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Abstract 

Lim, Chern-Hooi (Ph.D., Chemical and Biological Engineering) 

Controlling the Redox Properties of Organic Catalysts and Organic Photocatalysts – 

CO2 Reduction by Renewable Organo-Hydrides and Photocatalyzed Polymerization using Visible 

Light 

Thesis directed by Professor Charles B. Musgrave 

The efficient chemical reduction of CO2 to fuels has been of interest to scientists for 
decades with growing concerns about the impact of CO2 on climate and future global energy 
demands motivating increasing efforts to meet this challenge. One conversion of specific 
interest — the reduction of CO2 to methanol (CH3OH) — is the focus of my thesis. Arguments 
here involve CH3OH’s utility as a practical C1 source for chemical synthesis and its attractive 
properties as a fuel not demanding the massive changes to the transportation fuels 
infrastructure required for a hydrogen economy.  

My thesis focuses on understanding the role of pyridine in catalyzing the conversion of 
CO2 to CH3OH. In particular, I employed quantum chemical simulations as an invaluable tool to 
probe the redox properties of a number of pyridine-derived intermediates involved in the 
catalytic cycle of CO2 reduction. Accurate determination of redox properties e.g. reduction 
potentials and hydricity is important to paint a detailed picture of energetics involved in the 
transformation of transient species during the course of CO2 reduction, and thus the role of the 
catalytic species is revealed. One central aspect is the determination of the driving force to 
effect hydride transfer. 1,2-dihydropyridine (PyH2) is a potent recyclable organo-hydride donor 
because it is driven by its proclivity to regain aromaticity; this mimics important aspects of the 
role of NADPH in the formation of C-H bonds in the photosynthetic CO2 reduction process. 

The aspect of controlling redox properties of molecules was applied to organic 
photocatalyst that affects photo-polymerization. In collaboration with the Stansbury’s group, 
we elucidated the mechanism of polymer synthesis involving methylene blue chromophore 
with a sacrificial sterically-hindered amine reductant and an onium salt oxidant. The 
combination of these components yield interesting results: light-initiated free-radical 
polymerization continues over extended time intervals (hours) in the dark after brief (seconds) 
low-intensity illumination. We proposed that these observations are due to the latent 
production of free radicals from energy stored in a redox potential through a 2e-/1H+ transfer 
process, which transforms the methylene blue chromophore to its high energy closed-shell 
intermediate of leuco methylene.  
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Introduction 
The efficient chemical reduction of CO2 to fuels has been of interest to scientists for 

decades with growing concerns about the impact of CO2 on climate and future global energy 

demands motivating increasing efforts to meet this challenge. One conversion of specific 

interest — the reduction of CO2 to methanol (CH3OH) — is the focus of my thesis. Arguments 

here involve CH3OH’s utility as a practical C1 source for chemical synthesis and its attractive 

properties as a fuel not demanding the massive changes to the transportation fuels 

infrastructure required for a hydrogen economy. The partial reduction of CO2 to CH3OH is 

generally preferred over its complete reduction to methane; the former is a more valuable 

product, and is easier to handle and transport as a liquid fuel more compatible with existing 

transportation fuel technology. 

 

The conversion of CO2 to CH3OH is a six electron reduction described by the overall 

reaction eq. 1. When this reduction is carried out as a series of six one-electron transfers (ETs) 

and six proton transfers (PTs), every odd reduction necessarily produces a high-energy radical 

(open-shell) intermediate. Consequently, the three odd ETs generally result in slow kinetics and 

low selectivities unless these radicals are stabilized, for example by conjugation to an aromatic 

π-system or by orbital mixing with delocalized states of a metal surface. The issue of the 

difficulty of creating high-energy intermediates by the odd electron reductions is exemplified by 

the one-electron reduction of CO2 to CO2
-•, which involves a very unfavorable reduction 

potential E0 of -2.14 V vs. SCE.  
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The field of CO2 reduction research has been largely dominated by the uses and studies 

of transition-metal catalysts. Despite many advances, many challenges remain: for example, 

CO2 reduction has largely been confined to 2e- products such as CO and formate, and in many 

cases large overpotentials are required to drive these reactions. In recent years, Bocarsly and 

coworkers employed pyridine in a photo-electrochemical system using a p-type GaP cathode to 

efficiently convert CO2 to CH3OH at 96% Faradaic efficiency and 300 mV of underpotential. 

Pyridine is a simple organic aromatic amine, in opposed to multifaceted transition metal 

complexes. The fact that it catalyzes the 6H+ and 6e- reduction of CO2 to CH3OH is rather 

surprising. To date, pyridine is one of the most efficient and promising catalysts in converting 

CO2 to CH3OH; thus elucidation of pyridine’s catalytic role will be of crucial importance in 

advancing the field of CO2 reduction research. 

My thesis focuses on understanding the role of pyridine in catalyzing the conversion of 

CO2 to CH3OH. In particular, I employed quantum chemical simulations as an invaluable tool to 

probe the redox properties of a number of pyridine-derived intermediates involved in the 

catalytic cycle of CO2 reduction. Accurate determination of redox properties e.g. reduction 

potentials (E0) is important to paint a detailed picture of energetics involved in the 

transformation of transient species during the course of CO2 reduction, and thus the role of the 

catalytic species is revealed.  

In Chapter 1 of my thesis, we examined in detail the nucleophilic attack of pyridinium 

radical (PyH0) on CO2 to form the transient pyridine carbamate (PyCOOH0) species, which was 

proposed to be the key intermediate in the transformation of CO2 to CH3OH. PyH0 can be 
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formed by 1H+ and 1e- transfers to pyridine (Py), where pKa and E0 are two thermodynamic 

parameters quantifying the likelihood of the PT and ET. Our work showed that the sequence of 

the PT and ET during the nucleophilic attack of PyH0 on CO2 is important. In particular, we 

showed that the N of PyH0 first executes nucleophilic attack on the C of CO2; this initiates an 

inner sphere ET process that forms a transient PyH+•CO2
-• complex at the TS. This complex is 

stabilized by delocalization of the radical electron over PyH+ and CO2’s conjugated π-system, 

thus avoiding the high energetic cost of forming the CO2
-• anion radical. PT from PyH+•CO2

-•, to 

first form Py•CO2
-• and a transitory H3O+ and then PyCOOH0 occurs along the exit channel. The 

PT producing the latter is mediated by a proton relay, an aspect detailed and discussed 

extensively in the chapter.  

In Chapter 2 of my thesis, we studied the transformation of pyridine into a closed-shell 

hydride donor of 1,2-dihydropyridine (PyH2). Hydride transfer reactions avoid the creation of 

open-shell radicals involving CO2, thus creating low energy pathways for CO2 reduction. First, Py 

undergoes a PT to form pyridinium (PyH+), followed by an ET to produce PyH0; this step is 

similar to the one examined in Chapter 1. We predicted that PyH0 undergoes further PT-ET 

steps to form the key closed-shell, dearomatized (PyH2) species. We then showed that the 

PyH2/Py redox couple is kinetically and thermodynamically competent in catalytically effecting 

hydride and proton transfers (the latter often mediated by a proton relay chain) to CO2 and its 

two succeeding intermediates, namely formic acid and formaldehyde, to ultimately form 

CH3OH. One central aspect of Chapter 2 is the determination of PyH2’s driving force to effect 

hydride transfer. PyH2 is a potent recyclable organo-hydride donor because it is driven by its 
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proclivity to regain aromaticity; this mimics important aspects of the role of NADPH in the 

formation of C-H bonds in the photosynthetic CO2 reduction process. 

In Chapter 3, we moved on from the pyridine system to discover how frustrated Lewis 

pairs (FLP) catalyze the reduction of CO2 by ammonia borane (AB). Stephan and coworkers 

employed FLP to activate CO2 by irreversibly complexing with it to catalyze CO2 reduction via 

hydride transfer (HT) from AB, where they observed 37-51% yield of CH3OH was observed after 

15 min. at ambient conditions. Our studies revealed that the LA (trichloroaluminum, AlCl3) 

alone catalyzes hydride transfer (HT) to CO2 while the LB (trimesitylenephosphine, PMes3) 

actually hinders HT. The LB hinders HT by donating its lone pair to the LUMO of CO2, increasing 

the electron density on the C atom and thus lowering its hydride affinity. Although the LB 

hinders HT, it nonetheless plays a crucial role by stabilizing the active FLP•CO2 complex relative 

to the LA dimer, free CO2 and free LB. This greatly increases the concentration of the reactive 

complex in the form FLP•CO2 and thus increases the rate of reaction.  

Chapter 4 highlighted my experimental efforts to synthesize organo-hydrides capable of 

reducing CO2, in support of hydride transfer mechanism outlined in Chapter 2. Directed by 

computational designs we report the metal-free reduction of CO2 to the formate anion, 

characterized and confirmed by 1H-NMR, 13C-NMR and ESI-MS, by use of a benzimidazole-based 

organo-hydride. We obtained the highest formate yield in the presence of potassium bromide 

under exceedingly mild conditions; the salt was proposed to stabilize the ionic products. Such 

benzimidazole-based organo-hydrides rival the hydride donating ability of noble metal-based 

hydrides, such as [Ru(tpy)(bpy)H]+ and [Pt(depe)2H]+, thus demonstrating that these organo-
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hydrides stand as low-cost hydride transfer catalyst alternatives. Both benzimidazole and 

pyridine are aromatic amines that we suggest that the organo-hydrides derived from these two 

species harness the same dearomatization-aromatization driving force to effect hydride 

transfer reaction. 

In Chapter 5, the aspect of controlling redox properties of molecules was applied to 

organic photocatalyst that affects photo-polymerization. In collaboration with the Stansbury’s 

group, we set out to elucidate the mechanism of polymer synthesis involving visible-light 

organic photocatalysis of methylene blue chromophore with a sacrificial sterically-hindered 

amine reductant and an onium salt oxidant. The combination of these components yield 

interesting results: light-initiated free-radical polymerization continues over extended time 

intervals (hours) in the dark after brief (seconds) low-intensity illumination. We proposed that 

these observations are due to the latent production of free radicals from energy stored in a 

redox potential through a 2e-/1H+ transfer process, which transforms the methylene blue 

chromophore to its high energy closed-shell intermediate of leuco methylene. This prevents 

immediate formation of open-shell (radical) intermediates from the amine upon light-

absorption, and enables the ‘storage’ of light-energy without spontaneous initiation of the 

polymerization. Latent energy-release and radical production are then controlled by the 

subsequent light-independent reaction (analogous to the Calvin cycle) between leuco-

methylene blue and the onium salt oxidant that is responsible for regeneration of the organic 

methylene blue photocatalyst.  
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1 Mechanism of Homogeneous Reduction of CO2 by Pyridine: Proton 

Relay in Aqueous Solvent and Aromatic Stabilization  
 

Chern-Hooi Lim,† Aaron M. Holder,†,‡ and Charles B. Musgrave*,†,‡ 

†Department of Chemical and Biological Engineering, University of Colorado at Boulder, 

Boulder, Colorado 80309 

‡Department of Chemistry and Biochemistry, University of Colorado at Boulder, Boulder, 

Colorado 80309 

Journal of American Chemistry Society: dx.doi.org/10.1021/ja3064809  

Abstract:  

We employ quantum chemical calculations to investigate the mechanism of homogeneous CO2 

reduction by pyridine (Py) in the Py/p-GaP system. We find that CO2 reduction by Py 

commences with PyCOOH0 formation where: a) protonated Py (PyH+) is reduced to PyH0, b) 

PyH0 then reduces CO2 by one electron transfer (ET) via nucleophilic attack by its N lone pair on 

the C of CO2 and finally c) proton transfer (PT) from PyH0 to CO2 produces PyCOOH0. The 

predicted enthalpic barrier for this proton coupled ET (PCET) reaction is 45.7 kcal/mol for direct 

PT from PyH0 to CO2. However, when PT is mediated by one to three water molecules acting as 

a proton relay the barrier decreases to 29.5, 20.4 and 18.5 kcal/mol, respectively. The water 

proton relay reduces strain in the transition state (TS) and facilitates more complete ET. For PT 

mediated by a three water molecule proton relay, adding water molecules to explicitly solvate 

the core reaction system reduces the barrier to 13.6 - 16.5 kcal/mol, depending on the number 

and configuration of the solvating waters. This agrees with the experimentally determined 

barrier of 16.5 ± 2.4 kcal/mol. We calculate a pKa for PyH0 of 31 indicating that PT preceding 
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ET is highly unfavorable. Moreover, we demonstrate that ET precedes PT in PyCOOH0 

formation, confirming PyH0’s pKa as irrelevant for predicting PT from PyH0 to CO2. Furthermore, 

we calculate adiabatic electron affinities in aqueous solvent for CO2, Py and Py•CO2 of 47.4, 

37.9, 66.3 kcal/mol respectively, indicating that the anionic complex PyCOO− stabilizes the 

anionic radicals CO2
− and Py− to facilitate low barrier ET. As the reduction of CO2 proceeds 

through ET and then PT, the pyridine ring becomes aromatic and thus Py catalyzes CO2 

reduction by stabilizing the PCET TS and the PyCOOH0 product through aromatic resonance 

stabilization. Our results suggest that Py catalyzes the homogeneous reductions of formic acid, 

and formaldehyde en route to formation of CH3OH through a series of one-electron reductions 

analogous to the PCET reduction of CO2 examined here, where the electrode only acts to 

reduce PyH+ to PyH0. 

1.1 Introduction 

Growing concern over the concentration of CO2 in the atmosphere has motivated 

efforts to explore approaches to reduce the level of atmospheric CO2.1-3 One well-known 

proposal involves CO2 sequestration and storage, which faces a number of difficult practical 

challenges including cost, efficiency, sustainability and safety.4-8 Another possible approach 

involves chemical reduction of CO2 into fuels, such as methanol (CH3OH),9-13 or Cn (n≥2) 

products, such as polyethylene.3, 14 Despite its enormous potential benefits, efficient chemical 

conversion of CO2 into useful reduced species remains a formidable challenge due to the 

thermodynamic and kinetic stability of CO2 in its highly oxidized form.  

Several chemical approaches have been explored in attempts to reduce CO2 to CH3OH, 

including homogeneous,15-21 heterogeneous,22-24 electrochemical25-27, photochemical28-31 and 
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photoelectrochemical (PEC) reactions.14, 32-38 PEC approaches show particularly significant 

promise because they can directly use sunlight as the renewable energy source to reduce CO2. 

One especially intriguing PEC approach was discovered by Bocarsly et al. in 2008.39 This system 

involves the use of pyridine (Py), which is suggested to undergo protonation to pyridinium 

(PyH+) in acidic aqueous solutions and act as an electron transfer (ET) mediator that is 

electrochemically reduced to pyridinium radical (PyH0) at a photoexcited p-type GaP electrode 

surface with an indirect bandgap of 2.24 eV.39 PyH0 has been proposed to act as the active 

catalyst that chemically reduces CO2 to CH3OH.39-41 Although many details of the mechanism of 

CO2 reduction by this system remain unknown, it is one of the most efficient PEC systems in 

reducing CO2, converting CO2 to CH3OH at near 100% Faradaic efficiency at underpotentials 

300 mV below the standard potential of −0.52 V vs. SCE at a pH of 5.2.39 PyH+ was also 

observed to be electrochemically reduced by a Pd cathode, and to subsequently reduce CO2 to 

CH3OH at an overpotential of 200mV.42  

In 2010 Bocarsly et al. reported experimentally derived mechanistic steps for the 

reduction of CO2 to CH3OH by PyH0, which they proposed occurs in the homogeneous phase.40 

However, Keith et al. argue that PyH0 cannot be the active species that chemically reduces CO2 

in the homogeneous phase43 based on their calculated homogeneous standard reduction 

potential (E0) for PyH+ of −1.47 V vs. SCE, which is −0.9 V more negative than the −0.58 V 

experimental value measured on a Pt electrode.40 Thus, they conclude that PyH0 should not be 

formed at E0=−0.58 V and proceed to chemically reduce CO2.43 Their calculated E0 agrees with 

the homogeneous PyH+ reduction potentials calculated by ourselves (−1.31 V) and Tossell 

(−1.44 V).44  
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Because electrochemical reduction of PyH+ is a highly surface dependent process40, 45 

experimentally measured reduction potentials on various electrode surfaces may deviate from 

calculated E0s that assume a homogeneous process absent of surface effects. For example, in 

1979 Yasukouchi et al. concluded that the PyH+/PyH0 reduction potential “at various metals 

(Pt, Pd, Au, Ti, Fe, Ni, Cd, Pb, Hg, etc.), on the whole, shifted to more negative potentials from 

platinum to mercury in the order similar to that of the well-known hydrogen overvoltage”.45 

For instance, on Pt the peak potential, Ep(PyH+/PyH0) is −0.41 V vs. SCE (−0.75 V vs. Ag/AgClO4), 

which is consistent with E0=−0.58 V vs. SCE measured by Bocarsly et al.40  In contrast, on a 

dropping mercury electrode the measured −1.19 V vs. SCE (−1.53 V vs. Ag/AgClO4) reduction 

half-wave potential approaches the calculated homogeneous E0, which we propose results from 

diminishing surface effects of the Hg electrode on PyH+ reduction. Conservation of energy 

dictates that the decreased reduction potential of PyH+ exhibited on several surfaces, including 

Pt40 and Pd,42 must be accounted for by endothermic PyH0 desorption, which may be overcome 

thermally or by applied overpotentials. Specifically, at least 16.8 kcal/mol or –0.73 V (the 

difference between the calculated homogeneous E0 of –1.31 V and the experimentally 

measured –0.58 V) is required to produce PyH0 in the homogeneous phase.  

A number of experiments have demonstrated the surface-mediated reduction of PyH+ to 

PyH0, which then desorbs from the electrode and diffuses into the homogeneous phase.39-42, 45-

48 Yasukouchi et al. showed that peak currents in cyclic voltammograms (CV) a) varied linearly 

with acid concentration at constant Py concentration, and b) varied linearly with Py 

concentration at constant acid concentration, confirming that the protonated species PyH+ is 
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reduced to PyH0.45 These results are consistent with measurements performed independently 

by Bocarsly et al. in 1994 where at an electrolyte pH > 7 “no cyclic voltammetric features 

associated with pyridine are observed, indicating that the electroactive species is the 

protonated pyridinium cation ” .42 The linear dependence of peak current on PyH+ 

concentration shown by Yasukouchi et al. rules out the reduction of dimeric derivatives of PyH+, 

such as the 4,4’–bipyridine dimer suggested by Keith et al.;43 in agreement with Bocarsly et al.

’s experimental observation that no Py is consumed to form dimers.42 Furthermore, the 

oxidation current in CV observed when the potential scan was reversed indicates PyH0 in the 

homogeneous phase.40, 42, 45 Finally, in the PEC experiment performed by Bocarsly et al., in 

addition to illumination of the p-GaP electrode, a negative electrical bias was applied.39 Under 

these conditions the p-GaP electrode should possess a reduction potential significantly above 

the homogeneous E0 of PyH+ (−1.31 V), assuming that the conduction band edge of p-GaP is 

above the LUMO of PyH+. Thus, PyH0 should exist in the aqueous phase to homogeneously 

catalyze CO2 reduction. 

To further elucidate the surface dependence of PyH+ electrochemical reduction we have 

performed calculations of PyH+ adsorption on a water solvated unbiased Pt (111) surface (see 

Supporting Information (SI), section 1). Our calculations predict a strong binding interaction of 

PyH+ with the electrode surface resulting in an adsorption energy of 1.0 eV/molecule on Pt 

(111). The strong binding energy of PyH+ to the electrode surface is evident by the significant 

mixing of the adsorbate and surface states. This leads to broadening of the PyH+ LUMO upon 

adsorption, resulting in transfer of 0.56e− from Pt to PyH+ and disruption of the aromaticity of 
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PyH+. Consequently, the strong binding interaction of heterocyclic aromatic49 PyH+ with  Pt 

(111) significantly lowers (becomes less negative) its heterogeneous reduction potential,50 

explaining the discrepancy between the experimentally measured heterogeneous E0 and 

calculated homogeneous E0 for PyH+.  

Keith et al. suggested that even if PyH0 were formed it would not catalyze CO2 reduction 

due to the difficulty in deprotonating the reduced species, based on their calculated pKa for 

PyH0 of 27.43 Although we calculate a similar pKa for PyH0 of 31, we predict that PyH0’s pKa 

does not indicate the reactivity of PyH0 towards CO2 reduction because as we show, ET from 

PyH0
 to CO2 precedes PT, which effectively lowers the pKa of the partially oxidized PyH0 species; 

Our results demonstrate that the electrochemically produced PyH0 reacts with CO2 in the 

homogeneous phase to form the carbamate species PyCOOH0, consistent with the EC’ 

mechanism50 previously proposed by Bocarsly et al.40-41 Furthermore, our calculated enthalpic 

barrier agrees with Bocarsly’s experimentally determined barrier of 16.5±2.4 kcal/mol.41 We 

predict that two effects significantly lower the barrier for this process; 1) water molecules play 

a central role in facilitating PyCOOH0 formation by solvent assisted proton coupled electron 

transfer (PCET) where ET precedes PT and 2) aromatic stabilization leads to the production of 

the low energy one e− transfer product (PyCOO−) to significantly lower the barrier for this 

process.  

This contribution focuses on predicting a detailed mechanism of CO2 reduction in the 

Py/p-GaP system with associated energetics and providing a thorough understanding of the 

intriguing effects that underlie the homogeneous reduction of CO2 by PyH0 to form PyCOOH0. In 
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particular, we attempt to answer several fundamental questions related to CO2 reduction in this 

system. These include: i) Is CO2 reduced through one e− or two e− transfers?; ii) If CO2 reduction 

proceeds through one e− transfers as proposed by Bocarsly et al.,40 how does Py act as a 

catalyst to stabilize the high-energy CO2
− anionic radical (E0

exp=−2.18 V vs. SCE)?51; iii) Is ET and 

PT from PyH0 to CO2 stepwise or concurrent?; iv) If ET and PT occur sequentially, does ET 

precede PT or vice-versa?; and finally, v) Is CO2 prebent to lower its reorganization energy for 

ET from PyH0 and is prebending of CO2 a general requirement for facile ET and thus an efficient 

reduction process?  

Formation of the PyCOOH0 carbamate species has been identified as an important 

intermediate and its production has been proposed to be the rate-determining step for the 

reduction of CO2 to CH3OH.40-41 Scheme 1.1 shows two potential homogeneous routes to 

PyCOOH0 formation.40 Route 1 begins with the protonation of Py to form PyH+. PyH+ is then 

reduced at the p-GaP surface by a photoexcited electron to form PyH0, which then diffuses into 

solution from the electrode. PyH0 then reacts with CO2 to form PyCOOH0 in the homogeneous 

phase, which becomes further reduced into CH3OH through a series of subsequent reduction 

steps. Route 2 is an alternative path that first involves the formation of the zwitterionic 

complex Py•CO2, which is then reduced and subsequently protonated. Bocarsly et al. 

determined that Route 2 does not contribute significantly to the overall reduction of CO2 due to 

the presence of Py•CO2 at low concentration,40 consistent with our calculated equilibrium 

constant of 1.010−6 for Py•CO2 formation (See SI, section 2). 
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Scheme 1.1: Two potential routes for the formation of PyCOOH0 in the homogeneous phase 

 

In contrast, experimental evidence suggests that PyCOOH0 formation proceeds through 

Route 1. The pKa of Py is 5.3 and thus at a pH of 5.2 (slight acidic conditions due to the acid 

dissociation equilibrium of CO2/Py species in aqueous solution) 40% of Py is protonated in 

aqueous solution at equilibrium. Consequently, a considerable concentration of PyH+ exists in 

the bulk solution, which can then be reduced to form PyH0 either electrochemically40, 42, 45 at 

various metal electrodes with different values of E0 (see above) or photoelectrochemically by 

photoexcited p-GaP.40 The reported −0.58 V (vs. SCE) E0 of PyH+ was measured on a Pt surface 

whereas E0 at p-GaP is unknown. The PyH0 formed by this reduction can then operate as an 

active species that is proposed to react with CO2 to form PyCOOH0 through inner-sphere ET.40 

Alternatively, as shown in Scheme 1.1, two PyH0s can form H2 as an unwanted side reaction40, 42 

through a self-quenching reaction at a rate constant of 108 M−1s−1.52 However, the 

concentration of PyH0 derived from Bocarsly et. al.’s reported CV is only  10−9 M.40 At this low 

concentration, the bimolecular self-quenching rate is estimated to be only 10−10 Ms−1, 

consistent with the observed nearly reversible CV.  In contrast, the concentration of CO2 in the 
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solution is 30mM, more than 107 times that of PyH0. Therefore, the bimolecular collision 

probability between PyH0 and CO2 is much higher than for PyH0 self-quenching. 

While PyH0 radical has been proposed as the active species catalyzing CO2 reduction in 

this system, here we present a detailed mechanism with associated energetics for PyCOOH0 

formation from PyH0 and CO2 including kinetic barriers and TS structures and a specific 

description of Py’s mechanism of activation. We calculate a high pKa for PyH0 of 31, in 

agreement with Keith et al.’s calculated pKa of 27,43 indicating that deprotonation of PyH0 is 

thermodynamically unfavorable. Furthermore, Bocarsly et al. proposed that interaction 

between PyH0 and the p-GaP surface may facilitate deprotonation or dissociation of the N−H 

bond of PyH0.41 Our results do not rule out active participation of p-GaP in activating PyCOOH0 

formation.53 However, we do predict a pathway for homogeneous PyCOOH0 formation with 

kinetics consistent with experiment41 where the p-GaP39 or other metal surfaces40, 42, 45 only 

serve as the donor of a high-energy electron with sufficient energy to reduce PyH+. We also 

show that the effects of proton shuttling and aromatic stabilization play key roles in the overall 

PCET process, catalyzing N−H bond dissociation and PyCOOH0 formation, which have not been 

previously proposed.  

The goals of this paper are: i) to identify a mechanism for homogeneous CO2 reduction 

in this system, ii) to determine whether this mechanism is kinetically viable, iii) to elucidate the 

role of aqueous solvent in catalyzing PyCOOH0 formation through prediction of the activation 

barriers of possible pathways, iv) to identify the properties of PyH+/PyH0 that enable it to 

perform as a 1e− transfer mediator to facilitate CO2 reduction, and v) to uncover the principles 
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of CO2 reduction at work in this system. We anticipate that the understanding our results 

provide will guide the catalyst community to discover additional systems similar to PyH0 

competent in reducing CO2. 

1.2 Computational details 

The results we report were calculated using the unrestricted coupled-cluster method 

uCCSD(T)54 combined with the cc-PVDZ, cc-PVTZ55-56 and 6-311++G**57 basis sets and the 

Restricted-Open Shell Moller-Plesset second order perturbation method58 (roMP2) combined 

with the 6-31+G** basis set as implemented in the GAMESS59-60 and Gaussian0961 

computational chemistry software packages. Computational details of the calculated 

adsorption energies discussed in the Introduction are provided in SI, section 1. roMP2 was 

chosen over the unrestricted uMP2 method largely because of its higher computational 

efficiency. The use of roMP2 was validated using both uCCSD(T) and uMP2 where roMP2/6-

31+G** reproduces uCCSD(T)/cc-PVDZ enthalpic barriers evaluated at roMP2/6-31+G** 

geometries to within 1.0 kcal/mol and uMP2/6-31+G** enthalpic barriers to within 2.5 

kcal/mol (see Table 1.1). At the uCCSD(T) level of theory, the cc-PVDZ, cc-PVTZ and 6-311++G** 

basis sets result in similar enthalpic barriers (within 2.5 kcal/mol) for PyH0 + CO2 (see footnote 

of Table 1.1).  

We determined that the open-shell systems investigated are doublets and are not 

significantly multi-reference. Thus, they are well represented using a single Slater determinant 

by examining all stationary structures along the PyH0 + CO2 + 1H2O (where a single H2O acts as a 

proton relay) reaction pathway at the complete active space CASSCF (15,14) level of theory.62 

We found each structure to be dominantly composed (greater than 0.9 coefficient) of the 
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ground state electronic configuration (see SI, section 3). Thus, the high-level uCCSD(T) method 

should provide a reliable benchmark for energies for this reaction (see Table 1.1). We found 

that various density functional theory (DFT) methods produced results with artifacts associated 

with DFT’s tendency to over stabilize zwitterionic charge transfer states, which arises from 

self-interaction and delocalization errors.63-66 This is problematic when describing processes 

involving ET and aromaticity such as the PCET process catalyzed by PyH0 examined here.  

All reactant and product structures were verified to have real vibrational frequencies, 

meanwhile TSs were verified to have only one imaginary frequency corresponding to the 

reaction coordinate of interest as confirmed by both inspection of the normal mode and 

intrinsic reaction coordinate (IRC) calculations. Frequency calculations at the roMP2/6-31+G** 

level of theory were also employed for calculation of zero-point energies (ZPE), and thermal 

contributions to the enthalpy at 298 K and 1 atm. 

All calculations employed the conductor-like polarizable continuum implicit solvent 

model (CPCM) to describe the effects of solvation,67-68 where only electrostatic solute-solvent 

interactions were considered. We used the SMD solvent model69 to calculate that neglect of 

non-electrostatic terms in CPCM leads to errors in the activation enthalpies of less than 2 

kcal/mol. The details regarding these SMD calculations and the use of the CPCM model to 

describe the effects of solvation on enthalpic barriers are described in the SI, section 4. Because 

CPCM is less accurate in describing solvation of species with concentrated charges,70-72 we also 

report energies where explicit H2O molecules were added to explicitly solvate the system.  
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In the mechanism of CO2 reduction catalyzed by PyH0 we propose that H2O actively 

participates in the PCET mechanism by undergoing O−H bond formation and dissociation to 

transfer protons. Consequently, we explicitly include these active H2O’s as part of the core 

reaction system. For example, in the PyH0 + CO2 + 3H2O + 10H2O(S) reaction, three H2O 

molecules actively participate in the reaction while ten H2O molecules are included to solvate 

the core reaction system and are labeled as H2O(S) to indicate that they are explicit solvent. For 

each system, PyH0 and CO2 together with the active and solvating water molecules are 

embedded in a CPCM implicit solvent. All explicit H2O molecules are treated quantum 

mechanically at the same level of theory as PyH0 and CO2. Using explicit solvent introduces 

challenges associated with particular solvent configurations producing different enthalpic 

reaction barriers.73-74 One approach to examine how solvent dynamics leads to kinetic 

dispersion is to use molecular dynamics to sample the effect of solvent configurations on the 

reaction barrier.73 On the other hand, CPCM implicit solvent empirically describes the 

contributions of solvent configurations to solvation energies in aqueous solutions in close 

agreement with explicit molecular dynamics.73 We discuss the effects of solvent configurations 

on the reaction barrier below and in the SI, section 5.  

Atomic charges were calculated using a Mulliken75 population analysis and the CHELPG 

electrostatic potential derived charges method76 at the roMP2/6-31+G**/CPCM-H2O level of 

theory. In contrast, adiabatic electron affinity (EA) and E0 calculations employed the high-level 

CBS-QB3/CPCM-H2O compound method.77 E0s were calculated following the same procedure 

used by Winget et al. and Tossell;44, 78 details describing this approach can be found in the SI, 



 

18 
 

section 6. pKa calculations were performed using a similar approach to that used by Liptak et 

al.,79 as described in the SI, section 6. 

1.3 Results and Discussion 

1.3.1 High barrier to formation of PyCOOH0 for unmediated reaction between PyH0 

and CO2. The PEC reduction of CO2 to CH3OH in the Py/p-GaP system has been observed to 

proceed at room temperature via a rate-limiting step with an effective activation barrier of 

16.5±2.4 kcal/mol.41  The rate-limiting step for this process has been proposed41 to be the 

formation of PyCOOH0 (see Figure 1.1) from PyH0 and CO2 where a proton is transferred from 

the nitrogen atom of PyH0 to an oxygen atom of CO2. Figure 1.1 shows the cis and trans isomers 

of PyCOOH0 with the trans isomer being the more stable of the two by 6.1 kcal/mol. Our 

calculations predict a 45.7 kcal/mol enthalpic barrier for this step when it occurs in the 

homogeneous phase and is modeled as PyH0 + CO2 in an implicit aqueous solvent. The 

calculated 46 kcal/mol barrier lies significantly higher than the experimentally determined 

barrier of 17 kcal/mol. Furthermore, we obtained a similar barrier of 46.8 kcal/mol with the 

high-level uCCSD(T)/roMP2 method, confirming that this pathway is not active at 298 K. Figure 

1.1 shows the optimized reactant, TS and product structures. In this reaction the less stable cis 

isomer of PyCOOH0 (Figure 1.1c) is formed. We calculate an isomerization barrier of 1.6 

kcal/mol to convert the cis isomer to the trans isomer (Figure 1.1d). 

In the formation of PyCOOH0 the reaction proceeds via nucleophilic attack where PyH0 

approaches CO2 with its N lone pair directed towards the C atom of CO2. Figure 1.2 presents a 

localized orbital representation to illustrate donation of electron density from the PyH0 N lone 

pair into the * orbital of CO2 along the reaction coordinate RN−C. As RN−C decreases, CO2 first 
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bends as a result of nucleophilic attack and subsequently a proton transfers from PyH0 to CO2, 

suggesting that ET precedes and is coupled to PT (vide infra).  

 

Figure 1.1:  Formation of PyCOOH0 by direct (unmediated) PT from PyH0 to CO2. 

(a) Reactant complex, (b) TS for direct PT; RN−C = 1.61 Å,  is the C−N−H angle and  is the C−O−H angle, as shown, 

(c) cis isomer and (d) trans isomer products with  indicating the dihedral angle O1−C1−N−C2.  

Calculating the energetics of this PCET reaction step does not pose any particularly 

difficult challenges. For example, proper description of the electronic structure of the reacting 

system does not require a multi-reference method and should be well-described by reliable 

single Slater determinant ab initio methods. Consequently, the considerable disagreement 

between the barrier for the formation of PyCOOH0 calculated using reliable quantum chemical 

methods and the experimentally determined barrier suggests that either a heterogeneous 

process involving the p-GaP electrode catalyzes PyCOOH0 formation,41 or that alternative lower 

barrier pathways occurring in the homogeneous phase may be active. However, a thorough 
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search for alternative TSs for homogeneous formation of PyCOOH0 by direct PT from PyH0 to 

CO2 (TS shown in Figure 1.1 b) yielded no low barrier pathways. 

 

Figure 1.2: Localized orbitals. 
(a) Localized representation of the N lone pair orbital of PyH0 and (b) Localized representation of the π* orbital of C 
in CO2 for a molecular structure along the IRC for PyCOOH0 formation at RN−C= 2.01 Å. The TS occurs at RN−C = 1.61 
Å.  

After a comprehensive search did not identify alternative low barrier pathways for the 

homogeneous formation of PyCOOH0 via direct PT from PyH0 to CO2, we hypothesized that H2O 

molecules in the aqueous solvent act as proton relays to catalyze PyCOOH0 formation. This 

supposition was based on thorough inspection of the TS structure for direct PT from PyH0 to 

CO2 (illustrated in Figure 1.1b), which exhibits considerable strain. The substantial strain 

present in the TS primarily arises from: i) bending of the C−O−H angle to 79o relative to its near 

tetrahedral strain-free angle of 112o in the product structure, ii) bending of the C−N−H angle to 

68o relative to its nearly strain-free angle of between 109o and 120o, and iii) rotation of the 

dihedral angle between the Py and CO2 planes to 68o relative to its angle of 15o in the product. 

We suggest that H2O molecules in the aqueous solvent form a proton shuttling network that 

lowers the barrier to PyCOOH0 formation by providing alternative, lower barrier paths for PT 
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from PyH0 to CO2. Although PT from PyH0 to CO2 via proton shuttling mediated by water is 

indirect, the TSs involve substantially less strain and thus a considerably lower barrier than 

direct PT from PyH0 to CO2 (vide infra). 

Although a proton relay has not been previously proposed for CO2 reduction in the Py/p-

GaP system, proton shuttling mechanisms have been proposed for a number of other 

processes.80-90 While enthalpic barriers to reaction generally determine the kinetics of 

reactions, especially at low to moderate temperatures, entropic considerations should not be 

neglected. For example, because CO2 reduction in the Py/p-GaP system occurs in aqueous 

solvent, pathways that involve specific solvent configurations may be entropically disfavored. 

However, if interactions in the solute-solvent system arrange the solvent into configurations 

that require little solvent reorganization to configure the solvent into the TS structure, a 

minimal entropic penalty will be required for solvent reorganization to configurations of the TS.   

1.3.2 Proton relay composed of one to three waters. To determine whether a proton relay 

through water can indeed lower the barrier to PyCOOH0 formation via mediated PT from PyH0 

to CO2 we calculated the transition states for proton shuttling from PyH0 to CO2 through one, 

two, and three H2O molecules. In each case, hydrogen bonding positioned the water molecules 

relative to PyH0 and CO2 with the hydrogen atoms of the water arranged to facilitate PT (see 

Figure 1.3); these configurations are stabilized by significant hydrogen bonding. In addition to 

the explicit inclusion of water molecules that actively participate in the reaction, the PyH0 + CO2 

+ mH2O core reaction system (with m=1 to 3) was solvated in implicit solvent. Figure 1.3a shows 

the TS for PyCOOH0 formation via direct PT (repeat of Figure 1.1b for comparison). Figure 1.3b 
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shows the TS for PyCOOH0 formation where a single H2O acts as a proton shuttle between PyH0 

and CO2; the water molecule concomitantly accepts a proton from the N of PyH0 and donates a 

different proton to an O atom of CO2.  

Remarkably, a single water molecule catalyzes PyCOOH0 formation and lowers the 

barrier 16.2 kcal/mol from ∆H0
act = 45.7 to 29.5 kcal/mol. The TS for PyCOOH0 formation via 

proton shuttling through one H2O molecule involves little strain; i) the C−O−H angle () in the TS 

is 109o, similar to its angle of 112o in the product; ii) the C−N−H angle () in the TS is 98o, close 

to the strain-free angle between 109o and 120o and iii) the dihedral angle () between the Py 

and CO2 planes in the TS is 27o, similar to its angle of 15o in PyCOOH0. Although these results 

predict that water catalyzes PyCOOH0 formation and facilitates PT from the PyH0 to CO2 by 

shuttling protons, the predicted barrier of 29.5 kcal/mol is still significantly above the 

experimentally determined barrier of 16.5 kcal/mol for CO2 reduction in this system. However, 

this pathway involves only a single water molecule acting as a proton shuttle.  

While one water molecule can relay a proton, multiple water molecules can also be 

arranged to form a chain of proton shuttles where protons are relayed from one water 

molecule to the next. Figure 1.3c and d show proton relays composed of a chain of two and 

three water molecules. When two H2O molecules are arranged to relay the proton from PyH0 to 

CO2, we calculate that the activation barrier (Figure 1.3c shows the TS) is lowered by an 

additional 9 kcal/mol to 20.4 kcal/mol. Similarly, arranging three water molecules into a proton 

shuttling sequence lowers the barrier to 18.5 kcal/mol (TS shown in Figure 1.3d). We also 

examined longer chains of H2O molecules; however, each relaxed to a chain of three H2O’s 
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with the remaining waters solvating the chain. Like direct PT (Figure 1.3a), PT from PyH0 to CO2 

mediated through one and two water molecules produces the higher energy cis isomer of 

PyCOOH0, which is easily converted to the more stable trans isomer through a barrier of only 

1.6 kcal/mol. In contrast, PT through the three H2O molecule shuttle yields the more stable 

PyCOOH0 trans isomer (Figure 1.1d). 

 

Figure 1.3: TS structures for the formation of PyCOOH0 via proton shuttling through 0 to 3 H2O molecules. 
 (a) Direct PT from PyH0 to CO2 (same as Figure 1.1b), (b) PT from PyH0 to CO2 mediated by a one water molecule 
proton relay, (c) PT mediated by a chain of two water molecules and (d) PT mediated by a chain of three water 

molecules.  refers to angle C−N−H,  to angle C−O−H and  refers to the dihedral O1−C1−N−C2. 

The ability of the three H2O proton relay to form the more stable PyCOOH0 trans isomer 

is illustrated in Figure 1.4. It shows the proton transfer from PyH0 to CO2 via a sequence of three 

H2O molecules using several structures along the IRC of the reaction step PyH0 + CO2 + 3H2O −> 

PyCOOH0 + 3H2O. The reaction begins at reactant (a), followed by N−C bond formation through 

nucleophilic attack by the N of PyH0 on the C of CO2, similar to the direct PT case presented in 

Figure 1.2. The reaction then proceeds through (b), a TS for PT from PyH0•CO2 to the first water 
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molecule in the shuttling chain, followed by (c) and (d), which show subsequent PTs from H3O+ 

to the next water in the chain and finally (e), PT from H3O+ to PyCOO− to form (f) PyCOOH0 

(trans). The ability of the three H2O molecule proton relay to produce the more stable trans 

isomer further demonstrates the ability of the proton shuttle to lower the barrier to form 

PyCOOH0. We summarize the enthalpic barriers (∆H0
act) and reaction enthalpies (∆H0

rxn) at 

standard conditions in Table 1.1 for PyCOOH0 formation by various PT pathways involving 

proton relays formed by different numbers of H2O molecules. Figure 1.5 depicts the stationary 

points along the PES for PyCOOH0 formation from the data in Table 1.1 and emphasizes proton 

shuttling in lowering PyCOOH0 formation barriers. 

 

Figure 1.4: Structures along the IRC for the PyH0+CO2+3H2O reaction step of indirect proton transfer from PyH0 
to CO2 via a proton relay comprised of a chain of three H2O molecules. 
 (a) Reactants, (b) TS for PyCOO− formation by PT from PyH0 to a H2O,  (c) and (d) PT from a H3O+ to a neighboring 
H2O, (e) PT from H3O+ to PyCOO− and (f) the trans PyCOOH0 product. The dashed orange arrows indicate the 
direction of PT and the blue arrow the nucleophilic attack on the C of CO2.  

The results shown above demonstrate that the 45.7 kcal/mol barrier to form PyCOOH0 

without the aid of the water proton relay is 30 kcal/mol above the experimentally determined 

barrier of 16.5 kcal/mol. Furthermore, we predict that the barrier decreases to 18 to 20 



 

25 
 

kcal/mol when multiple water molecules form a proton shuttling relay. As we discuss in detail 

below, the barrier declines further to between 13.6 to 16.5 kcal/mol when the TSs are 

calculated with explicit water molecules solvating the reaction complex (Table 1.1 cases e-i and 

Figure 1.5). We speculated that proton shuttling via water may partially lower the reaction 

barrier by alleviating strain in the TS in the: i) C−N−H angle,  ii) C−O−H angle,  and iii) the 

dihedral angle, , between the Py and CO2 planes. Next, we analyze how proton shuttling via 

water reduces those strains. 

1.3.3 Proton relay network reduces strain in the TS. Figure 1.1 shows the reactant, TS 

and product structures for PyCOOH0 formation for direct PT from PyH0 to CO2. While the 

product has a C−O−H angle of 112o, this angle is 79o in the TS structure. This suggests that part 

of the activation barrier can be attributed to this angular strain. Although this analysis 

compares the TS structure to the product rather than the reactant to estimate the strain in the 

TS from the C−O−H angle, it still indicates a high-lying TS because this reaction step is relatively 

thermoneutral (see Table 1.1). If this reaction were significantly exothermic, this approach to 

analyzing the strain could be misleading because a reaction with a low barrier in the forward 

direction could still exhibit a large degree of strain between the TS and product. 

Table 1.1: Enthalpic barriers and reaction enthalpies for the reaction of PyH0+ CO2+ mH2O + nH2O(S) to form 
PyCOOH0 where m is the number of active H2O’s in the proton relay and n is the number of solvating H2O’s 

Systema ∆H0
act ∆H0

rxn 

 CCSD(T)b MP2c CCSD(T)b MP2c 

a) PyH0+CO2 46.8d 45.7 9.3e 8.9e 

b) PyH0+CO2+H2O 29.9 29.5f 5.7e 6.0e 

c) PyH0+CO2+2H2O 21.2 20.4 3.4e 3.3e 
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d) PyH0+CO2+3H2O 18.6 18.5 −5.2 −3.2 

e) PyH0+CO2+3H2O+ H2O(S) − 16.5 − −2.2 

f) PyH0+CO2+3H2O+ 4H2O(S) − 14.6 − −4.0 

g) PyH0+CO2+2H2O+5H2O(S) − 14.6 − 0.6e, g 

h) PyH0+CO2+3H2O+6H2O(S) − 14.5h − −4.2 

i) PyH0+CO2+3H2O+10H2O(S) − 13.6 − −5.8 

aAll enthalpies in kcal/mol at 298K and 1 atm where electrostatic solute-solvent interactions were 
treated using CPCM with aqueous solvent. In case e-i, explicit solvent was also employed to treat 
solvation. bSingle-point uCCSD(T)/cc-PVDZ//roMP2/6-31+G** enthalpies. croMP2/6-31+G**. dReported 
barrier at cc-PVDZ (46.8 kcal/mol) basis set agrees with cc-PVTZ (44.5 kcal/mol) and 6-311++G** (46.9 
kcal/mol). eCis isomer of PyCOOH0 was produced (Figure 1.1c). fuMP2/6-31+G** produced a similar barrier 
of 31.9 kcal/mol. gPyCOOH0 (cis) product with partial PT from H3O+ to CO2 (see SI, section 5). h15.3 
kcal/mol barrier obtained with a different explicit H2O configuration (see SI section 5).   

 

 

Figure 1.5: Stationary points along the potential energy surfaces for PyCOOH0 formation via both direct and 
indirect (via the water proton relay) PT from PyH0 to CO2. 
The PyCOOH0 formation barrier (TS1) decreases with increasing number of water molecules m in the proton relay 
from 0 to 3 and by including explicit water (denoted by S) to solvate the reaction complex. TS2 is for cis-trans 
isomerization, which lies 1.6 kcal/mol above the cis isomer. Cases g and h reported in Table 1.1 have been omitted 
for clarity. 
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We estimate that strain in the C−O−H angle accounts for 15 kcal/mol of the activation 

energy (see Figure 1.6a and the SI, section 7). In contrast, for the one water molecule proton 

relay (Figure 1.3b), the C−O−H angle in the TS is 109o, similar to its angle of 112o in the product, 

leading to a substantial reduction in strain and a decrease of 16.2 kcal/mol in the barrier (see 

Table 1.1). In the cases of the two (Figure 1.3c) and three (Figure 1.3d) water molecule proton 

relays, the TS involves PT to form a H3O+ intermediate. Consequently, the O−H bond of the 

product is not in the process of forming at the TS. Another potential source of strain is the 

C−N−H angle. In the event of direct PT (Figure 1.1b or Figure 1.3a), this angle is 68o compared to 

a strain-free angle between 109 and 1200; the proton relay partially alleviates this strain, 

leading to C−N−H angles in the TSs of 98o (one H2O), 100o (two H2O’s) and 99o (three H2O’s). 

Lastly, strain can also be attributed to the rotation of the dihedral angle between the 

PyH0 and CO2 planes, i.e. the dihedral angle is 68o at the TS versus 15o in the product PyCOOH0. 

Using PyCOO− as a model system, we determined that this dihedral strain contributes 10 

kcal/mol to the activation barrier (see Figure 1.6b), which is consistent with the 16 kcal/mol 

barrier to internal rotation of this dihedral previously calculated by Han et al.91 They explained 

that the barrier to rotation of this dihedral angle arises from the  character of the N−C bond,91 

which is supported by the N−C  orbital shown in Figure 1.6b. 

1.3.4 Adding solvating waters to the PyH0 + CO2 + 3H2O system. Although CPCM 

generally calculates solute-solvent electrostatic interactions correctly, it describes solvation of 

solutes possessing concentrated charges less accurately.70-72 For example, the negative charge 

of the PyCOO− complex at the TS is concentrated on CO2 (discussed further below) and 
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consequently, CPCM may not accurately describe solvation of this TS. Thus, to determine the 

effect of describing the solvation of species with concentrated charge, we also employed 

explicit H2O to solvate the reacting system.74, 92 To examine the significance of including explicit 

solvent, we added one, four, six and ten additional H2O molecules to solvate the reaction core 

consisting of PyH0, CO2 and the H2Os of the proton relay. These additional water molecules 

were treated at the same level of theory as the rest of the system. Similar to the previously 

discussed calculations, the PyH0 + CO2 + 3H2O + nH2O(S) systems, consisting of the core reactive 

system and n explicit solvating water molecules, are embedded in a continuum polarizable 

solvent. The effect of additional explicit solvent is reflected in the results shown in Table 1.1 

entries e-i and Figure 1.5. We find that adding one solvating water molecule to hydrogen bond 

with an O of CO2 and a H of the neighboring H2O of the proton relay included in the PyH0 + CO2 

+ 3H2O core reaction system (Figure 1.7a) decreases the barrier by 2 kcal/mol to 16.5 kcal/mol. 

Adding four and six solvating H2O’s (Figure 1.7b and c) only decreases the barrier by 4 

kcal/mol to 14.6 and 14.5 kcal/mol. Finally, upon adding ten solvating H2O’s, the reaction 

barrier decreases to 13.6 kcal/mol, as shown in Figure 1.7d. In the SI, section 5, we show that 

the barrier calculated using four to ten explicit solvating H2O’s is converged within the 

accuracy of the methods employed. 
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Figure 1.6: Strain energy contributions to the activation barrier for PyCOOH0 formation. 

Estimated using (a) COOH0 as a model to estimate the angular strain in the C−O−H angle  and (b) PyCOO− as a 

model to estimate the dihedral strain between the Py and CO2 planes, . 

Adding multiple solvating H2O molecules leads to stabilization of one of the shuttling 

protons such that a H3O+ intermediate results. Here, the 14.6, 14.5 and 13.6 kcal/mol barriers 

for four, six and ten solvating H2O’s, respectively, are the activation energies to form the 

PyCOO− (PyCOO−•H3O+•2H2O) intermediate rather than PyCOOH0. In these three cases, the 

formation of PyCOOH0 proceeds through a second TS where a proton is relayed from the H3O+•

2H2O complex to PyCOO− with a negligible activation energy (less than 0.1 kcal/mol at 0K) 

which becomes barrierless upon addition of the ZPE and the thermal correction at 298K. Thus, 

the 14.6, 14.5 and 13.6 kcal/mol barriers to form the PyCOO−•H3O+ intermediate are effectively 

the barriers to form PyCOOH0 and this pathway contributes to the overall rate of PyCOOH0 

formation. We calculated a pKa of 10.2 for PyCOO−/PyCOOH0, thus PyCOOH0 should dominate 

over PyCOO− at thermodynamic equilibrium. Our results demonstrate that inclusion of explicit 

H2O molecules to solvate the active reaction complex lowers the reaction barrier. This effect is 

caused by additional solvent stabilization of the concentrated charges on CO2 (in the PyCOO− 
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complex) at the TS relative to the reactants than what is provided by the implicit CPCM solvent. 

However, the lowering of the activation barrier from 18.5 kcal/mol (CPCM only) to 13.6 

kcal/mol (ten H2O(S) case) is likely overestimated.  

Inclusion of an explicit first solvation shell with no surrounding solvent can result in over 

polarization between the explicit solvent and the core reaction system73 due to the absence of 

interactions with additional solvation shells. In the case of aqueous solvent and a TS more polar 

than the reactants, this may result in excessive lowering of the activation barrier. However, 

embedding of the explicit solvent in implicit solvent mitigates this effect through interactions of 

the infinite bath of implicit solvent with the first solvation shell. For example, the PCET barrier 

for PyH0 + CO2 + 3H2O + 4H2O(S) increased from 12.5 kcal/mol (gas phase) to 14.6 kcal/mol 

(CPCM) with addition of implicit solvent (see the SI, section 4). The extent to which CPCM 

alleviates the error of over polarization of the first solvation shell effect is unknown and beyond 

the scope of this study. However, for PyH0 + CO2 + 3H2O, the results with explicit solvent (over 

polarization) and CPCM only (under polarization), respectively, set a lower and an upper bound 

to the barrier; thus, our results predict that the PCET barrier lies between 13.6 and 18.5 

kcal/mol. 

Introduction of explicit solvent can introduce additional challenges due to the large 

solvent configurational space. For example, particular solvent configurations stabilize the TS 

relative to the reactants more than others. These configurational variations introduce a 

distribution of enthalpic barriers.73 For example, in Table 1.1, we report the barrier for PyH0 + 

CO2 + 3H2O + 6H2O(S) to be 14.6 and 15.3 kcal/mol in two possible solvent configurations (see 
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SI, section 5).  Solvent reorganization due to thermal fluctuations introduces similar effects and 

consequently a distribution of enthalpic barriers such that the experimentally determined 

barrier corresponds to an ensemble average over many solvent configurations. The barriers 

involving explicit H2O reported in Table 1.1 are calculated for only a few of the many possible 

configurations that can contribute to the ensemble averaged barrier. Moreover, configurations 

that result in proton relays composed of various numbers of H2O can contribute to the 

ensemble averaged barrier. For instance, the barrier for PyH0+CO2+2H2O+5H2O(S) in a two 

water proton relay is 14.6 kcal/mol (Table 1.1, entry g), similar to the barrier of the three water 

proton relay. 

 

Figure 1.7: TS structures for PyCOOH0 formation via a proton shuttling network formed by three H2O molecules 
(illustrated using a ball-and-stick model) and (a) one, (b) four, (c) six and (d) ten solvating H2O’s. Solvating H2O’s 
are depicted by a stick model. 

1.3.5 Comparison with the experimentally determined barrier. Our results demonstrate 

the central role of proton shuttling via water in catalyzing the formation of PyCOOH0, where 
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shuttling through the three water molecule relay lowers the reaction barrier by 27 kcal/mol 

relative to direct PT. The 18.5 kcal/mol barrier for PyH0 + CO2 + 3H2O modeled in CPCM, 

confirmed by high-level CCSD(T) results, should provide a reliable baseline estimate for the 

activation barrier to form PyCOOH0 from reaction of PyH0 and CO2 in the homogeneous phase 

because the continuum description of the solvent implicitly averages out the variations in the 

enthalpic barrier resulting from solvent fluctuations despite its limitation in describing solute 

with concentrated charges.73, 93 To better describe interaction between the solvent and the 

solute with localized charges, four, six and ten solvating H2O’s were included. These models 

all predicted a barrier within 0.5 kcal/mol of14.1 kcal/mol, which is well within the accuracy of 

roMP2. Thus, 14.1±0.5 kcal/mol provides our best estimate of the barrier for the three water 

proton relay configuration, assuming that CPCM alleviates most of the over polarization of the 

TS by the first solvation shell (see discussion above). This estimate does not explicitly consider 

how other solvent configurations might affect the barrier beyond demonstrating that it changes 

by less than 1 kcal/mol for four to ten explicit H2O’s and for two different solvent 

configurations for the case of six explicit solvating H2O’s, as shown in Table 1.1. Moreover, the 

two water proton relay also proves to be a viable pathway with a 14.6 kcal/mol barrier for PyH0 

+ CO2 + 2H2O + 5H2O(S) (see Table 1.1, case g). 

We propose that the experimentally determined barrier of 16.5±2.4 kcal/mol is 

consistent with a weighted average of active pathways that consist of proton transfers through 

relays of one to three H2O molecules where the ensemble averaged barrier depends on both 

the configurational and Boltzmann weight for each pathway. Although an exhaustive 
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examination of all possible pathways and calculation of the configurational weights for the 

pathways we report is beyond the scope of this study, the ensemble average for the lowest 

energy pathways we report must lie within the range of 13.6 kcal/mol (two and three water 

proton relays) and 22.8 kcal/mol (one water proton relay, see SI, section 5 for estimation of this 

barrier). Because the barrier for reaction through the one H2O shuttle is 9 kcal/mol larger than 

the barrier for PCET through two and three H2O’s the configurational weight on the one H2O 

shuttle must be at least 106
 times larger for it to contribute significantly to the reaction rate at 

298K. For example, with relative configurational weights of 105 and 106 on the one H2O shuttle 

pathway and configurational weights of one on each of the two and three H2O shuttle pathways 

the average barriers are 13.9 and 14.9 kcal/mol, respectively. Consequently, although it is 

possible that other active pathways exist and we do not explicitly calculate the configurational 

weights required for evaluating the ensemble averaged barrier, we expect that ensemble 

averaging the pathways we report will result in a predicted barrier of between 13.6 to 15 

kcal/mol.  

These results predict that the homogeneous formation of PyCOOH0 is viable, mediated 

by proton shuttling in aqueous solvent, and does not require the p-GaP electrode surface to 

play an active role in N−H bond cleavage of PyH0. However, it is also possible that the 

experimentally measured barrier corresponds to thermally activated desorption of PyH0 from 

the Pt electrode to the homogeneous phase. In the Py/Pt system the measured reduction 

potential for PyH+
 suggests that desorption of PyH0 from Pt into the homogeneous phase 

requires at least 16.8 kcal/mol (see Introduction), a value that coincides with both the 
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experimentally determined barrier and our calculated barrier for homogeneous reaction 

between PyH0 and CO2. Consequently, desorption of the reduced PyH0
 species from Pt may limit 

PyCOOH0 formation. However, the observed first order dependence on both PyH+ 

concentration and CO2 concentration is indicative of a bimolecular homogeneous process.41 We 

suggest that use of an electrode material with minimal surface effects on the reduction of PyH+ 

(e.g. a Pb or dropping Hg electrode) should exhibit the homogeneous barrier for catalytic 

reduction of CO2 by PyH0. However, aqueous solvent should be used with caution because the 

homogeneous E0 of PyH+ (–1.31 V vs. SCE) is more negative than the reduction potential of H2O, 

E0=–1.07 V vs. SCE. 

1.3.6 Charge analysis, pKa and EA all show step-wise ET followed by PT. Next, we 

examine the interplay between ET and PT from PyH0 to CO2 to accomplish the chemical 

reduction of CO2 through the formation of PyCOOH0. Fundamental questions at the heart of 

pyridine-catalyzed reduction of CO2 include: Do ET and PT occur concomitantly or sequentially? 

If sequentially, in what order do ET and PT occur? In this section, we focus on providing insight 

into these questions to understand the nature of CO2 reduction in this system to reveal the role 

of the Py catalyst in CO2 reduction. Figure 1.8 shows a plot of the net charges on PyH0 and CO2 

as a function of the distance between the N of PyH0 and the C of CO2, which we define as RN−C. 

The atomic charges were determined using the CHELPG method for several structures along the 

IRC of PyCOOH0 product formation to delineate the details of the ET process. A charge analysis 

based on Mulliken populations shows the same qualitative trend as CHELPG derived atomic 

charges (see SI, section 8). 
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In particular, we examine the net charges on CO2 and PyH0 for two cases: PyCOOH0 

formation in the absence of the proton shuttling network (direct PT) and PyCOOH0 formation 

mediated by proton shuttling through three water molecules. For both cases, the charge on CO2 

becomes negative while the charge on PyH0 becomes more positive as the reaction proceeds 

from reactant towards the TS along the IRC (see Figure 1.8). This result demonstrates that ET 

from PyH0 to CO2 occurs as the N−C bond is formed and prior to PT. The charge transfer involves 

the donation of the N lone pair into a π* orbital of CO2, as shown in Figure 1.2. For the case of 

no proton shuttle, the charge on CO2 reaches a minimum of −0.60 e at RN−C = 1.66 å and 

increases to −0.44 e at the TS (RN−C = 1.61 Å) because the proton is now partially transferred to 

CO2 along with its partial positive charge (see inset of Figure 1.8). These results predict that 

reduction of CO2 through PyCOOH0 formation occurs through a stepwise charge transfer 

mechanism where ET to reduce CO2 precedes PT. Our calculations predict this same mechanism 

for the case of PyCOOH0 formation through the three H2O molecule proton relay. In this case, 

the charge decreases to a minimum of −0.86 e at RN−C = 1.50 å, just after the TS at RN−C = 1.57 Å, 

followed by the onset of PT to CO2 at  RN−C = 1.45 Å (see inset of Figure 1.8 for the structure at 

RN−C = 1.45Å). 
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Figure 1.8: Charges on PyH0 (blue) and CO2 (red) along the IRC for PyCOOH0 formation from PyH0 and CO2. 
(0 H2O) and (3 H2O) denote the cases of no proton relay (direct PT) and a three H2O molecule proton relay. ET from 

PyH0 to CO2 is significant at C−N distances significantly longer than the TS (1.6 Å). Charges determined using the 
CHELPG method at roMP2/6-31+G**.  

An alternative mechanism might occur by PyH0 first transferring its proton to CO2, 

followed by ET to reduce CO2.  However, we calculate a pKa of 31 for PyH0 in agreement with 

Keith et al.’s calculated pKa of 27.43 This suggests that direct PT from PyH0 to CO2 without ET 

first is highly thermodynamically unfavorable because it leads to the formation of the high-

energy Py− anionic radical.  The energetic cost to form the Py− anionic radical, either by direct PT 

from PyH0 or ET to Py is also evident from the adiabatic electron affinity (EA) analysis 

summarized in Table 1.2, which also lists our calculated E0 values for related Py and CO2 species. 

We find that Py− formation is even less favorable than formation of the high-energy CO2
− anionic 

radical as demonstrated by our calculations showing that Py’s EA of 37.9 kcal/mol is less 

positive than CO2’s EA of 47.4 kcal/mol. These calculated EAs are consistent with Tossell’s 

CBS-QB3 thermochemical calculations for a number of reduced Py complexes.44 This analysis 
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based on the pKa of PyH0 and the EA’s of CO2 and PyH0 clearly demonstrates that if PyH0 and 

CO2 were to react, ET must precede PT to avoid the high energy cost of producing the Py− 

anionic radical. This result explains and confirms the results of the charge analysis described 

above.  

Table 1.2: Adiabatic electron affinities (EA) and homogeneous standard reduction potentials (E0 vs. SCE). 

Systema EAb E0(c) 

a) Py + CO2 + e− = Py− + CO2 37.9 −2.90 

b) Py + CO2 + e− = Py + CO2
− 47.4 −2.34 

exp. −2.18[51] 

c) Py + CO2 + e− = PyCOO− 66.3 −2.05 

d) PyH+ + e− = PyH0 73.9 −1.31 

aCalculations performed using CBS-QB3/CPCM-H2O. bEA = −∆H0
reduction in aqueous solution in kcal/mol. cE0 

in aqueous solvent in V vs. SCE.  

1.3.7 Formation of PyCOO− anionic complex provides a low-energy pathway for ET. 

The calculated high pKa of PyH0, low EA of Py and net charge versus IRC analysis all suggest that 

ET to CO2 must precede PT in the formation of PyCOOH0. If this is indeed the case, what then 

enables ET, especially given the fact that the anionic radical CO2
− is high-energy? The answer 

lies in the unusual nature of the PyCOO− complex (Figure 1.6b, left) and it is this anionic 

complex that forms, not CO2
−. As shown in Figure 1.9 and Table 1.2, the PyCOO− anionic 

complex is significantly more stable than the CO2
− or Py− anions as reflected by their EA’s, 

consistent with Tossell’s calculations.44 It is this unusual stability of PyCOO− that provides a low 

energy pathway for ET from PyH0 to CO2 and which results in forming PyCOO−. Formation of the 

PyCOO− anionic complex in the three H2O proton shuttle case is evident in Figure 1.4 c-e, where 

PyCOO− is formed transiently after ET and during PT by proton shuttling through the three 
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water molecule chain en route to PyCOOH0 formation. Thus, the formation barriers for 

PyCOOH0 shown in Figure 1.5 and schematically in Figure 1.9 are primarily the ET energy cost to 

form PyCOO− by this low energy pathway; PyCOO− is subsequently stabilized by protonation at a 

calculated pKa of 10.2.  The existence and stability of the PyCOO− complex is also supported 

experimentally where Han and Kamrath et al. generated the PyCOO− complex through high-

energy ionization,91, 94 in contrast to the PEC reduction of CO2, where PyCOO− is generated 

transiently through homogeneous reaction between PyH0 and CO2 mediated by the proton 

relay. These results prompt the question: What provides PyCOO− with its unusual stability? 

1.3.8 Aromatic resonance stabilization stabilizes the PyCOO− complex. From the 

analysis above, we can deduce the role of the pyridine catalyst in the PEC reduction of CO2. Py 

acts as a catalyst by stabilizing the high-energy anionic radical of CO2
− by forming the stable 

PyCOO− complex, thus providing a low energy pathway for PyCOOH0 formation. What makes 

PyCOO− unusually stable? Aromatic resonance stabilization.95-96 Reduction of PyH+ to PyH0 

increases the number of  electrons of from six to seven, resulting in a loss of aromaticity and 

PyH+’s large negative reduction potential (Figure 1.10). The drive to regain the aromaticity 

lost upon PyH+ reduction compels ET from PyH0 to CO2 to transiently form PyCOO−. The 

resulting negative charge localized on CO2 then drives PT from PyH to CO2  through the water 

proton relay to ultimately form PyCOOH0. Six electrons remain in the  system of Py after ET, 

thus making both PyCOO− and PyCOOH0 aromatic and lowering their energy. This stabilizes the 

TS to lower the PCET barrier, as described by the Evans-Polanyi principle.97  
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Figure 1.9: Formation of the PyCOO− anionic complex mediated by the proton relay provides a low energy 
pathway for ET en route to formation of the PyCOOH0 carbamate species. The ET barriers are shown 
schematically. 

Without aromatic stabilization one electron reduction of CO2 or PT from PyH0 leading to 

the one electron reduction of Py to Py− are both prohibitively high in energy (see Figure 1.9). 

We test this suggestion using protonated 1,4-azaborinine (AB). Because the transferred 

electron is added to and removed from the sp2 orbital localized on B, AB maintains its 

aromaticity on being reduced and during reduction of CO2 via PCET. For reduction of CO2 by 

PCET from AB we calculate an enthalpic barrier of 33.8 kcal/mol at the MP2 level of theory 

compared to 18.5 kcal/mol for PyH0 where three waters act as a proton relay for both cases. 

The high barrier for AB catalyzed CO2 reduction is a consequence of AB maintaining it 

aromaticity throughout PCET, thus providing no driving force for ET. Our results provide direct 

evidence and a detailed and fundamental explanation in support of Bocarsly et al.'s suggestion 

that Py-catalyzed CO2 reduction proceeds through one electron reduction of CO2.40 The inverse 

view in which CO2 stabilizes the high energy Py− anionic radical is an equally valid alternative 



 

40 
 

picture of this process. While both views are correct, a more complete analysis demonstrates 

that Py and CO2 stabilize each other’s anionic radical in the form of the PyCOO− complex. 

1.3.9 Proton shuttling reduces the radical character of Py anionic radical. We 

emphasize again that ET precedes PT for cases of direct PT and for PT through the H2O molecule 

relay, as shown in Figure 1.8. However, the proton relay offers the advantage of more extensive 

ET to CO2 prior to PT; Figure 1.8 shows the minimum charge on CO2 for the case of the three 

H2O molecule relay to be −0.86 e compared to −0.60 e for direct PT in the absence of the relay. 

The more complete ET to CO2 prior to PT enables Py to approach its low-energy neutral closed-

shell state, reducing its high energy Py− anionic radical character and consequently lowering the 

barrier to PyCOOH0 formation. In other words, we propose that the high 45.7 kcal/mol barrier 

for direct PT is partially due to the larger Py− anionic radical character of Py that results from 

less charge transfer to CO2 prior to PT. Thus, the proton relay provides an additional important 

effect to catalyze CO2 reduction; In addition to providing a pathway that lowers the strain in the 

TS, it also provides a favorable configuration that facilitates more complete ET to CO2 during 

the formation of the PyCOO− complex to reduce the high-energy anion radical character of Py− 

prior to PT. This effect is also consistent with the lowering of the reaction barrier by the proton 

relay as shown in Figure 1.5. 

1.3.10 Is CO2 prebent to facilitate reduction? The result that ET precedes PT introduces the 

question of whether CO2 must be prebent to prepare it for reduction where bending CO2 may 

lower the reorganization energy required for ET. The case where PT is mediated through the 

three water proton shuttle solvated by ten quantum solvating waters (as shown in Figure 1.5) 
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exhibits the most extensive ET to CO2 and a barrier of 13.6 kcal/mol for PyCOOH0 formation. At 

the TS ET is mostly complete, and as seen in Figure 1.7d, CO2 is not bent prior to ET, but is in 

fact bent as a result of ET. This shows that CO2 prebending is not a generally required condition 

to effect low barrier CO2 reduction.  

 

Figure 1.10: Stabilization of the PyCOO− complex through aromatic resonance stabilization. 

PyH0 possesses seven electrons in its  system. Nucleophilic attack at the C of CO2 by the N of PyH0 transfers 
electron density to CO2 to reduce it while recovering the aromaticity of PyH+ and facilitate proton transfer to form 
PyCOOH0. 

1.4 Conclusion 

We have performed ab initio quantum chemical calculations on proposed pathways for 

homogeneous PyCOOH0 formation to examine how Py catalyzes the PEC reduction of CO2 in the 

Py/p-GaP system. We predict that the barrier to homogeneous PyCOOH0 formation lies 

between 13.6 and 18.5 kcal/mol where PCET proceeds through a proton relay of three H2O’s 

and the solvent is modeled using mixed implicit/explicit and only implicit solvation, 

respectively. A weighted average of PCET’s through one to three H2O relays also falls within 

this range for weights of the higher barrier one H2O relay path as large as 106 times the 

weights on the two and three H2O relays. Furthermore, this range is consistent with the 
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experimentally determined barrier of 16.5±2.4 kcal/mol. In contrast, in the absence of the 

proton relay we predict a barrier for direct PT from PyH0 to CO2 of 46 kcal/mol. The predicted 

solvent assisted PCET suggests a favorable pathway to CO2 reduction through PyCOOH0 

formation in the homogeneous phase where the purpose of the p-GaP surface is the PEC 

reduction of PyH+ to produce active PyH0 species and may not be an active heterogeneous 

catalyst for CO2 reduction. The water proton shuttling network has multiple effects: a) it 

reduces the strain in the TS, b) it produces the more stable PyCOOH0 trans isomer and c) it 

reduces the radical character of the Py− anion prior to PT. However, it is also possible that the 

experimentally measured barrier corresponds to endothermic desorption of PyH0 from the Pt 

electrode to the homogeneous phase, which requires at least 16.8 kcal/mol of thermal energy, 

a value that coincides with both the experimentally determined barrier and our calculated 

barrier for homogeneous reaction between PyH0 and CO2.  

We determine that Py facilitates the PEC reduction of CO2 by avoiding the formation of 

high-energy Py− and CO2
− anionic radicals. A population analysis to describe details of charge 

transfer indicates that PyCOOH0 formation occurs by a stepwise charge transfer mechanism 

where ET precedes PT. Consequently, the pKa of PyH0 is irrelevant in predicting PyH0’s ability to 

transfer a proton to CO2. Furthermore, our calculated pKa of 31 for PyH0 predicts that PT from 

PyH0 does not occur before ET. This is also supported by the calculated EA’s of CO2, Py and Py

•CO2 which show that the one-electron reductions of CO2 and Py are prohibitively high in 

energy, whereas PyCOO− is a low energy one-electron reduced state with little radical 

character. Although the one electron reduced states of Py and CO2 are high energy, aromatic 
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resonance stabilization reduces the energies of the transiently formed PyCOO− anionic complex 

and PyCOOH0 to lower the barrier to PyCOOH0 formation. We demonstrate that prebending of 

CO2 is not a requirement in achieving a low barrier to CO2 reduction.  
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Abstract:  

We use quantum chemical calculations to elucidate a viable mechanism for pyridine-catalyzed 

reduction of CO2 to methanol involving homogeneous catalytic steps. The first phase of the 

catalytic cycle involves generation of the key catalytic agent, 1,2-dihydropyridine (PyH2). First, 

pyridine (Py) undergoes a H+ transfer (PT) to form pyridinium (PyH+), followed by an e- transfer 

(ET) to produce pyridinium radical (PyH0). Examples of systems to effect this ET to populate 

PyH+’s LUMO (E0
calc ~ -1.3V vs. SCE) to form the solution phase PyH0 via highly reducing 

electrons include the photo-electrochemical p-GaP system (ECBM ~ -1.5V vs. SCE at pH= 5) and 

the photochemical [Ru(phen)3]2+/ascorbate system. We predict that PyH0 undergoes further PT-

ET steps to form the key closed-shell, dearomatized (PyH2) species (with the PT capable of 

being assisted by a negatively biased cathode). Our proposed sequential PT-ET-PT-ET 

mechanism transforming Py into PyH2 is analogous to that described in the formation of related 

dihydropyridines. Because it is driven by its proclivity to regain aromaticity, PyH2 is a potent 

recyclable organo-hydride donor that mimics important aspects of the role of NADPH in the 



 

45 
 

formation of C-H bonds in the photosynthetic CO2 reduction process. In particular, in the 

second phase of the catalytic cycle, which involves three separate reduction steps, we predict 

that the PyH2/Py redox couple is kinetically and thermodynamically competent in catalytically 

effecting hydride and proton transfers (the latter often mediated by a proton relay chain) to 

CO2 and its two succeeding intermediates, namely formic acid and formaldehyde, to ultimately 

form CH3OH. The hydride and proton transfers for the first of these reduction steps, the 

homogeneous reduction of CO2, are sequential in nature (in which the formate to formic acid 

protonation can be assisted by a negatively biased cathode). In contrast, these transfers are 

coupled in each of the two subsequent homogeneous hydride and proton transfer steps to 

reduce formic acid and formaldehyde.  

2.1 Introduction 

Conversion of carbon dioxide (CO2) to fuels enabling a closed-carbon cycle powered by 

renewable energy has the potential to dramatically impact the energy and environmental 

fields.1-3, 9-13, 17, 25 However, the chemical reduction of CO2 to highly reduced products such as 

methanol (CH3OH) remains a daunting task. The groups of Fujita,35, 98-99 Kubiak,25, 100 Meyer,29, 

101-102 Savéant27, 103-104 and others15-16, 18, 20, 26, 30, 39, 42, 105-108 have made significant contributions 

to this field, particularly in the fundamental understanding of using transition-metal complexes 

to catalyze CO2’s transformation. Despite these advances, many challenges remain: for 

example, CO2 reduction has largely been confined to 2e- products such as CO and formate, and 

in many cases large overpotentials are required to drive these reactions.35, 100, 103, 105 

Recently, Bocarsly and coworkers39-40 employed pyridine (Py) in a photo-electrochemical 

system using a p-type GaP cathode to efficiently convert CO2 to CH3OH at 96% Faradaic 
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efficiency and 300 mV of underpotential;39 it is  notable that although semiconductor cathodes, 

such as n-GaAs, p-GaAs and p-InP, have been shown to convert CO2 to CH3OH without Py when 

biased to potentials more negative than -1 V vs. SCE,109-110 on a p-GaP cathode under 

illumination and biased to only ~ -0.2V vs. SCE,39  CH3OH is only produced in the presence of Py; 

thus Py evidently plays a key role in catalyzing the formation of CH3OH from CO2. Clearly, 

thorough understanding of any Py-catalyzed CO2 reduction is required not only to elucidate Py’s 

catalytic role in general, but also to develop related catalysts that exploit the fundamental 

phenomena at play in such a reduction. In this contribution, we use quantum chemical 

calculations to discover that the key to Py’s catalytic behavior lies in the homogeneous 

chemistry of the 1,2-dihydropyridine/pyridine redox couple, driven by a dearomatization-

aromatization process, in which 1,2-dihydropyridine (PyH2) acts as a recyclable organo-hydride 

that reduces CO2 to CH3OH via three hydride and proton transfer (HTPT) steps (see Scheme 

2.1).  

We pause to stress that while the fundamental reduction mechanism we develop --- the 

generation of PyH2 and three catalytic steps to reduce CO2 progressively to CH3OH --- can 

operate under homogeneous conditions (although probably with low CH3OH yield at typically 

employed pH values; vide infra), we do find that the mechanism can be assisted at two stages 

by the influence of the double layer adjoining the negatively biased cathode. These involve a 

step in the PyH2 formation and the formate-formic acid conversion preparatory to formic acid 

reduction. Even with these assisting heterogeneous aspects, the overall process is 

predominantly homogeneous and is active in their absence. We will use ‘homogeneous’ as a 
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descriptor for reaction steps where appropriate, and will explicitly indicate the two junctures 

where cathode heterogeneous effects assist the mechanism. 

Hydride transfer (HT) reactions --- which are formally equivalent to 2e-/H+ reductions --- 

have been proven adept in forming C-H bonds, converting CO2 to CH3OH at mild conditions.16, 

20, 108 For example, we have shown how ammonia borane (H3N-BH3)111 accomplishes hydride (H-

) and proton (H+) transfers to CO2 that ultimately lead to CH3OH.21, 112 The particular relevance 

of this example is that PyH2, the hydride reagent of special focus in this article, is similar to 

ammonia borane in that both involve a protic hydrogen on N which has neighboring hydridic 

hydrogens, on the ortho-C of 1,2-dihydropyridine and on the B of ammonia borane. However, 

PyH2 is unique in the critical sense that it is a catalytic hydride donor (vide infra), similar to 

NADPH in photosynthesis (as discussed within), rather than a stoichiometric hydride reagent 

(such as ammonia borane and silanes).  

Scheme 2.1: Homogeneous reduction of CO2 to methanol by 1,2-dihydropyridine via hydride and proton transfer 
steps 
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The outline of the remainder of this paper is as follows. Using quantum chemical 

calculations whose methodology is outlined in section 2.2, we will: 1) demonstrate how Py is 

transformed into the recyclable organo-hydride PyH2, via a sequential PT-ET-PT-ET process 

(sections 2.3.1 and 2.3.2). PyH2 is a 2H+/2e- transfer product of pyridine (Py).113-116 We note that 

the formation of related dihydropyridines proceeds via sequential PT and ET steps.117-119 2) 

establish the hydride nucleophilicity of PyH2 and related dihydropyridines (section 2.3.3); 3) 

calculate key transition states and reaction free energies to demonstrate that PyH2 is both 

kinetically and thermodynamically proficient in reducing CO2 to CH3OH through three 

successive homogeneous HTPT steps (sections 2.3.4-2.3.7); and 4) show that the catalytic 

hydride transfer reaction by the PyH2/Py redox couple is driven by a dearomatization-

aromatization process (section 2.3.8).120 Concluding remarks are given in section 2.4. 

2.2 Computational methods  

We compute stationary geometries (reactants, transition states and products) for all 

systems studied using density functional theory based on the M06 density functional121 and 6-

31+G** basis set57 and a water solvent model described below. The M06 functional was chosen 

because it has been parameterized with experimental thermodynamic data, should provide a 

reliable description of the molecular structures for the reactions of interest.121 To further 

improve the reported energies, we performed single point energy calculations at the M06/6-

31+G** geometries using 2nd order Møller-Plesset perturbation theory (MP2)58 with the 

extensive aug-ccPVTZ basis sets.56 We previously found that MP2 accurately reproduces the 

CCSD(T) reaction and transition state (TS) energies for reactions between pyridine (Py) and 



 

49 
 

CO2,120 and have further benchmarked this method against CCSD(T) for reactions involving HT 

to CO2, as summarized in Table S1 of the Supporting Information (SI), section 1.  

An adequate treatment of solvent is crucial to correctly describe reactions involving a 

polar TS, such as those involving electron, proton, or hydride transfers which are of particular 

interest here. Therefore, we employed the implicit polarized continuum solvation model 

(CPCM) in all calculations to treat the solute-solvent electrostatic interactions in aqueous 

solvent.67-68 In addition to the CPCM-description, in the direct hydride transfer models DHT-

1H2O and DHT-2H2O of section 2.3.3, we explicitly included one and two water molecules to 

quantum mechanically model the solvent polarization essential for correctly describing the 

ionic HT TS. In addition to stabilizing the TS, these water molecules also intimately participate in 

the reaction by acting as a proton relay chain during the proton transfer event.80-81, 83-84, 86, 89, 120, 

122-129 The treatment of explicit waters is discussed in greater detail in SI, section 1d.  

We calculate vibrational force constants at the M06/6-31+G** level of theory to: 1) 

verify that the reactant and product structures have only positive vibrational modes, 2) confirm 

that each TS has only one imaginary mode and that it connects the desired reactant and 

product structures via Intrinsic Reaction Coordinate (IRC) calculations, and 3) compute 

entropies, zero-point energies (ZPE) and thermal corrections included in the reported free 

energies at 298K.  

For the activation and reaction enthalpies, entropies and free energies for each of the 

various reactions examined within, we define the reference state as the separated reactants in 

solution, as is appropriate for solution phase bimolecular reactions.130 It is important to 
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recognize that commonly employed entropy evaluations within the rigid rotor, harmonic 

oscillator and ideal gas approximations normally overestimate the entropic cost for reactions 

occurring in solution phase, because ideal gas partition functions do not explicitly take into 

account hindered translation, rotation and vibration of the solute surrounded by solvent 

molecules.18, 131-136 For example, Huang and coworkers observed that the calculated standard 

activation entropy values (-T∆S‡
calc) consistently overestimate the experimental -T∆S‡

exp values 

by ~4-5 kcal/mol at 298K.133-134 Liang and coworkers also observed that -T∆S‡
exp values are 50-

60% of the computed -T∆S‡
calc, and in some cases activation entropic costs -T∆S‡

exp are 

overestimated by ~11 kcal/mol.132 In SI, section 2, we show that -T∆S‡
calc overestimates -T∆S‡

exp 

by ~12 kcal/mol for the analogous HT reaction from the PyH2-related dihydropyridine 1-benzyl-

1,4-dihydronicotinamide (in eq. 1). Clearly, ideal gas-based calculated -T∆S‡
calc values can have 

significant errors.  

While various empirical correction factors for -T∆S‡
calc values have been proposed,18, 131, 

136-137 all of which significantly lower -T∆S‡
calc, our approach to better estimate -T∆S‡ is to 

employ the experimentally obtained -T∆S‡
exp value for an analogous HT reaction; as we discuss 

later, the transition states for all three steps in reduction of CO2 to CH3OH are of HT character. 

This -T∆S‡
exp value is then added to our calculated ∆H‡

HT in order to obtain more accurate 

estimates to the activation free energy ∆G‡
HT. In particular, the homogeneous HT from the 

PyH2-related dihydropyridine 1-benzyl-1,4-dihydronicotinamide to ∆1-pyrroline-2-carboxylic 

acid (zwitterionic form) in aqueous methanol (eq. 1)138 is analogous to each of the three HTs 

from PyH2 of interest here: to CO2, formic acid (HCOOH) and formaldehyde (OCH2). We thus 
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add the -T∆S‡
exp of 2.3 kcal/mol (298 K) determined experimentally for eq. 1138 to the calculated 

∆H‡
HT values in Table 2.1 to obtain our estimates for ∆G‡

HT. This procedure is further discussed 

in section 2.3.5. As comparison, we also employed the approach of Morokuma and 

coworkers139 to omit the translational contribution from computed gas phase entropies. We 

obtained -T∆S‡
calc = 3.0, 2.2, and 2.7 kcal/mol for the reduction of CO2, formic acid and 

formaldehyde, respectively, (via the DHT-1H2O model defined in section 2.3.3); these values are 

similar to the experimental -T∆S‡
exp of 2.3 kcal/mol for eq. 1 that we have employed. See SI, 

section 2 for details.  

 

Finally, reaction free energies (∆G0
rxn) are reported by adding ∆H0

rxn to -T∆S0
rxn in Table 

2.1. Because the number of species remains constant on going from reactants to products in 

the HTPT reactions described here, the overestimation issue for the calculated -T∆S0
rxn is less 

severe. All reported energies were referenced to separated reactants in solution (as noted 

above) and calculations were performed using the GAUSSIAN 0961 and GAMESS59 

computational software packages. Often, reported bimolecular reaction activation and 

thermodynamic quantities in the literature are referenced to reactants within a reactant 

complex rather than to the separated reactants. Thermodynamic quantities with the former 

reference are given for comparison in SI, section 3. 
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2.3 Results and Discussion 

2.3.1 Formation of PyH0 from Py via 1H+/1e- transfers. We begin with the key issue of 

the generation of PyH0 from Py via sequential PT-ET steps. In Scheme 2.2, route I, Py first 

undergoes protonation to form pyridinium (PyH+; pKa= 5.3) in a pH= 5 solution. Subsequent 1e- 

reduction (route II) produces PyH0. Experimentally, photo-excited electrons of the p-GaP 

semiconductor are sufficiently reducing to populate PyH+’s LUMO (E0
calc~ -1.3 V vs. SCE)43-44, 120 

via 1e- transfer to form solution phase PyH0.140  For example, at a pH of 5 the conduction band 

minimum of p-GaP (ECBM)141-142 lies at approximately -1.5 V vs. SCE,143-144 a more negative 

potential than PyH+’s LUMO. Furthermore, the p-GaP electrode is electrochemically biased by -

0.2 to -0.7 V,39 which further increases the reducing ability of the transferring electron.  

Scheme 2.2: Formation of pyridinium radical (PyH0) 

 

We pause to consider other PyH0 generation routes. PyH0 can also be produced 

electrochemically at inert electrodes. For instance, a glassy carbon electrode145-147 has been 

used to electrochemically produce similar neutral radicals from the Py-related species 

nicotinamide and acridines.117-119 In another case, photochemical production of PyH0 driven by 

visible light was recently demonstrated by MacDonnell and coworkers using a surface-free 

photochemical process in which Ru(II) trisphenanthroline (chromophore) and ascorbate 

(reductant) act in concert to reduce PyH+ to PyH0 via 1e- transfer. The produced PyH0 radical is 

actively involved in the observed homogeneous reduction of CO2 to CH3OH (albeit at low 



 

53 
 

yield),148-150  an observation in contrast with recent studies focused on the specific case using a 

Pt cathode43, 145, 151-155 that rule out participation of homogenous PyH0 in Py-catalyzed CO2 

reduction. We stress that we consider a Pt electrode to be a special case. There, 1e- reduction 

of PyH+ is favored to form adsorbed H-atoms (Pt-H*)45, 153-156 such that its use introduces 

additional routes (e.g. H2 formation) which likely outcompete any processes catalyzed by Py. 

Therefore, surface pathways152, 154 for CO2 reduction on Pt may predominate such that the 

homogeneous mechanism discussed in the text requiring the production of PyH0 becomes a 

minor pathway. Nonetheless, the mechanism we elucidate involving hydride and proton 

transfers by dihydropyridines may provide useful insights into any presumably minority surface-

mediated pathways that may occur on (including Pt) active cathodes. 

The conversion of the produced solution phase PyH0 to the desired intermediate PyH2 

will be taken up in section 2.3.2. Here we pause to discuss some competing routes. The first of 

these arises because PyH0 is a dearomatized species driven to donate an electron in order to 

recover its aromaticity.120, 157 For example, Bocarsly and coworkers40-41 proposed that PyH0 

reacts with CO2 to form a pyridine-carbamate (PyCOOH0) intermediate (Scheme 2.3, route III) 

prior to CH3OH formation.40 PyCOOH0 formation by this route is supported by our recent 

computational study,120 and spectroscopic measurements.94 In particular, using a hybrid 

explicit/implicit solvent model, we calculated low enthalpic barriers with respect to the 

complexed reactants of 13.6-18.5 kcal/mol (depending on the number of solvating waters) for 

PyCOOH0 formation via a proton relay mechanism; the importance of proton relays have been 

extensively described in assorted chemical reactions.80-81, 83-84, 86, 89, 122-127 Charge analysis on CO2 

and PyH0 along the reaction coordinate reveals that PyH0’s propensity to recover its aromaticity 
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drives the sequence of ET to CO2 followed by PT (mediated by a proton relay) to ultimately form 

PyCOOH0.120, 158 While this particular reaction is not of direct interest in the present work (see 

the end of section 2.3.2), we will see that the themes of aromaticity recovery and proton relay 

mechanisms also prove to be important for our three HTPT step reduction of CO2 to CH3OH. 

Another oxidation channel for PyH0 is via radical self-quenching, shown in route IV. PyH0 

undergoes self-quenching52 to form either H2 + 2Py or a 4,4’ coupled dimer;45, 159 the recovery 

of Py catalyst from the 4,4’ coupled dimer is demonstrated in SI, section 4. Interestingly, the 

PyH0 self-quenching can also lead to a productive outcome: disproportionation160 of two PyH0 

radicals leads to Py and the desired PyH2 species.161 However, we consider the main route to 

PyH2 is not this, but instead a successive PT and ET to PyH0,162-163 now described.  

Scheme 2.3: 1e- reduction of CO2 by PyH0 to form PyCOOH0 and self-radical quenching reactions of PyH0 

 

2.3.2 Formation of 1,2-dihydropyridine (PyH2) from PyH0 via successive 1H+/1e- 

transfers. We now discuss production of PyH2 from PyH0 via routes V and VI of Scheme 2.4 in 

which PyH0 undergoes further 1H+ and 1e- transfers to form closed-shell solution phase PyH2. 

We propose that these routes are competitive with, if not predominant over, Scheme 2.3’s 

quenching routes III and IV. In particular, given that quenching routes are second-order in 

[PyH0] and that routes III and V are first-order in [PyH0], it is likely that quenching would 
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prevent the concentration of PyH0 from reaching a level at which the second-order process 

dominates. Furthermore, a significant fraction of any self-quenching of PyH0 that does occur 

could lead to the desired PyH2 species, as observed experimentally for quenching of the related 

3,6-diaminoacridinium radical to form the corresponding dihydropyridine species (3,6-

diaminoacridan).160-161 

The protonation of PyH0 by our proposed route V depends on the rate of PT to PyH0, 

which we now address in some detail. The pKa of PyH2
+·

 is calculated to be 4.1 (at the C2 

carbon),164-166 indicating that at a pH of 5, ~13% of PyH0 is protonated in the bulk solution. 

However, in the case of photo-electrochemical reduction on a p-GaP cathode, PyH0 is produced 

by reduction of PyH+ at the cathode near the double layer region where the lower pH facilitates 

its protonation to form PyH2
+·. The key here is that near the double layer region, the electric 

field created by the applied negative bias at the cathode concentrates cationic PyH+ and H3O+ 

species according to a Poisson-Boltzmann distribution,167-169 lowering the pH near the cathode 

surface. For example, in SI section 5, we use a linearized Poisson-Boltzmann model to show that 

the concentrations of cation acids, e.g. H3O+ and PyH+, increase considerably as they approach 

the negatively biased cathode. While these calculations are certainly not quantitative very near 

the cathode, our estimate at ~5 Å of a factor of ~10 increase in [H3O+] and [PyH+] from their 

bulk values is reasonable. A decrease of the effective pH by one unit to a pH of 4 raises the 

percentage of PyH0 protonated by PyH+ or H3O+ from ~13% to ~50%. Thus, protonation of PyH0 

by PyH+ or H3O+ near the cathode double layer to form the desired radical cation PyH2
+· 

becomes a quite probable event with a much higher probability than radical self-quenching via 

route IV because [cation acids]>>[PyH0].   
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Scheme 2.4: Formation of 1,2-dihydropyridine (PyH2) 

 

It is noteworthy that the lack of any negative cathode double layer assistance in the 

surface-free Ru(II)/ascorbate photochemical system mentioned in section 2.3.1 is consistent 

with the observation that high PyH+/Ru(II) ratios of ~100 were required to produce CH3OH, 

which we suggest is required to drive protonation of PyH0 in a cathode’s absence.148  

Finally, PyH2 is produced by reduction of PyH2
+· in proposed route VI in Scheme 2.4; our 

calculated positive reduction potential for PyH2
+· of E0

calc= 0.11 V vs. SCE indicates that PyH2
+· 

reduction is facile and consequently that 1e- transfer (from PyH0 or via a photoexcited electron) 

to PyH2
+· to form PyH2 is realized on p-GaP and in the homogeneous Ru(II)/ascorbate 

photochemical system. We note that in the presence of an electrode (e.g. p-GaP), 1e- reduction 

of PyH2
+· occurs near the double layer to form PyH2, although diffusion of the neutral PyH2 into 

the reaction layer and bulk solution allows catalytic homogeneous HT reaction to occur. 

Our suggested sequential PT-ET-PT-ET sequence (Scheme 2.2 and Scheme 2.4, route I-II-

V-VI) to form PyH2 from Py is strongly supported by the fact that an analogous process has been 

observed for the conversion of the Py-related species nicotinamide,117, 170 acridine,118, 171 and 

3,6-diaminoacridine (proflavine)119 to their related dihydropyridine species. We point out that 

we propose the formation of 1,2-dihydropyridine as the kinetic product113 because protonation 

of the PyH0’s C2 carbon is more facile than protonation at the C4 position,164 analogous to 



 

57 
 

protonation of nicotinamide where the related 1,2-dihydropyridine is formed.117 However, 1,4-

dihydropyridine can also be produced, although at a slower rate.113 In SI, section 6, we show 

both dihydropyridine species to be capable of direct HT, with 1,2-dihydropyridine being the 

slightly more reactive species. We also note that acid-catalyzed hydration of both 1,2-

dihydropyridine and 1,4-dihydropyridine may generate undesirable side products.172-173 

The focus of this work is to demonstrate the formation of PyH2 and its subsequent 

hydride transfer reactions to form methanol (Scheme 2.1). Routes III (PyCOOH0 formation), IV 

(radical quenching), and V (PT to PyH0) are all bimolecular reactions with corresponding rate 

constants of ~100 M-1s-1,120 ~109 M-1s-1,52 and ~104-109 M-1s-1,162 respectively. At the commonly 

employed experimental conditions/ concentrations, the rates of routes IV and V are both 

expected to be concentration dependent whereas the rate of route III is activation dependent. 

Therefore, we expect the contribution of route III to be minor under these conditions, but we 

note that insufficient evidence exists to conclude the fate of PyCOOH0 species; thus far there is 

also no experimental verification for the existence of PyCOOH0 species (as well as several 

intermediates leading to methanol production) produced under electrochemical/ 

photoelectrochemical conditions. 

We have thus far described likely steps that transform Py into PyH2, a species which we 

now show to be competent in performing catalytic direct HT to carbonyls.  

2.3.3 Establishing the hydride nucleophilicity of PyH2 and related dihydropyridines. 

First, it is noteworthy that PyH2 chemically resembles the NADPH dihydropyridine species found 

in nature (see Scheme 2.5a and caption) that acts in the NADPH/NADP+ redox cycle of 
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photosynthesis to produce sugars from CO2 by hydride transfers.174-175 In particular, NADPH 

creates a C-H bond by HT to a carbonyl group --- not in CO2 --- in a key reduction in the multi-

step photosynthetic process. Although HT from NADPH is catalyzed by enzymes, both NADPH 

and PyH2 share the same dihydropyridine core, the 2e-/1H+ redox cycle that produces the 

dihydropyridines and the subsequent HT chemistry. More generally, since the discovery of 

NADPH in the 1930’s, related dihydropyridine compounds have been studied, especially in 

connection with their HT to various substrates containing C=C, C=N and C=O groups.113-116 HT to 

carbonyls is obviously of particular interest here: the reactant CO2 and its reduced 

intermediates formic acid (HCOOH) and formaldehyde (OCH2) leading to CH3OH formation all 

contain C=O groups susceptible to HT.  

Here we mention two examples of related recyclable dihydropyridines performing HT to 

the C=O and C=N groups. Tanaka and coworkers demonstrated176 (Scheme 2.5b) that the 

electrochemical reduction of Ru(bpy)2(pbn)2+ forms the NADPH-like Ru(bpy)2(pbnH2)2+, where 

the pbn ligand has undergone 2H+/2e- transfer to form a dihydropyridine-like hydride donor.177 

Association of Ru(bpy)2(pbnH2)2+ with a benzoate base (PhCOO-) then activates its hydride 

donation to CO2 to form HCOO- and PhCOOH and to concomitantly regenerate 

Ru(bpy)2(pbn)2+.107 An H/D kinetic isotope effect of 4.5 further supports the direct hydride 

transfer mechanism to CO2 to form HCOO-.107  Similarly, Zhou et al.’s dihydrophenanthridine 

(PhenH2), a PyH2 analog, catalytically transfers both its hydride and proton to benzoxazinone 

and regenerates the phenanthridine catalyst (Scheme 2.5c), further demonstrating the 

competence of dihydropyridine species as recyclable hydride donors.178 
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Scheme 2.5: Reductions via direct hydride transfers from related dihydropyridine species 

 

(a) NADPH/NADP+ redox cycle of photosynthesis to produce sugars from CO2 by hydride transfers. NADPH creates 
a C-H bond by HT to a carbonyl group --- not in CO2 --- in a key reduction in the multi-step photosynthetic process. 
(b) Catalytic reduction of CO2 to formate via HT involving Tanaka’s Ru-based dihydropyridine species 
(Ru(bpy)2(pbnH2)2+); bpy= 2,2’-bipyridine, pbn= 2-(pyridin-2-yl)benzo[b][1,5]naphthyridine).107, 176 (c) Catalytic 
hydrogenation (via hydride and proton transfer) of benzoxazinone by Zhou’s dihydrophenanthridine species 
(PhenH2).178 

We have thus far argued that the HT reactivity of related dihydropyridine hydrides 

NADPH, Ru(bpy)2(pbnH2)2+ and PhenH2  --- especially the extraordinary ability of 

Ru(bpy)2(pbnH2)2+ to effect CO2 reduction --- strongly implicates PyH2 as a robust hydride donor 

in Py-catalyzed CO2 reduction. The next step is to quantify PyH2’s ability as a hydride donor, i.e. 

its hydride nucleophilicity. Figure 2.1 shows the quantification of this aspect of hydride donors 

using Mayr and coworkers’ Nucleophilicity (N) values,179-180 where large N values indicate 

strong hydride donor ability. Note that the N scale is a kinetic parameter quantifying the HT 

rate, whereas the often-employed hydricity is a thermodynamic parameter.181-183 In order to 

place the N values of PyH2 and Zhou’s PhenH2 in perspective relative to established values for 

dihydropyridines and NaBH4, we calculate activation free energies for HT (∆G‡
HT) from these 

donors to CO2 to reduce it to formate (HCOO-) via the Direct-Hydride-Transfer (DHT) model 

illustrated in Figure 2.2a. 
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Figure 2.1: The activation free energy of hydride transfer to CO2 varies linearly with hydride nucleophilicity. 
∆G‡

HT (kcal/mol) is our calculated activation free energy for direct HT to CO2 to form HCOO-. ∆G‡
HT is obtained by 

adding our calculated ∆H‡
HT to the experimental -T∆S‡

exp = 2.3 kcal/mol for the analogous HT reaction eq. 1, with all 
quantities referenced to the separated reactants (see section 2.2). Nucleophilicity (N) values quantify the strength 
of hydride donors.179-180 The equation log k(20oC) = s(N+E) was used to obtain N and s (the slope factor) values in 
order to generalize various classes of hydride donors, including dihydropyridines and borohydrides. HT rate 
constants k are measured at 20oC for HT to acceptors with known E (Electrophilicity) values. Our calculated ∆G‡

HT 
values are used to estimate k, and  thus N values of PyH2 and Zhou’s PhenH2 relative to established N values for 
dihydropyridines and NaBH4. These ∆G‡

HT values are obtained with CO2 acting as the hydride acceptor; CO2’s E 
value is unknown but this is immaterial to the estimation of PyH2 and PhenH2’s N values.184 The comparatively low 
∆G‡

HT and high hydride nucleophilicity of PyH2 are apparent in this Figure. 

In Figure 2.1, we use the experimental N and our calculated ∆G‡
HT values (in kcal/mol) of 

1,4-cyclohexadiene (0.09, 53.0), 10-methyl-9,10-dihydroacridine (5.54, 40.5), Hantzsch’s ester 

(9.00, 29.9), and NaBH4 (14.74, 13.8) to obtain a nearly linear relationship between ∆G‡
HT and 

N: ∆G‡
HT = -2.70*N + 54.1.185 We then use this linear relation together with our calculated ∆G‡

HT 

barriers to estimate that the N values of PhenH2 and PyH2 are 8.1 and 11.4, respectively. 

Although PyH2 is a less capable hydride donor than the well-known strong donor NaBH4, it is 

the most reactive dihydropyridine, reducing CO2 to HCOO- at ∆G‡
HT = 23.2 kcal/mol by the DHT 

model. The hydricity of PyH2 was also calculated according to Muckerman et al.'s approach;183 

we obtained 41.5 kcal/mol (< 43 kcal/mol of HCOO-), which supports that HT from PyH2 to CO2 

is thermodynamically favorable.186 We note that although cyclic voltammetry shows that the 
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oxidation of PyH2-related dihydronicotinamide by ET-PT-ET-PT is irreversible and indicates that 

it is a poor electron transfer catalyst,170 this does not preclude dihydronicotinamide or 

dihydropyridines in general from being competent hydride transfer catalysts. 

 

Figure 2.2: HT to CO2 can occur through various direct HT configurations. 
Here, we model three possible HT configurations, without (a) and with (b and c) the active participation of H2O, 
which we demonstrate are kinetically and thermodynamically favorable towards reducing CO2: (a) Direct-Hydride-
Transfer (DHT) model, (b) DHT-1H2O model where one H2O acts as a proton relay and (c) DHT-2H2O model where 
two H2O’s act as a proton relay. Details of these relays are discussed subsequently. 

With these important preliminaries concerning PyH2’s generation and HT ability 

concluded, we now turn to the three HTPT steps in the reduction of CO2 to methanol.  

2.3.4 First HTPT step: PyH2 + CO2  Py + HCOOH. We now elaborate the first HTPT step in 

CO2’s conversion to CH3OH: HT to CO2 by PyH2 to form formic acid (HCOOH). This step is 

illustrated in Scheme 2.6, route VII, although as we will see, there are two sequential steps 

involved, namely first formate ion HCOO- production followed by formic acid generation.187 

∆G‡
HT for this step without the electrostatic effects and active participation of the proton relay 

(predicted using the DHT model in Figure 2.2a) is 23.2 kcal/mol. This shows that even without 

the effects described by explicit water, HT is kinetically viable.  
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Scheme 2.6: Reduction of CO2 to formic acid by PyH2. 

 

In an attempt to improve the description beyond the DHT model, we have considered 

two likely elaborations in aqueous solution. We added one and two solvating water molecules 

(DHT-1H2O and DHT-2H2O, Figure 2.2b and c) to polarize the reactive complex beyond the 

polarization afforded by implicit solvent, and thus stabilize the ionic TS relative to the neutral 

reactants. As will be seen, in the formic acid and formaldehyde reductions, the solvating water 

molecule(s) play an additional, more active role; they act as a proton relay, for which this mixed 

explicit/implicit solvation approach73, 123-124 is especially important for an accurate 

description.80-81, 83-84, 120 For the DHT-1H2O and DHT-2H2O models, we obtain the barriers of 

∆G‡
HT = 17.1 and 14.3 kcal/mol for the CO2 reduction to HCOO-, ~6 and 9 kcal/mol lower than 

for the DHT model, reflecting the importance of quantum mechanically described water 

polarization (see Table 2.1).  

Analysis of the reaction path using an IRC calculation shows that the TS is of HT 

character, such that the use of the experimental HT activation entropy discussed at the end of 

section 2.2 is appropriate.188 The IRC analysis also shows that the product complex consists of 

the formate anion HCOO- and PyH+; the reaction is pure HT without any PT, even with a proton 

relay chain of one or more explicit water molecules included. Because HCOOH’s pKa of 3.8 is 

relatively low, the carbonyl of HCOO- is not basic enough to abstract a proton from its 
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neighboring H-bonded water to initiate a proton relay that would effectively transfer the 

proton from PyH+ to HCOO-. In contrast, in sections 2.3.5 and 2.3.6, we will show that the HT 

intermediary products of formic acid (hydroxymethanolate (HCOOH)H-) and formaldehyde 

(methoxide, OCH3
-) are highly basic and do initiate a proton relay; PyH+’s proton is effectively 

transferred to these species through the proton relay to form methanediol and methanol, 

respectively. 

Table 2.1: Activation and reaction free energies and enthalpies for HTPT steps from PyH2 to CO2, HCOOH and 
OCH2 via various HT models in Figure 2.2. 

Modela CO2
b HCOOHc OCH2

d 

 ∆G‡
HT (∆H‡

HT) ∆G0
rxn (∆H0

rxn) ∆G‡
HT (∆H‡

HT) ∆G0
rxn (∆H0

rxn) ∆G‡
HT (∆H‡

HT) ∆G0
rxn (∆H0

rxn) 

DHT 23.2 (20.9) -9.2 (-5.5) 25.6 (23.3) -12.8 (-12.8) 14.5 (12.2) -31.3 (-31.4) 

DHT-1H2O 17.1 (14.8) -8.3 (-10.8) 23.4 (21.1) -10.6 (-10.8) 8.9 (6.6) -31.9 (-31.8) 

DHT-2H2O 14.3 (12.0) -5.6 (-9.8) 18.7 (16.4) -11.9 (-12.2) 6.0 (3.7) -30.8 (-31.9) 

aAll free energies and enthalpies, referenced to separated reactants in solution, are reported in kcal/mol at 298K 
and 1 atm. 2e-/2H+ transfer products: bformic acid, cmethanediol and dmethanol. The CO2 pathway involves a 
sequential HT (to produce formate) followed by cathode-assisted PT (to produce formic acid); the activation 
barriers displayed refer to the HT portion of the reaction. The formic acid and formaldehyde reduction pathways 
both involve a coupled HTPT process, where PyH2 transfers both its hydridic and protic hydrogens to HCOOH and 
OCH2, respectively: each case involves a single TS of HT character, with the PT following at a slightly later time, 
without a separate TS. The formaldehyde reduction step is preceded by the dehydration of methanediol to 
formaldehyde (Keq = ~5x10-4); see Figure 2.3 and section 2.3.6. Calculated imaginary frequencies corresponding to 
the transition state structures are reported in the SI, section 8.  

Thus, with all three models, the formate product remains unprotonated. However, for 

the next HTPT step to proceed, HCOO- must first be protonated to form formic acid (HCOOH).  

HCOOH’s pKa of 3.8 indicates that at equilibrium, 298K and a pH = 5, only ~1/16 of HCOO- is 

protonated to produce HCOOH; such a low [HCOOH] combined with its high reduction barrier 



 

64 
 

(vide infra) leads to the observed formate accumulation in the homogeneous Ru(II)/ascorbate 

photochemical system.148 However, heterogeneous assistance (not shown explicitly in Scheme 

2.6) can be provided by a cathode, as described in section 2.3.2; the enhanced concentrations 

of H3O+ and PyH+ near the cathode (e.g. p-GaP)40, 167 increases the concentration of HCOOH in 

equilibrium with HCOO- which increases the reduction rate in the reaction layer.  

Thus, the first HTPT step to reduce CO2 is sequential, with HT (to produce a relatively 

stable HCOO- intermediate corresponding to a minimum on the HT potential energy surface) 

followed by a subsequent cathode-assisted PT (to produce HCOOH), which we write collectively 

as PyH2 + CO2  Py + HCOOH. We could also term this step-wise HTPT as uncoupled HTPT. 

Py and HCOOH formation by PyH2 + CO2  Py + HCOOH with all three DHT models have 

negative reaction free energies ∆G0
rxn of ~ -9 to -6 kcal/mol as shown in Table 2.1. This 

demonstrates that PyH2 is both kinetically and thermodynamically competent in catalytically 

reducing CO2, at least for the first HTPT step. We will show that this catalytic ability also holds 

for the remaining two HTPT steps to attain methanol. The schematic free energy surface for this 

first HTPT step to transform CO2 into HCOOH is shown in Figure 2.3, which also illustrates the 

free energies of the two subsequent HTPT steps described in sections 2.3.5 and 2.3.6. 

We close the discussion of this first CO2 reduction step with two remarks. First, although 

we have considered only three models (Figure 2.2a-c) for HT from PyH2 to CO2, other 

configurations --- such as DHT-K+ and DHT-PyH+ where a potassium cation (present as an 

electrolyte) and the pyridinium cation act as a Lewis acid and a Brønsted acid, respectively, to 

activate and stabilize HT189 to CO2 --- can also lead to the desired HCOOH and Py products. 
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Furthermore, because the reaction is carried out in aqueous solvent, we propose that DHT-

1H2O, DHT-2H2O and other likely DHT models with somewhat longer water proton relay chains 

contribute significantly to the ensemble-weighted average ∆G‡
HT. Secondly, all reported ∆G‡

HT 

values in Table 2.1 (including ∆G‡
HT for the first HTPT step to form HCOOH and Py) are derived 

by adding our calculated ∆H‡
HT to the experimentally obtained -T∆S‡

exp = 2.3 kcal/mol for an 

analogous HT reaction eq. 1 (again, all quantities are referenced to separated reactants). This is 

a significantly more reliable estimate for solution phase HT from PyH2 than a calculated -T∆S‡
calc 

based on ideal gas assumptions, which can severely overestimate the entropic contribution to 

∆G‡;18, 131-136 see section 2.2. 

2.3.5 Second HTPT step: PyH2 + HCOOH  Py + CH2(OH)2. We now turn to the second 

HTPT step: the homogeneous reduction of formic acid to methanediol (CH2(OH)2), as illustrated 

in Scheme 2.7, route VIII. HCOOH’s reduction is actually more challenging than that of CO2, a 

feature implied by the fact that most CO2 reduction catalysts produce HCOO-/HCOOH, but fail 

to convert HCOOH to more reduced products.35, 100, 103 A further indication is provided by the 

observations of MacDonnell and coworkers, who found a significant build-up of HCOO- in their 

photochemical CO2 reduction study referred to earlier, reflecting the challenge of HCOOH 

reduction.148 The key characteristic of HCOOH that makes it difficult to reduce is its highly 

negative electron affinity (EA); we calculated the gas phase adiabatic EA of HCOOH to be -1.22 

eV, which is significantly more negative than the -0.60 eV EA of CO2 (see SI, section 1c) and 

indicates that, as noted above, formic acid is even more challenging to reduce than CO2.190-191 

We now examine PyH2’s ability to reduce HCOOH. 
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Table 2.1 summarizes both ∆G‡
HT and ∆G0

rxn for the second HTPT step: PyH2 + HCOOH  

Py + CH2(OH)2 via the three HT models shown in Figure 2.2a-c; note that the CO2 4e- reduction 

product methanediol is formed along with the recovery of the Py catalyst. The ∆G‡
HT of 23.4 

kcal/mol for the DHT-1H2O case is ~2 kcal/mol lower than the DHT barrier (25.6 kcal/mol), while 

the DHT-2H2O model reaction results in a further lowering of ∆G‡
HT to 18.7 kcal/mol (see Figure 

2.3 for the computed TSs for the DHT-2H2O model). As we will soon see, this reduction only 

involves a single TS and is thus a coupled HTPT process. The character of the TS is primarily that 

of HT, with PT occurring subsequently without its own TS (as implied in Figure 2.4, to be 

discussed). This supports our use of the HT activation entropy factor of section 2.2. In fact, 

because the PT occurs along the exit channel ~12 kcal/mol below the TS, even an unusually 

large -T∆S‡ for PT would not limit the rate of HTPT.  

The DHT model results with one and two explicit waters show that HCOOH reduction to 

generate CH2(OH)2 is aided by a proton relay chain involving explicit water. Such chains of 

course stabilize the ionic TS, but they also facilitate PT by reducing strain in the TS and in 

addition, the PT from the H2O H-bonded to HCOOH (see Figure 2.4) stabilizes the partially 

reduced product as negative charge accumulates on HCOOH. Consequently, the coupled PT 

helps to overcome the reduction challenges associated with HCOOH’s low EA.   

This PT and subsequent PTs in the relay chain occur after the HT barrier (see Figure 2.4a) 

and of course before the stable products are formed (see Figure 2.4 for the DHT-1H2O case). 

Only a very modest activation entropy effect is anticipated here because in the coupled HTPT 

process, the PT step(s) is (are) considerably delayed relative to the HT such that any entropic 
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penalties due to PT contribute to the free energies of structures well past the TS. This view is 

also supported by the prior configuration of the water molecules in the aqueous solution 

solvating the reactant complex and the widespread occurrence of proton relays in other 

processes,80-81, 83, 86, 123-124, 127-129 including water oxidation84, 122 and enzymatic reactions.89, 125-

126 In any event, the ∆G‡
HT’s reported in Table 2.1 show that the homogeneous reaction is viable 

even without involvement of any proton relay chain. 

 

Figure 2.3: Conversion of CO2 to CH3OH and H2O by PyH2 proceeds through three hydride and proton transfer 
steps. 
The reported free energies correspond to stationary points along the reaction potential energy surface using the 
DHT-2H2O (Black), DHT-1H2O (Green) and DHT (Orange) models, catalyzed by HTPT reactions of the PyH2/Py redox 
couple. The 1st HTPT step (Scheme 2.6, route VII) is sequential where HT from PyH2 to CO2 forms stable formate 
(HCOO-), with a single TS of HT character, and subsequent PT follows to produce formic acid (HCOOH); (*the 
dashed line indicates that the product of HT to CO2 is formate where a separate cathode-enhanced protonation 
step forms formic acid.) In the 2nd HTPT step (Scheme 2.7, route VIII), homogeneous coupled HTPT occurs with a 
single TS: HT from PyH2 to HCOOH, which dominates the barrier and is followed by PT without an additional TS 
(from oxidized PyH2, essentially a PyH+), is mediated by a proton relay involving water molecules, ultimately 
producing methanediol (CH2(OH)2). Prior to the next reduction step, CH2(OH)2 is dehydrated to form the reactive 
formaldehyde (OCH2) species at Keq ~5x10-4 (Scheme 2.8, route IX); thus this constitutes an additional free energy 
activation cost of ~4.5 kcal/mol for OCH2 reduction. (**The rate constant for the dehydration of CH2(OH)2 to OCH2 

at 298K and pH of 6-7.8 is ~5x10-3 s-1 or equivalently the estimated ∆G‡
dehyd is ~20 kcal/mol.192-193 Consequently, the 

effective rate constant for transformation of CH2(OH)2 to CH3OH is that of CH2(OH)2 dehydration.) In the 3rd and 
final, homogeneous, HTPT step (Scheme 2.8, route X), which is similar to HCOOH reduction, coupled HTPT occurs 
where HT from PyH2 to OCH2, involves a single TS of HT character, and is followed by a proton relay-mediated PT 
without an additional TS to ultimately form methanol (CH3OH). During each reaction step, the Py catalyst is 
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recovered, thus confirming PyH2 as a recyclable organo-hydride. TS structures for the HTPT steps from PyH2 to CO2, 
HCOOH and OCH2 are shown for the DHT-2H2O model. (Coordinates for the TS structures for all three DHT models 
are reported in SI, section 9.) All TS structures are HT in character.  

Scheme 2.7: Reduction of formic acid to methanediol by PyH2. 

 

  To better understand how coupled HT and PT enables PyH2 to reduce formic acid and 

indeed to further support our statements above concerning its coupled character, we analyze 

HCOOH’s reduction by PyH2 and its proton relay process in greater detail. In Figure 2.4a we 

show how DHT-1H2O’s energy (the internal energy E0k calculated at 0K and not ZPE-corrected) 

changes from the reactant complex (R), through the TS and structures (i, ii, and iii) energetically 

downhill from the TS, before ultimately reaching the product complex (P) along the computed 

reaction coordinate. Along the same coordinate reaction we plot the change of key bond 

lengths (Figure 2.4b). This analysis shows that the transformation from the reactant to the TS is 

dominated by HT. That is, RC-H (defined in Figure 2.4a) shortens from 2.82Å at R to 1.29Å at the 

TS while RO-H and RN-H do not change appreciably. Consequently, PT either to HCOOH or from 

oxidized PyH2 does not occur until well past the TS. There is no TS associated with either of 

these PTs, although PT does produce a shoulder in the potential energy surface ~12 kcal/mol 

below the TS caused by HT.  

Despite the important distinction between the first two HTPT reduction steps just 

emphasized, the character of HCOOH’s reduction by PyH2 is similar to that of the reduction of 

CO2 in the sense that HT dominates the energetics leading to the TS for both reactions; thus, as 
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commented upon in the caption of Figure 2.4, the experimental -T∆S‡
exp value of 2.3 kcal/mol 

for HT from the related dihydropyridine HT reaction (eq. 1) is also a reasonable -T∆S‡
HT estimate 

for HT to HCOOH by PyH2.  

 

Figure 2.4: Analysis of the coupled homogeneous HTPT process between PyH2 and HCOOH to form Py and 
CH2(OH)2 via the DHT-1H2O model. 
Similar results are found for HTPT to formaldehyde. Panels: (a) energy (E0K, not ZPE-corrected); R denotes the 
reactant complex, TS the transition state, i, ii, and iii are structures in the exit channel, and P, the product complex, 
(b) bond length, and (c) structures and charges q (calculated with the CHELPG method76 and in the units of e) of 
important moieties along the reaction coordinate (corresponding to structures in (a)). Both bond length and 
charge analyses show that the TS is dominated by HT (which is similar to the case of CO2 reduction by PyH2). Thus, 
the experimentally obtained -T∆S‡

exp = 2.3 kcal/mol for a related HT reaction (eq. 1) is a good estimate for the -
T∆S‡

HT of the HCOOH reduction, despite the involvement of PT because PT occurs well after the HT TS, though well 



 

70 
 

before the product is formed. Here, PT occurs via proton relay ~12 kcal/mol below (after) HCOOH’s TS. This 
feature, as well as the absence of a TS for the PT, confirms the coupled character of the HTPT reaction. Because 
the HT and PT reactions occur in a process characterized by a single free energy TS,194-198 we have characterized 
this HTPT process as coupled.199 It is so distinguished from the uncoupled HTPT reduction of CO2 to ultimately 
produce HCOOH, where first HT involving a single TS produces the HCOO- intermediate, and subsequently PT to 
HCOO- occurs independently to produce HCOOH. 

On the other hand, the HCOOH reduction is different from that of CO2 in that --- as we 

noted above --- HCOOH’s HT reaction is followed by coupled PT along the reaction coordinate, 

mediated by a proton relay via H-bonded water molecule(s). The first PT occurs along the exit 

channel ~12 kcal/mol downhill from the TS (Figure 2.4a and b), where the C=O oxygen of the 

hydroxymethanolate anion ((HCOOH)H- product of HT to HCOOH) abstracts a H+ from its H-

bonded H2O to form methanediol and a hydroxide (OH-)-like moiety (characterized further 

below). In contrast to CO2 reduction where the produced HCOO- is not basic enough to initiate a 

proton relay, the HT intermediary product of formic acid, (HCOOH)H-, is sufficiently basic (pKa of 

methanediol is ~13)200-201 to commence a proton relay by abstracting a H+ from the neighboring 

H-bonded water. 

This first PT event (PT1) is marked by the shortening of RO-H from ~1.6 to ~1.0 Å. 

Immediately following PT1, the second PT event (PT2) occurs where the just-formed OH--like 

moiety now abstracts a H+ from its H-bonded partner PyH+ (formed by HT from PyH2) to form 

H2O and more importantly, to recover the Py catalyst. This aspect of the proton relay process is 

marked by the lengthening of RN-H from ~1.0 to ~1.8 Å. This analysis clearly shows the 

cooperative nature of the HT and PT and that although PTs occur well into the exit channel, 

they act to stabilize the HT TS without participating in the TS’s configuration.  
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Finally, we analyze how the charges on various moieties change along the reaction 

coordinate. In Figure 2.4c it is apparent that as the reaction proceeds from R to TS the charge of 

PyH2 becomes increasingly positive (q= 0.43e), while HCOOH becomes increasingly negative (q= 

-0.46e); this is consistent with a HT reaction and correlates with the motions along the reaction 

coordinate in Figure 2.4b. As the hydride transfer from PyH2 to the HCOOH carbon becomes 

more complete (structure i), the (HCOOH)H- moiety becomes increasingly basic (q= -0.83e) such 

that its carbonyl oxygen begins to abstract a proton from the H-bonded water molecule 

(structure ii) to form an intermediate hydroxide OH- type moiety (q= -0.62e). Structure iii shows 

that this basic species then abstracts a proton from PyH+, completing the proton relay to 

ultimately produce CH2(OH)2, while recovering the Py catalyst in the product P; H2O’ denotes a 

newly formed water as a result of proton relay. Figure 2.4 shows that PyH2 contains both 

hydridic (C2-H) and protic (N-H) hydrogens; this is analogous to the situation for ammonia 

borane, which we previously showed reduces CO2 by HTPT.21, 112  

2.3.6 Third HTPT step: PyH2 + OCH2  Py + CH3OH. We now address the third and final 

reduction step to produce the desired product, CH3OH. This homogeneous step follows the 

formation of CH2(OH)2, which is a hydrated formaldehyde (OCH2). To effect further reduction, 

the sp3-hybridized CH2(OH)2 produced by the second HTPT must first be dehydrated to form the 

sp2-hybridized species OCH2 at Keq ~5x10-4 (Scheme 2.8, route IX).202 While equilibrium strongly 

favors the diol species, OCH2 is significantly more reactive to HT, producing methanol via PyH2 + 

OCH2  Py + CH3OH (route X) at low barrier, e.g. ∆G‡
HT = 6.0 kcal/mol calculated for the DHT-

2H2O model (see Table 2.1 for ∆G‡
HT values and Figure 2.3 for TSs). This low ∆G‡

HT value 

suggests that the slowest step from CH2(OH)2 to CH3OH is in fact likely to be the dehydration of 
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CH2(OH)2 to OCH2. The rate constant for the dehydration of CH2(OH)2 to OCH2 at ambient 

conditions192-193 is ~5x10-3 s-1 (obtained in the pH range 6.0-7.8) or equivalently the estimated 

free energy barrier ∆G‡
dehyd is ~20 kcal/mol. Consequently, the effective rate constant for 

transformation of CH2(OH)2 to CH3OH is that of CH2(OH)2 dehydration (for all three of our 

models; see Table 2.1 and Figure 2.3).203 

In a fashion similar to the HCOOH reduction, the reduction of OCH2 proceeds 

homogeneously via a coupled HTPT step, which we illustrate using structures determined via 

IRC calculations. Figure 2.5 shows the reactant complex R involving PyH2, OCH2 and H2O for the 

DHT-1H2O model. In this complex, the C of OCH2 is still far from the hydridic H of PyH2 (e.g. RC-H 

= 2.39 Å) and all moieties are approximately charge neutral (e.g. HT has not yet commenced 

and all species have q ~ 0). At the TS, OCH2 is in the process of accepting a hydride from PyH2 

and importantly, there is no significant PT, as evidenced by the relatively large RO-H= 1.73 Å 

value relative to the RO-H value 0.98 Å of the product. Thus, the TS consists of HT character, 

again justifying our use of the experimental HT activation entropy factor proposed in section 

2.2.  

Scheme 2.8: Dehydration of methanediol to form formaldehyde and the subsequent reduction to methanol by 
PyH2. 

 

As the reaction progresses energetically downhill from the TS towards the product, HT 

completes, transiently forming the methoxide (OCH3
-) anion-type moiety, displayed in structure 
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i of Figure 2.5. In analogy to the second HTPT step, the PT occurs well into the exit channel after 

the HT TS and involves no TS on the way to the reaction product. Thus, the HT and PT are 

coupled in this HTPT process. The PT aspect of the reaction involves a proton relay chain for the 

one and two H2O DHT model cases. The newly formed methoxide anion-like moiety is 

negatively charged [q(OCH3
-) = -0.76e] and possesses a sufficiently basic carbonyl (pKa of 

methanol is ~16)204 that it abstracts a proton from a neighboring hydrogen-bonded H2O 

(structure ii) to initiate a proton relay cascade: a transient hydroxide anion-like moiety is 

produced (structure ii), which then abstracts an H+ from PyH+ (the oxidized PyH2 which has 

earlier resulted from HT) as CH3OH formation is completed (structure iii), to finally form Py 

together with H2O’ and CH3OH in the product complex, P. The HTPT activation free energies for 

the three cases are reported in Table 2.1. Our earlier remark about a minor activation entropy 

effect for the proton relay aspects of the second step also applies here.  

 

Figure 2.5: Reduction of formaldehyde by PyH2 to methanol (via the DHT-1H2O model) in a coupled HTPT step. 

In the reactant complex R, all moieties (PyH2, OCH2, and H2O) are approximately neutral (e.g. q ~ 0, in electronic 
charge units, e) and the HT reaction from PyH2 to OCH2 has not commenced (e.g. RC-H = 2.39 Å). The reaction then 
proceeds to the TS, which is of HT character: OCH2 becomes more negatively charged [q(OCH2) = -0.40e] on the 
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way to full HT, while PyH2 becomes more positive [q(PyH2) = 0.44e], without any significant PT (e.g. RO-H = 1.73 Å). 
As the reaction progresses energetically downhill from the TS towards the product, the HT completes and 
methoxide anion (OCH3

-) is formed in structure i. The basic methoxide [q(OCH3
-) = -0.77e] now begins to abstract a 

proton from the neighboring H2O in structure ii to form methanol (CH3OH) in structure iii. The proton relay 
continues as the first PT-produced transient hydroxide anion-like OH- now abstracts a proton from PyH+ to finally 
form the product complex P of Py, CH3OH and H2O’, where ’ denotes the water molecule newly formed in the 
proton relay. 

It is noteworthy that HT from a related dihydropyridine species to an aldehyde has been 

observed.205-206 In eq. 2, 10-methyl-9,10-dihydroacidine transfers its hydride to benzaldehyde to 

form benzyl alcohol in the presence of perchloric acid (HClO4), which acts as the H+ donor.205 

The HTPT reaction between PyH2 and OCH2 to form methanol (Scheme 2.8, route X) is 

analogous to eq. 2; however route X differs slightly because PyH2 acts as both the hydride and 

proton donor. 

 

2.3.7 Commentary on the homogeneous mechanism for CO2 reduction to CH3OH 

catalyzed by pyridine. The preceding results in this section allow us to map out a complete 

mechanism of Py-catalyzed CO2 reduction to CH3OH via three HTPT steps (Scheme 2.9) where 

the first HTPT to CO2 is uncoupled, and PT may be cathode-assisted, and sequential and the 

final two HTPT steps are coupled in character and homogeneous. These results are summarized 

in Table 2.1 and Figure 2.3. Examination of Table 2.1 and Figure 2.3 shows that the second HTPT 

step, that of HCOOH reduction, is the highest HTPT free energy barrier step for the reduction of 

CO2 to CH3OH by PyH2 in all cases. However, in the DHT-2H2O case, the second HTPT barrier 

∆G‡
HT= 18.7 kcal/mol is lower than the methanediol dehydration barrier ∆G‡

dehyd of ~20 
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kcal/mol (see section 2.3.6 and Figure 2.3). In this connection, it is noteworthy that substrate 

and/or hydride donor activation107, 189, 205, 207 can act to further lower ∆G‡
HT. For example, K+ and 

PyH+ in solution can activate the carbonyls for HT (see discussion at end of section 2.3.4). 

However, even without this additional activation, the PyH2-catalyzed reduction of CO2 to 

CH3OH is kinetically facile. Moreover, we have found that for the second and third reduction 

steps, a proton relay chain can noticeably reduce the reaction barriers. However, even without 

these proton relays, Table 2.1 --- and the methanediol dehydration barrier ∆G‡
dehyd of ~20 

kcal/mol --- indicate that these reactions remain viable in activation free energy terms.  

For completeness, we have also considered a potential side reaction that might 

significantly impact the Faradaic yield for the overall PyH2-catalyzed CO2 reduction to CH3OH: 

HT from PyH2 to a proton donor such as PyH+ to evolve H2 (PyH2 + PyH+ = PyH+ + Py + H2). We 

have calculated that this route involves a ∆G‡
HT of 24.0 kcal/mol, which demonstrates that such 

unproductive heterolytic quenching to form H2 is dominated by the PyH2-catalyzed HT to CO2, 

HCOOH, and OCH2, as well as the methanediol dehydration. The higher barrier for H2 

production is supported by the fact that the HT reaction by the corresponding dihydropyridine 

species in eq. 2a can be carried out in acidic conditions without appreciable H2 production.205 

The very high (96%) Faradaic yield of the p-GaP system39 is also consistent with the unfavorable 

heterolytic quenching to form H2.   

We recognize that homogeneous components of a pathway for a pyridine-mediated CO2 

reduction to CH3OH have been argued to be ruled out in several recent theoretical studies,43, 151 

and we briefly address this here. One key premise raised by the studies’ authors is that 1e- 
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reduction of PyH+ to PyH0 cannot occur at experimental conditions.43 But this statement is not 

supported by the fact that highly reducing electrons are present in both the photo-

electrochemical p-GaP system (ECBM ~ -1.5V vs. SCE at pH= 5)74,75 and the photochemical 

[Ru(phen)3]2+/ascorbate system148 to populate PyH+’s LUMO (E0
calc ~ -1.3V vs. SCE) to form the 

solution phase PyH0 (see the discussion in section 2.3.1). Another premise is that radical self-

quenching will render PyH0 inactive.151 We have already pointed out in section 2.3.1 that radical 

self-quenching of PyH0 can actually yield the productive PyH2 via disproportionation.160 In 

addition, it is relevant to note that Py-related neutral radicals of nicotinamide,117 acridine,118 

and 3,6-diaminoacridine119 have been experimentally observed and are key intermediate 

species en route to forming the related dihydropyridine species.  

Scheme 2.9: Homogeneous mechanism of Py-catalyzed CO2 reduction to CH3OH via PyH2/Py HTPT processes. 

 

(a) PyH2 formation issues. In routes I and II,120 Py accepts an H+ to form PyH+ and then an e- to form the PyH0 
neutral radical, which then either reduces CO2 by 1 e- reduction to form PyCOOH0 (route III)120 or undergoes radical 
self-quenching (route IV) to produce H2 + 2Py, a 4,4’ coupled dimer or Py + PyH2. Alternatively, and of most 
importance in the present work, in routes V and VI, PyH0 accepts a second H+ and then a second e- to form the 
potent recyclable organo-hydride PyH2. (b) CO2 reduction to methanol. In routes VII-X, the produced PyH2 then 
participates in each of three catalytic HTPT steps to reduce CO2 to CH3OH and H2O, while recovering the Py 
catalyst. 
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Finally, and in contrast to the present identification of PyH2 as the important catalytic 

agent in homogeneous and cathode-assisted Py-mediated CO2 reduction, it has been suggested 

that a surface-adsorbed dihydropyridine reduces CO2 by HT from its N-H bond.151-152 We already 

noted that a solution phase dihydropyridine is normally involved in observed HT reactions such 

as those in eq. 1 and 2. In any event, in our view, the proposed reduction through the surface-

adsorbed species does not provide a viable HT mechanism.208  A key issue is that the adsorbed 

dihydropyridine’s N-H bond is proposed to act as a hydride donor.152 However, the N-H 

hydrogen is protic, not hydridic; accordingly, this suggestion is inconsistent with the extensive 

literature concerning HT from dihydropyridines,107, 113-114, 116, 138, 176, 178-180, 182, 205-206 including the 

present work, which uniformly shows that the hydride transfers from the hydridic hydrogen of 

the C-H bond and not from N-H.209  

2.3.8 Recovery of aromaticity drives hydride transfer from PyH2. We have shown that 

CO2 reduction to CH3OH is accomplished via three successive HTPT steps by PyH2. We now 

describe the principle that makes PyH2 an effective HT agent. In fact, PyH2’s strong hydride 

nucleophilicity could be regarded in a certain sense as rather surprising; it is an organo-hydride 

where the hydridic H is provided by a C-H bond. Consequently, PyH2 differs significantly from 

conventional transition-metal hydrides (M-H)105-106, 181, 183 in that C is more electronegative than 

the transition metals (M), e.g., Co, Ni and Pt. We suggest that the origin of the hydride 

nucleophilicity of the hydridic C-H bonds of PyH2 lies in the energetics of dearomatization and 

aromatization of PyH+,120 a concept similar to one applied to metal-ligand cooperation in 

catalysis involving transition-metal complexes.210-211 During the formation of PyH2, the first 

reduction of PyH+ to PyH0 dearomatizes PyH+’s ring (Scheme 2.9a, route II), a destabilization 
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consistent with PyH+’s highly negative E0 of ~ -1.3V vs. SCE. PyH+’s proclivity to regain its 

aromaticity drives HT from the hydridic C-H bond of PyH2 to the carbon atoms of CO2, HCOOH 

and OCH2 to form reduced products and to recover the aromatic PyH+ (or Py) catalyst. This 

mirrors the aromatization driving force several of us previously described in PyCOOH0 

formation via a 1e- process.120   

 

Figure 2.6: The calculated standard activation free energy ‘barrier’ ∆G‡
HT (kcal/mol) to hydride transfer to CO2 

correlates linearly with the degree of dearomatization of the hydride donor. 
∆G‡

HT (kcal/mol) is calculated for hydride transfer to CO2 to form HCOO- using the DHT model of Figure 2.2a (also 
shown here in the inset). E0 measures the energy required to dearomatize PyH+ and related protonated aromatic 
amines and thus serves as a quantitative measure of the degree of dearomatization. E0 (V vs. SCE) is our calculated 
standard reduction potential for the protonated pyridine species indicated in Scheme 2.9a, route II, e.g. PyH+ + e- = 
PyH0 (see SI, section 1b for details of E0 calculations). We substitute PyH2 with electron-withdrawing (R= CN, 
CONH2) and electron-donating (R= OH, NH2) groups in the para position of the ring to establish a wide range of E0, 
spanning from -0.49 to -2.10V vs. SCE, and thus a broad degree of dearomatization.  

Figure 2.6 confirms the dearomatization-aromatization principle by demonstrating that 

the free energy barrier for HT to CO2, ∆G‡
HT, decreases with increasing cost of dearomatization 

as measured by the standard reduction potential E0 defined in Scheme 2.9a, route II. We obtain 

a wide range of E0 spanning from -0.49 to -2.10V vs. SCE by substituting electron-withdrawing 

(e.g. CN, CONH2) and electron-donating (e.g. OH, NH2) groups at PyH2’s para position. We 

contend that as the E0 of an aromatic species becomes increasingly negative, more energy is 
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required to dearomatize that species by populating its LUMO (a benzene-like π* orbital);96 

thus E0 is a quantitative measure of the energetic cost of dearomatization. The linear trend 

established in Figure 2.6 has a firm physical basis: as E0 becomes more negative, the driving 

force to recover aromaticity increases accordingly, which in turn results in lower ∆G‡
HT and 

consequently a higher hydride transfer rate. Figure 2.6 shows that the effect of 

dearomatization/aromatization on ∆G‡
HT enables PyH2 to act in its unique role as a potent 

hydride donor, here one that catalyzes the reduction of CO2 to CH3OH through three HTPT steps 

and which is regenerated through the PyH2/Py redox couple (Scheme 2.9a, route I-II-V-VI). 

2.4 Concluding Remarks 

In summary, we have elucidated a kinetically and thermodynamically viable mechanism 

for the reduction of CO2 to CH3OH by 1,2-dihydropyridine, PyH2, via primarily homogeneous 

steps with some heterogeneous cathode assistance.212 Our proposed sequential PT-ET-PT-ET 

process of alternating proton and electron transfers (Scheme 2.9a, routes I-II-V-VI) that initially 

transforms Py into the catalytic species PyH2 is supported by the observation of a similar 

process occurring in Py-related species, e.g. nicotinamide and acridines,117-119 where the 

aromatic PyH+ is dearomatized during the process. Subsequently, driven by the proclivity to 

recover aromaticity, PyH2 transfers its hydridic hydrogen in three successive steps to CO2, 

HCOOH and OCH2 to ultimately form CH3OH (Scheme 2.9b, routes VII-X). The initial reduction of 

CO2 is mediated by an uncoupled, sequential HTPT process; for the subsequent HCOOH and 

OCH2 reductions, coupled HTPT occurs, in which PT is mediated by a proton relay via one or two 

water molecules. 



 

80 
 

We stress that while we have theoretically demonstrated CO2 reduction proceeding 

primarily homogeneously after PyH2 formation, we do not rule out possible intrinsically surface-

catalyzed events, most especially on a Pt electrode (see section 2.3.1). On the other hand, we 

suggest that both Bocarsly’s p-GaP39 (modulo the two cathode-assisted aspects we have 

described within) and MacDonnell’s surface-free Ru(II)/ascorbate148 systems are homogeneous 

processes mediated by our proposed recyclable PyH2/Py redox couple. This suggestion is 

reinforced by Tanaka’s demonstration that the related dihydropyridine (Ru(bpy)2(pbnH2)2+) 

species homogeneously reduces CO2 to HCOO- by hydride transfer;107 in addition, the related 

10-methyl-9,10-dihydroacidine has been demonstrated to convert benzaldehyde into benzyl 

alcohol via a HTPT step.205 We thus theoretically predict that pyridine’s intriguing catalytic 

behavior lies in the fundamentally homogeneous HT chemistry of the PyH2/Py redox couple, 

whose production (Scheme 2.9a) is driven by a dearomatization-aromatization process, as 

argued in connection with Figure 2.6.  

It is noteworthy that the PyH2/Py redox couple --- by its hydride transfer to carbonyl for 

C-H bond formation --- closely imitates the NADPH/NADP+ catalyzed reduction step in 

photosynthesis (see Scheme 2.5a). Our results thus suggest that the NADPH/NADP+ couple is 

similar to the PyH2/Py couple in that dearomatization is used to store energy that is 

subsequently used to drive HT while regaining aromaticity. Finally, we propose that the 

advantage of the recyclable PyH2/Py redox couple extends beyond the mechanism of CO2 

reduction described within to provide inexpensive and green alternatives to commonly used 

hydride donors in organic synthesis.  
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Abstract:  

We employ quantum chemical calculations to discover how frustrated Lewis pairs (FLP) catalyze 

the reduction of CO2 by ammonia borane (AB); specifically, we examine how the Lewis acid (LA) 

and Lewis base (LB) of an FLP activate CO2 for reduction. We find that the LA 

(trichloroaluminum, AlCl3) alone catalyzes hydride transfer (HT) to CO2 while the LB 

(trimesitylenephosphine, PMes3) actually hinders HT; inclusion of the LB increases the HT 

barrier by ~8 kcal/mol relative to the reaction catalyzed by LAs only. The LB hinders HT by 

donating its lone pair to the LUMO of CO2, increasing the electron density on the C atom and 

thus lowering its hydride affinity. Although the LB hinders HT, it nonetheless plays a crucial role 

by stabilizing the active FLP•CO2 complex relative to the LA dimer, free CO2 and free LB. This 

greatly increases the concentration of the reactive complex in the form FLP•CO2 and thus 

increases the rate of reaction. We expect that the principles we describe will aid in 

understanding of other catalytic CO2 reductions. 
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3.1 Introduction  

The rising concentration of atmospheric carbon dioxide (CO2) and its potential to impact 

global climate has motivated a growing effort to lower atmospheric CO2 levels.9 One approach 

that has gained significant attention is the capture and sequestration of CO2. However, among 

the many obstacles to this approach is the significant challenge of long-term, stable storage of 

CO2 in vast quantities.213 An alternative approach that has received less attention and avoids 

the issue of long-term CO2 sequestration is the chemical reduction of CO2 into valuable 

materials such as methanol (CH3OH) or its dehydrated form dimethyl ether10 or possibly Cn 

(n≥2) products. The conversion of CO2 into CH3OH or other fuels using renewable energy input 

would enable a carbon-neutral energy cycle that could have a dramatic effect on atmospheric 

CO2 levels. The successful conversion of CO2 to CH3OH by various homogeneous catalysts and 

reducing agents has been reported elsewhere;15, 18-19, 108, 214 here we use quantum chemistry to 

discover the underlying principles that govern CO2 conversion by frustrated Lewis pairs (FLP) 

catalysts.  

Experimentally, an FLP was first used to activate CO2 by irreversibly complexing with it 

to catalyze CO2 reduction via hydride transfer (HT) from ammonia borane (NH3BH3, AB), which 

acts as a sacrificial hydride donor;20, 215 each HT is equivalent to a two-electron reduction. 37-

51% yield of CH3OH was observed after 15 min. at ambient conditions. The FLP consists of a 

Lewis acid (LA) and a Lewis base (LB) with bulky ligands that prevent these species from 

neutralizing each other.216 In particular, the FLP used to activate CO2 for reduction (and our 

focus in this work) consists of two trichloro-aluminum (AlCl3) LAs and the 
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trimesitylenephosphine (PMes3, Mes = 2,4,6-C6H2Me3) LB, where the LAs and LB datively bond 

to the oxygens and carbon of CO2, respectively, to form an FLP•CO2 complex (Figure 3.1b).  

 

Figure 3.1: Reactive complexes of CO2 considered. 
 (a) Free CO2 molecule, (b) FLP•CO2, composed of CO2, two LAs and one LB, (c) LA-O=C=O-LA, (d) CO2•(LA)2, and (e) 
CO2•(LA). H atoms in (b) omitted for clarity. Al, light gray; C, gray; Cl, green; O, red; and P, orange. 

Recent experimental efforts have aimed at modifying the original AlCl3-PMes3 FLP 

system,217-218 e.g. by varying the LA bound to CO2
219 and employing geminal P/Al-based FLPs,220 

but those systems afforded weaker complexation to CO2 than the AlCl3-PMes3 FLP. Additionally, 

recent theoretical studies identify the mechanistic steps for conversion of CO2 to CH3OH 

catalyzed by the FLP221 and provide insights into the effect of explicit C6H5Br solvent in FLP•CO2 

formation.222 However, these experimental and theoretical efforts have not examined several 

key issues of CO2 reduction by FLPs, namely, the mode of CO2 activation, the roles of the LA and 

LB in CO2 reduction, the effect of LA dimerization, and the possible need for pre-bending CO2 

prior to its reduction. The use of an expensive FLP and AB as a sacrificial hydride source will 

unlikely be pragmatic for CO2 reduction, however we examine the basic aspects of CO2 
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reduction by FLPs and LAs to further the fundamental understanding of CO2 activation that may 

provide insight into developing improved CO2 reduction catalysts. 

3.2 Computational Details 

See supporting information attached in the appendices. 

3.3 Results and Discussion 

3.3.1 LB hinders HT: an anti-catalytic role. One might expect both members of the FLP to 

assist in catalysis. However, close inspection of the FLP•CO2 complex shown in Figure 3.1b 

reveals a striking chemical contradiction in the role of the LB in FLP activation of CO2 for its 

chemical reduction; in the complex, the LB donates its lone pair to the carbon of CO2, which 

should decrease the electrophilicity of the CO2 carbon and hence lower its tendency to accept a 

hydride. We thus hypothesize that: 1) the LB in FLP•CO2 actually hinders HT, and consequently 

2) the LA must act as the catalyst that both activates CO2 for reduction and overcomes the 

hindrance to HT caused by the LB.  

 

Figure 3.2: Transition state structures of CO2 complexes with AB. 
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 (a) CO2 + AB, (b) FLP•CO2 + AB, (c) LA-O=C=O-LA + AB, (d) CO2•(LA)2 + AB and (e) CO2•(LA) + AB. The H atoms of 
PMes3 ligands in (b) are omitted for clarity. Al, light gray; B, pink; C, gray; Cl, green; H, white; N, blue; O, red; P, 
orange. 

To test these hypotheses, we have calculated the reaction barrier (activation enthalpy, 

∆H‡
hydride) for HT from AB to CO2 using AlCl3 as the LA and PMes3 as the LB for the following five 

cases: a) the reference uncatalyzed reduction (Figure 3.2a) where AB reduces CO2 in the 

absence of the FLP, b) catalyzed reduction by the FLP (Figure 3.2b), c) and d) catalyzed 

reduction by two LAs (isomer 1, Figure 3.2c and isomer 2, Figure 3.2d) and e) catalyzed 

reduction by a single LA (Figure 3.2e). Cases c-e involve only LAs and thus allow us to determine 

whether LAs alone catalyze CO2 reduction and if so, which arrangement is most effective, and 

by comparison with the FLP catalyzed reaction (case b), whether the LB hinders HT.  

One of us previously published a detailed mechanistic study using the accurate CCSD(T) 

method for the uncatalyzed conversion of CO2 to CH3OH by AB where complete conversion to 

CH3OH requires three HTs.21 Here, we instead examine the first catalyzed HT in order to focus 

on the roles of the LA and LB in CO2 activation. It is important to note in this connection that in 

the uncatalyzed case a, the hydride and proton transfer concomitantly react to produce formic 

acid,21 whereas in the catalyzed (vide infra) cases b-e our calculations predict HT occurs to 

produce (complexed) formate (HCOO-). Table 3.1 reports the predicted ∆H‡
hydride for the 

aforementioned five cases in C6H5Cl solvent, described by the implicit polarizable continuum 

model (CPCM).68, 223  

Before discussing the results in Table 3.1, an important computation issue requires 

comment. The FLP system involves significant dispersion interactions that affect complexation 

energies and thus HT barriers. Therefore, we employed the B97-D exchange-correlation 
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functional to obtain TS and equilibrium geometries as this method accounts for dispersion 

effects important in complex formation.224 Grimme et al. previously used this functional to 

describe the heterolytic cleavage of H2 by an FLP catalyst for which the popular B3LYP 

functional gave erroneous results due to its neglect of dispersion.225 For accurate energies, we 

performed MP2 single-point energy calculations at the B97-D identified stationary point 

geometries, which we found differ from high-level CCSD(T)//MP2 energies by less than 1 

kcal/mol for both HT barriers and complexation energies (see Supporting Information for 

additional computational details). 

Table 3.1: HT barrier (∆H‡
hydride) and hydride affinity (HA) of CO2 complexes at T=298K and P=1atm. 

System ∆H‡
hydride

a HAb 

a) CO2  25.3 40.5 

b) FLP•CO2  7.9 79.9 

c) LA-O=C=O-LA  –0.2 131.9 

d) CO2•(LA)2  4.1 99.1 

e) CO2•(LA)  3.8 91.7 

aHT (from AB) enthalpic barriers, in kcal/mol, referenced to the reactant complex. bHydride affinity, in kcal/mol. All 
calculations performed using MP2/6-311++G(d,p)//B97-D/6-311G(d,p) [MP2//B97-D], except ∆H‡

hydride of case c, 
which was calculated using CCSD(T)/6-311++G(d,p)//MP2/6-311G(d,p) [CCSD(T)//MP2]. All enthalpies include zero-
point energies (ZPE) and thermal corrections at 298 K. Solvation in C6H5Cl was treated with the CPCM solvent 
model. 

3.3.2 Hydride transfer barriers and affinities reveal the catalytic role of the LA. We 

now return to the main focus of this paper and observe that the ∆H‡
hydride values reported in 

Table 3.1 indicate that although the FLP does indeed catalyze CO2 reduction by lowering 

∆H‡
hydride from 25.3 kcal/mol for the uncatalyzed case a to 7.9 kcal/mol for the FLP catalyzed 

case b, the barriers are even lower for cases c-e that exclude the LB and only involve the LAs. 

This confirms our hypothesis that the LB impedes HT and that the LAs alone activate CO2 for 
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reduction (see SI, Section 3 for additional TS properties). The previously reported ∆H‡
hydride 

using B3LYP for case b is ~7 kcal/mol higher than our calculated barrier,221 which we attribute 

to B3LYP’s neglect of dispersion (see SI, Section 4). Furthermore, in contradiction to the 

suggestion that “pre-bending” of CO2 is necessary to assist its reduction, we show that LAs 

catalyze the reduction of the linear form of CO2 resulting in low HT barriers (see Figure 3.1c-e). 

For example, at the transition state (TS) for case c O-C-O is 178o (Figure 3.1c) and HT is 

barrierless. In addition, in case b where CO2 is pre-bent (Figure 3.1b, O-C-O= 126o), the LB 

raises ∆H‡
hydride by ~8 kcal/mol compared to case c; this is due to the nucleophilic competition 

between the donating lone pairs of the LB and the transferring hydride from AB to the LUMO of 

CO2. 

We now examine the relative roles of the LB and LA moieties in further detail. We start 

with the case of two LAs (case c), obtained by elimination of the PMes3 LB from the FLP case b. 

We could not locate a TS for this step with B97-D, but were able to determine a TS using MP2 

(single imaginary frequency of 182i cm–1). A CCSD(T) energy at the MP2 TS geometry predicts a 

barrierless reaction after addition of ZPE and thermal contributions. Thus, the two LAs catalyze 

CO2 reduction and adding the LB increases the barrier. With the catalytic importance of the two 

LAs of case c thus established, we ask if a different arrangement of the LAs would be more 

effective. The alternate arrangement CO2•(AlCl3)2 was suggested by Olah et al. as one of the 

reactive complexes in the addition of CO2 to C6H6 to produce benzoic acid.226 We examine this 

type of complex involving a (LA)2 dimer in case d. We find that ∆H‡
hydride= 4.1 kcal/mol, showing 

that this dimer also catalyzes HT to CO2. These results suggest examination of the single LA 

(case e). And here we calculate a HT barrier of 3.8 kcal/mol. Thus, as we have previously noted, 
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all three LA configurations c-e have HT barriers substantially below that of the FLP case b 

involving two LAs and the LB.  

What is the key property of the LAs for catalytic CO2 reduction efficacy? For Friedel-

Crafts acylation where CO2 adds to C6H6 to produce benzoic acid, Olah et al. concluded that the 

reaction was catalyzed by AlCl3’s superelectrophilic activation of CO2.226 Also, Ren et al. 

observed a notable increase in the electrophilicity of simple aldehydes and ketones (carbonyl-

containing species, like CO2) when complexed to the LA BF3.227 These observations are 

consistent with our results, which show that the LAs lower the HT barriers by electrophilic 

activation of CO2. We elaborate upon this explanation via hydride affinity (HA) calculations, 

reported in Table 3.1. HA is here defined as the negative of the change of enthalpy when CO2’s 

carbon (in complexes a-e) accepts a hydride. HA quantifies the electrophilicity of the carbon of 

CO2 to accept a hydride, and as we now discuss, the fact that complexes a-e are more 

electrophilic with increasing HA is key for understanding the trends in Table 3.1’s HT barriers. 

As can be seen in Table 3.1, the FLP catalyst increases the HA of CO2 from 40.5 (a) to 

79.9 kcal/mol (b), a result consistent with the increase in CO2 electrophilicity and thus the 

lowering of the HT barrier from 25.3 to 7.9 kcal/mol. When CO2 is complexed with LAs only, as 

in cases c-e, the HA markedly increases to greater than 90 kcal/mol, consistent with the low HT 

barriers of c-e. This is especially true for c, where the HA is 131.9 kcal/mol and HT is barrierless. 

Thus, the role of the LAs is to render CO2 more electrophilic (high HA), and as a result lower the 

barrier to HT. These results also support Stephan et al.’s very recent proposal that coordination 

of LAs to the oxygens of formate promotes HT.228 The hindering role of the LB that we have 
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emphasized is evident when the HAs of cases b and c are compared: removing the LB from (b) 

to create (c) results in a significant increase in HA from 79.9 to 131.9 kcal/mol. 

Table 3.2: Thermodynamics of complex formation relative to the reactants two free CO2, (LA)2 dimer, two free 
LB and two free AB at T=298 K and P=1 atm. 

Complexes ∆Ha T∆Sa Keq
b 

1) 2CO2 + (LA)2 + 2LB + 2AB 0.0 0.0 1.0 

2) FLP•CO2 + CO2 + LB + 2AB -49.0 -26.5 2.8 x 1016 

3) LA-O=C=O-LA +  CO2 + 2LB + 2AB 12.9 -5.1 7.3 x 10-14 

4) CO2•(LA)2 + CO2 + 2LB + 2AB 0.8 -9.1 5.4 x 10-8 

5) 2[CO2•(LA)] + 2LB + 2AB 4.9 -5.6 2.1 x 10-8 

6) CO2•(LA) + CO2 + LA•LB + LB + 2AB -20.9 -12.6 1.2 x 106 

7) CO2•(LA) + CO2 +  LA•AB + 2LB + AB -9.8 -8.0 2.1 x 101 

8) CO2•NH3BH2
+ + AlCl3H- + CO2 + LA•AB + 2LB 24.3 -7.5 4.7 x 10-24 

9) 2CO2 + 2[LA•LB] + 2AB -46.7 -19.6 7.1 x 1019 

10) 2CO2 + 2[LA•AB] + 2LB -24.5 -10.4 2.1 x 1010 

11) 2CO2 + LA•LB + LA•AB + LB + AB -35.6 -15.0 1.21 x 1015 
a∆H and T∆S in kcal/mol referenced to two free CO2, (LA)2 dimer, two free LB and two free AB of case 1 (see eq. 1 
below). bEquilibrium constant of the complexes (unitless), defined as Keq = exp(-∆G/RT). Calculations were 
performed using MP2//B97-D in CPCM modeled C6H5Cl solvent.  

3.3.3 Positive role of the LB: establishing high concentrations of reactive CO2 

complexes. We have already established that the role of the LB in the key CO2 reduction step 

is a negative one – to hinder HT. We now ask if the LB might play any positive role in the FLP 

activation of CO2; we will find that the answer is yes, but its origin lies in the formation of 

reactive CO2 complexes rather than in their activation for reduction. Table 3.2 shows the 

calculated thermochemistry for several complexes (shown in bold and defined in equation 1; 

see SI, section 5) referenced to the starting reactants in case 1; two free CO2, (LA)2 dimer 

[(AlCl3)2], two free LB (PMes3), and two free AB. Ammonia borane has been included here 
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because, even though it was added to function as a reducing agent, it also complexes with the 

electrophilic LA through its hydridic hydrogens.228 Dimeric (AlCl3)2 was chosen as the reference 

for Table 3.2 because AlCl3 is known to predominantly form dimers226 at various conditions;229-

231 the dimerization enthalpy of the LAs must be considered in determining the relative 

concentrations of reactive CO2 complexes (vide infra).  

2CO2 + (LA)2 + 2LB + 2AB 
∆H; T∆S; Keq
↔         Complexes 1 to 11   (eq. 1) 

The thermodynamic variables reported in Table 3.2 allow us to predict the relative 

concentrations of a number of reactive CO2 complexes. We calculate that Keq for LA-O=C=O-LA 

(3) formation is 7.3 x 10-14. This exceptionally low equilibrium constant is due to both the 

enthalpic and entropic costs of forming the complex from the (AlCl3)2 dimer and CO2. The 

CO2•(LA)2 complex (4), where the LA dimer complexes with CO2, initially looks more promising. 

Keq for this case is 5.4 x 10-8, ~6 orders of magnitude higher than for LA-O=C=O-LA. But this is 

still low, mainly due to the entropic cost of complex formation, which for this case is 

approximately enthalpically neutral. This CO2•(LA)2 complex should attain its equilibrium 

concentration with CO2 and (LA)2 dimer in the absence of LB and AB because the barriers for its 

formation (10.6 kcal/mol) from and dissociation (9.9 kcal/mol) to CO2 + (LA)2 are thermally 

accessible at room temperature (see SI section 3b). However its low Keq suggests that it will not 

in fact be present in significant concentration. Thus, although complexes LA-O=C=O-LA and 

CO2•(LA)2 both have low barriers to HT (Table 3.1, cases c and d), their equilibrium 

concentrations are too low to have a significant reaction rate in reducing CO2.  
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Figure 3.3: Various complexes. 
 (a) LA•LB complex, (b) LA•AB complex and (c) TS structure of CO2•NH3BH2

+ + AlCl3H-, calculated at MP2//B97-D. 
LA = AlCl3, LB = PMes3, and AB = NH3BH3. The H atoms in (a) are omitted for clarity. Al, light gray; B, pink; C, gray; 
Cl, green; H, white; N, blue; O, red; and P, orange. 

We next analyze reactive CO2 complexes involving monomeric LA (Table 3.2, cases 5-7). 

Case 5 results from dissociation of the AlCl3 dimer to form two CO2•(LA) complexes. Its Keq is 

low (2.1 x 10-8) because CO2•(LA) complexation is less exothermic than AlCl3 dimerization. 

However, this dimerization is suppressed and an effective concentration of CO2•(LA) 

established when LB or AB dissociate the AlCl3 dimer by forming LA•LB (Figure 3.3a) or LA•AB 

(Figure 3.3b) complexes, Table 3.2 cases 6 and 7, where Keq is 1.2 x 106 and 2.1 x 101, 

respectively. Thus, in addition to its key role as a hydride donor, AB complexes with the LA via 

its hydridic H and promotes LA•AB adduct formation that increases CO2•(LA) concentration. 

Given that CO2•(LA) forms in non-vanishing concentrations relative to the dominant cases 

(Table 3.2, 2 and 9), combined with the low HT barrier of 3.8 kcal/mol (Table 3.1, case e), CO2 

reduction via reactive CO2•(LA) contributes to the CO2 reduction rate. Case 8 in Table 3.2 is 

similar to CO2 activation by one LA (Table 3.1, case e). Here, borenium cation NH3BH2
+ acts as a 

LA that activates CO2 for HT from the AlCl3H- counter ion. Figure 3.3c shows the TS for this HT 

where ∆H‡
hydride = 3.0 kcal/mol. But despite the low HT barrier, the endothermic formation of 

CO2•NH3BH2
+ and AlCl3H- results in a vanishingly low Keq value of 4.7 x 10-24, thus making this 

pathway inactive. 
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The single case that exhibits a positive role for LB is case 2 of Table 3.2 in which CO2 is activated 

in the FLP•CO2 complex. FLP•CO2 proves to be one of the most readily formed CO2 complexes. 

The large formation constant of Keq = 2.8 x 1016 results from a favorable -49.0 kcal/mol enthalpy 

of formation relative to the (LA)2 dimer, free CO2 and free LB; this enthalpic contribution is 

nearly double the unfavorable entropic contribution (see Table 3.2). We conclude that the role 

of the LB in FLP-catalyzed reduction of CO2 by AB is to provide a sufficient enthalpic driving 

force for the formation of the reactive FLP•CO2 complex. Thus, we predict that, given its large 

Keq and relatively low 7.9 kcal/mol HT barrier (Table 3.1, case b), FLP-catalyzed CO2 reduction 

via FLP•CO2 complex will dominate the HT rate, with minor contributions from CO2•(LA) formed 

through Table 3.2 cases 6 and 7.  

In view of the above predictions, we now discuss the recent proposal by Stephan et 

al.228 that in the presence of AB, the FLP•CO2 complex first dissociates to produce different 

reactive CO2 complexes that can dominate the HT rate. For the specific LA and LB choices 

considered here, our results we discussed above indicate that the dominant HT pathway 

proceeds through the undissociated FLP•CO2 complex, with only minor contributions involving 

the AB-induced FLP•CO2 dissociation product CO2•(LA) (Table 3.2, case 7). On the other hand, 

when LA = Al(C6F5)3, and LB = P(o-tol)3, where o-tol= 2-C6H4Me and AB = NMe3BH3,228 the 

equilibrium of the analogues of 6 and 7 relative to 2 in Table 3.2 will be shifted due to the steric 

effects introduced by Al(C6F5)3. This effect may increase the contribution to the HT rate by 

CO2•(LA) in Table 3.2 cases 6 and 7 as proposed by Stephan et al.  



 

93 
 

In Table 3.2 cases 9-11, favorable LA•LB and LA•AB interactions lead to CO2 not being 

complexed and thus not activated. In case 9, LA•LB exists in equilibrium (Keq = 7.1 x 1019) with 

FLP•CO2 (Keq = 2.8 x 1016). In fact, LA•LB was isolated experimentally in the absence of CO2. In 

contrast, FLP•CO2 was isolated (as a solid) when the solvent was evaporated from mixtures 

containing LA, LB and CO2.20 In the solid-state structure, the enthalpy of formation dominates 

Keq, thus FLP•CO2 (∆H= -49.0 kcal/mol) is predicted to exist in greater abundance than LA•LB 

(∆H= -46.7 kcal/mol). In the presence of LB, 9 likely dominates over 10, although LA•AB can still 

coexist with LA•LB through 11. Interactions of the LB and AB with the LA in LA•LB and LA•AB 

complexes significantly shift the equilibrium concentrations and are key factors to consider in 

optimizing concentrations of reactive CO2 complexes. 

3.3.4 Reactive CO2 complexes formed in the absence of LB. In addition to revealing the 

roles of the LAs and LB in the FLP-catalyzed reaction, our results suggest an alternate approach 

to CO2 reduction using only LAs. None of the cases 1, 3, 4, 5, 7, 8, and 10 in Table 3.2 involve the 

LB and are thus relevant for the LB-free situation. The comparison of their equilibrium constant 

values indicates that when LB is absent, the equilibrium established by 10 dominates in which 

AB dissociates the AlCl3 LA dimer to form LA•AB in abundance. This conclusion agrees with the 

reported isolation of analogous LA•AB complexes (LA= Al(C6F5)3 and AB= NMe3BH3) in high 

yield.228 But, CO2 is not activated by LA•AB. Our results suggest that reactive CO2 species are 

instead formed as CO2•(LA) by reaction 7 in equilibrium with 10. This proposal that CO2 is 

activated in the CO2•(LA) form is supported by isolation of Al(C6F5)3(HCO2)H2BNMe3 formate 

species in the absence of LB;228 the observed formate species is analogous to the HT product of 

the reaction of CO2•(LA) with AB (Table 3.1, case e). We suggest that in the absence of LB, the 
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relative Keq values for cases 1, 7, and 10 must be considered to optimize the concentration of 

CO2•(LA) in order to lead to rapid CO2 reduction. Ideally, the Keq value for 7 should be high232 

relative to 1 and 10. In other words, a relatively high CO2•(LA) complexation enthalpy and low 

binding affinities for LA•LA (dimer) and LA•AB formation will lead to significant concentrations 

of activated CO2 complexes for CO2 reduction. We propose that this can be achieved by 

employing LA and AB with bulky ligands233-234  to weaken LA•LA and LA•AB interactions relative 

to CO2•(LA). 

3.4 Conclusion 

In summary, we have determined a number of the underlying principles that govern CO2 

conversion by FLP catalysts. It is the LAs of the FLP that act as the catalyst by polarizing CO2 to 

render it more electrophilic to accept a hydride at low barriers, which are strongly correlated 

with the hydride affinity of CO2 in the complex. Furthermore, the LAs catalyze HT to CO2 

without pre-bending it from its linear geometry. Although we find that the LB hinders HT within 

the FLP•CO2 complex by lowering the hydride affinity of CO2, its role is to stabilize that complex 

relative to the (LA)2 dimer, free CO2 and free LB. This results in a high HT rate due to the high 

concentration of reactive CO2 species in the FLP•CO2 complex and a low HT barrier. In the 

presence of LB, and for the LA and LB considered here, we predict that the reactive CO2 

complex CO2•(LA) is a minor pathway to HT relative to CO2 reduction via the FLP•CO2 complex. 

However, in the absence of LB, we predict that instead CO2•(LA) will be the dominant reactive 

CO2 complex responsible for forming HT products228 such as formate and methoxide. We 

anticipate that the principles found here should prove useful in the understanding and 

discovery of other catalytic CO2 reductions.  
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Abstract:  

We report the metal-free reduction of CO2 to the formate anion by a benzimidazole-based 

organo-hydride guided by quantum chemical calculations. The formate product was 

characterized and confirmed by 1H-NMR, 13C-NMR, and ESI-MS. We obtained the highest 

formate yield in the presence of potassium bromide under mild conditions; the proposed role 

of exogenous salt additives in this reaction is to stabilize and shift the equilibrium towards the 

ionic products. Such benzimidazole-based organo-hydrides rival the hydride donating abilities 

of noble metal-based hydrides, such as [Ru(tpy)(bpy)H]+ and [Pt(depe)2H]+, demonstrating that 

these organo-hydrides stand as powerful, renewable, and inexpensive hydride transfer catalyst 

alternatives. We envision a catalytic cycle wherein benzimidazole-based organo-hydrides 

reduce CO2 to fuels and their regeneration is driven by renewable energy, thereby catalytically 

and sustainably producing usable fuel from CO2.    
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4.1 Introduction 

The chemical reduction of gaseous carbon dioxide (CO2) to liquid fuels (e.g. methanol) 

powered by renewable energy could revolutionize the future landscape of energy.235-236 

Although such a technology could effectively close the carbon cycle and despite much progress 

in the conversion of CO2 to utilizable fuels, no process has effectively met the requirements for 

the practical conversion of CO2 to fuels nor has the scientific community yet reached a 

consensus on a general approach.  

The reduction of CO2 via hydride (H-) transfers stands as one of the most promising 

approaches to CO2 conversion,179-180, 237 with several reports describing progress towards 

implementation of such a system.106-107, 238  Naturally, CO2 cannot proceed directly to methanol 

by a reductive pathway; rather it undergoes a series of three reductions followed by 

protonations; first, to formic acid (HCOOH), second to methanediol, which converts to 

formaldehyde (CH2O) with loss of water, and finally to methanol (CH3OH).239  Overall, this 

exergonic process requires the addition of three hydrides and three protons.  

Transition metal hydrides have been studied and proven effective for such reductions, 

with some efforts focused on determining their relative hydricities: the thermodynamic 

property which quantifies their potency as hydride (H-) donors.181, 183, 240 Strong transition metal 

hydrides normally involve noble metals, such as [Ru(tpy)(bpy)H]+ and [Pt(depe)2H]+;240 however, 

recent advances using non-precious metal species, such as Co(dmpe)2H, were developed to 

reduce CO2 to HCOO-, however this requires a strong sacrificial base to form the requisite 

reducing complex in situ.106 Beyond the realm of transition metal catalyzed processes, only one 

example of an organo-hydride has been shown to reduce CO2 to HCOO-.107 However, the 
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intermediacy of a Ru metal center was still required in this case where the dihydropyridine 

organo-hydride is part of the pbn (2-(pyridin-2-yl)benzo[b][1,5]naphthyridine)) ligand of the 

Ru(bpy)2(pbnH2)2+ complex. Moreover, a stoichiometric quantity of Brønsted base is required to 

activate the H- transfer from the pbn ligand of the Ru complex.241 Although many of these 

transition metal catalyzed and coupled complexes can effectively reduce CO2 to the formate ion 

and beyond, the high cost of homogeneous noble metal catalysts effectively hampers the 

development of economical processes for production of utilizable fuels from CO2. 

Scheme 4.1: Reduction of CO2 to formate anion by Benzimidazole-based organo-hydride 

 

Directed by computational designs, we herein report benzimidazole-based organo-hydrides 

for the reduction of CO2 to HCOO- (Scheme 4.1). To the best of our knowledge this is the first 

report of a non-sacrificial (vide infra) metal-free organo-hydride that reduces CO2 to HCOO-; 

moreover, it is worth noting that the CO2 reduction illustrated in Scheme 4.1 proceeds in the 

absence of biological enzymes,174 a sacrificial Lewis acid, or a base to activate the substrate or 

reductant.20, 112  Specifically, as detailed in Scheme 4.1, we chemically transformed 
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benzimidazolium cations (1,3-dimethyl-1H-benzimidazol-3-ium derivatives, species 1a-c) into 

their corresponding dihydrobenzimidazole organo-hydrides (1,3-dimethyl-2,3-dihydro-1H-

benzimidazole derivatives, species 2a-c), which, as reported here, are capable of efficiently 

reducing gaseous CO2 to HCOO-. This demonstrates possible routes for the transformation of 

species 1 to 2 via electrochemical, photochemical, or photoelectrochemical pathways powered 

by renewable energy, thereby, closing the catalytic cycle for HCOO- generation. We envision 

that with the introduction of an appropriate H+ source, exhaustive reduction of HCOO- to 

methanol via species 2 would be possible. We also foresee that metal-free organo-hydrides114, 

242 provide an exciting new direction as low-cost, versatile, and tunable catalysts for future CO2 

reduction research. 

4.2 Results and Discussions 

4.2.1 Benzimidazole-based organo-hydrides as strong hydride donors. 

A number of previously reported studies have suggested that benzimidazole-based organo-

hydrides are potential strong hydride donors.179, 240, 243 Using density functional theory (DFT) 

calculations, we predicted the thermochemical properties of CO2 reduction by benzimidazole-

based organo-hydrides (2a-c) to determine if such hydrides were capable of reducing CO2 to 

HCOO-. As shown in Table 4.1, species 2a (the most simplified system, where R1=H and R2=H) 

was predicted to reduce CO2 to HCOO- with reaction free energy of ΔG0
rxn = 4.2 kcal/mol, while 

regenerating species 1a. Species 2b, where R1 = CH3 and R2 = H, was predicted to be a stronger 

hydride donor (when compared to our base case); the ΔG0
rxn,is now improved to 2.0 kcal/mol. 

Finally, our results predict that substitution of CH3 at R2 has a considerably larger effect towards 

the strengthening the hydricity, improving the hydride strength of 2c such that ΔG0
rxn= 0.7 
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kcal/mol. Our experimental results have corroborated these predictions. As noted in Table 4.1, 

the strongest hydride donor 2c produced the correspondingly highest yield of HCOO- (59%) 

relative to complexes 2b and 2a (4% and 5%, respectively). We note here that these reactions 

were performed under mild conditions (T= 50oC and PCO2= 30 psig) in DMSO-d6 for 24 hours or 

less; the addition of salts, such as KBr, was empirically discovered to significantly increase the 

yield of the formate anion (vide infra). 

Table 4.1: Predicted thermochemical properties of CO2 reduction by reductants 2a-c with their corresponding 
experimental formate yields. 

 

Reductanta Formate 
yield (%)b 

∆G‡
HT 

(kcal/mol)c 
∆G0

rxn 

(kcal/mol)c 
RC-H (Å)d 

2a 5 23.1 4.2 1.37 

2b 4 22.1 2.0 1.39 

2c 59 20.6 -1.2 1.38 

 

aReaction conditions: 0.50 ml DMSO-d6, [reductant] = 0.10M, [KBr] = 0.50M, PCO2 = 30 psig, T = 50oC and t = 24hr 
(except t = 11hr for 2c). bDetermined from 1H-NMR using 0.05M of 1,3,5-trimethoxybenzene as internal standard. 
cActivation free energy (∆G‡

HT) and reaction free energy (∆G0
rxn) at standard conditions were computed at rM06/6-

31+G(d,p)/CPCM-DMSO level of theory. dTransition state bond distance between the transferring hydride (H) and 
the carbon (C) of CO2. 
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Figure 4.1: 13C-NMR spectra of species 2c reacted with 13CO2 in DMSO-d6 
Reaction conditions: [2c] = 0.10M, [KBr] = 0.20M, PCO2 = ~20 psig, T = 50oC and t = 16hr. 0.05M 1,3,5-
trimethoxybenzene was introduced as internal standard. 13C-formate appeared at 165.70 ppm; dissolved 13CO2 
appeared at 124.18 ppm.244  

4.2.2 Formation of 13C-formate from 13CO2. 

To confirm the formation of the presumed formate anion in our reaction we have sought 

to detect its presence under synthetically relevant conditions via 1H-NMR and electrospray 

ionization mass spectrometry (ESI-MS).  The 1H-NMR spectra obtained after completion of the 

reaction exhibited a peak at 8.46 ppm, which was confirmed to be the formate anion by 

comparison to the authentic sample (see supporting information S3 for experimental details). 

To further confirm the presence of the formate anion, ESI-MS (negative ion mode) was 

employed. The formate anion was observed to form complexes with the added salts: for 

example, in S4, we detected the presence of the KBrHCOO- complex with m/z = 162.9, 164.9, 

and 166.9 in the correct isotopic ratios. Thus, these two analytical methods have 

unambiguously confirmed the presence of the formate anion in our product solution. 
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To further validate our proposed mechanism of reduction, we conducted experiments with 

isotopically enriched 13CO2 gas (99 atom % 13C). Figure 4.1 confirms the presence of H13COO- 

(appearing at 165.70 ppm; see S5 for comparison to the authentic sample) in the product 

solution after 13CO2 is reacted with the hydride species 2c. The significant enhancement of 

H13COO-’s 13C-NMR signal relative to other species in the solution (peaks a-d) is apparent in 

Figure 4.1.  In addition, in S5, we show that the 13C nuclear spin splits the 1H-NMR peak of 

H13COO- into a doublet (at 8.27 and 8.72 ppm), further corroborating the presence of 

isotopically enriched H13COO-. These results conclusively prove that the formate anion detected 

in the reaction mixture is derived from the chemical reduction of carbon dioxide introduced to 

our solution. 

Table 4.2: Reaction of species 2c with CO2 at various experimental conditions. 

 

 

 

Entriesa Salts [Salts] 
(M) 

Solventb Temp. 
(oC) 

Time 
(hr) 

Consumption 
of 2c (%)c 

Formation 
of 1c (%)c 

Formate 
Yield (%)c 

1 - - DMSO-d6 50 24 69 69 5 

2 KBr 0.20 DMSO-d6 25 24 52 51 27 

3 KBr 0.50 DMSO-d6 25 24 79 77 33 

4 KBr 0.20 DMSO-d6 50 11 86 86 40 

5 KBr 0.50 DMSO-d6 50 11 92 91 59d 

6 KI 0.50 DMSO-d6 50 11 82 82 40d 

7 LiBr 0.50 DMSO-d6 50 11 95 94 36d 

8 NaI 0.50 DMSO-d6 50 11 87 86 25d 
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a[species 2c]= 0.10M, PCO2 = 30 psig bDeuterated solvents at 0.50 ml; in DMSO-d6, the solution appeared slightly 
cloudy after reactions were completed, 0.20 ml methanol-D4 was added to the solution to improve solubility prior 
to acquiring NMR spectrums. cDetermined from 1H-NMR using 0.05M of 1,3,5-trimethoxybenzene as internal 
standard. dformate yield was determined from the average of three runs with reproducibility of ±5%.  

4.2.3 Effects of salts on formate yield. 

During the course of these studies we have empirically discovered that the addition of 

various salts to the reaction mixture greatly enhanced the observed formation of the formate 

anion. As noted in Table 4.2, it is apparent that without any salts the HCOO- yield was nearly 

undetectable (5%, entry 1). Alternatively, under various reaction conditions, the presence of 

salts (e.g. KBr, KI, LiBr and NaI) resulted in markedly higher yields of the reduced product (25-

59%, entries 2-8); of which KBr gave the highest formate yield (59%, entry 3) in comparison to 

others salts under the same conditions. To explain the effect of such additives in this reaction 

we propose that salts increase the ionic strength of the solution, which in turn creates a more 

polar environment that stabilizes the ionic products (species 1c and HCOO-) and corresponding 

intermediates leading to their formation; this thus biases the equilibrium towards ionic product 

formation (e.g. HCOO-).  

Although we have, to this point, performed the reductions of CO2 at slightly elevated 

temperatures (50oC, entries 1-6), we anticipated that species 2c could be capable of reducing 

CO2 to HCOO- at room temperature (T = 25oC), corroborating the low free energy activation 

barrier ∆G‡
HT = 20.6 kcal/mol as predicted in Table 4.1. Indeed, species 2c was effective as a 

reductant under ambient conditions; however, lower yields of the formate anion were obtained 

(27-33%, entries 7-8).  We also examined this reduction in different solvents including MeOH-d4 

and MeCN-d3. However, essentially no formate anion was measured in either case. Taken 

together, we propose that the observed lapsed activity in these solvents (MeOH-d4 and MeCN-
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d3) can be attributed to their lower polarity, as evidenced by their polarity index values of 5.1 

and 5.8, respectively, in comparison to 7.2 for DMSO-d6. Following the same argument as the 

previously discussed effect of salt in this reaction, lower solvent polarity disfavors ionic product 

formation, thus leading to lower yields of our reduced product.  

The data reported in Table 4.2 shows that despite introducing CO2 in great excess, in the 

best case only 59% of the hydride of 2c is productively consumed to form the formate anion 

(Table 4.2, entry 3), while the remainder is presumably consumed by side reactions. We have 

identified two potential channels for the non-productive hydride consumption of species 2c. 

First, we anticipate that the H- can react with trace water in DMSO (due to its hygroscopic 

nature) to form H2 and hydroxide (OH-).245 Second, the hydride form of 2c could also non-

productively react with DMSO to form dimethyl sulfide and hydroxide. The hydroxide 

generated from these two sources (trace water and DMSO) can balance with potassium cations 

available in the solution to form insoluble KOH salts, potentially explaining the slight cloudiness 

of the solution after completion of the reaction.  

We propose that a dearomatization-aromatization process is at play to create the driving 

force for CO2 reduction by this hydride, similar to the pyridine system39 we examined 

previously.239 As species 1 is aromatic and becomes dearomatized upon its reduction to 

compound 2, the proclivity of this species to recover aromaticity drives 2 to transfer its H- to 

CO2, forming the reduced product while recovering the aromatic species 1.  Further elaboration 

of the general structure of species 1 based on such mechanistic investigations is currently 

underway in an attempt to maximize yield, stability, and reduction potential. 
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4.3 Conclusion 

In conclusion, we have demonstrated the use of  non-sacrificial and metal-free 

benzimidazole-based organo-hydrides (2) for the reduction of CO2 to the formate anion. The 

quantitative recovery of benzimidazolium cations (1) from species 2 after hydride transfer to 

CO2 establishes that a redox couple (2/1) could function effectively in CO2 reduction. This not 

only shows the possibility of utilizing organically derived hydride sources to efficiently reduce 

CO2 to usable fuels, but also opens the door for  future development of reducing species 1 to 2 

electrochemically, photochemically or photoelectrochemically powered by renewable energy, 

thereby closing the carbon cycle. We envision this work will inspire future research that 

incorporates an appropriate proton source into our proposed catalytic cycle to affect the 

exhaustive reduction of CO2 to methanol. 
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Abstract:  

We report the latent production of free radicals from energy stored in a redox potential 

through a 2e-/1H+ transfer process, analogous to energy harvesting in photosynthesis, using 

visible-light organic photoredox catalysis (photocatalysis) of methylene blue chromophore with 

a sacrificial sterically-hindered amine reductant and an onium salt oxidant. This enables light-

initiated free-radical polymerization to continue over extended time intervals (hours) in the 

dark after brief (seconds) low-intensity illumination, and beyond the spatial reach of light by 

diffusion of the meta-stable leuco-methylene blue photoproduct. The present organic 

photoredox catalysis system functions via a 2e-/1H+ shuttle mechanism, as opposed to the 1e- 

transfer process typical of organometallic-based and conventional organic multi-component 

photoinitiator formulations. This prevents immediate formation of open-shell (radical) 

intermediates from the amine upon light-absorption, and enables the ‘storage’ of light-energy 
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without spontaneous initiation of the polymerization. Latent energy-release and radical 

production are then controlled by the subsequent light-independent reaction (analogous to the 

Calvin cycle) between leuco-methylene blue and the onium salt oxidant that is responsible for 

regeneration of the organic methylene blue photocatalyst. This robust approach for 

photocatalysis-based energy harvesting and extended release in the dark enables temporally-

controlled redox initiation of polymer syntheses under low-intensity short exposure conditions, 

and permits visible-light-mediated synthesis of polymers at least one order of magnitude 

thicker than achievable with conventional photoinitiated formulations and irradiation regimes.     

5.1 Introduction 

Free radicals (radicals) participate in a wide variety of organic synthetic246 and 

polymerization reactions,247 e.g., vinyl homo- and co-polymerizations,248 thiol-ene click 

chemistry,249 Cu-catalyzed azide-alkyne cycloadditions,250 Atom Transfer Radical Additions,251-

252 and alcohol to halide conversions.253 Radical production by light activation provides unique 

temporal control of reactions. However, radicals must be produced continuously by large 

irradiation doses to sustain the balance between competing creation and termination of 

radicals. As a result, radical-initiated reactions characteristically halt quickly due to efficient 

radical termination when the external energy supply (light) is extinguished. Persistent or 

trapped radicals in dense polymer networks allow a limited degree of polymerization after light-

cessation.248, 254 Whereas in Controlled or ‘Living’ Polymerization, the termination process is 

altered through an equilibrium that favors radicals in a dormant state so active radical 

concentrations remain low and essentially constant.255-256 However, living radical 

photopolymerization is usually slow and still requires continued irradiation.255 Furthermore, no 
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scheme has yet been devised to sustain radical production after the energy supply is 

extinguished without altering the radical termination process. Here, we report the first use of 

organic photoredox catalysis to continue radical production for extended time intervals in the 

dark after a brief initial low-intensity light-exposure, opening new opportunities in photo-

activated polymer and possibly organic synthesis.257 

Conventionally, light-activated radical-based polymer synthesis entails radical 

production via photolytic bond-cleavage, e.g. phosphine oxides or acetophenones,258 or by 

light-mediated electron transfer or exchange between a chromophore, such as 

camphorquinone, and either a reductant or an oxidant.259 In principle, radical generation in 

both of these approaches is restricted to where the excited molecules reside, i.e. within the 

imprint and penetration depth of photons. Examples of applications that rely on spatiotemporal 

controlled processing include the creation of patterned materials for nano- and micro-scale 

devices, metamaterials, laser imaging and holography.260-263 However, in optically thick 

materials, light absorption, scattering and reflection limit light penetration and thus 

polymerization to mere millimeters, or often, to just tens to hundreds of micrometers from the 

irradiated surface while requiring high irradiation intensities or extended photocuring 

intervals.264-265 As a result, through-plane polymerization is severely limited, which is 

detrimental in applications such as dental and orthopedic composites, irregular surface 

coatings, photolithographic resists, and cell-encapsulation hydrogels,263, 266-268 where 

unintentional property gradients and residual monomer beyond the light penetration depth 

limit is generally unacceptable. Ultimately, layer-by-layer polymerization is thus required if 

conventional free-radical photopolymer initiators are to be used for optically thick materials. 
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In contrast, radical generation through chemically-activated redox initiation, such as 

with peroxide/amine combinations, allows synthesis of thick polymeric materials under 

ambient conditions upon in-situ mixing of two-part formulations, as in bone cements.269 

However, this redox approach lacks temporal control of the initiation reaction beyond the 

mixing process. In other instances ‘dual-cure’ systems require post-irradiation heating or 

moisture cure.270 ‘Dual-cure’ systems, in which photo- and redox-activated chemistries work 

more or less simultaneously, introduce some temporal control. However, the two initiation 

modes work relatively independently and mixing immediately prior to use is still required; thus, 

imposing similar temporal control limitations as redox systems.271  

Frontal polymerization has been reported to allow deep shadow cure in free-radically 

and cationically initiated thick (centimeter scale) or opaque samples upon UV exposure.272 

Despite its attractive simplicity, limited storage stability of the peroxides-containing 

formulations and its inherent dependence on the self-propagated (by polymerization 

exothermicity) temperature wave front (over 100 ˚C) have precluded the use of this technique 

in most applications.273-275 No reports were found of free-radical photopolymerization of 

(meth)acrylates in which initiation extends beyond the irradiation space and time under 

ambient conditions without depending on the polymerization exotherm to sustain initiation in 

the dark.  

In this contribution, we introduce the concept of organic photoredox catalysis as a novel 

approach to combine the temporal onset control of conventional photo-activation with the 

spatial reach of redox-activated radical production. We demonstrate that the combination of 
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these phenomena extends the capabilities of prevailing photoinitiated processes and enables 

the practical synthesis of initially optically thick, centimeter-scale vinyl photopolymers at 

ambient conditions.   

In recent years, photoredox catalysis has gained attention as an alternative to achieve 

faster rates of radical-initiated polymerization upon low-intensity visible-light irradiation.276 

Almost all of the reported mechanisms, including those for similar methylene blue 

(MB+)/amine/onium salt formulations, rely on sequential 1e- transfers to and from the 

photocatalyst, as is characteristic of ruthenium and iridium complexes.276-283 In these 

mechanisms, transfer of a single electron allows production of (open-shell) radicals from the 

photo-induced electron transfer (PET) step and essentially initiates the polymerization process 

immediately after the light-absorption event. Then, the consecutive 1e- transfer step(s), 

responsible for the regeneration of the photocatalyst, occur(s) so fast that light-energy ‘stored’ 

in the photocatalyst as chemical energy is used shortly (less than a few seconds) after the PET 

step; thus these radical production approaches are incapable of sustaining the polymer 

synthesis for prolonged periods (hours) following light cessation.255, 281  

To the best of our knowledge, we report the first energy-harvesting approach using 

organic photocatalysis for latent light-induced radical-initiated polymer synthesis that relies on 

a two-electron/one-proton (2e-/1H+) transfer mechanism. Using a sterically-hindered amine 

(N,N-diisopropylethylamine, DIPEA) as a sacrificial donor that induces a 2e-/1H+ transfer to the 

organic photocatalyst MB+ in a 1-to-1 fashion, we prevent immediate free-radical initiation of 

polymer synthesis of (meth)acrylate monomers upon light absorption, and enable visible-light 
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energy storage as chemical energy in a metastable closed-shell species: leuco-methylene blue 

(LMB). The stored energy is subsequently utilized to generate two initiating phenyl radicals per 

photocatalytic cycle from the ground-state redox reaction between the metastable LMB and 

the oxidizer (diphenyliodonium, DPI+) for extended time intervals (hours) after short, low-

intensity irradiation.  

Using photocatalysis to store light-energy in a metastable species (via a 2e-/1H+ transfer 

mechanism) in order to sustain ground-state reactions (e.g. radical generation that initiates 

polymer synthesis) for extended periods (hours) after a brief light-activation is the basis of the 

approach presented herein. Similar PET-based mechanisms have been envisioned as the basis 

for ‘molecular circuits’ and ‘molecular computing devices’,284-285 but we present the first 

example of a PET-based scheme for light harvesting analogous to photosynthesis that allows 

photopolymerization be extended well beyond irradiation. In this paper, we: 1) describe 

coupled experimental and quantum chemical studies that support the photo-induced redox 

radical formation via the 2e-/1H+ transfer mechanism and 2) demonstrate the capabilities of 

this new radical production approach within the scope of radical chain-growth polymer 

synthesis. 

5.2 Results and discussion 

5.2.1 Fast radical production in MB+/DIPEA/DPI+ formulations. Radical production was 

analyzed by monitoring the disappearance of the infrared absorption corresponding to the vinyl 

group (=CH2) of the monomer with Fourier transform near-infrared spectroscopy (FT-NIR).286 

The extent of vinyl group consumption indicates monomer conversion due to polymerization, 

which correlates with radical production. Under continuous, low-intensity visible-light 
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irradiation, monomer solution (e.g. 2-hydroxyethyl methacrylate; HEMA) containing methylene 

blue (MB+, 1), N,N-diisopropylethylamine (DIPEA, 2), and diphenyliodonium cation (DPI+, 3) 

reaches a vitrification-limited 85 % conversion in 500 s (Figure 5.1a). Under the same 

conditions, formulations where either or both DIPEA and DPI+ are absent (MB+/DIPEA; 

MB+/DPI+; or MB+) exhibit less than 2 % monomer consumption.  

To further probe the initiation process, the concentration of MB+ was analyzed via real-

time ultraviolet-visible (UV-Vis) spectroscopy. MB+ is consumed efficiently (Figure 5.1b) in the 

presence of DIPEA with or without DPI+. However, the MB+/DIPEA formulation is ineffectual 

towards initiating polymerization, whereas the MB+/DIPEA/DPI+ formulation leads to a 

significant radical production rate, as demonstrated by HEMA conversion, that is comparable to 

the reaction kinetics and conversion achieved with a conventional visible-light initiator 

composed of camphorquinone (CQ) and ethyl 4-dimethylaminobenzoate (EDMAB), for which 

equivalent amounts of photons are absorbed (Figure 5.1a- see experimental section). Hence, 

direct radical production from MB+ consumption by DIPEA is negligible. This indicates that MB+ 

consumption and radical production involve separate reaction steps (described in detail in 

following sections); while MB+ consumption is primarily dependent on the presence of DIPEA; 

the oxidant (DPI+) plays the main role in radical production. 

5.2.2 PET reaction of MB+/DIPEA generates the colorless LMB. Now, we reevaluate the 

MB+/DIPEA system to establish the connection between photoreduction of MB+ and the 

subsequent radical generation that necessitates the presence of DPI+. In general, the reduction 
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of MB+ has been proposed to proceed via a 2e-/1H+ process to produce the leuco product LMB 

in a reducing environment,287-288 as represented in reaction (1). 

MB+ + 2e- + 1H+ = LMB                 (1) 

 

Figure 5.1: Evidence of radical production via photoredox catalysis of methylene blue (MB+). 
a, Conversion of vinyl  group (polymerization) of 2-hydroxyethyl methacrylate (HEMA) during continuous 
irradiation of 1 mm thick samples. MB+ (1)/DIPEA (2)/DPI+ (3) are required for polymerization at a rate comparable 
to the conventional CQ/EDMAB formulation with the same amount of photons absorbed (~13 and 22 mW/cm2, 
respectively). b, Initial rates of polymerization (Rp0 from numerical differentiation of FT-IR data- see SI section 4) 
and initial rates of MB+ bleaching (with UV-Vis spectroscopy at ~60 mW/cm2). MB+/DIPEA leads to efficient 
consumption of MB+ (2.1*10-5 M/s) but no radical production (which correlates to the vinyl group conversion and 
Rp0), whereas MB+/DIEPA/DPI+ increases radical production rate dramatically (~100-fold based on Rp0) with no 
significant improvement on MB+ consumption rate (2.7*10-5 M/s). Rates of bleaching without DIPEA are negligible. 
This indicates that DIPEA does not produce radicals efficiently (shows negligible polymerization). Thus, DPI+ should 
play the main role in term of radical production. c, Photoredox cycle in methanol with DIPEA and O2 or DPI+. MB+ in 
methanol is bleached, photoreduced to colorless LMB, and regenerated by an oxidant. The process can be 
repeated as MB+ is regenerated after each cycle, i.e. photocatalysis cycle. 

Under irradiation, the 2e-/1H+ transfer process (1) is driven by light and is referred to as 

photo-induced electron transfer (PET).289-290 The PET of specific interest here is the reduction of 

MB+ to the colorless LMB in the presence of DIPEA (reductant). For example, in Figure 5.1b, we 

see that the rates of MB+ consumption for the MB+/DIPEA and MB+/DIPEA/DPI+ formulations 

are 2.1*10-5 and 2.7*10-5 M/s, respectively. Reduction of MB+ to LMB is identified by the 
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decrease of the ~650 nm-centered peak and appearance of a ~250 nm-centered peak (Figure 

5.1b- see SI section 7). This process is commonly known as ‘photo-bleaching’, where the 

signature blue color of MB+ (λmax = ~650 nm) disappears and the mixture turns colorless (Figure 

5.1c).  

 

Figure 5.2: Free radical initiated polymer synthesis with light energy harvesting cycle. 
Step 1: Visible-light (hν) excitation of MB+ to the singlet state (not shown), which quickly decays to the longer-lived 
triplet state (MBt

+*) via intersystem crossing. Step 2: excess DIPEA quenches MBt
+* to colorless LMB via transfer of 

two electrons and one proton (reaction 1) through formation of a charge-transfer excited state complex (exciplex). 
Step 3: after a 2e-/1H+ transfer, the exciplex separates into LMB and DIPEA-decomposition products. DIPEA 
decomposes to closed-shell molecules, and does not initiate polymerization. Step 4: LMB is oxidized back to MB+ 
by DPI+ to produce two phenyl radicals per LMB. Phenyl radicals are responsible for the fast initiation of chain-
growth polymerization of HEMA. Faster (thicker arrows) MB+ reduction and slower (thinner arrows) reoxidation 
steps allow LMB to accumulate, and also create a lag time between light absorption and radical generation. Thus, 
energy is stored as an electrochemical potential between LMB and DPI+, which produces radicals beyond light 
absorption. This is analogous to the NADP+/NADPH cycle (inset) known in photosynthesis in which the transfer of 
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2e-/1H+ in the photoredox cycle stores light-energy in the form of a chemical potential that is used to reduce 

carbon dioxide to higher molecular weight sugars and carbohydrates.  

Next, we describe the PET process in greater detail, as illustrated in Figure 5.2. In step 1, 

absorption of photons excites MB+, which undergoes intersystem crossing to ultimately 

produce the triplet excited-state MBt
+*. Subsequently in step 2, an excited-state complex 

(exciplex) forms between DIPEA and MBt
+* prior to the PET reaction.291 It is important to note 

that in conventional PET reactions involving amines and chromophores, the amine reductant 

typically provides one electron (e-) and one proton (H+) to the photo-excited chromophore.278, 

280-281, 289-290, 292 For example, with the CQ chromophore and EDMAB reductant, transfer of 1e-

/1H+ results in the production of the alpha-aminoalkyl radical that is reactive towards vinyl 

monomers and thus initiates polymerization.279, 293 If the analogous 1e-/1H+ transfers occur in 

MB+/DIPEA photoreduction, two DIPEA molecules would be required for each bleached MB+ 

(reaction 1). As a result, each amine would result in an alpha-aminoalkyl radical that would be 

expected to cause fast polymerization of the methacrylate monomer. Quantum chemical 

simulations predict that creation of a monomer-based radical with the alpha-aminoalkyl radical, 

i.e. initiation of the polymerization, is barrierless and thus confirm that polymerization would 

be fast and diffusion-limited in solution if DIPEA-based radicals were produced. In Figure 5.3, 

we show the equilibrium structures of (a) reactant, (b) transition state (TS) and (c) product for 

the C-C bond formation reaction between the alpha-aminoalkyl radical and HEMA monomer. 
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Figure 5.3: Reaction between alpha-aminoalkyl radical and HEMA monomer. 
Equilibrium structures of (a) Reactant, (b) Transition state (TS) and (c) Product are determined using unrestricted 
M06/6-311G(d,p)/CPCM-methanol. The enthalpic barrier for this reaction is determined to be ∆H0

act = -1.4 
kcal/mol, after zero-point-energy (ZPE) and thermal corrections to 298K. Note that although ∆E0

act is positive, 
thermal and zero-point corrections often produce a negative ∆H0

act for reactions that are essentially barrierless.  

Despite the formation of LMB, we observed no significant polymerization with 

MB+/DIPEA (Figure 5.1a). This contrasts with other tertiary aliphatic amines that photoreduce 

MB+ via 1e-/1H+ transfers to produce alpha-aminoalkyl radicals that initiate polymerization 

efficiently, as previously reported,277, 294-295 and confirmed by our FT-NIR spectroscopy 

measurements with other tertiary amines (SI, Section 2). This observation compelled us to 

propose that the strong and sterically-hindered DIPEA base plays a unique role in the MB+ PET 

reaction examined here: it reacts rapidly with the photoexcited MB t
+* in a 1-to-1 fashion, 

where DIPEA serves as a 2e-/1H+ donor. Hence, closed-shell degradation products are produced 

from the PET reaction (Figure 5.2, Step 3), but not DIPEA-based (alpha-aminoalkyl) radicals. 

Using electrospray ionization-mass spectrometry (ESI+), we identified both 2-ethyliminopropane 

and propene as the by-products of the entropy-driven DIPEA decomposition via carbon-

nitrogen -bond cleavage (SI, section 3).  
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To our knowledge, this is the first time a 2e-/1H+ transfer mechanism has been 

demonstrated for the photoreduction of a photocatalyst (MB+) with an amine (DIPEA) in 1:1 

ratio that produces no alpha-aminoalkyl radicals during the PET reaction.  

 

Figure 5.4: Dearomatization of MB+ after a 2e-/1H+ transfer. 
 (a) MB+ is a planar aromatic molecule that absorbs strongly in the visible light spectrum (λmax = ~650nm). (b) LMB 
is a photoproduct of a 2e-/1H+ transfer in MB+/DIPEA PET reaction. After a 2e-/1H+ transfer, the thiazine ring in 
LMB is dearomatized and is significantly bent from the original planar structure. Time-dependent DFT (TD-DFT, 
Methods) using ωB97XD/LANL2dz/CPCM-methanol predicts that LMB absorbs at λmax = ~300 nm, which 
corroborates the observed blue-shift of λmax to ~250 nm and explains the bleaching of the solution to its colorless 
form. 

Finally, the PET reaction in step 3 leads to the desired LMB product. Examination of the 

calculated LMB equilibrium structure (Figure 5.4) suggests that a dearomatization process 

occurs after 2e-/1H+ transfer (1), where the thiazine ring distorts significantly from its original 

planar structure. Furthermore, excited state calculations using TD-DFT predict that the PET 

process significantly blue-shifts MB+ absorption, which is typical of a dearomatization process. 

LMB is predicted to absorb only in the near-UV region at ~300 nm (compared to ~650 nm for 

MB+), which agrees with the appearance of the ~250 nm peak during PET. Next, we examine 

how LMB, a meta-stable closed-shell product from PET, participates in a ground-state reaction 

with the DPI+ oxidant to generate the radicals responsible for polymerization. 
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5.2.3 Radical production from LMB/DPI+ reaction. If photoreduction of MB+ by DIPEA 

produces LMB by (1) but generates no radicals, then the radicals responsible for the fast 

polymerization of the monomer with MB+/DIPEA/DPI+ must arise from the ground-state 

oxidation of LMB back to MB+ by DPI+. This proposal is based on the fact that LMB has been 

observed to oxidize to MB+ with O2 as the oxidant, consistent with the observed gradual return 

of MB+’s blue color (Figure 5.1c). Furthermore, LMB is an efficient reducing agent.277, 296-298 

Herein we propose that radical production in MB+/DIPEA/DPI+ (Figure 5.2, Step 4) occurs as 

follows: 

LMB + 2 DPI+ = MB+ + 2 Ph• + 2 I-Ph + H+  (2) 

DFT calculations performed at the uM06/6-311G**//uωB97XD/LANL2dz level of theory 

in CPCM implicit methanol solvent (see Methods) support reaction (2) with a predicted ∆G0
rxn of 

-5.2 kcal/mol. Furthermore, production of two highly reactive phenyl radicals per LMB accounts 

for the fast polymerization rate observed with MB+/DIPEA/DPI+ (Figure 5.1a) under irradiation. 

ESI+ shows the production of iodobenzene-based products (SI, Section 3), which provides 

additional evidence for (2); the oxidation of LMB by DPI+ via (2) also explains the observed 

return of MB+’s blue color. 

To further investigate the radical generation process described by reaction (2), we 

performed an Arrhenius analysis to determine that the activation barrier for the free radical 

production step in the polymerization of HEMA with MB+/DIPEA/DPI+ is Eact = 6.6 ± 1.0 

kcal/mol (Figure 5.5a and SI, Section 3). Next, we used real-time UV-Vis to quantify the 

regeneration rate of MB+ at various temperatures after a 10 s irradiation (Figure 5.5b). We 
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observed that light-activated MB+ consumption is temperature independent (Figure 5.3b, 

Light), as expected for a PET reaction where diffusion restrictions are mitigated by excess 

reductant (DIPEA). In contrast, MB+ regeneration is strongly temperature sensitive (Figure 5.5b, 

Shaded). From the UV-Vis results, we estimate that Eact for MB+ regeneration is 7.2 ± 1.3 

kcal/mol (SI, Section 4).  

Statistical agreement in Eact values from independent Arrhenius analyses of both 

monomer consumption and MB+ regeneration effectively confirms that the two observations 

are due to reoxidation of LMB by DPI+. Notably, there is an alternative radical production 

pathway based on direct redox reaction between DIPEA and DPI+; however, its Eact is 13.1 ± 

1.0 kcal/mol (SI, Section 4). From this we calculate that well over 90 % (depending on 

MB+/DIPEA/DPI+ concentrations) of the phenyl radicals originate from the LMB/DPI+ reaction 

once LMB is generated via MB+ photoreduction. 

 

Figure 5.5: Activation energy for MB+ regeneration matches initiation of polymerization. 
a, Vinyl conversion (red continuous line) and Rp (blue dashed line-obtained from numerical differentiation of FT-IR 
data) under illumination show Arrhenius (temperature) dependence. Activation energy for initiation of 
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polymerization (Eact = 6.6 ± 1 kcal/mol) is due to the redox reaction between LMB and DPI+ (arrows indicate 
temperature increase). b, Absorbance monitoring (650 nm – MB+ peak) proves temperature-insensitive (light-
dependent) photoreduction of MB+ by DIPEA, i.e. bleaching of the blue color. After 10 s of irradiation, MB+ is 

regenerated in the absence of light. Activation energy for MB+ regeneration (Eact = 7.2 ± 1.2 kcal/mol) agrees with 
the estimated activation energy for the initiation of polymerization (from FT-NIR) because both are due to the 
LMB/DPI+ reaction. 

5.2.4 Stored energy in LMB extends radical production after irradiation. Having 

demonstrated that this photocatalysis mechanism most likely proceeds via a 2e-/1H+ transfer, 

we now show that MB+/DIPEA/DPI+ can be tuned so that the polymerization reaction continues 

for hours after light cessation. In Figure 5.6a, we show that during a 1 min low-intensity light-

exposure, the bulk polymerization of HEMA reached ~8% conversion for MB+/DIPEA/DPI+. 

Extinguishing the irradiation at this point led to the continued rise in conversion in the dark 

over the next 2 hours to reach 80%, with radical formation likely persisting over even longer 

timescales. This offers additional proof that the above-described radical production by 

LMB/DPI+ occurs via a ground-state “dark” reaction. Similar studies with additional irradiation 

times are provided in SI section 5 to confirm this unique behavior. The initial PET reaction 

‘charges’ the photocatalytic cycle by quickly converting MB+ into LMB via steps 1-3 of Figure 

5.2, also demonstrated in Figure 5.3b. The sample bleaches as LMB accumulates because step 4 

(or equivalently reaction 2) is rate limiting. Light-energy is subsequently harvested as the 

chemical potential between MB+ and LMB, and “dark” reaction with DPI+ drives radical 

production and polymerization after the brief PET reaction. In contrast, polymerization did not 

continue in the dark for MB+/DIPEA or CQ/EDMAB in HEMA. It is noteworthy that the final 

‘dark’ conversion achieved with MB+/DIPEA/DPI+ is nearly the same as that obtained with 

continuous light exposure (86 %, Figure 5.1a), which indicates the final conversion is not 

significantly hampered by such a short initial light exposure period. 
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5.2.5 Photocatalysis cycle mimics photosynthesis. The photoredox catalysis here mimics 

nature’s photosynthesis where energy from visible-light is stored as the chemical potential in 

the MB+/LMB redox couple. This is analogous to photosynthesis, where visible-light absorbing 

proteins in Photosystem I and II undergo PET reactions to store energy in the NADP+/NADPH 

redox couple. Both redox couples store energy using a 2e-/1H+ transfer reaction and participate 

in ground state (light-independent analogous to the Calvin cycle) reactions to release the stored 

energy. While the closed-shell NADPH energy carrier drives the synthesis of sugars and natural 

polymers in the absence of light;299-300 the system utilizes its stored energy, originally derived 

from light, in LMB to generate radicals (reaction 2) that initiate polymerization for the synthesis 

of macromolecules in the absence of light.  

5.2.6 Spatial extension of radical production beyond the irradiation site. Next, we 

demonstrate that polymer synthesis with MB+/DIPEA/DPI+ not only extends temporally, but 

also spatially beyond the reach of photons (Figure 5.6b). HEMA was polymerized on a glass 

substrate by exposing the unmasked 2 mm fringe of an 8 mm long monomer sample to 

continuous irradiation for 10 min. The lateral extent of photo-activated polymerization into the 

shadow region was determined by washing away unreacted monomer with acetone after 30 

min of storage in the absence of light. CQ/EDMAB yielded a patterned polymer that extended 

only 170 ± 190 µm into the masked region (Figure 5.6b, Islet). Notably, during this time, the 

MB+/DIPEA/DPI+ formulation shows 3.73 ± 0.73 mm of lateral polymerization into the dark 

area. This is due to relatively stable LMB produced in the irradiated region (reaction 2) diffusing 

into the masked region and reacting with DPI+; thus, generating radicals and initiating 

polymerization ‘far’ (millimeters) from the LMB-formation site. Using embedded 
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thermocouples, we verified that there is no thermal front involved in the extension of 

polymerization beyond the direct light activation.301 While many photopolymer applications 

rely on the intrinsic spatial control associated with conventional photoinitiating systems, this 

approach uniquely decouples spatial restrictions from the photo-activation process. It is 

certainly advantageous in instances where radical generation around corners and into 

shadowed regions is desirable, such as in automotive and aerospace coatings of irregular 

surfaces and polymers for in-situ biomedical applications.  

5.2.7 Photo-activated synthesis of thicker polymers. The aforementioned temporal and 

spatial extension of radical generation is utilized to achieve light-mediated synthesis of 

polymers at least an order of magnitude thicker than the millimeter-scale of conventional 

photoinitiated formulations under low-intensity and short exposure conditions. The full depth 

of ~1.2 cm thick HEMA polymer specimens (Figure 5.6c) was photocured with a 1 min exposure 

to 3.4 mW/cm2 light. Under these very mild conditions, the photoreduction of MB+ to LMB 

initially occurs near the top surface, close to the irradiation source, where photon flux is 

highest. As MB+ is transformed into LMB, bleaching occurs in a gradient fashion allowing the 

light to penetrate deeper into the originally optically thick sample. Within one minute of 

illumination the sample is entirely colorless, but not yet polymerized. HEMA polymerization 

then continued in the dark using the radicals from the LMB/DPI+ reaction. After 30 min, the 

sample was gelled throughout with polymerization continuing to completion in the dark over 

several hours.  
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Figure 5.6: Radical generation in the dark from stored energy in LMB. 
a, HEMA with MB+/DIPEA/DPI+ reaches 80 % conversion with 60 s of illumination after having achieved only 8 % 
conversion during active illumination. MB+/DIPEA and CQ/EDMAB show no energy-harvesting capability. b, Stable 
LMB diffuses and extends radical production beyond the light absorption site. Polymerization is initiated into a 
masked region 3.7 ± 0.7 mm (standard deviation, n=3) away from the illuminated region (2 mm in width) with 
MB+/DIPEA/DPI+. Statistically negligible extension of polymerization was observed in the masked region with 
CQ/EDMAB at equivalent conditions. c, Polymerization of optically thick 1.2 cm (height) HEMA and GDMA. Poly-
HEMA discs were made with 1 min irradiation (from the top). An analogous sample with CQ/EDMAB was irradiated 
with an equivalent number of absorbed photons showing negligible polymerization and remained liquid (SI section 
5). d, Vinyl conversion by FT-NIR (with standard deviation, n= 3) is more uniform throughout the depth in a 10 
times more optically opaque MB+/DIPEA/DPI+ sample than in a conventional CQ/EDMAB sample. Dashed lines 
indicate the linear regression of the final conversion profile, and solid lines indicate the local light transmission 
profile at the start of irradiation (based on the respective active wavelengths and molar absorptivities of CQ and 
MB+ in GDMA).  

Due to diffusion constraints in the polymer, the blue color in the polymer does not fully 

regenerate, as not all LMB is able to oxidize to MB+. The multi-millimeter diffusion of the 

relatively stable high-energy close-shell LMB (Figure 5.4b) can aid in achieving centimeter plus-
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scale polymerization even if MB+ photobleaching were not complete throughout the entire 

depth of the sample. For instance, CQ transmits more light through the 1.2 cm samples and can 

be bleached efficiently with EDMAB allowing for progressive light penetration in the same 

sample geometry; however, CQ/EDMAB specimens show noticeably less polymerization at 

equivalent photon absorption, i.e. essentially no polymerization of HEMA at these mild 

conditions (SI section 6). 

These capabilities can also be exploited with other monomers, such as the crosslinking 

photopolymerization of glycerol dimethacrylate (GDMA) or triethylene glycol di(meth)acrylate. 

The higher modulus GDMA polymer was used to prepare similarly thick samples, which were 

then sectioned (~ 1 mm slices) to reveal a much more uniform conversion profile to a depth of 

at least 1 cm, than what is achieved with the analogous CQ/EDMAB sample, which has an 

initially 10-fold greater optical transparency (Figure 5.6d). The limiting GDMA conversion (~65 

%) is achieved in the top layer with either initiator system with an equivalent amount of 

photons absorbed. However, it is remarkable that conversion in the MB+/DIPEA/DPI+ system 

reduces only marginally (~5%) at a depth of 1 cm under such mild irradiation conditions, while 

conversion in the CQ/EDMAB formulation drops precipitously to zero, as is typical for 

conventional radical-initiated photopolymerizations. In general, much higher intensities and/or 

longer exposures are needed to achieve this same outcome with conventional photoinitiators 

as demonstrated using CQ/EDMAB. 

Such a small variation in monomer vinyl conversion with depth permits the design of 

photo-activated initiation systems for synthesis of optically thick polymers under milder, highly 
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energy-efficient irradiation regimes and within a timescale comparable to conventional redox 

initiators,302 but with unprecedented temporal activation control. We contend that this is the 

first photoredox catalysis employed to design a temporally-controlled redox initiation system 

where the active radicals are not generated directly by the light-dependent reaction, and in 

which the rates of photo-reduction and oxidation in the photoredox cycle can be tuned to 

achieve energy storage that extends polymerization well beyond the time and distance 

associated with the light absorption process.  

5.3 Conclusion 

The key to extend initiation beyond irradiation with photoredox catalysis concept is achieving a 

fast, efficient photochemical storage step (photobleaching), in which light-energy is converted 

into chemical energy and later released in a much longer time interval based on the chemical 

potential of the redox pair (e.g. LMB/DPI+). The energy utilization on much longer timescales 

than that of light-absorption is tuned by the kinetics of the ground-state redox reaction. Thus, 

the primary reason for the use of DIPEA as the reductant in the presented system is its fast 

bleaching ‘rate’ with MB+ and the lack of alpha-aminoalkyl radical formation. This approach 

unlocks new opportunities for the application of other chemistries that enable energy storage 

in bulk and solution polymer and possibly organic synthesis.246   

The concentration of MB+, and the associated LMB, will affect the rate (kinetics) and 

duration (thermodynamics) of the polymerization after the short light-pulse. The experimental 

parameters used herein were not optimized and we expect that this concept can be improved 

to synthesize even thicker polymers. This work serves only as proof of concept for the novel 
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initiation scheme, and can be extended to a range of polymer applications and likely organic 

synthesis as well.  

Ruthenium and iridium complexes produce photo-excited states that are a more 

powerful source of electrochemical potential,257 which may allow for greater potential, 

however different sacrificial reductants or oxidants would be required to allow analogous 

storage of energy derived from light and to avoid initiation shortly after the light-absorption 

event. Ultimately we propose that additional organic and organometallic photocatalysis 

schemes can be engineered to delay light-energy utilization to hours after light-absorption by 

appropriate formulation design. Photoredox organocatalysis is an attractive alternative for any 

synthetic applications in which expensive photocatalysts (i.e. organometallic) cannot be 

recovered, as would be the case in bulk polymerizations. Additionally, organic photocatalysts 

are more versatile, lower-cost and usually less toxic alternatives.  

This concept could provide significant advantages, including photopolymerization of 

optically thick UV-absorbing monomer formulations, in wide ranging industrial and biomedical 

applications, such as: cell encapsulation, orthopedic and dental cements, tumor phototherapy, 

adhesives and high-throughput polymer films. The final blue tone of the polymer films and discs 

varied with irradiation dose and initial concentrations. However, if desired, the reformed MB+ 

and the blue color can be partially or completely removed from most polymers by swelling, as 

seen in SI section 7, depending on cross-linked density of the polymer network. 
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5.4 Experimental section 

Materials. Methylene blue (MB+), N,N-diisopropylethylamine (DIPEA), and diphenyliodonium 

chloride salt (DPI-Cl) were used as received. 2-Hydroxyethyl methacrylate (HEMA) and glycerol 

dimethacrylate (GDMA) were selected as monomer because it readily dissolves 

MB+/DIPEA/DPI+. Homogeneous samples were prepared by vortex mixing. Methanol (MeOH), 

acetonitrile (ACN) and DI-water were used as solvents (spectro grade). All materials were 

commercially obtained from Aldrich (Milwaukee, WI), and used as received. 

Light source. A halogen dental curing light (Max, DENTSPLY/Caulk, Milford, DE) modified to 

deliver broadband 500-800 nm light was used in the MB+/DIPEA/DPI+ photopolymerization 

experiments. Incident irradiance was measured with a radiometer (6253, International Light 

Technologies, Peabody, MA) within the 400-700 nm range, i.e. not all of which is absorbed by 

MB+. For all the CQ/EDMAB-initiated formulations, the 400-500 nm output of an unaltered  

halogen lamp was applied with the incident irradiance verified by radiometer.  

Fourier transform-infrared spectroscopy (FT-IR). Bulk polymerizations of HEMA were 

monitored in real-time with a FT-near-IR spectrophotometer (Nicolet Magna-IR Series II, 

Thermo Scientific, West Palm Beach, FL) by following the peak area of the first overtone 

absorption band for the methacrylate =CH2 group (6167 cm-1). The spectrophotometer was 

equipped with a KBr beam splitter, a MCT/A detector, and an in-house fabricated horizontal 

stage adapted for in-situ photopolymerization experiments.286 The distance between the light 

source and the sample was ~7 cm to ensure uniform irradiation across the entire sample with 

controlled irradiance values. An 800 nm cut-off filter was used to eliminate the 633 nm HeNe 

reference beam within the NIR output signal. The sample holder for the in-situ polymerization, 
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both in the dark and in the light, consisted of a 1 mm height, 1.6 cm diameter disc fabricated by 

interjecting a perforated silicone rubber shim in between two 1 mm thick glass slides. Rate of 

polymerization was calculated by numerically differentiating the peak area as a function of 

time. Concentrations used were as follows: [MB+] = 4 mM, [DIPEA] = 0.2 M, [DPI+] = 0.04 M, 

[CQ] = 0.02 M and [EDMAB] = 0.04 M. All FT-NIR-monitored polymerizations with 

MB+/DIPEA/DPI+ were performed with 12-13 mW/cm2. For the CQ/EDMAB system the intensity 

used was 22-23 mW/cm2. These intensities gave an approximate 3*10-8 Einsteins/s*cm2 of 

photons absorbed in both systems based on differences in molar absorptivities and 

concentrations of the MB+ and CQ species.  

Ultraviolet-visible (electronic) Spectroscopy (UV-Vis). A diode array spectrophotometer 

(Evolution 300, Thermo-Scientific, West Palm Beach, FL) was employed. Absorbance spectra 

were collected in quartz cuvettes with a 1 cm pathlength (l). FT-NIR samples were also 

employed to remotely monitor MB bleaching in real-time by UV-Vis in the same horizontal 

stage, but separately from the IR experiments. Concentrations used were as follows: [MB+] = 4 

mM, [DIPEA] = 0.2 M and [DPI+] = 0.04 M. UV-Vis experiments were performed with an intensity 

of 60 mW/cm2 to accelerate the bleaching rate of MB+ and avoid significant polymer diffusion 

constraints to the reoxidation reaction between LMB and DPI+. 

Electrospray Ionization Mass Spectrometry (ESI-MS). Identification of the intermediates and 

final products of the reaction was performed in a LC/MS/MS mass spectrometer system (ABI 

4000 Q TRAP®, Life Technologies, Carlsbad, CA) equipped with a triple quadruple/linear ion trap 

analyzer, and electrospray ionization (ESI) detection.  
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Quantum chemical calculations. Excited state calculations were performed using time-

dependent density functional theory (TD-DFT) with the uωB97XD303 /6-311G** level of theory 

where solvation in methanol was described using a polarizable continuum model (CPCM).68 The 

reaction between an alpha amino-alkyl radical (derived from DIPEA) and HEMA monomer was 

determined to be barrierless, where the calculations were performed using uM06121 /6-

311G**/CPCM-methanol. In predicting the thermochemistry in reaction 2, we employed 

uM06/6-311G**//uωB97XD/LANL2dz in CPCM described methanol solvent. To estimate the 

entropy contribution to the free energy, a frequency calculation was performed using 

uωB97XD/LANL2dz. All calculations were performed using the GAUSSIAN0961 and GAMESS59 

computational chemistry software packages.  

Lateral polymerization experiments. Experiments were performed in a J500 Mask Aligner from 

Optical Associates. Exposed monomer borders a 500 µm thick opaque rubber spacer on all sides 

such that photo-generated molecules can diffuse only in one direction. The exposed fringes 

were 2 x 18 mm and the total monomer samples were 8 x 18 mm. Light intensity was chosen so 

Rp is equal in the MB+/DIPEA/DPI+ and CQ/EDMAB initiating systems, hence achieving ~80 % 

conversion during the 10 min irradiance in both cases, i.e., diffusion restrictions are roughly 

equivalent. The use of a collimated light-beam and a non-reflective surface prevented light 

from reflecting into the masked region from the exposed region of the sample. A black mask 

was used as a substrate at the bottom of the samples to eliminate any reflectance of photons 

into the masked region. A glass microscope slide was used as the top boundary to be able to 

obtain final polymer samples that adhered to the glass. Concentrations used were as follows: 

[MB+] = 0.4 mM, [DIPEA] = 0.2 M, [DPI+] = 0.04 M, [CQ] = 0.02 M and [EDMAB] = 0.04 M. Light 
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intensity used was 12 mW/cm2 for the MB+/DIPEA/DPI+ system and 23 mW/cm2 for the 

CQ/EDMAB system to obtain approximately equivalent amounts of absorbed photons.  

Thick disc polymerization experiments. MB+/DIPEA/DPI+ and CQ/EDMAB samples were 

prepared in HEMA. Monomer (1.5 ml) with each initiator in glass vials was irradiated for 1 min 

at 3.4 mW/cm2 (>500 nm) for MB+/DIPEA/DPI+, and 6.6 mW/cm2 (400-500 nm) for CQ/EDMAB 

to achieve equivalent photon absorption. Samples were then stored in a closed container with 

no light access for over 30 min. The progression of the viscosity of the samples was periodically 

monitored in both cases qualitatively and photographed. Concentrations used in these 

experiments were as follows: [MB+] = 0.4 mM, [DIPEA] = 0.2 M, [DPI+] = 0.04 M, [CQ] = 0.02 M, 

[EDMAB] = 0.04 M. At these conditions the HEMA with CQ/EDMAB remains liquid and cannot 

be sectioned for FT-NIR analysis. Thus, additional experiments with GDMA were performed 

using 9-10 mW/cm2 for MB+/DIPEA/DPI+ and 17-18 mW/cm2 for CQ/EDMAB. At these 

intensities, the ~ 1.2 cm thick samples were sectioned to ~ 1.5 mm slices, which were analyzed 

with FT-NIR after 60 s irradiation and 90-120 min in dark storage. To determine conversion 

means and standard deviations as a function of depth the experiments were repeated 3-4 

times. All samples were purged with nitrogen for 5 minutes before irradiation at a pressure of 

10-20 psi.  

Methylene blue extraction from poly-HEMA gel. A 1.2 x 1.1 cm poly-HEMA disc was 

polymerized from bulk HEMA (97 %) with MB+/DIPEA/DPI+ using 5 min irradiation at 11 

mW/cm2 of a white LED lamp. The sample was left to react in the dark for 30 min. Then, the 

polymer gel was removed from the mold and introduced into 20 ml of water. UV-Vis 
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absorbance of the water solution was monitored with time to track the change in the peak at ~ 

660 nm, indicative of the MB+ concentration in solution.  
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Appendix 
 

A. Supporting information – Mechanism of Homogeneous Reduction of CO2 by 

Pyridine: Proton Relay in Aqueous Solvent and Aromatic Stabilization 

 

A.1 Solvated PyH+ Adsorption on the Pt (111) Surface 

Simulations of PyH+ (aq) adsorbed on the (111) face of Pt modeled using a 180-atom Pt surface 

model, 102 water molecules and a Cl- counterion were performed using  plane wave periodic 

boundary condition DFT as implemented in the Vienna Ab initio Simulation Program (VASP).304-

305 We employed the Perdew−Burke−Ernzerhof (PBE) generalized gradient approximation (GGA) 

exchange and correlation functional306 along with projector augmented wave (PAW) 

pseudopotentials.307 PAW’s were used to describe the hydrogen 1s; nitrogen and carbon 2s and 

2p; chlorine 3s and 3p; and platinum 6s and 5d electrons explicitly. Optimization of the Pt unit 

cell was performed with a 4 × 4 × 4 Monkhorst-Pack k-point mesh expansion. All calculations 

were spin polarized and utilized a 500 eV cut off energy, and all supercell calculations were 

conducted at the Γ-point; as extensive Brillouin zone folding for large supercells enables the Γ-

point to span a larger fraction of k-space without the added computational expense of a k-point 

expansion. For the supercell calculations we used a 180-atom Pt (111) surface model of 5 layers 

thick with the bottom 3 layers of Pt atoms frozen.  To model the solvation effects of PyH+ 

adsorption 102 waters and 8 Å of vacuum space were placed in the 28 Å gap between the front 

and backsides of the Pt slab as illustrated in Figure S1a. Molecular dynamics simulations were 

performed to anneal the water structure to a bulk-like density for simulation of the aqueous 

layer. Bader charge analysis was conducted using software from the Henkelman group.308-309 

The adsorption energy (no ZPE correction) of water solvated PyH+ on the Pt (111) surface is 

found to be 1.0 eV per molecule.  The strong interaction of PyH+ with the Pt surface is indicated 

by the adsorbed PyH+ projected density of states (PDOS) which show a significant broadening 

and population of the adsorbate states as a result of mixing with the surface states  (see Figure 

S1b). The strong absorption energy of aromatic heterocyclic PyH+ is consistent with the 

reported strong absorption energies on metal surfaces of other aromatics; such as benzene, 

which ranges from 1.21-2.88 eV on Pt, Pd, Rh, and Ir.49 Bader charge analysis predicts 0.56 e- 

transferred to PyH+ from the Pt surface. On the Pt surface, N gains 0.19 e- while the remaining 

heterocyclic ring gains 0.37 e-, suggesting significant charge is donated into the PyH+ π-space 

when adsorbed on the surface, which further suggests the reduction potential of PyH+ on the Pt 

surface will be decreased (less negative) relative to its homogeneous phase value. The energy 

offset due to the decreased reduction potential on the surface must be accounted for by 
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thermal activation or an applied overpotential to facilitate PyH0 desorption into the 

homogenous phase. 

 

Figure S1a: Solvated PyH+ adsorption on (111) Pt surface simulated using an 180 atom Pt 

surface with 102 solvating waters and a charge balancing Cl- counterion (additional boundary 

atoms shown for clarity).  
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Figure S1b: Projected density of states (PDOS) of solvated PyH+ adsorption on (111) Pt surface 

decomposed by molecular species (top) and an enlarged view of the PDOS of PyH+ near the 

Fermi energy (bottom). 
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A.2 Calculation of Keq for the Zwitterionic Py•CO2 Complex  

Tossell determined that at least one explicit water must be used in order to describe the 

formation of the zwitterionic Py•CO2 complex by the reaction Py + CO2 + H2O = Py•CO2 + H2O 

(eq. 1), depicted in Figure S2 as the product.44 We determined that ∆H0 = -0.2 kcal/mol for eq. 1 

at the CBS-QB3/CPCM-H2O level of theory.77 Meanwhile, T∆S0 = -8.4 kcal/mol for eq. 1, but was 

calculated in the absence of the explicit water using B3LYP/6-31+G**/CPCM-H2O.310-311 

Including T∆S0 from this one water molecule is not physically accurate because in aqueous 

solvent many water molecules are available to participate in Py•CO2 formation at only a minor 

entropic penalty. ∆G0 (Py•CO2 formation) = ∆H0 - T∆S0 = 8.2kcal/mol. Keq= exp(-∆G0 /RT) = ~1E-

06 

 

Figure S2: The Py•CO2 zwitterionic complex in the presence of one explicit water. 
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A.3 Determination of Multi-reference Character in the Reduction of CO2 by PyH0
 

Single-point CASSCF (15,14) calculations62 at roMP258/6-31+G**/CPCM-H2O geometries for the 

reactant, TS and product of the PyH0+CO2+1H2O reaction were used to determine the extent of 

multi-reference character in these structures. Calculations were performed using the GAMESS 

computational chemistry software package.59-60 All chemical bonds that form and break along 

the reaction coordinate are included in the active space of the CASSCF calculation; in particular 

we included 15 electrons and 14 orbitals chosen to be consistent along the reaction pathway in 

our calculations to fully describe the system. CI (configuration interaction) coefficients from the 

CASSCF output were analyzed to determine the weight of the ground state electronic 

configuration contribution to the CASSCF wave function. As a general rule, a ground state CI 

coefficient >0.9 indicates a system with insignificant multi-reference character such that a 

single Slater determinant wave function is sufficient to describe the system correctly and 

accurately. The reactant, TS and product structures of the PyH0+CO2+1H2O reaction have CI 

coefficients of >0.9 for the ground state wave function. Thus, the high level couple-cluster 

CCSD(T) single reference method is a reliable benchmark for this system. Up to ten of the 

largest CI coefficients from the CASSCF calculations are included below for reference with the 

ground state electronic configuration coefficient indicated by bold red text. 

PyH0+CO2+1H2O (reactant) 

                ALPHA      |     BETA            | COEFFICIENT 

 11111111000000 | 11111110000000 |   0.9256435 

 11111101100000 | 11111100100000 |   0.1227180 

 11111110100000 | 11111101000000 |  -0.1098035 

 11101111001000 | 11101110001000 |   0.1079563 

 11111110010000 | 11111011000000 |  -0.1057333 

 10111111000100 | 10111110000100 |   0.0898409 

 11111110010000 | 11111100100000 |   0.0691305 

 11111111000000 | 11111100100000 |  -0.0614998 

 11111111000000 | 11111001100000 |  -0.0574147 

 11111111000000 | 11111010010000 |  -0.0568963 
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PyH0+CO2+1H2O (TS) 

                ALPHA      |     BETA            | COEFFICIENT 

 11111111000000 | 11111110000000 |   0.9138129 

 11111110100000 | 11111101000000 |   0.1493099 

 11111101100000 | 11111100100000 |   0.1297380 

 11111110010000 | 11111011000000 |   0.1116958 

 11111101100000 | 11111110000000 |   0.0766102 

 11111111000000 | 11111100100000 |   0.0726996 

 11111111000000 | 11111011000000 |   0.0634205 

 11111011100000 | 11111100010000 |   0.0616641 

 11111011010000 | 11111110000000 |   0.0594992 

 11111101010000 | 11111010100000 |   0.0585255 

 

PyH0+CO2+1H2O (Product) 

                ALPHA      |     BETA            | COEFFICIENT 

 11111111000000 | 11111110000000 |   0.9170002 

 11111110100000 | 11111101000000 |   0.1391589 

 11111101100000 | 11111100100000 |   0.1281615 

 11111110010000 | 11111011000000 |  -0.1060477 

 11111111000000 | 11111011000000 |  -0.0768217 

 11111101100000 | 11111110000000 |   0.0744552 

 11111111000000 | 11111100100000 |   0.0647038 

 11111011010000 | 11111110000000 |  -0.0603841 

 11111110010000 | 11111100100000 |  -0.0585207 
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 01111111000100 | 01111110000100 |   0.0581762 

A.4 Further Discussion on the use of CPCM to Treat Solvation 

a. Derivation of enthalpic barrier in aqueous solutions 

The free energy in solution is defined by74: 

𝐺𝑠𝑜𝑙𝑛 = 𝐸𝑠𝑜𝑙𝑛 + 𝐺𝑛𝑒𝑠 + 𝐺𝑔𝑎𝑠 − 𝐸𝑔𝑎𝑠         (1) 

where 𝐺𝑠𝑜𝑙𝑛 is the free energy of solute in solution, 𝐸𝑠𝑜𝑙𝑛 is the solvated electronic energy 

described by the implicit solvent model, such as CPCM, 𝐺𝑛𝑒𝑠 is the non-electrostatic contribute 

to solvation free energy, 𝐺𝑔𝑎𝑠 is the free energy of the solute calculated in vacuum, and 𝐸𝑔𝑎𝑠 is 

the electronic energy calculated in vacuum. Eq. (1) can be further simplified to eq. (2) using 

𝐺𝑔𝑎𝑠 = 𝐸𝑔𝑎𝑠 + 𝑃𝑉𝑔𝑎𝑠 − 𝑇𝑆𝑔𝑎𝑠. 

𝐺𝑠𝑜𝑙𝑛 = 𝐸𝑠𝑜𝑙𝑛 + 𝐺𝑛𝑒𝑠 + 𝑃𝑉𝑔𝑎𝑠 − 𝑇𝑆𝑔𝑎𝑠       

 (2) 

Next, the activation free energy for PyCOOH0 product formation can be defined as: 

∆𝐺𝑎𝑐,𝑠𝑜𝑙𝑛 = (𝐸𝑠𝑜𝑙𝑛
𝑇𝑆 − 𝐸𝑠𝑜𝑙𝑛

𝑅 ) + (𝐺𝑛𝑒𝑠
𝑇𝑆 − 𝐺𝑛𝑒𝑠

𝑅 ) − (𝑇𝑆𝑔𝑎𝑠
𝑇𝑆 − 𝑇𝑆𝑔𝑎𝑠

𝑅 )    (3) 

Where the 𝑃𝑉𝑔𝑎𝑠 term cancels out, the superscript “TS” denotes the solute at Transition State 

and “R” denotes the reactants. We will show in part (b) below that, ignoring the non-

electrostatic term results in an insignificant ~1.5kcal/mol of error in ∆𝐺𝑎𝑐,𝑠𝑜𝑙𝑛. Thus, eq.3 is 

simplifies to eq. 4. 

∆𝐺𝑎𝑐,𝑠𝑜𝑙𝑛 = (𝐸𝑠𝑜𝑙𝑛
𝑇𝑆 − 𝐸𝑠𝑜𝑙𝑛

𝑅 ) − (𝑇𝑆𝑔𝑎𝑠
𝑇𝑆 − 𝑇𝑆𝑔𝑎𝑠

𝑅 )      

 (4) 

Note that ∆𝐺𝑎𝑐,𝑠𝑜𝑙𝑛 can also be expressed by: 

∆𝐺𝑎𝑐,𝑠𝑜𝑙𝑛 = ∆𝐻𝑎𝑐,𝑠𝑜𝑙𝑛 − 𝑇∆𝑆𝑎𝑐,𝑠𝑜𝑙𝑛        (5) 

Thus by comparing eq. 4 to eq. 5, (𝐸𝑠𝑜𝑙𝑛
𝑇𝑆 − 𝐸𝑠𝑜𝑙𝑛

𝑅 ) ≈ ∆𝐻𝑎𝑐,𝑠𝑜𝑙𝑛 (the enthalpic barrier reported in 

Table 1) because strictly speaking, the second term on the right of eq. (4) is the entropic 

contribution calculated in gas phase rather than in solution phase as expressed in eq. (5). The 

𝐸𝑠𝑜𝑙𝑛 and 𝐺𝑛𝑒𝑠 both contain parameters to account for this difference.  

 

b. Cancellation of non-electrostatic term Gnes between the TS and reactant 
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We used the SMD69 model at roMP2/6-31+G**level of theory on PyH0+CO2+3H2O to estimate 

contributions of the non-electrostatic term to solvation. We find that ∆𝐺𝑛𝑒𝑠 = 𝐺𝑛𝑒𝑠
𝑇𝑆 − 𝐺𝑛𝑒𝑠

𝑅 =

9.72
𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
− 8.23

𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
= 1.5

𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
 

 

c. Comparing gas phase to implicit solvent CPCM  

Table S1: Comparing gas phase to implicit CPCM calculations for PyH0•CO2+mH2O + nH2O(S) to 

form PyCOOH0 where m is the number of active H2Os in the proton relay and n is the number of 

solvating H2Os. 

System(a) Gas phase CPCM 

 ∆H0
act ∆H0

rxn ∆H0
act ∆H0

rxn 

PyH0 + CO2 + 3H2O 22.1 -3.7 18.5 -3.2 

PyH0 + CO2 + 3H2O + 4H2O(S)  12.5 -8.2 14.6 -4.0 

aEnthalpies in unit kcal/mol and calculations were performed at roMP2/6-31+G** 

In PyH0 + CO2 + 3H2O, the gas phase ∆H0
act is higher than the CPCM where CPCM stabilizes the 

more polar TS relative to the reactant. In contrast, in the case of PyH0 + CO2 + 3H2O + 4H2O(S), 

the gas phase calculation (reaction core plus explicit solvent, but not embedded in implicit 

solvent) predicts a lower barrier, which shows that without CPCM to interact with the first 

explicit solvation shell, the explicit solvent can over-stabilize the TS relative to the reactant 

resulting in a lower ∆H0
act. 
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A.5 Effect of Explicit Solvent 

a. ∆H0
act of PyH0+CO2+3H2O+6H2O(S) in two different explicit solvent configurations 

 

Figure S3: TS structures resulting from two different explicit solvent configurations for 

PyH0+CO2+3H2O + 6H2O(S). (a) ∆H0
act=15.3 kcal/mol. (b) ∆H0

act=14.5 kcal/mol 

b. Product for PyH0+CO2+2H2O + 5H2O(S) 
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Figure S4: The cis PyCOOH0 product with partial proton transfer with O-H bond of 1.44 Å. A 

different explicit solvent configuration will result in complete proton transfer to form the cis 

PyCOOH0 product. 

c. Estimation of enthalpic barrier for PyH0+CO2+1H2O + 6H2O(S) 

 

Figure S5: An estimated TS structure for PyH0 + CO2 + 1H2O + 6H2O(S). Six explicit solvating 

waters are allowed to relax around the frozen PyH0+CO2+1H2O TS structure at the roMP2/6-

31+G** level of theory. The energy of this guessed TS structure is then compared to the IRC 

reactant of PyH0 + CO2 + 3H2O + 4H2O(S), where the enthalpic barrier is obtained after adding 

the ZPE and thermal corrections from the PyH0 + CO2 + 3H2O + 4H2O(S) case. The estimated 

enthalpic barrier for PyH0 + CO2 + 1H2O + 6H2O(S) is 22.8 kcal/mol. We attempted to locate the 

TS for PyH0 + CO2 + 1H2O + 6H2O(S), but the calculations converged to the lower energy TS of 

PyH0 + CO2 + 3H2O + 4H2O(S), thus we resort to this estimation. 
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d. Convergence of barrier for PyH0 + CO2 + 3H2O + nH2O(S) 

 

Figure S6: Convergence of barrier calculated at roMP2/6-31+G**/CPCM-H2O for PyH0 + CO2 + 3 

H2O +nH2O (S) is examined, where n is number of explicit H2O molecules. Both the 0K (before 

ZPE and thermal corrections) and 298K (after ZPE and thermal corrections) are shown for 

comparison. In both cases at the limit of 4, 6 and 10H2O(s), the barriers converge to 

approximately 16.5±0.3 kcal/mol and 14.1±0.5 kcal/mol, which is well within the accuracy of 

roMP2 method. 
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A.6 Standard Reduction Potential and pKa Calculations 

Standard reduction potentials, E0 were calculated following the same procedure used by 

Winget et al. and Tossell.44, 78 A value of -100.5 kcal/mol was assumed for the reduction free 

energy of the standard hydrogen electrode (SHE) as described in Ref. 312. Thus, E0 = (-100.5 - 

∆Gred)/23.05 (vs. SHE), where ∆Gred is defined as the Gibbs free energy of reduction of A (A + e-

=A- eq. 1), which was calculated at the CBS-QB3 level of theory77 in CPCM-H2O solvent. To 

reference to the Saturated Calomel Electrode (SCE), E0 (vs. SHE) is converted to E0 (vs. SCE) 

using E0 (vs. SCE) = E0 (vs. SHE) - 0.24 V. 

Various approaches have been used to calculate pKa’s.313-316 We employed the method 

described by Liptak et al. (with slight modification) where the detailed instructions can be found 

in SI ref. [79]. Here we summarize key equations and procedures to obtain pKa’s in aqueous 

solution. pKa is defined as pKa=∆G0
aq/2.303RT, where ∆G0

aq  is defined as the change in Gibbs 

free energy of the reaction AHaq = A-
aq + H+

aq (eq. 2) in aqueous solution at standard conditions 

and 1M AH. ∆G0
aq can be calculated using a thermodynamic cycle with ∆G0

aq = ∆G0
gas + ∆G0

s(A
-) - 

∆G0
s(AH) + ∆G0

s(H
+).  ∆G0

gas is the change in Gibbs free energy for eq. 2 in gas phase and was 

calculated at the CBS-QB3 level of theory. For ∆G0
gas calculations, an experimental value of -

6.28 kcal/mol was used for G0
gas(H

+) at a reference pressure of 1 atm. ∆G0
s uses a reference 

state of 1M. Conversions can be calculated using ∆G0
gas (1M) = ∆G0

gas (1atm.) + RTln(24.46). 

∆G0
s (A

-) and ∆G0
s (AH) are changes in Gibbs free energy for solvating A- and AH from the gas 

phase, i.e. ∆G0
s (A-) = G0

s (A-) - G0
gas(A

-). Instead of using Hartree-Fock (HF)/CPCM-H2O to 

approximate solvation free energies as done by Liptak et al., we used B3LYP/6-31+G**/CPCM-

H2O. For example, ∆G0
s (A

-) was approximated by E(A-, 0K)B3LYP/CPCM-H2O -  E(A-, 0K)B3LYP/gas-phase. 

Finally, an experimental value of -259.5 kcal/mol was used for ∆G0
s(H

+),317-318 which reproduces 

the experimental pKa of PyH+/Py of 5.3 (pKacalc.=4.4), instead of -264.61 kcal/mol which was 

used by Liptak et al.  to calculate the pKa for carboxylic acids.79 
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A.7 Contribution of Strain Energies to the Activation Barrier of PyH0 + CO2 

To estimate the strain energy due to the C-O-H angular strain in PyH0 + CO2, we used COOH0 as 

the model species. As shown in Figure 8  of the manuscript, -0.60 e charge was transferred to 

CO2 while an O-H bond was partially formed at the TS (Figure 1b), thus COOH0 should be an 

appropriate model to estimate C-O-H angular strain. As shown in Figure 6a, the strain energy 

was estimated to be ∆E(0K)=~15 kcal/mol (not including ZPE) to bend C-O-H from 109 (relaxed) 

to 79o calculated using roMP2/6-31+G**/CPCM-H2O. On the other hand, PyCOO- species was 

used as a model to estimate the strain due to dihedral rotation between the Py and CO2 planes. 

To rotate the dihedral of PyCOO- from its equilibrium structure to the angle of the TS (68), an 

energy of ∆E(0K)=~10 kcal/mol (not including ZPE) is required. 
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A.8 Mulliken Population Analysis and CHELPG Charge Analysis 

In Figure S7 below, net charges on PyH0 and CO2 determined using the CHELPG76 and Mulliken75 

methods are plotted against the reaction coordinate RN-C for PyH0 + CO2 + 3H2O. The plot shows 

that these two methods agree with each other qualitatively, and that the magnitude of charges 

along the reaction coordinate predicted using the more reliable potential derived CHELPG 

method are larger than those predicted by a Mulliken population analysis. 

 

Figure S7: Net charges on PyH0 and CO2 using the CHELPG and Mulliken population charge 

analysis methods along the reaction coordinate RN-C for the reaction PyH0 + CO2 + 3H2O.  
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A.9 Coordinates of Molecular Structures 

All coordinates are reported as XYZ Cartesian coordinates. 0 K energies (not ZPE and thermally 

corrected) reported are calculated at roMP2/6-31+G**/CPCM-H2O in unit Hartrees. 

a) PyH0+ CO2 

Reactant (-436.21021094) 
C          2.03255        0.02140        0.89458 
C          1.51679        1.18694        0.28969 
C          0.69577        1.11731       -0.81711 
N          0.27383       -0.13579       -1.28245 
C          0.92178       -1.29042       -0.82734 
C          1.74106       -1.21689        0.27767 
H          2.68149        0.07841        1.75728 
H          1.77825        2.16902        0.66470 
H          0.27768        1.97902       -1.31552 
H         -0.15762       -0.17223       -2.19663 
H          0.67228       -2.21075       -1.33373 
H          2.18286       -2.13609        0.64240 
C         -2.08401        0.20194        0.52193 
O         -1.52966       -0.40193        1.36996 
O         -2.65903        0.80801       -0.31317 
 
TS (-436.13149226) 
C          2.52590       -0.00004        0.22235 
C          1.82726        1.20204        0.05754 
C          0.48235        1.21244       -0.25698 
N         -0.23424        0.00031       -0.46296 
C          0.48241       -1.21201       -0.25845 
C          1.82733       -1.20193        0.05603 
H          3.57785       -0.00016        0.47023 
H          2.32318        2.15725        0.17441 
H         -0.09216        2.11630       -0.40583 
H         -1.18544        0.00081       -1.36623 
H         -0.09207       -2.11570       -0.40837 
H          2.32330       -2.15728        0.17162 
C         -1.70846       -0.00017        0.19211 
O         -1.93462       -0.00092        1.37923 
O         -2.38495        0.00045       -0.91062 
 
Product 1(cis PyCOOH0) (-436.19668471) 
C          2.57803        0.01018       -0.19735 
C          1.89397        1.07063        0.43581 
C          0.53045        1.05038        0.60238 
N         -0.22263       -0.02505        0.09190 
C          0.45409       -1.14909       -0.41810 
C          1.83117       -1.10861       -0.57216 
H          3.64999        0.03691       -0.33028 
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H          2.42966        1.92896        0.81985 
H         -0.04303        1.83189        1.07311 
H         -1.70427       -1.23583       -1.33177 
H         -0.11878       -2.05123       -0.56657 
H          2.31060       -1.99324       -0.97167 
C         -1.60784        0.09935        0.07378 
O         -2.21522        0.96224        0.70140 
O         -2.27867       -0.81613       -0.66983 
 
Product 2(trans PyCOOH0)( -436.20606329) 
C          2.57065       -0.04547       -0.08790 
C          1.89677        1.05019        0.47405 
C          0.52007        1.09896        0.53775 
N         -0.24384        0.03182        0.02935 
C          0.41341       -1.07788       -0.53586 
C          1.79252       -1.10099       -0.58722 
H          3.64984       -0.07418       -0.13544 
H          2.44164        1.89368        0.87805 
H         -0.04566        1.91456        0.95625 
H         -3.18662       -0.81203       -0.34236 
H         -0.21569       -1.86703       -0.90909 
H          2.25560       -1.97275       -1.03151 
C         -1.62067        0.13000        0.09652 
O         -2.22037        1.09932        0.56659 
O         -2.22904       -0.96801       -0.41572 

 

b) PyH0+ CO2+ H2O 
Reactant (-512.46090998) 
C          2.57129        0.61251       -0.43121 
C          1.83770       -0.24358       -1.28121 
C          0.74091       -0.94246       -0.81913 
N          0.28019       -0.72196        0.48229 
C          1.08671       -0.02932        1.38708 
C          2.18101        0.67017        0.92900 
H          3.43995        1.14791       -0.78824 
H          2.14137       -0.39819       -2.30968 
H          0.14838       -1.60714       -1.43097 
H         -0.46301       -1.31932        0.83773 
H          0.75136       -0.01675        2.41401 
H          2.75918        1.23731        1.64837 
C         -1.66576        1.19920       -0.63902 
O         -0.90760        2.09566       -0.52877 
O         -2.44255        0.31687       -0.75767 
O         -2.09062       -2.22258        1.30859 
H         -2.83799       -1.97696        0.74558 
H         -2.14198       -3.18555        1.38117 
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TS (-512.40875407) 
C          2.72923       -0.20147       -0.10781 
C          1.89972       -0.69947       -1.11048 
C          0.51998       -0.56912       -1.03736 
N         -0.10111       -0.01643        0.13120 
C          0.76753        0.66099        1.03662 
C          2.13016        0.51469        0.95196 
H          3.80372       -0.30188       -0.17045 
H          2.30988       -1.18056       -1.98959 
H         -0.16318       -0.93276       -1.79113 
H         -0.72004       -1.17809        0.71663 
H          0.27365        1.23057        1.80864 
H          2.73654        0.99246        1.71113 
C         -1.39556        0.76710       -0.23378 
O         -1.31634        1.99601       -0.15353 
O         -2.34214       -0.01034       -0.55885 
O         -1.53740       -1.90972        0.89528 
H         -2.17402       -1.43493        0.26519 
H         -1.32668       -2.79380        0.54737 
 
Product (-512.45169649) 
C          2.72468       -0.39337        0.05446 
C          1.78965       -1.07989       -0.73313 
C          0.47361       -0.66819       -0.82091 
N          0.03627        0.44552       -0.07932 
C          0.98995        1.21874        0.60946 
C          2.29396        0.78023        0.69761 
H          3.74902       -0.72961        0.12790 
H          2.07883       -1.94148       -1.32181 
H         -0.24437       -1.12097       -1.48484 
H         -0.87173       -2.88961        0.42741 
H          0.61060        2.10941        1.08171 
H          2.98411        1.38758        1.26941 
C         -1.28891        0.88194       -0.09391 
O         -1.61156        2.02506        0.22965 
O         -2.19523       -0.02125       -0.52087 
O         -1.70408       -2.41788        0.57433 
H         -1.96108       -0.94080       -0.22947 
H         -2.38955       -3.10109        0.52999 

 

c) PyH0+ CO2+ 2H2O 
Reactant (-588.71285063) 
C          2.93560       -0.08644       -0.73215 
C          2.73667       -0.51223        0.60166 
C          1.58852       -0.18667        1.29153 
N          0.54633        0.47200        0.63140 
C          0.81019        1.08637       -0.59873 
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C          1.95575        0.76004       -1.29524 
H          3.83716       -0.33823       -1.27296 
H          3.50082       -1.07587        1.12314 
H          1.39542       -0.49348        2.30914 
H         -0.20412        0.87210        1.19451 
H          0.03400        1.72921       -0.98790 
H          2.10063        1.20322       -2.27314 
C         -0.85946       -1.70915       -0.87821 
O         -0.05758       -2.47274       -0.47688 
O         -1.67766       -0.96726       -1.30057 
O         -3.44208        1.30285       -0.24018 
H         -3.09708        0.52119       -0.69576 
H         -4.39174        1.13948       -0.15389 
O         -1.71410        1.81791        1.90950 
H         -2.07250        1.55274        2.76693 
H         -2.43200        1.66161        1.26401 
 
TS (-588.67401253) 
C          2.92741        0.77227       -0.14546 
C          2.59372       -0.18576        0.81706 
C          1.33164       -0.74988        0.87077 
N          0.27646       -0.24283        0.04520 
C          0.69348        0.56076       -1.07076 
C          1.96204        1.09479       -1.11467 
H          3.91946        1.20003       -0.18446 
H          3.33136       -0.54562        1.52331 
H          1.03563       -1.51275        1.57220 
H         -0.41244        0.61369        0.78707 
H         -0.08290        0.76929       -1.78927 
H          2.20247        1.74396       -1.94711 
C         -0.85885       -1.26479       -0.30990 
O         -0.76027       -2.36213        0.25446 
O         -1.71203       -0.75714       -1.07590 
O         -3.21114        1.31272       -0.03392 
H         -2.92878        0.51980       -0.53729 
H         -4.05703        1.08685        0.37968 
O         -1.04318        1.44468        1.33921 
H         -1.13577        1.28776        2.29366 
H         -1.97286        1.47411        0.92302 
 
Product (-588.70737271) 
C          2.33463        1.01470        0.16794 
C          2.23253       -0.18944        0.88863 
C          1.21935       -1.09399        0.64727 
N          0.20325       -0.77001       -0.27058 
C          0.37773        0.34638       -1.10933 
C          1.41312        1.22593       -0.87476 
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H          3.14241        1.70911        0.35120 
H          2.96490       -0.44997        1.64211 
H          1.09248       -2.02607        1.17306 
H          0.37174        1.80097        1.48421 
H         -0.32261        0.45633       -1.92087 
H          1.50268        2.07774       -1.53693 
C         -0.86403       -1.66299       -0.42905 
O         -0.80476       -2.82577       -0.03252 
O         -1.94102       -1.16520       -1.05865 
O         -2.41440        1.30541       -0.29036 
H         -2.08576       -0.19868       -0.82747 
H         -3.29491        1.37136        0.10662 
O         -0.54751        2.06991        1.63874 
H         -0.72174        1.86997        2.56923 
H         -1.78492        1.59155        0.40723 
 
d) PyH0+ CO2+ 3H2O 
Reactant (-664.96489049) 
C         -3.53086       -0.55935        0.32508 
C         -3.03189       -0.40449       -0.99008 
C         -1.84326        0.25015       -1.22799 
N         -1.05053        0.67021       -0.15627 
C         -1.60006        0.68329        1.13074 
C         -2.78894        0.02452        1.37425 
H         -4.46722       -1.06565        0.51424 
H         -3.59607       -0.76153       -1.84319 
H         -1.42556        0.39445       -2.21409 
H         -0.28039        1.30813       -0.35991 
H         -1.00320        1.14981        1.90104 
H         -3.15956        0.00665        2.39232 
C          0.29124       -1.82844        0.81106 
O         -0.54639       -2.47677        0.29642 
O          1.14210       -1.19757        1.33731 
O          4.00894       -0.66750        0.51043 
H          3.24578       -0.91927        1.04982 
H          4.78224       -0.86025        1.05782 
O          1.04985        2.56996       -0.81206 
H          0.91464        3.08943       -1.61556 
H          1.99816        2.31803       -0.81881 
O          3.73257        1.81930       -0.74293 
H          3.87344        0.97787       -0.26287 
H          4.29390        2.46861       -0.29897 
 
TS (-664.92998217) 
C         -3.44847        0.52283        0.34278 
C         -3.02485        0.01571       -0.88855 
C         -1.71979       -0.39448       -1.09263 
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N         -0.72028       -0.18956       -0.08454 
C         -1.21290        0.15887        1.21904 
C         -2.51999        0.55319        1.39717 
H         -4.47318        0.83144        0.49576 
H         -3.71942       -0.10722       -1.71019 
H         -1.35331       -0.82324       -2.01035 
H         -0.04228        0.85163       -0.46432 
H         -0.46412        0.15566        1.99395 
H         -2.81852        0.85573        2.39296 
C          0.43616       -1.25606       -0.07446 
O          0.49935       -1.94066       -1.10438 
O          1.13492       -1.17199        0.96067 
O          3.79635       -0.57816        0.65288 
H          2.90784       -0.94256        0.85762 
H          4.30873       -0.64717        1.46964 
O          0.54600        1.85389       -0.76659 
H          0.38293        2.10862       -1.68985 
H          1.55878        1.82272       -0.61547 
O          3.06650        1.81212       -0.38882 
H          3.42109        0.99557        0.04276 
H          3.39100        2.55945        0.13292 
 
Product (-664.97046392) 
C         -3.61310        0.38779        0.29031 
C         -3.16352       -0.27516       -0.86518 
C         -1.86635       -0.72778       -0.98157 
N         -0.96362       -0.55581        0.08058 
C         -1.38302        0.13474        1.23115 
C         -2.68858        0.57668        1.32870 
H         -4.63156        0.73943        0.37480 
H         -3.82462       -0.44038       -1.70636 
H         -1.47322       -1.23822       -1.84475 
H          0.12946        2.37063       -0.02494 
H         -0.64914        0.25345        2.00924 
H         -2.96912        1.09214        2.23864 
C          0.35264       -0.96996       -0.09815 
O          0.75416       -1.48346       -1.14645 
O          1.09240       -0.77185        1.00089 
O          3.67836       -0.85107        0.46787 
H          2.05736       -0.92123        0.77597 
H          4.25218       -0.96008        1.23868 
O          0.74775        2.06171       -0.70214 
H          0.45469        2.48936       -1.51888 
H          2.56045        1.92897       -0.48062 
O          3.51902        1.72986       -0.46320 
H          3.77943        0.08447        0.18040 
H          3.93274        2.46402        0.00951 
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e) PyH0+ CO2+ 3H2O+ 1H2O(S) 
Reactant (-741.21714641) 
C         -3.75935       -1.00132        0.42845 
C         -3.14202       -1.17459       -0.83094 
C         -2.13928       -0.32785       -1.25656 
N         -1.63869        0.64168       -0.38240 
C         -2.38034        0.97461        0.75356 
C         -3.38182        0.13184        1.18605 
H         -4.55153       -1.65862        0.75931 
H         -3.47050       -1.95490       -1.50693 
H         -1.63007       -0.42787       -2.20389 
H         -0.99197        1.33965       -0.75192 
H         -2.05073        1.84510        1.30189 
H         -3.89828        0.38196        2.10485 
C          0.62041       -0.99783        0.62246 
O          0.33108       -0.75636        1.73997 
O          0.91231       -1.26129       -0.49142 
O          3.79775       -2.06941       -1.14568 
H          3.00074       -2.03193       -1.69233 
H          4.53469       -2.01832       -1.76974 
O          0.27953        2.63132       -1.28155 
H          0.43482        2.71854       -2.23126 
H          1.16769        2.51773       -0.88011 
O          2.72756        2.36367        0.01591 
H          3.49727        2.75725       -0.41563 
H          3.01457        1.46819        0.29850 
O          3.41520       -0.17603        0.87522 
H          4.11030       -0.22984        1.54466 
H          3.65504       -0.83209        0.18885 
 
TS (-741.18508841) 
C         -3.86947       -0.21267       -0.13248 
C         -3.06355       -0.59309       -1.20660 
C         -1.68231       -0.54854       -1.12992 
N         -1.02583       -0.01098        0.02719 
C         -1.86970        0.26304        1.15987 
C         -3.23969        0.19564        1.05682 
H         -4.94717       -0.26388       -0.20001 
H         -3.49938       -0.95809       -2.12810 
H         -1.02104       -0.84756       -1.92669 
H         -0.54331        1.14388       -0.29311 
H         -1.33559        0.57185        2.04397 
H         -3.81897        0.44986        1.93526 
C          0.31294       -0.71728        0.41304 
O          0.80328       -0.25813        1.46544 
O          0.69948       -1.55966       -0.41864 
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O          3.43561       -2.13120       -0.50236 
H          2.45930       -2.04302       -0.52661 
H          3.70894       -2.25188       -1.42140 
O         -0.09373        2.24309       -0.50344 
H         -0.53153        2.69883       -1.23989 
H          0.91878        2.26982       -0.64467 
O          2.45036        2.30775       -0.72806 
H          2.83242        2.31170       -1.61702 
H          2.91107        1.59156       -0.21980 
O          3.47172        0.34932        0.83327 
H          2.62786        0.10828        1.26589 
H          3.70348       -0.46148        0.33722 
 
Product (-741.22080142) 
C         -3.91786       -0.01768       -0.12627 
C         -3.23658       -0.88226       -1.00517 
C         -1.90053       -1.17013       -0.84223 
N         -1.17886       -0.58859        0.21435 
C         -1.84701        0.25469        1.12271 
C         -3.19417        0.52188        0.94287 
H         -4.96640        0.20553       -0.26288 
H         -3.74914       -1.34979       -1.83584 
H         -1.33421       -1.82620       -1.48193 
H         -0.62778        2.13857       -0.13814 
H         -1.26990        0.60890        1.95969 
H         -3.66880        1.17174        1.66723 
C          0.19693       -0.77235        0.25873 
O          0.75791       -0.13717        1.28791 
O          0.79492       -1.46182       -0.58295 
O          3.55635       -2.09155       -0.62117 
H          2.59227       -2.01690       -0.75691 
H          3.94519       -2.15930       -1.50336 
O         -0.06285        2.34172       -0.89810 
H         -0.48401        3.10646       -1.31584 
H          1.77327        2.49764       -0.63569 
O          2.73151        2.52715       -0.44160 
H          3.16221        2.75618       -1.27574 
H          3.25968        1.01075        0.39157 
O          3.29001        0.19116        0.93195 
H          1.76765       -0.10465        1.16504 
H          3.61780       -0.52116        0.34517 
 
f) PyH0+ CO2+ 3H2O+ 4H2O(S) 
Reactant (-969.98251341) 
C         -3.70937        1.15677       -0.70562 
C         -3.60865        0.71624        0.63331 
C         -2.76716       -0.31907        0.98510 
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N         -1.93158       -0.88616        0.01949 
C         -2.16048       -0.61071       -1.33042 
C         -3.00083        0.42524       -1.68527 
H         -4.37287        1.96470       -0.98129 
H         -4.21281        1.16636        1.41200 
H         -2.66472       -0.69668        1.99221 
H         -1.36818       -1.70414        0.25711 
H         -1.63702       -1.23124       -2.04407 
H         -3.12943        0.63726       -2.74022 
C         -0.05171        1.23182        1.04463 
O         -0.44196        1.92799        0.17733 
O          0.33803        0.53168        1.91262 
O          2.13943        3.08887        1.58806 
H          2.64852        2.95711        2.40005 
H          2.17217        4.04318        1.43117 
O         -0.01362       -3.03708        0.39650 
H          0.55070       -2.81933        1.15883 
H          0.53237       -2.79489       -0.38174 
O          1.61008       -2.10294       -1.69422 
H          2.39335       -1.86112       -1.16582 
H          1.25551       -1.24531       -2.00731 
O          2.73235        1.39961       -0.60757 
H          3.09770        0.57760       -0.22886 
H          2.60590        2.01346        0.14064 
O          0.76581        0.51328       -2.33843 
H         -0.12445        0.71984       -2.01691 
H          1.38275        0.97046       -1.72574 
O          3.50580       -1.19566        0.25206 
H          4.43753       -1.44889        0.31581 
H          3.08248       -1.51383        1.07560 
O          1.86142       -2.01528        2.39164 
H          1.47612       -1.23533        2.81830 
H          2.20227       -2.55749        3.11828 
 
TS1 (formation of PyCOO-• H3O +•2 H2O •4 H2O(S) (-969.95566275) 
C         -4.53352       -0.15130       -0.04205 
C         -3.85735       -0.11331        1.15939 
C         -2.46253       -0.01996        1.21458 
N         -1.67531       -0.00040        0.00717 
C         -2.41756        0.03106       -1.22763 
C         -3.77750       -0.07354       -1.24416 
H         -5.61181       -0.21909       -0.07437 
H         -4.38566       -0.13891        2.10401 
H         -1.89157        0.03000        2.12690 
H         -1.02617       -1.04452        0.00180 
H         -1.80647        0.10263       -2.11313 
H         -4.26883       -0.08194       -2.20876 
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C         -0.49651        1.04449        0.06682 
O         -0.30352        1.65989       -0.98930 
O          0.08443        1.02930        1.17779 
O          2.41276        2.57426        1.34739 
H          1.53479        2.14518        1.27162 
H          2.26199        3.51096        1.16298 
O         -0.33929       -2.11775        0.03556 
H          0.12228       -2.11724        0.90651 
H          0.40062       -2.08472       -0.65076 
O          1.70421       -1.93599       -1.59141 
H          2.45939       -1.98583       -0.97370 
H          1.77335       -1.04103       -1.99858 
O          3.92283        1.04389       -0.45424 
H          3.91525        0.16454       -0.03297 
H          3.48425        1.63733        0.18990 
O          1.99593        0.68451       -2.43125 
H          1.22917        1.16379       -2.07088 
H          2.73398        0.90919       -1.82220 
O          3.47741       -1.59156        0.61215 
H          4.19540       -2.12893        0.97614 
H          2.79628       -1.54865        1.31249 
O          1.14482       -1.35816        2.20538 
H          0.80653       -0.44235        2.15666 
H          1.10298       -1.62106        3.13614 
 
Product 1 (-969.98612686) 
C         -4.23311       -0.72827        0.31084 
C         -3.52011       -0.25513        1.42535 
C         -2.33071        0.43254        1.28546 
N         -1.78938        0.64661        0.00692 
C         -2.53193        0.26085       -1.12233 
C         -3.71806       -0.43093       -0.96237 
H         -5.15836       -1.27478        0.42674 
H         -3.89363       -0.40370        2.43083 
H         -1.76286        0.83575        2.10735 
H         -1.39957       -1.96411       -0.68012 
H         -2.09719        0.51560       -2.07413 
H         -4.24531       -0.72824       -1.86034 
C         -0.47977        1.14741       -0.13692 
O         -0.11585        1.43148       -1.33241 
O          0.22058        1.25224        0.91819 
O          2.45079        2.75517        1.36522 
H          1.58089        2.33975        1.16666 
H          2.38047        3.67543        1.07853 
O         -0.58493       -2.41469       -0.41206 
H         -0.34811       -2.05332        0.46532 
H          0.93935       -2.15497       -1.38419 
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O          1.83930       -1.93320       -1.70995 
H          2.42622       -2.09216       -0.94424 
H          1.98575       -0.38581       -1.96754 
O          3.86896        0.97419       -0.15749 
H          3.83394        0.11980        0.31851 
H          3.51392        1.65428        0.46000 
O          2.10999        0.62331       -1.97935 
H          1.18051        1.04680       -1.66813 
H          2.83467        0.82509       -1.28374 
O          3.24298       -1.63324        0.73637 
H          3.86140       -2.22823        1.18373 
H          2.44310       -1.59146        1.30341 
O          0.70313       -1.27466        1.83403 
H          0.52515       -0.31410        1.71353 
H          0.48605       -1.48125        2.75462 
 
TS2 (proton transfer from H3O+ to PyCOO- to form PyCOOH0) (-969.98585859) 
C         -4.39052        0.28978       -0.37079 
C         -3.63943       -0.50249       -1.25683 
C         -2.37160       -0.94224       -0.93621 
N         -1.79434       -0.58872        0.29516 
C         -2.54948        0.15802        1.21651 
C         -3.81628        0.59422        0.87320 
H         -5.37972        0.63821       -0.63198 
H         -4.04257       -0.80115       -2.21623 
H         -1.76791       -1.57225       -1.56757 
H         -1.36044        2.14895        0.03337 
H         -2.07289        0.35143        2.16294 
H         -4.35547        1.17782        1.60896 
C         -0.45555       -0.91491        0.56396 
O         -0.05723       -0.67989        1.76581 
O          0.24062       -1.38601       -0.38502 
O          2.42587       -3.02461       -0.48775 
H          1.57436       -2.55281       -0.35743 
H          2.39715       -3.79801        0.09138 
O         -0.56360        2.47757       -0.40842 
H         -0.36282        1.84049       -1.12234 
H          1.02530        2.58890        0.51655 
O          1.94395        2.49792        0.84939 
H          2.48495        2.35772        0.04751 
H          2.10606        1.10224        1.63760 
O          3.89251       -0.83372        0.29099 
H          3.82240       -0.18659       -0.43886 
H          3.51884       -1.67812       -0.04713 
O          2.19880        0.15722        1.98134 
H          1.19327       -0.31024        1.86433 
H          2.87471       -0.29149        1.37180 
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O          3.20798        1.33018       -1.40907 
H          3.79864        1.73513       -2.05943 
H          2.38125        1.10780       -1.88781 
O          0.62281        0.63009       -2.19462 
H          0.47526       -0.22512       -1.73265 
H          0.36295        0.49238       -3.11693 
 
Product 2 (-969.98896203) 
C         -4.51199        0.13036       -0.35012 
C         -3.70559       -0.60427       -1.23186 
C         -2.40169       -0.93305       -0.91857 
N         -1.85155       -0.52321        0.30993 
C         -2.65341        0.19299        1.21894 
C         -3.95456        0.50957        0.88050 
H         -5.53029        0.38704       -0.60525 
H         -4.08689       -0.94353       -2.18637 
H         -1.75250       -1.51974       -1.54611 
H         -1.34353        2.35990       -0.12816 
H         -2.18659        0.46327        2.15053 
H         -4.53134        1.06814        1.60664 
C         -0.52086       -0.79215        0.57232 
O         -0.16349       -0.51078        1.81528 
O          0.23276       -1.25844       -0.31228 
O          2.37635       -3.03468       -0.55487 
H          1.54829       -2.55486       -0.36179 
H          2.36412       -3.82099        0.00717 
O         -0.44455        2.53914       -0.43516 
H         -0.27320        1.92227       -1.17233 
H          1.15996        2.61792        0.56325 
O          2.08124        2.53628        0.87734 
H          2.58887        2.31317        0.07426 
H          2.24961        1.00378        1.80305 
O          4.02868       -0.89967        0.20202 
H          3.88370       -0.20934       -0.47222 
H          3.58062       -1.70204       -0.13364 
O          2.28764        0.06856        2.11093 
H          0.85715       -0.40162        1.88796 
H          2.94378       -0.35426        1.50839 
O          3.25904        1.32473       -1.43277 
H          3.84961        1.73613       -2.07896 
H          2.42890        1.12241       -1.91221 
O          0.65889        0.67449       -2.25422 
H          0.49741       -0.17325       -1.79303 
H          0.41319        0.53393       -3.17999 
 
g) PyH0+ CO2+ 3H2O+ 6H2O(S) 
Reactant (-1122.48934424) 
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C         -4.63901        1.44869       -0.15021 
C         -4.53796        0.99238        1.18294 
C         -3.72560       -0.07211        1.51555 
N         -2.91806       -0.65482        0.53476 
C         -3.15316       -0.35986       -0.81018 
C         -3.96703        0.70302       -1.14529 
H         -5.28356        2.27619       -0.41215 
H         -5.11874        1.45404        1.97261 
H         -3.62378       -0.46317        2.51749 
H         -2.39016       -1.49807        0.75774 
H         -2.65837       -0.98984       -1.53601 
H         -4.10190        0.92881       -2.19662 
C         -0.89391        1.29966        1.53381 
O         -1.31302        2.07467        0.75026 
O         -0.47380        0.51894        2.31438 
O          1.33451        3.11218        2.11873 
H          1.87871        2.97570        2.90699 
H          1.34847        4.06923        1.97565 
O         -1.02965       -2.85653        0.79884 
H         -0.45547       -2.71490        1.57422 
H         -0.50485       -2.50324        0.04745 
O          0.49475       -1.85923       -1.31074 
H          1.33266       -1.68795       -0.83592 
H          0.18519       -0.97302       -1.60495 
O          1.81480        1.50035       -0.15835 
H          2.15827        0.64943        0.17279 
H          1.73230        2.08269        0.62096 
O         -0.21896        0.76175       -1.87220 
H         -1.09438        1.00072       -1.53262 
H          0.42863        1.18327       -1.26458 
O          2.51120       -1.17468        0.53491 
H          3.43870       -1.45068        0.52630 
H          2.13156       -1.52601        1.36632 
O          0.98229       -2.09987        2.72517 
H          0.70766       -1.36614        3.29545 
H          1.34995       -2.76221        3.32834 
O         -1.30006       -5.46138       -0.38351 
H         -1.27338       -4.65922        0.16911 
H         -0.86498       -5.17851       -1.20882 
O          0.08612       -4.29992       -2.62856 
H          0.26530       -3.39599       -2.30053 
H         -0.37663       -4.18261       -3.46838 
 
TS (config1, enthalpic barrier of 15.3 kcal/mol)( -1122.45969726) 
C         -4.37259        0.92077       -0.13599 
C         -3.66749        1.44847        0.92978 
C         -2.27377        1.51992        0.92263 
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N         -1.52157        0.92220       -0.15269 
C         -2.28074        0.56746       -1.32515 
C         -3.64557        0.51105       -1.28407 
H         -5.45231        0.87341       -0.12198 
H         -4.17707        1.85677        1.79375 
H         -1.67905        1.92977        1.72216 
H         -1.08327       -0.15358        0.31560 
H         -1.68556        0.29735       -2.18194 
H         -4.16077        0.17360       -2.17417 
C         -0.17147        1.64605       -0.44230 
O          0.13803        1.70959       -1.64053 
O          0.41290        1.99031        0.61430 
O          2.97375        3.08774        0.44870 
H          2.03280        2.81307        0.43057 
H          3.01941        3.89611       -0.07952 
O         -0.62118       -1.19660        0.83004 
H         -0.20542       -0.89602        1.67636 
H          0.15921       -1.53003        0.27429 
O          1.45865       -2.01910       -0.50362 
H          2.18569       -1.94835        0.15178 
H          1.71559       -1.39476       -1.23160 
O          4.18756        0.73192       -0.46381 
H          4.01925        0.11207        0.26909 
H          3.87043        1.60138       -0.14225 
O          2.26313       -0.12110       -2.26622 
H          1.59065        0.58326       -2.23834 
H          3.01646        0.23327       -1.74124 
O          3.22130       -1.17192        1.48207 
H          3.81420       -1.67484        2.05832 
H          2.57386       -0.73823        2.07225 
O          0.94722        0.10529        2.62036 
H          0.82255        0.96534        2.17204 
H          0.85578        0.27141        3.57007 
O         -2.10040       -3.84675        0.63342 
H         -1.85866       -2.94621        0.89334 
H         -1.35746       -4.13679        0.07056 
O          0.20149       -4.51152       -0.92379 
H          0.74943       -3.70346       -0.92399 
H          0.11272       -4.76452       -1.85224 
 
 
TS (config2, enthalpic barrier of 14.5 kcal/mol)( -1122.46412085) 
C         -5.33235        0.21378       -0.06207 
C         -4.58118        0.56932       -1.16289 
C         -3.18535        0.48144       -1.15713 
N         -2.47473        0.03116        0.01285 
C         -3.29302       -0.36911        1.12942 



 

181 
 

C         -4.65239       -0.25668        1.09441 
H         -6.41118        0.27973       -0.07490 
H         -5.04865        0.92025       -2.07416 
H         -2.56070        0.73335       -1.99791 
H         -1.79166        0.98864        0.38846 
H         -2.73964       -0.73282        1.98067 
H         -5.20316       -0.54610        1.98000 
C         -1.32519       -0.99142       -0.32888 
O         -1.20784       -1.92010        0.48134 
O         -0.68299       -0.65049       -1.35055 
O          1.55730       -2.19254       -1.99200 
H          0.69211       -1.77618       -1.79422 
H          1.37980       -3.13513       -2.11189 
O         -1.07087        1.97992        0.72058 
H         -0.58180        2.24257       -0.09424 
H         -0.35948        1.69974        1.38097 
O          0.90208        1.20124        2.25773 
H          1.66828        1.40187        1.68227 
H          0.92308        0.22269        2.35970 
O          3.05438       -1.29607        0.16932 
H          2.88528       -0.33139        0.09108 
H          2.61174       -1.69465       -0.61223 
O          1.08566       -1.58318        2.17773 
H          0.31578       -1.87700        1.65851 
H          1.83784       -1.64357        1.55328 
O          2.68279        1.46433        0.11246 
H          3.58993        1.79217       -0.07809 
H          2.09589        1.76903       -0.60441 
O          0.42844        1.93243       -1.56471 
H          0.09211        1.04308       -1.78930 
H          0.40361        2.45356       -2.38008 
O          5.77779       -0.85160       -0.25011 
H          4.87699       -1.18188       -0.04730 
H          6.37219       -1.29205        0.37100 
O          5.36451        1.90391       -0.35928 
H          5.88064        2.41301        0.27935 
H          5.65939        0.97306       -0.26506 
 
 
Product1 (config1, enthalpic barrier of 15.3 kcal/mol)( -1122.49485115) 
C         -5.68991        1.50943        1.33019 
C         -4.66124        1.42289        2.27993 
C         -3.33862        1.29689        1.90555 
N         -2.99708        1.25435        0.54168 
C         -4.01467        1.34743       -0.42576 
C         -5.32999        1.47061       -0.02527 
H         -6.72309        1.60796        1.63149 



 

182 
 

H         -4.87416        1.45605        3.34063 
H         -2.51098        1.24196        2.59231 
H         -1.95123       -3.09973       -0.34007 
H         -3.69622        1.30258       -1.45261 
H         -6.07986        1.53422       -0.80331 
C         -1.66925        1.12507        0.19077 
O         -1.45600        1.19929       -1.11444 
O         -0.77641        0.96440        1.05742 
O          1.40255        2.60055        1.73989 
H          0.56077        2.16182        1.51104 
H          1.26693        3.53747        1.54297 
O         -1.00869       -3.15044       -0.12946 
H         -0.88487       -2.66038        0.70982 
H          0.31116       -2.48781       -1.22530 
O          1.16066       -2.19275       -1.61467 
H          1.75691       -2.12595       -0.84035 
H          0.95851       -0.39248       -1.94017 
O          2.90050        1.03299       -0.04359 
H          2.90166        0.15019        0.37187 
H          2.51125        1.63569        0.62151 
O          0.89470        0.58507       -1.88174 
H         -0.47981        0.97399       -1.34053 
H          1.62829        0.83780       -1.27248 
O          2.46510       -1.65332        0.82840 
H          3.14031       -2.19905        1.25518 
H          1.67807       -1.68595        1.41064 
O         -0.09870       -1.55901        1.97700 
H         -0.38150       -0.63633        1.80749 
H         -0.28879       -1.73566        2.90971 
O          0.26760       -5.72642       -0.66425 
H         -0.21365       -4.92223       -0.40673 
H          0.76882       -5.46652       -1.45850 
O          1.77485       -4.62904       -2.86462 
H          1.63672       -3.69995       -2.59074 
H          1.47094       -4.68111       -3.78026 
 
 
Product2 (config2, enthalpic barrier of 14.5 kcal/mol)( -1122.49698904) 
C         -5.66592        1.49401        1.32139 
C         -4.64422        1.41899        2.27971 
C         -3.31830        1.29454        1.91667 
N         -2.96605        1.23979        0.55600 
C         -3.97616        1.32410       -0.42009 
C         -5.29503        1.44577       -0.03090 
H         -6.70180        1.59100        1.61380 
H         -4.86549        1.46077        3.33839 
H         -2.49592        1.24811        2.61042 
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H         -2.01611       -3.03344       -0.45509 
H         -3.64967        1.27196       -1.44408 
H         -6.03886        1.50158       -0.81530 
C         -1.63467        1.10739        0.21714 
O         -1.41220        1.16886       -1.08735 
O         -0.74941        0.95455        1.09221 
O          1.44077        2.58903        1.72665 
H          0.58777        2.16332        1.51406 
H          1.33324        3.52082        1.49211 
O         -1.08657       -3.13382       -0.21224 
H         -0.96934       -2.64209        0.62429 
H          0.32941       -2.57544       -1.28020 
O          1.17621       -2.20225       -1.59729 
H          1.73537       -2.19016       -0.79622 
H          0.99161       -0.45099       -1.86881 
O          2.92856        0.89200        0.10030 
H          2.69032        0.01390        0.47566 
H          2.52928        1.55627        0.70205 
O          0.93665        0.53398       -1.84727 
H         -0.43599        0.93816       -1.30627 
H          1.67024        0.80102       -1.25235 
O          2.39515       -1.68849        0.90080 
H          3.21401       -1.97847        1.35629 
H          1.64044       -1.79053        1.51133 
O         -0.20707       -1.62580        2.00920 
H         -0.43034       -0.68488        1.86024 
H         -0.46685       -1.82609        2.91965 
O          5.63063        0.38636        0.57040 
H          4.73612        0.69305        0.30980 
H          6.15534        0.39121       -0.24105 
O          4.96932       -2.01412        1.86678 
H          5.52011       -2.76563        1.61029 
H          5.34366       -1.23771        1.39946 
 
 
h) PyH0+ CO2+ 3H2O+ 10H2O(S) 
Reactant (-1427.50181327) 
C         -5.31792        1.30409        1.08443 
C         -4.69545        0.49871        2.06430 
C         -3.69683       -0.39046        1.72520 
N         -3.20673       -0.41401        0.41543 
C         -3.94923        0.20035       -0.59709 
C         -4.94879        1.08972       -0.26398 
H         -6.11023        1.99153        1.34596 
H         -5.01548        0.53598        3.09865 
H         -3.19194       -1.02716        2.43696 
H         -2.58009       -1.18071        0.17163 
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H         -3.62867        0.00860       -1.61066 
H         -5.46834        1.59624       -1.06822 
C         -0.77822        1.17505        0.73237 
O         -0.97710        1.72884       -0.29161 
O         -0.54359        0.63406        1.75550 
O          1.68287        3.61507        1.04678 
H          1.05909        3.95025        1.70368 
H          1.46096        4.06179        0.20041 
O         -1.18699       -2.50272        0.19746 
H         -0.82463       -2.47171        1.10316 
H         -0.43433       -2.25606       -0.38011 
O          1.14916       -1.95700       -1.26913 
H          1.69964       -1.82144       -0.46755 
H          1.21444       -1.12591       -1.77873 
O          2.41058        1.14039        0.19338 
H          2.25641        0.35799        0.76493 
H          2.14448        1.95273        0.67910 
O          1.28143        0.74881       -2.24284 
H          0.35306        1.02485       -2.24264 
H          1.62695        0.97407       -1.34567 
O          2.26742       -1.40482        1.20213 
H          3.18927       -1.64651        1.44222 
H          1.66755       -1.75213        1.88915 
O          0.06194       -2.23018        2.77645 
H         -0.24496       -1.51133        3.34837 
H          0.09369       -3.00933        3.35120 
O         -1.41499       -5.15276       -0.92193 
H         -1.46683       -4.30120       -0.45147 
H         -0.62212       -5.05220       -1.48036 
O          0.96329       -4.50845       -2.41656 
H          1.11803       -3.59232       -2.10938 
H          0.87779       -4.44453       -3.37705 
O          2.34584        3.06941       -3.46363 
H          2.11072        2.16304       -3.18449 
H          3.30213        3.06881       -3.60150 
O          1.29781        4.73340       -1.46018 
H          1.67457        4.18723       -2.18166 
H          0.41414        4.98408       -1.75920 
O          5.19163        0.73216        0.09367 
H          4.24851        0.98901        0.03147 
H          5.52374        0.73623       -0.81394 
O          4.98471       -1.63412        1.55726 
H          5.47806       -2.38106        1.19300 
H          5.20763       -0.86299        0.99332 
 
TS (formation of PyCOO-•H3O+•2H2O•10H2O(S)( -1427.47593239) 
C          5.29156        0.42843       -0.33121 
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C          4.61485        0.44395       -1.53297 
C          3.21959        0.52685       -1.59066 
N          2.43759        0.48232       -0.37777 
C          3.17648        0.63587        0.85314 
C          4.53768        0.55463        0.86857 
H          6.37034        0.37032       -0.29859 
H          5.14406        0.42380       -2.47715 
H          2.64580        0.56141       -2.50156 
H          1.94287       -0.65426       -0.33841 
H          2.56233        0.74809        1.73152 
H          5.03242        0.62117        1.82893 
C          1.13199        1.31737       -0.45705 
O          0.81721        1.87847        0.61211 
O          0.56216        1.23157       -1.56605 
O         -1.86282        2.78559       -1.41331 
H         -1.02176        2.31568       -1.57739 
H         -1.65289        3.39087       -0.67279 
O          1.40357       -1.79766       -0.34539 
H          1.00977       -1.88878       -1.25000 
H          0.61495       -1.80608        0.28332 
O         -0.75033       -1.83993        1.15808 
H         -1.44755       -1.96873        0.47527 
H         -0.97413       -0.98076        1.58353 
O         -3.27536        0.72814       -0.24444 
H         -2.91266       -0.08691       -0.65508 
H         -2.89931        1.48200       -0.75634 
O         -1.46423        0.77053        1.85376 
H         -0.70250        1.21127        1.42749 
H         -2.18587        0.81313        1.18434 
O         -2.35128       -1.75098       -1.07388 
H         -3.18695       -2.19241       -1.35023 
H         -1.72448       -1.77525       -1.81985 
O          0.01581       -1.36267       -2.62296 
H          0.14966       -0.39580       -2.62160 
H          0.14911       -1.65829       -3.53591 
O          2.71207       -4.12898        1.10873 
H          2.52162       -3.43013        0.46635 
H          1.91176       -4.16099        1.66675 
O          0.25649       -4.06547        2.57418 
H         -0.22182       -3.29652        2.20994 
H          0.26227       -3.93394        3.53168 
O         -1.94206        3.17499        3.27659 
H         -1.92155        2.24398        2.98106 
H         -2.83780        3.32621        3.60649 
O         -0.89406        4.23213        0.83812 
H         -1.33242        4.01683        1.68512 
H         -0.11163        3.65501        0.82447 
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O         -5.89480       -0.12104       -0.71136 
H         -5.05978        0.32774       -0.46312 
H         -6.48205       -0.03529        0.05088 
O         -4.89949       -2.56523       -1.63844 
H         -5.26545       -3.35163       -1.21248 
H         -5.39193       -1.80164       -1.26885 
 
Product (-1427.51101847) 
C         -5.63153        1.41995        1.35200 
C         -4.61774        1.33790        2.31752 
C         -3.28754        1.23188        1.96361 
N         -2.92412        1.20422        0.60494 
C         -3.92634        1.29876       -0.37850 
C         -5.24939        1.40061        0.00225 
H         -6.67071        1.50181        1.63717 
H         -4.84786        1.36055        3.37488 
H         -2.47009        1.18521        2.66329 
H         -2.05165       -3.03704       -0.39336 
H         -3.59133        1.26894       -1.40064 
H         -5.98741        1.46509       -0.78689 
C         -1.59083        1.08778        0.27880 
O         -1.35757        1.18554       -1.02727 
O         -0.70666        0.92096        1.15059 
O          1.38608        2.85564        1.29982 
H          0.60521        2.27599        1.36093 
H          1.18506        3.47622        0.56684 
O         -1.10646       -3.07525       -0.19289 
H         -0.98959       -2.64622        0.68037 
H          0.24242       -2.38307       -1.27176 
O          1.12527       -2.11341       -1.59900 
H          1.66539       -2.07461       -0.77912 
H          1.07882       -0.32620       -1.94779 
O          2.96397        0.91619        0.16076 
H          2.67794        0.06329        0.55783 
H          2.51883        1.63097        0.67309 
O          1.06897        0.65071       -1.82719 
H         -0.38616        0.99307       -1.22644 
H          1.79869        0.81997       -1.18454 
O          2.31099       -1.66514        0.87324 
H          3.13562       -2.02904        1.26506 
H          1.57683       -1.79993        1.50288 
O         -0.24418       -1.67429        2.06012 
H         -0.45189       -0.72540        1.94159 
H         -0.47320       -1.89384        2.97465 
O          0.16934       -5.64469       -0.73906 
H         -0.30872       -4.83543       -0.49020 
H          0.71669       -5.38009       -1.50058 
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O          1.79605       -4.53116       -2.84392 
H          1.64183       -3.60794       -2.55782 
H          1.53857       -4.56392       -3.77459 
O          0.92173        3.04725       -3.25528 
H          1.05359        2.11793       -2.98652 
H          1.60998        3.23562       -3.90722 
O          0.88200        4.52099       -0.87857 
H          0.87439        4.06038       -1.74415 
H          0.08465        5.06637       -0.86381 
O          5.60772        0.35228        0.85506 
H          4.75546        0.69515        0.51330 
H          6.25921        0.51129        0.15973 
O          4.86966       -2.20417        1.72887 
H          5.38223       -2.92536        1.34079 
H          5.27612       -1.37637        1.39598 
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B. Supporting information – Reduction of CO2 to Methanol Catalyzed by a 

Biomimetic Organo-Hydride Produced from Pyridine 

 

B.1: Computational Methods 

a) Benchmarking of Electronic Structure Calculations 

In Table S1, we demonstrate that the MP2 method we employ reproduces CCSD(T) activation 

energies for hydride transfer, ∆E‡
HT, within ~3 kcal/mol and thus is accurate for describing 

hydride transfer reactions. ∆E‡
HT is defined by E(transition state) – E(separated reactants), 

where E is computed energy at 0 K and does not include zero-point corrections. Details of the 

computational methods are described in the manuscript. 

In Figure S1, we show that the MP2/aug-cc-PVTZ/CPCM-H2O and M06/6-31+G**/CPCM-H2O 

predicted geometries for the PyH2 + CO2’s TS are similar (mean absolute error = 0.057 

angströms), demonstrating that the use of M06 geometries is reliable. 

Table S1: Benchmarking Computational Methods.  

System(a) rM06/ 

6-31+G** 

rMP2/ 

aug-ccPVDZ(b) 

rMP2/ 

aug-ccPVTZ(c) 

rCCSD(T)/ 

aug-ccPVDZ(d) 

rCCSD(T)/ 

aug-ccPVTZ(e) 

PyH2 + CO2 20.1 20.5 22.2 23.1 25.0 

NABH4 + CO2 7.5 10.6 10.7 10.5 10.7 

(a) Reported hydride transfer activation energies (∆E‡
HT) at 0 K are in kcal/mol (referenced to 

separated reactants), and do not include zero-point energy (ZPE) corrections.  For (b)-(e), single 

point energy calculations were performed at the stationary geometries obtained from rM06/6-

31+G** calculations. In all calculations, electrostatic solute-solvent interactions were treated 

using a CPCM description of aqueous solvent.  
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Figure S1: Comparison of TS geometries (PyH2 + CO2) between MP2/aug-cc-PVTZ and M06/6-

31+G**, both solvated with CPCM-H2O. Lengths reported in Å and angles in degrees. 

b) pKa and E0  

We computed pKa values using an approach similar to the method described by Liptak et al.; 

the details of this method are described in the SI of ref. [79]. Here we summarize the key 

equations and procedures used to obtain pKa’s in aqueous solution. pKa is defined as 

pKa=∆G0
aq/2.303RT, where ∆G0

aq  is defined as the change in Gibbs free energy of the reaction 

AHaq = A-
aq + H+

aq (eq. 1) in aqueous solution at standard conditions and 1 M AH. ∆G0
aq can be 

calculated using a thermodynamic cycle with ∆G0
aq = ∆G0

gas + ∆G0
s(A

-) - ∆G0
s(AH) + ∆G0

s(H
+).  

∆G0
gas is the change in Gibbs free energy for eq. 1 in the gas phase. For the calculation of ∆G0

gas, 

an experimental value of -6.28 kcal/mol was used for G0
gas(H

+) at a reference pressure of 1 atm. 

∆G0
s uses a reference state of 1M. Conversions can be calculated using ∆G0

gas (1 M) = ∆G0
gas (1 

atm.) + RTln(24.46). ∆G0
s (A

-) and ∆G0
s (AH) are changes in Gibbs free energy for solvating A- and 

AH from the gas phase, i.e. ∆G0
s (A

-) = G0
s (A

-) - G0
gas(A

-). Rather than using the Hartree-Fock 

(HF)/CPCM-H2O level of theory to approximate solvation free energies as done by Liptak et al., 

we used the more accurate rM06/6-31+G** method in CPCM-H2O solvent to evaluate these 

energies, e.g. G(AHaq) and G(A-
aq) are calculated at this level of theory. CPCM here refers to 

conductor-like polarized continuum model, which is an implicit solvent model used to 

approximate solvation free energies. Finally, an experimental value of -259.5 kcal/mol was used 

for ∆G0
s(H

+),317-318 which reproduces the experimental pKa of PyH+/Py of 5.3 (pKa,calc.=4.3), 

instead of -264.61 kcal/mol which was used by Liptak et al.  to calculate the pKa for carboxylic 

acids.79  

Using the approach described here, we obtained the following pKa’s: pKa (PyH+/Py) = 4.3; pKa 

(PyH2,C2
+·/PyH0) = 3.1, pKa (PyH2,C3

+·/PyH0) = -0.8; pKa (PyH2,C4
+·/PyH0) = 1.4. The experimental 

value pKa (PyH+/Py) value is 5.3, whereas our calculation underestimates this value by 1 pKa unit. 
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We consequently correct all calculated pKa’s by 1 pKa unit to give: pKa (PyH2,C2
+·/PyH0) = 4.1; pKa 

(PyH2,C3
+·/PyH0) = 0.2; and pKa (PyH2,C4

+·/PyH0) = 2.4. Using the isodesmic approach319, which 

references to the experimental pKa of PyH+ =5.3, the pKa  of (PyH2,C2
+·/PyH0) was calculated to 

be 3.4. 

Standard reduction potentials (E0) were calculated following the same procedure used by 

Winget et al. and Tossell.44, 78 A value of -100.5 kcal/mol was assumed for the reduction free 

energy of the standard hydrogen electrode (SHE) as described in Ref. [312]. Thus, E0 = (-100.5 - 

∆Gred)/23.05 (vs. SHE), where ∆Gred is defined as the Gibbs free energy of reduction of A (A + e- = 

A-, eq. 2), which was calculated at the rM06/6-31+G** level of theory121 in CPCM-H2O solvent. 

To reference to the Saturated Calomel Electrode (SCE), E0 (vs. SHE) is converted to E0 (vs. SCE) 

using E0 (vs. SCE) = E0 (vs. SHE) - 0.24 V. 

c) Electron Affinities 

We calculate the gas phase adiabatic electron affinities of CO2 and formic acid using the 

compound CBS-QB3 method,77 which was designed to give accurate thermochemical 

predictions. Electron affinity is defined as the negative of energy change associated with 

transferring an electron from vacuum to a species, e.g. a species with a negative electron 

affinity corresponds to requirement of energy input during energy transfer process. 

CO2 is known to have a negative electron affinity, and the experimental (gas phase) value is -0.6 

± 0.2 eV;190, 320 our calculations predict a similar value of -0.60 eV. To the best of our knowledge, 

there is no published experimental electron affinity for formic acid. Our calculation predicts 

that formic acid has an electron affinity of -1.22 eV; this value coincides with other theoretical 

results. 191, 321 

d) Note on Explicit Water Treatment 

The absolute free energy of an explicit water is G*(H2O(liq)) = Go (H2O(g)) +∆Go→* + ∆G*self(H2O). 

When comparing the free energies of the TS relative to R (similarly for comparing free energies 

of P to R), the correction from ideal gas to solution phase standard state, ∆Go→* , cancels. 

Specifically, the constant value of ∆Go→* of 1.894 kcal/mol is added to correct for the free 

energy of explicit water in R, TS and P; thus for relative free energies, e.g. G(TS) - G(R), the 

∆Go→* correction cancels. We note that the sum of the gas phase free energy of a water 

molecule Go (H2O(g)) and the water self-interaction  ∆G*self(H2O) represents the absolute free 

energy of an explicit water whose nearest neighbors are only other water molecules. However, 

in the reacting system the explicit water that mediates proton transfer also interacts with the 

solvated reacting complex where the interactions change as the reaction proceeds from R, to 

the TS and finally to P; the figure below shows the varying polarization of the explicit water 
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along the reaction path as indicated by changes in H-bond and O-H bond lengths of the water 

molecule). Thus, the averaged self-interaction energy of -6.325 kcal/mol does not describe the 

polarization of the explicit water. Instead, the polarization of the explicit water throughout the 

reaction is captured quantum mechanically in the computed free energies of R, TS and P. The 

figure below shows charges and structures of PyH2, OCH2 and H2O species in the reactant 

complex (R), transition state (TS) and product complex (P) determined from IRC calculations. 

 

 

B.2 Overestimation of Activation Entropies Using Ideal Gas Partition Functions 

 

Figure S2: Activation entropy for the hydride transfer reaction between ∆1-pyrroline-2-

carboxylic acid and 1-benzyl-1,4-dihydronicotinamide. 

When referenced to the separated reactants, the HT between ∆1-pyrroline-2-carboxylic acid 

and 1-benzyl-1,4-dihydronicotinamide is predicted to have an activation entropy (-T∆S‡
calc) of 

14.5 kcal/mol (Figure S2) using the ideal gas partition function which treats the hindered 

translation, rotation and vibration of the species in solution as unhindered gas phase motions. 

As a result, the ideal gas partition function overestimates -T∆S‡ by ~12 kcal/mol for this reaction 
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relative to the experimental value of -T∆S‡
exp= 2.3 kcal/mol.138 Thus, ideal gas-based calculated -

T∆S‡
calc values can have significant errors for solution phase reactions, including the HT 

reactions in aqueous solvent we investigate here. 

Table S2 summarizes the computed gas-phase activation entropies (DHT-1H2O model) of CO2, 

formic acid and formaldehyde.  The reported -T∆S‡  values omit the translational and rotational 

components that make up the total entropy, in accordance with Morokuma’s approach.139 Note 

that the VR approach (-T∆S‡ (vib. + rot.)), which estimates -T∆S‡ from the only the vibrational 

and rotational contributions produces values in close agreement with the T∆S‡
exp= 2.3 kcal/mol 

for the analogous HT between ∆1-pyrroline-2-carboxylic acid and 1-benzyl-1,4-

dihydronicotinamide 

Table S2: Gas Phase Entropy for DHT-1H2O Model  

 CO2 HCOOH OCH2 

-T∆S‡ (trans.+ vib. + rot.) 13.9 13.1 13.5 

-T∆S‡ (vib. + rot.) 3.0 2.2 2.7 

-T∆S‡ (vib. ) -3.1 -4.0 -3.2 

 

B.3 Thermodynamic Quantities Referenced to Reactant Complex 

 

Figure S3: Separated Reactant vs Reactant Complex for CO2 Reduction via the DHT Model. 
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Figure S3 shows that approach of the separated reactants (PyH2 + CO2) to each other to form 

the reactant complex prior to forming the transition state complex. In the manuscript, we 

report the activation enthalpies (∆H‡
HT) referenced to the separated reactants, as is appropriate 

for bimolecular reactions.130 For example, for the reaction between PyH2 and CO2 described 

using the direct hydride transfer (DHT) model, ∆H‡
HT (separated reactant) = 20.9 kcal/mol. For 

comparison purposes, here we also report activation enthalpies referenced to the reactant 

complex, which for this case ∆H‡
HT (reactant complex) = 22.1 kcal/mol. Thus, a weak 

complexation enthalpy (-1.2 kcal/mol) is involved in forming the reactant complex from the 

separated reactants. Below, we report similar enthalpy quantities for formic acid (HCOOH) and 

formaldehyde (OCH2) reduction. 

PyH2 + HCOOH (DHT model) 

∆H‡
HT (separated reactant) = 23.3 kcal/mol 

∆H‡
HT (reactant complex) = 24.9 kcal/mol 

 

PyH2 + OCH2 (DHT model) 

∆H‡
HT (separated reactant) = 12.2 kcal/mol 

∆H‡
HT (reactant complex) = 13.2 kcal/mol 
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B.4 Recovery of the Pyridine Catalyst from the 4,4’ Coupled Dimer 

 

Figure S4: Reactant complex (a), transition state (b), and product complex (c) of the 4,4' 

coupled dimer reacting with PyH+ to produce 1,2-dihydropyridine, Py and PyH+.  

 

Figure S4 shows the reactant complex, TS and product complex of the reaction between PyH+ 

and the 4,4’ coupled dimer (formed by the carbon-carbon coupling of two PyH0s). In this 

reaction, 1,2-dihydropyridine is produced along with Py and PyH+. The enthalpic barrier (∆H‡
HT) 

of this reaction is 31.0 kcal/mol and the enthalpy of reaction (∆H0
rxn) is -4.6 kcal/mol 

(referenced to separated reactants). PyH+, with a pKa= 5.3, acts as a proton donor in this 

reaction. The high barrier indicates that the recovery of the pyridine catalyst by decoupling the 

4,4’ dimer is not an active pathway at 298K. It should be noted that if H3O+, a much stronger 

proton donor with a pKa= -1.7, is used as a proton donor to the 4,4’ coupled dimer, the 

decoupling barrier is expected to decrease. All structures and energies were calculated using 

the rM06/6-31+G**/CPCM-H2O level of theory.  
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B.5 Linearized Poisson-Boltzmann Model of Cation Concentration Near a Negatively 

Biased Cathode  

 

Figure S5: The distribution of cation (e.g. H3O+, PyH+ and K+ (without anion Cl-) used as an 

electrolyte) concentration near a negatively biased cathode (𝝍𝟎 = 𝟐𝟎𝟎 𝒎𝑽) according to a 

linearized Poisson-Boltzmann model. 𝝍𝟎 is the negative potential applied at the cathode, 𝝍(x) 

is electrostatic potential as a function of x (distance from the electrode), z is the charge on 

the cation, e is the elementary charge, 𝒏∞ is bulk concentration of the cation, D is dielectric 

constant of the medium (78.5 for aqueous solution), 𝜺𝟎 is the vacuum permittivity, k is the 

Boltzmann constant and T is temperature (298 K). Note that the Debye length 1/κ is 

proportional to (ionic strength)-1/2; which in this case for monovalent cation and anion, ionic 

strength = 𝒏∞. 

 

Figure S5 shows the distribution of cations near a negatively biased cathode. The linearized 

Poisson-Boltzmann model167 is used to describe the electrostatic attraction between the 

negatively biased cathode and cations in dielectric media. In an aqueous solution (D = 78.5) 

with a negatively biased cathode at 200 mV, cation concentration increases exponentially 

towards the cathode. For example, at 2 Å away from the cathode, the concentration of the 

cations increases by ~2 order of magnitude. Thus, the pH in the vicinity of the cathode is 

expected to be much lower than in the bulk. We note that this model likely does not accurately 

describe cation concentrations at a distance < 2 Ǻ away from the cathode where the continuum 

model begins to break down.  
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B.6 Reactivity of 1,2-dihydropyridine and 1,4-dihydropyridine Towards CO2  

 

Figure S6: Transition state structures for (a) 1,2-dihydropyridine + CO2 and (b) 1,4-

dihydropyridine + CO2. Calculations performed at rMP2/aug-ccPVTZ//rM06/6-31+G** with 

solvent described using CPCM for aqueous solvent. 

 

Figure S6 shows the transition state structures, standard activation free energies (∆G‡
HT) and 

reaction free energies (∆G0
rxn) for (a) 1,2-dihydropyridine + CO2 and (b) 1,4-dihydropyridine + 

CO2. The comparison between these two species shows that 1,2-dihydropyridine is more 

reactive than 1,4-dihydropyridine, exhibiting  both a lower ∆G‡
HT and a more negative ∆G0

rxn. 
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B.7 Hydride Transfer from N-H Bond of 1,4-dihydropyridine  

Figure S7: (a) Hydride transfer from the N-H bond of 1,4-dihydropyridine to the C atom of CO2 

to form formate and pyridinum protonated in the C-4 position, (b) analogous to reaction in (a) 

except that a BF3 Lewis acid, which is used to model a Lewis acidic surface site, is bound to 

the N of 1,4-dihydropyridine during the reaction.  All calculations were performed using 

rM06/6-31+G**/CPCM-H2O. 

 

From Figure S7a, we show that hydride transfer from the N-H bond of 1,4-dihydropyridine to 

CO2, as proposed in ref. [152] , is highly endergonic with ∆G0
rxn= 59.6 kcal/mol. This result clearly 

demonstrates that hydridic character of the N-H hydrogen is highly unfavorable under standard 

conditions.  

In Figure S7b, we use BF3 Lewis acid to model a Lewis acidic surface site. It was also proposed in 

ref. [152] that 1,4-dihydropyridine performs a hydride transfer while adsorbed to the Lewis 

acidic site on a surface (e.g. Pt or p-GaP). Our result predicts that the surface actually hinders 

hydride transfer in that it makes the N-H bond an even weaker hydride donor (∆G0
rxn  =66.5 

kcal/mol) than free DHP. 
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B.8 Coordinates of Molecular Structures 

All coordinates are reported as XYZ Cartesian coordinates. In “red” are rM06/6-31+G**/CPCM-

H2O energies. In “black”, we report rMP2/aug-ccPVTZ/CPCM-H2O single point energies 

computed at rM06/6-31+G**/CPCM-H2O geometries. Energies reported here are computed at 

0 K (not ZPE and thermally corrected) and are stated in Hartrees units. In “blue”, the imaginary 

frequencies (in unit cm-1) of transition state structures are also reported. Unless otherwise 

noted, all energies reported were calculated using the GAUSSIAN 09 computational chemistry 

package.61 

CO2 (-188.51263107, -188.32329603) 
C          2.18926        0.01112        0.30294 
O          1.79513        0.03673        1.39377 
O          2.58406       -0.01448       -0.78759 
 
1,4-Cyclohexadiene (-233.24433548, -232.90378431) 
H          0.74904        1.87385       -1.96853 
C         -0.18776        1.13475        1.30625 
C          0.76573        0.24524        1.59579 
H          2.46751        0.27133       -1.44663 
H         -1.29457        1.64109       -0.45593 
H         -0.93345        1.38521        2.06078 
H          0.78500       -0.21732        2.58267 
C         -0.30028        1.82638       -0.01767 
C          1.72191        0.52192       -0.69207 
H         -0.27215        2.91890        0.12599 
C          0.76841        1.41142       -0.98159 
C          1.83451       -0.16958        0.63192 
H          2.82878        0.01567        1.07020 
H          1.80645       -1.26214        0.48827 
 
Reactant complex (-421.76051246, -421.23289602) 
H          0.72190        1.84063       -1.98314 
C         -0.19775        1.12303        1.29995 
C          0.75374        0.23009        1.58836 
H          2.43697        0.23298       -1.46306 
H         -1.28964        1.70560       -0.44435 
H         -0.96003        1.35228        2.04469 
H          0.75385       -0.25615        2.56406 
C         -0.28617        1.84434       -0.00981 
C          1.70937        0.50630       -0.69893 
C         -1.46984       -1.65892       -0.27016 
O         -0.73301       -2.47623        0.10987 
O         -2.21544       -0.85266       -0.65741 
H         -0.20994        2.93199        0.15303 
C          0.75777        1.39885       -0.98727 
C          1.84693       -0.15348        0.63905 
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H          2.82839        0.08891        1.07899 
H          1.87373       -1.24866        0.51787 
 
TS (-421.69168248, -421.1442666, 378.43i) 
H          1.89776        0.88243       -2.16549 
C          1.62343        0.15940        1.20167 
C          2.84842       -0.37564        1.41805 
H          4.13907       -0.06652       -1.79498 
H          0.27242       -0.75148       -0.50706 
H          0.91078        0.27462        2.01276 
H          3.13968       -0.68864        2.41784 
C          1.24052        0.54975       -0.11784 
C          3.41764       -0.02185       -0.98281 
C         -0.01359       -1.89742       -0.68496 
O         -1.10451       -2.02961       -1.24471 
O          0.86420       -2.65321       -0.26470 
H          0.34243        1.15159       -0.24440 
C          2.18874        0.50512       -1.18978 
C          3.83771       -0.53171        0.33617 
H          4.79241       -0.06438        0.63263 
H          4.12086       -1.59629        0.24795 
 

10-methyl-9,10-dihydroacridine + CO2 

10-methyl-9,10-dihydroacridine (-595.66353648, -594.85216855) 
C          0.22032        0.62179        1.45229 
C          1.35343       -0.20008        1.59671 
H         -1.16435       -0.25225        0.08909 
C         -0.48207        0.61555        0.12643 
C          1.63524       -0.31925       -0.79074 
H         -1.11082        1.50652        0.00833 
N          1.81303       -0.90944        0.47298 
C          0.50931        0.50052       -0.99389 
C          2.54262       -0.51330       -1.83948 
C          0.32927        1.12341       -2.22346 
C          2.32963        0.10093       -3.07219 
H          3.04558       -0.06141       -3.87477 
C          1.99184       -0.27892        2.84077 
C          1.50488        0.44961        3.92451 
H          2.01225        0.37476        4.88377 
C          0.39531        1.27683        3.78203 
H          0.02161        1.85111        4.62596 
C         -0.23370        1.35914        2.53976 
H         -1.10906        1.99486        2.41052 
C          1.22822        0.92726       -3.27191 
H          2.87889       -0.89298        2.96883 
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H          3.42673       -1.12886       -1.69863 
H          1.06755        1.41206       -4.23157 
H         -0.54406        1.75967       -2.36341 
C          2.85713       -1.89714        0.64680 
H          3.86003       -1.45306        0.74878 
H          2.64662       -2.49380        1.53793 
H          2.86111       -2.57608       -0.20948 
 
Reactant complex (-784.18144416, -783.1838096), MP2 calculation performed with GAMESS 
C          0.21543        0.61607        1.45333 
C          1.34533       -0.20926        1.59814 
H         -1.18614       -0.22892        0.08230 
C         -0.48382        0.62331        0.12585 
C          1.62970       -0.32472       -0.79047 
C         -0.17807       -3.23458        0.28979 
O         -0.42959       -3.15292        1.42387 
O          0.06084       -3.33513       -0.84564 
H         -1.09756        1.52495        0.00968 
N          1.79624       -0.92873        0.47248 
C          0.50713        0.49830       -0.99377 
C          2.53795       -0.52027       -1.83733 
C          0.33047        1.12342       -2.22298 
C          2.32896        0.09648       -3.06959 
H          3.04534       -0.06765       -3.87132 
C          1.98474       -0.28793        2.84101 
C          1.50154        0.44414        3.92420 
H          2.01062        0.36988        4.88249 
C          0.39401        1.27369        3.78191 
H          0.02364        1.85117        4.62506 
C         -0.23550        1.35643        2.54033 
H         -1.10733        1.99662        2.41001 
C          1.22999        0.92551       -3.27013 
H          2.87093       -0.90248        2.97093 
H          3.41907       -1.14021       -1.69853 
H          1.07212        1.41169       -4.22951 
H         -0.53997        1.76355       -2.36266 
C          2.86824       -1.88948        0.64418 
H          3.86146       -1.41985        0.71896 
H          2.69226       -2.47343        1.55138 
H          2.87167       -2.58486       -0.20000 
 
TS (-784.12248563, -783.11289645, 648.01i) 
C          1.53413        0.32881        1.14540 
C          2.79274       -0.25663        1.42896 
H          0.48378       -0.84512       -0.46662 
C          1.14838        0.48285       -0.22182 
C          3.42976       -0.09211       -0.89230 
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C          0.31100       -2.06717       -0.50950 
O          0.26439       -2.53220        0.62376 
O          0.26432       -2.46157       -1.67037 
H          0.23233        1.03707       -0.43634 
N          3.63549       -0.59718        0.38347 
C          2.17792        0.48502       -1.21721 
C          3.14719       -0.47417        2.77354 
C          2.26965       -0.12846        3.78472 
H          2.56881       -0.29417        4.81652 
C          1.01582        0.43918        3.50757 
H          0.34181        0.70114        4.31760 
C          0.65816        0.65953        2.19582 
H         -0.30817        1.09224        1.94446 
C          4.43378       -0.12650       -1.87726 
C          1.94906        0.98578       -2.51161 
H          4.11667       -0.88260        3.03630 
H          5.41799       -0.52465       -1.65516 
H          0.97272        1.41115       -2.73535 
C          4.18456        0.38716       -3.13718 
C          2.94023        0.94476       -3.46872 
H          4.97884        0.36303       -3.87882 
H          2.76572        1.34202       -4.46418 
C          4.83412       -1.38508        0.65533 
H          5.68533       -0.75151        0.93069 
H          4.62939       -2.08913        1.46205 
H          5.08847       -1.97235       -0.22723 
 

Dihydrophenanthridine + CO2 

 
Dihydrophenanthridine (-556.38699729, -555.63233510) 
H          0.94556        2.14250       -1.69762 
C          0.14324        1.60034        1.48421 
C          0.98416        0.49540        1.70815 
H         -1.00502        1.40049       -0.31375 
C         -0.15038        1.99408        0.06582 
C          1.59150       -0.17172        0.54560 
N          1.03610        1.78625       -0.75344 
C          1.61575        0.52532       -0.68435 
H         -0.43922        3.04880        0.01262 
C         -0.43522        2.27024        2.55855 
C         -0.19481        1.85542        3.86631 
H         -0.65273        2.38325        4.69930 
C          0.64543        0.76759        4.09777 
H          0.85281        0.44405        5.11512 
C          1.23556        0.10157        3.02911 
H          1.91140       -0.72720        3.22948 
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C          2.19037       -1.43442        0.61102 
C          2.82718       -1.99606       -0.48992 
H          3.28080       -2.98090       -0.41462 
C          2.87312       -1.28339       -1.68931 
H          3.36934       -1.70817       -2.55912 
C          2.26948       -0.03628       -1.78826 
H         -1.08301        3.12456        2.36569 
H          2.29325        0.51510       -2.72719 
H          2.15254       -1.99348        1.54407 
 
Reactant complex (-744.90418834, -743.96286463) 
H          0.94714        2.14066       -1.70085 
C          0.14748        1.60202        1.48414 
C          0.99522        0.50282        1.70993 
H         -1.00495        1.42035       -0.31429 
C         -0.14274        2.00209        0.06657 
C          1.60678       -0.16359        0.54883 
N          1.04013        1.78676       -0.75600 
C          1.62076        0.52713       -0.68487 
C         -0.98969       -2.23534        0.21717 
O         -0.94113       -2.69328        1.28690 
O         -1.04688       -1.78186       -0.85337 
H         -0.42114        3.05992        0.01757 
C         -0.44174        2.26414        2.55786 
C         -0.20572        1.84707        3.86541 
H         -0.67200        2.36914        4.69737 
C          0.64091        0.76437        4.09847 
H          0.84462        0.43893        5.11592 
C          1.24088        0.10551        3.03117 
H          1.92033       -0.72005        3.23267 
C          2.20522       -1.42676        0.61582 
C          2.82599       -1.99784       -0.48964 
H          3.27730       -2.98365       -0.41376 
C          2.86232       -1.29082       -1.69280 
H          3.34750       -1.72197       -2.56565 
C          2.26430       -0.04086       -1.79129 
H         -1.09473        3.11428        2.36412 
H          2.28124        0.50588       -2.73306 
H          2.17206       -1.98221        1.55160 
 
TS (-744.85472427, -743.90595079, 798.70i) 
H          2.03008        0.79363       -1.98881 
C          1.58541        0.28441        1.26225 
C          2.83582       -0.29016        1.57185 
H          0.48952       -0.68606       -0.42115 
C          1.23608        0.50694       -0.13150 
C          3.75547       -0.59979        0.47966 
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N          2.24544        0.51724       -1.03766 
C          3.43850       -0.16162       -0.82240 
C          0.31740       -1.86013       -0.87440 
O         -0.26457       -2.54379       -0.04716 
O          0.81268       -1.93237       -1.98723 
H          0.40484        1.17588       -0.35475 
C          3.13704       -0.51857        2.92341 
C          2.22141       -0.20721        3.91608 
H          2.47720       -0.39384        4.95591 
C          0.97637        0.34573        3.59482 
H          0.26476        0.58538        4.37979 
C          0.66137        0.58862        2.26963 
H         -0.30034        1.01897        1.99651 
C          4.96499       -1.29127        0.65634 
C          5.82363       -1.52276       -0.40452 
H          6.75163       -2.06337       -0.24051 
C          4.30719       -0.38612       -1.89555 
H          4.03315       -0.03283       -2.88755 
H          5.23354       -1.65934        1.64286 
H          4.09862       -0.93716        3.20719 
C          5.49533       -1.06309       -1.68524 
H          6.16740       -1.24367       -2.51969 
 

Hantzsch’s ester + CO2 

 
Hantzsch’s ester (-862.01667438, -860.93400653) 
C          0.06173        1.60753        1.59883 
C          1.04869        0.69388        1.80927 
H          2.43371       -0.51633        0.89842 
H         -1.41152        1.68621        0.03071 
C         -0.36749        1.99749        0.20561 
C          1.50060        0.53387       -0.59739 
H         -0.40174        3.09367        0.12486 
C          0.52560        1.44117       -0.87650 
N          1.69754        0.15196        0.71620 
C          0.21988        1.94191       -2.21237 
C         -0.68607        2.27289        2.66052 
O         -0.71333        2.70341       -2.44046 
O         -1.60229        3.05715        2.44101 
O          1.04197        1.51442       -3.18451 
O         -0.29395        1.96823        3.90813 
C          0.76864        1.96734       -4.52014 
H          0.81457        3.06270       -4.54014 
H         -0.25101        1.67162       -4.79437 
C          1.80177        1.33841       -5.41668 
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H          1.63674        1.64603       -6.45392 
H          2.81213        1.64433       -5.12393 
H          1.74473        0.24528       -5.36923 
C         -0.99722        2.59346        4.99284 
H         -0.89245        3.68152        4.90455 
H         -2.06388        2.35251        4.91300 
C         -0.39068        2.06736        6.26678 
H          0.67662        2.30909        6.31911 
H         -0.88709        2.51523        7.13323 
H         -0.50142        0.97923        6.33103 
C          1.55345        0.17089        3.11813 
H          2.00313        0.96954        3.71533 
H          0.74259       -0.25091        3.71728 
H          2.30647       -0.60658        2.95951 
C          2.43681       -0.13383       -1.55602 
H          1.89718       -0.60603       -2.38023 
H          3.12273        0.59178       -2.00425 
H          3.03121       -0.89775       -1.04621 
 
Reactant complex (-1050.53405796, -1049.26523689) 
C          0.18348        1.74113        1.61417 
C          1.15835        0.81422        1.81941 
H          2.56313       -0.37314        0.90671 
H         -1.24796        2.00115        0.03374 
C         -0.18225        2.21194        0.22801 
C          1.63089        0.68118       -0.58520 
C         -1.26224       -0.94000       -1.39905 
O         -1.18666       -1.25010       -0.27944 
O         -1.34179       -0.63587       -2.52057 
H         -0.11766        3.30959        0.17574 
C          0.66328        1.59916       -0.86200 
N          1.83976        0.30971        0.72718 
C          0.32822        2.06896       -2.20306 
C         -0.61285        2.35153        2.67391 
O         -0.55710        2.88892       -2.41801 
O         -1.48940        3.17952        2.45392 
O          1.04583        1.51819       -3.19346 
O         -0.32083        1.93656        3.91672 
C          0.67739        1.86067       -4.53831 
H          0.79743        2.94160       -4.67828 
H         -0.38325        1.61895       -4.68244 
C          1.57209        1.06423       -5.45027 
H          1.34119        1.28827       -6.49627 
H          2.62545        1.30623       -5.27062 
H          1.43293       -0.01076       -5.28901 
C         -1.09393        2.48867        4.99427 
H         -0.96237        3.57716        5.00494 
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H         -2.15517        2.28199        4.81116 
C         -0.59878        1.84273        6.26096 
H          0.46426        2.05621        6.41826 
H         -1.15685        2.22349        7.12188 
H         -0.72955        0.75570        6.21963 
C          1.61966        0.23861        3.12211 
H          2.01148        1.01642        3.78355 
H          0.79585       -0.24240        3.65621 
H          2.40636       -0.50389        2.95981 
C          2.53838       -0.01371       -1.55251 
H          1.96986       -0.59361       -2.28614 
H          3.13345        0.70529       -2.12206 
H          3.21895       -0.69012       -1.02764 
 
TS (-1050.48619705, -1049.21109993, 917.62i) 
C          1.38636        0.23480        1.18046 
C          2.61804       -0.29951        1.47751 
H          4.39836       -0.87776        0.67077 
H          0.25594       -0.61880       -0.60357 
C          1.04555        0.48635       -0.19864 
C          3.31498       -0.06662       -0.85157 
C         -0.05253       -1.72637       -1.18186 
O         -1.07027       -2.18587       -0.69050 
O          0.78631       -1.97349       -2.03134 
H          0.21677        1.17203       -0.37517 
C          2.09624        0.48390       -1.18062 
N          3.49685       -0.47247        0.44104 
C          0.31096        0.48478        2.15898 
C          1.70580        0.95656       -2.52178 
C          3.13302       -0.71686        2.81259 
H          3.31236        0.15797        3.44584 
H          2.40699       -1.34286        3.33579 
H          4.07105       -1.26899        2.71202 
C          4.48476       -0.28095       -1.74870 
H          4.21436       -0.94308       -2.57721 
H          4.81238        0.66145       -2.19593 
H          5.32270       -0.72244       -1.20348 
O          0.59714        1.40460       -2.76220 
O         -0.83867        0.71436        1.82336 
O          0.71644        0.44527        3.42576 
O          2.66437        0.83587       -3.43670 
C         -0.28422        0.64652        4.44653 
H         -0.73159        1.63669        4.30331 
H         -1.07112       -0.10411        4.31234 
C          0.41204        0.51589        5.77348 
H         -0.30798        0.65429        6.58564 
H          0.86476       -0.47594        5.88094 
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H          1.19842        1.27061        5.87946 
C          2.34820        1.23774       -4.78554 
H          2.07828        2.29986       -4.77911 
H          1.47413        0.66757       -5.11999 
C          3.56966        0.95940       -5.61845 
H          3.82471       -0.10559       -5.59219 
H          3.38496        1.24273       -6.65901 
H          4.42983        1.53109       -5.25368 
 

NaBH4 + CO2 

 
BH4

- (-27.33111504, -27.25783179) 
H         -0.46475        1.61335        1.09007 
H          0.42003        2.98568       -0.09947 
H          1.43921        1.33805        0.47165 
H          1.01374        2.78017        1.82157 
B          0.60217        2.17970        0.82142 
 
Reactant complex (-215.84674858, -215.58422919) 
H         -0.46490        1.61381        1.08950 
C         -0.22660       -0.71103       -0.33439 
O          0.01568       -1.30008        0.64098 
O         -0.48636       -0.17713       -1.33621 
H          0.41954        2.98452       -0.10016 
H          1.43914        1.33875        0.47150 
H          1.01427        2.77963        1.82243 
B          0.60235        2.18024        0.82197 
 
TS (-215.83186656, -215.56399968, 402.19i) 
H          0.14591       -0.51509       -0.30999 
C          0.33296       -1.85368       -0.93092 
O          0.62375       -2.59736       -0.03562 
O          0.05300       -1.72280       -2.09015 
H          0.59386        1.32806       -0.78708 
H          2.10730       -0.02304       -0.64931 
H          1.11271        0.52080        1.03918 
B          1.06503        0.38729       -0.17158 
 
4-CN-PyH2 + CO2 

 
4-CN-PyH2 (-341.48489265, -341.04129720) 
H          0.61393        1.08308       -1.75451 
C          0.30576        0.72033        1.53350 
C          1.34630       -0.12808        1.70120 
H          2.77226       -1.50335        0.69781 
H          2.29642       -0.50566       -1.54613 
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H         -1.04653        0.11617       -0.01892 
H         -0.15206        1.23373        2.37409 
C         -0.26678        0.88489        0.15818 
C          2.00403       -0.75172        0.56168 
N          0.81340        0.77144       -0.81485 
C          1.73829       -0.22029       -0.65830 
H         -0.74714        1.86072        0.04305 
C          1.86246       -0.36323        3.01516 
N          2.28864       -0.57460        4.07802 
 
Reactant complex (-530.00020482, -529.36941183) 
H          0.60495        1.06670       -1.76114 
C          0.30376        0.71456        1.53304 
C          1.34841       -0.12814        1.70150 
H          2.79188       -1.48781        0.69925 
H          2.29821       -0.50858       -1.54675 
H         -1.06209        0.13713       -0.01619 
H         -0.15937        1.22059        2.37528 
C         -0.26822        0.89043        0.15892 
C          2.01202       -0.74780        0.56262 
N          0.80561        0.75790       -0.82080 
C          1.73929       -0.22248       -0.65921 
C         -0.02415       -3.14375       -0.37868 
O         -0.88407       -2.62519        0.21115 
O          0.82324       -3.67562       -0.97432 
H         -0.72981        1.87586        0.04690 
C          1.86055       -0.36568        3.01649 
N          2.28379       -0.57925        4.08006 
 
TS (-529.95532787, -529.32198295, 1007.13i) 
H          1.96661        0.61608       -2.01559 
C          1.58826        0.29017        1.25139 
C          2.81892       -0.24059        1.52347 
H          4.68295       -1.03817        0.67563 
H          4.04832       -0.35256       -1.64834 
H          0.44030       -0.76658       -0.36046 
H          0.88978        0.55238        2.03823 
C          1.17823        0.41629       -0.12155 
C          3.72401       -0.57905        0.46837 
N          2.19292        0.38014       -1.05655 
C          3.38557       -0.22047       -0.80109 
C          0.14454       -1.87757       -0.98231 
O         -0.58653       -2.55268       -0.28256 
O          0.71150       -1.86762       -2.05910 
H          0.35893        1.09038       -0.36398 
C          3.22161       -0.43685        2.88499 
N          3.55709       -0.60185        3.98550 



 

208 
 

 
4-CONH2-PyH2 + CO2 

 
4-CONH2-PyH2 (-417.93073099, -417.40240767) 
H          0.63122        1.10844       -1.84384 
C          0.34383        0.82949        1.45895 
C          1.37298       -0.02221        1.65871 
H          2.78633       -1.40899        0.67204 
H          2.31553       -0.46977       -1.59265 
H         -1.00771        0.20142       -0.09084 
H         -0.10110        1.40246        2.26923 
C         -0.22981        0.97505        0.07891 
C          2.01895       -0.65839        0.52242 
N          0.85001        0.84869       -0.89264 
C          1.76204       -0.15676       -0.71065 
H         -0.71207        1.94828       -0.05238 
C          1.96741       -0.24788        3.00897 
O          3.15567       -0.54673        3.15038 
H          1.50985       -0.26549        4.99561 
H          0.13739       -0.03293        3.96480 
N          1.13802       -0.10366        4.07008 
 
Reactant complex (-606.4462619, -605.73045608) 
H          0.61822        1.08214       -1.85240 
C          0.34240        0.82391        1.45779 
C          1.37644       -0.02140        1.65864 
H          2.81082       -1.39085        0.67574 
H          2.31467       -0.47857       -1.59325 
H         -1.03341        0.23677       -0.08733 
H         -0.10871        1.38812        2.27090 
C         -0.23143        0.98467        0.07932 
C          2.03097       -0.65334        0.52444 
N          0.83943        0.82904       -0.90005 
C          1.76225       -0.16331       -0.71118 
C         -0.15181       -3.13193       -0.00094 
O         -1.07676       -2.44987        0.18820 
O          0.75964       -3.83012       -0.19332 
H         -0.68423        1.97297       -0.04786 
C          1.96814       -0.24494        3.01057 
O          3.15862       -0.53348        3.15437 
H          1.50567       -0.27166        4.99573 
H          0.13382       -0.04915        3.96190 
N          1.13485       -0.10990        4.06978 
 
TS (-606.40687771, -605.68748231, 1049.25i) 
H          2.01715        0.87536       -1.98029 



 

209 
 

C          1.43160        0.22524        1.20886 
C          2.64819       -0.30815        1.52227 
H          4.54555       -1.04549        0.72504 
H          4.08131       -0.12741       -1.56590 
H          0.46585       -0.74466       -0.53145 
H          0.65865        0.39207        1.95292 
C          1.09982        0.43783       -0.17843 
C          3.60351       -0.56230        0.49252 
N          2.17745        0.53231       -1.04103 
C          3.35756       -0.08509       -0.75972 
C          0.33309       -1.98682       -0.94127 
O         -0.02451       -2.66850       -0.00036 
O          0.63494       -2.03847       -2.11794 
H          0.26654        1.09350       -0.42591 
C          3.02027       -0.68490        2.92465 
O          3.74715       -1.65349        3.13531 
N          2.50223        0.07799        3.90846 
H          2.74285       -0.14209        4.86551 
H          2.03053        0.95221        3.72800 

 

4-OH-PyH2 + CO2 

 
4-OH-PyH2 (-324.49298059, -324.08061095) 
H          0.55146        0.99795       -1.77585 
C          0.30172        0.75072        1.54580 
C          1.32465       -0.11080        1.71797 
H          2.74261       -1.48964        0.73795 
H          2.25579       -0.54669       -1.52926 
H         -1.07039        0.15680       -0.02871 
H         -0.16617        1.26163        2.38476 
C         -0.27569        0.90788        0.16579 
C          1.97611       -0.73761        0.58562 
N          0.79414        0.77044       -0.82172 
C          1.70887       -0.23154       -0.64399 
H         -0.73660        1.89349        0.04203 
O          1.88115       -0.42103        2.92599 
H          1.38188        0.00853        3.63345 
 
Reactant complex (-513.00832451, -512.4085234) 
H          0.53909        0.97475       -1.78291 
C          0.29843        0.74203        1.54488 
C          1.32700       -0.11218        1.71772 
H          2.77083       -1.46810        0.74116 
H          2.25917       -0.54929       -1.52953 
H         -1.09472        0.18970       -0.02621 



 

210 
 

H         -0.17499        1.24387        2.38637 
C         -0.27864        0.91575        0.16629 
C          1.98860       -0.73242        0.58723 
N          0.78211        0.74969       -0.82840 
C          1.71007       -0.23610       -0.64442 
C          0.00080       -3.13481       -0.43513 
O         -0.92055       -2.56213       -0.01204 
O          0.90770       -3.72488       -0.86573 
H         -0.71035        1.91540        0.04611 
O          1.87860       -0.42413        2.92751 
H          1.37434        0.00115        3.63404 
 
TS (-512.97546746, -512.3698872, 1149.50i) 
H          2.05813        0.76580       -2.04602 
C          1.52931        0.29471        1.19400 
C          2.72705       -0.29630        1.49069 
H          4.58966       -1.11260        0.68862 
H          4.09859       -0.28146       -1.62503 
H          0.48197       -0.64023       -0.51921 
H          0.80040        0.53346        1.96274 
C          1.16998        0.46028       -0.19150 
C          3.65750       -0.61193        0.45315 
N          2.23821        0.48420       -1.09100 
C          3.39407       -0.17247       -0.80763 
C          0.20872       -1.92041       -0.87324 
O         -0.06988       -2.52589        0.13909 
O          0.36125       -2.02207       -2.07200 
H          0.38479        1.17810       -0.42936 
O          3.13401       -0.58923        2.73975 
H          2.44714       -0.36918        3.38506 
 

4-NH2-PyH2 + CO2 

 
4-NH2-PyH2 (-304.62449870, -304.21946693) 
H          0.58384        1.00853       -1.73245 
C          0.32635        0.71161        1.58331 
C          1.33413       -0.17569        1.76477 
H          2.71289       -1.56801        0.72872 
H          2.26903       -0.55900       -1.50303 
H         -1.03824        0.13986       -0.01113 
H         -0.14086        1.21935        2.42523 
C         -0.24737        0.89068        0.20573 
C          1.96740       -0.78766        0.60468 
N          0.82687        0.77376       -0.77997 
C          1.72189       -0.25022       -0.61527 
H         -0.71174        1.87659        0.09564 



 

211 
 

H          2.81643       -0.73317        3.04919 
H          1.52503        0.03398        3.78321 
N          1.81892       -0.55933        3.01661 
 
Reactant complex (-493.13986095, -492.54740023) 
H          0.57017        0.98484       -1.74028 
C          0.32345        0.70299        1.58210 
C          1.33646       -0.17780        1.76380 
H          2.74163       -1.54780        0.73147 
H          2.27196       -0.56207       -1.50428 
H         -1.06210        0.17313       -0.00674 
H         -0.14930        1.20149        2.42659 
C         -0.25000        0.89891        0.20637 
C          1.98040       -0.78274        0.60554 
N          0.81512        0.75414       -0.78741 
C          1.72318       -0.25475       -0.61652 
C         -0.03509       -3.13481       -0.47858 
O         -0.96360       -2.56105       -0.07286 
O          0.87758       -3.72761       -0.89311 
H         -0.68549        1.89880        0.10041 
H          2.81565       -0.73069        3.05356 
H          1.51634        0.02611        3.78384 
N          1.81712       -0.56325        3.01680 
 
TS (-493.11116931, -492.51207271, 1120.79i) 
H          2.06065        0.77856       -2.01350 
C          1.55098        0.27800        1.22863 
C          2.73889       -0.35205        1.52789 
H          4.57281       -1.19610        0.65500 
H          4.09112       -0.29643       -1.61150 
H          0.51015       -0.61568       -0.49886 
H          0.82868        0.51748        2.00396 
C          1.17705        0.45157       -0.15235 
C          3.64743       -0.66460        0.45637 
N          2.24879        0.50128       -1.05936 
C          3.38957       -0.18863       -0.79071 
C          0.23472       -1.92776       -0.87787 
O         -0.00204       -2.53728        0.13899 
O          0.35384       -1.99725       -2.07984 
H          0.40233        1.18859       -0.36923 
H          4.06397       -0.86574        3.00743 
H          2.54433       -0.33816        3.56768 
N          3.08789       -0.70823        2.80058 
 

PyH2 + PyH+ = Py + PyH+ + H2 

 



 

212 
 

PyH+ (-248.55901788, -248.22434238) 
C         -2.20210        0.03517        0.61558 
C         -1.83122       -1.22300        0.14644 
C         -0.83616       -1.31593       -0.80411 
N         -0.24833       -0.19142       -1.25413 
C         -0.58240        1.03973       -0.82384 
C         -1.57276        1.17753        0.12617 
H         -2.98242        0.12645        1.36491 
H         -2.30516       -2.12649        0.51233 
H         -0.48427       -2.25113       -1.22283 
H          0.48463       -0.27555       -1.95435 
H         -0.04095        1.87093       -1.25922 
H         -1.84298        2.16767        0.47472 
 
Reactant complex (-497.85381785, -497.18013887) 
H          0.04163        1.64011       -3.43578 
C         -0.30768        2.49257       -0.23114 
C          0.95784        2.21865        0.15169 
H          2.84034        1.17191       -0.39213 
H          2.16338        0.96938       -2.78373 
H         -1.31468        0.94150       -1.36767 
H         -0.97266        3.09302        0.38454 
H          1.33556        2.59637        1.10073 
C         -0.82920        1.92830       -1.52649 
C          1.85154        1.47532       -0.71863 
N          0.27975        1.80798       -2.46872 
C          1.48698        1.35517       -2.02466 
H          0.10724        0.28689        0.66968 
H         -1.59327        2.57921       -1.96270 
C         -1.70609       -2.13930        1.92727 
C         -0.93068       -3.21447        1.49783 
H          0.84772       -3.81026        0.41349 
H          1.47136       -1.41571       -0.10787 
H         -2.61338       -2.28881        2.50088 
H         -1.23145       -4.22968        1.73843 
C         -1.30297       -0.85827        1.61021 
C          0.22934       -2.99025        0.75960 
N         -0.17766       -0.67707        0.89631 
C          0.59191       -1.69162        0.46449 
H         -1.84336        0.03660        1.89912 
 
TS (-497.80172698, -497.12593704, 1170.29i) 
H          1.44192        0.00520       -2.26738 
C          1.75342        0.49128        0.97646 
C          3.03127        0.03455        1.11521 
H          4.70186       -0.98407        0.12445 
H          3.57949       -0.89375       -2.11653 



 

213 
 

H          0.22755       -1.00408       -0.03685 
H          1.21166        0.94258        1.80095 
H          3.54700        0.14440        2.06541 
C          1.06770        0.28238       -0.26384 
C          3.70385       -0.57429        0.01948 
N          1.86172       -0.00721       -1.34544 
C          3.10440       -0.54654       -1.20599 
H          0.31790       -1.76164        0.51247 
H          0.16937        0.84807       -0.49354 
C         -0.08464       -4.27081        3.10345 
C          1.13746       -4.93119        3.00877 
H          3.04443       -4.98986        1.98178 
H          2.46378       -3.01958        0.53273 
H         -0.84229       -4.58297        3.81471 
H          1.35285       -5.77882        3.65313 
C         -0.32328       -3.19420        2.26259 
C          2.08193       -4.49869        2.08162 
N          0.59400       -2.79020        1.37893 
C          1.76870       -3.41442        1.27622 
H         -1.25577       -2.63520        2.28457 
 
Product complex (-497.85157828, -497.18407379) 
H         -0.63176        1.61952       -2.70772 
C          0.07695        2.22334        0.42378 
C          1.29677        1.55208        0.48651 
H          2.73386        0.36218       -0.61555 
H          1.36767        0.44882       -2.72809 
H         -2.96199        0.32110       -2.58985 
H         -0.33587        2.73130        1.28781 
H          1.85798        1.53210        1.41592 
C         -0.61608        2.24152       -0.76869 
C          1.79311        0.90030       -0.63996 
N         -0.10387        1.60494       -1.83835 
C          1.06179        0.93534       -1.80958 
H         -2.51859       -0.10971       -2.16986 
H         -1.56949        2.73772       -0.90750 
C         -1.33917       -1.23856        1.88971 
C         -0.20919       -2.01603        2.12134 
H          1.42741       -3.05942        1.16042 
H          0.69634       -2.39310       -1.11865 
H         -1.95760       -0.88155        2.70828 
H          0.08114       -2.28357        3.13418 
C         -1.66755       -0.92252        0.57393 
C          0.53932       -2.44755        1.03070 
N         -0.95381       -1.32200       -0.48472 
C          0.12567       -2.07636       -0.24503 
H         -2.55046       -0.31710        0.36190 



 

214 
 

 

PyH2 + CO2 (DHT model) 

 
PyH2 (-249.28675217, -248.94361711) 
C          2.68767       -0.96049        0.73390 
C          0.78167        1.00960        1.18288 
C          1.99987        1.10478        1.74824 
H          3.88705        0.01891        2.18724 
H          3.40802       -1.73569        0.48309 
H          1.34966       -1.75761       -0.57971 
H          0.07242        1.83347        1.20433 
H          2.30795        2.02638        2.23982 
N          1.53003       -0.94679       -0.00474 
C          2.94457        0.00717        1.65014 
C          0.35748       -0.30203        0.58008 
H         -0.10296       -0.95345        1.35341 
H         -0.39336       -0.16230       -0.20438 
 
Reactant complex (-437.80217478, -437.27141471) 
H          0.55278        1.00727       -1.77259 
C          0.31858        0.72522        1.54133 
C          1.35649       -0.11465        1.71352 
H          2.76652       -1.49735        0.69453 
H          2.24950       -0.55329       -1.55280 
H         -1.07333        0.15445       -0.00811 
H         -0.14630        1.23953        2.37913 
H          1.76150       -0.29019        2.70903 
C         -0.27149        0.90082        0.16810 
C          1.99353       -0.74585        0.57139 
N          0.79302        0.75977       -0.82312 
C          1.71125       -0.24590       -0.65864 
C         -0.01442       -3.14082       -0.45552 
O         -0.93544       -2.58615       -0.00821 
O          0.89062       -3.71536       -0.91046 
H         -0.72686        1.89002        0.05086 
 
TS (-437.76732668, -437.23152599, 1134.86i) 
H          2.06111        0.79939       -2.04196 
C          1.55359        0.28150        1.18758 
C          2.75295       -0.29501        1.47568 
H          4.60701       -1.11977        0.63700 
H          4.09456       -0.27104       -1.65871 
H          0.48231       -0.66041       -0.49663 
H          0.83305        0.53177        1.95917 
H          3.02831       -0.49398        2.50804 
C          1.17916        0.46335       -0.19669 
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C          3.66967       -0.61603        0.43097 
N          2.23807        0.48385       -1.09649 
C          3.39974       -0.17508       -0.83150 
C          0.20325       -1.92141       -0.86115 
O         -0.10884       -2.53960        0.13542 
O          0.37943       -2.01932       -2.05836 
H          0.38482        1.17001       -0.43552 
 
Product complex (-437.8142724, -437.28747857) 
H         -0.10348       -0.05701       -1.12843 
C          0.30075        1.88859        1.56881 
C          1.49928        1.36228        2.04397 
H          3.05039       -0.11074        1.70933 
H          1.93519       -0.98576       -0.37077 
H         -2.14245       -1.24316       -0.97442 
H         -0.20345        2.70099        2.08004 
H          1.95005        1.76570        2.94597 
C         -0.24885        1.35435        0.41850 
C          2.11734        0.31793        1.36115 
N          0.36468        0.34909       -0.22387 
C          1.51846       -0.17454        0.21656 
C         -1.86973       -1.21845       -2.06115 
O         -2.62835       -1.78459       -2.85940 
O         -0.79306       -0.59710       -2.33463 
H         -1.17884        1.70711       -0.01674 
 
Py (-248.11500199, -247.78284294) 
C         -2.21814        0.03699        0.62584 
C         -1.83236       -1.21190        0.15021 
C         -0.81984       -1.27459       -0.80285 
N         -0.19287       -0.19752       -1.28987 
C         -0.57513        0.99641       -0.82231 
C         -1.57619        1.16694        0.12985 
H         -3.00453        0.12869        1.37081 
H         -2.30346       -2.12318        0.50807 
H         -0.49542       -2.23879       -1.19350 
H         -0.05436        1.86272       -1.22955 
H         -1.84196        2.16369        0.47084 
 
HCOOH (-189.69049521, -189.49342926) 
C         -0.78308        0.27980       -0.00659 
O         -1.31889        0.21685       -1.08689 
O         -1.42188        0.35599        1.15902 
H         -2.38084        0.35076        0.99244 
H          0.30383        0.28234        0.15582 
 



 

216 
 

PyH2 + HCOOH (DHT model) 

 
Reactant complex (-438.98062054, -438.44189429) 
H          0.33165        0.12471       -1.17980 
C          0.52733        1.36167        1.90587 
C          1.84760        1.16993        2.08859 
H          3.65396        0.12707        1.32549 
H          2.58825       -0.34870       -0.87677 
H         -0.52150       -0.36918        1.14461 
H         -0.06056        1.98556        2.57492 
H          2.36325        1.65099        2.91860 
C         -0.17136        0.62707        0.79449 
C          2.61429        0.37827        1.14407 
N          0.74928        0.48406       -0.32924 
C          2.03861        0.10550       -0.05515 
O         -1.37568       -0.70016       -2.13295 
O         -3.30968       -1.26627       -1.13078 
H         -3.32536       -0.32178       -0.89335 
C         -2.21480       -1.52000       -1.83912 
H         -2.17900       -2.58062       -2.12280 
H         -1.05959        1.17010        0.45276 
 
TS (-438.93744912, -438.39748315, 1087.83i) 
H          2.03988        0.06725       -1.77544 
C          1.89109        0.40041        1.49973 
C          3.20140        0.14472        1.78274 
H          5.16217       -0.36818        0.94562 
H          4.32274       -0.26219       -1.40881 
H          0.74377       -0.95328       -0.02430 
H          1.17083        0.61676        2.28204 
H          3.54966        0.17595        2.81176 
C          1.42247        0.31724        0.14662 
C          4.12209       -0.14491        0.73684 
N          2.39315        0.25516       -0.83481 
C          3.68137       -0.08789       -0.55171 
O          0.88506       -1.61492       -1.98652 
O         -1.11970       -1.15278       -0.96134 
H         -1.14998       -0.59779       -1.75488 
C          0.18687       -1.68935       -0.92493 
H          0.13429       -2.63849       -0.35267 
H          0.51833        0.85846       -0.14397 
 
Product complex (-439.00226827, -438.47127528) 
H         -0.56092       -0.18481       -1.56328 
C          0.55976        1.71973        1.91865 
C          1.81660        1.17406        2.16008 
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H          3.30986       -0.20150        1.40653 
H          1.94015       -0.80497       -0.58624 
H         -0.86786       -2.25330       -0.84027 
H          0.11720        2.44089        2.59929 
H          2.38440        1.46198        3.04110 
C         -0.12802        1.32069        0.77782 
C          2.33437        0.25161        1.25654 
N          0.36348        0.43783       -0.09852 
C          1.57093       -0.08500        0.14411 
O         -1.04723       -0.73219       -2.22636 
O         -2.68577       -1.42918       -0.72140 
H         -3.39046       -1.10417       -1.29666 
C         -1.59475       -1.80404       -1.53256 
H         -1.90130       -2.54966       -2.27778 
H         -1.11561        1.72324        0.55583 
 
CH2(OH)2 (-190.87620389, -190.67546094) 
H         -0.60316       -0.14931       -1.58058 
H         -0.87851       -2.28796       -0.83671 
O         -1.01106       -0.74914       -2.21888 
O         -2.67060       -1.41315       -0.72050 
H         -3.38523       -1.10825       -1.29484 
C         -1.59370       -1.81514       -1.52024 
H         -1.90605       -2.53441       -2.28656 
 

PyH2 + OCH2 (DHT model) 

 
OCH2 (-114.45023845, -114.32131256) 
O         -1.18653       -1.24954       -2.25865 
C         -1.59014       -1.81014       -1.26671 
H         -0.91264       -2.37168       -0.59420 
H         -2.65917       -1.79293       -0.97767 
 
Reactant complex (-363.73997022, -363.26853873) 
H         -0.05970        0.89952       -1.59668 
C         -0.23470        1.15247        1.71756 
C          0.92019        0.51962        1.99788 
H          2.50930       -0.79588        1.17691 
H          1.86405       -0.30160       -1.18058 
H         -1.46995        0.07013        0.32204 
H         -0.77901        1.71887        2.46891 
H          1.35068        0.57206        2.99655 
C         -0.83347        0.99015        0.34936 
C          1.63940       -0.18721        0.95389 
N          0.23984        0.90215       -0.63018 
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C          1.29194        0.06823       -0.33253 
O         -1.18590       -1.24889       -2.26047 
C         -1.59028       -1.80924       -1.26612 
H         -1.48759        1.82652        0.08394 
H         -0.91224       -2.37271       -0.59337 
H         -2.66007       -1.79344       -0.97726 
 
TS (-363.71586281, -363.24358942, 1069.54i) 
H          2.08464        0.00776       -1.82839 
C          1.70665        0.38378        1.42713 
C          2.97175        0.05720        1.81011 
H          4.95543       -0.58343        1.11908 
H          4.31669       -0.41291       -1.28767 
H          0.68495       -0.91882       -0.16796 
H          0.93910        0.63958        2.15054 
H          3.24488        0.07433        2.86197 
C          1.33811        0.30826        0.03596 
C          3.95021       -0.29472        0.83300 
N          2.38350        0.23391       -0.87308 
C          3.61790       -0.20399       -0.48424 
O          1.00525       -1.59006       -2.15686 
C          0.34613       -1.81664       -1.07714 
H          0.48934        0.89854       -0.31432 
H          0.59483       -2.71804       -0.47565 
H         -0.74203       -1.59166       -1.05454 
 
Product complex (-363.79261962, -363.32829116) 
H         -0.77069       -0.52025       -1.75334 
C         -0.14487        1.32863        1.80627 
C          1.18975        1.12486        2.14227 
H          3.04786        0.22537        1.48970 
H          2.04677       -0.63772       -0.61898 
H         -1.34683       -2.72474       -1.29008 
H         -0.81438        1.88150        2.45848 
H          1.59117        1.51736        3.07309 
C         -0.61186        0.80571        0.60533 
C          2.00088        0.40945        1.26739 
N          0.16004        0.11706       -0.24364 
C          1.44174       -0.07326        0.08881 
O         -1.41596       -0.93414       -2.36659 
C         -2.05686       -1.96404       -1.64741 
H         -1.65173        0.94282        0.30730 
H         -2.77222       -2.45415       -2.31484 
H         -2.61155       -1.57992       -0.77738 
 
CH3OH (-115.66785816, -115.53401711) 
H         -0.77198       -0.50805       -1.77342 
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H         -1.35130       -2.73420       -1.28767 
O         -1.40982       -0.93583       -2.35529 
C         -2.05818       -1.97053       -1.63734 
H         -2.76655       -2.44387       -2.32178 
H         -2.61627       -1.58477       -0.77414 
 

PyH2 + CO2 + 1H2O (DHT-1H2O model) 

 
CO2 + 1H2O (-264.92026264, -264.66137293) 
C         -1.01819       -1.91362       -0.27921 
O         -1.62922       -2.56329        0.46585 
O         -0.40152       -1.26286       -1.02340 
O         -0.30388        0.29842       -3.69163 
H         -0.87338        1.07401       -3.65063 
H         -0.41254       -0.13756       -2.83717 
 
Reactant complex (-514.21403428, -513.61295031) 
H          0.78202        1.09495       -1.45257 
C         -0.09448        1.51631        1.73525 
C          0.83651        0.71053        2.28009 
H          2.35146       -0.85959        1.86172 
H          2.36274       -0.36057       -0.58028 
H         -1.15428        0.68014        0.04487 
H         -0.70259        2.18180        2.34329 
H          1.00828        0.71857        3.35544 
C         -0.36263        1.43542        0.25814 
C          1.66542       -0.13350        1.43854 
N          0.87266        1.09778       -0.44020 
C          1.67355        0.12768        0.10594 
C         -0.94155       -1.99840       -0.26958 
O         -1.35021       -2.25651        0.78849 
O         -0.54213       -1.75286       -1.33665 
O         -0.43234        0.78483       -3.06355 
H         -0.28085        0.95251       -4.00024 
H         -0.65570       -0.15227       -3.00233 
H         -0.74101        2.38436       -0.13804 
 
TS (-514.18526226, -513.57929739, 1083.86i) 
H          2.51421        0.35472       -1.94044 
C          1.48604        0.49785        1.20876 
C          2.57972       -0.05804        1.79746 
H          4.48891       -1.08936        1.45492 
H          4.42629       -0.65092       -1.00547 
H          0.66966       -0.65721       -0.45621 
H          0.66791        0.91398        1.78763 
H          2.66766       -0.07169        2.88087 
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C          1.35844        0.43054       -0.23513 
C          3.63508       -0.59842        1.00219 
N          2.56316        0.26804       -0.92303 
C          3.60867       -0.37978       -0.34545 
C          0.33926       -1.99048       -0.69515 
O         -0.03057       -2.45938        0.35132 
O          0.56226       -2.21527       -1.86716 
O          1.31368        0.04676       -3.45160 
H          1.58798       -0.06704       -4.36769 
H          0.99481       -0.82308       -3.15206 
H          0.67936        1.13037       -0.72556 
 
Product complex (-514.2266485, -513.62741842) 
H          0.03200        0.88329       -1.00742 
C          0.56613        2.25586        1.96509 
C          1.43800        1.29784        2.47624 
H          2.46454       -0.56749        2.07754 
H          1.47704       -0.75211       -0.23374 
H         -1.45645       -1.64852       -0.69683 
H          0.27777        3.12509        2.54507 
H          1.84522        1.41225        3.47637 
C          0.06242        2.08639        0.69029 
C          1.78814        0.19269        1.70400 
N          0.41745        1.01228       -0.03322 
C          1.25656        0.07358        0.43503 
C         -1.56103       -2.41128       -1.51571 
O         -1.95893       -3.54230       -1.18528 
O         -1.25664       -2.00487       -2.67445 
O         -0.54515        0.52466       -2.50960 
H          0.03366        0.75670       -3.24342 
H         -0.80354       -0.43784       -2.63504 
H         -0.62143        2.78380        0.22045 
 
HCOOH + 1H2O (-266.10831756, -265.83982978) 
O         -0.72149       -2.14189       -1.25745 
O         -0.57979        0.33960       -2.74239 
H         -0.69635        0.53354       -3.67988 
H         -0.09264       -0.49723       -2.69397 
O         -2.46504       -0.72223       -1.12918 
H         -1.90819       -0.18818       -1.75913 
C         -1.81764       -1.83473       -0.83318 
H         -2.40156       -2.46254       -0.14415 
 

PyH2 + HCOOH + 1H2O (DHT-1H2O model) 

Reactant complex (-515.40011118, -514.7899501) 
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H          0.05751        1.06801       -0.88996 
C          0.51113        1.19935        2.41391 
C          1.77914        0.74454        2.42708 
H          3.34307       -0.30221        1.24721 
H          2.16502        0.13571       -0.90962 
H         -0.80606       -0.05719        1.25747 
H          0.06240        1.68228        3.27862 
H          2.39656        0.85818        3.31698 
C         -0.33076        0.94855        1.19290 
C          2.36348        0.16371        1.23227 
N          0.52004        1.03945        0.01290 
C          1.72442        0.38708        0.05402 
O         -0.73259       -2.13666       -1.27946 
O         -0.57590        0.30629       -2.72937 
H         -0.57350        0.66663       -3.62416 
H         -0.14961       -0.56423       -2.77135 
O         -2.50540       -0.75260       -1.14380 
H         -1.99334       -0.23954       -1.82131 
C         -1.81194       -1.83021       -0.81524 
H         -2.34042       -2.42334       -0.05466 
H         -1.14328        1.67625        1.09834 
 
TS (-515.35878397, -514.74791559, 1058.74i) 
H          2.13351        0.48104       -1.76855 
C          1.89323        0.35338        1.53443 
C          3.19163        0.04429        1.81260 
H          5.15149       -0.46586        0.96614 
H          4.36298       -0.10622       -1.38270 
H          0.75724       -0.87795       -0.01717 
H          1.17165        0.54855        2.32120 
H          3.52955        0.00748        2.84504 
C          1.43440        0.35361        0.16986 
C          4.12152       -0.19803        0.76045 
N          2.42332        0.34892       -0.79621 
C          3.70601       -0.01451       -0.52447 
O          1.08121       -2.10392       -1.66238 
O          0.91349        0.03445       -3.21990 
H          1.03170        0.08157       -4.17418 
H          1.08874       -0.89496       -2.93190 
O         -0.94983       -1.10226       -1.20870 
H         -0.72405       -0.60538       -2.01521 
C          0.21561       -1.76576       -0.78746 
H         -0.08579       -2.48645       -0.00188 
H          0.54885        0.93466       -0.09967 
 
 
Product complex (-515.4187148, -514.8160729) 
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H          0.01765        0.56420       -1.54065 
C          0.59420        1.16340        2.35352 
C          1.94399        0.93620        2.60313 
H          3.83705        0.41879        1.68926 
H          2.84603        0.25187       -0.58907 
H         -1.27882       -1.45536       -0.22243 
H         -0.09287        1.42456        3.15273 
H          2.34119        1.01690        3.61158 
C          0.13538        1.04881        1.04657 
C          2.77758        0.60438        1.53990 
N          0.92933        0.72887        0.01746 
C          2.22578        0.51164        0.26707 
O         -1.61478       -2.28470       -2.07614 
O         -0.66385        0.37560       -2.23439 
H         -0.52015        1.00342       -2.94986 
H         -1.05861       -1.58108       -2.45559 
O         -3.00060       -0.70111       -1.06614 
H         -2.46763        0.02088       -1.44558 
C         -2.11394       -1.76887       -0.87292 
H         -2.67256       -2.57057       -0.38175 
H         -0.91502        1.22093        0.80982 
 
CH2(OH)2 + 1H2O (-267.29190769, -267.01911584) 
H          0.12583        0.72681       -1.65441 
H         -1.33187       -1.52060       -0.18837 
O         -1.61332       -2.28516       -2.07842 
O         -0.61539        0.40943       -2.18437 
H         -0.59650        0.93781       -2.99134 
H         -1.00229       -1.60448       -2.40619 
O         -3.00500       -0.70392       -1.06730 
H         -2.44773        0.03751       -1.35808 
C         -2.14611       -1.79490       -0.87834 
H         -2.74091       -2.60009       -0.43864 
 

PyH2 + OCH2 + 1H2O (DHT-1H2O model) 

 
OCH2 + 1H2O (-190.86169752, -190.66300134) 
O         -0.67178       -1.60790       -1.33899 
O         -1.18052        0.77498       -2.88151 
H         -1.41827        0.50387       -3.77388 
H         -1.01961       -0.05303       -2.39547 
C         -1.46778       -2.04570       -0.53756 
H         -1.23830       -2.93625        0.07541 
H         -2.45770       -1.57745       -0.38166 
 



 

223 
 

Reactant complex (-440.15498866, -439.6128502) 
H          0.20954        0.88799       -1.26028 
C         -0.05690        1.16300        2.04685 
C          1.08906        0.53450        2.37372 
H          2.71647       -0.77687        1.62562 
H          2.14943       -0.31364       -0.75780 
H         -1.25198        0.04799        0.63904 
H         -0.61964        1.75072        2.76774 
H          1.49041        0.60932        3.38334 
C         -0.61357        0.96854        0.66511 
C          1.84403       -0.18629        1.36665 
N          0.48260        0.85314       -0.28145 
C          1.53769        0.05292        0.06389 
O         -0.75536       -1.85585       -1.54112 
O         -1.24456        0.65162       -2.69172 
H         -1.21821        0.83199       -3.63706 
H         -1.18409       -0.31549       -2.59726 
C         -1.45776       -2.02652       -0.56618 
H         -1.10973       -2.61212        0.30558 
H         -1.26171        1.79606        0.35813 
H         -2.48426       -1.61512       -0.50591 
 
TS (-440.13735004, -439.59418928, 1083.76i) 
H          2.18181        0.50662       -1.83051 
C          1.82630        0.44973        1.46927 
C          3.06929        0.00397        1.79414 
H          4.97865       -0.75859        1.01413 
H          4.32798       -0.31633       -1.35834 
H          0.71530       -0.70660       -0.09876 
H          1.10804        0.74799        2.22643 
H          3.37567       -0.04088        2.83625 
C          1.40642        0.44639        0.08197 
C          3.99592       -0.37007        0.77208 
N          2.43587        0.37407       -0.84840 
C          3.65345       -0.14193       -0.52643 
O          1.15961       -1.97866       -1.75334 
O          0.84705        0.22765       -3.22660 
H          1.02401        0.17502       -4.17087 
H          0.87506       -0.69824       -2.87476 
C          0.42930       -1.86319       -0.70762 
H          0.64884       -2.50265        0.17340 
H          0.59628        1.11481       -0.21552 
H         -0.65602       -1.65554       -0.82137 
 
Product complex (-440.20757707, -439.67281457) 
H         -0.34382        0.48397       -1.77200 
C          0.03843        1.12111        2.16395 
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C          1.35882        0.83095        2.49343 
H          3.26881        0.19463        1.69772 
H          2.39749        0.03067       -0.62916 
H         -1.04807       -1.91279       -0.31139 
H         -0.67673        1.43690        2.91762 
H          1.70327        0.91438        3.52089 
C         -0.35403        0.99838        0.83597 
C          2.23042        0.43146        1.48555 
N          0.47739        0.61588       -0.14058 
C          1.74470        0.33928        0.18571 
O         -2.02098       -2.16708       -2.14502 
O         -0.96128        0.36919       -2.53492 
H         -0.47929        0.64997       -3.31945 
H         -1.65082       -1.32597       -2.47878 
C         -2.05254       -2.05816       -0.73896 
H         -2.46462       -2.98700       -0.33296 
H         -1.38053        1.21288        0.53746 
H         -2.68906       -1.22499       -0.40328 
 
CH3OH + 1H2O (-192.08149121, -191.87651528) 
H          0.25827        0.41892       -2.63271 
H         -1.32632       -1.82881       -0.05715 
O         -1.76807       -2.24015       -2.05769 
O         -0.66707        0.32739       -2.37780 
H         -1.14007        0.99026       -2.89404 
H         -1.36657       -1.39603       -2.33350 
C         -2.17000       -2.08770       -0.71320 
H         -2.58569       -3.04091       -0.37300 
H         -2.94496       -1.31583       -0.59768 

 

PyH2 + CO2 + 2H2O (DHT-2H2O model) 

CO2 + 2H2O (-341.33366124, -341.00398495) 
C         -0.98689       -2.35520        0.32045 
O         -1.06805       -2.75754        1.40731 
O         -0.90261       -1.95605       -0.77124 
O          0.41722        2.33767       -2.78744 
H          0.70655        2.33858       -3.70509 
H         -0.28372        1.65988       -2.73710 
O         -1.61453        0.37705       -2.61647 
H         -2.48662        0.69432       -2.35619 
H         -1.42934       -0.37335       -2.03591 
 
Reactant complex (-590.62903929, -589.95820447) 
H          1.19694        1.30825       -1.12003 
C         -0.00955        1.31470        1.98794 
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C          0.79716        0.36314        2.49648 
H          2.21949       -1.27084        2.00576 
H          2.53541       -0.44393       -0.32659 
H         -0.96456        0.74460        0.13382 
H         -0.60228        1.96725        2.62454 
H          0.87619        0.22854        3.57449 
C         -0.15429        1.41913        0.49409 
C          1.62972       -0.44411        1.62374 
N          1.11543        1.07317       -0.13233 
C          1.80047       -0.00669        0.34659 
C         -0.93173       -2.22380        0.32816 
O         -1.05462       -2.62225        1.41255 
O         -0.82158       -1.83799       -0.76699 
O          0.64191        1.84998       -2.94027 
H          0.45723        2.77325       -3.14029 
H         -0.22375        1.39467       -2.94072 
O         -1.69186        0.31400       -2.72053 
H         -2.49382        0.74096       -2.39770 
H         -1.52976       -0.42347       -2.11591 
H         -0.43491        2.43062        0.17890 
 
TS (-590.60143999, -589.92683545, 1032.33i) 
H          2.47116        0.71915       -1.96571 
C          1.45784        0.45654        1.18335 
C          2.55774       -0.16100        1.69340 
H          4.43939       -1.18770        1.21222 
H          4.34596       -0.48949       -1.18738 
H          0.61033       -0.56775       -0.53632 
H          0.66334        0.83849        1.81627 
H          2.67628       -0.26346        2.76929 
C          1.29183        0.49949       -0.25986 
C          3.58205       -0.64778        0.82669 
N          2.48101        0.40291       -0.98708 
C          3.53504       -0.29323       -0.49299 
C          0.27698       -1.93039       -0.68298 
O          0.00324       -2.34568        0.41178 
O          0.40569       -2.20881       -1.85771 
O          2.05045        1.36570       -3.63409 
H          1.81528        2.29798       -3.68639 
H          1.23420        0.86179       -3.84310 
O         -0.08334       -0.34483       -3.93320 
H         -0.97973       -0.01151       -3.81651 
H          0.04588       -1.01275       -3.23358 
H          0.60327        1.23975       -0.67361 
 
Product complex (-590.64281914, -589.97369813) 
H          0.88891        1.02464       -1.03931 
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C          0.03776        1.20640        2.13210 
C          1.06088        0.43543        2.67918 
H          2.82148       -0.75036        2.24796 
H          2.64472       -0.33340       -0.22800 
H         -1.88432       -0.72792        0.02114 
H         -0.72514        1.65996        2.75425 
H          1.10926        0.28059        3.75277 
C          0.00685        1.39314        0.76421 
C          2.01936       -0.14042        1.84867 
N          0.95225        0.83640       -0.01089 
C          1.93983        0.07571        0.48657 
C         -1.17523       -1.56796       -0.22083 
O         -0.77628       -2.25765        0.73435 
O         -0.87498       -1.68670       -1.44304 
O          0.48649        1.49017       -2.61985 
H          0.52781        2.42570       -2.84477 
H         -0.42950        1.18211       -2.82329 
O         -1.90166        0.26359       -2.92566 
H         -2.67636        0.62978       -2.48668 
H         -1.60322       -0.51571       -2.37727 
H         -0.74864        1.97957        0.25075 
 
HCOOH + 2H2O (-342.52003611, -342.18089250) 
O         -0.15475       -2.08148       -1.57167 
O         -0.52214        1.73570       -2.59811 
H         -0.93105        2.09949       -1.80619 
H         -1.09413        0.99462       -2.86362 
O         -2.00015       -0.66042       -3.11632 
H         -2.63699       -0.83251       -3.82017 
H         -1.30434       -1.33623       -3.18079 
O         -1.88632       -1.19368       -0.43535 
H         -2.18953       -0.94082       -1.34316 
C         -0.73538       -1.83723       -0.53286 
H         -0.36089       -2.13113        0.45780 

PyH2 + HCOOH + 2H2O (DHT-2H2O model) 

Reactant complex (-591.81488784, -591.13379675) 
H          0.62661        0.96034       -0.63259 
C          0.65522        1.42166        2.66898 
C          1.69996        0.62168        2.95750 
H          3.03349       -0.98099        2.19282 
H          2.36439       -0.56545       -0.17016 
H         -0.85777        0.48324        1.44617 
H          0.27398        2.14913        3.38181 
H          2.19302        0.69114        3.92636 
C         -0.05400        1.24570        1.35350 
C          2.24129       -0.27859        1.95635 
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N          0.91497        0.84779        0.33760 
C          1.87164       -0.06861        0.66396 
O         -0.13848       -2.05640       -1.59744 
O         -0.45865        1.47523       -2.21302 
H         -0.95600        2.29141       -2.09426 
H         -1.07615        0.84654       -2.62900 
O         -2.04053       -0.68910       -3.14299 
H         -2.67737       -0.73474       -3.86610 
H         -1.37538       -1.37952       -3.29420 
O         -1.89252       -1.20097       -0.46991 
H         -2.22730       -1.01644       -1.38205 
C         -0.70097       -1.76908       -0.56005 
H         -0.27234       -1.95062        0.43857 
H         -0.54097        2.17090        1.02467 
 
TS (-591.77646278, -591.0962208, 1074.11i) 
H          2.10045        0.65995       -1.81376 
C          1.87623        0.38044        1.48613 
C          3.15756       -0.00855        1.73945 
H          5.07590       -0.60420        0.85275 
H          4.29305       -0.10259       -1.47058 
H          0.70937       -0.76415       -0.07008 
H          1.17498        0.59569        2.28606 
H          3.50655       -0.09047        2.76577 
C          1.40486        0.43124        0.12418 
C          4.06028       -0.27303        0.66824 
N          2.38260        0.42259       -0.85290 
C          3.64484       -0.01538       -0.60482 
O          1.03061       -1.99188       -1.70897 
O          1.37641        1.22569       -3.39305 
H          0.86900        2.04390       -3.37874 
H          0.77091        0.52849       -3.72321 
O         -0.14410       -0.99877       -3.85738 
H         -0.32198       -1.51794       -4.64837 
H          0.40541       -1.54576       -3.23874 
O         -1.06248       -1.24063       -1.08633 
H         -1.03953       -0.93955       -2.01288 
C          0.21092       -1.73362       -0.76574 
H          0.09034       -2.45132        0.07152 
H          0.53898        1.05163       -0.12204 
 
Product complex (-591.83309921, -591.16040984) 
H         -0.32004        1.53218       -0.98899 
C          1.36001        2.23583        2.61935 
C          1.84396        1.00371        3.04749 
H          2.03445       -1.08703        2.52340 
H          0.85703       -0.78520        0.33558 
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H         -0.40254       -3.24004       -0.09305 
H          1.47140        3.12977        3.22570 
H          2.34756        0.91045        4.00633 
C          0.72178        2.30281        1.38615 
C          1.67153       -0.10692        2.22780 
N          0.54936        1.23924        0.59184 
C          1.01874        0.05622        1.01028 
O          0.25238       -2.03051       -1.56596 
O         -0.77345        1.73735       -1.84558 
H         -1.42389        2.41808       -1.64237 
H         -1.44240        0.32888       -2.65572 
O         -1.71538       -0.57561       -2.93622 
H         -2.14554       -0.49131       -3.79326 
H         -0.12361       -1.56776       -2.33640 
O         -1.74446       -1.76335       -0.37782 
H         -2.16917       -1.31627       -1.13041 
C         -0.82151       -2.66517       -0.92472 
H         -1.32834       -3.34906       -1.62476 
H          0.33017        3.25017        1.01627 
 
CH2(OH)2 + 2H2O (-343.70587519, -343.36237928) 
H         -0.35691        1.55188       -1.01918 
H         -0.43138       -3.31239       -0.13196 
O          0.26914       -2.03926       -1.52888 
O         -0.77952        1.78596       -1.85444 
H         -1.38216        2.50827       -1.64234 
H         -1.47481        0.33363       -2.69033 
O         -1.71177       -0.58897       -2.92057 
H         -2.15152       -0.56249       -3.77680 
H         -0.08334       -1.55733       -2.29774 
O         -1.73587       -1.79132       -0.35259 
H         -2.15600       -1.31224       -1.08731 
C         -0.82478       -2.68344       -0.93537 
H         -1.33904       -3.31487       -1.67774 
 
 

PyH2 + OCH2 + 2H2O (DHT-2H2O model) 

 
OCH2 + 2H2O (-267.27571965, -267.00628975) 
O         -0.32911       -2.20762       -0.93571 
O         -0.37532        1.99234       -3.12045 
H         -0.65753        2.76348       -2.61914 
H         -0.90729        1.24840       -2.77434 
O         -1.89915       -0.15038       -2.12351 
H         -2.50383       -0.55807       -2.75251 
H         -1.39323       -0.88453       -1.72643 
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C         -0.40049       -2.54042        0.22723 
H          0.27912       -3.30217        0.65006 
H         -1.14374       -2.10017        0.91728 
 
Reactant complex (-516.57383851, -515.96093412) 
H          0.74233        1.25807       -0.98994 
C         -0.27771        1.01427        2.18629 
C          0.62130        0.09891        2.59454 
H          2.17385       -1.34992        1.94296 
H          2.27316       -0.39431       -0.35224 
H         -1.31317        0.60935        0.32840 
H         -0.90014        1.55732        2.89346 
H          0.74585       -0.11073        3.65581 
C         -0.49073        1.24895        0.71567 
C          1.48372       -0.57023        1.63813 
N          0.74983        0.98088       -0.00983 
C          1.54670       -0.04942        0.38112 
O         -0.44739       -2.23386       -1.04903 
O         -0.19770        1.79634       -2.67320 
H         -0.61626        2.66319       -2.68299 
H         -0.92484        1.14462       -2.58079 
O         -2.04411       -0.21399       -2.17340 
H         -2.55812       -0.56831       -2.90699 
H         -1.54253       -0.97090       -1.80763 
C         -0.35328       -2.38937        0.15508 
H         -0.79335        2.28328        0.51290 
H          0.36618       -3.10503        0.59118 
H         -1.01252       -1.86181        0.87021 
 
TS (-516.55546645, -515.94247406, 962.01i) 
H          2.21061        0.62180       -1.90276 
C          1.65198        0.36195        1.36175 
C          2.87135       -0.10856        1.73665 
H          4.81567       -0.85757        1.03378 
H          4.31165       -0.29348       -1.34771 
H          0.64597       -0.72667       -0.29206 
H          0.89521        0.64019        2.08851 
H          3.12127       -0.19361        2.79141 
C          1.31062        0.40558       -0.04819 
C          3.84999       -0.45266        0.75279 
N          2.39086        0.37245       -0.92258 
C          3.58492       -0.16166       -0.55233 
O          1.14208       -1.96947       -1.96130 
O          1.48771        1.24703       -3.49157 
H          1.09831        2.12721       -3.46432 
H          0.75995        0.62756       -3.72484 
O         -0.34349       -0.75648       -3.78731 
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H         -0.43950       -1.23649       -4.61582 
H          0.21070       -1.32416       -3.18246 
C          0.44938       -1.91829       -0.88636 
H          0.51923        1.08718       -0.36871 
H          0.77120       -2.51619       -0.00815 
H         -0.65462       -1.81786       -0.95681 
 
Product complex (-516.62378003, -516.01829799) 
H         -1.11555        1.32433       -0.78347 
C          1.01434        1.89369        2.67389 
C          1.82739        0.76507        2.69994 
H          2.30385       -1.08028        1.67370 
H          0.60359       -0.69435       -0.10542 
H         -1.75509       -1.24187       -0.55840 
H          1.08723        2.66034        3.43954 
H          2.55742        0.62758        3.49344 
C          0.09749        2.02624        1.63722 
C          1.69065       -0.18412        1.69221 
N         -0.04108        1.11856        0.66397 
C          0.74432        0.03404        0.69636 
O         -0.30908       -2.56717       -1.27615 
O         -1.60555        1.36030       -1.64354 
H         -2.54120        1.29595       -1.42466 
H         -0.98641        0.10940       -2.73005 
O         -0.63197       -0.64860       -3.24793 
H          0.10173       -0.30025       -3.76477 
H         -0.27101       -2.00611       -2.07588 
C         -1.56149       -2.32061       -0.67334 
H         -0.55393        2.89715        1.58368 
H         -1.55780       -2.77327        0.32322 
H         -2.39127       -2.75793       -1.24765 
 
CH3OH + 2H2O (-268.49573111, -268.21998055) 
H         -1.11143        1.60033       -0.83420 
H         -1.78709       -1.37292       -0.40766 
O         -0.25672       -2.56270       -1.18867 
O         -1.57119        1.47685       -1.67279 
H         -2.50925        1.45958       -1.45031 
H         -0.96547        0.11873       -2.72736 
O         -0.67205       -0.68177       -3.20814 
H         -0.03145       -0.38201       -3.86118 
H         -0.20355       -1.97263       -1.96424 
C         -1.55970       -2.41836       -0.66618 
H         -1.62861       -3.01732        0.24678 
H         -2.32818       -2.77363       -1.36864 
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C. Supporting information – Roles of the Lewis Acid and Base in the Chemical 

Reduction of CO2 Catalyzed by Frustrated Lewis Pairs 

 

C.1 Computational Details 

All ab initio calculations were conducted using GAMESS59 and GAUSSIAN 0961 computational 

chemistry software. All geometries and the relevant transition state (TS) structures, unless 

otherwise noted, were obtained using the B97-D density functional.224 The B97-D functional 

was developed to correctly describe dispersion effects. Grimme et al. previously used the B97-D 

functional to describe the heterolytic cleavage of dihydrogen by a bulky Frustrated Lewis Pair 

(FLP) catalyst and demonstrated the erroneous results of the B3LYP functional in describing this 

system due to the incorrect description of dispersion effects.225 The bulky ligands in the 

trichloroaluminum (AlCl3) and trimesitylenephosphine (PMes3, Mes = 2,4,6-C6H2Me3) FLP 

system20 of the present study also suggest significant dispersion effects and the B97-D 

functional was thus selected for describing this system. For accurate energies, we performed 

single point MP258 energy calculations at the optimized geometries of B97-D. A benchmarking 

study (Section 2) validated the MP2//B97-D method for describing the FLP system. The energy 

difference between MP2//B97-D and the high level CCSD(T)//MP2 was within 1 kcal mol—1 for 

both hydride transfer (HT) and complexation energy calculations. A moderate size 6-311G (d,p) 

Pople basis set was used for geometry optimizations with B97-D while the more extensive 6-

311++G(d,p) Pople basis set was used for single point energy calculations with MP2, denoted as 

MP2/6-311++G(d,p)// B97-D/6-311G(d,p).  

Solvation effects were described using the Polarizable Continuum Model (PCM).67-68 Also, the 

use of C6H5Cl as the solvent instead of the experimentally used C6H5Br solvent20 should give 

quantitatively similar TS structures and reaction energies because the main parameters in the 

PCM model of cavity size and dielectric constant are similar between C6H5Cl and C6H5Br. 

Hessian calculations on all TS structures verified that only one imaginary frequency was 

obtained and corresponded to the normal mode of the reaction pathway. The TS structures 

were further verified by Intrinsic Reaction Coordinate (IRC) calculations to confirm the correct 

corresponding reactants and products were connected by the TS identified. The reaction 

activation barrier was referenced to reactants determined from converged IRC calculations. 

Hessian calculations were also performed on the reactants to verify that those reactants 

correspond to stationary points along the reaction pathway. 

Thermochemistry properties for a number of LA or/and LB catalyzed complexes were computed 

referencing to dimeric LA (AlCl3)2, free CO2 and free LB (PMes3) at T=298K and P= 1atm. AlCl3 

has been known to form dimers226 at moderate temperatures in both non-coordinating 

solvent229-230 and in gas phase.231 The AlCl3 dimer was thus chosen as the thermodynamic 
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reference. The reported enthalpies, H, are zero point energy (ZPE) and thermally corrected 

(T=298.15K) at each stationary point. Solvation energy is implicitly included in the energy of 

converged geometries. The reported entropies, S, are determined using the ideal gas 

approximation ( P = 1 atm, T=298.15K) for the associated partition functions. The calculated gas 

phase values for S provide an upper estimate due to the reduction in translational degrees of 

freedom from the gas phase system as compared to the experimental condensed phase system. 

The approximations imposed on entropy calculations do not affect the conclusions drawn on 

the role of LB, which is justified by the dominating enthalpic driving force leading to the 

formation of a high concentration of the activated FLP•CO2 complex.  

C.2 Benchmarking Studies 

 A HT benchmarking study was performed using a model system of 2AlCl3•PH3•CO2 + AB, where 

the TS structure is shown in Figure S1a. In this structure, we replace the bulky 

trimesitylenephosphine base (PMes3), with a phosphine base (PH3). The HT barrier at MP2/6-

311++G(d,p)//B97-D/6-311G(d,p) was compared to CCSD(T)/6-311++G(d,p)// MP2/6-311G(d,p). 

Both calculations were done in gas phase at T=0K and not ZPE corrected. Table S1 (system a) 

shows that MP2//B97-D differs by -0.1 kcal mol—1 as compared to the high level CCSD(T)//MP2 

calculation. Thus, the chosen MP2//B97-D method should describe HT reactions correctly. The 

AlCl3•PH3 model system was chosen to benchmark the complexation energy (Figure S1b). The 

complexation energy was calculated based on the difference in energy of the AlCl3•PH3 

complex and the infinitely separated reactants of AlCl3 and PH3. Results from Table S1 (system 

b) shows that MP2//B97-D differs by -0.8 kcal mol—1 as compared to the CCSD(T)//MP2 

calculation. Table S1 (system c) shows strong evidence that B3LYP functional significantly 

underestimates the complexation energy due to an insufficient description of the dispersion 

interaction in the bulky AlCl3•PMes3 complex. B3LYP predicts a complexation energy of -15.8 

kcal mol—1 while MP2//B97-D yields -40.0 kcal mol—1. Not shown in Table S1, B97-D results in a 

complexation energy of -32.5 kcal mol—1 and is in agreement with the MP2//B97-D results. 

Based on the results of this benchmarking study, the MP2//B97-D level of theory was selected 

to describe the FLP systems of this investigation.  
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Figure S1. a) TS structure for hydride transfer for 2AlCl3•PH3•CO2 + AB b) AlCl3•PH3 complex c) 

AlCl3•PMes3 complex. H atoms in (c) omitted for clarity. Al, light gray; B, pink; C, gray; Cl, green; 

H, white; N, blue; O, red; P, orange.    

 

Table S1. Benchmarking studies comparing different quantum chemical methods 

System[a] CCSD(T)//MP2[b] MP2//B97-D[b] B3LYP [c] 

a) 2AlCl3•PH3•CO2 + AB, ∆Ehydride   9.0 8.9 8.9 

b) AlCl3•PH3, ∆Ecomplex   -21.2 -22.0 -16.5 

c) AlCl3•PMes3, ∆Ecomplex   N/A -40.0 -15.8 

[a] Calculations performed in gas phase at T=0K, not ZPE and thermally corrected. [b] Basis sets: 

Single point energy at 6-311++G(d,p) and geometry optimizations at 6-311G(d,p), unit in kcal 

mol–1. [c] Energy and geometry optimizations 6-311G(d,p), unit in kcal mol–1. 

 

C.3 Results 

a. Hydride transfer reactants and TS energies 

Table S2 below supplements the information reported in Table 1 of the paper with additional 

structural information of the C-H bond distance and imaginary frequency corresponding to the 

TS structures. In Table S3, we report energies of TS structures and reactants determined from 

IRC calculations, which were used to calculate the HT activation barriers.  

Table S2. Hydride transfer TS properties and activation barriers at T=298K, P=1atm. 
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System[a] ∆Hhydride
 [b] C-H bond [c] Freq. [d] 

a) CO2 + AB  25.3 1.21 947.4i 

b) FLP•CO2 + AB  7.9 1.48 227.6i 

c) LA-O=C=O-LA + AB  –0.2 1.89 182.3i 

d) CO2•(LA)2 + AB  4.1 1.83 210.2i 

e) CO2•(LA) + AB  3.8 1.84 314.5i 

[a] All but case c were calculated at MP2/6-311++G(d,p)//B97-D/6-311G(d,p). Case c was 

calculated using CCSD(T)/6-311++G(d,p)// MP2/6-311G(d,p) because B97-D does not identify a 

HT TS. Solvation in C6H5Cl was treated with the CPCM model. LA=AlCl3, AB=NH3BH3. [b] HT 

activation barriers referenced to reactants from IRC calculations, unit in kcal mol–1. All 

calculations were zero-point energy (ZPE) and thermally corrected (298K). [c] Carbon-hydride 

bond distance at TS in Å. [d] Imaginary frequency at TS in cm–1. 

Table S3. Hydride transfer reactants and TS energies 

System[a] E(0K) [b] H(298K) [c] 

a) CO2 + AB (TS) -271.15296 -271.06874 

    CO2 + AB (reactants) -271.19964 -271.10910 

b) FLP•CO2 + AB (TS) -4900.32847 -4899.67039 

    FLP•CO2 + AB (reactants) -4900.34234 -4899.68293 

c) LA-O=C=O-LA + AB (TS) -3513.65340 -3513.53432 

    LA-O=C=O-LA + AB (reactants) -3513.65502 -3513.53400 

d) CO2•(LA)2 + AB (TS) -3513.53745 -3513.42267 

    CO2•(LA)2 + AB (reactants) -3513.54550 -3513.42923 

e) CO2•(LA) + AB (TS) -1892.36069 -1892.25694 

    CO2•(LA) + AB (reactants) -1892.36727 -1892.26298 

[a] All but case c were calculated at MP2/6-311++G(d,p)//B97-D/6-311G(d,p). Case c was 

calculated using CCSD(T)/6-311++G(d,p)//MP2/6-311G(d,p) because B97-D does not identify a 
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HT TS. Solvation in C6H5Cl was treated with the CPCM model. LA=AlCl3, LB=PMes3, AB=NH3BH3. 

[b] Energy at T=0K, in Hartrees. [c] ZPE and thermally (T=298K) corrected energy, in Hartrees. 

b. Formation of CO2•(LA)2 from free CO2 and LA dimer   

CO2•(LA)2 is an active complex for catalyzing HT to CO2 (Table S2, case d). The activation barrier 

for the formation of CO2•(LA)2 from free CO2 and LA dimer is 10.6 kcal mol—1. The change of 

enthalpy for the formation of CO2•(LA)2 is +0.7 kcal mol—1. Figure S2 shows the reactants, TS 

and product for the formation of CO2•(LA)2 complex. Table S4 below reports the energies used 

in determination of the activation barrier and complex formation energy. 

 

Figure S2. a) CO2•(LA)2 reactants b) CO2•(LA)2 TS structure c) CO2•(LA)2 product. Al, light gray; 

C, gray; Cl, green; and O, red.    

Table S4. Energies for the formation of CO2•(LA)2 from free CO2 and LA dimer 

System[a] E(0K) [b] H(298K) [c] 

CO2 + (LA)2 (TS) -3430.54107 -3430.50192 

CO2 + (LA)2 (reactants) -3430.55871 -3430.51878 

CO2 + (LA)2 (product) -3430.55404 -3430.51765 

[a] Calculations performed at MP2/6-311++G(d,p)//B97-D/6-311G(d,p). Solvation in C6H5Cl was 

treated with the CPCM model. LA=AlCl3 [b] Energy at T=0K, in Hartrees. [c] ZPE and thermally 

(T=298K) corrected energy, in Hartrees. 
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c. Thermochemistry energies 

Table S5 reports the energies used to calculate the thermochemical properties of LA or/and LB 

catalyzed complexes.   

Table S5. Energies used to calculate thermochemical properties of LA or/and LB catalyzed 

complexes 

Species[a] E(0K) [b] H(298K) [c] G(298K) [d] 

(LA)2 dimer -3,242.33636 -3,242.31275 -3,242.36891 

CO2 -188.21739 -188.20248 -188.22745 

LB -1,386.70731 -1,386.16815 -1,386.26220 

LA -1,621.14507 -1,621.13418 -1,621.17185 

LA-O=C=O-LA -3,430.53481 -3,430.49471 -3,430.56779 

CO2•(LA) -1,809.38226 -1,809.35494 -1,809.40355 

CO2•(LA)2 -3,430.55404 -3,430.51394 -3,430.58056 

FLP•CO2 -4,817.34610 -4,816.76139 -4,816.89432 

AlCl3H- -1621.88331 -1621.86553 -1621.90398 

NH3BH2
+•CO2 -270.42207 -270.34031 -270.37956 

LA•AB -1704.16852 -1704.08114 -1704.12923 

AB -82.97829 -82.90524 -82.93357 

LA•LB -3007.91636 -3007.36170 -3007.46822 

[a] Calculations performed at MP2/6-311++G(d,p)//B97-D/6-311G(d,p). Solvation in C6H5Cl was 

treated with the CPCM model. LA=AlCl3, LB=PMes3. [b] Enthalpic energy at T=0K, in hartrees. [c] 

ZPE and thermally (T=298K) corrected energy, in hartrees. [d] Gibbs free energy, ZPE and 

thermally (298K) corrected, in hartrees. 
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C.4 FLP•CO2 + AB Hydride Transfer (B3LYP) 

Employing the B3LYP functional with a 6-311G(d,p) basis set, we located a TS corresponding to 

HT for the FLP•CO2 + AB system at a C-H distance of 1.50 Å and with an imaginary frequency of 

371i cm–1 (Figure S3a), consistent with our MP2//B97-D TS structure of 1.48 Å and 228i cm–1. 

Also using the B3LYP functional, but with a 6-31+G(d,p) basis set (as used by Roy et al.221), we 

located a similar HT TS with a 1.50 Å C-H bond distance and a 428i cm–1 imaginary frequency, 

showing minimal difference between the 6-311G(d,p) and 6-31+G(d,p) basis sets in describing 

this reaction. A second TS (TS-B2) was identified, occurring after the initial HT along the 

reaction path, and corresponds to the dissociation of oxidized NH3BH2
+ from the reduced 

FLP•HCO2
— complex with a 1.12 Å C-H distance and a 39i cm–1 imaginary frequency(Figure S3b), 

consistent with Roy et al.’s reported result of 1.12 Å and 41i cm–1.221 We believe the TS 

reported by Roy et al. was actually TS-B2, instead of the HT TS.  

 

Figure S3. a) Hydride transfer TS structure for FLP•CO2 + AB system with 1.50 Å C-H distance 

and 371i cm–1 imaginary frequency. Arrows indicate normal mode for HT reaction. b) TS-B2 

structure with 1.12 Å C-H distance and 39i cm–1 imaginary frequency. Arrows indicate normal 

mode for dissociation of oxidized NH3BH2
+ from the reduced FLP•HCO2

— complex after the 

initial HT. Calculations were performed using B3LYP/6-311G(d,p)/CPCM-C6H5Cl. Al, gray; B, pink; 

C, gray; Cl, green; H, white; O, red; N, blue; P, orange. 

Figure S4 demonstrates the effect of dispersion on HT barriers for the FLP•CO2 + AB system. 

Our B3LYP results show that the HT TS enthalpy is 14.9 kcal mol—1 higher than the separated 

reactants R; Meanwhile MP2//B97-D predicts the HT TS enthalpy to be -2.3 kcal mol—1. This 

demonstrates that B3LYP, which neglects the effect of dispersion, produces qualitatively 

different results than the more accurate MP2//B97-D method. 
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Figure S4. Comparison of various methods in determining hydride transfer barriers for FLP•CO2 

+ AB system . R is infinitely separated reactants (FLP•CO2 + AB); C is the reactant complex; TS is 

hydride transfer TS. TS-B2 is the transition state corresponding to the dissociation of oxidized 

NH3BH2
+ from the reduced FLP•HCO2

— complex after the initial HT.   
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C.5 Thermodynamics of Complex Formation Reported in Table 2 

Table 2 of the manuscript reports the changes in enthalpy and entropy for reactions that form 

several complexes. The reference energy is that of the starting reactants, which are shown as 

case 1 and consist of two free CO2 molecules, a free LA dimer (LA2), two free Lewis bases and 

two free ammonia borane molecules. Equation 1 of the manuscript describes these reactions as 

2CO2 + (LA)2 + 2LB + 2AB 
∆H; T∆S; Keq
↔         Complexes 1 to 11 and conserves the number of molecular 

species, namely, we have two CO2, two LA, two LB and two AB on both sides of the equation. 

The following examples explain how the thermodynamics of complexes 4 and 11 are 

determined: 

Example 1 

In complex 4 of Table 2, we have 2CO2 + (LA)2 + 2LB + 2AB = CO2•(LA)2 + CO2 + 2LB + 2AB. This 

equation is equivalent to CO2 + (LA)2 = CO2•(LA)2 when the spectator species are omitted. Thus, 

for complex 4 as written in Table 2, we are evaluating the thermodynamics (∆H, T∆S and Keq) of 

forming CO2•(LA)2 from CO2 + (LA)2. 

Example 2 

In complex 11 of Table 2, we have 2CO2 + (LA)2 + 2LB + 2AB = 2CO2 + LA•LB + LA•AB + LB + AB. 

This equation is equivalent to (LA)2 + LB + AB = LA•LB + LA•AB when the spectator species are 

omitted. Thus, for complex 11 as written in Table 2, we are evaluating the thermodynamics 

(∆H, T∆S and Keq) of forming LA•LB + LA•AB from (LA)2 + LB + AB. 
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C.6 Coordinates 

All coordinates are reported in XYZ format. Al, gray; B, pink; C, gray; Cl, green; H, white; O, red; 

N, blue; P, orange. LA=AlCl3, LB=PMes3, AB=NH3BH3. . 0 K energies (not ZPE corrected) reported 

are calculated using MP2/6-311++G(d,p)//B97-D/6-311G(d,p). Except in the case of LA-O=C=O-

LA + AB, energies were calculated at CCSD(T)/6-311++G(d,p)//MP2/6-311G(d,p). Solvation in 

C6H5Cl is modeled using CPCM. Reported energies in hartrees. 

 

CO2 + AB (TS) (-271.15296) 

 
 
C          0.95836       -0.03588       -0.00590 
O          2.09690       -0.45502       -0.00457 
O          0.44519        1.12648       -0.01594 
N         -1.91750        0.31998        0.00657 
H         -2.42817        0.61533       -0.82506 
H         -0.82811        0.88606       -0.00836 
H         -2.41214        0.64229        0.83896 
H         -1.53213       -1.72115       -1.02585 
H          0.10804       -0.89932        0.00510 
H         -1.51507       -1.70263        1.07755 
B         -1.51341       -1.14179        0.02104 
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CO2 + AB (reactants) (-271.19964) 

 
C          1.37846        0.28556        0.01737 
O          2.07501       -0.64991       -0.00376 
O          0.71234        1.24778        0.04092 
N         -2.34404        0.22501       -0.03844 
H         -2.78584        0.39856       -0.94281 
H         -1.70776        1.00419        0.14052 
H         -3.07874        0.26830        0.66947 
H         -2.38294       -2.09616       -0.16314 
H         -0.72128       -1.19184       -0.89876 
H         -1.01471       -1.28398        1.10644 
B         -1.54027       -1.22798        0.00392 
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FLP•CO2 + AB (TS) (-4900.32847) 

 
 
P         -0.00697        0.00478        0.00129 
C         -0.01574        0.00735        2.02978 
O          1.17254        0.00409        2.52390 
Al         2.55353        0.11531        3.68747 
Cl         1.86058        1.38058        5.30819 
O         -0.96385       -0.72920        2.51486 
Al        -1.62894       -1.92000        3.70737 
Cl        -3.63994       -1.18412        4.08865 
Cl         4.22418        1.02110        2.66395 
Cl         3.11746       -1.85614        4.34217 
Cl        -1.66898       -3.87987        2.83863 
Cl        -0.46713       -1.76489        5.51004 
H         -0.49915        1.39154        2.21320 
B         -1.03677        2.38935        2.93642 
N         -1.50400        1.68666        4.29634 
H         -0.12622        3.13997        3.15231 
H         -1.98055        2.76269        2.29395 
H         -1.95266        2.38193        4.89959 
H         -2.19414        0.93920        4.16120 
H         -0.71720        1.30511        4.83472 
C         -1.36160       -1.13059       -0.45746 
C         -2.64720       -0.90820        0.11342 
C         -1.14188       -2.26187       -1.29886 
C         -3.62723       -1.89727       -0.02890 
C         -2.16962       -3.20799       -1.40954 
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C         -3.39823       -3.07434       -0.74955 
H         -4.60196       -1.72912        0.42816 
H         -2.00413       -4.07510       -2.04841 
C         -0.29318        1.71912       -0.54610 
C         -1.27644        2.02175       -1.53424 
C          0.44625        2.76873        0.06976 
C         -1.61290        3.36642       -1.73535 
C          0.06237        4.09233       -0.17998 
C         -0.99444        4.41416       -1.03841 
H         -2.36234        3.60279       -2.49035 
H          0.62982        4.89225        0.29493 
C          1.65370       -0.64365       -0.38789 
C          2.50732        0.00227       -1.33012 
C          2.11190       -1.79005        0.32323 
C          3.83460       -0.43581       -1.42435 
C          3.45066       -2.17426        0.18323 
C          4.34064       -1.48940       -0.65111 
H          4.48949        0.05528       -2.14365 
H          3.79722       -3.04820        0.73415 
C          1.69072        2.55986        0.90443 
H          1.47071        2.59425        1.97538 
H          2.19447        1.61428        0.70061 
H          2.40205        3.36768        0.69332 
C         -1.91346        1.01041       -2.47019 
H         -1.21804        0.21048       -2.74595 
H         -2.80166        0.53412       -2.03883 
H         -2.22160        1.52433       -3.38869 
C          0.08960       -2.49846       -2.15254 
H          0.50754       -1.56815       -2.55028 
H          0.88963       -3.00395       -1.59811 
H         -0.18506       -3.13852       -2.99957 
C         -3.09061        0.38736        0.75453 
H         -3.68386        0.95778        0.02404 
H         -3.73052        0.18492        1.61956 
H         -2.27994        1.03891        1.07448 
C          1.23719       -2.68860        1.17292 
H          1.45153       -2.55496        2.23897 
H          0.16749       -2.54338        1.01670 
H          1.45863       -3.73535        0.92927 
C          2.07644        1.09052       -2.29488 
H          1.06921        0.92074       -2.69108 
H          2.07878        2.08321       -1.82818 
H          2.77447        1.11601       -3.14008 
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C          5.79513       -1.88293       -0.72765 
H          6.36541       -1.35752        0.05412 
H          5.92418       -2.96034       -0.56244 
H          6.23061       -1.61214       -1.69793 
C         -1.42858        5.84569       -1.23926 
H         -1.83989        5.99928       -2.24518 
H         -2.21608        6.10589       -0.51483 
H         -0.59266        6.53946       -1.08279 
C         -4.44513       -4.15789       -0.82508 
H         -4.34839       -4.74134       -1.74952 
H         -4.32628       -4.85102        0.02226 
H         -5.45738       -3.73722       -0.76884 
 
 
FLP•CO2 + AB (reactants) (-4900.34234) 

 
 
P         -0.05518        0.07217       -0.01144 
C         -0.16923        0.08188        1.95094 
O          0.90763        0.06039        2.58450 
Al         2.31696       -0.10162        3.78125 
Cl         2.20248        1.64452        5.03028 
O         -1.32043       -0.03254        2.43460 
Al        -2.34059       -0.43424        3.94621 
Cl        -3.96042        0.97970        3.88791 
Cl         4.11522       -0.12576        2.60537 
Cl         2.03705       -1.97556        4.78580 
Cl        -2.92480       -2.46715        3.61004 
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Cl        -1.13810       -0.12176        5.69257 
H         -0.66018        2.62554        2.42375 
B         -0.75799        3.68426        3.01751 
N         -1.06392        3.29573        4.59323 
H          0.29327        4.30455        3.01059 
H         -1.70880        4.34445        2.62590 
H         -1.10038        4.12333        5.19022 
H         -1.95816        2.81166        4.70294 
H         -0.34159        2.68030        4.97690 
C         -1.67038       -0.62374       -0.48822 
C         -2.83854        0.08502       -0.07321 
C         -1.78617       -1.84368       -1.21504 
C         -4.08236       -0.53302       -0.25256 
C         -3.06496       -2.39520       -1.37261 
C         -4.21846       -1.78516       -0.86419 
H         -4.97319       -0.00257        0.08220 
H         -3.15898       -3.32859       -1.92673 
C          0.11648        1.77004       -0.65794 
C         -0.61826        2.15128       -1.82256 
C          0.94415        2.71667        0.00652 
C         -0.63063        3.50710       -2.17138 
C          0.88114        4.05692       -0.39363 
C          0.06628        4.48431       -1.44672 
H         -1.18358        3.80343       -3.06241 
H          1.51129        4.77802        0.12511 
C          1.38860       -1.01538       -0.23560 
C          2.46205       -0.66425       -1.10540 
C          1.44950       -2.21164        0.54070 
C          3.60345       -1.47746       -1.09831 
C          2.61891       -2.97685        0.49545 
C          3.71890       -2.61517       -0.29062 
H          4.42642       -1.21359       -1.76158 
H          2.66256       -3.88962        1.08891 
C          1.95414        2.35827        1.06698 
H          1.52058        2.47924        2.06684 
H          2.32904        1.33735        0.95303 
H          2.81113        3.03846        0.99452 
C         -1.31177        1.20142       -2.78355 
H         -0.79002        0.24250       -2.87685 
H         -2.34491        0.98336       -2.48576 
H         -1.33879        1.66497       -3.77698 
C         -0.64533       -2.56614       -1.90632 
H          0.08593       -1.87748       -2.34264 
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H         -0.09855       -3.23086       -1.22668 
H         -1.05534       -3.18286       -2.71471 
C         -2.86777        1.51625        0.42576 
H         -2.98199        2.18818       -0.43783 
H         -3.73086        1.65894        1.08376 
H         -1.98133        1.84732        0.96919 
C          0.32080       -2.76001        1.39627 
H          0.49829       -2.55479        2.45956 
H         -0.67175       -2.38418        1.13020 
H          0.28754       -3.85074        1.28781 
C          2.45694        0.49823       -2.07946 
H          1.50613        0.59086       -2.61457 
H          2.64210        1.45559       -1.57717 
H          3.25045        0.34933       -2.82073 
C          4.98976       -3.42710       -0.26760 
H          5.64910       -3.06296        0.53557 
H          4.78065       -4.48617       -0.06976 
H          5.53662       -3.33780       -1.21475 
C         -0.03145        5.94413       -1.81450 
H         -0.26224        6.07198       -2.87981 
H         -0.83847        6.42226       -1.23776 
H          0.90031        6.47519       -1.58151 
C         -5.56943       -2.44602       -0.98701 
H         -5.58630       -3.16655       -1.81431 
H         -5.80507       -2.99201       -0.06033 
H         -6.36201       -1.70226       -1.14112 
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LA-O=C=O-LA + AB (TS) (-3513.65340) 

 
 
Al         3.09732       -0.17899        0.05690 
Cl         2.68262        1.13950       -1.52129 
Cl         3.63807        0.61511        1.91076 
Cl         3.94861       -2.01579       -0.47308 
Al        -3.10611       -0.21610        0.09243 
Cl        -2.72058        1.10458       -1.49068 
Cl        -3.88003       -2.08710       -0.43853 
Cl        -3.70421        0.56793        1.93253 
C          0.00296       -0.70038        0.48999 
O          1.16231       -0.87474        0.50577 
O         -1.15549       -0.86740        0.55643 
N          0.00487        3.28891       -0.55018 
H         -0.78464        3.19731       -1.18908 
H          0.85854        3.21329       -1.10287 
H         -0.03023        4.22967       -0.16020 
H         -1.07891        2.26675        1.19003 
H          0.00208        1.11914       -0.03224 
H          0.94255        2.29163        1.28466 
B         -0.03666        2.16914        0.59664 
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LA-O=C=O-LA + AB (reactants) (-3513.65502) 

 
 
Al         3.11583       -0.21149       -0.02715 
Cl         2.54272        1.00055       -1.63561 
Cl         3.59433        0.66770        1.79816 
Cl         4.01052       -2.03633       -0.50877 
Al        -3.14497       -0.19679        0.05449 
Cl        -2.63595        1.12947       -1.48636 
Cl        -3.80955       -2.08958       -0.52791 
Cl        -3.83108        0.56650        1.86549 
C          0.00753       -0.85484        0.55593 
O          1.15917       -1.03080        0.50344 
O         -1.15333       -0.80246        0.63073 
N         -0.06967        3.30975       -0.51362 
H         -0.81228        2.95947       -1.11705 
H          0.80100        3.23095       -1.03699 
H         -0.25027        4.29990       -0.35988 
H         -1.10768        2.44848        1.33672 
H          0.38530        1.37125        0.54052 
H          0.81777        3.02300        1.57321 
B          0.00507        2.47284        0.86867 
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CO2•(LA)2 + AB (TS) (-3513.53745) 

 
 
Al        -1.73413        0.97877       -0.26580 
Cl        -1.36074        2.74242        0.82333 
Cl         0.12258        0.29016       -1.34683 
Cl        -3.35783        0.86212       -1.60414 
Al         2.02551        0.12773        0.09931 
Cl         2.95273       -1.63310       -0.70181 
Cl         1.17630       -0.14453        2.04170 
Cl         3.09048        1.94158       -0.20436 
C         -1.87309       -1.47593        1.52500 
O         -1.98195       -0.37831        1.03524 
O         -1.98619       -2.30494        2.32543 
N          0.12036       -3.49587       -1.46723 
H          0.04877       -4.32591       -2.06200 
H          0.91448       -3.64526       -0.83963 
H          0.37848       -2.72090       -2.08234 
H         -2.11327       -2.85163       -1.46105 
H         -1.55554       -4.23088       -0.04171 
H         -1.01073       -2.30873        0.14850 
B         -1.27886       -3.23346       -0.66985 
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CO2•(LA)2 + AB (reactants) (-3513.54550) 

  
 
Al        -1.75134        1.00035       -0.31622 
Cl        -1.47345        2.73134        0.84749 
Cl         0.12842        0.38833       -1.35895 
Cl        -3.37328        0.83127       -1.64451 
Al         1.99840        0.07579        0.10708 
Cl         2.87984       -1.70147       -0.69720 
Cl         1.13701       -0.11802        2.05717 
Cl         3.14842        1.84759       -0.17283 
C         -1.88749       -1.33615        1.72385 
O         -2.01492       -0.41190        0.99436 
O         -1.84182       -2.19544        2.48418 
N          0.18452       -3.64843       -1.70033 
H         -0.20410       -4.37504       -2.30554 
H          0.98587       -4.05905       -1.21717 
H          0.55861       -2.91880       -2.31000 
H         -1.78949       -2.50129       -1.28197 
H         -1.36086       -4.04876       -0.03084 
H         -0.31700       -2.32397        0.10667 
B         -0.93184       -3.08041       -0.63382 
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CO2•(LA) + AB (TS) (-1892.36069) 

 
 
C          1.56482        1.35372        0.23468 
O          0.44716        1.18255       -0.17686 
O          2.51898        1.95621        0.52323 
Al        -1.08258       -0.07014       -0.18758 
Cl        -2.67647        1.27613       -0.64968 
Cl        -0.59607       -1.45128       -1.73545 
Cl        -1.10638       -0.84585        1.80131 
N          4.18977       -0.65676        0.92191 
H          4.17951       -0.86475        1.92313 
H          4.39035        0.34048        0.81815 
H          4.97841       -1.16319        0.51484 
H          2.54013       -2.22929        0.42730 
H          1.92377       -0.37179        0.76990 
H          2.88746       -0.78829       -0.98695 
B          2.78957       -1.06944        0.18743 
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CO2•(LA) + AB (reactants) (-1892.36727) 

 
 
C          1.51086        1.55184        0.22557 
O          0.43201        1.18549       -0.08299 
O          2.52058        2.03446        0.50823 
Al        -1.13520       -0.11220       -0.25631 
Cl        -2.66226        1.28097       -0.77862 
Cl        -0.49690       -1.40046       -1.81895 
Cl        -1.25697       -0.92143        1.70509 
N          4.35384       -0.75549        0.84276 
H          4.54420       -1.00102        1.81592 
H          4.53429        0.24520        0.74103 
H          5.05200       -1.24019        0.27686 
H          2.76711       -2.37482        0.32556 
H          2.07342       -0.71418        1.24756 
H          2.64720       -0.63263       -0.70674 
B          2.81313       -1.15859        0.38148 
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NH3BH2
+•CO2 + AlCl3H-  (TS) (-1892.33428) 

 

 
 
Al         3.72681       -0.59973       -0.17319 
Cl         3.16352       -0.66469       -2.27366 
Cl         2.04175       -1.04875        1.12012 
Cl         5.32888       -2.09211        0.17302 
N          7.67900       -0.03723       -0.92580 
H          8.52449       -0.07026       -0.34999 
H          7.95405       -0.32971       -1.86895 
H          7.02189       -0.75736       -0.57451 
H          4.36099        0.82898        0.18149 
H          7.82624        2.25747       -1.23710 
H          5.96440        1.38394       -1.55532 
B          7.02403        1.40153       -1.01065 
C          5.68013        1.94898        1.29066 
O          6.66383        1.67926        0.66407 
O          4.93942        2.35791        2.07923 
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NH3BH2
+•CO2 + AlCl3H-  (reactant) (-1892.33969) 

 

 
 
Al        -1.16271       -0.37288       -0.26992 
Cl        -0.26704       -0.69965       -2.26681 
Cl        -2.66532       -1.91033        0.09000 
Cl         0.51788       -0.72953        1.17206 
N          2.75007        0.15569       -1.03524 
H          3.72281       -0.13397       -0.90759 
H          2.42291       -0.21922       -1.93595 
H          2.16101       -0.31549       -0.32074 
H         -1.69211        1.11002       -0.10621 
H          3.44623        2.35766       -1.38942 
H          1.38847        2.02821       -1.10236 
B          2.52774        1.70069       -1.02041 
C          2.00267        2.29962        1.75077 
O          2.77316        1.96811        0.91758 
O          1.28432        2.63957        2.58826  
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CO2 + (LA)2 (TS) (-3430.54107) 

 
 
Al        -1.37226       -0.51542        0.20597 
Cl        -1.79353       -1.39419       -1.66360 
Cl         0.58137       -1.43637        1.04722 
Cl        -2.63401       -0.86639        1.88256 
Al         2.15175       -0.02886        0.09367 
Cl         3.19405        0.92906        1.67657 
Cl         0.64356        1.25151       -0.86070 
Cl         3.30486       -1.14722       -1.29219 
C         -2.61716        2.46008       -0.36802 
O         -2.27540        1.36653       -0.09592 
O         -2.96696        3.52795       -0.62669 
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CO2 + (LA)2 (reactants) (-3430.55871) 

 
 
Al        -1.02849       -0.76847        0.22995 
Cl        -1.80944       -1.65495       -1.51034 
Cl         0.86900       -1.94825        0.88006 
Cl        -2.19829       -0.39283        1.93741 
Al         2.18870       -0.18601        0.22748 
Cl         3.19625        0.64310        1.88050 
Cl         0.30442        1.03761       -0.29685 
Cl         3.23402       -0.69212       -1.53006 
C         -3.04747        2.92852       -0.86770 
O         -2.87406        1.77138       -0.86171 
O         -3.22143        4.08180       -0.87506 
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CO2 + (LA)2 (product) (-3430.55404) 

 
 
Al        -1.62802       -0.80121        0.36278 
Cl        -1.54070       -1.33688       -1.66373 
Cl         0.35128       -0.70799        1.37586 
Cl        -3.05934       -1.58813        1.68411 
Al         2.07011        0.22569       -0.04265 
Cl         3.39785        1.04812        1.40463 
Cl         0.97167        1.67292       -1.18730 
Cl         2.78465       -1.44124       -1.15279 
C         -2.08375        2.23429       -0.11903 
O         -2.01614        1.15129        0.35560 
O         -2.17421        3.29686       -0.54476 
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(LA)2 dimer (-3,242.33636) 

 
 
Al         0.09687        0.45942        0.24789 
Cl        -0.10913        1.88272        1.78332 
Cl         2.32144       -0.11537        0.02153 
Cl        -0.78036        0.74273       -1.64347 
Al         1.84678       -2.23623        0.80304 
Cl        -0.37782       -1.66147        1.02932 
Cl         2.72380       -2.51956        2.69450 
Cl         2.05259       -3.65972       -0.73222 
 
 
CO2 (-188.21739) 

 

 

C         -0.78763        0.11991       -1.91756 
O         -1.90224        0.13162       -2.26827 
O          0.32696        0.10820       -1.56681 
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LB (-1,386.70731) 

 
 
P          0.01596        0.00442        0.86400 
C          1.58823       -0.74875        0.24239 
C          1.99254       -1.92505        0.94329 
C          3.21971       -2.52900        0.64140 
C          4.08346       -2.00653       -0.33187 
C          3.67167       -0.85857       -1.01678 
C          2.44064       -0.22379       -0.76569 
C          1.11069       -2.58758        1.98430 
H          3.50268       -3.43392        1.18138 
C          5.40901       -2.67209       -0.63304 
H          4.31669       -0.45107       -1.79684 
C          2.08245        0.95668       -1.64541 
H          1.60748       -3.47576        2.39469 
H          0.14902       -2.89906        1.55087 
H          0.87454       -1.89896        2.80919 
H          5.93942       -2.14997       -1.43964 
H          5.26434       -3.71967       -0.93652 
H          6.05625       -2.67840        0.25664 
H          1.05664        0.87545       -2.02378 
H          2.76823        1.00418       -2.50077 
H          2.13926        1.91062       -1.10465 
C         -0.12618        1.74417        0.24837 
C          0.64705        2.69610        0.97496 
C          0.51075        4.06285        0.69319 
C         -0.37666        4.53365       -0.28354 
C         -1.10702        3.58605       -1.01117 
C         -0.99572        2.20495       -0.77905 
C          1.66577        2.27737        2.01758 
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H          1.11808        4.77692        1.25115 
C         -0.54567        6.01537       -0.53729 
H         -1.77271        3.92808       -1.80532 
C         -1.77020        1.28321       -1.69782 
H          2.45467        1.65534        1.56922 
H          1.20114        1.67274        2.81044 
H          2.13717        3.15755        2.47229 
H         -0.72147        6.21945       -1.60253 
H          0.34141        6.57645       -0.21417 
H         -1.41021        6.41034        0.01947 
H         -2.09157        1.83188       -2.59264 
H         -2.66189        0.86391       -1.21223 
H         -1.15797        0.43032       -2.01106 
C         -1.42418       -0.97725        0.24329 
C         -2.64979       -0.72937        0.93227 
C         -3.77967       -1.50486        0.64090 
C         -3.74726       -2.53841       -0.30578 
C         -2.54760       -2.75179       -0.99252 
C         -1.39013       -1.98882       -0.75392 
C         -2.79457        0.39100        1.94384 
H         -4.71002       -1.29144        1.16968 
C         -4.97009       -3.38940       -0.56978 
H         -2.51050       -3.52247       -1.76432 
C         -0.19267       -2.26330       -1.64022 
H         -2.59411        1.36995        1.48469 
H         -2.07850        0.28174        2.77187 
H         -3.81093        0.40424        2.35718 
H         -5.87033       -2.76750       -0.67644 
H         -5.15103       -4.08192        0.26698 
H         -4.84785       -3.98804       -1.48180 
H         -0.50249       -2.86185       -2.50661 
H          0.60056       -2.80953       -1.11287 
H          0.25965       -1.33263       -2.00280 
 
  



 

261 
 

LA (-1,621.14507) 

 
 
Al         0.43945        0.70786        0.01032 
Cl        -0.57872        1.12612        1.79840 
Cl         2.37702       -0.09896        0.06637 
Cl        -0.45416        1.15186       -1.83687 
 
 
 
LA-O=C=O-LA (-1,621.14507) 

 
 
Al         3.27110       -0.46334       -0.04245 
Cl         2.74885        0.56620       -1.81373 
Cl         3.90493        0.66973        1.62479 
Cl         3.87147       -2.48367       -0.17148 
Al        -3.30171       -0.28698       -0.00091 
Cl        -2.92888        1.33150       -1.30274 
Cl        -3.42893       -2.23231       -0.81183 
Cl        -4.17860        0.09435        1.87912 
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C          0.02003       -0.66243        0.70095 
O          1.17059       -0.84081        0.66798 
O         -1.12906       -0.49734        0.76285 
 
 
CO2•(LA) (-1,809.38226) 

 
 
C         -0.56765       -2.61180       -0.13716 
O         -0.63917       -1.43333       -0.10964 
O         -0.52626       -3.76262       -0.16630 
Al         0.28444        0.42269       -0.03144 
Cl        -0.51849        1.16343        1.78777 
Cl         2.31597       -0.20533       -0.01109 
Cl        -0.43934        1.27491       -1.83488 
 
 
CO2•(LA)2 (-3,430.55404) 

 

 

Al        -1.62802       -0.80121        0.36278 



 

263 
 

Cl        -1.54070       -1.33688       -1.66373 
Cl         0.35128       -0.70799        1.37586 
Cl        -3.05934       -1.58813        1.68411 
Al         2.07011        0.22569       -0.04265 
Cl         3.39785        1.04812        1.40463 
Cl         0.97167        1.67292       -1.18730 
Cl         2.78465       -1.44124       -1.15279 
C         -2.08375        2.23429       -0.11903 
O         -2.01614        1.15129        0.35560 
O         -2.17421        3.29686       -0.54476 

 

 
FLP•CO2 (-4,817.34610) 

 
 
P         -0.00499        0.18287       -1.37669 
C         -0.09451        0.21102        0.57242 
O          0.97123        0.03291        1.19918 
Al         2.45960        0.00951        2.31201 
Cl         2.29388        1.76253        3.53675 
O         -1.24283        0.28918        1.06898 
Al        -2.30959       -0.22705        2.53218 
Cl        -3.91625        1.19909        2.52715 
Cl         4.15305        0.10428        0.98141 
Cl         2.35693       -1.87618        3.33186 
Cl        -2.90820       -2.21374        1.96732 
Cl        -1.09968       -0.15116        4.29594 
C         -1.64608       -0.48527       -1.81374 
C         -2.78752        0.27136       -1.40073 
C         -1.81445       -1.74367       -2.46037 
C         -4.04353       -0.34156       -1.47529 
C         -3.10510       -2.28675       -2.51718 
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C         -4.22234       -1.63422       -1.98236 
H         -4.91094        0.22054       -1.13143 
H         -3.23571       -3.25170       -3.00652 
C          0.12730        1.87630       -2.05108 
C         -0.48719        2.13908       -3.31067 
C          0.74030        2.92844       -1.31839 
C         -0.56264        3.46939       -3.74227 
C          0.62216        4.23652       -1.80272 
C         -0.05397        4.53699       -2.99190 
H         -1.02716        3.67201       -4.70670 
H          1.09140        5.04033       -1.23661 
C          1.42455       -0.91152       -1.63733 
C          2.50472       -0.55750       -2.50212 
C          1.45549       -2.13684       -0.90627 
C          3.58787       -1.44127       -2.58930 
C          2.57779       -2.96175       -1.03339 
C          3.65631       -2.63508       -1.86098 
H          4.41116       -1.18029       -3.25302 
H          2.59704       -3.89627       -0.47344 
C          1.55940        2.71755       -0.06693 
H          0.93161        2.61324        0.82771 
H          2.20533        1.83636       -0.14720 
H          2.20466        3.58618        0.10286 
C         -1.02307        1.08444       -4.26074 
H         -0.44674        0.15254       -4.23088 
H         -2.06685        0.82905       -4.03803 
H         -0.97728        1.46943       -5.28628 
C         -0.72516       -2.52061       -3.17634 
H          0.05425       -1.87803       -3.59536 
H         -0.23015       -3.24645       -2.52019 
H         -1.18245       -3.08247       -3.99968 
C         -2.78788        1.73875       -1.00538 
H         -2.86118        2.34953       -1.91723 
H         -3.65970        1.95145       -0.37787 
H         -1.90124        2.08100       -0.47062 
C          0.35823       -2.66367        0.00338 
H          0.66838       -2.59026        1.05380 
H         -0.61561       -2.17674       -0.10353 
H          0.19690       -3.72780       -0.20898 
C          2.58574        0.70013       -3.34587 
H          1.70867        0.83307       -3.98767 
H          2.67622        1.60112       -2.72703 
H          3.46899        0.64535       -3.99186 
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C          4.86602       -3.53114       -1.95442 
H          5.62317       -3.21755       -1.21936 
H          4.60442       -4.57476       -1.73920 
H          5.32565       -3.47471       -2.94967 
C         -0.21696        5.96418       -3.45369 
H         -0.35278        6.01678       -4.54088 
H         -1.10572        6.41092       -2.98173 
H          0.64976        6.57368       -3.16764 
C         -5.57819       -2.29459       -1.96500 
H         -5.70781       -2.96372       -2.82532 
H         -5.68418       -2.90141       -1.05238 
H         -6.38303       -1.54874       -1.96394 
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D. Supporting information – A Benzimidazole-Based Organo-Hydride for the 

Reduction of CO2 

 

D.1 Experimental details 

a) Materials 

Reagents were purchased from Sigma-Aldrich: Benzimidazole (98%), 5,6-

Dimethylbenzimidazole (≥99%), 2-Methylbenzimidazole (98%), Iodomethane (99%), 1,3,5-

trimethoxybenzene (≥99%), Sodium borohydride (99%), 13CO2 (99 atom % 13C, <3 atom % 18O), 

Potassium Iodide (≥99%), Potassium Bromide (≥99%), Sodium Iodide (≥99%), and Lithium 

Bromide (≥99%). 12CO2 gas cylinder was purchased from Air Products (Bone Dry, 99.9%). 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc.: DMSO-D6 (D, 

99.9%), MeCN-D3 (D, 99.8%), Methanol-D4 (D, 99.8%). All reagents were used as received. Glass 

tube reactors were purchased from Ace Glass Incorporated: Tube, 9ml, 150psig, 19mm O.D., 

10.2cm long (part # 8648-62). 

b) Analytical Techniques 

1H and 13C NMR spectroscopy were performed in a Bruker Ascend 400 MHz 

spectrometer. Chemical shifts are referenced to the internal solvent resonance and reported as 

parts-per-million relative to tetramethylsilane. ESI-MS analysis was performed at the University 

of Colorado Boulder mass spectrometry facility. 

c) General Experimental Procedure 

A 9ml glass tube reactor (purchased from Ace Glass Incorporated), shown in Fig. S1, was 

charged with a small stir bar and 29.8mg (0.50M) of KBr. 0.50ml of DMSO-D6 solvent containing 

8.1mg (0.10M) of species 2c and 4.2mg (0.05M) of 1,3,5-trimethoxybenzene was transferred to 

the tube via a pipette. The tube was then sealed and degassed under vacuum while vigorous 

stirring (3min) and sonication (2min) for a total of 5min. After degassing, the valve connecting 

to the vacuum was closed and 12CO2 at 30psig (or 13CO2 at ~20psig) was then introduced to the 

tube reactor. The tube reactor was kept at 50oC in an oil bath. After 11hr, the reaction was 

completed, 0.20ml of methanol-D4 was introduced to the tube; the reaction solution was then 

analyzed by 1H NMR (and in some cases 13C NMR). 
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Fig. S1. Photograph of the general reaction setup for chemical reduction of CO2 by species 2c. 
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d) Synthesis 

Synthetic procedure highlighted in Fig. S2 applies to transforming benzimidazole 

derivatives to their corresponding cations (species 1) and neutral organo-hydrides (species 2); 

this procedure was modified from those reported in the literature.243, 322 We illustrate the 

procedure using 2-methylbenzimidazole as an example. A 250 mL round bottom flask was 

charged with 60ml of MeOH and a stir bar. The following reagents were then added to the 

flask: 2-methylbenzimidazole (6.61g, 0.05mol, 1 eq.), Iodomethane (12.5ml, 0.20mol, 4 eq.) and 

K2CO3 (6.91g, 0.05mol, 1 eq.). This mixture was subsequently heated at reflux for 18h, and was 

allowed to cool to RT. The solution was reduced in volume to ~30ml via rotary evaporation, 

which was subsequently filtered. The solids contained residual K2CO3 and the desired product 

1,2,3-trimethyl-1H-benzimidazol-3-ium (species 1c). Crystallization was employed to isolate 

species 1c from K2CO3. The solids were added to a 250 mL round bottom flask containing 150ml 

of MeOH. The solution was heated to near boiling to dissolve all species 1c but K2CO3. The hot 

solution was then filtered and the filtrate was collected. The filtrate was allowed to cool to RT 

and then was allowed to further cool in the freezer for 4 hours, at which point crystals were 

formed. The crystals were isolated via filtration, and was subsequently washed with acetone 

and dried under vacuum. The desired product 1,2,3-trimethyl-1H-benzimidazol-3-ium (species 

1c) was isolated with 76% yield. 

 

Fig. S2. Synthesis of benzimidazolium cations (species 1) and their corresponding 

benzimidazole-based organo-hydrides (species 2) from benzimidazoles. 

In the second step of the synthesis, 1,2,3-trimethyl-1H-benzimidazol-3-ium (species 1c) 

was reacted with NaBH4 to form the organo-hydride 1,2,3-trimethyl-2,3-dihydro-1H-

benzimidazole (species 2c). A 250 mL round bottom flask was charged with 40ml of H2O, 60ml 

of diethyl ether and a stir bar. The following reagents were added to the flask: species 1c 

(2.88g, 0.01mol, 1 eq.) and NaBH4 (1.13g, 0.03mol, 3 eq.). This mixture was allowed to react 

under vigorous stirring for 1hr in RT. The diethyl ether organic phase was then isolated via a 

separatory funnel, washed twice with DI water to remove any trace of NaBH4, and washed for 

the third time with saturated brine water. The organic layer was dried with MgSO4, filtered, and 
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the volatiles were removed under reduced pressure to reveal a white solid. Species 2c was 

isolated with 65% yield. The product was stored under Ar in the freezer until further use.  

1H-NMR, 13C-NMR, and ESI-MS results were reported in the following figures: Species 

1a-c (Fig. S3-F5) and Species 2a-c (Fig. S6-S8). 

 

 

Fig. S3. 1H NMR spectrum of species 1a. 1H NMR (400 MHz, DMSO-d6) δ 9.63 (s, 1H), 8.07 – 7.95 

(m, 2H), 7.76 – 7.66 (m, 2H), 4.08 (s, 6H). 13C NMR (101 MHz, DMSO-d6) δ 143.10 , 131.64 , 

126.40 , 113.41 , 33.23 . HRMS (ESI): calc’d for C9H11N2
+, 147.0922; found 147.0925. 
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Fig. S4. 1H NMR spectrum of species 1b. 1H NMR (400 MHz, DMSO-d6) δ 9.50 (s, 1H), 7.80 (s, 

2H), 4.02 (s, 6H), 2.42 (s, 6H). 13C NMR (101 MHz, DMSO-d6) δ 141.81 , 136.04 , 130.12 , 112.91 , 

33.06 , 19.96 . HRMS (ESI): calc’d for C11H15N2
+, 175.1235; found 175.1233. 

 

 

Fig. S5. 1H NMR spectrum of species 1c. 1H NMR (400 MHz, DMSO-d6) δ 8.03 – 7.94 (m, 2H), 

7.68 – 7.59 (m, 2H), 4.00 (s, 6H), 2.87 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 152.25 , 131.29 , 

125.81 , 112.69 , 31.72 , 10.62 . HRMS (ESI): calc’d for C10H13N2
+, 161.1079; found 161.1078. 
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Fig. S6. 1H NMR spectrum of species 2a. 1H NMR (400 MHz, DMSO-d6) δ 6.60 – 6.50 (m, 2H), 

6.45 – 6.34 (m, 2H), 4.23 (s, 2H), 2.64 (s, 6H). 13C NMR (101 MHz, DMSO-d6) δ 143.21 , 118.63 , 

105.90 , 79.68 , 34.13 . HRMS (ESI): calc’d for (C9H12N2)Li+, 155.1161; found 155.1163. 

 

 

Fig. S7. 1H NMR spectrum of species 2b. 1H NMR (400 MHz, DMSO-d6) δ 6.24 (s, 2H), 4.10 (s, 

2H), 2.59 (s, 6H), 2.06 (s, 6H). 13C NMR (101 MHz, DMSO-d6) δ 141.39 , 125.25 , 108.37 , 80.28 , 

34.68 , 19.23 . HRMS (ESI): calc’d for (C11H16N2)Li+, 183.1474; found 183.1478. 
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Fig. S8. 1H NMR spectrum of species 2c. 1H NMR (400 MHz, DMSO-d6) δ 6.59 – 6.50 (m, 2H), 

6.42 – 6.33 (m, 2H), 4.00 (q, J = 5.3 Hz, 1H), 2.61 (s, 6H), 1.39 (d, J = 5.3 Hz, 3H). 13C NMR (101 

MHz, DMSO-d6) δ 142.59 , 118.68 , 105.65 , 86.13 , 33.52 , 18.13. HRMS (ESI): calc’d for 

(C10H14N2)Li+, 169.1317; found 169.1319. 
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D.2 Computational methods 

We compute stationary geometries (reactants, transition states and products) for the 

systems studied using density functional theory based on the M06 density functional121 and 6-

31+G** basis set.57 An adequate treatment of solvent is crucial to correctly describe reactions 

involving a polar TS, such as those involving hydride transfers which are of particular interest 

here. Therefore, we employed the implicit polarized continuum solvation model (CPCM) in all 

calculations to treat the solute-solvent electrostatic interactions in dimethyl sulfoxide (DMSO) 

solvent.67-68 We calculate vibrational force constants at the M06/6-31+G** level of theory to: 1) 

verify that the reactant and product structures have only positive vibrational modes, 2) confirm 

that each TS has only one imaginary mode and that it connects the desired reactant and 

product structures via Intrinsic Reaction Coordinate (IRC) calculations, and 3) compute 

entropies, zero-point energies (ZPE) and thermal corrections included in the reported free 

energies at 298K.  

For the activation and reaction enthalpies, entropies and free energies for each of the 

various reactions examined within, we define the reference state as the separated reactants in 

solution, as is appropriate for solution phase bimolecular reactions.130 It is important to 

recognize that commonly employed entropy evaluations within the rigid rotor, harmonic 

oscillator and ideal gas approximations normally overestimate the entropic cost for reactions 

occurring in solution phase, because ideal gas partition functions do not explicitly take into 

account hindered translation, rotation and vibration of the solute surrounded by solvent 

molecules.18, 131-136 While various empirical correction factors for -T∆S‡
calc values have been 

proposed,18, 131, 136-137 all of which significantly lower -T∆S‡
calc, our approach to better estimate -

T∆S‡ is to employ the experimentally obtained -T∆S‡
exp = 2.3 kcal/mol value for an analogous HT 

reaction.138 This -T∆S‡
exp value is then added to our calculated ∆H‡

HT in order to obtain more 

accurate estimates to the activation free energy ∆G‡
HT. Details of this approach is discussed in 

ref. 239. Finally, reaction free energies (∆G0
rxn) are reported by adding ∆H0

rxn to -T∆S0
rxn in Table 

1 of the manuscript. Because the number of species remains constant on going from reactants 

to products in the reactions described here, the overestimation issue for the calculated -T∆S0
rxn 

is less severe. All reported energies were referenced to separated reactants in solution (as 

noted above) and calculations were performed using the GAUSSIAN 0961 computational 

software packages.   
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D.3 1H NMR for formate detection 

 

Fig. S9. (a) At t=0hr, the reaction solution contained: 0.10M species 2c, 30psig CO2, 0.50M KBr, 

0.05M 1,3,5-trimethoxybenzene; T = 50oC. (b) At t=11hr, species 2c was close to be fully 

consumed while species 1c and formate ion (δ = 8.46 ppm) were formed. 
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D.4 ESI-MS for formate detection 

Electrospray ionization mass spectroscopy (ESI-MS, negative mode) was used to detect the 

presence of HCOO- anion in the reaction solution. In Fig. S10, in the presence of low 0.05M KI 

salt concentration, HCOO- was detected at +4.4ppm error.  In Fig. S11, in the presence of high 

0.20M KBr salt concentration, (a) HCOO-●KBr cluster was detected at +1.8ppm error while (b) 

HCOO-●2KBr cluster was detected at +2.8ppm error. 

 

Fig. S10. (a) Theoretical mass of HCOO- anion at 44.9977 Da. (b) Observed mass of HCOO- anion 

at 44.9979 Da; error = +4.4ppm. (c) Blank sample. Reaction condition: 0.10M species 2c, 30psig 

CO2, 0.05M KI, 0.05M 1,3,5-trimethoxybenzene, T = 50oC, t = 11hr. 
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Fig. S11. (a) HCOO-●KBr cluster. i) Theoretical masses of HCOO-●KBr cluster at 162.8797 Da, 

164.8777 Da and 166.8761 Da. ii) Observed masses of HCOO-●KBr cluster at 162.8800 Da, 

164.8780 Da and 166.8761 Da; error = +1.8ppm. iii) Blank sample. (b) HCOO-●2KBr cluster. i) 

Theoretical masses of HCOO-●2KBr cluster at 280.7617 Da, 282.7597 Da, 284.7577 Da and 

286.7560 Da. ii) Observed masses of HCOO-●2KBr cluster at 280.7625 Da, 282.7599 Da, 

284.7583 Da and 286.7555 Da; error = +2.8ppm. iii) Blank sample. Reaction conditions: 0.10M 

species 2c, 30psig CO2, 0.20M KBr, 0.05M 1,3,5-trimethoxybenzene, T = 50oC, t = 11hr. 
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D.5 1H NMR for 13CO2 experiment  

 

 

Fig. S12. 13CO2 experiment was performed in the following conditions: 0.10M species 2c, 

~20psig 13CO2, 0.20M KBr, 0.05M 1,3,5-trimethoxybenzene, T = 50oC. (a) t = 0hr. (b) t = 16hr. 

After the reaction, 1H NMR showed the appearance of doublet peaks at δ= 8.27 and 8.72ppm; 

this indicated the dominant presence of 13C nucleus in the produced formate due to the 

introduced 13CO2 (99 atom % 13C). A small singlet formate peak at 8.50ppm was also observed, 

which was due to the remaining 1 atom % 12CO2.  
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D.6 Coordinates of Molecular Structures  

All coordinates are reported as XYZ Cartesian coordinates. In parenthesis’s are rM06/6-

31+G**/CPCM-DMSO energies. Energies reported here are computed at 0 K (not ZPE and 

thermally corrected) and are stated in Hartrees units. All energies reported were calculated 

using the GAUSSIAN 09 computational chemistry package 

CO2 (-188.51260258) 
C          2.18926        0.01112        0.30294 
O          1.79513        0.03673        1.39377 
O          2.58406       -0.01448       -0.78759 
 
HCOO- (-189.23196244) 
H          0.38144       -0.51638       -0.38765 
C          0.06843       -1.54184       -0.72830 
O         -0.39175       -2.29598        0.16197 
O          0.22460       -1.78265       -1.94930 
 
Species 1a (-458.62929816) 
C         -2.99120       -0.26682       -0.02841 
C         -1.59297       -0.26689       -0.02851 
C         -0.85695        0.91383        0.00601 
C         -1.58843        2.09239        0.04010 
C         -2.99548        2.09246        0.04022 
C         -3.72710        0.91398        0.00624 
H          0.22902        0.91166        0.00595 
H         -1.06113        3.04171        0.06797 
H         -3.52268        3.04184        0.06816 
H         -4.81306        0.91193        0.00630 
N         -1.19630       -1.59905       -0.06939 
N         -3.38802       -1.59893       -0.06946 
C          0.18119       -2.07219       -0.08448 
H          0.69055       -1.68234       -0.96873 
H          0.69292       -1.73295        0.81910 
H          0.18043       -3.16163       -0.11547 
C         -4.76556       -2.07191       -0.08468 
H         -5.27731       -1.73267        0.81889 
H         -5.27482       -1.68194       -0.96894 
H         -4.76492       -3.16135       -0.11574 
C         -2.29220       -2.35517       -0.09286 
H         -2.29226       -3.43676       -0.12601 
 
Species 1b (-537.20681911) 
C         -2.98783       -0.27095       -0.03449 
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C         -1.59410       -0.27209       -0.02371 
C         -0.86613        0.91254        0.02790 
C         -1.57688        2.10647        0.06831 
C         -3.00261        2.10764        0.05740 
C         -3.71456        0.91486        0.00608 
H          0.22137        0.90950        0.03570 
H         -4.80206        0.91365       -0.00267 
N         -1.19615       -1.60348       -0.07529 
N         -3.38720       -1.60162       -0.09223 
C          0.18098       -2.07551       -0.08455 
H          0.69808       -1.67456       -0.95948 
H          0.68569       -1.74656        0.82693 
H          0.18208       -3.16459       -0.12881 
C         -4.76486       -2.07108       -0.12469 
H         -5.28550       -1.73769        0.77614 
H         -5.26520       -1.67253       -1.01044 
H         -4.76738       -3.16031       -0.16446 
C         -2.29207       -2.36028       -0.11508 
H         -2.29264       -3.44130       -0.15941 
C         -0.83650        3.40738        0.12351 
H         -1.09345        3.97749        1.02518 
H          0.24514        3.24661        0.12289 
H         -1.08484        4.04618       -0.73332 
C         -3.74153        3.40979        0.10065 
H         -3.48964        3.98458        1.00071 
H         -3.48666        4.04354       -0.75811 
H         -4.82338        3.25059        0.09339 
 
Species 1c (-497.92511018) 
C         -2.98536       -0.32265       -0.02142 
C         -1.59073       -0.32244       -0.01167 
C         -0.85631        0.85729        0.04741 
C         -1.58813        2.03713        0.09584 
C         -2.99326        2.03634        0.08660 
C         -3.72256        0.85549        0.02823 
H          0.22972        0.85987        0.05659 
H         -3.52275        2.98406        0.12749 
H         -4.80865        0.85385        0.02301 
N         -1.19103       -1.65440       -0.07276 
N         -3.37951       -1.65345       -0.08833 
C          0.20707       -2.06103       -0.08658 
H          0.71289       -1.56983       -0.92129 
H          0.68046       -1.77119        0.85482 
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H          0.28699       -3.13879       -0.21266 
C         -4.76734       -2.09034       -0.12382 
H         -5.26373       -1.81294        0.80966 
H         -5.27288       -1.61289       -0.96674 
H         -4.81247       -3.17134       -0.24963 
C         -2.28543       -2.43147       -0.11408 
H         -1.06031        2.98545        0.14348 
C         -2.31953       -3.90447       -0.18166 
H         -1.32714       -4.33677       -0.05944 
H         -2.96123       -4.30598        0.60837 
H         -2.71963       -4.23355       -1.14682 
 
Species 2a (-459.36028412) 
C         -2.98650       -0.27017       -0.24335 
C         -1.57992       -0.28817       -0.18476 
C         -0.85705        0.88297       -0.03937 
C         -1.56836        2.09382        0.03380 
C         -2.95675        2.11125       -0.02365 
C         -3.68955        0.91869       -0.15674 
H          0.22880        0.87133        0.02342 
H         -1.02019        3.02567        0.15173 
H         -3.48919        3.05669        0.05001 
H         -4.77684        0.93426       -0.18396 
N         -1.15229       -1.61349       -0.32161 
N         -3.43597       -1.58399       -0.41644 
C          0.08995       -2.02573        0.29296 
H          0.91993       -1.43151       -0.10024 
H          0.06317       -1.91467        1.39164 
H          0.28521       -3.07518        0.05164 
C         -4.73448       -1.96199        0.09576 
H         -4.79703       -1.83954        1.19178 
H         -5.51559       -1.35451       -0.37053 
H         -4.93268       -3.00944       -0.15155 
C         -2.31995       -2.42605       -0.00423 
H         -2.31022       -3.38433       -0.53795 
H         -2.36822       -2.63126        1.09550 
 
Species 2b (-537.93421799) 
C         -2.97715       -0.27358       -0.27326 
C         -1.57813       -0.29324       -0.19043 
C         -0.86581        0.88077       -0.02322 
C         -1.55866        2.10445        0.05286 
C         -2.95930        2.12402       -0.03051 
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C         -3.67175        0.91995       -0.19009 
H          0.22076        0.87040        0.05615 
H         -4.76002        0.93966       -0.23912 
N         -1.14318       -1.61987       -0.33528 
N         -3.42959       -1.58772       -0.46998 
C          0.07661       -2.03070        0.32427 
H          0.91893       -1.43192       -0.03454 
H          0.00783       -1.92311        1.42210 
H          0.28498       -3.07888        0.08768 
C         -4.72846       -1.96228        0.04497 
H         -4.78777       -1.84013        1.14180 
H         -5.50896       -1.35166       -0.41837 
H         -4.93117       -3.00912       -0.20195 
C         -2.31960       -2.42715       -0.03421 
H         -2.30231       -3.39059       -0.55821 
H         -2.38740       -2.62088        1.06765 
C         -3.71032        3.42009        0.07001 
H         -4.78631        3.26377       -0.05944 
H         -3.56187        3.90650        1.04403 
H         -3.38493        4.14226       -0.69066 
C         -0.78836        3.37899        0.24307 
H         -0.98012        4.09854       -0.56421 
H         -1.05728        3.88491        1.18046 
H          0.28955        3.18829        0.26784 
 
Species 2c (-498.64997096) 
C         -2.98989       -0.25883       -0.18534 
C         -1.58040       -0.27713       -0.12769 
C         -0.85630        0.89558       -0.01368 
C         -1.56785        2.11210        0.02393 
C         -2.95424        2.12968       -0.03164 
C         -3.69098        0.93185       -0.12759 
H          0.22976        0.88487        0.04810 
H         -1.01726        3.04602        0.11220 
H         -4.77846        0.94850       -0.15287 
N         -1.16544       -1.60202       -0.22720 
N         -3.43027       -1.57216       -0.32045 
C          0.14702       -1.99582        0.22605 
H          0.91211       -1.46755       -0.35281 
H          0.31554       -1.78195        1.29529 
H          0.28391       -3.06862        0.05690 
C         -4.78584       -1.93068        0.02147 
H         -5.03782       -1.70903        1.07266 
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H         -5.48520       -1.38497       -0.62084 
H         -4.93572       -3.00016       -0.15734 
C         -2.32501       -2.43954        0.10917 
H         -2.31230       -3.35613       -0.50143 
H         -3.48613        3.07741        0.01368 
C         -2.38980       -2.80520        1.58675 
H         -3.28830       -3.39324        1.80212 
H         -1.52404       -3.41180        1.87327 
H         -2.40547       -1.89973        2.20822 
 
Species 2a + CO2, TS (-647.83805305, 1174.23i imaginary mode at TS) 
C         -3.01301       -0.41022        0.17369 
C         -1.61049       -0.40419        0.25437 
C         -0.87532        0.73486       -0.03493 
C         -1.59032        1.88138       -0.39695 
C         -2.98489        1.87582       -0.47086 
C         -3.72442        0.72245       -0.18930 
H          0.21043        0.73986        0.01344 
H         -1.04571        2.79215       -0.63198 
H         -3.50886        2.78289       -0.76073 
H         -4.80908        0.71482       -0.25902 
N         -1.21646       -1.67415        0.66658 
N         -3.43688       -1.68748        0.51518 
C          0.13235       -2.18293        0.55877 
H          0.43242       -2.28627       -0.49418 
H          0.82579       -1.50563        1.06339 
H          0.18753       -3.16021        1.04414 
C         -4.79244       -2.17498        0.39087 
H         -5.47324       -1.51377        0.93442 
H         -5.09501       -2.22458       -0.66269 
H         -4.85471       -3.17325        0.82968 
C         -2.25486       -3.47550       -1.93478 
O         -1.55396       -4.44744       -2.11265 
O         -2.96411       -2.65909       -2.48287 
C         -2.32592       -2.50929        0.58889 
H         -2.36179       -3.38907        1.23704 
H         -2.24606       -3.16175       -0.59625 
 
Species 2b + CO2, TS (-726.41335406, 1171.73i imaginary mode at TS) 
C         -3.00474       -0.40734        0.21145 
C         -1.60615       -0.40478        0.26587 
C         -0.88244        0.73654       -0.04044 
C         -1.58188        1.89745       -0.39651 
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C         -2.99282        1.89512       -0.44535 
C         -3.71111        0.73092       -0.14175 
H          0.20573        0.74090       -0.01226 
H         -4.79858        0.72764       -0.19190 
N         -1.20392       -1.67589        0.67495 
N         -3.42869       -1.68379        0.56312 
C          0.13792       -2.18778        0.51486 
H          0.39809       -2.29127       -0.54923 
H          0.85211       -1.51177        0.99170 
H          0.21115       -3.16559        0.99722 
C         -4.78528       -2.16869        0.44793 
H         -5.46157       -1.50536        0.99479 
H         -5.09685       -2.21961       -0.60333 
H         -4.84760       -3.16622        0.88890 
C         -2.29971       -3.46333       -1.93216 
O         -1.60599       -4.43765       -2.11896 
O         -3.02070       -2.64648       -2.46179 
C         -2.31722       -2.51052        0.60409 
H         -2.34384       -3.39276        1.24979 
H         -2.25868       -3.14205       -0.58101 
C         -3.73245        3.13929       -0.83851 
H         -3.47648        3.45746       -1.85783 
H         -4.81505        2.98464       -0.79925 
H         -3.48889        3.98196       -0.17849 
C         -0.82114        3.14443       -0.73731 
H         -1.03035        3.47937       -1.76179 
H         -1.09125        3.97794       -0.07567 
H          0.25812        2.98546       -0.65099 
 
Species 2c + CO2, TS (-687.13186582, 1091.53i imaginary mode at TS) 
C         -3.02710       -0.39747        0.24410 
C         -1.62423       -0.38758        0.27817 
C         -0.90327        0.75823       -0.01966 
C         -1.62984        1.90620       -0.35154 
C         -3.02498        1.89570       -0.38813 
C         -3.74944        0.73655       -0.09242 
H          0.18323        0.76901       -0.00544 
H         -4.83540        0.72980       -0.13205 
N         -1.21294       -1.66322        0.65479 
N         -3.44209       -1.67743        0.60667 
C          0.13726       -2.16063        0.51703 
H          0.29396       -2.60270       -0.47861 
H          0.84068       -1.33756        0.65356 
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H          0.34619       -2.91215        1.28202 
C         -4.76875       -2.18810        0.34424 
H         -5.50085       -1.39625        0.51342 
H         -4.85633       -2.53933       -0.69589 
H         -5.00176       -3.01081        1.02366 
C         -2.25417       -3.52454       -1.92019 
O         -2.43948       -4.72021       -1.89474 
O         -2.05184       -2.56844       -2.63609 
C         -2.32032       -2.51422        0.60748 
H         -2.28832       -3.05537       -0.62580 
H         -3.56194        2.80131       -0.65806 
H         -1.09348        2.82005       -0.59363 
C         -2.32738       -3.77244        1.42263 
H         -2.33839       -3.52810        2.49079 
H         -3.20454       -4.37936        1.18221 
H         -1.44351       -4.37617        1.19835 
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E. Supporting information – Visible-light organic photocatalysis for latent 

radical-initiated polymerization via 2e-/1H+ transfers: Initiation with parallels 

to photosynthesis 

 

E.1 Reaction of alpha-amino radical (derived from DIPEA) and a HEMA monomer  

 In Figure S1, we calculate the enthalpic barrier (∆H0
act) for the reaction between an 

amino-alkyl radical (product of one electron and one proton transfer of DIPEA) and a HEMA 

monomer. Stationary geometries (transition state and minima) were obtained at 

uWB97XD/LANL2dz/CPCM-methanol level of theory. ∆H0
act calculated at this level of theory was 

0.1 kcal/mol.  Single point energy calculations were then performed at uM06/6-311G(d,p) level 

of theory, where we obtained ∆H0
act = -1.4 kcal/mol (barrierless). The M06 functional was 

designed to yield accurate thermochemical predictions; and when combined with 6-311G(d,p) 

basis sets, should yield reasonable predictions to the enthalpic barrier. 

 

Figure S1 | Reaction between amino-alkyl radical and HEMA monomer, calculated at uM06/6-

311G(d,p)//uWB97XD/LANL2dz/CPCM-methanol. (a) Reactant, (b) TS structure and (c) Product  

Coordinates of Molecular Structures 

All coordinates are reported as XYZ Cartesian coordinates. 0 K energies (not ZPE corrected) 

reported are calculated using uM06/6-311G(d,p)//uWB97XD/LANL2dz/CPCM-methanol  in 

Hartrees. 

E.2 Coordinates of structures  

LMB (-1183.1852140093) 
S          1.38084        0.00392        1.14593 
N         -0.23269        4.95441        0.61194 
N         -0.23107       -4.94657        0.60705 
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C          0.75678        1.39691        0.12754 
C          0.75723       -1.38828        0.12617 
C          0.66865        1.24177       -1.26554 
C          0.66904       -1.23179       -1.26676 
C          0.05714        3.74027       -0.00242 
C          0.05834       -3.73173       -0.00613 
C          0.43851        2.60392        0.75741 
C          0.43935       -2.59602        0.75484 
C          0.26737        2.35837       -2.01910 
C          0.26812       -2.34776       -2.02143 
C         -0.01464        3.58585       -1.41223 
C         -0.01351       -3.57593       -1.41579 
C         -0.64309        6.09831       -0.19834 
C         -0.18303        5.06489        2.06709 
C         -0.64079       -6.08990       -0.20439 
C         -0.18136       -5.05848        2.06208 
H          0.50609        2.66117        1.83725 
H          0.50698       -2.65433        1.83461 
H          0.17776        2.26725       -3.09760 
H          0.17847       -2.25560       -3.09984 
H         -0.30620        4.41653       -2.04273 
H         -0.30484       -4.40607       -2.04710 
H         -0.81903        6.95765        0.45013 
H         -1.57171        5.89750       -0.75101 
H          0.13091        6.37994       -0.92498 
H         -0.44767        6.08077        2.36346 
H         -0.88883        4.37717        2.55418 
H          0.82184        4.85360        2.45790 
H         -0.81608       -6.95005        0.44318 
H         -1.56961       -5.88915       -0.75677 
H          0.13332       -6.37024       -0.93140 
H         -0.44573       -6.07473        2.35743 
H         -0.88735       -4.37144        2.54985 
H          0.82345       -4.84729        2.45309 
N          0.97519        0.00535       -1.88365 
H          0.98131        0.00585       -2.89448 
 
 
MB+ (-1182.4175828153) 
S          0.00000        0.00000        1.42134 
N          0.00000        5.07128        0.53149 
N          0.00000       -5.07128        0.53149 
N          0.00000        0.00000       -1.75698 
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C          0.00000        1.39897        0.29303 
C          0.00000       -1.39897        0.29303 
C          0.00000        1.19352       -1.13345 
C          0.00000       -1.19352       -1.13345 
C          0.00000        3.82498        0.00284 
C          0.00000       -3.82498        0.00284 
C          0.00000        2.66694        0.84297 
C          0.00000       -2.66694        0.84297 
C          0.00000        2.36833       -1.96001 
C          0.00000       -2.36833       -1.96001 
C          0.00000        3.62907       -1.42969 
C          0.00000       -3.62907       -1.42969 
C          0.00000        6.25956       -0.33974 
C          0.00000        5.26487        1.99040 
C          0.00000       -6.25956       -0.33974 
C          0.00000       -5.26487        1.99040 
H          0.00000        2.77932        1.91918 
H          0.00000       -2.77932        1.91918 
H          0.00000        2.21465       -3.03265 
H          0.00000       -2.21465       -3.03265 
H          0.00000        4.48139       -2.09438 
H          0.00000       -4.48139       -2.09438 
H          0.00000        7.15477        0.27927 
H         -0.89205        6.28325       -0.97338 
H          0.89205        6.28325       -0.97338 
H          0.00000        6.33052        2.21088 
H         -0.89193        4.82186        2.44522 
H          0.89193        4.82186        2.44522 
H          0.00000       -7.15477        0.27927 
H         -0.89205       -6.28325       -0.97338 
H          0.89205       -6.28325       -0.97338 
H          0.00000       -6.33052        2.21088 
H         -0.89193       -4.82186        2.44522 
H          0.89193       -4.82186        2.44522 
 
DPI+ (-7382.0962246181) 
I         -0.00001       -1.44433       -0.00001 
C          1.60172       -0.02727       -0.00001 
C          2.09335        0.41606        1.23306 
C          2.09320        0.41620       -1.23310 
C          3.13139        1.36151        1.21884 
H          1.69597        0.05257        2.17264 
C          3.13122        1.36167       -1.21890 
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H          1.69571        0.05282       -2.17268 
C          3.64553        1.83160       -0.00003 
H          3.53095        1.72413        2.15806 
H          3.53065        1.72442       -2.15812 
H          4.44597        2.56206       -0.00004 
C         -1.60174       -0.02729        0.00002 
C         -2.09322        0.41618        1.23310 
C         -2.09335        0.41606       -1.23305 
C         -3.13121        1.36167        1.21890 
H         -1.69575        0.05276        2.17268 
C         -3.13136        1.36154       -1.21883 
H         -1.69597        0.05257       -2.17264 
C         -3.64549        1.83163        0.00004 
H         -3.53064        1.72442        2.15813 
H         -3.53090        1.72419       -2.15805 
H         -4.44591        2.56213        0.00005 
 
 
Phenyl radical  (-231.4319744629) 
C          0.64415       -3.03630        0.00271 
C          2.05118       -3.04578        0.00316 
C          2.77024       -1.82983        0.00250 
C          2.01607       -0.66040        0.00153 
C          0.62626       -0.59196        0.00112 
C         -0.06749       -1.82261        0.00166 
H          0.10222       -3.97572        0.00318 
H          2.58997       -3.98766        0.00397 
H          3.85466       -1.82159        0.00284 
H          0.09138        0.35138        0.00030 
H         -1.15260       -1.82648        0.00132 
 
 
Iodobenzene  (-7150.8087915277) 
I         -1.52282        2.77274        0.53421 
C         -2.37412        0.82403        0.72516 
C         -2.27342       -0.07724       -0.34551 
C         -3.02515        0.46939        1.91627 
C         -2.83774       -1.35751       -0.21546 
H         -1.76961        0.20110       -1.26368 
C         -3.58499       -0.81434        2.03226 
H         -3.10057        1.16936        2.74013 
C         -3.49286       -1.72762        0.96993 
H         -2.76275       -2.05760       -1.03992 
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H         -4.08929       -1.09296        2.95070 
H         -3.92752       -2.71635        1.06476 
 
 
DIPEA  (-370.8458178021) 
N          0.00413        0.26562        0.17904 
C          1.03138       -0.80346        0.20464 
C          2.13949       -0.45481        1.21684 
C          1.65594       -1.15095       -1.17085 
H          0.52985       -1.70717        0.56892 
H          1.71213       -0.32724        2.21651 
H          2.89713       -1.24665        1.25433 
H          2.64187        0.47975        0.93751 
H          0.88785       -1.36017       -1.92067 
H          2.28385       -0.33244       -1.54155 
H          2.29156       -2.03879       -1.07359 
C         -1.40961       -0.16450        0.06773 
C         -1.89053       -0.85967        1.35478 
C         -1.72827       -1.03429       -1.17343 
H         -1.99158        0.75957       -0.02985 
H         -1.70196       -0.22116        2.22361 
H         -2.96572       -1.06461        1.29495 
H         -1.37945       -1.81687        1.51293 
H         -1.38290       -0.55090       -2.09444 
H         -1.25075       -2.01829       -1.09729 
H         -2.81008       -1.19019       -1.25599 
C         -0.18379        2.76356        0.02615 
C          0.34174        1.46517       -0.60702 
H          0.09683        3.62761       -0.58794 
H         -1.27534        2.76035        0.11862 
H          0.24273        2.89166        1.02667 
H         -0.02499        1.38972       -1.64730 
H          1.43192        1.54017       -0.67178 
 
 
DIPEA-H+  (-371.3005826892) 
N          0.04215        0.30794        0.30429 
C          1.06395       -0.85398        0.22025 
C          2.17525       -0.59749        1.24688 
C          1.62765       -1.06803       -1.19015 
H          0.50754       -1.74351        0.51888 
H          1.77728       -0.52889        2.26441 
H          2.88043       -1.43157        1.21938 
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H          2.73245        0.31730        1.01933 
H          0.85098       -1.17061       -1.94968 
H          2.30999       -0.26723       -1.48603 
H          2.19954       -1.99977       -1.17461 
C         -1.43132       -0.13184        0.16773 
C         -1.85277       -0.91829        1.41619 
C         -1.70204       -0.89781       -1.12898 
H         -1.99178        0.80449        0.15182 
H         -1.63913       -0.36463        2.33625 
H         -2.93260       -1.07965        1.36973 
H         -1.37534       -1.90029        1.47496 
H         -1.40232       -0.33802       -2.01878 
H         -1.21429       -1.87620       -1.13650 
H         -2.77996       -1.06588       -1.19697 
C         -0.34065        2.76705       -0.21877 
C          0.40657        1.48528       -0.59155 
H          0.09808        3.59111       -0.78683 
H         -1.40314        2.72696       -0.46781 
H         -0.23338        3.00199        0.84499 
H          0.20797        1.19481       -1.62249 
H          1.48053        1.63913       -0.47693 
H          0.11790        0.66083        1.26546 
 
 
N(C3H7)2C2H4_radical + HEMA (reactant)  (-830.34789677) 
N         -0.19714       -2.33973       -0.37374 
C          1.22021       -1.98936       -0.13169 
C          1.46717       -1.43660        1.28887 
C          1.73178       -1.01367       -1.20880 
H          1.79514       -2.91559       -0.22509 
H          1.08063       -2.12780        2.04460 
H          2.54265       -1.30470        1.45574 
H          0.97625       -0.46662        1.42537 
H          1.62258       -1.45430       -2.20484 
H          1.15982       -0.07928       -1.18311 
H          2.78904       -0.77585       -1.04410 
C         -0.56128       -3.76871       -0.45254 
C         -0.33810       -4.50310        0.88780 
C          0.15821       -4.47950       -1.61473 
H         -1.63123       -3.80167       -0.67418 
H         -0.87397       -3.99266        1.69544 
H         -0.70390       -5.53389        0.82197 
H          0.72717       -4.53790        1.14539 
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H         -0.00702       -3.94027       -2.55295 
H          1.23789       -4.55606       -1.44431 
H         -0.23242       -5.49720       -1.72353 
C         -2.62216       -1.57448       -0.42283 
C         -1.16915       -1.36955       -0.08659 
H         -3.16648       -0.65043       -0.20344 
H         -2.79252       -1.81699       -1.48625 
H         -3.09272       -2.37540        0.16551 
H         -0.79492       -0.35339       -0.02011 
O          0.36384        2.21959        0.38884 
O          4.01266        2.54635       -0.01002 
O         -0.89676        3.12593       -1.28694 
C          1.59065        2.66748       -0.28115 
C          2.74346        2.21078        0.61021 
C         -2.02531        2.08990        0.58502 
C         -0.83448        2.52803       -0.19694 
C         -3.35919        2.33792       -0.07781 
C         -1.87884        1.51290        1.79478 
H          4.18581        3.50304        0.04437 
H          1.56472        3.75623       -0.38871 
H          1.65583        2.21297       -1.27337 
H          2.65385        2.65911        1.60582 
H          2.73492        1.12531        0.70827 
H         -3.51320        3.40641       -0.26084 
H         -3.41215        1.83202       -1.04792 
H         -4.17359        1.97090        0.55145 
H         -2.74516        1.18962        2.36328 
H         -0.90104        1.35113        2.23421 
 
N(C3H7)2C2H4_radical + HEMA (TS)  (-830.34938384) 
N         -4.32431       -2.98054        1.98016 
C         -2.88477       -2.77699        2.26135 
C         -2.63259       -1.89745        3.50416 
C         -2.15564       -2.21385        1.02606 
H         -2.46449       -3.76542        2.46822 
H         -3.15129       -2.30265        4.37905 
H         -1.55886       -1.85915        3.72075 
H         -2.98306       -0.87462        3.33500 
H         -2.28912       -2.87912        0.16698 
H         -2.54258       -1.22382        0.75796 
H         -1.08381       -2.11450        1.23058 
C         -4.91829       -4.29902        2.28614 
C         -4.93544       -4.58569        3.80295 
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C         -4.23782       -5.43542        1.50003 
H         -5.95540       -4.25486        1.94481 
H         -5.43916       -3.77255        4.33713 
H         -5.46735       -5.52156        4.00693 
H         -3.91708       -4.68251        4.19756 
H         -4.21883       -5.20305        0.43050 
H         -3.20993       -5.61123        1.83567 
H         -4.79542       -6.36699        1.64505 
C         -6.55526       -1.97157        1.32643 
C         -5.13653       -1.85669        1.82099 
H         -6.96228       -0.96585        1.18912 
H         -6.62948       -2.49982        0.36104 
H         -7.21520       -2.49357        2.03247 
H         -4.60384       -0.93223        1.62088 
O         -3.88636        1.49733        2.99276 
O         -0.35418        2.37009        2.38982 
O         -5.40142        3.02657        2.21517 
C         -2.79245        2.35479        2.52901 
C         -1.50233        1.58200        2.80210 
C         -6.21672        1.01456        3.27406 
C         -5.17518        1.93787        2.78642 
C         -7.63939        1.39429        2.93163 
C         -5.88183       -0.11664        3.94562 
H         -0.19650        3.10604        3.00780 
H         -2.81768        3.30155        3.07827 
H         -2.91215        2.55888        1.46189 
H         -1.44033        1.31035        3.86213 
H         -1.46951        0.67159        2.20293 
H         -7.90851        2.35908        3.37555 
H         -7.77471        1.48932        1.84807 
H         -8.33557        0.63666        3.30118 
H         -6.64774       -0.80428        4.29044 
H         -4.85822       -0.33997        4.21323 
 
N(C3H7)2C2H4_radical + HEMA (Product)  (-830.38246071) 
N         -0.12611       -2.09632       -0.40924 
C          1.33638       -2.14454       -0.22588 
C          1.86262       -1.26325        0.93261 
C          2.07663       -1.80493       -1.53624 
H          1.58067       -3.18521        0.01744 
H          1.40088       -1.54697        1.88386 
H          2.94914       -1.37382        1.02937 
H          1.64305       -0.20646        0.74484 
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H          1.74217       -2.46714       -2.34130 
H          1.88836       -0.76861       -1.84242 
H          3.15900       -1.92354       -1.40812 
C         -0.93864       -3.19531        0.14221 
C         -0.71503       -3.45651        1.65215 
C         -0.74446       -4.49689       -0.66280 
H         -1.98674       -2.89896        0.01718 
H         -0.87663       -2.54564        2.23738 
H         -1.41041       -4.22522        2.00881 
H          0.30459       -3.81164        1.84348 
H         -0.96879       -4.32338       -1.72012 
H          0.28759       -4.86027       -0.58572 
H         -1.40624       -5.28595       -0.28633 
C         -1.81273       -0.83887       -1.74125 
C         -0.75623       -0.79398       -0.62054 
H         -2.17109        0.16994       -1.97899 
H         -1.36979       -1.27148       -2.64331 
H         -2.68185       -1.44529       -1.45857 
H          0.03154       -0.10465       -0.93971 
O          0.27727        2.02215        0.35059 
O          3.64330        3.44416       -0.11434 
O         -1.45134        3.51937        0.09411 
C          1.23518        3.10393        0.12414 
C          2.61804        2.45515        0.16764 
C         -1.93555        1.19455        0.49906 
C         -1.06997        2.33685        0.29763 
C         -3.42006        1.39939        0.49005 
C         -1.36794       -0.17669        0.69781 
H          3.76200        4.04770        0.64057 
H          1.12070        3.86325        0.90459 
H          1.05017        3.56463       -0.85023 
H          2.78356        1.97761        1.14007 
H          2.70465        1.70083       -0.61564 
H         -3.83962        1.16098        1.47700 
H         -3.69242        2.42490        0.23436 
H         -3.89487        0.71305       -0.22261 
H         -2.16079       -0.84089        1.06006 
H         -0.56799       -0.15364        1.44422 
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E.3 Supplemental figures  

 

 
 

Figure S2 | Vinyl conversion of HEMA with MB+/DIPEA, MB+/MDEA and MB+/TEA. Vinyl 

conversion of HEMA in solution with MB+/DIPEA (green squares), MB+/MDEA (red crosses), 

and MB+/TEA (blue dots) at equivalent irradiation conditions and stoichiometric amount of 

amine. 

 

 

 

Figure S3 | ESI+- MS monitoring of the photoreaction with MB+/DIPEA and MB+/DIPEA/DPI+. 

a, Photoreduction of MB+ by DIPEA in the presence of DPI+ in methanol. Evidence of 

iodobenzene is the formation of the molecules with masses 285.1, 295.3, 362.2 and 438.2 m/z 

as iodobenzene is not very stable. b, Photoreduction of MB+ with DIPEA in the absence of DPI+. 

Peaks at 89.1, 104.1, 147.2 and 292.3 m/z are different decomposition products based on 2-
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ethyliminopropane. Evidence of the formation of DIPEA-H due to extensive photoredox cycling 

is the formation of a higher abundance at 131.2 m/z than in Figure S2 a.  [MB] = 0.004 M, 

[DIPEA] = 0.2 M, [DPI+] = 0.04 M. Irradiation intensity equal to 37 mW/cm2. DIPEA-H (131.2 

m/z), MB+ and DPI+ abundances are less than 1 % abundance, thus not giving reliable signals. 

This peaks were assigned based on mass balances on the original reagents used and correlated 

to abundances detected to find iodine-containing molecules. 

 

c 

 

𝑅𝑝 = [𝑀]0
(𝐴6165)𝑡1 − (𝐴6165)𝑡2
(𝐴6165)𝑡0 ∗ (𝑡2 − 𝑡1)

 

where A6165 is the FT-NIR peak area centered at 

6165 cm-1 correlated to (meth)acrylates 

𝑙𝑛 𝑅𝑝 = 𝑙𝑛 [𝐴𝑝 (
𝐴𝑑
𝐴𝑡
)

1
2⁄

] + 𝑙𝑛 [(𝑓[𝐼])
1
2⁄ ] − 

𝐸𝑅
𝑅𝑇

 

first two terms on the right treated as constant for linearization 

𝐸𝑅 = 𝐸𝑝 + 
𝐸𝑑
2
+ 
𝐸𝑡
2

 

𝐸𝑝 = 5.2342 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

𝐸𝑡 = 7.4906 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
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Figure S4 | Activation energy (ΔEact) for reaction between LMB and DPI+, which generates 

both radicals and MB+. a, Activation energy for consumption of HEMA. If we subtract the 

activation energies for propagation and termination, calculated to be 1.5 kcal/mol with DMPA, 

we obtain an ΔEact for initiation of 6.6 kcal/mol. Intensity equal to 13 mW/cm2. b, Activation 

energy for the production of MB+ after 10 s irradiation. Intensity equal to 60 mW/cm2. [MB] = 

0.004 M, [DIPEA] = 0.2 M, [DPI+] = 0.04 M. Irradiation intensity equal to 12 mW/cm2.  c, 

Activation energy for the radical initiation of HEMA with DIPEA and DPI+Cl- without light 

exposure.  The same procedure was used to calculate the activation of initiation after adjusting 

for propagation and termination. Ep from Goodner et al. (in references), and Et from the 

photopolymerization of HEMA with DMPA. 

 

 

Figure S5 | Polymerization with increasing irradiation times. This shows the final plateau 

conversion is nearly the same in all cases, and as compared to the result with continuous 

irradiation. [MB] = 0.004 M, [DIPEA] = 0.2 M, [DPI+] = 0.04 M. Irradiation intensity equal to 12 

mW/cm2.  

 

 

 

Figure S6 | CQ/EDMAB in HEMA after exposure to 60 s irradiation at equivalent amount of 

photons absorbed as MB+/DIPEA/DPI+ in Fig. 4c. Picture shows low degree of monomer 
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conversion resulting in a liquid-like material after irradiation. Concentrations and exposure 

were as described in the methods section. 

 

 

 

Figure S7 | Methylene blue extraction from poly-HEMA gel into a water solution by swelling 

of the loosely cross-linked network. [MB+] was monitored in time by observing the increase in 

light absorption around 660 nm. As the material swelled at room temperature, MB+ diffuses 

into the solvent. Thus, some of the final blue color of the polymer films can be washed out of 

the polymer network. 

 

 


