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ABSTRACT: Crystallization of carbonic acid likely begins with a
linear or ribbon-esque oligomerization, but a helical spiral is shown
here to be a new, competing motif for this process. The present
combined density functional theory and coupled-cluster theory work
examines both the ribbon and the new helical spiral motifs in terms of
relative energies, sequential binding energies, and electronic spectra
which could potentially aid in distinguishing between the two forms.
The helix diverges in energy from the ribbon by roughly 0.2 eV (∼4
kcal/mol) per dimer addition, but the largest intensity absorption
features at 9.16 eV (135 nm) and 7.11 eV (175 nm), respective of the
ribbon and spiral, will allow these to be separately observed and
classified via electronic spectroscopy to determine more conclusively
which motif holds in the earliest formation stages of solid carbonic
acid.

■ INTRODUCTION

Carbonic acid is a simple organic molecule examined for
numerous applications, but even such a simple, well-studied
system can still have surprising properties. From its association
with ocean acidification and CO2 transport in blood, carbonic
acid is prevalent on earth. However, it also plays roles in
extraterrestrial environments, such as potentially on the surface
of Mars with implications for both organic and inorganic
chemistry.1 Within the vacuum of space, carbonic acid may
exist as ice especially since both CO2 and water ices (as well as
their mixture) are well-known,2−5 but it has yet to be directly
observed beyond the Earth.
Experimentally, trace amounts of carbonic acid have been

produced through the irradiation of H2O and CO2 ice (1:1)
after slow warming from 20 K and identified through infrared
spectroscopy at 215 K simulating various astrochemical
conditions.6 Solid carbonic acid has also been produced
through acid−base reactions between HBr and KHCO3 under
vacuum at low temperature.7 Ultimately, carbonic acid has
been shown to form readily through ionizing radiation and
vacuum−UV light on H2O + CO2 ice.

8 As noted by Peeters
and co-workers, both H2O and CO2 have been found in the
outer Solar System on satellites orbiting Jupiter, Saturn,
Uranus, and Neptune.7 These environments have radiation
which can enable the formation of carbonic acid. However,
detection of carbonic acid has yet remained elusive implying
that any possible observations of this material might require it
to exist in a solid, ice phase or as small clusters in the gas phase.
If it exists in space, solid carbonic acid is almost certainly in

some largely, amorphous solid phase under interstellar or

interplanetary conditions. However, smaller clusters may
nucleate in motifs similar to bulk solids closer to STP.
Carbonic acid was thought to reside in one of two solid phases,
α and β, with the latter having received much more analytical
scrutiny. The β phase was thought to produce macroscopic
tendrils when observed via microscopy, whereas the α phase
produced clumps of material.9−11 However, recent work with
more advanced experimental techniques has shown that α-
carbonic acid is actually the monomethyl ester of carbonic acid
and is not a polymorph negating the need for any further
analysis of the α phase.12 Even so, efforts to describe β-
carbonic acid computationally have been successful in
correlating with experiments for infrared and Raman spectra
of a linear octamer.13 Attempts to construct a crystal structure
through molecular dynamic methods suggest that the crystals
with “sheet-like hydrogen bonding topologies” are among the
most stable.14

However, experimental characterization for nucleating solids
from clusters of carbonic acid may require other spectroscopies
that are more sensitive to structure than infrared or Raman
techniques. Therefore, an exploration into the ultraviolet and
visible spectra of small clusters of carbonic acid may provide
more options for detecting carbonic acid and its isomers in
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outer Solar System environments and beyond. The present
work will provide structural and electronic spectral character-
ization for associations of carbonic acid clusters.

■ METHODS AND COMPUTATIONAL DETAILS

The present study focuses on computing the lowest energy
structures for n-mers of carbonic acid for n = 1 − 6 with
selected higher n values. Additionally, excited states for the
carbonic acid monomer, dimer, and some higher clusters of
carbonic acid will also be explored. The geometry optimiza-
tions, energies, and harmonic zero-point vibrational energy
corrections for the carbonic acid molecules are determined
primarily by the ωB97XD method with its long-range
functionality15,16 and the 6-31+G* basis set17−20 both
computed through Gaussian16.21 This method and basis set
are standard for computing clusters of molecules where
intermolecular forces between molecules are necessary, like
that for carbonic acid here, and ωB97XD captures both short-
range and long-range interactions more accurately than
B3LYP.22

After optimizing the geometries, excited states are computed
using time-dependent density functional theory (TD-
DFT)23,24 with the B3LYP method25−27 and 6-311G*28

basis set through Gaussian09. A more accurate calculation
for excited states is accomplished for some clusters as noted in
the discussion through equation-of-motion coupled-cluster
theory at the singles and doubles level (EOM-CCSD)29−31 run
through Molpro32 and the aug-cc-pVDZ basis set.33,34

Although B3LYP is perceived not to be as systematically
accurate as EOM-CCSD, B3LYP provides a less computation-
ally expensive calculation for the larger carbonic acid systems.
The present purpose is to determine excitation behavior
changes as the structures become larger. Therefore, EOM-
CCSD is used as a benchmark calculation on the monomer,
dimer, and tetramer structures to indicate a subsequent energy
value shift on the energies generated by the TD-DFT/B3LYP
computations. The excited-state calculations provide spectral
information for the isomers and increasing cluster sizes. The
Kohn−Sham orbitals and molecular orbitals (MO) are plotted
in the figures present in the next section, respectively, for the
TD-DFT and EOM-CCSD calculations with the 6-311G*and
aug-cc-pVDZ basis sets, respectively. These orbitals are
investigated to examine the behavior of excitations within a
series of increasing monomer units with the aim to establish a
link between small carbonic acid systems and extrapolating to
approximate bulk behavior.

■ RESULTS AND DISCUSSION

Structures. The relative carbonic acid monomer energies
are shown in Figure 1 with the most stable structure depicted
on the far left. The syn−syn carbonic acid monomer (0.00 eV)

is the lowest energy structure followed by the syn−anti (+0.08
eV, in line with previous computational results9,35) and then
the anti−anti (+0.49 eV), according to the ω B97XD/6-
31+G*. The syn−syn molecules have H−O−C syn angles that
are 108.9° with the C−O, CO, and O−H bonds being
1.333, 1.209, and 0.965 Å, respectively. The syn−anti molecule
has one H−O−C syn angle at 107.4° with the associated C−O
bond being 1.351 Å. The other H−O−C trans angle is 110°
and has C−O and CO bond distances of 1.333, and 1.199 Å.
The anti−anti has two H−O−C down angles at 114.476° with
the C−O, CO, and O−H bond lengths of 1.352, 1.192, and
0.962 Å, respectively. These relative energies vary by less than
0.02 eV compared with QCISD(T)/6-311++G**results from
previous research by Zapata-Escobar et al.36 implying that the
present approach is fitting for analysis of larger clusters.
For dimers, the two syn−syn molecules engaging in

hydrogen bonding have the lowest relative energy also in
line with previous work.35 This strong connection is due to two
hydrogen bonds forming a hexagonal ring, while outside
hydrogens remain in the syn position. Additionally, the
molecules both lie flat on the same xy-plane due to the
trigonal planar sp2-hybridized carbon in the center of each
molecule. One can compare the two syn−anti molecules, D3
and D4 from Figure 2, to show that hydrogen bonding with
one H−O−C syn hydrogen is more energetically favorable
than having both H−O−C anti hydrogens engaged in making
the two hydrogen bonds. These observations support the syn
position as the lowest energy form for hydrogen and ketone.
Ultimately, the structures containing the anti−anti motif are all
relatively high in energy.
The lowest relative energy for the trimer is a syn−syn

molecule adding onto the D1 structure in Figure 2, which is
the beginning of a ribbon structure. This ribbon structure is
extended with more syn−syn molecules. At three molecules,
three-dimensional isomers begin to arise; however, these are all
higher in energy than the ribbon structure. Comparing the
energies of Tri1, Tri2, and Tri3 in Figure 3, the cost of a syn−

Figure 1. Monomer isomers with the relative energy in eV increasing
from left to right.

Figure 2. Dimer isomers explored in this work with the relative
energy in eV increasing from left to right.

Figure 3. Trimer isomers with the relative energy in eV.
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anti molecule at the end of the ribbon is about 0.5 eV. When
the anti−anti trimer completes a circuit as in Tri7, it becomes
more stable compared to Tri3, albeit higher in intermolecular
angular strain, since the hydrogens are all engaging in hydrogen
bonding. This example highlights a pattern that when more
hydrogens are unable to engage in hydrogen bonding, the
relative energy increases significantly. Therefore, although the

three-dimensional structures are higher in relative energy;
these structures might become more favorable in a solid

Figure 4. Stacked ribbon and spiral geometries.

Figure 5. Relative energy (eV) between the ribbon and spiral
structures according to ωB97XD/6-31+G*.

Figure 6. Binding energies for the spiral and ribbon with adding
dimers.

Table 1. Excited-State Data (eV) for the syn−syn Monomer

EOM-CCSD/aug-
cc-pVDZ

B3LYP/6-
311G(d,p)

excited
state

exc.
energy f

exc.
energy f

energy
difference

1 A1
1 8.49 0.017 8.42 0.004 0.07

2 A1
1 9.28 0.222 9.70 0.165 −0.42

1 B1
1 8.15 0.001 8.19 0.001 −0.04

2 B1
1 10.10 0.053 9.99 0.016 0.11

1 B2
1 7.54 0.043 7.54 0.038 0.00

2 B2
1 9.72 0.001 10.05 0.161 −0.33

1 A2
1 7.22 0.000 7.04 0.000 0.18

Table 2. Excited-State Data (eV) for the Dimer

EOM-CCSD/aug-
cc-pVDZ

B3LYP/6-
311G(d,p)

excited
state

exc.
energy f

exc.
energy f

energy
difference

1 Ag
1 8.06 0.000 8.23 0.000 −0.17

2 Ag
1 8.74 0.000 8.75 0.000 −0.01

1 Au
1 7.58 0.001 8.35 0.000 −0.78

2 Au
1 8.46 0.001 8.69 0.001 −0.23

1 Bu
1 8.08 0.086 8.27 0.065 −0.19

2 Bu
1 9.11 0.303 9.57 0.322 −0.46

1 Bg
1 7.59 0.000 7.34 0.000 0.24

Table 3. Excited-State Data (eV) for the Ribbon Tetramer

EOM-CCSD/aug-
cc-pVDZ

B3LYP/6-
311G(d,p)

excited
state

exc.
energy f

exc.
energy f

energy
difference

1 Ag
1 8.14 0.000 8.31 0.000 −0.17

2 Ag
1 8.66 0.000 8.77 0.000 −0.11

1 Au
1 7.58 0.001 7.33 0.001 0.25

2 Au
1 7.93 0.000 8.26 0.000 −0.33

1 Bu
1 8.14 0.094 8.31 0.067 −0.17

2 Bu
1 8.76 0.031 9.51 0.073 −0.75

1 Bg
1 7.58 0.000 7.33 0.000 0.25
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structure where the noninteracting hydrogens on the outside
no longer cause an increase in relative energy from not
engaging in hydrogen bonding.
An exception to the syn−syn molecule being lower in energy

than the syn−anti is found when comparing Tri11 and Tri14.
These molecules engage in a similar pattern and exist in nearly

the same space when overlapped. However, the Tri11 structure
is about 0.75 eV lower in energy. In any case, as the ribbon
motif is maintained going to larger clusters (i.e., longer
ribbons) of carbonic acid dimers, the structures maintain C2h
symmetry.
Further exploration of larger systems with more syn−anti

and anti−anti molecules shows that the relative energies
increase when the system is not comprised solely of the syn−

Figure 7. Bu
1 excitation energy for ribbons at 8.3 eV.

Figure 8. Associated oscillator strength for the Bu
1 excited state for

ribbons at 8.3 eV.

Figure 9. Molecular orbitals for the dimer and tetramer Bu
1 excitation around 8.3 eV are depicted here.

Figure 10. Bu
2 excitation energy for ribbons at 9.6 eV.

Figure 11. Associated oscillator strength for the Bu
2 excited state for

ribbons at 9.6 eV.
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syn molecules. The supplemental information contains more
isomers and relative energy figures for the tetramer and larger.
From the dimer to dodecamer, syn−syn forms are the lowest
relative energy, with the ensuing ribbon structure being the
lowest isomeric form, until stacking two hexamer ribbons. The
stacking of ribbons can be seen in Figure 4 and is the three-
dimensional form of the ribbon structure. When stacking the
ribbons, the tips of a ribbon bend toward the tips of the other
ribbon, for example, the ribbon image of 12 molecules in
Figure 4. Oxygens are puckering in an attempt to hydrogen

bond with hydrogens present that lack a hydrogen bond
interaction, and this is likely only an artifact of the present
computations. The centers of the ribbons keep a distance of
about 3.0 Å.
Another viable, three-dimensional syn−syn isomer is the

spiral. The structure contains the most favorable syn−syn
dimer, like the ribbon; however, instead of extending in one
dimension, dimers engage in hydrogen bonding from the side.
The spiral requires a minimum of four carbonic acid molecules
in a slipped position with one rotated out of the plane by 40.4°,
as shown in Figure 4. It maintains C2 symmetry even as more
dimers are added to the cluster in this motif. The spiral
structure is inspired by Candidate V from previous work by
Reddy et al.;14 however, the geometry optimizations in the
present study on such a molecular motif settled upon the
ribbon structure. One complete spiral of the helix requires
seven dimers14 carbonic acid molecules.
These two main isomeric structures, the stacked ribbon and

spiral, comprised of only the syn−syn molecules and extending
in three dimensions are compared in relative energies and
binding energies in Figures 5 and 6. The ribbon and spiral
structures both have a strong hexagonal ring between adjacent
syn−syn molecules. Hence, both have the lowest energy dimer
formation within them, and the structures deviate from each
other by the location where more dimers are added.
Additionally, both the stacked ribbon and the spiral attempt
to minimize the number of hydrogens not engaging in
hydrogen bonding.
These two main isomeric structures, the stacked ribbon and

spiral, comprising of only the syn−syn molecules and extending
in three dimensions are compared in relative energies and
binding energies in Figures 5 and 6. The ribbon and spiral
structures both have the strong hexagonal ring between
adjacent syn−syn molecules. Hence, both have the lowest
energy dimer formation within them, and the structures deviate
from each other by the location where more dimers are added.
Additionally, both the stacked ribbon and the spiral attempt to
minimize the number of hydrogens not engaging in hydrogen
bonding. Comparing the relative energies of these two
structures in Figure 5 shows the ribbon structure as the
more favorable form since the consistent positive energy
increase indicates favorability toward the stacked ribbon
structure as the clusters become larger. Therefore, the binding
energies for the ribbon structure are expected to be lower than
that of the spiral.
From Figure 6, the stacked ribbon and spiral binding

energies behave differently. The ribbon’s binding energy
approaches a constant value around −0.75 eV for every

Figure 12. Molecular orbitals for the dimer and tetramer Bu
2 excitation around 9.6 eV are depicted here.

Figure 13. B1 excitation energy for spirals at 7.1 eV.

Figure 14. Associated oscillator strength for the B1 excited state for
spirals at 7.1 eV.
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dimer added past 6 total carbonic acid molecules in the cluster.
The spiral has two regions with a slight trend upwards
separated by a discrepancy at the decamer and dodecamer.
This discrepancy is the energy manifestation of the spiral helix
being one dimer away from making a complete circulation.
Ultimately, the stacked ribbon structure is more favorable in
energy than the spiral structure as the cluster grows in size
because the ribbon’s average binding energy is −0.71 eV, while
the spiral’s average binding energy is −0.70 eV. Consequently,
the ribbon will decrease in energy at a faster rate than the spiral
when extending the size of the cluster.

Excitation Energies. Ribbon Excitation Energies. The
electronic excitations for carbonic acid clusters of both ribbon
and spiral motifs are calculated and their molecular orbitals
plotted to aid in characterizing how the excitation energies
shift as the cluster sizes increase toward the bulk. Additionally,
the energies between the EOM-CCSD/aug-cc-pVDZ and the
B3LYP/6-311G(d,p) excited-state calculations are compared
through tables and spectral graphs of the ribbon monomer,
dimer, tetramer, and spiral tetramer resulting in a mean
absolute difference of 0.18 eV.
The syn−syn monomer has an excited state at 9.28 eV with

the highest oscillator strength ( f) of 0.22 (Table 1). This f
value is much larger than the other noticeable excitations at
10.10 eV with an f of 0.053 and at 7.54 eV with an f of 0.043.
The B3LYP/6-311G(d,p) and EOM-CCSD/aug-cc-pVDZ
calculations vary by about ±0.5 eV with the EOM-CCSD
calculation likely providing a more accurate number.37 For
instance, EOM-CCSD computes the second 1 A1

1 to be 9.28
eV, while B3LYP is 9.70 eV with a −0.42 eV difference.
Next, Table 2 shows the excited states for the most stable

dimer from Figure 2. The most noticeable excited states are
both Bu

1 with the EOM-CCSD energies of 8.08 and 9.11 eV
with the respective oscillator strengths of 0.086 and 0.303.
These values differ from the B3LYP/6-311G(d,p) energies by
less than 0.5 eV with the lower energy value at 8.27 eV and the
higher energy point at 9.57 eV for TD-DFT computations. The
relatively large f value on the Bu

1 9.11 eV excitation likely
produces a detectable signal.
In Table 3, excited states for the lowest energy form of the

ribbon tetramer are displayed. Once again the EOM-CCSD/
aug-cc-pVDZ values for two of the Bu

1 excitations are around
the same energies as the TD-DFT excited states, although f
decreases. The lower energy value for the EOM-CCSD
calculation reports excitations at 8.14 and 8.76 eV with the
oscillator strengths of 0.093 and 0.031, respectively. These
relate to the B3LYP energies of 8.31 and 9.51 eV. From these
points, a trend is starting to emerge with the increase of the
ribbon’s size having negligible effects on excitation energies.
Figure S3 depicts this data visually on an absorption plot. Since
the systems start to become too costly to run EOM-CCSD/
aug-cc-pVDZ, the electronically excited states of larger ribbon
structures are calculated with only B3LYP/6-311G(d,p).
In Figure 7, the Bu

1 excitation energy for ribbon clusters
around 8.3 eV are displayed. Excluding the monomer,
excitation energies are approaching an asymptote at 8.37 eV,
while the oscillator strength stays approximately the same after
seven carbonic acid molecules are in the cluster, as shown in
Figure 8. However, to ensure that these excitations are the
same excitation throughout the polymers, the orbitals are

Figure 15. Molecular orbitals for the tetramer and octamer spiral structure B1 excitation are shown here.

Figure 16. B1 excitation energy for spirals at 8.1 eV.

Figure 17. Associated oscillator strength for the B1 excited state for
spirals at 8.1−8.2 eV.
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plotted in Figure 9. Comparing the highest contributors of the
dimer to ribbon tetramer excitations in Figure 9, the orbitals
are what would be expected for similar excitations in more
distributed systems. The most notable excited state for the
dimer is the Bu

1 state at 8.27 eV and is comprised of molecular
orbital (MO) contributions from an in-plane π orbital to a σ*
MO with a character of 0.52. These orbitals are the HOMO −
1 and the LUMO + 1. This behavior is mimicked in the ribbon
tetramer Bu

1 excitation at 8.31 eV from the HOMO − 1 and
the LUMO + 4; however, the in-plane π orbital is centralized
on the ending two carbonic acid molecules. This has a 0.49
character of the excited state making it the largest contributor.
Looking at the second-highest contributors, the dimer and
ribbon tetramer have another in-plane π to a σ* excitation.
However, the in-plane π orbital is distributed across all of the
molecules in the dimer and tetramer alike. This contribution
for dimer and ribbon tetramer is 0.49 and 0.46, respectively.
Overall, the energy difference between the dimer and tetramer
excitations is 0.04 eV and increases from the dimer to tetramer,
but these are the same type of excitation.
Then, the tetramer ribbon and the hexamer ribbon

excitation around 8.3 eV are compared. The tetramer
excitations described above are similar to the two, correspond-
ing Bu

1 excitations from the hexamer, with excitation energy
for the hexamer at 8.32 eV, a 0.01 eV increase. The
contributions are 0.48 for the HOMO − 3 to LUMO + 5
and 0.46 from the HOMO − 2 to the LUMO + 6. These
contributions are in very close agreement with the tetramer.
After analyzing the orbitals for the octamer and dodecamer as
well, Figure 7 is depicting the same type of excitation.
Figures 10−12 depict a similar analysis to the excited state

described above; however, the Bu
1 excitation around 9.6 eV for

ribbons is investigated. From Figure 10, extrapolation of the
points appears to give an asymptotic convergence to around
9.70 eV as the number of carbonic acids approaches the bulk.
Additionally, the oscillator strength seems to be dampening
toward a constant value between 0.2 and 0.3 as the system
becomes larger.
The molecular orbitals are displayed in Figure 12 to

determine if the excitations are similar. For the dimer Bu
1

excitation, the energy is 9.57 eV and is an out-of-plane, in-
phase π to out-of-plane, in-phase π* excitation. The dimer
excited state is the HOMO − 3 to LUMO + 1. This
description matches the highest contributor of the ribbon
tetramer’s Bu

1 excitation at 9.57 eV from HOMO − 7 to
LUMO + 1. The contributions from the dimer and tetramer
are 0.47 and 0.26. The second-highest contributors are out-of-
phase, out-of-plane π to out-of-phase, out-of-plane π* Bu

1

excitation. These contributions are 0.40 and 0.33. Therefore,
these two excitations are of the same type.
Moving on to the larger systems for comparison, the

hexamer has a Bu
1 excitation energy of 9.61 eV. The tetramer

HOMO − 7 to LUMO + 1 orbitals involved in the excitation
match that of the hexamer HOMO − 11 to LUMO + 1
orbitals and has a contribution of 0.13. Meanwhile, the
tetramer HOMO − 6 to LUMO + 3 excitation matches the
largest contributor of the hexamer of orbital 86 to 100
HOMO − 10 to LUMO + 3with the contribution of 0.24.
For this Bu

1 excitation, contributions from more orbitals
increase with the carbonic acid molecules present. Therefore,
although these contributions seem small, they are still the
largest contributors to the excitation. Overall, these Bu

1 excited
states are around the same energy with the addition of many
carbonic acid molecules.

Spiral Excitation Energies. Then, the spiral tetramer
structure has a B1 excited state with an energy and oscillator
strength of 7.36 eV and 0.001 for EOM-CCSD/aug-cc-pVDZ
and 7.13 eV and 0.001 for B3LYP/6-311G(D,p). These
energies differ by 0.23 eV. This is the only spiral oligomer that
has both EOM-CCSD/aug-cc-pVDZ and B3LYP/6-311G(d,p)
excitation energies due to the costs of the EOM-CCSD
calculation. The plotted molecular orbitals both have a large
contribution from an in-plane π to out-of-plane π* excitation.
For spiral excitations, Figures 13 and 14 plot the excitation

energy and f of the B1 excitation around 7.1 eV. Except for the
dip at 10 molecules, the spiral has an excitation that decreases
slowly to a value around 7.1 eV. The f starts very weak, but
increases slightly as the structure becomes larger.
The molecular orbitals in Figure 15 show that these

excitations are the same as the structure increases. The
major contributors are, again, both in-plane π to out-of-plane
π* excitation. For the tetramer, orbital excitations are from the
HOMO to LUMO + 4 with a 0.51 contribution and HOMO −
1 to LUMO + 5 with a contribution of 0.44. The larger
contributor’s excited state is from the HOMO to the LUMO +
4, and the second-highest contributor is the HOMO − 1 to the
LUMO + 5. For the octamer, major contributors are the
HOMO to the LUMO and the HOMO − 4 to LUMO + 6
both with the respective excitation characters of 0.32.
Finally, the last notable excitation in the spiral is around

8.1−8.2 eV. Figure 16 shows an upward trend in energy as the
structure increases in size; meanwhile, the f decreases as shown
in Figure 17. From Figure 18, the molecular orbitals that are
largely responsible for this excitation both start in an in-plane π
orbital and end in a σ* orbital; however, in both instances, the
phases are different. The tetramer larger contributor is from
orbital 64 to 67HOMO to the LUMO + 2with 0.45, while

Figure 18. Molecular orbitals for the tetramer and octamer spiral structure B1 excitation are shown here.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.1c02878
J. Phys. Chem. A 2021, 125, 4589−4597

4595

https://pubs.acs.org/doi/10.1021/acs.jpca.1c02878?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c02878?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c02878?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c02878?fig=fig18&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c02878?rel=cite-as&ref=PDF&jav=VoR


the second contributor is from orbital 62 to 68HOMO − 2
to LUMO + 3with 0.45 as well. Within the octamer, the
larger contributor that lines up with the tetramer is from
orbital 122 to 135HOMO − 6 to LUMO + 6with 0.38
and the second contributor is from orbital 121 to 136
HOMO − 7 to LUMO + 7with 0.38.

■ CONCLUSIONS
A new motif for the early clustering of carbonic acid
incorporates the lowest energy dimer into a spiral or helical
pattern. While this structural behavior is not the most
energetically favorable when compared to the ribbon (or
linear) motif, this novel arrangement of carbonic acid
molecules costs roughly only about 0.2 eV of energy for
each dimer unit added. Furthermore, the helical oligomeriza-
tion is chiral and would induce optical activity in any incident
light interacting with such material. This chirality combined
with the importance and ubiquity of the constituent water and
carbon dioxide molecules implies that the helical spiral motif of
carbonic acid may have implications for astrobiology and
origins of life studies, especially in evaporation studies of
photoprocessed astrophysical ices. Laboratory differentiation
of these motifs is likely straightforward with the helical spiral
structure absorbing at lower UV energies (<8.1 eV) and the
linear, ribbon form absorbing at higher energies (>8.1 eV).
Ultimately, these data should assist in detecting small clusters
of carbonic acid as they begin to nucleate in various extended
systems.
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