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Abstract

Aqueous solvated electron, e−aq, a key species in radiation and plasma chemistry,

can efficiently reduce CO2 in a potential green chemistry application. Here, the mech-

anism of this reaction is unravelled by condensed-phase Born-Oppenheimer molecular

dynamics based on the correlated wave function and accurate DFT approximation. We

introduce and apply the holistic protocol for solvated electron’s reactions encompass-

ing all relevant reaction stages starting from diffusion. The carbon dioxide reduction

proceeds via a cavity intermediate, which is separated from the product, CO –
2 , by

an energy barrier due to the bending of CO2 and the corresponding solvent reorga-

nization energy. The formation of the intermediate is caused by solvated electron’s

diffusion, whereas the intermediate transformation to CO –
2 is triggered by solvent

fluctuations. This picture of activation-controlled e−aq reaction is very different from

both rapid barrierless electron transfer, and proton-coupled electron transfer, where

key transformations are caused by proton migration.
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The bulk hydrated electron, e−aq,
1,2 is a key species in aqueous radiation3 and plasma

chemistry.4 The structure of this non-standard species has long been elusive due to short

life times and inaccessibility to direct structural methods. This opened opportunities for

theory, although reliable modelling of e−aq is at least equally challenging as the corresponding

experiments. An example of a controversy originated in different theoretical approaches is

whether the hydrated electron occupies a cavity or not.5 Recent theoretical6–9 and experi-

mental10 efforts have practically ruled out the non-cavity hypothesis setting standards for

reliable modelling of the bulk hydrated electron.

The first method of choice is condensed-phase molecular dynamics (MD) based on the

second-order Møller-Plesset theory (MP2).7,11 MP2 provides accurate description of liquid

water,12 is free of delocalization error13 pernicious for the description of radicals and is,

moreover, a strict ab initio method, i.e. is not based on empiricism and heuristic approx-

imations. This comes at a price of extraordinary computational complexity, making each

application exclusive.14 A computationally cheaper alternative is density functional theory

(DFT) based on hybrid exchange-correlation functional with a tuned amount of exact ex-

change6 and non-local van der Waals correction.15

These methods can now be applied to the reactivity of e−aq.
16–19 In addition to the re-

quirements for modelling the solvated electron per se (accurate electronic electronic struc-

ture theory, dynamics, periodic boundary conditions) another challenge arises: preparation

of realistic initial conditions. These should encompass the well-defined cavity (to ensure the

solvated rather pre-solvated state8) separated from the substrate to model the diffusion. The

published theoretical work on the reactivity of the bulk solvated electron is based on simpler

approaches lifting some of the aforementioned requirements. Some studies involve dynamic

cluster models rather than the condensed-phase ones.20,21 Another approach is simulating

substrates after electron attachment in clusters17,22 and in the condensed phase.23,24 Finally,

a condensed-phase MD simulation of the reaction between acetamide and solvated electron

in the condensed phase has been performed based on the simple generalized gradient ap-
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proximation (GGA) DFT,25 revealing a fast barrierless electron transfer. Despite the useful

MD protocol, these results should be assessed critically: pure GGA DFT functionals suffer

from the infamous delocalization error.

Here, we present condensed-phase ab initio MD simulations of CO2 reduction by e−aq

in high-temperature water at the appropriate levels of electronic structure theory: hybrid

functional DFT and MP2. This reaction has been suggested for atmospheric carbon dioxide

capture.26,27 In addition, anion radical CO –
2 is often applied as a strong reducing agent28

in plasma and radiation chemistry. The process is not diffusion controlled and has a barrier

of ca. 16 kJ/mol29 of the unknown nature. On the other hand, this barrier is small enough

to be able to observe the reaction in real time without introducing the bias based on the

hypotheses about the mechanism. Furthermore, interesting nuclear dynamics is expected

due to the CO2 structure change from linear to bent upon electron attachment.30,31

Thus, aqueous CO2 reduction is a prototypical complex reaction of the hydrated electron.

Its dynamic modelling based on accurate electronic structure methods will make a step

forward in understanding reactivity of the exotic chemical species and establish methodology

and set standards for further simulations.

Cluster analysis of geometric structures allowed to divide the frames into four main struc-

ture types: separate reactants, intermediate, transition state (TS) region and the product,

CO –
2 , shown in Figure 1. Initially CO2 is randomly oriented with respect to the solvated

electron’s cavity as shown by the evolution of the carbon dioxide tilting angle (see Figures 2

and 2(c)). It is clearly seen from trajectory analysis that it is the solvated electron moving

towards CO2 during the diffusion stage. This is opposite to what is observed for the reaction

between e−aq and hydronium,20 but is to be expected based on the diffusion constant values:

proton is a rare species more mobile than solvated electron in water due to the Grotthus

mechanism.32

The intermediate is similar to the stable solvated electron’s cavity (formed by either four

or five water molecules) with one water molecule substituted with CO2 (Figure 1(b)). Unlike
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H2O it is not dipole oriented with the CO bonds towards the cavity, but tilted to the cavity

surface at an angle of 100− 120◦, due to the non-polar character of the bonds (Figure 2(c)).

Gyration radius remains the same as in the neat aqueous cavity (Figure 2(b)) and CO2

remains linear (Figure 2(c)), whereas CO2 remains linear. Transition region is characterized

by the displacement CO2 towards the cavity center and the distortion of the nearly spherical

spin density distribution, although the gyration radius remains unchanged (see Figures 1(c)

and 2(b)). Finally, the product, CO –
2 is bent, whereas spin density distribution exhibits

characteristic nodal structure with significant spin polarization and small gyration radius

(see Figures 1(d) and 2(b)).

Cluster analysis assigns many structures with collapsed cavity and bent CO –
2 as be-

longing to the transition region (1.5 to 1.7 ps in Figure 2). On the one hand it reflects the

unsupervised character of the procedure (not based on chemical intuition). On the other

hand, it highlights non-instantaneous solvent reorganization after the cavity collapse.

The qualitative picture of the reaction dynamics is summarized in equation (1) and Table

1 (see also the video in the ESI):

e− + CO2

diffusion−−−−−⇀↽−−−−− e · ..CO −
2

barrier−−−−⇀↽−−−− [e · ..CO2−]∗ −−→ CO −
2 (1)

The intermediate shown in Figure 1(b) is formed via diffusion in all trajectories. Thus,

we conclude that there is no barrier to the formation of the intermediate. Its lifetime can

be up to 2 ps (limit of our time-scale) and is on average 0.5 ps. In half of the trajectories

it converts to the products and it two DFT trajectories it falls apart to form the isolated

CO2 and the solvated electron (Figure 1(a)). Thus, the intermediate must be a shallow local

minimum.

The experimentally observed barrier is the one separating the intermediate and the prod-

ucts. Indeed, out of 15 observed attempts to form the product from the intermediate via the

transition state (TS) region only 8 lead to the products in case of DFT and 2 of 5 in case of

MP2, e.g. ca. 50%. Unsuccessful crossing attempts are rapid as illustrated in Figure 2 (at 1
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ps in the graph), indicating that the corresponding structures are not stable, i.e. correspond

to the TS region. This picture is in sharp contrast to the predicted barrierless reduction of

amide,25 being complete in less than 0.5 ps without formation of intermediates.

The nature of the barrier has to do with a large difference between vertical and adiabatic

electron affinities of CO2.
33,34 In fact, free linear carbon dioxide does not bind an extra

electron, whereas the anion is only stable in an angled conformation.35 Bending of CO2

requires significant energy and is followed by considerable solvent rearrangement.

Major structural changes in course of the reaction are marked with increase in the spin

density distribution anisotropy (Figure 2(d)). Within the Born-Oppenheimer approximation,

spin-density deformations are caused by solvent fluctuations. Thus, the latter trigger the

main transformations: diffusion and barrier crossing. This is another difference between

reduction mechanisms of CO2 and H+ reduction. Electron transfer to the proton is launched

by the ”jumps” of the latter,20 rather than by solvent fluctuations.

In terms of Marcus theory, intermediate and transition state are strongly interacting cor-

respond to the inner sphere electron transfer.36 In addition, such process is not described by

Marcus theory of solvated electron reactions, as the latter assumes non-cavity polaron struc-

ture.37 Moreover, the cavity collapse after the reaction clearly goes beyond linear response

description of reorganization energy.38

Here, a note must be made on performance of hybrid-functional DFT and MP2. Both

methods provide qualitatively similar reaction picture. Due to the immense computational

cost, the starting conditions for the MP2-driven MD have been selected from the DFT re-

active trajectories to ensure the observation of at least a barrier-crossing attempt. The fact

that only two of four lead to the products (the other two not being able to cross the bar-

rier) provides evidence in favour of a larger barrier height of MP2 wrt. hybrid DFT. With

RT being 3 kJ/mol at 350 K, roughly every second encounter leading to a reaction (as ob-

served with hybrid DFT) implies a much smaller barrier value than the experimentally found

one of 16 kJ/mol.29 Thus, an apparently higher barrier brings MP2 in a better agreement
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with experiment, although the available statistics does not allow to make a less tentative

conclusion.

(a) Separated species:
e−aq and CO2

(b) Intermediate (c) Transition state re-
gion

(d) Product: CO –
2

Figure 1: Representative structures of different stages of CO2 reduction by e−aq from an MP2
trajectory. Oxygen atoms are shown in red, hydrogen atoms in white, and carbon atoms
in green. Spin density distribution isosurfaces are plotted in blue (positive) and yellow
(negative) with isovalues of ±0.001 a.u.

Table 1: Trajectory outcomes. Number of unsuccessful attempts to cross the
barrier is given in parentheses.

Method Reactive Non-reactive

PBE50-rVV10 8(3) 7(4)
MP2 2(1) 2(2)

Computational Methods

Electronic structure

Production AIMD simulations were run based on DFT with hybrid exchange-correlation

functional39 and MP2 within spin-unrestricted formalism40 as implemented in the CP2K

program.41 The core atomic levels were described with Goedecker-Teter-Hutter type pseu-

dopotentials,42 whereas triple-zeta quality basis sets were used for valence shells.43,44

Hybrid functional DFT calculations were done with the modified hybrid PBE0 func-

tional,45 where the amount of the exact exchange was increased to 50% (PBE50), as the

corresponding spin densities best approximate those from MP2.7 The non-local van der
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(a) Collective variables: e− - the center of the
spin density distribution (of an excess electron);
rg - gyration radius of the spin density distri-
bution; r(e − C) - distance between e– and the
carbon atom; 6 α - tilting angle of CO2; 6 OCO -
CO2 bending angle.

(b) r(e− − C) and rg vs. time.

(c) 6 OCO and 6 α vs. time. (d) Spin distribution anisotropy vs. time.

Figure 2: Time evolution of some collective variables along one of the reactive hybrid DFT
trajectories. Colors correspond to the structure classification by cluster analysis: blue -
separate reactants (diffusion stage); green - intermediate; orange - transition state region;
red - products. The formation of the intermediate is characterized by reorientation of the
CO2 coming at a sharp angle ( 6 α), but taking the position at the cavity with the obtuse
tilting angle. The reaction completion is marked by the bending of the CO2 ( 6 OCO), drop
in gyration radius (rg) and transfer of the spin density to CO2 (r(e−−C)→ 0) after 1.5 ps.
An unsuccessful attempt to overcome the barrier takes place at ca. 1 ps.
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Waals correction was applied to improve the description of intermolecular interactions.15

This set-up is similar to the one successfully optimized for the solvated electron in works.6,8

More details are given in the ESI.

Molecular dynamics and system preparation

The system studied consists of 62 water molecules, a CO2 molecule and an excess electron.

The periodic cell size is 13.9× 13.9× 13.9 Å, which corresponds to the experimental density

of hot water at 350 K and normal pressure.

The system was prepared by equilibration (in an NVT ensemble at 350 K) with a Cl–

instead of the excess electron to prevent the premature reaction, first with GGA DFT and

then with hybrid functional DFT. Chloride has been shown to form a solvation shell of similar

size and shape as the one of the hydrated electron. Initial conditions for the production

trajectories have been randomly selected from the equilibrated trajectory, chloride being

substituted with an excess electron (i. e. chlorine nucleus removed). The initial distances

between e−aq and CO2 varied from 4 to 6 Å.

A total of 15 production trajectories have been run with hybrid DFT (PBE50-rVV10) for

either 2 ps or until the completion of the reaction in an NVE ensemble. Four production MP2

trajectories have been integrated. The intial conditions for the latter were taken from the

production runs with hybrid DFT, leading to the products. Due to extreme computational

cost they were integrated either until the reaction completion, or after one or several attempts

to cross the barrier. More details are given in the ESI.

Structure classification

Structures have been classified by cluster analysis based on dimensionality-reduced smooth

overlap of atomic positions (SOAP) descriptor.46,47 The details are given in the ESI.
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