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ABSTRACT

We present results of prebiotic organic synthesis in shock compressed reducing
mixtures of simple ices from quantum molecular dynamics simulations extended to
close to chemical equilibrium time-scales. Given the relative abundance of carbon
in reduced forms in astrophysical ices as well as the tendency of these mixtures to
form complex hydrocarbons under the presence external stimuli, it is possible that
cometary impact could have yielded a larger array of prebiotic organic compounds
than previously investigated. We find that the high pressures and temperatures due
to supersonic compression yield a large assortment of carbon and nitrogen bonded
extended structures that are highly reactive and have picosecond lifetimes. Expan-
sion and cooling causes these materials to break apart and form a wide variety of
potentially life-building compounds, including long-chain linear and branched hy-
drocarbons, large heterocyclic compounds, a variety of different amines, and exotic
amino acids. Our results help provide a bottom-up understanding for hydrocarbon
impact synthesis on early Earth and its role in producing life building molecules

from simple starting materials.

Keywords: Origins of life, prebiotic chemistry, shock compression, comet impact,

extreme thermodynamic conditions

1. Introduction

The origins of simple prebiotic hydrocarbons on early Earth such as amino acids
and precursors to DNA and RNA has been debated without resolution since the seminal
Miller-Urey experiments from over 60 years ago (Miller 1953; Miller & Urey 1959). These
studies showed that electric discharges in a model early terrestrial system of methane,
water, ammonia and hydrogen led to milligram quantities of amino acids including glycine,
alanine, and a-amino-N-butyric acid. Reducing mixtures subjected to UV radiation (Sagan
& Khare 1971; Bernstein et al. 2002), shock compression (Bar-Nun et al. 1970; McKay &
Borucki 1997), and geothermal conditions (Harada & Fox 1964; LaRowe & Regnier 2008)
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have produced prebiotic organic material such as amino acids and precursors to DNA and
RNA nucleobases. However, the current viewpoint is that the composition of early Earth’s
atmosphere was more oxidizing (Brack 2007), consisting mainly of COs, with significantly
lesser amounts of Ny, HyS, HCI, and water vapor (Engel 2011). Shock heating experiments
(Bar-Nun et al. 1970; McKay & Borucki 1997) and calculations (B. Fegley et al. 1986) on
aqueous mixtures have found that synthesis of organic molecules necessary for amino acid

production is less likely in a COs-rich environment.

The possibility exists that both prebiotic raw materials and energy may have been
delivered to the Earth simultaneously by a cometary impact (Oro 1961; Chyba et al. 1990).
Comets and astrophysical icy materials are heterogeneous materials predominantly composed
of water, with significant concentrations of numerous other small molecules, including
both oxidized and reduced forms of carbon (Ehrenfreund et al. 2002; Mumma & Charnley
2011). These compounds can comprise as much as 22% by concentration (Fomenkova
et al. 1994; Herd et al. 2011) and include simple alkanes like methane (CH4) and ethane
(CyHg), small chain alcohols like methanol (CH3;OH), and nitriles such as HCN. Many of
these compounds can act as precursors to prebiotic materials, and an impact can provide
an abundant supply of energy to drive chemical reactivity. This could allow for prebiotic
synthesis on a planet regardless of external constraints such as the presence of a catalyst,
illuminating UV radiation, or other pre-existing conditions. Recent analysis of dust samples
from comet Wild 2 have observed the presence of glycine in the captured material (Elsila
et al. 2009). Interplanetary dust particles can accrete icy layers which can form animo acids
upon exposure to UV radiation (noz Caro et al. 2002). The flux of organic matter to Earth
via comets and asteroids during periods of heavy bombardment may have been as high as
10" kg/yr, delivering up to several orders of magnitude greater mass of organics than what

likely pre-existed on the planet (Blank et al. 2001).

Impacts on planetary surfaces can be divided into three distinct thermodynamic regions:
(I) shock compression due to impact with the planet, (II) adiabatic (free) expansion due to
the rarefaction wave passing through the icy material, and (IIT) cooling and equilibration
due to heat transfer to materials extant on the planet. Given its relatively large size (e.g.,

median nucleus radius between 1.61 and 56 km (Meech et al. 2004)), a comet passing through
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Earth’s atmosphere will be heated externally but will remain cool internally. Upon impact
with the Earth’s surface, the resulting shock wave (Region I) will compress a small section
of material on a time-scale that is limited by the rise time of the shock wave (< 10 ps)
(Robertson et al. 1991; Gahagan et al. 2000; Kadau et al. 2002). A shock wave causes a
reactive material to visit numerous thermodynamic states during the course of compression.
Shock waves can create sudden, intense pressures and temperatures which could affect
product branching pathways and reactions within a comet before interactions with the
ambient planetary atmosphere can occur. An oblique collision where an extraterrestrial icy
body impacts a planetary atmosphere with a glancing blow could generate thermodynamic
conditions conducive to organic synthesis (Blank et al. 2001). Reactive conditions likely
persist after arrival of the expansion wave (Region II) due to the remaining high temperature
state, before cooling occurs (Region III) (Ross 2006). The cycling through of all three
thermodynamic regions has been shown to yield significant concentrations of organic species
in these systems (Goldman et al. 2010; Goldman & Tamblyn 2013). Shock compression
experiments have shown that a high percentage of aqueous amino acids survived relatively
low pressure conditions (412-870 K and 5-21 GPa; 1 GPa = 10 kbar) (Blank et al. 2001) and
that mixtures resembling carbonaceous chondrites can produce a variety of organic material
at pressures of ~6 GPa (Furukawa et al. 2009). Nonetheless, to date there have been few
studies on the production of prebiotic molecules at both extreme temperatures and pressures
(e.g., >1000 K and 20 GPa) that can result from oblique impact of a large icy body such as

a comet.

Molecular dynamics (MD) simulations can provide an accurate description of the chemical
reactivity with a shock compressed body (Goldman et al. 2009a,b; Manaa et al. 2009; Ileri
& Goldman 2014) which can greatly facilitate experimental design and interpretation. After
impact, a comet of standard size would be held in a hot, compressed state on the order
of seconds before arrival of a rarefaction wave and subsequent decompression. However,
chemical kinetics are likely to achieve equilibrium over many orders of magnitude shorter
time scales, e.g., nanoseconds (Manaa et al. 2009; Goldman & Bastea 2014). These timescales
are amenable to high throughput simulation approaches(Goldman & Fried 2012; Goldman
et al. 2013; Srinivasan et al. 2014; Goldman 2014) and could be probed directly by state of
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the art laser shock-compression experiments (Armstrong et al. 2013). Our initial quantum
simulations on a COs-rich aqueous mixture showed the possibility of formation of the
proteinogenic amino acid glycine due to shock synthesis (Goldman et al. 2010), as well as
possible precursors for nucleotides of DNA and RNA and many small prebiotic molecules
(Goldman & Tamblyn 2013). Our results have since been confirmed by shock recovery
experiments on a similar mixture, where several linear and methyl-amino acids including
glycine have been produced (Martins et al. 2013). However, our simulations were limited
to the oxidizing icy mixture alone, and experiments so far have been designed to detect
synthesized amino acids therein, exclusively. Further experimentation would greatly benefit
from detailed knowledge of the types of prebiotic molecules in addition to amino acids that
can occur as a function of different chemical compositions of the initial icy mixture subjected

to a variety of peak thermodynamic conditions.

Given the heterogeneity of a comet or astrophysical icy mixture, there exists a likelihood
of regions existing within these materials that are rich in reduced forms of carbon (e.g.,
CH,4, HCN) that promote prebiotic synthesis more readily than the oxidizing mixture of
our previous study. HCN in particular has been found in cometary ices in relatively high
concentrations (Ehrenfreund & Charnley 2000), and has been detected throughout our
galaxy, in interstellar clouds, cosmic dust, carbonaceous chondrites, and comets in detectable
amountsSnyder & Buhl (2012); Matthews & Minard (2006); Ehrenfreund et al. (2002); He
et al. (2012). Significant concentrations of HCN can be produced upon planetary impact
(Goldman et al. 2010; Goldman & Tamblyn 2013). Liquid HCN is known to polymerize
spontaneously in the presence of a base, such as an amine or ammonia, or in the presence of
incident UV radiation (Matthews & Minard 2006), yielding products such as the nucleobase
adenine and heteropolypeptides (protein forming chains of different amino acids). The actual
involvement of all prebiotic extraterrestrial material in life-forming chemistry on Earth would
be dictated in large part by their reactivity upon delivery to the planet. To the best of our
knowledge, a detailed inventory of possible chemical products from shock synthesis within

these types of mixtures has yet to be conducted.

To address these issues in detail, we have conducted quantum simulations of reduced

prebiotic mixtures containing HCN to near chemical equilibrium timescales under the entire
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impact cycle of heating and compression, followed by expansion and cooling. We find that
shock compression yields high pressure and temperature states, which results in the partial
condensation of carbon and nitrogen into larger, extremely short-lived particles with varying
numbers of C-C and C-N bonds. Relaxation and cooling to low pressure and temperature
states ultimately allows for the formation of a much richer variety of new, stable compounds
than our previous studies, including some amino acids and their precursors, and several
aromatic species. Knowledge of these properties will help create a chemical “road map”
understanding for hydrocarbon impact synthesis on early Earth and its role in producing

prebiotic molecules.

2. Computational details

DFTB calculations with self-consistent charges (SCC) (Elstner et al. 1998) were driven
by the LAMMPS molecular software simulation suite (Plimpton 1995), with the DFTB+
code (Aradi et al. 2007) used to compute forces and the cell stress tensor. C-H-O-N
interaction parameters were used that are available for download (mio-0-1 parameter set
from http://www.dftb.org). For each MD time step, the maximum number of SCC steps was
limited to four through use of the Extended Lagrangian Born-Oppenheimer MD (XL-BOMD)
approach for propagation of the electronic degrees of freedom (Zheng et al. 2011). Thermal
populations of the electrons were computed through the Mermin functional (Mermin 1965).
All simulations discussed here were performed with a time-step of 0.2 fs. We used an initial
astrophysical ice composition of 24 H,O, 12 CH,, 12 CH30H, 12 HCN, and 12 NH3(288
atoms total), with periodic boundary conditions used to approximate a mesoscale system
size. Initial computational cell lattice vectors were a = 21.6983 A, and b = ¢ = 10.8492
A, corresponding to a density of 1.0 g/cc. This density is close to that of similar studies
(Goldman et al. 2010; Goldman & Tamblyn 2013; Martins et al. 2013). Initial equilibration
at 300K was performed for 10 ps using Nose-Hoover thermostat chains (Nosé 1984; Hoover
1985). Uniaxial compression due to the shock wave and adiabatic expansion of the rarefaction
wave occurred along the a lattice vector. Previous work has shown that doubling the system

size along the a lattice vector yielded virtually identical thermodynamic conditions under



shock loading (Goldman et al. 2010).

Shock compression simulations were conducted using the well-established Multi-scale
Shock compression Simulation Technique (MSST) (Reed et al. 2003). MSST operates by
time-evolving equations of motion for the atoms and the computational cell dimension in the
direction of the shock to constrain the stress in the propagation direction to the Rayleigh
line and the energy of the system to the Hugoniot energy condition. (The Hugoniot is
the locus of thermodynamic end states achieved by a specific shock velocity and set of
initial conditions.). For a given shock speed, these two relations describe a steady planar
shock wave within continuum theory. MSST has been used in conjunction with quantum
simulation methods to accurately reproduce the shock Hugoniot of a number of systems
(Mundy et al. 2008; Goldman et al. 2009b, 2010; Goldman & Fried 2012; Goldman et al. 2013;
Reed 2012). Quantum nuclear vibrational effects are known to result in higher Hugoniot
temperatures (Goldman et al. 2009a) and enhanced chemical reactivity (Qi & Reed 2012)
under extreme conditions compared to purely classical ionic trajectories. Here, we analyze
results from classical MD trajectories only. For all shock velocities, we used a scaling term
with the MSST ionic equations of motion to account for drift in the conserved quantity in
our simulations (Srinivasan et al. 2014; Goldman & Bastea 2014). A scaling factor of 1073
resulted in a deviation in the total forces in our simulations of less than 1% once a steady
shock compression had been produced. We allowed the system to evolve for up to ~150 ps

within the shock state.

Adiabatic expansion simulations were conducted using the DOLLS algorithm (Hoover
et al. 1980), where the simulation cell was expanded at a constant rate until the initial density
of 1.0 g/cc was achieved. The DOLLS algorithm uses an alternate Hamiltonian to alter the
simulation cell volume at a constant rate while ensuring that the system is constrained to
visit the thermodynamic states corresponding to its adiabat, i.e., dF;,; = —PdV. In previous
work the expansion rates were varied between 10 and 100 ps, and although these timescales
are significantly shorter than those of experiments or an actual impact, it was found that
chemical reactivity was consistent for values of k3! > 50ps (Goldman & Tamblyn 2013; Tleri
& Goldman 2014). In this work we used ky' = 60 ps in all of our simulations. Following

adiabatic expansion, the simulations were cooled from their high temperature state to 300
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K over 30 ps using a temperature ramp, followed by a further equilibration step at 300 K
for 30 ps using Nose-Hoover thermostat chains. Calculations corresponding to the longest
expansion rate had a total simulation time (Regions I, II, and III) of approximately 260 ps,
and encompassed a wide range of different thermodynamic conditions (2). The time frame on
which a comet impact occurs is on the order of seconds (Goldman et al. 2010), which is well
beyond the means of molecular dynamics simulations. However, our simulations reported
here describe processes and dynamics on a timescale several orders of magnitude larger
than the picosecond rise-time of shocks in polycrystalline materials (Robertson et al. 1991;
Gahagan et al. 2000; Kadau et al. 2002; Armstrong et al. 2010; Crowhurst et al. 2011), shock
compressed water (Goldman et al. 2009b), and our previous quantum simulations (Goldman
et al. 2010). In addition, explosive disintegration of cosmic bodies can also occur upon
entering the Earth’s atmosphere (Fortov et al. 2013). The resulting ejecta can be composed
of particles between 100 microns to 10 meters in diameter (Lorenz 2004), all of which will
compress and subsequently expand and cool extremely rapidly. Our impact simulations thus
span the relevant time scales corresponding to the chemistry within icy grains in a comet.
Our simulation timescales are amenable to study by laser shock compression experiments

(Gahagan et al. 2000; Armstrong et al. 2010; Crowhurst et al. 2011).

3. Results and discussion

Simulations were conducted for shock velocities of 7 — 12 km s~!, which yielded Hugoniot
pressures of 20 — 82 GPa and temperatures of 1000 — 3900 K (Fig. 1). The particle velocity
Up from our shock compression simulations was taken to be equal to the impact velocity
Goldman et al. (2010), and is related to the angle from the horizon ¢ according to the formula:
Up = (Vg/2)sin¢. Here, Up is computed according to the relation Up = Ug(1 — po/p),
where Ug is the shock velocity imparted to the system and p, is the density of the initial
pre-shock state, and Vg is the encounter velocity of the impacting extraterrestrial icy object.
Impact with an ocean or other body with similar shock impedance to the extraterrestrial ice
contributes an approximate factor of 1/2 due to the body’s compressibility. An astrophysical

ice with initial velocity of 29 km s™! (approximate median encounter velocity of a short period
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comet with Earth (Blank et al. 2001)) would have to impact the Earth at an angle from

the horizontal of up to 28° to experience the pressures and temperatures of our simulations.
Assuming a probability distribution of dP = sin(2¢)d¢, where ¢ is the angle from the horizon
(Shoemaker 1962), our simulations correspond to low velocity impacts with a cumulative 22%

probability. Thus, our study encompasses likely events for astrophysical ice impacts on early

Earth.

Our trajectories indicate rapid chemical reactivity in our simulations at Hugoniot
conditions of 52 GPa and 2500 K, 67 GPa and 2300 K, and 82 GPa and 3900 K. Hence,
we choose to focus our analysis on these trajectories. Analysis of configurations from our
simulations indicates that the high pressure-temperature states due to shock compression
result in the rapid decomposition of our starting materials (Fig. 2(a)). These in turn form
new bonds, in particular between carbon and nitrogen bonds, which can form extended
structures with multiple bonding arrangements. Time traces of the equation of state state
during shock compression indicates that the system achieves a steady thermodynamic state in
a few picoseconds, with the exception of the 52 GPa trajectory (Fig. 2(b)). Here, the system
temperature is monotonically increasing, which is commensurate with chemical reactivity
that is longer than the timescales of our simulations. Nanosecond chemical timescales have
been observed in a a number of organic mixtures under shock loading due to slow carbon
coagulation kinetics (Reed et al. 2008; Manaa et al. 2009). After concluding adiabatic
expansion from the shock Hugoniot states, all of our simulations achieve low pressures and
densities, but remain in relatively high temperature states, with the 52 GPa simulation
at a temperature of 1500 K, the 67 GPa simulation a temperature of 1900 K, and the 82
GPa simulation a temperature of 2200 K. We observe a number of C-N bonded oligomers
in this state, as well as some smaller C-C ands C-N bonded fragments. Upon cooling and
equilibration to 300 K and 1 g/mL density we observe that all of these fragments and
oligomers have coalesced into several different C-N bonded structures with different functional

groups (e.g., C-OH, etc.).

Amino acids contain both amine (-NHj) and carboxyl (-COOH) functional groups, and
require carbon-nitrogen bond formation for their synthesis. Protein synthesis is driven by

peptide bond formation, i. e., C-N bonds formed between -COOH and -NHy groups from
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different amino acids while eliminating an H,O molecule. Larger life-building compounds
such as many protein forming acids and nucleotides of RNA and DNA require the formation
of extended carbon bonded networks (Goldman & Tamblyn 2013; Ehrenfreund et al. 2006).
Hence, our goal is to create a more fundamental understanding of C-C and C-N bond
formation as a function of elevated temperature and pressure due to shock compression.
Analysis of the radial distribution functions (RDFs) for each type of bonding pair can provide

a general picture for the different types of bonds that form during impact events, viz.,

g(R) = V/N? Z S(r — rij)>. Here, V is the volume of our simulation cell, NV is the number
of particles in thle< ]system, and r;; is the distance between a given ¢ — j bonded pair. For shock
conditions of 52 GPa, we observe that the peak at 1.1 A corresponding to the C-N triple
bond in HCN disappears after several picoseconds due to its decomposition. Consequently,
we observe the simultaneous formation of reduced forms of carbon and nitrogen bonded
compounds such as amines (e.g. R-CHy-NHy, where R is an unspecified group or molecule
and the C-N bond is single), with a peak in the RDF at ~1.4 A, although the peak is quite
broad and could contain many different forms of C-N bonded compounds. Concurrently,
we observe the formation of new C-C bonds after several picoseconds, centered around 1.5
A consistent with graphite and diamond nearest neighbor distances of ~1.42 and 1.55 A,
respectivelyGoldman & Fried (2012); Goldman et al. (2013). During adiabatic expansion, the
C-C bond peak has shifted to slightly higher distance due to the lower pressures attained.
Upon cooling and equilibrating, we observe the formation of three distinct C-N bonded
peaks: one at ~1.1 A likely corresponding to nitrile groups (e.g., R-CN, where carbon and
nitrogen have a triple bond), one at ~1.3 A possibly corresponding to imine groups (e.g.,
C-N double bond), and one at ~1.4 A likely corresponding to amine groups. We also observe
C-C bonded peaks at distances of 1.4 A and 1.55 A consistent with the formation of sp® and

sp>-bonded carbon structures.

We now determine the specific chemical reactivity and bond kinetics in our shock
compression simulations (Region I) using a pre-established methodology of optimal bond
cutoff distances and lifetimes (Goldman et al. 2005; Goldman & Fried 2006, 2007; Goldman
et al. 2010). We observe that the sudden increase in pressure and temperature due to shock

loading causes the starting materials to become highly reactive, with many compounds
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having computed lifetimes of hundreds of femtoseconds or less. Given the short chemical
lifetimes and complex reactivity in our simulations, we have generalized chemical events
by examining the time traces of concentrations of total C-C and C-N bonds (Fig. 4). This
allows for a detailed chemical picture under these conditions without relying on the fate of
specific compounds and any intermediates they might form. At shock conditions of 52 GPa,
we observed that C-C bond formation is increasing monotonically, and has not yet achieved
a steady kinetic state on the timescales of our simulations, e.g., there is persistent growth
of carbon containing clusters. In contrast, the 67 GPa trajectory is considerably closer to
equilibrium in terms of C-C bond formation. These conditionsyield the highest concentration
of C-C bonds, which could indicate that the higher degree of complexity in terms of organic
products could be achieved under these conditions. The 82 GPa trajectory achieves C-C
bond formation steady state within the first 20 ps off the simulation, largely due to the
intense pressurization and thermalization under these shock conditions. In terms of C-N
bond formation, the initial value for the its concentration for each simulation is due to the
presence of HCN as a starting material. At 52 GPa we observe that a steady state appears to
have formed over the timescale of our simulation, indicating that under these conditions C-N
bond forming kinetics occur more rapidly than those for C-C bonds. In contrast, the 67 GPa
and 82 GPa simulations show that the number of C-N bonds in at these conditions decreases

overall, indicating that C-C bonding is favored in the clusters formed under these conditions.

Our molecular analysis shows that the reactive shock conditions studied here yield a
large number of specific C-C and C-N bonded oligomers (molecular complexes), with lifetimes
generally less than 0.05 ps. However, these oligomers tend to be composed of a series of
longer-lived C-C and C-N bonded backbones, with smaller moieties such as hydroxyl groups
diffusing on and off the backbones at rapid rates. We note that in general the C-C and
C-N bonded backbones that can form are significantly larger and more complex than those
observed in our impact simulations of an icy mixture under oxidizing conditions (Goldman
& Tamblyn 2013). At shock pressures of 52 GPa, we observe a wide variety of C-C and
C-N bonded complexes (Fig. 5), with small clusters containing only 1-2 bonds of each type
having lifetimes on the order of 5 ps, and larger oligomers with as many as 14 C-C bonds

and 17 C-N bonds with lifetimes of several hundred femtoseconds. Shock pressures of 67
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GPa have produced the richest array of C-C and C-N bonded oligomers of the three sets of
conditions studied here, though the lifetimes of smaller clusters is reduced to approximately
1 ps. In general, C-C and C-N bonded oligomers under these conditions tended to contain
larger numbers of C-C bonds, with backbones containing as many as 29 C-C bonds and

15 C-N bonds. The lifetimes of these species were again computed to be on the order of
several hundred femtoseconds. The C-C and C-N backbones formed under shock conditions
of 82 GPa tended to be smaller overall and with shorter lifetimes, with all clusters exhibiting

computed lifetimes of less than 1 ps due to the higher thermodynamic conditions.

Relaxation to low density and low temperature conditions (Regions II and III) caused the
large C-C and C-N bonded oligomers due to break apart into smaller fragments and form a
series of new, stable compounds (Fig. 6). All of our simulations recovered significant amount
of water, as well as NH3, and HCN. Expansions from 52 GPa and 67 GPa yielded significant
amounts of CHy, and expansion from 82 GPa yielded both ethane (CH3CHjs, 30 atomic mass
units or amu) and propene (CH3CHCHgy, 42 amu). Aqueous mixtures of simple hydrocarbons
with NHshave been shown to yield protein forming amino acids under shock compression
(Bar-Nun et al. 1970) and ultraviolet irradiation (Sagan & Khare 1971). Expansions from
peak conditions of 52 GPa produced a number of aliphatic amines, e.g., an NHy containing
compound with no aromatic rings attached directly to the nitrogen. We observe the formation
of methylamine (CH3NH,, 31 amu) and propylamine CH3CHyCHyNH,, 59 amu). Small
chain amines have been observed in recovered cometary materials (Glavin et al. 2008) and
meteorites (Aponte et al. 2014), and have been proposed as significant constituents of Titan’s
atmosphere (Cable et al. 2014). These types of amines share structural features with amino
acids such as carbon backbones and chiral centers, and could serve as possible precursors
to amino acid synthesis in astrophysical bodies via a Strecker-type synthesis (Aponte et al.
2014). We note the formation of an amine compound at 99 amu containing two imine groups
(C-N double bonds), which could serve as a precursor to peptide chain of amino acids with
multiple chiral centers. We also observe ethanolamine (61 amu), and which has been observed
in collected cometary dust (Glavin et al. 2008), is both commonly found as a biological
membrane precursor and as a component of some neurotransmitters (Calignano et al. 2001).

The largest molecule produced from these conditions (294 amu) is a complex amino acid
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that contains a moiety chemically similar to glycine as well as three adjoined aromatic rings,
i.e., two six-membered rings of the form Cs;N and one five-membered ring containing carbon,
only (shown in detail in Fig. 7(a)). This structure indicates the possibility of shock synthesis
of protein building heteropolypeptides without the intervening formation of a-amino acids,

similar to previous studies under ambient conditions (Matthews 1991). In addition, polycyclic

aromatic hydrocarbons have been proposed as possible precursors to nucleotides of DNA and

RNA (Ehrenfreund et al. 2006).

Expansion from 67 GPa yielded a somewhat similar array of small chain C-N bonded
compounds, including methylamine and propynylamine (55 amu). We also observe
proprionitrile and methylehtylene alcohol at the same molecular mass. These conditions
also yielded a long chain imine compound containing nine carbon atoms (151 amu), and
an alcohol comound containing an aromatic imideazole ring (138 amu; shown in detail in
Fig. 7(b)), which is somewhat similar chemically to the protein forming amino acids histidine.
Expansion from 82 GPa yielded the hydrocarbons ethane and propene (42 amu), as well as
formaldehyde (30 amu) and ketene (42 amu). Formaldehyde can react with cyano groups
and NHj to form amino acids via Strecker synthesisBrack (2007). Ketene is a highly reactive
compound that has been observed in the interstellar medium (Maity et al. 2014). These
conditions also yielded a long-chain amine compound (200 amu), containing 14 carbon
atoms with multiple double and one triple C-C bond. Long-carbon chain compounds are
essential components of phospholipids found in biological membranes as well as fatty acids
commonly found in biological materials, and smaller functionalized long-chain molecules

could contribute to the vesicle stability of these materials (Rendén et al. 2012).

4. Conclusions

Our results yield insight into the shock synthesis of both simple and complex
hydrocarbons from impacting reducing icy mixtures and pertain to the chemistry of prebiotic
compounds produced in space that could be delivered to a planet. All of the reactive
conditions studied here yielded a wide variety of amines and other carbon and nitrogen

bonded compounds that are likely precursors to terrestrial amino acids. Simulated impacts
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corresponding to peak thermodynamic conditions of 52 GPa and 2500 K yielded a large amino
acid with nitrogen-containing polycyclic aromatic rings and a segment corresponding to the
amino acid glycine. This indicates that peptides and other complex biological molecules
could be produced within astrophysical ices during impact events. Peak conditions of 67
GPa and 3200 K yielded an imideazole containing compound that could indicate a synthetic
route for the protein forming amino acid histidine. Finally, the strongest shock conditions
studied here of 82 GPa and 3900 K yielded an unsaturated long-chain amine compound, with
multiple types of C-C bonds. More direct impacts with early Earth such as those studied
here could have yielded a variety of theses types of molecules that could have eventually
been incorporated into biological membranes, fatty acids, or other materials essential for life.
This is in contrast to our previous studies of shock synthesis in oxidizing icy mixtures, which
tended to yield a more limited array of prebiotic hydrocarbons under somewhat less intense
thermodynamic conditions (e.g., less probable impacts). Our results provide a mechanism
for the shock synthesis of prebiotic materials on extra-terrestrial environments as well, such
as within the dense hydrocarbon atmosphere of Titan (Raulin et al. 2012; Kaiser & Mebel
2012) or within the icy, hydrocarbon containing crust of Enceladus (Martins et al. 2013).
This helps to create a simple chemical picture for the chemistry of these prebiotic molecules
during well known periods of heavy comet and asteroid bombardment that is independent of
external features such as the presence of a catalyst, illuminating UV radiation, or pre-existing

conditions on a planet.
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Fig. 1.— Hugoniot curves for shock compressed simulations achieved in the simulations.
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Fig. 2.— Snapshots of simulations of (I) shock compression, (II) adiabatic expansion, and
(ITI) cooling and equilibration, for peak thermodynamic conditions of 52 GPa and 2500 K
(a), with traces of thermodynamic conditions explored during entire trajectories during for
peak conditions exhibiting rapid chemical reactivity (b). Light blue circles correspond to
carbon, dark blue to nitrogen, red to oxygen and white to hydrogen. In addition, the black
line corresponds to peak conditions of 52 GPa, the blue line to 67 GPa, and the red line to
82 GPa. The thermodynamic conditions of the shock state vary depending on the impact

velocity.
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black line corresponds to peak conditions of 52 GPa, the blue line to 67 GPa, and the red line

to 82 GPa. Concentrations have been averaged over 0.5 ps intervals.
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(a) Polycyclic aromatic hydrocarbon with glycine moiety

(52 GPa)

(b) Imidazole compound (67 GPa)

Fig. 7.— Aromatic compounds formed in our simulations, with peak shock pressures shown
in parenthesis. For the amino acid in (a), the glycine moiety is highlighted with large spheres,
and the aromatic rings with small spheres. The imidazole ring in (b) is highlighted in a similar

fashion.



