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ABSTRACT
In the current work we propose an elucidation of the electronic structure of carbonic acid,
H2CO3 = (HO)2CO, throughmulti reference configuration interactionmethods.We study the forma-
tion of both carbonic acid and related species like the parental H2CO species and the isoelectronic
F2CO molecule along the X2C+O and 2X+CO C2v paths (X = H, F, and OH). The participation of
the excited states of their fragments appears to be transparent in the evolution of both the energy
profiles and the non adiabatic coupling matrix elements of the corresponding states.
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1. Introduction

Carbon is one of the most abundant elements in the
Universe and on Earth’s crust while its’ amazing versa-
tility, due to its four valence electrons and the energetic

CONTACT Apostolos Kalemos kalemos@chem.uoa.gr Department of Chemistry, Laboratory of Physical Chemistry, National and Kapodistrian
University of Athens, Panepistimiopolis, Athens, 157 71 Hellas, Greece

topography of its low lying excited states, contributes to
its unique diversity in forming (organic) compounds of
simple (e.g. C2, CO2, CH4) or complicated (e.g. DNA)
character and to its unusual and incredible polymer
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formation ability (e.g. graphite, graphene, diamond) that
makes it themajor building stone of all known life on this
planet.

Carbonic acid, H2CO3, is a representative example of
a carbon compound gathering together three of the most
abundant elements of the Universe, i.e. H, O, and C. It
is a diprotic acid with a major role in human biology, in
earth’s geology, and in extraterrestrial and industrial pro-
cesses. It plays an incredible role in the evacuation of CO2
in the human body [1], stabilises the pH value of blood
and other biological fluids [2], it regulates the global tem-
perature through the solubility ofCO2 in the oceans [3], it
plays a fundamental role in plant physiology through the
CO2 uptake and release of O2 [4], it is responsible for the
shelf life of many soft drinks, and it is used in commercial
and industrial cooling systems.

Despite its profound importance in so many areas it is
an elusivemolecular entity since it decomposes rapidly in
CO2 and H2O. The very first observation of this species
is believed to be a mass spectroscopic detection by Ter-
louw et al. [5], followed by a microwave spectra of its
cis− trans monomer [6] and its most stable cis–cis form
[7] both byMori and coworkers and by an infrared detec-
tion of its gaseous form trapped in Ne and Ar matrices
[8–10]; see also Ref. [11] for an historical account of
its experimental detection. Despite the scarcity of exper-
imental work there is a wealthy amount of computa-
tional and theoretical work treating several aspects such
as energetics, stability, acidity, dehydration, tunnelling
splitting and so on; see e.g. Refs. [12–24]. But, we are
not aware of any computational work studying the way
the atoms bind together in order to form this molecule.
It is well known that carbon is a tetrahedral atom and
this means that all of its four valence electrons are or
can be used in a molecular formation. The archetype of
tetrahedral coordination is methane, CH4, a molecule
of fundamental importance in chemistry; see e.g. Refs.
[25] and [26]. Its halide analogue, tetrafluoro methane,
CF4, is a very stable gas. Fluorine is isoelectronic to
the OH radical but ‘curiously’ enough C(OH)4 (ortho-
carbonic acid) does not exist [27]; see also Ref. [28],
but its ethylated form (C(OCH3)4, tetroethoxymethane)
does exist and it is even reported as early as 1864
[29]. Considering now the Si analogues we have SiH4
(vs CH4), SiF4 (vs CF4), and Si(OH)4 (vs C(OH)4).
The latter species, orthosilicic acid, exists (see e.g. Ref.
[30]) and has even biological and potential therapeutic
effects [31].

In this report we propose to elucidate the electronic
structure of carbonic acid (H2CO3 = (HO)2CO) along
with its isoelectronic species F2CO. Needless to say that
the parental molecule is formaldehyde (H2CO) and as
such it will be our guide in the following discussions.

2. Computational details

Valence single− andmulti− reference correlationmeth-
ods, CCSD(T) andMRCI, respectively, have been used in
conjunction with the cc− pVQZ [32] basis set in order
to study H2CO, F2CO, and (HO)2CO (= H2CO3) along
several C2v dissociation/formation paths. Fragmentation
species, CH2, CF2, C(OH)2, and CO are also detailed for
the sake of completeness. The active space of the zero
order CASSCF wavefunctions is of plain valence char-
acter, thus comprising all molecular orbitals that arise
from the symmetry combination of the 2s, 2p (C, O, and
F) and 1s (H) atomic orbitals of the constituent atoms.
Single and double valence excitations out of all CASSCF
configuration state functions (CSF) were used in the
MRCI wavefunctions but for the dissociation/formation
of X2CO (X = F andOH) species along the X2C+Oand
2X+CO paths of C2v nature, in which cases a selection
threshold of circa 0.010/0.015 was applied to the norm of
all CSFs for each orbital configuration. In order to moni-
tor the character of thewavefunctions and their evolution
along the reaction paths envisaged we have computed
the associated non adiabatic coupling matrix elements
(NACME) by finite differences at the CASSCF level with
a step of 0.01Å. MOLPRO has been employed for all of
our computations [33].

3. Results and discussion

As already stated H2CO is the archetype for the species
to be detailed in the present work. It is interesting and
revealing at the same time to delve into its electronic
structure. One formation path is through the interaction
of the isoelectronic species CH2 and O. The ground state
of methylene is of X̃3B1 symmetry while its first excited
state is of ã1A1 symmetry (Te (exp) = 8.998± 0.014
kcal/mol, [34]); see alsoRefs. [35] and [36] andTable 1 for
computational results currently obtained and oxygen’s
ground and first excited states are of 3P and 1D symmetry
(�E (exp) = 45.1 kcal/mol, [37]), respectively. Another
formation path is through the interaction of CO and
two H atoms. Carbon monoxide’s ground state, a triply
bonded system (see e.g. Ref. [38]), is of X1�+ sym-
metry with its first excited state of a3� symmetry and
an excitation energy of Te (exp) = 139.2 kcal/mol [39].
Both dissociation/formation routes, i.e. H2C+O and
2H+CO, are thought provoking to consider. Formalde-
hyde’s ground state is of singlet spin (X̃1A1) symmetry
and as such it correlates adiabatically to CH2 (X̃3B1)+O
(3P) and/or CO (X1�+)+ 2H (2S). The pictorial repre-
sentation of their asymptotic fragments on the basis of
valence bond Lewis – vbL diagrams is given in Schemes
1 and 2.
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Table 1. Energies E (hartree) andmolecular parameters (bond distances in Å and bond angles
in degrees) of the species studied presently.

Species −E Molecular parameters

CO (X1�+) 113.172 170a 1.132a

CO (a3�) 112.947 790a 1.209a

CH2 (X̃3B1) 39.083 476a 1.077aCH 133.47a∠HCH
CH2 (ã1A1) 39.068 216a 1.109aCH 102.05a∠HCH
CF2 (X̃1A1) 237.430 372a 1.297aCF 104.98a∠FCF
CF2 (ã3B1) 237.341 759a 1.313aCF 119.28a∠FCF
C(OH)2 (X̃1A1) 189.495 940b 1.325bCO 0.960bOH 104.77b∠OCO 105.87b∠HOC
C(OH)2 (ã3B1) 189.387 534b 1.359bCO 0.960bOH 116.04b∠OCO 108.00b∠HOC
H2CO (X̃1A1) 114.342 434a 1.206aCO 1.103aCH 116.20a∠HCH 121.90a∠HCO
H2CO (X̃1A1) 114.369 009b 1.207bCO 1.102bCH 116.45b∠HCH 121.77b∠HCO
F2CO (X̃1A1) 312.568 924a 1.174aCO 1.312aCH 107.82a∠FCF 126.09a∠FCO
F2CO (X̃1A1) 312.740 158b 1.173bCO 1.311bCH 107.84b∠FCF 126.08b∠FCO
(HO)2CO (X̃1A1) 264.740 425b 1.203bCO 1.336bC−OH 108.63b∠(HO)C(OH)

aMRCI/cc− pVQZ; bRCCSD(T)/cc− pVQZ.

Scheme 1. vbL diagram depicting the CH2 (X̃3B1)+O (3P) inter-
action.

Scheme 2. vbL diagram depicting the 2H (2S)+ CO (X1�+)
interaction.

In the first case (see Scheme 1) the two fragments, CH2
and O are ready to bind together through a sigma and pi
bonds. In the second case (see Scheme 2) all CO electrons
are singlet coupled into pairs thus giving no opportunity
to the two incoming (in a C2v way) H atoms to bind.
Two unpaired electrons that are ‘ready’ for bond forma-
tion are present in the a3� state but a high energetic
price has to be paid (Te (exp) = 139.2 kcal/mol, [39]).
Despite the energy amount to reach this highly excited
state there is no other way to form twoCHbonds and this
is visible in Figure 1 that portrays the energy profiles of
the 2H (2S)+CO (X1�+/a3�) interaction at the MRCI
level of theory when the two H atoms approach the CO

moiety along a C2v reaction path by maintaining the CO
distance at the equilibrium geometry of H2CO (X̃1A1).
It is obvious from the curves along this formation path
that there is an interaction between the energy profiles
stepping from the 2H (2S)+CO (X1�+/a3�) asymp-
totic channels with a peak at around 4 bohr and this is
substantiated by the evolution of the NACMEs along the
evolution path as shown in Figure 2 where we can see the
‘change’ of electronic character between the states aris-
ing from 2H (2S)+CO (X1�+/a3�). This behaviour is
‘logical’ if one considers the details of the electronic struc-
ture of CO at both its ground (X1�+) and first excited
(a3�) states. Their CASSCF equilibrium characteristics
are given below (counting only valence electrons)

|X1�+(1A1)〉 ∼= |1σ 22σ 23σ 2[0.97× 1π2
x 1π

2
y

− 0.10× (1π2
x 2π

2
y + 2π2

x 1π
2
y )]〉

− 0.12|1σ 22σ 23σ 21π1
x 2π̄

1
x 1π

1
y 2π̄

1
y 〉

C(2s1.852p0.91z 2p0.53x 2p0.53y ) and

O(2s1.762p1.43z 2p1.40x 2p1.40y )

1σ ∼= 2s(O), 2σ ∼= −0.34× 2s(C)− 0.67× 2pz(C)

+ 0.80× 2pz(O),

3σ ∼= 0.84× 2s(C)− 0.43× 2pz(C)− 0.32× 2s(O)

and

|a3�(3B1)〉 ∼= |1σ 22σ 23σ 11π2
x 2π

1
x 1π

2
y 〉

− 0.15|1σ 22σ 23σ 11π2
x 2π

1
x 1π̄

1
y 2π

1
y 〉

C(2s1.172p0.62z 2p1.20x 2p0.69y ) and

O(2s1.822p1.34z 2p1.73x 2p1.28y )

1σ ∼= 2s(O),
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Figure 1. Potential energy profiles of the ground X̃1A1 H2CO
state along the H2C+O (black colour; the reaction coordinate r
measures the distance between H2C and O along a C2v path) and
2H+ CO (red colour; the reaction coordinate r measures the dis-
tance between 2H and CO along a C2v path) C2v dissociation paths
at theMRCI/cc–pVQZ level of theory. Thegeometry of themolecu-
lar fragments (CH2 and CO) is at the equilibrium structure of H2CO
(X̃1A1) (see Table 1).

2σ ∼= −0.69× 2s(C)− 0.35× 2pz(C) + 0.73

× 2pz(O),

3σ ∼= 0.70× 2s(C)− 0.68× 2pz(C) + 0.35× 2pz(O)

All the above are clearly captured by the vbL icons of
Scheme 3.

As we can see the a3� CO state is ‘ready’ to form
two CH bonds with its two triplet coupled carbon–based
electrons. It is also illuminating to ponder on the struc-
tural characteristics of CH2 (X̃3B1 and ã1A1), CO (X1�+
and a3�), and H2CO (X̃1A1) (see Table 1): HCH
(angle) = 133.47° / 102.05° (CH2; X̃3B1 / ã1A1), 116.20°
(H2CO; X̃1A1) and CO (distance) = 1.132Å / 1.209Å
(CO; X1�+/a3�), 1.206Å (H2CO; X̃1A1). Although the
CO distance in H2CO (X̃1A1) is identical to the distance
of free CO (a3�) its HCH angle is not the same as the one
in CH2 (X̃3B1) but it is essentially equal to the average

Figure 2. NACMEs between H2CO states of 1A1 symmetry along
the H2C+O (black colour) and 2H+ CO (red colour) C2v dissoci-
ation paths at the CASSCF/cc–pVQZ level of theory. The reaction
coordinate r is as defined in Figure 1.

Scheme 3. vbLdiagramsdepicting theX1�+ anda3�COstates.

(118.5°) of both X̃3B1 and ã1A1. This may seem surpris-
ing at first sight but it can be rationalised when we look
at the energy profiles along the H2C+O C2v interaction
path (see Figure 1); the O atom approaches CH2 along its
C2v axis with the CH2 geometry at the equilibrium val-
ues of H2CO (X̃1A1). Although formaldehyde’s ground
state dissociates adiabatically to ground state fragments,
CH2 (X̃3B1)+O (3P), the potential curve arising from
CH2 (ã1A1)+O (1D)makes a sensible participation (the
max value of the correspondingNACMEs is less than half
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Scheme 4. vbL diagram depicting the CH2 (1A1)+O (∼ 1D)
interaction.

Scheme 5. vbL diagram depicting H2CO(X̃1A1) as a resonance of
two structures.

the peak value along the CO+ 2H C2v reaction path) as
evidenced from the evolution of the NACMEs in Figure
2. This kind of X̃3B1/ã1A1 interaction compensates for
the high excitation energy of the COX1�+→a3� in situ
transition. H2CO (X̃1A1)’s main CASSCF equilibrium
configuration are

|X̃1A1〉 ∼= |1a212a213a21(0.96× 1b21 − 0.15× 2b21)1b
2
22b

2
2〉

with 3a1 ∼= −0.67× 2pz(C) + 0.75× 2pz(O) and
2s1.15(C). The secondway of interaction is depicted in the
vbL diagram of Scheme 4.

So, ground state H2CO is a hybrid of two bonding pat-
terns accommodating this way for both its electronic and
structural characteristics, see e.g. Scheme 5.

Now, let us move to the fluoro–substituted formalde-
hyde, F2CO, carbonyl fluoride that will serve as a bridge
between H2CO and (HO)2CO = H2CO3 (isoelectronic
to F2CO). CF2’s ground state is of 1A1 symmetry while
its first excited state is of 3B1 symmetry quite the oppo-
site from the CH2 case (see Table 1). As already discussed
in the H2CO case, there are two formation/dissociation
channels, the F2C+O→ F2CO and F2CO→ 2F+CO
(see Figure 3); the O atom approaches F2C along its C2v
axis whilemaintaining the F2C species in the equilibrium
geometry of F2CO (X̃1A1), while the 2F atoms approach
CO along a C2v reaction path by maintaining the CO

Figure 3. Potential energyprofilesof theground X̃1A1 F2COstate
along the F2C+O (black colour; the reaction coordinate r mea-
sures the distance between F2C and O along a C2v path) and
2F+ CO (red colour; the reaction coordinate r measures the dis-
tance between 2F and CO along a C2v path) C2v dissociation paths
at the MRCI/cc–pVQZ level of theory. The geometry of the molec-
ular fragments (CF2 and CO) is at the equilibrium structure of F2CO
(X̃1A1) (see Table 1).

distance at the equilibrium geometry of F2CO (X̃1A1).
In the latter (F2CO → 2F+CO) case the energy pro-
files are quite revealing. It is the energy profile arising
from the 2F (2P)+CO (a3�) asymptotic channel that
is responsible for the F2CO (X̃1A1) minimum through
an avoided crossing peaked at around 4 bohr and this
is in harmony with the interaction of the profiles con-
verging to CF2 (X̃1A1)+O (1D) and CF2 (ã3B1)+O
(3P). The structural characteristics of both the asymptotic
fragments and the final species follow (see Table 1): FCF
(angle) = 104.98° / 119.28° (CF2; X̃1A1/ã3B1), 107.82°
(F2CO; X̃1A1) and CO (distance) = 1.132Å / 1.209Å
(CO; X1�+/a3�), 1.174Å (F2CO; X̃1A1). The Mulliken
atomic population of the C atom in F2CO (X̃1A1) is just
2s0.85 while in free CF2 is 2s1.70(X̃1A1) and 2s1.11(ã3B1)
thus alluding to a heavy participation of CF2 (ã3B1) in
the formation of F2CO while its equilibrium CASSCF
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Figure 4. NACMEs between F2CO states of 1A1 symmetry along
the F2C+O C2v dissociation path at the CASSCF/cc–pVQZ level of
theory. The reaction coordinate r is as defined in Figure 3.

wavefunction is mutatis mutandis analogous to that
of H2CO;|X̃1A1〉 ∼= |1a212a213a214a215a211b21(0.97× 2b21 −
0.11× 3b21)1b

2
22b

2
23b

2
24b

2
21a

2
2〉. The involvement of CF2

(ã3B1) is also corroborated by the evolution of the
NACMEs along the relevant formation path as shown in
Figure 4.

Having studied F2CO we are now in position to
tackle carbonic acid, (HO)2CO = H2CO3, isoelectronic
to carbonyl fluoride, F2CO. As we have done before we
shall study both formation routes, i.e. 2 OH+CO →
(HO)2CO← (HO)2C+O. The energy profiles are dis-
played in Figure 5 and are in striking similarity with
those of the F2CO species shown in Figure 3. This is
to be expected not only because of the ‘isoelectronic-
ity’ of both systems but also because of the fact that
both (HO)2C and F2C fragments have the same ener-
getic blueprint (see Table 1). Carbonic acid’s equilib-
rium minimum is due to the C(OH)2 (ã3B1)+O (3P)
and/or 2OH(X2�)+CO (a3�) interaction in the latter
case through the intermediate of the 2OH(X2�+)+CO

Figure 5. Potential energy profiles of the ground X̃1A1 (HO)2CO
state along the (HO)2C+O (black colour; the reaction coordinate
r measures the distance between (HO)2C and O along a C2v path)
and 2OH+ CO (red colour; the reaction coordinate r measures
the distance between 2OH and CO along a C2v path) C2v disso-
ciation paths at the MRCI/cc–pVQZ level of theory. The geometry
of the molecular fragments (C(OH)2 and CO) is at the equilibrium
structure of (OH)2CO (X̃1A1) (see Table 1).

(X1�+) profile (see Figure 5). The equilibrium charac-
teristics of both the asymptotic and the final species are
interesting to compare: (HO)C(OH) (angle) = 104.77°
/ 116.04° (C(OH)2; X̃1A1/ ã3B1), 108.63° ((HO)2CO;
X̃1A1) and CO (distance) = 1.132Å / 1.209Å (CO;
X1�+/ a3�), 1.203Å ((HO)2CO; X̃1A1), practically
identical to the ones found in F2CO (see above). The
Mulliken atomic population of the C atom in (HO)2CO
(X̃1A1) is only 2s0.88 while in C(OH)2 is 2s1.77(X̃1A1)

and 2s1.17(ã3B1) suggesting that way the participation
of C(OH)2 (ã3B1) and/or CO (a3�) states in car-
bonic acid’s equilibrium geometry while its equilibrium
CASSCF wavefunction is similar to those of both H2CO
and F2CO;

|X̃1A1〉 ∼= 0.97|1a212a213a214a215a211b212b211b222b22
× 3b224b

2
21a

2
2〉
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Figure 6. NACMEs between (HO)2CO states of 1A1 symmetry
along the (HO)2C+O (black colour) and 2OH+ CO (red colour)
C2v dissociation paths at the CASSCF/cc–pVQZ level of theory. The
reaction coordinate r is as defined in Figure 6.

+ 0.12|1a212a213a214a215a211b212b113b̄111b222b22
× 3b224b

2
21a

2
2〉

This is also supported by the evolution of the NACMEs
along both formation routes shown in Figure 6which dis-
plays the character blending of the wavefunctions asso-
ciated with the C(OH)2 (X̃1A1/ã3B1)+O (1D/3P) and
2OH(X2�/X2�+)+CO (X1�+) energy profiles, featur-
ing a peak at around 5 and 4 bohr, respectively.

4. Conclusions

Carbon is a tetravalent atom and as such it can use all
four of its valence electrons in the formation of molec-
ular species. This is true for all of the species presently
studied, i.e.H2CO, F2COand (HO)2CO (= H2CO3) and
it was shown rather eloquently by both the energy pro-
files along the formation paths X2C+O and/or 2X+CO
(X = H, F, and OH) and the evolution of the non adia-
batic couplingmatrix elements along the same formation

channels. Through a comparative study of the fragmen-
tary species CX2 and CO and the final species X2CO we
are able to appreciate the importance of the excited states’
participation in the formation of the X2CO ground state
through the sequence C(5S)→ CX2 (3B1) or CO (a3�)
→ X2CO (X̃1A1).
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