UV /vis/NIR spectrometer.
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