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Miller—Urey Revisited: When Lightning Strikes the Earth
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Abstract: A discharge is arced to different solutions containing the simple molecular species water, methanol,
and ammonia. We show that the impact of the discharge at the discharge—solution interface produces a range of
organic molecules, including amino acids and polymers containing carboxylate, amine, imine, and cyano groups.
The classic Miller—Urey experiment, of which there are hundreds of variations, changing parameters such as gas
composition, pressures, and voltage have been tested, involves the production of simple amino acids and other
species in the gas phase in an arc discharge. This work’s emphasis is the production of various chemical species
at a discharge-liquid interface. The analysis of the product is conducted by IR, UV-VIS, LC-MS and MALDI-
MS. As a laboratory exercise or a demonstration, this simple derivation of the Miller—Urey experiment can be
used in a variety of teaching settings, from high school through advanced undergraduate research classes to
demonstrate the basic hypothesis of how life on Earth may have started.

Introduction

In the classic Miller—Urey experiment, an arc discharge is
used to convert simple gas-phase molecules, such as water,
methane and ammonia, into simple amino acids [1, 2]. It was
originally argued that under primordial conditions the arc
discharge replicated lightning and provided the molecular
building blocks for evolution. Since that time, research has
extended in other directions such as the role of ultraviolet light
in the photochemical production of molecular species [3],
amino acids found in meteorites and comets [4—6], as well as a
large number of investigations into various aspects of
molecular evolution [7-20].

In this experiment we tried a similar but fundamentally
different approach to converting simple molecular species to
larger ones. We arced this discharge directly to a liquid
containing simple molecular species (water, ammonia,
methanol) in different ratios, atmospheres, and pHs. We justify
the use of methanol because methane, which was believed to
be in the earliest atmosphere, will produce methanol in the
presence of water. The theory presented in this research is that
a solution is about 1,000 times denser than a gas and
consequently contains a much higher concentration of
chemical species. Not only will more species be present to
react during the discharge they will be in a more static
environment (compared to the gas phase) for additional
reactions after the discharge has ceased. In searching the
molecular evolution literature, there exists a large body of data
stretching decades in which various gas-phase molecular
species (H,O, NH;, CH,, O,, H,, etc.) at various ratios and
under varying conditions (voltage, current density, total
pressure, etc.) exist [1-20]; however no experimental data exist
that we could find where a high voltage discharge strikes a
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solid or liquid and the chemical products were analyzed for the
basic building blocks of life.

Typically, Miller—Urey is introduced in biology classes, but
this experiment was conducted as an exploratory laboratory in
physical chemistry. In addition to the experimental work
described below, students were asked to calculate heats of
reaction for the various products formed (glycine, urea, etc.)
using both bond energies obtained from various texts and heats
of formation obtained from the NIST webpage
(http://webbook.nist.gov/chemistry/).

As with any evolution discussion, this was presented as a
scientific hypthothesis and not fact. We discussed that while
this experiment showed how some of the building blocks of
life could be formed not only on earth but also on other planets
in our solar system or others, it did not show how inert
chemicals combine to form a living organism. In order to
balance all concerns on this delicate issue but also present an
intriguing experiment, it was important to clearly discuss what
science had and had not been able to replicate in the
laboratory.

Experimental

The experimental apparatus (see figure 1) was sealed at ambient
pressure and temperature and with different atmospheres (air, N,, Ar).
A Tesla coil that discharged at 0.5 MHz and 50 kV was placed
approximately 1 cm above the liquid (50 mL total volume) and
allowed to run for time durations of 3 to 24 hours (see Figure 1). We
should note that running the Tesla coils for extended periods of time
shortened their life times. Infrared measurements of dried samples
were made using a Mattson FTIR spectrometer and 3M IR cards. A
Perkin—Elmer Lambda II UV-VIS spectrometer was used for solution
absorbance measurements. The resulting solutions had to be diluted
between 5 and 50 fold to bring solution absorbance measurements
onscale. A pH measurement was made of aqueous-phase mixtures (i.e.
water and NH3) and then methanol was added and the pH adjusted by
a dilution calculation. Dilute solutions (0.1 M or less) of NaOH and
HCI were used to adjust pH. The first series of experiments involved
mixtures of water, ammonia (1.0 M NHj starting concentration), and
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Figure 1. A simplified schematic of the experimental apparatus used
in this work. A Tesla coil is used to generate the discharge or plasma
in a sealed container. Running the discharge for 24 hr continuously
delivers less energy to the solution than a single lightning strike would
impart.

methanol at different ratios. The concentration of water (v/v %)
ranged from 60 to 90%, ammonia from 5 to 20%, and methanol from
5 to 20% and was tested at a pH of 10. Four other pHs (2.0, 5.0, 7.0,
8.5) were also tested. Three atmospheres (air, nitrogen, argon) were
tested on a single water (80%), methanol (10%), and ammonia (10%)
mixture and no statistical changes were found. Mass Spectrometer
measurements were made at The Chemical and Biological Sciences
Mass Spectrometry Facility at the University of Georgia. The LC-MS
is an Applied Biosystems (ABI) solvent delivery system connected to
a PE Sciex API I plus mass spectrometer equipped with an
electrospray source. The MALDI is a Reflex produced by Bruker
Daltonics. The matrix used was a saturated solution of o-cyano-4-
hydroxycinnamic acid (Sigma) in a 50:50 solution of
acetonitrile:water and 0.1% trifluoroacetic acid. The solutions
typically underwent aggregation and precipitation after a matter of
days so no percent yield measurements were attempted. Controls,
which consist of unreated MeOH/H,O/NH3; mixtures, were used for
IR, UV, and MS background correction measurements. Standards of
urea, glycine, glycinamide, etc. were used as well for qualitative
identification.

Results and Discussion

The infrared spectra of all products contained broad spectral
features observed in simple amino acids (3400 cm’', N—H;
1700 em™, C=0, etc). UV-VIS absorbance measurements were
also made of each sample and compared to the nineteen amino
acid standards used. The spectra gave no definitive qualitative
identification of a single species but did consistently have
spectral peaks at 211 nm, matching a spectral feature routinely
observed in the standards. While not providing definitive
qualitative or quantative identification, these infrared and
ultraviolet spectroscopic data provide preliminary evidence the
experimental apparatus was producing amino acids.

The Liquid Chromatography—Mass Spectrometric (LC-MS)
and Matrix-Assisted Laser Desorption Ionization—Mass-
Spectrometric (MALDI-MS) analysis identified a range of
molecular species including isocyanatomethane, methylnitrate,
N-methoxymethanamine, urea, glycine, glycinamide, methyl-
urea, N,N-dimethylurea, ethylurea, alanine, guanine, serine,
and N-fert-butylmethacrylamide. With LC-MS, we typically
observed several peaks eluting from the column over a thirty-
minute window. Each peak would typically contain a number
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of slices whose mass spectrum was different, indicating a
range of polymeric forms were present. We concentrated on
identifying simple molecular species and molecular fragments
that could potentially be building blocks for polymers of
biological interest (peptides, etc.).

From these data we elected to vary the solution content and
ratios and found that changes in concentrations of NH; and
MeOH clearly affected the formation kinetics of the simple
species mentioned. Specifically, lowering the concentration of
ammonia from 20 to 5% in 5% increments, while holding the
methanol constant and raising the water v/v %, resulted in the
two predominant IR bands (3400 em’™, 1600 cm'l) increasing at
a slower rate that mimicked a pseudo-first-order reaction.
Although the overall aminocarboxylate production increased,
we did not attempt to correlate the kinetics with a specific
species. When a discharge with high temperature (3,000 to
10,000 K), high electron and ion density (10'* to 10" cm™),
and high voltage (10 to 50 kV) strikes a liquid surface, a
complex level of chemistry takes place at the interface and in
the surrounding solution and gas phase. The synthesis of
molecules in the discharge or plasma phase that have been
studied in detail include fullerenes (Cgp, buckyballs) [21, 22]
and ozone (O;) [23-25]. Although the specific species may
vary, they share a common thread. The kinetic energy of the
discharge or plasma breaks most bonds, resulting in free atoms
(i.e., H,C, N, O, etc.), atomic ions (H+, ch, o, O+2, etc.), and
multiply bonded (i.e., triple) molecular species that are stable
for a brief period of time in the high temperature environment
(i.e., N, C,, G, etc.) of a plasma.

These species diffuse from the high temperature region to
less energetic regions of the discharge and recombine to
produce various molecular species that are stable under
ambient conditions. For the production of glycine, among the
simplest molecules produced in the reactions described here,
the overall reaction might be:

4H,0(1) + NH;(1) + 2CH,0H(1) —
19H(p) + N(p) + 60(p) + 2C(p) ey

19H(p) + N(p) + 60(p) + 2C(p) — 3C,HsNO, + 2H,(g) (2)

where p is the plasma or discharge state.

But the specific reactions and intermediates, which would
include species like H', O,", 0,7, O, O, etc, are not known at
this point and substantial spectroscopic work would be needed
to unlock the mechanism. In one series of runs we varied the
pH (3, 5.5, 7, 10) and showed that in acidic environments (pH
= 3, 5.5), there was minimal production of any amino-
carboxylate-based species, while the most basic system (pH =
10), reacted the quickest. This indicates the presence and
subsequent volatility of NH; at higher pHs (7,10) plays a role
in the synthesis of various aminocarboxylates while the
nonvolatile NH,," species present in acidic solutions does not
provide a significant amount of nitrogen in eqs 1 and 2 above.

Our experimental evidence for the various mixtures
previously mentioned indicates several functional groups play
a role in either the synthesis or structure of the products
including carboxylates (RCOQ"), amines, imines, C=N, C=C,
and nitro (-NO,).

Patterns for the addition of CO, were common in all
solutions. For example, Figure 2a illustrates the mass spectrum
of the product of eight hours of discharge contact with a water,
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Figure 2. (a) A mass spectrum from LC—MS illustrates a series of fragments that differ by the gain of CO, (mass 44 amu). (b) This spectrum also
illustrates the systematic gain of mass 44 from fragments produced during the discharge—solution contact.
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Figure 3. (a) A mass spectrum from LC-MS illustrates a loss of -NH3 (mass 17 amu) as well as a loss of H, in a condensation reaction that leads
to an imine (b) The loss of H, due to the formation of an imine group accounts for the fragments with (N-2) masses illustrated in these mass spectra

obtained by LC-MS.

© 2002 Springer-Verlag New York, Inc., S1430-4171(02)03563-1, Published on Web 05/24/2002, 10.1007/s00897020563a, 730149tm.pdf



Miller—Urey Revisited: When Lightning Strikes the Earth

methanol, and ammonia solution and illustrates the systematic
gain of mass 44 from 428 u to 692 u. Figure 2b shows the loss
of mass 44 from two aqueous phase fragments (713, 669, 625,
581, 537, 493, 449 u and 692, 648, 604, 560, 516, 472, 428 u).

Second, imine formation and amination/deamination was
found in simple water/MeOH/ammonia solution on fragments
of various sizes. For example, our interpretation of Figure 3 is
peaks at 252, 254, and 256 are the same structure separated by
the loss of H,. This 252, 254, 256 series can be related to the
more prominent 235, 237 and 239 series by the gain/loss of
NH;, as well as the mass spectral peaks at 218, 220, and 222 u.
Specifically, the 252, 235 and 218 u peaks are fragments of the
same structure, except for the gain or loss of NH;. The same
trend applies for the 254, 237, and 220 u series, and the 256,
239, and 222 u series. Larger mass fragments (Figure 3a and b)
also presented evidence for imine formation. Third, IR
measurements provided evidence for the presence of C=N, —
NO,, and C=C bond formations in solutions but the data did
not provide evidence for the addition or loss of -NO, or C=N
groups.

In this laboratory exercise, in addition to identifying species
by IR, UV-VIS, and mass spectoscopy, students wrote out
balanced equations and calculated the heats of reactions
(AH,,) for nineteen amino acids and urea from water,
methanol, and ammonia using bond energies (BE) and heats of
formation (AHj).

As a lab exercise for a chemistry class, this could be
conducted at three levels:

Demonstration. It takes between 6 and 10 hr for the clear
water/methanol/ammonia solution to turn yellow. Using a ring
stand to support the Tesla coil over the solution and left in a
hood over night, the visual effect of changing colors is easily
demonstrated in a basic solution. Also, it is common for white
tentacles to grow from the electrode surface during this
process. Once the system is shut down, these tentacles quickly
melt in a matter of minutes. It is evidence of a solid that exists
with a relatively high voltage and current running through it
but quickly disappears under ambient conditions. In our
discussions, we hypothesized that some of the building blocks
of life might have also formed on particulate matter charged
during a lightning strike. The only quantitation that takes place
is visually in this level.

Spectroscopic Quantitation. Running the experiment
overnight and analyzing the product by infrared spectroscopy
and/or UV-VIS spectroscopy can easily help identify the
major functional groups formed.

Mass Spectral Identification. If access to a mass
spectrometer system (LC-MC, MALDI-MS, FT-ICR, etc.) is
possible, a range of conditions can be varied and the results
analyzed. For example, different ionic strengths or mineral
content (CaCQO;, FeS, etc.) can be tested and the simple
molecules and polymers identified.

Conclusion

In any given experiment, a large number of molecular and
polymeric species were produced that were not present in the
controls. The molecular and mineral species combinations and
ratios possible over the surface of a planet that can be easily
replicated with this experimental design coupled with the
variations in discharge conditions (voltage, current, ion and
electron density, discharge frequency, atmospheric content,
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etc) may provide the different chemical species needed for life
to evolve from primordial conditions not observed with the
Miller—Urey setup. The work by students in this exploratory
laboratory was centered on determining the structures of
various molecular and polymeric forms found in some of the
simpler systems produced at or near the interface of the plasma
and liquid. We were able to use LC-MS and MALDI-MS to
positively identify some smaller, biologically relevant species
but additional separation, isolation and structural identification
would be needed to identify polymeric species present. In
physical chemistry, it offers a simple experimental opportunity
to run an experiment of some historical importance in which
the chemicals bonds are clearly broken and reformed. This
opens the possibilities for a series of exercises attempting to
deduce a reaction mechanism from bond energies or heats of
formation.

Other researchers have used contact glow discharges as a
possible explanation for prebiotic systhesis of amino acids
[26]. A glow discharge produces a plasma or discharge of
much lower temperature, energy, electron and ion density, etc.
than the arc from a Tesla coil.
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