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From gaseous HCN to nucleobases at cosmic silicate dust surface:
an experimental insight into the onset of prebiotic chemistry in
space

Rosangela Santalucia,?® Marco Pazzi,® Francesca Bonino,?* Matteo Signorile,2® Domenica Scarano,®
Piero Ugliengo,* 2 Giuseppe Spoto, * 2* and Lorenzo Mino 2°

In memory of Professor Gianmario Martra

HCN in gas form is considered as a primary nitrogen source for the synthesis of prebiotic molecules in extraterrestrial
environments. Nevertheless the research mainly focused on the reactivity of HCN and its derivatives in aqueous systems,
often using external high-energy supply in form of cosmic rays or high energy photons. Very few studies were devoted to
the chemistry of HCN in gas phase or at gas/solid interphase, although they represent the more common scenarios in the
outer space. In this paper we report about the reactivity of high purity HCN in the 150-300 K range at the surface of
amorphous and crystalline Mg,SiO, (forsterite olivine), i.e. of solids among the constituents of the core of cosmic dust
particles, comets, and meteorites. Amorphous silica and MgO were also studied as models representative of the Mg,SiO,
structural building blocks. IR spectroscopic results and the HR-MS analysis of the reaction products revealed the Mg*0*
acid/base pairs at the surface of Mg,SiO, and MgO to be key in promoting the formation of HCN oligomers along with
imidazole and purine compounds, already in very mild temperature and HCN pressure conditions, i.e. in absence of external
energetic triggers. Products include the adenine nucleobase, a result which supports the hypothesis that prebiotic molecular

building blocks can be easily formed through surface catalytic processes in absence of high-energy supply.

Introduction

Hydrogen cyanide is nowadays considered as a key ingredient
for the synthesis of organic molecules relevant to the origin of
life. After the early evidence given in 1961 by Oré et al. of the
spontaneous synthesis of adenine from its solutions in
ammonia,! attention was focused on the possible role of HCN in
the formation of nucleobases and other biomolecules under
conditions simulating the primordial terrestrial environment.?
The detection of purine and pyrimidine compounds in
carbonaceous chondrites (i.e., in primitive meteorites) then
prompted the hypothesis that canonical nucleobases may also
have formed in an extraterrestrial environment during the early
stages of our solar system.3 4 Since HCN is a ubiquitous molecule
in the universe,>'? it is believed that it could represent the
major nitrogen source for the synthesis of chemical species of
prebiotic concern. Complex molecules in space can be formed
directly in gas-phase or at solid surfaces. Amorphous and
crystalline silicates, comprising olivines (Mg,Fe),Si0; and
pyroxenes (Mg, Fe),Si,Og, are the major constituents of planets,
satellites, comets, meteorites, and asteroids, as well of the core
of the dust grains present in the interstellar medium.13-15
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fragmentation spectra of reaction products.

Such minerals could hence have played a crucial role in the
development of molecular complexity acting as heterogeneous
catalysts.'® 17 On this basis, many studies have been devoted to
the investigation of the reactivity of liquid formamide in
presence of different minerals,’® as formamide (an HCN
hydrated form) is also considered a potential precursor of
primordial nucleobases and it is much easier to produce and
handle than HCN in standard laboratory conditions. It is finally
noticeable that most of the experiments in this field are
performed by using thermal processing (T >> 300 K) or
UV/protons irradiation as energetic input in order to simulate
the harsh astrophysical context.®23 On the contrary, studies
focused on the role played by mineral surfaces in adsorbing and
concentrating gas phase HCN and in catalysing its
transformation into products of prebiotic relevance without
external energy inputs are lacking. Aiming to contribute to fill
this gap, we have studied the interaction of pure HCN with the
surface of a synthetic Mg-silicate with end-member
stoichiometry (Mg,SiO,4) in amorphous (AMS) and crystalline
(CMS or forsterite) forms, assumed as laboratory models of
cosmic silicate core dust particles.?* To attain a better
knowledge of the HCN/Mg,SiO4 chemistry, we also studied the
interaction of HCN with amorphous SiO, and MgO, two
reference solids whose surface properties have been
extensively investigated in the past and whose structures
contain the same structural building blocks of AMS and CMS
(SiO,4 tetrahedra, and Mg?* and/or (Mg2*0%), species).?528 A key
point of this investigation was the production of pure HCN and
its dosage on the solid samples in safe and fully controlled
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conditions. At the laboratory scale small quantities of HCN can
be produced by the reaction of alkali cyanides with mineral
acids. Besides the use of highly toxic precursors, this method is
also disadvantageous because the resulting gas is contaminated
by water and other impurities and needs complex purification
procedures. To overcome these problems an innovative HCN
production method was developed by using the more stable
and less toxic AuUCN as precursors and its reduction in a pure H,
atmosphere at 523 K in presence of small Pd particles as
catalyst. Following this route, high purity HCN can be produced
in an ampoule directly connected through a vacuum line to the
cell containing the solid of interest (previously outgassed at high
temperature under high vacuum to desorb any surface
contaminant) and dosed from the gas phase.

The interaction of HCN with the investigated solids and the
formation of the reaction products was studied by IR
spectroscopy in the 150-300 K temperature range which is
compatible with the typical temperatures of interplanetary
regions and comas surfaces.?® 30 The composition of the
reaction products was then determined, after their extraction
with methanol, by high-resolution mass spectrometry (HR-MS),
as outlined in the schematic workflow (Fig. 1).

@ ® ®
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by FT-IR extraction by MeOH by direct-infusion ESI(-YHRMS
+ 29 ho
_ . ‘%0 . ﬁ
-

L I 8 L

. ® : ?{ '

Figure 1. Schematic workflow: (1) in situ FT-IR investigation of the HCN adsorption
and reactivity, (2) products extraction by methanol, (3) products identification by
direct-infusion ESI(-)/HRMS.

Results and discussion

IR spectroscopy investigation of HCN interaction at the surface
of model solids

The IR spectra obtained by interaction of gaseous HCN with CMS
(panels B-B”) and AMS (panels C-C”) Mg-silicates and with the
amorphous SiO, (panels A-A”) and MgO (panels D-D”) reference
samples are compared in Fig. 2. Among the investigated solids,
amorphous SiO, is the simplest in terms of chemical
composition and surface structure. Indeed, after outgassing at
high temperature only isolated Si-OH silanol groups,
characterized by an IR absorption at 3747 cm due to the v(O-
H) stretching mode, are present on its surface conferring to the
solid weak Brgnsted acid properties.3! The interaction with HCN
at 150 K (blue spectrum in panels A-A” of Fig. 2) leads to the
erosion of the v(O-H) band (negative signal at 3747 cm™ in the
background subtracted spectrum) and the formation of a new
v(O-H) broad band centered at 3475 cm™. Two additional
absorptions are simultaneously formed at 3190 cm and 2105
cm™ due to the C-H and C=N stretching modes of molecularly

2| J. Name., 2012, 00, 1-3

adsorbed HCN. The intensity of all the above manjfestations;is
gradually reduced upon increasing the terperatiire/ FremP 150 R
up to 300 K, while the signal of the free silanols is
correspondingly restored. These results can be interpreted on
the basis of formation of weak Si-OH--(HCN) hydrogen bonded
complexes (see Zecchina et al.32 and references therein) fully
reversible upon increasing the sample temperature from 150 K
to 300 K with no evidence of formation of other products.
Indeed, the only manifestations observed in the spectrum at
300 K is the roto-vibrational contour of HCN gas, i.e. the C-H
stretching mode centred at 3311 cm and the first harmonic of
the HCN bending vibration, centred at 1412 cm™.32 The v(C=N)
mode, expected at 2097 cm! for HCN in gas phase is too weak
to be detected. This behaviour clearly shows the chemical
inertness of SiO, towards HCN in our experimental conditions.
Spectral features ascribable to formation of Si-OH---(HCN)
surface complexes are observed also in the spectra at 150 K of
the HCN/CMS and HCN/AMS systems at ca. 2095 cm™. This is
not surprising since Si-OH defective groups are expected to be
present also at the surface of the siliceous portions of the CMS
and AMS matrices.?* Differently from SiO,, in the spectra of the
HCN/CMS and HCN/AMS systems a new band in the v(C=N)
region is observed at ca. 2130 cm™ (panels B’ and C’ in Fig.2).
The presence of a similar signal also in the spectrum of the
HCN/MgO system, where it is accompanied by an additional
component at 2080 cm™ (panel D’ in Fig. 2), allows its
assignment to the interaction of HCN with Mg-containing
centers. The relative intensity of the 2130 cm™ band
progressively increases in the order CMS < AMS < MgO,
suggesting its assignment to CN- species3* formed by HCN
dissociation on Mg?*0% acid-base pairs, as shown in the first
step of Scheme 1:

-
(HCN),CN-
OH- Mg?*

pimer
N (HCN)CN-
H-CN OH_MgJ, HCN OH'MEJ'
Dissociative Oligomerization
adsorption

0™ Mg? HCN

Scheme 1. Schematic representation of the initial stages of the complex HCN/MgO
surface chemistry observed in this work. The chain reaction is initiated by the HCN
dissociative adsorption on coordinatively unsaturated Mg2*0?% acid-base pairs exposed
at the surface of the MgO nanocrystals (represented by the grey areas). Subsequent
nucleophilic attack of gaseous molecules by the adsorbed CN- fragment leads to
formation of negatively charged oligomeric species anchored to the surface.

The presence of a variety of exposed coordinatively unsaturated
Mg2*0? acid-base pairs at the surface of nanocrystalline MgO
(like the sample used in this study) is well established in the
literature. Among them, the 3-fold coordinated species located
at the corners of the MgO nanocrystals have been reported to
be highly reactive, being able to heterolytically split the H,
molecule at room temperature to give OH- and Mg-hydrides,3>
as well as to form (C,O,:1)> oligomers by reaction of the
strongly basic 0% species with gaseous CO.3> 3¢ |t is assumed
that the same species are the main responsible for the reactivity
observed with HCN (see Scheme 1), although the participation
Mg2*O? pairs in less defective positions (like at the edges or at
the extended surfaces of the MgO nanocrystals) cannot be
excluded a priori. The behaviour of the Mg,Si0, samples (and
the reactivity scale as compared to MgO) can be accounted for

This journal is © The Royal Society of Chemistry 20xx
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by considering the structural properties of these materials (see
Fig. S1). While AMS can be described as a random mixture of
Mg?* ions, (MgO), polymers and monomeric SiO, or dimeric
Si,07 units, the bulk structure of CMS is represented by an
ordinate distribution of negatively charged SiO, tetrahedra and
intercalated isolated Mg?* ions.?*?8 The expected presence of
Mg2*0?% pairs belonging to the (MgO), clusters on AMS well
accounts for the occurrence in the spectrum of the HCN/AMS
system at 150 K of the 2130 cm™ component already observed
on MgO (blue lines in panels C’ and D’ of Fig. 2) and assigned to
dissociatively adsorbed HCN (Scheme 1). The lower intensity of
this component on AMS with respect to MgO is in full
agreement with the lower concentration of the Mg?*0? pairs on
the Mg-silicate as compared to pure MgO. The presence of the
component at 2130 cm™ also in the spectrum of HCN adsorbed
at 150 K on CMS, although with low intensity, seems to confirm
the hypothesis already advanced in previous studies?* that low
concentration (MgO), moieties due to incomplete
crystallization or surface rearrangements are also present on
the crystalline Mg-silicate.

As evident in Fig. 2, the spectra of HCN adsorbed on the Mg-
containing samples undergo dramatic changes when the

ARTICLE

temperature is allowed to freely rise to 300 K. In particulas,al
the manifestations discussed in the previods pat?8d50eidiied s
molecularly and dissociatively adsorbed HCN gradually
disappear. In parallel we observe the growth of a broad and
complex absorption at higher frequency covering the whole
2250-2150 cm interval, which can be ascribed to the formation
of oligomeric or more complex CN containing products.37-3°
Especially on AMS and MgO, the transformations are
accompanied by the increase of broad absorption due to the
progressive formation of new OH groups engaged in medium-
strong hydrogen-bonding interactions. This observation further
confirms the occurrence of a proton extraction from HCN or
hydrogenated CN containing products by Mg?*0? acid-base
pairs. Moreover, the presence of a narrow component
superimposed to the broad v(OH) band at ca. 3340 cm™ is clear
evidence of the formation also of N-H groups in the reaction
products. The occurrence of a complex surface chemistry
already at low temperature is further demonstrated by the
growth in the 1750-1300 cm region of a variety of bands
compatible with the presence of functional groups like C=0,
C=N, C-N, C=C, etc. and hence of complex reaction products.

VN-H 5C-H,
vO-H vC-H vC=N vC=0, vC=N, vC=C, 6N-H vC-N, vC-C
A 3475 10.05 (A’ 2105 |505 |A” 10.05
B”
0.05 0.05
2095
)
(8]
{
(4%
o
| S
o
v
a
<L
2130
AMS
D 3340 3190 005 D° 2206 l0.05 {D” 10.05
2080
MgO

3750 3500 3250 3000 2750 2220 2160 2100 20401700 1600 1500 1400

Wavenumber (cm)

Figure 2. IR difference spectra obtained by interaction of gaseous HCN in the 150-300 K range with amorphous SiO2 (panels A-A”’), CMS (panels
B-B’), AMS (panels C-C”’) and MgO (panels D-D”). In all the series the blue curve is the spectrum at 150 K, the grey lines the spectral sequence
obtained by allowing the samples temperature to freely rise up to 300 K in HCN atmosphere and the red line the spectrum recorded after 10 min

at 300 K. Before HCN adsorption all the solids where outgassed under high vacuum at high temperature (see Sl for details) in order to remove
adsorbed water and other surface contaminants. The contribution from the bare activated material has been subtracted from the reported
spectra. The negative peaks belong to species which are consumed following the HCN/solid interaction, while the positive peaks to species which

are formed.

This journal is © The Royal Society of Chemistry 20xx
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High-resolution mass spectrometry analysis of the obtained
species and data discussion

To achieve deeper insights into the nature of the final surface
species, after the IR experiments, the samples were washed
with methanol to extract the reaction products which were
subsequently analysed by direct infusion high resolution mass
spectrometry (HR-MS).

For the sake of brevity only the mass spectrum (ESI, negative
mode) obtained on the most active solid (MgO) is reported in
Fig. 3. Similar spectra were obtained on CMS and AMS, although
with reduced absolute intensity (S| Appendix, Fig. S2).

The relative abundances of the different HCN reaction products
for the different solids are compared in Table 1. The
identification of the different products comes from ESI-MS/MS
direct infusion data which allowed us to isolate and fragment
each mass of interest (S| Appendix, Table S1, Fig. $3, and related
comments for further details). The HR-MS spectra (Fig. 3)
suggest the presence of three different families of products:
(HCN), oligomers, species with (HCN),(CN), composition (coded
in blue in the figure) and oxygen containing derivates of general
formula (HCN),O (in green). In the (HCN), series, the most

Journal Name

abundant products (see Table 1) are the amingmalaniirile
trimer (AMN, m/z = 80) and the diamindiR4lEbHItPileltEt e
(DAMN, m/z = 107). This reactivity can be rationalized
considering that the ability of bases to promote the HCN
oligomerization by a nucleophilic mechanism in homogeneous
conditions is well documented.*® 4! For instance, dimerization
readily occurs in ammonia solutions by reaction of
undissociated HCN molecules with the strong CN- nucleophile.
The subsequent nucleophilic attack of the dimer by CN- leads to
the AMN trimer and, in cascade, to the DAMN tetramer.4?
Yuasa et al.**> 4 have shown that Mg-containing minerals like
MgO (periclase) and MgCO; (magnesite) can play the same role
as ammonia in catalysing the HCN oligomerization at
liquid/solid interphases. Considering our IR data, we can
conclude that in our Mg-containing samples AMN and DAMN
are formed with a similar mechanism starting from adsorbed
HCN dissociation on acid/base 0*Mg?* surface couples (IR
signals in the 2150-2050 cm™ interval) and progressive HCN
addition to form oligomers containing C=N groups (IR signals in
the 2250-2150 cm™ interval) according to Scheme 1.

Ny e
e 3
I\>—CEN N
100_ HyN H NH, - 'c.l) .
N O N
i 't | N\>_H—NH, = r}—ca
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2 60 i :‘) | ,LN
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Figure 3. ESI-HRMS spectra of HCN/MgO reaction products after extraction with methanol. The m/z values of the most significant signals are
shown together with the proposed structures of the corresponding product. The different colours identify different class of compounds: violet

for (HCN)x oligomers, blue for (HCN),(CN), and green for oxygenated (HCN),O species.
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Table 1. lons identified from direct infusion ESI-HRMS spectra in Fig. 3, including formulae, mass measurement errors, and relative abundance (normallzed on related
base peak) of extracted solutions from MgO, AMS and CMS.

View Article Online

DOI: 10.1039/D1CP05407D

HCN

Chemical Formula

Measured

Theoretical

Relative Abundance

species M-HJ m/z m/z Appm *base peak
MgO AMS CMS
(HCN)3 [C3H,N3] 80.0252 80.0254 -2.630 4.62 2.75 3.28
(HCN), [C4H3N,4] 107.0361 107.0363 -1.677 10.1  100* 100*
(HCN)s [CsHaNs]" 134.0469 134.0472 2227 145 0340 0.150
(HCN)3(CN), [CsH,Ns] 132.0314 132.0316 -1.579  100* 32.5 0.600
(HCN)4(CN), [CeH3Ng] 159.0424 159.0425 -0.676 37.8 13.1 0.710
(HCN)s(CN), [CsH4NST 186.0534 186.0534 0.126 0.410 3.96 0.280
(HCN)sO [CsH4ONs] 150.0421 150.0421 -0.421 5.34 5.47 0.900
(HCN),O [CeHsONg)" 177.0532 177.0530 0.835 676 158 0.120

The presence of a signal m/z = 134 easily assigned to (HCN)s
pentamers is particularly relevant since a molecule having this
composition is the adenine nucleobase. The formation of
adenine from HCN in ammonia solutions has been reported to
occur under UV irradiation as well as in the dark upon heating.*°
In both cases it has been proposed that adenine is the product
of reactions chains initiated by the DAMN. Among the reaction
paths proposed for the chemical transformation of DAMN into
adenine,*® the mechanism of Voet and Schwartz,*¢ which does
not require the presence of UV irradiation, is in nice agreement
with the reaction products composition revealed by our HR-MS
results. This suggests that a reaction mechanism similar to that
proposed by Voet and Schwartz for the HCN/NH3; homogenous
system, and illustrated in a simplified version in Scheme 2, could
operate for the HCN/solid interaction in our heterogeneous
conditions. Following the mechanism of Scheme 2, the chains
of reactions leading from DAMN to adenine is initiated by the
formation of the (HCN)4(CN), (a) intermediate which can then
rearrange to give imidazole (a’) or purine (a’’) isomeric
products. The (a’) and (a”) intermediates can further evolve
following two different pathways finally leading to imidazole
compounds (d) (pathway A in Scheme 2) and to adenine (f)
(pathway B in Scheme 2). Both reactive routes lead also to the
formation of oxygenated species (e, d) which, in our conditions
(i.e., pure HCN and highly dehydroxylated samples), can only
involve the participation of the highly coordinatively
unsaturated 0% surface sites3® responsible for HCN dissociation
and for the consequent formation of OH- species.

Concerning the relative abundance of the products in the
different samples (Table 1), the most abundant species for
HCN/MgO are (HCN)3(CN), at m/z 132 (base peak) and
(HCN)4(CN), at m/z 159 suggesting that the HCN reactivity
preferentially evolves via pathway A of Scheme 2 to form
species with imidazole structure.

Conversely, for the Mg-silicates the DAMN represents the most
abundant species: in AMS we can also detect a significant

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2. Simplified version of the Voet and Schwartz mechanism* describing the
formation of adenine from HCN. The m/z values of the involved species are
reported for sake of comparison with the masses identified in the ESI (-)/HRMS
spectra of Fig. 3. The same colour coding of Fig. 3 is used here to individuate
different classes of products. A similar reaction pathway is hypothesized for the
formation of adenine by reaction of gaseous HCN at the MgO, AMS and CMS
surfaces.

amount of (HCN)3(CN),, while on CMS complex reaction
products seems to be rare.

These observations are in agreement with the different surface
reactivity already revealed by IR and strictly correlated to the
presence of strongly basic O% sites.?* Finally, it is worth to
underline that the species detected by HR-MS are fully
compatible with the IR spectra obtained for the HCN/CMS,
HCN/AMS and HCN/MgO systems (Fig. 2). Indeed, in the 1650-
1500 cm™ region we can recognize signals due to v(C=N)

J. Name., 2013, 00, 1-3 | 5
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stretching of imine-like species, to v(C=C) aromatic stretching in
ring structures and to §(NH/NH,) bending of amine groups. The
presence of N-H species is further testified by related v(N-H)
absorption at ca. 3340 cm™. In addition, the bands at 1450-1350
cm! can be assigned to v(C-C) and v(C-N) ring stretching modes
of N-bearing heteroaromatic or heterocyclic compounds, while
the v(C=0) mode of the oxygenated key species (e) and (d) in
Scheme 2 appears as a shoulder at ca. 1700 cm™.

Conclusions

In summary, to the best of our knowledge, our results are the
first evidence that the reactivity of hydrogen cyanide to form
complex products like those observed in solution or at
solid/liquid interphases can be reproduced at the gas/solid
interphase, in very mild conditions and without external energy
sources (UV irradiation or electrical discharges). The in situ IR
investigation of the adsorption of HCN at low temperature on
Mg-containing model minerals and of the subsequent reactivity
allowed to highlight the key role of surface basicity. In
particular, the presence of Mg?*-0? pairs appeared to be crucial
to initiate a complex surface chemistry by preliminary HCN
dissociation. The HR-MS analysis of the extracted products
allowed us to identify the presence among the reaction
products of HCN oligomers (mainly the AMN trimer and the
DAMN tetramer) and as well as of imidazole and purine
compounds. The evidence of the formation of the adenine
nucleobase is of considerable importance because of the
implications in field of the prebiotic chemistry in the
astrophysical contexts. Indeed, our experiments are compatible
with a primordial scenario in which HCN in gaseous form comes
directly into contact with the surface of Mg-silicates, which are
abundant in the core of the interstellar medium particles as well
as the main constituent of the core of the comets, like the 67/P.
It is worth mentioning that the range of temperature explored
in the present work brackets the temperatures measured at the
surface of northern latitudes of 67/P comet, reaching values as
high as 230 K.2° Due to the relevance of both HCN and
amorphous and crystalline silicates in the
compositions,3® the present may guide our
understanding of the complex chemical processes occurring not
only at the interstellar core grains but also in these astronomical
bodies which are relevant for bringing molecular building blocks
of the kind observed in the present experiments to large
planetary bodies.

Thus, our contribution can stimulate new investigations about
the role of gas-surface interactions involving HCN in the abiotic
formation of nucleobases both in endogenous and exogenous
prebiotic conditions.

comet’s
results
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