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ABSTRACT: Two theoretical structural motifs are proposed to

match two experimental solid carbonic acid UV spectra from

previous literature (Astron. Astrophys. 2021, 646, A172): a linear === — == 1, e
ribbon structure as a single octamer and nonplanar orientations of ey o L, e g
carbonic acid clusters. The latter have some contribution from >
approximated amorphous solid carbonic acid in the form of 40
different clusters of 8 carbonic acid molecules ensemble-averaged
together, but unoptimized pairs of optimized dimers oriented
perpendicular to one another give the strongest intensities of lower
energy UV transitions. The linear ribbon structure’s predicted
spectrum computed with CAM-B3LYP/6-311G(d,p) agrees well
with Experimental Solid B—the f-carbonic acid experimental data
in the UV region. Meanwhile, the 40 amorphous clusters are built
with a randomization script, and the electronically excited states are calculated with both CAM-B3LYP/6-311G(d,p) and @B97XD/
6-311G(d,p). The resulting theoretical spectrum is constructed by employing a Boltzmann distribution of the intensities and
artificially broadening the simulated spectra. The nonplanar dimer pairs are computed with CAM-B3LYP and B3LYP with the 6-
311G(d,p) basis set. The results of the amorphous simulation weakly correspond with the Experimental Solid A spectrum, but the
fully nonplanar motif matches the experiment much more convincingly. As a result, the previous work appears to have observed the
traditional crystalline phase of solid carbonic acid in Experimental Solid B, whereas the nonplanar orientations of the carbonic acids
in the clusters appear to correlate with Experimental Solid A. This spectral classification will aid in future laboratory work exploring
the role that carbonic acid can play in low temperature, low pressure desorbed environments with potential application to
astrochemistry.
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B INTRODUCTION

Carbonic acid is believed to exist in various terrestrial
environments performing a wide range of functions associated
with biology and geology. In a biological context, carbonic acid
is believed to serve as a vital component for physiological
processes as a weak acid transporting carbon dioxide through
the circulatory system.' Geologically, carbonic acid is essential
in the carbon cycle”® and is hypothesized to be key to the
formation of carbonate minerals as the starting material for the
ultimate carbon trioxide moiety.”> Although carbonic acid is
likely essential for various chemical processes on Earth, no
detection of the molecule exists in extraterrestrial environ-
ments, and by extension, other key, potential functions of
carbonic acid throughout the universe are still unknown.
Even though carbonic acid has not been detected in the
interstellar medium (ISM) nor the Solar System, previous
work has demonstrated that carbonic acid may form through
the irradiation of H,0—CO, ices with ultraviolet (UV) Iight
matching numerous interstellar environmental conditions.”””
With the high amounts of H,O and CO, ices throughout the
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Solar System and ISM, the formation of carbonic acid seems
quite likely; still, no detection has been confirmed.'*~1¢
Therefore, infrared (IR) investigations into identifying
carbonic acid have looked for it in various astronomical
sources.'”'® However, because carbonic acid has many
overlapping vibrational frequencies with other more abundant
species in the solid phase,” detection in the Solar System
through IR spectroscopy is a challenge leading investigations to
favor the UV region. To this end, recent laboratory
experimental work has produced solid carbonic acid UV
spectra for what has been dubbed Experimental Solid A with
unknown structure and its counterpart Experimental Solid B,
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Figure 1. (a) Computed VUV spectra for the carbonic acid ribbon octamer compared to experimental data for Experimental Solid B for H,CO,

from ref 8. (b) Ribbon octamer.

which is believed to correspond to the known f-carbonic acid
polymorph.®

Overall, three polymorphs have been proposed for the solid
structures of carbonic acid, but only pf-carbonic acid is
confirmed to exist.”'”*° Early research into solid phase
carbonic acid had shown support for a-carbonic acid and f-
carbonic acid through the formation under acid—base reactions
conducted at low temperatures.”’ However, the formation of
a-carbonic acid relies upon the usage of a methanolic solution
that actually produces the monomethyl ester of carbonic acid
(CH;0CO,H), as shown through comparing matrix-isolation
IR spectra of both a-carbonic acid and monomethyl
ester.'”>>7*° Meanwhile, f-carbonic acid can be produced
from the irradiation of CO,:H,0O ice mixtures raised to the
temperature of 220 K.%*

Previous computational work has demonstrated that the
lowest energy isomer of the carbonic acid monomers is the syn-
syn conformation with the hydrogens both pointing toward the
ketone oxygen—a unit of S-carbonic acid.””*” This monomer
is followed closely in relative energy by the syn-anti
conformational isomer at 0.08 eV higher in energy. The anti-
anti conformational isomer is substantially higher in energy at
049 eV higher than the syn-syn isomer.””*® Furthermore,
computational and experimental investigations into the p-
carbonic acid polymorph support the idea that the structure is
composed of syn-syn carbonic acid monomers linked together
in a ribbon structure.””*”~*’ In the UV region, f-carbonic acid
is characterized by a single major peak at 8.92 eV (139 nm).®
Finally, another carbonic acid solid has appeared in literature
through the formation of carbonic acid through a radical
reaction between CO and OH in a watery environment at low
temperatures (10—40 K).'***° The defining feature for this
form of carbonic acid (Experimental Solid A) comes from a
minor peak at approximately 6.2 eV (200 nm) on the shoulder
of the 8.92 eV feature; however, theoretical work has yet to
describe the carbonic acid structure responsible for this peak in
the UV region. The present work aims to achieve this.

Simultaneously, a new procedure leveraging quantum
mechanics and statistical mechanics has been able to generate
UV spectra for amorphous water, ammonia, and carbon
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dioxide in agreement with experiment with a mean absolute
error of 3.3% for CAM-B3LYP/6-311G(d,p).”' Such a
procedure is related to ongoing research in polymolecular
quantum chemistry,”>* and this represents an extension to
amorphous solids of astrophysical application.””*" Therefore,
the present work will utilize this procedure to analyze
amorphous carbonic acid clusters” UV spectra to potentially
characterize the unknown carbonic acid structure observed in
Experimental Solid A.® Additionally, the ribbon structure is
investigated further with respect to the Experimental Solid B
spectrum, and a new twisted motif for pairs of dimers is also
explored to see its relevance to either case. A helical motif of
optimized carbonic acid clusters has also been reported
recently,” but its role in the observed spectra has yet to be
determined. These combined analyses will be able to provide
novel insights into the UV spectrum of carbonic acid in the
solid phase where its presence in simulated extraterrestrial ices
may yet be confirmed.

B COMPUTATIONAL METHODS

Amorphous carbonic acid is simulated by generating 40
randomized clusters.”’ Each cluster consists of 8 carbonic acid
molecules composed of the two lowest energy conformational
isomers of the monomer. Previous work has shown that 8
carbonic acid molecules are enough to achieve convergence in
the spectra,”® and the same number produces similar behavior
in related carbon dioxide clusters.”’ Although 30 clusters are
composed of the lowest energy syn-syn carbonic acid
monomers, S clusters are built from the second lowest
conformational isomer, syn-anti monomers, and the remaining
S clusters are a mixture of syn-syn and syn-anti monomers.
Incorporating some of the syn-anti monomers provides a more
complete sampling of the amorphous structure. Then, each
cluster is optimized with wB97-XD/6-31G(d)**7*° with
Gaussian16°” with the energies stored for use in the Boltzmann
distribution. Next, the optimized cluster structures are used to
calculate the electronically excited states with time-dependent
density functional theory (TD-DFT) via the CAM-
B3LYP,***' B3LYP, and wB97-XD** methods conjoined to
the 6-311G(d,p) basis set’>*° for 25 excited states, because 25
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Figure 2. (a) Computed VUV spectra for 40 clusters of 8 carbonic acid molecules compared with experiment from ref 8. (b) Lowest energy cluster

depicted from the 40 used to build the spectrum.

states cover the main features observed in the experimental
spectra. To predict the spectrum of a larger, bulk amorphous
solid, each isomer’s excited states’ oscillator strengths are
scaled by a Boltzmann factor. This factor is produced for each
cluster from relative energies to mimic the relative abundances
of each cluster’s contribution in an amorphous solid ice. By
approximation of all the binding energy turning into the
thermal energy, the temperature for calculating the Boltzmann
factor comes from the binding energy of the lowest energy
dimer (0.80 eV),* yielding 9259 K. The full set of scaled
excitations are input into a Gaussian line shape procedure with
a full width at half-maximum height of 0.5 eV, which constructs
a normalized artificial UV spectrum. Again, a similar procedure
has been shown to reproduce the UV experimental spectrum of
amorphous ammonia, carbon dioxide, and water in a
semiquantitative fashion such that unique interpretation of
the experimental results based on the theoretical results is
possible.

The linear octamer ribbon structure is the extended
structure from previous work that appears to correspond
with p-carbonic acid.***” This octamer is optimized with
®wB97-XD/6-31G(d), and the electronically excited states are
calculated with CAM-B3LYP/6-311G(d,p) with 1S states and
B3LYP/6-311G(d,p) with 100 states. The number of excited
states are increased to reach approximately 9.5 eV to compare
more appropriately with experiment. The perpendicular motif
composed of unoptimized pairs of optimized dimers where the
dihedral angles of pairs of ribbin dimers are now at roughly
90°. These structures are computed with 40 electronic states
from CAM-B3LYP/6-311G(d,p) and @B97-XD/6-311G(d,p)
as well as B3LYP/6-311G(d,p) with 80 states. All of the
simulated carbonic acid clusters results are compared with
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experimental data on what is reported to be solid carbonic acid
from previous work presented in Figure 6 of Ioppolo et al.*

B RESULTS AND DISCUSSION

The UV spectrum for the linear octamer ribbon structure is
depicted against the experimental solid B in Figure 1.° The
Experimental Solid B plot comes from work done by Ioppolo
et al. in which solid carbonic acid is formed at 80 K, annealed
to 225 K and cooled to 80 K. The computed electronically
excited states with CAM-B3LYP show high qualitative and
even quantitative agreement through having a single major
peak at 8.90 eV, which is notably close to the experimental
value of 8.92 eV (139 nm).”””” This supports previous claims
that the ribbon structure corresponds too Experimental Solid B
and, by extension, f-carbonic acid through spectral agreement
in the UV region.

The 40 carbonic acid clusters simulating an amorphous solid
produce the UV spectrum in Figure 2 with two major peaks for
both CAM-B3LYP and wB97XD. The relative energies for
these clusters are contained in the Supporting Information.
These depictions qualitatively match Experimental Solid A.°
The Experimental Solid A plot also comes from work done by
Ioppolo et al. in which solid carbonic acid is formed at 20 K,
annealed to 225 K, and cooled to 20 K. CAM-B3LYP and
®B97XD both depict the largest peak around 9 eV (9.07 and
9.17, respectively) corresponding to the dominant experimen-
tal peak at 8.92 eV.® The source of this excitation is from a
nonbonding molecular orbital (MO) into a z* MO in the
external carbonic acid molecules. This is the same feature as
that present in the linear, ribbon structure discussed above.

The UV spectrum for Experimental Solid A differs from
Experimental Solid B by having an additional peak at 6.27 eV
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Figure 3. (a) Computed VUV spectra for the perpendicular tetramer of carbonic acid compared with experiment from ref 8. (b) Structure of the

perpendicular tetramer.
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Figure 4. Computed VUV spectra of amorphous, helical, perpendicular, and ribbon carbonic acid clusters calculated with CAM-B3LYP (A) and

B3LYP (B) compared with Experimental Solid A and B results from ref 8.

(198 nm).” The computational spectrum for CAM-B3LYP and
@wB97XD for clusters of amorphous carbonic acid both predict
a secondary peak, as well, appearing at 7.38 and 7.41 eV,
respectively, coming from an excitation starting once again in a
nonbonding MO but promoting the electron into a ¢* MO.
This excitation is also present in the ribbon structure, but the
symmetry of the ribbon forces this excitation to have a zero
oscillator strength. The amorphous simulations have C,;
symmetry, which allows these excitations to produce nonzero
(albeit still relatively small) oscillator strengths for these lower
energy excitations. Only semiquantitative agreement exists
between the amorphous solid and the Experimental Solid A
because the computed excitations are approximately 1 eV
away. From previous benchmarking on clusters with 8
molecules and CAM-B3LYP/6-311G(d,p), the amorphous
spectra predictions for water, ammonia, and carbon dioxide are
off from experiment by 0.51, 0.32, and 0.24 eV, respectively.31
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Though such a shift could put the amorphous style clusters
more in line with the experiments, such would still likely fall
short. However, the amorphous clusters do provide a possible
clue as to the origins of lower energy feature in their nonzero
oscillator strength n — ¢ transitions.

Figure 3 provides an additional possibility for the cause of
the secondary UV feature in the 5.5-7.3 eV range:
perpendicular clusters. In a test of various tetramers composed
of unoptimized pairs of optimized dimers, the near-
perpendicular orientation of the two dimer pairs maximizes
signal from the n — o transitions. Although the oscillator
strengths of the individual excited states are on the order of
107" or less, these are orders of magnitude more than the n —
o* oscillator strengths in the amorphous clusters, and there are
numerous excitations from the perpendicular dimers in this
energy regime. These constructively add together to give the
spectrum in Figure 3. Interestingly, the B3LYP perpendicular
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tetramer computations nearly perfectly match the Experimen-
tal Solid A spectrum. The CAM-B3LYP and wB97-XD
computations are much more consistent with one another
and predict the secondary peak to be at a similar energy as the
secondary peak from the computed UV spectrum of the
amorphous cluster. However, these two functionals have the
major peak higher in energy than the experimental major peak
and also showcase that the secondary peak is roughly 3 eV less
than the main peak is present as is exhibited in Experimental
Solid A. As a result, if CAM-B3LYP is overestimating the
excitation energy and B3LYP is closer to physical reality, then
the present, secondary peak likely arises from this perpendic-
ular arrangement of carbonic acid molecules. Although these
pairs of dimers ultimately optimize to the ribbon structure
when left to minimize,”’ this perpendicular motif may be
present in the carbonic acid observed experimentally at any
given time in enough concentration to produce the secondary,
red-shifted UV peak in Experimental Solid A.

Figure 4 brings together the best theoretical data with the
experimental data from ref 8 to display the unique differences
between the forms of carbonic acid experimentally produced
and those computationally analyzed with both B3LYP and
CAM-B3LYP. Though both the ribbon and amorphous
structures have a major peak at approximately 9 eV for both
levels of theory, the lack of symmetry in the amorphous and
helical® clusters allows the nonbonding to ¢* excitation to
exhibit some oscillator strength that the C,, and C,, ribbon
structures forbid. This continues to a much greater extent in
the perpendicular motif. The lower energy UV feature for
Experimental Solid A is likely the result of n — ¢* transitions
for nonplanar carbonic acid clusters. The optimized
amorphous clusters begin to show this property, and this is
even exposed in the helix form discussed previously.”’
However, the oscillator strengths of these transitions appear
to be somewhat maximized once the dimers are oriented
perpendicular to one another. The functionals examined here
provide differing energies for the major peak, but both show
that the perpendicular tetramer is still the only one that has
notable spectral features lower in energy than the major peak.

B CONCLUSIONS

The UV spectrum for carbonic acid appears to have two
competing characterizations, split into Experimental Solid A
and B. Computationally, the linear octamer ribbon structure
matches the Experimental Solid B, further strengthening the
claim that the ribbon is responsible for the f-carbonic acid
polymorph. Meanwhile, Experimental Solid A is characterized
by having two major peaks with the smaller peak arising on the
lower energy side, which maps to the computationally
predicted spectrum of carbonic acid clusters with molecules
oriented out of the plane from one another. Though the
currently computed amorphous and the previously computed
helical clusters demonstrate this behavior to some extent,”® the
perpendicular pairs of optimized dimers clearly showcase the
relatively strong transitions in the needed 5.5—7.3 eV range.
Hence, this perpendicular orientation motif is likely present in
the Experimental Solid A reported in ref 8. As a result, the
lower temperature (20 K), Experimental Solid A irradiation
appears to contain the nonplanar motif, whereas the higher
temperature (80 K) irradiation does not. The lower temper-
atures appear to conserve the nonplanar motif of the carbonic
acid whereas the higher temperature environment does not
allow for its production. The exact form of the carbonic acid in
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Experimental Solid A is still unclear and will be pursued in
future work, but the nonplanarity of the clusters in a near-
perpendicular arrangement is seemingly required for the
spectra associated with Experimental Solid A.
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