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Abstract: The production of complex molecules in ammonia—carbon dioxide ices is presumed to
pass through species of formula HsN:CO: with further addition of ammonia and carbon dioxide.
One possible landmark, carbamic acid, H-NCOOH, has been implicated among the products of
warming and irradiation of such ices. Experimental study of the IR spectra of residues has
suggested the presence of related species, including weakly bound 1:1 and 2:1 complexes of
ammonia with carbon dioxide, zwitterionic carbamic acid, ammonium carbamate, and the dimer of
carbamic acid. We computed the energetics and vibrational spectra of these species as well as the
complex between ammonia and carbamic acid for gas and condensed phases. By means of a new
spectrum-matching scoring between computed and observed vibrational spectra, we infer species
that are most probably present. The leading candidates are ammonium carbamate, the carbamic
acid—ammonia complex, and the carbamic acid dimer.

Keywords: prebiotic chemistry; carbamic acid; carbon dioxide-ammonia ices; infrared spectra;
anharmonicity

1. Experimental Evidence for Carbamic Acid

The evolution of complex and perhaps biologically relevant molecules from the simple
molecules well established to exist in the interstellar medium is a central issue in astrochemistry [1].
Among the species of small molecules containing C, H, N, and O that may be formed on grains in
ices are variants of carbamic acid, H-NCOOH. Such species can be precursors of biologically
significant species including amino acids. Existence of a T-shaped 1:1 complex of ammonia with
carbon dioxide was inferred from molecular beam studies by Fraser et al. [2]. Terlouw and Schwarz
[3] showed by mass spectrometric means that carbamic acid could be produced in the gas phase.
Frasco [4] and Hisatsune [5] inferred from IR spectroscopy of the residue from VUV-irradiated and
warmed ammonia—carbon dioxide ices that ammonium carbamate NHa(+)H-NCOO(-) is formed in
the solid. Chen et al. [6] irradiated ammonia—carbon dioxide-water ice with 4-20 eV photons, and
monitored the 250 K residue by IR. They assigned certain features of the spectra to non-zwitterionic
H>NCOOH.

Bossa et al. [7] interpreted the IR spectrum of low-temperature ammonia—carbon dioxide ices as
suggesting the presence of the 1:1 and 2:1 complexes of ammonia with carbon dioxide, and modeled
the structures by DFT calculations. In a separate investigation, Bossa et al. [8] warmed 1:1 ammonia-
carbon dioxide ice from 10 K to 260 K and monitored the residue by FTIR and mass spectrometry. A
species Bossa et al. [8] identified as ammonium carbamate decomposes to ammonia and carbon

Life 2019, 9, 34; doi:10.3390/1ife9020034 www.mdpi.com/journal/life



Life 2019, 9, 34 2 0f12

dioxide above 220 K. Other signals emerged in their study that they associate with carbamic acid,
carbamic acid dimer, and ammonium carbamate.

Rodriguez-Lazcano et al. [9] studied solid mixtures of ammonia and carbon monoxide by vapor
deposition and also hyperquenching on a cold plate with and without water, over a T range of 120-
240 K. They report that ammonium carbamate is the primary product but that carbamic acid species
are formed as well; in the presence of water, ammonium bicarbonate is also detected.

Noble and co-workers [10] studied the kinetics of production of ammonium carbamate over a
temperature range of 70-90 K. Carbamic acid was proposed as an intermediate; several IR features
were attributed to carbamic acid and its dimer.

Irradiation of model ices with high energy electrons or ions is of long-standing interest. Berit
and co-workers [11] irradiated carbon dioxide—ammonia ices with 30 keV beams of He cation, but
identification of species produced by the beam was difficult owing to intense absorption by the
abundant ammonia, carbon dioxide, and (synthesized) water. Khanna and Moore [12] irradiated a
composite solid composed of a layer of ammonia below a layer of carbon dioxide-water ice with 1
MeV protons; IR analysis of the 250 K sublimate suggested the presence of zwitterionic
HsN(+)-COO(-) carbamic acid. Jheeta et al. [13] irradiated ammonia—carbon dioxide ices with 1 keV
electrons, and inferred the production of ammonium carbamate from FTIR spectra.

Lv et al. [14] irradiated ice mixtures including ammonia and carbon dioxide with 144 keV S(+9)
cations. While simple warming seemed to produce ammonium carbamate and its dimer, irradiation
produced N20, OCN anion, and CO. Munoz-Caro and co-workers [15] directed 8.8 eV photons and
also beams of 620 meV Zn(+26) and 19.6 meV Ne(+9) ions (emulating cosmic rays) towards
methanol-ammonia ice. IR monitoring suggested production of carbonyl groups, perhaps from
aldehydes, carboxylic acids, and esters.

Some experimental modeling investigations employ ices with three components. Vinogradoff et
al. [16] employed an interstellar ice analog composed of water, CO2, ammonia, and formaldehyde.
Bombardment with UV and ions produced a species identified as ammonium carbamate; carbamic
acid was proposed as a catalyst. Noble and co-workers [17] studied several ices including HCN.
Ammonium cyanide was identified as a predominant product. Esmaili and co-workers [18]
irradiated carbon dioxide-methane—ammonia ices with electron beams with energy up to 70 eV, and
attributed the production of glycine to low energy electrons

We note that all these studies rely on a few observed vibrational frequencies for the
identification of specific molecules or at least functional groups, often in a condensed phase. A
variety of computational models guided these assignments, but in no case is the reliability of the
identification established.

2. Computational Modeling of Species Emerging from Water-Ammonia—Carbon Dioxide Ices

Modeling of species and processes occurring in ices presents considerable challenges, even
beyond the study of orderly condensed phases. Woon [19] has discussed the special requirements of
treating the chemistry and spectra of condensed phases. Since the experimental evidence
summarized above for small molecules proposed to be formed in water-ammonia—carbon dioxide
ices is derived from IR spectra of residues, computational modeling of those molecules without
appreciation of the effects of the medium seems problematic. Modeling of carbamic acid and related
species in their gas phase has therefore attracted considerable attention as a preliminary to more
demanding studies of condensed phase mixtures. The complex of ammonia with carbon dioxide was
first modeled by Amos et al. [20] by SCF methods, and later by Tsipis and Karipidis by DFT methods
[21]. Remko and co-workers [22] have shown that carbamic acid is thermodynamically unstable
relative to constituent NHs and CO: using SCF and MP2 theory as well as the CBS-QB3
thermochemical scheme. Ramachandran et al. [23] estimated a considerable (>50 kcal/mol) activation
barrier to carbamic acid dissociation. Wen and Brooker [24] report SCF calculations on the
zwitterionic form HsN(+)-COz(-), finding it slightly less stable than the H-NCOOH form of carbamic
acid in gas. The vibrational spectra for gas phase carbamic acid and the N,N—dimethyl variant have
been evaluated in DFT models by Remko [25] and Jamr6z and Dobrowski [26]. The 2:1
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ammonia:carbon dioxide complex and the ammonia—carbamic acid complex have been similarly
described [27]. Dell’Amico et al. [28] suggest that carbamic acid is implicated as a transient species
accompanying the condensation of ammonia and carbon dioxide. Noble and co-workers [10] used
B3LYP/6311G(d,p) to model the production of carbamate anion and carbamic acid in a cluster
composed of a single CO: and six ammonia molecules, concluding that those two products are
comparably stable.

3. Plan of This Report

We first describe our methods for evaluation of structures and energies of candidate species in
gas and condensed phases including ammonia, carbon dioxide, carbamic acid and its dimer, and 1:1
and 2:1 complexes of ammonia and carbon dioxide. Cations NHa®), the zwitterion of carbamic acid,
and the salt ammonium carbamate are treated with special assumptions detailed below. All species
reported so far as possibly present in CO>-NHs ices are treated.

We establish a figure of merit that is intended to judge the quality of matching between
observed and computed vibrational frequencies. A “match” is counted if an observed frequency falls
within a frequency interval (FI) defined by the MP2 harmonic frequency and the frequency
produced by anharmonic correction. We chose to define a FI for the following reason: harmonic
frequencies computed by MP2 systematically over-estimate experimental values that include
intrinsic anharmonicities. Anharmonic frequencies, however, typically underestimate experimental
values. We suggest that the two computed frequencies establish a range (the FI) that should capture
the physical system’s value. When an observed frequency falls within the FI, we award a point. If an
observed value falls outside the computed FI by a few wave numbers, we award a half point. We use
the figure of merit to judge reported frequencies from several experimental investigations.

4. Computational Methods for Structure and Energetics

For conventionally bound neutral species, we have chosen the thermochemical scheme W1BD
[29] as implemented in the Gaussian 09 suite [30]. W1BD employs density functional models to
obtain molecular geometry and vibrational frequencies and many-body corrections (Breuckner
doubles) for correlation energy. The salt ammonium carbamate (NHs+)(H:2NCOO-) and the
zwitterionic form of carbamic acid HsN(+)COO(-) require special treatment. We first conducted
WIBD calculations on separate ammonium cations and carbamate anions with no allowance for
solvent, but of course medium effects are necessary for proper description of charged species in a
condensed phase. For all systems, we estimated polarizable medium stabilization energies by
®B97XD/aug-cc-pVDZ calculations [31,32] with and without Tomasi’'s model of a polarized
continuum [33] with parameters for water using the Gaussian 09 suite. No specific interactions such
as H-bonding were addressed. We estimated frequency shifts arising from the medium by CBSQB3
calculations using Gaussian 09 [30], again, with and without inclusion of the Tomasi.“water”
medium.

5. Species Addressed

Figure 1 shows the structures studied here. For later convenience, we introduce abbreviated
names, including C for carbon dioxide and A for ammonia. Carbamic acid is called CA. Analogous
abbreviated labels for other species are employed. The energy reference point is defined by the
W1BD gas phase energy summed for sufficient carbon dioxide and ammonia molecules to account
for all atoms in each structure. Thus, the reported energy is the gas phase binding energy of a species
relative to those stable dissociation fragments. We see that conventionally represented carbamic acid
(that is, not the zwitterion) in the gas phase is 0.75 kcal/mol less stable than CO2 + NHs. The
zwitterionic form of carbamic acid (CA-Z) is considerably less stable without the stabilization of the
condensed phase (ice), but the special assumptions made in the calculation prevent us from
assigning a meaningful value for its relative energy. The same issue arises for the ammonium
carbamate NHs+-H2NCO2— salt, called A(+):C(-). The W1BD energies put the unsolvated and
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separate ammonium and carbamate ions both at about 145 kcal/mol and the unsolvated zwitterion at
about 36 kcal/mol above the unsolvated ammonia and carbon dioxide.

6. Results and Discussion

The reference fragments A and C can form a 1:1 A:C complex in vacuum, stabilized by 2.07
kcal/mol, or a 2:1 A:A:C complex stabilized by 2.85 kcal/mol. These structures feature a defining
interaction between ammonia’s N and carbon dioxide’s C; the N...C interaction is comparable with a
hydrogen bond in strength. Carbamic acid H:NCOOH is unstable by 0.75 kcal/mol. The
complexation between carbamic acid CA and ammonia A forms CA:A. Forming the carbamic acid-
ammonia species is stabilizing by 2.42 kcal/mol; the CA:A complex is 1.67 kcal/mol lower in energy
than the stable fragments of carbon dioxide and two ammonias. The striking feature of our
calculations is that the carbamic acid dimer (CA): is so strongly stabilized, lying 17.2 kcal/mol below
the stable fragments of two carbon dioxide molecules and two ammonia molecules. These relative
energies are displayed in Figure 1 (no medium correction).
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Figure 1. Species addressed in this report. Values are W1BD enthalpies in kcal/mol relative to
equivalent numbers of fragments of NHs and CO..

7. Appreciation of Medium Effects: Stabilization Energies

Solvent corrections are not implemented in the W1BD suite, but we can get a first appreciation
of such effects from simpler models. The medium stabilization energies shown in Table 1 are
obtained from ®B97XD/aug-cc-pVDZ calculations with and without Tomasi’s model of a polarized
continuum with parameters for water. Solvation has a large effect on charged species (the
ammonium and carbamate ions) and highly dipolar species (the zwitterionic form of carbamic acid).
However, at least in our approximate estimate, these species do not complete in stability with the
dimer. Apart from the charged species, ammonium and carbamate and the zwitterionic form of
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carbamic acid, all effects are less than 10 kcal/mol. This, however, is sufficient to revise the profile of
energies substantially.
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Table 1. Solvation effects on relative energies of carbamate species..
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Figure 2. Relative enthalpies with estimated medium effect. Values in kcal/mol relative to equivalent
numbers of ammonia and carbon dioxide molecules in medium.

Medium-adjusted enthalpies are shown in Figure 2. The carbamic acid monomer becomes more
stable than fragments of ammonia and carbon dioxide. In contrast, the 2:1 ammonia:carbon dioxide
complex is less stable than those dissociation products. The 1:1 ammonia:carbon dioxide complex is
still stable, but the complexation of ammonia with carbamic acid is endoergic (requires energy
input). The dimer is still much more stable than any alternative. Of course, formation of the dimer is
disfavored by entropic factors if the abundance of carbamic acid is low.

8. Does the Medium Shift Frequencies Substantially?

We used the composite thermochemical scheme CBS-QB3 to judge the impact of the medium on
computed harmonic frequencies. This method permits reoptimization of each structure in response
to the medium, and estimates frequency shifts arising from both structure changes and the effective
potential as corrected for the presence of the polarizable medium. These calculations show that,
most often, frequency shifts are minor (less than 20 cm!). Some corrections are more serious: the
leading example is the carbamic acid—ammonia complex, for which the HsN...H-O hydrogen bond
is strengthened and shortened (and the OH stretch is red shifted) and the H>NH...O= bond is
weakened. The vibrational frequencies of the zwitterionic form of carbamic acid are systematically
red-shifted, by about 3-5%. The carbamic acid dimer shows medium-induced red shifting of about
50 cm™! for the out-of-plane motion of OH bonds near 950 cm™ and also for the composite motion
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combining the OCO asymmetric stretches and the COH bends near 1750 cm'. More typically, the
response to the medium is minor for frequencies above 500 cm™; this is the case for even the weakly
bound 1:1 A:C and 2:1 A:A:Cz> complexes, for which shifts are no more than 20 cm™. Details are
compiled in the supplementary information.

9. Are Carbamic Species Distinguishable by Computed Vibrational Spectra?

We use the independently calculated MP2/aug-cc-pVDZ//W1BD (no medium correction)
harmonic frequencies with anharmonic corrections obtained by the Gaussian 09 suite to judge the
assignments to structures in experimental reports. Our comparison is between “frequency intervals”
defined as the range between harmonic and anharmonic computed frequencies. Specifically, as
shown in Table 2, the highest frequency FI is 3563 to 3721 cm™ for the monomer, while the highest
frequency FI is 3474 to 3631 cm™ for the 1:1 complex A:C or HsN:COz. The two Fls overlap, so we
count a match (shown as “YES” in Table 2.) We define a figure of merit, or matching fraction, as the
ratio of experimental frequencies matched in the range MP2 (blue extreme) to MP2 + anharmonic
corrections (red extreme). Our first exercise is to see how similar the MP2 computed frequency
ranges are among the several species. Seemingly, structurally distinct molecules with high similarity
would be hard to distinguish by their vibrational spectra. Entries are percentages of FIs common to
two molecules. Of course, the diagonal values in this table must be 100%, but totally disjointed sets
of Fls could produce a score of zero.

Table 2. Computed frequency intervals (frequencies in wave numbers) for two carbamic system
species and the match index indicating that of the 15 frequency intervals (FIs) calculated for the
carbamic acid monomer; counterparts for six observed frequencies can be found in the set of FIs
calculated for the 1:1 ammonia:carbon dioxide complex.

Monomer M:H:2N—COOH ) 1:1 Complex HsN:CO:
Match to M found in 1:1 spectrum?

Harmonic Anharmonic Harmonic Anharmonic

3721 3563 Yes (FIs overlap) 3631 3474
3823 3648 Maybe (FIs almost touch) 3629 3464
3599 3456 Yes (FIs overlap) 3477 3328
1854 1814 No
1647 1602 Yes (FIs almost coincide) 1648 1602
1373 1322 Maybe (FIs almost touch)

1308 1248
1239 1210 Maybe (FIs almost touch)
1094 1066 Yes (FIs overlap) 1076 1005
945 921 No
776 745 No
609 615 Maybe (FIs almost touch) 634 652
566 429 No
521 513 No
446 401 No
341 260 No

Total FI 15 6 (40%) accounted

Here is how we arrive at a value for a similarity index. Consider the computed MP2 frequencies
for the carbamic acid monomer and for the 1:1 ammonia—carbon dioxide complex. Computed MP2
frequencies in harmonic approximation and anharmonic corrections are reported in Table 2.
Consider the Monomer’s first frequency interval (FI), from 3721 to 3563 cm'. This FI overlaps with
the first FI for the 1:1 complex, so we could recognize one point of agreement. The second FI for the
monomer (3823 to 3648 cm™) lies slightly outside any FI for the 1:1 complex. We could perhaps
award half a point for the near miss. The FI 3599 to 3456 cm™ finds a match in the 1:1 complex set, so
it is given one full point. Continuing to the FI of the monomer 1854 to 1814 cm-, we find no
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counterpart in the 1:1 complex set of FIs. The FI 1647 to 1602 cm~' does overlap with the Fls of both
complexes 1648 to 1602 cm™ and 1648 to 1589 cm-.

Continuing in this fashion, we find 6.0 points of agreement in the 15 Fls for the carbamic acid
monomer, so the similarity index for the 1:1 complex to the monomer is 6.0/15 or 40%. If we set aside
the near misses, we find 4/15 points of agreement (27%).

Comparisons among computed FIs are collected in Table 3. A sample entry can be read as the
percent of all FIs computed for [row label] found in the set computed for [column label]. More
specifically, of all 28 FIs computed for (CA)z, 60% are found in the FIs computed for the complex
CA:A. In contrast, of the FIs computed for (CA)2, only 27% are to be found in the computed FIs for
the 1:1 complex A:CO:, while 88% are to be found in the 1:1 carbamic acid—ammonia complex CA:A.
(These entries are bold in Table 3.) Unsurprisingly, the greatest degree of similarity is between the
1:1 complex of ammonia with carbon dioxide and the 2:1 complex of ammonia with carbon dioxide.
These results illustrate a high degree of similarity among all proposed species, and serve as a
precaution against overconfident attribution of observed frequencies to particular species.

Table 3. Similarity indices for computed vibrational frequencies; maximum value is 100. These
values include half point values for near-misses. Entries in bold face are discussed in the text.

Similarity CA CA—Z A:CO: A:A:CO: A+C- CA:A (CA)2

CA (15) - 43 40 43 63 60 57
CA-Z(12) 42 - 33 33 50 71 58
A:CO2(10) 60 50 - 95 80 70 60
AACO: 79 38 94 - 59 76 62
A+C-(15) 63 40 43 70 - 77 43
CA:A 64 59 52 67 59 - 88
(CA2(28) 57 52 27 27 45 88 -

Intensities and response of frequencies to isotopic substitution could enhance discrimination.
Experimental traces allow at least semiquantitative evaluation of intensities. Inferences would be
complicated by the fact that observed intensities are affected by both the intrinsic properties of the
mode and the abundance of the species in question.

While to our knowledge no data on isotope effects have been included in reports of
experimental studies of synthetic ices, nothing in principle prevents such refinements. To provide a
first impression of possible results, we report computed harmonic frequencies for the most intense
vibrational transitions for the set of candidates (supplementary information). Those modes likely to
show substantial shifts upon perdeuteration are identified. For species incorporating the carboxyl
group and a coordinated NHs, we expect major effects on the OH and NH stretching regions, with
shifts approaching the limit of 1/V(2). Lesser effects are to be observed for bends involving H(D)
atoms. Perdeuteration may allow discrimination between closely related species, notably the
complexes of carbon dioxide with one and two ammonia molecules. Perdeuteration seems to have a
notable impact only on the 1100 cm~ NHs pyramidalization band of the carbon dioxide-ammonia
complex, while many more of the modes of the CO2(NHs)2 complex are affected.

10. Fingerprint Regions?

Of course our method of frequency interval matching is not how IR spectra are ordinarily used
to discriminate between or among species in a mixture. One looks for distinct absorption frequencies
by which specific structures can be recognized. Ideally. such descriptive features should be intense
and easily detected. Table 4 shows computed Fls for a number of strong and moderately intense IR
features. For example, among the computed FIs for the monomer, we find one FI (1854 to 1814 cm™)
intensely absorbing and unique to the monomer. Another FI of the monomer (1239 to 1210 cm™) is
close to Fls for the ammonium carbamate salt and the A:CO: 1:1 complex. As the detailed tables in
the supplementary information show, it is often the case that the most distinctive FI for a particular
structure is matched by at least one FI for another species in the set. For example, there are no
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distinctive FIs uniquely present for the 1:1 complex. The FI 2380 to 2341 cm™! for the 1:1 complex is
the most characteristic, held in common only by the 2:1 A:A:COzcomplex. This is to be expected
from the very similar structure of the 1:1 and 2:1 complexes. In this case, we offer no prospect of
distinguishing the 1:1 from the 2:1 complex by their IR spectra.

Still, the information contained in the computed spectra may be sufficient to exclude certain
structures from the list, and perhaps assign probabilities to the presence of specific forms. Consider
the CA dimer: its computed FI 1498 to 1456 finds a counterpart in the FIs for the carbamic acid
complex with ammonia, 1495 to 1432. Two frequencies of the dimer ca. 1380-1350 cm™ are
distinguishable from any FI in the complex, as is another FI from 550-564 cm™. These Fls can serve
as fingerprint regions of the spectra.

Table 4. Most prominent features of the computed vibrational spectra (frequencies in wave numbers;
frequency intervals computed by MP2/aug-cc-pVTZ).

Species Strong transitions (FI) Medium-strength transitions (FI)

NHs; CO, complex None 2380—2341
(NHs)2 CO, complex None 2381-2343
Monomer 1854-1814 1647-1602; 1373—-1322; 1239-1210

. 3163-2783; 1763-1714; )
Dimer 16261584+ 13851355 3786-3514; 976-951
Zwitterion 1807-1788; 1443-1389
Ammonium carbamate 1670-1639 3646-3346; 1308-1268; 827—797; 665-630

L 3108-2757; 1779-1738; .

Carbamic acid—NHs; complex 13611317 1612-1557; 1115-1059

11. Is It Feasible to Attribute Observed Frequencies to Specific Species?

It is certainly tempting to associate observed frequencies with plausible structures, and
investigators have not resisted the temptation. Here, we review several attributions and establish
similarity scores for those proposals. Full details and instructions for scoring are in the
supplementary information.

Khanna and Moore [12] report IR frequencies for species appearing in the condensed residue
after irradiation. They assign a number of IR bands to ammonium carbamate and others to the
zwitterionic form of carbamic acid. Detailed compilations of the frequencies observed by Khanna
and Moore [12] and the frequency intervals (FIs) computed for each of our seven species are
provided in the supplementary data. We consider all 31 frequencies observed and reported by
Khanna and Moore [12]. Scoring in the same way as we evaluated matches among computed
spectra, we find that the computed fundamental frequencies score 14.5 for the carbamic acid—
ammonia complex; 11.5 for carbamic acid dimer, 11.0 for ammonium carbamate, and 9.5 for each of
the three other structures, i.e., the zwitterionic carbamic acid and the 1:1 and 2:1 ammonia—carbon
dioxide complexes. No single species accounts for as much as half of the observed frequencies. If we
include the leading candidate and add the carbamic acid-ammonia complex, and also ammonium
carbamate, the score rises to 19, or 61% of the reported observed frequencies. None of the remaining
species add so substantially to the match score. For example, the score for the carbamic acid—
ammonia complex plus the carbamic acid dimer rises only to 17 (55%). The implication is that one
should include the carbamic acid—ammonia complex in the discussion of ammonia—carbon dioxide
ices.

Why does it seem impossible to match all reported vibrational frequencies with computed Fls?
We compute only fundamental frequencies, while experimental reports may include overtones and
combination bands in the set of observed frequencies. There are many low-frequency modes in these
species, and indeed our calculations of anharmonicity predict overtones and combinations, some of
which have reasonably large intensity. We have not included these frequencies in our match scores,
thinking that the general outcome would be indicated in the first stage of the analysis.
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The 15 frequencies reported by Hisatsune [5] also suggest that the carbamic acid—ammonia
complex is significant. It receives the highest score (7.5), while the ammonium carbamate salt earns
7.0; other structures lag. The combination of the complex and the salt earns a 10.0 score.

Bossa, et al. [7,8] observe 15 frequencies, which they assign to ammonium carbamate and the
dimer of carbamic acid. The leading score of 10.5 is earned by the carbamic acid—ammonia complex,
while ammonium carbamate is second with 7.5 points. Considering both the complex and the salt
increases the total score to 12.0 points. The dimer by itself scores 6.5 points while the combination of
dimer and salt totals 12.0 points. The set of three species complex, salt, and dimer does not increase
the score further. Deciding between the presence of CA:A complex and (CA): dimer requires closer
attention.

Chen et al. [6] report five frequencies, and conclude that the carbamic acid monomer is present
owing to the observed absorption at 1720 cm™, assigned to COO asymmetric stretching. Calculations
conflict with this assignment, however. DFT calculations (scaled by a factor of 0.98) and MP2
calculations with anharmonicity corrections put this motion at about 1800 cm-'. Lower frequencies
near 1720 cm™ are calculated for ammonium carbamate, the dimer, and the complex of carbamic acid
with ammonia. The best match (score 4.0) with the five frequencies reported by Chen et al.6 is found
for the carbamic acid:ammonia complex.

Rodriguez-Lazcano et al. [9] report 17 frequencies at 140 K and 20 frequencies at 240 K from
their vapor deposition studies (we do not include the “shoulders”). They infer the presence of
ammonium carbamate and offer evidence for a carbamic acid species. They suggest that the species
could be isolated carbamate anion, without ruling out the possibility of any or all of neutral,
zwitterionic, and dimeric carbamic acid species. Our matching exercise for the high temperature
data shows the carbamic acid—-ammonia complex to be the leading single candidate at high
temperature with a score of 12, followed by the dimer (10) and ammonium carbamate (9.5). The best
score for two species is 16.5 for the dimer and ammonium carbamate, followed by 15.5 for
ammonium carbamate and the carbamic acid-ammonia complex. The low-temperature data also
suggest the presence of ammonium carbamate and allow the possibility of either or both the dimer
and the ammonia—carbamic acid complex.

Noble et al. [10] report 14 frequencies in an ammonia—carbon dioxide ice between 70 and 90 K.
They suggest that ammonium carbamate is a major product of the warming, and assign some
frequencies to carbamic acid and to its dimer. In our scoring the carbamic acid—ammonia complex
achieves a score of 10, followed by ammonium carbamate (8.5) and then the carbamic acid dimer and
the 2:1 ammonia—carbon dioxide complex. The best score for a two-component system includes the
carbamic acid-ammonia complex and ammonium carbamate, totaling 12.

12. Conclusions

Ammonium carbamate and the carbamic acid complex with ammonia seem to be the most
likely products of irradiation of ammonia—carbon dioxide ices. The carbamic acid dimer is also a
candidate, but the abundance of ammonia in most of the experimentally studied solid environments
also points to production of the ammonia complex. The pathway for conversion of ammonium
carbamate to the ammonia—carbamic acid complex in the solid state is worth exploring. We
recommend that investigations of models of prebiotic synthesis of small molecules and astronomical
data include consideration of the possibility of the ammonia—carbamic acid complex.

Supplementary Materials: The following are available online at www.mdpi.com/2075-1729/9/2/34/s1,
Coordinates of all species, detailed description of evaluation of figure of merit MATCH for all comparisons.
Author contributions: Formal analysis, Carl Trindle; Investigation, Zikri Altun, Erdi Bleda, and Carl Trindle
Funding: The authors are grateful to BAPKO, the research office of Marmara University, for financial support
of this study. Thanks also to the Body Foundation for travel expenses.

Conflicts of Interest: The authors declare no conflict of interest.



Life 2019, 9, 34 11 of 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Herbst, E.; Yates, ].T. Introduction: Astrochemistry. Chem. Rev. 2013, 113, 8707-8709

Fraser, G.T.; Leopold, RK.; Klemperer, W. The rotational spectrum, internal rotation, and structure of
NH3-CO2. J. Chem. Phys. 1984, 81, 2577.

Terlouw, JK., Schwarz, H. The Generation and Characterization of Molecules by
Neutralization-Reionization Mass Spectrometry (NRMS). Angew. Chem. Int. Ed. Engl. 1987, 26, 805-808.
Frasco, D.L. Infrared Spectra of Ammonium Carbamate and Deuteroammonium Carbamate. The ]. Chem.
Phys. 1964, 41, 2134.

Hisatsune, I.C. Low-temperature infrared study of ammonium carbamate formation. Can. J. Chem. 1984,
62, 945.

Chen, Y.J.; Nuevo, M,; Hsieh, ] M,; Yih, T.S.; Sun, W.H.; Ip, W.H.; Fung, H.S.; Chiang, S.Y.; Lee, Y.Y.; Chen,
J.M.; et al. Carbamic acid produced by the UV/EUV irradiation of interstellar ice analogs. A&A 2007, 464,
253-257.

Bossa, ].B.; Duvernay, F.; Theulé, P.; Borget, F.; Chiavassa, T. VUV irradiation of carbon dioxide (CO2) and
ammonia (NH3) complexes in argon matrix. Chem. Phys. 2008, 354, 211-221.

Bossa, ].B.; Theulé, P.; Duvernay, E.; Borget, F.; Chiavassa, T. Carbamic acid and carbamate formation in
NH3:CO2 ices — UV irradiation versus thermal processes. A&A 2008, 492, 719-724.

Rodriguez-Lazcano, Y.; Mate’, B.; Herrero, V.J.; Escribano, R.; Galvez, O. The formation of carbamate ions
in interstellar ice analogues. Phys. Chem. Chem. Phys. 2014, 16, 3371-3380.

Noble, J.A.; Theule, P.; Duvernay, F.; Danger, G.; Chiavassa, T.; Ghesquiere, P.; Minerva, T.; Talbi, D.
Kinetics of the production of ammonium carbamate. Phys. Chem. Chem. Phys. 2014, 16, 23604-23615.

Benit, J.; Bibring, J.-P.; Rocard, F. Chemical Irradiation Effects in Ices. Nucl. Instrum. Methods Phys. Rese.
1988, B32, 349-353.

Khanna, R.K.; Moore, M.H. Carbamic acid: molecular structure and IR spectra. Spectrochim. Acta A 1999,
55,961-967.

Jheeta, S.; Ptasinskan, S.; Sivaraman, B.; Mason, N.J. The Irradiation of ammonia: carbon dioxide ice at 30
K. Chem. Phys. Lett. 2012, 543, 208-212.

Lv, XY,; Boduch, P.; Ding, J.I; Domaracka, A.; Langlinay, T.; Palumbo, M.E.; Rotard, H.; Strazzulla, G.
Thermal and energetic processing of ammonia and carbon dioxide bearing solid mixtures. Phys. Chem.
Chem. Phys. 2014, 16, 3433-3441.

Munoz Caro, G.M,; Dartois, E.; Boduch, P.; Rothard, H.; Domaracka, A.; Jimenez-Escobar, A. Comparison
of UV and high energy ion irradiation of methanol: ammonia ice. A&A, 2014, 556(Pt 2) A93.

Vinogradoff, V.; Duvernay F; Fray, N.; Bouilloud, M.; Chiavassa, T.; Cottin, H. Carbon dioxide influence
on the thermal formation of complex organic molecules in interstellar ice analog. Astrophy.s . Lett. 2015,
809, L18.

Noble, J.A.; Theule, P.; Borget, F.; Danger, G.; Chovat, M.; Duvernay, F.; Mispelaer, F.; Chiavassa, T. The
thermal reactivity of HCN and NH3 in interstellar ice analogues. Mon. Notices Royal Astron. Soc. (MNRAS)
2013, 428, 3262-3273.

Esmaili, S.; Bass, A.D.; Clotier, P.; Sanche, L.; Huels, M.A. Glycine formation in CO2:CH4:NH3 ices
induced by 0-70 eV electrons. ]. Chem. Phys. 2018, 148 164702.

Woon, D.E. Quantum chemical protocols for modeling reactions and spectra in astrophysical ice analogs:
the challenging case of the C++ H2O reaction in icy grain mantles. Phys. Chem. Chem. Phys. 2015, 17, 28705.
Amos, R.D.; Handy, N.C.; Knowles, P.J.; Rice, ].E.; Stone, A.J. Ab-Initio Prediction of Properties of CO2,
NH3, and CO2..NH3. J. Phys. Chem. 1985, 89, 2186-2192.

Tsipis Constantinos, A.; Karipidis Paraskevas, A. Mechanistic Insights into the Bazarov Synthesis of Urea
from NH3 and CO2 Using Electronic Structure Calculation Methods. . Phys. Chem. A 2005, 109, 8560-8567.
Remko, M.; Rodeb, BM. Ab initio study of decomposition of carbamic acid and its thio and sila
derivatives. J. Mol. Struct. Theochem 1995, 339 125-131.

Ramachandran, B.R.,; Halpern, AM.; Glendening, E.D. Kinetics and Mechanism of the Reversible
Dissociation of Ammonium Carbamate: Involvement of Carbamic Acid. J. Phys. Chem. A 1998, 102, 3934—
3941.

Wen, N.; Brooker, M.H. Ammonium Carbonate, Ammonium Bicarbonate, and Ammonium Carbamate
Equilibria: A Raman Study. J. Phys. Chem. 1995, 99, 359-368.

Remko, M. The gas-phase acidities of substituted carbonic acids. |. Mol. Struct. Theochem 1999, 492, 203-208.



Life 2019, 9, 34 12 of 12

26.

27.

28.

29.

30.

31.

32.

33.

Jamréz, M.H.; Dobrowolski, J. Theoretical IR spectra and stability of carbamic acid complexes. Vibrat.
Spectrosc. 2002, 29, 217-221.

Jamréz, H.; Dobrowolski, J.a.n.; Marek, A. Borowiak Theoretical IR spectra of the (2:1) ammonia—carbon
dioxide system. Vibrat. Spectrosc. 2000, 22 157-161.

Dell’Amico, D.B.; Calderazzo, F.; Labella, L.; Marchetti, F.; Pampaloni, G. Converting Carbon Dioxide into
Carbamato Derivatives. Chem. Rev. 2003, 103, 3857-3897.

Barnes, E.C.; Petersson, G.A.; Montgomery, J.A.; Frisch, M.J.; Martin, ] M.L. Unrestricted Coupled Cluster
and Brueckner Doubles Variations of W1 Theory. J. Chem. Theory Comput. 2009, 5, 2687-2693.

Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.;
Barone, V.; Mennucci, B.; Petersson, G.A.; et al. Gaussian 09, Revision E.01. Gaussian, Inc.: Wallingford CT,
UK, 2013.

Chai, J.D.; Head-Gordon, M. Long-range corrected hybrid density functionals with damped atom-atom
dispersion corrections. Phys. Chem. Chem. Phys. 2008, 10, 6615-6620.

Dunning, Thomas H. Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron
through neon and hydrogen. J. Chem. Phys. 1989, 90, 1007-1023.

Tomasi, J.; Persico, M. Molecular Interactions in Solution: An Overview of Methods Based on Continuous
Distributions of the Solvent. Chem. Rev. 1994, 94, 2027-2094.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an

@ ® open access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/).



