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ABSTRACT: Laboratory investigations of photochemical reactions in simulated Titan-
like atmospheric systems provide insight into the formation of gas and aerosol products
and the influence of different environmental parameters on the types of organic
molecules generated. Studying the gas-phase products as a function of reaction time
provides further insight into the reaction pathways that lead to organic production. The
stable isotopes in the reactants and products serve as tracers and help to disentangle
these reaction pathways. We report a time study on the chemical composition and
relative abundance of the evolved gas-phase products formed by far-ultraviolet reactions
between 5% CH4 and N2 in a closed system. Two experimental setups are used, where
one fully removes hydrogen from the experimental system using a palladium membrane (hydrogen-poor experiments) and the other
does not remove hydrogen during the experiment (hydrogen-rich experiments). Carbon isotope values (δ13C) of CH4, C2H6, and
C3H8 are also reported and are used, along with the gas-phase composition and relative abundance measurements, to constrain the
chemical reactions occurring during our experiments. The gas-phase products C2H6, C3H8, n-C4H10, iso-C4H10, n-C5H12, iso-C5H12,
C2H2, C2H4, HCN, and CH3CN were detected, with some variations between both sets of experiments. The hydrogen-poor
experiments highlight the importance of hydrogen in the formation of HCN, n-C5H12, iso-C5H12, and CH3CN. By monitoring the
chemical composition and the carbon isotopic ratios of the gas phase during CH4/N2 photochemistry, especially under a hydrogen-
poor and hydrogen-rich environment, the photochemical reaction pathways and the influence of hydrogen on these pathways in a
Titan-like atmosphere can be better understood.
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1. INTRODUCTION
Titan’s predominantly methane (CH4) and nitrogen (N2)
atmosphere hosts complex organic chemistry resulting in the
formation of organic aerosol. Numerous experimental studies
over the last 40 years have simulated this chemistry in the
laboratory in order to understand more about formation
processes and aerosol chemical and optical properties under
Titan-like atmospheric compositions.1−15 This includes studies
that have noted the influence of hydrogen on the formation of
organic aerosol and the corresponding chemistry.6,16 Excess
hydrogen has been previously shown to inhibit aerosol
production,6,16 and it can also saturate the gas-phase
composition.16 As hydrogen gas is the third most abundant
gas in Titan’s atmosphere, understanding its influence on the
photochemistry in these experiments is critical.
In addition to the importance of understanding the influence

of hydrogen on the photochemical products, examining the
chemical composition of the gases produced during Titan-like
aerosol formation allows for reaction pathways to be
elucidated. Monitoring the gas-phase composition can also
provide insight into how aerosol may form in Titan’s
atmosphere,15,17−24 along with a general understanding of

the chemistry occurring within an experimental system and its
applications to Titan’s atmosphere. Furthermore, tracking the
isotopic fractionation between the reactant and gas-phase
products produced during photochemistry can reveal unique
and complementary insight into the reaction pathways
associated with aerosol formation, especially when comparing
these gas-phase results to the isotopic composition of Titan-
like aerosol previously studied experimentally.25−28

By combining gas chromatography-mass spectrometry (GC-
MS) and gas chromatography-isotope ratio mass spectrometry
(GC-IRMS), our experiments are the first Titan-relevant study
to use stable isotopes of carbon to contextualize the gas-phase
chemical composition and their corresponding changes with
reaction time during far-ultraviolet (FUV) irradiation. Using a
recirculating system in which CH4 and N2 photochemically
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react in a closed system, our experiments operate under two
conditions. The first condition is where hydrogen gas is formed
via photochemistry and ultimately is allowed to build up in our
system, and the second is where hydrogen gas is actively
removed from the system upon its formation. These conditions
allow for the comparison of both a hydrogen-rich and a
hydrogen-poor scenario, which can improve our understanding
of hydrogen’s role in the photochemical reactions occurring
within a Titan-like atmosphere in which there is some
hydrogen escape. In addition, using a recirculating system
and sampling at regular time intervals enables the monitoring
of the gas-phase chemical composition and carbon isotopic
composition of select gases as a function of reaction time,
allowing for trends with time to become known.

2. EXPERIMENTAL SECTION
2.1. Recirculating System. A schematic of the recirculat-

ing system is shown in Figure 1, and during these experiments,

no unexpected or unusually high safety hazards were
encountered. The mixing chamber is connected by stainless
steel tubing to the ultraviolet (UV) reaction cell inlet. On one
side of the UV reaction cell, an air-cooled deuterium
continuum lamp (Hamamatsu, L11798; 115−400 nm) is
connected with a vacuum flange (Hamamatsu, E3444), and on
the outlet of the cell, there is an aerosol collection chamber.
The aerosol collection chamber is then connected to a
peristaltic pump (Masterflex, L/S 07528-10P) by two path-
ways. The first pathway from the aerosol collection chamber to
the peristaltic pump is the direct route, simply connected to
the peristaltic pump via stainless steel tubing. Throughout this
manuscript, the experiments performed using the first pathway
are referred to as the hydrogen-rich experiments. The second
pathway, prior to connecting to the peristaltic pump, first
routes the gas through a custom-made, heated (200−220 °C)
tubular palladium membrane that is contained within a larger
stainless steel tube and held under vacuum (Power and Energy,
Inc.). This system selectively passes hydrogen across the
membrane, constantly removing it from our recirculating gas
mixture. Since the components of the initial gas mixture and
the evolved secondary gas species targeted during the study are
stable at these temperatures, periodic exposure to the heated
palladium membrane is not expected to influence these gases

beyond removing hydrogen. Throughout this manuscript, the
experiments performed using this second pathway to remove
hydrogen are referred to as the hydrogen-poor experiments.
Valves control which pathway is open for the gas to flow
through. At the junction of the two pathways prior to entering
the peristaltic pump, the stainless steel tubing is interfaced with
flexible tubing (Masterflex, 06442) that is inserted into the
peristaltic pump. This high-performance, chemically resistant
flexible tubing is not expected to introduce loss due to
absorption or adsorption, but this was not specifically
investigated. The outlet of the peristaltic pump then plumbs
into the inlet of the recirculating system just before the UV
reaction cell. At this point, a gas sampling port is attached to
enable gas extractions with gastight syringes (VICI; Series A)
for measurements.
Prior to an experiment, precursor gas mixtures of 5% by

volume ultrahigh purity CH4 (Airgas, 99.99%) in ultrahigh
purity N2 (Airgas, 99.999%) are mixed for at least 8 h in the
mixing chamber. Once mixed, a mass flow controller
(ALICAT, MCP) flows the precursor gas mixture into the
recirculating system to a pressure slightly above ambient
conditions (∼800 Torr, measured by a Baratron capacitance
manometer; MKS, 722A). While this pressure exceeds the
pressure in both Titan’s upper atmosphere and stratosphere, it
ensures that with gas sampling, the total pressure remains
above or near ambient conditions for at least 50 h to prevent
leaks into the system (see Bourgalais et al.22 for a discussion on
the challenges of performing closed-system, low-pressure,
Titan-relevant experiments and the influence of chamber
microleaks). After being filled, the recirculating system is
isolated from the mixing chamber by a valve. To eliminate
dead volume, the valve is located at the junction where the
outlet of the peristaltic pump is plumbed into the recirculating
system.
As the gas moves through the UV reaction cell, aerosol and

gaseous photochemical products are produced. The aerosol
and gas then flow to the aerosol collection chamber, where the
aerosol is trapped onto a filter (Advantec/QR100 25 mm).
Particles are collected rather than recirculated with the gases to
prevent clogging the gastight syringes and the analyzers’ inlets,
along with preventing further irradiation of aerosol surfaces.
The design of the recirculating system allows the precursor gas
mixture and secondary gas-phase species to circulate
continuously through the closed system, in the direction of
the dashed arrows in Figure 1, and be exposed to the UV lamp
numerous times, unlike the continuous flow system used
previously where the precursor gases flow by the UV lamp only
one time before analysis.28−31 The gases are constantly
recirculating during the experiment at a flow of 100 standard
cubic centimeters per minute (sccm), set as the rotations per
minute (rpm) by the peristaltic pump (20 rpm). This results in
a residence time of about 2 min in the UV cell, and considering
the total volume of the recirculating system, gases are
recirculated through the UV cell about 24 times an hour.
2.2. Gas Chromatography-Mass Spectrometry. The

consumption of CH4 and the creation of secondary gas-phase
products were monitored as a function of reaction time with a
Thermo Scientific Trace 1310 Gas Chromatograph coupled to
a Thermo Scientific ISQ QD single quadrupole mass
spectrometer (GC-MS). An Rt-Q-Bond PLOT column
(Restek) was used, which is optimized for hydrocarbon
analysis. Using a gastight syringe, 300 μL of gas was extracted
from the sampling port shown in Figure 1, and the sampled gas

Figure 1. Schematic of the recirculating system. Gases are circulated
continuously in the closed system in the direction of the dashed
arrows, while aerosols are collected on a filter. The palladium
membrane was used to remove hydrogen during the hydrogen-poor
experiments.
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was promptly injected into the GC-MS. Measurements include
background gas measurements of the precursor gas mixture
after flowing through the recirculating system prior to turning
on the UV lamp, as well as hourly measurements of the gas
mixture after turning on the UV lamp.
Mass spectra were analyzed by using Thermo Scientific

XCalibur Software. To determine the retention time that
corresponds to each gas, both the NIST database for electron
ionization mass spectra and an alkane gas standard (Scott Gas,
303102; ±2% accuracy) were used. The gas standard
contained 64% methane, 12.5% ethane, 7% propane, 3% n-
butane, 3% iso-butane, 0.5% n-pentane, 0.5% iso-pentane, 0.5%
carbon dioxide, and 9% nitrogen and was needed to determine
the retention times of isomers. Due to the difficulties in
obtaining a nitrile standard, only a hydrocarbon standard was
used in these experiments.
2.3. Gas Chromatography-Isotope Ratio Mass Spec-

trometry. The carbon isotope ratios of CH4, C2H6, and C3H8
were measured using a Thermo Scientific Trace Ultra Gas
Chromatograph IsoLink with a Carboxen 1006 PLOT column
(Supelco) coupled through an oxidation reactor to a Thermo
Scientific Delta V Isotope Ratio Mass Spectrometer (GC-
IRMS). CH4 was measured separately from C2H6 and C3H8
because of their differences in concentration. 100 μL was
extracted for the CH4 analysis, and then 500 μL was extracted
for the C2H6 and C3H8 analysis. To ensure there was no
pressure-dependent fractionation occurring due to our
methodology of sequential extractions, we performed a study
where the precursor gas mixture recirculated in the system with
the lamp off for over 5 h. Sequential extractions were removed
hourly, and there was no trend in the δ13C of the CH4. This
indicates that our sampling method does not introduce any
pressure-dependent fractionation that could bias our results.
After the GC column separates the injected gas species, they

are combusted on an oxidation reactor, and the resulting CO2
is analyzed on the IRMS using Thermo Scientific Isodat
Software. The IRMS is designed for stable isotope measure-
ments and determines small changes in carbon isotope ratios.
Here, the carbon isotope ratio, δ13C, is reported in per mil
(‰) relative to Vienna Pee Dee Belemnite (VPDB) as follows
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Furthermore, the difference in δ13C values of the products
relative to the precursor CH4 is defined as Δ13C where

= =C C C t
13 13

products
13

CH , 04 (2)

When Δ13C is positive, the product is enriched in 13C relative
to the starting CH4, and when Δ13C is negative, the product is
depleted in 13C relative to the starting CH4.
Once the initial gas mixture was introduced into the

recirculating system, the isotopic composition of the reactant
CH4 was measured following the peristaltic pump being
switched on but before the UV lamp was turned on. This initial
CH4 was measured at least three times prior to the onset of
photolysis to ensure precision in the starting δ13C, and the
average standard deviation of these starting CH4 δ13C
measurements was 0.20‰. By adjusting for the initial CH4
of each individual run, we corrected for any differences in
fractionation that occurred prior to the introduction of the gas
into the recirculating system. Once the UV lamp was turned

on, GC-IRMS measurements were performed hourly, offset by
30 min from the GC-MS measurements.

3. RESULTS AND DISCUSSION
3.1. Gas Chemical Composition. The consumption of

CH4 and the evolution of the secondary products were
characterized by GC-MS. Table 1 lists the compounds

detected during the hydrogen-rich and hydrogen-poor experi-
ments, and whether more (+) or less (−) of each compound
was measured in the hydrogen-poor experiments compared to
that in the hydrogen-rich experiments at two time points (6
and 24 h) is included as well. Between both experiments, the
photochemical products identified include C2H6, C3H8, n-
C4H10, iso-C4H10, n-C5H12, iso-C5H12, C2H2, C2H4, HCN, and
CH3CN, with some specific variations between the type of
experiment. First, the hydrogen-poor experiments did not
result in the production of HCN, n-C5H12, or iso-C5H12,
highlighting the importance of H2 (and H radicals) in the
formation of these products. The absence of HCN in the
hydrogen-poor experiments supports its recently modeled
formation pathways.32 Here, the formation of HCN in Titan’s
atmosphere is proposed to predominantly stem from three
different pathways, all of which include the reaction of the
intermediate byproduct H2CN with either a hydrogen radical
or a hydrogen radical and hydrogen gas

+ + +H CN H H HCN 2H2 2 2 (R1)

+ +H CN H HCN H2 2 (R2)

H can result from the numerous reaction pathways and
photolysis undergone by CH4, CH3, CH2, and other
hydrocarbons and hydrogen-containing compounds.32−36

Following its formation, the reaction 2H + N2 → H2 is likely
happening preferentially in our system given the high pressure
of N2 in our mixtures.

32 The removal of H2 by the hydrogen
purifier then results in the lack of detected HCN in these
experiments since there would be no H2 (R1) and no H
radicals (R1, R2) resupplied to the system from the photolysis
of H2 to react with H2CN when the gas mixture is recirculated
by the UV lamp. However, because the gases flow through the
UV reaction cell prior to passing through the hydrogen
purifier, it is likely that some HCN is forming in our system

Table 1. Photochemical Products Characterized by GC-MS
during the Hydrogen-Rich and Hydrogen-Poor
Experimentsa

compound hydrogen-rich hydrogen-poor (6 h) (24 h)

C2H2 √ √ (+) (+)
C2H4 √ √ (+) (+)
C2H6 √ √ (−) (+)
C3H8 √ √ (−) (+)
n-C4H10 √ √ (−) (+)
iso-C4H10 √ √ (−) (+)
n-C5H12 √ × × ×
iso-C5H12 √ × × ×
HCN √ × × ×
CH3CN √ √ (−) (−)

aFor products detected in both experiments, (+) and (−) indicate if
more or less of that product was detected in the hydrogen-poor
experiments compared to that in the hydrogen-rich experiments at
hour 6 and hour 24.
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during the hydrogen-poor experiments, albeit below the
detection limit of the GC-MS.
As for iso-C5H12 and n-C5H12, while neither of these

compounds have been observed in Titan’s atmosphere (in
addition to iso-C4H10 and n-C4H10), n-C5H12 has been
detected in numerous other Titan-relevant photochemical
aerosol generation experiments,17,37,38 whereas iso-C5H12 has
been detected in only one other photochemical aerosol
generation experiment.39 The photochemical formation path-
ways responsible for the formation of n-C5H12 and iso-C5H12
have been unexplored in these experimental studies, in
addition to photochemical modeling studies, perhaps since a
C5-saturated hydrocarbon is unlikely to participate in the
formation of aerosol.40−44 Even so, it is possible C5H12 forms
by a similar reaction pathway as C4H10.

36 C4H10 is formed in
two steps, involving the intermediate C3H7

+H C H C H3 6
M

3 7 (R3)

+C H CH C H3 7 3
M

4 10 (R4)

It is possible the same could happen for C5H12 where the
intermediate C4H9 first forms and then reacts with CH3 to
form C5H12. As the first step in this speculative reaction
pathway would require H, this would explain why no C5H12 is
observed in the hydrogen-poor experiments, and it also
suggests there are non-hydrogen required pathways that can
produce C4H10 but not C5H12 (or at least not in quantities
above our detection limit). However, to be certain of this,
further photochemical modeling must be performed.
There are two other closed-system studies that used similar

wavelengths to initiate photochemistry that we can compare
our results with.37,38 In these experiments, CH4 and N2 with
and without helium gas were irradiated in a closed system by
the sun (λ ≥ 115 nm due to the use of a MgF2 window, similar
to that used on the UV lamp in our experimental setup) while
they were positioned outside the International Space Station
(ISS). Both studies used a larger percentage of CH4 compared
to that of N2 than found in Titan’s atmosphere, with 50%
CH4

37 and 62.5% CH4
38 being used. Using GC-MS, the

photolysis products C2H6, C3H8, n-C4H10, iso-C4H10, and n-

C5H12 were identified upon the samples’ return to Earth. The
lack of unsaturated hydrocarbons was explained as being due
to the larger total pressure of the gas mixtures (1125 Torr),38

and while nitrogen was found to be incorporated into the solid
phase, the lack of nitrogen-containing gaseous products was
not explained. As we identify nitriles in the current study under
both experimental conditions, it is possible that the larger
percentage of CH4 compared to that of N2 in the ISS studies
could explain the lack of nitrile species. This phenomenon is
supported in the literature, where using increasing amounts of
CH4 to photochemically produce aerosol in a continuous flow
system decreases the abundances of nitrile photochemical
products.20 In addition, large percentages of CH4 compared to
those of the other gases in a gas mixture have been shown to
inhibit the formation of intermediate products by shielding the
other gases from UV photons.10 Since the ISS experiment was
not performed in a continuous flow or in a recirculating closed
system, the shielding of photons by CH4 could have been
exacerbated and influenced the measured gas-phase products,
possibly resulting in the lack of unsaturated hydrocarbons and
nitriles as well. It is important to note here that while λ ≥ 115
nm is insufficient to break the N2 triple bond, nitrogen
chemistry has been observed in numerous photochemical
experiments with this insufficient energy, including the current
study, but the chemical pathways resulting in this are still not
known.3,11,12,14,15,20,28,31,38,45−54

3.2. Gas Relative Abundance. In addition to composi-
tional distinctions between the two experimental methods,
there are also gas abundance differences, although the reported
amounts of gaseous products with lower volatility, i.e., n-C5H12
and iso-C5H12, are likely less than what is actually produced
during these experiments due to losses to the chamber walls.
The gas abundance differences are most noticeable when the
experiments are compared as a function of time. For the
hydrogen-rich experiments, following a rapid increase in the
production of higher-order gas species, there is a decline in
those abundances, which then somewhat level off after about
44 h. Alternatively, for the hydrogen-poor experiments,
following the increase in the production of the different
gases, the product abundances appear to eventually reach a
steady state within 24 h and do not decline with time as

Figure 2. Peak areas of each detected compound normalized to their electron ionization cross section at 70 eV as a function of the reaction time.
Solid squares correspond to hydrogen-rich experiments, and open squares correspond to hydrogen-poor experiments. Alkanes are in the top panel,
and the other compounds characterized during these experiments are in the bottom panel. The ionization cross section of n-C5H12 was used for iso-
C5H12 as there is no reported electron ionization cross section for iso-C5H12.
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observed during the hydrogen-rich experiments. Since the
secondary products reach a steady state around hour 8, the
hydrogen-poor experiments were not extended beyond 24 h
like the hydrogen-rich experiments. In both scenarios, the
variation in the abundance with time is closely tied to the
presence or lack of hydrogen. When hydrogen is removed, the
gases continue to react and form more photochemical products
each time they flow by the UV lamp. When hydrogen is not
removed, it builds up in the system and inhibits reactions that
form larger products from occurring. The amount of hydrogen
produced during our hydrogen-rich studies is about 1% by
volume by the end of the experiment, which is enough to
influence the chemistry observed in these recirculating, closed-
system experiments. This concentration was determined based
on pressure readings by a pressure transducer sensitive to gas
thermal conductivity used during a subset of these experiments
(substituted for the Baratron shown in Figure 1 before the
sampling port) and is comparable with the amount of H2
measured by Cassini CIRS55,56 and Huygens GC-MS57 in
Titan’s troposphere.
In order to quantitatively compare the peak areas of the

characterized compounds to each other, their ionization cross
sections must be considered since different compounds will
ionize more readily than others. Figure 2 compares the relative
abundance of each compound measured during hydrogen-poor
(open squares) and hydrogen-rich (closed squares) experi-
ments by normalizing the GC-measured peak areas of each
compound to their corresponding ionization cross section at
70 eV (energy of the MS electron ionization source).58−65

There are small discrepancies between theoretically and
experimentally determined electron ionization cross sections,
but using either result in only minor changes in their
normalized peak areas. Even so, experimental ionization cross
sections were used in all cases except iso-C4H10, which only
had a theoretical ionization cross section available. In addition,
as there is no reported electron ionization cross section for iso-
C5H12, the ionization cross section for n-C5H12 was used. A
summary of the relative difference per compound is included in
Table 1 at hours 6 and 24. For compounds that were detected
in both experiments, the symbols (+) and (−) denote whether
more or less, respectively, of that compound was detected in
the hydrogen-poor experiments compared to that in the
hydrogen-rich experiments.
Initially (hour 6), C2−C4 alkanes were produced in less

abundance during the hydrogen-poor experiments, but by the
end of the hydrogen-poor studies (hour 24), these alkanes
were then synthesized in more abundance during these
experiments compared to the hydrogen-rich experiments.
This trend is consistent with the hydrogen-rich experiments
becoming saturated, resulting in fewer products forming over
time. For both C2H2 and C2H4, more is produced in the
hydrogen-poor experiments at both 6 and 24 h. However, prior
to hour 5, C2H2 and C2H4 are formed in lower amounts during
the hydrogen-poor experiments than during the hydrogen-rich
experiments, where hydrogen saturation appears to influence
the fate of these compounds sooner than that of the alkanes. A
possible explanation for this is that in the presence of large
amounts of hydrogen, C2H4 may undergo a series of reactions
where the net reaction is its reaction with H radicals to form
C2H6 (R5).

33 Additionally, C2H2 may react with H radicals to
form C2H3 (R6),

33,66 which can further react with H2 to make
C2H4 (R7)

33,66 and then ultimately C2H6 by R5

+C H 2H C H2 4 2 6 (R5)

+C H H C H2 2
M

2 3 (R6)

+ +C H H C H H2 3 2 2 4 (R7)

As for the other secondary gas products, once these gases
start declining in abundance during the hydrogen-rich
experiments, it is due to back reactions forming CH4. A likely
reaction that could be ongoing during the hydrogen-rich
experiments due to the larger H2 mixing ratio includes the
reaction of CH3 with H2 forming CH4 (R8),

66 which could be
occurring preferentially to the reaction of CH3 forming C2H6
(R9)33,66 or C2H4 (R10)

36

+ +H CH CH H2 3 4 (R8)

2CH C H3
M

2 6 (R9)

+ +CH CH C H H2
3

3 2 4 (R10)

The preference of R8 to R10 during the hydrogen-rich
experiments could also contribute to the decrease in the
relative amount of C2H2 during these experiments as well since
one of the main pathways of its formation is from the
photolysis of C2H4.

33

Other reactions that are likely occurring during the
hydrogen-rich experiments that could also explain the change
in relative abundance of the other hydrocarbons include the
following loss mechanism of C2H4 that ultimately results in the
back reaction to CH4

66

+C H H C H2 4
M

2 5 (R11)

+C H H 2CH2 5 3 (R12)

+ +H CH CH H2 3 4 (R13)

Similar reaction pathways back to CH4 with the other
hydrocarbons produced in our studies could be occurring as
well to explain the decrease in production with reaction time.
This includes the loss of C2H6 through the formation of C2H5
(H + C2H6 → C2H5 + H2),

66 which then would back react to
form CH4 via R12 and R13.
Possibly the most notable distinction between the relative

abundances of each gas produced in both types of experiments
is the amount of CH3CN. CH3CN is produced in lower
relative abundance during hydrogen-poor experiments com-
pared with that of hydrogen-rich experiments at all times.
Furthermore, CH3CN is synthesized in the lowest relative
abundance in the hydrogen-poor experiments compared with
the rest of the gaseous products in those experiments, which is
not the case during the hydrogen-rich experiments. During the
hydrogen-rich experiments, while CH3CN is one of the more
trace gaseous products, it is still made in relatively more
abundance than the other nonalkanes and n-C5H12 during the
full experiment and in more abundance than iso-C4H10 and
iso-C5H12 by hour 21.5. This again is likely due to the role of
hydrogen in the reaction pathway to CH3CN, which forms by
reactions of C2H4 (R14)

36,43,67 and C2H3 (R15)
43,68 with N

(see Section 3.1 regarding nitrogen chemistry during these
experiments), where

+ +C H N( D) CH CN H2 4
2

3 (R14)

+C H N( S) CH CN2 3
4

3 (R15)
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The fact that the relative amount of C2H4 compared to the
other minor products is the same between experiment types
(with the exception when compared to CH3CN) points to
C2H3 concentration changes being at play. C2H3 can form
either via C2H2 (R6)

69 or C2H4 (R16)
70

+ +C H H C H H2 4 2 3 2 (R16)

As these reactions rely on H, the decreased relative abundance
of CH3CN in the hydrogen-poor experiments can be explained
by one of its required intermediates (C2H3) being produced in
a lower abundance than in the hydrogen-rich experiments.
No experimental setup can truly reproduce Titan’s

atmosphere. Even so, experimental simulations of Titan’s
atmospheric chemistry can provide insight into the processes
occurring in the atmosphere and the factors that control those
processes, thus providing support to the conclusions drawn
from observational and modeling studies. Due to experimental
constraints in the current study, the pressure in our system is

greater than the pressure in Titan’s upper atmosphere and
stratosphere. In addition, gases in these studies are exposed to
a greater photon flux at Lyman-α from the UV lamp (about 4
orders of magnitude greater) than the gases in Titan’s upper
atmosphere.10,50 The pressure of the gas mixture influences
reaction kinetics and the abundance of the gaseous products, as
does the greater photon flux, and so while the products formed
during our experiments are relevant for Titan’s atmosphere,
their abundances are likely unique to our system. Even so, CH4
and the secondary gases measured in the current study all
strongly absorb across the UV lamp’s wavelength range,71−82

highlighting the relevance of the photochemistry occurring in
this study to that in Titan’s atmosphere. Similarly, it is
therefore difficult to directly compare the concentration of
gases measured in this study to any previous Titan-relevant
studies due to differences in experimental setups (including
energy sources, pressure, temperature, etc.) and analytical
techniques.15,20 However, the gas-phase species measured in

Figure 3. Temporal evolution of carbon isotope ratios of the sufficiently abundant alkanes over the course of the hydrogen-rich experiments (solid
squares) and the hydrogen-poor experiments (open squares). These ratios are presented as Δ13C, which is the difference between the measured
δ13C of a given compound at a given time and the δ13C of the initial CH4 for each run (eq 2). Error bars are the standard deviation for the
experiments averaged into each time point.

Figure 4. Summary of the isotopic evolution of the gases produced in sufficient abundance for GC-IRMS measurements during the hydrogen-rich
(top panel) and hydrogen-poor (bottom panel) experiments.
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this study have been previously observed in other Titan
photochemical aerosol studies to various degrees.3,15,20,37−39,83

Of these studies, two also used the same energy source as the
present study.15,20 Due to the soft ionization techniques used
by the mass spectrometers in these two previous studies,
comparing with the results of the current study is challenging,
since compounds with lower proton affinities could not be
measured by their instruments. In addition, Berry et al.15 state
that quantifying the compounds measured during their studies
was not possible due to the compound signals being
uncalibrated. So, while there are studies with fewer variables
that differ from the present study, conclusions from a
comparison between these three studies are still not possible.
3.3. Alkane Carbon Isotopic Composition. The isotope

ratios of the alkanes that were produced in sufficient
abundance for GC-IRMS measurements are shown in Figure
3, and there are significant differences between the two types of
experiments performed. A dashed line at Δ = 0 has been added
to aid in viewing the gas species enriched (>0) and depleted
(<0) in 13C relative to the starting CH4. The carbon isotope
ratios of CH4 and C2H6 were measured during the hydrogen-
rich experiments, and the carbon isotope ratios of CH4, C2H6,
and C3H8 were measured during the hydrogen-poor experi-
ments. During the hydrogen-rich experiments (solid squares),
CH4 becomes isotopically enriched relative to its starting
composition and continues to grow heavier across the entire
evolution of the system. While C2H6 is initially isotopically
depleted relative to the starting CH4�as expected from
kinetically driven processes since the lighter isotopes react
faster and more often than the heavier isotopes�it then
rapidly becomes enriched relative to the starting CH4 and
eventually becomes enriched relative to the CH4 in the system
at the same time. The evolution of the isotopic measurements
during the hydrogen-rich experiments supports the reaction
pathways described in Section 3.2 for the hydrogen-rich
experiments, where, as photochemistry progresses, H2 builds
up and back reactions toward CH4 dominate the system. As
depicted in the top panel of Figure 4, since the 13C−12C bond
is harder to break, the 12C−12C bond of C2H6 is preferentially
photolyzed and reacted back to 12CH4, causing the enrichment
of C2H6 relative to the contemporaneous CH4. This represents
an equilibrium-dominated regime in which the isotopic
composition of the atmospheric gases is driven by bond
stability.
Alternatively, for the hydrogen-poor experiments (open

squares), Figure 3 portrays a different reaction pathway for
these studies, with only some similarities to the hydrogen-rich
experiments. Like the hydrogen-rich experiments, during the
hydrogen-poor experiments, CH4 becomes enriched relative to
its starting composition. And again, the earliest C2H6 is
depleted relative to the starting CH4; however, it is depleted by
a significantly larger amount than in the hydrogen-rich
experiments. Then, over time, C2H6 becomes enriched and
approaches the isotopic composition of the simultaneous CH4,
but unlike the hydrogen-rich experiments, it does not surpass
it. During the hydrogen-poor experiments, enough C3H8 is
produced for isotopic measurements, and it is yet further
depleted relative to the C2H6 and starting CH4, and has a
similar isotopic evolution to C2H6 over the course of the
experiment. These isotopic measurements, as summarized in
the bottom panel of Figure 4, also support the reaction
pathways described in the previous subsections that highlight
the importance of hydrogen. Specifically, the consistent

depletion across each higher-order hydrocarbon follows
expectations for δ13C in a kinetically dominated reaction
system. Thus, the hydrogen-poor experiments represent a
kinetically driven regime where the isotopic composition and
makeup of atmospheric gases are driven by unidirectional
forward photochemical reactions.

3.3.1. Comparison to Experimental Isotope Ratios of
Photochemical Aerosol. Previous work determined the carbon
isotope ratios of photochemical aerosol produced with varying
amounts of CH4 in N2 in a continuous flow system.

28 While
the extent of isotopic fractionation varied, each scenario
resulted in photochemical aerosol that was enriched in 13C.
This is opposite of the kinetic isotope effect, which is what was
expected for photochemically formed aerosol, and the possible
causes of this enrichment in 13C was discussed.28 While the
carbon isotopic ratio of the aerosol and initial reactant CH4
was reported for these aerosol studies, the isotopic ratio of the
gas-phase products and unreacted CH4 was not measured.
Without this information, it is unknown as to why photo-
chemical aerosol would be enriched rather than depleted in
13C.
The recirculating experiments in the current study provide a

way to monitor the gas-phase products and unreacted CH4;
however, the experimental methods of the recirculating system
are not directly comparable to the continuous flow system
experiments. Specifically, a continuous flow system represents
an open system in which reactants are continuously supplied,
while in a recirculating system, reactants can be depleted by
the formation of products and back reactions can occur. In the
recirculating system, the gases are exposed to the UV lamp for
a total of 48 min every hour and in the continuous flow system,
the gases are exposed to the UV lamp for 2 min in total. Even
so, the closest comparison we can make between the
recirculating experiments and the continuous flow system
experiments is at the earliest time points in the time series. In
the current study, by hour 2, there was sufficient signal for 13C
measurements of C2H6, and by hour 3, there was sufficient
signal for 13C measurements of C3H8. For both experiments,
hydrogen-rich and hydrogen-poor, the C2H6 produced by hour
2 was depleted compared to the concurrent CH4. The same is
true for C3H8 during the hydrogen-poor experiments that were
first measured at hour 3: C3H8 was depleted compared to the
concurrent C2H6 and CH4. The photochemically produced
species being depleted in 13C compared to the initial and
unreacted CH4 is expected. The primary photochemical
products of CH4 photolysis following the kinetic isotope effect
have further implications on why the photochemically
produced aerosol is instead enriched in 13C. Specifically,
higher-order reactions with more complex organic compounds
that are responsible for aerosol formation could result from
reactions that preferentially proceed with the heavier carbon
isotope, resulting in the aerosol formed to also be enriched as
well.28 Further isotope measurements of these higher-order
complex organic species are needed in order to resolve the
question of why the experimentally formed photochemical
aerosol is enriched in 13C, but accumulating enough of these
complex organic species for measurements remains a challenge.

4. CONCLUSIONS
The time-dependent chemical composition characterized by
GC-MS of the photochemical gas-phase products produced
from FUV irradiation of 5% CH4 in N2 in a closed system
under hydrogen-rich and hydrogen-poor conditions is
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reported. The reaction pathways forming these gases are
discussed and further contextualized with δ13C isotopic
measurements of CH4, C2H6, and C3H8 as functions of
reaction time. Between the hydrogen-poor and hydrogen-rich
experiments, C2H6, C3H8, n-C4H10, iso-C4H10, n-C5H12, iso-
C5H12, C2H2, C2H4, HCN, and CH3CN were detected as gas-
phase products. The hydrogen-poor experiments highlight the
importance of hydrogen in the formation of HCN, n-C5H12,
and iso-C5H12. Furthermore, the presence of hydrogen also
appears to greatly influence the relative amount of CH3CN
that can photochemically form in a Titan-like system. Lastly,
the isotopic evolution of CH4, C2H6, and for the hydrogen-
poor experiment, C3H8, demonstrates the direction of the
reactions in each experimental system toward products versus a
back reaction to CH4 related to the abundance of hydrogen. By
monitoring the gas-phase chemical composition and isotopic
fractionation during laboratory Titan-like atmospheric photo-
chemical simulations, these experiments not only provide
insight into the chemical processes occurring in our experi-
ments but also provide insight into reaction pathways that
could be occurring in Titan’s atmosphere and the role of
hydrogen on these reaction pathways.
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