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ABSTRACT: As an effective solution towards the establishment of a sustainable society, the reductive transformation of CO2 into 
value-added products is certainly important and imperative. Herein, we report that a porphyrin metal-organic framework composite 
Au@Ir-PCN-222, which is obtained through the in situ formation of Au nanoparticles in the coordination interspaces of Ir-PCN-222. 
Catalytic results show that Au@Ir-PCN-222 is highly efficient for CO2 reduction and aminolysis, giving rise to formamides in high 
yields and selectivities under room temperature and atmospheric pressure. Mechanistic studies disclose that the high efficiency of 
Au@Ir-PCN-222 is due to the synergistic catalysis of Au NPs and Ir-PCN-222, in which Au NPs can adsorb CO2 molecules on their 
surfaces and then increase the CO2 concentration in the cavities of the framework, and at the same time, Au NPs transfer electrons to 
Ir-porphyrin units and therefore increase the interactions with CO2 molecules.

1. INTRODUCTION
With the continuous consumption of fossil energy by human 
activities, the emission of the greenhouse gas carbon dioxide 
(CO2) caused a series of environmental problems such as global 
warming and the acidification of oceans. The report of the 
International Energy Agency suggested that the average 
concentration of CO2 was 400 ppm in 2018, and predicted that 
CO2 concentration might reach 950 ppm by 2100.1 As an 
effective solution towards the establishment of a sustainable 
society, the reductive transformation of CO2 into value-added 
products is certainly important and imperative.2-4 Among the 
CO2 reduction reactions, the synthesis of formic acid by 
hydrogenation of CO2 with hydrogen (H2) has attracted much 
interests, but this is a thermodynamically unfavourable reaction 
(G = +33 kJ·mol-1) and requires high CO2 and H2 pressures 
and elevated temperatures.5 In contrast, CO2 reduction in the 
presence of silanes as the reductants, which is also termed as 
CO2 hydrosilylation, is a thermodynamically favored chemical 
process (G = -29.3 kJ·mol-1), due to the cleavage of weaker 
SiH bonds and the formation of stronger SiO bonds.6 
Remarkably, silyl formates, which are formed from CO2 
hydrosilylation, are of great interest due to their potential 
application as synthons for the preparation of a wide range of 
valuable chemicals such as formic acid, formamides and 
formates with the addition of water, amines and alcohols, 
respectively.7

A few homogeneous reaction systems using transition metal 
complexes8-13 or organocatalysts14-17 have been reported for CO2 
hydrosilylation under mild conditions (RT and 1 atm) and with 
high selectivities. As an emerging class of porous materials, 
metal-organic frameworks (MOFs) are promising 
heterogeneous candidates, although their catalytic 

performances towards CO2 hydrosilylation are rarely studied 
yet.18,19 The plentiful reticular chemistry of MOF structures 
offers opportunities for the rational design of MOF composites, 
which integrate CO2 adsorption and activation.20-22 Firstly, the 
non-bonded interactions between CO2 and the open metal sites 
or heteroatoms in the catalytic coordination spaces of MOFs 
help increase the local CO2 coverage nearby the active sites.23 
The cavities of MOFs can be further used for the immobilization 
of co-catalysts, especially metal nanoparticles (MNPs), which 
can adsorb CO2 molecules (Figure S1).24,25 Secondly, the 
homogeneous catalysts as the ligands can be incorporated into 
the frameworks and dispersed uniformly within the MOFs, 
giving rise to heterogeneous single-site catalysts.26,27 Moreover, 
the charge-transfer interaction between the electron-rich MNPs 
and MOFs becomes a critical factor for controlling the catalytic 
reactivity of the resultant M@MOF composites,28-31 which 
could increase the electron density of the MOF, and thereafter 
enhance its interactions with CO2 via the back bonding, that is, 
the electron transfers from the occupied d orbitals of the metal 
to the LUMO of CO2.32,33 Thirdly, the definite and uniform 
structures of MOFs will benefit the study of the interactions 
between CO2 and frameworks at a molecular level, which is 
critical for the design of more powerful catalysts.34-36  

In this paper, we report the preparation of a series of 
porphyrin metal-organic frameworks M-PCN-222 (which are 
also denoted as M-PMOF-2) through the self-assembly of ZrCl4 
and M-TCPP (M = Ru, Rh, Pd, Ir, Pt; TCPP = tetrakis(4-
carboxyphenyl)porphyrin)).37-41 The MOFs possess a csq 
topology as in PCN-22242, MOF-54543 or MMPF-644, and 
contain hexagonal and triangular channels with the diameters of 
3.7 and 1.3 nm, respectively. The micro cavities are used for 
CO2 reservoirs whereas the meso cavities are used for the 
immobilization of metal nanoparticles (M´NPs) such as Pd, Ir, 
Pt and Au.45-47The resultant M´@M-PCN-222 can be 
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functionalized as a multifunctional platform, integrating CO2 
adsorption and activation. Catalytic results and mechanistic 
studies show that, due to the synergistic catalysis of Au NPs and 
Ir-PCN-222, in which Au NPs can adsorb CO2 molecules on 
their surfaces and then increase the CO2 concentration in the 
cavities of the framework, and at the same time, Au NPs transfer 
electrons to Ir-porphyrin units and therefore increase the 
interactions with CO2 molecules, Au@Ir-PCN-222 is highly 
efficient for CO2 reduction and aminolysis, giving rise to 
formamides in excellent yields and selectivities under room 
temperature and atmospheric pressure (Figure 1).

Figure 1. CO2 adsorption, diffusion and activation in the inner cavities of 
Au@Ir-PCN-222.

2. EXPERIMENTAL SECTION

2.1  Synthesis of Ir-PCN-222
After a mixture of Ir(TCPP)Cl (10 mg, 0.01 mmol), 

ZrOCl2·8H2O (20 mg, 0.06 mmol), trifluoroacetic acid (300 μL) 
and H2O (100 μL) in N,N-dimethylformamide (2 mL) is heated 
at 130 °C for 6 h, red needle-like crystals (10.9 mg, 60% yield) 
are obtained and dried under vacuum at 120 C overnight for 
further characterizations and uses. Anal. Calcd. for 
C48H32IrClN4O16Zr3·3DMF·10H2O (C57H73IrClN7O29Zr3): C, 
37.58; H, 3.04; N, 5.38%. Found: C, 37.12; H, 3.74; N, 5.82%. 
FT-IR (KBr) ν 3257 (br), 2858 (br), 1587 (s), 1541 (s), 1371 (s), 
1067 (s), 1010 (s), 906 (m) cm-1.

2.2 Synthesis of Au@Ir-PCN-222
 The suspension of the activated Ir-PCN-222 sample (20 mg) 

in dry n-hexane (5 mL) is sonicated for around 5 min until it 
becomes homogeneous. And then, the HAuCl4 aqueous solution 
(20 mg·mL-1, 100 μL) is added dropwise with constant vigorous 
stirring. The resultant solution is stirred for 2 h, and then the 
reaction mixture is centrifuged to remove the supernatant. To 
the harvested sample is added ascorbic acid solution (6 mg·mL-1, 
5 mL). After being stirred for 2 h, the product is separated as 

red needle-like crystals via centrifugation at 12000 rpm for 2 
min, washed with ethanol for several times, and dried under 
vacuum at 120 °C overnight.

2.3 Catalytic reaction
Typically, a mixture of phenylsilane (PhSiH3, 216 mg, 2 

mmol), N-methylaniline (1a, 107.0 mg, 1 mmol), cesium 
carbonate (Cs2CO3, 6.5 mg, 0.02 mmol) and activated Au@Ir-
PCN-222 (10 mg, 0.008 mmol) is stirred in THF (2 mL) under 
atmospheric CO2 at room temperature. After 2 h, the reaction 
mixture is centrifuged. The recycled catalyst is washed with 
DCM (5 mL  4), dried in the air and reused in the consecutive 
runs. The combined supernatant is evaporated to dryness, which 
is purified by flash chromatography to afford the pure product 
N-methyl-N-phenylformamide (2a, 117 mg, 87% yield). 1H 
NMR (400 MHz, CDCl3) of 2a: δ 8.44 (s, 1H), 7.37 (m, 2H), 
7.24 (m, 1H), 7.15 (m, 2H), 3.28 (s, 3H).

2.4 Computational details

2.4.1 The molecular model of Ir-PCN-222
The periodic crystal structure of Ir-PCN-222 for calculation 

is based on the reported Fe-PCN-22242 and is relaxed by 
geometry optimization on the package of CP2K 2.6.1.48 The 
calculation employs the Perdew-Burke-Ernzerhof functional 
(GGA-PBE)49 while the Kohn-Sham orbitals for all atoms are 
expanded into an atom-centered double-ζ quality DZVP-
MOLOPT-GTH Gaussian basis set.50 The pseudopotentials 
used for all of the atoms are those derived by Goedecker, Teter 
and Hutter.51 The cutoff energy of 650 Ry and the cutoff in 
reciprocal space of 80 are considered, respectively. 

Based on the crystal structure of Ir-PCN-222, the molecular 
models of Ir(TMCPP)Cl (TMCPP = 5,10,15,20-tetrakis(4-
methoxycarbonylphenyl)porphyrin) and Zr6O8 clusters are 
further calculated by the package of Gaussian 09.52 By ChelpG 
method,53 Minnesota functional M06L54 that can perform quite 
well in transit-metal system is applied to fit their electrostatic 
potential (ESP) charges with a hybrid basis set of split valence 
6-311G**55 for C, H, N and O while Stuttgart and Dresden 
(SDD) pseudopotentials56 for Ir, Zr and Cl. In these calculations, 
the atomic van der Waals radii for all atoms of the Ir-PCN-222, 
which are used to fit the ESP charges, are taken from the work 
of Batsanov.57 

2.4.2   The surface model of Au@Ir-PCN-222
After cleaving the (100) plane of crystal, a vacuum slab of 20 

Å is stacked to build the surface model. Based on Garzón’s 
work, one Au38 nanocluster that is confirmed as one of the 
lowest energy structures, is created near the coordinated water 
molecules of Zr6O8 clusters.58 All the calculation for density of 
states (DOS) is carried on the package of CP2K 2.6.1 at the near 
level for geometry optimization.48 To describe the function of 
Au38 nanocluster in CO2 activation, the revised PBE functional 
(revPBE), which is constructed by optimizing parameters of 
PBE against the exchange energy, is used to compute the 
surface model without nanocluster to illustrate the impact 
between adatoms and channel-wall atoms for comparison.59

2.4.3   CO2 adsorption sites of Ir-PCN-222
The interactions between the Ir-PCN-222 frameworks and 

the CO2 were modelled using the sum of a 12-6 Lennard-Jones 
(LJ) contribution and a Coulombic term. The Universal Force 
Field (UFF)60 and DREIDING61 force fields are adopted to 
describe the LJ parameters for the atom of the inorganic nodes 
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and organic linkers of the MOFs respectively. In this work, the 
parameters of CO2 molecule are described by Elementary 
physical model 2 (EPM2).62 

A 1×1×2 supercell for Ir-PCN-222 is considered with cell 
parameters that exceed 24 Å in order to be able to apply a cutoff 
radius of 12 Å for the short-range dispersion. The long-range 
electrostatic interactions are handled using the Ewald 
summation technique. The fugacities for CO2 at a given 
thermodynamic condition are computed with the Peng-
Robinson equation of state (EoS).63 The Grand Canonical 
Monte Carlo (GCMC) simulations are performed using the 
Complex Adsorption and Diffusion Simulation Suite (CADSS) 
code.64 For each fugacity point, the system is sustained under 
2×108

 equilibrium steps and 1×108
 product steps under a 

constant temperature 273 K. The configuration of adsorbate is 
calculated through GCMC simulations using the revised 
Widom’s test particle insertion method.65

2.4.4   CO2 diffusion in Ir-PCN-222
Molecular dynamics (MD) simulations are carried out by 

Lammps package66 to illustrate the transport diffusivity of CO2 
in Ir-PCN-222. The structure with saturated adsorption is 
obtained from the snapshot of the GCMC simulation. 
Considering that total energy of the system keeps constant in 
the process of diffusion, the simulation is performed in 
microcanonical ensemble (NVE) at 273.15 K with the timestep 
as 1 fs. For fluid simulation, Langevin equation67,68 is used to 
control the kinetic energy of rigid bodies system, of which the 
temperature is relaxed in 1 ps. The structure optimized with 
forcefield is first equilibrated with the time of 10 ns, followed 
by 50 ns production MD. The same parameters and cutoff radius 
of van der Waals and long-range Coulombic potential from 
GCMC simulation are employed to represent non-bonded 
interaction. Considering the rigidness of Ir-PCN-222, only the 
movements of CO2 are taken into consideration to simulate the 
process of diffusion. The bonded forcefield parameters for CO2 
are consulted from Myshakin’s work.69 

The self-diffusivity Ds is obtained from mean squared 
displacement (MSD) by Einstein equation,70 

𝐷𝑠 =
1

2𝑑𝑁lim
𝑡→∞

𝑑
𝑑𝑡〈 𝑁

∑
𝑖 = 1

|𝑟𝑖(𝑡) ― 𝑟𝑖(0)|2〉
where  denotes as position of the adsorbate molecule i at 𝑟𝑖(𝑡)

time t, d and N represents the dimension of the system and the 
number of diffusing molecules in the system under ensemble 
average.
2.4.5   Reaction kinetics of CO2 hydrosilylation

The transit state search is carried on Gaussian 0952 package 
with the same functional mentioned previously. Split valence 
basis set 6-311G**55 is employed to describe C, H, N and O, 
while Def2SVP for Ir, Cl, Au and Si.71,72

3. RESULTS AND DISCUSSION

3.1 Syntheses and characterizations
Ir-PCN-222 is prepared through the assembly of ZrCl4 and 

Ir(TCPP)Cl in the presence of trifluoroacetic acid as a 
modulating reagent at 130 ºC for 6 h. Powder X-ray diffraction 
(PXRD) patterns confirm the bulk purity of the as-prepared 
samples (Figure S2), which fit well with the simulated patterns 
of PCN-222 that is constructed with metal free porphyrin ligand 

TCPP.42 The morphology of Ir-PCN-222 is revealed by 
scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM), indicating that the as-prepared Ir-PCN-222 
samples are in three-dimensional, rod-shaped structures with 
about 600 nm width and 3 µm length (Figure 2a and 2b).

Figure 2. SEM (a) and TEM (b) images of Ir-PCN-222, and median-
magnification TEM (c), high-magnification TEM (insert c) and aberration-
corrected HAADF-STEM (d) images of Au@Ir-PCN-222.

Figure 3. TEM-EDX elemental mapping images of Au@Ir-PCN-222 
corresponding to Au, C, N, Ir, O and Zr elements, respectively.

The MOF composite Au@Ir-PCN-222 is prepared by the in 
situ formation of Au NPs in Ir-PCN-222, which is achieved by 
using a double-solvent approach (DSA). The PXRD pattern of 
Au@Ir-PCN-222 is well matched with that of the pristine Ir-
PCN-222, indicating that the framework and crystallinity of Ir-
PCN-222 remain well after the introduction of Au NPs (Figure 
S2). The presence of Au NPs in Au@Ir-PCN-222 is clearly 
observed in the TEM images, which is marked with the red 
circles in Figure 2c and the inset. The Au NPs with a width of 
around 3 nm display consistent orientation (Figure 2d), 
indicative of the confined growth of Au NPs starting from the 
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single crystal, nanocube to nanobar with a length range of 20-
60 nm in the hexagonal mesochannels (Figures S3 and S4).73 
The existence of the consistent orientation growth of Au NPs in 
Ir-PCN-222 is also evidenced by the high-angle annular dark-
field scanning TEM (HAADF-STEM) tomogram analysis 
(Figure 2d). Meanwhile, the TEM-EDX (energy dispersive X-
ray spectroscopy) elemental mapping images demonstrate the 
uniform distribution of all of the elements in the whole Au@Ir-
PCN-222 (Figure 3). The weight loading of Au NPs is 
determined to be 2% using an inductively coupled plasma mass 
spectrometry (ICP-MS).

The permanent porosity of Ir-PCN-222 and Au@Ir-PCN-222 
has been confirmed by N2 adsorption isotherms at 77 K, and the 
Brunauer-Emmett-Teller (BET) surface areas are calculated to 
be 2387 and 1452 m2·g-1, respectively (Figure S5). The pore size 
distribution of Ir-PCN-222 that is calculated using the density 
function theory (DFT) simulation discloses that there are two 
types of pores, with the sizes of 1.2 and 3.4 nm, respectively 
(Figure S6), which is well matched to the crystal structure of 
PCN-222 when van der Waals interaction is considered. 

X-ray photoelectron spectroscopy (XPS) examination is used 
to confirm the existence and oxidation state of Ir in Ir-PCN-222 
(Figure S7). The +3 valance state of Ir is clearly evidenced by 
the binding energies at 62.6 and 65.6 eV, assignable to the 4f7/2 
and 4f5/2 levels of Ir(III), respectively. After the incorporation of 
Au NPs into the pores of Ir-PCN-222, the Au XPS spectrum of 
resultant composites presents two peaks with binding energies 
of 84.3 and 87.8 eV, corresponding to Au0 4f7/2 and Au0 4f5/2, 
respectively (Figure S8). It is noted that Ir 4f binding energies 
of Au@Ir-PCN-222 (4f7/2, 62.4 eV and 4f5/2, 65.3 eV) are 
slightly shifted toward lower oxidation states than those of Ir-
PCN-222, suggesting that the charge-transfer interactions exist 
between Au NPs and Ir-PCN-222 (Figure S9).28-31

The calculations for density of states (DOS) have been carried 
out on the package of CP2K 2.6.1 at the near level for geometry 
optimization.48 Based on Garzón’s work, one Au38 nanocluster 
that is confirmed as one of the lowest energy structures, is 
created near the coordinated water molecules of Zr6O8 clusters 
(Figure S10).58 The O partial DOS of surface model 
with/without Au38 nanocluster are shown in Figure S11. As a 
metal cluster, the inclusion of the guest Au38 increases Fermi 
energy by 0.40 eV and metallizes the host Ir-PCN-222, which 
is consistent with the XPS experimental analysis.
3.2 CO2 adsorption and diffusion

The adsorption behaviors of Ir-PCN-222 and Au@Ir-PCN-
222 towards CO2 are evaluated (Figure 4 and Table S1). The 
CO2 adsorption isotherms at different temperatures (e.g. 298 
and 308 K) are carried out and disclose that both Ir-PCN-222 
and Au@Ir-PCN-222 show high adsorption capability of CO2 at 
1 bar, whereas Au@Ir-PCN-222 displays higher adsorption 
performances due to the adsorption of CO2 on the surfaces of 
Au NPs.25 The isosteric heats of adsorption (Qst) are calculated 
from the CO2 sorption data by the virial fitting method (Figures 
S12-15).74 The initial Qst of Ir-PCN-222 and Au@Ir-PCN-222 
are up to 26.9 and 29.0 kJmol-1, respectively, indicative of 
specific CO2 adsorption sites embedded in the pore walls. The 
higher initial Qst value of Au@Ir-PCN-222 than Ir-PCN-222 
further shows that, with the incorporation of Au NPs into the 
inner cavities of Ir-PCN-222, the resultant composite Au@Ir-
PCN-222 shows stronger interaction with the CO2 molecules.

The snapshot of CO2 adsorbed in Ir-PCN-222 is obtained 
from the results of the Grand Canonical Monte Carlo (GCMC) 

simulation (Figure 5 and Table S2). The results unveil that, in 
the mesopores, the potential CO2 adsorption sites are mainly 
near the coordinated water of Zr6O8 clusters (site 1), and some 
others lay behind the Ir-Cl paralleled with porphyrin. As for site 
1, the electrostatic potential (ESP) charge of the Zr element is 
+1.9930 |e| (Figure S16), which might interact with the 
nucleophilic O atoms in CO2, but the van der Waals interactions 
from the coordinated water keep a distance between Zr6O8 
clusters and free CO2 molecules. On the other hand, in the 
micropores, CO2 molecules mainly interact through their ESP 
charges on C atoms with the axial Cl atoms (dC-Cl = 3.2-3.3 Å, 
site 2). Radial distribution function (RDF) is further applied to 
investigate the specific distance in cavity (Figure S17), and the 
results show that site 1 and site 2 are validated in the peaks of 
O(H2O)-CO2 (dC-O = 3.8 Å) and Ir-CO2 (dC-Cl = 3.5 Å), 
respectively.

Figure 4. The CO2 adsorption-desorption isotherms of Ir-PCN-222 and 
Au@Ir-PCN-222.

Figure 5. Snapshot of CO2 molecules adsorbed in Ir-PCN-222 from the 
simulation (a) and the preferred CO2 adsorption site 1 (b) and site 2 (c) from 
GCMC simulation. The specific conformations in the snapshot are marked 
with the distance.
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These experimental and simulation results disclose the CO2-
framework interactions, the potentials of the inner cavities of Ir-
PCN-222 as CO2 reservoirs, and the possible active sites for 
CO2 activation. Based on these results, it may be concluded that 
the trigonal channels are favorable for CO2 adsorption and 
meanwhile the hexagonal channels become the platform for 
CO2 activation. To testify this hypothesis, the potential barriers 
are calculated by displacing a single molecule of CO2 along the 
direction from micropore to mesopore between the neighboring 
porphyrin structures (Figure 6). It can be concluded from the 
results that the diffusion process from two scales of pores is 
reversible with 5 kJ·mol-1 as potential barriers.

Figure 6. Potential energy distributions for one CO2 molecule along the 
direction of micropore  mesopore  micropore.

To illustrate the possibility from a more direct parameter, 
molecular dynamics (MD) simulations are carried out to 
illustrate the transport diffusivity of CO2 in Ir-PCN-222. Based 
on the trajectories recorded during MD runs, the average 
residence times inside the mesopores (tmeso) and micropores 
(tmicro) are calculated to be 18.22 and 20.00 ns, respectively. 
When the CO2 molecules in the mesopores are exhausted with 
the reaction going on, the interchange of adsorbate between two 
scales of pores could occur due to a dynamic state of 
equilibrium. Meanwhile, the CO2 diffusion process from 
micropores to mesopores is recorded in the movie (Supporting 
Information), which can vividly display CO2 transportation in 
Ir-PCN-222. In order to illustrate the influence of CO2 
concentration on diffusion, the diffusivities at different loading 
are obtained from four trajectories (Figure S18). The 
diffusivities (3.6 × 10-11 m2/s) of CO2 in Ir-PCN-222 (38 CO2 
per unit cell) are rather lower compared to other MOFs,75,76 
indicative of the relatively strong non-bonded interactions 
between CO2 molecules and Ir-PCN-222 (Table S3). The 
decreased speed of CO2 transferring from mircopores to 

mesopores is consistent with the goal to use mircopores as CO2 
reservoirs, which is beneficial for catalytic reactions to be 
carried out in the mesopores of Ir-PCN-222.
3.3 Catalysis and reaction mechanism

The catalytic performances of PMOFs and PMOF composites 
towards CO2 reduction and aminolysis are studied under 
atmospheric pressure and ambient temperature (Table 1). Ir-
PCN-222 is efficient for the reaction, giving rise to formamide 
(2a, C+II species) and N,N-dimethylaniline (3a, C-II species) in 
the yield of 89% and a selectivity of 98:2 (entry 1). For 
comparison, the PMOFs based on the other two d6 metal 
porphyrins such as Rh-PCN-222 and Ru-PCN-222 display 
much poorer performances and give rise to low to modest yields 
(entries 2 and 3). Neither Pd-PCN-222 nor Pt-PCN-222 can 
promote the reaction (entries 4 and 5). Controlled experiments 
further show that PCN-222 with no metal in the porphyrin can’t 
work at all (entry 6). There isn’t any background reaction in the 
absence of any catalyst (entry 7). It is clear that the 
incorporation of Ir into the porphyrin macrocycle plays an 
important role on the catalytic performances of PMOFs.

Table 1. Catalyst screening.a

Ent
ry

Catalyst Reaction
Time (h)

Yield
(%)b

Molar ratio 
(2a:3a)

TON TOF 
(h-1)

1 Ir-PCN-222 24 89 98:2 109 4.5

2 Rh-PCN-222 24 42 98:2 51 2.1

3 Ru-PCN-222 24 11 87:13 12 0.5

4 Pd-PCN-222 24 0 / / /

5 Pt-PCN-222 24 0 / / /

6 PCN-222 24 0 / / /

7 none 24 0 / / /

8 Ir@Ir-PCN-222 2 81 93:7 94 47

9 Pd@Ir-PCN-222 2 79 87:13 86 43

10 Pt@Ir-PCN-222 2 75 67:33 63 31.5

11 Au@Ir-PCN-222 2 90 91:9 102 51.1

12 Au NPs 24 0 / / /

13 Ir-PCN-222 
+Au NPs

2 47 92:8 54 27

aReaction condition: CO2 (1 atm), N-methylaniline (1a, 1 mmol, 107 mg), 
PhSiH3 (2 mmol, 216 mg), catalyst (0.8 mol%), Cs2CO3 (0.018 mmol, 6 mg), 
THF (2 mL), 60 ºC, 24 h. bThe yield is the conversion of 1a to 2a and 3a, 
which is determined by 1H NMR using 1,3,5-trimethoxybenzene as an 
internal standard. 

To our delight, after the immobilization of noble metal NPs 
into the hexagonal mesochannels of Ir-PCN-222, the resultant 
PMOF composites M´@Ir-PCN-222 (M´ = Ir, Pd, Pt, Au) 
display enhanced catalytic efficiencies (entries 8-11). Among 
them, Au@Ir-PCN-222 is the most efficient. MNPs in the 
M@Ir-PCN-222 composites can adsorb CO2 molecules on their 
surfaces and then increase the CO2 concentration in the cavities 
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of the framework. At the same time, MNPs transfer electrons 
to Ir-porphyrin units and therefore increase the interactions with 
CO2 molecules. As for the electron transfer from MNPs to Ir-
PCN-222, there is difference among different MNPs due to the 
orbital occupation.77 The stable electron structures of an atom 
are those with its atomic orbital fully filled (d10), half-filled (d5), 
or empty(d0). Ir-PCN-222 is difficult to obtain electrons from 
Pd0 (4d10) or Pt0 (5d10) NPs because these metals are stable with 
their fully filled electron states. Besides, Ir0 (5d9) is inclined to 
obtain an electron to form 5d10 while reluctant to donate it any 
more. By contrast, Au0 (5d106s1) is ready to donate one electron 
to form 5d10, which might explain Au@Ir-PCN-222 displays the 
highest reaction efficiency among M@Ir-PCN-222 composites 
(M = Ir, Pd, Pt, Au). 

To explore the effect of Au NPs, the polyvinyl pyrrolidone 
(PVP) stabilized Au NPs are prepared and applied in the same 
reaction. It is found that no reaction occurs at all when Au NPs 
are used as the sole catalyst (entry 12). The results disclose that 
Ir-PCN-222 instead of Au NPs is the catalytically active sites 
within Au@Ir-PCN-222, but nevertheless, the synergistic 
catalysis of these two components largely increases the reaction 
efficiency. In addition, the simple mixture of Au NPs and Ir-
PCN-222 can only induce a modest yield of 54% in 2 h (entry 
13).

The substrate scope regarding to amines is studied using Ir-
PCN-222 as the catalyst (Table 2). It is found that a series of 
para-substituted N-alkylanilines perform smoothly to give the 
corresponding formamides (2a-e) with the yield range of 77-
87%. Indoline and 1,2,3,4-tetrahydroquinoline can react with 
CO2 in the presence of PhSiH3 as the reducing regent, and the 
formamides 2f and 2g are produced in 95 and 75% yields, 
respectively. The primary amine aniline can be also involved in 
the catalytic reaction, producing N-phenylformamide (2h) in a 
high yield (85%). Dialkyl-substituted secondary amines display 
good to excellent yields to the corresponding products (2i-l) 
with the yields of 71%-90%.

Table 2. Substrate scope.a

2a (87%) 2b (77%) 2c (82%) 2d (78%)

2e (67%) 2f (95%) 2g (75%) 2h (85%)

2i (90%) 2j (72%)b 2k (71%)b 2l (71%)b

aReaction condition: CO2 (1 atm), 1 (1 mmol), Ir-PCN-222 (0.8 mol%), 
PhSiH3 (2 mmol, 216 mg), Cs2CO3 (0.018 mmol, 6 mg), THF (2 mL), R.T. 
for 24-48 h. The yields are isolated yield; bThe yield is the conversion of 1 
to 2, which is determined by 1H NMR using 1,3,5-trimethoxybenzene as an 
internal standard.

Recycling experiments have been studied to show the 
robustness of Au@Ir-PCN-222 as a heterogeneous catalyst. The 
results show that no significant activity loss occurs during four 
successive runs (Figure S19). The TEM image of the recycled 
Au@Ir-PCN-222 indicates that it almost maintains its 
morphology (Figure S20). The PXRD of the recycled samples 
further confirm that the crystallinity of Au@Ir-PCN-222 
remains intact after the catalytic reactions (Figures S21). The 
XPS spectrum of the recycled Au@Ir-PCN-222 sample after the 
catalytic reaction shows that the +3 valance state of Ir remains. 
As shown in Figure S22, the peaks with the binding energies at 
62.4 and 65.3 eV are assignable to the 4f7/2 and 4f5/2 levels of 
Ir(III), respectively. ICP-MS analysis of the filtrate after 
catalysis discloses that the amount of Au leaching into the 
reaction mixture is around 0.21%.

The hydrosilylation of CO2 might occur through either an 
outer-sphere or inner-sphere pathway (Figure 7).2,4 As for the 
outer sphere pathway, the CO2 hydrosilylation process is 
initiated by phenylsilane coordination to the iridium center via 
a η2-(Si–H) mode, and ends with transfer of silyl and hydride 
ligands to CO2 in a concerted way. For comparison, in the inner 
sphere pathway, the iridium center firstly interacts with the CO2 
molecule in the side-on (η2-C,O) coordination, and then the 
coordinated CO2 reacts with phenylsilane in the similar 
concerted way as the outer sphere pathway. Both pathways lead 
to the formation of the silyl formate as the intermediate, which 
then react with amines (1) to generate the final products of 
formamides (2). 

Figure 7. The possible reaction mechanism of CO2 hydrosilylation.

To elucidate the reaction pathway, the energy barriers of the 
transit states of these steps that control the speed of reaction as 
rate-determining processes are calculated. For each pathway, 
there might be one hydrogen transfer from PhSiH3 to CO2 (TS1 
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in inner sphere or TS1 in outer spere). Moreover, to depict the 
synergistic catalysis of Au clusters and Ir-PCN-222, an Au4 
cluster in transit states near the hydrogen transferring process is 
modelled. The corresponding energy barriers ΔGr are listed in 
Table S4, from which the inner sphere pathway (ΔGr = 118.50 
kJmol-1) is expected to be more beneficial than the outer sphere 
pathway (ΔGr = 123.71 kJmol-1). Nevertheless, the outer sphere 
pathway may not be completely ruled out due to the small 
energy difference.

4. CONCLUSION

In conclusion, a porphyrin metal-organic framework (PMOF) 
composite, Au@Ir-PCN-222, is found to be an effective catalyst 
for CO2 hydrosilylation under mild conditions (R. T. and 1 atm), 
which might benefit from the synergistic catalysis of Ir-
porphyrin units and Au NPs. Theoretical studies disclose the 
CO2 molecules can be stored in the micro channels of Ir-PCN-
222, and then diffuse to the meso channels where the catalytic 
reactions occur. Our work provides a useful strategy to integrate 
multiple functional components into MOFs for the 
combinatorial CO2 adsorption and activation. Further work 
about the design and catalytic applications of PMOFs is on the 
process.
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