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ABSTRACT 

The hydrogenation of carbon dioxide to formate is an intriguing reaction from both 

environmental and energy perspective, primarily due to the prospective uses of the product as a platform 

chemical in numerous applications such as an organic hydrogen-carrier. While several transition metal 

based catalysts have been shown to facilitate this chemical transformation, few guidelines exist on how 

best to tune the catalysts in order to achieve maximum activity. Here, we use linear scaling relationships 

and molecular volcano plots to gauge the potential of different metal-pincer catalysts for the 

aforementioned reaction. Analysis of combinations of five metals (Ru, Os, Co, Rh, and Ir) and seven 

tridentate pincer-type ligands reveal several complexes lying near the volcano top, suggesting that these 

species have nearly ideal energetic profiles for facilitating the hydrogenation reaction. In particular, 

catalysts bearing group 9 metal centers (Ir, Rh, Co) with p-acidic ligands provide a clear route to 

improving catalytic activity. Overall, these findings highlight how linear scaling relationships and 

molecular volcano plots provide unique insight into the underlying stereoelectronic factors that make 

specific metal-ligand combinations highly efficient catalysts.     

 

INTRODUCTION 

 C1 compounds, e.g., methanol, methane, and formic acid/formate salt,1-7 are important platform 

chemicals that find use in applications ranging from fabric dyeing and printing processes to hydrogen 

storage.8-11 As an example, the hydrogenation of carbon dioxide (CO2) to formic acid/formate salt 

provides a promising route using a readily available carbon feedstock12 to develop liquid organic 

hydrogen-carriers (LOHCs) systems.13 The principal shortcoming of the hydrogenation reaction (Figure 

1a), however, is that CO2 is an inherently inert and stable gas, meaning that transition metal catalysts are 

generally required to facilitate chemical transformations. Such catalytic processes typically operate under 
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harsh conditions (high temperature and/or pressure of CO2 and H2), thus it is hardly surprising that new 

systems that operate under milder conditions are continuously being developed.14-17  

To date, the most promising homogeneous hydrogenation pincer-catalysts consist of transition 

metal complexes (e.g., Ir, Rh, Ru, and Fe) incorporating PNP pincer ligands based on a 2,6-

dimethylpyridine scaffold where the P and N atoms are directly bound to the metal center.18-21 The 

connecting atoms of the pincer backbone can be swapped with either N and C, which leads to a host of 

different ligand families (e.g., PNN, NNN, PCP),22-24 as illustrated in Figure 1b. Perhaps the most well-

known homogeneous catalytic system for the hydrogenation of CO2 to formate used a IrIII-PNP catalyst 

(PNP=2,6-bis(di-iso-propylphosphinomethyl)pyridine) and yielded a maximum turnover number of 

3,500,000.25-26 Subsequent experimental27-32 and theoretical33-41 investigations have also revealed that this, 

as well as other metal-pincer complexes should be capable of catalyzing the hydrogenation reaction. 

Nevertheless, despite considerable experimental and computational work, a comprehensive picture on 

why certain metal/ligand combinations are superior to others remains lacking. 

 
 

 
Figure 1. (a) The hydrogenation reaction of carbon dioxide to formate, (b) different metal-ligand 
combinations studied in this work, and (c) the proposed catalytic cycle.  
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The first step in uncovering such information is to firmly establish the details of the reaction 

mechanism, which can provide important evidence on how a catalyst might be modified to improve its 

activity. For example, the prototypical IrIII-PNP catalyzed hydrogenation of CO2 (Figure 1c),37 proceeds 

through a catalytic cycle that first involves complexation of carbon dioxide with the hydrido (H-) ligand 

of 1, hydride extraction (TS1) then ultimately leads to a formate ion bound to the catalyst via its oxygen 

atom, 2. Dissociation of the formate ion then produces cationic species, 3, which is followed by the 

addition of molecular hydrogen (H2) to form 4. The heterolytic cleavage of H2 and abstraction of the 

proton by a hydroxide base (-OH) (TS2) closes the catalytic cycle by producing a molecule of water and 

regenerating 1. Previous computational results have identified the rate-determining step for the IrIII-PNP 

catalyst as involving heterolytic H2 cleavage and proton transfer to the hydroxide anion (i.e., 4→TS2).37 

Nonetheless, the kinetic profiles that govern catalytic efficiency, or even the specific rate-determining 

step itself, may be different for other species. Obtaining this critically important information, however, 

requires computing the entire catalytic cycle for each individual catalyst, an arduous task that is both time 

consuming and computationally expensive.  

Fortunately, we have recently shown that the kinetic profiles of catalysts can be estimated at 

greatly reduced computational cost using molecular volcano plots.42-48 Volcano plots,49-50 which are 

widely used in heterogeneous and electrocatalysis,51-53 and, more recently, have been invoked to 

rationalize54-57 and predict42-48 the performance of homogeneous catalysts. By computing a single 

descriptor variable for each catalyst, such as the reaction energy of one step of the catalytic cycle, it is 

possible to assess the thermodynamics or kinetics of the entire catalytic cycle through linear free energy 

scaling relationships (LFESRs).58-60 After constructing the volcano plot from the corresponding LFESRs, 

the properties of various catalysts can be quickly assessed from their position on the plot. Catalysts lying 

on the plateau or near the peak are considered good candidates that possess balanced substrate/catalyst 

interactions, in accordance with Sabatier’s principle.61 On the other hand, catalysts located far from the 
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peak (or plateau) on the left or right slopes have interaction energies that are either too strong (making 

release of the final products problematic) or too weak (making entry into the catalytic cycle difficult), 

respectively. Despite being based on thermodynamic concepts, these same principles are valid for kinetic 

quantities such as transition state barrier heights.43, 48, 62-66 The objective of this work is to unravel how 

various metals and ligands work in tandem to catalyze the hydrogenation of carbon dioxide to formate 

using molecular volcano plots. Using these tools, we reveal guiding principles that deliver strategies for 

improving the activity of prospective catalysts through manipulation of the catalytic cycle kinetics.  

 

COMPUTATIONAL DETAILS 

The geometries of all species were first optimized at the M0667-68/def2-SVPD69 level using the 

‘ultrafine’ integration grid70 along with the SMD71 implicit solvation model (solvent=water) in 

Gaussian09.72 An analysis of the resulting vibrational frequencies ensured that each structure was either a 

minima (zero imaginary frequencies) or a transition state (one imaginary frequency) on the potential 

energy surface. To obtain a complementary picture of the catalyst free energies profiles, single point 

electronic energies were determined on the M06 optimized geometries using the B3LYP73-74 functional 

appended with a density-dependent dispersion correction –dDsC75-78 (i.e., B3LYP-dDsC) in tandem with 

the aug-TZ2P (TZ2P for the transition metal species) Slater-type basis sets as implemented in ADF.79-80 

Free energy corrections (at 298K and 1 atm from the M06 computations) were determined using the rigid-

rotor harmonic oscillator model (as proposed by Grimme81) along with a correction for translational 

entropy in solution (as proposed by Whitesides82) within the GoodVibes program83 developed by Paton 

and Funes-Ardoiz. Final solvation correction values (in water) were then determined at the B3LYP-

dDsC/aug-TZ2P level using the COSMO-RS solvation model,84 also as implemented in ADF. For all 

intermediates and transition states, wave function stability was tested to confirm that the singlet state is 

the ground state. 
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RESULTS AND DISCUSSION 

Linear free energy scaling relationships. Based on the reaction mechanism depicted in Figure 1c, we 

computed free energies for each of the catalytic cycle intermediates and transition states for a total of 35 

pincer catalysts (combinations of five metals and seven ligands shown in Figure 1b). Analysis of the 

Figure 1c reaction mechanism, as well as an alternative ligand cooperative pathway (see SI for details), 

confirmed the favorability of the non-cooperative mechanism.25, 37-38 Linear free energy scaling 

relationships (LFESRs) were then established by calculating the stabilities of each intermediate and 

transition state relative to a reference state (DGRRS), which we selected as the entry point into the catalytic 

cycle, 1. An assessment of different potential descriptor variables identified DGRRS(4) (as defined in Eq. 

1) as being the most suitable, as strong LFESRs exist between this variable and the stabilities of other 

catalytic cycle intermediates and transitions states, as illustrated in Figure 2.  

 

 

1 + CO2 + H2 → 4 + HCOO-      DGRRS(4)     Eq. 1 
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Figure 2. Linear free energy scaling relationships between the descriptor variable, DGRRS(4) and 
intermediates [DGRRS(2) (a) and DGRRS(3) (b)] as well as transition states [DGRRS(TS1) (c) and 
DGRRS(TS2) (d)] for the hydrogenation of carbon dioxide to formate. All free energies (DGRRS) are 
relative to the reference state (RRS), 1. Knowing the value of the descriptor, DGRRS(4), (plotted on the x-
axis) allows the prediction of the relative stability of other intermediates and transition states present in 
the catalytic cycle directly from these scaling relationships. 
 

 

Molecular volcano plots. Having established LFESRs along with a suitable descriptor variable, the 

Figure 1 reaction can be cast into a simulated reaction profile (Figure 3a). This profile provides an 

estimate of the free energy associated with moving between any two linked intermediates and transition 

states of the catalytic cycle directly by knowing the value of the descriptor [e.g., DGRRS(4)] for the 

reaction. The overall nature of the steps largely agrees with previous work. For instance, formation of the 

formate ion through hydride abstraction from the catalyst by CO2 is shown to be a very energetically 
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facile process (i.e., the black line indicates most values are roughly thermoneutral), in agreement with the 

recent work of Heimann et al.85 Moreover, in many cases proton abstraction by the hydroxide basis in 

anticipated to be the rate determining step (i.e., the magenta line predicts very endergonic reaction values 

for species falling in the left section of the plot), as is the case for the aforementioned IrIII-PNP catalyst.37 

The final volcano plot (Figure 3b) can be obtained directly from the simulated reaction profile 

(Figure 3a) by taking only the most energetically costly reaction step [i.e., the kinetic determining 

step, -DG(kds), plotted along the y-axis] for each descriptor (x-axis) value. For the hydrogenation of CO2 

to formate, the volcano plot is divided into two sections, each of which is governed by a different reaction 

step that is the most energetically costly. The two steps correspond to the dissociation of the oxygen 

bound formate ion from the catalyst (2à3) as well as heterolytic H2 cleavage and proton abstraction by 

the hydroxide base (4àTS2). Curiously, in contrast to the more typically seen molecular volcano picture 

in which the slopes can be directly interpreted as paralleling substrate binding (i.e., oxidative addition) 

and product release (i.e., reductive elimination), the Figure 3 plot is a bit more complicated. While our 

previous work used the binding energy of a substrate directly with the metal center as a descriptor 

variable,42-46, 48 here the chosen descriptor represents the energy difference between the binding of a 

hydrido ligand (1) and molecular H2 (4). As such, the typical strong-binding/weak-binding nature of the 

left/right slopes becomes harder to distinguish, yet remains present. In essence, species with negative x-

axis values have stronger interaction with molecular hydrogen than with a hydride ion. Thus, catalysts 

falling on the left slope bind H2 in an overly strong fashion, making the transition from H2 to H- (i.e., 

4àTS2) difficult and energetically costly. Moving rightward along the x-axis, species will have an 

increasingly strong interaction for H- and an accompanying reduction in H2 binding ability, which 

manifests itself in a gradual reduction in the 4àTS2 barrier height. Ultimately, the ability of the catalysts 

to bind anionic species (such as H- or formate ion) becomes quite strong, which causes the release of 

oxygen bound formate species (2à3) to become the most energetically costly reaction step.86 Taken as a 



This document is the Accepted Manuscript version of a Published Work that appeared in final form in 
Organometallics, copyright (C) American Chemical Society after peer review and technical editing by the 
publisher. To access the final edited and published work see: 
https://pubs.acs.org/doi/10.1021/acs.organomet.8b00490 
 

9 
 

whole, the Figure 3b volcano plot indicates that an ideal hydrogenation catalyst must have a finely tuned 

ability to bind both neutral (e.g., molecular hydrogen) and anionic (e.g., hydride and formate), each of 

which are present in the catalytic cycle, neither too weakly nor too strongly. 

 

 

Figure 3. (a) Simulated reaction profile depicting the anticipated energy associated with each step 
[DG(RXN)] of the catalytic cycle for a specific value of the descriptor variable (x-axis). (b) A volcano 
plot that illustrates anticipated activity for the hydrogenation of CO2 to formate by predicting the value of 
the most energetically difficult reaction step to complete [e.g., the kinetic determining step (kds)]. The 
volcano plot is split into two sections by the vertical dashed line, which indicates a change in the nature of 
the most difficult reaction step of the catalytic cycle. Note that Ir(PNP) (orange circle) is an 
experimentally known catalyst that facilitates the hydrogenation reaction. 
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Individual catalysts are placed onto the volcano according to their energy-based descriptor (x-

axis) and the free energy associated with the appropriate kinetic determining step (kds, y-axis). For the 35 

catalysts tested here, a vast majority fall on the left side of the volcano, meaning that the most 

energetically costly reaction step is the heterolytic H2 cleavage and proton transfer (4àTS2). As 

mentioned earlier, this matches the findings of a previous computational study of Ir(PNP) pincer.37 The 

sole exception is Ir(PONOP) (orange diamond, Figure 3), which lies on the opposing side of the volcano 

as the other catalysts where the most costly step is dissociation of the formate ion (2à3).  

A closer examination of Figure 3b shows that the catalysts are roughly grouped into two regions 

based on their metal center. Catalysts bearing group 9 metals (Co, Rh, Ir) lie closer to the volcano peak, 

indicating that they are anticipated to more pronounced ability to catalyze the reaction in question than 

group 8 metals (Ru, Os), which fall further from the volcano peak along the strong-binding (left) slope. 

As expected, the experimentally characterized Ir(PNP) complex25 (orange circle, Figure 3b) is amongst a 

handful of catalysts that the volcano plot predicts will have nearly maximal activity. Other species having 

roughly comparable activities to Ir(PNP) include: Ir(PONOP), Rh(PONOP), and Co(PONOP). The later 

should be of particular interest given the cost associated with using earth-abundant metals to catalyze 

reactions. On the other hand, the Ru and Os catalysts studied here show significant stabilization of the 

catalytic cycle intermediates,87 particularly 4, relative to the desired reaction product (see SI Table S1) 

and are far from the volcano peak. As such, these species are anticipated to exhibit minimal activity for 

the hydrogenation of CO2. 

Figure 4 provides a free energy diagram that depicts the catalytic energetics for these four 

species. As expected, the highest energy barriers of these species are identical to those predicted by the 

volcano plot, indicating that the free energy predictions made by the linear free energy scaling 

relationships closely match actual values obtained directly from DFT computations. For Ir(PNP), 

Rh(PONOP), and Co(PONOP), heterolytic H2 cleavage and proton transfer (4àTS2) is most costly and 



This document is the Accepted Manuscript version of a Published Work that appeared in final form in 
Organometallics, copyright (C) American Chemical Society after peer review and technical editing by the 
publisher. To access the final edited and published work see: 
https://pubs.acs.org/doi/10.1021/acs.organomet.8b00490 
 

11 
 

requires 13.8, 12.2, and 12.8 kcal/mol, respectively. In contrast, Ir(PONOP) needs only 6.0 kcal/mol to 

complete this reaction step. For Ir(PONOP), the most costly reaction step is dissociation of the formate 

ion (2à3), which requires 8.6 kcal/mol. Overall, Figure 4 shows that all of these catalysts experimentally 

viable, with Ir(PONOP) anticipated to have particularly good activity. 

 

 
Figure 4. Computed free energy diagrams of the catalytic cycles of selected species.  
  

Despite the fact that all catalysts appear to be clustered according to their metal center, the nature 

of the ligand does have an influence on the efficiency of the catalytic process. These changes become 

most evident if the relative positions of ligands are considered. Clear trends emerge if we arbitrarily set 

the PNP-ligand complexes for each metal type as the “zero point” and plot the corresponding shifts to 

weaker or stronger binding of the other ligands. This reveals, for instance, that the PONOP ligand 

produces a considerable shift of a catalyst toward weaker binding (i.e., right along the x-axis, Figure 5). 

Since the Rh(PNP) and Co(PNP) catalysts already lie on the strong binding (left) side of the volcano 

peak, the rightward shift brought about by replacing the PNP with the PONOP ligand leads to enhanced 

activity, as indicated by Rh(PONOP) and Ir(PONOP) being closer to the volcano peak than Rh(PNP) and 

Ir(PNP). A smaller, yet similar effect is seen for the PNNNP ligand (Figure 5). In contrast, the PCP ligand 

provides an opposing effect, producing a significant shift toward stronger binding (i.e., leftward along the 

x-axis, Figure 5). For the reaction studied here, replacing the PNP ligand with a PCP ligand reduces 

catalytic activity by shifting all catalyst leftward away from the volcano peak (Figure 3b). The use of 
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NNN, PNMeP and PNN ligands also produce similar, yet less dramatic, leftward shifts along the volcano 

plot.  

 

 
Figure 5. The average deviation of different pincer ligands on the volcano plots from the PNP ligand, 
which is used as a reference and arbitrarily set to zero. The influence of the ligand on the descriptor value 
([DGRRS(4)], i.e., the x-axis in the Figure 3b volcano plot) is then measured by subtracting each ligand 
value with the PNP complex of the same metal. Different colored dots indicate the influence of different 
ligands. For example, the PONOP ligand causes of a shift of ~13 kcal/mol to the right of the volcano plot 
relative to the PNP ligand (e.g., in the Figure 3b volcano plot, the descriptor value for Ir(PNP) is -23.10 
kcal/mol and Ir(PONOP) is -10.10 kcal/mol). 
 

Further in depth examination also uncovers the influence of the pincer ligand’s connecting atoms 

(X, Y, and Z symbols in Figure 1). In essence, when the flanking X and Z atoms (i.e., as in the PNP, 

PNN, and NNN ligands), as well as the central pincer atom (Y = Npyridine, Namine, and Cphenyl in PNP, 

PNMeP, and PCP respectively), are strong p-acceptor/more π-acidic moieties, such as phosphorus, the 

position of the catalyst tend to fall further to the right on the volcano plot than other pincer ligands with 

the same metal type (Figure 5), indicative of a weaker catalyst/substrate binding interaction.88-89 

Collectively, these ‘ligand backbone effects’ are known to significantly impact overall catalytic 

performance.90 Moreover, changing the number or type of connecting atoms located between the X and Y 

or the Y and Z atoms also influences activity, as is clearly evident by examining difference between the 

PONOP, PNNNP, and PNP complexes. The presence of more electronegative oxygen atoms in the 

PONOP-ligand produces a larger shift of the catalysts toward weak binding (rightward along the x-axis) 

than the less electronegative N and C atoms found in PNNNP and PNP. As such, the clearest path toward 

improving catalytic performance is utilizing p-acidic ligands with group 9 metals (Ir, Rh, Co). Doing so 
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will reduce the energy associated with heterolytic H2 cleavage and proton transfer that represents the most 

energetically costly step of the catalytic cycle.  

 

 

CONCLUSIONS 

In conclusion, an examination of the hydrogenation of CO2 to formate using molecular volcano 

plots shows that myriad metal and pincer ligand combinations have the ability to catalyze this reaction. Of 

a set of 35 catalysts tested, iridium, rhodium and cobalt complexes with p-acidic ligands stand out as 

having particularly attractive catalytic cycle energetic profiles. For nearly all of the tested catalysts, the 

heterolytic H2 cleavage and the proton transfer to hydroxide base represent the most energetically costly 

step of the catalytic cycle. This energetic cost, however, can be minimized and the overall kinetics of the 

reaction improved by selecting catalysts bearing a strong p-accepting pincer ligand. Overall, this work 

demonstrates how molecular volcano plots can be used not only for estimating the performance of and 

designing new catalytic species, but also for uncovering the underlying trends that make functional 

catalysts tick. 
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