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Against the general belief that carbonic acid is too unstable for
synthesis, it was possible to synthesize the solid[1,2] as well as
gas-phase carbonic acid.[3] It was suggested that solid carbonic
acid might exist in Earth’s upper troposphere and in the harsh
environments of other solar bodies,[4] where it undergoes a
cycle of synthesis, decomposition, and dimerization.[5] To
provide spectroscopic data for probing the existence of
extraterrestrial carbonic acid,[2,6] matrix-isolation infrared (MI–IR)
spectroscopy has shown to be essential.[3,4,6–8] However, early
assignments within the harmonic approximation using scaling
factors impeded a full interpretation of the rather complex MI–
IR spectrum of H2CO3. Recently, carbonic acid was detected in
the Galactic center molecular cloud,[9] triggering new interest in

the anharmonic spectrum.[10] In this regard, we substantially
reassign our argon MI–IR spectra based on accurate anharmonic
calculations. We calculate a four-mode potential energy surface
(PES) at the explicitly correlated coupled-cluster theory using
up to triple-zeta basis sets, i. e., CCSD(T)-F12/cc-pVTZ� F12. On
this PES, we perform vibrational self-consistent field and
configuration interaction (VSCF/VCI) calculations to obtain
accurate vibrational transition frequencies and resonance
analysis of the fundamentals, first overtones, and combination
bands. In total, 12 new bands can be assigned, extending the
spectral data for carbonic acid and thus simplifying detection in
more complex environments. Furthermore, we clarify disputed
assignments between the cc- and ct-conformer.

Introduction

The recent observation of carbonic acid (CA, H2CO3) in the
Galactic center molecular cloud G+0.693–0.027 through milli-
meter wave radio spectroscopy[9] has triggered new efforts in
experimental and computational spectroscopy of CA.[10] CA is
considered a promising candidate to be observed in the JWST
data.[10] However, providing laboratory reference data for CA is
not straightforward. It is well-known that CA is short-lived[11]

and rapidly decomposes into H2O and CO2 in aqueous environ-
ments (e.g. carbonate buffer):[12,13]

CA evaded early attempts of laboratory observation in the
1960s[14] and was considered too labile to be isolated.[15,16] This
sparked a series of quantum mechanical studies regarding
thermodynamic stability,[15–21] the reaction pathway of
decomposition,[22,23] and the force constants.[24] These calcula-
tions suggested three distinct minima structures (cf. Figure 1),
with the cc-conformer being the most stable, followed by the
ct- and tt-conformer.[25]

In 1973, Behrendt et al. succeeded in the synthesis of mono-
etherated CA adducts and their salts.[26,27] In 1987, Schwarz et al.
identified the m/z signal of CA radical cations obtained via
thermolysis of NH4HCO3, providing the first evidence of stable
CA in the gas phase.[28] In 1990, Falcke et al. accumulated CA by
exploiting the slower dehydration of CA compared to the
protonation of the carbonates (HCO3

� ,CO3
2� ), and identified the

first spectral features of CA via Raman spectroscopy.[29]

Ever since, several solid-state syntheses of CA and deuter-
ated CA were established, including the proton irradiation of
1 :1 H2O:CO2 ice-mixtures,[30] acid-base reactions of glassy
solutions,[1,2] the bombardment of CO2 with H+/He,[31] the
electronic discharge of CO2:Ar gas mixtures in water[32] and the
pyrolysis of higher organocarbonates.[8]

Follow-up studies of solid CA identified a tight temperature
range in which CA can be sublimated and resublimated without
decomposition.[5] This also allowed the study of the spectral
features of gaseous CA. The CA synthesis conditions led to the
assumption that CA could be observable in certain extraterres-
trial and other extreme environments. Besides comets, the
Martian surface and the surface of other solar bodies,[5,33] where
it undergoes a cycle of formation, decomposition, and dimeriza-
tion, the Earth’s upper troposphere in cirrus clouds and mineral
dust particles have been suggested.[4,34] The latter was shown at
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laboratory scales under tropospheric conditions, where CA
forms in calcite-containing mineral dust and is stable for
hours.[4,6]

While most CA synthesis routes lead to the same solid
polymorph, the routes established by Hage, Hallbrucker, and
Mayer and by Mori et al. suggested three distinct species:[1,2,32]

α, β and γ-H2CO3. Depending on the solvent in the cryogenic
acid-base reaction, one would either yield α-H2CO3 by using
methanol[1] or β-H2CO3 by using water,[2] the latter being
identical to CA from other synthesis routes. It was shown that
β-H2CO3 converts into α-H2CO3 upon recrystallization in meth-
anolic solutions, but not vice versa.[2]

The study of the phase transition from amorphous to
crystalline CA suggested two distinct amorphous forms. It led to
the assumption that the then supposed polymorphism of α-
H2CO3 and β-H2CO3 results from polyamorphism.[35] From study-
ing the vibrational frequencies, a cyclic dimer was suggested as
the primary building block for β-H2CO3.

[35] Raman and IR spectra
suggested that the rule of mutual exclusion only holds for β-
H2CO3, assuming an inversion center for the building blocks of
β-H2CO3 but not for α-H2CO3. Consequently, a centrosymmetric
dimer was suggested as the building block for β-H2CO3

crystals.[36]

The studies on the solid CA culminated in matrix isolation
infrared (MI–IR) spectroscopy.[3,6] Matrix isolation allows observa-
tion of vibrations of non-rotating single molecules.[37] It turned

out that α-H2CO3 is not a polymorph of CA but carbonic acid
monomethyl ester (CAME). The methyl group stems from the
methanol solvent in the cryogenic acid-base reaction.[38] Sub-
sequent studies reached the same conclusion[8] and investi-
gated the influence of different solvent materials in different
preparation steps.[7]

Early harmonic frequency calculations of CA from 1995 were
difficult to verify through the available IR data of solid CA.[25]

The access to MI–IR data allowed for the first rigorous assign-
ments from harmonic frequency calculations.[3,6–8] However,
harmonic frequency calculations showed significant discrepan-
cies in the experiment. Combination bands and overtones could
only be suggested tentatively. This resulted in misassignments,
e.g., bands being incorrectly assigned as matrix-induced
splitting. Some experimentally observed bands were not
assigned at all. Anharmonic frequency calculations can improve
the accuracy, as reported in the past,[10,39–42] primarily using
vibrational perturbation theory (VPT).

In 2006, Tossell et al.[39] calculated ct-CA and higher dimers
using VPT at the B3LYP/CBSB7 level of theory in an aqueous
solution using a polarizable continuum solvent model. They
concluded that dimers and higher oligomers must be consid-
ered, as monomers alone could not explain the solid phase IR
spectrum.

In 2011, Reddy et al. suggested linear chains of CA as
subunits for CA crystals.[43] In 2012, Reddy et al. redid the

Figure 1. The conformational isomerism of the cc-, ct-, and tt-conformer of carbonic acid can be obtained by changing either OCOH dihedrals. The potential
scan was obtained at the CCSD(T)-F12/cc-pVQZ� F12 level of theory with 0.5-degree steps.
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calculations of Tossell et al. and extended their approach to
linear tetramers and octamers. They calculated ct-CA, cc-CA,
and CA dimers using second-order VPT at MP2 and B3LYP/ 6–
311G(2d,d,dp) level of theory. For tetramers, they were
limited to the B3LYP level of theory. Based on harmonic-to-
anharmonic shifts of the tetramers, they approximated the
anharmonic frequencies of the octamers. They conclude that
their calculated octamer spectra show a high agreement in
the low-frequency areas to the experimental spectra of
Loerting and co-workers.

In 2012, Huber et al. recalculated the cc-CA, ct-CA, and CA
dimers using second-order VPT at the wB97XD/ aug-cc-pVQZ
level of theory for all modes except the OH stretching
vibrations.[41] They used a discrete variable representation
approach for the highly anharmonic stretching vibrations.
Huber et al. demonstrated a good agreement to experiment
for cc-CA but only to rough estimates for ct-CA and CA
dimers.

In 2024, Fortenberry et al. calculated the rovibrational
frequencies of ct-CA and cc-CA using second-order VPT at the
CCSD(T)-F12B/cc-pCVTZ� F12 level of theory.[10] They used the
SPECTRO program[44] to calculate Fermi resonance polyads,
giving them insight into resonance phenomena, where excita-
tion of 2 individual vibrational states is allowed. Furthermore,
they generated Cascade emission spectra to compare to
interstellar IR data directly.

Using a completely different approach, in 2017, Sagiv et al.
solved the time-dependent Schrödinger equation for the OH
and CO stretching vibrations.[42] They utilized the ab initio classic
separable potential (CSP) approach.[45] Gerber et al.[46] showed
that for short time scales and systems with moderate quantum
effects, the results of CSP agree well with the time-dependent
self-consistent field (TDSCF) approach. CSP approximates the
multidimensional integrals to TDSCF as averaged values of a set
of classical trajectories.[45] The individual single-mode potentials
are obtained from classical molecular dynamics trajectories.
Mode-coupling is inherently accounted for, as the temporal
evolution of the potential allows for energy contributions
between the modes. Consequently, the CSP calculations by
Sagiv et al. on the CA were the first that accounted for
anharmonicity and mode-coupling, similar to our calculations
mentioned below.

In contrast to these previous studies, we here compute
anharmonic spectra for a direct reassignment of the crude MI–
IR experimental data. Our computational approach is based on
high-level N-mode expansions of the PES with subsequent
vibrational self-consistent field and configuration interaction
(VSCF/VCI) calculations.[47–49] We demonstrate a significantly
improved assignment by comparing the calculations to the MI–
IR spectra that were obtained by Bernard et al.[38]

Results and Discussion

Assignment Strategy

Based on VSCF/VCI calculations for ct-H2CO3 and cc-H2CO3 and
their deuterated analogs, we revisit the MI–IR experiments by
Bernard et al.[38] and (re)assign several bands. Hereby, we
propose a consistent vibrational notation. Usually, the func-
tional group with the largest displacement in a normal mode
vector dictates the label of the respective normal mode. While
this is appropriate for small molecules, it usually fails for larger
molecules with delocalized vibrations. In the case of CA, some
vibrations are not well described by this simple notation, as
seen from the different notations in literature.[4,8] We here rely
on a normal mode decomposition scheme[50–53] using the
NOMODECO toolkit[54] to quantify contributions of internal
coordinates and provide a more reasonable notation of the
vibrational motion. Our assignment strategy is based on the
following concepts.
* Absolute band position: We compare the experimental and
calculated absolute band position. A low discrepancy is
usually a good sign for a correct assignment. However, a
simple comparison of the absolute band position can be
misleading, as there are deviations >1% for individual bands.
These deviations are due to non-systematic matrix shifts that
occur in the experiment and an error in the anharmonic
energy eigenvalue, which is caused by the restriction of the
VCI space[55] and the restriction of the multimode expansion
of the potential energy surface.[56]

* Relative band distances: We calculate the relative band
distances, abbreviated as ΔνB2B, between two bands in a
spectral window, both in the experiment and the calculated
spectrum. This band-to-band distance is expected to be less
influenced by matrix effects, as in most cases, both bands are
prone to similar matrix shifts. A low discrepancy of relative
band distances indicates a correct assignment of both bands.
Still, as matrix shifts are not systematic, the relative band
distances alone can be misleading, too.

* Intensity/band area ratios: We calculate the intensity ratio of
two bands from the calculated spectra. For the experiment,
we calculate the band area ratios. Both ratios are expected to
be comparable as they primarily depend on the change in
dipole moment. If the ratios of the two bands are similar in
experiment and calculation, the assignment can be consid-
ered correct. For carbonic acid, the νs C=O stretch is always
the most intense transition. Hence we abbreviate the
intensity/band area ratios as Qν C=O.

* Normal mode decomposition: We calculate the normal
mode decomposition of the ct- and cc-H2CO3 using the
NOMODECO toolkit.[54] We observe that vibrations showing
similar contributions in the normal mode decomposition also
show a similar spectral pattern in the experimental spectrum.
Let us briefly illustrate the assignment strategy on the

example of νs C=O (ν2 in the cc-H2CO3, ν3 in the ct-H2CO3). The
respective spectral region ranges from 1875–1730 cm� 1, de-
noted as the C=O stretching region (cf. Figure 2). The normal
mode decomposition (cf. Table 1) confirms this notation, as the
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change in C=O bond length describes over 75% of the normal
mode. In the experimental Ar MI–IR data for the protiated
species (cf. Figure 2, top), we assign the double-peak (matrix
splitting) at 1792.4/1788.6 cm� 1 as cc-ν2, or cc-νs C=O. Since it is
the most intense of the cc-H2CO3 vibrations, we take it as a
reference to calculate all peak area ratios of the cc-H2CO3 bands.
The normal mode decomposition of cc-ν2 and ct-ν3 is similar (cf.
Table 1), hence, we expect a similar peak pattern for these
vibrations in the experimental spectrum.

With the VCI calculation resulting in a blue-shifted ct-ν3
compared to the corresponding cc-ν2, three double-peaks are
candidates to meet the criteria: 1844.5/1842.1, 1832.4/1829.3
and 1811.2/1806.2 cm� 1. First and foremost, we attribute the
double-peaks to matrix splitting. Considering the band-to-band
distance to cc-νs C=O, only the second double-peak formation

shows a good agreement with the VCI calculated relative band
position (Dn

B2B
VCI =41 cm� 1 vs. DnB2B

exp: =40 cm� 1). Therefore, the
double-peak with the second highest intensity at 1832.4/
1829.3 cm� 1 is assigned as ct-ν3, or ct-νs C=O. The similarity of
the peak patterns corroborates the assignment. As it is the
most intense vibration in the ct-H2CO3 conformer, the peak area
ratios of the other bands assigned to the ct-H2CO3 conformer
refer to this peak.

VCI calculations suggest resonances in the C=O stretching
region (cf. Figure 3). For cc-H2CO3, the VCI calculated resonance
occurs at 1804.9 and 1818.9 cm� 1 (Q nC¼O

VCI =1 :3). In the experi-
ment, we observe a peak pattern at 1811.2/1806.2 cm� 1, which
we attribute to matrix-induced splitting, as its band-to-band
distance of 5 cm� 1 agrees to the similar matrix splitting of the
cc-ν2 fundamental in this region. According to the resonance
analysis (cf. Figure 3), it is not possible to assign the peak
unambiguously, as it has contributions from the {ν2} and {ν5ν3}
configuration. This is an expected consequence of the anhar-
monic VCI correction, where a better description of the vibra-
tional state is obtained while losing the unambiguity of state
assignment. Hence, the most accurate assignment includes
both contributing configurations. For ct-H2CO3 conformer, the
assignment is analogous. The VCI calculated {ν3}{ν8ν5} resonance
occurs at 1845.5 and 1859.5 cm� 1 (Q nC¼O

VCI =1 :3) and can be
assigned to 1832.4 and 1844.5 cm� 1 in the experiment.

As the C=O stretching vibration example shows, the VCI
analysis is a powerful tool for vibrational assignment. We can
confidently assign fundamentals of the protiated species as well
as the deuterated species. Furthermore, the VCI state analysis
also allows us to consider resonating combinations and over-
tones in the assignment. Which we could otherwise only have
assumed since these are not formally allowed in the harmonic
approximation. It has already been shown in previous works
that the VCI approach can correctly reproduce the Fermi
resonance of CO2 in very good agreement with experimental
data.[37,57] Integrating resonances into the assignment of CA
allows for the assignment of various bands that could not be
previously assigned or were attributed to other effects.

Figure 2. Matrix-isolation IR Spectrum of the C=O stretching region for
H2CO3 (top) and D2CO3 (bottom) in argon.

Table 1. Normal mode decomposition of νs C=O for the cc-H2CO3, ct-H2CO3 conformers and their deuterated analogues.

Conformer Assignment1 Frequency2 Internal coordinate contributions3

cc-H2CO3 ν2 1843 72.68% C=O bond
14.82% C� O bond (7.41% each)

ct-H2CO3 ν3 1894 76.54% C=O bond
12.39% C� O bond (6.43% trans-CO, 5.96% cis-CO)

cc-D2CO3 ν2 1830 73.06% C=O bond
15.02% C� O bond (7.51% each)

ct-D2CO3 ν3 1879 71.20% C=O bond
11.53% C� O bond (5.98% trans-CO, 5.55% cis-CO)

[1] Assignment using the spectroscopic notation.[2] Calculated harmonic frequency in cm� 1, using CCSD(T)-F12/cc-pVTZ� F12 level of theory.[3] Internal
coordinate contributions calculated via a normal mode decomposition according to Ref. [54].

Wiley VCH Dienstag, 12.11.2024

2422 / 367603 [S. 106/113] 1

ChemPhysChem 2024, 25, e202400274 (4 of 11) © 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH

ChemPhysChem
Research Article
doi.org/10.1002/cphc.202400274

 14397641, 2024, 22, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202400274 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [10/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



New Assignments

In the following, we explore the reassignments facilitated by
VCI analysis (cf. Figure 4, Table 2). The specific assignment of
spectral ranges in the SI provides a more detailed overview for
the interested reader (cf. SI Figure S2–S17). For the C2v
symmetric cc-H2CO3, the following vibrations could be newly
assigned to an experimental band. We then continue with the
vibrations for the Cs symmetric ct-H2CO3 that could be newly
assigned to an experimental band. Finally, we show the bands
that could be newly assigned to an experimental band for the
C2v symmetric cc-D2CO3.

cc-H2CO3 in C2v Symmetry

(1) The νs OH vibration, with the spectroscopic label ν1, has a
calculated frequency of νVCI=3671.9 cm� 1. In line with the
deviations between VCI and MI–IR for the other OH stretch
vibrations in this region, we would expect to observe the νs
OH vibration at around 3651–3647 cm� 1. However, the νs
OH vibration has a very low intensity (Q nC¼O

VCI =1 :52), so we
consider this assignment tentative.

(2) The label {ν2}{ν5ν3} represents a resonance between the {ν2}
fundamental and a combination {ν5ν3}, calculated by VCI at
1818.9 and 1804.9 cm� 1. The similar matrix splitting and
shape of the bands at 1811.2 and 1792.4 cm� 1 in the
experiment forms the basis for a tenable assignment. The
agreement of the calculated and the experimentally

observed relative distance between the resonant bands
(Dn

B2B
VCI =14 cm� 1 vs. DnB2B

exp: =18.8 cm� 1) further strengthen
the assignment.

(3) The δip. symm. OH with the spectroscopic label ν3, has a VCI
calculated frequency of νVCI=1250.2 cm� 1. We assign the
experimentally observed band at 1229.2 cm� 1. The assign-
ment of this band becomes plausible if we compare the
intensity ratios (Q nC¼O

exp: =1 :17 vs. Q nC¼O
VCI =1 :16). Further-

more, the shoulder at 1227.7 cm� 1, which we assign to ct-
H2CO3 ν5 (see below), is close in relative proximity both in
the experiment and calculation (DnB2B

exp: =1.7 cm� 1 vs.
Dn

B2B
VCI =5.6 cm� 1).

(4) The label {ν4}{2ν6} represents a resonance between the {ν4}
fundamental and an overtone {2ν6} within the same
symmetry class. The VCI resonance analysis shows for the
transition at 1001.4 cm� 1 a considerable intensity (Q nC¼O

VCI =

1 :22) and for the transition at 951.7 cm� 1 a very low
intensity (Q nC¼O

VCI =1 :342). In the experiment we can assign
a band at 1012.2 (Q nC¼O

exp: =1 :90). The second feature of this
resonance is not observed in the experiment due to its low
intensity.

(5) The δip. C=O with the spectroscopic label ν10, has a VCI
calculated frequency of νVCI=600.3 cm� 1. We assign the
experimentally observed band at 600.8 cm� 1 due to its very
low Δν of 0.5 cm� 1 and its very good agreement between
calculated and experimentally observed intensity ratio
(Q nC¼O

VCI =1 :8 vs. Q nC¼O
exp: =1 :8).

ct-H2CO3 in Cs Symmetry

(1) The two ν OH vibrations, with their respective spectroscopic
labels ν1 and ν2, have calculated frequencies of νVCI=
3634.8 cm� 1 & 3631.2 cm� 1. In the experiment, two bands
are observed (νexp.=3616.4 cm� 1 & 3614.5 cm� 1) that show
similar shifts to the OH vibrations of the cc-H2CO3 and their
relative band distance is in good agreement with the band
distance predicted by VCI (Dn

B2B
VCI =3.6 cm� 1 vs. DnB2B

exp: =

1.9 cm� 1).
(2) The δip OH vibration, with the spectroscopic label ν5, has a

calculated frequency of 1244.6 cm� 1. We assign this band to
the experimentally observed band at 1227.7 cm� 1, in close
proximity to the band that we assigned as cc-H2CO3 ν3.
Similar to the cc-H2CO3 ν3, the intensity ratios agree well
(Q nC¼O

VCI =1 :3 vs. Q nC¼O
exp: =1 :6).

(3) The δip OH vibration with the spectroscopic label ν6 is in
resonance with the first overtone of the ν11 according to
our VCI analysis. This {ν6}{2ν11} resonance is calculated at
1179.0 and 1131.9 cm� 1. The first feature of the resonance
can be assigned to the experimentally observed band at
1181.4 cm� 1. The second feature is most likely the band at
1134.7 cm� 1, which occurs as a shoulder of the very intense
cc-H2CO3 ν9, shifted by 2.5 cm� 1 in the VCI, resp. by 2.8 cm� 1

in the experiment. With this assignment, we obtain a good
agreement for the band-to-band distance between the two
features of the resonance (DnB2B

exp: =46.7 cm� 1 vs. Dn
B2B
VCI =

47.1 cm� 1). As the shoulder at 1134.7 cm� 1 is stronly over-

Figure 3. VCI based resonance analysis of νs C=O for the cc-H2CO3 (top) and
ct-H2CO3 (bottom) conformation. The Sankey diagrams depict the most
significant contributions from the VCI configurations (right) to the VCI-
calculated vibrational states (left).
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lapped by the intense cc-H2CO3 ν9, we cannot make a
statement about the experimental intensity ratio Q nC¼O

Int .

cc-D2CO3 in C2v Symmetry

(1) The νs OH vibration, with the spectroscopic label ν1, has a
calculated frequency of 2674.8 cm� 1. The calculation agrees
well with the experiment (νexp. 2677.9 cm� 1), and the
deviation is in line with other assignments in this region.
We observe an overlap with the 111  000 rovibrational
transition of water[58] which explains the broad feature that
is experimentally observed.

(2) The δip. s OH vibration, with the spectroscopic label ν3, has a
calculated frequency of 1061.5 cm� 1. The calculations agree
well with the experiment, and within �50 cm� 1, no other
feature appears in the experiment.

Structural Parameters

Figure 5 summarizes the rotational constants and structural
parameters of cc-H2CO3 and ct-H2CO3. In Table 3, we compare
our calculated structural parameters (re, ra, rg) with the
experimental microwave spectroscopy data (r0) from Mori
et al.[32,59] The equilibrium structural parameters (re) are obtained
from geometry optimizations within the Born-Oppenheimer
approximation. The vibrationally averaged structural parameters
are from atomic positions averaged over the VCI ground state
wavefunction (ra) or from internuclear distances obtained from
an expectation value of the bond lengths expanded in normal
coordinates (rg).[37,60–62]

The comparison in Table 3 must be appreciated carefully.
First, the re parameters neglect the nuclear motion and, thus,
should poorly agree with parameters from spectroscopic
experiments.[62] However, rg and ra are not necessarily superior
to re compared to microwave experiments.[63] In their micro-
wave data, Mori et al. fixed the O� H bond length to the
calculated re parameter while fitting the other parameters.[32,59]

Figure 4. The vibrational matrix-isolation spectrum of H2CO3 and D2CO3 in argon with newly assigned vibrations as separate windows with the intensities
shown as increments for the three species. A.) cc-H2CO3 and ct-H2CO3 and B.) cc-D2CO3. Further spectral regions are shown in the SI (cf. Figures S2-S17).
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Hence, their r0 parameters are biased and probably cause
higher deviation to the ra and rg parameters than expected.

Second, the ra and rg parameters can have considerable
different values.[37,62,64–67] Sometimes, the ra parameters of

Table 2. Experimental mid-IR and calculated vibrational frequencies of cc-H2CO3, ct-H2CO3, cc-D2CO3 and ct-D2CO3.

Frequency/cm� 1 (Q nC¼O
Int )1 Assignment2

Ar MI–IR experiment3 VCI calculation4 Δν Chemist Spectroscopic Γirred

cc-H2CO3

3671.9 (1 : 52) νsymm. OH {ν1} A1

3610.9 (1 :3) 3637.3 (1 : 3) 26.4 (0.7%) νanti. OH {ν7} B1

1811.2 (1 :15) 1818.9 (1 : 3) 7.7 (0.4%) νsymm. C=O {ν2}{ν5ν3} A1

1792.4 (1 :1) 1804.9 (1 : 1) 12.5 (0.7%)

1445.9 (1 :5) 1445.1 (1 : 3) 0.8 (0.1%) νanti. C� O {ν8} B1

1229.2 (1 :17) 1250.2 (1 : 16) 21.0 (1.7%) δip. symm. OH {ν3} A1

1136.1 (1 :1.4) 1138.5 (1 : 1.2) 2.4 (0.2%) δip. anti. OH {ν9} B1

1012.2 (1 :90) 1001.4 (1 : 22) 10.8 (1.1%) νsymm. C� O {ν4}{2ν6} A1

951.3 (1 : 342)

791.8 (1 :9) 790.5 (1 : 8) 1.3 (0.2%) δoop. OCO {ν11} B2

600.8 (1 :10) 600.3 (1 : 8) 0.5 (0.1%) δip. C=O {ν10} B1

546.2 (1 : 2) δoop. symm. OH {ν12} B2

541.7 (1 : 58) δip. C� O {ν5} A1

490.4 0 δoop. anti. OH {ν6} A2

ct-H2CO3

3616.4 (1 :8) 3634.8 (1 : 4) 18.4 (0.5%) ν OH {ν1} A’

3614.5 (1 :15) 3631.2 (1 : 10) 17.7 (0.5%) ν OH {ν2} A’

1844.5 (1 :2) 1859.5 (1 : 3) 15.0 (0.8%) ν C=O {ν3}{ν8ν5} A’

1832.4 (1 :1) 1845.5 (1 : 1) 13.1 (0.7%)

1391.7 (1 :1.2) 1393.6 (1 : 2) 1.9 (0.1%) ν C� O {ν4} A’

1227.7 (1 :6) 1244.6 (1 : 3) 16.8 (1.4%) δip. OH {ν5} A’

1181.4 (1 :1.3) 1179.0 (1 : 7) 2.5 (0.2%) δip. OH {ν6}{2ν11} A’

1134.7 – 1131.9 (1 : 3) 2.8 (0.2%)

951.7 (1 : 11) ν C� O {ν7} A’

781.9 (1 :6) 781.0 (1 : 7) 0.9 (0.1%) δoop. OCO {ν10} A”

605.7 (1 : 30) δip. C=O {ν8} A’

562.9 (1 : 25) δoop. OH {ν11} A”

542.5 (1 : 14) δip. C� O {ν9} A’

504.2 (1 : 2) δoop. OH {ν12} A”

cc-D2CO3

2677.9 2674.8 3.7 (0.1%) νsymm. OH {ν1} A1

2658.3 2655.0 3.3 (0.1%) νanti. OH {ν7} B1

1781.4 1794.3 12.9 (0.7%) νsymm. C=O {ν2} A1

1367.6 1371.5 3.9 (0.3%) νanti. C� O {ν8} B1

1066.5 1061.5 5.0 (0.5%) δip. symm. OH {ν3} A1

946.5 945.4 1.1 (0.1%) δip. anti. OH {ν9} B1

868.1 νsymm. C� O {ν4} A1

791.3 788.2 3.1 (0.4%) δoop. OCO {ν11} B2

542.2 δip. C=O {ν10} B1

494.2 δip. C� O {ν5} A1

433.8 δoop. symm. OH {ν12} B2

415.6 δoop. anti. OH {ν6} A2

[1] The intensity ratios in brackets (Q nC¼O
Int ) are given with respect to the strongest absorption, namely νs C=O. The discrepancy between experiment and theory Δν is given as

absolute and relative (%) deviation.[2] The chemist notation describes the vibration by the largest motion in a normal mode. The spectroscopic notation ranks the vibrations
according to descending irreducible representation (Γirred) of the normal mode.[3] Bands are newly assigned based on the original Ar MI–IR data of Bernard.[38] [4] VCI(SDTQ)
calculation is based on a n-mode PES expansion with up to 4-mode couplings, computed at CCSD(T)-F12/cc-pVTZ� F12 and CCSD(T)-F12/cc-pVDZ� F12 level of theory,
respectively.
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terminal bonds with a hydrogen atom can be smaller than the
corresponding re parameter.[65,67] Nevertheless, the VCI calcu-
lated vibrationally averaged structural parameters ra agree well
with the experimental data and allow us to distinguish between
the cis-sided oxygen and the trans-sided oxygen.

Conclusions

The contemporary interpretation of the H2CO3 vibrational
spectrum is already quite advanced, owing to matrix-isolation
infrared spectroscopy.[3,4,6,8] However, experimental data are still
sparse due to the instant decomposition of H2CO3, making it
difficult to accurately assign all theoretically expected vibra-
tional transitions to experimentally observed bands.

As the complexity of an individual spectrum rises due to,
e.g., contaminations, matrix shifts, and resonances (to name
but a few), more overlapping bands appear in the spectrum.
Empirically shifted harmonic frequencies, even if calculated at a
high level of electronic structure theory, are limited in terms of
interpretation.[7] At a certain spectral complexity, one has to
consider anharmonicity and mode-coupling to describe certain
phenomena that would otherwise be neglected or falsely
represented.

Previous anharmonic calculations established a good under-
standing of the anharmonic shifts of individual carbonic acid
vibrations. The most widely used approaches among them are
second-order vibrational perturbation approaches (VPT2), which
represent an immense improvement compared to calculations
within the harmonic approximation.[39–41] Nevertheless, vibra-
tions are still considered as decoupled motions.

The most accurate anharmonic calculations so far by Sagiv
et al.[42] showed that the symmetric and antisymmetric OH
stretching vibrations have a higher band-to-band distance than
in harmonic and the VPT anharmonic approaches.[39–41] How-
ever, without a directly accessible reference spectrum, Sagiv
et al. could not assign new bands based on their data and only
attributed this effect to a higher deviation between experiment
and theory. Our VCI calculations led to similar theoretical
results, yet by direct comparison with our experimental data,
we reevaluated the assignment. Consequently, we reassigned
the carbonic acid spectrum of Bernard et al.,[3] which is currently
the best experimental recording of a CA spectrum.

We calculated the spectrum of carbonic acid with unprece-
dented precision, relying on VCI calculations on a 4-mode PES
at CCSD(T)-F12/cc-pVTZ� F12 level of theory. These anharmonic
corrections and a meticulous assignment strategy allow us to
identify several new bands, including resonating overtones and
combination bands. While the accuracy of the present calcu-
lations is sufficient to interpret the MI–IR data, improvements in
the calculations are desirable in future studies. Preliminary
results on cc-H2CO3 including core-correlation for a 3-mode PES
expansion (cf. Table S5) show minor changes that may be
essential for predicting the vibrational transitions for gas-phase
observations.

We tackle the issue of non-unified vibrational notations, a
problem that can lead to comparability issues. Based on normal

Figure 5. Structural parameters of the cc-H2CO3 and ct-H2CO3 conformers:
bond lengths (top) and bond angles (bottom).

Table 3. Rotational constants (A,B,C) and spectroscopic parameters (bonds
r, angles α) of carbonic acid.

Calc.1 Exp.2

Parameter re ra rg r0

cc-H2CO3

A/MHz 12029 11950 11997

B/MHz 11363 11280 11308

C/MHz 5484 5795 5814

rC=O/Å 1.2026 1.2055 1.2075 1.2024

rC-O/Å 1.3355 1.3426 1.3443 1.3395

rO-H/Å 0.9636 0.9575 0.9820 0.9680*

αO=C� O/° 125.67 125.72 125.69

αO-C� O/° 108.65 108.55

αC-O� H/° 105.93 106.42 105.7

ct-H2CO3

A/MHz 11840 11742 11779

B/MHz 11456 11385 11423

C/MHz 5822 5773 5792

rC=O/Å 1.1940 1.1969 1.1989 1.1879

rC� O(t)/Å 1.3352 1.3421 1.3438 1.3447

rC� O(c)/Å 1.3526 1.3601 1.3617 1.3568

rO(t)� H/Å 0.9631 0.9576 0.9823 0.9680*

rO(c)� H/Å 0.9637 0.9591 0.9830 0.9680*

αO=C� O(t)/° 124.21 124.16 122.94

αO=C� O(c)/° 125.19 125.22 126.78

αC-O(t)� H/° 108.80 109.30 108.60

αC-O(c)� H/° 106.30 106.67 106.10

1 Equilibrium parameters re from geometry optimisation using CCSD(T)-
F12/cc-pVTZ� F12 level of theory. Vibrationally averaged parameters ra and
rg from VCI(SDTQ) calculation, based on n-mode PES expansion with up to
4-mode couplings, computed at CCSD(T)-F12/cc-pVTZ� F12 and CCSD(T)-
F12/cc-pVDZ� F12 level of theory, respectively. 2 Experimental parameters
r0 from rotational spectroscopy by Mori et al.,[32,59] where rO-H was fixed (*)
to the re value.
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mode decomposition,[54] which is numerically reproducible,
comparability is guaranteed. Additionally, we show that normal
mode decomposition can be utilized during assignment.
Whether this is an individual case or a generally applicable rule
to aid vibrational assignments must remain the goal of future
research.

We want to emphasize that VCI is not a “Black-Box”
approach, and the accuracy of the results strongly depends on
the accuracy of the PES. Once this is assured, VCI is a powerful
tool for vibrational spectroscopy assignments, although the
unambiguity of the band assignment is somewhat abandoned.
This is particularly evident in the assignment of resonance
phenomena in which a fundamental shows the highest
contribution to an energy expectation value because, formally,
the band is assigned according to the configuration that shows
the highest contribution. In the case of these resonances,
however, an assignment as a fundamental would not be
applicable, as only one energy expectation value can be
assigned to a configuration at a time. We circumvent this
problem by using the set of configurations as notation and
visualizing their respective contributions as Sankey plots (cf.
Figures in the SI).

It should be noted here that we did not achieve a complete
assignment of the VCI calculated transitions in the experimental
spectrum, as some bands of the single molecules were not
observed, while others probably arose from either dimers and
clusters or from effects not included in the present VSCF/VCI
approach (e.g., proton tunneling). Especially fundamentals
below 700 cm� 1 remain unassigned as the mid-IR experiments
by Bernard et al. did not cover those low-frequency areas. This
region remains to be investigated in future far-IR experiments.
However, we were able to newly assign 12 bands of 3 different
carbonic acid species (cc-H2CO3, ct-H2CO3 and cc-D2CO3) without
deviating significantly from the experiment and without relying
on empirical scaling factors.

This study demonstrates the benefits of combining MI–IR
spectroscopy and VCI-calculated anharmonic theoretical spec-
troscopy, further reinforcing the strategy that Dinu et al. have
already shown in previous work:[37] Experimental observation
hand-in-hand with theoretical predictions work towards the
best possible result with less susceptibility to error. Thus, we
confidently provide accurate reference data for the vibrational
spectrum of carbonic acid. The interstellar existence of carbonic
acid is currently being investigated through spectroscopy.[9]

Missions like the James Webb Space Telescope can help to
show further its existence, but only if sufficiently accurate
reference data are available.[10]

Experimental Methods
The matrix-isolation infrared experiments investigated here have
been carried out by Jürgen Bernard during his doctoral thesis and
partially published in 2012.[38] His PhD supervisor, Thomas Loerting,
provided the data. Everything considering the experimental prepa-
ration and execution is according to his work.

The preparation of carbonic acid followed a reaction path similar to
the one introduced by Hage, Hallbrucker, and Mayer in 1993. A

glassy potassium bicarbonate layer was placed on a CsI window at
80 K. Then, a second layer of glassy hydrochloric acid was placed
onto the first bicarbonate layer. To start the protonation of the
bicarbonate layer, the CsI-window was heated to 180 K. To ensure
that the reaction takes place, the whole reaction was observed with
a Varian Excalibur IR spectrometer. With a change in the peak
pattern in the OH-stretching region, the time-dependent reaction
progress could be visibly followed. H2CO3 is formed at the start of
the reaction and the water is then removed by heating to 210 K.
The freshly prepared crystalline carbonic acid was placed into a
liquid nitrogen-cooled (77 K) dewar.

Since, at that time, it was not possible to record the matrix-
isolation IR spectra at the University of Innsbruck, Jürgen Bernard
transported the dewar with the crystalline carbonic acid via train
to the laboratory of Hinrich Grothe at the TU Wien. The setup in
Vienna was mounted with a UHV Kryostat, allowing for measure-
ments at temperatures around 6 K.[68] A special vacuum load-lock
was built to transfer the solid carbonic acid. Inside is a liquid
nitrogen-cooled mobile slide with which the sample was trans-
ported on the sample holder into the UHV system. The thin layer
of hexagonal ice that crystallized during the transfer was
removed there. The carbonic acid sample was then sublimated at
210 K and mixed with respective host gas (argon) with a guest-
to-host ratio of approximately 1 : 1000 and deposed on a
rotatable gold mirror at a 6 cm distance from the CsI window at
6 K and ultra-high vacuum. The matrix-isolated carbonic acid was
then measured with an IR beam.

To ensure that during the transfer and the measurement, no
significant contamination or decomposition of the carbonic
acid took place, the host material was evaporated at 75 K after
the matrix-isolation experiment, and the resulting solid-state IR
spectrum was compared to the original solid-state spectrum of
the crystalline carbonic acid that was recorded upon prepara-
tion.

Computational Methods

All calculations in this work were carried out with the Molpro
package 2022.1.[69,70] The geometry optimizations were calculated at
the explicitly correlated coupled-cluster theory, considering single,
double, and pertubational triple excitations of the cluster operator
(CCSD(T)-F12).[71] We used an optimized Dunning basis set (cc-
pVTZ� F12)[72] that uses three contracted Gaussian functions per
orbital, spanning a total of 22 orbitals (4 outer core orbitals and 18
valence orbitals) and 248 contractions (53 per non-hydrogen atom,
and 16 per hydrogen atom). A reference wavefunction is needed to
construct the multi-electron wavefunctions from an exponential
approach of the cluster operator. Therefore, a restricted Hartree-
Fock calculation was performed with a cc-pVTZ� F12 basis set in the
first step. Determining the harmonic frequencies and the normal
coordinates needed for constructing the potential energy surface
(PES) was calculated at the same level of theory, i. e., CCSD(T)-F12/
cc-pVTZ� F12.

The construction of the multi-mode potential energy surface (PES)
was carried out with a multilevel approach.[73–77] Here again, the
same level of theory as before was used for the 1D and 2D coupling
terms. And the CCSD(T)-F12/cc-pVDZ level of theory was used for
the 3D and 4D coupling terms. The PES is represented along each
normal coordinate through 16 equidistant grid points, with the grid
size automatically adopted by scaling and shifting.[73] As a starting
point for the following vibrational self-consisting field (VSCF)
calculation, the PES was transformed from the grid representation
into a polynomial representation with polynomials up to the eighth
order. For solving the state-specific VSCF calculation, 18 distributed
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Gaussian functions were used. The wavefunctions obtained from
the VSCF calculations are the starting point for the vibrational
configuration interaction calculations. In the calculation, the VCI
space is spanned up to five-fold simultaneous excitations, wherein
the total count of all excitations must not exceed 15, and the total
count of a single excitation must not exceed 5. The VCI calculations
not only consider the fundamentals but also combinations and
overtones.[49,73,78–81]
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