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ABSTRACT: Mineral surfaces are known for their catalytic properties, as they have lower A €O + H,0 =———— HCOOH

kinetic barriers to reactions and modify chemical equilibria. Using ab initio molecular dynamics
and enhanced sampling methods, we predict that the MgO(001)—water interface
thermodynamically favors the formation of formic acid from carbon monoxide and water.
This occurs despite the lack of direct participation from the surface atoms, with the reaction
taking place beyond the first adsorbed layer. Furthermore, the application of an external electric
field on the reaction in bulk water shows a similar effect. We propose that formic acid may be
stabilized by the surface electric field, by direct comparison with the equilibrium in bulk water
with and without an external electric field applied, and at the MgO(001)—water interface.

B INTRODUCTION

Reactions involving formic acid have been widely studied due
to their potential use for energy conversion and storage, as well
as their industrial and geochemical relevance. Formic acid is a
known intermediate state in the water—gas shift reaction,
making it a possible alternative to hydrogen as a clean fuel." In
the agricultural sector, use of formic acid has increased as an
antibacterial agent, following bans on antibiotics as growth
promoters, all-in-all resulting in an estimated worldwide
production of 760 kt in 2019.° In prebiotic geochemistry,
formic acid is a relevant precursor, along with formamide and
hydrogen cyanide, to both amino acids and sugars.* The
reversible decomposition of formic acid is known to occur
through two competing pathways, which may be tuned
according to pressure and tempera‘cure,5 concentration in
aqueous solution,” and the choice of the substrate when the
reaction is surface-catalyzed.” Under hydrothermal conditions
and at low concentrations of formic acid, CO, has been found
to be the main decomposition product,’ whereas CO is the
main product at higher concentrations and lower temper-
atures.””® This case also presents an interesting problem as
water plays the triple role of a solvent, a reactant, and a
catalyst. In this work, we simulate the synthesis of formic acid
from carbon monoxide and water (eq 1) at 400 K with 1 g/
cm® density and 1.6 M concentration (corresponding to one
formic acid molecule per box). Some simulations were also run
at 300 K at the same density and concentration, and these are
included in the Supporting Information. In this regime, the
expected reversible decomposition pathway (from right to left
in eq 1) is referred to in the literature as decarbonylation or
dehydration, as follows

CO + H,0 = HCOOH (1)

Various factors may shift the thermodynamics of the reaction,
favoring either the synthesis or the decomposition of formic
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acid.! In addition to changing the temperature and, to a lesser
extent, density/pressure, such shifts may be induced by
changing the solvent to an ionic liquid,” or in the vicinity of
an oxide surface.'” Both alumina (AL,O,)"" and magnesia
(MgO)lz’13 have been shown to catalyze this reaction in the
gas phase, as do aluminosilicate zeolites;'* however, due to the
large computational cost, theoretical investigations to date
have been limited to oxide surfaces in a vacuum."” Never-
theless, the mineral—water interface might have a significant
effect on the thermodynamics and kinetics of the reaction, not
only due to the specific catalytic effect of the atoms making up
the surface but also due to the modified dielectric and acid—
basic environment in the interfacial water. In fact, water, at
mineral or indeed even at soft-matter interfaces,'® tends to
exhibit particular properties due to its confinement. The
electric double layer (EDL) at the mineral—water interfaces
has been extensively studied, and in many cases, there exists a
dense layer of water at the interface,'”'® with the water
molecules oriented according to the the surface charge.19 The
EDL is characterized by a short-range but intense electric field
on the order of V/A.2%*! This is comparable to electric fields
generated at the catalytic sites of enzymes.”” Both at clay
surfaces”> and in planar confinement between polar mem-
branes,16 the dielectric constant of water within a few
angstroms of the surface has been shown to decrease
dramatically, thus enhancing electrostatic interactions. Water
near the surface is not only confined but also exhibits
electrostatic properties that differ greatly from those of the
bulk. Electric fields have also been shown to greatly impact the

Received: October 23, 2019
Revised:  February 11, 2020
Published: February 12, 2020

https://dx.doi.org/10.1021/acs.jpcc.9b09979
J. Phys. Chem. C 2020, 124, 5125-5131


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+Laporte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabio+Pietrucci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Franc%CC%A7ois+Guyot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Marco+Saitta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b09979&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b09979?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b09979?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b09979?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b09979?goto=supporting-info&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b09979/suppl_file/jp9b09979_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b09979?fig=abs1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b09979?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

reaction pathways and free energy landscapes in geochemical
contexts.”**> Thus, in this study, we compare the decarbon-
ylation reaction in three distinct cases: in bulk water, in bulk
water with an electric field applied, and at the MgO(001)—
water interface, characterized in previous work.”' In the case
where a homogeneous electric field is applied, the intensity was
chosen at 0.3 V/A, just below the dissociation threshold of
water.”**” Due to the small size and short time scales of the
simulations, we do not consider longer-scale equilibria such as
the potentially irreversible alterations in the mineral surface.
We present ab initio molecular dynamics simulations
combined with state-of-the-art enhanced sampling ap-
proaches™*® to reconstruct the mechanisms and quantitative
free-energy profiles for the chemical reaction of interconverting
carbon monoxide and formic acid. Although reactions
involving formic acid have been previously studied by ab
initio means,”””*" the solvent had not yet been taken into
account explicitly, and no attempt has been made in previous
studies to involve interfacial water at a mineral surface. The
application of an external electric field to this reaction network
is also completely novel.

B COMPUTATIONAL DETAILS

All simulations are density functional theory (DFT)-based
molecular dynamics (MD), as implemented in the code
Quantum ESPRESSO,” employing the Perdew—Burke—
Ernzerhof (PBE) functional®” including the Grimme correc-
tion term’>** to take into account dispersion interactions. We
adopted the Car—Parrinello scheme® for bulk water
simulations, taking advantage of the efficient Berry phase
implementation of external homogeneous electric fields;*®
Born—Oppenheimer MD was employed for simulations at the
mineral—water interface. The temperature was controlled using
stochastic velocity rescaling.”” Simulations presented here were
all run at 400 K, but some results at 300 K are also presented in
the Supporting Information. The bulk liquid models consist of
periodically repeated cubic supercells of side 10.051 A, initially
including 34 water molecules and one carbon monoxide
molecule, corresponding to a density of 1 g/cm® The
supercells used to simulate the surface consists of six layers
of cubic MgO (periclase), 24 atoms each, arranged in a slab
geometry in the (001) direction (here called the z-direction) in
contact with liquid water. The x- and y-dimensions of the box
are commensurate with the known (2 X 3) reconstruction of
the first adsorbed layer of water on MgO(001),”" while the z-
dimension was chosen by setting the average density between
the slabs as 1 g/cm’, resulting in dimensions of 11.94 X 8.94 X
30.37 A%, Between the slabs are present a total of 66 water
molecules and 2 carbon monoxide molecules. This is the
equivalent of six layers of water, with one strongly adsorbed
and partly dissociated layer, followed by a region in which the
radial distribution function (RDF) between water molecules is
almost indistinguishable from the bulk RDF, despite the small
box size.”' The CO molecules were initially placed just beyond
the first adsorbed water layer (one on each side) and were not
found to diffuse away from their respective surfaces, without
the need for constraints, throughout unbiased simulations of 6
ps. The reaction was accelerated applying metadynamics’® only
on one of the two CO molecules, leaving the other one
unbiased. An equilibrium trajectory was also generated on the
box with formic acid on one side and CO on the other: a
corresponding snapshot is shown in Figure la, along with the

5126

distribution of each atomic species along the z-axis in the
unbiased cases (Figure 1b,c).
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Figure 1. (a) Snapshot of the simulation box while formic acid is
formed at the MgO—water interface. (b) Distribution of each atomic
species in the unbiased run with only solvated CO at the MgO—water
interface. (c) Distribution of each atomic species during the unbiased
run, with formic acid on the left side of the box and CO on the right
side. In each case, the relative counts for C are multiplied for visibility,
whereas those for O and H are correctly normalized with respect to
each other (two hydrogen atoms for each oxygen atom). The average
position of the surface MgO atoms is shown as dotted vertical lines.

To obtain free energy profiles for the targeted reaction, a
combination of enhanced sampling techniques,”** namely,
metadynamics®® and umbrella sampling,” was used. We
adopted the path coordinates as collective variables (CVs)*
on the basis of the topological metric of ref 4. These CVs have
been found to be highly effective for chemical reactions in
solution,*' ™% tracking changes in chemical bond networks
passing from reactants to products , through intermediate/
transition states, while also enabling solvent participation.
Furthermore, the specific definition of the two-dimensional
path CV does not specify intermediate states but only
reference states of reactants and products: the system is free
to spontaneously discover a reaction path. Hydrogen atoms are
not individually labeled to define reference states but taken
into account as coordination numbers, so that protons can be
freely exchanged with the solvent. Finally, as formic acid may
exist in the cis or trans rotamer, or (after dissociation of the
acidic proton) as the formate ion, our particular choice of CV
is convenient because the three possible product species are
near each other in the CV space, and the system was able to
reach its preferred rotamer in all cases. A freely available,
modified version of the Plumed 1.3 plugin was used*® for
metadynamics and umbrella sampling runs. The collective
variable and simulation protocol used is described in more
detail in the Supporting Information.

B RESULTS AND DISCUSSION
Rotamer Selection. In bulk water, the cis rotamer of
formic acid was formed in the absence of an electric field,

https://dx.doi.org/10.1021/acs.jpcc.9b09979
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whereas the trans rotamer was formed when an electric field
was applied. In the case of surface, the trans rotamer was
initially formed. Subsequently, unbiased simulations were run
initially with the cis rotamer, and in both the electric field, and
on the surface, the trans rotamer was quickly attained
spontaneously through proton exchange with the solvent.
Although cis-formic acid was stable in the simulation in bulk
water with no field, the formate ion was synthesized when
starting from the trans rotamer both in bulk water with an
electric field and in the interfacial water after a proton transfer
event. In the electric field, we were able to identify a dozen
switching events in a 14 ps trajectory, each between 0.5 and 2
ps apart. On the surface, only two switching events between
trans-HCOOH and formate took place during 6 ps. The
tracking of the species type along the trajectory can be found in
Figure 2. The definition of the ionization state of the molecules

dipole moment (D)

trans-formic ~ © 4
formate  x

dipole moment (D)

time (ps)

Figure 2. Tracking of the species type and dipole moment for the
unbiased runs of the product in an electric field (a) and at the MgO—
water interface (b).

here is based on a distance criterion, whereby each hydrogen
atom was defined as uniquely “belonging” to its nearest
neighbor carbon or oxygen atom. This definition, although
somewhat simplistic, enables us to dynamically differentiate
between hydroxide ions, water molecules, and hydronium ions,
as centered on oxygen atoms “owning” exactly one, two, or

three hydrogen atoms, respectively. In this way, we were also
able to label formic acid differently from the formate ion,
without the need to select an arbitrary cutoff distance.

Dipole Moments. In an attempt to explain the rotamer
selection induced by the field and the surface, molecular dipole
moments were calculated by means of maximally localized
Wannier functions (MLWF).47 Using these as representative
charge centers for the valence electrons, represented as blue
spheres in Figure 3, and atomic positions as positive charge
centers, we were able to calculate the dipole moments of each
molecule in solution. A dipole moment for HCOO™ was also
computed keeping in mind that for a charged molecule, this
depends on the choice of origin, here chosen to be the center
of mass of the molecule. This results in value comparable to
that of the trans rotamer, and through the dynamics at proton
transfer events, the computed dipole moment was found to be
somewhat continuous, as shown in Figure 2, along with the
histograms of the dipole moments in Figure 4. The dipole
moment of CO in water is thus calculated to be 0.3 D. Its
tabulated value in the gas phase is 0.122 D.**

For formic acid, tabulated values are about an order of
magnitude larger than CO (1.4 D in the gas phase),” as also
found here. For the cis rotamer, the dipole moment computed
here averages at 7.5 D and can reach up to 10 D, while the
trans rotamer shows dipole moments averaging between 3 and
4 D. Values computed in ref 50, at the MP2 level of theory and
in a polarizable continuum model, are 5.19 D for the cis
rotamer and 1.93 D for the trans rotamer.

Experimental values of the dipole moment of carbon
monoxide and formic acid in water were not found in the
literature; however, we expect solvation to increase the dipole
moment, as it does for example for ethanol,® or for water
itself.>> Although calculated values of dipole moments for small
molecules within DFT vary depending on the functional,”” the
large difference in dipole moments between the two rotamers
might explain why the trans rotamer, more stable than cis in
vacuum but not in water solution, is again more stable in the
lowered dielectric environments that are water in an electric
field** and the water—mineral interface.'"*

(a)}

(c)

.

a__

' (b)

Figure 3. Snapshots of the simulations in bulk water. The top left shows carbon monoxide and water; the top right shows a solvated formate ion,
with the hydronium ion visible in the solvent. The bottom panels show solvated formic acid, in the cis (left) and trans (right) configurations.
Wannier centers that were used to compute dipole moments in solution are shown as light blue spheres.
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Figure 4. Histograms of the dipole values as calculated using Wannier centers. For formic acid, the distributions differ between the no field and
field or surface cases due to the cis rotamer having a much larger dipole moment than the trans rotamer.
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Figure S. Transition states extracted from committor analysis MD trajectories at 400 K; in bulk solution without external electric field (a), with an
applied electric field (b), and at the MgO—water interface (c). Only the water molecules involved in the reaction are shown, except in the surface

case where the adsorbed water molecules are also shown.

Transition States. The selected rotamer in each case
reflects the structure of the transition state for decarbonylation.
The transition states observed during the exploratory
metadynamics run at 400 K are shown in Figure 5. As
shown in ref 6 in which transition states are calculated at the
DFT-B3LYP level of theory in the gas phase, and intuitively
from the structure of the transition state, the first geometry
(Figure Sa) would lead to cissHCOOH, while the second
would lead to trans-HCOOH (Figure Sb,5c).

Free Energy Profiles. Free energy profiles were obtained
in bulk water at 400 K, with and without an applied electric
field, and at the MgO—water interface at 400 K as reported in
Figure 6. Using block analysis on the umbrella sampling runs,
we estimate the precision achieved with our protocol to be +2
kcal/mol (details given in the Supporting Information).
Formic acid is found to be 23 kcal/mol more stable than
reactants upon applying an electric field, while it is 42 kcal/mol
more stable than reactants at the interface with the mineral
surface. This difference in the free energy of formic acid can be
in part explained by the fact that a different rotamer is
stabilized (cis in the bulk water case, trans in the electric field
and at the interface). Furthermore, bulk water, water in an
electric field, and water at an interface, each have distinct
solvation properties, which have been shown to play a key role
in shifting reaction equilibria, as for example in the case of
formic acid solvated in an ionic liquid.”

Furthermore, this significant variation in the free energy
landscape is surprising, considering it occurs without direct
adsorption on the surface (see Figure 1). We may partly
interpret this as the action of the surface electric field. From
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Figure 6. Comparison of free energy profiles for the reaction in

solution with and without an electric field and at the MgO—water
interface. The free energies of reactants are arbitrarily aligned.

our previous work on the MgO(001)—water interface, the
intensity of the spontaneous local electric field where the
reaction occurs, 4—6 A from the surface atoms, is about 0.5 V/
A" An indication of the analogous effect of mineral surface
and an external electric field is given by the fact that both select
the trans-HCOOH rotamer and both set to approximately zero
the free energy difference between HCOOH and HCOO~,
with spontaneous easy interconversion between the two (see
Figure 2 and the corresponding discussion).

As shown in Figure 6, the stabilization of the products with
respect to reactants, as provoked by the applied electric field or
the presence of the mineral surface, corresponds to the
geometry of the transition state approaching the reactants
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Table 1. Comparison of the Values for the Equilibrium Constant, Free Energy Differences, and Activation Energies in kcal/
mol for the Dissociation Reaction Found in Both Experimental and Computational Works, Including This Work. Values in
italics were computed from the equilibrium constants found in each reference.”

reaction conditions T (K) Keoyucoon
gas phase, comput.
liquid, 0.04—0.16 mol/kg, exp. 443 0.15
liquid, 1.0 M, exp. 573 0.0989°
liquid, 1.0 M, exp. 548 0.0204"
liquid, comput. 400
gas phase on MgO, comput.
liquid phase on MgO, comput. 400
liquid phase in 0.3 V/A, comput. 400

AG AG, E, ref

4.3° 47.1 6

1.67 34.9 1

2.63 8

4.24 8

8+2 31+2 this work
48.9° 28.3 15

42 + 2 62 +2 this work
24 +2 36 +2 this work

“Molar and molal concentrations refer to those of formic acid. *To approximate the equilibrium constant K¢ from,® we use the percentage
decomposition of formic acid after 10 min as reported in the paper, assuming decomposition to CO only. In reality, a small fraction of CO, is also

detected. “Computation at optimized geometries.

along the reaction coordinate, in line with Hammond’s
postulate.’*” Again in line with the latter principle, the
electric field lowers both the barrier to synthesis by 10 kcal/
mol and the free energy of formic acid by 15 kcal/mol,
compared to the bulk water solution in the absence of an
electric field. The mineral surface however has a minor effect
on the barrier, at the same time strongly stabilizing the
product.

Table 1 compares our estimates of free energy differences
and barriers with computational and experimental values in the
literature, albeit at different temperature. The equilibrium
constant for HCOOH decomposition Kco,/ucoop is linked to
the reaction free energy by AG = —RT In K¢o,ncoon (note the
opposite sign of AG compared to Figure 6). Values in italic in
Table 1 are computed based on this formula. The equilibrium
constant varies in the literature depending on the concen-
tration and temperature; however, our computed AG appears
compatible with the available values to within a few kcal/mol.
Especially in the experimental work by Wakai et al.® where the
concentration is closest to our simulated case, our value is
compatible with experimental results and follows qualitatively
the trend of increasing AG with decreasing temperature. Table
1 reports the activation energies E,, which in principle are
different from the free energy barrier AG, computed in this
work. For the reaction at the MgO surface, the only computed
energy barrier we found corresponds to the decomposition of
an isolated formic acid molecule in a vacuum," hardly
comparable to our case. As shown in Figure 2, the electric field
and the mineral surface have a similar effect in rendering
approximately equiprobable transs HCOOH and HCOO™ (i.e.,
pK, ~ 0, AG ~ 0 in these conditions), with a spontaneous
reversible interconversion of the two species on the picosecond
time scale (i.e., barrier ~0). We remark that, on the contrary,
in bulk water, the equilibrium between formic acid and the
formate ion is experimentally shifted toward formic acid, in
agreement with our simulations where the formate ion is never
observed. Furthermore, earlier experimental works on the
catalytic decomposition of formic acid on metal oxides have
consistently shown the formate ion.'”*® Taken all together, our
results indicate that the free energy profiles in Figure 6 are
compatible with the available multiple experimental data.

B CONCLUSIONS

In summary, our study of the interconversion of carbon
monoxide and formic acid at a water—mineral interface shows
a significant shift in equilibrium toward formic acid compared
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to the simulation in bulk water, even though products and
reactants remain beyond the first adsorbed water layer, thus
never interacting directly with the surface. The effect on the
formation barrier is instead relatively small, and as a result
decarbonylation at the water—mineral interface is strongly
hampered. We posit that the surface electric field at the
interface is mostly responsible for this shift, as applying an
external electric field on a simulation of the reaction in bulk
water has similar qualitative effects, namely, in the structure of
the transition states, selection of the trans rotamer, and
stabilization of formic acid. Furthermore, both mineral—water
interfaces and strong electric fields entail a lowering of the
dielectric constant of water, which, in turn, selects the rotamer
of formic acid with the lower dipole moment. This work
highlights a remarkable property of mineral surfaces beyond
traditional catalysis by showing a significant modification of the
chemical equilibrium through mere proximity.
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