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Key Points:

• Multiple solar system bodies have complex photochemical hazes which derive from
their nitrogen and carbon-rich atmospheres.

• We generate and measure the properties of analogue hazes (“tholin”) specific to
Triton-like composition and temperature.

• Despite other similarities, Triton tholin are much more strongly oxygenated and
slightly more nitrogenated than Titan and Pluto tholin.
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Abstract
Triton is the largest moon of the Neptune system and possesses a thin nitrogen atmo-
sphere with trace amounts of carbon monoxide and methane, making it of similar com-
position to that of the dwarf planet Pluto. Like Pluto and Saturn’s moon Titan, Triton
has a haze layer thought to be composed of organics formed through photochemistry.
Here, we perform atmospheric chamber experiments of 0.5% CO and 0.2% CH4 in N2

at 90 K and 1 mbar to generate Triton haze analogues. We then characterize the phys-
ical and chemical properties of these particles. We measure their production rate, their
bulk composition with combustion analysis, their molecular composition with very high
resolution mass spectrometry, and their transmission and reflectance from the optical
to the near-infrared with Fourier Transform Infrared (FTIR) Spectroscopy. We compare
these properties to existing measurements of Triton’s tenuous atmosphere and surface,
as well as contextualize these results in view of all the small, hazy, nitrogen-rich worlds
of our solar system. We find that carbon monoxide present at greater mixing ratios than
methane in the atmosphere can lead to significantly oxygen- and nitrogen-rich haze ma-
terials. These Triton haze analogues have clear observable signatures in their near-infrared
spectra, which may help us differentiate the mechanisms behind haze formation processes
across diverse solar system bodies.

Plain Language Summary

Triton is the largest moon of the outer planet Neptune. It has a very thin atmo-
sphere made of similar gases to the atmospheres of the dwarf planet Pluto and Saturn’s
moon Titan. Sunlight or high energy particles can break apart the molecules that make
up these gases, which can then react to form solid particles, called hazes. We made haze
particles in an atmospheric chamber under Triton-like temperature (90 K) and atmo-
spheric composition (small amounts of carbon monoxide and methane in molecular ni-
trogen), and then measured the chemical and physical properties of the resulting ma-
terial. We compare our results to similar measurements of laboratory materials made
for Pluto and Titan. Our results show larger oxygen and nitrogen contents for these Tri-
ton particles, suggesting that increasing carbon monoxide in the atmosphere changes the
chemistry of hazes. Within the laboratory hazes, we see signatures of molecular bonds
containing oxygen in the near-infrared, which might be useful for identifying these species
with future observations of or missions to Triton.

1 Introduction

Triton, as Neptune’s largest moon, is unique among the ice giant moons because
of its thin nitrogen atmosphere and its status as a captured Kuiper Belt Object (KBO)
(McKinnon, 1984; Agnor & Hamilton, 2006). Also considered a candidate ocean world,
Triton is a natural comparison to two other worlds, Titan and Pluto, which also have
nitrogen-rich atmospheres with trace amounts of carbon monoxide and methane, though
the absolute mixing ratios differ between the three. Rich photochemistry has been ob-
served both on Titan and Pluto from dedicated spacecraft observations by the Cassini-
Huygens mission to the Saturn system and the New Horizons flyby of Pluto. Dramatic
haze layers are seen in the atmospheres of both worlds from these two missions (Porco
et al., 2005; Stern et al., 2015). Voyager 2 observations also suggest that Triton has a
haze layer and potentially nitrogen ice clouds (Herbert & Sandel, 1991; Rages & Pollack,
1992; Strobel & Summers, 1995; Yelle et al., 1995), though the haze properties, especially
as compared to that of Titan and Pluto, remain poorly characterized due to Voyager 2
phase angle and detection limit constraints (Pollack et al., 1990).

Triton’s atmosphere, due to its extremely cold surface temperature of 38 K (Con-
rath et al., 1989), is in vapor pressure equilibrium with its surface ices, making atmosphere-
surface interactions active and strongly seasonally dependent (Hansen & Paige, 1992; Cruik-
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shank et al., 1993). Similar activity is observed for Pluto (Lewis et al., 2020), where sea-
sonal sublimation appears to drive winds (Telfer et al., 2018). Measurements of Triton’s
atmospheric pressure at the surface range from 14±1 µbar in 1989 from Voyager 2 ra-
dio science (Tyler et al., 1989) to 19±1.8 µbar from stellar occultations in 1995 and 1997
(Olkin et al., 1997; Elliot et al., 1998), suggestive of seasonal sublimation and deposi-
tion. Nitrogen dominates the atmosphere, and vertical profiles of the N2 (Krasnopolsky
et al., 1993) and CH4 content, which decreases with altitude (Herbert & Sandel, 1991),
have been known since Voyager 2. From the surface at 38 K, the upper atmosphere reaches
temperatures of approximately 90 K (Strobel & Zhu, 2017). With the Very Large Tele-
scope of the European Southern Observatory, Lellouch et al. (2010) was able to measure
the amount of CO in the atmosphere, where only upper limits were achieved by Voyager
2. Lellouch et al. (2010) found a partial pressure of 24±3 nbar for CO, but did not mea-
sure a surface pressure at the time of observations.

Triton’s young (≤ 10 Ma) surface (Stern & McKinnon, 2000; Schenk & Zahnle, 2007)
requires geological activity suggestive of significant internal heating, potentially provided
by obliquity tides (Nimmo & Spencer, 2015), which could maintain a subsurface liquid
ocean. Plumes/geysers on Triton, observed by Voyager 2, also suggest seasonally driven
winds and/or subsurface activity (Hansen et al., 1990; Hammond et al., 2018). Organic
material generated by photochemistry in the atmosphere could then interact with this
potential subsurface ocean, or even the plume outflow material itself, furthering prebi-
otic chemical reactions, as may also occur on Titan (Neish et al., 2010).

In Titan’s atmosphere, the dissociation of N2, CH4, and other minor species that
initiate haze formation is primarily driven by solar UV radiation (Vuitton et al., 2019),
while galactic cosmic ray impacts can also initiate ionization reactions to a lesser degree
(Gronoff et al., 2009, 2011). Magnetospheric ions from Saturn on the order of up to 1
keV with flux 10−6 cm−2 s−2 have been detected at Titan (Hartle et al., 2006) and are
a minor driver of atmospheric chemistry on the moon. However, at Triton, Neptune’s
magnetospheric particles interact with Triton’s ionosphere with energies an order of mag-
nitude higher (Krimigis et al., 1989; Stone et al., 1989; Thompson et al., 1989) and thus
may play an increased role in atmospheric chemistry, though solar EUV photons likely
still dominate (Lyons et al., 1992). The flux of solar photons naturally decreases with
distance from the Sun from Titan to Triton to Pluto, from ∼15 W m−2 to ∼1.5 W m−2

to ∼0.9 W m−2. Determining how far organic atmospheric chemistry has proceeded on
Triton as a result of haze formation processes, and how this compares to Pluto and Ti-
tan, is thus of high interest given the similarities in bulk composition yet major differ-
ences in energy distribution between the three planetary bodies.

Efforts to model the haze formation process on Pluto and Triton have shown pre-
viously that the CO and CH4 mixing ratios in the atmosphere act as a strong control
on the overall composition of haze and photochemical gas products (Krasnopolsky & Cruik-
shank, 1995; Krasnopolsky, 2012; Strobel & Zhu, 2017). These models have noted that
ethylene gas, C2H4, as a product of this photochemical process is likely to condense the
most readily of all photochemical products considered (Krasnopolsky et al., 1992; Wong
et al., 2017). Hazes of the upper atmosphere can act as thermal controls of both the at-
mosphere and surface (Zhang et al., 2017), which is critically dependent on the exact com-
position and optical properties of the material. Recent coupled photochemical and mi-
crophysical modeling suggests that gas phase, C2-based hydrocarbon adsorption onto aerosol
particle surfaces (Luspay-Kuti et al., 2017) as well as ice condensation onto haze par-
ticle condensation nuclei (dominated by HCN cores) may better explain the observations
of both Pluto and Triton’s atmosphere than photochemical haze alone (Lavvas et al., 2021),
where C2H4 ice would dominate the composition of these heterogeneous, coated parti-
cles on Triton (Krasnopolsky, 2020; Lavvas et al., 2021). Both spherical and fractal ag-
gregate particles can explain Triton observations using heterogeneous haze-ice particles,
though fractals are preferred (Ohno et al., 2021).
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Current models are in need of additional data to better constrain these atmospheric
processes, but in situ missions to the outer solar system to characterize atmospheric chem-
istry are both few and far between, and often only reveal far more complexity than pre-
viously assumed, as in the case of both Titan and Pluto. Moreover, because of the unique
and highly complex chemistry occurring in these haze layers, theoretical models often
cannot fully capture haze formation from initial gases to complex haze molecules due to
both a lack of chemical kinetics of the relevant chemical reactions as well as computa-
tional expense (Berry et al., 2019; Vuitton et al., 2019). As such, laboratory synthesis
of atmospheric hazes has been performed to generate and study analogue particles to those
potentially made in planetary atmospheres, including those for Titan (e.g., Khare et al.,
1984; Imanaka et al., 2004; Vuitton et al., 2010), the Early Earth (e.g., Trainer et al.,
2006; DeWitt et al., 2009; Hasenkopf et al., 2010; Hörst, He, Ugelow, et al., 2018), and
even exoplanets (e.g., Hörst, He, Lewis, et al., 2018; Gavilan et al., 2018). These exper-
iments have revealed a wealth of information about haze formation and properties, in-
cluding their effect on spectra (Brassé et al., 2015), the production of prebiotic molecules
(Hörst et al., 2012; Sebree et al., 2018), and potential chemical pathways to haze forma-
tion (Gautier et al., 2014, 2016).

Previous atmospheric haze formation experiments also exist for Triton specifically
(McDonald et al., 1994; Thompson et al., 1989), but these past experiments included only
nitrogen and methane in their starting gas mixtures. Thanks to more recent ground-based
observations (Lellouch et al., 2010), we now know that CO is in fact the second most abun-
dant molecule in Triton’s N2 atmosphere, unlike the Plutonian and Titanian atmospheres
where CH4 is found in higher mixing ratios than CO (Krasnopolsky, 2012). Some ex-
periments have included CO in Titan-like mixtures (Bernard et al., 2003; Coll et al., 2003;
Tran et al., 2008), suggesting oxygenated molecules play a role in the gas phase chem-
istry. More recent laboratory experiments have shown that an initial inventory of gas
phase CO also substantially affects resulting tholin particles (Hörst & Tolbert, 2014; He
et al., 2017). CO was included in recent atmospheric experiments of a Pluto-like atmo-
sphere (Jovanović et al., 2020, 2021), with substantial impact on the tholin produced.
However, this Pluto experiment, as well as the previous Triton experiments, were per-
formed at room temperature, though temperature should also influence the chemistry
occurring in the atmosphere. Moreover, the published spectra and chemical measurements
from every N2-CH4-CO experiment to date has been performed with mixing ratios where
CH4 ≥ CO, as is more representative of Titan and Pluto rather than Triton. The only
published experiments performed with CO > CH4 only examined the particle density
and size of the resulting solid (Hörst & Tolbert, 2014), not its chemistry. Therefore, in
this study, we perform a new set of atmospheric chamber experiments for a Triton-like
atmosphere – including this second most abundant molecule of CO at a higher percent-
age than CH4 and at Triton-like temperature – to examine the chemical and physical
properties of hazes that may influence Triton’s atmosphere and climate, surface, and plan-
etary evolution.

2 Methods

First, we generated Triton haze analogue particles within the PHAZER (Planetary
HAZE Research) chamber (He et al., 2017) under Triton-relevant temperature and pres-
sure with an AC cold plasma discharge as the energy source. We subjected the result-
ing solid particles to combustion analysis to obtain the elemental ratios of C, H, O, and
N that make up the particles. Next, we performed a more in-depth analysis of the chem-
ical composition of the solids produced in the PHAZER chamber by utilizing very high
resolution Thermo Fisher Scientific LTQ-Orbitrap XL mass spectrometry. Once mass
spectrometer measurements were complete, we employed custom software called idmol
(Hörst, 2011) to make molecular identifications and perform data analysis from the mass
spectrometry data. Finally, we obtained the transmittance and reflectance of the Tri-
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ton haze analogues by measuring thin films of the particles with a Bruker Vertex 70V
Fourier Transform Infrared Spectrometer.

2.1 Triton Haze Analogue Production
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Figure 1. Schematic of the PHAZER chamber set-up at Johns Hopkins University. The 0.5%

CO, 0.2% CH4 in N2 gas mix is flowed through the cooling coil submerged in liquid nitrogen

before flowing into the reaction chamber. The mixing ratios were chosen to represent the high

end of atmospheric CO from existing observations (e.g., Krasnopolsky, 2012). The mass flow

controllers are set at 10 sccm so that the pressure in the chamber is 1 mbar. The gas mixture is

then exposed to the AC glow discharge, and analogue haze chemistry proceeds at 90 K.

With the PHAZER chamber and accompanying apparatus (JHU, Baltimore, MD),
we produced Triton haze analogue particles. We continuously flowed a gas mixture of
0.5% CO (Airgas) and 0.2% CH4 (Airgas) in N2 (Airgas) for 72 hours, as is standard PHAZER
protocol (He et al., 2017) for the generation of substantial macroscopic sample. To cal-
culate these mixing ratios, we use the partial pressure of CO determined by Lellouch et
al. (2010), 24 nbar within a factor 3. We divide the upper limit of this partial pressure
by the surface pressure determined by Voyager 2, 14 µbar, to obtain 0.5% CO in our mix-
ture. Lellouch et al. (2010) reports the surface partial pressure ratio CO/CH4 to be ∼2.5,
resulting in our CH4 mixing ratio of 0.2%. While our experimental ratio of CO to CH4

reflects Triton’s atmosphere, their absolute values compared to N2 are higher than the
atmospheric mixing ratios reported by Lellouch et al. (2010) since we include this sur-
face pressure correction. These values are chosen to generate higher yields of tholin in
a reasonable experimental timeframe. We discuss the implications of this approximation
on our results in Section 4.2.

The gas mixture first is flowed through the cooling coil immersed in a liquid 77 K
N2 bath, and then into the reaction chamber so that gases in the chamber are approx-
imately 90 ±5K (He et al., 2017), following the best fit upper atmospheric temperature
determined by Strobel & Zhu (2017). This temperature corresponds to regions 300 km
above Triton’s surface where Triton’s ionosphere is located (Tyler et al., 1989). On Ti-
tan, haze formation begins in the ionosphere (Liang et al., 2007; Lavvas et al., 2013), and
Neptune’s magnetosphere can drive similar reactions on Triton (Thompson et al., 1989).
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However, the main haze layer is observed much lower, from 4 km to 30 km (Rages & Pol-
lack, 1992), where the atmospheric temperature is closer to 50 K (Strobel & Zhu, 2017).
Our laboratory set-up cannot be maintained at this low a temperature, as 90 K is near
our experimental limit. Nevertheless, running at 90 K represents a much more accurate
temperature condition than any previous Triton haze experiments, which have all been
performed at room temperature.

An AC cold plasma glow discharge then provides an energy density of order 170
W m−2 into the system (He et al., 2019). This flux is applied over 72 hours, for a to-
tal of 4.4×107 Wm−2 over the course of the experiment. Given that Triton receives ∼1.5
Wm−2 in incident solar radiation, our experiment corresponds to approximately 340 days
of solar irradiation at Triton. The plasma source is energetic enough to dissociate even
extremely stable molecules, such as N2 and CO (Cable et al., 2012). This cold plasma
does not directly replicate any single energetic atmospheric process, photochemical or
otherwise. Instead it provides a method by which to approximate the energetics of up-
per atmospheres. For Triton’s upper atmosphere, such energy distributions may derive
from a combination of sources such as incident UV solar photons, cosmic ray bombard-
ment, or charged particles from the magnetic field of Neptune.

The gases were flowed at 10 standard cubic centimeters per minute (sccm) so that
the pressure within the chamber was maintained at 1 mbar, which is higher than any pres-
sure in Triton’s atmosphere, which at highest is estimated to be 40 µbar (Lellouch et al.,
2010). Maintaining the experimental chamber at 1 mbar pressure reduces reaction times
given the mean free path within the size of the reaction chamber, allowing for comple-
tion of experimental runs within a reasonable timeframe. Furthermore, many other haze
formation experiments are run at this pressure (e.g., Khare et al., 1984; He et al., 2017;
Jovanović et al., 2020), which allows for comparison of the chemical and physical prop-
erties of the resulting tholins as a function only of gas species and temperature without
the additional variable of pressure, which previous work has shown to affect the tholin
composition and spectra. For example, Imanaka et al. (2004) found that tholin produced
at lower pressures (0.13 mbar) incorporated more nitrogen than tholin produced at higher
pressure (23 mbar), and that this led to stronger, deeper features from N-H bonds and
aromatic ring structures in their spectra.

As ionization and dissociation of the inital N2, CO, and CH4 gas molecules pro-
ceeds, these ions and radicals react to make new molecules, and some combination of ini-
tial and newly created molecules generate longer and longer molecular chains. Eventu-
ally, some such molecules become macroscopic solids and deposit out in the form of orange-
brown powder on the chamber walls, floor, and quartz disks placed at the bottom of the
chamber. We use quartz substrates because quartz is inert and does not react with ei-
ther the energy source or gas mixture during the experiment, and is well characterized
in our reaction chamber (He et al., 2021).

After 72 hours, the gas flow is turned off and remains under vacuum for 48 hours
to allow volatile dissipation. The chamber is then moved into a dry (< 0.1 ppm H2O),
oxygen-free (< 0.1 ppm O2) N2 glove box (Inert Technology Inc., I-lab 2GB) where solid
sample is collected and stored, insulated from ambient atmosphere and light sources. To
determine the production rate of the experiment, we manually collect solid material from
the chamber walls and base and weigh the total with an analytical balance (Sartorius
Entris 224-1S with standard deviation of 0.1 mg). The production rate is then calculated
by dividing the total mass by the runtime of the experiment (72 hours), with the error
(0.20 mg/hr) induced from the balance and the sample residuals on the reaction cham-
ber walls. We note also that the production rate is necessarily a lower limit as collec-
tion efficiency is always less than 1. Samples were stored in the glovebox for ∼6 months
prior to mass spectrometry measurements, ∼21 months prior to spectroscopy measure-
ments, and ∼30 months prior to combustion measurements. Agreement between com-
bustion analysis results and Orbitrap mass spectrometry results, discussed in Section 3.2,
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confirms that external chemical alteration does not take place in storage in the glove-
box.

2.2 Combustion Analysis

We employed elemental combustion analysis with a Thermo Scientific Flash 2000
Elemental Analyzer (Department of Chemistry and Biochemistry, University of North-
ern Iowa, IA, USA) of the Triton haze analogues produced in the PHAZER chamber.
We placed 1 mg of particles in the analyzer to directly measure percentages of C, H, and
N. We then perform mass subtraction to calculate the percentage of O.

2.3 Fourier Transform Infrared Spectroscopy

Using a Bruker Vertex 70V Fourier Transform Infrared Spectrometer (JHU, Bal-
timore, MD), we measured the transmission and reflectance of thin films of Triton haze
analogue deposited on quartz substrates from 0.4 to 5 microns. From 0.4 to 1.1 microns,
we use a Si-diode detector while from 0.83 microns to 5 microns, we employ a DLaTGS
detector. Overlap between detectors allows for calibration between the wavelength ranges.
The spectrometer is fitted with a quartz beamsplitter, and uses a near-IR source of a tungsten-
halogen lamp. A silicon carbide globar provides the mid-IR source. When performing
measurements, we vent the optical bench to ≤ 1 hPa. All measurements were performed
at room temperature, monitored and held stable at 294 K. We first take transmission
and reflectance measurements of a blank quartz disc to provide a baseline correction be-
fore measuring the Triton sample deposited on the quartz substrate. We use a source
aperture size of 2 mm and average over 250 scans for each measurement. With the in-
strument settings as configured, our measurements have a resolution of 2 cm−1. Inter-
ference fringes are observed in the optical to near-IR range (0.45 micron to 2 micron),
and we perform a correction for this fringing following the moving average method of
Neri et al. (1987), as in He et al. (2021). This correction is given as

F (xn) =
1

4
(2G(xn) +G(xn+m) +G(xn−m)) (1)

where F(xn) is the fringe-removed spectrum, G(xn) is the original spectrum, and
2m is the number of integer points in d, the average fringe spacing, which is 2260 cm−1.
With spectral resolution of 2 cm−1, we find m to be 565 for our transmission and reflectance
spectra. For completeness, we provide the uncorrected spectrum with fringes visible in
Appendix C.

Once fringe removal is complete, we then compare the spectral features observed
in the Triton tholin to both previous results of relevant planetary haze analogues as well
as to general spectral databases in order to identify chemical bonds and functional groups.

2.4 Orbitrap Mass Spectrometry

To investigate the detailed chemical composition of the Triton haze analogue sam-
ple, we employed very high resolution mass spectrometry with a Thermo Fisher Scien-
tific LTQ-Orbitrap XL mass spectrometer with an Ion Max electrospray ionization source
(ESI) (IPAG, Grenoble, FR), which has resolving power (m/∆m) of at least 105 up to
m/z 400 and an exact mass accuracy of ±2 ppm. Prior to sample measurement, we per-
formed mass calibration between m/z 200 and 2000 with Thermo Fisher Scientific Calmix
(caffeine, MRFA peptide, and Ultramark 1621 for positive mode and sodium dodecyl sul-
fate, sodium taurocholate, and Ultramark 1621 in negative mode) solution. We also mea-
sured a blank solution from m/z 150-1000 of pure CH3OH with the Orbitrap to account
for and remove any potential contamination in sample signal from the mass calibration
solution, ambient conditions, or the sample vial. To prepare the sample, we dissolved the
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Triton haze analogue in CH3OH (methanol) at a concentration of 1 mg/mL. We then
subjected the dissolved sample to sonification for 1 hour, followed by centrifugation at
10,000 rpm for 10 minutes. The soluble fraction of the Triton sample was then diluted
again in CH3OH at 1 mg/mL. We injected the diluted soluble fraction into the Orbitrap
with electrospray ionization (ESI) and obtained overlapping mass-to-charge (m/z) bin
measurements of m/z 50-300, m/z 150-450, and m/z 400-1000. The tube lens voltage was
set to 50 V, 70 V, and 90 V respectively, with source voltages of 3.5 kV (positive) and
3.8 kV (negative). For each mass-to-charge bin, our measurements averaged together four
scans of 128 microscans, with the injection of sample set at a flow rate of 3 µL minute−1,
to maximize signal and reduce noise (Wolters et al., 2020). Initial measurements were
taken in positive ion mode. The instrument polarization was then switched to negative
ion mode and allowed to re-equilibrate for 90 minutes. With the instrument in standby,
the capillaries were flushed with 10 µL of CH3OH and then the direct injection polyetherether-
ketone (PEEK) capillary replaced. The instrument was then mass calibrated again and
another blank solution was taken in negative polarity before the Triton sample was mea-
sured in negative ion mode with the same instrument settings as above.

2.5 Data Analysis of Orbitrap MS with idmol

After data acquisition and preliminary inspection with Thermo Fisher Scientific
XCalibur software, we use custom IDL/Fortran software called idmol (Hörst, 2011) to
extract and analyze the mass spectral data. First, we compare the mass spectra of blank
solution to that of the Triton analogue and remove contaminant peaks with intensities
greater than 2×105 in the Triton spectra. More recent work suggests that this method
of blank subtraction can remove useful signal due to the behavior of the automatic gain
control (AGC) of the Orbitrap (see Wolters et al., forthcoming), but in this case we do
not remove many peaks and therefore expect minimal impact on our results (see Appendix,
Figure B1). Next, we use idmol to assign molecular peaks, where the program calculates
all potential molecular combinations and then uses a series of decision trees based on user
inputs regarding minimum N/C ratio, maximum number of oxygens, mass tolerance, and
the nitrogen rule to make assignments of low-mass mass peaks. Above m/z 300, where
non-unique mass peaks are no longer within the instrument’s resolving power (Gautier
et al., 2014), the program uses lower mass peak assignments to choose best fit assign-
ments by eliminating potential molecules which substantially deviate from the average
number of carbons, nitrogens, and double bond equivalent for the previous 20 assignments
(Hörst, 2011).

As in previous analyses (Moran et al., 2020; Vuitton et al., 2021), we calculate the
elemental composition of the tholin sample from Orbitrap measurements using idmol peak
assignments weighted by the spectral intensity. We perform a correction to the inten-
sity weighted elemental composition by multiplying the lowest 10% intensities by 10 to
account for differing ionization yields of oxygen molecules, as was shown by Hörst (2011)
to mitigate differences between Orbitrap and combustion derived elemental compositions.
We also note that additional factors can introduce uncertainty into elemental ratios de-
rived from Orbitrap results, such as the solubility of sample or the efficiency of ion trans-
mission, in addition to the inherent error accounted for with our formula assignments.
We also calculate the non-intensity weighted elemental composition, as ionization effi-
ciency may prevent a direct proportionality to molecular concentration and impact the
derived elemental ratios. For further discussion regarding ionization efficiencies of var-
ious chemical species, including as a function of positive and negative polarities, see Vuit-
ton et al. (2021).
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3 Results

In this section, we present the results of the production rate, our elemental, mass
spectrometry, and Fourier Transform Infrared (FTIR) spectroscopy analysis. Broadly,
CO from the initial gas mixture profoundly influences the resulting composition and slightly
alters the spectra of the solid particles. First, we discuss production rate of haze as a
function of CO and CH4 mixing ratios. Then we focus on the bulk composition as de-
termined by both combustion and high resolution mass spectrometry (HRMS). Next we
delve deeper into the composition and specific molecular identifications enabled by HRMS,
and finally we examine the Triton tholin FTIR spectra for signs of the novel chemistry
that may be observable by remote sensing.

3.1 Production Rate of Triton Tholin Particles

In Figure 2, we show the production rates of our Triton tholin experiment compared
to that of our standard Titan gas mixture (5% CH4 in N2) with varying CO percent-
ages (He et al., 2017). While the production rates measured by He et al. (2017) found
that varying CO from 0% to 5% with 5% CH4 did not impact the production rate within
the limits of experimental error (0.20 mg/hr), our Triton experiment made markedly less
haze, at only 3.93±0.2 mg/hr compared to the Titan-like production rates of 7.25-7.42
mg/hr. We also show the production rates (L. Jovanović, personal communication) of
tholin experiments for Pluto gas composition from the PAMPRE experimental set-up
(Szopa et al., 2006; Alcouffe et al., 2009) at LATMOS, which used 500 ppm CO in N2

with either 1% CH4 to simulate Pluto’s atmosphere at altitude of 400 km or 5% CH4

for an altitude of 600 km, as well as a CO-free experiment with 99% N2 and 1% CH4

(Jovanović et al., 2020), all at room temperature. A description of the experimental con-
ditions for both sets of experiments can also be found in Section 3.3.2 in Table 3. Like
our Triton and Titan results, the Pluto-like results show a much higher production rate
when the methane mixing ratio is higher (14.6 mg/hr with 1% CH4 compared to 24.3
mg/hr with 5% CH4.) While the differing experimental set-ups prevent a direct com-
parison between the absolute production rates seen in PHAZER and PAMPRE, a trend
in the relative yields (i.e., normalizing the PAMPRE values to the PHAZER values as
in Figure 2) is suggested. The much lower starting mixing ratio of methane in the Tri-
ton mixture (0.2%) and low-altitude Pluto composition mixture (1%) results in much
less haze compared to that of our Titan experiments or high-altitude Pluto-like exper-
iments with 5% methane. Even more striking is the effect of removing CO from the sys-
tem enitrely, as seen in the CO-free, 1% CH4 in N2 experiment of Jovanović et al. (2020).
Despite the same amount of methane as in their Pluto400 condition, their CO-free con-
dition made just 10.3 mg/hr of solid. In fact, the relative yield of their CO-free exper-
iment is lower than our Triton experiment which has an order of magnitude less CH4,
but an order of magnitude more CO.

Other investigations of N2-CH4 mixtures have shown that aerosol mass loading is
always higher with 2% CH4 than with 0.1% CH4 using a spark discharge energy source,
though the opposite is observed when the energy source is a UV lamp (Hörst & Tolbert,
2013). Given the Triton and Titan PHAZER experiments, our glow discharge is thus likely
more analogous to the spark discharge, where the larger methane gas mixing ratio al-
lows for the production of more solid material. In a later experiment with the same set-
up, the total abundance of gas phase products also increased with higher methane mix-
ing ratios in the initial gas mixture (Hörst, Yoon, et al., 2018). PHAZER exoplanet at-
mospheric studies have also shown that higher initial methane mixing ratios can increase
solid material production (Hörst, He, Lewis, et al., 2018), though the third highest ob-
served production rate of those experimental conditions did not include an initial gas phase
inventory of methane at all. Additional Pluto-like composition experiments (of 500 ppm
CO in N2) observed significantly thicker thin films were produced under 5% CH4 con-
ditions than with 0.5% or 1% CH4 (Jovanović et al., 2021). We also note that all these
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Figure 2. Top: PHAZER production rates (in mg/hr) of the amount of solid produced from

the Triton gas mixture (CO = 0.5%; CH4 = 0.2%; top bar in turquoise) compared to our Titan-

like tholin (CH4 = 5%; CO in varying mixing ratios from 0% to 5%; He et al. 2017, middle and

lower orange bars). Bottom: PAMPRE production rates from the room temperature Pluto-like

tholin (PCO−free: CO = 0%, CH4 = 1%, top pale purple bar; P400: CO = 500ppm; CH4 = 1%,

middle purple bar; and P600: CO = 500ppm, CH4 = 5%, lower dark purple bar) of Jovanović

et al. (2020). Note that due to differing experimental set-ups, the absolute production rates be-

tween the PHAZER and PAMPRE apparatus cannot be directly compared and have different

x-axis limits. While CO alters the haze chemistry, higher methane mixing ratios generate larger

amounts of haze material in both experimental set-ups.

experiments have been performed at highly varying temperature conditions (90 K to 800
K), adding a further layer of complication in extrapolating trends. Prior work has shown
that Titan’s methane mixing ratio appears to most efficiently convert gas precursors to
tholin solids due to competing solid growth mechanisms when CH4 increases beyond this
percentage (Trainer et al., 2006; Sciamma-O’Brien et al., 2010). The exact percentage
of methane represented in the lab depends on the optical depth of the set-up in ques-
tion (Trainer et al., 2006).

While we clearly demonstrate in later sections that the haze chemistry changes un-
der the influence of very small amounts of CO, the literature suggests CH4 may play a
larger part in the ultimate aerosol mass loading. Current trends in the literature when
combining CO and CH4 remain tentative or contradictory and could benefit from fur-
ther study (see e.g., Hörst & Tolbert, 2014). Early Earth studies have also examined the
effect of combining methane with carbon dioxide, finding that a certain amount of CO2

with CH4 actually increases particle production up to a CH4/CO2 ratio of 1 before de-
creasing (Trainer et al., 2006), though particles are still produced even when the CO2

ratio is much higher (DeWitt et al., 2009). Therefore, while we identify the methane mix-
ing ratio as the major driver behind increased production, it remains unclear if any car-
bon source in high enough quantities could serve to generate substantial haze (see, e.g,
Hörst, He, Lewis, et al. 2018; He et al. 2018, 2020). This is underscored with the marked
decrease in production rate when CO is removed entirely with a low methane mixing ra-
tio as in Jovanović et al. (2020)’s CO-free Pluto experiment. Clearly the balance of the
two carbon sources is critical to the ultimate haze mass loading.
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3.2 Composition of Triton Tholin Particles

3.2.1 Bulk Composition and Differences in Ion Polarities

We observe first that despite CO being present at only a 0.5% mixing ratio in the
initial gas mixture, the bulk solid is approximately 10% oxygen. From the combustion
analysis, we determine that H, O, C, and N are present at 5.29±0.06%, 10.3±0.3%, 43.7±0.4%,
and 40.7±0.4% respectively. The bulk composition as calculated from the combined pos-
itive and negative ions of the soluble fraction of the tholin from Orbitrap is 5.4±0.7%
H, 9.8±4.3% O, 47.4±1.7% C, and 37.4±2.8% N. The bulk composition from the Or-
bitrap agrees to within 2% or better with the combustion analysis. This suggests that
the soluble fraction of the Triton tholin, as measured from Orbitrap HRMS, is fairly rep-
resentative of the global sample from an elemental perspective. Previous work has shown
that the soluble and insoluble fractions of tholin can be quite different chemically (Mail-
lard et al., 2018). The similarity of our elemental analyses as calculated from Orbitrap
and combustion demonstrates that this effect is likely minor for our Triton tholin, though
it is possible that even with the same elemental composition, the chemical composition
and structure can still be quite different between the soluble and insoluble fractions.

As seen in previous work (Hörst, 2011), oxygen is primarily detected in the neg-
atively ionized products from the Orbitrap, which is consistent with the identification
of carboxylic acid groups (discussed further in the following subsections) which are ef-
ficient proton donors (Vuitton et al., 2021). The bulk values obtained for negative, pos-
itive, and combined ions from Orbitrap, as well as from combustion analysis, are shown
in Figure 3.

Figure 3. Average elemental composition of Triton tholin from positive, negative, and com-

bined ions, as determined by Orbitrap MS analysis (left three bars), combustion analysis (fourth

bar), and comparison to standard PHAZER Titan values from combustion analysis (right). Tri-

ton tholin more strongly incorporates oxygen, apparently through carbon depletion. Hatching on

the right two bars indicates these results come from combustion analysis.

Titan tholin produced without CO from the same experimental set-up contains ∼2%
oxygen (likely due to minor water adsorption during measurements) compared to the Tri-
ton tholin with ∼10% oxygen (Figure 3). Previous PHAZER CO experiments (He et al.,
2017) have included up to 5% CO in N2-CH4 mixtures, yet never observe more than 8%
oxygen in the solid and indeed measure only 5% oxygen in mixtures with starting CO
at 0.5% as in this work. Importantly, these prior experiments were conducted with con-

–11–



manuscript submitted to JGR: Planets

stant CH4 gas mixing ratios of 5% and did not include a case where CO > CH4. Thus
our Triton haze analogues demonstrate how much more strongly oxygen can be incor-
porated into the solid when CO > CH4 in the starting gas mixture. Similar results from
CO2-CH4 experiments also show a marked chemical transition when CH4/CO2 reaches
unity (Trainer et al., 2006). Hydrogen contents remain at approximately 5% across vary-
ing CO/CH4 starting ratios (He et al., 2017), and our Triton results here support this
trend, which is also seen when CO2 and H2 ratios are varied with methane (DeWitt et
al., 2009). Our elemental analysis results in a bulk N/C ratio for the Triton tholin of 0.93,
which is higher than that of “standard” PHAZER Titan tholin at N/C = 0.85. This re-
sult is surprising, considering that past work with N2-CH4-CO mixtures has postulated
that the competition between N2 and CO chemistry results in oxygen incorporation pri-
marily at the expense of nitrogen incorporation (He et al., 2017; Jovanović et al., 2020).
Here, instead, carbon appears depleted with respect to the Titan tholin structure. While
this could simply result from CO > CH4 in the gas mixture, this result is more in line
with previous work that explored the addition of CO2 and O2 in N2-CH4 atmospheres
(Hörst, He, Ugelow, et al., 2018), which found increasingly oxidized gas mixtures increased
nitrogen fixation in the solid. A previous Triton experiment also showed stronger nitro-
gen incorporation compared to Titan tholin (McDonald et al., 1994), though that ex-
periment contained no CO and simply reflects the lower methane mixing ratio of the start-
ing gas mixture. For PHAZER Titan tholin, the C/O ratio of the bulk solid is 22.5 but
the Triton tholin’s bulk C/O is only 4.2. Even the previous PHAZER CO experimen-
tal series with the highest starting CO/CH4 gas ratio (1:1) resulted in a C/O ratio for
the tholin of ∼6, considerably higher than we observe for the Triton tholin. In our Tri-
ton case, it remains unclear therefore whether the higher nitrogen and oxygen contents
we see derive from the lower total carbon abundance in the starting gas mixture or the
presence of CO in particular.

3.2.2 Molecules in the Triton Sample from HRMS

Following our characterization of the bulk Triton haze analogue sample and its bulk
soluble fraction, we examined the mass spectral data for specific molecular formulas of
interest. The positive and negative mass spectra are shown in Figure 4. We detect thou-
sands of individual peaks across both ionization polarities, indicating the high complex-
ity of the Triton tholin as is the case with its Titan, Pluto, and exoplanet counterparts
(e.g., Gautier et al., 2016; He et al., 2017; Jovanović et al., 2020; Moran et al., 2020). Dis-
tinct periodicity is observed in the peak groupings, with a repeating pattern between 13
and 14 amu across both the positive and negative ions. Positive ions have peak group
periods that average to 13.57 amu; negative ions cluster in peak groupings with average
spacing of 13.66 amu. These values are quite close to the 13.5 amu observed by Hörst
(2011) and consistent with the frequently observed 12 to 16 amu spacing (averaging to
14 amu) in Titan and Pluto tholin produced in various set-ups (Imanaka et al., 2004; Ca-
ble et al., 2012; Gautier et al., 2014, 2017; Jovanović et al., 2020). These peak spacings
display quite regular but not exact amu periodicity. Therefore, these groupings likely in-
dicate repeating chemical units of co-added and substituted monomers (such as HCN,
CH2, etc.) (Gautier et al., 2017).

We report in Table 1 a small subset of the thousands of molecular formulas of species
identified from Orbitrap MS with intensities ≥103. These molecular formulas are con-
sistent with those of various prebiotic molecules, though we stress that without struc-
tural information (which is not possible with the measurements conducted in this work),
we cannot confirm that the formula we identify is in fact the isomer of the prebiotic species
indicated in Table 1. We detect the formulas for all biologically relevant nucleotide bases
(adenine, C5H5N5; cytosine, C4H5N3O; guanine, C5H5N5O; thymine, C5H6N2O2; and
uracil, C4H4N2O2) and one non-biologic nucleotide base (xanthine, C5H4N4O2). We note
that while we include the formulas for uracil and thymine because they represent the re-
maining nucleotide bases, they are present only at 102 intensities. Each of these species
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Figure 4. Positive (magenta) and negative (teal) ion mode mass spectra of the Triton haze

analogue particles from m/z 150 to 525. Due to differing ionization efficiencies, the negative

ion mode intensities are systematically lower. Peak groupings of ∼13.5 amu repeat across the

observed mass range.

Table 1. Molecular Formulas Identified by Orbitrap High Resolution Mass Spectrometry

m/z ± ∆ppm Ion Formula Intensity Potential Molecule In PHAZER Titan Sample?

90.0312 0.18 C3H6O−
3 9.4 x 103 Glyceraldehyde No

111.043 -0.45 C4H5N3O+ 1.8 x 104 Cytosine Yes
112.027 0.18 C4H4N2O−

2 6.9 x 102 Uracil Yes
126.043 0.21 C5H6N2O−

2 8.0 x 102 Thymine Yes
135.054 -0.97 C5H5N+

5 1.6 x 104 Adenine No
0.43 C5H5N−

5 9.3 x 103 Yes
151.049 -1.56 C5H5N5O+ 9.0 x 103 Guanine No

-0.10 C5H5N5O− 7.4 x 104 Yes
151.063 0.90 C8H9NO−

2 2.5 x 103 2-phenylglycine No
152.033 -2.27 C5H4N4O−

2 1.3 x 103 Xanthine Yes
155.069 -1.45 C6H9N3O+

2 9.2 x 103 Histidine Yes
-0.41 C6H9N3O−

2 1.0 x 104 Yes
156.065 -0.74 C5H8N4O+

2 1.2 x 104 1,2,4-triazole-3-alanine Yes
-0.04 C5H8N4O−

2 1.4 x 104 Yes
160.048 0.57 C5H8N2O−

4 4.1 x 103 Thymine glycol No
167.069 -0.68 C7H9N3O−

2 6.4 x 103 β-pyrazinyl-L-alanine Yes
169.085 0.18 C7H11N3O+

2 1.4 x 104 3-methylhistidine Yes
-0.78 C7H11N3O−

2 6.0 x 103 Yes
171.064 0.15 C6H9N3O−

3 3.2 x 103 β-hydroxyhistidine Yes
172.096 0.05 C6H12N4O+

2 2.7 x 104 Iminoarginine Yes
0.55 C6H12N4O−

2 1.2 x 103 No
182.080 0.72 C7H10N4O+

2 1.8 x 104 Lathyrine Yes
0.54 C7H10N4O−

2 1.4 x 104 Yes
193.074 0.32 C10H11NO− 1.3 x 103 Phenylglycine, m-acetyl No
206.080 0.76 C9H10N4O−

2 6.2 x 103 Benzotriazolylalanine Yes
226.107 -0.26 C9H14N4O−

3 2.8 x 103 Alanylhistidine Yes
246.100 -1.85 C13H14N2O−

3 1.6 x 103 Acetyltryptophan No

Note. the final column notes whether this formula is seen in Titan sample produced with
the PHAZER set-up under CO-free conditions.
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has been previously identified and confirmed through alternate measurement techniques
in prior tholin produced from N2-CH4-CO mixtures (Hörst et al., 2012; Sebree et al., 2018),
raising the likelihood that the formulas we identify in the Triton tholin could be the pre-
biotic species in question. We also identify numerous formulas consistent with isomers
of amino acids and their derivatives. Nearly all of these formulas are also present as at
least one ion in HRMS data of tholin produced under CO-free Titan conditions with the
PHAZER set-up, as indicated in the far right column of Table 1. Because we identify
most of these oxygenated molecules in the CO-free Titan sample as well as in our Tri-
ton sample, we cannot assume they are formed during sample synthesis, but must con-
sider that they could be the result of contamination. Despite this possibility, many of
these formulas have been unambiguously identified from CO-containing Titan experi-
ments (e.g., Hörst et al., 2012) by using 18O labeled CO, which we could employ in fu-
ture studies to eliminate contamination concerns.

In contrast to these ambiguous detections, and most notably, we detect here the
formula C3H6O3 with a potential isomer of glyceraldehyde, the simplest possible monosac-
charide. This species’ formula is unique to the Triton tholin among all N2-CH4-CO ex-
periments to which we compare our results. Only prior tholin work considering signif-
icantly more oxidizing atmospheres has previously observed sugar formulas (Moran et
al., 2020). Again, this result underscores the impact of a starting CO/CH4 mixing ra-
tio over unity. If confirmed, the existing co-presence of nucleotide bases, amino groups,
and sugar molecules in the complex solids that make up this haze should significantly
advance Triton as a target of astrobiological interest. For each identified formula in Ta-
ble 1, we confirm that it is not present in the Orbitrap data of the blank solvent above
the noise level (intensities ≥ 101).

In Figure 5, we present van Krevelen diagrams (van Krevelen, 1950) using H/C vs.
N/C ratios of the identified molecules, which are a modification frequently used in the
planetary literature to study complex organic materials like tholin (e.g., Hörst, 2011; Gau-
tier et al., 2014; Jovanović et al., 2020). In Figure 6, we show H/C vs. O/C ratios of the
identified molecules, which are widely used to understand the structures of complex or-
ganic matter on Earth (e.g., Kim et al., 2003). We separate the molecular ratios by whether
they were seen in positive or negative ion mode. The difference in clustering between ion
polarities clearly demonstrates that both are needed to understand the full chemical na-
ture of the tholin’s soluble fraction, which is frequently only a subset of the global molec-
ular complexity (Maillard et al., 2018). Strongly oxygenated molecules clearly favor neg-
ative ionization while more heavily nitrogenated molecules increase in positive ioniza-
tion mode. In H/C vs N/C space, we compare our results to PHAZER Titan tholin pro-
duced without CO. The Titan van Krevelen diagrams use molecular assignments per-
formed with slightly different software, Attributor, (Orthous-Daunay et al., 2020), but
which has been benchmarked against idmol and reliably produces comparable results at
masses m/z ≤300 (Hörst, 2011; Bonnet et al., 2013).

The Triton tholin reach high O/C ratios across all H/C ratios. Oxygen species are
always more prevalent in the negative ionization data and consequently reach larger O/C
ratios. We also show in Figure 6 an empty van Krevelen diagram that shows the regions
in which particular molecular functional groups fall, for reference. The Triton tholin dis-
tinctly cluster above an H/C of 1.0, the demarcation of oxidation reactions and more highly
unsaturated species. From the elemental analysis, however, we know that the overall hy-
drogen content is comparable between the the Triton and Titan samples, reiterating our
previous interpretation that oxygen is incorporated into the solid at the expense of car-
bon. The Triton tholin exhibit a shift away from simple unsaturated hydrocarbons to
long chain carboxylic acids (fatty acids), bounded by H/C ratios of 1.0 – 2.0 and an O/C
ratio ≤ 0.4. Additionally, the Triton tholin displays a large clustering of molecules con-
sistent with amino acid and peptide-like species (1.0 ≥ H/C ≤ 2.0; 0.2 ≥ O/C ≤ 0.8).
Finally, the Triton tholin, due to its increased oxidation, shows greater clustering above
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Figure 5. van Krevelen diagrams of the PHAZER Triton haze analogues (top) and PHAZER

Titan haze analogues (bottom) in terms of H/C vs N/C, as is common in other tholin studies.

The molecular character clearly differs between negative and positive ionizations, underscoring

the need for both to understand the sample’s chemistry. The nitrogen incorporation also clearly

differs between the Titan sample and the Triton sample produced from a gas mix with CO domi-

nant over CH4.
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Figure 6. LEFT: An empty van Krevelen diagram showing H/C vs O/C with shaded, labeled

regions denoting where particular molecular functional groups tend to cluster, following Ruf et al.

(2018). RIGHT: van Krevelen in terms of H/C vs O/C for our Triton sample. The Triton sample

clusters strongly in the regions for fatty acids and amino acid-like molecular groups.

H/C of 1.5 and O/C of 0.8, where carbohydrate species fall on van Krevelen diagrams
(Ruf et al., 2018).

In H/C vs. N/C space, the Titan tholin is relatively similar between positive and
negative ionization, but the Triton tholin is dramatically different. While the negatively
ionized molecules from the Triton tholin are qualitatively similar to Titan in this visu-
alization, the nitrogenation of the Triton tholin is clearly enhanced above that of the Ti-
tan tholin as seen in the intense clustering of molecules above an N/C of 1.0. These re-
sults are also in strong contrast to the results of Jovanović et al. (2020), who studied vary-
ing CO-containing N2-CH4 mixtures for Pluto atmospheric composition. Jovanović et
al. (2020) found, like with our Titan tholin, a preference for molecules with N/C ratios
less than one, suggesting that oxygen is incorporated into the solid at the expense of ni-
trogen. As discussed in our elemental analysis results, we find instead that carbon de-
pletion is associated with the addition of oxygen atoms into the tholin while nitrogen
comparatively increases. These results strongly suggest an alternative chemical pathway
is at work in the production of the solids when CO gas ≥ CH4. The shift to a more ox-
idizing atmosphere increasing nitrogen fixation has precedence in early Earth studies with
CO2 and O2 (Hörst, He, Ugelow, et al., 2018; Gavilan et al., 2018). Morever, unlike our
PHAZER Titan tholin, the positively ionized molecules in our PHAZER Triton tholin
are remarkably tightly confined between N/C ratios of 1.2 and 1.5 and H/C ratios of 0
to 0.5. Combined with the increase in unsaturation and oxidation, this tight clustering
is likely demonstrating that hydrogen atoms preferentially bond to nitrogen and oxygen
atoms. As postulated in Hörst & Tolbert (2014) and He et al. (2017), these reactions may
occur due to oxygen radicals from CO efficiently removing hydrogen atoms and molecules
from CH4 along the pathway to solid haze formation.

3.3 Transmission and Reflectance Spectra of the Triton Tholin

3.3.1 Functional Groups from VIS to NIR

We show in Figure 7 the transmittance and reflectance spectra of the Triton tholin
from visible to near-infrared wavelengths, 0.4 to 5 µm (25000 cm−1 to 2000 cm−1). In
visible wavelengths, the most noticeable characteristic of the tholin is its sharp down-
ward slope from 15000 cm−1 in transmission, which is observable to the eye as the tholin’s
brown-ish orange color, well known from Titan tholin studies. In the near-IR, we attribute
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the variety of features observed to a combination of N-H, C-H, C≡N, C=C, and O-H bonds.
Amine (N-H and N-H2) features are well described in Titan and Pluto tholin in the 3500
cm−1 to 3000 cm−1 regions (e.g., Imanaka et al., 2004; Jovanović et al., 2020), but given
the prevalence of O species identified in the mass spectral data and combustion analy-
sis, we assign a subset of these features tentatively to O-H alcohol bonds in addition to
amines. There is slight deepening and broadening of the amine feature out to 2500 cm−1,
which could derive from carboxylic acid species with O-H bonds, which would be con-
sistent with the clustering we describe above in the van Krevelen diagrams. Around the
3000 cm−1 region, we identify a feature consistent with various C-H bonds, namely alkenes
and alkanes. Between 2300 and 2000 cm−1, we see some combination of nitrile, alkyne,
and imine functional groups. Overall, this plethora of features underscores the complex
nature of tholin. We provide a complete list of potential attributions of the spectra in
Table 2. We also observe some weak features likely indicative of adsorption from ambi-
ent atmosphere or residuals in the spectrometer (∼1 hPa) when the sample is briefly ex-
posed to air (water at 3900-3700 cm−1 and carbon dioxide at 2370 cm−1), which is also
seen in Pluto-like tholin (Jovanović et al., 2020).

Unfortunately, due to our quartz substrate which strongly absorbs in the mid-IR,
we are not sensitive to wavelengths beyond 5 µm (2000 cm−1), where carbonyl groups
(C=O) have prominent spectral features. While other substrates (KBr, Si, etc.) would
enable better mid-IR spectroscopy, these materials still require vetting for chemical non-
reactivity in our experimental set-up, which is the subject of future work. With quartz,
the only O bonds we can readily detect are O-H bonds, which could be alcohols or car-
boxylic acids. Both of these have clusters in the relevant regions of our van Krevelen di-
agrams (Figure 6), but considerably more molecules fall in the carboxylic acid region (where
the line with intercept at H/C = 2.0 has a slope of -1) than in the alcohol region (where
the line with intercept at H/C = 2.0 has a slope of 0). Overall, the spectral features we
are able to observe at wavenumbers above 2000 cm−1 are consistent with the functional
groups we identify from HRMS.

N-H stretch

C-H stretch

O-H stretch? C ≡ N

C ≡ C

Quartz residual

Figure 7. Transmittance (teal) and reflectance (periwinkle) of the Triton tholin. A downward

slope is visible from 15000 cm−1 in transmission and features from O-H, N-H, C-H, C=C, and

C≡N are present from 4000 to 2000 cm−1 in both transmittance and reflectance spectra. The re-

flectance spectrum has been offset from the transmittance spectrum in the NIR by 0.4 for clarity.

Note that the reflectance spectrum contains a residual absorption feature at ∼2600 cm−1 likely

from the quartz substrate.
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Table 2. Spectral Features and Corresponding Functional Groups Identified in the Triton

Sample.

Frequency
(cm−1)

Wavelength
(µm)

Potential functional group
(bond, type)

Feature
(extent, strength)

3900 - 3700 2.56 - 2.7 H2O adsorption (contaminant) broad, weak

3560 - 2889 2.8 - 3.46 N-H stretching (amine) broad, strong

3337 2.99
–NH2 asymmetric stretching,
–NH– stretching (amines)

sharp, strong

3260 3.07 N-H stretching (amine) sharp, strong

3200 - 3190 3.12 - 3.13
–NH– stretching,
overtone of –NH2 bending (amines)

sharp, strong

3500 - 2500 2.86 - 4.0
O-H stretching (alcohols)?,
O-H stretching (carboxylic acids)?

broad, strong

3004 - 2906 3.32 - 3.44
–CH3,
–CH2– asymmetric stretching
(alkenes, alkanes)

shoulder, weak

2370 4.21 CO2 residual (contaminant) shoulder

2340 - 2215 4.27 - 4.51 -C≡N stretching (nitrile) broad, weak

2210 4.52
C≡C stretching (alkyne),
-C≡N stretching (aromatic nitrile)

sharp, strong

2145 4.66
–C≡N stretching (nitrile),
–N=C=N– (carbodiimide),
CO fundamental

shoulder

3.3.2 Comparison to Other Tholin Spectra

We compare our measured transmission spectrum of Triton tholin to a collection
of literature-reported values for tholin generated from nitrogen/methane atmospheres.
We do not report every single tholin experiment to date, but select experiments which
contain CO or have a Triton-focus. We also generally include only those data published
originally as spectra, rather than including each set of published optical constants. We
make an exception for the work of Khare et al. due to their widespread use and for Jo-
vanović et al. (2021) as their Pluto-like experimental mixtures are otherwise the most
similar to our Triton mixture. The Titan optical constants of Khare et al. (1984), the
Triton-specific optical constants of Khare et al. (1994), and the Pluto-like optical con-
stants of Jovanović et al. (2021) provide the complex refractive indices, n and k, which
they derive from their measured spectra. To convert these values back to spectra for com-
parison here, we follow the method from Khare et al. (1984) given by

R =
(n− 1)2 + k2

(n+ 1)2 + k2
(2)

T = (1−R)eλ/4tπe−k (3)

where R and T are the reflectance and transmittance, respectively, n is the real refrac-
tive index, k is the imaginary refractive index, λ is the wavelength in microns, and t is
the film thickness, which in the region of interest (0.4 µm - 5 µm) is reported in each pub-
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lication. We affirm that the reflectance spectrum we derive from the given complex re-
fractive indices in Khare et al. (1984) is identical to their Fig. 5. The full set of n and
k from Khare et al. (1984) and Jovanović et al. (2021) are available in the literature, but
for completeness we include these values from Khare et al. (1994) in Table A1 in Appendix
A.

A general summary of the experimental conditions used to generate each set of tholin
spectra discussed here is found in Table 3. Note that a more detailed discussion of most
experimental conditions, as well as the wider range of experiments used to measure op-
tical constants of (Titan) tholin, can be found in the review by Brassé et al. (2015).

We present a comparison of our Triton tholin transmittance spectra, PHAZER Ti-
tan transmittance spectra (He et al., 2021), and the other experimental data to which
we compare our results in Figure 8. The PHAZER Titan tholin spectra has wider ab-
sorption at the blue visible edge (0.4 µm) compared to our Triton spectra, consistent with
the slightly bluer cast of Triton’s haze compared to Titan’s, which is known from pho-
tometry (Hillier et al., 2021). The most noticeable similarity amongst all the spectra is
the broad feature between 3600 and 3200 cm−1, which results from N-H bonds in the
form of primary and secondary amines. The most overall similar spectra are the PHAZER
Titan (He et al., 2021) and Triton (this work) spectra, which is not surprising given the
known effect of different experimental set-ups on resulting tholin properties (e.g., Ca-
ble et al., 2012; Brassé et al., 2015). Our Triton tholin spectra have broad, wide features
in the 3600 to 3200 cm−1 region, which could also be due to the inclusion of oxygen in
the chemical structure of the tholin, which could add O-H stretching from alcohols. This
broadening extends to nearly 2500 cm−1 and is apparent even in comparison to the PHAZER
Titan data, which has absorption neither as wide nor as deep at these wavelengths.

The second commonality to most spectra (except McDonald et al. (1994) and Khare
et al. (1994) likely due to their very low starting methane mixing ratios) is a narrower
feature at ∼ 2200 cm−1 (4.5 µm). This absorption is likely from some combination of
C≡C (alkyne) or C≡N (nitrile) bonds. While our Triton spectrum and Jovanović et al.
(2020)’s Pluto spectrum have similarly wide and deep features here, the PHAZER Ti-
tan spectrum (He et al., 2021) is markedly narrower and deeper at this feature, suggest-
ing a different balance of alkynes to nitriles than that of the Pluto and Triton tholin.

Our Triton tholin, PHAZER Titan tholin (He et al., 2021), Imanaka et al. (2004)
tholin, and Tran et al. (2008) tholin all have features at ∼3000 cm−1, which are indica-
tive of C-H bonds in the form of alkenes or alkanes. These features are notably absent
in the spectra of Jovanović et al. (2020). He et al. (2021), Imanaka et al. (2004), and Tran
et al. (2008) all produced tholin from much higher methane mixing ratios (or in the case
of Tran et. al, higher mixing ratios of other hydrocarbon species) than either Jovanović
et al. (2020) or our Triton tholin. This suggests the additional absorption we see in the
Triton tholin spectra in this region (∼3000 to 2500 cm−1) could derive from additional
O-H bonds from alcohols and carboxylic acids that are not present in the Pluto compo-
sition tholin of Jovanović et al. (2020) because of the smaller amount of CO in their start-
ing gas mixture. In a follow-up study, Jovanović et al. (2021) measured optical constants
for Pluto analogue aerosols as well, varying the CH4 mixing ratio but holding CO steady.
In effect, this explored the importance of CO as it competes with CH4. In agreement with
our results here, their optical constants results show that N- and O-bearing molecules
increase and generate additional absorption in the visible and near-IR with lower methane
mixing ratios. Their study extended into the UV as well, finding that this absorption
due to N and O molecules also affects shorter wavelengths (Jovanović et al., 2021).

We also note that many of the spectra to which we compare have their strongest
identifying features at slightly longer wavelengths and into the fingerprint region, from
roughly 5 to 15 µm (1700 to 700 cm−1). This region is highly complex because of the
multitude of features found there, but it can also provide much needed context to the
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VIS-NIR wavelength spectra explored here, particularly regarding the oxygen-bonding
environment of tholin or haze particles. Carbonyl (C=O) species including aldehydes,
ketones, esters, amides, and carboxylic acids all have prominent peaks from 1800 to 1600
cm−1 (5.55 to 6.25 µm), and in fact have been observed in other studies with relatively
larger CO starting fractions (Tran et al., 2008). Additionally, a study which examined
the effect of CO2 in N2-CH4 gas mixtures also found significant enhancement in both
N- and O-bearing functional groups as CO2 increased (Gavilan et al., 2018). This study
examined both shorter (UV, down to 0.13 µm) and longer (MIR, 6-10 µm) wavelengths,
reitering the importance of wide wavelength coverage in understanding increasingly ox-
idized aerosols.

Table 3. Summary of Experimental Conditions of the Tholin Spectra Presented in Figure 8.

Reference/Body Gas mixture Temperature Pressure Energy Source

This work
Triton

99.3% N2

0.5% CO
0.2% CH4

90 K ∼1 mbar AC plasma discharge

He et al., 2021
Titan

95% N2

5% CH4
90 K ∼1 mbar AC plasma discharge

McDonald et al., 1994
Triton

99.9% N2

0.1% CH4

room temperature
(294 K)

∼1 mbar RF ICP discharge

Tran et al., 2008
Titan

98% N2

1.8% CH4

0.2% H2

400 ppm C2H2

300 ppm C2H4

20 ppm HC3N
0.3% CO

297 K 900 mbar Mercury lamp

Jovanović et al., 2021
Pluto, H (<350 km)

99.5% N2

0.5% CH4

500 ppm CO

room temperature
(294 K)

∼1 mbar RF CCP discharge

Jovanović et al., 2020, 2021
Pluto, 400 km

99% N2

1% CH4

500 ppm CO

room temperature
(294 K)

∼1 mbar RF CCP discharge

Jovanović et al., 2021
Pluto, 650 km

95% N2

5% CH4

500 ppm CO

room temperature
(294 K)

∼1 mbar RF CCP discharge

Imanaka et al., 2004
Titan

90% N2

10% CH4

room temperature
(294 K)

0.67 mbar RF ICP discharge

Khare et al., 1984
Titan

90% N2

10% CH4

room temperature
(294 K)

0.2 mbar DC plasma discharge

Khare et al., 1994
Triton

99.9% N2

0.1% CH4

room temperature
(294 K)

0.86 mbar DC plasma discharge

Note. AC: Alternating current. RF ICP: Radio frequency inductively coupled plasma. RF
CCP: Radio frequency capacitively coupled plasma. DC: Direct current.
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Figure 8. TOP: Transmittance spectra of various tholins produced from N2-CH4 mixtures.

The full details of each experiment can be found in Table 3. Some features are present in all

tholin. In the Triton tholin of this work, we attribute some of the broadening and additional

absorption between 3500 and 2500 cm−1 to be due uniquely to O-H bonds. These bonds likely

result from CO > CH4 in the initial gas mixture. All spectra have been offset vertically for clar-

ity. BOTTOM: As above with emphasis on the 4000 cm−1 to 2000 cm−1 region.
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4 Discussion

4.1 Comparison to Existing Observations of Triton

4.1.1 Voyager 2 Atmospheric Observations

In situ observations of Triton’s atmosphere are mainly limited to visible and UV
photometry rather than spectra, preventing a true direct comparison of our experimen-
tal tholin results. Voyager 2 imaging and visible photometry observations of Triton’s at-
mosphere suggest optically thin hazes (Smith et al., 1989), with scattering optical depths
between 0.001–0.01 that increase with shorter wavelengths (Pollack et al., 1990; Rages
& Pollack, 1992) and particle sizes of around 100-200 nm (Pollack et al., 1990; Rages &
Pollack, 1992). UV occultation data from Voyager 2 suggests significantly higher (0.024)
scattering optical depths, reiterating the wavelength dependent nature of the haze scat-
tering and suggesting even smaller particles (30 nm) in the Rayleigh regime (Herbert &
Sandel, 1991). At visible wavelengths, the haze is strongly forward scattering and requires
particles larger than 200 nm (Hillier et al., 1991). To meet these observational signatures
of higher scattering in the blue (small particles) and large forward scattering (large par-
ticles) simultaneously, the hazes have been suggested to be fractal aggregates (Lavvas
et al., 2021; Ohno et al., 2021). Aggregates also explain the haze properties of both Ti-
tan (Tomasko et al., 2008) and Pluto (Gladstone et al., 2016; Cheng et al., 2017; Gao
et al., 2017; Lavvas et al., 2021), though the fractal dimension and growth rate is not
settled (Kutsop et al., 2021). This range of particle sizes well fits with those we produce
in the PHAZER chamber (e.g., He et al., 2017, 2018), though these particle sizes may
in part result from the physical size of the chamber itself, which inhibits further growth.
Material characterization of PHAZER Titan tholin particles suggests, however, that the
necessary particle size and shape to match observations is easily achieved through co-
agulation (Yu et al., 2017). More generally, tholin particles produced in a variety of se-
tups seem to easily coagulate and form aggregates (Cable et al., 2012).

4.1.2 Seasonal Changes from Space- and Ground-Based Observations

Ground-based observations were responsible for the initial confirmed detection of
CO in Triton’s atmosphere (Lellouch et al., 2010). However, earlier Hubble Space Tele-
scope (HST) data using the Space Telescope Imaging Spectrograph (STIS) also provided
upper limits on CO that differed from the initial Voyager 2 data and suggested strong
surface absorption at UV wavelengths, which could be attributable to photochemical prod-
ucts from the atmosphere settling to the surface (Stern et al., 1995; Krasnopolsky & Cruik-
shank, 1995). Both the ground- and space-based data indicate that CO levels in the at-
mosphere can change over seasonal timescales. Further HST STIS observations showed
that Triton’s UV albedo brightened between the Voyager 2 flyby and 1999, evidence of
ongoing seasonal cycling in the form of volatile transport between the surface and at-
mosphere or plume activity (Young & Stern, 2001). Later HST and ground-based ob-
servations continued to find surface reflectivity changes in the UV, as well as in visible
and NIR wavelengths which probe methane abundances, suggestive of continued seasonal
volatile transport on sub-decadal timescales (Bauer et al., 2010; Buratti et al., 2011). Ad-
ditionally, both thermal and pressure changes have been observed from ground-based so-
lar occultations (Olkin et al., 1997; Elliot et al., 1998), demonstrating that the atmosphere
undergoes substantial interaction with the surface. The surface is predominately N2 ice,
with contributions from diluted CO ice (Merlin et al., 2018). This CO ice and N2 ice ex-
perience greater longitudinal and temporal variation than does CH4 ice present on the
surface (Grundy et al., 2002, 2010), including over diurnal timescales (Holler et al., 2016).

Given our results regarding the importance of the exact CO/CH4 mixing ratio in
determining both the nitrogenation and oxidation of haze particles, these observations
suggest that large shifts can happen in the dominant haze chemistry over Triton’s sea-
sonal cycle, as may also be occuring on Pluto (Bertrand & Forget, 2017). In their study
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of Pluto tholin optical constants, Jovanović et al. (2021) found that the real refractive
index n increased when the relative CO mixing ratio in the gas increased, and oxidation
of the aerosols promoted both UV and visible absorption. Therefore, our experimental
results combined with past observations suggests a complicated set of processes likely
controls Triton’s atmospheric and surface properties. Ices sublimate, change the over-
all atmospheric abundances, shift haze chemistry, and these hazes settle or condense out
onto the surface, whereupon both ices and hazes can undergo additional alteration by
cosmic rays and UV bombardment before potentially cycling back to the atmosphere again.

4.2 Haze Formation and Ice Condensation

In light of this active surface-atmospheric interaction, a growing body of literature
suggests that ice condensation, be it of photochemical products directly or with them
as condensate nuclei for other ices (Luspay-Kuti et al., 2017; Ohno et al., 2021), could
play a large role in Triton’s atmosphere. In fact, Lavvas et al. (2021) argues that Titan,
Pluto, and Triton lie along a continuum of haze formation outcomes, with Titan at the
“molecular growth” end and Triton on the “condensate growth” end, with Pluto in the
middle. These results depend on models which simulate organic ice formation (Lavvas
et al., 2021), but do not consider the implications of how photochemical haze formation
may change due to the presence of CO, which experimental studies have shown can be
an important driver in haze formation and growth (Hörst & Tolbert, 2014; He et al., 2017,
2018; Hörst, He, Lewis, et al., 2018; He et al., 2020). While our experiment simulates
an atmosphere with CO > CH4, as is present in Triton’s atmosphere, we have increased
their relative amounts compared to the background N2 in order to increase our tholin
yield within a shorter timeframe. Our experiment used 0.5% CO and 0.2% CH4 while
Lellouch et al. (2010) calculated upper limits of 0.18% CO and 0.034% CH4 in Triton’s
atmosphere.

While it may be tempting to interpret this as evidence for condensation processes
over photochemical processes for the production of Triton’s haze, many unknowns still
exist, precluding a clear answer for the source of Triton’s haze as of yet. Lower ratios
(as is more reflective of the absolute abundances on Triton) can still generate substan-
tial solid material photochemically. Previous work on N2-CH4 atmospheres has shown
that, even with very low (0.1%-0.01%) methane mixing ratios, many solid particles are
still generated (Trainer et al., 2004), up to the same order in number and density of solids
produced under more Titan-like methane mixing ratios (Hörst & Tolbert, 2013). As dis-
cussed in Section 3.1, the role of the carbon source in haze production is not settled ei-
ther, with varying amounts of CO and CH4 not decisively showing higher yields across
different experimental set-ups. While Lavvas et al. (2021) argues that condensation of
photochemical products occurs more quickly on Triton than molecular growth of solids
can occur, these results rely on extrapolated nucleation and condensation rates for the
materials in question. Our results, along with other laboratory measurements (see Sec-
tion 3.1) suggests further study is warranted into the timescales of both processes for Tri-
ton, as well as on Pluto.

Future experimental work to simulate the uppermost reaches of Triton’s atmosphere
where haze formation initiates, without CH4, could help disentangle the relative roles
of carbon monoxide versus methane in haze formation. Such work could isolate not only
the relative importance of each in the chemical composition of the ultimate haze mate-
rial, but also whether photochemical haze or ice condensates are more favorable for pro-
duction of the haze observed in Triton’s atmosphere. Moreover, UV lamp and plasma
produced tholin are known to sometimes differ in composition and spectra, hinting at
differing mechanisms for haze initiation in the ionosphere and the lower atmosphere (Trainer
et al., 2006; Cable et al., 2012), which could also be investigated by future work with re-
spect to Triton studies.
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Prior comparisons arguing for ice condensates over photochemical products have
also primarily used the optical constants of Khare et al. (1984) Titan tholin (e.g., Ohno
et al., 2021). In the case of Pluto, more recent optical constants of purely photochem-
ical Pluto tholin (from CO-containing mixtures) provide better agreements to existing
New Horizons data of Pluto’s surface (Jovanović et al., 2021), but there may still be a
substantial contribution from condensed ices onto the hazes (see, e.g., Fayolle et al. 2021).
Moreover, regardless of whether the particles are condensed ices or photochemical hazes
that have settled to the surface, UV photons or cosmic ray bombardment could alter ei-
ther set of particles, resulting in similar optical properties (e.g., Gudipati et al., 2013).
Our results, which show increased nitrogenation and oxidation even over that observed
by Jovanović et al. (2020, 2021), may further resolve observational discrepancies for Tri-
ton that do not necessarily require a substantial ice condensate component, or which could
alter the behavior of hazes as potential condensate nuclei.

Further radiative transfer modeling has suggested that perhaps the redder Pluto
and Titan hazes are more similar to each other in comparison to Triton, which is bluer.
Such differences could be either chemical, perhaps due to higher CO/CH4 mixing ratios
as we have shown here, or physical, potentially due to the increased contribution from
ice condensates in Triton’s atmosphere (Hillier et al., 2021). The question of whether Tri-
ton’s (and Pluto’s) hazes are solids produced from condensation or molecular growth is
far from settled. To pinpoint the cause of the similarities and differences between the
hazes of these worlds, further measurements to obtain optical constants of the spectra
we provide here, laboratory measurements of the formation and properties of heteroge-
neous haze-ice condensate particles – across multiple haze chemistries, and further mod-
eling studies are all required.

4.3 Comparison to Other Experimental Results

We demonstrate above that the formulas for a variety of astrobiologically interest-
ing molecules (amino acids, nucleobases, and a simple sugar) are present in our tholin,
and subsequent sedimentation of this putative haze material likely coats the icy surface
of Triton, as also likely occurs on Pluto (Grundy et al., 2018; Protopapa et al., 2020).
However, amino acids may be subject to further photolysis on icy surfaces, suggesting
that they are rapidly destroyed unless this material quickly reaches the subsurface (John-
son et al., 2012), though Triton’s ∼14 µbar atmosphere attenuates more UV radiation
than does Europa (with an atmosphere of 1 picobar) which Johnson et al. (2012)’s ex-
periment simulated. Complementing our atmospheric study, Triton surface ice chemistry
by photolysis can also produce chemically complex material from N2-CH4-CO ice mix-
tures (Moore & Hudson, 2003; Hodyss et al., 2011). The products of these surface ice
experiments with CO/CH4 ∼1 include many of the molecular species and spectral fea-
tures we identify here, including carboxylic acids, alcohols, ketones, aldehydes, amines,
and nitriles in addition to having similar nitrogen, carbon, and oxygen abundances over-
all (Materese et al., 2014, 2015). Additionally, potential interactions of these ices and
tholin-like materials could further react with water ice deposits present on Triton’s sur-
face (Cruikshank et al., 2000) to generate molecules of additional prebiotic complexity
and interest (Cruikshank et al., 2019). Given the seasonal cycling through sublimation
and condensation of volatile ices combined with the products of photochemistry both
in the atmosphere and on the surface, Triton holds great interest for future study.

4.4 Future Triton Missions

While ground- and space-based observations have furthered our understanding of
Triton in the years since the Voyager 2 flyby (e.g., Stern et al., 1995; Young & Stern, 2001;
Bauer et al., 2010; Lellouch et al., 2010; Stansberry et al., 2015), in situ missions would
dramatically improve our knowledge of the atmosphere, surface, and interior processes
of the moon (Christophe et al., 2012; Masters et al., 2014; Hofstadter et al., 2019; Fletcher
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et al., 2020). Several proposed missions in various states of development would visit Tri-
ton, with complementary goals. Trident, a Discovery class mission that was downselected
as a finalist, though not ultimately chosen for flight in the Discovery 15 and 16 compe-
tition, would perform a single flyby of Triton (Prockter et al., 2019). The Neptune Odyssey
mission concept, a Flagship class orbiter and probe under study for the 2023 Planetary
Science and Astrobiology Decadal Survey, would orbit the Neptune-Triton system with
a four year prime mission and would perform ∼monthly flybys of Triton itself (Rymer
et al., 2020). Triton Hopper is a mission concept under study by the NASA Innovative
Advanced Concepts (NIAC) program, which would act as a lander capable of produc-
ing its own propellant from surface ices in order to perform short flights across the sur-
face (Oleson & Landis, 2018; Landis et al., 2019).

Trident’s major scientific goals would be to confirm the presence of a subsurface
ocean and infer whether it interacts with the surface, sample the ionosphere, and per-
form repeated surface imaging to characterize its composition and geology (Prockter et
al., 2019). To achieve these goals, Trident would be equipped with, among other instru-
ments, a plasma spectrometer and a high-resolution infrared spectrometer with spectral
range up to 5 µm. In the context of the study we have performed here, the Trident mis-
sion could clearly benefit our understanding of ionospheric processes driving haze for-
mation by providing better constraints on the ion energies of the upper atmosphere. On
Titan, for example, haze formation in the upper atmosphere is more strongly influenced
by the Saturnian magnetosphere and solar EUV while longwave solar UV photons pri-
marily dominate haze formation processes below 500 km (Lavvas et al., 2008). In lab-
oratory measurements, plasma or spark discharge energy sources compared to UV lamps
produce tholin which differs in composition and observable spectra (Cable et al., 2012),
illustrating this dual haze formation process. A better understanding of the Triton iono-
sphere could similarly help guide future laboratory experiments and modeling efforts to
describe the haze formation process for Triton specifically. Trident’s infrared spectrom-
eter would have the same range as the spectral measurements we have performed in this
study (out to 5 µm) and would clearly advance our understanding of Triton’s surface and
atmosphere-surface interactions (Prockter et al., 2019). However, as we have shown above,
the presence of CO as both a surface ice and and as a minor atmospheric component should
induce significant oxygen chemistry. Such chemistry could be best probed with measure-
ments that encompass carbonyl groups out past 6 µm, which could be taken into account
with future development of the Trident concept.

The Triton Hopper concept study explored the ability of its design to generate pro-
pellant from the primarily nitrogen-ice surface of the moon, but also considered a wide
instrument package to enable scientific characterization of Triton’s surface and atmosphere
(Oleson & Landis, 2018; Landis et al., 2019). These instruments include a quadrupole
mass spectrometer and a gas chromatograph (based on SAM, Sample Analysis at Mars)
a V/UV/NIR spectrometer, a meteorological package, and an X-ray spectrometer. In
context of increased oxidation of sedimented haze materials on the surface suggested by
our results, the ability of the Hopper concept to use surface materials as propellant may
be impacted. Recent efforts to use Pluto-like tholin to match the New Horizons surface
observations of dark reddish material suggest highly porous structures of surface ice mixed
with aerosols (Fayolle et al., 2021). If similar porous ice-aerosol structure is present on
Triton, or if aerosol is entrained with the surface ice or snow, the oxidized refractory or-
ganic materials that make up the haze could prevent efficient intake of N2 to melt for
propellant.

Neptune Odyssey, as a Flagship class concept, would be equipped with an exten-
sive suite of instrumentation to enable its wide-ranging science goals, à la a Cassini for
the Neptune system (Rymer et al., 2020). In terms of Triton science, Odyssey would in-
vestigate whether Triton is an ocean world, the source of its plumes, and broad scale com-
positional and dynamical processes of the atmosphere, surface, and interior. Relevant
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to our laboratory study here, this mission would carry imaging spectrometers in the UV
and VIS-NIR, an ion and neutral mass spectrometer, a thermal plasma spectrometer,
and an energetic charged particle detector. Such a mission would enable not only sig-
nificant comparison to the Saturn-Titan system but also a far deeper understanding of
Triton and Neptune than we currently possess. Nevertheless, the concept study also only
studied a VIS-NIR spectrometer with range up to 5 µm and an ion and neutral mass spec-
trometer with range up to 100 amu (Rymer et al., 2020). Here we have shown that sig-
nificantly large and complex molecules with significant oxygen incorporation can be pro-
duced under Triton-like atmosphere conditions, which could be best explored with spec-
troscopy beyond 5 µm and mass spectrometry up to and beyond 450 amu. Lessons learned
about the complex atmospheric chemistry of Titan and its unveiling (and the new ques-
tions uncovered) with Cassini should inform future mission development to explore and
understand the correspondingly complex chemistry of Triton’s atmosphere and surface.

5 Conclusion

We simulated haze formation in Triton’s atmosphere using the PHAZER chamber
and apparatus with a starting gas mixture of 0.5% CO and 0.2% CH4 in N2 at 90 K. We
then measured the production rate, composition, and spectra of the haze analogues pro-
duced with combustion analysis, very high resolution mass spectrometry, and transmit-
tance and reflectance spectroscopy. We find that:

1. Oxygen is incorporated into the elemental composition of the solid tholin parti-
cles at approximately 10% by mass despite its inclusion in the form of CO in the
original gas mixture at just 0.5%.

2. When taking our Triton results and comparing them to previous PHAZER N2-
CH4-CO experiments, the increase of CO over that of CH4 in the original gas mix-
ture shifts the elemental composition away from carbon and toward a more nitrogen-
rich structure, though more CH4 may generate larger absolute amounts of solid.

3. From very high resolution mass spectrometry measurements, we detect, as in pre-
vious studies, molecular formulas consistent with all 5 biological nucleotide bases,
one non-biological nucleotide base, and several amino acid derivatives. Addition-
ally, we observe the formula for glyceraldehyde, the simplest monosaccharide, for
the first time from a N2-CH4-CO atmospheric experiment.

4. Transmission and reflectance spectra of the Triton tholin produce features attributable
to O-H, N-H, C-H, C≡N, and C≡C bonding. Most of these are also seen in spec-
tra of similar tholin experimental data, but we also observe deeper and broader
features, potentially attributable to oxygen bonds.

5. To take full advantage of the chemistry we observe in our laboratory setting, fu-
ture Triton missions should carry instrumentation capable of probing high molec-
ular weight compounds, such as mass spectrometers with high mass range (≥450
amu), and carbon-oxygen bonds, such as NIR spectrometers with spectral range
out to at least 6.5 µm.

6. The exact CO/CH4 mixing ratio in N2 atmospheres can dramatically affect the
resulting haze chemistry and production rate. Since both Triton and Pluto un-
dergo substantial atmospheric changes through sublimation of surface ices, their
haze chemistry may also experience seasonal dependence.

Given our results along with the existing body of literature for Titan and Pluto,
additional study is clearly motivated into the exact chemical pathways for haze forma-
tion between these three similar, yet distinct planetary bodies. The nature of this haze
chemistry can affect the prebiotic inventories of these worlds, their climates and radia-
tive balance, and seasonal cycling between their atmospheres and surfaces. As three worlds
with N2-CH4-CO atmospheres under different energetic regimes, Triton, Titan, and Pluto
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are themselves a fruitful laboratory for understanding carbon monoxide’s dramatic in-
fluence on atmospheric chemistry.
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Appendix A Complex Refractive Indices of Khare et al. 1994

Wavelength (microns) Complex index of refraction

Real index (n) Imaginary index (k)
0.04959 0.86617 0.48009
0.04999 0.87036 0.48617
0.0504 0.87473 0.49233
0.05081 0.87931 0.49861
0.05123 0.88408 0.50499
0.05166 0.88905 0.51148
0.05209 0.89423 0.51807
0.05253 0.89961 0.52479
0.05298 0.9052 0.53161
0.05344 0.91101 0.53856
0.0539 0.91703 0.54561
0.05438 0.92329 0.55279
0.05486 0.92979 0.5601
0.05535 0.93654 0.56755
0.05585 0.94355 0.57513
0.05635 0.95084 0.58285
0.05687 0.95844 0.5907
0.0574 0.96638 0.5987
0.05793 0.97474 0.60686
0.05848 0.9838 0.61515
0.0588 0.98937 0.62
0.05904 0.99352 0.6236
0.05961 1.0031 0.63202
0.06018 1.0124 0.64033
0.06078 1.0216 0.64856
0.06138 1.0309 0.65665
0.06199 1.0404 0.66463
0.06262 1.05 0.67247
0.06325 1.0598 0.68016
0.06391 1.0697 0.68767
0.06457 1.0799 0.69501
0.06525 1.0904 0.70215
0.06595 1.1011 0.70907
0.06666 1.1122 0.71576
0.06738 1.1235 0.72218
0.06812 1.1352 0.72834
0.06888 1.1473 0.73419
0.06965 1.1598 0.73972
0.07044 1.1727 0.74489
0.07125 1.1862 0.74968
0.07208 1.2002 0.75405
0.07293 1.2149 0.75798
0.0738 1.2303 0.76143
0.07469 1.2466 0.76436
0.0756 1.2639 0.76673
0.07653 1.2825 0.76849
0.07749 1.303 0.76959
0.07847 1.3275 0.76999
0.0785 1.3284 0.76999
0.07947 1.3551 0.76999
0.08 1.3693 0.76998
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0.08051 1.3826 0.76886
0.08157 1.4069 0.76294
0.08265 1.4277 0.75498
0.08377 1.447 0.74602
0.08492 1.4651 0.73642
0.0861 1.4825 0.72633
0.08731 1.4994 0.7158
0.08856 1.516 0.70487
0.08984 1.5324 0.69356
0.09116 1.5492 0.68186
0.0925 1.5678 0.66996
0.09252 1.5681 0.66975
0.09392 1.5864 0.65592
0.09537 1.6018 0.64162
0.09686 1.6159 0.62687
0.0984 1.6293 0.61166
0.09998 1.6422 0.59597
0.1016 1.6554 0.58
0.10162 1.6556 0.5798
0.10332 1.6683 0.56301
0.10507 1.6791 0.54572
0.10688 1.689 0.52785
0.10875 1.6992 0.5094
0.1097 1.7042 0.49999
0.1107 1.7092 0.48935
0.11271 1.7164 0.46748
0.1148 1.721 0.44355
0.1159 1.7214 0.42999
0.11696 1.7214 0.41559
0.1181 1.7184 0.40008
0.11921 1.7143 0.38848
0.1215 1.6999 0.37
0.12155 1.6996 0.3698
0.12398 1.6837 0.36075
0.126 1.6713 0.35602
0.12651 1.6685 0.35704
0.12915 1.6585 0.36875
0.1305 1.6598 0.3752
0.13189 1.6615 0.38313
0.13476 1.6846 0.40345
0.1366 1.7114 0.4143
0.13776 1.7275 0.4148
0.14089 1.7588 0.37951
0.14416 1.7658 0.31228
0.1476 1.7544 0.25052
0.1503 1.7315 0.24102
0.1512 1.7264 0.248
0.1532 1.7249 0.26535
0.15498 1.7235 0.25909
0.1559 1.7218 0.25492
0.1585 1.7139 0.2095
0.15895 1.7124 0.20955
0.16313 1.6781 0.21051
0.16754 1.6612 0.21258
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0.17219 1.6442 0.21626
0.175 1.6347 0.2194
0.17711 1.6275 0.22896
0.18 1.6158 0.24359
0.18232 1.6067 0.24648
0.1845 1.6083 0.24932
0.18785 1.6121 0.30502
0.1879 1.6123 0.30535
0.19372 1.6575 0.33576
0.195 1.667 0.33758
0.19997 1.7024 0.32769
0.2028 1.7168 0.3217
0.2049 1.7271 0.31721
0.20663 1.7355 0.31433
0.2097 1.7503 0.3094
0.21376 1.7694 0.3018
0.215 1.7751 0.2992
0.22139 1.8033 0.2748
0.2264 1.8195 0.251
0.22959 1.827 0.2328
0.2364 1.8329 0.19104
0.23842 1.8336 0.18305
0.2471 1.8295 0.1491
0.24796 1.8289 0.14573
0.25829 1.8142 0.1051
0.2587 1.8135 0.1035
0.261 1.809 0.094679
0.26952 1.791 0.082132
0.273 1.7853 0.078
0.28177 1.7732 0.069208
0.29519 1.76 0.057937
0.3 1.756 0.05411
0.30995 1.7482 0.046466
0.324 1.7376 0.0369
0.32626 1.736 0.03559
0.34439 1.7239 0.026779
0.36 1.7143 0.0209
0.36465 1.7117 0.019356
0.37 1.7088 0.017767
0.38 1.7036 0.01573
0.38744 1.7001 0.015037
0.39 1.699 0.014736
0.4 1.6949 0.012734
0.41327 1.6901 0.010889
0.42 1.6878 0.010059
0.44 1.6817 0.0078597
0.44279 1.6809 0.0075893
0.46 1.6762 0.0061141
0.47685 1.6721 0.0049604
0.48 1.6714 0.004791
0.5 1.6672 0.0041001
0.51658 1.6641 0.0037892
0.53 1.6619 0.003574
0.55 1.6591 0.00328
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0.56355 1.6574 0.0031236
0.57 1.6566 0.0030584
0.59 1.6545 0.0028893
0.6 1.6536 0.0028187
0.61 1.6527 0.0027664
0.6199 1.6518 0.0027253
0.62 1.6518 0.0027249
0.63 1.651 0.0026867
0.64 1.6502 0.0026499
0.65 1.6495 0.0026138
0.66 1.6488 0.0025789
0.67 1.6481 0.0025461
0.68 1.6475 0.0025154
0.68878 1.647 0.0024901
0.69 1.6469 0.0024867
0.7 1.6464 0.00246
0.72 1.6454 0.0024134
0.74 1.6445 0.0023746
0.75 1.6441 0.0023575
0.77 1.6433 0.0023314
0.77488 1.6431 0.0023267
0.79 1.6426 0.0023144
0.8 1.6422 0.0022959
0.82 1.6416 0.002197
0.84 1.6411 0.0020675
0.86 1.6405 0.0020144
0.88 1.64 0.0019352
0.88557 1.6399 0.0019106
0.9 1.6396 0.0018452
0.95 1.6385 0.0016617
1 1.6376 0.0015323
1.0332 1.637 0.0014503
1.1 1.6361 0.001298
1.2 1.635 0.0011223
1.2398 1.6346 0.0010529
1.3 1.6341 0.00094895
1.4 1.6333 0.0008075
1.5 1.6326 0.00067144
1.5498 1.6323 0.00062089
1.6 1.632 0.0005775
1.7 1.6314 0.00050698
1.8 1.6307 0.0004711
1.9 1.6302 0.00040131
2 1.6297 0.00028705
2.0663 1.6299 0.00026788
2.1 1.6304 0.00025236
2.1014 1.6304 0.00025099
2.1376 1.6299 0.00019661
2.1751 1.6296 0.00012606
2.2 1.6294 9.36E-05
2.2139 1.6293 9.23E-05
2.2542 1.6291 9.49E-05
2.2959 1.6288 9.58E-05
2.3 1.6288 9.58E-05
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2.3392 1.6286 9.54E-05
2.3842 1.6283 9.44E-05
2.4 1.6282 9.18E-05
2.431 1.628 6.72E-05
2.4796 1.6276 1.37E-05
2.6379 1.6252 3.80E-06
2.6455 1.625 1.48E-05
2.6667 1.6242 0.00018093
2.6952 1.6231 0.00041332
2.7027 1.6228 0.00048627
2.7397 1.6211 0.0018205
2.7551 1.6205 0.0031149
2.7778 1.6202 0.0051794
2.8169 1.6207 0.0088768
2.8177 1.6207 0.0089462
2.8571 1.6232 0.011993
2.8833 1.6253 0.013656
2.8986 1.6267 0.01434
2.9412 1.6309 0.013891
2.9519 1.6318 0.013396
2.9851 1.6338 0.011394
3.0239 1.6353 0.0086455
3.0303 1.6354 0.0082556
3.0769 1.6357 0.0064441
3.0995 1.6357 0.0056691
3.125 1.6356 0.0047953
3.1746 1.6352 0.003073
3.179 1.6352 0.0029589
3.2258 1.6345 0.0020468
3.2626 1.634 0.0014496
3.2787 1.6338 0.0012418
3.3333 1.6331 0.00084332
3.3508 1.6329 0.00073703
3.3898 1.6325 0.00053206
3.4439 1.632 0.00030838
3.4483 1.632 0.00029497
3.5088 1.6315 0.00018484
3.5423 1.6312 0.00015032
3.5714 1.631 0.00012355
3.6364 1.6307 6.89E-05
3.6465 1.6306 6.23E-05
3.7037 1.6303 3.46E-05
3.757 1.6301 3.06E-05
3.7736 1.63 2.83E-05
3.8461 1.6297 7.01E-06
3.8744 1.6296 3.15E-06
4.065 1.6288 9.24E-06
4.0816 1.6287 1.48E-05
4.1169 1.6286 2.28E-05
4.1327 1.6285 3.79E-05
4.1459 1.6285 5.20E-05
4.1667 1.6285 7.53E-05
4.1806 1.6285 0.00010292
4.2087 1.6284 0.00057176
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4.2319 1.6284 0.00093355
4.2553 1.6284 0.00063071
4.268 1.6284 0.00075411
4.2752 1.6284 0.00072837
4.2827 1.6284 0.00069512
4.2937 1.6284 0.00063988
4.3122 1.6284 0.00047647
4.329 1.6284 0.00035105
4.3478 1.6284 0.00025447
4.3649 1.6283 0.00020347
4.3764 1.6283 0.00020734
4.4053 1.6283 0.00024646
4.4189 1.6283 0.00026707
4.4279 1.6283 0.00026953
4.4287 1.6283 0.00027031
4.4385 1.6283 0.00028135
4.4444 1.6283 0.00028594
4.4683 1.6282 0.0003004
4.4763 1.6282 0.00031924
4.5126 1.6281 0.00038237
4.529 1.628 0.00039904
4.5455 1.628 0.00041788
4.562 1.628 0.00041695
4.5788 1.6279 0.00042681
4.5914 1.6279 0.00042622
4.5919 1.6279 0.00042621
4.6104 1.6279 0.00043211
4.6211 1.6278 0.00042559
4.6318 1.6278 0.0004171
4.6512 1.6278 0.00040957
4.6729 1.6278 0.00039339
4.6904 1.6277 0.00039101
4.7148 1.6277 0.00038963
4.7259 1.6277 0.00038724
4.7619 1.6276 0.00037006
4.7685 1.6276 0.00036763
4.7916 1.6276 0.00036111
4.8263 1.6275 0.00035686
4.8426 1.6275 0.00035122
4.878 1.6274 0.000331
4.8876 1.6274 0.0003271
4.9116 1.6273 0.00032356
4.931 1.6273 0.00030838
4.953 1.6272 0.00030357
4.9579 1.6272 0.00029346
4.9592 1.6272 0.00029069
4.9751 1.6272 0.00028162
4.9826 1.6271 0.00027436
4.985 1.6271 0.00027147
5.0176 1.6271 0.0002642
5.0302 1.627 0.0002509
5.0454 1.627 0.00023347
5.0607 1.627 0.00022653
5.0839 1.6269 0.00021348
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5.1099 1.6269 0.00018989
5.1282 1.6268 0.00018452
5.1414 1.6268 0.00017904
5.152 1.6267 0.00016075
5.1658 1.6267 0.00015504
5.1733 1.6267 0.00015271
5.2111 1.6266 0.00013814
5.2356 1.6265 0.00010829
5.2632 1.6264 4.57E-06
5.4764 1.6252 9.97E-06
5.5157 1.6248 4.84E-05
5.5371 1.6247 9.39E-05
5.5556 1.6245 0.00010655
5.6117 1.6241 0.00014623
5.6338 1.6239 0.0001589
5.6355 1.6239 0.00016004
5.6818 1.6236 0.00023133
5.7143 1.6234 0.00040635
5.7504 1.6231 0.00077836
5.7703 1.623 0.0010454
5.7937 1.6228 0.001056
5.8173 1.6227 0.0011696
5.8275 1.6226 0.0012261
5.8411 1.6225 0.0013033
5.8823 1.6223 0.0022336
5.9038 1.6223 0.0027969
5.9277 1.6225 0.0035315
5.9595 1.6228 0.0049669
5.9844 1.6231 0.0065636
5.9988 1.6233 0.007372
6.0387 1.6239 0.0083311
6.0606 1.6242 0.0090692
6.0939 1.6246 0.010174
6.1237 1.625 0.010441
6.1652 1.6254 0.0093897
6.199 1.6258 0.0074053
6.2112 1.6259 0.0067416
6.25 1.6263 0.0050224
6.3211 1.627 0.003202
6.3452 1.6272 0.0029247
6.3816 1.6275 0.0025698
6.4103 1.6277 0.0025929
6.4267 1.6278 0.0024455
6.4516 1.628 0.002453
6.4641 1.6281 0.0024269
6.4809 1.6281 0.0024937
6.5062 1.6283 0.0022592
6.5253 1.6283 0.0021635
6.536 1.6283 0.0021386
6.566 1.6282 0.0021588
6.5789 1.6282 0.0021253
6.605 1.628 0.0021887
6.6269 1.6279 0.0022664
6.6445 1.6278 0.0022082
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6.6667 1.6276 0.0022567
6.6845 1.6275 0.0022392
6.7069 1.6273 0.0021785
6.7249 1.6272 0.0020343
6.7568 1.627 0.0019761
6.7797 1.6269 0.0019367
6.8027 1.6268 0.0018156
6.8259 1.6267 0.0017637
6.8353 1.6266 0.0017266
6.8493 1.6266 0.0016424
6.8776 1.6264 0.0015658
6.8878 1.6264 0.0015594
6.8966 1.6264 0.0015542
6.9348 1.6263 0.0014976
6.9541 1.6262 0.0015125
6.9735 1.6262 0.0014798
7.0126 1.6261 0.0014863
7.0423 1.626 0.0014961
7.0622 1.626 0.00145
7.0972 1.6259 0.0014613
7.1429 1.6258 0.0013825
7.2411 1.6256 0.0012282
7.2929 1.6255 0.0011018
7.3314 1.6254 0.0010048
7.3855 1.6253 0.00086976
7.4074 1.6252 0.00086151
7.4516 1.6251 0.00081194
7.4738 1.625 0.00077195
7.5244 1.6249 0.00069306
7.57 1.6247 0.00062427
7.593 1.6247 0.00055246
7.6923 1.6244 0.0004644
7.7399 1.6242 0.00044747
7.7488 1.6242 0.0004461
7.8309 1.6239 0.00044524
7.9681 1.6234 0.00042526
8.1235 1.6229 0.00040333
8.2169 1.6226 0.0003946
8.2653 1.6224 0.00039497
8.2988 1.6223 0.00039861
8.3333 1.6222 0.00040807
8.4104 1.622 0.00046919
8.4818 1.6219 0.00068084
8.5543 1.6217 0.0008507
8.6059 1.6216 0.00095633
8.6957 1.6214 0.0011349
8.7489 1.6213 0.0011455
8.8028 1.6211 0.00099961
8.8557 1.621 0.00089411
8.8731 1.621 0.00089171
8.8968 1.6209 0.00097744
8.9365 1.6208 0.0010451
8.9928 1.6207 0.00086646
9.0498 1.6205 0.00064804
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9.0909 1.6204 0.00054689
9.1575 1.6203 0.00042919
9.311 1.6199 0.00028792
9.5369 1.6193 0.00025544
9.5694 1.6192 0.00025166
9.8912 1.6179 0.00022374
10 1.6175 0.00018944
10.204 1.6166 5.81E-05
10.267 1.6163 2.22E-06
10.73 1.6141 4.92E-06
10.788 1.6138 0.00010207
10.881 1.6133 0.00016606
11.025 1.6126 0.00022157
11.111 1.6122 0.0002574
11.198 1.6118 0.00036696
11.271 1.6114 0.00052602
11.274 1.6114 0.00053403
11.338 1.6111 0.00072421
11.415 1.6107 0.00097889
11.481 1.6103 0.00085287
11.601 1.6097 0.00099804
11.765 1.6089 0.0012961
12.034 1.6075 0.0019181
12.315 1.6061 0.0027455
12.398 1.6057 0.0029207
12.407 1.6057 0.0029374
12.5 1.6052 0.0030883
12.739 1.6042 0.0038279
12.937 1.6033 0.0044139
13.004 1.603 0.0045061
13.038 1.6029 0.0045918
13.051 1.6028 0.0046262
13.333 1.6013 0.0054012
13.459 1.6006 0.0058752
13.624 1.5997 0.0063335
13.717 1.5992 0.0069037
13.776 1.5989 0.0071453
14.045 1.5976 0.008045
14.286 1.5965 0.0090467
14.586 1.5953 0.010598
14.859 1.5943 0.012258
14.993 1.5938 0.013134
15.06 1.5936 0.01295
15.385 1.5925 0.014476
15.498 1.5922 0.014993
16.051 1.5908 0.017311
16.26 1.5902 0.018032
16.531 1.5895 0.019364
16.667 1.5891 0.019994
17.123 1.5879 0.021403
17.391 1.5872 0.022192
17.637 1.5866 0.022923
17.711 1.5864 0.022985
17.825 1.5859 0.023049
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18.018 1.585 0.023671
18.182 1.5842 0.023889
18.416 1.5828 0.024375
18.484 1.5824 0.024511
18.553 1.582 0.024524
18.657 1.5814 0.024404
18.832 1.5802 0.024658
19.011 1.579 0.024725
19.074 1.5786 0.024867
19.231 1.5775 0.025309
19.531 1.575 0.024931
19.685 1.5737 0.02467
20 1.5708 0.024901
20.663 1.5654 0.033283
22.222 1.5615 0.057638
22.542 1.5614 0.060825
24.796 1.567 0.073943
25 1.5662 0.07471
27.551 1.5511 0.074067
28.571 1.5456 0.076355
30.995 1.5342 0.12651
33.333 1.5457 0.17464
35.423 1.5629 0.20358
40 1.6181 0.24374
41.327 1.6329 0.25248
49.592 1.703 0.30692
61.99 1.758 0.38857
82.653 1.8148 0.52467
123.98 1.8878 0.79687

Table A1: The complex refractive indices of Triton tholin from
Khare et al. (1994).
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Appendix B Blank Mass Spectra
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Figure B1. Positive (magenta) and negative (teal) ion mode mass spectra of the blank solu-

tion of CH3OH from m/z 150 to 525. The blank clearly lacks the structure of the actual sample

(see Figure 4). Peaks greater than 2×105 present in the blank were removed from the Triton

samples before peak assignments were made. These removed peaks constitute less than 0.03% of

all peaks.
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Figure B2. Positive (magenta) and negative (teal) ion mode van Krevelen diagrams of the

blank solvent control. Left: H/C vs O/C. Right: H/C vs N/C.
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Appendix C Fringe Correction
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Figure C1. Raw (red) and fringe-corrected transmittance spectrum of the Triton haze ana-

logues.
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