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Abstract: Formamide has been recognized in the literature as a key species in the formation of the
complex molecules of life, such as nucleobases. Furthermore, several studies reported the impact of
mineral phases as catalysts for its decomposition/polymerization processes, increasing the conversion
and also favoring the formation of specific products. Despite the progresses in the field, in situ studies
on these mineral-catalyzed processes are missing. In this work, we present an in situ UV-Raman
characterization of the chemical evolution of formamide over amorphous SiO, samples, selected as a
prototype of silicate minerals. The experiments were carried out after reaction of formamide at 160 °C
on amorphous 5i0; (Aerosil OX50) either pristine or pre-calcined at 450 °C, to remove a large fraction
of surface silanol groups. Our measurements, interpreted on the basis of density functional B3LYP-D3
calculations, allow to assign the spectra bands in terms of specific complex organic molecules, namely,
diaminomaleonitrile (DAMN), 5-aminoimidazole (Al), and purine, showing the role of the mineral
surface on the formation of relevant prebiotic molecules.

Keywords: formamide; nucleobases; silica; UV-Raman; DFT calculations

1. Introduction

The understanding of atomistic processes underlying the origin of life is nowadays a hot
multidisciplinary research topic [1]. From the chemical point of view, the focus is on the elucidation
of mechanisms leading from isolated atoms in a rarefied cosmic environment to the biomolecular
complexity characterizing living creatures. Discoveries from astrochemical observations in some
specific space regions (e.g., dense clouds or cometary comae) have revealed that relatively complex
molecules are present [2]. Among them, a very interesting one is formamide [2], since: i) it is the
simplest molecule containing an amide bond, present in many fundamental biopolymers (e.g., peptides);
ii) it contains four over six of the fundamental elements of biomolecules; and iii) it is relatively stable,
but it can decompose into very reactive species, in particular HCN, via dehydration [3-7]. The last
point is of particular interest with respect to the formation of the building blocks of biopolymers:
HCN polymerization can easily lead to nucleobases as originally discovered by Oro for adenine [8],
i.e., the main constituents of nucleic acids, also involving stable intermediate compounds [6,9-12].
This concept is summarized in Figure 1. This reactions cascade can take place in bulk formamide in
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presence of an energy source [6,9,10,13], however it has been demonstrated to be significantly boosted
in presence of mineral phases in the reaction environment [13-20]. Such catalytic effect does not only
affect the nucleobases productivity, but also causes its selective conversion toward specific products
depending on the nature of the mineral component. In this way, the five fundamental nitrogenous
bases (adenine, guanine, cytosine, thymine and uracil) can be generated from the sole formamide by
exploiting the different selectivity provided by specific mineral catalysts [13-19].
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Figure 1. Schematic reaction path from formamide to form nucleobases, via its dehydration to HCN and

H,O and its subsequent polymerization reaction through stable intermediates (examples represented:
diaminomaleonitrile, DAMN; and 5-aminoimidazole, Al) to yield nucleobases (examples represented:
purine and cytosine). Atoms color code: white, H; gray, C; blue, N; and red, O.

Among the plethora of relevant inorganic phases that could act as catalysts, silicates certainly
assume a prominent role due to their abundance. Indeed, silicates are a broad family of minerals, being
the most common constituents of the Earth’s crust [21]. Nonetheless, they are also found in astronomical
environments, e.g., the core of dust grains in nebulae and interstellar regions [22]. The reactivity of
several silicates has been tested vs. formamide decomposition, and even the simplest materials (quartz
and silica) demonstrated their ability in driving the reaction toward defined products [5]. In this
work, we deal with the study of the formamide reactivity in presence of pyrogenic silica samples with
different surface silanols population. The adoption of an amorphous silica rather than a crystalline one
(which is more relevant in a prebiotic context) is due to the favorable properties of this type of material,
providing much higher specific surface area with identical composition and similar types of surface
terminations (i.e., silanols patches characterized by different intersilanols interactions [23]), making it a
more convenient sample for spectroscopic/catalytic studies. We monitored the reaction of formamide
by in situ UV-Raman spectroscopy: the advantage of this technique is the capability of exploiting the
electronic transition in the UV portion of the spectrum, characterizing many organic molecules and
inorganic moieties (as well as nucleobases, see Figure S1), in order to achieve resonance conditions.
In this way, the intensity of specific vibrational modes (principally those having the same symmetry
of the involved electronic transition) is selectively enhanced by orders of magnitude. Accordingly,
resonant UV-Raman could become very sensitive to highly diluted species, such as metal dopants in
non-absorbing matrices [24] or adsorbed molecules [25]. This increased sensitivity also makes resonant
Raman suitable for time resolved studies, e.g., the in situ characterization of reactions happening at a
catalyst surface [26-29]. By adopting resonant UV-Raman, we present here unprecedented insights on
the effect of surface features of model mineral phases (i.e., amorphous silica samples with different
surface silanols population) toward the conversion of formamide to nucleobases. The interpretation of
the complex datasets is supported by quantum mechanical simulations based on density functional
theory, helping to access the spectroscopic features of molecular species otherwise hardly identifiable
from the sole experiment (e.g., stable reaction intermediates).
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2. Results

In Figure 2, the UV-Raman spectra of the formamide-silica suspension collected along 12 h of
reaction at 160 °C are shown.
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Figure 2. UV-Raman (A= 266 nm) spectra collected in situ during 12 h of reaction of formamide at
160 °C on amorphous SiO, (Aerosil OX50): (a) as such; and (b) calcined at 450 °C. A spectrum per
hour was collected (time evolution from (1) black to (12) red/blue), in order to obtain a sufficient
signal-to-noise ratio. Spectra have been normalized to the intense feature of formamide at 1390 cm™!
and vertically shifted for the sake of visualization. The asterisk (*) marks the feature associated to
atmospheric O,, as present in the optical path of the instrument.

During the early reaction stages (up to 2 h), the spectral evolution is negligible regardless of
the SiO, sample used, and the main peaks closely match the Raman spectrum of pure formamide
in liquid phase [9]. The four prominent signals observed can be assigned to the symmetric and
antisymmetric stretching of the amide moiety (1300 and 1670 cm™, respectively), to the in-plane NH,
bending (1600 cm~') and to the in-plane CH bending (1390 cm™'). The extended tail toward higher
wavenumber characterizing the antisymmetric amide stretching suggests that the formamide molecules
are interacting with different species, most probably other formamide molecules or, eventually, silanol
groups of the SiO, surface (in agreement with previous report [30]). In the following hours, several
spectral modifications occur, in particular the formation of new bands is observed. The most relevant
ones are centered at 1325, 1485, 1585 and 1640 cm~!. The last peak can be tentatively assigned to water,
specifically to its bending mode, produced as a consequence of the formamide dehydration process.
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The remaining bands are instead compatible with the Raman signature of nucleobases and related
molecules [31], a reactivity occurring in a very limited extent when heating pure formamide [13].
Interestingly, these fingerprints are present for both the bare and the calcined silica samples, testifying
as the nature of the products of formamide decomposition is very similar despite the difference in the
surface properties of the two materials. Nevertheless, the relative intensity of bands due to nucleobases
and water molecules appears dependent on the surface silanols population, providing a clear evidence
of the key role of the silica surface in promoting the observed reactivity. Furthermore, in the case of the
bare SiO, an additional feature appears at ~1750 cm™! at late reaction stages, likely monitoring the
formation of a compound containing a carbonylic moiety [32]. A sharp peak at 1555 cm™! also rises
for both the samples along reaction time: this is due to the v(O=0) stretching mode of atmospheric
O; as present in the optical path in the Raman spectrometer [33]. The apparent increase in intensity
during time of this component, despite the constant length of the beam path, results from the combined
effect of the progressive decay of the UV-Raman spectra overall intensity, due to the formation of
self-absorbing species, and the adopted data normalization process.

Except for the 1640 cm™! peak, ascribed to water, the other features in the experimental UV-Raman
spectra collected during formamide reaction are not straightforwardly assignable to specific molecules.
In order to assess their origin, we relied on B3LYP-D3/TZVP based calculations to simulate Raman
spectra of some potentially relevant products/intermediates. The adopted computational level was
carefully selected among other possibilities by comparing the computed Raman spectrum of liquid
formamide with the experimental one (see the Supplementary Material for further details). According to
previous literature, the principal product during formamide decomposition over silica is purine [13],
which has been proposed to be formed via HCN polymerization, also involving stable intermediates
such as diaminomaleonitrile (DAMN) and 5-aminoimidazole (AI) [9-11]. To mimic the formamide
environment in which these molecules may be formed, we solvated each species of interest with
the minimum amount of formamide molecules (micro solvation) and embedded the system in a
conductor-like polarized continuum model (C-PCM). On the fully optimized structures of the solvated
species we computed the Raman spectrum for the interested species taking anharmonicity into account
through perturbation theory and evaluating the static Raman intensities. These results are reported in
Figure 3.

With the help of simulated spectra, we can easily recognize the formation of DAMN, as indicated
by the growth of its principal Raman fingerprints at 1325 and 1610 cm~!. We also clearly identify
purine, from its most intense feature at 1485 cm~'. However, other relevant peaks could be present
and overlapped to the intense signals of formamide, justifying the change in their relative intensities
(e.g., the intensity ratio of the 1390 over the 1300 cm~! band passes from 0.54 at 1 h of reaction
to 0.85 after 12 h). Additionally, a weak signal can be distinguished from background at around
1230 cm™! and a shoulder is present at 1270 cm™, both ascribable to purine. Finally, since several of its
spectral features overlap with both DAMN and purine, we cannot exclude/confirm the formation of
Al possibly identified by a high frequency shoulder of 1390 cm~! band of formamide. For the sake of
completeness, we also simulated the spectrum of water solvated by formamide: consistently with our
assignment, the 5(HOH) bending mode is found at 1640 cm~!, confirming the formation of water in
the reaction environment.
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Figure 3. (a) Optimized B3LYP-D3/TZVP structures of the formamide micro-solvated species:
Form (formamide), water (H,O), diaminomaleonitrile (DAMN), 5-aminoimidazole (AI) and Purine
(Purine). (b) Experimental UV-Raman (A= 266 nm) spectrum of formamide at 160 °C on amorphous
5i0, (Aerosil OX50, calcined at 450 °C) after 12 h of reaction (Exp, blue curve) compared to the
B3LYP-D3/TZVP anharmonic Raman spectra for DAMN (orange curve), Al (red curve), Purine (brown
curve), H,O (green curve) and Form (black curve). The asterisk (*) marks the feature associated to
atmospheric O,, as present in the optical path of the instrument.

Being the main reaction components and their Raman spectra identified, we performed a linear
combination fit (LCF) of the datasets presented in Figure 2 by using the five calculated spectra as base.
An example of fitted experimental spectrum is presented in Figure S2. The time evolution for the
obtained LCF coefficients of products/intermediates (formamide is omitted since set as constant, see
the Materials and Methods section) are presented in Figure 4.

The LCF coefficients for each considered component show an increasing trend along the 12 h of
reaction, testifying the progressive formation and accumulation of the related intermediates/products.
H;O coefficients reach a plateau value after growing during the first 7 h of reaction, when they stabilize
around a closely constant value along the last 5 h of reaction. Due to the complexity of the data
treatment and to the overlap of several spectroscopic fingerprints in the vicinity of the 1640 cm™ peak,
the small variations observed for the H,O behavior between the two SiO, samples cannot be safely
correlated to a specific role of the catalyst. The other considered components (DAMN, Al and purine)
present a monotonic increase of their coefficients along the whole experiment. In detail, DAMN is
formed first (it is already detected at early reaction stages), and it constantly increases until 6 h of
reaction for both samples, when its concentration rises faster in the case of the calcined SiO;. A similar
trend is recognized for both purine and Al: the former becomes detectable since 3—4 h of reaction and
has a significant increase after 6 h (in particular for the calcined sample). The latter is instead observed
at late reaction stages, after 6-7 h, and the magnitude of its LCF coefficients is not significantly different
between the two samples.
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Figure 4. LCF coefficients vs. time of molecules formed during formamide reaction (H,O, DAMN,
Purine and Al), derived from datasets reported in Figure 2, as measured during 12 h of reaction of
formamide at 160 °C on amorphous SiO, (Aerosil OX50): as such (red); and calcined at 450 °C (blue).

3. Discussion

The combination of UV-Raman data with DFT simulation allows describing the formation of
nucleobases (in this specific case, purine) via dehydrative decomposition of formamide. Furthermore,
we are also able to distinguish a different reactivity behavior of the system depending on the surface
properties of the SiO; mineral phase. In agreement with previous studies, we effectively detected the
formation of purine as main reaction product [13]. However, the same study reports also cytosine
should be produced with similar concentration. We can justify the impossibility to detect cytosine
by considering the particular measurement conditions we adopted, i.e., resonant Raman. Despite all
nucleobases have electronic transitions in the vicinity of the excitation wavelength, the absorption
coefficients for purines are about twice as large as those of pyrimidines [34], justifying the stronger
contribution of purine to the resonant Raman spectra (see also Figure S1). This situation is analogous
to that observed during the methanol to hydrocarbons reaction, where the main products are olefins
and methylated benzenes, but the resonant UV-Raman spectra are dominated by the signals from
polycyclic aromatic hydrocarbons, much less abundant in the reaction environment but characterized
by higher absorption coefficients [26]. Beside the final product, we also detected intermediate species
on the basis of experimental and computational studies [6,9-12]. In detail, we assessed the formation of
DAMN, a stable HCN tetramer recognized as a purine/adenine precursor. The Al formation is instead
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hardly detectable by direct data analysis; however, its production is confirmed via LCF, where Al
concentration becomes nonzero at late reaction time.

Another relevant insight concerns the time evolution of the process which can be described as
a function of the surface properties of the mineral phase (here amorphous SiO;) acting as a catalyst.
The concomitance of the stabilization of the amount of H,O in the suspension and the increase in the
product/intermediates concentration suggests the process initially mostly involves the dehydration of
formamide to HCN and H,O, as testified by the increase in concentration of H,O along the early reaction
stages. Recent computational studies highlighted as this process is favored in aqueous solution [7],
as well as on silica surfaces [5], in comparison to bare formamide in gas phase. Also high-energy
conditions (e.g., under irradiation or at elevated temperatures [6]) have been demonstrated to favor the
formamide decomposition to cyanides and their polymerization to yield nucleobases. Our findings,
discussed hereafter, confirm this scenario. The formed HCN readily reacts to give the stable DAMN,
already detectable at the beginning of the process. After 7 h, the concentration of H,O in the suspension
stabilizes, suggesting a steady-state conversion is reached in the dehydration step. This equilibrium
conversion could be the consequence of the accumulation of purine, displacing the reaction toward
reagents and causing the stabilization of the formamide dehydration step. As a consequence of this,
also the concentration of stable reaction intermediates (DAMN, Al) increases, after H,O reaches the
plateau. Interestingly, the magnitude in the rise of the concentration of product/intermediates is larger
in the case of the calcined SiO; compared to the bare material. We can ascribe the behavior in the
two materials to their different population of surface species (i.e., silanol groups). As presented in
Figure S3 of the Supplementary Material, the bare Aerosil OX50 presents a significant fraction of
silanols mutually interacting through H-bonds beside isolated/weakly interacting silanols, whereas the
latter are the dominant surface species after calcination. Since the dehydration stage occurs with a
similar reaction rate on both catalysts (in agreement with our previous computational investigation [5]),
we can infer the HCN polymerization at the SiO, surface is favored on the isolated/weakly interacting
silanols. Interestingly, the different surface sites on the two studied silica samples also slightly affect
the products selectivity, since minor features (i.e., the weak signal at ~1750 cm™! observed for the
as such SiO,, tentatively assigned to a carbonyl-containing molecule [32]) are exclusively observed
for bare SiO;,. This alternative reactivity could be due to the presence of the interacting silanol at the
catalyst surface, promoting a different reaction path.

In conclusion, this work proves the effectiveness of combining computer modeling based on DFT
calculations with resonant UV-Raman, as a selective probe to identify reaction intermediates/products
in the formamide conversion to nucleobases in solvothermal conditions. The interplay between the
two approaches is essential to assign the spectral features of an otherwise complex set of experimental
spectra. With respect to previous studies, the present one also provides unprecedented insights on the
effect of surface properties of silica catalysts on the formamide conversion to nucleobases, thus helping
in the elucidation of the role of a mineral phase in the reaction environment. The same method will be
applied in the future to a broad set of mineral phases, in order to disclose their role in the origin of
molecules of life.

4. Materials and Methods

4.1. Materials

Formamide (spectrophotometric grade, >99%), Aldrich, Saint Louis, MO, USA) was used as
received, without further purification. Aerosil OX50 pyrolitic silica was supplied by Evonik (Essen,
Germany). The sample was used as such or after calcining it, according to the procedure reported by
Rimola et al. [35]. In brief, silica was pelletized with a press and heated in static air up to 450 °C (30 min
ramp) for 2 h, then it was cooled back to r.t. in the closed furnace. The effect of the calcination is to
reduce irreversibly (by subsequent contact with H,O vapour at 20 mbar) and in a controlled way the
population of surface silanols, in terms of a depletion of H-bonded silanols, in favor of isolated/weakly
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interacting silanols. The IR spectra of the two samples in the OH stretching region are presented in
Figure S3 of the Supplementary Material and commented herein.

4.2. Experimental Methods

UV-Raman spectra were collected at the BL10.2-IUVS beamline at the Elettra synchrotron (Trieste,
Italy) [36], at an excitation wavelength of 266 nm. The light backscattered by the sample was filtered by an
edge filter (removing the contribution from Rayleigh scattering), analyzed by a Trivista 557 spectrometer
(1800 lines/mm grating, Princeton Instruments, Trenton, NJ, USA) and detected by a Peltier cooled
UV-enhanced CCD.

In a typical experiment, 30 mg of silica were loaded in a UV-grade cuvette and contacted with
2.65 mL of formamide (1:100 SiO;:formamide weight ratio). SiO, was suspended in formamide by
continuous magnetic stirring. The reaction mixture was rapidly heated to 160 °C by a resistive element,
then spectra collection began: 12 h of reaction were monitored. The adopted reaction conditions
are based on those reported by Saladino and coworkers on the same material [13]. The UV-Raman
spectra were collected by sampling the formamide-silica dispersion. Since the high flux of energetic
photons irradiating the sample for a long time framework is known to potentially cause the undesired
photoinduced decomposition of reactants/products [37], the cuvette was kept in a continuous oscillatory
movement under the excitation beam. The spectra here reported are normalized to the intense feature
of formamide at 1390 cm™1, assuming its concentration is constant over the reaction time (in agreement
with the low conversion to nucleobases reported in the literature [13]). This procedure was necessary in
order to compensate the stochastic fluctuations due to instrumental reasons, as well as the progressive
drop in overall intensity associated to the formation of self-absorbing species.

4.3. Computational Methods

The aim of calculations here reported is to improve the assignment of the experimental UV-Raman
spectral features, by simulating the vibrational frequencies and the associated Raman intensities for a
selected pool of reaction products [13] and intermediates [9,10,12] in formamide solution. The cluster
calculation included in this work were performed with the Gaussian16 (rev. B.01) code [38], adopting
the B3LYP functional [39,40]. All the atoms were described through the Ahlrichs TZVP basis set [41],
which was chosen according to its intrinsically small basis set superposition error. Dispersive forces
were included through the D3 empirical scheme proposed by Grimme [42], using the Becke-Johnson
damping scheme [43]. In order to properly describe solvation, we proceeded as follows: (i) we
included explicit formamide molecules in direct interaction with the molecule of interest (typically
interacting through hydrogen bond); and (ii) we run all the calculation including the conductor-like
polarized continuum model (C-PCM) [44,45] with the dielectric constant of formamide (¢ = 109.0).
The structures of the initial models were fully optimized (including explicit solvent molecules), whereas
frequency calculations were performed on the product/intermediate atoms only (keeping the solvent
molecules frozen). This choice was mandatory, as frequency calculations were performed including
the computational demanding anharmonic corrections and static Raman intensities [46—48], as the
majority of vibrations includes hydrogen atoms, for which the anharmonic behavior is not negligible.
When possible, symmetry was exploited to speed up the calculations, always taking care that all
frequencies were real (otherwise symmetry was lowered or switched-off completely). Each part of the
computational setup (method, basis set, implicit and explicit solvation models) was carefully calibrated
on the formamide spectrum, as shown in the Supplementary Material (Section S4, Figures 54-57).
The obtained vibrational frequencies and Raman intensities were convoluted to build up the simulated
spectra by adopting Lorentzian functions (FWHM = 10 cm™!). An example of Gaussian input for the
Raman spectra simulation is provided in Section S5 of Supplementary Material. The optimized atomic
coordinates for the five models adopted in the calculations are given as well in Section S6.
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4.4. Linear Combination Fit (LCF)

The LCF procedure was applied to the experimental datasets, in order to describe them through the
set of spectra derived from DFT calculations. In this way, a set of weight coefficients, directly proportional
to the concentration of the species represented by each of the base spectra, was obtained. In detail,
a least square algorithm was applied to each spectrum in order to minimize the following quantity:

min||P-C - DIl

where P is a m X n matrix containing the pure spectra from DFT, C is a n X 1 vector containing
the weight coefficients and D is a m X 1 vector containing the experimental data. The fit has been
performed with the MATLAB® software, imposing the weight coefficients to stay positive. Furthermore,
the coefficient for the formamide component was fixed to 1. These constrains are physically justified,
since: (i) the coefficients represent concentrations, which are positively defined; and (ii) the formamide
concentration is constant along the whole experiment, since the conversion is low and it is present in
large excess.

Supplementary Materials: The following are available online. Figure S1. UV-vis spectra of cytosine and purine in
formamide solution. Figure 52. Example of LCF. Figure S3. IR spectra of Aerosil OX50 samples in the OH stretching
region. Figure S4. Simulated Raman spectra of formamide with different structural models. Figure S5. Simulated
Raman spectra of formamide with different basis sets. Figure S6. Simulated Raman spectra of formamide with
different methods. Figure S7. Simulated Raman spectra of formamide with different implicit solvation models.

Author Contributions: Conceptualization, P.U.; Data curation, M.S., S.P,, EB. and G.M.; Funding acquisition, N.B.
and P.U.; Investigation, M.S. and S.P.; Methodology, S.P., EB. and G.M.; Resources, N.B. and P.U.; Supervision, EB.
and P.U.; Writing—original draft, M.S.; Writing—review & editing, S.P.,, N.B., EB., G.M. and P.U. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by MIUR, grant number 2015F59]3R and by ASI, grant number 2019-3-U.O.

Acknowledgments: M.S.: F.B., G.M. and P.U. acknowledge financial support from the Italian MIUR (project
PRIN 2015, STARS in the CAOS—Simulation Tools for Astrochemical Reactivity and Spectroscopy in the
Cyberinfrastructure for Astrochemical Organic Species, cod. 2015F59]3R). S.P. and N.B. acknowledge the Italian
Space Agency for co-funding the Life in Space Project (ASI N. 2019-3-U.O) M.S. acknowledges the Elettra
Sincrotrone Trieste for the financial support to data collection, the IUVS beamline staff and Simone Secchi for the
experimental support.

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

References

1. Whitesides, G.M. Reinventing chemistry. Angew. Chem.-Int. Ed. 2015, 54, 3196-3209. [CrossRef] [PubMed]
Ohishi, M. Prebiotic complex organic molecules in space. In Astrobiology: From the Origins of Life to the Search
for Extraterrestrial Intelligence; Springer: Singapore, 2019; pp. 11-21. ISBN 9789811336393.

3. Nguyen, V.S.; Abbott, H.L.; Dawley, M.M.; Orlando, T.M.; Leszczynski, J.; Nguyen, M.T. Theoretical study of
formamide decomposition pathways. J. Phys. Chem. A 2011, 115, 841-851. [CrossRef] [PubMed]

4. Nguyen, V.S,; Orlando, TM.; Leszczynski, J.; Nguyen, M.T. Theoretical study of the decomposition of
formamide in the presence of water molecules. J. Phys. Chem. A 2013, 117, 2543-2555. [CrossRef]

5. Pantaleone, S.; Salvini, C.; Zamirri, L.; Signorile, M.; Bonino, F.; Ugliengo, P. A quantum mechanical study
of dehydration vs. decarbonylation of formamide catalysed by amorphous silica surfaces. Phys. Chem.
Chem. Phys. 2020, 22, 8353-8363. [CrossRef] [PubMed]

6.  Ferus, M.; Nesvorny, D.; époner, J.; Kubelika, P.; Michacl¢ikova, R.; Shestivska, V,; époner, J.E.; Civis, S.
High-energy chemistry of formamide: A unified mechanism of nucleobase formation. Proc. Natl. Acad.
Sci. USA 2015, 112, 657-662. [CrossRef] [PubMed]

7. Pietrucci, F,; Saitta, A.M. Formamide reaction network in gas phase and solution via a unified theoretical
approach: Toward a reconciliation of different prebiotic scenarios. Proc. Natl. Acad. Sci. USA 2015, 112,
15030-15035. [CrossRef]

8. Oro, J.; Kimball, A.P. Synthesis of purines under possible primitive earth conditions. I. Adenine from
hydrogen cyanide. Arch. Biochem. Biophys. 1961, 94, 217-227. [CrossRef]


http://dx.doi.org/10.1002/anie.201410884
http://www.ncbi.nlm.nih.gov/pubmed/25682927
http://dx.doi.org/10.1021/jp109143j
http://www.ncbi.nlm.nih.gov/pubmed/21229996
http://dx.doi.org/10.1021/jp312853j
http://dx.doi.org/10.1039/D0CP00572J
http://www.ncbi.nlm.nih.gov/pubmed/32266913
http://dx.doi.org/10.1073/pnas.1412072111
http://www.ncbi.nlm.nih.gov/pubmed/25489115
http://dx.doi.org/10.1073/pnas.1512486112
http://dx.doi.org/10.1016/0003-9861(61)90033-9

Molecules 2020, 25, 2274 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wang, J.; Gu, J.; Nguyen, M.T; Springsteen, G.; Leszczynski, J. From formamide to adenine: A self-catalytic
mechanism for an abiotic approach. J. Phys. Chem. B 2013, 117, 14039-14045. [CrossRef]

Wang, J.; Gu, J.; Nguyen, M.T.; Springsteen, G.; Leszczynski, J. From formamide to purine: A self-catalyzed
reaction pathway provides a feasible mechanism for the entire process. J. Phys. Chem. B 2013, 117, 9333-9342.
[CrossRef]

Barks, H.L.; Buckley, R.; Grieves, G.A.; Di Mauro, E.; Hud, N.V,; Orlando, TM. Guanine, Adenine, and
Hypoxanthine Production in UV-Irradiated Formamide Solutions: Relaxation of the Requirements for
Prebiotic Purine Nucleobase Formation. ChemBioChem 2010, 11, 1240-1243. [CrossRef]

Hudson, J.S.; Eberle, J.F.; Vachhani, R.H.; Rogers, L.C.; Wade, ]. H.; Krishnamurthy, R.; Springsteen, G.
A unified mechanism for abiotic adenine and purine synthesis in formamide. Angew. Chem.-Int. Ed. 2012, 51,
5134-5137. [CrossRef] [PubMed]

Saladino, R.; Crestini, C.; Costanzo, G.; Negri, R.; Di Mauro, E. A possible prebiotic synthesis of purine, adenine,
cytosine, and 4(3H)-pyrimidinone from formamide: Implications for the origin of life. Bioorg. Med. Chem.
2001, 9, 1249-1253. [CrossRef]

Saladino, R.; Crestini, C.; Neri, V.; Ciciriello, F; Costanzo, G.; Di Mauro, E. Origin of informational polymers:
The concurrent roles of formamide and phosphates. ChemBioChem 2006, 7, 1707-1714. [CrossRef]

Muir, ] M.R,; Idriss, H. Formamide reactions on rutile TiO2(011) surface. Surf. Sci. 2009, 603, 2986-2990.
[CrossRef]

Saladino, R.; Crestini, C.; Pino, S.; Costanzo, G.; Di Mauro, E. Formamide and the origin of life. Phys. Life Rev.
2012, 9, 84-104. [CrossRef]

Saladino, R.; Crestini, C.; Neri, V.; Brucato, J.R.; Colangeli, L.; Ciciriello, F.; Di Mauro, E.; Costanzo, G.
Synthesis and Degradation of Nucleic Acid Components by Formamide and Cosmic Dust Analogues.
ChemBioChem 2005, 6, 1368-1374. [CrossRef]

Rotelli, L.; Trigo-Rodriguez, ].M.; Moyano-Cambero, C.E.; Carota, E.; Botta, L.; Di Mauro, E.; Saladino, R.;
Chyba, C.F; Or9, J.; Mojzsis, S.J.; et al. The key role of meteorites in the formation of relevant prebiotic
molecules in a formamide/water environment. Sci. Rep. 2016, 6, 38888. [CrossRef]

Rimola, A.; Sodupe, M.; Ugliengo, P. Role of Mineral Surfaces in Prebiotic Chemical Evolution. In Silico
Quantum Mechanical Studies. Life 2019, 9, 10. [CrossRef]

Saitta, A.M.; Saija, F,; Pietrucci, F.; Guyot, F. Reply to Bada and Cleaves: Ab initio free-energy landscape of
Miller-like prebiotic reactions. Proc. Natl. Acad. Sci. USA 2015, 112, e343—e344. [CrossRef]

Rudnick, R.L.; Gao, S. Composition of the Continental Crust. In Treatise on Geochemistry, 2nd ed.; Elsevier Inc.:
Amsterdam, The Netherlands, 2013; Volume 4, pp. 1-51. ISBN 9780080983004

Henning, T. Cosmic Silicates. Annu. Rev. Astron. Astrophys. 2010, 48, 21-46. [CrossRef]

Rimola, A.; Costa, D.; Sodupe, M.; Lambert, ].F.; Ugliengo, P. Silica surface features and their role in the
adsorption of biomolecules: Computational modeling and experiments. Chem. Rev. 2013, 113, 4216-4313.
[CrossRef] [PubMed]

Signorile, M.; Crocella, V.; Damin, A.; Rossi, B.; Lamberti, C.; Bonino, F; Bordiga, S. Effect of Ti Speciation on
Catalytic Performance of TS-1 in the Hydrogen Peroxide to Propylene Oxide Reaction. J. Phys. Chem. C 2018,
122,9021-9034. [CrossRef]

Signorile, M.; Bonino, F.; Damin, A.; Bordiga, S. In Situ Resonant UV-Raman Spectroscopy of Polycyclic
Aromatic Hydrocarbons. . Phys. Chem. C 2015, 119, 11694-11698. [CrossRef]

Signorile, M.; Rojo-Gama, D.; Bonino, F.; Beato, P.; Svelle, S.; Bordiga, S. Topology-dependent hydrocarbon
transformations in the methanol-to-hydrocarbons reaction studied by operando UV-Raman spectroscopy:.
Phys. Chem. Chem. Phys. 2018, 20, 26580-26590. [CrossRef] [PubMed]

Signorile, M.; Rojo Gama, D.; Bonino, E; Svelle, S.; Beato, P.; Bordiga, S. Operando UV-Raman study of
the methanol to olefins reaction over SAPO-34: Spatiotemporal evolution monitored by different reactor
approaches. Catal. Today 2019, 336, 203-209. [CrossRef]

Allotta, PM.; Stair, P.C. Time-Resolved Studies of Ethylene and Propylene Reactions in Zeolite H-MFI by
In-Situ Fast IR Heating and UV Raman Spectroscopy. ACS Catal. 2012, 2, 2424-2432. [CrossRef]

Stair, P.C. The Application of UV Raman Spectroscopy for the Characterization of Catalysts and Catalytic
Reactions. Adv. Catal. 2007, 51, 75-98.


http://dx.doi.org/10.1021/jp409296k
http://dx.doi.org/10.1021/jp404540x
http://dx.doi.org/10.1002/cbic.201000074
http://dx.doi.org/10.1002/anie.201108907
http://www.ncbi.nlm.nih.gov/pubmed/22488748
http://dx.doi.org/10.1016/S0968-0896(00)00340-0
http://dx.doi.org/10.1002/cbic.200600139
http://dx.doi.org/10.1016/j.susc.2009.08.012
http://dx.doi.org/10.1016/j.plrev.2011.12.002
http://dx.doi.org/10.1002/cbic.200500035
http://dx.doi.org/10.1038/srep38888
http://dx.doi.org/10.3390/life9010010
http://dx.doi.org/10.1073/pnas.1421035112
http://dx.doi.org/10.1146/annurev-astro-081309-130815
http://dx.doi.org/10.1021/cr3003054
http://www.ncbi.nlm.nih.gov/pubmed/23289428
http://dx.doi.org/10.1021/acs.jpcc.8b01401
http://dx.doi.org/10.1021/acs.jpcc.5b02209
http://dx.doi.org/10.1039/C8CP04240C
http://www.ncbi.nlm.nih.gov/pubmed/30307454
http://dx.doi.org/10.1016/j.cattod.2018.11.065
http://dx.doi.org/10.1021/cs3004215

Molecules 2020, 25, 2274 11 of 11

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Signorile, M.; Salvini, C.; Zamirri, L.; Bonino, F; Martra, G.; Sodupe, M.; Ugliengo, P. Formamide Adsorption
at the Amorphous Silica Surface: A Combined Experimental and Computational Approach. Life 2018, 8, 42.
[CrossRef]

Fodor, S.P.A; Rava, R.P; Hays, T.R.; Spiro, T.G. Ultraviolet resonance Raman spectroscopy of the nucleotides
with 266-, 240-, 218-, and 200-nm pulsed laser excitation. J. Am. Chem. Soc. 1985, 107, 1520-1529. [CrossRef]
Colthup, N.B.; Daly, L.H.; Wiberley, S.E. Introduction to Infrared and Raman Spectroscopy, 3rd ed.; Academic Press:
San Diego, CA, USA, 1990; ISBN 978-0-12-182554-6.

Rouillé, G.; Millot, G.; Saint-Loup, R.; Berger, H. High-resolution stimulated Raman spectroscopy of O,.
J. Mol. Spectrosc. 1992, 154, 372-382. [CrossRef]

Taniguchi, M.; Lindsey, ].S. Database of Absorption and Fluorescence Spectra of > 300 Common Compounds
for use in PhotochemCAD. Photochem. Photobiol. 2018, 94, 290-327. [CrossRef]

Rimola, A.; Fabbiani, M.; Sodupe, M.; Ugliengo, P.; Martra, G. How Does Silica Catalyze the Amide Bond
Formation under Dry Conditions? Role of Specific Surface Silanol Pairs. ACS Catal. 2018, 8, 4558-4568.
[CrossRef]

D’amico, F; Saito, M.; Bencivenga, F.; Marsi, M.; Gessini, A.; Camisasca, G.; Principi, E.; Cucini, R.; Di Fonzo, S.;
Battistoni, A.; et al. UV resonant Raman scattering facility at Elettra. Nucl. Instrum. Methods Phys. Res. Sect.
A Accel. Spectrometers Detect. Assoc. Equip. 2013, 703, 33-37. [CrossRef]

Signorile, M.; Bonino, F.; Damin, A.; Bordiga, S. A Novel Raman Setup Based on Magnetic-Driven Rotation
of Sample. Top. Catal. 2018, 61, 1491-1498. [CrossRef]

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, ].R.; Scalmani, G.; Barone, V.;
Petersson, G.A.; Nakatsuji, H.; et al. Gaussian 16 Revision C.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.

Becke, A.D. A new mixing of Hartree—Fock and local density—functional theories. J. Chem. Phys. 1993, 98,
1372-1377. [CrossRef]

Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional
of the electron density. Phys. Rev. B 1988, 37, 785-789. [CrossRef]

Schifer, A.; Huber, C.; Ahlrichs, R. Fully optimized contracted Gaussian basis sets of triple zeta valence
quality for atoms Li to Kr. J. Chem. Phys. 1994, 100, 5829-5835. [CrossRef]

Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94 elements H-Pu. ]. Chem. Phys. 2010, 132, 154104.
[CrossRef]

Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping function in dispersion corrected density functional
theory. J. Comput. Chem. 2011, 32, 1456-1465. [CrossRef]

Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. Energies, structures, and electronic properties of molecules in
solution with the C-PCM solvation model. J. Comput. Chem. 2003, 24, 669—681. [CrossRef]

Barone, V.; Cossi, M. Quantum calculation of molecular energies and energy gradients in solution by a
conductor solvent model. J. Phys. Chem. A 1998, 102, 1995-2001. [CrossRef]

Bloino, J.; Barone, V. A second-order perturbation theory route to vibrational averages and transition
properties of molecules: General formulation and application to infrared and vibrational circular dichroism
spectroscopies. J. Chem. Phys. 2012, 136, 124108. [CrossRef] [PubMed]

Barone, V. Anharmonic vibrational properties by a fully automated second-order perturbative approach.
J. Chem. Phys. 2005, 122, 014108. [CrossRef] [PubMed]

Barone, V. Vibrational zero-point energies and thermodynamic functions beyond the harmonic approximation.
J. Chem. Phys. 2004, 120, 3059-3065. [CrossRef]

Sample Availability: Samples of the compounds (formamide, silica) are available from the authors.

® © 2020 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/).


http://dx.doi.org/10.3390/life8040042
http://dx.doi.org/10.1021/ja00292a012
http://dx.doi.org/10.1016/0022-2852(92)90215-A
http://dx.doi.org/10.1111/php.12860
http://dx.doi.org/10.1021/acscatal.7b03961
http://dx.doi.org/10.1016/j.nima.2012.11.037
http://dx.doi.org/10.1007/s11244-018-1033-z
http://dx.doi.org/10.1063/1.464304
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.467146
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1002/jcc.21759
http://dx.doi.org/10.1002/jcc.10189
http://dx.doi.org/10.1021/jp9716997
http://dx.doi.org/10.1063/1.3695210
http://www.ncbi.nlm.nih.gov/pubmed/22462836
http://dx.doi.org/10.1063/1.1824881
http://www.ncbi.nlm.nih.gov/pubmed/15638643
http://dx.doi.org/10.1063/1.1637580
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Materials 
	Experimental Methods 
	Computational Methods 
	Linear Combination Fit (LCF) 

	References

