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Abstract

We present results of prebiotic organic synthesis in shock compressed mixtures of

simple ices from quantum molecular dynamics (MD) simulations extended to close to

equilibrium time-scales. Given the likelihood of an inhospitable prebiotic atmosphere

on early Earth, it is possible that impact processes of comets or other icy bodies were

a source of prebiotic chemical compounds on the primitive planet. We observe that

moderate shock pressures and temperatures within a CO2-rich icy mixture (36 GPa

and 2800 K) produce a number of nitrogen containing heterocycles, which dissociate

to form functionalized aromatic hydrocarbons upon expansion and cooling to ambient

conditions. In contrast, higher shock conditions (48-60 GPa, 3700-4800 K) resulted

in the synthesis of long carbon-chain molecules, CH4 and formaldehyde. All shock

compression simulations at these conditions have produced significant quantities of

simple C-N bonded compounds such as HCN, HNC, and HNCO upon expansion and

cooling to ambient conditions. Our results elucidate a mechanism for impact synthesis

of prebiotic molecules at realistic impact conditions that is independent of external

constraints such as the presence of a catalyst, illuminating UV radiation, or pre-existing

conditions on a planet.

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

How and when prebiotic organic material (e.g., amino acids, sugars, purines, pyrimidines,

etc.) appeared on early Earth has been debated without resolution in the open literature

for close to 60 years. Considerable effort has focused on synthesis from materials already in

existence on the primitive planet. Seminal experiments1,2 observed amino acid synthesis in a

vaporized reducing (H2 and CH4-rich) mixture subjected to electrical discharges, simulating

hypothetical conditions on the early Earth. The purines and pyrimidines that constitute

DNA and RNA nucleobases (adenine, guanine, cytosine, thymine and uracil) have all been

synthesized from HCN and urea ((NH2)2CO), which are known products of these experi-

ments.3 Prebiotic organic material has been synthesized under geothermal conditions in the

presence of H2 (e.g., Refs.4,5), and through irradiation of reduced forms of carbon with ultra-

violet (UV) light.6,7 However, the current viewpoint is that the composition of early Earth’s

atmosphere was more oxidizing,8 consisting mainly of CO2, with significantly lesser amounts

of N2, H2S, HCl, and water vapor.3 Shock heating experiments9,10 and calculations11 on

aqueous mixtures have found that synthesis of organic molecules necessary for amino acid

production is unlikely in a CO2-rich environment.

The possibility exists that both prebiotic raw materials and energy may have been deliv-

ered to the Earth simultaneously by a cometary impact.12 Cometary ices are predominantly

water,13 containing many small molecules important to prebiotic aqueous chemistry, e.g.,

NH3, CH3OH,14 and an impact can provide an abundant supply of energy to drive chemical

reactivity. Recent analysis of dust samples from comet Wild 2 have observed the presence of

glycine in the captured material.15 Interplanetary dust particles accrete icy layers consisting

of H2O, CO, CO2, CH3OH and NH3, which can form animo acids upon exposure to UV

radiation.16 The flux of organic matter to Earth via comets and asteroids during periods of

heavy bombardment may have been as high as 1013 kg/yr, delivering up to several orders of

magnitude greater mass of organics than what likely pre-existed on the planet.17

Given its relatively large size (e.g., median nucleus radius between 1.61 and 56 km18),
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a comet passing through Earth’s atmosphere will be heated externally but will remain cool

internally. Upon impact with the Earth’s surface, the resulting shock wave will compress a

small section of material on a time-scale that is limited by the rise time of the shock wave

(< 10 ps).19–21 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 chemical pathways and reactions within a comet before

interactions with the ambient planetary atmosphere can occur. An oblique collision where

an extra-terrestrial icy body impacts a planetary atmosphere with a glancing blow could

generate thermodynamic conditions conducive to organic synthesis.17 These processes could

result in significant concentrations of organic species being delivered to Earth from exogenous

sources. 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)17 and that mixtures resembling carbonaceous chondrites can produce a variety of

organic material at pressures of ∼6 GPa.22 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 result from impact of a large icy body such as a comet.

Molecular dynamics (MD) simulations can provide an accurate description of the chem-

ical reactivity with a shock compressed body23–33 which can greatly facilitate experimental

design and interpretation. Our initial quantum simulations with Density Functional Theory

(DFT) on a CO2-rich aqueous mixture showed the possibility of formation of the proteino-

genic amino acid glycine due to shock compression corresponding to planetary impacts at

oblique angles.34 We computed low Free energies of formation for amino acids at acidic con-

ditions similar to the atmosphere and oceans on early Earth. Our results have since been

confirmed by shock recovery experiments on a similar mixture and at a single impact velocity,

where several linear and methyl-amino acids including glycine have been produced.35 How-

ever, due to the extreme computational cost of performing DFT-MD, our simulations were

limited to time-scales of approximately 10-30 ps, where chemical reactivity was clearly still
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far from equilibrium. In addition, experiments so far have been designed to detect synthe-

sized amino acids, 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 peak thermodynamic conditions and initial chemical composition of

the astrophysical ice.

We have extended our work to close to equilibrium time-scales by using the density func-

tional tight binding (DFTB) semi-empirical approach to conduct MD simulations of the

same CO2-rich aqueous mixture as our previous study. DFTB is an approximate quantum

simulation technique that allows for several orders of magnitude increase in computational

efficiency while retaining most of the accuracy of standard DFT.36 DFTB methods generally

use a minimal atom-centered basis set (e. g., s and p-orbitals for carbon, only) and an approx-

imate Hamiltonian based on Kohn-Sham DFT.37 DFTB has been shown to yield accurate

results for organic energetic materials at conditions up to 200 GPa and 4000 K.28,33,38–41

It thus has the potential to achieve timescales relevant to experiments while providing an

accurate picture of chemical reactivity over the broad range of thermodynamic conditions

achieved by impacting materials.

Here, we divide our simulations of impacts into three distinct regions: (I) shock com-

pression due to impact with the planetary surface, (II) adiabatic (free) expansion due to the

rarefaction wave passing through the icy material material, and (III) cooling and equilibra-

tion due to heat transfer to materials extant on the planet. We then analyze the chemical

reactivity in each region. We find that shock compression yields a number of exotic C-C and

C-N bonded species that are highly reactive and have short lifetimes. Expansion and cooling

yields the formation of complex organic prebiotic species such as aromatic compounds, as

well simple precursors to amino acids, depending on the strength of the initial shock com-

pression. Our results indicate that impacts from cometary ices could have yielded a wide

variety of prebiotic organic material in addition to amino acids on early Earth, regardless of

the initial chemical conditions on the planet.
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Computational Methods

DFTB calculations with self consistent charges (SCC) were driven by the LAMMPS molec-

ular software simulation suite,42 with the DFTB+ code36 used to compute forces and the

cell stress tensor. We used C-H-O-N interaction parameters available for download (mio-0-1

parameter set from http://www.dftb.org). The maximum number of SCC steps for each MD

time step was reduced to four through use of the Extended Lagrangian Born-Oppenheimer

molecular dynamics (XL-BOMD) approach for propagation of the electronic degrees of free-

dom.43–48 Thermal populations of excited electronic states are computed through the Mermin

functional.49 All simulations discussed here were performed with a time-step of 0.2 fs. We

used an initial astrophysical ice configuration of 20 H2O, 10 CH3OH, 10 NH3, 10 CO and

10 CO2 molecules (210 atoms total), with computational-cell lattice vectors of a = 21.915

Å, b = 10.9575 Å, and c = 10.9575 Å, yielding a density of 1.0 g/cc. This yielded similar

initial composition and density to experiments.16 The initial icy mixture was equilibrated

at 300 K for 20 ps using Nose-Hoover thermostat chains.50,51 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.34

Shock compression simulations were conducted using the well-established Multi-scale

Shock compression Simulation Technique (MSST).28,29,52 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.52,53 (The Hugoniot is the locus

of thermodynamic end states achieved by a specific shock velocity and set of initial condi-

tions.). 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.29–31,34,41,54–56

New MSST equations of motion used in this study allow for a self-consistent dynamic elec-
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tron temperature, where the ionic and electronic temperatures are kept equal at all times.57

This can result in a lowering of the Hugoniot temperature in the shock compressed mate-

rial due to the heat capacity of the electrons, which is non-zero when thermal electronic

excitations are present.57,58 At shock velocities of 9 and 10 km/s, we used a scaling term

with the MSST ionic equations of motion to account for drift in the conserved quantity in

our simulations.32,56 A scaling factor of 10−3 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 100 ps within the shock state. The deviation from the

Hugoniot energy and Rayleigh line conditions for all of our shock compression simulations

was less than 1%.

Adiabatic expansion simulations were conducted using the DOLLS algorithm,59 where

the simulation cell was expanded at a constant rate until the initial density of 1.0 g/cc

was achieved. The rate of expansion was varied by an order of magnitude, i.e., k−1
x =

10−100 ps. We found that chemical reactivity in these simulations was consistent with values

of k−1
x ≥ 50 ps. Hence, our chemical analysis discusses results from our 50 ps expansions,

only. After the expansion, the system was cooled to 300 K using a temperature ramp for

approximately 20 ps, followed by equilibration at 300 K using Nose-Hoover thermostat chains

for up to an additional 20 ps. 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 ([figure][1][]1). The time frame on which

a comet impact occurs is on the order of seconds,34 which is well beyond the means of

molecular dynamics simulations. However, our simulations reported here describe processes

and dynamics on a timescale an order of magnitude larger than the rise-time of shocks in

polycrystalline materials,19–21,60,61 shock compressed water,30 and our previous DFT-MD

results.34 Our impact simulations thus span the relevant time scales corresponding to the

initial chemistry within an ice grain in a comet. These time scales are amenable to study by

laser shock compression experiments.20,60,61
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Results and Discussion

Our initial icy mixture was subject to shock velocities of 5 – 10 km/s, which yielded Hugoniot

pressures from 11 – 60 GPa and temperatures from 974 – 4600 K ([figure][2][]2). The particle

velocity UP from our shock compression simulations was taken to be equal to the impact

velocity,34 and is related to the angle from the horizon φ according to the formula: UP =

(VE/2) sinφ. Here, UP is computed according to the relation UP = US(1−ρ0/ρ), where US is

the shock velocity imparted to the system and ρ0 is the density of the initial pre-shock state,

and VE 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 comet

with Earth17) would have to impact the Earth at an angle from the horizontal of up to 25◦

to experience the pressures and temperatures of our simulations. Assuming a probability

distribution of dP = sin(2φ)dφ, where φ is the angle from the horizon,62 our simulations

correspond to low velocity impacts with a cumulative 18% probability. Thus, our study

encompasses likely events for astrophysical ice impacts on early Earth.

We note a softening of the P − ρ Hugoniot curve from DFTB ([subfigure][1][2]2(a))

between 2.07 (7 km/s, 25 GPa) and 2.27 g/cc (8 km/s, 36 GPa), which we attribute to

the onset of chemical decomposition of the starting materials and the formation of C-C and

C-N bonds (discussed below). As a result, we have focussed our discussion on simulations

of shock velocities of 8 km/s (36 GPa, 2700 K), 9 km/s (48 GPa, 3700 K), and 10 km/s

(60 GPa, 4600 K). Our DFTB simulations yielded Hugoniot curves that deviate up to 13%

in pressure and 38% in temperature from results from DFT34 ([figure][2][]2). However, at

shock velocities between 8 – 10 km/s, the deviations from DFT are 3 – 5% in pressure and

13 – 19% in temperature. A constant pressure-temperature state was achieved in all of our

shock compression simulations within 5 ps ([figure][1][]1). We observed the creation of new

C-C and C-N bonds during this steady-state, where the beginnings of carbon and nitrogen
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containing rings could be observed, and little of the starting material remains. Expansion

to the initial density yielded a high-temperature state where C-C and C-N chemistry had

largely been quenched. Equilibration simulations then yielded a variety of new, stable C-C

and C-N bonded compounds.

Analysis of the time evolution of the radial distribution functions (RDFs), viz.,

g(R) = V/N2

〈∑
i<j

δ(r − rij)

〉
, provides a general picture for the different types of new

bonds that can occur during impact events. For a shock conditions of 36 GPa and 2800 K

([figure][3][]3), we observe that compression induces the formation of a new C-C covalent

bond peak centered at slightly less than 1.5 Å, consistent with graphite and diamond near-

est neighbor distances of ∼1.42 and 1.55 Å, respectively.55,56 In addition, we observe the

appearance of two new overlapping C-N covalent bond peaks between 1.0 and 1.5 Å con-

sistent with different bond orders, such as triple bonds (e.g., HCN) and single bonds (e.g.,

amino acids). During adiabatic expansion, the C-C bond peak has shifted to slightly higher

distance due to the lower pressures attained. In addition, the C-N bond peaks have further

separated, and appear more distinct. Chemical reactivity appears to be largely quenched

by 15 GPa and 2300 K, and the only reactions we observe are reversible proton exchange.

During the cooling and equilibration step, we observe broad C-C bond peaks between 1.2

– 1.55 Å, corresponding to differing degrees of sp hybridization. There are a number of

C-N bond peaks, including one at ∼1.1 Å one at ∼1.3 Å and one at ∼1.4 Å. These can

correspond to nitrile (e.g., R-CN), amide (e.g., R-CO-NH2), and amine functional groups

(e.g., R-CH2-NH2), respectively.

We now determine the specific chemical reactivity in our simulations using a pre-established

methodology of optimal bond cutoff distances and lifetimes.26,27,34,63 We define molecular

species by first choosing an optimal bonding cutoff rc for all possible bonds. The optimal

value for rc to distinguish between bonded and nonbonded atomic sites is given by the first

minimum in the corresponding pair radial distribution function g(R), which corresponds to

the maximum of the potential of mean force, viz., W (R) = −kBT ln[g(R)], for all possi-
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ble bonding pairs. This choice corresponds to the the optimal definition of the transition

state within transition state theory.63 In addition, in order to avoid counting species that

were entirely transient and not chemically bonded,26 we also chose a lifetime cutoff τc of

20 femtoseconds for O-H and C-H bonds and 50 femtoseconds for all other (N.B., no H-H

bonds were detected in any of our simulations). This criteria is intuitive since bonds with

this lifetime could conceivably be detected spectroscopically. As a result, atom pairs were

considered to be bonded only if they resided within a distance of each other of rc for a

time of greater than τc. Using these bonding criteria, specific molecular species were then

defined by recursively creating a data tree of all atomic bonds branching from the original

bonded pair. The chemical reactivity, concentrations, and lifetimes of different species were

then determined by monitoring the creation and dissociation of specific molecules during the

course of the simulations. Shorter and longer bond-lifetime criteria were also tested. We

found that the computed species at quenched conditions and overall conclusions of this work

were independent of these parameters. The concentrations of species at high pressure and

temperature have some dependence on bond and lifetime criteria, as expected and has been

shown for other hot dense materials.30,34,63

We observe that the sudden increase in pressure and temperature due to shock loading

causes the starting materials to become highly reactive ([subfigure][1][4]4(a)). In particular,

H2O has a computed lifetime of less than 0.1 ps at a shock pressure of 36 GPa, and decreases

to a value of approximately 20 fs at 60 GPa, similar to previous DFT-MD results.30,34 This is

many orders of magnitude shorter than its lifetime at ambient conditions (∼10 hours64). We

find that CO has a significantly higher lifetime than CO2 under these dissociative conditions,

with a value close to 1 ps at 36 GPa, compared to slightly over 0.1 ps for CO2 at the same

conditions. At 60 GPa, the CO lifetime has decreased to ∼0.1 ps, compared to 0.05 ps for

CO2. Similar chemical properties were observed in our original DFT-MD simulations, such

as the kinetics of starting material decomposition and CO having a longer lifetime than

CO2 at lower shock pressures. At 36 GPa, CO exhibits long time-scale reactivity, where
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its concentration has not achieved a steady state over the 100 ps duration of our shock

compression simulation ([subfigure][2][4]4(b)). In contrast, CO2 concentrations achieve a

steady state within 20 ps. The heightened reactivity of CO2 could be due to the presence

of an ionic phase, observed experimentally at similar conditions.65 Here, the C-O bonds can

be weakened due to mixed covalent/ionic character,63 which in turn promotes reactivity.

At shock conditions of 46 and 60 GPa, we observe that the concentrations of all starting

materials achieved a steady state within 20 ps.

The reactive thermodynamic conditions studied here yield a large number of different

C-C and C-N bonded oligomers, 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

that can have lifetimes on the order of 1 ps ([figure][5][]5), with smaller moieties such as

hydroxyl groups diffusing on and off the backbones at rapid rates. Conditions of 36 GPa

and 2800 K appear to reside in a “sweet-spot” for complexity in shock synthesis, where we

observe a variety of C-C and C-N bonded backbones with lifetimes greater than 0.1 ps.

Several C-N backbones containing a six-member carbon ring were produced, with empirical

formulas of C10N4, C10N6, and C12N6. In addition, a backbone with the formula C15N3

exhibited a five-member nitrogen containing heterocycle. Graphite-like sheets containing

nitrogen-rich heterocycles have been reported in simulations of organic energetic materials

at similar conditions.33 A shock pressure of 36 GPa also produced a small number of linear

backbones containing C-C bonds only, with 2 – 7 carbon atoms. Shock conditions of 48 GPa

and 3700 K, and 60 GPa and 4600 K produced a wide distribution of simpler C-C and C-N

bonded backbones which tend to be more chain-like, and have shorter lifetimes due to the

higher thermodynamic conditions.

Expansion and cooling to ambient conditions causes the C-C and C-N bonded backbones

mainly to dissociate and form a number of stable, new compounds ([figure][6][]6). The

same proteinogenic glycine derivatives as in our previous study were not found,34 though

our current study did yield a number of highly relevant prebiotic precursors. All of our
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expansion simulations recovered significant amounts of water and NH3, and yielded relatively

large concentrations of HCN and HNC. These products could yield amino acids, pyrimidines,

and/or purines in aqueous solution.3,8,66 HCN/HNC can be hydrolized to form formaldehyde

and ammonia.67 Formaldehyde can react with cyano groups and NH3 to form amino acids

via Strecker synthesis.8 Liquid HCN is known to polymerize spontaneously in the presence

of a base, such as an amine or ammonia, or in aqueous solution. Cleavage products of these

polymers include α-amino acids, purines, pyrimidines, and polypeptides.68 Expansion from

shock conditions of 36 GPa produced functionalized aromatic hydrocarbons, including the

six-member carbon ring containing compound phenol (e.g., benzene plus a hydroxyl group).

Benzene chemistry is the first step in the formation of polycyclic aromatic hydrocarbons

(PAHs), fullerene-type materials, and could be a prebiotic precursor for nucleotides of RNA

and DNA.69 We note the formation of a propyl-carboxamide containing a diol substituent

at these conditions. At equilibrium time scales, this would likely decompose into β-alanine,

a naturally occurring β-amino acid. We also observe the formation of a γ secondary amino

acid with a four-member carbon chain at a molecular mass of 130 amu, chemically similar

to the mammalian neurotransmitter γ-Aminobutyric acid.

Expansion from shock conditions of 48 and 60 GPa produced measurable concentrations

of CH4 and isocyanic acid (HNCO). Isocyanic acid reacts with amines (R-NH2) to form

ureas (e.g., nucleobase precursors) through carbamylation. Cyanuric acid (i.e., isocyanic

acid trimer) has been shown experimentally to yield heterocycles of increasing complexity

and biological potential at similar thermodynamic conditions to our study.70 At a shock

pressure of 48 GPa, an amine-diol is synthesized at molecular mass of 49 amu that is likely

to decompose into formamide on equilibrium time scales. Formamide is unstable at standard

pressures and temperatures, but can react with itself to form purine in the form of the nucleic

acid base pair adenine.71 We also note the presence of methyl propyl ketone (2-pentanone)

at 72 amu. Shock conditions of 60 GPa yielded both formaldehyde and cyanamide. In

aqueous solution, cyanamide forms the dimer dicyandiamide, which is active in forming
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peptides.72 The larger relative amounts of NH3 and HCN/HNC at these conditions could

enhance Strecker amino acid synthesis due to stronger impacts such as these on planetary

surfaces.

Conclusions

Our results provide a mechanism for shock synthesis of a wide variety of prebiotic molecules at

realistic impact conditions that is independent of external features or the specific chemical

environment on a planet. All of the reactive conditions studied here yielded significant

quantities of HCN, HNC, HNCO and other simple precursors for more complex organic

molecules. Impact events with shock conditions of 36 GPa and 2800 K yielded compounds

with a relatively high degree of complexity, including phenol and precursors to β and γ

amino acids. An intermediate impact event with shock conditions of 48 GPa and 3700 K

yielded a smaller degree of complexity, though it did produce some longer-chain carbon

containing compounds, and a variety of simpler molecules that are likely important for

terrestrial amino acid synthesis. Finally, the highest shock conditions studies here of 60 GPa

and 4600 K yielded a wide variety of simpler compounds that are precursors to amino acids

and peptides. The enhanced formation of species such as formaldehyde and cyanamide could

indicate that stronger, more direct impact of cometary material with early Earth could have

yielded important precursors for more complex prebiotic synthesis. Our results provide a

mechanism for the shock synthesis of prebiotic materials on extra-terrestrial environments as

well, such as Saturn’s satellite Titan, which is known to have a dense, hydrocarbon containing

atmosphere.73,74 Complete knowledge of the chemical properties of prebiotic mixtures under

extreme thermodynamic conditions is needed to understand the role of impact events in the

formation of life-building compounds both on early Earth as well as other planets.
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Figure 1: Thermodynamic conditions explored during (I) shock compression, (II) adiabatic
expansion, and (III) final cooling & equilibration. Results above are for an initial shock
pressure of P = 36 GPa, T = 2800 K. The thermodynamic conditions of the shock state
vary depending on the impact velocity (or alternatively the angle of incidence).
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(a) P vs. ρ Hugoniot

(b) T vs. P Hugoniot

Figure 2: Comparison of Hugoniot curves. The open circles and dashed lines correspond to
results from DFT, and the solid circles and lines to DFTB.

21



1  2  3
0
5

10
15
20
25
30
35

1  2  3
0
5

10
15
20
25
30
35

1  2  3
0
5

10
15
20
25
30
35

1  2  3
0
5

10
15
20
25
30
35

1  2  3
0
5
10
15
20
25
30
35

1  2  3
0
5
10
15
20
25
30
35

1  2  3
0
5
10
15
20
25
30
35

1  2  3
0
5
10
15
20
25
30
35

Ti
m

e 
[p

s]

t=240 ps

t=160 ps

t=80 ps

t=0 ps
gC-C(r) gC-N(r)

t=0 ps

t=80 ps

t=160 ps

t=240 ps

Distance [!]

C-C 

160

80

0

1 2 3
Distance [!]

1 2 3
240

Distance [!]

C-N 

III

II

I

III

II

I

Figure 3: Time evolution of peak intensities of the C-C (left panel) and C-N (right panel)
RDFs at shock conditions of 36 GPa and 2800 K. Line profiles of the RDFs at different points
during the simulation are depicted in the middle panel. Initially, no C-C or C-N bonded
species are present. During the initial 100 ps (Region I), the system is in the shock state
and C-C and C-N bonds are transient. In Region II in this graphic, the system is expanded
adiabatically at a fixed strain rate (100 ps−1). We observe a quenching of chemical kinetics
during the cooling phase of our simulations (Region III).
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Figure 4: (a) Lifetimes of H2O, CO, and CO2 under increasingly stronger shocks. At 36
GPa, CO has a lifetime close to 1 ps, whereas CO2 and H2O have lifetimes closer to 0.1 ps.
At 60 GPa, all three species have lifetimes of 0.1 ps or less. (b) CO and CO2 concentration
vs time in the 36 GPa shock (Region I). CO is less reactive than CO2 and subsequently its
concentration achieves a steady-state over significantly longer time scales.
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Figure 5: C-N bonded backbones produced during shock compression simulation as a func-
tion of the number of C-N bonds. Inset graphics correspond to backbone structures produced
during the 36 GPa compression. Here, brown circles correspond to carbon and blue to ni-
trogen.

24



0 20 40 60 80 100 120 140

Molecular weight [a.m.u.]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

M
ol

e 
fr

ac
tio

n

36 GPa, 2800K

0 20 40 60 80 100 120 140

Molecular weight [a.m.u.]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

M
ol

e 
fr

ac
tio

n

48 GPa, 3700K

0 20 40 60 80 100 120 140

Molecular weight [a.m.u.]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

M
ol

e 
fr

ac
tio

n

60 GPa, 4600K

Figure 6: Simulated mass spectra for expansion products from different shock states. Brown
circles correspond to carbon, blue to nitrogen, red to oxygen and white to hydrogen. All
data shown correspond to an expansion rate of kx = 50 ps−1 in Region II. Shock compression
36 GPa tended to yield final products with greater chemical complexity, whereas shock
compression to 48 and 60 GPa yielded a variety of smaller molecules relevant to prebiotic
synthesis.
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