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ABSTRACT: Selective reduction of CO: to formate represents an ongoing challenge in photoelectrocatalysis. To provide
mechanistic insights, we investigate the kinetics of hydride transfer (HT) from a series of metal-free hydride donors to CO:.
The observed dependence of experimental and calculated HT barriers on the thermodynamic driving force was modeled using
the Marcus hydride transfer formalism to obtain the insights into the effect of reorganization energies on the reaction kinetics.
Our results indicate that, even if the most ideal hydride donor were discovered, the HT to COz would exhibit sluggish kinetics
(less than 100 turnovers at 0.1 eV driving force), indicating that the conventional HT may not be an appropriate mechanism
for Solar conversion of COz to formate. We propose that the conventional HT mechanism should not be considered for CO2
reduction catalysis and argue that the orthogonal HT mechanism, previously proposed to address thermodynamic limitations
of this reaction, may also lead to lower kinetic barriers for COz reduction to formate.

The conversion of CO: to value-added products is a promis-
ing approach to mitigate the effect of increasing levels of CO2
in the atmosphere. The two-electron proton-coupled reduc-
tion of CO: to formic acid represents an attractive transfor-
mation because the product can serve as a fuel with high
volumetric energy density, easy handling, and low toxicity,
or as a reagent in pharmaceutical industry and other syn-
thesis applications.'? However, the selective reduction of
CO: to formate remains a challenge, and most transition
metals catalyze the competing reactions, such as formation
of CO and/or H23-8 Only a handful of well-defined molecular
catalysts, have been shown to lead to the selective formate
formation.’-17 The product selectivity is generally controlled
by either the thermodynamics or kinetics of the reaction be-
tween reduced metal and available substrates, namely pro-
tons and COz1418-21

In natural photosynthesis, COz2 is first captured from air and
converted to 1,3-bisphosphoglycerate, which is then re-
duced via the hydride transfer (HT) from the NADPH cofac-
tor.22 Following in nature’s footsteps, our group recently de-
veloped hydrides that mimic NADPH activity, and that are

sufficiently hydridic to perform a direct reduction of C02.23-
28 Qur work has shown how the thermodynamic hydricities
of metal-free hydrides can be tuned using aromatization, de-
localization and hyperconjugation mechanisms and that the
benzoimidazole-based hydride C4H (Figure 1) can effi-
ciently reduce CO2 to formate via the HT mechanism.?¢ We
also demonstrated that the benzoimidazole-based hydrides
can be efficiently regenerated electrochemically by optimiz-
ing the conditions for proton-coupled electron transfer, re-
porting the first proof-of-principle demonstration toward
metal-free and selective CO2 reduction catalysis.?#?7 Despite
the successful demonstration of HT to CO3, the kinetics of
the transformation were quite slow in our studies, on the
timescale of several hours.

Herein, we report the results of our investigation of the fac-
tors that controlling the kinetics of HT from metal-free hy-
drides to CO2 by determining, both experimentally and com-
putationally, the HT barriers of the series of hydride donors
shown in Figure 1. As expected, our studies reveal that HT
kinetics are improved by increasing the thermodynamic
driving force of the reaction. The experimental data were
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Figure 1. Structures and thermodynamic hydricities of hy-
dride donors in DMSO. The hydricities were calculated at
the wB97x-D 6-311+G(d,p) level of theory (computational
details are provided in SI, Section S2). The hydridicity of for-
mate was obtained from literature.?®

fit to the Marcus hydride transfer model to obtain the rele-
vant self-exchange reorganization energies of the metal-free
hydrides and CO2/HCOz~ couple. Our results show that the
self-exchange reorganization energies of metal-free hy-
drides are relatively large (91 kcal/mol), indicating that the
appropriate modification of the hydride donor structure
yield lower reorganization energies and improved kinetics
for HT. However, we find that, even if optimal hydride do-
nors were used, the HT to COz would still be relatively slow,
due to the large self-exchange reorganization energy associ-
ated with the CO2/HCO:z- couple (41 kcal/mol). Our results
provide an explanation for why the formate ion is a rarely
observed product in electrocatalytic CO2 reduction and
point to possible approaches that can be used to circumvent
the limitations of direct HT mechanism.

The synthesis and characterization of model compounds
C1H to C8H is described in SI, Section S1. The driving force
for HT from organic hydrides to CO2 was evaluated as the

difference between the thermodynamic hydricities (AGu’) of
organic hydrides and of formate ((AGu™ = 42 kcal/mol??) in
DMSO. The AGy-values for organic hydrides were calculated
using the DFT methodology that was previously shown to
agree with experimental values?* (See SI, Section S2, for
computational details). Our results indicate that the
strength of hydride donors can be improved in structures
where the benzoimidazole and aryl moieties are co-planar
(C1H and C2H) or by introducing electron-donating amino
and methoxy groups (C1H, C3H, C5H). Overall, the driving
force for HT from these hydrides to CO2 varies between -11
to +5 kcal/mol range (Table S2, SI). The HT driving forces
are close to AG=0, which is the optimal range for applica-
tions in electrocatalysis (if AG values were more negative,
HT kinetics would likely improve, but the electrochemical
regeneration of the hydride would require larger overpo-
tentials).27.28

Experimental reaction conditions were tested for CO: re-
duction by organo-hydrides to maximize the formate yield
with respect to temperature, pressure, and solvent (SI, Sec-
tion S1C). Optimal formate production was achieved at high
temperatures (100°C), mild CO2 pressure (~2.2 atm) and in
a polar medium (obtained by adding potassium salts to
DMSO). An increase in the temperature lead to an increase
in formate yields (Figure S1) consistent with the large ki-
netic barrier associated with HT. The increased polarity of
the medium, either by solvents with higher dielectric con-
stant3031 (SI, Figures S2 and S3) or by adding alkali and al-
kaline salts (Figure S4) leads to an increased in formate
yields, as expected for a reaction that produced charged
products from neutral reactants. 263233 In all reactions, the
loss of organic hydride reactants was higher than the
growth of formate product (blue and red traces in Figures
S$1-S5), indicating additional reaction pathways that organic
hydrides undergo. While the detailed investigation of this
side reaction was not performed, we hypothesize that it in-
volves the reduction of DMSO to DMS, based on the ob-
served NMR peak at 2.01 ppm (Figure S6). Additionally, the
calculated reaction free energy between DMSO and organo-
hydrides were found to be extremely favorable (See Section
S2.B, SI), further confirming that the side reaction may in-
volve DMSO reduction.

We next analyzed the kinetics of HT reactions using organo-
hydrides at the optimized conditions using 'H-NMR spec-
troscopy. Figure 2 illustrated the kinetic analysis for C4H,
while the results for other hydrides are shown in Table S2
and Figures S7-514, SI. Peaks associated with the hydride
donor C4H (at 6.52 and 6.35 ppm) were found to decrease
in intensity, while a concomitant increase in the
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Figure 2. (a) 'H-NMR spectra of a reaction mixture containing C4H and COz in DMSO-d6. Reaction conditions: [C4H] = 0.01
M, [KBF4] = 0.20 M, Pcoz2 = ~2.2 atm, t = 100°C, and reaction times of 0, 20, 40, 80 and 120 minutes. 1,3,5-Trimethoxybenzene
(0.05 M) was introduced as an internal NMR standard. (b) Scatter plot of reactant and product concentrations as a function
of time for the reaction between C4H (0.1 M) and CO2 (1.5 M). The solid lines represent the fits obtained using the kinetic
model described in Section S1C, SI. (C) Plot of Ink vs 1/T for the reaction between C4H and CO-.

formate ion (at 8.5 ppm) and the conjugate hydride accep-
tor C4+ (at 7.94 and 7.61 ppm) peaks were observed (Fig-
ure 2a). The increase in the C4* concentration does not
match the increase in the formate ion concentration (blue
and black traces in Figure 2b), indicating that an addi-
tional HT pathway occurs (possibly reduction of DMSO, as
discussed in the previous paragraph). Thus, the experi-
mental HT data were fit to kinetic models that account for
the side HT reactions (model details are available in the
Section S1C, SI). The kinetic data fitting enabled the deri-
vation of rate constants kur for HT from hydride donors
(R-H) to COz:

€O, + RH - R* + HCOO~ Kirr 1)

The resulting rate constants values are in the 2-10-¢ to
2-10-* M s'1 range (Table S2, SI). Subsequent tempera-
ture-dependent kinetic experiments were performed to
determine free energy barriers AG* and the Arrhenius pre-
exponential factors for HT reactions. These experiments
were performed for C4H, C5H and C7H (Figures 2c and
S14a and b), while other hydrides could not be measured
because of the narrow temperature window in which de-
tectable HT to COz was observed. The free energy barriers
for other hydride donors were thus evaluated by taking an
average pre-exponential factor of 1-107 M-1s-! (which was
obtained from C4H, C5H and C7H temperature-depended
kinetic experiments). Using this pre-exponential factor,
the experimental free energy barriers were found to range
from 15 to 21 kcal/mol (Table S2). The experimentally de-
termined free energy barriers are in good agreement with
DFT-computed values (Table S2 and Section S2), except
for C1H and C2H, where experiment yields much larger
barriers than the computationally predicted values. We
associate this mismatch to the poor solubility of these hy-
drides in DMSO, which results in aggregation and low re-
activity observed in the experiment. The optimized transi-
tion state structures of R-H-CO: (Figure S19) demonstrate
that CO: aligns parallel to the benzimidazole C-N bond,
where the partial negative charge on O is stabilized by far-
ranging interactions (<3.5 A) with the N of the five-

member ring. Faster kinetics can be correlated to several
structural properties, such as shorter R-H bond lengths,
longer H-CO2 bond lengths and more linear HT (C-H-C) an-
gles (Table S8) and all factors indicating an early transi-
tion state.

The Marcus HT formalism34-3¢was applied to the observed
rate dependence on the thermodynamic driving force
(AG®), with the goal of evaluating the self-exchange reor-
ganization energies associated with HT to CO2. According
to Marcus theory, the reaction barrier AG# can be ex-
pressed as:

- 2, 660 a6
AGF =W, + T +=——+—~ (2)

Where W: is the free energy for the formation of the pre-
cursor complex (assumed here to be W:=2 kcal/mol, see
Section S1.C.III, SI), while the reorganization energy A is
the energy required to distort the nuclei of the product
state from the initial reactant geometry to the minimum
product geometry. The experimental and DFT-calculated
barriers are plotted in Figure 3a, along with the fits ob-
tained using equation (2). The fit enabled us to evaluate
the reorganization energy associated with HT from R-H to
COzand the values of 66 and 70 kcal/mol for experimental
and calculated barriers were obtained.

Before we proceed to further discuss the analysis of reac-
tion kinetics involving CO2, we briefly discuss the reactiv-
ity of organic hydrides toward protons. While the hydro-
gen-evolution reaction (HER) is often the most challeng-
ing competing process to avoid in electrocatalytic CO re-
duction, we found that our organic hydrides reduce pro-
tons to Hz in negligible yields (<2%, Section S1C.IV). These
experimental results are consistent with our DFT calcu-
lated barriers for water reduction by HT form C1H-C8H,
which were computed to be in the 26-32 kcal/mol range
(Figures 3a and 3c and SI Section S1C.IV).



Returning to CO: reduction kinetics, we further investi-
gate different contributions to the reorganization energy
A. Specifically, A can be expressed in terms of symmetric
self-exchange reorganization energies as:

l — ARH';ACOZ (3)

The reorganization energies Ar-u and Acoz are associated
with the following self-exchange reactions:

RH+R* > R*+ RH ArH
HCO0~ + €0, > CO, + HCOO~ Acoz

To estimate the Ar.u for our organo-hydrides, the self-ex-
change reorganization energy for C4H was obtained ex-
perimentally to be Arn = 91.2 kcal/mol (SI Section S1 C
[II(a)). This value is in excellent agreement with previ-
ously reported self-exchange energies of organic hy-
drides.3¢ Finally, A and Ar-n values were used to derive Acoz
and the value of 41 kcal/mol was obtained, which is in
good agreement with the DFT calculated value (Aco2=56.4
kcal/mo], see Section S2.C, SI).

45 - (a) ARH-CO2 (Exp)= 86-1 kcal/mol
ARH-CO2 (Cal = 70.2 kcal/mol
40 4 AHER (cal) = 144.5 kcal/mol
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Figure 3. (a) The correlation between free energy barriers
(AG¥) and reaction free energies (AG?) for HT between
C1H-C8H and CO2: experiment (black), calculation (red).
Blue data show calculated values for HT to water (HER).
Solid lines represent the fit to the Marcus model. (b) and
(c) Calculated TS structures for HT from C4H to (b) CO:
and (c) H:20.

What information can be derived from these reorganiza-
tion energies? To address this question, we evaluate the
rate of HT for a hypothetical electrocatalyst operating at
room temperature and at the thermodynamic driving

force of -0.1 eV (to ensure a small overpotential). If the cat-
alyst was made from our organic hydrides, the HT rate
would be 1.7-10-¢ M-1s! (Table 1), which is prohibitively
slow. The only way to reduce the barrier would involve
identifying hydride donors with lower self-exchange reor-
ganization energies. Indeed, metal-based hydride donors
tend to have lower self-exchange reorganization energies.
For example, a Ru-based hydride [Ru(trpy)(bpy)H]* was
reported to have Ar-1=60.0 kcal/mol,37 which lowers our
rate constant estimate to 1.1- 103 M-1s1 (Table 1), a value
thatis still quite low. Interestingly, even if an ideal hydride
donor was identified, with Ar-n=0 kcal/mol, the rate con-
stant would be relatively small (4.5 102 M-s'1, Table 1).
This rate constant is barely sufficient for processes involv-
ing the use of solar energy, where catalytic rates in excess
of 100 turnovers are needed to efficiently keep up with the
photon flux at solar irradiance levels. 3839 Also, tate con-
stants listed in Table 1 provide a plausible explanation for
the fact that electrocatalytic CO2 reduction to the formate
ion is rarely observed experimentally.

Table 1: Summary of calculated A and hydride transfer
rate constants at 25° C with -0.1 eV thermodynamic driv-
ing force.

Hydride A®-n) A(u-co2) k
Donor (kcal/mol) (kcal/mol) M-1g1
NADH analog 91.2 66.1 1.7-10¢
[Ru(trpy)(bpy)H]* 60.0 50.5 1.1-103
Ideal 0 20.5 4.5-102

What can be done to circumvent the observed kinetic bar-
riers for direct HT to CO:? An interesting approach has
been recently proposed by Yang, namely the orthogonal
HT mechanism that involves a separate transfer of elec-
trons and a proton to CO2.#° In this bioinspired approach,
the hydride-donating catalyst is replaced by a two-compo-
nent catalytic system consisting of separate electron and
proton donating groups. Using thermodynamic argu-
ments, the authors show that the orthogonal HT can be ef-
ficiently utilized to break the scaling relationships associ-
ated with conventional HT. Here, we argue that the or-
thogonal HT could also provide an excellent solution to the
kinetic challenges associated with conventional HT, since
the kinetic barriers associated with electron and proton
transfers are often much lower than those for HTs.
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