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ABSTRACT
Spark discharge experiments are useful for understanding prebiotic synthesis in hypothetical
atmospheric conditions. Using these models, it has been shown that neutral atmospheres can
produce biologically relevant organic molecules in higher than expected yields. In earlier work,
high concentrations of reactant gasses were used to achieve high organic yields. Here we address
the production of hydrogen cyanide (HCN) in neutral to slightly reduced atmospheric conditions
with trace gas concentrations. We also report HCN production in nitrogen and carbon dioxide
dominated atmospheres. We argue that HCN production is sensitive to the presence of reduced
gasses and the nitrogen to carbon dioxide ratio of the atmospheric system. Endogenous
production of HCN on early Earth may have been a significant source of prebiotic organic
material.

!

"!

TABLE OF CONTENTS

Chapter One: Introduction .....................................................................................................1
“Life As We Know It”...............................................................................................1
The Raw Materials and Conditions on the Early Earth .............................................4
The Origin of Life and the Spark Discharge Model ..................................................3
Prebiotic Chemistry and HCN ...................................................................................5
Chapter Two: Trace Atmospheric Gasses and the Synthesis of HCN...................................8
Purpose ......................................................................................................................8
Methods .....................................................................................................................8
Results........................................................................................................................11
Analysis and Discussion ............................................................................................15
Chapter Three: NaPO4 Buffered Systems and CO2 and N2 Variability...............................18
Purpose ......................................................................................................................18
Methods .....................................................................................................................18
Results........................................................................................................................18
Analysis and Discussion ............................................................................................20
Chapter Four: Conclusions ....................................................................................................22
References..............................................................................................................................24

!

""!

ACKNOWLEDGEMENTS
Sincerest thanks to Dr. Christopher House for sparking my interest in astrobiology and serving as
a valuable mentor. Additionally, thank you to Dr. Blair Hedges, Zhidan Zhang, and the rest of
the House Lab members for your helpful advice and support. Finally, thank you to the Penn State
Astrobiology Research Center, the Schreyer Honors College, the Penn State Biology
Department, and the NASA Women in Science and Engineering Program.
!
!

!

"""!

!
CHAPTER ONE: INTRODUCTION
When the Earth formed approximately 4.6 billion years ago (Ga) it was a hot spinning
ball devoid of life [1]. Organic material depleted in

13

C indicates that life was present on the

Earth approximately 3.8 Ga [2]. Thus, there is an 800-million-year gap during which life must
have formed. This window is even narrower when considering the sterilizing, moon-forming
event 4.5 Ga and the bombardment of impactors 3.9 Ga [3]. When and how did life form, and
what were the conditions on the early Earth that led to the formation of life? These questions
drive the field of astrobiology and are the motivation for this research. However, just as a clear
definition for life remains contentious, evidence for the events that gave rise to “life as we know
it” is elusive. Nonetheless, understanding the origin of life on Earth and the conditions that gave
rise to it is a fundamental scientific problem.

“LIFE AS WE KNOW IT”
There are perhaps as many definitions of life as there are forms of it. As such, it is
difficult to answer the question, “what is life?” Definitions usually fit in one of four categories:
metabolic, thermodynamic, biochemical, or genetic [4]. The “chemical Darwinian definition,”
put forth by Gerald Joyce was adopted by NASA in 1994 and has become one of the most wellcited definitions for life [5]. Joyce suggests that life is “a self-sustained chemical system capable
of undergoing Darwinian evolution” [6, 7]. This definition emphasizes the chemical mechanisms
with ingredients that existed roughly eight billion years before life began on Earth.
All known life needs an environment at disequilibrium with its surroundings, a source of
water, and a carbon-based structure [5]. Life on Earth is composed of carbon-containing organic
molecules. These organic molecules include the elements hydrogen, oxygen, nitrogen, sulfur,
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and phosphorus atoms [8]. Theoretical alternatives to carbon-based life such as silicon, which
manifests some similar chemical properties to carbon, have been proposed. Nonetheless,
carbon’s abundance relative to these other elements and, more importantly, its capacity to form
stable bonds with such a wide range of other atoms suggest that the probability of carbon-based
life is most favorable [9]. As such, the carbon-based chemistry essential to life is emphasized
here.
Life on Earth is also characterized by an ability to store and transfer information. This
process occurs through the chemical structures of deoxyribonucleic acid (DNA), ribonucleic acid
(RNA), and proteins. DNA and RNA are made up of nucleotides, a phosphate group bonded to a
five-carbon ring of sugar linked to a purine or pyrimidine base [10]. Proteins are linked chains of
amino and carboxylic acid groups called amino acids. Life on Earth is found to use only a subset
of the known amino acids. More specifically, organisms usually only use 20 stereochemically
similar, !-amino acids [11]. Thus, studying the formation and biochemistry of these particular
molecules offers clues to the origin of life on Earth.

THE RAW MATERIALS AND CONDITIONS ON THE EARLY EARTH
Earth’s early history dictates the inventory of materials necessary to life and the
environment of the early Earth. The bulk of raw materials that generated the first living
molecules may have been transported to Earth on meteorites, formed in situ, or emerged as some
combination of these processes. Between 4.6 and 3.8 Ga, as Earth was continuing to cool and
accrete it was also being deluged with impactors. In an event termed the Late Heavy
Bombardment, carbonaceous chondrites colliding into Earth’s surface likely deposited organic
material [11]. Table 1 displays the amino acids detected from various sources including
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meteorites. This table emphasizes the diversity of organic sources and the ubiquity of carbon
chemistry.
Table 1. “A comparison of abiotically synthesized coded biological amino acids found in meteorites, spark
discharge experiments and cyanide polymerization experiments” modified from Cleaves 2010 [11]. Detected with
high confidence (+) detected with low confidence (*) not detected (-).
Amino Acid
Glycine
Alanine
Cysteine
Serine
Aspartic acid
Asparagine
Threonine
Glutamic acid
Glutamine
Histidine
Methionine
Proline
Valine
Arginine
Isoleucine
Lycine
Leucine
Phenylalanine
Tyrosine
Tryptophan

Meteorite
+
+
+
+
+
+
+
+
+
+
-

Spark Discharge
+
+
+
+
+
+
+
+
+
+
-

HCN Polymerization
+
+
+
+
+
+
*
+
+
*
+
-

Early Earth events also dictated the composition of the atmosphere. The majority of
Earth’s atmosphere was the result of volcanic outgassing as the Earth began to differentiate [12].
This early atmosphere contained nitrogen, carbon dioxide, water vapor, hydrogen, carbon
monoxide, and methane [13]. Reduced materials in sediments older than 2.0-2.2 Ga and oxidized
iron in formations younger than 2.4 Ga [14] suggest that oxygen levels in the atmosphere
between 2.5 and 4.6 billion years ago were not above trace levels [1]. Carbon dioxide may have
been even more dominant just after the Late Heavy Bombardment, but the concentration likely
decreased due to weathering processes [15]. Overall, the atmosphere of the early Earth was likely
neutral or weakly reducing (contained few molecular components bound to hydrogen) [1].
Today, the upper mantle is oxidized, and water vapor, carbon dioxide, and nitrogen are the
primary gases released. Table 2 summarizes the presence of select atmospheric gases at two time
periods in Earth’s history.
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Table 2. A comparison of the presence of atmospheric gases on the Earth over time. *Hydrogen may have been
present in higher concentrations, with H:C at approximately 3:1 due to volcanic outgassing and slower rates of
escape [15].
Atmospheric Gas

Presence on Earth >2.5 Ga
[14] [1]

Presence on Earth Today
[16]

Oxygen

Trace

21%

Nitrogen

78%

78%

Hydrogen

Trace*

Trace

Carbon Dioxide

>0.04%

0.04%

Methane

>0.0002%

Trace

Water vapor

Trace

Trace

Other Gases (Helium, Krypton,
Xenon, Ozone, etc.)

Trace

Trace

THE ORIGIN OF LIFE AND THE SPARK-DISCHARGE MODEL
Cool, shallow pools may have harbored Earth’s earliest life forms. More complex
molecules may have evolved out of a sea of nucleotides, amino acids, hydrogen cyanide, and
ammonia in these conditions [17] as explained by the Oparin-Haldane Hypothesis [17]. The
hypothesis describes chemically-rich ocean environments on the early Earth that are favorable to
organic synthesis [18]. It has also been suggested that hydrothermal vent systems, exuding hot,
chemically-rich fluids at cracks in the ocean floor, may have birthed the first living molecules
[19]. Important biochemical reactions can be catalyzed by temperature and chemical gradients in
these systems [19]. However, biological precursors would also likely be unstable in
hydrothermal vent conditions [11] which is used as support for a cool shallow origin
environment. Prebiotic model experiments are used to garner further evidence to elucidate the
environments that are more favorable to organic synthesis.
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In order to bettter understand chemistry
on the early Earth, Stanley Miller and Harold
Urey designed and built a spark discharge
experiment. Figure 1 illustrates a sample
apparatus. These experiments contained a gas
mix of ammonia, methane, and hydrogen [1].
Lightning was simulated with two electrodes
Figure 1. A sample spark discharge setup, modified from
an original version [22]. Two electrodes and a glass inlet
protrude into a sealed glass bulb filled with liquid and
gases. A Tesla coil applies an electrical discharge to
simulate lightning.

connected to a Tesla coil, and water was heated
and circulated through this glass system. It was
originally hypothesized that organics would be

produced in prebiotic chemical reactions in the upper atmosphere. Nonetheless, Miller was
uncertain whether these organics would make it into the simulated ocean or become degraded en
route. Initially, each experiment ran for a week at a time. By varying the gas mixtures, Miller
found that he was able to produce amino acids and other prebiotic molecules associated with the
metabolisms of extant organisms [20]. These early results suggested an origin of life dictated by
the presence and concentration of starting materials [21].

PREBIOTIC CHEMISTRY AND HCN
Hydrogen cyanide (HCN) is a particularly important output of spark discharge
experiments because it is easily formed, stable, and the precursor to more complex biologically
relevant molecules. HCN can be produced from atmospheric gases through photochemical
reactions. Figure 2 depicts hypothetical atmospheric chemistry reactions on the early Earth. In
this model, nitrogen (N2) becomes ionized to N. Methane (CH4) breaks into fragments through
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photolysis, which results in CH2 and CH3. These molecules can combine with the N atoms to
abiotically produce HCN [23]. HCN could then be transported to the oceans or small pools of
water through rain.

Figure 2. Theoretical early Earth HCN atmospheric chemistry modified from Zahnle 1986 [23].

HCN is an important precursor to more complex, biologically relevant molecules such as
nucleotide bases and amino acids. Five molecules of HCN can polymerize to form the nucleotide
base adenine. HCN can also polymerize to form amino acids through processes such as the
Strecker Synthesis or the Bucherer-Berrgs synthesis [11]. The Strecker synthesis is the process
that produces an !-amino acid from an aldehyde [10] or an !,!-disubstituted amino acid from a
ketone [11]. Fig depicts the process in which a ketone is reacted with hydrogen cyanide,
ammonia, and water in three-steps. Ammonium cyanide is added to an aldehyde, and aqueous
acid hydrolyzes the amino-nitrile intermediate [10].
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Figure 3. The Strecker Amino Acid Synthesis [11].

These mechanisms partially account for the organic production reported by Cleaves et.
al., which describes greater than expected amino acid production in neutral gas conditions [24].
The atmospheres in these electrical-discharge experiments were dominated by high
concentrations of nitrogen and carbon dioxide and the liquid was buffered by calcium carbonate
(CaCO3). Experiments were conducted at room temperature and most had the same nitrogen and
carbon composition. Amino acid yields were shown to be dependent on the atmospheric
composition, the liquid buffer, and the treatment of organic products. Notably, amino acid yields
were 2.5% with a CaCO3 buffer and ascorbate hydrolysis [24].
The results by Cleaves et. al. demonstrated that organic synthesis can occur in a neutral
atmosphere [24]. By using a similar experiment, but with gas constituents at trace levels, we
explore how different ratios of gases affect the production of HCN. By using trace reactant
gases, the experimental design is intended to reduce some of the uncertainties inherent to this
type of work such as inconsistent power of the discharge between experiments and large amounts
of unreacted gases left after an experiment has finished.

(!

!

!

!
CHAPTER TWO: TRACE ATMOSPHERIC GASES AND THE SYNTHESIS OF HCN
PURPOSE
The goal of this work is to synthesize organic molecules under varying gas conditions
and understand the fate of these gases at trace levels. Building upon previous spark discharge
work, we aim to investigate the production of HCN from an electrical discharge in neutral to
slightly reducing atmospheres. We hypothesize that applying an electrical discharge to these
experimental conditions will produce measurable yields of hydrogen cyanide sensitive to the
ratio of gases present.

METHODS
A spark discharge apparatus was designed and built. The pieces of the spark apparatus
were cleaned to control for contamination. The glass pieces were heated in an oven (460˚C, 8
hours). These were then rinsed with hydrochloric acid followed by distilled water. The apparatus
was assembled by attaching a gas inlet and two Tungsten electrodes. The electrode tips were
placed 5 mm apart.
In order to better simulate the Earth’s
ocean (pH ~8.3, buffered by CaCO3) and avoid
destroying organic products, a sodium bicarbonate
solution (10 mL .3 M, pH 8.5) was selected for
the spark liquid. The sodium bicarbonate, along
Figure 4. Standard spark setup.

with all reagents used, was prepared in glass

bottles with double distilled water. The sodium bicarbonate was injected into the bulb via a
sterile syringe.
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The bulb was then sealed and the gas contents were evacuated and replaced with
controlled gases. The gases tested were hydrogen, methane, carbon dioxide, and nitrogen. These
gases were injected into the bulb via sterile syringe. Helium was added in a sterile hood to
control for pressure. Hydrogen sulfide was also tested in a limited number of control experiments
to understand whether its presence could improve yields [1].
The apparatus was assembled under a fume hood. Figure 4 shows a sample spark setup.
The top of a Tesla coil was clamped to the end of one of the electrodes and held in place by a
ring stand. The other electrode was attached with a wire to a grounding setup. The bulb was
insulated in a Styrofoam base. To simulate a cool pool, the glass bulb was placed in a water bath
(10-16˚C).
The effect of electrical discharge time and spark power output has proven difficult to
constrain in past experiments. We explored these two parameters with an initial set of
experiments, but found insufficient evidence to conclude that HCN production was sensitive to
either. However, even when high concentrations of reactant gases are present, 20 hours has been
shown to be sufficient to achieve maximum organic yields [1]. As such, a discharge time of 15
hours was selected as the standard discharge time for this work.
The organic production was analyzed by measuring the concentration of cyanide in the
liquid of the spark discharge apparatus. It has been shown that dilute solutions of HCN can
hydrolyze to form formamide and formic acid [1]. To avoid destruction of the products, the
liquid was immediately collected, analyzed, and frozen in a 20mL scintillation vial. The HCN
concentration was measured as a proxy for organic production. This was analyzed using a
modified colorimetric method for cyanide detection (EPA Method 9016, 2010) as depicted by
Figure 5. Barbituric acid (15 g) was placed in a 250mL volumetric flask. Distilled water (40

*!

!

!

!
mL), pyridine (75mL), and concentrated hydrochloric acid (15 mL) were added, in that order.
The liquid was mixed by swirling the volumetric flask, and additional distilled water was added
(120 mL). The solution was then mixed with a stir bar and allowed to cool. The solution was
covered and stored in the refrigerator. The choloramine-T solution was prepared by dissolving
the chloramine-T (1 g) into distilled water (100 mL), and the sodium hydroxide was prepared by
dissolving sodium hydroxide (1.6g) in distilled water (1 L). A standard cyanide solution was
prepared using sodium cyanide in order to create a standard curve.

Figure 5. Sample standard curve and image of standard cyanide solutions after colorimetric analysis.

To test the samples for the presence of cyanide, approximately 1 mL of the sample was
pipetted into a 50 mL volumetric flask. Sodium hydroxide was then added so that the total
volume of liquid was 40 mL. To color the sample, acetate buffer (1 mL) and chloramine-T (2
mL) were pippetted into the flask. The solution was swirled to mix and then was let stand for 2
minutes. Pyridine was added (5 mL), and the contents of the flask were swirled again and let
stand for an additional 8 minutes. A portion of the colored solution was pippetted into a cuvette
(1 mL) and the absorbance was measured with an ultraviolet-visible spectrophotometer at 578
nm. The absorbance was read three times for each sample. Figure 5 shows a sample standard
curve and a set of colored standard cyanide solutions. HCN production (ppm) was converted to
micromoles and a percent yield value. The percent yield was calculated based on the initial
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nitrogen input. Nitrogen yields were used to avoid error in accounting for the amount of carbon
dioxide gas liberated from the sodium bicarbonate buffer.

RESULTS
Spark discharge experiments were conducted with varying mixtures of hydrogen,
methane, carbon dioxide, and nitrogen gases. Figure 6 depicts the effect of hydrogen gas on the
production of HCN. Graph 6A shows yields in terms of micromoles of HCN produced, and
graph 6B shows HCN percent yields. Each data point represents a separate spark discharge
experiment. Figure 6 illustrates a range of HCN yields for each hydrogen input value.
Experiments in this data series contained less than 45 micromoles of trace gas and less than
6,000 micromoles of nitrogen. The vertical variation among experiments with similar hydrogen
input is generally associated with variation in nitrogen input: decreased nitrogen shifts data
points vertically higher. The highest values are the gas compositions that had relatively low
levels of nitrogen and some methane.

Figure 6. HCN Production in micromoles (A) and percent yield (B) as a function of hydrogen input (micromoles).

Figure 7 depicts the relationship between methane input and HCN production. As with
the hydrogen data set, experiments in this data series contained less than 45 micromoles of trace
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gas and less than 6,000 micromoles of nitrogen. In this set of conditions, methane appears to
increase HCN production. The highest data point contains 40 micromoles of hydrogen, carbon
dioxide, and methane, and 700 micromoles of nitrogen.

Figure 7. HCN Production in micromoles (A) and percent yield (B) as a function of methane input (micromoles).

Figure 8 shows the results of experiments with variations in carbon dioxide composition.
This graph follows a similar pattern to that of hydrogen and methane inputs. About 0.1% yield of
HCN was produced even when no methane or carbon dioxide was added. The vertical variation
in this set of graphs also correlates with nitrogen and methane composition. The highest data
point on the graph contains the highest ratio of methane to carbon dioxide (3:2).

Figure 8. HCN Production in micromoles (A) and percent yield (B) as a function of carbon dioxide input
(micromoles).
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Figure 9 illustrates the relationship between nitrogen and HCN production. The data are
grouped by trace gas input. In this set of conditions, HCN production appears to level off around
2,000 micromoles of nitrogen (9A), but this translates into a decrease in percent yield as the
amount of nitrogen in the experiment goes up (9B). In general, the gas mixes with reduced gas
increase the HCN yield.

Figure 9. HCN Production in micromoles (A) and percent yield (B) as a function of nitrogen input (micromoles).

Figure 10 depicts HCN production in a separate set of experiments produced at higher
partial pressures of reactant gases to confirm the results seen in previous experiments. The
highest HCN production is seen when approximately 40 micromoles of each gas (hydrogen,
methane, carbon dioxide, and nitrogen) is added. As shown by a comparison of the first two bars,
when 16,000 micromoles of nitrogen is added to the same experiment, the HCN yield
(micromoles) decreases. The third bar shows the effect of removing methane from the system,
which seems to significantly reduce the total HCN yield. This captures the importance of
methane as illustrated by Figure 7. Bar four depicts the removal of hydrogen. When 16,000
micromoles of N was added to the system with no other gas, no HCN was produced (not shown).
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Figure 10. HCN production in micromoles as a function of the gas mix. The added gases are present at 400
micromoles.

Figure 11 shows the results of four gas experiments at near atmospheric pressure (1.3
bar) and approximately double this pressure (2.6 bar). The vast majority of our spark
experiments were conducted at 1.3 bar. Figure 11 suggests that HCN yields are not pressure
sensitive in ranges near atmospheric pressure.
Increased final pH appears to be associated with higher HCN yields (Figure 12). All
spark solutions were injected with an initial pH of 8.5. Lower final pH values may be due to the
formation of nitric acid (HNO3). If nitrogen is used for nitrate synthesis rather than HCN
production, a lower final pH and lower HCN yield is expected.

Figure 11. HCN production (% yield) as a function
of four pressure experiments (1-3 bar).

Figure 12. The relationship between HCN
percent yield and the pH of the liquid after the
spark experiment is completed.
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ANALYSIS AND DISCUSSION
The results show the effect of trace gases in a cool spark discharge experiment. This
setup produced detectable yields of cyanide as measured by the colorimetric detection method.
Some initial experiments were conducted to analyze total pressure (1-3 bars), starting pH (7.58.5), and discharge time (1-25 hours). However, HCN production did not appear to be sensitive
to these factors. The HCN production did appear to be sensitive to the gas composition.
As expected, adding no carbon or nitrogen to the system resulted in no detectable cyanide
production, while adding varying levels of these gases resulted in signals up to ~10 ppm HCN
(or ~0.3% yield with respect to nitrogen). Most experiments produced around 0.1% yield of
HCN. Several control experiments showed zero cyanide concentration values indicating that
there was little to no organic contamination. The trace gas experiments with the highest yield
(.25%) were those that contained ~40 micromoles of carbon dioxide, ~60 micromoles of
methane, and ~700 micromoles of nitrogen. The lowest (non-zero) yielding experiments were
those with relatively high nitrogen content (6,000 micromoles) or low reduced gas content (<20
micromoles).
In the results reported here, the presence of methane increased the production of HCN.
This result agrees with previous work that suggests more reduced conditions favor the
production of organics [25]. However, methane appears to have more of an effect when present
in higher partial pressures.
At present, the largest abiotic source of methane on Earth is derived from
serpentinization. This is the process by which minerals are converted to serpentinites through the
oxidation of mafic rocks. This process generally occurs near mid-ocean ridges, where water
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containing molecular hydrogen is mixed with carbon dioxide, and methane is abiotically
produced [26]. Carbon dioxide would be readily available for this process due to volcanic
outgassing and metamorphism of carbonates [26]. Assuming that similar processes dominated on
the early Earth and biotic methane sources were not present, serpentinization would be
responsible for about 200 ppb of the methane in the atmosphere. HCN may have been produced
as methane diffused through the atmosphere and reacted with nitrogen in the presence of
lightning. While the exact concentrations of methane gas on the early Earth are not known, it is
conceivable that this could be a pathway for organic production given the rapid organic synthesis
we observed (10 ppm HCN in 20 hours from 60 micromoles of methane).
In these experiments HCN was also produced in higher than anticipated levels in the
absence of reduced gases. The observed 0.1% yield of HCN from a trace level of initial carbon
dioxide may also represent a significant process for global HCN production for a neutral anoxic
atmosphere. In addition to the observation that HCN was being produced in the absence of
methane from carbon dioxide, we also found HCN production when neither carbon dioxide nor
methane was injected into the experiment headspace. In this case, the HCN yield still reached
0.1% indicating HCN production from either trace carbon dioxide in the headspace liberated
from the buffered solution or directly from bicarbonate buffer aerosols. This suggests that if
there were very little reduced carbon in a primitive Earth atmosphere, organics may still be
synthesized in appreciable yields. Depending on concentration and pH, the partial pressure of
carbon dioxide over a carbonate buffered water body may allow for HCN synthesis upon
electrical discharge in an early Earth environment.
We observed that increased HCN production appeared to reach a maximum at 2,000
micromoles of nitrogen. We found that adding additional nitrogen did not contribute to greater
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total HCN production. However, higher levels of nitrogen were associated with a decreased
percent yield of HCN. When nitrogen gas is in excess, nitric acid (HNO3) production may be
competing with HCN synthesis. Excess nitrogen molecules may also be recombining rather than
reacting to form HCN. We argue that the role of nitrogen merits further investigation as it may
have played an important part in the prebiotic synthesis of HCN on the early Earth.
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CHAPTER THREE: N2 AND CO2 ATMOSPERES IN SYSTEMS BUFFERED BY NaPO4
PURPOSE
The purpose of this work is to further explore HCN production in atmospheres dominated
by nitrogen and carbon dioxide, but without any reduced gas. We aim to understand the effect of
the ratio of nitrogen to carbon dioxide. We hypothesize that HCN production will still be
possible in a system with no reduced gases and buffered by sodium phosphate. Moreover, HCN
production should still show sensitivity to gas composition.

METHODS
The spark discharge apparatus was cleaned and assembled according to the methods
described in Chapter Two. Sodium phosphate (10 mL, .1 M, pH 7.5-8.5) was selected for the
buffer solution. This choice allows us to both better assess the effects of the bicarbonate buffer
solution and reduce the confounding variables associated with multiple carbon sources. An
electrical discharge was applied to these spark experiments for 20 hours. All other procedures
regarding sample collection and analysis follow the methods described in Chapter Two.

RESULTS
Figure 13 shows the production of HCN in total micromoles (A) and percent yield with
respect to nitrogen input (B). Each point represents a separate experiment. Nitrogen input was
varied and 6,500 micromoles of carbon dioxide were added. No HCN was produced in
experiments with no nitrogen gas. The highest yields of HCN observed were about 0.025%.
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Figure 13. HCN Production in micromoles (A) and percent yield (B) as a function of nitrogen input (micromoles).

The results of the production of HCN with changes in carbon dioxide input are illustrated
in Figure 14. Each experiment contains 3,000 micromoles of nitrogen. No HCN was detected
when no carbon dioxide was added. The highest yields reported (~.04%) were achieved with
3,000 micromoles of carbon dioxide.

Figure 14. HCN Production in micromoles (A) and percent yield (B) as a function of carbon dioxide added to the
system (micromoles).
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Figure 15 depicts the HCN yield as a function of the nitrogen to carbon dioxide gas input.
The highest yield was reported with four times the nitrogen to carbon dioxide. In this set of
conditions, as N2:CO2 increases, the total micromoles of HCN produced and the percent yield of
HCN increase.

Figure 15. HCN Production in percent yield as a function of the nitrogen to carbon dioxide ratio.

ANALYSIS AND DISCUSSION
This set of spark discharge experiments was conducted to further explore the carbon
dioxide and nitrogen results from Chapter Two. Increasing the carbon dioxide input appeared to
decrease the HCN yield. This observation may be explained by the interaction of these gas
molecules with lightning. When there is more O than C present in the system, predominantly NO
is formed. However, when C is in excess of O, HCN can be formed. In this model, when an
excess of carbon dioxide is present other products may compete with HCN production.
We also report that HCN production appears to be sensitive to the nitrogen to carbon
dioxide ratio (N:C). HCN yields peak at about 1.6x10-3 moles of nitrogen (N:C = 1:2). When
nitrogen gas is in excess, nitric acid (HNO3) products may be competing with HCN. As N:C
increases, the total output of HCN (micromoles) and the percent yield increases. Presumably, the
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atmosphere has been dominated by nitrogen for most of Earth’s history, which would result in
higher HCN yields.
Even without reduced gases, electrical-discharge chemistry may have produced enough
HCN to collect in pools of water on the early Earth [27]. We used the assumption that the energy
available from lightning discharge is 4 J yr-1 cm-2 [1] to calculate that a minimum of 1x109 kg of
cyanide would be produced on the early Earth each year under nitrogen and carbon dioxide
dominated atmospheres. This result translates into 2 kg km-2 each year. If we factor in today’s
mean annual precipitation, our calculations suggest that water would be dilute with electricaldischarge derived HCN rather than chemically rich. Nonetheless, based on our results without
reduced gases, endogenous HCN on the Earth derived from the reaction of nitrogen and carbon
dioxide with an electrical discharge were possible.
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CHAPTER FOUR: CONCLUSIONS
A spark discharge apparatus was used to examine the effect of gas composition on the
synthesis of hydrogen cyanide (HCN). The total pressure (1-3 atm) does not appear to result in
changes to HCN production. However, the partial pressure of specific gases would presumably
dictate how often gas molecules would interact in an environment with lightning. The
concentration of hydrogen, methane, carbon dioxide, and nitrogen gases does appear to influence
HCN production.
The synthesis of HCN may also be sensitive to the buffer system of the liquid. When no
nitrogen or carbon was added to the sodium phosphate buffered experiments, no HCN was
detected. However, this was not the case for the sodium bicarbonate experiments. This means
that the carbon from a bicarbonate buffered early Earth, combined with the methane produced
from serpentinization processes may have been favorable enough to derive appreciable yields of
biologic precursors. Moreover, the HCN yield is greatest at similar levels of nitrogen input in
both buffer systems, but peaks at a higher level of carbon dioxide input for the bicarbonate
buffered system. This may be due to the capacity of the liquid to take up carbon dioxide without
interfering with HCN synthesis.
We observed overall higher yields of HCN in experiments with reduced gases. We also
found higher HCN yields when methane, carbon dioxide, and hydrogen were present at relatively
greater partial pressures. This suggests that the values we report may be conservative. Even in
model atmospheres dominated by nitrogen and carbon dioxide, yields were high enough to
suggest that 1x109 kg of cyanide of cyanide may have been produced in similar reactions on the
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Earth each year. Based on what is known about the conditions on the early Earth, it is
conceivable that enough organics could be produced to initiate more complex polymerization.
We conclude that neutral atmospheric conditions on early Earth may have been favorable
environments for the synthesis of biologically relevant molecules.
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