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ABSTRACT

The arrival of the Cassini-Huygens mission to the Saturn system ushered in a new
era in the study of Titan. Armed with a variety of instruments capable of remote
sensing and in situ investigations of Titan’s atmosphere and surface, Cassini and
Huygens have provided a wealth of new information about Titan and have finally
allowed humankind to see its surface. This work focuses on two discoveries made
by the Cassini Plasma Spectrometer (CAPS): the detection of oxygen ions (O+ )
precipitating into Titan’s atmosphere (Hartle et al., 2006) and the discovery of very
large positive (Waite et al., 2007; Crary et al., 2009) and negative ions (Coates et al.,
2007, 2009) present in Titan’s thermosphere.
Through the use of a photochemical model, I demonstrate that the observed
densities of CO, CO2 and H2 O can be explained by a combination of O and OH
or H2 O input to the upper atmosphere. Given the detection of O+ precipitation
into Titan’s upper atmosphere, it is no longer necessary to invoke outgassing from
Titan’s interior as a source for atmospheric CO or to assume that the observed CO
is the remnant of a larger primordial abundance in Titan’s atmosphere. Instead, it
is most likely that the oxygen bearing species in Titan’s atmosphere are the result
of external input, most likely from Enceladus.
I have also used very high resolution mass spectrometry to investigate the composition of Titan aerosol analogues, or “tholins”. Although there are an enormous
number of molecules present in tholin samples, they exhibit numerous patterns, including very regular spectral spacing. These patterns may help constrain the composition of the very large ions observed in the CAPS spectra, since the resolution
of the instrument makes identification of the molecules impossible. Additionally,
tholins produced with CO possess molecules of prebiotic interest, including all 5 nucleotide bases and the 2 smallest amino acids (glycine and alanine). This indicates
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that chemistry occurring in Titan’s upper atmosphere may be capable of forming
incredibly complex organic molecules, which may have implications for the origin of
life on Earth and elsewhere in the universe.
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CHAPTER 1
INTRODUCTION

...bronze shadows heaped
on high horizons, mountainous atmospheres
of sky and sea
- The Idea of Order at Key West, Wallace Stevens
1.1 From point of light to enigmatic yellow ball
In 1655, Dutch astronomer Christiaan Huygens pointed his newly constructed telescope at Saturn and became the first person to see Saturn’s largest moon, which
he described simply as Saturni Luna, or Saturn’s moon. Many years later, John
Herschel suggested that the moons of Saturn be named after the Titans, who were
the brothers and sisters of Kronos (the Greek equivalent of Saturn), and that the
largest of the moons should be named Titan. Though dwarfed by Saturn, Titan is
the second largest moon in the solar system, with a solid surface radius less than
100 km smaller than that of Ganymede.
For centuries after its discovery, Titan remained just a tiny point of light in the
night sky. However, with improvements in telescope technology, it became increasingly apparent that Titan was no ordinary satellite. The first published mention of
the possible existence of Titan’s atmosphere came in 1908 in a paper titled “Observations des satellites principaux de Jupiter et de Titan” by José Comas Solà. He
believed he observed limb darkening, indicative of an atmosphere, and wrote “Nous
pouvons supposer, legitimement, que cette grande obscurité des bords démontre
l’existence d’une atmosphère très absorbante autour de Titan” (We can legitimately
suppose that the large obscurity of the edges demonstrates the existence of a very
absorbing atmosphere around Titan) (Comas Solà, 1908). Although it has been
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argued that the capabilities of his telescope would not have allowed him to observe
the limb darkening caused by Titan’s atmosphere, Gerard Kuiper’s discovery of
methane around Titan provided conclusive evidence that Titan possesses an atmosphere (Kuiper, 1944).
By the 1970s, analyses of infrared spectra began to provide constraints on the
temperature structure (Morrison et al., 1972; Danielson et al., 1973) and composition (Trafton, 1972a,b) of Titan’s atmosphere. The detection of the greenhouse
effect on Titan (Morrison et al., 1972) coupled with detailed investigation of the
spectral features of CH4 (Trafton, 1972b; Lutz et al., 1976) led to the conclusion
that CH4 might be only a minor constituent in Titan’s atmosphere and that other
absorbers, such as C2 H6 or some type of dust particle might be present (Danielson
et al., 1973). The presence of N2 in Titan’s atmosphere was first suggested by Lewis
(1971) based on the idea that Titan accreted NH3 during formation, which later
photolyzed to form N2 . Photochemical models predicted significant abundances of
C2 H2 and C2 H6 (Strobel, 1974; Allen et al., 1980), although only a few models included N2 (Atreya et al., 1978). The encounters of Voyager 1 and 2 with Titan in the
early 1980s provided the first direct evidence of N2 in Titan’s atmosphere (Broadfoot et al., 1981; Lindal et al., 1983; Hunten et al., 1984). Infrared spectra taken
by the Voyager spacecraft revealed the presence of a variety of organic molecules
(C2 H2 , C2 H4 , C2 H6 , C3 H8 , CH3 C2 H, C4 H2 , etc.) (Hanel et al., 1981; Kunde et al.,
1981) and provided the first glimpse of the complexity of the chemical and physical processes occurring in Titan’s atmosphere. The results from Voyager confirmed
that Titan possesses a substantial N2 atmosphere, with a surface pressure 1.5 times
that of Earth (Fulchignoni et al., 2005). Titan is the only moon in the solar system
with a substantial atmosphere and the fact that the most abundant molecule is N2
means that among the atmospheres of solar system objects, Titan’s atmosphere is
most similar to that of Earth. This similarity immediately indicated that detailed
study of Titan’s atmosphere might yield important information about the creation
of prebiotic molecules and the origin of life on Earth.
Despite providing an enormous amount of new information about Titan’s at-
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mosphere, Titan’s thick photochemical haze prevented the instruments carried by
Pioneer 11 and the Voyager spacecraft from seeing Titan’s surface. Images beamed
back to Earth as the spacecraft sped through the Saturnian system showed only
a featureless yellow ball, providing no hint of the incredible landscape below (see
Figure 1.1). It would, therefore, remain shrouded for another 23 years until the
arrival of the Cassini-Huygens mission in 2004.

Figure 1.1: Titan from Voyager. Image from NASA/JPL.

1.2 Titan unveiled: Cassini and Huygens arrive at Titan
The arrival of the Cassini-Huygens mission to the Saturn system ushered in a new
era in the study of Titan. Armed with a variety of instruments capable of remote
sensing and in situ investigations of Titan’s atmosphere and surface, the Cassini
Orbiter and the Huygens Probe have provided a wealth of new information about
Titan and have finally allowed humankind to see the surface of the moon discovered
by Christiaan Huygens almost 350 years before the descent of his namesake probe
to the surface.
1.2.1 Titan’s surface: Mountains, rivers, seas, and dunes
Based on photochemical considerations, Lunine et al. (1983) argued that the surface
might be covered in vast seas or oceans of ethane and methane. When the Huy-
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gens Probe descended through Titan’s atmosphere, it did not observe vast oceans.
Instead, as the haze parted, images taken by the Descent Imager/Spectral Radiometer (DISR) revealed a network of channels flowing into a plain reminiscent of flood
plains in the desert southwest of the United States (Tomasko et al., 2005). Pebbles,
presumably composed of water ice, ranging in size from the resolution of DISR (3
mm) to 15 cm were observed on the surface (Tomasko et al., 2005). In the bright
highlands regions near the Huygens landing site (10.3◦ (±0.4◦ ) S and 167.7◦ (±0.5◦ )
E (Lebreton et al., 2005)) two styles of drainage are observed (Soderblom et al.,
2007b; Tomasko et al., 2005; Perron et al., 2006): short, stubby low order drainage
channels possibly formed by methane sapping (Tomasko et al., 2005; Soderblom
et al., 2007b) and complex dendritic drainage systems with up to 5th order branching indicative of a distributed source and possibly formed by rapid erosion that forms
deeply incised valleys (Perron et al., 2006; Soderblom et al., 2007b). Soderblom et al.
(2007b) also argue that the lowland areas contain features indicative of flow parallel to the lowland-highland boundary implying major SW to NE floods across the
plains (Soderblom et al., 2007b). Many authors compare this region to the desert
southwestern U.S. where it is dry throughout the year but annual monsoons occur
depositing a relatively large amount of precipitation in a short period of time. On
Earth, these types of storms result in the formation of dendritic channels in rough
topographic regions and flood plains in flatter regions (Soderblom et al., 2007b;
Lorenz and Cassini RADAR Team, 2005).
The channel formation mechanisms are not yet understood. Chemical and thermal erosion are not favorable on Titan’s surface (Lorenz and Lunine, 1996; Perron et al., 2006). Therefore seepage or mechanical erosion are the likely formation
mechanisms (Tomasko et al., 2005; Perron et al., 2006; Soderblom et al., 2007b).
On Earth, valleys with short, stubby tributaries with amphitheater shaped heads
are formed by erosion of loose sediment by subsurface spring water which undercuts
the ground surface causing it to fail (so-called groundwater sapping) and it may
be possible for analogous “methane sapping” to occur on Titan (Soderblom et al.,
2007b). Channels could also form via mechanical erosion. Rivers on Earth can erode
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bedrock mechanically by action of the sediment they transport. On Titan, transport
of material into topographic depressions coupled with the observation that many of
the channels begin at an isolated peak in topography indicates that runoff from
an atmospheric source may be responsible for the formation of the channels (Perron et al., 2006; Tomasko et al., 2005; Soderblom et al., 2007b). Cassini RADAR
has also observed possible fluvial features (Elachi et al., 2005) including triangular
radar-bright features that may be alluvial fans (Lorenz and Cassini RADAR Team,
2005).

Figure 1.2: Channels near the Huygens landing site from DISR. Image from
NASA/JPL/ESA/University of Arizona.
Although the Huygens Probe only found evidence of past fluvial activity, and
the initial RADAR measurements did not find the previously predicted seas and/or
oceans, RADAR data obtained during T16 revealed numerous lakes and seas near
the north pole (Stofan et al., 2007). Figure 1.3 shows some of the lakes seen near
the north pole. The fact that these regions are extremely smooth at RADAR wavelengths and that a specular reflection has been observed in Visual and Infrared
Mapping Spectrometer (VIMS) observations at 5 µm of Jingpo Lacus (near Kraken
Mare) indicate that these RADAR dark regions are liquid (Stephan et al., 2010).
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Based on current understanding of the dielectric constants of hydrocarbons, the
regions of the lakes that are completely RADAR dark are at least tens of meters
deep (Stofan et al., 2007; Paillou et al., 2008; Hayes et al., 2010). Channels are
also observed in the region of the lakes, although they are generally darker in the
RADAR measurements than channels observed at lower latitudes (Lorenz et al.,
2008). The lakes are presumably composed of liquid hydrocarbons based on photochemical considerations and surface temperature/pressure, and ethane has been
detected in VIMS observations of Ontario Lacus near the south pole (Brown et al.,
2008). Theoretical calculations indicate that the lakes are primarily composed of
ethane, with smaller amounts of propane, methane and hydrogen cyanide (Cordier
et al., 2009). Although Titan’s entire surface has not been mapped, there appears
to be a N-S asymmetry in the distribution of the lakes, which may be the result
of Titanian Milankovitch cycles (Aharonson et al., 2009). Seasonal variations in
lake sizes/depths have been observed, indicating an active methane hydrologic cycle
(Barnes et al., 2009; Turtle et al., 2009; Moriconi et al., 2010; Hayes et al., 2011).
Cassini RADAR also discovered widespread regions of dunes on Titan’s surface
(Elachi et al., 2005; Lorenz et al., 2006). The RADAR data show 100 meter ridges
covering widespread regions (up to 1500 km by 200 km) that appear to form from
100-300 µm particles (Lorenz et al., 2006). Comparison of RADAR and VIMS
data indicate that the dunes are likely composed of pure organic or organic coated
materials (Soderblom et al., 2007a). The dunes tend to be confined to ±30◦ of the
equator and cover over 8% of the mapped regions (indicating up to 20% coverage
of Titan’s surface) (Lorenz and Radebaugh, 2009). Their orientation indicates they
are formed by winds whose dominant direction is eastward, but a periodic westward
wind is also required because the dunes are longitudinal (Radebaugh et al., 2008).
The dunes appear to have an average spacing of approximately 2 km and measured
heights of approximately 100 m, with some interdune regions present, potentially
indicating that the dunes are currently active (Barnes et al., 2008; Neish et al.,
2010a). Current wind speeds appear to be consistent with dune formation, although
in regions such as Xanadu and Belet, the predicted wind directions do not agree with
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Figure 1.3: Lakes near Titan’s north pole. Image from NASA/JPL/USGS.
the dune orientations (Tokano, 2008).
The dearth of craters on Titan’s surface indicates that it is geologically young.
The largest crater observed thus far is Menrva with a diameter of 450 km (Elachi
et al., 2006). Five impact craters have been conclusively identified, with another 44
potential craters observed by RADAR. The craters are not distributed uniformly,
with Xanadu being the most heavily cratered region and the equatorial dune regions and north pole have lower crater densities than average (Wood et al., 2010).
Well-preserved craters seem to be found only at low latitudes (Lopes et al., 2010).
The craters that have been investigated in greater detail, including Sinlap and
Selk craters, show evidence of fluvial and aeolian erosion (Le Mouélic et al., 2008;
Soderblom et al., 2010; Wood et al., 2010). Based on the crater size distribution,
the age of the surface has been estimated to be between 100 Myr and 1 Gyr, which
is quite similar to the age of Earth’s surface and indicates that Titan’s surface has
undergone some amount of resurfacing (Lorenz et al., 2007).
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Cassini RADAR has observed regions of high topography in Xanadu with slopes
near 37◦ and elevations over 2000 m (Radebaugh et al., 2007, 2011). From VIMS
data, mountains seem to be darker and bluer indicative of material more rich in
water ice than surrounding regions, suggesting that topographically induced rainfall
may remove organics from the mountains, eroding the mountains and depositing
the eroded materials in diffuse blankets around their bases. Mountains on Titan’s
surface probably form from compressional and extensional tectonism (Barnes et al.,
2007b; Radebaugh et al., 2007, 2011). In addition to mountains, a number of potential cryovolcanic features have been identified through the use of RADAR and VIMS
measurements. The general trend in investigation of cryovolcanic features on Titan
seems to be that the more we learn about a feature, the less likely it seems that it
is cryovolcanic. Both Ganesa Macula and Tortola Facula were initially believed to
be cryovolcanic features based on RADAR (Neish et al., 2006; Lopes et al., 2007)
and VIMS measurements respectively (Sotin et al., 2005), but data from the other
instruments did not support that interpretation (Hansen et al., 2010). Tui Regio is
extremely bright at 5 µm, leading to the suggestion that it may be a region of cryovolcanic activity (Barnes et al., 2006); measurements from RADAR may support
this interpretation (Mitchell et al., 2010), but it has been suggested that Tui Regio
is actually the site of an ancient sea (Moore and Howard, 2010). Currently, the two
most probable candidate cryovolcanic features are Hotei Arcus and Sotra Facula.
Hotei Arcus appears to exhibit spectrophotometric variability in the VIMS measurements on the timescales of the Cassini mission (Nelson et al., 2009; Soderblom et al.,
2009) and the flow features appear to be lobate based on RADAR mapping (Wall
et al., 2009). Sotra Facula appears to flow from a 1500 m deep depression rising
to a height of 1000 m and the lobate nature of the flows indicate that it may be
cryovolcanic in origin (Kirk et al., 2010). The possibility of cryovolcanism remains
an open question, one whose answer has important implications for the origin and
resupply of CH4 in Titan’s atmosphere, which will be discussed in the next section.
Despite analysis of data obtained in situ by the Gas Chromatograph Mass Spectrometer (GCMS) carried by Huygens and remote sensing data from VIMS and
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Figure 1.4: Natural color view of Titan compared to Titan’s surface (938 nm).
Image from NASA/JPL/Space Science Institute.
RADAR, the composition of Titan’s surface remains poorly understood. Titan’s
surface should possess abundant photochemical products from the atmosphere and
in this way the composition of Titan’s surface is uniquely tied to its atmosphere.
The abundance of CH4 increased after the Huygens Probe landed on the surface,
most likely result from the heating of liquid CH4 that was present on the surface;
other small organics were also detected although their detections are less convincing
(Niemann et al., 2005). Based on the bulk density of Titan (∼1.88 g/cm3 ), water
ice is assumed to make up a large fraction of Titan’s mass, and would therefore be
a likely candidate surface material. Evidence for water ice on Titan’s surface was
first obtained by ground-based telescopes (Griffith et al., 1991, 2003) and has also
been seen in VIMS (McCord et al., 2006) and DISR data (Tomasko et al., 2005).
Others have argued that these features can be explained by other hydrocarbons or
nitriles (Clark et al., 2010). Other suggested surface constituents from interpretation of VIMS data include CO2 (Barnes et al., 2005; McCord et al., 2008), C6 H6 ,
C2 H6 , and HC3 N (Clark et al., 2010). Our ability to constrain the composition of
Titan’s surface is fundamentally limited by the resolution of VIMS, the small wavelength windows where it is possible to observe the surface from orbit and the fact
that methane absorption coefficients are not well-known in all important spectral regions. VIMS data can be used to identify distinct units on the surface (Barnes et al.,
2007a), but conclusive identification of the composition of the units is probably not
possible without another mission given the constraints of the instrument.
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1.2.2 Titan’s atmosphere: Spectacular storms and unprecedented chemical complexity
Titan receives about 1% of the solar flux that reaches Earth. It is therefore much
colder, with an effective temperature of 84 K. However, the greenhouse effect provided by CH4 and collision induced absorption of N2 results in a surface temperature
of approximately 94 K (Fulchignoni et al., 2005). The temperature and pressure on
Titan’s surface are near the triple point of methane, much like water on Earth, which
allows for liquid methane on the surface and gaseous methane in the atmosphere.
The fluvial and aeolian features on the surface indicate that Titan has an active
“hydrological” cycle that is, in many ways, both very similar to and very different
from that of Earth. In addition to the features observed on the surface, large storms
occasionally erupt in Titan’s atmosphere and are presumably responsible for many
of the fluvial features observed on the surface. Ground-based observations first detected clouds on Titan (Griffith et al., 1998; Brown et al., 2002; Roe et al., 2002)
and Cassini has confirmed their presence (Porco et al., 2005). These tropospheric
methane clouds form and dissipate on short timescales, which is consistent with the
hypothesis that they result from convection (Lorenz et al., 2005). The monitoring
of storms by ground-based telescopes, in addition to Cassini data, has greatly increased our understanding of the seasonal variation of storms on Titan as well as
their locations, extent and duration (Roe et al., 2005; Schaller et al., 2006a,b, 2009;
Brown et al., 2010). These storms tend to appear in the regions of maximum solar
insolation, which results in seasonal variation in storm locations (see e.g. Turtle
et al. (2011a)). Figure 1.5 shows a large storm near Titan’s south pole.
The GCMS aboard the Huygens Probe measured a methane relative humidity
of approximately 45 percent at the surface (Niemann et al., 2005). However, cloud
and thunderstorm models indicate that at least 60 percent surface relative humidity is required for convective cloud formation (Lorenz et al., 2005) and 80 percent
is required for thunderstorms capable of producing substantial rainfall (Hueso and
Sánchez-Lavega, 2006). It has therefore been argued that there is not currently
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2002-02-28 Keck NIRC-2 K’
A. Bouchez, S. Hörst, M. Brown

Figure 1.5: Storm at Titan’s south pole from Keck NIRC-2. Image courtesy of
Antonin Bouchez.
enough methane at the equator to produce rainfall necessary to form the channels
observed at the Huygens landing site (Griffith et al., 2008). However, low latitude
storms have recently been observed (Schaller et al., 2009), including one that resulted in extensive alteration of the surface, presumably caused by large amounts of
methane rainfall (Turtle et al., 2011b). In addition to the large methane storms observed in Titan’s atmosphere, an extensive polar ethane cloud has also been detected
(Griffith et al., 2006).
In Titan’s atmosphere CH4 is irreversibly destroyed by solar ultraviolet light. N2
is dissociated by solar EUV and energetic particles. The products of CH4 and N2
dissociation react and are incorporated into heavier molecules including higher order
hydrocarbons and nitriles. Many of these molecules were detected by Voyager (Hanel
et al., 1981; Kunde et al., 1981), but numerous previously undetected molecules have
been discovered in in situ measurements obtained by the Cassini Ion and Neutral
Mass Spectrometer (INMS) in Titan’s thermosphere (Vuitton et al., 2006b, 2007,
2008). A list of molecules detected in Titan’s atmosphere by Voyager, Cassini and
ground-based telescopes is found in Table 1.1. In particular, analyses of INMS
data have discovered a number of previously undetected nitrogen bearing molecules
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Figure 1.6: Schematic of the processes occurring in Titan’s atmosphere.
including HC5 N, NH3 , C2 H3 CN, etc. (Vuitton et al., 2007). It is now clear that
our pre-Cassini understanding of Titan atmospheric chemistry underestimated the
chemical complexity of Titan’s upper atmosphere. A schematic of the processes
occurring in Titan’s atmosphere is shown in Figure 1.6.
The oxygen containing molecules present in Titan’s atmosphere (CO, CO2 , and
H2 O) were discovered by Voyager and Earth-based telescopes (Samuelson et al.,
1983; Lutz et al., 1983; Coustenis et al., 1998), but their origin was uncertain. CO
is a remarkably stable molecule, and its discovery in Titan’s atmosphere (Lutz et al.,
1983) led to investigations into whether the observed abundance is a primordial remnant, is supplied to the atmosphere from the interior or surface, or is delivered to
the atmosphere from an external source. The existence of remnant primordial CO
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would place useful constraints on models for the origin and evolution of Titan in
the Saturnian nebula. Measurements from the Cassini Composite Infrared Spectrometer (CIRS) and INMS have strengthened our knowledge of the abundances of
these molecules (see Table 1.1). The oxygen chemistry in Titan’s atmosphere and
the implications of the observed abundances of oxygen bearing species in Titan’s
atmosphere are discussed in detail in Chapter 2.
Seasonal effects are important over a Titan year (29.5 Earth years) because of
Saturn’s axial tilt of almost 27◦ . Due to the length of the Cassini mission, seasonal
changes can be investigated. Unlike Voyager, Cassini CIRS is also able to investigate
latitudinal variations in atmospheric composition and has found that in general hydrocarbons and nitriles are more abundant at the north pole than at lower latitudes
or in the southern hemisphere (Coustenis et al., 2007; Vinatier et al., 2007; Teanby
et al., 2008a,b). This likely results from the winter polar vortex which enhances
abundances through subsidence of air from higher altitudes where the molecules are
produced (Teanby et al., 2008a). The vertical profiles of molecular abundances have
also been investigated in the stratosphere by CIRS and in general the mixing ratios
of most species increase with altitude, which is characteristic of molecules produced
by photochemistry at higher altitudes that then condense in the lower stratosphere
or at the tropopause (near 40 km where the temperature reaches a minimum of 70
K (Fulchignoni et al., 2005)) (Vinatier et al., 2007, 2010).

Formula
N2
CH4
H2
40
Ar
C2 H2
C2 H4
C2 H6
CH3 C2 H
C3 H8
C4 H2
C4 H6
C5 H4
C6 H2
C6 H6
C7 H4
C7 H8
C8 H2
HCN
HC3 N
HC5 N
CH3 CN
C2 H3 CN
C2 H5 CN
C4 H3 N

8×10−9
<2×10−9
<2×10−9

5×10−7
3×10−11

2.2±0.2×10−7
<1.5×10−9

<4.9×10−8(l)

3.0±0.5×10−7 6.7×10−8
5.0±3.5×10−10 2.8×10−10

4.0±3.0×10−10 2.2×10−10

2.97×10−6
1.2×10−7
7.3×10−6
4.8×10−9
4.5×10−7
1.12×10−9

5.5±0.5×10−6
1.2±0.3×10−7
2.0±0.8×10−5
1.2±0.4×10−8
2.0±1.0×10−7
2.0±0.5×10−9

2.7±0.2×10−6
1.5±0.3×10−7
1.65±0.1×10−5
8.0±0.6×10−9
9.0±1.6×10−7
1.7±0.2×10−9

CIRS

(i)

1.6±0.5%(j)
9.6±2.4×10−4(k)

Stratosphere
ISO(g)

∼ 2%(e)
0.002±0.001(f )

Voyager

(d)

Continued on next page

6.2±1.2×10−7(b)

Ground Based

(a)

Thermosphere
INMS (CSN)(n) INMS (OS)(o)
97.4±0.5%
2.20±0.01%
3.9±0.01×10−3
1.1±0.03×10−5
3.1 ±1 .1 ×10 −4
3.1 ±1 .1 ×10 −4 1.0×10−3
7.3 ±2 .6 ×10 −5
1.4 ±0 .9 ×10 −4
<4.8 ×10 −5
6.4 ±2 .7 ×10 −5 1.0×10−5
<9.5 ×10 −6
<1.0×10−6
8.0×10−7
8.95±0.44×10−7 3.0×10−6
3.0×10−7
<1.32×10−7
2.0×10−7
2.0×10−7
2.0×10−4
−5
3.2 ±0 .7 ×10
4.0×10−5
1.0×10−6
3.1 ±0 .7 ×10 −5 3.0×10−6
<1.8 ×10 −5
1.0×10−5
5.0×10−7
4.0×10−6

Table 1.1: Composition of Titan’s atmosphere
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Formula Ground Based
Voyager
ISO
CIRS
INMS (CSN)
INMS (OS)
C4 H5 N
<3.0×10−7
C5 H5 N
4.0×10−7
C6 H3 N
3.0×10−7
C6 H7 N
1.0×10−7
C2 N2
<1.0×10−9
4.8 ±0 .8 ×10 −5
CH2 NH
1.0×10−5
CH2 NH3
<1.0×10−8
NH3
<5.9×10−10(l)
6.7×10−6
N2 H4
<1.0×10−8
CO
5.1±0.4×10−5(c)
4.7±0.8×10−5(m)
−9(h)
H2 O
8×10
<9×10−10(m)
<3.42×10−6
<3.0×10−7
CO2
1.54±1.5×10−8 2.0±0.2×10−8 1.1×10−8
<8.49×10−7
CH3 OH
<6.4×10−9(l)
<3.0×10−8
CH3 CHO
<1.0×10−8
All values come from the work referenced in the header of the table unless otherwise noted in the table.
(a)
Marten et al. (2002) (at 200 km) (b) Roe et al. (2003) (c) Gurwell (2004) (d) Coustenis and Bézard (1995) (at 7◦ S)
(e)
Coustenis et al. (1989) (f ) Samuelson et al. (1981) (g) Coustenis et al. (2003) (h) Coustenis et al. (1998) (at 400 km)
(i)
Coustenis et al. (2010) (at 5◦ S; HCN, C6 H6 , C3 H8 , C4 H2 , and HC3 N exhibit latitudinal variations
(Coustenis et al., 2007)), values averaged over TB-T44 assuming constant vertical profiles, for vertical variations see
Vinatier et al. (2010)) (j) Flasar et al. (2005) (k) Courtin et al. (2007) (l) Nixon et al. (2010) (1-σ upper limits at 25◦ S)
(m)
de Kok et al. (2007) (n) Cui et al. (2009) (at 1077 km from T5, 16, 18, 19, 21, 23, 25-30, 32, 36, 37 using INMS
Closed Source Neutral mode, italics indicates corrected values, signals from C2 H2 and C2 H4 are difficult to separate
so the reported value is for both species combined) (o) Vuitton et al. (2007) (T5 at 1100 km INMS Open Source mode)
Measurements from the GCMS carried by Huygens were not included as most abundances were below the detection
threshold (Niemann et al., 2005, 2010). The measured abundances of H2 (1×10−3 (Niemann et al., 2010)) and CH4
(1.41±0.05% (Niemann et al., 2005)) are consistent with those obtained from CIRS.
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The presence of an aerosol absorber in Titan’s atmosphere was suspected prior to
the arrival of the Voyager spacecraft based on ground-based observations of Titan’s
geometric albedo and IR and visible spectra (Veverka, 1973; Zellner, 1973; Caldwell,
1975; Gillett, 1975; Trafton, 1975). Measurements from Voyager 1 and 2 were able
to further constrain the properties of Titan’s aerosols (Rages and Pollack, 1983;
Rages et al., 1983; West et al., 1983; Hunten et al., 1984). Vertical structure in the
haze profile was also discovered in Voyager images, including a detached hazel layer
between 340 and 360 km (Rages and Pollack, 1983). The instruments carried by
Cassini-Huygens are capable of both in situ and remote sensing characterization of
Titan’s aerosols. Analyses of data obtained by ISS, VIMS, DISR and the Ultraviolet Imaging Spectrograph (UVIS) have expanded on the absorption and scattering
properties of the aerosols first investigated through ground based measurements and
data acquired by the Voyager spacecraft. The Aerosol Collector Pyrolyzer (ACP)
experiment on Huygens and INMS and the Cassini Plasma Spectrometer (CAPS)
carried by Cassini have provided the first aerosol composition information. Perhaps
one of the biggest surprises from Cassini has been the discovery of much heavier
ions in Titan’s upper atmosphere. Although INMS can only measure mass/charge
up to 100 u/q, CAPS is able to detect much heavier masses, albeit at very low
resolution. CAPS/ELS (Electron Spectrometer) has measured negative ions up to
∼10,000 u/q (Coates et al., 2007, 2009). Due to the low resolution of this instrument, unambiguous identifications of these ions are not possible. Titan’s aerosols
are discussed at length in Chapters 3, 4, and 5. Photochemical models are now able
to reproduce the abundances of most of the small (less than 100 u) molecules in
Titan’s atmosphere (see e.g. Hörst et al. (2008); Lavvas et al. (2008a,b); Vuitton
et al. (2008); Krasnopolsky (2009)) but the formation of heavier molecules is not
understood.
The origin of Titan’s atmosphere is unknown. The mostly likely sources of nitrogen in Titan’s atmosphere are either N2 or NH3 , which were incorporated during
formation or delivered after formation. If the original nitrogen bearing molecule was
NH3 , then subsequent photolysis is required to form the current N2 atmosphere. The
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Figure 1.7: Titan’s distinctive haze. Image from NASA/JPL.
abundances of noble gases are particularly important for constraining the origin of
Titan’s atmosphere as large amounts of

36

Ar would be incorporated if the nitrogen

found in Titan’s atmosphere originated as N2 . GCMS detected

36

Ar,

40

Ar, and Ne

(Kr and Xe were not detected) and the abundances of the detected noble gases are
well below solar (Niemann et al., 2005, 2010). Based on the very low abundance of
36

Ar in Titan’s atmosphere, it is unlikely that large amounts of N2 were accreted

during formation. The CH4 in Titan’s atmosphere is irreversibly destroyed by photolysis because one of the most abundant photolysis products, H2 , escapes (along
with H and CH4 (Cui et al., 2008; Yelle et al., 2008)). The current abundance of
CH4 will be destroyed in around 30 Myr (Yung et al., 1984; Wilson and Atreya,
2004). This implies that there must be a source that continuously or episodically
replenishes the atmospheric methane and cryovolcanism, although not yet conclusively identified on the surface, is often invoked as a resupply mechanism. Isotope
ratios can also be used to place important constraints on the origin and evolution
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of Titan’s atmosphere. They can be measured in a number of different molecules
but the results are generally the same for different molecules and different instruments (Niemann et al., 2005; Waite et al., 2005b; Coustenis et al., 2007; Vinatier
et al., 2007; Nixon et al., 2008b,a; Niemann et al., 2010). From GCMS measurements,

14

N/15 N is found to be 167.7± 0.6 in N2 , which is roughly a factor of 1.5

lower than Earth.

12

C/13 C was found to be 91.1±1.4 for CH4 and D/H in H2 was

1.35±0.30×10−4 , which are both approximately the same as the values found on
Earth (Niemann et al., 2005, 2010). From CIRS measurements, the 16 O/18 O in CO2
was found to be lower than Earth by a factor of approximately 1.5 (Nixon et al.,
2008b). The isotope ratios observed in Titan’s atmosphere are indicative of some
amount of atmospheric escape and may also be affected by differential photolysis
rates.
Titan’s surface possesses a variety of environments including lakes, mountains
and dunes. Chemical and physical processes occurring in the atmosphere result
in the formation of complex organic molecules and aerosols that are eventually
deposited on the surface. Only 11% of the sunlight incident at the top of Titan’s
atmosphere reaches the surface (Tomasko et al., 2005), which means there is very
little energy available for further chemical processing on the surface. However,
the molecules produced in the atmosphere, in particular those that possess triple
bonds (like acetylene), carry energy to the surface that could potentially be released.
Figure 1.8 provides a summary of the classes of molecules that are possibly present
on Titan in a variety of environments, including those that might result from further
surface processing.
1.3 Focus of this work
This work focuses on two discoveries, discussed at length in later Chapters, made
by the Cassini Plasma Spectrometer (CAPS): the detection of oxygen ions (O+ )
precipitating into Titan’s atmosphere (Hartle et al., 2006) and the discovery of very
large positive (Waite et al., 2007; Crary et al., 2009) and negative ions (Coates
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et al., 2007, 2009) present in Titan’s thermosphere. The oxygen ions flowing into
Titan’s atmosphere represent a previously unknown source of oxygen into Titan’s
atmosphere. The presence of the very large ions in Titan’s thermosphere was not
expected and due to the resolution of the instruments carried by Cassini they cannot
be identified.
I wish to investigate the following questions:
1. Where are the O+ ions deposited in Titan’s atmosphere and what is their
eventual fate?
2. What can we learn from laboratory simulations of Titan’s atmosphere to aid
in the identification of the very heavy thermospheric ions?
3. What happens when oxygen is introduced into the region of Titan’s atmosphere that contains very heavy, presumably organic, ions?
In Chapter 2, I investigate the deposition of O+ ions in Titan’s atmosphere by
first calculating the deposition altitude of the observed O+ ions. I then extend
the photochemical model of Vuitton et al. (2008) to include 10 oxygen bearing
species and an additional 42 reactions. Through the use of this model, I have
determined that the peak O+ deposition altitude is approximately 1100 km and
that the observed O+ eventually becomes CO. Furthermore, the flux of O+ ions
observed by CAPS, in addition to previously suggested values of H2 O deposition
from micrometeorites or sputtered ring particles, is sufficient to explain the observed
abundances of the three oxygen species detected in Titan’s atmosphere (CO, CO2 ,
H2 O). The origin of CO, in particular, has been an open question since its detection
shortly after the Voyager encounters with Titan and it has important implications
for the origin and evolution of Titan and its atmosphere. Since the most likely
origin of these ions is Enceladus, this work also demonstrates the unique connection
between two very different bodies in the Saturnian system. This work was published
in the Journal of Geophysical Research (Planets) as Hörst et al. (2008).
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In Chapters 3 and 4, I discuss very high resolution Orbitrap mass spectrometry
measurements of Titan aerosol analogues (“tholins”) produced in the PAMPRE experiment. Due to the chemical complexity of the tholins, it was necessary to develop
custom analysis software to quickly as accurately assign molecular identifications to
the peaks in the Orbitrap spectra. The use of this software has also enabled characterization of the capabilities of the Orbitrap for tholin analysis. This is particularly
important since the low mass/size and high resolution of the Orbitrap make it a
prime candidate for the next generation of flight mass spectrometers. Once the
molecules in the tholin samples are identified, I employ various techniques, many of
which were borrowed from petroleomics and/or previous tholin studies, to investigate the variation of tholin composition with initial CH4 /N2 gas mixture and the
biases introduced by Orbitrap instrument mode. I also compare the molecules found
in the tholins to all mathematically possible molecules. Finally, I explore the origin
of the extremely regular spacing of peaks observed in the Orbitrap mass spectra
and discuss the possible implications of our results for the interpretation of CAPS
spectra of the very large ions found in Titan’s upper atmosphere.
Finally, in Chapter 5, I investigate oxygen incorporation into tholins. The fact
that the observed O+ flux discussed in Chapter 2 is deposited in the region of
Titan’s atmosphere now known to contain the large ions observed by CAPS (discussed at length in Chapter 3) leads to the exciting possibility that oxygen may be
incorporated into these heavy ions potentially leading to the formation of prebiotic
molecules. From the Orbitrap mass spectra, I show that molecules with the molecular formulas of numerous biological amino acids and nucleotide bases are found
in the tholins. I then use GC-MS to investigate the structure of these molecules
and find that all 5 nucleotide bases and at least the 2 smallest amino acids (glycine
and alanine) are found in tholins produced with CO. This work is submitted to
Astrobiology.
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Aerosol  Haze  
Hydrocarbons,  Amines,  Nitriles,  Aromatics,  PAHs

Clouds  and  Rain
Methane,  Ethane

Surface
Water  Ice,  Methane,  Ethane,  Hydrocarbons,  
Amines,  Nitriles,  Benzene,  Aromatics,  PAHs

Seas  and  Lakes  
Methane,  Ethane,  
Soluble  Organics

Impact  Melt  Pool  or  
Cryovolcanic  Flow
Water,  Ammonia,  
Hydrolyzed  Organics-  
Alcohols,  Acids,  Amino  
Acids,  Functionalized  
PAHs

Lake  Sediments
Insoluble  Organics-  
PAHs,  Large  Polymers

Bedrock
Water  Ice,  
Ammonia  (?)

Figure 1.8: Summary of the classes of molecules possibly present on Titan in a
variety of environments. Images from NASA/ESA/JPL/Space Science Institute.
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CHAPTER 2
THE ORIGIN OF OXYGEN SPECIES IN TITAN’S ATMOSPHERE

...this most
excellent canopy, the air – look you, this brave
o’erhanging firmament, this majestical roof fretted
with golden fire - Hamlet, William Shakespeare
2.1 Introduction
The Saturnian system is oxygen rich. Observations from Earth-based observatories
and planetary missions have detected O+ , O+
2 , O, OH, and H2 O near Saturn (Esposito et al., 2005; Waite et al., 2005a,b; Hartle et al., 2006). Icy ring particles were once
thought to be the primary source of oxygen in the Saturnian system, but results
from the Cassini mission indicate that unexpected geological vents on Enceladus
are likely the dominant source (Dougherty et al., 2006; Waite et al., 2006; Hansen
et al., 2006; Horányi et al., 2008). Titan has long been known to have significant
quantities of CO, CO2 , and H2 O in its atmosphere (Samuelson et al., 1983; Lutz
et al., 1983; Coustenis et al., 1998), but their origin was uncertain. Here we explore
the possibility that the formation of these atmospheric species is connected to the
oxygen sources in the greater Saturnian system. The origin of these species, particularly CO, has implications for the origin and evolution of Titan and the synthesis
of complex molecules in its atmosphere.
The material in this chapter was originally published as “Origin of oxygen species in Titan’s
atmosphere.” Hörst, S. M., Vuitton, V., and R.V. Yelle. J. Geophys. Res. 113, E10, E10006,
doi:10.1029/2008JE003135, 2008. The text and figures have been updated to reflect more recent
observations from the Cassini-Huygens mission and updates to our reaction rates.
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CO is a remarkably stable molecule, and its discovery in Titan’s atmosphere
(Lutz et al., 1983) led to investigations into whether the observed abundance is a
primordial remnant, is supplied to the atmosphere from the interior or surface, or
is delivered to the atmosphere from an external source. The existence of remnant
primordial CO would place useful constraints on models for the origin and evolution of Titan in the Saturnian nebula. Thermochemical calculations imply that the
main nitrogen- and carbon-bearing species in the solar nebula were either N2 and
CO or NH3 and CH4 (Prinn and Fegley, 1981). Thus the existence of an N2 -CH4
atmosphere on Titan is not well understood. Some hypothesized that the N2 on
Titan evolved from gases trapped in clathrates that were incorporated into Titan
as it accreted (Owen, 1982). This hypothesis also implies that CO was the main
carbon-bearing species at the time of accretion and Titan should have had a primordial abundance of CO larger than observed today.
incorporated in large amounts, thus the low
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40

Ar would also have been

Ar abundance in Titan’s atmosphere

(Niemann et al., 2005; Waite et al., 2005b) suggests that this hypothesis is probably
not correct. Alternatively, recent works consider the idea that the CH4 in Titan’s
atmosphere came from the solar nebula and was incorporated into the satellite as a
clathrate (Mousis et al., 2002). These models also assume that NH3 was delivered
to Titan in a similar manner, but was subsequently converted to N2 through photochemistry or shock chemistry (Atreya et al., 1978; McKay et al., 1988). Recently,
another hypothesis has been advanced by Atreya et al. (2006) who argue that CO
should be outgassed from Titan’s interior. The primordial CO abundance in Titan’s
atmosphere represents a significant constraint on such models and the thermochemical conditions in the solar nebula. Clearly, it is important to establish whether the
CO in Titan’s atmosphere is primordial, originates from the interior or surface, or
whether it could be due solely to external sources.
Early investigations into external sources of CO in Titan’s atmosphere postulated
that the CO could be produced through a chemical reaction scheme that began
with an influx of H2 O into the upper atmosphere from micrometeorite ablation
(Samuelson et al., 1983; Yung et al., 1984; Toublanc et al., 1995; Lara et al., 1996;
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English et al., 1996). Though this idea was attractive, given the known sources of
H2 O and the success of the models, the hypothesis must now be viewed as incorrect.
The primary reaction in the scheme OH + CH3 produces H2 O (Wong et al., 2002),
not CO as previously assumed. When the proper chemistry is included, an influx
of H2 O or OH produces no significant CO abundance. CO2 can be produced by
an H2 O influx only if CO is already present (OH + CO → CO2 + H). Because of
their inability to reproduce the observed CO abundance, some recent works have
suggested persistence of primordial CO in the atmosphere (Wilson and Atreya, 2004)
or volcanic outgassing of CO from Titan’s interior (Baines et al., 2006) to explain
the current presence of CO in Titan’s atmosphere. We show that CO can have a
solely external origin but requires an influx of O+ rather than H2 O or OH. The
detection of a sufficient flux of O+ precipitating into Titan’s atmosphere by the
Cassini Plasma Spectrometer (CAPS) (Hartle et al., 2006) is consistent with this
hypothesis. However, an influx of H2 O or OH is still necessary to explain the
observed abundances of H2 O and CO2 .
In this study we concentrate on relatively simple oxygen-bearing molecules and
associated radicals. More complicated chemistry is certainly occurring, though at a
much lower rate. The presence of active oxygen species in the upper atmosphere implies that some fraction of these will be incorporated into the large organic molecules
present in Titan’s atmosphere (Vuitton et al., 2007, 2008). This is an exciting topic
for future investigations. Here we try to establish the processes that lead to the
observed abundances of CO, CO2 , and H2 O. The next section reviews the observations of these molecules and previous models. Section 3 describes the model and
chemical pathways, Section 4 discusses the results, and Section 5 summarizes our
findings and presents some closing thoughts.
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2.2 Previous work
2.2.1 Summary of observations
The observed abundances of the CO2 , CO, and H2 O in Titan’s atmosphere (summarized in Table 2.1) place vital constraints on photochemical models and must be
well understood before any attempts at modeling are made. In particular, although
the CO abundance has been measured remotely numerous times at many different
wavelengths, the observations are not all consistent and the explanation has been a
source of much disagreement. Below we discuss the observations of CO, CO2 , and
H2 O and present our interpretation of the inconsistent CO measurements.
CO2 was the first oxygen-bearing molecule discovered in Titan’s atmosphere.
Samuelson et al. (1983) used Voyager 1 Infrared Interferometer Spectrometer (IRIS)
observations of the ν2 band of CO2 at 667 cm−1 to infer a CO2 mole fraction of
−8
1.5+1.5
−0.8 × 10 . Further analysis of the Voyager 1 data found a stratospheric mole
−8
fraction of 1.4+0.3
that was constant from pole to pole within the uncer−0.5 × 10

tainties (Coustenis et al., 1989, 1991; Coustenis and Bézard, 1995). The Voyager
1 findings were confirmed by Voyager 2 and the Infrared Space Observatory (ISO)
(Letourneur and Coustenis, 1993; Coustenis et al., 2003). The Cassini Composite Infrared Spectrometer (CIRS) is especially useful for measuring CO2 because
its spectral resolution is an order of magnitude higher than Voyager IRIS, greatly
aiding in the separation of the signatures of CO2 , C6 H6 , and HC3 N all of which absorb near 670 cm−1 (de Kok et al., 2007; Coustenis et al., 2007). Analysis of CIRS
−8
observations in this spectral region imply a mole fraction of 1.5+0.4
that ap−0.4 × 10

pears constant with latitude and altitude (Flasar et al., 2005; de Kok et al., 2007;
Coustenis et al., 2007). The most recent CIRS analyses indicate that there may
be a slight enrichment in the 30◦ N and 39◦ N observations when compared to other
latitudes between 2 and 0.7 mbar and that the 30◦ N observations cannot be fit with
a profile that is constant with height (Vinatier et al., 2010). In situ measurements
of Titan’s atmosphere using the Close Source Neutral mode (CSN) of the Cassini
Ion and Neutral Mass Spectrometer (INMS) have placed an upper limit of 849 ppb
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on the CO2 abundance at an altitude of 1077 km (Cui et al., 2009).
The discovery of CO2 in Titan’s atmosphere by Voyager 1 led Lutz et al. (1983)
to search for CO using the Mayall Telescope at the Kitt Peak Observatory. They
used the 3-0 rotation-vibration band of CO at 1.6 µm to calculate an abundance of
6.0 × 10−5 in Titan’s troposphere. The CO 1-0 rotation-vibration band at 4.8 µm
has also been used to measure the tropospheric abundance of CO; Noll et al. (1996)
inferred a lower tropospheric CO abundance of 1.0

+1.0
−0.5

(2003) derived a tropospheric CO abundance of 3.2

× 10−5 , while Lellouch et al.

+1.0
−1.0

× 10−5 .

Muhleman et al. (1984) obtained the first stratospheric CO measurement from
microwave observations made with the Owen’s Valley Radio Observatory (OVRO).
They observed the CO 1-0 rotational line and found a best fit stratospheric mole fraction of 6.0×10−5 assuming abundance is constant with altitude. Marten et al. (1988)
observed the same line from IRAM (Institut de Radioastronomie Millimétrique) and
derived a CO mixing ratio of 2 × 10−6 , which is significantly smaller than the tropospheric value. This resulted in the idea that the CO mole fraction might decrease
with altitude. This assertion contradicts photochemical models that all predict a
uniform CO profile because of its long chemical lifetime (∼ 1 Gyr) (Yung et al.,
1984) and the fact that CO does not condense in Titan’s atmosphere. However,
Hidayat et al. (1998) suggest that the Marten et al. (1988) result is too low because
the telescope parameters were not well understood at the time of their analysis.
More recent OVRO observations of the CO 1-0 (Gurwell and Muhleman, 1995),
2-1 and 3-2 (Gurwell and Muhleman, 2000; Gurwell, 2004) rotational lines infer an
abundance of approximately 5.0 × 10−5 in the stratosphere, in agreement with the
previous OVRO observation (Muhleman et al., 1984). Aside from the Marten et al.
(1988) observation, the only microwave observations that do not find a CO mole
fraction of approximately 5.0 × 10−5 are those of Hidayat et al. (1998) who observed
the CO 1-0, 2-1, and 3-2 rotational lines. They found abundances of 2.9 × 10−5 at
60 km, 2.4 × 10−5 at 175 km, 4.8 × 10−6 at 350 km. They attributed the decrease
in CO above 175 km in their profile to CO production in the lower atmosphere and
CO destruction above 175 km. This prediction contradicts photochemical models
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and current understanding of Titan’s atmosphere, and the authors did not suggest
possible production or destruction mechanisms. López-Valverde et al. (2005) were
unable to fit their measurements of non-thermal emissions from CO at 5 µm using
the monotonically decreasing CO altitude profile inferred by Hidayat et al. (1998)
and instead infer a 32 ppm CO mole fraction in the troposphere and a stratospheric
CO abundance of 60 ppm.
Cassini CIRS measured emission from CO rotational lines in the far-IR between
30 and 60 cm−1 . This spectral range had not previously been used to measure
the CO abundance and provides an independent check on previous results (de Kok
et al., 2007). Assuming the CO mole fraction is constant with altitude and latitude,
−5
a mole fraction of 4.7+0.8
is inferred from the CIRS data (Flasar et al., 2005;
−0.8 × 10

de Kok et al., 2007). The Visible and Infrared Mapping Spectrometer (VIMS), also
−5
aboard Cassini, inferred a similar stratospheric CO abundance (3.2 +1.5
−1.5 ×10 ) from

measurements of nightside thermal emissions from the CO 1-0 band around 4.6 and
4.7 µm (Baines et al., 2006).
H2 O in Titan’s atmosphere was detected by Coustenis et al. (1998) using ISO.
They observed emission features of pure rotational H2 O lines at 227.8 cm−1 and
254 cm−1 . Assuming that the H2 O mole fraction is constant with height above the
condensation level, they derive a mole fraction of 4 × 10−10 (Coustenis et al., 1998).
Their data can also be fit using the profile of Lara et al. (1996) adjusted by a factor
−9
of 0.4, which results in an abundance of 8+6
at 400 km (Coustenis et al.,
−4 × 10

1998). CIRS looked for the rotational lines of H2 O between 110 and 190 cm−1 .
They did not detect H2 O above the noise level and found a 3 sigma upper limit on
the mole fraction of H2 O in Titan’s stratosphere of 9 × 10−10 (de Kok et al., 2007).
Firm in situ detections of H2 O have been made using the INMS CSN on at least 7
flybys and the values range from 4-34 ppm for the 7 flybys between 950 and 1200
km.
Based on these observations, we will use a CO2 mole fraction of 1.5×10−8 and
an H2 O mole fraction of 8 × 10−9 as targets for the stratosphere in our model. Although there has been much disagreement about the abundance of CO in Titan’s
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atmosphere, the Cassini observations are consistent with all of the previous stratospheric measurements except those of Hidayat et al. (1998) and are fairly consistent
with the more difficult tropospheric measurements. Taken as a whole, the CO observations possess no strong evidence for altitudinal or temporal variations and we
will therefore use a constant CO mole fraction of 5×10−5 as a target for our model.
Since the distribution of CO, CO2 and H2 O in Titan’s atmosphere appear to have
no observable latitudinal variation, a one-dimensional model should be sufficient for
modeling their abundances.
2.2.2 Sources of O in Titan’s atmosphere considered in previous work
Since the discovery of oxygen bearing species in Titan’s atmosphere, a variety of
sources have been suggested. CO2 forms from the reaction of OH and CO, so
Samuelson et al. (1983) suggested that the source of CO2 on Titan was a flux
of H2 O from sputtering of icy satellite and ring material or micrometeorite ablation. For many years, the reaction of OH from micrometeorite ablation with methyl
radicals (OH + CH3 → CO + 2H2 ) was thought to be the source of CO in Titan’s
atmosphere. Thus, H2 O was the only oxygen source necessary for the formation of
CO and CO2 . Accordingly, micrometeorite ablation has been invoked as a source of
oxygen in Titan’s atmosphere in many studies (Yung et al., 1984; Toublanc et al.,
1995; Lara et al., 1996; English et al., 1996; Coustenis et al., 1998; Wilson and
Atreya, 2004; de Kok et al., 2007). However, the reaction between CH3 and OH
is not the major pathway for the production of CO (Wong et al., 2002). Instead
the reaction proceeds as OH + CH3 → H2 O + CH2 , essentially recycling the H2 O
destroyed by photolysis (Wong et al., 2002; Baulch et al., 1994; Pereira et al., 1997;
Oser et al., 1992). H2 O from micrometeorite ablation cannot be the major source
of CO in Titan’s atmosphere.
Although H2 O deposited in Titan’s atmosphere does not result in the formation
of CO, it is necessary for the formation of CO2 . English et al. (1996) investigated
micrometeorite ablation in Titan’s atmosphere and found that peak ablation occurs
around 750 km resulting in an integrated H2 O deposition rate of 3.1 × 106 cm−2 s−1
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Table 2.1: Summary of measurements of oxygen species in Titan’s atmosphere
∗
indicates a range of individual detections from Cui et al. (2009)
Remote Sensing Measurements
Altitude
CO (ppm) Wavelength
Reference
Troposphere 60
1.57 µm
Lutz et al. (1983)
Troposphere 10 +10
4.8
µm
Noll
et al. (1996)
−5
+10
Troposphere 32 −10
4.8 µm
Lellouch et al. (2003)
Stratosphere 60 +40
2.6
mm
Muhleman et al. (1984)
−40
+2
Stratosphere 2 −1
2.6 mm
Marten et al. (1988)
60 km
29 +9
0.85-2.6
mm
Hidayat et al. (1998)
−5
+5
175 km
24 −5
0.85-2.6 mm Hidayat et al. (1998)
+0.3
350 km
4.8 −0.15
0.85-2.6 mm Hidayat et al. (1998)
Stratosphere 50 +10
2.6 mm
Gurwell and Muhleman (1995)
−10
+6
Stratosphere 52 −6
1.3 mm
Gurwell and Muhleman (2000)
Stratosphere 51 +4
0.9
mm
Gurwell (2004)
−4
Stratosphere 60
4.8 µm
López-Valverde et al. (2005)
Stratosphere 45 +15
150-500
µm
Flasar et al. (2005)
−15
+15
Stratosphere 32 −15
4-5 µm
Baines et al. (2006)
Stratosphere 47 +8
150-500
µm
de Kok et al. (2007)
−8
Altitude
CO2 (ppb) Wavelength
Reference
Stratosphere 15 +15
15
µm
Samuelson
et al. (1983)
−8
+3
Stratosphere 14 −5
15 µm
Coustenis et al. (1989)
+5
Stratosphere 11 −5
15 µm
Letourneur and Coustenis (1993)
Stratosphere 20 +2
15
µm
Coustenis et al. (2003)
−2
+2
Stratosphere 16 −2
15 µm
de Kok et al. (2007)
Stratosphere 15 +4
15
µm
Coustenis et al. (2007)
−4
Altitude
H2 O (ppb) Wavelength
Reference
400 km
8+6
39.4,
43.9
µm
Coustenis et al. (1998)
−4
Stratosphere ≤ 0.9
53-91 µm
de Kok et al. (2007)
in situ Measurements
Altitude
CO2 (ppb) Instrument
Reference
1077 km
< 849
INMS CSN
Cui et al. (2009)
Altitude
H2 O (ppm) Instrument
Reference
∗
950-1200 km 4 − 34
INMS CSN
Cui et al. (2009)
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referred to the tropopause (Lara et al., 1996). From their detection of H2 O in the
atmosphere of Saturn, Feuchtgruber et al. (1997) calculated a necessary external
H2 O flux at Saturn of 3 − 50 × 105 cm−2 s−1 . These fluxes are similar to those
required by previous photochemical models to reproduce the CO2 abundance on
Titan if the CO abundance is fixed to observations (Wilson and Atreya, 2004). They
are also similar to fluxes inferred from observations of H2 O in Titan’s atmosphere
(Samuelson et al., 1998; Coustenis et al., 1998).
H2 O deposition cannot explain the observed CO abundances, thus other sources
have been suggested for the origin of Titan’s CO. Lara et al. (1996) showed that a
CO flux from micrometeorites could reproduce observed CO and CO2 abundances if
the micrometeorites were 80 percent H2 O and 20 percent CO (estimated abundance
in comets is 10 percent CO). However, the photochemical model of Lara et al. (1996)
employed the incorrect OH + CH3 reaction; consequently their calculation resulted
in a much higher CO abundance than would result using the correct products. Other
suggestions include surface sources such as an ocean (Lara et al., 1996; Dubouloz
et al., 1989), volcanic outgassing of CO (Lara et al., 1996; Samuelson et al., 1983;
Wilson and Atreya, 2004; Baines et al., 2006), episodic resupply by cometary impacts
(Lellouch et al., 2003), or that the CO currently observed is the remanent of a much
larger primordial atmospheric abundance (Wilson and Atreya, 2004; Wong et al.,
2002).
2.2.3 Summary of previous models
Since the discovery of oxygen bearing species in Titan’s atmosphere, a variety of
sources have been suggested. The formation of CO2 from the reaction of OH and
CO led Samuelson et al. (1983) to suggest that the source of CO2 on Titan was a flux
of H2 O from sputtering of icy satellite and ring material or micrometeorite ablation.
English et al. (1996) investigated micrometeorite ablation in Titan’s atmosphere
and found that peak ablation occurs around 750 km resulting in an integrated H2 O
deposition rate of 3.1 × 106 cm−2 s−1 referred to the tropopause (Lara et al., 1996).
From their detection of H2 O in the atmosphere of Saturn,Feuchtgruber et al. (1997)
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calculated a necessary external H2 O flux at Saturn of 3 − 50 × 105 cm−2 s−1 . These
fluxes are similar to those required by previous photochemical models to reproduce
the CO2 abundance on Titan if the CO abundance is fixed to observations (Wilson
and Atreya, 2004). They are also similar to fluxes inferred from observations of H2 O
in Titan’s atmosphere (Samuelson et al., 1998; Coustenis et al., 1998).
For many years, the reaction OH + CH3 → CO + 2H2 was thought to be the
source of CO in Titan’s atmosphere. Thus, H2 O was the only oxygen source necessary for the formation of CO and CO2 . Accordingly, micrometeorite ablation has
been invoked as a source of oxygen in Titan’s atmosphere in many studies (Yung
et al., 1984; Toublanc et al., 1995; Lara et al., 1996; English et al., 1996; Coustenis
et al., 1998; Wilson and Atreya, 2004; de Kok et al., 2007). However, laboratory
results indicate that the reaction between CH3 and OH is not the major pathway for
the production of CO. Instead the reaction proceeds as OH + CH3 → H2 O + CH2 ,
essentially recycling the H2 O that was destroyed by photolysis (Baulch et al., 1994;
Pereira et al., 1997; Oser et al., 1992). The importance of this for Titan was first
recognized by Wong et al. (2002). It implies that H2 O from micrometeorite ablation
cannot be the major source of CO in Titan’s atmosphere. The correct products
for OH + CH3 have also been included in the comprehensive model of Wilson and
Atreya (2004). This fundamental difference between the models of Yung et al.
(1984), Toublanc et al. (1995), and Lara et al. (1996) and the models of Wong et al.
(2002) and Wilson and Atreya (2004) makes comparisons between the two sets of
models irrelevant. Thus the discussion here will be limited to Wong et al. (2002)
and Wilson and Atreya (2004). However, all of the models are summarized in Table
2.2.
The failure of the external H2 O hypothesis to explain the observed levels of CO
has led to searches for other sources. Wong et al. (2002) showed that an H2 O flux
from micrometeorite ablation of 1.5 × 106 cm−2 s−1 leads to a CO mole fraction of
1.8 × 10−6 , which is much smaller than the observed value. Then they assumed that
there must be another source of CO and used a CO flux from the surface of 1.1 ×
106 cm−2 s−1 . That model reproduced the observed CO mole fraction with a value of
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5.2 × 10−6 . However, their model was designed to investigate the isotopic evolution
of CO over Titan’s history and they did not report their calculated values of CO2 or
H2 O so it is not possible to evaluate how well their model reproduced the observed
oxygen bearing species in Titan’s atmosphere. The photochemical model of Wilson
and Atreya (2004), was also unable produce enough CO to match observations using
a larger H2 O influx from micrometeorite ablation of 5 × 106 cm−2 s−1 referred to the
surface. Their remedy was to fix the CO abundance to the observed value of 5×10−5 .
They find that 54 percent of H2 O destroyed is recycled back to H2 O and the OH
radicals that are not recycled back to H2 O almost always end up in CO2 . They were
able to match the CO2 observations by assuming an external source of H2 O. Since
they were unable to reproduce the CO observations, they conclude that the CO is
likely primordial.
The difficulties with the H2 O deposition models have led to numerous other
suggestions for the origin of CO including, surface and subsurface sources such as
volcanic outgassing of CO trapped in ice from the solar nebula (Lara et al., 1996;
Samuelson et al., 1983; Baines et al., 2006), CO itself contained in micrometeorites
(Lara et al., 1996), CO supplied by cometary impacts (Lellouch et al., 2003), a
surface source such as an ocean (Lara et al., 1996; Dubouloz et al., 1989) or that
the CO currently observed is the remanent of a much larger primordial atmospheric
abundance (Wilson and Atreya, 2004; Wong et al., 2002). None of the models
mentioned above considered the consequences of an external source of O or O+ . We
show below that the chemistry initiated by O or O+ (which is quickly converted to
O) differs fundamentally from that initiated by H2 O or OH and does in fact lead to
production of CO.

Table 2.2: Summary of previous models
CO mole fractions in bold were fixed in the model. All fluxes refer to the surface
Mole Fraction
Boundary Conditions
150 km
400 km
(fluxes given in cm−2 s−1 )
CO
CO2
H2 O
CO lower
CO upper
H2 O upper
Yung et al. (1984)
1.8 × 10−4 8.0 × 10−9 1.0 × 10−9 φ = 0
φ = 8.8 × 104 φ = −6.1 × 105
Toublanc et al. (1995)
2.0 × 10−6 2.0 × 10−12 3.0 × 10−9 χ = 2.0 × 10−6
φ = −1.5 × 106
Lara et al. (1996) (equilibrium) 1.0 × 10−5
φ = −6.0 × 106
−5
−8
−8
6
Lara et al. (1996) (alternative) 5.0 × 10
1.5 × 10
2.0 × 10
φ = −1.6 × 10 φ = −6.2 × 106
Wong et al. (2002) (standard)
5.2 × 10−5
φ = 1.1 × 106
φ = −1.5 × 106
−6
Wong et al. (2002) (equilibrium) 1.8 × 10
φ = −1.5 × 106
Wilson and Atreya (2004)
5.0 × 10−5 2.0 × 10−8 1.0 × 10−8 χ = 5.0 × 10−5
φ = −5.0 × 106
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2.3 Model calculations
2.3.1 Energetic O+ deposition
The Cassini Plasma Spectrometer (CAPS) detected oxygen ions precipitating into
Titan’s atmosphere (energies ∼1keV) (Hartle et al., 2006). When oxygen ions enter
Titan’s atmosphere they lose energy both through electronic excitations and momentum transfer to the ambient molecules, primarily N2 . The altitude of deposition
is determined by the stopping power, given by
dE
≈ nb (Se + Sn ),
dX

(2.1)

where Se and Sn are the electronic and nuclear stopping cross sections and nb is
the density of molecules encountered (Johnson, 1990). Experimentally determined
stopping cross sections were not available for oxygen ions in nitrogen at the energies
of interest. However, they can be estimated from empirical equations that match
experimental measurements at higher energies (10 to 105 keV) (Ziegler, 1980, 1984).
The stopping power is used to calculate the column abundance required to stop the
oxygen ions and the corresponding altitude is found using the model atmosphere
discussed in Section 3.3. For 1 keV oxygen ions, the deposition altitude is approximately 1100 km. The deposition altitude as a function of oxygen ion energy is
shown in Figure 2.1.
The final charge and energy states of the deposited oxygen ions are important for
determining subsequent participation in chemical reactions. Initially, the energetic
beam is a mix of ions and neutrals; as the particles slow the neutral state becomes
favored and we assume that the entire beam is converted to neutral oxygen. To determine the final energy states, we calculated emission cross sections for the excited
states of neutral oxygen, O(1 S), O(3 S), O(5 S), and O(1 D) following the methods of
Edgar et al. (1975) and Ishimoto et al. (1992). We compared the calculated cross
sections to the total charge transfer cross section for production of O from O+ + N2
from Moran and Wilcox (1978). For 1 keV oxygen ions in a mixed state (O+ (4 S)
(ground state) and O+ (2 D) (excited state)), the charge transfer cross section is ap-
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proximately 10−15 cm2 . Of the excited oxygen states, O(1 D) has the largest emission
cross section, approximately 10−17 cm2 at 1 keV (Moran and Wilcox, 1978). Since
the emission cross sections are at least two orders of magnitude smaller than the
total charge transfer cross section we assume that all of the oxygen ions end up as
ground state oxygen (O(3 P)) when they are deposited. Lindsay et al. (1998) showed
that the charge transfer cross section for O+ -N2 is highly dependent on the initial
energy state of the oxygen ions, particularly at lower energies where the cross section
is an order of magnitude smaller for the ground states than for the excited states.
This effect is not included here because there is no data on the cross sections for
production of excited O+ , but it could raise the deposition altitude. As discussed in
Section 3.3 this uncertainty is not likely to have any effect on the oxygen chemistry.

Figure 2.1: Deposition altitude of the oxygen ions as a function of their incident
energy.

52
2.3.2 Chemistry
We consider oxygen chemistry in a fixed background of N2 and hydrocarbon species.
Lara et al. (1996) have shown that the nitrogen chemistry has only a small effect
on the hydrocarbon chemistry and our preliminary calculations indicate that this
is true of the oxygen chemistry as well. Densities of the important hydrocarbon
species are shown in Vuitton et al. (2008).
The hydrocarbon network consists of 40 species, ∼130 neutral-neutral reactions
and ∼40 photodissociations. It is based on the reaction list presented in Vuitton
et al. (2006a) and further extended to hydrocarbon species containing up to 6 carbon
atoms (Vuitton et al., 2008). Heavier molecules produced are removed in the form
of soot and are no longer involved in the chemistry. Ten oxygen-bearing species
participating in 32 reactions have been added to the hydrocarbon network. Reviews
and compilations of laboratory kinetic measurements provided the starting point for
this reaction list (Atkinson et al., 2006; Baulch et al., 1994; Sander et al., 2006).
In the following, we discuss the main production and loss pathways for the 3
oxygen-bearing species that have been detected in Titan’s atmosphere: H2 O, CO,
and CO2 . We emphasize the improvements we made in our chemical scheme by
comparison with previous photochemical models. The important chemical reactions
involving oxygen species are listed in Table 2.3 and the photodissociation reactions
for the oxygen species are listed in Table 2.4.
Any H2 O deposited in the upper atmosphere is quickly transformed to OH because C2 H radicals efficiently abstract an H atom. However, H2 O is rapidly recycled
by reaction of OH with CH3 (k12a ). H2 O ultimately diffuses to the stratosphere
where it is photodissociated to again produce OH radicals (J1a ). H2 O is recycled
there by reaction of OH with CH4 (k13 ). It follows that a steady state between OH
and H2 O is established throughout the atmosphere. If the input is OH instead of
H2 O, OH is quickly transformed to H2 O by the same reactions and the OH / H2 O
ratio and subsequent chemistry are very similar.
Wong et al. (2002) were the first to recognize that the insertion of OH in CH3
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leads mostly to H2 O formation (k12 ). This is drastically different from early photochemical models, which postulated that CO was the major product (Toublanc et al.,
1995; Lara et al., 1996; Yung et al., 1984). As a consequence, the oxygen-bearing
species distributions were quite different in those models, since reaction k12 was the
major CO production process.
CO can be readily produced by the insertion of incoming O(3 P) with the radical
CH3 (k7 ). If oxygen atoms are deposited in some excited state (O(1 D), O(1 S)), the
excess energy is quickly released (k1 - k3 ) to produce O(3 P) and the major product
is again CO. If the source is in the form of O(1 D), a small fraction of the incoming
oxygen (∼5%) is transformed to OH by reactions with H2 (k4 ) and CH4 (k5a ). As
mentioned above, if the source of oxygen is in the form of OH, CO is only a minor
product formed by secondary reactions of OH with CH3 in the upper atmosphere
(k12bc ) and C2 H4 at lower altitude (k15 ). The presence of CO2 is explained exclusively
by the reaction of OH with CO (k16 ). This is the only loss mechanism for CO. CO2 is
mostly lost by condensation, while the importance of photolysis is heavily dependent
on the value of the eddy coefficient in the lower atmosphere. Photolysis recycles CO2
back to CO (J3 ).
2.3.3 Description of model calculations
In order to investigate the chemistry of oxygen-bearing species, we first construct
a model for the distribution of temperature, density, and vertical mixing rate. The
model covers the entire atmosphere, from the surface to 1500 km. We adopt a
temperature-pressure profile derived by joining the Huygens Atmospheric Structure
Instrument (HASI) and Huygens’ Gas Chromatograph/Mass Spectrometer (GCMS)
data (Fulchignoni et al., 2005; Niemann et al., 2005) at altitudes below 100 km, with
results from the CIRS limb profiles (Vinatier et al., 2007) from 100 to 500 km. At
altitudes above 1000 km we use the empirical model of Müller-Wodarg et al. (2008),
which is based on the Cassini INMS measurements. The region between 500 and
1000 km is modeled by interpolating between the CIRS and INMS results in the
manner described by Yelle et al. (2008).

0

,
T range
200-300
200-300
200-300
200-300
200-300
113-333
100-2100
-

0 0
k0 k∞
0
0
k0 [M ]+k∞

k0 and k∞ bimolecular and unimolecular rate constants, respectively.
Reaction
Rate constant (k∞ /k0 )
1
1
→ O( D)
1.3×100
O( S)
O(1 D)
→ O(3 P)
6.7×10−3
O(1 D) + N2
→ O(3 P) + N2
2.2×10−11 exp(+110/T)
O(1 D) + H2
→ OH + H
1.1×10−10
O(1 D) + CH4
→ OH + CH3
1.1×10−10
→ CH3 O + H
3.0×10−11
→ HCHO + H2
7.5×10−12
O(1 D) + CO
→ O(3 P) + CO
4.7×10−11 exp(+63/T)
→ CO2
8.0×10−11 c
1.0×10−30 c
Continued on next page

0

modified Lindemann-Hinshelwood expression for 3-body reactions: k =

with
R
k1
k2
k3
k4
k5a
k5b
k5c
k6a
k6b

d

Reference
Koyano et al. (1975)
Okabe (1978)
Sander et al. (2006)
Sander et al. (2006)
Sander et al. (2006)
Sander et al. (2006)
Sander et al. (2006)
Davidson et al. (1978)
Tully (1975)
Estimated

Chemical kinetics reaction list for oxygen-bearing species along with rate coefficients, temperature range at which the
rate coefficients were measured/calculated and references. For 3-body reactions, low and high pressure rate coefficients
are in italic and bold respectively. Rate coefficients are in s−1 (unimolecular in bold), cm3 s−1 (bimolecular) or cm6 s−1
(termolecular in italic).
a
assumed to ultimately produce CO, in particular CH3 OH photolyzes to form either CH3 O or HCHO
(Harich et al., 1999; Satyapal et al., 1989), which are quickly converted to CO
b
assumed to ultimately produce CO2
k∞ [M ]
c
,
conventional Lindemann-Hinshelwood expression for 3-body reactions: k = kk00[M
]+k∞
with k0 and k∞ termolecular and bimolecular rate constants, respectively.

Table 2.3: Chemical kinetics reaction list for oxygen-bearing species
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Reaction
O(3 P) + CH3

Rate constant (k∞ /k0 )
→ HCHO + H
6.9×10−11
→ CO + H2 + H
5.7×10−11
O(3 P) + HCO
→ CO2 + H
5.0×10−11
→ CO + OH
5.0×10−11
O(3 P) + CH3 CO → CO2 + CH3
2.6×10−10
→ CH2 COa + OH 6.4×10−11
OH + H2
→ H2 O + H
7.7×10−12 exp(-2100/T)
OH + 3 CH2
→ HCHO + H
3.0×10−11
OH + CH3
→ H2 O + 1 CH2
6.4×10−8 T+5.8 exp(+485/T)d
1.8×10−8 T−0.91 exp(-275/T)d
k12b
→ HCHO + H2
1.1×10−17 T+8.0 exp(+1240/T)d
3.8×10−14 T−0.12 exp(+209/T)d
k12c
→ CH3 OHa
7.2×10−9 T−0.79 c
1.1×10−10 T−6.21 exp(-671/T)c
k13 OH + CH4
→ H2 O + CH3
1.9×10−12 exp(-1690/T)
k14 OH + C2 H2
→ CH3 CO
9.2×10−18 T+2 c
5.5×10−30 c
k15 OH + C2 H4
→ HOCH2 CHa2
1.1×10−9 T−0.85 c
1.4×10−17 T−4.5 c
k16a OH + CO
→ CO2 + H
1.4×10−13 (1+[N2 ]/4.2 × 1019 )
k16b
→ HOCOb
1.8×10−9 T−1.3 c
2.0×10−36 T1.4 c
k17 HCO + H
→ CO + H2
1.5×10−10
k18 HCO + CH3
→ CO + CH4
2.0×10−10
Continued on next page

R
k7a
k7b
k8a
k8b
k9a
k9b
k10
k11
k12a

T range
295
295
300-2500
300-2500
298-1500
298-1500
200-450
300-2500
290-700
290-700
290-700
290-700
290-700
290-700
200-300
228-1400
228-1400
96-296
96-296
200-300
200-300
200-300
300-2500
300-2500

Reference
Hack et al. (2005)
Hack et al. (2005)
Baulch et al. (1992)
Baulch et al. (1992)
Baulch et al. (1994)
Baulch et al. (1994)
Atkinson et al. (2004)
Tsang and Hampson (1986)
Pereira et al. (1997)
Pereira et al. (1997)
Pereira et al. (1997)
Pereira et al. (1997)
Pereira et al. (1997)
Pereira et al. (1997)
Atkinson et al. (2006)
Sander et al. (2006)
Sander et al. (2006)
Sander et al. (2006)
Sander et al. (2006)
Atkinson et al. (2006)
Sander et al. (2006)
Sander et al. (2006)
Baulch et al. (1992)
Tsang and Hampson (1986)
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Reaction
CH3 O + H
CH3 O + CH3
CH3 CO + CH3

C2 H + H2 O

R
k19
k20
k21a
k21b
k21c

k22

→

→
→
→
→
→

Rate constant (k∞ /k0 )
HCHO + H2
3.0×10−11
HCHO + CH4 4.0×10−11
CO + C6 H6
5.4×10−11
CH2 COa + CH4 1.0×10−11
CH3 COCHa3
7.0×10−11 c
1.0 × 10−30 c
OH + C2 H2
2.1×10−12 exp(-200/T)

T range
300-1000
300-2500
298
298
298
295-451

Reference
Baulch et al. (1992)
Tsang and Hampson (1986)
Adachi et al. (1981)
Hassinen et al. (1990)
Hassinen et al. (1990)
Estimated
Vanlook and Peeters (1995)
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Table 2.4: Photodissociation reactions for the oxygen-bearing species included in our model.
a
This channel produces excited CO (CO∗ ), which we assume is quickly de-excited to the ground state.
Cross Section
Quantum Yield
R Reaction
Wavelength Temp Reference
Wavelength Reference
(nm)
(K)
(nm)
J1a H2 O
→ OH + H
100-115
298 Chan et al. (1993c)
100-124
Mordaunt et al. (1994)
J1b
→ O(1 D) + H2
115-194
298 Mota et al. (2005)
124-140
Stief et al. (1975)
3
J1c
→ O( P) + H + H
140-194
Sander et al. (2006)
3
J2 CO
→ C + O( P)
6-60
298 Chan et al. (1993a)
6-100
Okabe (1978)
60-100
295 Cook et al. (1965)
J3a CO2
→ CO∗a + O(3 P) 100-117
298 Chan et al. (1993b)
100-129
Lawrence (1972)
J3b
→ CO + O(1 D)
117-163
195 Yoshino et al. (1996)
129-300
Okabe (1978)
1
J3c
→ CO + O( S)
163-192
195 Parkinson et al. (2003)
192-300
298 Shemansky (1972)
J4 HCO
→ CO + H
613-616
295 Flad et al. (2006)
Estimated
J5a HCHO → HCO + H
225-375
223 Meller and Moortgat (2000) 225-250
Glicker and Stief (1971)
J5b
→ CO + H2
250-375
Sander et al. (2006)
J5c
→ CO + H + H
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The vertical mixing rate is a critical aspect of the oxygen chemistry on Titan
but is impossible to predict from first principles. We model the vertical mixing with
an empirical eddy diffusion coefficient, K, the general characteristics of which are
well-established from previous investigations. The value in the lower stratosphere,
from 50 to 100 km, must be very low in order to explain the large abundance of
photochemically produced species in Titan’s atmosphere. This assumption, first
made by Yung et al. (1984), has been adopted in all Titan photochemical models.
The essential requirement is that K must be small in the region just above where
photochemical products condense so there is a barrier between the sources at high
altitude and the sink at low altitude, resulting in a build-up of large densities. The
value of K in the upper atmosphere is best constrained by INMS measurements of
the
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Ar distribution (Yelle et al., 2008). In order to match both these constraints

we adopt the following form for the eddy profile,
K(z) =

K◦ (p◦ /p)γ K∞
,
K◦ (p◦ /p)γ + K∞

(2.2)

where p is the pressure, p◦ = 1.77 × 103 Pa and γ = 2.0 (Yelle et al., 2008).
Of primary importance here is the value of K in the lower stratosphere which is
controlled by the K◦ parameter. We adopt K∞ = 3 × 107 cm2 s−1 for all models
presented here but consider several values for K◦ . Figure 2.2 shows a typical K
profile with K◦ = 4 × 102 cm2 s−1 .
Molecular diffusion is also included in the model using molecular diffusion coefficients, D, primarily from Mason and Marrero (1970). However, we were unable
to find published measurements or models for the diffusion coefficient for HCHO in
N2 . In this case, we follow the prescription outlined in Hirschfelder et al. (1964) and
use the collision integrals based on the Lennard-Jones potential and force constants
for N2 and HCHO to estimate the diffusion coefficient of HCHO in N2 . With the
temperature-pressure profile, eddy profile, and molecular diffusion coefficients we
can calculate the N2 and CH4 distributions, as shown in Figure 2.2. The densities
of these constituents are treated as fixed as N2 and CH4 are far too abundant to be
altered by oxygen chemistry.
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Figure 2.2: The densities of CH3 , CH4 , and N2 as a function of altitude. Also plotted
is the eddy diffusion profile adopted in this study.
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The distribution of oxygen-bearing species is computed by solving the coupled
continuity and diffusion equations. The continuity equation is
1 ∂
dNi
= Pi − Li − 2 r2 Φ,
dt
r ∂r

(2.3)

where Pi and Li represent chemical production and loss and the third term is the
divergence of the diffusive flux, Φi . The flux is given by




∂Ni Ni (1 + α)Ni ∂T
∂Ni
Ni
Ni ∂T
Φi = −Di
+
+
−K
+
+
,
dr
Hi
T
∂r
dr
Ha
T ∂r

(2.4)

where Hi is the diffusive equilibrium scale height for the ith species, Ha is the scale
height for the background atmosphere, and α is the thermal diffusion coefficient.
Boundary conditions depend on the chemical species. Radicals are assumed to be
in chemical equilibrium at the lower boundary. Non-condensing species have zero
velocity at the lower boundary. H and H2 escape from the upper boundary as
described in Yelle et al. (2008). All other species are assumed to be in diffusive
equilibrium. CH4 is not calculated in the model; it is held fixed with the profile
presented in Yelle et al. (2008). The equations are converted to difference equations
on a finite grid with a spacing of 5 km and are solved by integrating to a steady
state, at which time the 3 terms on the right-hand-side of the continuity equation
balance to better than 10−8 times the value of the largest term. Calculations are
typically run for at least 1014 seconds resulting in a steady-state for even the most
inert species such as CO.
Photodissociation processes and chemical reactions included in the model are
listed in Tables 2.3 and 2.4 and are discussed further below. Photolysis rates are
computed for a global average, estimated as half the rate at a solar zenith angle of
60 degrees (Lebonnois and Toublanc, 1999). We represent the solar flux with the
EUVAC proxy model (Richards et al., 1994a,b). Sources for the photoabsorption
cross sections and branching ratios are listed in Table 2.4. We adopt a total aerosol
optical depth in the UV of 15 and assume that it is independent of wavelength.
Better constraints on the FUV properties of the aerosols are needed, but the uncertainly caused by this assumption is less than other aspects of the model (e.g. O+
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flux) and will not alter our conclusion. Rayleigh scattering is taken into account
using the cross sections of Dalgarno et al. (1967). The scattered radiation field is
calculated using a two-stream approximation.
The only sources of oxygen in our model are the precipitation of O+ ions from
the magnetosphere into the upper atmosphere and the inflow of OH or H2 O. We
model these as distributed production rates in the upper atmosphere assuming a
Chapman production function with a peak at 1100 km for O+ (from the O+ deposition calculations) and 750 km for OH or H2 O as calculated by English et al. (1996).
The details of the production function can affect densities at and above the deposition altitude somewhat, but for the lower atmosphere the only significant quantity
is the column-integrated production rate, which determines the flux to the lower
atmosphere. In particular, the densities in the lower atmosphere are not strongly
dependent on the peak deposition altitude. The only loss in the model is condensation in the troposphere. The condensation rate is assumed proportional to the
excess atmospheric pressure over the local vapor pressure with a constant of proportionality chosen to ensure insignificant supersaturation. Under Titan conditions
CO does not condense at all; therefore loss of oxygen occurs only through condensation of CO2 and H2 O. At lower values of K◦ the rate of CO2 condensation greatly
exceeds that of H2 O; at higher values of K◦ the condensation rates of CO2 and H2 O
are approximately equal. Other oxygen-bearing species (HCHO, HCO, OH, etc.)
have densities that are too small for condensation to occur in the atmosphere; these
species condense directly on the surface, but their abundances are so small that this
makes a negligible contribution to the overall balance.
2.4 Results and discussion
Since the stratospheric abundances of photochemically produced species are highly
dependent on the value of the eddy coefficient in the lower atmosphere, we investigated six values ranging from K◦ = 1 × 102 cm2 s−1 to K◦ = 1 × 103 cm2 s−1 . We
adjusted the values of the input fluxes of O and OH to reproduce the observed
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Table 2.5: Model Runs
The fluxes are referred to the surface.
Model
Input
Condensation
−2 −1
(cm s )
(cm−2 s−1 )
3
K◦
O( P)
OH
CO2
H2 O
2
5
5
5
A 1 × 10 3.3 × 10 6.6 × 10 4.6 × 10 7.1 × 104
B 2 × 102 7.5 × 105 1.4 × 106 9.2 × 105 3.0 × 105
C 3 × 102 1.2 × 106 2.3 × 106 1.4 × 106 7.1 × 105
D 4 × 102 1.6 × 106 3.5 × 106 1.8 × 106 1.3 × 106
E 6 × 102 2.4 × 106 6.0 × 106 2.8 × 106 2.8 × 106
F 1 × 103 4.0 × 106 1.3 × 107 4.6 × 106 7.5 × 106

Mole Fraction
150 km
400 km
CO
CO2
H2 O
−5
−8
5.0 × 10 1.5 × 10 1.3 × 10−9
5.0 × 10−5 1.5 × 10−8 2.4 × 10−9
5.0 × 10−5 1.5 × 10−8 3.5 × 10−9
5.0 × 10−5 1.5 × 10−8 4.6 × 10−9
5.0 × 10−5 1.5 × 10−8 4.7 × 10−9
5.0 × 10−5 1.5 × 10−8 6.9 × 10−9

abundances of CO and CO2 . The ability to simultaneously reproduce the H2 O
observations is an important test for the model. Table 2.5 lists input parameters
and key output parameters for several model runs. We discuss Model D in detail
because the input fluxes of O and OH are closest to the nominal values of Hartle
et al. (2006), Feuchtgruber et al. (1997), and English et al. (1996) and the value
of K◦ = 4 × 102 cm2 s−1 used in Model D has been shown to accurately reproduce
CIRS observations of hydrocarbon species (Vuitton et al., 2008) and is similar to
the value derived from CIRS observations (Vinatier et al., 2007). The mole fractions of the most abundant oxygen-bearing species for Model D are shown in Figure
2.5, the primary photodissociation rates are shown in Figure 2.3, and the important chemical reaction rates are shown in Figure 2.4. Model D adequately matches
all the observational constraints, including H2 O (both in the stratosphere and the
thermosphere).
Unlike all previous photochemical models, the main CO production pathway is
the reaction of O with CH3 , which produces CO directly (k7b ) or indirectly through
formation of HCHO in this same reaction (k7a ). The HCHO is photolyzed to produce
CO (k5b , k5c ) or HCO (k5a ). The HCO reacts with H or CH3 to again produce CO
(k17 , k18 ). The important reaction rates are shown in Figure 2.4. The net result
is that essentially all of the input O is converted quickly to CO. These processes
occur primarily in the upper atmosphere. The main production peak for CO occurs
at ∼1100 km, where O(3 P) is primarily deposited. A secondary peak at ∼200 km
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Figure 2.3: Photodissociation rates for the major oxygen species. The dashed lines
are H2 O, the dash-dot lines are HCHO and the dash-triple dot lines are CO2 . The
products are described in Table 2.4.
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arises following the production of O atoms and CO by CO2 photolysis (J3 ).
The observed O+ influx rate of ∼ 106 cm−2 s−1 (Hartle et al., 2006) can supply
the observed abundance of CO in Titan’s atmosphere in approximately 300 million
years, much shorter than the age of the solar system. If O+ has been incident upon
Titan for longer than that, a loss process is needed to limit the build-up of CO in
the atmosphere. Once formed, CO is difficult to remove. CO does not condense in
Titan’s atmosphere and direct CO photolysis is negligible because it is shielded by
the far more abundant N2 . The only loss is through reaction with OH (k16 ), which
occurs from 100 to 600 km with a maximum rate of 0.1 cm−3 s−1 in Model D. The
net loss rate of CO is equal to loss through CO2 formation minus the production
from CO2 photolysis. The column-integrated rates for these processes are 1.91 × 106
cm−2 s−1 and 8.42 × 104 cm−2 s−1 . Neglecting smaller channels involving HCHO, the
difference is equal to the sum of the input O flux and the oxygen produced by CO2
photolysis. Since CO is inert and has essentially the same molecular weight as N2 ,
it is efficiently redistributed by diffusion resulting in a calculated mole fraction that
is constant throughout the atmosphere at 5 × 10−5 .
CO2 is produced through reaction of CO and OH. The CO2 mole fraction decreases at high altitudes due to diffusive separation but is relatively constant in
the stratosphere with a value of 1.5 × 10−8 . The mole fraction decreases towards
the lower atmosphere as CO2 diffuses downward into the condensation region. CO2
production peaks at ∼200 km altitude (k16 ) and peak CO2 photodissociation occurs
at 250 km with a rate of 5.5 × 10−3 cm−3 s−1 . Loss is due to photolysis and condensation. The column-integrated condensation rate for Model D is 1.83 × 106 cm−2 s−1 ,
while the column-integrated photolysis rate is 8.42 × 10−4 cm−2 s−1 ; condensation is
responsible for approximately two-thirds of the CO2 loss for this model. As shown
in Table 2.5, twice the column-integrated condensation rate of CO2 is precisely the
sum of O and OH fluxes minus the column-integrated condensation rate of H2 O.
The CO2 condensation rates for our models correspond to the accumulation of tens
of centimeters to a meter of CO2 on the surface over the age of the solar system.
McCord et al. (2008) modeled VIMS spectra using CO2 frost on the surface, but
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Figure 2.4: Important reaction rates as a function of altitude. The dotted line
is O(3 P) + CH3 → HCHO + H, the dashed line is O(3 P) + CH3 → CO + H2 + H,
the dash-dot line is OH + CH3 → H2 O + 1 CH2 , the dash-triple dot line is
OH + CH4 → H2 O + CH3 , and the solid line is OH + CO → CO2 + H.
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our condensation rate is three orders of magnitude less than that of C2 H6 (the
major condensing species) so it is unclear if the smaller amount of CO2 would be
detectable.
As previously discussed, any OH in Titan’s upper atmosphere is immediately
converted to H2 O through reactions with CH3 . However, there is a small steadystate abundance of OH due to photolysis of H2 O. It is this OH population that
is responsible for destroying CO and forming CO2 . For Model D photolysis is the
dominant H2 O loss mechanism with a column-integrated value of 3.13×106 cm−2 s−1 .
Condensation plays an increasingly important role as K◦ increases, and at K◦ =
1 × 103 cm2 s−1 (Model F) condensation is responsible for almost half the H2 O loss.
The calculated H2 O mole fraction increases with increasing altitude and has a value
−9
4.6 × 10−9 at 400 km, consistent with the observed abundance of H2 O of 8+6
−4 × 10

(Coustenis et al., 1998).
These general characteristics of all the models listed in Table 2.5 are the same,
but some of the details do differ. Figure 2.6 shows the dependence of the O and OH
fluxes required to match the observed CO and CO2 mole fractions as a function of
K◦ . In general, the ratio of the OH and O fluxes controls the CO2 abundance and
the magnitude of these fluxes determines the CO mole fraction. In most cases, the
OH flux required to produce the observed CO2 abundance is a little less than twice
the O flux. Larger values of K◦ require larger fluxes because the molecules formed
in the upper atmosphere are transported to the loss region in the lower atmosphere
more quickly. It is a strong argument in favor of this model that calculations with
the accepted values of K◦ and the input O flux consistent with the magnetospheric
measurements predicted mole fractions for oxygen-bearing species in agreement with
observational constraints.
2.5 Summary
We demonstrate that the observed densities of CO, CO2 , and H2 O can be explained
by a combination of O and OH or H2 O input to the upper atmosphere. It is essential
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Figure 2.5: The mole fraction of CO2 (dashed), H2 O (dash-triple dot), CO (solid),
HCHO (dash-dot), HCO (dotted) and OH (long dash) as a function of altitude for
K◦ = 4. × 10−2 cm−2 s−1 from Model D. The horizontal bar represents the derived
mole fraction of H2 O and the vertical line indicates the width of the contribution
function from the ISO observations (Coustenis et al., 1998). The boxes represent
CIRS observations of CO and CO2 (de Kok et al., 2007) and the INMS detections of
H2 O Cui et al. (2009). The mole fractions are inferred to be constant with altitude
within the boxes for CO and CO2 .
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Figure 2.6: OH and O(3 P) fluxes required to reproduce a CO mole fraction of
5 × 10−5 and CO2 mole fraction of 1.5 × 10−8 at 150 km as a function of eddy
diffusion coefficient in Titan’s lower atmosphere. (K◦ ).
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to have sources of both atomic oxygen and OH or H2 O in order to produce both
CO and CO2 . Input of O alone produces only CO, and with only O input there is
no effective loss process for CO and steady-state solutions are not possible. Input
of OH or H2 O alone does not produce CO and only produces CO2 if CO is already
present.
Production of both CO and CO2 by only H2 O influx, considered in several previous investigations (Yung et al., 1984; Toublanc et al., 1995; Lara et al., 1996)
and adopted as an explanation in several observational papers, is not possible. The
previous studies that employed this assumption were able to match observations
only because incorrect products were assumed for the reaction of OH and CH3 . The
investigations by Wong et al. (2002) and Wilson and Atreya (2004) employed the
correct chemistry, but were still unable to reproduce the observed CO abundances.
They attempted to explain the observations by invoking an internal source of CO in
addition to an external source of H2 O or by assuming that the observed CO is the
remnant of a larger primordial abundance. We show that, given the detection of O+
precipitation into Titan’s upper atmosphere, it is no longer necessary to invoke outgassing from Titan’s interior as a source for atmospheric CO or to assume that the
observed CO is the remnant of a larger primordial abundance in Titan’s atmosphere.
Instead, it is most likely that the oxygen bearing species in Titan’s atmosphere are
the result of external input. The flux of O+ into Titan’s atmosphere represents only
10−4 of the estimated H2 O source rate at Enceladus (Hartle et al., 2006; Hansen
et al., 2006), suggesting that the possibility of an Enceladus source deserves further
investigation. This small flux nevertheless is responsible for synthesis of CO, the
fourth most abundant molecule in Titan’s atmosphere.
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CHAPTER 3
THOLIN PRODUCTION AND ANALYSIS

La machine, qui semblait d’abord l’en écarter, le soumet
avec plus de rigueur encore aux grands problèmes naturels
- Terre des Hommes, Antoine de Saint-Exupéry
3.1 Introduction
The striking colors characteristic of some outer solar system atmospheres, including that of Titan, led to the speculation that these atmospheres contained some
type of aerosol absorber. This material, first known as “Axel dust” (Axel, 1972)
or “Danielson dust” (Danielson et al., 1973; Allen et al., 1980), was believed to
contain nitrogen or sulfur since such molecules are known to act as chromophores,
ranging in color from yellow to red (Khare and Sagan, 1973; Scattergood and Owen,
1977). Although the Voyager spacecraft had yet to reveal the unique composition
and complexity of Titan’s atmosphere, in the laboratory a variety of gas mixtures
were subjected to energy sources, such as UV or electric discharge and the resulting
solid material was analyzed. These experiments were first designed to investigate
the optical properties of the resulting aerosols in the hope of finding the source of
the unique colors observed in the atmospheres of Jupiter and Titan. “Axel dust”
was quickly replaced by the word “tholin”, first coined by Sagan and Khare (1979).
They wrote,“The product, synthesized by ultraviolet (UV) light or spark discharge,
is a brown, sometimes sticky, residue, which has been called, because of its resistance to conventional analytical chemistry, ‘intractable polymer.’...It is clearly
not a polymer– a repetition of the same monomeric unit– and some other term is
needed...We propose, as a model-free descriptive term ‘tholins’..., although we were
tempted by the phrase ‘star-tar’.”
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The data obtained by the Voyager spacecraft revealed an atmosphere primarily composed of N2 and CH4 , where solar ultraviolet, cosmic rays, and energetic
electrons from Saturn’s magnetosphere dissociate and ionize N2 and CH4 initiating
chemical processes that result in the irreversible destruction of CH4 leading to the
formation of H2 and a wealth of other complex organic molecules. The subsequent
aggregation and heterogeneous chemistry of these molecules produces the aerosols
responsible for Titan’s characteristic orange color and distinctive haze layers. The
focus of Titan atmosphere simulation experiments then shifted to attempting to
reproduce the stratospheric gas composition (and relative abundances) and haze
optical properties observed by Voyager. By the 2004 arrival of the Cassini-Huygens
spacecraft to the Saturnian system, all the CNHO molecules known to exist in Titan’s atmosphere could be produced from an initial N2 /CH4 gas mixture in the
laboratory, in relative abundances roughly consistent with those observed by Voyager (see e.g. (Coll et al., 1995; de Vanssay et al., 1995)).
The wealth of in situ and remote sensing observations obtained by CassiniHuygens has provided new constraints on Titan’s aerosols and indicates that their
formation initiates much higher in the atmosphere than previously believed. The
aerosols therefore carry the signature of upper atmosphere processes, though they
undergo additional chemical and physical processing as they settle to the surface.
During this time the initially spherical particles eventually form fractal aggregates,
which can serve as condensation nuclei for molecules that condense in the lower
atmosphere such as HCN, C2 H6 and CH4 .
Since the aerosols are produced globally, they are eventually deposited onto a
wide variety of surface environments, possibly allowing for further alteration under different conditions. Numerous lakes and fluvial features mottle the surface of
Titan and provide a liquid hydrocarbon environment (CH4 , C2 H6 , higher order hydrocarbons and HCN) for further chemistry to occur. Deposition in the lakes will
result in separation of the organic material in the aerosols based on solubility, as the
lighter non-polar molecules will dissolve while the insoluble organics will precipitate
onto the lakebed. Aerosols may also interact with cryovolcanic flows (presumably
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composed of H2 O and NH3 ) or impact generated melt pools.
The aerosols found on the surface of Titan contain a chemical record of the
planetary processes occurring from Titan’s upper atmosphere to its interior. Titan’s
past, present and future are encoded in the composition of its aerosols. It is the
complexity of organic materials and the breadth of planetary processes encoded in
those materials that make Titan unique.
However, the instruments carried by Cassini-Huygens were not designed to fully
characterize the heavy molecules discovered in Titan’s upper atmosphere or the
aerosols found in the atmosphere and on the surface. Until we can return to Titan, laboratory experiments and atmospheric models are necessary to further our
understanding of the complex chemical processes occurring in Titan’s atmosphere.
3.1.1 Observations
Prior to the arrival of the Voyager spacecraft, evidence for an aerosol absorber
in Titan’s atmosphere was already mounting. The low geometric albedo in the
ultraviolet (Caldwell, 1975), the temperature inversion inferred from IR spectra
(Gillett, 1975), the presence of significant scattering in the atmosphere based on the
morphology of the methane bands (Trafton, 1975), and the inability to reproduce
the optically thick atmosphere in the visible seen through polarization measurements
using only gaseous absorbers (Veverka, 1973; Zellner, 1973) all strongly implied
the presence of aerosols in Titan’s atmosphere. Modeling efforts constrained some
properties of the particles such as the radius and the refractive indices (see e.g.
Rages and Pollack (1980)). The aerosol production rate was constrained prior to
the arrival of the Voyager spacecraft; Podolak and Bar-Nun (1979) calculated an
aerosol production rate of 3.5 × 10−14 g cm−2 s−1 based on the observed optical
properties of Titan’s haze. More recent calculations also find values on the order
of 10−14 g cm−2 s−1 (McKay et al., 1989; Rannou et al., 2003; Lavvas et al., 2009,
2011).
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3.1.1.1 Voyager
Images and polarization measurements from Voyager 1 and 2 further constrained
the properties of the aerosols in Titan’s atmosphere. From images taken by both
Voyager spacecraft, the aerosols were found to be strongly forward scattering implying a radius greater than 0.2 microns (Rages et al., 1983). However, polarization
measurements from Pioneer 11 (Tomasko, 1980) and Voyager 2 (West et al., 1983)
required aerosols with a radius of less than 0.1 microns. Taken together, these two
conflicting constraints indicated that the aerosols either had a bimodal distribution
or they could not be spherical. The particles have be larger than 0.2 microns to
fit their forward scattering properties, but must also possess some dimension (from
surface irregularities, elongation, etc.) less than 0.1 microns to fit the polarization
measurements (Hunten et al., 1984). West (1991) and West and Smith (1991) suggested that the aerosol particles could be fractal aggregates and demonstrated that
this type of particle could explain the seemingly disparate sizes inferred from Voyager measurements. Images taken by Voyager 1 and 2 also revealed a North-South
asymmetry in the haze with a ∼25% decrease in brightness at blue wavelengths
observed in the Northern hemisphere (Smith et al., 1981, 1982). Vertical structure
in the haze profile was also discovered in these images, including a detached haze
layer between 340 and 360 km (Rages and Pollack, 1983).
3.1.1.2 Cassini-Huygens
The instruments carried by Cassini-Huygens are capable of both in situ and remote
sensing characterization of Titan’s aerosols. Analyses of data obtained by ISS, UVIS,
VIMS and DISR have expanded on the absorption and scattering properties of the
aerosols first investigated through ground based measurements and data acquired
by the Voyager spacecraft. The Aerosol Collector Pyrolyzer (ACP) experiment on
Huygens and INMS and CAPS carried by Cassini have provided the first aerosol
composition information.
DISR provided the first ground truth on Titan’s aerosol properties by measuring
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the absorption and scattering properties of the aerosols as a function of altitude.
Their measurements are fit well by aerosol particles that are fractal aggregates composed of 3000 monomers with radii of 0.05 microns (Tomasko et al., 2008). DISR
did not observe a significant vertical variation in the monomer size over their measurement range (surface to 140 km) (Tomasko et al., 2008). The haze model used to
fit the DISR measurements can be used to predict the spectra seen by VIMS. At the
Huygens landing site, the spectrum is a good fit to the VIMS data (Tomasko and
West, 2009) and small changes in the ground albedo and haze thickness/absorption
above 80 km provide good fits to the VIMS observations between -60◦ and 50◦
latitude (Penteado et al., 2010).
ISS and UVIS have detected a detached haze layer at 500 km, along with less
pronounced layers above the main detached haze layer (Porco et al., 2005; Tomasko
and West, 2009). This location is about 150 km higher than the detached haze layer
observed by Voyager. However, from 2007 to 2010, the location of the detached
haze layer dropped from 500 km to 380 km (West et al., 2011) indicating that the
altitude may vary seasonally. UVIS occultation measurements show haze absorption
up to 1000 km (Liang et al., 2007). The origin of the detached haze layer is not
yet well understood. A temperature minimum in the region of the detached haze
layer (Fulchignoni et al., 2005; Sicardy et al., 2006) has led to the suggestion that
the detached layer is a result of condensation in the atmosphere (Liang et al., 2007).
However, the model of Lavvas et al. (2009) indicates that detached haze layer may
result from the transition of monomers to aggregates in the atmosphere which would
cause a decrease in the number density of aerosols.
The N-S haze asymmetry observed by Voyager has also been observed by Cassini
during similar seasons (Tomasko and West, 2009). HST observations from 1992-1995
showed that the Voyager asymmetry had flipped hemispheres (Lorenz et al., 1997)
indicating that the asymmetry is related to the seasons.
The ACP collected two samples– one in the stratosphere and one in the troposphere. Pyrolysis of the aerosol samples released gases that were analyzed in the
GC-MS. Both samples released HCN and NH3 , clearly indicating that the aerosols
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are composed of both carbon and nitrogen, and did not show any variation between
the two samples (Israël et al., 2005).
Analysis of INMS spectra obtained in Titan’s atmosphere have led to the identification of numerous previously undetected molecules in the thermosphere and
indicate that the pre-Cassini understanding of Titan’s atmospheric chemistry underestimated the complexity of chemical processes occurring (Vuitton et al., 2007,
2008; Cui et al., 2009). However, the limited mass range of INMS (1-100 u/q) does
not allow for characterization of the larger molecules that are certainly involved in
aerosol formation. Perhaps one of the biggest surprises from Cassini has been the
discovery of much heavier ions in Titan’s upper atmosphere. Although INMS can
only measure masses up to 100 u/q, CAPS is able to detect much heavier masses,
albeit at very low resolution. CAPS/ELS has measured negative ions up to ∼10,000
u/q (Coates et al., 2007, 2009). The higher mass negative ions are observed preferentially at low thermospheric altitudes (∼950 km and tend to increase in mass
with depth), at high latitudes and in the region of the terminator (Coates et al.,
2009). The extremely low mass resolution of the spectra has precluded identification of all but a few of the negative ions, CN− , C3 N− , and C5 N− (Vuitton et al.,
2009a). CAPS/IBS has detected positive ions with masses up to 350 u/q, that
appear to have regular spacing between 12 and 14 u (Crary et al., 2009). INMS
data below 100 u/q has been compared to the CAPS/IBS measurements and the
composition has been estimated to include mostly aromatic compounds including
+
napthalene (C10 H+
8 ) and anthracene (C14 H10 ) in addition to some heteroaromatics

(Waite et al., 2007; Crary et al., 2009). Delitsky and McKay (2010) argue that
based on thermodynamics and laboratory experiments, high temperature reactions
produce fused ring PAHs while low temp reactions will result in the formation of
polyphenyls and accordingly some of the peaks in the CAPS spectrum could be
biphenyl (154), terphenyl (230) and quaterphenyl (306). Fullerenes have also been
suggested as candidates for the negative ions (Sittler et al., 2009). However, unambiguous identifications in this mass range will require a higher resolution mass
spectrometer. The possibilities suggested in Crary et al. (2009) will be compared to
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the measured composition of our laboratory tholins in Chapter 4.
3.1.2 Modeling
Photochemical and microphysical models have been used to investigate the haze
profile in Titan’s atmosphere and the physical and chemical properties of the haze
particles. Before the discovery of very large ions in Titan’s atmosphere, it was
assumed that the haze particles were produced at roughly the same altitude as the
observed haze layers and that the detached haze layer observed by Voyager and
Cassini had a dynamic origin (see e.g. Toon et al. (1992); Rannou et al. (2002,
2003, 2004)). However, Lavvas et al. (2009) showed that the mass flux required
for the detached haze layer is the same as the mass flux required for main haze
layer. In that model, 40 nm particles form at 1000 km through photochemistry,
and the detached layer results from the transition from monomers to aggregates.
Interestingly, the detached haze layer is found at approximately the same altitude
as the peak of micrometeorite ablation (English et al., 1996). However, Lavvas et al.
(2009) showed that the mass flux of micrometeorites is 3 orders of magnitude too low
to explain the detached haze layer. If the ablated material reformed 1 nm particles,
the number density would be high enough to serve as condensation nuclei but since
condensation will not occur in that region of the atmosphere the haze particles
must be produced through photochemistry (Lavvas et al., 2009). Microphysical
models are able to reproduce the properties of the haze inferred from DISR including
number of monomers, particle size and density. However, below 80 km the aerosol
characteristics require the addition of mass with different optical properties. This
is probably indicative of condensation (Lavvas et al., 2010). The aerosols could act
as cloud condensation nuclei and aid in formation of ethane clouds (Griffith et al.,
2006; Bauerecker and Dartois, 2009).
Based on assumptions regarding the molecular precursors to haze, photochemical
models can estimate the composition of the haze particles as a function of altitude.
Frequently used precursors include aliphatic copolymers, nitriles, aromatics, and
polyynes. Even if the same precursors are used, models differ on the relative im-
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portance of the classes of molecules involved in haze formation. Wilson and Atreya
(2003) found that the haze formation is dominated by aromatics peaking in production at 220 km, with a smaller production peak for nitriles at ∼900 km. Other
models have found that the total production of aerosols is dominated by aliphatic
copolymers in the upper atmosphere and nitriles in the lower atmosphere (a result
of energy deposited by GCRs) (Lavvas et al., 2008a,b). The C/N ratio of the haze is
then estimated and ranges from 1.3-2 (Lara et al., 1999; Lavvas et al., 2008b) to 16.7
(Krasnopolsky, 2009) and the estimated C/H ratio ranges from 0.83 (Krasnopolsky,
2009) to 1.3 (Lavvas et al., 2008b). The wide range in values can be attributed to
assumptions made about the chemical pathways involved in haze formation. Lebonnois et al. (2003) calculated the C/N ratio of the aerosols based on 3 previously
suggested pathways. Polymers of C2 H2 and HC3 N (Clarke and Ferris, 1997) result
in C/N of 10-20 depending on the altitude, PAHs with HCN and HC3 N resulted in
a C/N of 8-20, and polymers of HCN and other nitriles result in a C/N of 1.5. In all
cases, these calculations show that the haze is an important sink for both hydrogen
and nitrogen in the atmosphere. Very high values of C/N are not supported by the
results of the Huygens ACP experiment discussed in the previous section.
It should be noted that photochemical models do not generally include heterogeneous chemistry on the surfaces on the aerosols. Sekine et al. (2008a,b) showed that
the atomic hydrogen abundance in Titan’s atmosphere can be significantly affected
by addition or recombination processes on the surfaces of the aerosols. They have
also shown that the abundances of molecules with more than 3 carbons are sensitive
to the atomic hydrogen abundance. Thus the inclusion of H heterogeneous chemistry can act to reduce the abundances of saturated hydrocarbons, decrease HCN
and increase the abundance of phenyl radicals (Sekine et al., 2008a,b). Inclusion of
surface chemistry in photochemical/microphysical models has shown that the haze
formation processes can be divided into 3 altitude regions. From 1000 km to 650 km,
the aerosols form and grow by polyaromatic compound (PAC) growth and deposition. As the atmospheric density increases and the sedimentation rate decreases,
the aerosols grow by aggregation in the region of 650-500 km. Finally between 500
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km and 400 km surface chemistry dominates as the aerosol react directly with gas
phase radicals such as HCCN (Lavvas et al., 2011). This work also provides further
evidence that the composition of the aerosols will vary with altitude as the processes that result in aerosol formation are altitude dependent. This set of processes
is similar to the qualitative description of Sagan and Thompson (1984), although
in their scenario haze formation occurred at a much lower altitude and results in a
maximum heavy atom number of 9 or 10 (∼130 u/q) in the haze.
3.2 Previous Titan atmosphere simulation experiments
For nearly 50 years, mixtures of N2 and CH4 have been subjected to a variety of
energy sources in numerous different experimental setups to produce Titan aerosol
analogues and investigate the gas phase products. Energy sources used include protons (Scattergood et al., 1975; Scattergood and Owen, 1977), laser induced plasma
(LIP) (Borucki et al., 1988; Scattergood et al., 1989; Ramı́rez et al., 2001), gamma
rays (Gupta et al., 1981; Ramı́rez et al., 2001), corona discharge (Navarro-González
and Ramı́rez, 1997; Ramı́rez et al., 2001, 2005), electrical discharge (Khare et al.,
1984; Scattergood et al., 1989; Thompson et al., 1991; Sagan et al., 1993; McDonald
et al., 1994; Coll et al., 1995; Ehrenfreund et al., 1995; McKay, 1996; Coll et al.,
1999; Khare et al., 2002; Bernard et al., 2003; Coll et al., 2003; Sarker et al., 2003;
Imanaka et al., 2004; Trainer et al., 2004b; Somogyi et al., 2005; Bernard et al.,
2006; McGuigan et al., 2006; Sekine et al., 2008a), UV (Hg or deuterium) (Podolak
et al., 1979; Bar-Nun et al., 1988; Scattergood et al., 1992; Clarke and Ferris, 1997;
Trainer et al., 2006; Tran et al., 2003a,b; Ferris et al., 2005; Tran et al., 2005; Vuitton et al., 2006a; Tran et al., 2008; Vuitton et al., 2009a; Jacovi et al., 2010), and
UV synchrotron (Imanaka and Smith, 2007, 2009; Thissen et al., 2009; Imanaka and
Smith, 2010). Many of the experiments that used UV lamps included gases with nitrogen in a form other than N2 because the wavelengths of Hg or deuterium sources
are not short enough to dissociate N2 (Podolak et al., 1979; Clarke and Ferris, 1997;
Clarke et al., 2000; Tran et al., 2003a, 2005, 2008; Vuitton et al., 2009b). In Titan’s
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upper atmosphere, UV photons are sufficiently energetic to dissociate N2 . Therefore, the laboratory energy source used should be able to dissociate N2 , limiting the
energy source to electrical discharges or the EUV/VUV photons that can be obtained using a synchrotron. Electrical discharges should be further limited to those
that produced a cold plasma, otherwise the neutral temperature in the experiment
will be much higher than the temperatures present in Titan’s atmosphere. Differences in energy sources may account for much of the variability observed between
simulation experiments, although there are other parameters that vary including
temperature, pressure, composition of the gas mixture, sample collection technique,
analysis technique, etc.
In general, these studies aimed at understanding the optical and chemical properties of the resulting gas and solid phase products of the experiments. The optical
properties are important for analysis of remote sensing data and for modeling and
understanding radiation balance and energy transport in Titan’s atmosphere. Although the optical properties of a variety of tholins have been measured (Podolak
et al., 1979; Khare et al., 1984; Bar-Nun et al., 1988; Coll et al., 2001; Ramı́rez
et al., 2002; Tran et al., 2003a; Vuitton et al., 2009b; Hasenkopf et al., 2010), no
laboratory analogue completely reproduces Titan’s inferred optical properties over
the measured wavelength ranges (Lavvas et al., 2010; Rannou et al., 2010). Previous
works that focus on chemical composition of gas and solid phase products are briefly
discussed below. Studies focusing on the tholins produced in the apparatus used for
this work are discussed in Section 3.3.
3.2.1 Previous analyses of gas phase products
Many of the early Titan atmosphere simulations focused on analysis of the gas phase
products in an attempt to reproduce the known composition of Titan’s atmosphere
or to predict which molecules might be detectable (Toupance et al., 1975; Gupta
et al., 1981; Raulin et al., 1982; de Vanssay et al., 1995; Scattergood et al., 1975;
Scattergood and Owen, 1977; Scattergood et al., 1989; Thompson et al., 1991; Coll
et al., 1995; Navarro-González and Ramı́rez, 1997; Ramı́rez et al., 2001), while more
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recent experiments are interested in the mechanisms involved in formation of the
gas phase products and how they relate to the solids that are also produced (Ferris
et al., 2005; Imanaka and Smith, 2007, 2009; Thissen et al., 2009). A summary of
the resulting gas phase products and conclusions of some of these experiments is
shown in Table 3.1. A few interesting results of these experiments are discussed in
greater detail below.
Gupta et al. (1981) was the first work to examine the variation of gas phase
products as a function of energy source (UV, electric discharge, gamma ray radiation,
proton beam, electron beam). They found that the main product of UV irradiation
(λ > 80 nm) was C2 H6 (with no HCN produced); electric discharges and gamma
ray irradiation produced mostly HCN and C2 H2 , while proton and electron beams
resulted in the formation of HCN.
The importance of H/H2 concentration in Titan atmosphere simulations has
been noted by many authors (Raulin et al., 1982; Imanaka et al., 2004; Trainer
et al., 2004b; Sekine et al., 2008a; Imanaka and Smith, 2009). Raulin et al. (1982)
selectively pumped out H2 during the experiment and noted a large increase in
the production of nitriles. Sekine et al. (2008a) subjected the tholins (Imanaka
et al., 2004) to a deuterium gas flow and analyzed the products. They observed
gas phase CD4 , ND3 , D2 O, D2, HD, CHD3 , NHD2 and HDO. These results indicate
that hydrogenation rate > HD recombination >> chemical erosion on the surfaces
of the aerosols under Titan conditions. It follows that atomic hydrogen can be
efficiently removed from Titan’s atmosphere through heterogeneous reactions in the
lower atmosphere where hydrogen is not escaping (Sekine et al., 2008a). Imanaka
and Smith (2009) found that UV irradiation of H2 /CH4 only gas mixtures produces
smaller molecules than the corresponding N2 /CH4 mixture, indicating that hydrogen
may terminate chains making it more difficult to produce larger molecules.
de Vanssay et al. (1995) noted that the typical practice of running Titan atmosphere simulation experiments at room temperature may result in difficulties
producing some molecules known to exist in Titan’s atmosphere, such as C4 N2 ,
which had not been observed in an experiment until they cooled the chamber to
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∼150 K. Some molecules, including nitrogen containing molecules, are thermally
unstable and therefore difficult to produce and analyze at room temperature (de
Vanssay et al., 1995).
Table 3.1 includes the results of experiments that used a variety of energy sources.
Replicating the energy deposited into Titan’s is one of the greatest challenges for a
Titan atmosphere simulation experiment. Although UV sources have been used for
many years, these sources (such as mercury or deuterium lamps) did not cover the
wavelengths capable of ionizing and/or dissociating N2 . Replication of the processes
occurring in Titan’s upper atmosphere necessitates the ability to break N2 . Recent
experiments have used synchrotron sources. Imanaka and Smith (2007) have shown
that photoionization of N2 is important for the nitrogen chemistry and the formation
of heavy organics such as benzene and toluene because the yields of those molecules
increase at shorter wavelengths. Using the same experimental setup, Imanaka and
Smith (2009) found that 5% CH4 generates heavy species (up to C8 ) as efficiently as
100% CH4 at 60 nm. It has also been noted that the gas phase species detected in this
experiment are almost entirely hydrocarbons with very little nitrogen incorporation
detected; the nitrogen appears to be very efficiently incorporated into the solid
phase (Imanaka and Smith, 2010). Another synchrotron experiment confirmed this
increase in growth above the N2 ionization threshold (Thissen et al., 2009). They
also found that more complex ions were produced when C2 H2 and/or C2 H4 was
included in the initial gas mixture (Thissen et al., 2009).
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3.2.2 Previous analyses of solid products
Numerous analytical techniques have been applied to the solids produced in Titan
atmosphere simulation experiments (Scattergood and Owen, 1977; Khare et al.,
1984; Sagan et al., 1993; McDonald et al., 1994; Coll et al., 1995; Ehrenfreund
et al., 1995; McKay, 1996; Coll et al., 1999; Khare et al., 2002; Sarker et al., 2003;
Tran et al., 2003a,b; Imanaka et al., 2004; Trainer et al., 2004b; Somogyi et al.,
2005; Tran et al., 2005; Bernard et al., 2006; Trainer et al., 2006; McGuigan et al.,
2006; Tran et al., 2008; Sekine et al., 2008a; Imanaka and Smith, 2010). From
the very first experiments, it was clear that tholins contained very high molecular
weight (MW) CNH molecules. Balestic (1974) found molecular weights up to 970
in the solids produced from N2 /CH4 irradiation and Scattergood and Owen (1977)
found hydrocarbons up to C22 H46 and aliphatic amines up to C6 H12 N4 in the solids
produced in their experiment. The sheer complexity of the samples has necessitated
the use of a variety of sophisticated analytical techniques. A summary of the results
of various tholin analyses is shown in Table 3.2. It would be impossible to discuss
the results of each experiment at length, thus only a few results of interest are
highlighted below. Experiments that focused on production and detection of amino
acids are discussed in Chapter 5.
There are two composition issues of particular interest that have been a source
of disagreement between experiments: amines and aromatics. Some experiments
detect amines (Scattergood et al., 1975; Scattergood and Owen, 1977; Khare et al.,
1984; McDonald et al., 1994; Coll et al., 1999; Khare et al., 2002; Sarker et al.,
2003; Imanaka et al., 2004), while others do not (Clarke and Ferris, 1997; Tran
et al., 2003a; Bernard et al., 2006). The work of Clarke and Ferris (1997) indicates
that one potential cause of the disagreement is the heating of samples. In their
experiment, they did not detect amines in the IR measurements until after the
samples were pyrolyzed. However, it should be noted that the only experiments
that have not detected amines in the solid products are those that utilized Hg UV
sources. Some experiments detect no aromatics (Scattergood and Owen, 1977; Tran
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et al., 2005), others find single rings (Ehrenfreund et al., 1995; Clarke and Ferris,
1997; Coll et al., 1999; Ferris et al., 2005; Bernard et al., 2006; Imanaka et al., 2004)
and some find polycyclic aromatic structures (Sagan et al., 1993; Khare et al., 2002;
Imanaka et al., 2004; Jacovi et al., 2010).
Trainer et al. (2004a) noted that at lower CH4 concentrations the sample is
composed of mostly aliphatic molecules, but at higher CH4 concentrations they
see aromatics and find that the transition between the two regimes occurs ∼1%.
Imanaka et al. (2004) find that the abundance of aromatics is pressure dependent
as they observe an increasing abundance of aromatics as pressure decreases. They
suggest that the pressure differences between the experiments could explain the
disagreements about the presence of aromatics and polycyclic aromatics. Based on
similarities between the IR measurements of tholins produced at similar pressures
under different experimental conditions, they also argue that pressure may be one of
the most important conditions in the simulation experiments (Imanaka et al., 2004).
It can be quite difficult to compare the results of different tholin analyses because
of the variety of analytical techniques employed. However, elemental analysis has
been performed on a variety of tholin samples, the results of which are shown in Table
3.2. It has been shown in multiple experimental setups that increasing the pressure
increases the C/N ratio (Coll et al., 1999; Imanaka et al., 2004). Imanaka et al.
(2004) suggest that the higher electron temperature in a low pressure plasma could
dissociate N2 more effectively and result in higher levels of nitrogen incorporation
in the tholins.
One of the most interesting results from Imanaka et al. (2004) is the outgassing
of HCN and NH3 from the surface of tholin that was produced and kept under
vacuum. They suggest that these gases may easily adsorb on the surface; McGuigan
et al. (2006) also suggest some gases adsorb easily on the surface based on their
pyrolysis results. Clarke and Ferris (1997) found that HCN and NH3 were the main
pyrolysis products of their tholins. These are the two molecules detected by the
ACP experiment’s in situ analysis of Titan’s aerosols (Israël et al., 2005).
There are very few published analyses of both the gas phase and solid products
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of simulation experiments. Imanaka and Smith (2010) found very few N-bearing
species in the gas phase products but they found that their solids are heavily nitrogenated (and unsaturated) with very few pure hydrocarbon species. This supports
the works of previous authors that indicate that the aerosols may be an important
sink for nitrogen in Titan’s atmosphere.
There have been numerous suggested formation mechanisms and/or polymeric
units. Khare et al. (2002) hypothesized that tholin formation begins with rings
built from C2 H radicals. Then rings are attacked by C2 H and CN. Thompson et al.
(1989) suggest that they are built from CN attack on radicals and unsaturated
species. Sarker et al. (2003) and Somogyi et al. (2005) suggest that tholins are
polymers built from CH2 and an unspecified N containing unit, and Somogyi et al.
(2005) suggest that the main constituent is “aliphatic polyaminonitriles” based on
their MS/MS study which found typical losses of CH3 , NH3 , HCN, CH3 CN, C2 H4 ,
CH3 NH2 , CH2 NH. McGuigan et al. (2006) found very intense peaks corresponding
to methylated pyrrole, alkenes and nitriles in the pyr-GC-GC-MS study and suggest
that they could be the building blocks of tholins. Imanaka and Smith (2010) suggest
that the HCCN radical may be an important precursor to haze formation in Titan’s
atmosphere.
Using tholins produced using the setup of Somogyi et al. (2005), Neish et al.
(2008) investigated tholin hydrolysis using pure water and Neish et al. (2009) looked
at hydrolysis using ammonia water mixtures. Tholins hydrolyze in pure water or
in ammonia water; the rates increase in ammonia water, which could result from
the change in pH. With pure water, they saw evidence of potential imine hydrolysis
(hydrolysis with aliphatic amine loss), but with the ammonia water mixture they
saw mostly water addition.
3.2.2.1 Size and morphology
The size and morphology of the resulting aerosol particles has been investigated for
a variety of experimental conditions. Tholins produced using UV irradiation are
found to be spherical ranging from 0.05 µm (Trainer et al., 2006) to 1 µm (Bar-
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Nun et al., 1988; Scattergood et al., 1992; Clarke and Ferris, 1997). Bar-Nun et al.
(1988) describe the particles as semi-liquid and sticky. Scattergood et al. (1992)
investigated the variation of particle size as a function of initial gas composition
and found that the addition of HCN decreased particle size. The DC discharge
tholins of Coll et al. (1999) were found to be 1 µm particles that were composed of
0.1 µm spheres.
3.2.2.2 Solubility
Understanding the solubility of tholins is important both for designing laboratory
analysis protocols and for predicting the interactions between aerosols from Titan’s
atmosphere and the liquids in the lakes found on the surface. Tholins produced
using a variety of energy sources and experimental temperatures are not soluble in
ethane and other hydrocarbons (McKay, 1996; Coll et al., 1999; Tran et al., 2003a,
2008), but various plasma produced tholins are soluble in other solvents such as
DMSO, ethanol, methanol, water, ethylene glycol (McKay, 1996) and nitriles such
as acetonitrile, propionitrile, isobutyronitrile, benzonitrile (Coll et al., 1999). The
UV tholins of Tran et al. (2003a) and Tran et al. (2008) are insoluble in polar and
non-polar solvents including organic solvents, water, acids and bases. Ferris et al.
(2005) suggest that the insolubility of UV tholins indicates that they are crosslinked polymers of high molecular weight while the discharge tholins are composed
of lower molecular weight molecules and are therefore more soluble. Due to their
insolubility in ethane, Raulin (1987) and McKay (1996) argue that tholins will not
be soluble in the lakes on the surface. Since solubility is related to contact angle,
they also argue that the insolubility of tholins in ethane indicates that ethane and
methane may not condense on Titan’s aerosols. However, laboratory experiments
that investigated homogeneous and heterogeneous nucleation of methane and ethane
have shown that they will form monolayers on tholins, indicating that condensation
is possible (Curtis et al., 2008).
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3.2.2.3 Simulation experiments using oxygen
Bernard et al. (2003) and Coll et al. (2003) subjected 98% N2 , 2% CH4 , and 100
ppm CO gas mixtures to a glow discharge at 1-1.5 mbar (Bernard et al. (2003)
at room temperature, Coll et al. (2003) cooled to 100-150 K). They analyzed the
gas phase products via IR and GC-MS. Despite the predicted presence of HCHO
and CH3 OH from photochemical models, these molecules were not detected in their
experiments. They did detect ∼200 compounds, 30 of which contained oxygen
including alcohols, diols, aldehydes and ketones. The main oxygen containing peak
detected was assigned to oxirane (C2 H4 O), but its isomer acetylaldehyde was not
detected (Bernard et al., 2003; Coll et al., 2003).
Tran et al. (2008) added CO to their experiments and the only change observed
in the FTIR spectrum of the solid was the appearance of a ketone peak. They
also found oxygen containing molecules including aldehydes and ketones. In the gas
phase, they observed HCHO and CH3 CHO. HCHO was not observed by Bernard
et al. (2003) and Coll et al. (2003). Tran et al. (2008) observed acetylaldehyde
instead of oxirane. However, the Hg UV source used by Tran et al. (2008) was not
capable of directly dissociating CO, unlike the discharge of Bernard et al. (2003)
and Coll et al. (2003).
Trainer et al. (2004b) and Trainer et al. (2006) have investigated the effects of
oxygen on aerosol formation in the context of the early Earth. It had been previously
suggested that oxygen might terminate chains thus preventing aerosol formation at
low values of C/O but they observed significant aerosol formation at C/O values
down to 0.6 (Trainer et al., 2004b). Trainer et al. (2006) produced aerosols using up
to 0.5% CO2 and calculated a lower limit on the mass fraction of O in their aerosols
of 12%. They conclude that the chemical composition depends more on the C/O
ratio than on the absolute amount of CH4 or CO2 present.
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3.2.3 Oxygen contamination
The issue of oxygen contamination will be discussed at length in Chapter 5 with
regard to the samples used for this work. The presence of oxygen in most tholin
samples is a well-known, although often ignored, problem. Although most production chambers are baked out under vacuum before running the experiment, H2 O
may remain adsorbed on the walls or other structures. Tran et al. (2008) observed
HCHO and CH3 CHO via GC-MS in the gas phase products of their experiments
when no oxygen molecules were intentionally present in the initial mixture. Thissen
et al. (2009) also saw oxygen products that likely resulted from H2 O in the chamber
or in the mass spectrometer. Ehrenfreund et al. (1995) analyzed their tholins using curie point pyr-GC-MS and found CO2 and H2 O released at high temperature,
which is indicative of oxygen incorporated into the structures rather than simply
adsorbed onto the aerosols. Imanaka et al. (2004) also saw oxygen on the surface of
their tholins when they were analyzed using SIMS (secondary ion mass spectrometry). Even if the production chambers are oxygen free, with very few exceptions
(Coll et al., 1995, 1999, 2003; Sarker et al., 2003; Somogyi et al., 2005; Imanaka and
Smith, 2010) samples are not removed in N2 glove boxes. In experiments that did
not employ glove boxes during sample removal, up to 10% O by mass is typically
observed when elemental analyses are performed (McKay, 1996). Even if they are
removed using a glove box, almost all analytical techniques expose the samples to
laboratory air.
Khare et al. (2002) exposed their tholins to air for 2 min to 60 hours and looked
for changes in the IR spectra. The spectra were essentially identical except for the
appearance of a feature that looks like CO2 and a decrease in the intensity of the
aromatic feature, potentially indicating that the aromatics found in their tholins
are susceptible to oxidation. Somogyi et al. (2005) also observed the appearance
of oxygen containing molecules in the mass spectra of samples that were briefly
exposed to laboratory air and then stored for 6 weeks.
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Khare
et al. 2002
Sarker
et al. 2003

Reference

Table 3.2: Summary of previous analyses of tholins
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Energy
Source

N2
%

800
0.4
1.5
930

10
var
10

RF glow 90

Deut.
var
115-400 nm
RF glow 90
1.8

0.9

2

Hg
var
185/254 nm
DC glow 98

Hg
98
185/254 nm

930

var

var

AC

1.6

10

var

var

flow

flow

flow

flow

Sys

room

room

room

room

flow

flow

flow

flow

100-150 flow

room

195

CH4 Pres Temp
%
mbar K
930
133
10
0.13 room
0.26
0.67
1.6
23
var 800 room

DC

Continued on next page

Trainer
et al. 2004
Somogyi
et al. 2005
Tran
et al. 2005
Bernard
et al. 2006
McGuigan
et al. 2006
Trainer
et al. 2006
Sekine
et al. 2008
Tran
et al. 2008

Tran
et al. 2003b
Imanaka
RF glow 90
et al. 2004

Reference

0.75
0.80
0.80
0.79
0.73

no PAHs in gas or solid

amines, nitriles (IR),
aliphatic C-H increases with press (IR),
aromatics decrease with
increasing press (IR, UV/Vis, Raman)
[CH4 ]: low- aliphatics, high- aromatics (AMS)
HCN, no polyacetylene
N carries unsat (ESI/LDI-FTICR, MS/MS)

1.72 0.95b nitriles, small aromatics (IR/UV raman)
2.56 0.72c same and aliphatic C-H
35-350 Da, 6000 peaks
alkyl subst pyrroles (pyr-GCGCMS)
no major comp change with [CH4 ]
prod peaks at 0.01% CH4
1.86 0.62 lower press fewer C-H bonds
2.82 0.64 fewer double bonds, nitriles
9.7 1.4
with CO only FTIR change ketone peak
d
11.6 1.3
11.4 1.3e

24.3
18.1
1.45
1.78
1.85
1.97
2.76

C/N C/H Conclusions
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Energy N2 CH4 Pres Temp
Sys
C/N C/H Conclusions
Source
%
%
mbar K
Imanaka
60 nm
95 5
0.13 room
flow
1.6
bulk ratio C2 H2 N
et al 2010 82.5 nm
1.1
clusters around (HCN)x
plasma 90 10
0.26
1.79
plasma 90 10
1.6
1.90
plasma 90 10
23
2.97
Bold indicates that the gas phase products were also examined (see Table 3.1)
Trainer et al. (2004b) gas mixtures 90-99.9% N2 , 0.1-10% CH4
Somogyi et al. (2005) gas mixtures 92, 98, 99.5% N2 , 0.5, 2, 8%CH4
Tran et al. (2005) gas mixtures 97-100% N2 , 0-3% CH4 , 0-0.2% H2 , 0%-trace C2 H2 , C2 H4 , HC3 N
Trainer et al. (2006) gas mixtures 90-99.999% N2 , 0.001-10% CH4
Tran et al. (2008) gas mixtures included 0.2% H2 , 0.04% C2 H2 , 0.03% C2 H4 , 0.002% HC3 N
a
Sagan and Thompson 1984, b sample taken close to inlet, c sample taken far from inlet
d
also HCN 0.02% e also CO 0.3%
Tran et al. (2003a) and Tran et al. (2003b) 0.2% H2 , 0.035% C2 H2 , 0.03% C2 H4 , 0.0017% HC3 N

Reference
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3.3 The PAMPRE experiment

Figure 3.1: Schematic of the PAMPRE experimental setup
The tholins analyzed here were produced by members of the PAMPRE team (primarily Ella Sciamma-O’Brien) in the PAMPRE experiment (Production d’Aérosols
en Microgravité par Plasma Réactifs) (Szopa et al., 2006) at the Laboratoire Atmosphères, Milieux, Observations Spatiales (LATMOS) at the Université Versailles
St-Quentin. This apparatus uses a capacitively coupled radio frequency (RF) discharge to initiate chemistry in Titan-like gas mixtures that results in the formation
of tholins. This type of discharge is also referred to as a “cold plasma” because
the electron densities are low compared to the neutral gas densities. This results
from the low pressure, low current (less than a few hundreds of mA) environment.
Therefore, the mean free path is controlled by the netural gas density. Since the
neutral gas makes up most of the mass in the system, the energy loss of the electrons

95
through elastic collisions is low and accordingly the neutral gas does not undergo
significant heating. While the primary energy source in Titan’s atmosphere is solar
ultraviolet, the cold plasma produced by RF discharge is a useful laboratory analogue. It produces electrons with enough energy to dissociate N2 and CH4 while
having little effect on the temperature of the neutral gas, unlike a spark discharge.
The tholins were produced using a 30 W, 13.6 Mhz RF discharge (Szopa et al.,
2006).
A schematic of the experimental setup is shown in Figure 3.1. Three teflon lines
connect gas cylinders to the chamber. The 90% N2 /10% CH4 mixture is used in
combination with the 100% N2 cylinder to produce a range of N2 /CH4 gas mixtures
in the chamber. The third line is connected to either an Ar cylinder or a CO cylinder.
A pure Ar plasma is run through the chamber before tholins are produced to help
remove any contaminants in the chamber or on the electrodes. When CO is used
in the experiment, a pure N2 plasma is used to clean the chamber instead. The
100% N2 and 10% CH4 /90% N2 were both >99.999% pure (Air Liquide). The C18 O
(Cambridge Isotope Laboratories) was >95% pure. Before the tholins are produced,
the chamber is baked out at 110◦ C for several hours to remove H2 O adsorbed on
the walls of the chamber/electrodes, while being pumped down to ∼10−5 mbar.
The experiment operates in either pulsed (closed) or continuous gas flow modes.
When operated in continuous flow mode, the nominal gas flow rate is 55 sccm
(standard cubic centimeters per minute). The solid particles form and grow while
levitated between two electrodes (one grounded, one polarized). The grounded
electrode is a cylindrical stainless steel grid box 13.7 cm in diameter and 5 cm
high (Szopa et al., 2006; Sciamma-O’Brien et al., 2010). Their weight and the gas
drag forces are balanced by electrostatic forces and the particles remain levitated
until they grow large enough that the forces become unbalanced. They are then
ejected from the plasma and trapped by a glass vessel that surrounds the cage.
This unique production setup minimizes possible wall effects during production and
more accurately reproduces the conditions under which aerosols form in a planetary
atmosphere.
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Tholins were produced at a pressure of 0.9 mbar or 1.7 mbar and a temperature
in the range of 310 K to 340 K (Alcouffe et al., 2010) (for N2 /CH4 gas mixtures, the
effect of inclusion of CO in the gas mixture on neutral gas temperature has not been
investigated). Tholins were generally produced for 8 hours with production rates
ranging from ∼0.1 mg/h to ∼34.2 mg/h. A list of samples produced by PAMPRE
and analyzed by Orbitrap mass spectrometry is shown in Table 3.3. Also included in
Table 3.3 are the production rates and elemental analyses for some of the samples.
The numbers listed for the samples that do not contain CO come from SciammaO’Brien et al. (2010), which will be discussed in the next section.
PAMPRE tholins created in N2 /CH4 gas mixtures are spherical with an average
diameter between 90 nm and 1 µm depending on the plasma conditions (Hadamcik
et al., 2009). This size range is roughly consistent with the size of Titan’s aerosols,
1.8 µm diameter aggregates of 0.1 µm diameter monomers, inferred from the Descent
Imager/Spectral Radiometer (DISR) on Huygens (Tomasko et al., 2005).
Once the tholins are produced, the plasma is turned off and the remaining gas
phase molecules are removed by the vacuum system to prevent any HCN (or other
potentially hazardous molecules produced in the chamber) from being release when
the chamber is opened. Samples are removed under atmospheric conditions from
the glass crystallizer using a stainless steel spatula. They are placed in plastic vials,
weighed, and placed in sealed bags. They are then stored at room temperature.
Elemental analysis and the Orbitrap mass spectral analyses indicate that all samples
are contaminated with oxygen. In situ mass spectrometry measurements of the
gas mixture in the PAMPRE experiment indicate oxygen contamination occurring
during tholin production. Analyses of cold trapped gases from the experiment also
find oxygen containing molecules (Gautier et al., 2011). It is also possible, perhaps
likely, that oxygen is also incorporated into the tholins during removal and analysis.
Oxygen contamination is discussed further in Chapter 5 as the analysis presented
there uses tholins produced using CO and oxygen contamination is therefore of
greater concern for interpretation of the results.
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A

B

D
C

D
C

Figure 3.2: (A) PAMPRE apparatus during tholin production, (B) view of tholins
beginning to form in the chamber, (C) removal of glass crystallizer on which the
tholins have deposited, (D) view of the tholins deposited on the crystallizer.

Table 3.3: Description of PAMPRE tholin samples
Sample N2 CH4
CO
Prod. Date
Prod. Rate C
Number
(%)
(mg/h)
N2 /CH4 at 0.9 mbar
260307 98 2
0
26 March 2007
080908 90 10
0
8 September 2008
020309 98 2
0
2 March 2009
31.9
33.31
100409 95 5
0
10 April 2009
28.4
33.61
090309 90 10
0
9 March 2009
3.3
34.21
13
190506 98 2 CH4 0
19 May 2006
N2 /CH4 /CO at 0.9 mbar
040609 94.9 5
0.1
4 June 2009
20.17
050609 94.5 5
0.5
5 June 2009
5.60
120609 90.5 5
4.5
12 June 2009
1.28
190609 93.5 2
4.5
19 June 2009
4.11
30.24
250609 96.2 2
1.8
25 June 2009
5.44
28.69
230609 93.2 5
1.8
23 June 2009
7.93
32.31
250909 96.2 2
1.8 C18 O 25 September 2009 0.14
300909 93.2 5
1.8 C18 O 30 September 2009 2.83
N2 /CH4 /CO at 1.7 mbar
210110 93.2 5
1.8
21 January 2010
18
211209 93.2 5
1.8 C O 21 December 2009 12.42
N
% mol

O

40.06 20.81 8.88
40.41 22.09 8.81
40.31 20.33 7.05

34.21 26.85 5.63
40.14 20.47 5.77
46.65 14.08 5.06

H

98
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3.4 Previous analyses of PAMPRE tholins
The tholins produced in the PAMPRE apparatus have been previously analyzed
using a number of in situ and ex situ analytical techniques. As the focus of this work
is very high resolution mass spectrometry (HRMS), it is important to understand
the results of analyses performed by complimentary techniques when interpreting
the data acquired by HRMS.
3.4.1 OEM, SEM, pyr-GCMS: Szopa et al. (2006)
Szopa et al. (2006) performed optical emission spectroscopy (OEM) during the production of the tholins and detected N2 , CN and Hα emission in the plasma. Scanning
electron microscopy (SEM) was used to investigate the size and morphology of the
tholin particles. SEM revealed that the particles are quasi-spherical with diameters
ranging from 0.2 to 2.5 µm (average 0.8 µm). The surface of the particles appears
to be rough. The particles also appear to be sticky as they tend to form aggregates (similar to those produced in photochemistry simulations such as Bar-Nun
et al. (1988)), although each cluster has more individual particles than observed in
photochemistry simulations. Tholins produced with 90% N2 and 10% CH4 (hereafter, 90/10) (at 1 mbar) were subjected to elemental analysis which showed a C/N
ratio of 2.32 and a C/H ratio of 0.75. Those tholins were also analyzed through
the use of pyrolysis GC-MS (pyr-GCMS) (heated to 650◦ C). Most of the identified
molecules were unsaturated hydrocarbons and nitriles. They also identified numerous monoaromatic molecules (including nitrogen heterocycles) but did not observe
any polyaromatics. A full list of the molecules identified through pyr-GCMS is
shown in Table 3.4. Only one of these molecules, C4 H7 N, was detected in Orbitrap
measurements of a different 90/10 PAMPRE tholin sample, discussed in Chapter 4.
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Table 3.4: Molecules identified in PAMPRE tholins from pyr-GCMS (Szopa et al.
(2006))
Name
Molecular Formula
Methane
CH4
Hydrogen cyanide HCN
C2 Hydrocarbons C2 Hx
Ethanedinitrile
C2 N2
Propene
C3 H6
Butene
C4 H8
Butadiene
C4 H6
Acetonitrile
CH3 CN
Butene
C4 H8
Propenenitrile
C3 H3 N
Pentadiene
C5 H8
Benzene
C6 H6
Butanenitrile
C4 H7 N∗
Butenenitrile
C4 H5 N
Toluene
C7 H8
Ethylbenzene
C8 H10
Dimethylbenzene C8 H10
Of the molecules listed here, only C4 H7 N is detected in Orbitrap measurements of a
90/10 PAMPRE tholin sample. ∗ The molecular formula for butanenitrile was listed
incorrectly in Szopa et al. (2006)
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3.4.2 Solubility, SEM, APPI-TOF: Carrasco et al. (2009)
Many laboratory analytic techniques, including high resolution mass spectrometry
using electrospray ionization (ESI), require dissolution of the tholins. Thus it is
important to know what fraction of the tholin sample is soluble and how soluble it
is. Carrasco et al. (2009) investigated the solubility, morphology and composition of
PAMPRE tholins. First, they put a known amount of 98% N2 /2% CH4 tholin into
three solvents (H2 O, CH3 OH (methanol) and CH3 CN (acetonitrile)), filtered the solvent, evaporated the solvent and then weighed the remaining material. They found
solubilities of 0.2 mg/ml (water), 0.3 mg/ml (methanol), 0.43 mg/ml (acetonitrile).
They argue that this method should only be used on samples composed of only one
molecule and may not be appropriate for complex samples like the tholins. They
investigated the solubility of the tholins futher by quantifying the solubility ratios of
the samples and then quantifying the average solubility of the soluble fraction itself.
The solubility of two samples (90/10 and 98/2) in methanol and toluene (C7 H8 ) was
measured. For the 98/2 sample in methanol they found that 19±6% of the sample
is soluble and that the soluble fraction has a solubility of 2.5±0.2 mg/ml. For the
90/10 sample in methanol they found that 35±5% of the sample is soluble and that
the soluble fraction has a solubility of 6.5±0.6 mg/ml. The tholins had a very low
solubility ratio in toluene (3% and 5% respectively).
The morphology of these samples was also investigated through the use of SEM.
The particles in the insoluble fraction appear to be smaller than the particles in the
whole sample, but the difference may not be significant within the accuracy of the
measurement technique. The soluble and insoluble fractions were also compared
using IR spectroscopy. The soluble and insoluble fractions only exhibited slight
differences. The peaks corresponding to symmetric and antisymmetric stretching
modes of C-H in CH2 and CH3 are higher in soluble fraction (which is also true of
the symmetric and antisymmetric bending modes of CH2 and CH3 ). This indicates
that there are more aliphatic chains in the soluble fraction. Comparisons of a band
assigned to -CN (branched on an aliphatic group, 2240 cm−1 ) show that it is more
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intense in the soluble fraction and indicates that there are fewer conjugated cyanides
in the soluble fraction than in the insoluble fraction (Carrasco et al., 2009).
Carrasco et al. (2009) also performed time-of-flight (TOF) mass spectrometry.
They used atmospheric pressure photoionization (APPI) which uses EUV photons
to ionize a heated spray containing the solvent and the tholins. This ionization
method was chosen based on the desire to analyze the soluble fraction dissolved
in methanol and toluene, so other methods like ESI would not work because ESI
does not work with non-polar solvents like toluene. In the positive ion mode they
observed signal for the full range of the instrument (50-800 u/q) for both samples
in methanol. They note the presence of clusters spaced either 13 or 14 u. The 10%
CH4 sample has more intensity in the heavy species. The resolution of the TOF
is not sufficient to identify the molecular formulas that correspond to the observed
peaks. The signal has similar patterns in the toluene but at much lower intensities.
In the negative ion mode they see very similar patterns to the positive ion mode
with very intense peaks at 66, 93, 117 and 141 (2%) and 66, 117, 134, 149 (10%).
Collision induced dissociation (CID) was performed on a few specific ions (66,
93, 117, 134, 141, 149, 283, 284, 285, 297, 310) in the negative ion mode. A loss of
15, 17, and 27 loss is observed in all the CID spectra (they assign these masses to
CH3 , NH3 , HCN). These losses are interpreted as a clear indication that the chains
are ended by methyl, amine, or nitrile groups. The negative ion CID measurements
lead them to conclude that the soluble fraction is mostly composed of associated
nitrile moiety. Although it is not noted in Carrasco et al. (2009), the positive and
negative ion modes have different biases, so generalization of the results from just
one mode to the entire sample can lead to false conclusions. They also conclude,
based on their CID spectra, that the peak at 66 is C2 N−
3.
3.4.3 Grain size: Hadamcik et al. 2009
Hadamcik et al. (2009) investigated the variation in grain size with gas composition, gas flow rate, absorbed power and production time through analysis of SEM
images. They found that grain size increases with increasing CH4 concentration,
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with decreasing gas flow, increasing absorbed power and increasing production time
(Hadamcik et al., 2009).

200 nm

Figure 3.3: Scanning electron microscope image of a 98/2 PAMPRE tholin. The
tholin particles have an average diameter ranging from 90 nm to 1 µm (Hadamcik
et al., 2009).
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3.4.4 UV Raman, IR, XRD and HRTEM: Quirico et al (2008)
Quirico et al. (2008) used UV Raman, infrared spectroscopy (IR), X-ray diffraction
(XRD) and high resolution transmission electron microscopy (HRTEM) to analyze
90/10, 98/2, and 99/1 tholin samples. Through the use of FTIR and Raman, they
have identified -CH2 , -CH3 , -C-CH3 (2800-2900 cm−1 IR, 1380 cm−1 Raman), -NH2
(3200-3400 cm−1 IR), -CN (2190-2300 cm−1 IR, 2325 cm−1 Raman), and C3 N3 (980,
690 cm−1 Raman). The intensity of the feature attributed to C3 N3 increases from
90/10 to 98/2 (and 99/1). HRTEM reveals a very disordered nanostructure, but it
is not necessarily as disordered as completely amorphous CNH. XRD confirms this
interpretation with the presence of some coherent domains on a nm scale. From the
HRTEM data there is evidence of small polyaromatics, most likely less than four
rings. The HRTEM and XRD for the 98/2 and 90/10 exhibit no significant differences. Based on comparisons between tholins produced in levitation and tholins
produced by direct deposition as a thin film, they conclude that there are no significant differences in the chemistry of these two production setups.
3.4.5 Electron/Ion densities: Alcouffe et al. (2010)
Alcouffe et al. (2010) used optical emission spectroscopy (OES) to monitor the
plasma. They also investigated the electron and ion densities as well as the self-bias
voltage (which is related to the electron density and electron temperature). The
electron density calculations indicate that the electron density reaches a minimum
around 0.8-0.9 mbar, which is the pressure at which the majority of the samples used
in this work were produced. In this region there is little variation in electron density
with CH4 concentration and the electron density is approximately 3 × 1014 m−3 .
At lower pressures, the electron density decreases with increasing CH4 in the gas
mixture. Due to large uncertainties in the electron densities, they did not provide
electron temperatures.
From the OES measurements, they are able to use the N2 bands at 370, 375.5,
and 380.5 nm to look at the rotation temperature of N2 , which is equal to the neutral
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gas temperature. The neutral gas temperature increases with increasing power from
∼350 K at 10 W to 390 K at 100 W. All of our tholins were produced at 30 W, which
has a temperature of ∼335 K for 2% CH4 (the calculated temperatures have ∼10%
error). The neutral gas temperature decreases with increasing CH4 , which is not
understood. They suggest this could result from changes in the electron densities;
however, at 0.9 mbar there was little variation in electron density with gas mixture.
They also show that the particles form faster at higher total pressures and with
decreasing CH4 abundance.
3.4.6 Production rates: Sciamma-O’Brien et al. (2010)
Sciamma-O’Brien et al. (2010) produced PAMPRE tholins for a variety of gas mixtures ranging from 1% CH4 to 10% CH4 . They examined production rates, performed elemental analysis on each sample and calculated gas to solid conversion
rates for the tholins. The measurements were performed for chamber pressures of
0.9 mbar and 1.7 mbar. They found that there is a peak in the tholin production
rate at 4% CH4 (0.9 mbar) and 6% CH4 (1.7 mbar). The peak production rate
for 0.9 mbar is approximately 35 mg/h. Another important result of this work was
the measurement of the steady state CH4 concentration through the use of a mass
spectrometer attached to the chamber via a capillary tube. They found that an
initial concentration of 5% CH4 results in a steady state concentration of between 1
and 2% CH4 . Thus although Titan’s atmosphere contains 2% CH4 in the region of
the atmosphere we are interested in replicating, it seems that the samples produced
with an initial concentration of 5% CH4 probably form in conditions more representative of Titan. As shown in previous works such as Alcouffe et al. (2010), the
production rate increases with an increase in pressure. From the elemental analysis
measurements (performed by combustion for C, N and H and by carbon pyrolysis
for O), they find that for increasing CH4 the molar percentage of H increases, N decreases, while C and O remain approximately constant. The C/N ratios for the 0.9
mbar sample range from 1.1 to 2 (for 2% CH4 and 10% CH4 respectively)(SciammaO’Brien et al., 2010). The elemental analyses and production rates are shown in
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Figures 3.4 and 3.5.
3.4.7 Previous HRMS studies: Vuitton et al. (2010) and Pernot et al. (2010)
To date, two other high resolution mass spectrometry studies have been performed
on PAMPRE tholins. Both studies used an LTQ Orbitrap; the study detailed in
Vuitton et al. (2010) utilized the same Orbitrap as this work, while the study of
Pernot et al. (2010) used an Orbitrap at the Institut de Chimie des Substances
Naturelles. Vuitton et al. (2010) performed high resolution mass spectrometry along
with FTIR analysis of both tholins and poly-HCN (a material which is frequently
invoked as a potential Titan aerosol analogue). The FTIR revealed that the polyHCN had much simpler, narrower features than those of the tholins, which tended to
have smooth, broad features. This indicates that the poly-HCN is not as chemically
complex as the tholins. This conclusion is verified by comparison of HRMS spectra
of poly-HCN and tholins. Comparison of the major ions in the HCN polymers to the
tholins show that many of the major peaks in the HCN polymers are present in the
98/2 tholins, but not the 90/10. They also performed MS/MS on a few peaks that
were present both in the HCN polymer and in the 98/2 tholins. They found that
although the MS/MS spectra were not exactly the same, they did indicate losses of
the same functional groups, which shows that these molecules might have the same
structure.
Pernot et al. (2010) applied techniques from the field of petroleonomics (such
as Kendrick and van Krevelen diagrams) to the analysis of HRMS of PAMPRE
tholins. For this study, HRMS in the positive ion mode were obtained for tholins
produced using 98/2 and 90/10. The goal of this work was to investigate the polymeric structure of the tholins. From their use of Kendrick diagrams, they conclude
that CH2 and HCN are important structural units of the tholins. They propose a
copolymer of the form X-(CH2 )m (HCN)n based on the idea that the more compact
and symmetric a pattern is in a Kendrick diagram, the better that Kendrick pattern
represents the composition of the sample. Thus because the pattern for CH2 HCN is
more symmetric and more compact than the patterns of CH2 and HCN, it is a better
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Figure 3.4: Elemental analysis of tholin samples as mole percentage (top) and ratios
(bottom). The data for the N2 /CH4 samples comes from Sciamma-O’Brien et al.
(2010). They provide a more detailed description of the behavior of the elemental
composition of N2 /CH4 samples with gas mixture composition. The samples produced with CO have been offset by +0.3 for clarity. Addition of CO clearly increases
the content of oxygen in the samples, particularly for the 2% CH4 samples. There
appear to be no significant differences between samples made with 1.8% CO or 4.5%
CO.
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Figure 3.5: Production rates of tholin samples (mg/h) as a function of CO concentration in the gas mixture. The data for the N2 /CH4 samples comes from SciammaO’Brien et al. (2010). They provide a more detailed description of the behavior of
the production rate as a function of gas mixture composition and pressure. The
red asterisks indicate 5% CH4 , the green pluses indicate 2% CH4 , and the black
diamond indicates 10% CH4 . Except for the sample indicated, all other samples
were produced at 0.9 mbar. A blue circle around the data point indicates that it
was produced with C18 O.
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polymeric unit for the tholins. In fact, this behavior from the Kendrick patterns is
not unique to tholins. Shown in Figure 3.6, the same Kendrick patterns are used
to represent every possible molecule composed of C, N, and H. Clearly the behavior
observed by Pernot et al. (2010) in this type of diagram results from the fact that
the tholins are a subset of all of the molecules composed of C, N, and H. Pernot
et al. (2010) point out that previous studies, such as Clarke and Ferris (1997), invoked C2 H2 /HC3 N as polymeric units of tholins. However, the sample analyzed by
Clarke and Ferris (1997) was produced starting with cyanoacetylene (HC3 N), not
N2 and CH4 . A Kendrick diagram based on C2 H2 and HC3 N for all possible C, N,
and H containing molecules is also shown in Figure 3.6. The same basic type of
behavior is observed, although the pattern from the combined polymeric units is
not as symmetric.
Further, it should not be surprising that a Kendrick diagram produced with the
pattern of C2 H3 N may produce a better Kendrick diagram than other patterns as
the average molecular formula (normalized to N) of the 90/10 sample is C2.43 H3.31 N
based on the elemental analysis results (neglecting O). Although they do not show
the same Kendrick diagram for the 98/2 sample, the bulk molecular formula is
C1.24 H1.27 N based on the elemental analysis (again neglecting O), which indicates
that a Kendrick diagram based on HCN may be a better fit for this sample.
They then propose that X = Cα (in their suggested copolymer formula X(CH2 )m (HCN)n ), which they define as the carbon excess if α is positive and carbon
defect if α is negative. Then they calculate a paratmer called β which is equal to
m-n and is referred to as the methylene excess index. They are then able to rewrite
all of their molecules as Cα -(CH2 )n+β (HCN)n . Using this formula, they are able to
represent all of the molecular formulas in their data; accordingly, they claim that
their results indicate that the tholins are a “statistical copolymer”. In fact, it is
mathematically impossible for their formula to fail to represent all of the molecular
formulas as the formula has 3 parameters and there are 3 atoms from which the
molecular formulas are built.
One thing that is of interest to note with the proposed structure of the “roots”

110

Figure 3.6: The Kendrick Mass Defects of all possible CNH molecules are plotted
here using the Kendrick patterns of Pernot et al. (2010) (top) (CH2 , HCN, and
C2 H3 N and Clarke and Ferris (1997) (bottom) (C2 H2 , H3 CN, and C3 H5 N). The red
and black lines trace the trend of the corresponding points.
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of the families they have identified is the frequency with which the NH2 (primary
amine) functionality is present. For relatively small molecules, molecules containing
this functional group can only be represented using a negative value for α in their
polymeric scheme. This indicates that these molecules are not polymers in the strict
sense of the word.
For comparison purposes, the Orbitrap measurements of Pernot et al. (2010)
were obtained with a spray voltage of 5 kV, and a tube lens voltage of 65 V. They
also used a flow rate of 10 µL/min of tholins that were dissolved 1 mg/mL in CH3 OH
and injected through ESI using 80/20 mixture of CH3 OH and H2 O. The standard
operating conditions for the current work are a spray voltage of 3.5 kV with a tube
lens voltage of 50 V and a flow rate of 3 µL/min of tholins dissolved 1 mg/mL in
CH3 OH. They allow up to 5 oxygen atoms in their identifications (identical to our
protocol) and do not take isotopes into account for identifications. They do not
attempt to identify any molecules with a mass greater than 500 u.
3.4.8 Composition of gas phase products: Gautier et al. (2011)
Gautier et al. (2011) used a cold trap (cooled by liquid nitrogen ∼77 K) to collect the
gas phase products of the PAMPRE experiment. The products were then analyzed
using GC-MS. They found that the total amount of condensable species changes with
the initial concentration of CH4 . Accordingly, the carbon gas to solid conversion
yield decreases with increasing CH4 . More than 30 different species were detected
in their analysis. The predominant species observed in the GC-MS measurements
are nitriles; hydrocarbons, some aromatics (mostly heteroaromatics) and 3 oxygen
containing molecules (methanol, ethanol, and acetone) were also observed. They
investigated the products of experiments using 1, 4, and 10% CH4 . In all cases, the
major peak corresponded to HCN. More hydrocarbons were observed for the 10%
CH4 experiment than the 1% and 4% experiments. They conclude that nitriles are
important gas phase precursors to aerosol formation (Gautier et al., 2011).

Cold trapped gases primarily nitriles, more than 30 molecules
More HCs observed in 10%, gas conversion rate decreases with increasing [CH4 ]

0.9 mbar peaks at 4% CH4 (36.2 mg/h), 1.7 mbar at 6% CH4 (49.3 mg/h)
C/N increases for increasing CH4 from 1.1 to 2 (2% to 10% CH4 )
initial [CH4 ] of 4-6% result in steady state [CH4 ] of 1-2%
more chemically complex than HCN polymers
more chemically complex than HCN polymers
some molecules from 98/2 have similar structure to HCN polymer
Polymeric scheme Cα -(CH2 )n+β (HCN)n

N2 , CN, Hα observed in plasma
unsaturated species, rings/heterocycles, no polyaromatics
spheres diameter 0.2-2.5 µm, avg. 0.8
C/N=2.32, C/H=0.75
grain size increases with increasing [CH4 ], decreasing gas flow
increasing absorbed power and increasing production time
2% in CH3 OH solubility ratio 19±6%, solubility 2.5±0.2 mg/mL
10% in CH3 OH solubility ratio 35±5%, solubility 6.5±0.6 mg/mL
bulk, soluble and insoluble fractions very similar
more intensity at heavier masses in 10%, groups spaced 13 or 14 u
losses of 15, 17, 27 (- mode only)
-NH2 ,-CN, -CH2 , -CH3 , -C-CH3
C3 N3 , -CN, -CH2 , -CH3 , -C-CH3
small polyaromatics (less than 4 rings)
coherent domains on a nm scale
neutral gas temperature increases ∼10% above ambient

Table 3.5: Summary of previous analyses of PAMPRE tholins
Conclusions

Initial Measurement
% CH4 Technique
Szopa
10
OES
et al. 2006
pyr-GC-MS
SEM
Elem. Analysis
Hadamcik various SEM
et al. 2009
Carrasco 2, 10
Solubility
et al. 2009
IR
APPI-TOF
CID MS2
Quirico
2, 10
FTIR
et al. 2008
Raman
HRTEM
XRD
Alcouffe
various OEM
et al. 2010
Sciamma various Prod. rate
-O’Brien
Elem. analysis
et al. 2010
in situ MS
Vuitton
2, 5, 10 FTIR
et al. 2010
HRMS
MS2
Pernot
2, 10
HRMS
et al. 2010
Gautier
1, 4,10 GCMS
et al. 2011

Reference
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Table 3.6: Molecules identified in GCMS analyses of cold trapped gases produced
in the PAMPRE experiment (Gautier et al. (2011))
N-containing Hydrocarbons Aromatics O-containing
HCN
C2 H2
C4 H3 N5 CH3 OH
NH3
C2 H4
C3 H3 N3
C2 H5 OH
C2 N2
C2 H6
C6 H6
C2 H6 O
∗
C2 H5 N
C3 H4
C4 H5 N
C2 H3 N
C3 H6
C3 HN
C3 H8
C3 H3 N
C4 H4
C3 H5 N
C4 H6
∗
C4 H7 N
C4 H8
C4 H5 N
C4 H10 ∗
C5 H7 N
C5 H8
∗
C5 H9 N
C5 H10
C5 H6 N2
C5 H12
C4 H4 N2
∗

Two isomers were detected. Bold indicates molecular formula detected in Orbitrap
measurements of a 90/10 PAMPRE tholin sample
3.5 Very high resolution mass spectrometry: The Orbitrap
Due to their extreme chemical complexity, most previous studies have used bulk
analysis techniques such as infrared spectroscopy to investigate the composition of
tholins (Khare et al., 1984; McDonald et al., 1994; Coll et al., 1999; Tran et al.,
2003a; Imanaka et al., 2004; Quirico et al., 2008). More recent tholin studies have
utilized high resolution mass spectrometry to investigate the composition of tholins
and have reinforced the fact that the tholins are very complex (Sarker et al., 2003;
Somogyi et al., 2005; Imanaka and Smith, 2010; Pernot et al., 2010; Vuitton et al.,
2010). High resolution mass spectrometry is an important tool for understanding the
composition of tholins because information such as individual molecular formulas
and variation of composition with mass cannot be obtained through the use of bulk
analytical techniques.
In this work an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany), located at the Institut de Planétologie et d’Astrophysique de
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Figure 3.7: Schematic of the Orbitrap showing the path taken by ions once they
leave the ion source (electrospray ionization).
Grenoble (IPAG) in Grenoble, France, was used to characterize the tholins. The
Orbitrap is a relatively new mass analyzer and has several unique features that make
it potentially important for spacecraft applications. For this reason, it is useful to
understand its capabilities for analyzing tholins in a laboratory setting.
The Orbitrap uses a static electric field (unlike a quadrupole ion trap which uses
a dynamic electric field or an FT-ICR that uses a magnetic field). The Orbitrap has
two axisymmetric electrodes that are specifically shaped to produce an inhomogeneous electric field between the two surfaces. This electric field varies as a function
of position along the z-axis (longitudinal axis). The ions are injected perpendicular
to the z-axis from a C trap (see Figure 3.7). The ions follow a circular orbit whose
radius does not depend on mass and therefore all of the ions, regardless of mass, are
radially trapped. The electric field in the Orbitrap is inhomogenous in two ways.
The first is that the strength of the electric field varies with position on the z-axis
reaching a minimum in the middle of the trap. The second is that the vectors of the
electric field are not parallel in the trap. It is this inhomogeneity that results in the
mass-dependent oscillation of the ions along the z-axis. The frequency of oscillation
1

for the ions in the Orbitrap is given by ω=[(z/m)k] 2 (k is the field curvature, omega
in rad/s) (Makarov, 2000). The frequency is independent of both the energy and
spatial spread of the ions, which is necessary for accurate determination of m/z. It
is important to note that the C trap is of vital importance for ion injection. As
the electric field is static within the Orbitrap, an injected ion packet would simply
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pass through the field. To trap the ions radially, a brief pulse of the electric field is
required (>300 ns). For this to occur successfully, the ion packet must be tightly focused in both time and space, which is accomplished via the C trap. Approximately
30% of the ions are transferred from the C trap to the Orbitrap (Makarov et al.,
2006a). Time is a parameter than can be measured to very high accuracy and the
time transient signals can be transformed into frequencies using Fourier transforms
in the same manner as an FT-ICR (Makarov, 2000; Perry et al., 2008). The frequencies are then converted to masses, using the previously mentioned relationship
between mass and frequency.
The Orbitrap has a resolution of M/∆M of over 100,000 up to 400 u/q and accuracy in exact mass determination of ±2 ppm. It may have important spacecraft
applications because of its relatively small size (the trap itself is a bit larger than a
one euro coin) and high resolution. The only other mass spectrometer with comparable resolution is an FT-ICR which requires prohibitively large magnets and cryogen.
One major disadvantage of the Orbitrap compared to other mass spectrometers is
that it has the highest vacuum requirement of any mass spectrometer (∼1×10−8
Pa) because the ion packets must be very coherent throughout the measurement
of the transient signal; any collisions with background gases will result in a loss of
mass accuracy and resolving power (Perry et al., 2008). The other major disadvantage is that it has a relatively small dynamic range for a spacecraft instrument. By
averaging hundreds of spectra the dynamic range of the instrument is increased by
increasing the signal-to-noise and is generally between 103 and 104 in the positive
ion mode. A dynamic range of 5000 has been observed in a single scan (Makarov,
2000), but in general that dynamic range requires signal averaging.
3.5.1 Sample preparation and Orbitrap measurements
The sample preparation and Orbitrap measurements were performed by Véronique
Vuitton and Roland Thissen at IPAG. The Orbitrap uses an IonMax electrospray
ionization system (ESI) which was operated in the positive ionization mode with a
spray voltage of 3.5 kV and in the negative ionization mode with a spray voltage

116
of 3.7 kV. ESI is a soft ionization source that produces positively charged ions
(protonated) and negatively charged ions (deprotonated), but does not typically
fragment molecules. ESI requires dissolution of the samples and for this study
the samples were dissolved 1 mg/mL in CH3 OH or CH3 CN, followed by 30 min
of sonication and 3 min of centrifugation at 9000 g. The soluble fraction was then
injected into the Orbitrap. Measurements were obtained using both the positive and
negative ion modes of the instrument. Solubility measurements made with N2 /CH4
PAMPRE tholins in CH3 OH reveal solubility ratios from 19% to 35% depending on
the initial gas mixture (Carrasco et al., 2009). As the tholins are not fully soluble
in CH3 OH or CH3 CN, only the soluble fraction was analyzed. The choice of solvent
is discussed later in this chapter.
The following settings are the standard setup for our analysis protocol and were
used for all measurements unless otherwise specified. The N2 sheath gas was set to
6 arbitrary units and the ion transfer tube was maintained at 275◦ C. The tube lens
potential was kept at 50 V.
The transfer capillary was changed and thoroughly cleaned between samples. Samples were introduced into the mass spectrometer by flow infusion at 3
µL/min. The Orbitrap mass analyzer was calibrated daily using a mixture of caffeine (C8 H10 N4 O2 , m/z 195), MRFA peptide (Methionine-Arginine-PhenylalanineAlanine, m/z 524), Ultramark (m/z 1,022-1,922), and SDS (C12 H26 O4 S, m/z=265).
Full scan profile MS data were acquired with a resolving power setting of 100,000.
The automatic gain control was set for a target of 100,000 ions resulting in injection
times ranging from 3 to 150 ms.
Despite the very high resolution of the Orbitrap, which results in an average
mass accuracy of 2 ppm, spectral peaks with a mass to charge ratio above 300
u/q cannot be uniquely identified by mass alone. The native Orbitrap software,
Xcalibur, is capable of assigning molecular identifications to peaks, but above 300
u/q a human operator would need to check each identification because there is more
than one possibility for each peak. Due to the large number of molecules in the
tholin samples, it is not feasible to use Xcalibur for molecular identification in the
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tholin spectra.
3.6 IDMOL
3.6.1 Introduction
Both the large number of peaks and the very similar mass defects of C, N, O, and H
make manual molecule identification impossible. Without any a priori constraints
on the possible molecular composition of the tholins, the number of possible molecular formulas is daunting. Since the molecules present in the tholins contain only C,
N, O, and H, the nitrogen rule can be used to constrain the number of mathematically possible molecules. The nitrogen rule states that a molecule that is composed
of an odd number of N and any number of C, H, O, S, Si, P, or halogens will have an
odd nominal mass. This rule results from the unique fact that nitrogen has an odd
valence (+3) but an even nominal mass (14) (Watson and Sparkman, 2007). The
nitrogen rule thus restricts the choices of potential molecular formulas to closed shell
molecules (molecules without unpaired electrons). Using the nitrogen rule as the
only constraint, in the mass range of 0 to 1000 u, there are 105480 mathematically
possible molecular formulas containing only C, N, and H. Allowing incorporation
of up to 5 oxygen atoms causes the number of mathematically possible molecular
formulas in that mass range to increase to 554592 (see Figure 3.8). These numbers only include parent molecules and do not account for the additional molecular
formulas that result from naturally occurring isotopes.
To obtain molecular identifications for the numerous peaks in the tholin spectra,
I have written a set of computer programs. The data analysis process is summarized
in Figure 3.9 In this section, I will use measurements of a 90/10 tholin to demonstrate
the data reduction and analysis processes. The 90/10 sample is used to demonstrate
the performance of the code in this section because as shown by Pernot et al. (2010)
and as will be discussed in Chapter 4, the mass spectra of the 10% CH4 tholins have
signal at higher masses than the other samples. Therefore, this data set suffers the
most from the molecule identification difficulties at high masses shown in Figure
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Figure 3.8: Number of possible CNH and CNHO molecules as a function of mass.
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1419 peaks
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Remove isotope if parent peak not present
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previous 20 assignments

Final
identification
list
total3.txt
1257 assignments

Figure 3.9: Summary of the Orbitrap data analysis process using IDMOL
3.8. The Orbitrap software program, Xcalibur, is first used to create a .raw file
containing the average of the selected spectra. Once the .raw file containing the
average is created, a routine written in IGOR reads the .raw file and outputs the
mass to charge and intensity measurements into a text file. The IGOR program
that produces text files from the original raw data files was developed by Roland
Thissen. This text file is read by an IDL/FORTRAN 90 program called IDMOL
(idmol.pro and idmol.f90).
The program, idmol.pro, is run from the IDL command line by calling idmol,
massmin, massmax, where massmin and massmax are the boundaries of the mass
range of the dataset. The program uses a GUI to walk the user through parameter
input and option selection. The first step is to select the file where the data are
stored. If the program has never run this file before, it prompts you to enter information about the data including the mass range, composition of the gas mixture
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from which the sample was produced, and measurement conditions including the
mode of the instrument and the solvents used. This information is written to a file
called idinfo.txt.
Once that information is entered, the user is prompted to provide the settings
necessary to run the code. The first set of choices are to run it without calculating
all of the molecule options (this can only be used if the code has run on this set
of data before), no internal calibration or no isotope calculation. The default is no
for all of these settings as they are generally used to investigate problems that may
arise with a set of data. Next the user selects positive or negative ion mode. Next
the maximum number of oxygens (default 5), maximum N/C ratio (default 10) and
a secondary intensity limit (default 0) are input. This intensity limit can be used
in addition to the intensity limit which is calculated by the code using a method
described later in this section. Finally the mass tolerance levels are set including the
initial mass tolerance used to calculate all of the molecule choices (default ±10 ppm)
and the final mass tolerances (defaults +2.5 and -2.5 ppm). All of this information
is written to a text file called param.in. The initial mass tolerance is set higher
than the expected mass error to ensure that molecules are not missed. The mass
tolerance is reduced to the final mass tolerance at a later point in the program.
3.6.2 Peak identification
To begin the molecular assignment process, the peaks in the spectra must be identified. To do this, the program reads the text file and calculates the average intensity
of the data. This average is used as the noise threshold. In practice, the calculated
average is generally higher than the observed noise level. One method for finding
the noise level is to look at how the number of data points in a given intensity bin
changes with intensity. In the case of the Orbitrap, the distribution of intensities is
bimodal, shown in Figure 3.10 and the lower intensity peak (with a larger number of
data peaks) in the distribution results from noise in the data. Using this method, the
noise level in this set of data is ∼150, whereas the calculated average of the data is
854. In practice, the vast majority of the peaks with intensities between 150 and 854
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Figure 3.10: Histogram of intensity in a typical tholin Orbitrap mass spectrum
(90/10). The vertical line indicates the location of the average intensity in the
dataset (854.41 here). To emphasize the region of interest, the high end of the
intensity range of the data is not shown here.
cannot be identified (1257 of 1419 (89%) peaks identified above an intensity of 854
versus 2500 of 6536 (38%) identified above an intensity of 150). These peaks could
be multiply ionized, fragments of other molecules, or correspond to molecules that
contain atoms that have not been considered. For the same spectrum, Xcalibur indicates that the noise level is ∼1400. However, the documentation for Xcalibur does
not indicate how the noise level is calculated. Since it is not known how Xcalibur
calculates the noise level and the noise level from the histogram produces thousands
of extra peaks, the vast majority of which cannot be identified, the noise level is set
by calculating the average intensity in a given spectrum.
Once the noise level is determined, the peaks are found by applying the following
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criteria to each data point: (1) the intensity of the data point must be higher than
the average intensity of the dataset, (2) the intensity of the data point must be
greater than the intensity of the point immediately before it and immediately after
it, and (3) the mass defect (mass of the data point - integer mass of the data point)
of the data point must be less than 0.001 times the integer mass of the data point.
The last criterion is one method of noise removal, contaminants and species with a
charge greater than 1 because it is not mathematically possible to have molecules
that do not fit this criterion if they contain only C, N, O and H. Unfortunately, this
criterion is most effective at lower masses, where it is least useful. With the three
point peak determination method, the middle (most intense) of the three points is
used as the intensity of the peak. A more accurate intensity value can be obtained
by fitting a gaussian function to the points, as done by Xcalibur. However, in
practice this slows the identification code and does not change the identifications.
Comparisons between the three point method, the values calculated by Xcalibur
and values determined using the IDL routine GAUSSFIT, indicate that there is at
most a 2% difference in the peak intensities between the three methods. Thus for
the sake of computational speed and simplicity, the three point method is used.
The final step in peak identification is the removal of any peaks that result
from ringing from the Fourier transform. This feature is present in each individual
spectrum and is not an artifact introduced by the averaging procedure used by
Xcalibur. It is only a problem with the most intense peaks. The program looks
at the most intense peaks and checks for pairs of peaks that are equidistant from
the main peak and equal intensity within set limits. Those pairs of peaks are then
ignored. For this example, 74 peaks are removed, more than half of which are
associated with the most intense peak in the mass spectrum (nominal mass of 60),
shown in Figure 3.11.
The IDL routine then writes a file, peaksf.txt, containing the mass to charge ratio
and the corresponding intensities for the peaks that have not been eliminated. At
this point, the charge is assumed to be one and for simplicity will simply be referred
to as mass. This routine examined the 443429 mass/intensity measurements in the
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Figure 3.11: Example of the ringing that results from the Fourier transform of the
most intense signals. The “peaks” removed by the molecule identification software
are indicated by an x.
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data file and selected 1419 peaks for molecule assignment.
3.6.3 Molecule calculation
Once the peaks are identified, the IDL code uses spawn to run the part of the
program that is written in FORTRAN. The prompt ‘Enter file name, number of
lines’ will appear. If idmol.pro was used to create the peak list, then the file name
is peaksf.txt and the number of lines in the file is written immediately before the
prompt appears by idmol.pro. Idmol.f90 then reads the masses and intensities from
the peak list. It begins by converting the masses of the ions measured by the
Orbitrap into the masses of the corresponding neutral molecules.
The maximum number of carbon-12 atoms allowed is calculated by dividing the
mass corresponding to the peak by the mass of carbon-12 and using the integer part
of that number. The maximum number of nitrogen-14 atoms allowed for each loop
is set equal to the maximum number of carbon-12 atoms calculated previously. The
limit on the number of oxygen-16 atoms is a parameter set by the user when they
run the code. Idmol.f90 calculates a master list of molecules by looping through all
the possible combinations of atoms and looking for combinations that fall within
the specified mass tolerance. The code currently allows for carbon-12, carbon-13,
nitrogen-14, nitrogen-15, hydrogen, oxygen-16 and oxygen-18. For reference, the
masses and the natural abundances of each atom used by the code were obtained
from the NIST database and are listed in Table 3.7 (Coursey et al., 2010). In general,
the code is run using a limit of one carbon-13, one nitrogen-15 and one oxygen-18.
Deuterium is not considered as its natural abundance is low enough that deuterium
containing peaks are below the noise level.
The molecule possibilities are limited by the nitrogen rule as discussed at
the beginning of this section. All of the possibilities are written to a file called
molecule ids.txt. This file contains the measured mass, calculated mass, mass error,
intensity, number of carbon, nitrogen, oxygen, hydrogen atoms (and their isotopes).
Once the code has run once for a dataset, this process, which is the most time intensive part of running the code, can be skipped by selecting the no molcalc option
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Table 3.7: Atomic mass and isotopic abundances used by idmol.f90
Atom
Atomic Masses Abundance
Hydrogen
1.0078250321 99.9885
Carbon-12 12.0000000
98.93
Carbon-13 13.0033548378 1.078
Nitrogen-14 14.0030740052 99.632
Nitrogen-15 15.0001088984 0.368
Oxygen-16 15.9949146221 99.757
Oxygen-18 17.9991604
0.205

when the code is first run. For the example dataset described here, the 1419 peaks
that the code is trying to identify have a total of 11,139 possible identities.
Once the master list of all of the molecules is calculated, a master list of isotope
containing molecules is written to isotopes.txt. This file contains all of the possible
molecules that contain an isotope for which the parent molecule is also a possible
molecule. It also contains the intensity ratio between the parent peak and isotope
peak, the theoretical intensity ratio and the difference between the calculated mass
error of the parent peak and the calculated mass error of the isotope peak. For every
molecule that does not contain an isotope, it calculates the theoretical intensity
of the isotope peaks and if they are higher than the lower limit of intensity in
the file, it writes the mass and intensity of the parent peak, and the masses and
intensities of the daughter peaks to theoretical.txt. While this information is used
in some assignment decisions, it is not used as a strict constraint on the molecule
identifications due to issues with the intensities of lower intensity peaks which will
be discussed in detail later in this chapter.
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Table 3.8: Tholin molecules used for
Positive mode
Mass
Molecular Formula
59.0604
C2 N2 H6
60.0556
CN3 H5
85.0760
C4 N2 H8
99.09217
C5 N2 H10
102.1277
C6 NH15
113.0827
C4 N4 H8
113.1073
C6 N2 H12
127.0983
C5 N4 H10
127.1223
C7 N2 H14
153.1135
C7 N4 H12
153.1386
C9 N2 H16
164.0931
C7 N5 H9
164.1182
C9 N3 H13
178.1087
C8 N5 H11
178.1339
C10 N3 H15
190.1087
C9 N5 H11
192.1245
C9 N5 H13
192.1495
C11 N3 H17
192.1746
C13 N1 H21
206.1401
C10 N5 H15
242.2842
C16 N1 H35

internal calibration of measurements
Negative mode
Mass
Molecular Formula
108.03157
C3 N5 H3
119.03632
C5 N4 H4
131.03632
C6 N4 H4
132.05672
C7 N4 H7
146.07237
C8 N3 H9
160.06287
C7 N5 H7
174.07852
C8 N5 H9
184.06287
C9 N5 H7
198.07852
C10 N5 H9
213.08942
C10 N6 H10
224.06930
C10 N7 H7
240.10064
C11 N7 H11
253.09557
C11 N8 H10
263.07992
C12 N8 H8
266.11597
C13 N7 H13
280.13162
C14 N7 H15
293.12687
C14 N8 H14
305.12687
C15 N8 H14
320.13828
C15 N9 H15
334.15342
C16 N9 H17
348.16907
C17 N9 H19
360.16907
C18 N9 H19

3.6.4 Calibration
Before continuing further with the molecule assignments, an internal calibration is performed. The code is provided with two text files, tholin pref.txt and
tholin nref.txt. These files contain the masses and molecular formulas of a number
of molecules that have been observed previously in other tholin samples (Somogyi
et al., 2005) or are observed in all of the measurements of the PAMPRE tholins.
The code chooses the correct file based on the mode of the instrument and then
searches the molecule IDs.txt file for those molecules. At the larger masses, and
depending on the mass tolerance used, it is possible that the molecules are listed as
possibilities for more than one peak. If this occurs, the code chooses the peak that
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is the most intense and has the lowest mass error. The code then goes through the
identified calibration molecules. If any identified calibration molecule has a mass
error that is more than 2 ppm different from the adjacent calibration molecule with
a lower mass and 2 ppm different from the adjacent calibration molecule with a
higher mass, it is assumed that the molecule was not assigned correctly and it is not
used. The molecules used for the PAMPRE tholins are listed in Table 3.8. The rest
of the mass errors are adjusted based on a linear interpolation of the mass errors of
the calibration molecules. The new mass errors are used for the rest of the molecule
assignment decisions. The process is particularly useful at the low mass extreme.
While the normal Orbitrap mass accuracy is approximately 2 ppm, below 100 u/q
the mass accuracy is close to 10 ppm for many sets of data.
In actuality, much of the difficulty below 100 u/q stems from the fact that the
m *106 , as a parameter that should be constant
code attempts to treat mass error, ∆M
over a given mass range. If the data are calibrated in this manner, then the lower
masses can only be accurately calibrated through the use of internal calibration
using molecules known to exist in the sample that is being analyzed. In particular,
this is necessary because the error can be quite large at the very low mass end of
the data (50 u/q) where it is generally around 10 ppm (up to 25 ppm in some of
the analyses). For the tholin measurements this can be easily corrected, but for
other samples analyzed in the Orbitrap where the identities of even a few low mass
molecules are not known, such as organic material from meteorites or fulvic acids,
this method cannot be used.
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Figure 3.12: Example of different calibration methods for the Orbitrap tholin measurements. Shown here are positive ion mode measurements of a 90/10 tholin. The
black points represent uncalibrated mass errors of all of the possible molecules with
a ±15 ppm mass error tolerance. The red points have been calibrated assuming
a constant ∆m=6×10−4 . The blue points represent the data calibrated using the
internal method calibration described here.
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Through further analysis of the behavior of the tholin data at low masses, it has
become apparent that the mass error in ppm should not be treated as a constant
with mass. Rather, ∆m is the correct parameter to treat as constant with mass.
Accordingly, it would be better to use ∆m to check the masses of the possible
molecules in the data. Rather than rewrite the code to use ∆m instead of ∆ppm, it
is possible to recalibrate the ∆ppm values assuming a constant value for ∆m. Since
∆m is constant, it is only necessary to know ∆m for one mass to do a remarkably
effective recalibration of the data. If no molecules are known, it is still possible to
do this using a value around ∆m=4×10−4 (which corresponds to an error of 2 ppm
at 200 u/q). A comparison of the two different methods is shown in Figure 3.12.
One standard mass calibration method in mass spectrometry is the addition of a
known molecule to the sample for use as a standard for mass calibration. We investigated the utility of caffeine as a mass calibration standard. Although, theoretically
this method could be useful for calibration, in practice the breadth of the mass and
intensity ranges in the data require multiple molecules for internal calibration and
therefore it was easier to use previously identified molecules in the samples for internal calibration rather than find multiple standard molecules that were compatible
with the measurement techniques without reacting with the samples.
Makarov et al. (2006b) and Olsen et al. (2005) both demonstrated that the accuracy of the mass measurements decreases with decreasing intensity (decreasing
signal-to-noise) in the Orbitrap; this behavior has been extensively characterized
in the literature for other types of Fourier transform spectroscopy (Makarov et al.,
2006b). This property of the Orbitrap data has also been observed in our measurements as shown in Figure 3.13. Due to the use of a hard mass error cutoff, some low
intensity peaks will not be identified because their mass error is larger than the tolerance. If the mass error tolerance is increased, it becomes more difficult to uniquely
identify peaks of any intensity. Therefore, it is more desirable to leave some lower
intensity peaks unidentified while uniquely identifying the remaining peaks, than to
identify every peak with some of the peaks possessing multiple identifications.
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Figure 3.13: Intensity of identified peaks as a function of mass error. As has been
previously noted, the mass error increases with decreasing intensity in Orbitrap mass
spectra.
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3.6.5 Molecule identification
After applying the mass calibration, it is possible to have the code apply a higher
intensity limit and also place a limit on the nitrogen to carbon ratio. These parameters are set when the code is initially run and are listed as cn tol and limit2 in
the param.in file. At this point, the code checks molecules that contain an isotope
(hereafter “isotope molecule”) by looking for their parent molecule, if their parent
molecule is not in the list of molecule candidates at this point, then the isotope
molecule is removed from the list. The isotope molecules that are not removed are
written to the file isotope.txt. Any molecules for which there are still two peaks
with the same molecular formula are addressed in the following manner: if one of
the peaks has both a greater mass error and a lower intensity then it is not selected
and if a peak has a smaller mass error but is an order of magnitude less intense then
it is not selected. This method does not address every possible case, but it does
address every case that has appeared in this analysis.
At this point in the process, the lower mass peaks have unique molecule assignments. However, though many of the choices have been eliminated, at higher masses
(generally above 300 u/q) most peaks do not have unique molecular assignments.
Based on patterns observed at the lower mass ranges, the code assumes that, for
example, a molecule with 1 carbon atom will not appear in a much different mass
region than the other molecules with 1 carbon atom. The code begins at the lowest
mass and assumes that the first 20 molecule assignments are correct. Since the
measurements always begin in a mass range below 300 u/q, it is very likely that
these assignments are correct, particularly because of the previous limitations the
code has imposed. However, the use of the first 20 to begin this process prevents
a few misidentifications from changing the outcome. The average and standard deviation of the mass error, number of carbon atoms, number of nitrogen atoms and
number of double bond equivalents is calculated for each molecule possibility for
the previous 20 molecule assignments that have been labeled as correct. Molecule
suggestions are then immediately removed if they fall outside set limitations on the

132
differences between their mass error, number of carbons, number of nitrogens and
double bond equivalents. If more than one molecule possibility still remains for a
given peak, the code then sums all of these differences and chooses the molecule
with the lowest sum. Note that this process allows a peak to go unidentified if the
only possibilities fall outside of the limits. Additionally, if a molecule contains an
isotope, the code searches for the parent peak. If the parent peak is still considered
a strong assignment, the daughter peak is automatically kept. The information is
contained in the file to allow the decision to be made by checking the intensity ratio
of the observed peak against the ideal ratio based on natural abundances. However,
due to the fact that the accuracy of the intensity measurements seems to decrease
with decreasing intensity, this feature of the program is not currently employed.
After these steps, the code has reduced the number of possible molecules to 1320
from the original 11,139 for the example dataset.
For each molecule, the mass, mass error, intensity, and all of the averaging
comparisons are written to a file called averages.txt. It also indicates with a 1
(selected) or a 0 (not selected) which molecule possibilities were kept. The selected
molecules are written to the file total3.txt. The information contained in this file
includes mass, corrected mass error, intensity, and molecular formula. If a molecule
does not contain an isotope, but the daughter peak should have sufficient intensity
to be observed, then the intensity of the daughter peak and whether or not it is
observed is also contained in the file. If the molecule contains an isotope, the file
contains both the theoretical and observed ratios of the daughter peak to the parent
peak. The final number of assignments for the example dataset is 1257.
Finally, the code compares the list of identified molecules to the list of peaks
and writes a file called noidpeaks.txt that contains the list of peaks that were not
successfully assigned a molecular formula. Figure 3.14 compares the peaks detected
by idmol to the identified and unidentified peaks. In general, the unidentified peaks
have a relatively low intensity. Figure 3.15 shows the identified and unidentified
peaks for the sample, but for a higher mass range. Figure 3.16 shows the number
of carbons, number of nitrogens and number of double bond equivalent for each
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Figure 3.14: The top panel shows all of the peaks detected by idmol. The middle
panel shows all of the peaks that have been identified and the bottom panel shows
all of the peaks that have not been assigned a molecular formula.
molecule identified in the data from 150-1000 u/q. From the figure you can see that
the decision-making algorithm employed by the code at high masses continues the
trends in number of carbons, number of nitrogens and number of DBEs observed
at lower masses where the identifications are unique. It is not possible to know for
certain that the identifications at higher masses (where the identifications become
non-unique) are correct, but the fact that the code is able to continue the strong
trends observed at the lower masses indicates that this may be the best method
for tentative identifications of these molecules since we are unable to identify them
with certainty using this instrument. For the 50-300 u/q mass range example, the
code only eliminates 63 possibilities during the steps which remove any non-unique
identifications. However, for the 150-1000 u/q mass range measurements of the
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sample, this step of the code reduces 11297 possibilities to 4574 possibilities (for
5077 peaks). This demonstrates the necessity of inclusion of an algorithm to deal
with non-unique identifications if the high mass range data are used to investigate
composition.

Figure 3.15: The top panel shows all of the peaks detected by idmol. The middle
panel shows all of the peaks that have been identified and the bottom panel shows
all of the peaks that have not been assigned a molecular formula.
The accuracy of the software has been verified using ESI-FTMS measurements
obtained by Arpad Somogyi using a Bruker Apex-ultra 9.4 T FT-ICR (Fourier
Transform-Ion Cyclotron Resonance) mass spectrometer with similar resolution, but
higher mass accuracy of ±0.2-0.6 ppm.
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Figure 3.16: The top panel shows the number of carbon atoms in a given molecules
versus mass. The middle panel shows the number of nitrogen atoms in a given
molecule versus mass and the bottom panel shows the number of DBE in a given
molecule versus mass.
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Figure 3.17: The peak corresponding to CN3 H5 is shown in the left panel. The right
panel shows the peaks corresponding to 13 CN3 H5 and C15 NN2 H5 (pluses) compared
to the predicted intensities of those peaks (solid lines) based on the intensity of the
parent peak and the abundances of 13 C and 15 N in Earth’s atmosphere. The data
shown are an average of 200 spectra of the 90/10 tholin sample 50-300 u/q mass
range.
3.6.6 Isotopes and low intensity peaks
The naturally occurring abundance of isotopes can be very useful for identification
of molecules using mass spectrometry. Since the ratios of isotopes are very well
known, the ratio of the intensity of daughter peaks to their parent peak can be used
to eliminate possibilities when more than one molecular formula is possible for a
given peak. For extremely complex mixtures like tholins, the ability to use isotopic
information in the data would be of great use for the identification of peaks in the
mass spectrum. Unfortunately, the use of isotopic information in the Orbitrap data
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has thus far not been possible.

Figure 3.18: Shown here are the predicted intensities versus the error in the measured intensities of the 13 C (blue pluses) and 15 N (red pluses) peaks based on the
intensity of the parent peak and the abundances of 13 C and 15 N in Earth’s atmosphere. Peaks with intensities and errors that fall in the shaded region would not
be detected based on the noise level threshold. The peaks shown with 100% error
were not detected. The data shown are an average of 200 spectra of the 90/10 tholin
sample for 50-300 u/q mass range.
An example of the problems with the isotopic peaks in the Orbitrap data is
shown in Figure 3.17. Here the most intense peak in the spectrum, corresponding to
the molecule CN3 H5 , is shown along with the corresponding
peaks. The intensities of the

13

C and

15

13

C and

15

N daughter

N peaks are 15.1% and 16.9% of their

predicted intensities. The scale of the problem can be see in Figure 3.18, which
shows the percent error in the measured isotope peak intensities as a function of the
predicted peak intensity. The ability to discern trends from this figure is complicated
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by the fact that low intensity peaks with a large error cannot be detected above the
noise threshold (demonstrated by the shaded region). It should be noted that the
peaks with “100% error” are actually peaks that were not detected, but should
be detectable based on their predicted intensities. The large errors observed in the
intensities of the isotope peaks prevents information about isotope peaks from being
used in the assignment of molecular formulas.
The source of the problem is unclear. Nguyen et al. (2008) examined 13 C in PAMPRE tholins and tholins produced at LISA (see e.g. Coll et al. (1995)) and found no
measurable isotope fractionation; therefore the tholins analyzed here should contain
the natural abundances of

13

C and

15

N. In Figure 3.19, the error in the measured

intensities is shown as a function of the ratio of predicted isotope peak intensity to
measured parent peak intensity. It appears that the error decreases as the ratio of
predicted isotope peak intensity to measured parent peak intensity increases. This
indicates the the errors in the intensities are intensity dependent; therefore, the
error in the isotope ratio is smallest when the predicted intensity is closest to the
parent peak intensity. It has been previously shown that isotope peaks with relative
intensities below a few percent are discriminated against (Makarov, 2000), however
in our measurements the problem extends to much higher relative intensities.
Thus far, the discussion in this section has been limited to data created by averaging 200 spectra. Further investigation of the intensity errors requires evaluation
of individual spectra rather than the average spectrum. This has been done for the
peak corresponding to CN3 H5 and two of its isotope peaks, 13 CN3 H5 and C15 NN2 H5 .
This peak was chosen because both the

13

C and

15

N isotope peaks are present, but

with predicted intensities that are different by a factor of ∼5 (unlike the peaks shown
in Figure 3.17 where the predicted peaks have approximately the same intensity).
Figures 3.20 and 3.21 show the results of evaluating these peaks in 100 individual
spectra. Figure 3.20 shows the intensities of all 3 peaks as a function of spectrum
number (which is a proxy for time, since these spectra were taken consecutively). As
plotted, the intensities of the isotope peaks appear to vary more than the intensities
of the parent peak. However, the absolute variations in the parent peak intensities
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Figure 3.19: Shown here are the errors in the predicted isotope peak intensities as
a function of the ratio of predicted isotope peak intensity to measured parent peak
intensity for the 13 C (blue pluses) and 15 N (red pluses) peaks based on the intensity
of the parent peak and the abundances of 13 C and 15 N in Earth’s atmosphere. The
peaks shown with 100% error were not detected. The data shown are an average of
200 spectra of the 90/10 tholin sample 50-300 u/q mass range.
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are frequently larger than the intensities of the isotope peaks because the parent
peak intensities themselves are about 2 orders of magnitude larger than the isotope
peak intensities. This figure also shows the predicted isotope peak intensities based
on the parent peak intensities (blue and red solid lines). Again it is clear that the
intensities are lower than predicted for the

13

C peak. This is further demonstrated

in Figure 3.21, which shows the percent error in the predicted peak intensities as
a function of spectrum number. Although they are still lower than predicted, the
error is not as large for the individual spectra as it is for the average spectrum.
The value of the Xcalibur averaged isotope peak intensities is shown in Figure 3.20
(dashed lines) and is approximately an order of magnitude lower than predicted, as
previously demonstrated in Figure 3.17. The larger error in the Xcalibur averaged
isotope peak intensities results from the fact that many of the spectra do not have
signal for one or both isotope peaks, as shown in Figure 3.20. It has not been possible to ascertain how Xcalibur performs the spectral averaging, but it is clear that
it is including these zeroes, which contributes to, but does not completely account
for, the observed error in the isotope peak intensities. Despite their lower predicted
intensities, the

15

N peaks shown here have, on average, smaller error in their inten-

sities. The reason for this is not known and further work needs to be done to fully
understand the nature of the errors in the isotope peak intensities.
It should be noted that the isotope peaks have been used here as an example
because their predicted intensities are well constrained, but the issues that affect the
isotope peak intensities should also cause other low intensity peaks to be lower than
one would otherwise predict based on their abundance in the samples. Accordingly,
the intensities of the low intensity peaks are systematically underestimated. Therefore, until the problem is fully understood, quantitative work that involves use of the
intensities of the low intensity peaks should be avoided. The effect on non-isotope
peaks is discussed in Chapter 4 in relation to oxygen containing molecules.
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Figure 3.20: Shown here is the variation in peak intensity for 3 peaks as a function
of individual spectrum number. The parent peak is C3 N2 H8 (black pluses); the
13
C (blue pluses) and 15 N (red pluses) daughter peaks are also shown. The solid
blue and red lines indicate the predicted isotope intensities based on the intensity
of the parent peak and the abundances of 13 C and 15 N in Earth’s atmosphere. The
dashed blue and red lines indicate the average intensity (for 100 spectra) calculated
by Xcalibur. The shaded region indicates the noise level threshold; the points in
the shaded region indicate spectra in which the daughter peaks were not detected.
This dataset was obtained using the 90/10 tholin sample.
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Figure 3.21: The errors in predicted isotope peak intensity for 13 CC2 N2 H8 (blue
pluses) and C3 15 NNH8 (red pluses) are plotted as a function of individual spectrum
number. The peaks shown with 100% error were not detected. This dataset was
obtained using the 90/10 tholin sample.
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3.6.7 Solvent: CH3 OH or CH3 CN

Figure 3.22: Shown here are spectra obtained with the Orbitrap operating in positive
ion mode for a 98/2 tholin sample. The top panel shows molecules found in both
the measurements made with CH3 OH (blue) and CH3 CN (red). The bottom panel
shows the molecules found in only one set of measurements.
Since our use of ESI as the ionization method limits our analysis to the soluble
fraction, we investigated two different solvents, CH3 OH (methanol) and CH3 CN
(acetonitrile), for our ESI-Orbitrap analyses. The disadvantage of using CH3 OH
is that it contains oxygen, which is not always intentionally present in the tholin
samples. Therefore, it could present a unwanted source of contamination. CH3 CN
does not have that problem, however, it does not ionize as efficiently as CH3 OH
(Jemal and Hawthorne, 1999).
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The positive ion mode measurements in the mass range of 50 to 200 for a 98/2
tholin sample are shown in Figure 3.22. Here the top panel plots the identifications
that are present in both samples. The bottom plots the molecular formulas that
are identified in one sample, but not the other. More molecules are identified in
the measurements which used CH3 OH, shown in blue, than the measurements made
with CH3 CN. Approximately half of these molecules contain an oxygen atom. While
this could indicate the reaction of the sample with the solvent, or formation of
solvent clusters, the ratio of oxygen containing molecules to non-oxygen containing
molecules is approximately the same as what is observed in the overall sample. The
same trends are observed in the negative ion mode data, shown in Figure 3.23. The
previously described difference in ionization efficiency is observed in both figures.
From the positive ion data, the measurements with CH3 CN have intensities on
average 83% of the CH3 OH measurements (shown in Figure 3.24), for the negative
ion mode it is 60%.
Interestingly, solubility measurements made by Carrasco et al. (2009) find that
98/2 tholins are only 70% as soluble in CH3 OH as in CH3 CN. The authors argue
that the method used for this solubility measurement (dissolving a known amount of
solid in a known amount of solvent) is not accurate for complex mixtures. This may
explain why this solubility difference does not appear to affect the intensity ratios.
The intensities measured in CH3 CN are not uniformly lower than the intensities in
CH3 OH, which may be the signature of this solubility difference.
Due to the difference in ionization efficiencies, particularly in the negative ion
mode of the Orbitrap, we choose to use CH3 OH as our standard solvent. However,
when searching for specific molecules, such as amino acids, it is useful to do a
few sets of measurements using different solvents. This allows us to rule out solvent
reactions and also may be helpful when looking for molecules that have very different
solubilities or ionization efficiencies in different solvents.
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Figure 3.23: Shown here are spectra obtained with the Orbitrap operating in negative ion mode for a 98/2 tholin sample. The top panel shows molecules found in
both the measurements made with CH3 OH (blue) or CH3 CN (red). The bottom
panel shows the molecules found in only one set of measurements.
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Figure 3.24: The ratio of the intensities of the peaks measured in CH3 CN to CH3 OH
from Orbitrap positive ion mode measurements of 98/2 tholin sample.
3.6.8 Tube lens voltage
Although there are a variety of different Orbitrap settings which must be optimized
to acquire the best possible data, one of the most important settings is the tube
lens voltage. The location of the tube lens is indicated in Figure 3.7. The tube
lens is used to transfer the ions from the electrospray source into the instrument.
This occurs at relatively high pressure compared to the rest of the instrument. The
pressure is required because the gas drag is necessary to transport the ions into the
instrument. Heavier masses require larger voltages to get transferred; however, the
higher the voltage is, the more energy the ions have. This results in higher energy
collisions with the background gas, which ultimately results in fragmentation of
the smaller molecules. Figure 3.25 shows modified van Krevelen diagrams for tholin
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samples produced using three different initial gas mixtures (98/2, 95/5, 90/10). The
variation in the positive ion mode data acquired using two different tube lens voltages
(50 V and 150 V) is clear. Higher voltages are more likely to fragment molecules,
which appears to result in the loss of H as the N/C ratios are approximately the
same for both voltages, but the H/C ratio is lower for the higher voltage.

Figure 3.25: Modified van Krevelen diagrams of positive ion mode spectra using
tube lens voltages of 50 V (left) and 150 V (right) of 90/10 (top), 95/5 (middle) and
98/2 (bottom) tholin sample for a mass range of 50-300 u/q. Color indicates peak
intensity.

3.7 Conclusions
Characterization of laboratory produced Titan aerosol analogues, or tholins, is a
necessary step for furthering our understanding of the complex chemical and physical
processes occurring in Titan’s atmosphere. The sheer level of chemical complexity
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observed in these samples necessitates the use of sophisticated analytical techniques
such as very high resolution mass spectrometry. The Orbitrap mass spectrometer
has potential flight applications and accordingly use of this instrument to analyze
tholins is important both for understanding future spacecraft use and for chemical
characterization of laboratory tholins. The complexity of the tholin mass spectra
necessitated development of the rapid and accurate molecule assignment software
discussed in this chapter. The software has allowed us to characterize the behavior of
PAMPRE tholins in the Orbitrap for two typical ESI solvents (CH3 OH and CH3 CN).
We have also investigated the anomalous behavior of isotope peaks (and potentially
all low intensity peaks), but the issue remains unresolved and further investigation
is necessary. In Chapter 4 and Chapter 5 the chemical composition of the tholins,
as measured using the Orbitrap, will be discussed.
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CHAPTER 4
THOLIN COMPOSITION FROM VERY HIGH RESOLUTION MASS
SPECTROMETRY

Unknowingly, we plow the dust of stars, blown about us by the wind,
and drink the universe in a glass of rain. - Ihab Hassan
4.1 Introduction
The importance of laboratory studies for understanding Titan’s atmospheric chemistry and aerosols and previous tholin studies were described in Chapter 3. The
sample production, analytical techniques and data analysis software used for this
work were also described in Chapter 3. Here the results of the tholin analyses are
presented and their implications for improving our understanding of the processes
occurring in Titan’s atmosphere are discussed.
4.2 Very high resolution Orbitrap mass spectra
A typical tholin Orbitrap mass spectrum is shown in Figure 4.1. One of the most
striking features of the high resolution mass spectra of tholins is the presence of
groups with a remarkably regular period. The groups of peaks shown in Figure 4.1
are spaced by approximately 13.55±0.01 u. Previous works have assumed that the
regular spacing observed in their data is 14 u, which corresponds to the addition
of a methyl group (a net difference CH2 ) (Scattergood et al., 1975; Ehrenfreund
et al., 1995; Sarker et al., 2003; Somogyi et al., 2005). Spacing defined by methyl
group addition is typical for mass spectra of petroleum samples (see e.g. Marshall
and Rodgers (2004)). Trainer et al. (2006) and Pernot et al. (2010) noted that the
spacing was not 14; Trainer et al. (2006) suggested that the pattern observed in
their samples was the result of CH2 , CH, and C (14, 13, 12). While many of the
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Figure 4.1: Typical tholin Orbitrap positive ion mode mass spectrum for a 90/10
tholin sample. The inset panels demonstrate the resolution of the Orbitrap and
complexity of the tholin samples. In this particular sample, 11 peaks with a nominal
mass of 302 are seen above the noise level in the data. As shown in Figure 4.3, there
are groups of peaks in the mass spectrum that exhibit very regular spacing of ∼13.5
u.
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Figure 4.2: The number of heavy atoms (C+N+O) as a function of mass compared
to the tholin mass spectrum for a 90/10 tholin. This figure demonstrates that the
groups of molecules separated by 13.5 can be defined using a constant number of
heavy atoms for each group.
very intense peaks in the spectrum are separated by a difference of CH2 , the overall
spacing observed in our spectra is 13.5 u. It is possible that the spacing in other
published tholin spectra is also 13.5, and examination of these spectra supports that
hypothesis, but it cannot be said with certainty without further analysis of the data
from those works.
The uniformity of the spacing in our tholin mass spectra is demonstrated in a
number of ways. First, it can be shown that the groups are regularly spaced by
locating the centers of adjacent groups and measuring the mass difference. These
mass differences for a 90/10 tholin sample are shown in Figure 4.3. We use three
different methods to define the center of each group. The first method is to define the
center of each group as the location of the most intense peak (circles). The second
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method is to define the center of each group by performing an intensity weighted
average of the masses in each group (pluses). In the first two cases, the groups are
defined by finding the intensity minima between the groups. The third method takes
advantage of the fact, demonstrated in Figure 4.2, that the groups can be defined
by a constant number of heavy atoms (C+N+O). Once the groups are defined in
this manner, the center of each group is again found through an intensity weighted
average (asterisks). The methods are consistent and demonstrate that the spacing is
∼13.5. Note that the three methods, shown in Figure 4.3, yield similar results for the
positive ion mode data (blue), but the variations are larger for the negative ion mode
data (red). This difference results from the fact that groups defined by the number
of heavy atoms rarely overlap in the positive ion data, but frequently overlap in the
negative ion data. The remainder of this analysis is performed using only the groups
defined by the number of heavy atoms. Although the code has been optimized to
reduce inclusion of peaks corresponding to contamination, it is important to realize
that because all three methods described here use an intensity weighted average
in the spacing calculation, the result can be affected by very intense peaks which
result from contamination rather than molecules from the sample. The data shown
here are for a mass range of 50-300 u/q. However, this spacing is observed in all
measurements discussed here, regardless of the CH4 concentration in the initial gas
mixture, the mass range of the measurements, or the mode of the instrument used
to obtain the measurements. The origin of this unique spacing will be discussed in
Section 4.6.
4.2.1 Elemental composition and measurement biases
The choice of analytic technique introduces a bias into the observations. As discussed in Chapter 3, only the soluble fraction of the tholin is analyzed. From there,
other biases are introduced because the intensities in the Orbitrap measurements
depend not only on their relative abundances in the sample and solubilities, but
also on how easily the molecules can be protonated or deprotonated. This raises
the question of whether analysis of the Orbitrap measurements provides information
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Figure 4.3: The top panel shows positive ion mode (blue) and negative ion mode
(red) identified molecules from 90/10 tholin spectra. The masses plotted are the
masses of the molecule rather than the ion so there is no offset between the negative
ion mode data and positive ion mode data. The numbers shown are group number.
The bottom left panel shows the location of the center of the group plotted as a
function of group number. The bottom right panel shows the spacing between the
groups as a function of group number. The 3 symbol types indicate the different
methods used to calculate the center of the group: most intense peak (circles),
intensity weighted mass average (pluses), intensity weighted mass average of groups
defined by a constant number of heavy atoms (C+N+O) (asterisks).
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that is representative of the composition and formation of the samples as a whole.
Figure 4.4 shows a comparison between the elemental analysis measurements discussed in Chapter 3 and the intensity weighted average composition of the tholins
based on the Orbitrap measurements. There are a few general trends that should be
noted. First, although the elemental composition ratios based on the Orbitrap measurements are not in perfect agreement with the elemental analysis measurements,
the trends in composition as a function of gas composition in the elemental analysis
measurements are also seen in the Orbitrap measurements. Second, taken individually the positive ion or negative ion measurements do not agree with the elemental
analysis measurements, but the elemental analysis results generally fall between
the composition inferred from the positive ion measurements and the composition
inferred from the negative ion measurements. This is a strong demonstration of
the need to utilize both modes of the instrument to reduce biases introduced into
the data by the measurement technique. The differences between the positive and
negative ion mode spectra are described in greater detail in Section 4.3.1. Finally,
there is a glaring disagreement between the C/O ratios based on the elemental
analysis measurements and the Orbitrap measurements. The disagreement is particularly large in the positive ion measurements. This disagreement results from
the intensity problems discussed in Chapter 3. In general, the oxygen containing
molecules have much lower intensity that the molecules that do not contain oxygen
with a similar mass. Since the intensities of the lower intensity peaks are lower than
they should be, the C/O ratios calculated from the Orbitrap measurements end up
much higher than from the elemental analyses. This also explains the fact that the
disagreement is larger for the positive ion measurements. The range of measured
intensities is larger for the positive ion mode measurements than for the negative ion
mode measurements; this allows for identification of more molecules with intensities
that are too low. A quick investigation of this possibility is shown in Figure 4.5.
Here, the intensity of the lowest intensity peaks (defined as peaks with an intensity lower than 10 times the intensity threshold) has been multiplied by a factor of
10 before doing the intensity weighted average of the elemental composition. The
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multiplicative factor was chosen based on the observed error in the isotope ratios
discussed in Chapter 3. For almost all of the measurements, this adjustment to the
data improves the agreement of the C/N, C/H, and C/O ratios with the elemental
analysis data. The effect is particularly pronounced for the C/O ratio. The simple
correction to the data improves the agreement of the C/O ratio with the elemental
analysis and indicates that an instrument effect is likely responsible for the observed
disagreement.

Figure 4.4: Shown here is a comparison between the elemental analysis measurements described in Chapter 3 and the intensity weighted average composition of the
tholins based on the Orbitrap measurements. The horizontal lines indicate ratios
calculated by averaging all possible CNH molecular formulas from 0-1000 u.
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Figure 4.5: Shown here is a comparison between the elemental analysis measurements described in Chapter 3 and the intensity weighted average composition of the
tholins based on the Orbitrap measurements. Here the intensity weighted averages
have been adjusted by increasing the intensity of low intensity peaks by a factor of
10.
4.2.1.1 Oxygen contamination
The elemental analyses indicate that there is a non-trivial amount of oxygen contamination in the tholins produced in the PAMPRE apparatus. The presence of
oxygen in the elemental analysis is supported by the Orbitrap measurements. Figure 4.6 shows a positive ion mode mass spectrum for a 95/5 tholin sample, which
has been divided into non-oxygen containing (top) and oxygen containing (bottom)
molecules. In this particular spectrum, there are more molecules that contain oxygen than molecules that do not. Efforts to minimize contamination are described in
Chapter 3 and Chapter 5. As discussed in Chapter 3, in general most oxygen con-
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Figure 4.6: Comparison of non-oxygen containing (top) and oxygen containing (bottom) molecules in Orbitrap positive ion mode spectra of a 95/5 tholin sample from
50-300 u/q.
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taining molecules contain only 1 oxygen atom. The code allows for up to 5 oxygen
atoms, but rarely finds more than 3 oxygen atoms in a molecule. Here, the oxygen
containing molecules are of no particular interest. However, we have compared the
oxygen containing molecules to the non-oxygen containing molecules to ensure that
the presence of the oxygen containing molecules is not affecting our interpretation of
the data. One method to quickly compare sample compositions is the use of a modified van Krevelen (VK) diagram, which plots N/C as a function of H/C (Imanaka
and Smith, 2010). Figure 4.8 shows a VK diagram that demonstrates that the
oxygen containing (blue) and non-oxygen containing (red) molecules have almost
identical CNH compositions. Information about molecular mass is not available on
this type of VK diagram so Figure 4.7 compares the number of C, N, and double
bond equivalent (DBE) as a function of mass for molecules that contain oxygen and
those that do not. Both sets of molecules exhibit the same trends. Double bond
equivalent is a measure of the saturation of a molecule and can give some idea of
the types of bonds found in a molecule. DBE is given by
C + 1 − 0.5(H − N) = DBE,

(4.1)

ring = 1 DBE
double bond = 1 DBE
lone pair = 1 DBE
triple bond = 2 DBE
Another consequence of this definition is that divalent atoms such as oxygen do
not contribute to the double bond equivalent (Sparkman, 2006).
For molecules with the same C/N and C/H ratios, molecules that contain oxygen
are shifted to higher masses compared to molecules that do not, thus inclusion of
oxygen containing molecules will slightly skew averages of properties such as C and
N as a function of mass. However, we choose not to simply ignore the oxygen
containing molecules for a number of reasons. First, the oxygen content is relatively
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Figure 4.7: Comparison of C, N, and DBE as a function of mass for oxygen (blue
pluses) and non-oxygen (red circles) containing molecules in Orbitrap positive ion
mode spectra of a 95/5 tholin sample from 50-300 u/q.
constant across the samples. Second, they represent a large fraction of the molecules
(in some cases, a majority). Third, although they are numerous, in general the
intensities are lower than the intensities of the non-oxygen containing molecules;
therefore, intensity weighted averages of properties such as C and N are not greatly
affected by their presence.
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Figure 4.8: Modified van Krevelen diagram for oxygen (blue pluses) and non-oxygen
(red circles) containing molecules in Orbitrap positive ion mode spectra of a 95/5
tholin sample for 50-300 u/q.
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Figure 4.9: Peaks with an assigned molecular formula in the positive ion mode
spectra of 98/2 (top), 95/5 (middle), and 90/10 (bottom) tholin samples (150-1000
u/q).
4.3 Variation of composition with initial gas mixture
We have obtained positive and negative ion mode measurements from 50-300 u/q
and 150-1000 u/q for samples produced using 3 different N2 /CH4 initial gas mixtures
(98/2, 95/5, and 90/10). For comparison, positive ion mode spectra for all 3 samples
are shown in Figure 4.9. The highest detectable mass increases with increasing
CH4 . As previously shown, on average the Orbitrap measurements reproduce the
trends observed in the elemental analyses with the the C/N ratio increasing with
increasing CH4 and the C/H ratio decreasing with increasing CH4 . These trends
are easily observed using a modified van Krevelen (VK) diagram. VK diagrams for
all 3 samples using both the positive and negative ion mode of the instrument are
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Figure 4.10: Modified van Krevelen diagrams of positive (left) and negative (right)
ion mode spectra of 98/2 (top), 95/5 (middle), and 90/10 (bottom) tholin sample
for a mass range of 50-300 u/q. Color indicates peak intensity.
shown for 50-300 u/q (Figure 4.10) and for 150-1000 u/q (Figure 4.11). Comparison
of Figures 4.10 and 4.11 reveals that the higher mass range data occupy a smaller
region of the VK diagram indicating that the range of observed N/C and H/C ratios
decreases as a function of mass. This trend is easily observed in Figures 4.12 and
4.13, which show the N/C ratio of the identified molecules as a function of mass.
From these Figures it is also clear that there is a significant difference between the
molecules observed in the positive ion mode and negative ion mode measurements.
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Figure 4.11: Modified van Krevelen diagrams of positive (left) and negative (right)
ion mode spectra of 98/2 (top), 95/5 (middle), and 90/10 (bottom) tholin sample
for a mass range of 150-1000 u/q. Color indicates peak intensity.
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Figure 4.12: N/C ratio as a function of mass for positive (left) and negative (right)
ion mode spectra of 90/10 (top), 95/5 (middle), and 98/2 (bottom) tholin sample
for a mass range of 50-300 u/q. Color indicates peak intensity.
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Figure 4.13: N/C ratio as a function of mass for positive (left) and negative (right)
ion mode spectra of 90/10 (top), 95/5 (middle), and 98/2 (bottom) tholin sample
for a mass range of 150-1000 u/q. Color indicates peak intensity.
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4.3.1 Comparison of positive and negative ion instrument modes

Figure 4.14: Comparison of positive (blue) and negative (red) ion mode spectra of
a 95/5 tholin sample from 50-300 u/q. The top panel shows molecules found in
measurements using both instrument modes and the bottom panel shows molecules
found in measurements from only one mode of the instrument. The plotted masses
are for the neutral molecules so the observed mass differences result from different
molecules in the measurements.
The vast majority of published tholin mass spectra were obtained using the
positive ion mode of the mass spectrometer (see e.g. Sarker et al. (2003); Somogyi
et al. (2005); Imanaka and Smith (2010); Pernot et al. (2010); Vuitton et al. (2010)).
Data obtained in the positive ion mode are inherently biased to favor molecules
that are easily protonated. Analysis of both positive and negative ion mode data
provides a more complete picture of the composition of the samples, as previously
shown through comparison of element ratios in Figure 4.4. Positive and negative
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ion mode spectra are plotted for a 95/5 tholin sample in Figure 4.14. The masses
plotted are for the molecules, not the ions, so the observed mass differences are a
result of the differences in molecules detected.
Furthermore, as shown in Figure 4.15, although there is some overlap in the
observed composition, in general the molecules observed in the negative ion mode
tend to have lower values of C/H and higher values of N/C than the molecules
observed in the positive ion mode. These trends are also seen in Figures 4.10, 4.11,
4.12, and 4.13. These differences are explored further in Figure 4.16, where the
VK diagram of Figure 4.15 has been divided into molecules that are observed in
both modes and molecules that are only observed in one mode. Comparison of
the measured intensities of the molecular formulas observed in both samples shows
the same bias, with the molecular formulas with lower H/C values having higher
intensities in the negative ion mode than in the positive ion mode. The majority of
observed peaks are only found in one instrument mode and the most intense peaks
in one mode are often not observed in the other mode. Therefore, the use of only
one instrument mode greatly limits the ability to characterize and understand the
composition of tholins.
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Figure 4.15: Modified van Krevelen diagrams for 95/5 tholin in positive (blue) and
negative (red) ion mode. Two different mass ranges are shown (50-300 u/q (top),
150-1000 u/q (bottom)).
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Figure 4.16: Modified van Krevelen diagrams for 95/5 tholin in positive and negative
ion mode. The top panel shows molecules found in both measurements with the size
of the circle indicating the relative intensity of the peaks and the color indicating in
which mode the peak is more intense (positive (blue), negative (red)). The bottom
panel shows molecules found in only one set of measurements. In the bottom panel,
the color indicates in which mode the molecules are found and the intensity ratio
plotted is the ratio of the intensity of the observed peak to the intensity threshold
in the other set of data.
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4.3.2 Comparison of 98/2 and 90/10 tholin samples
To further examine the variation of composition with gas mixture, the spectra of
98/2 and 90/10 samples have been compared in more detail. Although, it seems
likely that the 95/5 sample is probably produced under the most Titan-like conditions in the chamber, because 5% initial CH4 concentration results in a steady-state
concentration of ∼2% (Sciamma-O’Brien et al., 2010), the 98/2 and 90/10 samples
are compared here because they are the extreme cases in what appears to be a continuum of composition variation. Figure 4.17 compares the Orbitrap positive ion
mode spectra of the 98/2 and 90/10 samples from 50-300 u/q and 150-1000 u/q.
Many of the most intense peaks in the spectra correspond to molecular formulas
found in both samples. The 90/10 sample contains many molecular formulas not
seen in the 98/2 measurements as the positive ion spectrum for the 98/2 sample does
not have reliably identified molecules beyond about 400 u/q, while the 90/10 sample
has identified molecular formulas up to about 750 u/q. The VK diagrams shown
in Figure 4.18 and 4.19 demonstrate that the 98/2 sample tends to have molecular
formulas with higher N/C ratios than the 90/10 sample. This trend is observed
both in the molecular formulas that are only observed in one sample (bottom panel
of both diagrams) and in the intensities of the molecular formulas observed in both
samples (top panels). This trend is also observed in the N/C ratios as a function of
mass shown in Figure 4.20.
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Figure 4.17: Comparison of the identified molecules in the positive ion mode spectra
of 98/2 (light blue, dark blue) and 90/10 (orange, red) tholin samples for 50-300
u/q and 150-1000 u/q mass ranges. The top panel shows the molecular formulas
seen in both samples, the bottom panel shows molecular formulas seen only in one
sample.
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Figure 4.18: Comparison of modified van Krevelen diagrams for 98/2 (blue) and
90/10 (red) tholin samples in the positive ion mode from 50-300 u/q. The top panel
shows molecules found in both samples and color indicates the sample in which the
peak was more intense and the size of the point indicates the ratio of the peak
intensities. The bottom panel shows molecules found only in one sample and the
color indicates the only sample in which the molecular formula was found, while the
symbol size is the ratio of the observed peak intensity to the intensity threshold in
the spectrum of the other sample.

173

Figure 4.19: Comparison of modified van Krevelen diagrams for 98/2 (blue) and
90/10 (red) tholin samples in the positive ion mode from 150-1000 u/q. The top
panel shows molecules found in both samples and color indicates the sample in which
the peak was more intense and the size of the point indicates the ratio of the peak
intensities. The bottom panel shows molecules found only in one sample and the
color indicates the only sample in which the molecular formula was found, while the
symbol size is the ratio of the observed peak intensity to the intensity threshold in
the spectrum of the other sample.
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Figure 4.20: Comparison of N/C as a function of mass for 98/2 (light blue, dark
blue) and 90/10 (orange, red) tholin samples in the positive ion mode for 50-300
u/q and 150-1000 u/q mass ranges. The top panel shows molecules found in both
samples, while the bottom panel shows molecules found only in one sample. In the
top panel, color indicates the sample in which the peak was more intense and the
size of the point indicates the ratio of the peak intensities. In the bottom plot, the
color indicates the only sample in which the molecular formula was found, while the
symbol size is the ratio of the observed peak intensity to the intensity threshold in
the spectrum of the other sample.
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4.4 Comparison with all possible molecules

Figure 4.21: Modified van Krevelen diagram comparing 95/5 tholin positive and
negative ion mode measurements to all possible molecules. The positive ion mode
measurements are shown in blue, negative ion mode in red, molecules found in both
instrument modes are green and all possible CNH molecules are shown in black.
The mass range for the measurements and the possible molecules is 50-300 u.
While looking at the numerous patterns and trends seen in the tholin spectra,
it is instructive to look at which molecules we do not have in addition to investigating the observed molecules. All possible combinations of CNHO have been
calculated using the limitations of the nitrogen rule, which restricts the possibilities
to molecules with an even number of electrons, and restricting the number of oxygen
atoms to 5 since that is the restriction also used when the molecular formula assignments are made when analyzing the spectra. Figures 4.21 and 4.22 use VK diagrams
to compare a 95/5 tholin sample to all possible molecules composed of CNH. Here
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oxygen containing molecules are not shown for simplicity. In Figure 4.21, all possible CNH molecules with a mass of 50-300 u are shown in black, while the possible
molecules shown in Figure 4.22 have limited N/C and H/C ratios. These two figures
indicate that while not all possible molecules are observed in the tholins, in regions
of limited N/C and H/C ratios nearly all possible molecular formulas are observed.
DBE/(C+N) as a function of mass is plotted in Figure 4.23; this plot also demonstrates that the molecules found in the tholins are a specific subset of all possible
molecules. In particular, the molecules that are observed demonstrate a limited
range of saturation, a property that is discussed further later in this Chapter.

Figure 4.22: Modified van Krevelen diagram comparing 95/5 tholin positive and
negative ion mode measurements to all possible molecules with limited N/C and
H/C ratios. The positive ion mode measurements are shown in blue, negative ion
mode in red, molecules found in both instrument modes are green and all possible
CNH molecules are shown in black. The mass range for the measurements and the
possible molecules is 50-300 u.
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Figure 4.23: DBE/(C+N) as a fucntion of mass comparing 95/5 tholin positive and
negative ion mode measurements to all possible molecules.The positive ion mode
measurements are shown in blue, negative ion mode in red, molecules found in both
instrument modes are green and all possible CNH molecules are shown in black.
The mass range for the measurements and the possible molecules is 50-300 u.
The number of carbon atoms plus nitrogen atoms per molecule as a function of
mass is shown in Figure 4.24. For the sake of simplicity, oxygen is not included;
however, Figure 4.25 shows the same data including oxygen (and up to 5 oxygen
atoms for the calculation of all molecules). The addition of oxygen extends each
C+N+O group further in mass, but does not affect the trends observed when oxygen
is not included. Both figures demonstrate the differences between the positive and
negative ion mode measurements. They also indicate that although the tholins do
not contain every possible molecular formula, the observed molecules occupy the
same general region for each value of C+N (or C+N+O). However, when plotted
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Figure 4.24: C+N as a function of mass for 95/5 tholin compared to all possible
molecules. Positive ion mode measurements are shown in blue, negative ion mode in
red and molecular formulas seen in both modes are shown in green. All the possible
molecular formulas are shown in black. The inset shows C+N=11.
in this manner molecules with the same nominal mass plot in the same location. It
should be noted that except at the very low masses (below ∼100 u), the mass of the
molecule does not necessarily restrict its value of C+N (as shown in Figure 4.24), so
additional information is necessary to understand the C+N behavior. In practice,
although the masses of the C+N groups for all possible molecules overlap, the groups
do not overlap in the tholin measurements. One way to separate molecules with the
same nominal mass is to plot DBE/(C+N) as a function of mass as shown in Figure
4.26. Here, all possible molecules are shown to give a general idea of the behavior of
C, N, H, and DBE within a constant C+N group. In each C+N group, N increases as
a function of increasing mass, while C and H decrease. Double bond equivalent also
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Figure 4.25: C+N+O as a function of mass for 95/5 tholin compared to all possible
molecules. Positive ion mode measurements are shown in blue, negative ion mode in
red and molecular formulas seen in both modes are shown in green. All the possible
molecular formulas are shown in black. The inset shows C+N+O=11.
decreases as a function of mass. Here, the colors indicate the C/N ratio and show
that it increases with mass for constant DBE and that there are lines of constant
C/N across the groups of constant DBE. Figure 4.27 shows the same plot, but the
colors indicate H/C ratio and show that while H/C increases with mass for constant
DBE, its variation across constant DBE groups is more complex. The full ranges of
variation of C/N is found within each constant DBE group, but the values of H/C
in each group only cover a small portion of the range of possible H/C values.
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Figure 4.26: DBE/(C+N) as a function of mass for all possible molecules with
C+N=11. The trends of number of carbon, nitrogen and hydrogen atoms are shown,
as well as the variation of H/C and C/N. For each plotted triplet of numbers, the
top number indicates carbon, the middle number indicates nitrogen and the bottom
number indicates hydrogen. The color of the numbers indicates the C/N ratio of
the molecule.
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Figure 4.27: DBE/(C+N) as a function of mass for all possible molecules with
C+N=11. The trends of number of carbon, nitrogen and hydrogen atoms are shown,
as well as the variation of H/C and C/N. For each plotted triplet of numbers, the
top number indicates carbon, the middle number indicates nitrogen and the bottom
number indicates hydrogen. The color of the numbers indicates the H/C ratio of
the molecule.
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Figure 4.28 plots the data in the same way, but shows the positive and negative
ion mode measurements for a 95/5 tholin. As described previously, there is a small
amount of overlap observed in the positive ion and negative ion mode measured
compositions. The molecules that overlap are not generally the most intense peaks
in the spectra. Molecules at either saturation extreme and molecules with very high
or low C/N ratios are not observed. These limits explain the lack of overlap of the
C+N groups in the observed molecules and the fact that the observed molecules
tend to fall in the same region of each C+N group. The same type of comparison is
made for two different samples, 98/2 and 90/10 in Figure 4.29, which demonstrates
the fact that the compositions of the two samples do overlap, although the relative
intensities are different. This figure shows only one C+N group, but each group
exhibits the same general characteristics as the group shown here.
In each C+N group, molecules with a variety of C/N ratios are possible at each
nominal mass, except at the extreme ends. Therefore, C/N ratio alone does not
confine the observed molecules to a particular mass range of each C+N group. The
introduction of a limitation on the amount of hydrogen allows us to further constrain
the possible molecules. This can be done using H/C or DBE. Figure 4.30 compares
the variation as a function of mass for DBE/(C+N) and C/N for groups of constant
C+N. The measurements for 95/5 tholin in positive and negative ion mode are also
plotted. As previously shown, they are restricted to a specific region of each C+N
group and that region can be defined by the value of DBE/(C+N) or H/C. The C/N
ratio can then be used to explain which molecules are observed and which molecules
are missing.
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Figure 4.28: DBE/(C+N) as a function of mass for 95/5 tholin compared to all
possible molecules with C+N=11. Positive ion mode measurements are shown in
blue, negative ion mode measurements are shown in red. If a triplet of numbers
has red, purple and blue, that indicates that the molecular formula is found in both
modes of the instrument with the blue color indicating intensity in the positive ion
mode and the red color indicating intensity in the negative ion mode.
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Figure 4.29: DBE/(C+N) as a function of mass for 98/2 (blue) and 90/10 (red)
tholins compared to all possible molecules with C+N=11. If a triplet of numbers
has red, purple and blue, that indicates that the molecular formula is found in both
samples with the blue color indicating intensity in the 98/2 sample and the red color
indicating intensity in the 90/10 sample.
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Figure 4.30: Variation of DBE/(C+N) (top) and C/N (bottom) for C+N groups
as a function of mass for 95/5 tholin positive and negative ion mode measurements
(black asterisks) compared to all possible molecules. The color and size of the circles
indicate DBE/(C+N) or C/N.
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4.5 Differences between the molecules

Figure 4.31: Observed differences between molecules in a 95/5 tholin sample positive
ion mode measurements from 50-300 u compared to all possible molecules for masses
0-300 u.
One possible way to investigate the formation mechanisms of the molecules is to
look at the differences between the molecules to see if any potential building blocks
(e.g. CH2 ) emerge. The molecule differences were found by calculating the difference
between each molecule and all of the other observed molecules with a lower mass.
In this manner, each difference is only counted once. However, the differences are
not independent. The intensity of the peaks is not taken into account during this
calculation. The general results of this calculation are shown in Figure 4.31 for the
95/5 tholin in positive ion mode. Here, the differences are also compared to the
differences calculated from the set of all possible molecular formulas (including up

187
to 5 oxygen atoms). For the set of all possible molecules, the number of differences
is larger because the total number of molecules is also larger. Even with numerous
molecules that are not observed in the tholins, the histogram of differences for all
possible molecules shows the signature of the observed 13.5 spacing, in particular
with the large peak in the 12-15 u region. The most frequent differences for all
possible molecules are N-CH (1 u), H2 (2 u), and C (12 u), but there are numerous
other differences which are seen with similar frequencies.

Figure 4.32: Comparison of observed differences between molecules in a 95/5 tholin
sample positive and negative ion mode measurements from 50-300 u.
Figure 4.32 shows the differences for the 95/5 tholin in positive and negative ion
mode measurements and shows that although the compositions of the molecules seen
in the positive and negative ion modes are quite different, the differences between
the molecules exhibit the same patterns. At the high mass end of the distribution, the differences between the frequencies for the positive and negative ion mode
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measurements results from the fact that the negative ion mode generally has lower
signal and therefore at the extremes of the measured mass ranges fewer molecules
are seen. Because of this, there are fewer heavy molecules seen in the negative ion
mode measurements than in the positive ion mode measurements which results in a
decrease in the frequencies of the larger mass differences. Figure 4.32 compares the
differences for the 98/2, 95/5, and 90/10 samples. Again, the differences exhibit very
similar patterns. It is perhaps surprising that the distributions of differences do not
exhibit large variations with instrument mode or initial gas mixture composition.
This supports the idea that the behavior of the tholin compositions is statistical.

Figure 4.33: Observed differences between molecules in 98/2, 95/5, and 90/10 tholin
samples in positive ion mode measurements from 50-300 u.
The 10 most observed differences are shown in Figures 4.34 (98/2), 4.35 (95/5),
and 4.36 (90/10) for positive and negative ion mode measurements for 50-300 u and
150-1000 u mass ranges. They are also compared to the differences found in the set
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Figure 4.34: The 10 most observed differences between molecules in a 98/2 tholin
sample. The frequency of each difference in positive and negative ion mode data for
50-300 u (yellow, green) and 150-100 u (red, blue) is shown as the percent of total
molecules identified. The black lines indicate the differences found in all possible
molecules from 0-300 u. The purple shows differences found when the positive and
negative ion mode measurements for the 50-300 u mass range were combined.
of all possible molecules (0-300 u) (shown in black). In Figure 4.34, the differences
have also been calculated for a set of molecules that combined both the positive
and ion negative mode measurements for the 98/2 tholin sample from 50-300 u
(purple). The values observed for this set of molecules are similar to those seen
using only the positive or negative ion mode data so the results of this calculation
should not be significantly biased through the use of only one instrument mode. The
10 most observed differences are the same for all of the samples in the positive ion
mode, although with different frequencies. Most of the most observed differences
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in the positive ion mode are also the same as the negative ion mode differences,
with a few exceptions such as C2 H4 , which will be discussed below. Only 5 of
the 10 most observed differences in the measurements overlap with the set of all
possible molecules (N-CH, H2 , C, CH2 , NH, and N-H); the other 5 most frequent
differences for all the possible molecules are NH-C, CH3 -N, C-H2 , N2 -C2 H2 , and H4 .
Note that no chemical constraints have been placed on the possible differences, thus
the differences shown here do not necessarily represent actual functional groups or
building blocks. Although these samples do not intentionally contain oxygen, oxygen
is present in the samples and the most frequent differences involving oxygen are O,
O-CH2 , HCN-O, and OH-N, which occur at about half the frequency of the most
frequently observed differences.
For all 3 tholin samples in both instrument modes and for both mass ranges,
the most frequently observed difference is CH2 . In general, the other differences are
observed with approximately the same frequencies and with relatively little variation
between gas mixtures. Of the 10 differences shown, the only one that exhibits
significant variation is C2 H4 , whose frequency increases with increasing CH4 in the
negative ion mode measurements. The negative ion mode measurements have lower
H/C ratios and higher N/C ratios, therefore it makes sense that this difference would
show strong variations with instrument mode and gas mixture.
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Figure 4.35: The 10 most observed differences between molecules in a 95/5 tholin
sample. The frequency of each difference in positive and negative ion mode data for
50-300 u (yellow, green) and 150-100 u (red, blue) is shown as the percent of total
molecules identified. The black lines indicate the differences found in all possible
molecules from 0-300 u.
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Figure 4.36: The 10 most observed differences between molecules in a 90/10 tholin
sample. The frequency of each difference in positive and negative ion mode data for
50-300 u (yellow, green) and 150-100 u (red, blue) is shown as the percent of total
molecules identified. The black lines indicate the differences found in all possible
molecules from 0-300 u.
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In other fields that analyze complex organic material, such as petroleomics,
Kendrick plots are often used as a visual representation of the composition and
repetition of polymeric units (petroleum (see e.g. Marshall and Rodgers (2004)) and
other organic matter (see e.g. Reinhardt et al. (2007))). Kendrick plots can be particularly useful for analyzing mass spectra because they do not require identification
of the molecules. These plots are created by rescaling the measured masses based
on a prevalent functional group. For petroleum measurements, Kendrick plots are
generally based on CH2 . The Kendrick Mass Defect (KMD) is found by calculating
the Kendrick mass (Kendrick, 1963), given by
MR, nominal
,
(4.2)
Kendrick massmol = measured massmol −
MR, IUPAC
where R is the functional group, molecule, difference, etc. that the Kendrick
plot is based on. Then the Kendrick mass defect is given by

Kendrick Mass Defect = measured massmol, nominal − Kendrick massmol , (4.3)
Once rescaled, molecules (or peaks if the identity is not known) with the same
KMD have the same root (X) and different numbers of Rn , and therefore have
the formula X-Rn . In analyses of petroleum products, KMDs based on CH2 have
X-(CH2 )n with a variety of different roots (X) that span mass ranges of at least
400 u (Marshall and Rodgers, 2004). However, similar plots generated for some
laboratory produced Earth organic aerosol analogues only span mass ranges of 50100 u (Reinhardt et al., 2007).
Kendrick plots based on CH2 for the tholins are shown in Figures 4.37 (95/5)
and 4.38 (90/10, 98/2) compared to all of the possible molecules. In both plots, the
KMD of the tholins exhibits an upward slope with increasing mass. This indicates
that groups of molecules with the same KMD do not span large mass ranges. This
is not surprising given that a group with the same KMD based on CH2 has a
constant number of nitrogens and as previously shown, although it is possible for
molecules with a constant number of N or C to have essentially infinite mass ranges,
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in practice groups with constant numbers of N or C exist in a fixed range of masses
in the measurements. It should be noted that in both the measurements and in all
possible molecules the 13.5 spacing is clearly visible. It is also seen for other KMD
patterns shown below.

Figure 4.37: CH2 Kendrick Mass Defect as a function of mass for 95/5 tholin in
positive (blue) and negative (red) ion mode measurements from 50-300 u. Green
indicates molecules present in both modes. The black pluses indicate all possible
molecules.
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Figure 4.38: CH2 Kendrick Mass Defect as a function of mass for 98/2 (blue) and
90/10 (red) tholin in positive ion mode measurements from 150-1000 u. Green
indicates molecules present in both samples. The black pluses indicate all possible
molecules.
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Pernot et al. (2010) suggest that the tholins are polymers of CH2 and HCN. If
this is indeed the case, each observed molecule should fall at the intersection of two
KMD patterns when the data are plotted as KMD based on CH2 versus KMD based
on HCN. Figure 4.39 shows the 95/5 tholin plotted in this manner, and the points
do not fall on straight lines. The same data are shown compared to all possible
molecules (from 0 to 300 u) in Figure 4.40, which shows that the behavior of the
tholin measurements follows the same general trends as all possible molecules.

Figure 4.39: Comparison of CH2 and HCN Kendrick Mass Defects for 95/5 tholin
in positive (blue) and negative (red) ion mode measurements from 50-300 u. Green
indicates molecules present in both modes.
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Figure 4.40: Comparison of CH2 and HCN Kendrick Mass Defects for 95/5 tholin
in positive (blue) and negative (red) ion mode measurements from 50-300 u. Green
indicates molecules present in both modes. The black pluses indicate all possible
molecules.
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KMDs based on other previously suggested tholin building blocks are shown in
Figures 4.41 (HC3 N, Clarke and Ferris (1997)) and 4.42 (HCCN, Imanaka and Smith
(2010)). As can be ascertained from looking at these plots, the Kendrick scaling
values based on a variety of CNH patterns are all very similar (some examples are
shown in Table 4.1). The CH2 and H2 patterns have quite different values and are
easily observed when the data are plotted. However, because it is difficult to see
any difference between the other patterns, KMDs and Kendrick plots may not be
the best tool for searching for building blocks or repetitive patterns in the tholin
measurements.

Figure 4.41: HC3 N Kendrick Mass Defect as a function of mass for 95/5 tholin in
positive (blue) and negative (red) ion mode measurements from 50-300 u. Green
indicates molecules present in both modes. The black pluses indicate all possible
molecules.
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Figure 4.42: HCCN Kendrick Mass Defect as a function of mass for 95/5 tholin in
positive (blue) and negative (red) ion mode measurements from 50-300 u. Green
indicates molecules present in both modes. The black pluses indicate all possible
molecules.

Table 4.1: Kendrick scaling values for some CNH patterns
Formula Kendrick Scaling Value
MR,nominal
MR,IUPAC

CH2
HCN
CH2 HCN
C2 H2
HC3 N
H3 C5 N
H2

0.99888
0.99959
0.99935
0.99939
0.99979
0.99966
0.99224
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Figure 4.43: CH2 Kendrick Mass Defect as a function of mass for 95/5 tholin in
positive (blue) and negative (red) ion mode from 50-300 u. Green indicates molecules
present in both modes. Patterns of CH2 , N-H, NH, and HCN are shown.
However, by separating the data based on the CH2 Kendrick pattern, a Kendrick
plot can be used to demonstrate the futility of trying to find potential tholin building
blocks from analysis of the solid phase products alone. Figure 4.43 shows the same
data and same CH2 KMDs plotted previously. In this figure, a few of the differences
that occurred frequently in the data are overplotted on the data and some of the
molecule trends are also indicated. This type of plot is made possible by the fact that
the molecular formulas are known, which is not generally the case when Kendrick
diagrams are used. Note that the patterns shown start either from the red box
(a group of molecules separated by CH2 ) or the blue box (a group of molecules
separated by H2 ) and therefore do not indicate every occurrence of a particular
difference. This plot demonstrates that the reason so many differences are observed
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at similar frequencies is because they involve the same molecules; as previously
mentioned, the differences are not independent. For example, a difference of HCN is
the sum of a difference of CH2 and N-H. Analogously, a difference of C (not shown)
can result from the addition of CH2 and the loss of H2 . There are numerous pathways
to reach each molecule, which also suggests that there may be multiple isomers for a
given molecular formula since different pathways could potentially result in different
structures.
Figure 4.44 shows the slopes of C, N, H, and DBE as a function of mass for
98/2, 95/5, and 90/10 tholin samples from both positive and negative ion mode
measurements covering the mass ranges of 50-300 u/q and 150-1000 u/q. Also
plotted are the slopes that would result from repeated addition of some candidate
building blocks. The dashed line indicates the slope that would arise if a building
block corresponding to the bulk formula (including oxygen) of the sample from elemental analysis was used. The dash-dot line indicates the slopes calculated using
all possible molecules composed of only C and H, while the dashed triple lines correspond to all possible molecules composed of CNH or CNHO. The slopes of CNH or
CNHO differ slightly; the slopes decrease when you add oxygen because it increases
the mass of the molecule without increasing the other parameters. However, since
only up to 5 oxygen atoms were included, the difference between the slopes is not
visible in the figure. Comparing the slopes of all CH and all CNH molecules, the
effect of the addition of N is clear. The addition of N decreases the slope of number
of carbons as a function of mass because it increases the mass without increasing
the number of carbons. Through comparison of all 4 panels, it is clear that there
is no one single building block which is a good fit for each parameter. While HCN
and HCCN have approximately the same slopes as the observed carbon slopes, they
are not a good fit for hydrogen. One striking observation is that for the 98/2 sample, for all four parameters, the slope that results from looking at all possible CNH
molecules is almost a perfect match to the data.

202

Figure 4.44: The slopes of C, N, H, and DBE as a function of mass are plotted for
98/2, 95/5, and 90/10 tholins from positive (pluses) and negative (circles) ion mode
spectra. Slopes of some potential candidate building blocks are plotted as colored
lines. The dashed line indicates the slope if a building block corresponding to the
bulk formula of the sample from elemental analysis was used. The dash-dot lines
indicate slopes calculated using all possible molecules composed of C and H, while
the dash-triple dot lines correspond to all possible CNH (or CNHO) molecules.
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Figure 4.45: Shown here are the CNO intensity averaged group spacing for four
tholin samples (90/10, 95/5, 98/2, and 98/2 made using 13 CH4 ) in the positive
(blue) and negative (red) ion modes. The error bars shown are 1-σ errors that come
from the calculation of the average values. Error bars are not plotted when the size
of the error bar is smaller than the plotted symbol. For each sample, the positive
and negative data have been offset horizontally from each other for clarity.
4.6 The origin of the observed 13.5 spacing
Groups of regularly spaced peaks are observed in all tholin mass spectra regardless of experimental setup. The peaks in the mass spectra from INMS and CAPS
also exhibit regular spacing. It is therefore important to understand the origin
of the spacing, particularly if the spacing is diagnostic of the building blocks of
the molecules found in the spectra. Figure 4.45 shows the spacing of groups for 4
samples (90/10, 95/5, 98/2, and 98/2 made using

13

CH4 ) in the positive ion and

negative ion modes. Here, the spacing has been evaluated for 3 different sets of
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molecules– all assigned molecules in the sample (left), only molecules that contain
oxygen (middle), and only molecules that do not contain oxygen (right). In general,
within the 1-σ error bars from the calculated averages, the positive and negative ion
measurements for each sample are in agreement and the measurements made with
two different mass ranges (50-300 u and 150-1000 u) are in agreement. However,
the observed differences maybe be real, but a conclusive determination will require
analysis of more samples. It is difficult to ascertain if there are any trends in the
spacing as a function of gas composition since only 3 different gas mixtures have
been analyzed, but the spacing does not appear to be a linear function of CH4 concentration. The sample produced using 2%

13

CH4 has also been analyzed in this

manner. The spacing increases to somewhere between 14 and 14.25 depending on
whether the positive ion or negative ion mode is analyzed.
In the previous sections, the variation of C+N as a function of mass was discussed
and the molecules found in the tholins were compared to all possible molecules. For
a constant C+N group, the low mass end of the group is defined by the most unsaturated CH molecule, while the high mass end of the group is defined by the most
saturated NH molecule. As C+N increases, the most unsaturated CH molecules
increase by 1 C (12 u), while the most saturated NH molecule increases by NH (15).
The average of these two values (12 and 15) is 13.5. The hydrogen is required to create molecules that have an even number of electrons (no unpaired electrons) because
N has an odd number of valence electrons. The mass spacing of the C+N groups is
therefore set by the region of the group that the molecules occupy. Molecules close
to the low mass end of a C+N group have a slope closer to 12, while molecules close
to the high mass end of C+N group have a slope closer to 15. In the case of the
tholins, the molecules are found in the middle of the C+N groups. DBE/(C+N)
can range from 0 to 1. The tholins generally fall in the middle of that range, and as
discussed in a previous section DBE/(C+N) (or H/C) can also define the location
of molecules in a C+N group. Without knowing the gas phase products in the reaction chamber, it is difficult to speculate on the reasons that the tholins populate this
particular region of composition space. However, the molecules do avoid extremes
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in C/N ratio and DBE/(C+N). The cold trapped gases analyzed by Gautier et al.
(2011) are composed of molecules that generally occupy a lower mass region of the
C+N groups than the solid phase products. This difference is discussed in Section
4.7.
The

13

CH4 sample spacing is either 13.96±0.10 (negative ion mode) and

14.25±0.02 (positive ion mode). It might seem that the change in carbon mass
from 12 to 13 would cause the spacing to change to 14 (average of 13 and 15). However, in both the

13

C sample and in the

12

C 98/2 sample where the mass of carbon

was artificially shifted and the spacing was recalculated, the negative ion mode and
positive ion mode exhibit a larger difference in spacing than the 12 C samples. When
the mass of carbon is 13, the C+N groups cover a much narrower mass range and
the molecules that define the low mass end in the

12

C samples, which contain the

most carbon, are shifted the most. As the masses shift, the DBE/(C+N) values
also shift. This accentuates the difference in the hydrogen content of the molecules
in the positive and negative ion mode, which accounts for the greater variation in
the spacing of the groups. It also pushes the molecules that contain more carbon
toward the high mass end of the group, which accounts for the larger increase in the
spacing than might be expected based on the difference in mass between
13

12

C and

C for the positive ion mode data.
Based on the constraints described here, we can derive a relationship between

the spacing and the double bond equivalent. First, we define a few variables:

x = average number of C atoms in a group
y = average number of N atoms in a group
z = average number of H atoms in a group
w = x+y
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Then we calculate the change in mass as a function of group:
dM
d
=
(14y + 12x + z),
dw
dw
dz
dM
dx
−
= 14 −
,
2
dw dw
dw

(4.4)
(4.5)
(4.6)

Rewriting the DBE in terms of the other variables:
y z
− +1
22

2DBE
z =2+w+x 1−
x


dz
dx
2DBE
=1+
1−
dw
dw
x
dM
15 − dw
dx
=
dw
1 + 2DBE

DBE = x +

(4.7)
(4.8)
(4.9)
(4.10)

x

(4.11)
Then, from the measurements we know that

dM
dw

= 13.5 and 2DBE
= 1 and we
x

can calculate:
dy
dz
dx
= 0.75,
= 0.25,
=1
dw
dw
dw
Combining those values gives a stoichiometric unit of C3 NH4 required to fulfill
the constraints from the data. This is not necessarily a chemical unit, but can
be used to constrain the ratios of suggested units such as CH3 -H, N-H, and H-H2
(3:1:1), for example.
4.6.1 Group characteristics
The remarkably regular spacing in the spectra suggest that it is possible to infer the
composition of the more massive molecules in the tholins if the composition of the
less massive species is understood. To investigate this possibility it is necessary to
understand the chemical properties of each group.
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Figure 4.46: The average number of C, N, and H atoms per molecule as a function
of mass. Values were calculated using an intensity weighted average for each of
the previously defined groups. For each sample data obtained from 50-300 u/q and
150-1000 u/q are plotted. The color indicates the percent CH4 used to produce the
samples (2% (blue), 5% (green), 10% (red)). Solid lines indicate positive ion mode
data and dashed lines indicate negative ion mode data.
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Figure 4.46 shows the average number of C, N, and H atoms per molecule as a
function of mass. These values were calculated using an intensity weighted average
for each group. The data show the trends already observed in the elemental analyses.
The 98/2 tholins have more N and less C than the 90/10 tholins. The differences
between the two modes of the instrument are also shown in this figure. In particular,
the negative ion mode finds molecules with less H and more N on average. The
connection between these two atoms supports the conclusions of Somogyi et al.
(2005) that N is the carrier of unsaturation. Increasing the N content of molecules
generally increases their unsaturation since nitrogen can only bond with 3 hydrogens,
while carbon can bond with 4. Figure 4.47 shows how the ratios of C/N, C/H, and
DBE/(C+H) vary as a function of mass. At low masses, all three ratios change
much more rapidly than at higher masses. This could be an instrumental artifact,
but it is more likely that it is a real property of the tholins. For all samples and
both instrument modes, the C/N ratio increases with mass at low masses. This
trend continues for the 90/10 and 95/5 tholins although the slope is not as steep.
However for the 98/2 tholin, it seems that the slope becomes negative at higher
masses. Sarker et al. (2003) and Somogyi et al. (2005) found that C/N decreases with
increasing mass. Although they investigated tholins produced using a variety of gas
mixtures, their detailed analysis was provided only for the 98/2 tholin. Therefore,
their conclusion that C/N decreases with increasing mass appears to be consistent
with our results. DBE/(C+N) varies at low masses, but becomes fairly constant at
about 150 u/q in the positive ion mode. It does not appear to become constant in
the negative ion mode, but the data do not extend as high in mass as the positive
ion mode data. The fact the DBE/(C+N) becomes constant indicates that the
degree of saturation of the molecules does not vary as a function of mass. The
values of DBE/(C+N) do vary with gas mixture, with the value decreasing with
increasing CH4 concentration in the initial gas mixture. Figure 4.48 shows that
although DBE/(C+N) (Figure 4.47) and DBE/C are constant with mass, DBE and
DBE/N increase with mass. This result reinforces the idea that N is the carrier of
unsaturation.
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Figure 4.47: C/N, C/H, and DBE/(C+N) as a function of mass. Values were
calculated using an intensity weighted average for each of the previously defined
groups. For each sample data obtained from 50-300 u/q and 150-1000 u/q are
plotted. The color indicates the percent CH4 used to produce the samples (2%
(blue, light blue), 5% (green), 10% (red)). Solid lines indicate positive ion mode
data and dashed lines indicate negative ion mode data.

210

Figure 4.48: DBE, DBE/C, and DBE/N as a function of mass. Values were calculated using an intensity weighted average for each of the previously defined groups.
For each sample data obtained from 50-300 u/q and 150-1000 u/q are plotted. The
color indicates the percent CH4 used to produce the samples (2% (blue, light blue),
5% (green), 10% (red)). Solid lines indicate positive ion mode data and dashed lines
indicate negative ion mode data.
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From Figures 4.46, 4.47, and 4.48, it is clear that the sample produced with
2%

13

CH4 is not identical to the corresponding sample produced with

12

CH4 . Part

of the difference in these plots stems from the fact that the data are plotted as
a function of mass; therefore molecules with the same molecular formula do not
have the same mass. However, if the masses are corrected to account for the mass
difference introduced by the use of

13

C, the samples still do not match. The

13

C

sample is older than the other 3 samples (produced in 2006 compared to 2010),
therefore aging of the sample or changes in the production setup may account for the
observed variation. Based on the Orbitrap measurements, the

13

C sample appears

to have more oxygen contamination than is usually observed in the samples, which
may also explain the variation. Since the variations are relatively small, it is also
possible that they are within normal experimental variation.
4.7 Applications to Titan’s atmosphere
The mass resolution of the instruments carried by Cassini limits our ability to fully
understand the composition of the large positive and negative ions observed in Titan’s atmosphere. Laboratory experiments play an important role in understanding
the chemical and physical processes that may be occurring in Titan’s atmosphere
and can provide insight into the types of molecules that may be expected to be
present there. Figure 4.49 compares spectra obtained in Titan’s atmosphere by
INMS and CAPS to an Orbitrap tholin spectrum. From this Figure, the large difference in resolution between the flight mass spectrometers and laboratory mass
spectrometers is strikingly apparent.
Comparisons of the molecules identified in Titan’s upper atmosphere and a 95/5
tholin are shown in Figures 4.50 and 4.51. Figure 4.50 shows that there is some
overlap between the molecules seen by INMS and the 95/5 tholin, but in general the
molecules observed in Titan’s atmosphere contain less nitrogen and have a broader
range of H/C ratio than the molecules see in the 95/5 tholin. In Figure 4.51 both
sets of molecules are plotted as C+N as a function of mass. Like the tholins, the
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Figure 4.49: Comparison of CAPS-ELS (green, from Figure 3 Coates et al. (2007)),
INMS, and CAPS-IBS (red (INMS) and blue (CAPS-IBS) from Figures 2 and 7
Crary et al. (2009)) measurements to a 95/5 tholin positive ion mode Orbitrap
spectrum (black).
molecules observed in Titan’s atmosphere occupy a specific, though different, region
of the C+N groups. The smaller abundance of N atoms in Titan’s atmosphere results
in the molecules populating the lower mass range of each C+N group and the group
spacing is therefore smaller than is observed in the tholins. The observed spacing is
12.15 for the neutrals and 12.45 for the ions. For comparison purposes, the spacing
in the tholins was recalculated using only the molecules from 50-150 u that did not
contain oxygen. The spacing did decrease from 13.4 to 13.21 for the positive ion
mode data and 13.3 to 12.83 for the negative ion measurements. However, with these
restrictions the errors on the spacing measurements have increased quite a bit due
to the fact that this is the low mass limit of the instrument and there are fewer total
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molecules included; this is particularly true for the negative ion mode. However, the
1-σ error bars do not include the previously calculated spacing and this calculation
shows that the spacing decreases in the low mass range of the tholins. The molecules
identified in the cold trapped gases from PAMPRE (Gautier et al., 2011) are also
shown in Figures 4.50 and 4.51. The spacing has not been calculated because the
intensities were not published, but it is clear that the molecules overlap with the
molecules observed by INMS, in addition to containing a few of the molecules seen
in the tholins. This shows that the gas phase composition differs from the solid
products and that the gases tend to occupy a lower mass region of the C+N groups.

Figure 4.50: Modified van Krevelen diagram comparing INMS ion (light blue) and
neutral (green) measurements from T17 and 95/5 tholin positive ion mode (blue)
and negative ion mode (red) Orbitrap spectra covering the 50-150 u mass range.
Also included are the molecules identified in the cold trapped gases produced in the
PAMPRE apparatus (triangles, Gautier et al. (2011))
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The INMS measurements and the Orbitrap measurements include very different types of molecules. INMS analyzes molecules that are in the gas phase at low
temperatures while the Orbitrap measurements look at molecules that are in the
solid phase at room temperature and are soluble in polar solvents. It is therefore
difficult to make any meaningful comparison between the two sets of data. The
differences in spacing could indicate that the tholins are not representative of the
types of molecules seen in the aerosols in Titan’s atmosphere. However, Imanaka
and Smith (2010) have shown that the gas phase composition in their experiments
differs greatly from the solid phase aerosols that are also formed. In particular,
nitrogen is preferentially incorporated into the solid phase. Similar conclusions are
seen by comparison of the Orbitrap measurements presented here and the results
of the analysis of Gautier et al. (2011) mentioned previously. Based on our understanding of the manner in which composition controls the resulting spacing in the
mass spectrum, it seems likely that groups observed in their mass spectra of the
solid phase products have a larger spacing than groups observed in the mass spectra
of the gas phase products. If this indeed the case, then it would make sense that
the INMS spectra would exhibit smaller group spacing than the aerosols in Titan’s
atmosphere (and the laboratory produced aerosols). It also appears that the spacing in the CAPS data may be increasing as it goes to masses higher than can be
observed with INMS (see Figure 4.49).
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Figure 4.51: C+N as a function of mass for INMS ion (light blue) and neutral (green)
measurements from T17 and 95/5 tholin positive ion mode (blue) and negative
ion mode (red) Orbitrap spectra covering the 50-150 u mass range. Also included
are the molecules identified in the cold trapped gases produced in the PAMPRE
apparatus (triangles, Gautier et al. (2011)). The spacing of the C+N groups is also
indicated (line slopes). The spacing is not listed for Gautier et al. (2011) because
the intensities, which are necessary for the spacing calculation, were not published.
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A number of works have suggested possible molecules to explain the positive
and negative ions observed by CAPS (Crary et al., 2009; Vuitton et al., 2009b;
Delitsky and McKay, 2010). Table 4.2 lists the molecules suggested by Crary et al.
(2009). Only one suggested molecule, indicated in the table by the gray shading,
may exist in the tholins. As the authors do not indicate what neutral molecules
correspond to the ions they suggest, it is difficult to ascertain what neutral they
intended to correspond to C6 H3 N+
4 , but one of the possibilities, C6 H4 N4 , is found in
the 95/5 tholin. If their intended ion formation mechanism is proton exchange (see
e.g. Vuitton et al. (2007)), the the neutral would be C6 H2 N4 , but they do not state
their intended formation mechanism and inspection of the suggestion ions indicates
that they have more than one mechanism in mind. Figures 4.52 and 4.53 compare
the tholin data and the suggested molecules of Crary et al. (2009) and Delitsky and
McKay (2010) using a VK diagram and by looking at the N/C ratio as a function
of mass. The suggested molecules occupy very different regions of compositional
space compared to the tholins. The suggestions of Crary et al. (2009) exhibit much
greater variation in N/C and H/C ratios than are seen in the tholin measurements.
The range of N/C and H/C ratios observed in the tholins decrease as an increasing
function of mass. If the aerosol composition is governed by statistical processes this
behavior is expected. It seems likely that the same processes will be occurring in
Titan’s atmosphere. Additionally, given the abundance of reactive nitrogen available
in Titan’s atmosphere, the nitrogen fixation efficiencies observed in all laboratory
experiments (see e.g. Imanaka and Smith (2010)) and C/N ratios calculated by
models of Titan’s atmosphere (see e.g. Lavvas et al. (2008b)), it seems likely that
the molecules suggested by Crary et al. (2009) have C/N ratios that are too high.

Table 4.2: Possible ion species observed in CAPS/IBS measurements (Crary et al. (2009)
Aliphatic
Aromatic
Acetylene
Nitrile Polymers
Aliphatic
PAH
Nitrile
Mass
Polymers
Copolymers Polymers Polymers
+
99-110
C4 N+
C5 H3 N+
C7 N+
C8 H7 +
C7 H6 N+
4 C6 N2
3
+
+
+
111-122 C10 H2
C7 N2
C8 N
C9 H+
9
+
+
+
+
+
C7 H5 N
C10 H+
C9 H7−8 N+
123-134
C5 N5 C8 N2 C6 H3 N4 C9 N
8
+
+
+
135-147 C12 H2
C9 N2
C10−11 N+
C11 H9
+
+
+
C11 H10 N+
148-158
C6 N6 C10 N2 C7 H3 N5
C9 H7 N+
C12 H+
9
+
+
+
+
C11 N2
C12 N
C13 H9
159-169 C14 H2
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Figure 4.52: Modified van Krevelen diagram comparing suggested ion identities from
Crary et al. (2009) (circles) and Delitsky and McKay (2010) (triangles) compared to
ions identified in 95/5 tholin positive ion mode (blue) and negative ion mode (red)
Orbitrap spectra covering the 100-200 u/q mass range.
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Figure 4.53: Comparison of N/C as a function of mass for suggested molecule identities from Crary et al. (2009) (circles) and Delitsky and McKay (2010) (triangles)
and ions identified in 95/5 tholin positive ion mode (blue) and negative ion mode
(red) Orbitrap spectra covering the 100-200 u/q mass range.
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Although the analysis by Gautier et al. (2011) of the cold trapped gases produced
in the PAMPRE apparatus is a necessary step to understanding the gas phase products of the simulation experiment, the steps involved in trapping and analyzing the
gases may alter their composition. Therefore, in situ mass spectrometry of the gas
phase products must be performed before we can understand the gas phase products. Without complementary analyses of the gas phase products of the PAMPRE
experiment, it is difficult to use the composition of the tholins to predict what may
be observed in Titan’s atmosphere. However, because the observed values of C, N,
and H in the tholins vary linearly with mass, linear fits can then be used to extrapolate to higher masses to give some sense of the possible composition of the very
heavy ions and aerosols observed in Titan’s atmosphere. These fits are shown in
Figures 4.54 and 4.55. At the low mass end of the Orbitrap spectra C, N, and H are
not perfectly linear. The fit to this data is therefore not as good and is not in perfect
agreement with the fit for the higher mass range data. To give some sense of the
range of possible values, both fits are plotted resulting in two different lines for each
sample/instrument mode. In general, the C/N ratios plateau as they reach higher
masses; the location of the plateau is a function of initial gas mixture, with the
plateau occurring at heavier masses as the initial concentration of CH4 increases. It
is interesting to note that if the trends observed in these extrapolations are correct,
they indicate that heavier molecules that may not be soluble, and therefore would
not be present in the Orbitrap spectra, must be absent or present only in relatively
small amounts to account for the C/N ratios obtained from elemental analyses on
the samples.
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Figure 4.54: Extrapolated C, N, and H values as a function of mass. The values
were calculated from a linear fit of the measurements shown in Figure 4.46. For each
sample the extrapolations obtained from 50-300 u/q and 150-1000 u/q are plotted.
The color indicates the percent CH4 used to produce the samples (2% (blue), 5%
(green), 10% (red)). Solid lines indicate positive ion mode data and dashed lines
indicate negative ion mode data.
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Figure 4.55: Extrapolated C/N and C/H values as a function of mass. The values
were calculated from a linear fit of the measurements shown in Figure 4.46. For each
sample the extrapolations obtained from 50-300 u/q and 150-1000 u/q are plotted.
The color indicates the percent CH4 used to produce the samples (2% (blue), 5%
(green), 10% (red)). Solid lines indicate positive ion mode data and dashed lines
indicate negative ion mode data.
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4.7.1 C/N ratios
The C/N ratio as a function of pressure for a variety of tholins, including the samples discussed here, is shown in Figure 4.56. Although the samples shown here were
produced in a variety of experimental setups using different energy sources and different gas mixtures, the values of C/N cluster between 0.5 and 3. A few samples fall
outside of this range, but it seems likely that experimental conditions can explain
the difference. The tholins of Tran et al. (2003a) and Tran et al. (2008) were produced using a UV Hg lamp and N-containing gases such as HC3 N. The wavelengths
obtained from this type of lamp cannot dissociate N2 , which explains the relatively
low degree of N incorporation in the samples. The C/N ratio of Coll et al. (1995)
is the only one plotted here for a sample produced in a closed system. Finally, the
value of McKay (1996) is also higher, however, the sample was produced at a higher
pressure than the other samples and it is possible that it would fit the trend of
Imanaka et al. (2004) if it was extended to higher pressures. A few trends can be
observed in the C/N ratios. For fixed concentrations of CH4 , C/N increases with
increasing pressure (Imanaka et al., 2004) and for a given pressure C/N increases
with increasing concentration of CH4 .

224

Figure 4.56: C/N ratios in tholins as a function of pressure. The color indicates the
percent CH4 used to produce the samples (2% (blue), 5% (green), 10% (red)). Solid
lines connect points from the same work. The black box in the top plot is shown
larger on the bottom plot.
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Figure 4.57: C/N and C/H ratios in tholins. The color indicates the percent CH4
used to produce the samples (2% (blue), 5% (green), 10% (red)).
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4.8 Conclusions
We have analyzed tholin samples produced in the PAMPRE experiment using 3 different CH4 /N2 gas mixtures using very high resolution Orbitrap mass spectrometry.
From these measurements, we have expanded our knowledge of the composition of
tholins and the patterns observed in tholin mass spectra.
1. Previous high resolution mass spectrometry studies of tholins have only employed the positive ion mode of the instruments. Comparisons of positive and
negative ion mode data presented here demonstrate the importance of utilizing
both instrument modes because each mode accesses a different region of CNH
composition space. More specifically, the negative ion mode of the instrument
detects molecules with higher N/C ratios and lower H/C ratios.
2. Our analyses of tholins produced using 98/2, 95/5, and 90/10 CH4 /N2 gas
mixtures support the results obtained by elemental analyses of the samples.
The C/N ratio increases with increasing CH4 concentration. Additionally, the
mass range of observed molecules increases with increasing CH4 concentration
ranging from ∼50-400 u/q for 98/2 to ∼50-800 u/q for 90/10 in the positive
ion mode.
3. The C, N, H composition of the tholins increases linearly with mass. These
trends can therefore be extrapolated to the higher masses observed in the
CAPS measurements as a first estimate of the possible composition of those
molecules. C/N increases with increasing mass for all samples but 98/2, where
it is relatively constant with mass.
4. Except at the low mass end of the measurements, the DBE/(C+N) remains
fairly constant. This indicates that the degree of saturation of the molecules
does not vary with mass. This could indicate a region of molecular stability, a region of high solubility in the solvents used with ESI, a region of low
volatility or may potentially result from an instrument effect (molecules that
are particularly easily protonated or deprotonated.)
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5. We have compared the molecules found in the tholins to all mathematically
possible molecules that possess an even number of electrons. We show that
although we do not have every possible molecule, within restricted regions of
composition all possible molecules are observed. Furthermore, many of the
general trends observed in the tholins are also observed in all of the possible
molecules.
6. Groups of peaks with mass spacing of ∼13.5 are observed in all of the tholin
spectra. These groups can be defined by molecules that have a constant
number of heavy atoms (C+N+O). Within each group, possible values of
DBE/(C+N+O) range from 0 to 1. The molecules in the tholins have only a
fraction of this range and the spacing of the groups of peaks is defined by this
value.
7. The very regular properties of the molecules seen in the tholins can be used
to predict the composition of much heavier molecules. The INMS spectra and
the CAPS-IBS spectra exhibit groups of very regularly spaced peaks as well.
The spacing in the INMS data is ∼12.5 but seems to increase towards 13.5 in
the CAPS-IBS data. The spacing change may be indicative of the transition
from gas phase molecules to aerosols.
Application of our knowledge of tholin composition to Titan atmosphere models
requires additional information. Characterization of the gas phase products and the
energy environment inside the production apparatus are both necessary before we
can fully understand the similarities and differences between the production setup
and Titan’s atmosphere.
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CHAPTER 5
FORMATION OF AMINO ACIDS AND NUCLEOTIDE BASES IN A TITAN
ATMOSPHERE SIMULATION EXPERIMENT

The Cosmos is all that is or ever was or ever will be. Our feeblest contemplations
of the Cosmos stir us – there is a tingling in the spine, a catch in the voice,
a faint sensation of a distant memory, as if we were falling from a great height.
We know we are approaching the greatest of mysteries. - Cosmos, Carl Sagan
5.1 Introduction
Titan’s atmosphere is unique in our solar system because it is both strongly reducing
and contains significant quantities of carbon (CH4 ), nitrogen (N2 ) and oxygen (CO).
Photochemistry in Titan’s atmosphere is therefore able to create complex molecules
containing C, N, O and H. This makes Titan our only planetary-scale laboratory for
the synthesis of prebiotic molecules. In Titan’s atmosphere, the dissociation of N2
and CH4 by solar ultraviolet radiation initiates chemical reactions that result in the
formation of complex organic molecules. The aggregation and heterogeneous chemistry of these molecules produces the aerosols responsible for Titan’s orange color
and thick haze layers. Infrared spectra taken by the Voyager spacecraft revealed
the presence of a variety of organic molecules (C2 H2 , C2 H4 , C2 H6 , C3 H8 , CH3 C2 H,
C4 H2 , etc.) (Hanel et al., 1981; Kunde et al., 1981). This diverse collection of
molecules indicates that chemical processes occurring in Titan’s atmosphere may
Most of the material in this chapter has been submitted as “Formation of Amino Acids and
Nucleotide Bases in a Titan Atmosphere Simulation Experiment” Hörst, S.M., R.V. Yelle, A. Buch,
N. Carrasco, G. Cernogora, O. Dutuit, E. Quirico, E. Sciamma-O’Brien, M.A. Smith, Á. Somogyi,
C. Szopa, R. Thissen, V. Vuitton to Astrobiology.
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be capable of producing prebiotic molecules. However, it was not until the arrival
of the Cassini-Huygens mission that the chemical complexity of Titan’s atmosphere
was fully appreciated.
The mass spectrometer carried by the Cassini Orbiter (Ion and Neutral Mass
Spectrometer (INMS)) has discovered numerous species whose presence in Titan’s
upper atmosphere cannot be detected remotely (Waite et al., 2005b). The mass
range (0-99 u) and resolution (1 u) of this instrument limits its ability to unambiguously identify prebiotic molecules, but measurements from other instruments
indicate the presence of molecules in Titan’s ionosphere with masses in excess of
hundreds of u. While the chemical pathways for synthesis of some relatively small
molecules (mass less than 50 u) can be found and the abundances of many of these
molecules are now reproducible with photochemical models (Hörst et al., 2008; Lavvas et al., 2008a,b; Vuitton et al., 2008; Krasnopolsky, 2009), the presence of very
large molecules in Titan’s upper atmosphere was not predicted. However, the Cassini
Plasma Spectrometer (CAPS) observed negative ions with m/z values up to 10,000
u/q at 950 km (Coates et al., 2007) and positive ions with m/z up to 400 u/q (Crary
et al., 2009). Unfortunately, CAPS was not designed to identify large molecules, so
identification of only a few of these negative ions (CN− , C3 N− /C4 H− , C5 N− ) (Vuitton et al., 2009a), and no positive ions above 100 u, has been possible through the
use of models.
As discussed in detail in Chapter 2, CAPS has also observed O+ flowing into
Titan’s atmosphere (Hartle et al., 2006), which appears to be the source, along with
micrometeorites, of the oxygen in Titan’s atmosphere (Hörst et al., 2008). While
Titan’s atmosphere is relatively oxygen poor compared to terrestrial planets, CO
is the fourth most abundant molecule in the atmosphere (∼50 ppm (de Kok et al.,
2007)). The fact that the observed O+ flux into Titan’s atmosphere is deposited
in the region now known to contain large organic molecules leads to the exciting
possibility that oxygen can be incorporated into these molecules resulting in the
production of molecules of biological interest.
Our ability to detect prebiotic molecules in Titan’s atmosphere is currently lim-
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ited by the mass range of the INMS to the two smallest biological amino acids,
glycine (75 u) and alanine (89 u). Although INMS positive ion measurements have
peaks at m/z of 76 and 90 (corresponding to neutral molecules of 75 u and 89 u), the
+
identification of these peaks as HC5 NH+ /C6 H+
4 and C6 H3 NH (Vuitton et al., 2007)

is model dependent due to the low resolution (1 u) of the instrument. If glycine and
alanine are present in Titan’s atmosphere, their signal cannot be differentiated from
that of other molecules with the same nominal mass using the instruments currently
at Titan. As our understanding of Titan’s atmosphere is presently limited by the
capabilities of the instruments carried by Cassini-Huygens, laboratory experiments
play an important role in understanding the chemical processes occurring in Titan’s
atmosphere.
There is a long history of research into the production of prebiotic molecules
in an atmosphere by naturally occurring chemical processes, particularly in the
context of early Earth. Miller (1953) and Miller and Urey (1959) subjected gas
mixtures thought to be representative of the early Earth’s atmosphere to electrical discharge, simulating lightning, with the aim of producing prebiotic molecules
such as amino acids or nucleotide bases. Although the experiments produced amino
acids, more recent research indicates that the gas mixture used was more reducing
than the atmosphere of the early Earth. Subsequent experiments (see e.g. Miller
and Schlesinger (1983)) have shown that an oxidizing environment inhibits the production of amino acids. The similarities between Titan’s atmosphere and that of
the early Earth led Sagan and Khare to do similar experiments using gas mixtures more representative of Titan (Sagan and Khare, 1979). Experiments that
deposit a large amount of energy into Titan-like gas mixtures result in the creation
of dark organic material for which Sagan coined the term “tholin” (from the Greek
for muddy). Titan aerosol analogues, or tholins, are currently produced in a wide
variety of experimental setups that employ different gas mixtures, energy sources,
temperatures, and pressures (Imanaka et al., 2004). Previous early Earth and Titan
atmosphere simulation experiments have produced prebiotic molecules, but their
formation required liquid water during production (Miller, 1953; Miller and Urey,
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1959), hydrolysis post-production (Neish et al., 2010b), or subjection to an energy
source post-production (Pilling et al., 2009). We show here that inclusion of trace
amounts of oxygen in the gas mixture in a Titan atmosphere simulation experiment results in the production of amino acids and nucleotide bases. This means
that prebiotic molecules may be produced in Titan’s atmosphere, despite the lack
of liquid water, providing the possibility to study this process. Additionally, similar
processes may have occurred in the reducing upper atmosphere of Earth, which has
implications for the origin of life on Earth and elsewhere in the Universe.
5.2 Sample production and analysis
5.2.1 PAMPRE experiment
Tholins were produced in the PAMPRE apparatus (Production d’Aérosols en Microgravité par Plasma Réactifs) (Szopa et al., 2006). This apparatus uses a capacitively
coupled radio frequency (RF) discharge to initiate chemistry in gas mixtures composed of N2 , CH4 and CO that results in the formation of tholins. While the primary
energy source in Titan’s atmosphere is solar ultraviolet, the cold plasma produced
by RF discharge is a useful laboratory analogue. It produces electrons with enough
energy to dissociate N2 and CH4 while having little effect on the temperature of the
neutral gas, unlike a spark discharge. The solid particles form and grow while levitated in the plasma, which is confined within a stainless steel grid cage 13.7 cm in
diameter and 5 cm high (Szopa et al., 2006). Their weight and the gas drag forces are
balanced by electrostatic forces and the particles remain levitated until they grow
large enough that the forces become unbalanced. They are then ejected from the
plasma and trapped by a glass vessel that surrounds the cage. This unique production setup minimizes possible wall effects during production and more accurately
reproduces the conditions under which aerosols form in a planetary atmosphere.
The tholins were produced using a 30 W, 13.6 Mhz RF discharge at a pressure of
0.9 mbar (Szopa et al., 2006) and a temperature of approximately 330 K (Alcouffe
et al., 2010). Tholins were generally produced for 8 hours with production rates
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ranging from ∼0.1 mg/h (P2COi) to ∼7.9 mg/h (P5CO). PAMPRE tholins created
in N2 /CH4 gas mixtures are spherical with an average diameter between 90 nm and
1 µm depending on the plasma conditions (Hadamcik et al., 2009). This size range
is roughly consistent with the size of Titan’s aerosols, 1.8 µm diameter aggregates of
0.1 µm diameter monomers, inferred from the Descent Imager/Spectral Radiometer
(DISR) on Huygens (Tomasko et al., 2005).
The tholins analyzed here were produced using N2 /CH4 /CO gas mixtures of
96.2%/2.0%/1.8% (P2CO) and 93.2%/5.0%/1.8% (P5CO). These gas mixtures have
been enhanced in CO relative to Titan’s atmosphere to produce an abundance of
oxygen containing molecules sufficiently large for our measurement techniques. For
each gas mixture, a corresponding sample was produced using C18 O instead of CO
(P2COi, P5COi). The introduction of C18 O allows for differentiation between oxygen incorporation from CO during aerosol production and oxygen incorporation that
could result from contamination during production, removal from the chamber, or
subsequent sample preparation and analyses. A sample was also produced using
only 98% N2 and 2% CH4 (P2), with a corresponding isotopic sample produced
with 13 CH4 (P2i). The 13 C sample was used to rule out contamination for molecules
that do not contain oxygen.
5.2.2 Orbitrap measurements
Due to the extreme chemical complexity of the samples (over 4000 molecular formulas have been assigned), very high resolution mass spectrometry is necessary to
determine the chemical composition of the tholins. An LTQ-Orbitrap XL mass spectrometer was used to characterize the tholins. The samples were dissolved in CH3 OH
(1mg/mL) and the soluble fraction was injected into the Orbitrap by electrospray
ionization (ESI). ESI is a soft ionization source that produces positively charged
ions (protonated) and negatively charge ions (deprotonated), but does not fragment
molecules. Both positive ion and negative ion measurements were obtained, but due
to the complexity of the negative ion measurements of the isotopic samples, only
the positive ion measurements are presented here. Solubility measurements made
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with N2 /CH4 PAMPRE tholins in CH3 OH reveal solubility ratios from 19% to 35%
depending on the initial gas mixture (Carrasco et al., 2009). As the tholins are not
fully soluble in CH3 OH, only the soluble fraction is analyzed. Measurements made
with a blank (only CH3 OH) show that there is no contribution to the molecules of
interest from sources other than the tholins (e.g. solvent impurities, fingerprints,
contaminants in the mass spectrometer).
The Orbitrap has a resolving power of better than 105 up to 400 u/q and accuracy in exact mass determination of ±2 ppm. 200 spectra were averaged, which
increases the dynamic range of the instrument by decreasing the noise level. Both
the large number of molecules and the very similar mass defects of C, N, O, and
H make manual molecule identification impossible. Accordingly, custom computer
software has been written to quickly and accurately assign molecular formulas to
the measured peaks. The software uses a list of molecules known to exist in tholins
(Somogyi et al., 2005) to do an internal mass calibration of the data. Once this
calibration is completed, the molecular formula identifications are unique up to 300
u. The accuracy of the software has been verified using measurements from a Bruker
Apex-ultra 9.4 T FT-ICR (Fourier Transform-Ion Cyclotron Resonance) mass spectrometer with similar resolution, but higher mass accuracy of ±0.2-0.6 ppm.
5.2.3 GC-MS measurements
The Orbitrap measurements provide the masses of the ions, from which we can infer
the molecular formulas, but do not provide any information about the structure(s) of
the observed molecules. Instead, gas chromatography coupled to a mass spectrometer (GC-MS) has been used to assign structure (Buch et al., 2009). GC-MS measurements were made on P5CO, P5COi, and P2i. The tholins underwent chemical
derivatization using N-(tert-Butyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA), which is sensitive to all compounds with acidic hydrogen, to produce volatile
derivatives for measurement in the GC column. Pyrene was used as an internal
standard. The analyses were performed with a GC-MS ThermoScientific TraceGC
coupled with a DSQII mass spectrometer operated in quadrupole detection mode
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with a resolution of 1 u. The molecules were ionized using 70 eV electron impact.
The temperatures of the split/splitless injector (Optic 3, AtasGL) and the detector
were 270◦ C and 200◦ C respectively. A fused Rxi-5SilMS (Restek) capillary column
(30 m x 0.25 mm x 0.25 µm) was used. The tholins were dissolved in CH3 OH (5
mg/mL) and centrifuged (10,000 rpm, 10 min). The supernate was separated from
the solid phase and evaporated at 40◦ C under nitrogen flow. Then, a mixture of 30
µL of MTBSTFA and 10 µL of N,N-Dimethylformamide (DMF) was added to the
supernate solutes. The derivatization reaction occurred for 20 min at 75◦ C. Then
4 µL of the solution was injected directly into the GC-MS operated in split mode
(1:4). An example of the derivatization reaction is shown in Figure 5.1. For comparison, the retention times and cracking patterns (due to dissociative ionization)
of biological amino acid and nucleotide base standards were measured.

Figure 5.1: The derivatization reaction for adenine (nominal mass 135 u) with MTBSTFA. The nominal mass of the derivatized adenine is 363. During ionization via
electron impact, the C-(CH3 )3 is lost (indicated by dotted lines) resulting in a mass
of 306 observed in the mass spectrum.

5.3 Results
For the purposes of this work, the molecules of interest are the 5 nucleotide bases
(adenine, cytosine, guanine, thymine, uracil) and the 19 amino acids utilized by life
on Earth (biological amino acids) composed only of C, N, O and H. Orbitrap mass
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spectra of P2CO, P2COi, P5CO and P5COi are shown in Figure 5.2. Analysis of
these spectra identifies 19 peaks with masses corresponding to the molecular formulas of biological amino acids (15- isoleucine/leucine are isomers) or nucleotide bases
(5) (see Table 5.2). Formulas corresponding to nonbiological (non-proteinogenic)
amino acids and purine bases were also identified and are listed in Table 5.3.

Figure 5.2: Orbitrap positive ion mass spectra of P2CO (top, red), P2COi (top,
blue), P5CO (bottom, red), and P5COi (bottom, blue) from 50 to 300 u/q. Peaks
marked with asterisks are known contaminants. The plotted spectra are an average
of 200 spectra with a mass resolution of 1 × 105 . The observed mass shift in the
isotopic samples results from the incorporation of 18 O, which has been confirmed
through assignment of the peaks in the spectra.
To confirm that these molecules were created in the chamber and that the oxygen
comes from the CO in the gas mixture and not contamination, the spectra of P2CO
and P5CO were compared to the spectra of P2COi and P5COi respectively. The
spectra contain groups of regularly spaced peaks, and the substitution of C18 O for
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CO results in an increase of width in these regularly spaced groups in the higher mass
direction. This is a clear indication that 18 O is incorporated into the tholins as they
are produced. Examination of spectra of P2COi and P5COi reveals the presence
of isotopic molecules with the molecular formulas of cytosine, uracil, thymine, and
histidine, clearly demonstrating that the molecules are formed by chemistry in the
chamber. In addition, the spectrum of P2i contains a peak that corresponds to the
molecular formula of 13 C adenine, indicating that it is also produced in the chamber.
The peaks corresponding to these isotopic molecules are above the level for naturally
occurring

18

O and

13

C on Earth. The other 14 molecules may still be produced in

the chamber, but the abundance of the 18 O containing molecules may be too low to
be detected with the techniques used here. The Orbitrap measurements of molecules
with molecular formulas corresponding to cytosine, adenine and histidine are shown
in Figure 5.3. Peaks corresponding to the molecular formulas of amino acids and
nucleotide bases containing 2 18 O are not observed above the noise level. It is possible
that they are present in low abundances as a result of an

16

O contamination source

in the chamber (See Section 4).
There is a large body of literature detailing a wide variety of laboratory experiments aimed a abiotic production of amino acids and nucleotide bases. The results
of a small subset of previous experiments that are relevant to Titan (with various
energy sources, gas/liquid/solid mixtures, etc.) are summarized in Table 5.1. With
the exception of this work, every work listed either intentionally hydrolyzed their
samples or exposed their samples to water during their analysis procedure. There
is only one molecule that every other experiment produces, aspartic acid. The fact
that we do not produce aspartic acid indicates that hydrolysis may play an important role in the formation of aspartic acid and also strengthens the argument that
the molecules we observe do not result from water contamination of our samples.
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Table 5.1: Summary of previous work
H10 (This work), N10 (Neish et al., 2010b), J08 (Johnson et al., 2008), R07 (Raulin
et al., 2007), T04 (Takano et al., 2004), L00 (Levy et al., 2000), K95Kobayshi:1995
K84 Khare et al. (1984), S71 (Sagan and Khare, 1971), M59 (Miller and Urey, 1959),
M53 (Miller, 1953)
It is important to note that with the exception of this work and Neish et al. (2010b)
none of these works used isotopes to rule out contamination.
This list only includes biological amino acids composed of C, N, O, and H. S71 used
H2 S in their gas mixture and produced cysteine (C3 H7 NO2 S). The other two amino
acids excluded here are selenocysteine (C3 H7 NO2 Se) and methionine (C5 H11 NO2 S)
y- indicates that the structure of the molecule was confirmed
f- indicates that the molecular formula was observed, but the structure was not
confirmed
Name
H10 N10
Nucleotide Base
cytosine
y
f
uracil
y
f
thymine
y
f
adenine
y
f
guanine
y
f
Biological Amino Acid
glycine
y
alanine
y
serine
f
proline
f
f
valine
f
threonine
f
f
isoleucine
f
f
leucine
f
f
asparagine
f
y
aspartic acid
y
glutamine
f
y
lysine
f
f
glutamic acid
y
histidine
f
f
phenylalanine f
f
arginine
f
f
tyrosine
f
tryptophan
f
pyrrolysine
f

J08 R07 T04 L00 K95 K84 S71 M59 M53

y

y

y
y
y

y
y

y

y

y
y
y

y
y

y

y
y

y
y
y

y

y
y

yy

y
y
y
y
y

y

y
y

y
y

y
y
y

y
y

y
y

y

y

y

y

y

y

y

y
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Figure 5.3: Orbitrap mass spectra of the samples produced with isotopic gas (blue
lines) and non-isotopic gas (red lines). The peaks show are ions with the molecular
formulas of cytosine (top), adenine (middle) and histidine (bottom). The vertical
dashed black lines indicate the exact masses of the ions. The left panels (A, C,
E) show the peaks for the molecules that do not contain an isotope and the right
panels (B, D, F) show the corresponding peaks for isotope containing molecules. The
horizontal dashed blue lines in the right panels (B, F) indicate the intensity the 18 O
containing peak should be if it contains 18 O only from Earth’s atmosphere, based on
the intensity of the 16 O containing peak. The observed peaks are significantly more
intense than can be explained by contamination. For C4 H5 N3 O and C6 H9 N3 O2 , the
molecules that do not contain an isotope are observed in both samples. However, the
molecules that do contain the isotope are only observed in the samples made with
isotopic gas. In panel C, the 12 C molecule is not observed in the isotopic sample.
In panel D, the red peak, marked by an asterisk, is C5 H8 N4 O.
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Figure 5.4: Orbitrap mass spectra of ions with the molecular formulas of uracil
(A), thymine (B), guanine (C), glycine (D), alanine (E), and serine (F). The red
lines correspond to the spectra of samples produced with non-isotopic gas. The
vertical dashed black lines indicate the locations of the exact masses of the ions.
The spectrum plotted is the best example for each molecule, which is the negative
ion measurement in some cases.
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Figure 5.5: Orbitrap mass spectra of ions with the molecular formulas of proline
(A), valine (B), threonine (C), isoleucine/leucine (D), asparagine (E), and glutamine
(F). The red lines correspond to the spectra of samples produced with non-isotopic
gas. The vertical dashed black lines indicate the locations of the exact masses of
the ions. The spectrum plotted is the best example for each molecule, which is the
negative ion measurement in some cases.
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Figure 5.6: Orbitrap mass spectra of ions with the molecular formulas of lysine (A),
phenylalanine (B), arginine (C), and pyrrolysine (D). The red lines correspond to
the spectra of samples produced with non-isotopic gas. The vertical dashed black
lines indicate the locations of the exact masses of the ions. The spectrum plotted is
the best example for each molecule.
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Molecular structure is confirmed with the GC-MS measurements, which indicate
that all 5 nucleotide bases and 2 biological amino acids (glycine and alanine) are
present in P5CO (see Figures 5.7, 5.8, 5.9).

13

C containing adenine is present in P2i.

Although there is some evidence in the analysis of P5COi for the corresponding isotopic (18 O) molecules (particularly for cytosine), the fact that the cracking patterns
for the isotopic and non-isotopic molecules overlap strongly makes it difficult to
separate the isotopic signal for molecules other than adenine. The structures of the
observed molecules are shown in Figure 5.10. The lack of chromatographic identification for the other 12 molecules does not necessarily indicate that these molecules
do not have the structure of prebiotic interest, but rather could result from abundances below the detection limit. The presence of the purine base xanthine has also
been confirmed through GC-MS (Figure 5.9). Measurements of nonbiological amino
acid standards were not obtained and therefore their structure cannot be ascertained
in this work.
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Table 5.2: Summary of observed prebiotic molecules
List of the prebiotic molecules observed. OT indicates that the molecular formula
was present in the Orbitrap spectrum, and GC indicates that the structure was
confirmed in the GC-MS measurements. In all cases, presence in the isotopic samples (P2COi and P5COi) refers only to the isotope containing molecule. GC-MS
measurements were not performed on P2CO and P2COi. Note that isoleucine and
leucine are isomers (mass 131) and cannot be differentiated based on Orbitrap measurements. ∗∗ Due to the lack of oxygen, adenine is a special case and additional
measurements were made using P2 and P2i. Orbitrap measurements show clear
incorporation of 13 C into 13 C5 N5 H5 (as shown in Figure 5.3) and GC-MS measurements provide structural confirmation that the 13 C containing molecule is adenine
(as shown in Figure 5.7). The remaining Orbitrap measurements are show in Figures
5.4, 5.5, and 5.6.
P2CO P2COi P5CO P5COi
% N2
96.2
96.2
93.2
93.2
% CH4 2
2
5
5
% CO 1.8
1.8
% C18 O
1.8
1.8
Name
Mass Formula
Fig
Nucleotide Base
cytosine
111 C4 H5 N3 O
5.3
OT
OT
OT/GC OT
uracil
112 C4 H4 N2 O2 5.4
OT
OT
OT/GC OT
thymine
126 C5 H6 N2 O2 5.4
OT
OT
OT/GC OT
adenine∗∗
135 C5 H5 N5
5.3
OT
OT/GC
guanine
151 C5 H5 N5 O
5.4
OT
OT/GC
Biological Amino Acid
glycine
75
C2 H5 NO2
5.4
OT
OT/GC
alanine
89
C3 H7 NO2
5.4
OT
OT/GC
serine
105 C3 H7 NO3
5.4
OT
OT
proline
115 C5 H9 NO2
5.5
OT
OT
valine
117 C5 H11 NO2 5.5
OT
OT
threonine
119 C4 H9 NO3
5.5
OT
isoleucine/
131 C6 H13 NO2 5.5
OT
OT
leucine
asparagine
132 C4 H8 N2 O3 5.5
OT
OT
glutamine
146 C5 H10 N2 O3 5.5
OT
OT
lysine
146 C6 H14 N2 O2 5.6
OT
OT
histidine
155 C6 H9 N3 O2 5.3
OT
OT
OT
phenylalanine 165 C9 H11 NO2 5.6
OT
OT
arginine
174 C6 H14 N4 O2 5.6
OT
OT
pyrrolysine
255 C12 H21 N3 O3 5.6
OT
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Table 5.3: Summary of observed molecules with formulas of non-proteinogenic amino
acids
List of some molecules with formulas corresponding to non-proteinogenic amino
acids. There are approximately 900 amino acids produced through biosynthetic
pathways (Uy and Wold, 1977). The Oribtrap data has been searched for a small
subset of non-proteinogenic amino acids taken from Lu and Freeland (2006). Presence in the positive ion data indicated by + and presence in the negative ion data
is indicated by -.
P2CO P5CO
%N2
96.2
93.2
%CH4
2
5
%CO
1.8
1.8
Name
Mass Formula
2,3-diaminopropanoic acid 104 C3 H8 N2 O2 +
propargylglycine
113 C5 H7 NO2 β-cyanoalanine
114 C4 H6 N2 O2 +/2,4-diaminobutanoic acid 104 C4 H10 N2 O2 +
pyroglutamic acid
129 C5 H7 NO3 hydroxyproline
131 C5 H9 NO3 1,2,4-Triazole-3-alanine
156 C5 H8 N4 O2 +/+/3-methylhistidine
169 C7 H11 N3 O2 +/+/β-hydroxyhistidine
171 C6 H9 N3 O3 +/+/citrulline
175 C6 H13 N3 O3 +
+
lathyrine
182 C7 H10 N4 O2 +/+/-
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Figure 5.7: GC-MS mass spectra (resolution 1 u) of alanine, cytosine and adenine
after derivatization of 2 H and dissociative ionization resulting in the loss of a
ter-butyl fragment. The peaks in the mass spectra have been normalized to the
base peak for each molecule (260 for alanine, 282 for cytosine and 306/311 for
adenine). The strong agreement between the non-isotopic samples (red lines) and
the standards (black lines) verifies the identities of alanine, cytosine and adenine.
For adenine, the shift of 5 u clearly demonstrates the presence of 13 C adenine in
P2i. The retention times, in minutes, for the non-isotopic, isotopic and standard
samples are 15.41, 15.39, and 15.43 (alanine); 26.09, 26.10, 26.16 (cytosine), and
34.44, 35.62 and 34.50 (adenine). For clarity, the masses of the isotopic samples and
the standards have been offset by +0.1 and +0.2 u, respectively.
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Figure 5.8: GC-MS mass spectra (resolution 1 u) of glycine, uracil and thymine after
derivatization of 2 H and dissociative ionization resulting in the loss of a ter-butyl
fragment. The peaks in the mass spectra have been normalized to the base peak
for each molecule (246 for glycine, 283 for uracil and 297 thymine). The strong
agreement between the non-isotopic samples (red lines) and the standards (black
lines) verifies the identities of glycine, uracil and thymine. The retention times, in
minutes, for the non-isotopic, isotopic and standard samples are 16.20, 16.20, and
16.23 (glycine); 21.54, 21.54, 21.60 (uracil), and 23.46, 23.48 and 23.53 (thymine).
For clarity, the masses of the isotopic samples and the standards have been offset
by +0.1 and +0.2 u, respectively.
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Figure 5.9: GC-MS mass spectra (resolution 1 u) of guanine and xanthine after
derivatization of 2 H and dissociative ionization resulting in the loss of a ter-butyl
fragment. The peaks in the mass spectra have been normalized to the base peak
for each molecule (437 for glycine and 283 for xanthine). The strong agreement
between the non-isotopic samples (red lines) and the standards (black lines) verifies
the identities of guanine and xanthine. The retention times, in minutes, for the
non-isotopic, isotopic and standard samples are 42.09, 42.09, and 42.10 (guanine)
and 40.30, 40.30, 40.26 (xanthine). For clarity, the masses of the isotopic samples
and the standards have been offset by +0.1 and +0.2 u, respectively.
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Figure 5.10: Shown here are the structures confirmed by GC-MS measurements. It
is interesting to note that all 5 nucleotide bases contain heteorocycles. Though it
has been shown that nitrogen stabilizes rings (Ricca et al., 2001), the mechanisms
for formation of heteorocycles in our chamber and in Titan’s atmosphere are not
known.
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5.4 Contamination
Possible contamination of our samples has been carefully considered in the analysis
of our measurements. In Figure 5.3, panels A and E show that the

16

O containing

peaks do not disappear when C18 O is substituted for CO in the initial gas mixture.
The

16

O observed in our samples has several possible sources: Earth’s atmosphere

(including water) during production, removal or sample preparation/further analysis, a biological source such as fingerprints, contaminated vials, skin cells etc.,
reactions with solvents during Orbitrap/GC-MS measurements, or contaminants in
the solvent, Orbitrap, GC-MS, etc.
To ensure that the observed oxygen containing molecules did not result from
reactions between the tholins and the CH3 OH or the formation of solvent clusters,
identical measurements were acquired using CH3 CN. The same molecules were observed with both solvents, thus we concentrate on the CH3 OH results because of
the higher ionization efficiency.
The use of isotopic gases is useful for eliminating the possibility of biological
contamination. While the measurements of the

18

O containing samples have not

fully eliminated this possibility, the complete lack of
13

12

C containing adenine in the

C sample (P2i) in both the Orbitrap and GC-MS measurements indicates that a

biological source of the other molecules is highly unlikely. We have run blanks (only
CH3 OH) before each set of GC-MS and Orbitrap measurements. The molecules of
interest observed in both instruments are not present in the blanks, therefore it is
unlikely that the molecules are a contaminant in the solvent, GC column, Orbitrap,
or storage vials.
The remaining possible contamination source is oxygen containing molecules in
Earth’s atmosphere, including water. It is possible that the oxygen contamination occurs during sample production resulting from incomplete removal of water
from the walls of the chamber or the electrodes, small leaks resulting in the introduction of H2 O, O2 and CO2 from Earth’s atmosphere, or impurities in the gas
bottles. The N2 and 10%CH4 /90%N2 were both >99.999% pure (Air Liquide). The
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C18 O (Cambridge Isotope Laboratories) was >95% pure. Before the tholins are
produced, the chamber is baked out to remove H2 O adsorbed on the walls of the
chamber/electrodes, while being pumped down to ∼10−5 mbar. A pure N2 plasma
discharge is then used to aid in the removal of remaining contaminants. If the oxygen contamination occurs during sample production, the oxygen does not come from
the intended source, but the amino acids and nucleotide bases are still formed in the
production chamber and are therefore still of interest for prebiotic synthesis. The
tholins were generally analyzed within days of production to minimize any aging
processes that might occur. The exception is P2i which was produced in 2006 and
analyzed in 2010. Accordingly, this sample was only searched for adenine, which
does not contain oxygen.
5.5 Discussion
In summary, we detect 19 formulas corresponding to prebiotic molecules in the Orbitrap mass spectra. Isotopic tests confirm that C5 H5 N5 and C4 H5 N3 O are made
in the reaction chamber and provide a strong indication that at least C4 H4 N2 O2 ,
C5 H6 N2 O2 , and C6 H9 N3 O2 are also produced in the chamber. These formulas correspond to adenine, cytosine, uracil, thymine, and histidine, but no structural information is available from the mass spectra. GC-MS measurements, which are
sensitive to structure, on the non-isotopic samples confirm that all five nucleotide
bases and two amino acids (glycine and alanine) are present.
It is impossible to perfectly replicate a planetary atmosphere in a laboratory;
instead, we look to the laboratory to further our understanding of the physical and
chemical processes that occur in an atmosphere. This work indicates that prebiotic
molecules can be produced either in the gas phase or through interactions between
the gas phase and aerosols under conditions that can exist in planetary atmospheres.
Accordingly, these molecules may be present in Titan’s atmosphere. Although reaction mechanisms responsible for the formation of some of these molecules have
been suggested (Maeda and Ohno, 2006), the mechanisms are not known, and fur-
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ther work is necessary to identify the specific conditions required for formation.
Although prebiotic molecules have been previously observed in tholins that have interacted with water during production (Miller, 1953; Miller and Urey, 1959) or have
been subjected to further processing after production, such as high temperature
hydrolysis under acidic conditions (Sagan and Khare, 1971), and low temperature
hydrolysis (Neish et al., 2010b), this work represents the first detection of the formation of prebiotic molecules in conditions representative of the upper atmosphere.
Life as we know it requires C, N, O, and H containing molecules. In many atmospheres, these atoms are trapped in very stable molecules (e.g. N2 and CO). The
energy required to break these triple bonds limits possible energy sources to lightning, energetic particles, or vacuum ultraviolet radiation. The simulated lightning
and liquid water of the Miller-Urey experiments may not be present on every planet
that could potentially harbor life. The Titan simulation experiments described here
are analogous to processes occurring in Titan’s upper atmosphere and ionosphere.
Photochemistry in an upper atmosphere/ionosphere has two attributes that may be
essential to the synthesis of organic molecules. First, the reducing conditions that
are more favorable for prebiotic molecule formation are more likely to be found in
the upper atmosphere of a planet (Tian et al., 2005) because diffusive separation
enhances abundances of hydrogen rich species. Thus, the difficulties with synthesis of prebiotic molecules in an oxidizing environment may be lessened or avoided
in an upper atmosphere. Second, solar photons and associated photoelectrons deposited in an upper atmosphere/ionosphere have typical energies of 10-20 eV, which
is sufficient to break triple bonds releasing active nitrogen and creating high energy
radicals that may facilitate production of prebiotic molecules. The combination of a
reducing environment and high energy electrons also exist in our simulation chamber; therefore, the amino acids and nucleotide bases discovered in our simulations
suggest that the building blocks of life may form in planetary upper atmospheres
rather than the lower atmosphere (Miller-Urey synthesis) or interstellar space.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

Quand le mystère est trop impressionnant,
on n’ose pas désobéir.
- Le Petit Prince, Antoine de Saint-Exupéry
6.1 Introduction
Two key discoveries made by the Cassini Plasma Spectrometer (CAPS), O+ ions
flowing into Titan’s upper atmosphere (Hartle et al., 2006) and very heavy ions
found in the same region (Coates et al., 2007; Crary et al., 2009), inspired the
work presented here. Through the use of photochemical modeling and analysis of
the products formed in Titan atmosphere simulation experiments, I have worked
to understand the implications of these discoveries as they relate both to Titan’s
atmosphere and to the formation of complex organic molecules in atmospheres in
general.
6.2 The unique connection between Enceladus and Titan
In Chapter 2, I demonstrated that the observed densities of CO, CO2 and H2 O can
be explained by a combination of O and OH or H2 O input to the upper atmosphere.
It is essential to have sources of both atomic oxygen and OH or H2 O in order to
produce both CO and CO2 . Input of O alone produces only CO, and with only
O input there is no effective loss process for CO and steady-state solutions are not
possible. Input of OH or H2 O alone does not produce CO and only produces CO2
if CO is already present.
Production of both CO and CO2 by only H2 O influx, considered in several previous investigations (Yung et al., 1984; Toublanc et al., 1995; Lara et al., 1996)
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and adopted as an explanation in several observational papers, is not possible. The
previous studies that employed this assumption were able to match observations
only because incorrect products were assumed for the reaction of OH and CH3 . The
investigations by Wong et al. (2002) and Wilson and Atreya (2004) employed the
correct chemistry, but were still unable to reproduce the observed CO abundances.
They attempted to explain the observations by invoking an internal source of CO in
addition to an external source of H2 O or by assuming that the observed CO is the
remnant of a larger primordial abundance. I show that, given the detection of O+
precipitation into Titan’s upper atmosphere, it is no longer necessary to invoke outgassing from Titan’s interior as a source for atmospheric CO or to assume that the
observed CO is the remnant of a larger primordial abundance in Titan’s atmosphere.
Instead, it is most likely that the oxygen bearing species in Titan’s atmosphere are
the result of external input. The flux of O+ into Titan’s atmosphere represents only
10−4 of the estimated H2 O source rate at Enceladus (Hartle et al., 2006; Hansen
et al., 2006), suggesting that the possibility of an Enceladus source deserves further
investigation. This small flux nevertheless is responsible for synthesis of CO, the
fourth most abundant molecule in Titan’s atmosphere.
6.3 Very high resolution Orbitrap mass spectrometry
The production and analysis of tholins is described in Chapter 3. Characterization
of laboratory produced Titan aerosol analogues, or tholins, is a necessary step for
furthering our understanding of the complex chemical and physical processes occurring in Titan’s atmosphere. The sheer level of chemical complexity observed in these
samples necessitates the use of sophisticated analytical techniques such as very high
resolution mass spectrometry. The Orbitrap mass spectrometer has potential flight
applications and accordingly use of this instrument to analyze tholins is important
both for understanding future spacecraft use and for chemical characterization of
laboratory tholins. The complexity of the tholin mass spectra necessitated development of the rapid and accurate molecule assignment software discussed in this
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chapter. The software I developed has allowed us to characterize the behavior of
PAMPRE tholins in the Orbitrap for two typical ESI solvents (CH3 OH and CH3 CN).
I have also investigated the anomalous behavior of isotope peaks (and potentially
all low intensity peaks), but the issue remains unresolved and further investigation
is necessary.
6.4 Unraveling the composition of tholins
I have analyzed tholin samples produced in the PAMPRE experiment using 3 different CH4 /N2 gas mixtures using very high resolution Orbitrap mass spectrometry.
From these measurements, I have expanded our knowledge of the composition of
tholins and the patterns observed in tholin mass spectra, as discussed in Chapter 4.
Previous high resolution mass spectrometry studies of tholins have only employed
the positive ion mode of the instruments. Comparisons of positive and negative
ion mode data presented here demonstrate the importance of utilizing both instrument modes because each mode accesses a different region of CNH composition
space. More specifically, the negative ion mode of the instrument detects molecules
with higher N/C ratios and lower H/C ratios. Our analyses of tholins produced
using 98/2, 95/5 and 90/10 CH4 /N2 gas mixtures supports the results obtained by
elemental analyses of the samples. The C/N ratio increases with increasing CH4
concentration. Additionally, the mass range of observed molecules increases with
increasing CH4 concentration ranging from ∼50-400 u/q for 98/2 to ∼50-800 u/q
for 90/10 in the positive ion mode. The C, N, H composition of the tholins increases
linearly with mass. These trends can therefore be extrapolated to the higher masses
observed in the CAPS measurement as a first estimate of the possible composition of
those molecules. C/N increases with increasing mass for all samples but 98/2, where
it is relatively constant with mass. Except at the low mass end of the measurements,
the DBE/(C+N) remains fairly constant. This indicates that the degree of saturation of the molecules does not vary with mass. This could indicate a region of
molecular stability, a region of high solubility in the solvents used with ESI, a region
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of low volatility or may potentially result from an instrument effect (molecules that
are particularly easily protonated or deprotonated). I have compared the molecules
found in the tholins to all mathematically possible molecules that possess an even
number of electrons. I show that although we do not have every possible molecule,
within restricted regions of composition all possible molecules are observed. Furthermore, many of the general trends observed in the tholins are also observed in all
of the possible molecules. Groups of peaks with mass spacing of ∼13.5 are observed
in all of the tholin spectra. These groups can be defined by molecules that have a
constant number of heavy atoms (C+N+O). Within each group, possible values of
DBE/(C+N) range from 0 to 1. The molecules in the tholins have only a fraction
of this range and the spacing of the groups of peaks is defined by this value. The
very regular properties of the molecules seen in the tholins can be used to predict
the composition of much heavier molecules. Additionally, the INMS spectra and
the CAPS-IBS spectra exhibit groups of very regularly spaced peaks as well. The
spacing in the INMS data is ∼12.5 but seems to increase towards 13.5 in the CAPSIBS data. The spacing change may be indicative of the transition from gas phase
molecules to aerosols.
6.5 Upper atmospheres may be an important source of the building blocks of life
In Chapter 5, I discussed the amino acids and nucleotide bases found in tholins
produced using CO in addition to CH4 and N2 . In summary, I detect 19 formulas
corresponding to prebiotic molecules in the Orbitrap mass spectra. Isotopic tests
confirm that C5 H5 N5 and C4 H5 N3 O are made in the reaction chamber and provide
a strong indication that at least C4 H4 N2 O2 , C5 H6 N2 O2 , and C6 H9 N3 O2 are also
produced in the chamber. These formulas correspond to adenine, cytosine, uracil,
thymine, and histidine, but no structural information is available from the mass
spectra. GC-MS measurements, which are sensitive to structure, on the non-isotopic
samples confirm that all five nucleotide bases and two amino acids (glycine and
alanine) are present.
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It is impossible to perfectly replicate a planetary atmosphere in a laboratory;
instead, we look to the laboratory to further our understanding of the physical and
chemical processes that occur in an atmosphere. This work indicates that prebiotic
molecules can be produced either in the gas phase or through interactions between
the gas phase and aerosols under conditions that can exist in planetary atmospheres.
Accordingly, these molecules may be present in Titan’s atmosphere. Although reaction mechanisms responsible for the formation of some of these molecules have
been suggested (Maeda and Ohno, 2006), the mechanisms are not known, and further work is necessary to identify the specific conditions required for formation.
Although prebiotic molecules have been previously observed in tholins that have interacted with water during production (Miller, 1953; Miller and Urey, 1959) or have
been subjected to further processing after production, such as high temperature
hydrolysis under acidic conditions (Sagan and Khare, 1971), and low temperature
hydrolysis (Neish et al., 2010b), this work represents the first detection of the formation of prebiotic molecules in conditions representative of the upper atmosphere.
Life as we know it requires C, N, O, and H containing molecules. In many atmospheres, these atoms are trapped in very stable molecules (e.g. N2 and CO). The
energy required to break these triple bonds limits possible energy sources to lightning, energetic particles, or vacuum ultraviolet radiation. The simulated lightning
and liquid water of the Miller-Urey experiments may not be present on every planet
that could potentially harbor life. The Titan simulation experiments described here
are analogous to processes occurring in Titan’s upper atmosphere and ionosphere.
Photochemistry in an upper atmosphere/ionosphere has two attributes that may be
essential to the synthesis of organic molecules. First, the reducing conditions that
are more favorable for prebiotic molecule formation are more likely to be found in
the upper atmosphere of a planet (Tian et al., 2005) because diffusive separation
enhances abundances of hydrogen rich species. Thus, the difficulties with synthesis of prebiotic molecules in an oxidizing environment may be lessened or avoided
in an upper atmosphere. Second, solar photons and associated photoelectrons deposited in an upper atmosphere/ionosphere have typical energies of 10-20 eV, which
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is sufficient to break triple bonds releasing active nitrogen and creating high energy
radicals that may facilitate production of prebiotic molecules. The combination of a
reducing environment and high energy electrons also exist in our simulation chamber; therefore, the amino acids and nucleotide bases discovered in our simulations
suggest that the building blocks of life may form in planetary upper atmospheres
rather than the lower atmosphere (Miller-Urey synthesis) or interstellar space.
6.6 Remaining questions
Although I have found answers to many of the questions I set out to answer, a
number of questions remain. These include:
1. What is the gas phase composition during tholin production and how does it
relate to the solid material we have analyzed?
2. What sets the region of observed DBE/(C+N) in the molecules found in the
tholins and how can it be used to further our understanding of Titan’s atmosphere?
3. What are the reaction mechanisms that result in the formation of the amino
acids and nucleotide bases observed in the tholins and do those processes occur
in Titan’s atmosphere?
6.7 Final thoughts
Though Titan’s existence has been known for more than 350 years, we are only
now beginning to appreciate its uniqueness and magnificence. Titan’s lake mottled
surface and thick, organic rich atmosphere may be an ideal setting for life as we
do not know it and there is certainly much yet to be learned about our own home
from the study of Titan. The Cassini-Huygens mission continues to provide us with
exciting new information about Titan and the data obtained during the rest of the
mission will further extend our understanding of Titan’s atmosphere, particularly
the changes that occur seasonally. As with any successful mission, a number of
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new questions have arisen that cannot be answered using the suite of instruments
currently in orbit around Saturn. While laboratory experiments and models play
a pivotal role in explaining the observations from Cassini-Huygens, many questions
about the complex chemical processes occurring in Titan’s atmosphere and on its
surface will not be answered until another spacecraft is sent to Titan. When that
mission arrives at Titan, it is my deepest hope that I have the privilege to continue
to work on unravelling Titan’s secrets.
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APPENDIX A
ABBREVIATIONS AND ACRONYMS

A.1 Ground and Earth based telescopes
IRAM Institut de Radioastronomie Millimétrique
ISO Infrared Space Observatory
OVRO Owen’s Valley Radio Observatory

A.2 Laboratory instruments/Techniques
APPI atmospheric pressure photoionization
CID collision induced dissocation
ESI electrospray ionization
FT-ICR Fourier transform ion cyclotron resonance
GC-MS Gas Chromatograph-Mass Spectrometer
HRTEM high resolution transmission electron microscopy
MS mass spectrometer/spectrometry
OEM optical emission spectroscopy
PAMPRE Production d’Aérosols en Microgravité par Plasma Réactifs
pyr-GC-MS pyrolysis gas chromotography-mass spectrometry
RF radio frequency
SIMS Secondary Ion Mass Spectrometry
sccm standard cubic centimeters per minute
SEM scanning electron microscopy
TOF time-of-flight
XRD x-ray diffraction
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A.3 Spacecraft instruments
ACP Aerosol Collector Pyrolyzer on Huygens
CAPS (IBS or ELS) Cassini Plasma Spectrometer (Ion Beam Spectrometer,
Electron Spectrometer)
CIRS Cassini Infrared Spectrometer
CSN Closed Source Neutral mode for Cassini INMS
DISR Huygens Descent Imager Spectral Radiometer
GCMS Huygens Gas Chromatograph Mass Spectrometer
HASI Huygens’ Atmospheric Structure Instrument
INMS Cassini Ion and Neutral Mass Spectrometer
IRIS Voyager Infrared Interferometer Spectrometer
ISS Imaging Science Subsystem on Cassini
OSN Open Source Neutral mode for Cassini INMS
UVIS Cassini Ultraviolet Imaging spectrograph
VIMS Cassini Visual and Infrared Mapping Spectrometer
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APPENDIX B
THOLIN MASS SPECTROMETRY MEASUREMENTS

The sample preparation and Orbitrap measurements were performed by Véronique
Vuitton and Roland Thissen at IPAG. The Orbitrap uses an IonMax electrospray
ionization system (ESI) which was operated in the positive ionization mode with a
spray voltage of 3.5 kV and in the negative ionization mode with a spray voltage
of 3.7 kV. ESI is a soft ionization source that produces positively charged ions
(protonated) and negatively charged ions (deprotonated), but does not typically
fragment molecules. ESI requires dissolution of the samples and for this study
the samples were dissolved 1 mg/mL in CH3 OH or CH3 CN, followed by 30 min
of sonication and 3 min of centrifugation at 9000 g. The soluble fraction was then
injected into the Orbitrap. Measurements were obtained using both the positive and
negative ion modes of the instrument. Solubility measurements made with N2 /CH4
PAMPRE tholins in CH3 OH reveal solubility ratios from 19% to 35% depending on
the initial gas mixture (Carrasco et al., 2009). As the tholins are not fully soluble
in CH3 OH or CH3 CN, only the soluble fraction was analyzed.
The following settings are the standard setup for our analysis protocol and were
used for all measurements unless otherwise specified. The N2 sheath gas was set
to 6 arbitrary units and the ion transfer tube was maintained at 275◦ C. The tube
lens potential was kept at 50 V. The transfer capillary was changed and thoroughly
cleaned between samples. Samples were introduced into the mass spectrometer
by flow infusion at 3 µL/min. The Orbitrap mass analyzer was calibrated daily
using a mixture of caffeine (C8 H10 N4 O2 , m/z 195), MRFA peptide (MethionineArginine-Phenylalanine-Alanine, m/z 524), Ultramark (m/z 1,022-1,922), and SDS
(C12 H26 O4 S, m/z=265). Full scan profile MS data were acquired with a resolving
power setting of 100,000. The automatic gain control was set for a target of 100,000
ions resulting in injection times ranging from 3 to 150 ms.

Sample Mass
+/- Solvent
Measurement
#
Range
Date
Sample 260207 (98% N2 , 2% CH4 , 0% CO)
260207 50-500
pos CH3 OH
Fall 2008
260207 150-1000
pos CH3 OH
8 Dec. 2008 18:23
260207 50-500
pos CH3 OH
16 April 2009 11:20
260207 150-1000
pos CH3 OH
16 April 2009 11:32
260207 50-500
pos CH3 OH, C2 O2 H4
16 April 2009 16:47
260207 150-1000
pos CH3 OH, C2 O2 H4
16 April 2009 16:55
260207 50-500
pos CH3 OH, CH3 CN
16 April 2009 15:50
260207 150-1000
pos CH3 OH, CH3 CN
16 April 2009 16:05
260207 50-500
pos CH3 OH, CH3 CN,C2 O2 H4 16 April 2009 17:40
260207 150-1000
pos CH3 OH, CH3 CN,C2 O2 H4 16 April 2009 17:52
a
260207 50-300
pos CH3 OH, CH3 CN
March 2009
260207 150-1000
neg CH3 OH
9 Dec. 2008 10:55
260207 50-500
neg CH3 OH
14 April 2009 17:36
260207 150-1000
neg CH3 OH
14 April 2009 17:53
260207 50-500
neg CH3 OH, CH3 CN
15 April 2009 14:56
260207 150-1000
neg CH3 OH, CH3 CN
15 April 2009 14:43
a
260207 50-300
neg CH3 OH, CH3 CN
March 2009
Sample 080908 (90% N2 , 10% CH4 , 0% CO)
080908 50-500
pos CH3 OH
Fall 2008
080908 50-500
pos CH3 OH
8 Dec. 2008 17:30
Continued on next page

Table B.1: Tholin mass spectrometry measurements

116
113
113
113

348
350
275
204
349
352
249
354
300

# of
Spec

262

Mass
+/- Solvent
Measurement
Range
Date
150-1000
pos CH3 OH
8 Dec. 2008 17:12
50-500
pos CH3 OH
16 April 2009 14:08
150-1000
pos CH3 OH
16 April 2009 14:22
50-500
pos CH3 OH, C2 O2 H4
16 April 2009 17:25
150-1000
pos CH3 OH, C2 O2 H4
16 April 2009 17:09
50-500
pos CH3 OH, CH3 CN
16 April 2009 16:32
150-1000
pos CH3 OH, CH3 CN
16 April 2009 16:19
50-500
pos CH3 OH, CH3 CN, C2 O2 H4 16 April 2009 18:19
150-1000
pos CH3 OH, CH3 CN, C2 O2 H4 16 April 2009 18:07
50-300
pos CH3 OH, CH3 CN
March 2009
150-1000
neg CH3 OH
9 Dec. 12:58
50-500
neg CH3 OH
15 April 2009 11:01
150-1000
neg CH3 OH
15 April 2009 10:45
50-500
neg CH3 OH, CH3 CN
15 April 2009 15:39
150-1000
neg CH3 OH, CH3 CN
15 April 2009 16:00
50-300
neg CH3 OH, CH3 CN
March 2009
Sample 40609 (94.9% N2 , 5% CH4 , 0.1% CO)
040609 50-200
pos CH3 OH
12 June 2009 16:34
040609 150-500
pos CH3 OH
12 June 2009 16:47
040609 150-1000
pos CH3 OH
12 June 2009 17:01
b
040609 50-200
pos CH3 OH
19 June 2009 11:34
b
040609 150-500
pos CH3 OH
19 June 2009 11:39
b
040609 150-1000
pos CH3 OH
19 June 2009 11:49
Continued on next page

Sample
#
080908
080908
080908
080908
080908
080908
080908
080908
080908
080908a
080908
080908
080908
080908
080908
080908a
107
185
209
115
365
306

114
114
110
108

353
354
354
354
351
351
354
351

# of
Spec

263

Mass
+/- Solvent
Measurement
Range
Date
50-200
neg CH3 OHb
24 June 2009 10:04
b
150-500
neg CH3 OH
24 June 2009 10:10
150-1000
neg CH3 OH, TL 50
24 June 2009 10:15
150-1000
neg CH3 OH, TL 150
24 June 2009 10:27
50-200
neg CH3 OH
24 June 2009 17:55
150-500
neg CH3 OH
24 June 2009 17:59
150-1000
neg CH3 OH, TL 50
24 June 2009 18:09
150-1000
neg CH3 OH, TL 150
24 June 2009 18:20
Sample 50609 94.5% N2 , 5% CH4 , 0.5% CO)
050609 50-200
pos CH3 OH
16 June 2009 13:57
050609 150-500
pos CH3 OH
16 June 2009 14:18
050609 150-1000
pos CH3 OH
16 June 2009 14:26
050609 50-200
neg CH3 OH
24 June 2009 11:37
050609 150-500
neg CH3 OH
24 June 2009 11:44
050609 150-1000
neg CH3 OH, TL 50
24 June 2009 11:49
050609 150-1000
neg CH3 OH, TL 150
24 June 2009 12:00
Sample 120609 (90.5% N2 , 5% CH4 , 4.5% CO)
120609 50-200
pos CH3 OH
18 June 2009 10:34
120609 150-500
pos CH3 OH
18 June 2009 10:42
120609 150-1000
pos CH3 OH
18 June 2009 10:26
Sample 100409 (95% N2 , 5% CH4 , 0% CO)
100409 50-200
pos CH3 OH
23 June 2009 12:02
100409 150-500
pos CH3 OH
23 June 2009 12:08
Continued on next page

Sample
#
040609
040609
040609
040609
040609
040609
040609
040609

211
189

374
352
196

211
271
228
182
175
176
151

# of
Spec
249
197
197
190
175
169
172
181
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Mass
Range
150-1000
150-1000
50-200
150-500
150-1000
150-1000
50-300
150-1000
50-300
150-1000
50-300
150-1000

Blank
50-300
Blank
150-500
Blank
150-1000
Blank
50-300
Blank
150-500
Blank
150-1000
Blank
50-300
Blank
150-500
Blank
150-1000
Blank
50-300
Continued on next

Sample
#
100409
100409
100409
100409
100409
100409
100409
100409
100409
100409
100409
100409
pos
pos
pos
neg
neg
neg
pos
pos
pos
neg
page

pos
pos
neg
neg
neg
neg
pos
pos
pos
pos
neg
neg

TL 50
TL 150

TL 50
TL 150
TL 50
TL 50
TL 150
TL 150
TL 50
TL 50
Blank
c
CH3 OH , C8 N4 O2 H10
CH3 OHc , C8 N4 O2 H10
CH3 OHc , C8 N4 O2 H10
CH3 OHc , C12 O4 H25 S
CH3 OHc , C12 O4 H25 S
CH3 OHc , C12 O4 H25 S
CH3 OHd , C8 N4 O2 H10
CH3 OHd , C8 N4 O2 H10
CH3 OHd , C8 N4 O2 H10
CH3 OHd , C12 O4 H25 S

CH3 OH,
CH3 OH,
CH3 OH
CH3 OH
CH3 OH,
CH3 OH,
CH3 OH,
CH3 OH,
CH3 OH,
CH3 OH,
CH3 OH,
CH3 OH,

+/- Solvent

7
7
7
8
8
8
7
7
7
7

July
July
July
July
July
July
July
July
July
July

2009
2009
2009
2009
2009
2009
2009
2009
2009
2009

10:30
10:47
10:51
9:29
9:31
9:37
9:47
9:52
9:58
19:13

Measurement
Date
23 June 2009 12:15
23 June 2009 12:22
23 June 2009 17:10
23 June 2009 17:16
23 June 2009 17:22
23 June 2009 17:36
25 Nov. 2009
25 Nov. 2009
25 Nov. 2009
25 Nov. 2009
10 Dec. 2009
10 Dec. 2009
390
190
93
48
193
97
195
191
120
145

# of
Spec
125
121
228
207
235
200

265

Mass
Range
150-500
150-1000

+/- Solvent

Measurement
Date
7 July 2009 19:16
7 July 2009 19:23

neg CH3 OHd , C12 O4 H25 S
neg CH3 OHd , C12 O4 H25 S
Dilution
20309
50-300
pos CH3 OH, C8 N4 O2 H10 ,0
3 July 2009 18:34
20309
50-300
pos CH3 OH, C8 N4 O2 H10 ,1
3 July 2009 17:33
20309
50-300
pos CH3 OH, C8 N4 O2 H10 , 2
7 July 2009 11:31
20309
150-500
pos CH3 OH, C8 N4 O2 H10 , 2
7 July 2009 11:40
20309
150-1000
pos CH3 OH, C8 N4 O2 H10 , 2
7 July 2009 11:48
20309
50-300
pos CH3 OH, C8 N4 O2 H10 , 3
8 July 2009 19:52
20309
150-500
pos CH3 OH, C8 N4 O2 H10 , 3
8 July 2009 19:57
20309
150-1000
pos CH3 OH, C8 N4 O2 H10 , 3
8 July 2009 20:01
Sample 190609 (93.5% N2 , 2% CH4 , 4.5% CO)
190609-2 50-300
pos CH3 OH, C8 N4 O2 H10
10 July 2009 12:12
190609-2 150-500
pos CH3 OH, C8 N4 O2 H10
10 July 2009 12:18
190609-2 150-1000
pos CH3 OH, C8 N4 O2 H10
10 July 2009 12:23
190609-2 50-300
neg CH3 OH, C12 O4 H25 S
9 July 2009 17:22
190609-2 150-500
neg CH3 OH, C12 O4 H25 S
9 July 2009 17:27
190609-2 150-1000
neg CH3 OH, C12 O4 H25 S
9 July 2009 17:32
190609-3 50-300
pos CH3 OH, C8 N4 O2 H10
10 July 2009 12:58
190609-3 150-500
pos CH3 OH, C8 N4 O2 H10
10 July 2009 13:03
190609-3 150-1000
pos CH3 OH, C8 N4 O2 H10
10 July 2009 13:08
190609-3 50-300
neg CH3 OH, C12 O4 H25 S
10 July 2009 17:18
190609-3 150-500
neg CH3 OH, C12 O4 H25 S
10 July 2009 17:23
Continued on next page

Sample
#
Blank
Blank

178
173
173
165
166
166
176
173
176
157
157

1800
1623
244
304
1153
175
199
224

# of
Spec
144
142

266

Mass
+/- Solvent
Measurement
Range
Date
150-1000
neg CH3 OH, C12 O4 H25 S
10 July 2009 17:28
50-300
pos CH3 OH, C8 N4 O2 H10
9 July 2009 8:53
150-500
pos CH3 OH, C8 N4 O2 H10
9 July 2009 8:58
150-1000
pos CH3 OH, cC8 N4 O2 H10
9 July 2009 9:03
50-300
neg CH3 OH, C12 O4 H25 S
9 July 2009 16:18
150-500
neg CH3 OH, C12 O4 H25 S
9 July 2009 16:23
150-1000
neg CH3 OH, C12 O4 H25 S
9 July 2009 16:28
Sample 20309 (98% N2 , 2% CH4 , 0% CO)
020309 50-300
pos CH3 OH
8 July 2009 17:2
020309 150-500
pos CH3 OH
8 July 2009 17:29
020309 150-1000
pos CH3 OH
8 July 2009 17:34
020309 50-300
neg CH3 OH
8 July 2009 10:35
020309 150-500
neg CH3 OH
8 July 2009 10:37
020309 150-1000
neg CH3 OH
8 July 2009 10:39
020309 50-300
pos CH3 OH, C13 NH21
18 Sept. 2009 15:13
020309 150-500
pos CH3 OH, C13 NH21
18 Sept. 2009 15:18
020309 150-1000
pos CH3 OH, C13 NH21
18 Sept. 2009 15:23
020309 50-300
pos CH3 OH, C8 N4 O2 H10
18 Sept. 2009 13:42
020309 150-500
pos CH3 OH, C8 N4 O2 H10
18 Sept. 2009 13:47
020309 150-1000
pos CH3 OH, C8 N4 O2 H10
18 Sept. 2009 13:53
020309 50-300
pos CH3 OH
18 Sept. 2009 11:20
020309 150-500
pos CH3 OH
18 Sept. 2009 11:25
020309 150-1000
pos CH3 OH
18 Sept. 2009 11:30
Continued on next page

Sample
#
190609-3
190609-4
190609-4
190609-4
190609-4
190609-4
190609-4
172
170
198
54
67
110
189
165
178
192
169
174
183
176
174

# of
Spec
165
179
200
178
164
168
212

267

Mass
+/- Solvent
Range
50-300
pos CH3 OH, C8 N4 O2 H10 3
150-500
neg CH3 OH, C12 O4 H25 S 5
50-300
pos CH3 OH, C13 NH21
150-500
pos CH3 OH, C13 NH21
150-1000
pos CH3 OH, C13 NH21
50-300
pos CH3 OH, TL 50
150-1000
pos CH3 OH, TL 50
50-300
pos CH3 OH, TL 150
150-1000
pos CH3 OH, TL 150
50-300
neg CH3 OH, TL 50
150-1000
neg CH3 OH, TL 50
Sample 250909 (96.2% N2 , 2% CH4 ,
250909 50-300
pos CH3 OH
250909 150-500
pos CH3 OH
250909 150-1000
pos CH3 OH
250909 85-205
pos CH3 OH
250909 170-200
pos CH3 OH
250909 440-610
pos CH3 OH
2
250909 MS 73
pos CH3 OH
2
250909 MS 136
pos CH3 OH
2
250909 MS 175
pos CH3 OH
250909 50-300
neg CH3 OH
250909 150-500
neg CH3 OH
Continued on next page

Sample
#
020309
020309
020309
020309
020309
020309
020309
020309
020309
020309
020309

Measurement
Date
1 July 2009 16:29
29 June 2009 16:48
23 Sept. 2009
23 Sept. 2009
23 Sept. 2009
17 Nov. 2009
17 Nov. 2009
17 Nov. 2009
17 Nov. 2009
7 Dec. 2009
7 Dec. 2009
1.8% C18 O)
2 Oct. 2009
2 Oct. 2009
2 Oct. 2009
2 Oct. 2009
2 Oct. 2009
2 Oct. 2009
2 Oct. 2009
2 Oct. 2009
2 Oct. 2009
2 Oct. 2009
2 Oct. 2009

# of
Spec
201
157

268

Mass
+/- Solvent
Range
95-215
neg CH3 OH
256-283
neg CH3 OH
285-400
neg CH3 OH
Sample 300909 (93.2% N2 , 5% CH4 ,
300909 50-300
pos CH3 OH
300909 50-300 2
pos CH3 OH
300909 150-500
pos CH3 OH
300909 150-1000
pos CH3 OH
2
300909 MS 127
pos CH3 OH
2
300909 MS 129
pos CH3 OH
2
300909 MS 131
pos CH3 OH
2
300909 MS 132
pos CH3 OH
2
300909 MS 134
pos CH3 OH
2
300909 MS 136
pos CH3 OH
2
300909 MS 144
pos CH3 OH
2
300909 MS 146
pos CH3 OH
2
300909 MS 147
pos CH3 OH
2
300909 MS 148
pos CH3 OH
2
300909 MS 149
pos CH3 OH
2
300909 MS 151
pos CH3 OH
300909 SIM 50-100 pos CH3 OH
300909 SIM 85-205 pos CH3 OH
300909 SIM 170-200 pos CH3 OH
Continued on next page

Sample
#
250909
250909
250909

Measurement
Date
2 Oct. 2009
2 Oct. 2009
2 Oct. 2009
1.8% C18 O)
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009
26 Oct. 2009

# of
Spec
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Mass
+/- Solvent
Measurement
Range
Date
SIM 440-610 pos CH3 OH
26 Oct. 2009
50-300
pos CH3 CN
26 Oct. 2009
150-500
pos CH3 CN
26 Oct. 2009
150-1000
pos CH3 CN
26 Oct. 2009
SIM 85-205 pos CH3 CN
26 Oct. 2009
SIM 170-200 pos CH3 CN
26 Oct. 2009
SIM 440-610 pos CH3 CN
26 Oct. 2009
50-300
neg CH3 OH
26 Oct. 2009
150-500
neg CH3 OH
26 Oct. 2009
SIM 95-215 neg CH3 OH
26 Oct. 2009
SIM 219-255 neg CH3 OH
26 Oct. 2009
50-300
neg CH3 CN
26 Oct. 2009
150-500
neg CH3 CN
26 Oct. 2009
SIM 95-215 neg CH3 CN
26 Oct. 2009
SIM 219-255 neg CH3 CN
26 Oct. 2009
Sample 230609 (93.2% N2 , 5% CH4 , 1.8% CO)
230609 50-300
pos CH3 OH
9 Nov. 2009
230609 150-1000
pos CH3 OH
9 Nov. 2009
2
230609 MS 127
pos CH3 OH
9 Nov. 2009
2
230609 MS 132
pos CH3 OH
9 Nov. 2009
2
230609 MS 136
pos CH3 OH
9 Nov. 2009
2
230609 MS 144
pos CH3 OH
9 Nov. 2009
2
230609 MS 147
pos CH3 OH
9 Nov. 2009
Continued on next page

Sample
#
300909
300909
300909
300909
300909
300909
300909
300909
300909
300909
300909
300909
300909
300909
300909

# of
Spec
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Mass
Range
SIM 50-100
SIM 420-620
50-300
150-500
SIM 95-215
SIM 219-255
Sample
50-300
55-100
150-1000
MS2 127
MS2 136
MS2 144
MS2 147
MS2 132
SIM 420-620
50-300
150-500
SIM 95-215
SIM 219-255

+/- Solvent

Measurement
Date
pos CH3 OH
9 Nov. 2009
pos CH3 OH
9 Nov. 2009
neg CH3 OH
9 Nov. 2009
neg CH3 OH
9 Nov. 2009
neg CH3 OH
9 Nov. 2009
neg CH3 OH
9 Nov. 2009
250609 (96.2% N2 , 2% CH4 , 1.8% CO)
250609
pos CH3 OH
9 Nov. 2009
250609
pos CH3 OH
9 Nov. 2009
250609
pos CH3 OH
9 Nov. 2009
250609
pos CH3 OH
9 Nov. 2009
250609
pos CH3 OH
9 Nov. 2009
250609
pos CH3 OH
9 Nov. 2009
250609
pos CH3 OH
9 Nov. 2009
250609
pos CH3 OH
9 Nov. 2009
250609
pos CH3 OH
9 Nov. 2009
250609
neg CH3 OH
9 Nov. 2009
250609
neg CH3 OH
9 Nov. 2009
250609
neg CH3 OH
9 Nov. 2009
250609
neg CH3 OH
9 Nov. 2009
Blank
01113a 50-300
pos CH3 OH
25 Jan. 2010
01113a 150-500
pos CH3 OH
25 Jan. 2010
Continued on next page

Sample
#
230609
230609
230609
230609
230609
230609

# of
Spec
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Sample Mass
+/- Solvent
Measurement
# of
#
Range
Date
Spec
01113a 150-1000
pos CH3 OH
25 Jan. 2010
13
Sample 190506 (98% N2 , 2% CH4 , 0% CO)
190506 50-300
pos CH3 OH
25 Jan. 2010
190506 150-500
pos CH3 OH
25 Jan. 2010
190506 150-1000
pos CH3 OH
25 Jan. 2010
190506 95-215
pos CH3 OH
25 Jan. 2010
190506 50-300
neg CH3 OH
26 Jan. 2010
190506 150-500
neg CH3 OH
26 Jan. 2010
190506 150-1000
neg CH3 OH
26 Jan. 2010
190506 95-215
neg CH3 OH
26 Jan. 2010
190506 219-255
neg CH3 OH
26 Jan. 2010
Blank
01113c 50-300
pos CH3 OH
25 Jan. 2010
01113c 150-500
pos CH3 OH
25 Jan. 2010
01113c 150-1000
pos CH3 OH
25 Jan. 2010
Sample 211209 (93.2% N2 , 5% CH4 , 1.8% C18 O) 1.7 mbar
211209 50-300
pos CH3 OH
25 Jan. 2010
211209 150-500
pos CH3 OH
25 Jan. 2010
211209 150-1000
pos CH3 OH
25 Jan. 2010
211209 95-215
pos CH3 OH
25 Jan. 2010
211209 50-300
neg CH3 OH
26 Jan. 2010
211209 150-500
neg CH3 OH
26 Jan. 2010
211209 150-1000
neg CH3 OH
26 Jan. 2010
Continued on next page

272

Mass
Range
95-215
219-255
neg CH3 OH
neg CH3 OH

+/- Solvent

Blank

Measurement
Date
26 Jan. 2010
26 Jan. 2010

50-300
pos CH3 OH
25 Jan. 2010
150-500
pos CH3 OH
25 Jan. 2010
150-1000
pos CH3 OH
25 Jan. 2010
Sample 210110 (93.2% N2 , 5% CH4 , 1.8% CO) 1.7 mbar
210110 50-300
pos CH3 OH
25 Jan. 2010
210110 150-500
pos CH3 OH
25 Jan. 2010
210110 150-1000
pos CH3 OH
25 Jan. 2010
210110 95-215
pos CH3 OH
25 Jan. 2010
210110 50-300
neg CH3 OH
26 Jan. 2010
210110 150-500
neg CH3 OH
26 Jan. 2010
210110 150-1000
neg CH3 OH
26 Jan. 2010
210110 95-215
neg CH3 OH
26 Jan. 2010
21011
219-255
neg CH3 OH
26 Jan. 2010
Blank
01113g 50-300
neg CH3 OH
26 Jan. 2010
01113g 150-500
neg CH3 OH
26 Jan. 2010
01113g 150-1000
neg CH3 OH
26 Jan. 2010
Blank
01113i 50-300
neg CH3 OH
26 Jan. 2010
01113i 150-500
neg CH3 OH
26 Jan. 2010
Continued on next page

01113e
01113e
01113e

Sample
#
211209
211209

# of
Spec
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neg CH3 OH

+/- Solvent

Blank

Measurement
Date
26 Jan. 2010

50-300
neg CH3 OH
26 Jan. 2010
150-500
neg CH3 OH
26 Jan. 2010
150-1000
neg CH3 OH
26 Jan. 2010
Sample 090309 (90% N2 , 10% CH4 , 0% CO)
090309 50-300
pos CH3 OH, TL 50
18 Nov. 2009
090309 150-1000
pos CH3 OH, TL 50
18 Nov. 2009
090309 50-300
pos CH3 OH, TL 150
18 Nov. 2009
090309 150-1000
pos CH3 OH, TL 150
18 Nov. 2009
090309 50-300
neg CH3 OH, TL 50
10 Dec. 2009
090309 150-1000
neg CH3 OH, TL 50
10 Dec. 2009
a
measurements were taken using the FT-ICR in Tucson, AZ
b
samples were diluted with 2-3 times as much solvent
c
measurements were performed using a clean tube
d
measurements were performed using a dirty tube

01114a
01114a
01114

Sample Mass
#
Range
01113i 150-1000

# of
Spec
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Le Mouélic, S., P. Paillou, M. A. Janssen, J. W. Barnes, S. Rodriguez, C. Sotin,
R. H. Brown, K. H. Baines, B. J. Buratti, R. N. Clark, M. Crapeau, P. J. Encrenaz, R. Jaumann, D. Geudtner, F. Paganelli, L. Soderblom, G. Tobie, and
S. Wall (2008). Mapping and interpretation of Sinlap crater on Titan using Cassini
VIMS and RADAR data. Journal of Geophysical Research (Planets), 113(E12),
p. E04003. doi:10.1029/2007JE002965.
Lebonnois, S. and D. Toublanc (1999). Actinic fluxes in Titan’s atmosphere, from
one to three dimensions: Application to high-latitude composition. J. Geophys.
Res., 104, pp. 22025–22034. doi:10.1029/1999JE001056.
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H. U. Keller, R. Kirk, R. Kramm, M. Küppers, P. Lanagan, E. Lellouch, M. Lemmon, J. Lunine, E. McFarlane, J. Moores, G. M. Prout, B. Rizk, M. Rosiek, P. Rueffer, S. E. Schröder, B. Schmitt, C. See, P. Smith, L. Soderblom, N. Thomas,
and R. West (2005). Rain, winds and haze during the Huygens probe’s descent
to Titan’s surface. Nature, 438, pp. 765–778. doi:10.1038/nature04126.
Tomasko, M. G., L. Doose, S. Engel, L. E. Dafoe, R. West, M. Lemmon,
E. Karkoschka, and C. See (2008). A model of Titan’s aerosols based on measurements made inside the atmosphere. Planet. Space Sci., 56, pp. 669–707.
doi:10.1016/j.pss.2007.11.019.
Toon, O. B., C. P. McKay, C. A. Griffith, and R. P. Turco (1992). A physical model
of Titan’s aerosols. Icarus, 95, pp. 24–53. doi:10.1016/0019-1035(92)90188-D.
Toublanc, D., J. P. Parisot, J. Brillet, D. Gautier, F. Raulin, and C. P. McKay
(1995). Photochemical modeling of Titan’s atmosphere. Icarus, 113, pp. 2–26.
doi:10.1006/icar.1995.1002.
Toupance, G., F. Raulin, and R. Buvet (1975). Formation of prebiochemical compounds in models of the primitive Earth’s atmosphere. Origins of Life, 6, pp.
83–90. doi:10.1007/BF01372392.
Trafton, L. (1972a). On the Possible Detection of H2 in Titan’s Atmosphere. ApJ,
175, pp. 285–+. doi:10.1086/151556.

305
Trafton, L. (1972b). The Bulk Composition of Titan’s Atmosphere. ApJ, 175, pp.
295–+. doi:10.1086/151557.
Trafton, L. (1975). The morphology of Titan’s methane bands. I - Comparison with
a reflecting layer model. ApJ, 195, pp. 805–814. doi:10.1086/153385.
Trainer, M. G., A. A. Pavlov, D. B. Curtis, C. P. McKay, D. R. Worsnop, A. E.
Delia, D. W. Toohey, O. B. Toon, and M. A. Tolbert (2004a). Haze Aerosols
in the Atmosphere of Early Earth: Manna from Heaven. Astrobiology, 4, pp.
409–419. doi:10.1089/ast.2004.4.409.
Trainer, M. G., A. A. Pavlov, H. L. DeWitt, J. L. Jimenez, C. P. McKay, O. B.
Toon, and M. A. Tolbert (2006). Organic Haze on Titan and the early Earth.
PNAS, 103, pp. 18035–18042. doi:10.1073/pnas.0608561103.
Trainer, M. G., A. A. Pavlov, J. L. Jimenez, C. P. McKay, D. R. Worsnop, O. B.
Toon, and M. A. Tolbert (2004b). Chemical composition of Titan’s haze: Are
PAHs present? Geophys. Res. Lett., 31, pp. 17–+. doi:10.1029/2004GL019859.
Tran, B. N., J. P. Ferris, and J. J. Chera (2003a). The photochemical formation
of a titan haze analog. Structural analysis by x-ray photoelectron and infrared
spectroscopy. Icarus, 162, pp. 114–124. doi:10.1016/S0019-1035(02)00069-6.
Tran, B. N., M. Force, R. G. Briggs, J. P. Ferris, P. Persans, and J. J. Chera (2008).
Titan’s atmospheric chemistry: Photolysis of gas mixtures containing hydrogen
cyanide and carbon monoxide at 185 and 254 nm. Icarus, 193, pp. 224–232.
doi:10.1016/j.icarus.2007.09.010.
Tran, B. N., J. C. Joseph, J. P. Ferris, P. D. Persans, and J. J. Chera (2003b).
Simulation of Titan haze formation using a photochemical flow reactorThe optical
constants of the polymer. Icarus, 165, pp. 379–390. doi:10.1016/S0019-1035(03)
00209-4.
Tran, B. N., J. C. Joseph, M. Force, R. G. Briggs, V. Vuitton, and J. P. Ferris (2005).
Photochemical processes on Titan: Irradiation of mixtures of gases that simulate
Titan’s atmosphere. Icarus, 177, pp. 106–115. doi:10.1016/j.icarus.2005.03.015.
Tsang, W. and R. F. Hampson (1986). Chemical Kinetic Data Base for Combustion
Chemistry. Part I. Methane and Related Compounds. Journal of Physical and
Chemical Reference Data, 15, pp. 1087–1279.
Tully, J. C. (1975). Reactions of O(1 D) with atmospheric molecules. J. Chem.
Phys., 62, pp. 1893–1898.

306
Turtle, E. P., A. D. Del Genio, J. M. Barbara, J. E. Perry, E. L. Schaller, A. S.
McEwen, R. A. West, and T. L. Ray (2011a). Seasonal changes in Titan’s meteorology. Geophys. Res. Lett., 38, p. L03203. doi:10.1029/2010GL046266.
Turtle, E. P., J. E. Perry, A. G. Hayes, R. D. Lorenz, J. W. Barnes, A. S. McEwen,
R. A. West, A. D. Del Genio, J. M. Barbara, J. I. Lunine, E. L. Schaller, T. L.
Ray, R. M. C. Lopes, and E. R. Stofan (2011b). Rapid and Extensive Surface
Changes Near Titan’s Equator: Evidence of April Showers. Science, 331, pp.
1414–1417. doi:10.1126/science.1201063.
Turtle, E. P., J. E. Perry, A. S. McEwen, A. D. Del Genio, J. Barbara, R. A. West,
D. D. Dawson, and C. C. Porco (2009). Cassini imaging of Titan’s high-latitude
lakes, clouds, and south-polar surface changes. Geophys. Res. Lett., 36, p. L02204.
doi:10.1029/2008GL036186.
Uy, R. and F. Wold (1977). Post-Translational Covalent Modification of Proteins.
Science, 198(4320), pp. 890–896.
Vanlook, H. and J. Peeters (1995). Rate coefficients of the reactions of C2 H with
O2 , C2 H2 , and H2 O between 295 and 450 K. J. Phys. Chem., 99(44), pp. 16284
– 16289. ISSN 0022-3654.
Veverka, J. (1973). Titan: Polarimetric Evidence for an Optically Thick Atmosphere. Icarus, 18, pp. 657–+. doi:10.1016/0019-1035(73)90069-9.
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