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H,CO; —» CO, + H,O Decomposition in Presence of H,O, HCOOH,
CH;COOH, H,S0O,4 and HO, Radical: Instability of the Gas-Phase H,CO;
Molecule in Troposphere and Lower Stratosphere

Sourav Ghoshal and Montu K. Hazra ™

Chemical Sciences Division, Saha Institute of Nuclear Physics, 1/AF Bidhannagar,
Kolkata-700 064, India

ABSTRACT

To understand the stability of the gas-phase carbonic acid (H2COs) molecule, especially, in the Earth’s
troposphere and lower stratosphere, here we report high levels of quantum chemistry calculations
investigating the energetics for the H,CO3 — CO, + H,O decomposition reaction via its shortest route in
presence of one to three water (H,O) molecules as well as in presence of the formic acid (FA), acetic
acid (AA), sulfuric acid (SA) and hydroperoxide (HO,) radical. The calculations have been performed at
the MP2/aug-cc-pVVDZ, MP2/aug-cc-pVTZ, MP2/6-311++G(3df,3pd) and CCSD(T)/aug-cc-pVTZ
levels of theories. The comparison of the reaction rates including tunneling corrections according to the
unsymmetrical Eckart potential barriers suggests that at 0 km altitude in the clean environments of the
Earth’s atmosphere, the gaseous H,CO3z molecule becomes an unstable species in presence of the H,O
monomer, dimer, FA and AA. This follows as the FA and AA assisted H,CO; — CO; + H;0
decomposition reactions are effectively the near-barrierless processes and the reaction rates for the H,O
monomer, dimer, FA and AA assisted H,CO3; decomposition reactions are comparable within the factor
of ~10. Similarly, at 0 km altitude in the polluted environments and also, in the 5 to 15 km altitude
range, only the FA or AA assisted H,CO3; decomposition is the dominant channel, especially, among all
the pathways those have been considered here. It is seen from the CCSD(T)/aug-cc-pVTZ level
predicted results that at the 5, 10, and 15 km altitudes of the Earth’s atmosphere, the reaction rates for
the FA assisted H,CO3; decomposition depending upon the average concentrations of FA are
respectively ~10%, 10* and 10° times higher than the reaction rates associated with the water monomer
assisted H,CO3; decomposition. Moreover, it is though that the catalytic efficiencies of the FA, AA and
SA upon the H,CO3 — CO; + H,O decomposition reaction are similar from each other, nevertheless, the
SA, because of its low concentration, does not play any significant role in the H,CO; — CO, + H,0

decomposition reaction, especially, in the 0 to 15 km altitude range of the Earth’s atmosphere.

* Address correspondence to: h.montu@saha.ac.in
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1. Introduction

Carbonic acid (H,CO3) has been considered as the molecule of profound astrophysical as well as
environmental significance as both the H,O and CO, molecules coexist in various astrophysical
environments such as ice grain mantles in interstellar medium and/or in outer space.”* This molecule
was long believed to be an unstable and elusive species as it decomposes rapidly into CO, and H,O
molecules.***** Indeed, it had also been believed in past that the isolated H,COs molecule cannot exist
in free state and consequently, the existence of isolated H,CO3; molecule in the gas-phase was
controversial for a long time.? In 1987, Terlouw et al.* first detected the free H,CO3; molecule in the gas-
phase from the thermolysis of the ammonium bicarbonate (NH;HCO3) molecule via mass spectrometry
and hence, thereafter, the evidence for the possible existence of the H,CO3; molecule in the gas-phase
was established. Subsequently, in the next two and half decades, the gaseous H,CO3; molecule has also
been characterized in the laboratory by means of its microwave®* and infrared>®*® spectra. Moreover,
the H,CO3; molecule has also been synthesized in various experimental conditions in the laboratory
similar to those encountered in the extraterrestrial space.”*>*" It is worth noting here that the H,COs3
molecule is believed to be present in cirrus clouds of the Earth’s atmosphere, on Venus and Martian
surfaces, as well as in Comets and the Galilean satellites.>>%**?%30 As noted by Kohl et al.,® a
comparison of some spectra on Mars with the IR spectrum of 3-H,COs, which is known to date as the
distinct polymorph of H,COj3,>%#26-303¢ g ggests that the 3-H,COs is present on the Martian surface.?

Given that the H,CO3; monomer has been detected in various experimental conditions in the laboratory
similar to those encountered in the extraterrestrial space, it is surprising that this molecule has not been
detected yet in the Earth’s atmosphere or in outer space.>®*® Indeed, we note what has already been

emphasized by Huber et al.,? Bernard et al.° and Hudson et al.?

that the detection of gas-phase H,COs
molecule in the Earth’s troposphere and as well as in outer space has become very challenging for a new

generation of scientists.>*®% Recently, we have demonstrated that the primary mechanism for the
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decomposition of H,CO3 molecule into its constituents CO, and H,O molecules, especially at its source,
where the vapor phase concentration of the H,COs; molecule reaches its highest level, is autocatalytic.®
In other words, the H,CO3; molecule decomposes in presence of another H,CO3; molecule when the
vapor phase concentration of H,COs; molecule reaches its highest level. However, this autocatalytic
decomposition mechanism is not expected to be the primary decomposition mechanism in the Earth’s
atmosphere or in the surroundings away from the source points of H,COs. This follows as the
probability of bimolecular encounters between the two H,CO; molecules is expected to fall off
significantly due to dilution of carbonic acid concentration resulting from the presence of other various
species detected in the Earth’s atmosphere or in the surroundings away from the source points of H,COs.
It is also worthwhile to note here that the results of recent experiment from the Loerting et al.** group
suggest undeniably that in our atmosphere some solid H,CO3; may be present in cirrus clouds or on
mineral dust, as in the middle or upper troposphere the reaction between mineral dust particles
containing CaCO; and acids like HCI can produce solid H,COs; which remains intact at cold
temperatures (210-260K) and under high relative humidity.>® Also, as the wide range of temperature
found in the troposphere matches with the range of temperature at which this solid H,COj3 sublimes, the
gaseous H,CO3; molecules may indeed be present in the middle or upper troposphere via the
sublimations of the solid H,CO3.>®* Moreover, H,CO; may also form in upper troposphere by the

reaction of CO, and H,O in a water cluster.

Therefore, in view of the fact that the detection of gas-phase H,COj in the Earth’s troposphere and in

outer space is very challenging,*®%

it is important to investigate the stability of the H,CO3 molecule in
presence of other various species detected in the Earth’s atmosphere and outer space. It is also important
to note here that the decomposition of H,CO3 molecule into its constituents CO, and H,O molecules in
presence of one to three water molecules has been studied earlier;** but not in the scenario of potential
atmospheric relevance. Very recently, the carboxylic acids (RCO,H) assisted decomposition of the

14743 and

3

H,CO3; molecule into its constituents CO, and H,O molecules has been studied by Kumar et a
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the primary focus of this work was to explore the instability of the gaseous H,CO3; molecule in presence
of carboxylic acids in comparison to the water monomer assisted H,CO3; decomposition, especially, at
the 0 km altitude of the Earth’s atmosphere. However, as the gaseous H,CO3 molecule is also believed
to be present in cirrus clouds of the Earth’s atmosphere or in the middle and/or upper troposphere of the
Earth’s atmosphere, it is also important to inquire the stability of the gaseous H,COs; molecule with
respect to the concentrations of water and carboxylic acids present not only in the middle and/or upper
troposphere but also in the lower stratosphere. It is to be noted here that the cirrus clouds in the Earth’s

atmosphere are typically observed in the upper troposphere and in lower stratosphere.***°

Moreover, the shortest route for the gas-phase decomposition of the isolated H,CO3; molecule into its
constituents CO, and H,O molecules is the concerted mechanism that involves dehydroxylation of one
particular OH functional group and a simultaneous dehydrogenation of other OH functional group
among the two nonequivalent OH functional groups present in the cis-trans conformer of H,COj3

39-41

molecule (Fig. 1A). Note here that the cis-trans conformer of H,COs3, as shown in Fig. 1A, is the

second most stable conformer of carbonic acid and it is the starting point for the decomposition of

3841 |n addition, to visualize

H2CO3 molecule into its constituents CO, and H,O molecules (see below).
how the water (H,0O), formic acid (HC(O)OH = FA) and the H,CO3; molecule itself because of their
simultaneous hydrogen donor and acceptor capabilities promote this hydrogen transfer process, we also
present the shortest routes for the water, FA and H,CO3 assisted decompositions of the H,CO3; molecule
in the same figure (Fig. 1B to 1D). ¥%%2 |t is seen from the literature that the sulfuric acid (H,SO, =
SA) and hydroperoxide (HO,) radical, which have also been detected in the Earth’s atmosphere, are also
the effective catalysts like formic acid, especially, for the hydrogen transfer reactions via the O—H bond
breaking and making processes within the doubly or multiply hydrogen-bonded interfaces.***
Therefore, it is also important to investigate energetics and kinetics of the SA and HO; radical assisted

H,COs decomposition reactions of potential atmospheric relevance, especially, with respect to the

concentrations of these two species in the Earth’s troposphere and lower stratosphere where the carbonic
4
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acid is expected to exist. Thus, to understand the stability of the gaseous H,CO3; molecule, especially, in
the Earth’s troposphere and lower stratosphere, here we focus upon the energetics of the potential energy
diagrams as well as the simple relative kinetics for the decomposition of the H,CO3; molecule into its
constituents CO, and H20 molecules via its shortest route in presence of one to three water molecules as

well as in presence of the formic acid (FA), acetic acid (AA), sulfuric acid (SA) and HO-, radical.

2. Computational Methods

Gaussian-09 suite of program with “opt=tight” convergence criteria has been used to carry out all the
quantum chemistry calculations presented here.*® Both the geometry optimizations and frequency
calculations of the monomers and complexes have been performed using the second order Mgller—
Plesset (MP2) perturbation theory in conjunction with aug-cc-pVDZ, aug-cc-pVTZ and 6-
311++G(3df,3pd) basis sets. It is worthwhile to note here that the geometry optimizations using the
larger basis sets are required to reduce basis set superposition error (BSSE), even though full (100%)

5052 Transition

counterpoise corrections often underestimate binding energies of dimeric complexes.
states (TS) have been located using the QST2/QST3 and OPT=TS routines as implemented in Gaussian-
09 program. Furthermore, Intrinsic Reaction Coordinate (IRC) calculations were performed at the
MP2/aug-cc-pVDZ level of theory to unambiguously verify that the transition states found connect with
the desired reactants and products. In order to improve our estimates of the reaction energetics and
reaction rate constants for the few selective reactions, we have also carried out single point energy
calculations at the CCSD(T)/aug-cc-pVTZ level using the MP2/aug-cc-pVTZ level optimized
geometries. Normal mode vibrational frequencies have been used to estimate the zero point vibration
energy (ZPE) corrections for the reactants, products and TS. The computed total electronic energies
(Etota), ZPE corrected electronic energies [Eiww(ZPE)] for the monomers, complexes and the transition

states are given in Supplementary Table 1. In addition, normal mode vibrational frequency analyses

have been performed for all the stationary points to verify that the stable minima have all positive
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vibrational frequencies and that the transition states have only one imaginary frequency (see
Supplementary Table-2).

3. Results and Discussion

It is seen from the high levels of theoretical calculations®*3132°3%°

that the H,CO3; monomer has
three conformers based on the different orientations of two OH functional groups present in the
molecule and among these three conformers, the cis-cis [(cc)] and cis-trans [(ct)] conformers, as shown
in the Fig. 2, are respectively the global minimum and the second most stable one.** Moreover, the (ct)-
conformer, which is slightly energetically disfavored over the (cc)-conformer, is the starting point for

%43 as the direct

the decomposition of H,CO; into its constituents CO, and H,O molecules,
decomposition of the isolated (cc)-H,COj3 into its constituents CO, and H,O molecules is forbidden in
the vapor phase. It is worthwhile to note here that though the direct decomposition of the isolated (cc)—
H,COs into its constituents CO, and H,0 molecules is forbidden in vapor phase, nevertheless, our recent
study®® upon the energetics of the double hydrogen transfer in carbonic acid homodimers suggests that
the interconversion of the (cc)—conformer to its (ct)—conformer [(cc)-H,CO; — (ct)-H,COg] is also
autocatalytic and potentially allowed, in particular, during the sublimation of pure H,CO3 polymorphs at
the cold temperatures. Therefore, taking the note that the (ct)-conformer of H,COjs is the starting point
for the decomposition of the H,COjs into its constituents CO, and H,O molecules [(ct)-H,CO3 — CO, +
H,O = H,CO; — CO, + H,0], we first investigate the energetics of potential energy diagrams for the
H,CO3 decomposition in presence of one to three water molecules with various mechanistic paths of
potential atmospheric relevance. Second, to compare the energetics of all these water assisted H,CO; —
CO; + H,0 decompositions reactions, we investigate the energetics of the potential energy diagrams for
the H,CO3 decomposition in presence of the FA, AA, SA and HO; radical those have been detected or
56-75

present in the Earth’s atmosphere at the significant trace levels.

3A. H,CO3 Decomposition in Presence of One to Three Water Molecules:
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In Fig. 3, we present the MP2/aug-cc-pVTZ level calculated potential energy diagram for the
direct decomposition of the isolated H,CO3; molecule into its constituents CO, and H,O molecules
[H2CO3 — CO; + H20]. The MP2/aug-cc-pVTZ level optimized geometries of the H,CO; reactant,
CO,H,O product complex and transition state (TS) have also been shown in the potential energy
diagram. It is worthwhile to note here that the H,COj reactant, which has been shown in the Fig. 3, is the
(ct)-conformer of H,COj3; and also, the (ct)-conformer of H,COj is the starting point for the
decomposition of the isolated H,CO3; molecule into its constituents CO, and H,O molecules. From Fig.
3 and as noted above that the H,CO; — CO, + H,O decomposition occurs via the transfer of a hydrogen
atom from a particular OH functional group to the oxygen atom of the other nonequivalent OH
functional group present within the H,CO3 reactant (Fig. 1A). Note that the two OH functional groups
present in the H,CO3 reactant are nonequivalent as their orientation are different with respect to the
orientation of the C=0 functional group present within the H,COj3 reactant. For comparison, in the same
figure, we also present the potential energy diagram for the water monomer (H20) assisted H,CO3; —
CO; + H,0 decomposition reaction. The MP2/aug-cc-pVTZ level optimized geometries of the entrance
channel pre-reactive H,CO3"H,O complex (RC-1), exit channel CO,H,OH,0 product complex (PC-
1) and the transition state (TS-1) associated with the H,O—assisted H,CO3; decomposition reaction have
also been shown in the Fig. 3. As expected, the water molecule because of its simultaneous hydrogen
donor and acceptor capability promotes the above mentioned hydrogen transfer process (Fig. 1A). At the
MP2/aug-cc-pVTZ level of calculations, it is seen that the effective barrier, defined as the difference
between the zero point vibrational energy (ZPE) corrected energy of the transition state and the total
energy of the isolated starting reactants in terms of bimolecular encounters, in case of the H,O-assisted
decomposition reaction is ~13.5 kcal/mol and this value is approximately three times lower than the
barrier height associated with the naked H,CO3 — CO, + H,O decomposition reaction. The predicted

barrier height for the naked H,CO3; — CO, + H,0 unimolecular decomposition reaction at the MP2/aug-
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cc-pVTZ level including ZPE correction is ~36.8 kcal/mol. The calculated binding energies of the
various complexes as well as the barrier heights for the rate limiting unimolecular decomposition steps,
as discussed in this article, have been given in Table 1 and 2. From Table 1 and 2, it is seen that the
predicted binding energies as well as barrier heights at the MP2 level of calculations are consistent for
the three different basis sets used.

The H,CO3 — CO, + H,O decomposition reaction in presence of two water molecules have been
considered to occur mainly in two different reaction pathways. First, the reaction pathway where the
water dimer [(H20).] assists actively to facile the above mentioned hydrogen transfer process required
for the decomposition of H,COs. It is worthwhile to note here that the (H,0), is present in the Earth’s
atmosphere at the significant trace levels.*”"® Second, the reaction pathway where the second water
molecule among the two water molecules stabilizes either actively or passively the pre-reactive
H,CO3 'H,O complex (RC-1) and/or the TS-1, which have been located for the H,O-assisted H,CO3
decomposition reaction. It is to be noted here that this second pathway, where the second water molecule
among the two water molecules participates the H,CO3; decomposition either actively or passively, is
based on the roles of the second water molecule if it assists either actively or passively the
intermolecular hydrogen transfer process required for the H,O-assisted H,CO3; decomposition, as
described earlier (Fig. 1B). Through these two main pathways, a total of three optimized geometries for
the entrance channel H,CO3H,OH,O pre-reactive complexes (RC-I1, 11l and 1V), as shown in Fig.
4, were located. In Fig. 4, we have also shown the optimized geometries of the corresponding transition
states (TS-II, 111 and 1V) and the exit channel CO,H,0H,0H,O product complexes (PC-I1, 111
and 1V) associated with these three different H,CO3H,OH,O pre-reactive complexes (RC-I1, 111
and V). The MP2/aug-cc-pVTZ level calculated potential energy diagrams associated with these three
different pre-reactive complexes (RC-I1, 111 and 1V) including their respective ZPE corrections have
been shown in Fig. 5. Note here that the RC-11 is common pre-reactive complex in case of pathways

where the (H,0), participates the H,CO3; decomposition reaction actively and where the second water
8
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molecule among the two water molecules stabilizes actively the pre-reactive H,CO3 'H,O complex
(RC-I) located for the H,O—assisted decomposition reaction. Indeed, from our relative rate analysis (see
below), we show that both channels are of near equal possibilities to occur in the Earth’s atmosphere.
Moreover, it is also worthwhile to note here that the H,CO3;H,OH,O pre-reactive complex can also
be formed through ternary collisions involving H,CO3; and two H,O molecules, nevertheless, the
probability of this three-body collision occurring is expected to be relatively low in the Earth’s
atmosphere. From Fig. 5, it is seen that the most dominant channel according to the lowest and effective
potential energy barrier height, as defined above, is the pathway where the H,CO3; molecule hits the
water dimer [(H20),] directly and when the (H,0), assist the hydrogen transfer process actively. At the
MP2/aug-cc-pVTZ level of calculation including ZPE corrections, the effective barrier height for this
(H20),—assisted decomposition pathway is only ~5.6 kcal/mol. This value is more than two times lower
than the barrier height associated with the H,O—assisted H,CO3; decomposition pathway. As mentioned
above, the MP2/aug-cc-pVTZ level predicted effective barrier height for the H,O-assisted H,COj3
decomposition reaction is ~13.5 kcal/mol. Moreover, the comparison of the potential energy profiles for
the H,O and (H,0), assisted decomposition reactions suggest that the successive addition of water
molecules in the decomposition mechanism is not counterproductive when only the energetics of the
potential energy diagrams are considered. Therefore, and next, we focus upon the H,CO3 decomposition
in presence of three water molecules with a variety of possible bimolecular encounters those are
expected to be relevant in the Earth’s atmosphere.

The H,CO3 —» CO, + H,0 decomposition reaction in presence of three water molecules can be
considered as the participation of the third water molecule into all the reaction pathways those have been
considered above in case of the two water molecules assisted H,CO3; — CO; + H,O decomposition
reactions. In other words, and like before, these are the reaction pathways where the third water

molecule among the three water molecules stabilizes either actively or passively the pre-reactive
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H,CO3 "H,0H,O complexes (RC-I1, 111 and 1V) or the transition states (TS-I1, 11 and 1V) obtained
above for the two water molecules assisted H,CO3; decomposition reactions. Moreover, the water trimer
[(H20)s], which is also expected to be present in the Earth’s atmosphere at the significant trace levels,”
can assist the H,CO3 — CO, + H,0 decomposition with the pathways where either the only one or two
water subunits among the three water subunits present in the water trimer [(H.O)3] participate actively.
It is worthwhile to note here that unlike the optimized structure of the water dimer [(H20)], which is the
single hydrogen-bonded (H-bonded) open complex, the water trimer [(H2O)3] is the triple H-bonded
cyclic complex.”® Therefore, and overall, we note that there are numerous bimolecular encounters with
respect to the H,CO3 + (H,0)3, H,CO3H,0 + (H,0), and H,CO3H,OH,0 + H,0 reactant channels,
which may result in the decompositions of H,CO; molecule into its constituents CO, and H,O
molecules. Having rationalized all these numerous bimolecular encounters, we locate various geometries
of the H,CO3"H,O"H,OH,0 pre-reactive complexes. However, subsequent location of the transition
states and IRC calculations suggest that many of them are irrelevant, as the IRC calculations of the
transition states do not connect with many of the desired pre-reactive and exit-channel product
complexes in terms of the shortest decomposition route as we have discussed above. Finally, in Fig 6,
we present five different pre-reactive H,CO3'H,OH,OH,O complexes (RC-V, VI, VII, VIII and
I1X) and their corresponding five different transition states (TS-V, VI, VII, VIII and 1X) as well as their
five exit channel CO;"H,0"H,0H,0H>0 product complexes (PC-V, VI, VII, VIII and 1X), which
are connected via the IRC calculations. In Fig. 7, we present five different potential energy diagrams
associated with the five different pre-reactive H,CO3H,0H,OH,O complexes (RC-V, VI, VII,
VI1II and IX). From Fig. 7, we first point out that for the bimolecular encounters between H,CO3 and
(H20)3 reactants with the pathway where the only one water subunit among the three water subunits
present in the water trimer [(H20)3] participate actively or for the decomposition pathway associated
with the RC-1X, the effective barrier is 10.7 kcal/mol. This value is approximately two times higher

than the effective barrier for the (H,O).—assisted H,CO3; decomposition path. As mentioned above, the

10
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effective barrier height for the (H,0),—assisted H,CO3 decomposition path is ~5.6 kcal/mol. Therefore,
as the atmospheric concentration of the (H»O)s; is substantially lower than the concentration of the
(H20)2,"® we find that this channel is not important with respect to the main focus of this article and
hence, we ignore this channel straightway for further discussion from here onwards. Second, the most
effective pathways according to the lowest and effective potential energy barriers are the bimolecular
encounters between H,CO3H,O and (H,0), those result in the RC-VI, VII and VIII. This is because
in these three pathways, the MP2/aug-cc-pVTZ level predicted effective barrier heights including ZPE
correction, as defined above, are respectively and only ~3, 3.4 and ~3.6 kcal/mol. These values are on an
average ~1.7 times lower than the barrier height associated with the (H.O),—assisted H,COs
decomposition pathway, as mentioned above. Therefore, and particularly, these three channels in the
case of three water molecules assisted H,CO3 decompositions are expected to have similar impacts from
each other and also, expected to be more important in comparison to all the pathways those have been
considered above for the water monomer and two water molecules assisted H,COs; decompositions.
However, below we show from the relative reaction rate analysis with atmospheric concentrations of the
H20 monomer and dimer that among these three channels, the two channels, which are associated with
the RC-VII and VIII, are actually less important in comparison to the H,O, (H,0),, formic acid (FA)
and acetic acid (AA) assisted H,CO3 — CO, + H,0O decomposition reactions.

3B. H,CO3; Decomposition in Presence of FA, AA, SA and HO, Radical:

In this section, we explore the reaction energetics for the H,CO3 decomposition in presence of
the formic acid (FA), acetic acid (AA), sulfuric acid (SA) and hydroperoxy (HO,) radical. These species
are not only present at the significant trace levels in the Earth’s atmosphere® " but also known as the
effective catalysts in case of the hydrogen transfer reactions in the doubly or multiply hydrogen-bonded
interfaces via the O—H bond breaking and making process.”**®""8 | ike before, for the FA, AA, SA
and HO; radical assisted H,COj; decomposition reactions, the MP2/aug-cc-pVTZ level optimized

geometries of transition states (TS-X, XI, XII and XI11) and their IRC verified pre-reactive complexes
11
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(RC-X, X1, X1 and XI11) and the exit channel product complexes (PC-X, XI, XI1 and XI11) have been
shown in Fig. 8. In Fig. 9, we present the MP2/aug-cc-pVTZ level calculated potential energy profiles
for these FA, AA, SA and HO; radical assisted H,CO; — CO; + H,O decomposition reactions. From
Fig. 9, it is seen that the effective barriers, as defined before, for these FA, AA, SA and HO, assisted
H,CO3 decomposition reactions are negligible or very small with the transition states being at either
slightly higher or lower energies with respect to the total energies of the isolated starting bimolecular
reactants. Therefore, the catalytic efficiencies of FA, AA, SA and HO, radical upon the H,CO3; — CO,
+ H,O decomposition reaction are more or less equal from each other, especially, at the MP2 level of
theory. Moreover, the effective barriers for these decomposition reactions are similar to those we find in
case of the two autocatalytic H,CO; — CO, + H,O decomposition reactions as reported by us very
recently with respect to the two most stable conformers of carbonic acid.® Note that at the MP2/aug-cc-
pVTZ level of calculations, the effective barriers for the two autocatalytic H,CO3; decomposition
reactions are respectively ~0.2 and ~1.7 kcal/mol with the transition states being at lower energies.*®
Therefore, the above results and especially the energetics of the potential energy diagrams for the FA
and AA assisted H,CO3z; decompositions are the expected one, as these two carboxylic acids promote the
H,CO3 decomposition by their hydrogen donor (O—H) and hydrogen acceptor (C=0) functional groups
in a similar way to that carbonic acid does in case of its autocatalytic decomposition (Fig. 1). Note here
that the primary mechanism for the decomposition of H,CO3z; molecule into its constituents CO, and H,O
molecules, especially at its source where the vapor phase concentration of the H,CO3; molecule reaches
its highest level, is autocatalytic®® and this is based upon the experimental observation that the
sublimation of pure H,CO3z; polymorphs results in the decomposition of H,CO3; molecule into its
constituents CO, and H,O in the water restricted environment.>® Further detail analysis of the potential
energy profiles, as presented in the Fig. 9, suggest that the most effective catalysts are the AA and SA
when only the effective barriers of the potential energy profiles are considered. However, below we

specifically show that the SA-assisted H,CO; — CO; + H,O decomposition reaction has not any
12
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significant role in comparison to what we find in the cases of H,0, (H20),, FA and AA assisted H,CO3
— CO, + H,0 decomposition reactions, especially, in the Earth’s troposphere and lower stratosphere.
Thus, and finally, given that the FA, AA, SA and HO; radical assisted H,CO3z decompositions are
effectively near-barrierless reactions and the catalytic efficiencies of FA, AA, SA and HO, radical upon
the H,CO3; decomposition reaction are more or less equal from each other, we next explore the potential
roles of all these pathways towards an understanding of the atmospheric instability of the gas-phase
H,CO3 molecule up to 15 km altitude from the Earth’s surface. It is to be noted here that the carbonic
acid is expected to be present in the Earth’s troposphere and lower stratosphere.

3C. Relative Rates and Atmospheric Implications of the Above Results:

It has been mentioned earlier that the carbonic acid has not been detected yet in the Earth’s
atmosphere or at outer space either in the solid or in the gas-phase. Therefore, as the concentration of
carbonic acid is not known in the Earth’s atmosphere, we point out that the relative rate analysis is only
the method by which one can explore the relative impacts of the various species upon the H,CO3; — CO;
+ H,0 decomposition reaction in the Earth’s atmosphere. It is worthwhile to note that in order to assess
the impacts of various pathways discussed above, it is necessary to compare reaction rates rather than
reaction rate constants. This follows as the various catalytic species may have similar catalytic
efficiencies upon a reaction of potential atmospheric relevance but they may not have similar
concentrations in the Earth’s atmosphere. We also point out here that it is not the goal of the present
work to calculate absolute rates but to only examine relative rates associated with reagent energetics
computed at the same level of theory. The rate constants for various pathways, as discussed here, have
been calculated by the conventional transition state theory (TST) including tunneling correction
according to the unsymmetrical Eckart potential barriers.®** The calculated rate constants for various
pathways and the atmospheric concentrations of the water monomer, dimer, FA, AA, SA and HO,
radical have been tabulated in the Supplementary Information. Also, the computational methodology

and equations used to estimate the reaction rates of various pathways with respect to rate of the water
13
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monomer (H,0) assisted H,CO3; — CO, + H,O decomposition reaction have been given in detail in the
Supplementary Information. Here we only provide and focus upon the final results of relative rates for
all the decomposition pathways by taking the H,O-assisted H,CO3; decomposition reaction as the
reference. The relative rates for all the decomposition pathways have been given in the Table 3 and 4. In
table 3 and 4, the reaction rates (v, to vx;) for the various reaction pathways have been labeled
according to the various pre-reactive complexes (RC). For example, the H,CO3 decomposition reaction
associated with the ‘RC-1" is corresponding to the reaction path ‘R-1’ and the reaction rate ‘v,’.
Similarly, the H,CO3 decomposition reaction associated with the RC-XIII is corresponding to the
reaction path ‘R-XI11" and reaction rate “vxj,’.

In order to keep the discussion simple here, we first discuss only the MP2/aug-cc-pVTZ level
predicted relative rates at 0 km altitude of the Earth’s environment for all the H,CO3; decomposition
pathways those have been considered in presence of one to three water molecules. From the data
presented in Table 3, it is seen that the most predominant channel is the H,O-assisted H,COs
decomposition reaction; even though the effective barrier height for this channel is substantially higher
than the effective barrier heights associated with all the pathways considered for the two and three water
molecules assisted H,CO3; decomposition reactions. Moreover, the reaction rates for two and three water
molecules assisted decomposition reactions, especially, those are associated with the RC-11, 111, V and
V1, are comparable with the rate calculated for the H,O—assisted H,CO3 decomposition reaction within
the factor 10. Therefore, according to the MP2/aug-cc-pVTZ level of calculations, and if we consider the
H,CO3; — CO, + H,0 decomposition reaction in presence of water molecules only, it is though that the
H,0O-assisted H,CO3 decomposition is the most predominant channel, nevertheless, the decomposition
of H,COj3 in presence of the two and three water molecules can not be ignored completely. Indeed,

below we show that at the 0 km altitude in clean environment of the Earth’s atmosphere, especially, the

14
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H,0 and (H,0), assisted H,CO3; decomposition are more or less equally important with the FA and AA
assisted H,CO3 decomposition reactions.

It has been mentioned before that we have also carried out single point energy calculations at the
CCSD(T)/aug-cc-pVTZ level using the MP2/aug-cc-pVTZ level optimized geometries for the few
selective reactions to improve our estimates regarding the reaction energetics as well as the
corresponding reaction rate constants. To compare the H,O and (H-0); assisted H,CO3; decompositions
with the FA, AA, SA and HO, radical assisted H,CO; decompositions on equal footing, the
CCSD(T)/aug-cc-pVTZ level of calculations have been performed for the H,0, (H.0),, FA, AA, SA and
HO, radical assisted H,COj3; decomposition reactions. The CCSD(T)/aug-cc-pVTZ level estimated
binding energies of pre-reactive and exit channel complexes as well as the effective barrier heights
associated with the H,0, (H20),, FA, AA, SA and HO, radical assisted decomposition reactions have
been given in Table 1 and 2. The CCSD(T)/aug-cc-pVTZ level predicted rate constants for the
decompositions of the H,CO3; molecule in presence of H,O, (H,0),, FA, AA, SA and HO, radical have
been given in the Supplementary Information and the calculated relative rates at the same level of theory
for these reactions with respect to the H,O—assisted H,CO3 decomposition have been given in the Table
3 and 4. From the results at the CCSD(T)/aug-cc-pVTZ level of calculations, it is seen that the effective
barriers, as defined above, are sensitive to some extents to the levels of calculations used, especially and
specifically, in the case of HO,—assisted H,CO3; decomposition reaction. For the HO,—assisted
decomposition, it is though that there is a substantial discrepancy between the MP2/aug-cc-pVTZ and
CCSD(T)/aug-cc-pVTZ levels predicted barrier heights and/or reaction rates, nevertheless, the results
predicted at the CCSD(T)/aug-cc-pVTZ level offer similar conclusion with respect to that we find from
the results predicted at the MP2/aug-cc-pVTZ level of theories. In both the levels of calculations, we
find that the HO,—assisted H,CO3; decomposition does not play any significant role in the Earth’s
troposphere and lower stratosphere. This follows as the concentration of the HO, radical is substantially

lower than the concentration of FA in the 0 to 15 km altitude of the Earth’s atmosphere (see
15



Page 17 of 44 RSC Advances

Supplementary Information). The comparison of the CCSD(T)/aug-cc-pVTZ level predicted relative
rates for the H,0O, (H,0),, FA, AA, and SA assisted H,CO3 decomposition reactions, as presented in the
Table 3 and 4, suggest that the AA—assisted decomposition reaction is the predominant channel at 0 km
altitude and the rate for the AA—assisted decomposition reaction is respectively ~13 and 41 times higher
than the reaction rates obtained for the FA and water monomer assisted H,CO3; decompositions. It is
worthwhile to note here the this prediction is based on the results obtained at the CCSD(T)/aug-cc-
pVTZ level of theory. At the MP2/aug-cc-pVTZ level of theory, the rate for the AA assisted H,CO3
decomposition reaction is ~8 times higher than the similar rates obtained for both the FA and H,O
assisted H,CO3; decompositions. Furthermore, as has been pointed out in the Supplementary Information
that the average concentration of the FA or AA (6.1 x 10™° molecules/cm?® = 3.87 ppbv) at 0 km altitude,
which we have taken into account in our rate calculations, is approximately and at least 4 to 5 times
higher than the measured concentrations of the FA or AA present in the clean environment of the
Earth’s atmosphere.®” This follows as the clean and polluted environments of the Earth’s atmosphere are
defined according to the typical surface mixing ratios™ of the FA or AA respectively less than 1ppbv
and more than 10 ppbv.>’ Therefore, in polluted areas, where the mixing ratios of FA and AA reach ~10
ppbv (~1.6 x 10 molecules/cm®) or above,® the RCO,H-assisted H,CO3; decomposition is only the
dominant channel (RCO,H = carboxylic acids). However, if we consider the measured concentrations of
the FA and AA in the clean environment®” or when the FA and AA mixing ratios in the rural, urban,

56586269 are less than 1 ppbv (~1.6 x 10'° molecules/cm?®), the H,O—assisted

semi urban and forest areas,
H,CO3; decomposition get its impact in between the AA and FA assisted H,CO3; decomposition
reactions. For example, when we consider the CCSD(T)/aug-cc-pVTZ predicted rates and the mixing
ratio ~0.75 ppbv (~1.2 x 10 molecules/cm® for both the FA and AA, the reaction rate for the

H,O—assisted decomposition reaction is respectively 2 times higher and 8 times lower than the rates

estimated for the FA and AA assisted decompositions. Similarly, based on the MP2/aug-cc-pVTZ level

16
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predicted results, it is seen that the rate for the H,O-assisted decomposition reaction is respectively 5
times higher and only 1.5 times lower with respect to the rates estimated for the FA and AA assisted
decompositions. Furthermore, if the temperatures at 0 km altitude is 310 or 320K instead of 298.15K
and the mixing ratio of the FA or AA is ~3.87 ppbv (which is the average mixing ratios of FA and AA
and which is equivalent to 6.1 x 10* molecules/cm®); it is seen that both the H,0O and (H.0), assisted
H,CO3 decompositions get relatively more and comparable impacts with both the FA and AA assisted
decomposition reactions. Note that these are the predictions from the results obtained at the
CCSD(T)/aug-cc-pVTZ level of theory. It is also worthwhile to note here that at the MP2/aug-cc-pVTZ
level of theory and at 320K, the rate for the H,O—assisted H,CO3 decomposition is respectively 13 and 2
times higher than the rates for the FA and AA assisted decomposition reactions, when we take the
concentration of FA or AA ~6.1 x 10" molecules/cm® (= 3.87 ppbv). Therefore, and finally, the
H,0O-assisted H,CO3 —» CO, + H,O decomposition reaction in comparison to the FA and AA assisted
H,CO3; — CO, + H,0 decomposition reactions is also expected to be important, especially, in the clean
environment of Earth’s atmosphere and/or at extremely hot and humid conditions. The calculated values
of the relative rates for the H,0, (H,0),, FA, AA, SA and HO; radical assisted H,CO3; decompositions at
the temperature 310 and 320 K have been given in the Supplementary Information. Similarly, in the
higher altitude and up to 15 km, only the FA and/or AA assisted H,CO3; decompositions are the
dominant channels among the H,0, (H20),, FA, AA, SA and HO- radical assisted H,CO3 — CO; + H,0
decomposition reactions. For example, with respect to the average concentrations of FA, (see
Supplementary Information), it is seen from the CCSD(T)/aug-cc-pVTZ level predicted results that at
the 5, 10 and 15 km altitudes of the Earth’s atmosphere, the rates for the FA assisted H,COj3
decompositions are respectively ~10% 10* and 10° times higher than the rates associated with the

H,O—assisted decomposition. It is also worth noting here that the OH radical initiated atmospheric
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degradation of the gas-phase H,CO3; molecule, which might be another important channel to look at the
atmospheric loss of H,CO3 molecule, has not been focused in this article.
Finally, as mentioned earlier that the RCO;H-assisted H,CO3; decomposition has been studied

very recently by Kumar et al.***

and the primary focus of this work was to explore the instability of the
gaseous H,CO3 molecule in presence of carboxylic acids, especially, at the 0 km altitude of the Earth’s
atmosphere. It has been pointed out from their M06-2X/aug-cc-pVTZ level predicted results including
tunneling corrections that the formic acid (FA) assisted H,CO3 decomposition is ~10 times faster than
the H,O-assisted H,CO3; decomposition at 298.15 K. To reproduce this relative reaction rate, we also
perform the M06-2X/aug-cc-pVTZ level of calculations for the water monomer, FA and AA assisted
H.CO3; decomposition reactions. It is seen from our calculations that although the M06-2X/aug-cc-pVTZ
level optimized geometries of the pre-reactive complexes and transition states match well between their
calculations and our calculations, nevertheless, there is somewhat inconsistency between their data and
our data predicted at the same level of theory, especially, when we consider the comparison of
calculated free energy values of the pre-reactive complexes and transition states with respect to the total
free energies of isolated starting bimolecular reactants. It is worthwhile to note here that the dissimilarity
in the optimized geometries of the exit channel complexes, which we have found when we have
compared the optimized geometries of exist channel complexes, is not important here, as reaction rate
calculation in forward direction does not depend upon the energetics of the exit channel complexes.
Therefore, in Supplementary Information, we have provided a comparison between their data and our
data associated with the pre-reactive complexes and transition states as well as the equations by which
one can easily reproduce the values of reaction rates those we have given for the water monomer and FA
assisted H,COs3; decomposition reactions. From our calculations including tunneling corrections

according to Gaussian-09 outputs, it is seen that at 298.15K the FA-assisted H,CO3 decomposition is

only ~2.7 times faster than the H,O-assisted H,COs; decomposition. It is to be noted here that this
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prediction is based on the concentrations of water and FA those have been reported by Kumar et al. and

when the corrections with respect to the reaction degeneracy are not considered.

4. Summary and Conclusion:

Carbonic acid (H,CO3), a small molecule of six atoms involving three elements in the periodic
table, is right at the interface between organic and inorganic chemistry. We note what has already been
noted by other research groups that the detection of gas-phase interstellar H,CO3 as well as in Earth’s
troposphere has become very challenging for a new generation of scientists and it is only hoped that one
day, in near future, it will be detected as scientists get success in measuring the infrared spectra of the
vapor phase H,COjs resulting from its polymorphs via the sublimations at cold temperatures.>® %%
Therefore, to understand the stability of the H,CO3; molecule, especially, in the Earth’s troposphere and
lower stratosphere, we focus upon the energetics of the potential energy diagrams as well as the simple
relative kinetics for the decomposition of H,CO3; molecule into its constituents CO, and H,O molecules
(H.CO3 — CO; + H,0) via its shortest route in presence of various species those are present not only at
significant trace levels in the Earth’s atmosphere but also known as the effective catalysts in case of
hydrogen atom transfer reactions in the doubly or multiply hydrogen-bonded interfaces via the O—H
bond breaking and making process.*“*®7"# \We have considered the H,CO; — CO, + H,0O
decomposition reaction in presence of the one to three water (H,O) molecules as well as in presence of
the formic acid (FA), acetic acid (AA), sulfuric acid (SA) and hydroperoxide (HO,) radical. Overall,
fourteen different reaction pathways in terms of bimolecular encounters have been considered and the
guantum chemistry calculations have been performed at the MP2/aug-cc-pVDZ, MP2/aug-cc-pVTZ,

MP2/6-311++G(3df,3pd) and CCSD(T)/aug-cc-pVTZ levels of theories.

In conclusion, it is seen from our results that the most effective catalysts in the H,CO3 — CO, +
H.O decomposition reaction are the FA, AA and SA, as the H,CO3 —» CO, + H,O decomposition

reaction in presence of these species are effectively the near-barrierless processes. However, by taking
19
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the atmospheric concentrations of water monomer (H,O), dimer [(H,0),], FA, AA, SA and HO, radical,
we find that the H,O and (H,0), assisted H,CO3; decomposition reactions are important channels to
make the gas-phase H,CO3; molecule unstable, especially, at 0 km altitude in clean environment of the
Earth’s atmosphere. This follows as the reaction rates for the H,O, (H20),, FA and AA assisted H,CO3
decompositions are comparable from each other within the factor 10. Similarly, at the 0 km altitude in
polluted environment of the Earth’s atmosphere and in the 5 to 15 km altitude range, only the FA and/or
AA assisted decompositions are important. Therefore, up to 15 km altitude from the Earth’s surface,
both the SA and HO, radical do not play any significant role in the H,CO3; — CO, + H,O decomposition
reaction, even though the SA is also the effective catalyst like FA and AA. It is worth noting here that
the OH radical initiated atmospheric degradation of the gas-phase H,CO3; molecule, which might be
another important channel to understand the atmospheric loss of H,CO3; molecule, has not been focused
in this article. Moreover, we have focused the H,CO3 — CO, + H,O decomposition mainly in the lower
atmosphere of the Earth, and not in the outer space, where, especially, the H,SO, assisted H,CO; —

CO;, + H,0 decomposition reaction may have an important impact.
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Table 1: Zero point vibrational energy (ZPE) corrected binding energies (kcal/mol) of all the complexes
at the MP2 level of theory in conjunction with aug-cc-pVDZ, aug-cc-pVTZ and 6-311++G(3df,3pd)
basis sets as well as at the CCSD(T)/aug-cc-pVTZ level of calculations. The binding energies of all the
pre-reactive complexes (RC-1 to RC-XII1) have been calculated in terms of bimolecular encounters
between two reactants (monomers/complexes) as given in the 1% column of the table. For an example, in
the case of RC-111, the binding energy has been calculated by subtracting the total electronic energies of
the RC-1 + H,0 reactants from the calculated energy of the RC-I11. In case of exit channel product
complexes (PC-I to PC-XI1I), except other than those labeled below, the binding energies have been
calculated by subtracting the total electronic energies of all the monomers forming the complex from the
calculated energy of that complex. Normal mode vibrational frequency calculations at the MP2/aug-cc-
pVDZ, MP2/aug-cc-pVTZ and MP2/6-311++G(3df,3pd) level have been performed to estimate the
respective zero point energy (ZPE) corrections. The ZPE correction in case of CCSD(T)/aug-cc-pVTZ
level of calculations have been done from the MP2/aug-cc-pVTZ level predicted ZPE correction.

Complexes MP2/ MP2/ MP2/ CCSD(T)/
aug-cc-pvVDZ aug-cc-pVTZ 6-311++G(3df,3pd) aug-cc-pVTZ
RC-1 (H,CO3 + H,0) 7.33 7.25 7.23 7.22
RC-11 [(H2CO3 + (H20),] 11.36 11.33 11.26 11.16
RC-II (RC-1+ H,0) 7.8 7.16 7.12 7.06
RC-III (RC-1 + H,0) 9.64 9.68 9.64
RC-IV (RC-I + H,0) 6.56 6.42 6.40
RC-V (RC-II + H,0) 10.12 10.13 10.11
RC-VI [(RC-I + (H20),] 16.25 16.32 16.36
RC-VII [(RC-1 + (H20),] 13.36 13.13 13.16
RC-VIII [(RC-1 + (H20):] 13.35 13.20 13.27
RC-IX [(H2C03 + (HzO)g] 8.74 8.58 8.55 ---
RC-X (H,COs + FA) 10.86 11.01 10.87 11.01
RC-XI (H,CO3 + AA) 11.90 12.04 11.87 12.08
RC-XII (H,COs + SA) 11.09 11.50 11.69 11.54
RC-XIII (H,CO3 + HO,) 8.93 8.91 9.01 8.66
PC-I 7.38 7.15 7.11 7.44
PC-11 14.31 (3.29)* 13.97 (3.11)° 14.00 (3.11)2 14.23
PC-111 11.23 10.84 10.78
PC-IV 14.18 (3.16)* 13.86 (3.00) * 13.87 (2.99)
PC-V 19.44 (8.42)¢ 18.96 (8.10) ¢ 18.97 (8.08)°
PC-VI 19.44 18.96 18.97
PC-VII 2428 (3.79)° 23.74 (3.44)" 23.89 (3.43)°
PC-VIII 23.78 (3.28)° 2337 (3.07)° 23.50 (3.04) °
PC-1X 19.15(8.13)¢ 18.69 (7.84) ¢ 18.68 (7.79) ©
PC-X 9.92 9.80 9.71 10.21
PC-XI 10.37 10.21 10.08 10.66
PC-XII 13.84 11.01 11.18 11.48
PC-XII 9.29 8.98 9.09 9.03

 Binding energy of the CO,'(H,0)s complex, when it is formed from the bimolecular encounters
between the CO, + (H,0)s reactants. ® Binding energy of the CO,"*(H,0), complex, when it is formed
from the bimolecular encounters between the CO, + (H,0),4 reactants. ° Binding energy of CO,"(H,0)4
complex, when it is formed, from the ternary encounters between the CO, + (H,0)3 + H,0 reactants.
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Table 2: Zero point vibrational energy (ZPE) corrected barrier heights (kcal/mol) for various unimolecular decomposition steps associated
with the reaction pathways from R-1 to R-X111, as labeled in the 1% column of table, at the MP2/aug-cc-pVDZ, MP2/aug-cc-pVTZ and
MP2/6-311++G(3df,3pd) level of calculations as well as at the CCSD(T)/aug-cc-pVTZ level of calculations. The values in parenthesis are the
relative energies of the transition states (TS-1 to TS-XI111) with respect to reactants those are involved in bimolecular encounters as discussed
in the text. For an example, in the case of reaction pathway: R-1, the MP2/aug-cc-pVTZ level of calculation incorporating ZPE correction
predict that the TS-1 is being 13.50 kcal/mol higher in energy (indicated by positive sign) than the total energy of the H,CO3; + H,O reactants.
Normal mode vibrational frequency calculations at the MP2/aug-cc-pVDZ, MP2/aug-cc-pVTZ and MP2/6-311++G(3df,3pd) levels have been
performed to estimate the respective zero point energy (ZPE) corrections. The ZPE corrections in case of the CCSD(T)/aug-cc-pVTZ level of
calculations have been done from the MP2/aug-cc-pVTZ level predicted ZPE corrections.

Transition States

TS-1 [R-| =H,COz + HzO]

TS-1I [R-11 = H,CO3 + (H20),]
TS-1l [R-1la= RC-1 + H,0O]
TS-1I [R-11l = RC-1 + H,0]
TS-IV [R-IV = RC-l + H,0]
TS-V [R-V =RC-Il + H,0]
TS-VI [R-VI = RC-I + (H,0),]
TS-VII [R-VII = RC-I + (H,0):]
TS-VIII [R-VIII = RC-I + (H,0),]
TS-IX [R-|X =H,CO;3; + (HzO)s]
TS-X [R-X =H,CO3 + FA]
TS-XI [R-X1=H,CO3 + AA]
TS-XII [R-XIl = H,COs + SA]
TS-XII [R-X1I = H,CO3 + HO,J

MP2/

aug-cc-pvDZ
20.93 (+13.60)
17.52 (+6.16)
1752 (+10.34)
20.38 (+10.74)
19.53 (+12.97)
17.13 (+7.02)
19.89 (+3.64)
16.52 (+3.17)
16.83 (+3.48)
19.24 (+10.49)
12.46 (+1.60)
11.98 (+0.08)
12.05 (+0.96)
9.36 (+0.43)

MP2/
aug-cc-pVTZ
20.69 (+13.50)
16.97 (+5.64)
16.97 (+9.82)
19.98 (+10.30)
19.61 (+13.19)
16.39 (+6.26)
19.34 (+3.02)
16.53 (+3.40)
16.84 (+3.64)
19.23 (+10.65)
12.24 (+1.23)
11.89 (-0.15)
11.56 (+0.06)

9.58 (+0.67)

MP2/6-

311++G(3df,3pd)

21.25 (+14.02)
17.25 (+5.99)
17.25 (+10.13)
20.48 (+10.83)
20.14 (+13.74)
16.64 (+6.53)
19.77 (+3.41)
17.09 (+3.93)
17.37 (+4.10)
19.71 (+11.16)
1247 (+1.60)
12.05 (+0.18)
11.75 (+0.06)
9.78 (+0.77)

CCSD(T)/
aug-cc-pVTZ
23.36 (+16.14)
19.55 (+8.39)

14.37 (+3.36)
13.92 (+1.84)
13.85 (+2.31)
15.56 (+6.9)
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Table 3: The MP2/aug-cc-pVTZ level predicted reaction rates for the various reaction pathways in presence of one to three water molecules
with respect to the rate estimated for the H,O-assisted H,CO3 decomposition reaction (v,). The reaction rates (v, to vv) for the various
reaction pathways have been labeled according to the various pre-reactive complexes (RC-I to RC-VIII), as mentioned in the text. The
values given in the parenthesis correspond to the results predicted at the CCSD(T)/aug-cc-pVTZ level of calculations. Temperatures and
pressures at different altitudes of the Earth’s atmosphere have been taken from Ref-92.

Al(ﬂm)de TE - Wiv) (viv)® (Vi) (vinfvi) (Vivive) — (wivi) — (wailvi) (W) (Wan/vy)

0 29815 1.0 50x107  3.9x101  25x10T  32x10°  3.7x10%  1.7x101  4.4x10?  3.8x107
(1.0)  (4.4x10%

5 259.3 1.0 23x107  1.8x10T  15x10% 59x10%  1.2x10% 05x10%  09x10%  0.7x10%
(1.0)  (1.9x10™

10 229.7 1.0 35x10%  2.8x10%  3.4x10% 3.8x10° 55x10° 26x10° 29x10*  2.2x10™
(1.0) (2.7x10%

15 212.6 1.0 50x10°  4.1x10° 7.2x10° 3.1x10° 22x10* 1.0x10* 85x10°  0.6x10”
(1.0)  (0.3x10%

%vi and vy, are corresponding to the rates of the reaction pathways where the water dimer and two water molecules actively assist the H,CO3
decomposition by a common pre-reactive complex (RC-I1).
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Table 4: The MP2/aug-cc-pVTZ level predicted reaction rates for the various reaction pathways in
presence of H,O, formic acid (FA), acetic acid (AA), sulfuric acid (SA) and hydroperoxide (HO,)
radical with respect to the rate estimated for the H,O—assisted H,CO3 decomposition reaction (v,). The
reaction rates (vx to vxj) for the various reaction pathways have been labeled according to the various
pre-reactive complexes (RC-X to RC-XI11) and vx, vxi, vxu and vxy are respectively the rates for the
FA, AA, SA and HO, radical assisted H,CO3; decomposition reactions. The values given in the
parenthesis correspond to the results predicted at the CCSD(T)/aug-cc-pVTZ level of calculations.
Temperatures and pressures at different altitudes of the Earth’s atmosphere have been taken from Ref-
92.

Altitude  T(K)  (vi/v))  (vx/V1)  (WaiVi) (Wxuiivi)  (Vxan/vi)

(km)
0 298.15 1.0 0.9 7.7 0.003 0.015
(1.0) (3.2) (40.7) (0.02)  (8.6x10™
5 259.3 1.0 55 4.8x10? 041 1.6

(1.0)  (22x10° (35x10% (2.82)  (4.9x10%)
10 229.7 1.0 0.9x10*  8.8x10* 23x10'  0.9x10°

(1.0)  (45x10% (8.0x10% (2.2x10%) (1.7)
15 2126 1.0 3.1x10°  3.3x10°  6.3x10'  1.4x10°

(1.0)  (1.7x10% (3.5x10") (7.0x10%) (1.8x10%
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Figure Captions:

Figure 1: Visualization of the shortest routes for the decomposition of isolated carbonic acid (A) and
decomposition of carbonic acid in presence of water, formic acid and carbonic acid (B to D) via either
intramolecular or intermolecular hydrogen transfer processes.

Figure 2: The MP2/aug-cc-pVTZ level optimized geometries of the two most stable conformers of
carbonic acid (H,COs3).

Figure 3: Potential energy profiles for the decomposition of the isolated H,CO3; molecule (red color) and
for water monomer assisted H,CO3; decomposition (blue color). The energy profiles have been
calculated at the MP2/aug-cc-pVTZ level of theory including zero point vibration energy (ZPE)
corrections.

Figure 4: The MP2/aug-cc-pVTZ level optimized geometries of the three different entrance channel
pre-reactive H,CO3; "H,0O "H,O complexes (RC-II, 11l and 1V) and their corresponding three exit
channel CO,H,0H,0H,0 product complexes (PC-II, 11l and 1V) and transition states (TS-I1, 111
and V) associated with the two water molecules assisted H,CO3; — CO, + H,O decomposition reaction.

Figure 5: The MP2/aug-cc-pVTZ level predicted and ZPE corrected four different potential energy
profiles for the H,CO3 — CO, + H,0 decomposition reaction in presence of two water molecules those
are associated with the RC-II, 111 and 1V. The potential energy profile associated with the H,CO3; +
H.O"H,0 reactant channel has been shown in the section (A) and the three different potential energy
profiles for the H,CO3"H,0 + H,0 reactants have been shown in the section (B).

Figure 6: The MP2/aug-cc-pVTZ level optimized geometries of the five different entrance channel pre-
reactive H,COs; "H,O "H,0 " 'H,O complexes (RC-V, VI, VII, VIII and 1X) and their corresponding
five exit channel CO,H,0H,OH,0H,0 product complexes (PC-V, VI, VII, VIII and IX) and
transition states (TS-V, VI, VII, V111 and 1X) associated with the three water molecules assisted H,CO3
— CO;, + H,O decomposition reaction.

Figure 7: The MP2/aug-cc-pVTZ level predicted and ZPE corrected five different potential energy
profiles for the H,CO3 — CO, + H,O decomposition reaction in presence of three water molecules those
are associated with the RC-V, VI, VII, VIII and IX. (A) The potential energy profile for the
H,CO3H,OH,O + H,0 reactants that results in the RC-V. (B) The three different potential energy
profiles for the H,CO3"H,0 + H,OH,0 reactants those result in RC-VI, VII, VIII. (C) The potential
energy profile for the H,CO3 + (H0)3 reactants that results in the RC-1X.

Figure 8: The MP2/aug-cc-pVTZ level optimized geometries of the entrance channel pre-reactive
complexes (RC-X, XI, XII and XII1I), exit channel product complexes (PC-X, XI, XII and XIII) and
transition states (TS-X, XI, XII and XIII) associated with the formic acid (FA), acetic acid (AA),
sulfuric acid (SA) and hydroperoxide (HO,) radical assisted H,CO3; — CO, + H,O decomposition
reactions.

Figure 9: (A) The potential energy profile for the formic acid (FA) and acetic acid (AA) assisted H,COs
— CO, + H,O decomposition reactions. (B) The potential energy profile for the sulfuric acid (SA) and
hydroperoxide (HO;) radical assisted H,CO; — CO, + H,O decomposition reactions. The energy
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profiles have been calculated at the MP2/aug-cc-pVTZ level of theory including zero point vibration
energy (ZPE) corrections.
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Figure 4:
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Figure 6:
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