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ABSTRACT: Three crystalline heterometallic molybdenum(V) phosphates have been synthesized under hydrothermal con-
ditions. They all contain {M[P4Mo6O28(OH)3]2}16- (M = Mn(II) or Co(II)) polyoxometalate (POM) units, with the M ions sand-
wiched between two {P4MoV6} rings. In the presence of Fe(II) ions in the reaction medium, a 3D Fe-Mn compound built from 
the connection of Mn(P4Mo6)2 units to Fe(II) and Fe(III) centers by extra phosphate ions is obtained. Alternatively, the intro-
duction of [Ru(bpy)3]2+ complexes in the synthetic medium prevents the formation of such high dimensional compounds. In 
the two Ru(bpy)-Mn and Ru(bpy)-Co hybrids, chains are indeed formed whereby the Mn(P4Mo6)2 or Co(P4Mo6)2 anions are 
bridged by Mn(II) or Co(II) ions, respectively. The charge of these anionic chains is compensated by neighboring [Ru(bpy)3]2+ 
complexes. Among these three compounds, only Fe-Mn and Ru(bpy)-Mn act as heterogeneous catalysts for the photocata-
lytic reduction of CO2 into CH4 as the major product and CO (yield in CH4 of 1440 nmol g-1 h-1 and 600 nmol g-1 h-1 with a 
selectivity in CH4 equal to 92.6 and 85.2%, respectively, under 8 h irradiation) in water, in the presence of TEOA as an electron 
donor and [Ru(bpy)3]2+ as a photosensitizer. A DFT analysis allowed proposing a reaction mechanism involving the formation 
of a solvated electron via photoionization of a one-electron reduced [RuII(bpy)2(bpy●‒)]+ complex as the key step to reduce 
CO2 to CO2●‒. The latter can then coordinate to the peripheral M(II) ions to yield CO through electron and proton transfer steps 
involving reduced POMs and protons generated in the photooxidation of the sacrificial donor. Concerning the non-active com-
pound, Ru(bpy)-Co, DFT calculations revealed that the Co(II) dimers present in the structure may spontaneously take the 
extra electron out of CO2●‒ to form a Co-Co bond, releasing CO2 back. Finally, preliminary results suggest that the reduction of 
CO to CH4 could be photochemically accomplished by the POM-based materials in the presence of TEOA, with no mechanistic 
requirement for the participation of [Ru(bpy)3]2+.

INTRODUCTION 

The photocatalytic reduction of CO2 to fuels and value-
added chemicals (CO, HCOOH, CH3OH, CH4…) under sunlight 
attracts an increasing interest in the context of environmen-
tal issues introduced by the shortage of fossil fuels, the need 
for using solar energy as an alternative and climate change. 
There is thus an ever-growing incentive to develop efficient, 
selective and recyclable dedicated heterogeneous catalysts 
for CO2 photoreduction reaction (CO2RR) using visible light. 

Polyoxometalates (POMs) as soluble anionic metal oxide clus-

ters of d-block transition metals in high oxidation states, typi-

cally W(VI), Mo(V,VI) or V(IV,V), exhibit redox and acid-base 

properties and are particularly exploited in catalysis, either in 

homogeneous conditions1,2 or immobilized in solid supports.3–6 
In the hot field of solar energy conversion, although numer-
ous studies have revealed their potentialities as catalysts 
for water splitting,7–10 there have been scarce reports on 
POMs for CO2RR.11,12 Besides rare examples of transition 

metal (M)-substituted polyoxotungstates,13–16 reduced pol-
yoxomolybdates (i.e. containing Mo(V) ions) emerged in 
2019 as promising candidates.17–19 Illustratively, {-
MoV12MoVI4O52} reduces CO2 into formaldehyde under UV-
light in homogeneous conditions17 and the related {-
PMoV

8MoVI
4Zn4O52}, as the building unit of a POM-based 

Metal-Organic Framework (POMOF), selectively reduces 
CO2 into formate in heterogeneous conditions under visible 
light.18 Two other families of solids made of reduced POM 
building units have been recently evidenced as heterogene-
ous photocatalysts for CO2RR. The 
[Co(H2O)6]2[(Mo2O4)8Co20(H2O)28(HPO4)16(PO4)8(OH)4] 
solid, which contains large wheels connected by phos-
phates, Co(II) ions and {MoV2O4} dimers, belongs to the first 
family and converts CO2 into CO.20  The second family gath-
ers crystalline solids based on {P4MoV6} POM units con-
nected by Mn or Co ions which can reduce CO2 into CO and 
CH4 in the presence of [Ru(bpy)3]2+.19,21,22 Both families 



 

were studied by our group several years ago23–26 and we de-
cided to revisit their synthesis by adding non-innocent 
counter-ions such as [Ru(bpy)3]2+ and to investigate their 
photocatalytic properties for CO2RR. This strategy was for 
example explored for POMOFs exhibiting catalytic proper-
ties for proton reduction.27 Another illustrative example is 
the transformation of the cesium salt of the 
[Co9(H2O)6(OH)3(HPO4)2(PW9O34)3]16- POM into the corre-
sponding [Ru(bpy)3]2+ salt.28 The latter compound was 
studied as heterogeneous photocatalyst for water oxidation 
and showed improved performance when compared to that 
of the cesium salt. The authors proposed that the formation 
of the photosensitizer-catalyst pair in the solid state is ben-
eficial for the electron transfer event and for the long-term 
stability of the photosensitizer. In the present study, 
[Ru(bpy)3]2+ was selected as counter-ion to play the role of 
photosensitizer although its catalytic role in CO2RR cannot 
be excluded as proposed in a number of studies.20,21,29 We 
thus report herein the synthesis and structural characteri-
zation of three novel heterometallic molybdenum(V) phos-
phates: Ru(bpy)-Co and Ru(bpy)-Mn with {P4Mo6} units 
linked by Co(II) or Mn(II) ions, respectively, and with 
[Ru(bpy)3]2+ counter-ions and, as a comparison, the fully-in-
organic Fe-Mn compound with {P4Mo6} units connected by 
Mn(II) and Fe(II) and Fe(III) counter-ions. Only two of these 
compounds reduce CO2 into CO and CH4, and we propose 
herein a thorough discussion on the relationship between 
the structures of the reported materials and their photo-
catalytic properties considering new mechanistic insights 
provided by DFT calculations. 

RESULTS AND DISCUSSION 

Synthesis and Characterizations. Hydrothermal synthesis 
is the method of choice for the preparation of heterometallic 
molybdenum(V) phosphates. Indeed, these conditions are 
necessary to promote the reduction of Mo(VI) by metallic 
Mo to form the {MoV2O4} dinuclear building units. Phos-
phate ions were added in excess. An acidic pH, between 2 
and 4, was also crucial to promote the formation of the mo-
lybdenum(V) phosphates. Mixtures of Na2MoO4, metallic 
Mo, concentrated H3PO4 and salts of transition metal ions 
(Fe(II), Co(II), Ni(II) or Mn(II)) in aqueous solution were 
thus heated at 180°C for 70 h. In addition, [Ru(bpy)3]2+ com-
plexes were introduced in the reaction medium to play the 
role of counter-ions during the synthesis of Ru(bpy)-Co 
and Ru(bpy)-Mn. Finally, following previous observa-
tions,23,26 iminodiacetic acid [HN(CH2COO)2]2- was added in 
the synthesis of Ru(bpy)-Mn and Fe-Mn to improve their 
crystallization. All three materials formed dark red crystals, 
a common feature of compounds containing {MoV2O4} units. 
Their structure has been solved by single-crystal X-ray dif-
fraction (Table S1). The crystalline homogeneity of the com-
pounds was checked by comparison of the experimental X-
ray powder pattern with the powder pattern calculated 
from the structure solved from single-crystal X-ray diffrac-
tion data (Figure S1). The UV-vis spectra of the three com-
pounds (Figure S2) exhibit broad and intense absorption 
bands. As expected, the UV-vis spectra of Ru(bpy)-Co and 
Ru(bpy)-Mn are very close and the broad band at around 
450 nm, not present in Fe-Mn, can be attributed to MLCT 
transitions characteristic of the [Ru(bpy)3]2+ complex while 
the bands common to the three compounds with maxima at 

around 280 and 510 nm can be attributed to Mo → Mo 
charge-transfer transitions (vide infra). EDX analyses allow 
to confirm the formula determined by single-crystal analy-
sis for the three compounds (see experimental section). 
TGA analyses (Figure S3) indicate the number of crystalli-
zation water molecules and the comparison of the calcu-
lated and experimental mass of oxides formed at high tem-
perature also confirm the proposed formula. The IR spectra 
of the three compounds (Figure S4) display strong signals 
consistent with P-O vibrations in the 1000-1150 cm-1 re-
gion, Mo=O vibrations in the 900-1000 cm-1 region and Mo-
O vibrations below 800 cm-1. The presence of [Ru(bpy)3]2+ 
cations in Ru(bpy)-Mn and Ru(bpy)-Co is confirmed by the 
comparison of their IR spectra with that of [Ru(bpy)3]Cl2 
showing the presence of characteristic bands (attributed to 
C-N and C-C vibrations) between 1350 and 1500 cm-1. 
Structure description. The three structures contain the 
[(Mo2O4)3(HPO4)x(PO4)4-x(OH)3](9-x)- (x = 2-3) (P4Mo6) anion 
(Figure 1a). In this anion, three {MoV2O4} dimeric units are 
connected two by two by sharing edges around a central 
phosphate group, to form a Mo6-ring. Three peripheral 
phosphate groups complete the molecular structure. Va-
lence bond calculations (Figure S5-S7) confirm the +V oxi-
dation state of the Mo ions and indicate that the three oxy-
gen atoms bridging the {MoV2O4} units are protonated. The 
position of these OH groups is indicated in Figure 1a. Extra 
protons can also be found on the peripheral phosphate 
groups. The Mo(V) ions form short Mo-Mo bonds (2.6 Å) 
within the dimeric unit. The central and the three periph-
eral phosphate groups lie in the same side of the plane de-
fined by the six Mo ions. In the three structures, as almost 
exclusively observed with heterometallic molybdenum(V) 
phosphates containing P4Mo6 anions, the P4Mo6 rings are 
connected in pairs by one metallic ion (Co(II) or Mn(II)) in 
octahedral coordination, thus forming a sandwich-type, 
sometimes called “hour-glass”, structure (Figure 1b). 
 
 
 
 
 
 
 
 
 
Figure 1. a) Ball and stick representation of the 
[(Mo2O4)3(HPO4)x(PO4)4-x(OH)3](9-x)- (P4Mo6) anion with the 
indication of the protonated bridging oxygen atoms and b) 
polyhedral representation of the sandwich-type structure 
formed by the connection of two P4Mo6 anions by a Co(II) or 
Mn(II) ion in octahedral coordination. Yellow octahedra: 
MoO6, green tetrahedra: PO4, yellow spheres: Mo, red 
spheres: O, green spheres: P, purple sphere: M (M = Co or 
Mn).  
 
In the structure of Ru(bpy)-Co (Figure 2a, left) two P4Mo6 
rings are sandwiched by a Co(II) ion (Co1). These sandwich-
type POMs are connected to each other by dimers of Co(II) 
ions to form a 1D chain. Co2 and Co3 adopt a distorted oc-
tahedral coordination, being connected to three oxygen at-
oms of phosphate ions, two terminal water ligands and one 

OH

OH OH
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bridging water molecule (Figure S8a). The Co2-Co3 dis-
tance is quite short (2.91 Å) within a Co(II) dimer. The 

charge of the anionic chains is compensated by neighboring  
[Ru(bpy)3]2+ counter-ions (Figures 2b, left). 

 

Figure 2. a) View of the chain formed by the connection of M(P4Mo6)2 sandwich-type POMs by M(II) ions in the structures of 
Ru(bpy)-M (M = Co, Mn), b) side view (left) and top view (right) of the chains surrounded by [Ru(bpy)3]2+ cations in each structure; 
c) view of the structural unit in Fe-Mn, which consists in a Mn(P4Mo6)2 sandwich-type anion, one Fe(III) ion (Fe1), one Fe(II) ion 
(Fe2) and one extra PO4 group (left); view of the extra PO4 group bound to four Mn(P4Mo6) sandwich-type anions via Fe-O(PO3) 
bounds (middle); view along the b axis of the 3D structure (right). Yellow octahedra : MoO6, green tetrahedra : PO4, red spheres : O, 
purple spheres : Mn, pink spheres: Co, blue spheres: Fe, orange spheres: Ru, black spheres: C, dark blue spheres: N; hydrogen and 
sodium atoms have been omitted for clarity. 

The structure of Ru(bpy)-Mn has similarities with that of 
Ru(bpy)-Co, with Mn(II) ions replacing Co(II) ions (Figure 
2a, right). However, the two compounds are not isostruc-
tural and present some differences. In Ru(bpy)-Mn, there 
are two inequivalent independent P4Mo6 rings with two in-
equivalent Mn(II) ions (Mn1 and Mn4) connecting them 
(Figure 2a). These Mn(P4Mo6)2 sandwich-type ions stack 
into chains like in the Co(P4Mo6)2 analogue in Ru(bpy)-Co. 
Still, while these entities  
are stacked in a parallel fashion within a chain in Ru(bpy)-
Co, the chain in Ru(bpy)-Mn adopts a zig-zag shape with 
tilted anionic units. Furthermore, the POMs are connected 
by four Co(II) ions in Ru(bpy)-Co while only two Mn(II) 
ions link the anionic entities in Ru(bpy)-Mn. Mn2 and Mn3 
are in a pseudo-octahedral coordination environment, be-
ing connected to three water ligands and to three oxygen at-
oms of phosphate ions (Figure S8b). In addition, in contrast 
to what is observed in the structure of the Co analogue, the 
two Mn ions are not directly connected via an oxygen atom 
of a bridging water molecule but are separated by a sodium 
ion (Figure S8b). [Ru(bpy)3]2+ counter-ions are intercalated 
between the chains (Figures 2b). Finally, Fe-Mn does not 

contain additional transition metal complexes as counter-
ions as in the two other structures reported herein but is a 
fully inorganic structure with P4Mo6 rings sandwiched by a 
Mn(II) ion (Mn1) and further linked by Fe ions. Its structure 
is reminiscent of that of the previously reported molyb-
denum(V) phosphates, namely 
Na15Mn10[(Mo2O4)3(HPO4)(PO4)3(OH)3]4(PO4),26 
Na7Mn4Fe6[(Mo2O4)3(HPO4)2(PO4)2(OH)3]4(PO4),23 NENU-
60519 and NENU-60619, which all crystallize in the tetrago-
nal I41/acd space group and contain Mn(P4Mo6)2 sandwich-
type units. One additional common feature between these 
structures is the presence of an extra phosphate ion which 
does not belong to a P4Mo6 ring. The difference between 
them lies in the nature of the transition metal ions connect-
ing these rings. In Fe-Mn, the Mn(P4Mo6)2 sandwich-type 
units are connected to each other and to the extra phos-
phate group via Fe(II) and Fe(III) ions (Figure 2c). BVS cal-
culations unambiguously allowed to determine that Fe1 is a 
Fe(III) ion while Fe2 is in the +II oxidation state (Figure S7), 
Fe1 and Fe2 being both in octahedral environments. Fe1 is 
coordinated to six oxygen atoms of phosphate groups and 
Fe2 is bound to four oxygen atoms of phosphate groups of 
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P4Mo6 units and to two water molecules (Figure S8c). The 
four oxygen atoms of the extra PO4 group are bound to Fe1 
ions. Overall, the connection of the POMs via these Fe-
O(PO3) bonds generates a compact 3D structure (Figure 2c). 
Still, the presence of Fe(III) in Fe-Mn can be unexpected 
since the synthesis of reduced molybdenum phosphates re-
quires a strong reducing environment and the iron source 
used is a Fe(II) salt. In order to validate the BVS calculations, 
XPS analyses were conducted on Fe-Mn. Figure S9 shows 
the XPS survey obtained on this compound. Surface analysis 
reveals the presence of all the constitutive elements of the 
POM-based material. The Fe2p spectral region presented in 
Figure 3 clearly shows broad peaks centered at 712.0 and 
725.1 eV attributed to Fe2p3/2 and Fe2p1/2, respectively. 
Their asymmetric shape reveals the presence of at least two 
different chemical environments for Fe. Instead of fitting 
the experimental data by the classical deconvolution with 
Gaussian/Lorentzian mix parameters, an original approach 
was adopted here to reconstruct the Fe2p doublet whereby 
a linear combination of Fe(II) (green line) and Fe(III) (red 
line) reference spectra was used. The orange line repre-
sents the obtained envelope. This non-linear least-squares 
fitting allowed determining the amount of each oxidation 
state. The XPS ratio thus obtained is 1:1 (precisely 49% 
Fe(II) and 51% Fe(III)) which is in perfect agreement with 
BVS.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Fe2p spectral region recorded on the Fe-Mn com-
pound (black squares) and its reconstruction (orange line) 
from a linear combination of Fe(II) (green line) and Fe(III) 
(red line) reference spectra acquired in the same experi-
mental conditions. 
 
Photocatalytic properties. The photocatalytic properties 
of the three compounds were studied in aqueous suspen-
sions of ground crystals, with triethanolamine (TEOA) as 
the electron donor (H2O/TEOA = 14:1). Despite the pres-
ence of [Ru(bpy)3]2+ entities in the framework of Ru(bpy)-
Co and Ru(bpy)-Mn, no gaseous products nor formate in 
the liquid phase were detected under visible light irradia-
tion. However, in the presence of additional photosensitizer 
[Ru(bpy)3]Cl2 dissolved in the catalytic medium, the for-
mation of CO and CH4 could be observed in the gas phase for 
two of the three compounds, Ru(bpy)-Mn and Fe-Mn, with 
no formate production. For these two compounds, CH4 was 

the major product detected and its production increased al-
most linearly with the irradiation time (Figure 4). In con-
trast, the production of CO was much lower and stopped af-
ter a few hours. The CH4 production amounts to 48.0 nmol 
(i.e. 600 nmol g-1 h-1) and 115.2 nmol (i.e. 1440 nmol g-1 h-1) 
after 8 h, with selectivities of 85.2% and 92.6% for 
Ru(bpy)-Mn and Fe-Mn, respectively. Fe-Mn is thus the 
most efficient catalyst, with an activity for CH4 production 
comparable to that observed for the related fully-inorganic 
P4Mo6-based heterometallic molybdenum(V) compounds 
NENU-605 (894.7 nmol g-1 h-1) and NENU-606 (1747.8 nmol 
g-1 h-1) studied in similar conditions.19 However, the selec-
tivity of Fe-Mn for CH4 (92.6%) is better than the selectivity 
of these two compounds (76.6% and 85.5% for NENU-605 
and NENU-606, respectively). Furthermore Ru(bpy)-Mn 
does not show any deactivation for CH4 production even af-
ter 48 h (Figure S10) while a plateau was observed after 24 
h for both NENU-605 and NENU-606. Moreover, IR spectra 
and X-ray powder patterns of Ru(bpy)-Mn and Fe-Mn be-
fore and after catalysis are quite similar (Figures S11 and 
S12), confirming the stability of these materials under pho-
tocatalytic conditions. Finally, only a small loss of activity 
was observed after 3 consecutive catalytic assays for the 
Ru(bpy)-Mn catalyst (Figure 4d). 
Mechanistic study. Next, we conducted DFT calculations to 
shed light onto the mechanism responsible for the CO2RR 
and to rationalize the experimentally observed reactivity 
trends. Owing to the presence of d electrons in fully-reduced 
POMs such as {P4MoV6}, it was initially postulated that POMs 
may be able to transfer electrons to interstitial metal cen-
ters under light irradiation to generate a M(I) ion where a 
CO2 molecule could be then reduced upon coordination.19,22 
In such a scenario, a photoexcited (or photoreduced) form 
of [Ru(bpy)3]2+ would allow regenerating the fully-reduced 
POM complex with the help of a sacrificial electron donor. 
More recently, photophysical studies suggested that the 
CO2RR is attained by the photoexcited [Ru(bpy)3]2+ complex 
rather than by {P4MoV6}-containing materials, as the pres-
ence of CO2 induces a faster decay of the transient photo-
voltage of [Ru(bpy)3]2+, whereas that of {P4MoV6}-based 
crystals is not significantly altered.20 Similar findings were 
also reported for larger Mo(V)-phosphate POMs.19  
 

Figure 4. CO2 photoreduction toward CO and CH4 with a) 
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Fe-Mn and b) Ru(bpy)-Mn catalysts; c) comparison of the 
production of the two compounds after 8 h; d) Recyclability 
experiments with Ru(bpy)-Mn. Light and dark blue bars in-
dicate CO and CH4 production, respectively. The catalyst 
was collected by centrifugation after 8 h then washed after 
each catalytic assay. Reactions conditions: 10 mg of com-
pound, 30 mL H2O/TEOA (14:1), 0.01 mmol [Ru(bpy)3]Cl2, 
280 W Xe lamp,  > 415 nm. 
 
Firstly, we analyzed the electronic structure of the materials 
as well as their photochemical properties. To do so, we se-
lected the catalytically active Ru(bpy)-Mn as a representa-
tive example due to its 1D nature which facilitates the mod-
eling of the crystal-solvent interphase where reactivity 
takes place. Previous computational studies have shown 
that the reduction of CO2 to CO requires the coordination of 
CO2 to an active metal center through the carbon atom to 
induce the charge transfer from an electron-rich ligand or 
from the metal itself to form a M-COO●‒ intermediate.30–38 In 
our system, the phosphate-coordinated Mn2 and Mn3 met-
als (as labelled in Figure 2a) bearing labile aqua ligands, 
thus with potential as coordination sites for binding CO2, are 
more likely to participate in the reaction mechanism com-
pared to those sandwiched between two {P4Mo6} rings, i.e. 
Mn1 and Mn 4 (as labelled in Figure 2a), which are hexa-
coordinated by bridging oxygens of the POM. We thus per-
formed our study using the model system depicted in Figure 

5a. This model consists of two {P4Mo6} rings belonging to 
two different sandwich units, the two phosphate-coordi-
nated Mn(II) ions (Mn2 and Mn3) and a Na+ counter ion, 
while using closed-shell Zn(II)(OH2)3 as capping groups in 
place of Mn1 and Mn4. The {P4Mo6} clusters were described 
as closed-shell singlets, the six d(Mo) electrons being local-
ized in three Mo—Mo bonds, whereas Mn(II) ions are stabi-
lized in their high-spin state, bearing five unpaired elec-
trons each.   
The density of states (DOS) (Figure 5b) shows that both the 
HOMO and the LUMO are centered in POM units, whilst vir-
tual and occupied orbitals with Mn contribution (yellow 
curve in Figure 5b) are separated by a wider energy gap, in 
such a way that the most stable Mn-centered virtual MO lies 
ca. 2 eV above the LUMO. TD-DFT calculations (Figures S15-
17 and derived text in the SI) revealed that the electronic 

transitions accessible in the visible region involve the high-
est set of occupied MOs of σ(Mo-Mo) character and the first 
two sets of virtual MOs, which are antibonding combina-
tions of d(Mo) and p(O) orbitals (Figure 5b), typical of POM 
structures.39 Thus, the photogeneration of a Mn(I) species 
via internal charge transfer within the crystal is unlikely 
(see SI for more details). Likewise, the photoreduction of 
Mn(II) centers by photoactivated [Ru(bpy)3]2+ counterions 
was found to be unlikely as well (vide infra). 
To further investigate the processes that may occur when 
irradiating such a complex multi-component system, we 
evaluated the feasibility of possible interactions between 
the POMs, the Ru complex and the TEOA sacrificial donor. 
On the one hand, [Ru(bpy)3]2+ is well-known to undergo a 
metal-to-ligand charge transfer (MLCT) upon visible-light 
absorption, leading to a singlet MLCT state that rapidly 
evolves towards a long-lived triplet MLCT state, 
3[RuIII(bpy)2(bpy●‒)]2+,*, via intersystem crossing (ISC).40 On 
the other hand, the {P4Mo6} POMs can also interact with vis-
ible light, leading to internal transitions of metal-centered 
(MC) and metal-to-metal charge transfer (MMCT) character 
that involve the  Mo(V) ions of the cluster (Figures S3 and 
S15). As predicted by our DFT calculations, the HOMOs of 
both the POM and the [Ru(bpy)3]2+ lie below in energy that 
of TEOA sacrificial donor (Figure 5c) suggesting that both 
systems are susceptible of generating, upon absorbing a 
photon, a hole at a suitable energy level to be quenched by 
TEOA, in agreement with previous measurements.20 It is 
worth mentioning that the one-electron reduced POM con-
taining one Mo(IV) center, namely POM(1e) in Figure 5c, 
could also reduce the 3MLCT state of [Ru(bpy)3]2+ (ΔG = -
43.1 kcal·mol-1), whereas this reductive quenching is not fa-
vorable when using the parent, all MoV-POM cluster as elec-
tron donor (ΔG = +8.2 kcal·mol-1). Also, the 
3[RuIII(bpy)2(bpy●‒)]2+,* excited state is not reducing enough 
to spontaneously transfer an electron to the ground state of 
the POM (ΔG = +7.9 kcal·mol-1), although an excited state of 
the POM may reduce [Ru(bpy)3]2+, as the LUMO of 
[Ru(bpy)3]2+ is slightly lower in energy than that of the POM 
(Figure 5c). Overall, this analysis indicates that the Ru com-
plex is the species that acts as electron acceptor, while the 
{P4Mo6} clusters in the crystal could act as electron shuttles, 
facilitating a formal electron transfer from TEOA to 
[Ru(bpy)3]2+ upon irradiation.

 
 

 



 

Figure 5. a) Two views of the B3LYP-optimized structure for the model of Ru(bpy)-Mn. Color code: Mn (purple), Mo (yellow), 
P (green), Na (blue), O (red), H (white), capping Zn (silver), b) Density of states (DOS) obtained from the model system ac-
companied by isovalue representations of the frontier MOs (see Figure S13 for comparison with other methods and Figure 
S14 for a spin density representation). A Gaussian broadening function with a full width at half maximum of 0.3 eV is displayed 
for clarity (see Computational Details section for further details). The black curve represents the total DOS, while green and 
orange curves represent the projected DOS for Mo and Mn, respectively, c) Frontier MO diagram comparing the energy levels 
of [Ru(bpy)3]2+, POM clusters within the Ru(bpy)-Mn model; and their one-electron reduced counterparts: [Ru(bpy)2(bpy●‒

)]+ and POM(1e), which contains one {P4MoIVMoV5} unit. The energy level of the HOMO of TEOA is represented with a blue 
dashed line. 
 
  



 

Determining the free energy variation associated to the re-
ductive quenching of the photoexcited POM is rather com-
plex due to the large number of states that may be formed 
and involved in the relaxation pathway. Nevertheless, the 
step-wise quenching of 3[RuIII(bpy)2(bpy●‒)]2+,* by TEOA has 
been estimated to be exergonic by 5.4 kcal·mol-1: in a first 
step, the reduction of the 3MLCT generates a TEOA●+ species 
in a slightly endergonic process (by 1.6 kcal·mol-1), which is 
followed by the rapid decomposition of the latter via inter-
acting with a second TEOA molecule to yield a neutral 
TEOA● plus a protonated HTEOA+.41–43 This second step is 
exergonic by 7 kcal·mol-1 in water and gives the thermody-
namic driving force to the quenching process. 
The gained knowledge about the charge-transfer processes 
underlying to the {P4Mo6}/[Ru(bpy)3]2+ photosystem 
prompted us to propose a novel mechanism for the reduc-
tion of CO2 to CO, in which [Ru(bpy)3]2+ acts as the catalyst 
and the POM-based material as a co-catalyst. This mecha-
nistic proposal is represented in Figure 6 and further eval-
uated by means of theoretical and experimental ap-
proaches.  
Firstly, the formation of the POM(1e) and the 
[RuII(bpy)2(bpy●‒)]+ species (highlighted in yellow and 
green in Figure 6, respectively) occurs photochemically as 
described above. Although these are electron-rich species, 
they cannot accomplish the reduction of CO2. The direct re-
duction of CO2 on the Mn(II) center of POM(1e) to give the 
POM-MnII-COO●‒ intermediate species is prohibitively 
costly, with a ΔG of +32.6 kcal·mol-1, whereas the redox po-
tential of the [RuII(bpy)3]2+/[RuII(bpy)2(bpy●‒)]+ pair (-1.50 
V vs SCE)44 is 0.65 V less negative than that of CO2/CO2●‒ (-
2.15 V vs SCE). 45  However, the absorption of a photon by 
[RuII(bpy)2(bpy●‒)]+ could promote its photoionization via a 
ligand-to-solvent charge transfer (LSCT), generically known 
as charge transfer to solvent (CTTS), to regenerate the 

[RuII(bpy)3]2+ species yielding a solvated electron (e‒aq). In 
the presence of CO2, solvated electrons tend to localize in an 
empty π* MO of CO2, resulting in a CO2●‒ radical anion with 
a bent structure46,47 and importantly, accomplishing the 
first electron injection. The photoionization of 
3[RuIII(bpy)2(bpy●‒)]2+,* has been reported for wavelengths 
that range from the UV48 to the violet49 regions of the spec-
trum. Thus, it might be reasonable to think that the LSCT 
band that originates from the ground state of 
[RuII(bpy)2(bpy●‒)]+ (which bears a lower positive charge) 
is red-shifted due to the higher-lying nature of the SOMO 
(Figure S18), favoring the photogeneration of solvated elec-
trons at our photocatalytic conditions (λ > 415 nm). 
The CO2●‒ generated in solution coordinates through its C 
atom to a Mn(II) center of the Ru(bpy)-Mn crystal replacing 
a labile aqua ligand. This endergonic process (+14.2 
kcal·mol-1) generates a Mn-COO●‒ intermediate that can 
then take a proton from a HTEOA+ molecule through a rapid 
process whereby one electron from a POM(1e) cluster of the 
material is spontaneously transferred to the CO2 moiety to 
yield a MnII-COOH species. This step was estimated to be 
barrierless in terms of Gibbs free energy, with a very 
smooth electronic, potential energy barrier of 2.9 kcal·mol-

1. The transition state (TS) for this concerted proton and 
electron transfer is represented in Figure S19. Alternatively, 
this process may also take place using TEOA● as both proton 
and electron donor, transferring a formal H● to the Mn-
COO●‒ intermediate as shown in Scheme S1. The MnII-COOH 
intermediate lies 7.1 kcal·mol-1 above the Mn-aqua reactant 
and, as shown in Figure S20, the localization of a formal neg-
ative charge on the C atom directly bound to Mn results in 
the decoordination of one of the phosphate oxygens from 
the coordination sphere of Mn, presumably due to Pauling 
repulsion. 
 

 
Figure 6. Proposed mechanism for the photoreduction of CO2 to CO catalyzed by [Ru(bpy)3]/{P4Mo6} systems using TEOA as 
sacrificial donor. Gibbs free energies are given in kcal·mol-1. Values in parentheses indicate relative Gibbs free energies. MLCT, 
ISC, MMCT, MC and LSCT stand for metal-to-ligand charge transfer, intersystem crossing, metal-to-metal charge transfer, 
metal-centered and ligand-to-solvent charge transfer, respectively. 



 

 
 
 
 
Finally, the protonation of the Mn-COOH species by a second 
HTEOA+ molecule promotes the cleavage of the C—O(H) 
bond. This process occurs through the concerted TS repre-
sented in Figure 7, which is the point of highest energy in 
the free-energy pathway describing the thermally-activated 
reduction of CO2●‒ to CO, accounting for an overall free en-
ergy barrier of 18.1 kcal·mol-1 that can be easily overcome 
at room temperature. Note that due to the protic nature of 
the solvent (water) it cannot be discarded that protons mi-
grate from HTEOA+ to the catalytic sites through water mol-
ecules acting as proton shuttles. The C-O bond scission re-
leases a water molecule and leads to the CO product coordi-
nated to a six-fold coordinated Mn(II) center. This species is 
slightly more stable than the Mn-COOH intermediate (by 1 
kcal·mol-1) but it is not until the CO product is released to 
the solution, being replaced by a water molecule to regen-
erate the Mn-OH2 species, that the whole process becomes 
irreversible, with a reverse free-energy barrier of almost 29 
kcal·mol-1. It is worth noting that the formation of a Mn(II) 
hydride intermediate is prohibitively endergonic (see 
Scheme S2), being thus consistent with the absence of 
HCOO‒ and H2 products reported experimentally. This sug-
gests that the nature of the interstitial metal centers in the 
material is a paramount factor governing the product selec-
tivity.  
 

 
 
Figure 7. Optimized geometry of the transition state for the 
key C—O bond cleavage step. Main distances are given in Å. 
 
Aside from evolving to CO on the crystal surface, we can en-
visage an alternative pathway whereby CO2●‒ may undergo 
a radical coupling with another CO2●‒ ion to form an oxalate 
anion (C2O42-), which may prevail in the absence of coordi-
nation sites. In view of this possible route, we reperformed 
blank experiments in the absence of POM-based crystals, 
not only verifying the absence of CO and CH4, but more im-
portantly revealing the formation of oxalate anions as 
demonstrated by 13C NMR (Figures S21 and S22) and also 
confirmed by IC measurements, thus supporting the gener-
ation of CO2●‒ anions in solution by the Ru complex. Further-
more, this also evidences that [RuII(bpy)3]2+ alone is not suf-
ficient for yielding CO and thus, in absence of metal centers 
where CO2●‒ can bind to carry on with the reaction, the gen-
erated CO2●‒ ions dimerize via radical-radical coupling to 

form oxalate, which is fully consistent with the proposed re-
action mechanism and the roles of the Ru complex and the 
POM crystal as catalyst and co-catalyst, respectively.  
Next, we sought to understand why despite being structur-
ally similar, the Ru(bpy)-Mn (active) and Ru(bpy)-Co (in-
active) lead to remarkably distinct catalytic activities. Ex-
perimental UV-Vis spectra (Figure S5) already anticipated 
that the photochemical properties of both materials are ra-
ther alike, in agreement with the similar energy levels ob-
tained for the {P4Mo6} clusters in both systems (Figures S23 
and S24). Thus, the nature of the POM-material should not 
alter the ability of the Ru complex to reduce CO2 to CO2●‒. 
This strongly support that the peripheral Mn(II) centers in 
the Ru(bpy)-Mn crystal participate explicitly in the reac-
tion mechanism, in line with the mechanism proposed in 
Figure 5, playing a critical role that the Co(II) centers in 
Ru(bpy)-Co cannot. Indeed, analysis of the key coordina-
tion step of CO2●‒ to Co(II) centers Ru(bpy)-Co revealed 
that, unlike Mn(II) centers in Ru(bpy)-Mn and Fe(II) cen-
ters of the also catalytically active Fe-Mn (Figure S25), 
Co(II) ions cannot stabilize a M-COO●‒ intermediate. In-
stead, {Co(II)}2 dimers act as an electron sink taking the ex-
tra electron from the CO2●‒ fragment to form a Co-Co bond 
and regenerate CO2. This can be explained by the fact that 
virtual Co-centered orbitals are deeper in energy than those 
of Mn (Figure S24), being more easily filled by a reducing 
agent, here the CO2●‒ anion. The difference between Mn(II)- 
and Co(II)-containing materials is illustrated in Figure S26 
by means of simple model systems. Importantly, the lack of 
CO/CH4 products reported for Ru(bpy)-Co can be ex-
plained through its inability to coordinate and stabilize a re-
duced CO2 molecule, further supporting our mechanistic 
proposal.  
Finally, we attempted to propose a plausible mechanism to 
explain the subsequent reduction of CO to CH4. Very re-
cently, we have characterized the TEOA● species, which 
originates from the oxidation of TEOA, as a hydride-donor 
that is capable of hydrogenating a Lewis-acid activated CO2 
molecule to formic acid (unpublished results). A prelimi-
nary analysis of the reaction profile involved in the present 
case suggests that CO could bind to Mn(II) sites and be re-
duced to formaldehyde, then to methanol and finally to me-
thane via sequential hydride-transfer steps from the allylic 
carbon of TEOA● to the carbon atom of the substrate and 
protonation steps (Figure S28 and Table S2). According to 
this, homogeneous [Ru(bpy)3]2+ would not be strictly re-
quired for the reduction of any of these intermediates to 
methane. Indeed, additional catalytic experiments showed 
that in aqueous solutions with TEOA and in the absence of 
[Ru(bpy)3]2+, Ru(bpy)-Mn is capable of reducing methanol 
to methane by itself under light irradiation (Figure S29). 
Nonetheless, the yield of CH4 increases significantly when 
homogeneous [Ru(bpy)3]2+ is added to the reaction mixture, 
most likely due to an enhanced photooxidation of TEOA 
caused by the electron flow from reduced POMs to 
[Ru(bpy)3]2+ and by the role of the latter as an additional 
TEOA photo-oxidant. Although these facts are consistent 
with TEOA● being related with the CO reduction to CH4, fur-
ther experimental and theoretical analyses are required to 
fully understand this process.  



 

CONCLUSION 

Three novel structures containing the {P4Mo6} anionic 
building unit connected by first-row transition metal ions 
were successfully isolated by hydrothermal synthesis. 
Ru(bpy)-Co and Ru(bpy)-Mn exhibit a 1D structure with 
M(P4Mo6)2 (M = Co or Mn) sandwich-type POMs connected 
by additional Co(II) or Mn(II) ions. Conversely, Fe-Mn does 
not contain additional transition metal complexes and the 
POM units are interconnected via Fe-O(PO3) bonds, forming 
a compact 3D structure. Notably, Ru(bpy)-Mn and Fe-Mn 
can reduce CO2 into CH4 and CO under visible light in the 
presence of additional [Ru(bpy)3]2+ complexes added to the 
solution; whereas Ru(bpy)-Co was found to be inactive. Fe-
Mn exhibits a remarkable selectivity of CO2 to CH4 conver-
sion up to 92.6% and Ru(bpy)-Mn does not show any deac-
tivation even after 48 h. The lack of catalytic activity of the 
cobalt-containing Ru(bpy)-Co compound indicates that the 
sole combination of electron-rich POM units and first-row 
transition metal ions is not sufficient to lead to active mate-
rials for CO2RR and that their composition and crystalline 
assembly is crucial.  
The analysis of the electronic structure and photochemical 
properties of the different species by means of DFT allowed 
proposing a novel mechanism to explain the photoreduc-
tion of CO2 promoted by these multi-component catalytic 
systems. Firstly, DFT calculations revealed that both the 
{P4Mo6} units and the [Ru(bpy)3]2+ present in solution can 
photo-oxidize the TEOA sacrificial donor. The [Ru(bpy)3]2+ 
complex is proposed to act as the catalyst, since its one-elec-
tron reduced form, i.e. [RuII(bpy)2(bpy●‒)]+, can undergo 
photo-ionization to form a solvated electron, which can 
then reduce a CO2 molecule to form a CO2●‒ anion in solu-
tion. The latter can bind to metal sites with labile ligands 
and weak oxidizing character such as Mn(II) ions in 
Ru(bpy)-Mn to be further reduced by reduced POMs in the 
material and protonated to generate a Mn-COOH intermedi-
ate, which can evolve toward the Mn-coordinated CO prod-
uct via protonation and C—O(H) bond cleavage, releasing a 
water molecule. However, in the absence of accessible metal 
sites, the formation of CO is blocked and CO2●‒ ions couple 
to form oxalate, highlighting the role of the POM as co-cata-
lyst. Remarkably, this proposal is consistent with a series of 
key experimental facts: i) [Ru(bpy)3]2+ can photo-reduce 
CO2 only to oxalate in the absence of POM crystals; ii) POM 
crystals do not form any reduction product without 
[Ru(bpy)3]2+ but their combination divert the product from 
oxalate to CO (and CH4); iii) Ru(bpy)-Co does not yield CO 
because the {Co(II)}2 dimers spontaneously reoxidize CO2●‒ 

to CO2 upon binding. 
Overall, this study further evidences that the heterometallic 
molybdenum(V) phosphates can be used to build up stable 
multi-component catalytic systems for the photocatalytic 
reduction of CO2 into the high-valued CH4 hydrocarbon with 
high selectivity. Moreover, it provides insights into the com-
plex mechanism governing the reaction mechanism at an 
atomic level, which might serve for designing the next gen-
eration of more efficient CO2RR catalysts. 

EXPERIMENTAL SECTION 

Synthesis and Characterizations. All reagents were pur-
chased from commercial sources and used as received. Mo-
lybdenum powder 1-5 m with purity >99.9% was used for 
the synthesis. [Ru(bpy)3]Cl2·6H2Owas synthesized accord-
ing to reported procedures.50 Hydrothermal syntheses were 
carried out in 23 mL polytetrafluoroethylene lined stainless 
steel containers under autogenous pressure. All reactants 
were briefly stirred before heating. The mixture was heated 
to 180 °C over a period of 1 h, kept at 180 °C for 70 h and 
cooled down to room temperature over a period of 20 h. The 
pH mixture was measured before (pHi) and after the reac-
tion (pHf). The product was isolated by filtration after soni-
cation and washed with ethanol.  
Preparation of [Ru(bpy)3]2CoII5[P4Mo6O26(OH)5]2·22H2O 
(Ru(bpy)-Co): A mixture of Na2MoO4·2H2O (0.235 g, 0.98 
mmol), metallic Mo (0.030 g, 0.31 mmol), concentrated (85 
wt%) H3PO4 (73 L, 1.11 mmol), CoCl2·6H2O (0.420 g, 1.76 
mmol), [Ru(bpy)3]Cl2.6H2O (0.200 g, 0.27 mmol) and H2O (4 
mL) was stirred and the pH was adjusted to 2.0 with 4 M HCl 
(pHf = 2.0). Red crystals were isolated after filtration and 
sonication in ethanol (0.067 g, 14.7 % based on Mo). Metal 
composition was checked by EDX analysis: P/Mo = 0.55 
(calc 0.67); Ru/P = 0.29 (calc 0.25); Co/P = 0.70 (calc 0.62). 
IR (ν/cm-1): 1624 (w), 1601 (w), 1460 (w), 1441 (w), 1421 
(w), 1310 (m), 1166 (w), 1122 (w), 1060 (m), 1001 (s), 959 
(s), 926 (s), 882 (s), 769 (m), 729 (m), 677 (m), 608 (w), 530 
(m). 
Preparation of 
Na2[Ru(bpy)3]2MnII3[P4Mo6O25(OH)6]2·20H2O (Ru(bpy)-
Mn): A mixture of Na2MoO4·2H2O (0.470 g, 1.95 mmol), me-
tallic Mo (0.030 g, 0.31 mmol), concentrated (85 wt%) 
H3PO4 (290 L, 4.42 mmol), NiCl2·6H2O (0.148 g, 0.622 
mmol), MnCl2·4H2O (0.119 g, 0.59 mmol), iminodiacetic acid 
(0.100 g, 0.75 mmol), [Ru(bpy)3]Cl2.6H2O (0.100 g, 0.13 
mmol) and H2O (4 mL) was stirred and the pH was adjusted 
to 2.5 with 4 M HCl (pHf = 2.5). Red crystals were isolated 
after filtration and sonication in ethanol (0.065 g, 8.8 % 
based on Mo). Metal composition was checked by EDX anal-
ysis: P/Mo = 0.61 (calc 0.67); Ru/P = 0.30 (calc 0.25); Mn/P 
= 0.30 (calc 0.37); Na/P = 0.17 (calc. 0.25). IR (ν/cm-1): 1634 
(w), 1600 (w), 1464 (w), 1441 (w), 1421 (w), 1118 (m), 
1001 (s), 958 (s), 923 (s), 768 (m), 726 (s), 687 (m), 603 
(m), 528 (m). The presence of Ni2+ ions and iminodiacetic 
acid in the synthetic mixture is necessary to get crystals alt-
hough they are not present in the final compound. 
Preparation of 
Na7MnII2FeII4FeIII4[P4Mo6O26(OH)5]4(PO4)·52H2O (Fe-Mn): A 
mixture of Na2MoO4·2H2O (0.470 g, 1.95 mmol), metallic Mo 
(0.030 g, 0.31 mmol), 8 M H3PO4 (530 L, 4.22 mmol), 
(NH4)2Fe(SO4)2·2H2O (0.280 g, 0.70 mmol), MnCl2·4H2O 
(0.058 g, 0.29 mmol), iminodiacetic acid (0.100 g, 0.75 
mmol)  and H2O (4 mL) was stirred and the pH was adjusted 
to 2.5 with 4 M HCl (pHf = 2.6). Dark red hexagonal crystals 
were isolated after filtration and sonication in ethanol 
(0.270 g, 44.0 % based on Mo). Metal composition was 
checked by EDX analysis: P/Mo = 0.71 (calc.: 0.67); Mn/Fe 
= 0.25 (calc : 0.25); Fe/Mo = 0.33 (calc :0.48); Fe/Na 1.10 
(1.14). IR (ν/cm-1): 1624 (m), 1427 (m), 1190 (m), 1112 
(sh), 1073 (s), 1043 (s), 1001 (s), 955 (s), 918 (s), 785 (m), 
701 (m), 595 (m), 537 (m). 
Crystal Structure Determination. Single crystal X-ray dif-
fraction data collections were carried out by using a Bruker 



 

AXS BV diffractometer equipped with a CCD bidimensional 
detector using the monochromatised wavelength (Mo K) 
= 0.71073 Å. Absorption corrections were based on multi-
ple and symmetry-equivalent reflections in the data set us-
ing the SADABS program based on the method of Blessing. 
The structures were solved by direct methods and refined 
by full-matrix least-squares using the SHELX-TL package. In 
the structure of Ru(bpy)-Co, one of the Co ions is disor-
dered over two positions (Co3A and Co3B, with space occu-
pation factors equal to 0.7 and 0.3, respectively) as well as 
one of the P atoms (P4A and P4B, with space occupation fac-
tors equal to 0.5 and 0.5, respectively). A disorder on one of 
the phosphate group is also observed in the structure of 
Ru(bpy)-Mn. Crystallographic data are given in Table S1 
and the complete data can be found in the cif file as Support-
ing Information. Selected bond distances and valence bond 
calculations are given in Figures S5-S7. Valence bond calcu-
lations confirm the oxidation state of the Mo, Mn, Co and Fe 
ions and indicate the presence of protons on bridging oxy-
gen atoms of the POMs. 
Powder X-ray diffraction data were obtained on a Brüker 
D5000 diffractometer using Cu radiation (1.54059 Å). EDX 
measurements were performed on a JEOL JSM 5800LV ap-
paratus. Thermogravimetry analyses (TGA) were per-
formed on a Mettler Toledo TGA/DSC 1, STARe System ap-
paratus under oxygen flow (50 mL min-1) at a heating rate 
of 5°C min-1 up to 700°C. 
X-ray photoemission spectroscopy (XPS) measure-
ments. XPS surface chemical analyses were carried out with 
a Thermo Fisher Scientific Nexsa spectrometer using a mon-
ochromatic Al Kα X-Ray source (1486.6 eV) and a dual flood 
gun (low energy electron and ion). A 400 µm X-ray spot was 
focused on a small amount of Fe-Mn compound and refer-
ence materials (powders) previously placed onto a carbon 
tape. The references used for Fe were FeCl2 for Fe(II) and 
NH4Fe(SO4)2 for Fer(III). Survey spectra were acquired us-
ing a Constant Analyser Energy (CAE) mode of 200 eV and 
an energy step size of 1 eV. Core levels spectra of interest 
were acquired using a CAE mode of 50 eV and an energy 
step size of 0.1 eV. Data were processed using Thermo 
Fisher Scientific Avantage© data system. Quantification 
was obtained from the photopeak areas after a Shirley type 
background subtraction and the use of “ALTHERMO1” li-
brary as sensitivity factor collection. All the binding ener-
gies were corrected to position the C-C contribution from 
the C1s spectrum at 284.8 eV. Spectrometer energy calibra-
tion is accomplished according to Thermo Fisher Scientific 
procedure using metallic Cu, Ag and Au internal references. 
Photocatalytic experiments. If no contrary indication, all 
photocatalytic experiments where run in H2O/TEOA 14:1 
(v/v), with 30 mL of sample and 10 mg of catalyst finely 
ground in a mortar and 0.01 mmol of [Ru(bpy)3]Cl2. Photo-
chemical 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 saturated with CO2 via 
directly bubbling CO2 through the solution mixture for 30 
min. During irradiation, the samples were vigorously 
stirred and aliquots of gas were analyzed. H2 measurements 
(aliquots of 50 μL of the headspace) were performed by gas 
chromatography on a Shimadzu GC-2014 equipped with a 

Quadrex column and a Thermal Conductivity Detector and 
using N2 as a carrier gas. Formate was analyzed using a 
Metrohm 883 Basic IC plus ionic exchange chromatography 
instrument, using a Metrosep A Supp 5 column and a con-
ductivity detector. A typical measurement requires the sam-
pling of 200 μL of solution, followed by a 100 dilution in de-
ionized 18 MΩ water and injection of 20 μL into the IC chro-
matograph. No H2 nor formate was detected. CO and CH4 
were measured using a Shimadzu GC-2010 Plus gas chro-
matograph, fitted with a S9 Restek Shin Carbon column, he-
lium carrier gas, a methanizer, and a flame ionization detec-
tor. 
Computational Details. DFT calculations were carried out 
with the Gaussian0951 software. The models of the reactive 
regions of the crystals were generated from X-ray crystal 
structures, from which M{P4Mo6}-(M)n-{P4Mo6}M patterns 
were extracted and protonated according to the results of 
the valence bond analysis. To reduce the complexity of the 
calculations, we replaced the terminal M ions and two of the 
four interstitial Co centers belonging to the same dimer by 
closed-shell Zn(II) ions. The terminal Zn centers were satu-
rated with three aqua ligands, and their relative position 
was constrained during the geometry optimizations to ac-
count for the rigidity of the crystal lattice. Geometry optimi-
zations and energy calculations were performed at the 
B3LYP level52,53 and solvent effects of water were included 
by means of the IEF-PCM implicit solvent model54 as imple-
mented in Gaussian 09. All transition metal atoms were de-
scribed by the Stuttgart relativistic small core pseudopoten-
tial and with the associated double-ζ valence basis set.55 The 
Dunning-type correlation consistent double-ζ polarized ba-
sis set (cc-pVDZ)56 was used for the remaining atoms. Cal-
culations on smaller cluster models of Mn(II), Co(II) and 
Fe(II) sites of the materials were conducted at the same 
level of theory. In these models, the oxygen atoms of the 
phosphate groups directly coordinated to the POM were 
saturated with hydrogen atoms, and their positions were 
constrained during the geometry optimizations to maintain 
the configuration of the metal environment in the real sys-
tem. The standard-state correction of +1.89 kcal·mol-1 to 
change from a reference state of 1 atm to the standard state 
of 1 M in solution at 25ºC was applied to the free-energies 
of all the species but water, for which the standard state cor-
responds to a higher concentration being the solvent in this 
reaction. For water molecule, according to a density of 
0.997 g·cm−3, the correction thus increases up to +4.3 
kcal·mol-1.57 As the free energy of the CO2●‒ species in aque-
ous solution is not properly described by static DFT with 
implicit solvent models58 we estimated this value from the 
free energy of the neutral CO2 and the experimental redox 
potential of -2.15 V vs SCE for the CO2/CO2●‒ pair (-1.90 V vs 
NHE).45 Mn(II), Co(II) and Fe(II) ions were computed with 
Ms values of 5/2, 3/2 and 2, respectively; and the spin state 
for the Mn (the case that we analyzed in more detail) was 
found not change along the reaction coordinate. The Den-
sity of States (DOS) was obtained from the electronic struc-
ture analysis of the B3LYP-optimized geometries of the 
structural models represented in Figure 5a and S24a by 
means of the Multiwfn software59 and using Gaussian-type 
broadening functions with a full width at half height of 0.3 
eV. 



 

The absorption spectra of cluster models of Ru(bpy)-Mn 
were simulated by means of time-dependent DFT60,61 using 
the Gaussian 09 code. The long-range corrected ωB97X-D 
functional62 was adopted for these calculations in conjunc-
tion with the LANL2DZ basis set63 (and associated pseudo-
potentials) supplemented with an f-type polarization shell64 
for metal centers and a 6-31G(d,p) basis set65–67 for the re-
maining elements. Additional tests with other methodolo-
gies were performed to address the influence of the nature 
of the basis functions and the density functional, all them 
providing the same qualitative description (see SI for fur-
ther details). 
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