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Abstract

The dissociation and decomposition reactions of carbonic acid (H,COs3) in bulk water
have been thoroughly studied, but little is known about its reactivity at the air-water inter-
face. Herein, we investigate the dissociation reaction of HyCOj5 at the air-water interface using
ab initio molecular dynamics and metadynamics. Our results indicate that H,CO3 (pK,=3.45)
dissociates faster at the water surface than in bulk water, in contrast to recent experiments and
simulations which have shown that HNO3 (pK,=-1.3) has a lower propensity to dissociate at
the water surface than in bulk water. We find that the water surface allows for a more structured
solvation environment around H,COj3 than in bulk water, which contributes to a decrease in
the dissociation energy barrier via a stabilization of the transition state relative to the undisso-
ciated acid. Given its decreased kinetic stability at the air-water interface, H,CO3; may play an

important role in the acidification of atmospheric aerosols and water droplets.
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Introduction

Reactions of acid gases (e.g., SO,, NO,, CO,, etc.) and their associated acids with aqueous
aerosols and water droplets are ubiquitous in the atmosphere. !~ Mechanistic insight into these re-
actions is important for understanding the composition and reactivity of other gases in aerosols and
water droplets and the role played by such particles in atmospheric pollution and the greenhouse
effect.>* Since the first point of contact with a water droplet or aerosol is its surface, a detailed
understanding of the reactivity of acid gases and their associated acids at the air-water interface is
crucial. In particular, the kinetics and energetics of acid dissociation at the air-water interface are
expected to be significantly different than those in bulk water since the intermolecular forces expe-
rienced are fundamentally different in interfacial environments than in bulk environments.>~’ For
example, both experimental and computational studies have shown that the dissociation energetics
and kinetics of HNO3 change significantly at the water surface.>®° More specifically, X-ray pho-
toelectron spectroscopy has shown that the degree of dissociation of HNOj3 decreases by ~ 20%
at the water surface relative to in bulk water.” This study was accompanied by ab initio molecu-
lar dynamics simulations which found that the solvation environment around HNOs at the water
surface is more structured than in bulk water, and could thereby stabilize the undissociated HNOs.
Another ab initio molecular dynamics study has shown that HNO3; remains undissociated at the
water surface during a 20 ps long simulation, suggestive of a more stable HNOs3 at the surface
and a higher dissociation energy barrier than in the bulk (cf. in bulk, HNO3 was found to dissoci-
ate within 0.5 ps).® A classical molecular dynamics study of the hydration structure of NO3~ has
revealed that the hydrogen bond distances between an oxygen of NO3 ™ and adjacent water hydro-
gens increase at the surface compared to in the bulk (1.95 A vs. 1.87 A), suggesting that NO3 ™~ is
preferentially stabilized in the bulk than at the surface.' Although these results can explain the
shift in the equilibrium at the surface favouring HNO3; over NO3 7, it is not clear why the disso-
ciation barrier increases at the surface. Hence, further computational studies of the dissociation
of atmospherically relevant acids on the surface of water are needed to elucidate the underlying

reasons for these changes in dissociation behaviour.
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In this article, we focus on carbonic acid (H,CO3), one of the prevalent acids in the atmosphere,
since its reactivity at the air-water interface has been previously studied neither experimentally nor
theoretically. In the presence of water, HoCOj3 can dissociate to form HCO3~ and H3O™" and
thereby increase the acidity of its environment. Its pK, was previously thought to be ~6.4, based
on electromotive force and conductance measurements. =13 However, it was later discovered that
this is not the true pK,, since the earlier experiments had taken into account the equilibrium with
CO; and H,O in addition to the dissociation, i.e., CO, + 2H,O = H,CO3 + H,O = HCO3™ +
H307". The actual pK, lies in the range of 3.4 — 3.8,!4!8 indicating that H,COs is a stronger
acid than originally believed and is comparable in acidity to, for example, formic acid (pK, ~3.8).
Therefore, the impact of HCOs3 on the acidity of atmospheric aerosols and water droplets should
not be neglected in view of its presence in the upper troposphere (it is formed by the reaction of
gaseous CO, with water clusters ! or by the sublimation of solid HyCO3 '%29), especially in light
of the increasing CO; levels in the atmosphere.

The decomposition of H,CO3 into CO; in the gas phase and in bulk water has been studied
extensively both experimentally '®1-21-25 and theoretically. !7-18-26-36 In the gas phase, HCO3 has
a high decomposition energy barrier of ~ 43.5 kcal/mol,® but in the presence of water, the barrier
decreases substantially to ~15 kcal/mol. 122437 As a result, the lifetime of H,CO;3 in water is
short (~300 ns'®), which has made it difficult for experiments to identify the exact elementary
steps of the decomposition mechanism. However, recent theoretical studies have revealed that the
decomposition of H,COs in bulk water (i.e., H;CO3 = CO, + H;0) occurs predominantly via a
step-wise mechanism (i.e., dissociation into HCO3~ and H3O™ first, followed by decomposition
of HCO3™ into CO; and H,0), as opposed to both step-wise and concerted mechanisms. 17.38 This
is in contrast to the gas phase decomposition, which solely takes place in a concerted fashion via
a cyclic transition state.3? In a recent ab initio metadynamics study of HyCO3 decomposition in
water clusters, 8 it was found that a mechanistic shift from the concerted to the step-wise pathway
takes place when there is a sufficient number of water molecules solvating the H;O". These water

molecules stabilize the H30™", which prevents a rapid recombination of the HCO3;~ and H3;0™
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ions and thereby leads to the formation of a stable solvent-separated HCO3 /H30™ ion pair, a
pre-requisite for the step-wise decomposition to occur.

To gain a microscopic understanding of the reactivity of HyCOs3 at the surface of a water
droplet, we investigated the dissociation of H,COs3 at the air-water interface and the solvation
environments experienced by the acid and its conjugate base using Car-Parrinello molecular dy-
namics (CPMD)>° and metadynamics.*’ The mechanisms and timescales of the dissociation are
elucidated and a free energy surface along collective variables (CVs) appropriate for the dissocia-
tion at the water surface is constructed. From this, an upper limit on the dissociation free energy
barrier is extracted and insight into the differences between reactions at the water surface and in
the bulk is gained. Based on our findings, we also propose a reason for why HNOs3 has a higher

dissociation barrier at the water surface than in the bulk.

Computational Details

The dissociation of HCOj3 at the air-water interface was investigated using CPMD. To construct
the water surface, we first added 49 pre-equilibrated water molecules to an 11.4 X 11.4 X 11.4
A3 box with periodic boundary conditions in the x and y directions, but not in the z direction (giving
rise to ~5 molecular layers). We note that 5 water layers were also used in a CPMD study of the
dissociation of HNOj3 on top of and within a water slab.® Then, the box was elongated by 8.5 A in
both the +z and —z directions to create vacuums above and below the water cube, and equilibrated
for 10 ps. This approach was previously used to study the interfacial reactivities of HNO3>%?
and H,SO,4.*' Different initial configurations were generated by introducing a cis-trans HyCOj3
molecule at different positions above the water cube and with different orientations with respect
to the water surface. More specifically, we considered two orientations: (i) Orientation A— the
OH group cis to the carbonyl oxygen pointing toward the surface, and (ii) Orientation B— the OH

group trans to the carbonyl oxygen pointing toward the surface. The two positions we considered

are (1) Position I— H,COs physisorbed to the water surface (the distance between the hydroxyl
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hydrogen of H,COj3 and the nearest water oxygen is ~3.5 A), and (ii) Position 2— H,CQO3 above
the water surface (the distance between the hydroxyl hydrogen of H,COj3 and the nearest water
oxygenis ~5.0 A). Therefore, we generated four types of initial configurations corresponding to all
combinations of orientations and positions (denoted by Al, A2, B1, and B2), as depicted in Figure
1. Using CPMD, each configuration was equilibrated for another picosecond, followed by a 15 ps
production run. This procedure was followed to generate an ensemble of three different trajectories
for each type of initial configuration, in order to validate the reproducibility of our observations. All
simulations were carried out at a temperature of 300 K (with the aid of Nosé-Hoover thermostats),
in order to compare our results to previous results for HyCOj3 in bulk water at this temperature. The
valence electrons were treated within the DFT formalism using the BLYP functional*>** and the
interaction between the core and valence electrons was treated using ultrasoft pseudopotentials. **
This functional and these pseudopotentials have yielded sensible results in earlier studies of H,CO3
in bulk water and water clusters.!”-18:3438 A plane wave basis set with a cutoff of 40 Ry was used
to expand the Kohn-Sham orbitals. The fictitious electron mass and the time step were 600 a.u. and
4 a.u., respectively.

The dissociation free energy barriers were calculated using metadynamics with two CVs: the
O(4)-H(5) coordination number in HyCO3 (CV) and the distance between O(4) and the resulting
H30™" ion (CV,) (see Figure 2 for the atomic labels). CV| has the following form:
1= (4
1—(4L\p+q’

=) (1)

CV| =

where d is the instantaneous distance between O(4) and H(5), dj is the distance below which the
atoms are considered bonded, and p/q are parameters chosen such that the coordination number

tends to zero beyond dp. CV; has the following form:

CV2 = Gy,cosRu,0+- (2)
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In the above equation, Ry, o+ is defined as

o Eeodsexp(int) )
+ = )
0" 7Y o, exp(nl)

where d; is the instantaneous distance between O(4) in H,COj3 and a particular water oxygen, A is

a constant, and n7 is the number of hydrogen atoms bonded to that oxygen atom, defined by

T e
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where d; is the instantaneous distance between the water oxygen atom and a water hydrogen atom,
and p and ¢ are parameters chosen such that n‘;l tends to zero beyond dy. Gp,co, 1s a cutoff
function, which becomes approximately zero when the HoCOj3 is undissociated and there is no
H3O™ ion present in the system and becomes approximately one when the dissociation takes place.
It is defined as

- (§4y

B CcV )
1= (G

®)

Gu,co, =1

where p and q are parameters chosen such that Gy,co, tends to zero when CV is greater than 0.1.
The details, parameters, and an error estimate associated with the metadynamics simulations are

provided in the Supporting Information.

Results and Discussion

The dissociation mechanism for configuration Al is illustrated in Figure 3, which shows snapshots
from key points along a representative CPMD trajectory. As shown in Figure 3, HyCOj3 first
chemisorbs to the surface through two hydrogen bonds, one between a surface water oxygen and
a hydroxyl oxygen of H,COs (i.e., hydrogen bond donor) and the other between a surface water
oxygen (i.e., hydrogen bond donor) and the carbonyl oxygen of H;CO3. An examination of the

trajectories of the distances between the hydroxyl hydrogen and the nearest water oxygen and
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the hydroxyl oxygen and the nearest water hydrogen (see Figure 4) indeed shows that H,CO3
is not hydrogen bonded at the beginning of the simulation, but forms two hydrogen bonds after
~0.6 ps. After 1 ps, HyCO3 undergoes dissociation into HCO3 and H30" according to the same
steps as in the bulk: (i) the formation a Zundel-like structure (as manifested by a decrease in
the distance between the hydroxyl oxygen and the water oxygen in the top right panel of Figure
3), (i1) the breakage of the O-H bond, (iii) the formation of a contact ion pair (HCO;5 - - -H3;0™),
and (iv) the hopping of the excess proton of H3O" to a neighbouring water molecule via the
Grotthuss mechanism resulting in a solvent-separated ion pair (HCO; ---(H,0),---H30™). For
the remainder of the 15 ps trajectory, a recombination of the ions does not occur, i.e., the system
has settled into the stable product well. The above observations are common to the other two
trajectories generated for this initial configuration type.

In the case of initial configuration A2, we see in Figure 5 that HyCOs3 approaches the surface
and, at r = 2 ps, donates the proton from its hydroxyl group to form a hydrogen bond with a
surface water oxygen. Att ~ 3 ps, the carbonyl oxygen accepts a proton from another surface
water oxygen to form another hydrogen bond. Once this hydrogen-bonded complex forms with
the surface waters, the dissociation takes place via the same steps and in a similar amount of time as
in the case of Al. However, in contrast to the case of A1, the hydrogen-bonded complex forms with
two water molecules that are displaced from the surface (see panel 2 in Figure 5). This happens
due to the fact that, in the case of A2, H,COs is further from the surface and, as a result, there are
fewer waters in its vicinity to solvate it.

In contrast to initial configuration A1, one hydroxyl group and the carbonyl oxygen of initial
configuration B1 point toward the vacuum and, in turn, are not available for hydrogen bonding
with the water surface (see Figure 1). Therefore, only the remaining hydroxyl group is available
for hydrogen bond formation with the surface. In Figure 6, we see that HyCOs3 first forms a
hydrogen bond by donating the proton from this hydroxyl group to a neighbouring water oxygen
and, after 2 ps, a second hydrogen bond with the same hydroxyl oxygen by accepting a proton from

a neighbouring water (see panel 2 of Figure 6). We have verified that the other hydroxyl oxygen
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does not hydrogen bond with the surface water molecules via integration of the radial distribution
function (RDF) between that hydroxyl oxygen and the water hydrogens up to 2.5 A (see top panel
of Figure 7), which yields only 0.20. Over the next 2 ps, the dissociation takes place via the same
mechanism as in the case of Al (see panels 2, 3, and 4 in Figure 6), but more slowly than in
the case of Al (4 ps vs. 1 ps). In the case of initial configuration B2, we see that HyCOj3 first
forms a hydrogen bond by donating the proton from the hydroxyl group to a neighbouring water
oxygen in 1 ps and, one picosecond later, a weak hydrogen bond by accepting a proton from a
nearby water through the other hydroxyl oxygen (see Figure 8). This hydrogen bond was deemed
to be weak based on a distance of ~2.0 A between that hydroxyl oxygen and the nearest water
hydrogen (determined from the position of the first peak in the RDF between that hydroxyl oxygen
and the water hydrogens in the bottom panel of Figure 7) and integration of this RDF up to the
first minimum which yields 0.6. In contrast to initial configuration B1, the hydroxyl oxygen that
donates a hydrogen bond to a neighbouring water does not accept another hydrogen bond from
another water due to the scarcity of waters in its vicinity at this greater distance from the surface
(compare panel 2 of Figure 6 to the left panel of Figure 8). For the remainder of the 15 ps trajectory,
B2 remains undissociated, unlike the other initial configurations which undergo rapid dissociations.
This was also observed in the other two trajectories generated for this initial configuration type.
The above results reveal that the differences in dissociation times for the various relative orien-
tations and distances of HyCO3 to the surface are due to the differences in the hydrogen bonding
environments experienced by HyCO3, which arise due to the anisotropic nature of the water sur-
face. When H,COs is in the A orientation, hydrogen bonding between the carbonyl oxygen and the
surface speeds up the dissociation compared to H,CO3 in the B orientation (where the carbonyl
oxygen points toward the vacuum and, hence, cannot form a hydrogen bond with the surface).
This suggests that hydrogen bond formation between the carbonyl oxygen and water stabilizes (1)
the transition state more than the undissociated acid, thereby decreasing the barrier, and (2) the
HCO;3 ", thereby facilitating the departure of the H30™ from the HCO3 . In the case of configu-

ration B2, H,COj3 is not seen to undergo dissociation during the 15 ps trajectories since it forms
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only one strong hydrogen bond with a nearby water, which does not reduce the energy barrier
sufficiently to observe dissociation on the timescale of the simulations.

The formation of the stable solvent-separated ion pair (i.e., the dissociation of H,CO3 into
HCO; and H30™) observed for the Al, A2, and B1 configurations in our short CPMD runs is
significant in several respects. First, our results strongly suggest that the dissociation of H,CO3 at
the water surface has a substantially lower energy barrier than in bulk water. Previous theoretical
studies have found an energy barrier of ~ 9.5 kcal/mol for the dissociation of HyCO3 in bulk
water. 713 In these studies, metadynamics was used to compute the bulk barrier (~16 k,T at 300
K), since the dissociation is either rarely or not observed in unbiased CPMD runs that are tens
of picoseconds long. Similarly, since configuration B2 did not dissociate within a 15 ps CPMD
trajectory, we used metadynamics to calculate the dissociation barrier (see Figure 9 for snapshots
of the dissociation mechanism along a representative metadynamics trajectory). Figure 10 shows
the dissociation free energy profile. The wells seen in the inset of this figure at {CV| ~ 0.75-0.90,
CV; = 0}, {CV| = 0.45-0.55, CV, = 0}, and {CV| =~ 0.25, CV;, = 0} correspond to the reactant,
Zundel-like structure, and contact ion pair, respectively, whereas the well at {CV| =~ 0, CV, ~
10} corresponds to the solvent-separated ion pair. Based on this profile, the dissociation free
energy barrier is 5.0 kcal/mol £1.1 kcal/mol (~8.5 k;,T), which constitutes the upper bound of the
dissociation barriers encountered in this study. Therefore, the dissociation of H,COs at the surface
of an aqueous particle is expected to be orders of magnitude faster than in the bulk. Second, our
results suggest that the concerted decomposition pathway is highly unlikely at the water surface.
After the H30™ ion forms at the surface, it diffuses into the bulk and becomes fully solvated there.
This allows for the formation of a stable solvent-separated ion pair, despite the fact that the HCO5
at the surface is not fully solvated. This is consistent with our recent finding that hydrogen bond
formation with the carbonyl oxygen is not a pre-requisite for a step-wise decomposition to occur
in bulk water, but rather the full solvation of the H3O™ ion, which inhibits the recombination
of the ion pair and thereby precludes the concerted pathway.>® Therefore, we expect H,CO3 to

decompose via a step-wise pathway at the water surface, but this remains to be confirmed.
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The (at least) 4.5 kcal/mol decrease in the dissociation energy barrier in going from the bulk
to the surface may happen for one or both of the following reasons: (1) the reactant destabilizes
relative to the transition state, and/or (2) the transition state stabilizes relative to the reactant. To
gain insight into exactly what causes the accelerated dissociation at the water surface, we must first
consider the solvation environment around H,CO3. Unlike in bulk water, all of the oxygens and
hydrogens in HyCOs3 cannot be implicated in hydrogen bonds at the surface. However, H;CO3 can
form hydrogen-bonded complexes with at least two water molecules, as shown earlier. Figure 11
shows the H,CO3 carbon—water oxygen RDFs for configurations A2, B1, and B2. These RDFs
were calculated based on trajectory data from the start of the production run until the time of
dissociation.*> Overall, they show that the water molecules are well-structured around the H;CO3
molecule, even up to the third solvation shell. This should be contrasted with the bulk, where
second and third hydration shells cannot be resolved (i.e., the water molecules beyond the first
hydration shell are randomly arranged).>* As mentioned earlier, a structured solvation environment
around HNO3 at the water surface was observed in the ab initio molecular dynamics study of Lewis
etal.,” but based only on a more structured first peak in the HNO3 oxygen to water oxygen RDF (as
compared to the bulk). In the case of A2, the first peak is centred at ~3.4 A, which when integrated
gives ~ 2, indicating that HCO3; forms a hydrogen-bonded complex with two water molecules.
Beyond this first hydration shell, the RDF becomes zero between ~ 4 —4.5 A due to the fact that,
since HyCOs is further from the surface, two water molecules migrate away from the surface to
form a hydrogen-bonded complex with the H,CO3, leaving a gap between them and the remaining
water molecules. Integration of the second and third hydration shells reveals that they each contain
three water molecules. In the case of B1, the first peak is centred at ~3.4 A, which when integrated
out to 4 A reveals that two water molecules are found in this range. However, unlike in the case
of A2, there is a shoulder at ~ 3.6 A since the two hydrogen bonds accepted and donated by the
hydroxyl oxygens in HyCO3 are not of equal length. In addition, the RDF never becomes zero
since, in this case, HyCO3 forms a hydrogen-bonded complex with two water molecules closer

to the surface than in the case of A2. The second and third hydration shells contain two and one

10
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water molecules, respectively. In the case of B2, the first peak is centred at ~3.4 A, which when
integrated reveals that one water molecule is found in this range. Therefore, unlike A2 and B1,
H,CO3 is hydrogen-bonded primarily to one water molecule. Like B1, integration of the second
and third hydration shells reveals that they contain two and one water molecules, respectively. We
also examined the H,CO3 oxygen—water oxygen and H,CO3 hydrogen—water oxygen distances
to gain insight into the hydrogen bond forming and breaking dynamics for configuration B2 (see
Figure 12). For the duration of the 15 ps simulation, these distances do not exceed 2.8 and 1.5
A, respectively, indicating that the hydrogen bond remains intact. In contrast, in the bulk, the
hydrogen bond breaks a few times during the course of a 14 ps simulation (yielding an average
hydrogen bond lifetime of several picoseconds).3* This suggests that the average lifetime at the
water surface is longer than in the bulk.

Based on the information in these RDFs and the assumption that the reactant and transition
state experience similar solvation environments, we propose that the second reason (mentioned
above) is responsible for the decrease in the dissociation energy barrier. Although we did not
directly probe the solvation structure of the transition state, the transition state is also expected to
experience a structured solvation environment since both HCO3 and HCO5 experience such an
environment (based on inspections of Figures 13 and 14 for the HCO3 hydroxyl hydrogen—water
oxygen RDFs for configurations A2, B1, and B2 and the HCO; oxygen—water hydrogen RDFs
for configurations Al, A2, and B1, respectively). Now, since the transition state is more polar
than the reactant, it is expected to be more stabilized than the reactant in this structured solvation
environment (due to more favourable electrostatic interactions), giving rise to the decrease in the
dissociation barrier. The question is then why does this not happen in the case of HNO3 at the
water surface? As mentioned earlier, the propensity of HNO3 to dissociate dramatically decreases
at the water surface compared to in bulk water.>%° Although the solvation environment of HNOj3
is more structured at the water surface compared to in the bulk,? it is not as well-structured as that
of H,CO3 and HCO;'. Hence, the contribution to the relative stabilization of the transition state

is not as large in the case of the HNO3 dissociation as in the case of HyCO3 dissociation. This
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combined with the fact that there is a strong electrostatic interaction between NO; and H30™" at
the water surface compared to in the bulk, means that more energy has to be put in to separate these
ions. Therefore, it is reasonable to expect that the transition state of the HNOs3 dissociation will be
significantly higher in energy than in the bulk. It should be noted that in the case of HCOy, this

interaction is not as strong due to its smaller charge density.

Concluding Remarks

In summary, we have found that the dissociation energy barrier of HyCOj is substantially reduced
at the air-water interface compared to that in bulk water (a few to ~ 8.5 k;, T at the surface compared
to ~ 16 k;T in the bulk), based on ab initio molecular dynamics and metadynamics simulations
of H,CO3 on and near the surface of a slab of water molecules. This could mean that the role
played by H,COs in the acidification of atmospheric aerosols and water droplets may be more
important than originally thought. Based on our findings, we proposed that this reduction is due to
an enhanced solvation of the transition state (relative to the undissociated acid), owing to the higher
structure of interfacial water molecules than bulk ones. This is in stark contrast to HNO3, whose
propensity to dissociate is substantially weaker at the surface of water relative to in the bulk. Our
results suggest that the solvation environment of H,CO3 is more structured than that of HNOj3 at
the water surface, which leads to a higher relative stabilization of the transition state in the case of
the H,CO3 dissociation. In addition, there is a weaker electrostatic interaction between HCO5 and
H;O0™" than between NO3 and H3O0™" at the water surface compared to in the bulk, which means
that more energy has to be put in to separate the NO3 and H3O™ ions. These reasons combined
imply that HNO3 is kinetically more stable at the water surface compared to in the bulk. Overall,

these findings give general insight into the kinetic stability of protic acids at the air-water interface.

Supporting Information Available

Details and parameter values for the metadynamics simulations.
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Figure 1: Snapshots of the various initial configurations used in our simulations, each containing
one HCO3 on the surface of a water slab. From left to right: 1. HoCOs3 near the surface, with
the carbonyl oxygen pointing toward the surface (configuration Al). 2. H,COs at a height of
5.0 A from the surface, with the carbonyl oxygen pointing toward the surface (configuration A2).
3. H,COs near the surface, with the carbonyl oxygen pointing toward the vacuum (configuration
B1). 4. H,COs3 at a height of 5.0 A from the surface, with the carbonyl oxygen pointing toward
the vacuum (configuration B2).
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Figure 2: The atomic labels used in defining the metadynamics collective variables.
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Figure 3: Snapshots of the dissociation of HyCO3 from a representative CPMD trajectory starting
in configuration Al. Top left: Hydrogen bond formation between H,CO3 and two adjacent water
molecules (t ~ 0.5 ps). Top right: Formation of a Zundel-like structure (¢ ~ 0.8 ps). Bottom left:
Formation of a contact ion pair (t =~ 1.0 ps). Bottom right: Complete dissociation takes place
yielding a solvent-separated ion pair ( ~ 1.1 ps).
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Figure 4: Evolution of various OH distances along a representative CPMD trajectory for configu-
ration Al. Top: The distance between H(6) in HyCO3 and the nearest water oxygen. Bottom: The
distance between O(2) in HCOj3 and the nearest water hydrogen. The atomic labels are defined in

Figure 2.
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Figure 5: Snapshots of the dissociation of H,CO3 from a representative CPMD trajectory starting
in configuration A2. From left to right: 1. Hydrogen bond formation between the hydroxyl oxygen
of H,COj3 and an adjacent water molecule (¢ ~ 2.0 ps) 2. Hydrogen bond formation between
the carbonyl oxygen and an adjacent water molecule (¢ ~ 3.0 ps) 3. Formation of a Zundel-like
structure (f = 3.3 ps) 4. Formation of a contact ion pair (f = 3.5 ps) 5. Complete dissociation takes
place, yielding a solvent-separated ion pair (t =~ 3.6 ps).
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Figure 6: Snapshots of the dissociation of H,CO3 from a representative CPMD trajectory starting
in configuration B1. From left to right: 1. Hydrogen bond formation between the hydroxyl oxygen
in H,CO3 and an adjacent water molecule (r =~ 0.5 ps) 2. Second hydrogen bond formation between
the same hydroxyl oxygen and another adjacent water molecule (# ~ 2.0 ps) 3. Formation of a
Zundel-like structure (f ~ 3.5 ps) 4. Formation of a contact ion pair ( ~ 4.0 ps) 5. Complete
dissociation takes place, yielding a solvent-separated ion pair (# ~ 4.1 ps).
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Figure 7: H,CO3 oxygen [O(3)]—water hydrogen radial distribution functions for configurations
B1 (top) and B2 (bottom). They were calculated by averaging data from the start of the production
run until the dissociation takes place. The atomic labels are defined in Figure 2.
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Figure 8: Snapshots of the hydrogen bond formation of H,CO3 from a representative CPMD tra-
jectory starting in configuration B2. Left: Hydrogen bond formation between the hydroxyl oxygen
in H»COj3 and an adjacent water molecule (¢ =~ 1.0 ps) Right: Formation of a weak hydrogen bond
between the other hydroxyl oxygen in HCOs3 and another water molecule ( ~ 2.0 ps).
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Figure 9: Snapshots of the dissociation of HyCOs3 along a representative metadynamics trajectory
for configuration B2. Top Left: Hydrogen bond formation between the donor oxygen in H,COs3
and the acceptor oxygen in an adjacent water molecule. Top right: Formation of a Zundel-like
structure. Bottom left: Formation of a metastable contact ion pair. Bottom right: Complete disso-
ciation takes place, yielding a solvent-separated ion pair.
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Figure 10: Free energy (in kcal/mol) profile as a function of CV and CV; (in units of Bohr radius)
for the dissociation of HyCOj3 in configuration B2.
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Figure 11: H,CO3 carbon—water oxygen radial distribution functions for configurations A2 (top),
B1 (middle), and B2 (bottom).
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Figure 12: Evolution of various distances along a representative CPMD trajectory for configuration

B2. Top: The distance between H(5) in HyCO3 and the nearest water oxygen. Bottom: The
distance between O(4) in HCO3 and the nearest water oxygen. The atomic labels are defined in

Figure 2.
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Figure 13: H,COs3 hydrogen [H(5) for A and H(6) for B]—water oxygen radial distribution func-
tions for configurations A2 (top), B1 (middle), and B2 (bottom). They were calculated by averag-
ing data from the start of the production run until the dissociation takes place. The atomic labels
are defined in Figure 2.
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Figure 14: HCO3 oxygen [O(2) for A and O(4) for B]—water hydrogen radial distribution func-
tions for configurations Al (top), A2 (middle), and B1 (bottom). The atomic labels are defined in
Figure 2.
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