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1. INTRODUCTION

Titan is the gem of the Saturnian system, an icy world laden
with organics and shrouded in an auburn haze. Due in large part
to the discoveries of the Cassini-Huygens mission to the Saturn
system, our knowledge of Titan has deepened immensely, and
this moon is now considered one of the best targets for the study
of organic chemistry at a full planetary scale.1,2

Several NASA missions have flown by Titan and a lander built
by the European Space Agency (ESA) successfully reached the
surface. The data from these spacecraft, which include Pioneer 11
(1979), Voyager 1 (1980), Voyager 2 (1981), Cassini (2004�
present day), and Huygens (2005), paint a picture of an alien, yet
familiar world. Radar mapping, along with infrared (IR) imaging
through the methane windows of the thick atmosphere, has
revealed a rich mosaic of surface features, from mountain ranges
and dunes to dendritic features believed to be channels with
liquid methane-ethane flowing in a recent past, and the recently
confirmed liquid lakes identified in the polar regions (see
Figure 1). Titan is the only other world aside from the Earth in
our solar system where the pressure and temperature conditions
allow an active hydrological (also termed “hygrological” or
“methanological”) cycle as well as the permanent presence of
liquid on the surface.3 However, in this exotic world, methane
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and ethane take the place of water, forming clouds and pre-
cipitating onto the surface to produce lakes, whereas water-ice
plays the part of silicates, forming the crust and even possibly
erupting as a slurry with ammonia in cryovolcanoes. Exogenous
and endogenous energy sources initiate chemical reactions
(photolysis, radiolysis) in the atmosphere that produce gaseous
hydrocarbons and nitriles, which though various polymerization4

processes yield solid aerosol particles that grow by a variety of
mechanisms and fall to the surface. The end result is a veneer of
organic material covering nearly the entire exterior of Titan.5

From a chemical perspective, the most interesting aspect of
Titan is its inventory of complex organic compounds. The gas
and aerosols in the atmosphere have been known for some
time,6,7 and with the recent discoveries of the dunes on the
surface8,9 and the liquid ethane and methane lakes,10,11 we can
also add solid and liquid phases to this inventory. The haze plays
an important role in the transfer of radiation inTitan’s atmosphere,
producing an antigreenhouse effect that cools the surface.12 The

aerosols formed may act as a net sink for C and N atoms. Further,
as the aerosols are the ultimate source of particle deposition onto
the surface, the composition of the hazemost likely dictates that of
the dunes and other surface materials and also determines what
kind of chemistry can occur there. The evolution of Titan’s
atmosphere is inexorably coupled to the evolution of its surface
and underlying geophysical processes, so by studying the chem-
istry of the atmosphere and the surface, we may understand Titan
as an organic chemical system.

Study of the organic chemistry on Titan involves three major
efforts: (1) direct observations and in situ sampling of Titan’s
atmosphere and surface, (2) laboratory simulation and analysis of
products formed inTitan reactors, and (3) generation ofmodels of
Titan’s atmospheric and surface processes using the data from 1
and 2 (see Figure 2).13Many papers14�16 and several books5,17�19

have been published regarding Titan, and the reader is directed to
these excellent resources for more details concerning Titan’s
chemistry, geology, and history.20 Our current understanding of

Figure 1. Diagram of the complex nature of the Titan environment. Processes in the atmosphere, lakes, surface and subsurface are all intrinsically linked.
Image courtesy of the Jet Propulsion Laboratory, California Institute of Technology.
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Titan is constantly evolving, and the recent missions to this moon
have greatly improved physical and chemical constraints on
models of the atmosphere. However, laboratory experiments are
still necessary to provide data and critical insight that feed into
models of the processes occurring in Titan’s atmosphere and on its
surface. These insights are also instrumental in defining the next
series of in situ experiments to perform on Titan, which could
further elucidate the processes occurring in the atmosphere and on
the surface.

According to recent data from the Cassini Composite Infrared
Spectrometer (CIRS)21 and other observations,22�26 Titan’s
atmosphere is composed of nitrogen (95�98%), methane (1.8�
5.0%), hydrogen (0.1�0.2%), and carbon monoxide (0.005%),
with trace amounts of ethane, acetylene, propane, ethylene, hydro-
gen cyanide, cyanoacetylene, carbon dioxide, and water vapor (see
Table 1). Titan’s atmosphere is also denser than that of the Earth,
reaching a pressure of 1.5 bar at the surface, and extends much
further due to the lower gravity (see Figure 3). For example, to
experience the same atmospheric pressure as one would at the
summit of Mount Everest on Earth (8.85 km), one would have to
be at an altitude of around 25 kmonTitan—3 times higher! Briefly,
the currently accepted atmospheric model of Titan starts with
photochemistry in the high altitudes (thermosphere and iono-
sphere, 650 km and above). Short-wavelength UV radiation
(<155 nm) is absorbed by methane and forms radicals, which lead
to light hydrocarbons. Further, extreme ultraviolet (EUV) radiation
(<80 nm) and the high-energy tail of the Saturnianmagnetospheric
energy flux produces ions through photoionization and dissociative
photoionization, aswell as radicals and atoms in ground and excited
states either through direct photodissociation or electon�ion
recombination.27 The excited-state atomic nitrogen from dissocia-
tion of N2 above 700 km reacts with the hydrocarbons to form
nitriles.28 At intermediate altitudes (∼520 km), long-wave UV

radiation (>155 nm) causes photolysis of the light hydrocarbons,
forming heavy hydrocarbons and more complex organics in a
detached haze layer.29 These spherical particles combine through
various mechanisms to form fractal aggregates. At lower altitudes
(400�500 km), particle surface chemistry dominates and the
aerosols react directly with gas-phase radicals.30 This complex
photochemistry produces a main haze layer in the stratosphere
100�300 km above the surface, with several “detached” haze layers
above this up to hundreds of kilometers.31 The aerosols act as
condensation nuclei for condensable species in the troposphere
(42 km and below), including hydrogen cyanide and methane, as
they fall to the surface.32,33

At the surface of Titan, there are several putative energy
sources. The heat from cometary andmeteoritic impacts can pro-
duce oxygen-bearing molecules, if the water-ice regolith melts
long enough to react with the deposited organic particulates from
the atmosphere.34,35 Similar organic chemistry might also occur
in areas of cryovolcanism,36,37 though the existence of conclusive
evidence for cryovolcanoes is still under debate.38,39 Lightning or
corona discharges may also play a role in the complex chemistry
of the atmosphere and surface at low altitudes;40,41 however, no
irrefutable evidence of lightning has yet been found, despite
several experiments dedicated to this purpose.42�45

The complexities of Titan’s organic chemistry have inspired
many to simulate these conditions in the laboratory.46�48 The
resulting aerosols from such endeavors have been deemed “tholins”
and are highly varied in their productionmethods and properties.
No comprehensive, Cassini-Huygens era review of tholins exists;
one thorough review by Coll et al. in 1998 summarized tholin
production and properties,49 another in 2002 by Raulin and
Owen13 gave a brief overview of the chemical composition of
tholins, and a third recently published on radiolysis and photo-
lysis of icy satellite surfaces included one short section on
tholins.50 This review summarizes the plethora of tholins re-
ported in the literature since the arrival of Cassini-Huygens and
devises a metric by which we can compare these materials in
terms of their properties and relevance to our current under-
standing of the chemistry occurring on Titan.

Table 1. Composition of Titan Atmosphere

gasa fraction (%)

N2 94�98

CH4 1.8�6.0

H2 0.1�0.2

CO 0.005
40Ar 0.005

aTrace components: C2H6, C2H2, C3H8, C2H4,
36Ar, HCN, CH3CN,

CO2, CH3C2H, C4H2, HC3N, C6H6 and H2O vapor.

Figure 3. Vertical profile of the Titan and Earth atmospheres. Note the
similarities in stratification (atmospheric boundary layer, troposphere,
stratosphere, etc.) and the presence of clouds but the fact that the Titan
atmosphere is extended due to less gravity on this moon than Earth.
Figure adapted from ref 14. Copyright 2010 Nature Publishing Group.

Figure 2. Methodology to study objects and phenomena in the solar
system, with useful interactions indicated by arrows. Adapted with
permission from ref 238. Copyright 1987 Elsevier.
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2. THOLINS: A HISTORY

Following the seminal Urey-Miller experiment in 1953,51,52

experimental simulation of the chemical evolution of a planetary
atmosphere has become a mainstay in atmospheric chemistry
and related fields. Initial work focused on simulating conditions
of the early Earth (for an excellent review of the first synthesis
and discharge experiments performed in N2/CH4 mixtures, see
Coll et al.49), but expansion to include the atmospheres of other
planets and satellites soon followed.

The first experiment involving UV radiolysis of a N2/CH4

mixture was performed by Dodonova in 1966.53 UV radiation
(125�170 nm) was found to produce hydrocarbons and HCN,
though this result is now considered controversial because
the dissociation of N2 requires wavelengths on the order of
80 nm54,55 unless two-photon processes56 or other mechanisms
are invoked. Only after the application of an electric discharge,
where charged particles influence the chemistry, were nitrogen
compounds observed reproducibly.57�59 Following this realiza-
tion and its implications for Titan atmospheric chemistry,
reactors started to include various energy sources, from hot
and cold plasmas to γ-radiation and soft X-rays.

The term “tholin” was first used to describe the sticky
brownish residue formed via irradiation (UV or electrical dis-
charge) of cosmically relevant gas mixtures by Sagan and Khare
in 1978 and published a year later (see Figure 4).46 The word was
derived from the Greek “tholos” (θολο�ς), which translates
directly as “dim” or “not clear” but was interpreted as “muddy”,
and the name stuck (though the authors also contemplated using
the term “star-tar”, which we enjoyed immensely). Since its
introduction to the scientific literature, many discharge reactor
products have been called tholins, including simulated material
believed to be present on Jupiter, Neptune’s moon Triton, and
other comets, centaurs (minor planets), icy moons, and the early
Earth.60�64 However, as we are only interested in the tholins
relevant to Titan, for the purposes of this reviewwe define tholin as
a complex organic mixture formed specifically in Titan atmospheric
simulation experiments, i.e., synonymous with “Titan tholin”. We
further constrain this definition to an aerosol or solid deposit
composed of both large and small molecular constituents with a
lowC/N ratio and optical properties analogous to the Titan haze.
Therefore, tholin composition may include large macromolecu-
lar species, such as those detected by the Cassini plasma spectro-
meter/electron spectrometer (CAPS/ELS)65,66 and ion beam

spectrometer (CAPS/IBS),67 and also small species adsorbed or
condensed onto the surface of these aerosol particles. This is
significant when considering atmospheric modeling scenarios,
which often will only perform calculations and simulations up to
a few carbon atoms and then assume anything larger than this is a
tholin.27,31,68,69 This definition is also important in terms of
understanding the chemistry of these materials, as gas-phase and
liquid/solid-phase analyses are relevant to detect both the small
adsorbed molecules and the large aggregate molecules, respec-
tively. We should also stress the point that, according to the
definition we use here, there are no tholins on Titan. The term
tholin refers only to organic material produced in simulated Titan
conditions here on Earth, and is therefore subject to our biases
and limitations regarding effective reproduction of the Titan
environment. Tholins are useful in teaching us how to think about
the chemistry on Titan, but this information must not be taken
out of context; what we actually discover on Titan may be much
different. Ultimately, as our knowledge of the measured and
observed properties of chemical species on Titan improves, we
expect the properties of tholins to converge with those data, so
that we may better model and understand Titan as a complete
organic chemical system.

After Voyager data confirmed the presence of a thick atmo-
sphere on Titan composed of nitrogen and methane (along with
other trace constituents) in the early 1980s,70,71 production and
characterization of tholins began in earnest (see Figure 5).46,48,72�75

It was soon recognized that study of solid products formed in the
laboratory under simulated Titan conditions could yield important
information regarding the role of aerosols in the behavior of Titan’s
atmosphere. These laboratory analogues could help provide data,
such as optical properties and estimated mole fractions of constitu-
ents, to augment atmospheric models, aid in analysis of remote
sensing data, and gain a better understanding of the complex pro-
cesses at work. We are led to generating tholins in an attempt to
interpret observations and data from Titan missions.

As improvements in atmospheric simulation reactors bring us
closer to replicating the Titan environment, one might assume
that tholins produced in these reactors would be more accurate
representations of the actual material on Titan. However, many
hurdles remain before this assertion can be made, and it is an
iterative process. As we learn more from in situ experiments on

Figure 4. Scanning electron microscopy images of some of the first
tholins, the sticky, brownish residue named for its “muddy” appearance.
(a) SEM image of spark discharge tholins, 20�magnification. (b) SEM
image of UV irradiation tholins, 207� magnification. Reproduced with
permission from ref 46. Copyright 1979 Macmillan Publishers Ltd.

Figure 5. Number of publications with the terms “Titan” and “tholin”
by year (records via Web of Science). Publication peaks correlate well
with the dates of spacecraft launches and observations of Titan. Unless
otherwise specified, mission labels indicate Titan flybys.
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Titan, we can work toward improving relevant simulants on
Earth. We cite the properties of various tholins reported in the
literature in an attempt to establish which remain consistent with
the improving mission data and models, in order to better
understand this enigmatic moon.

3. METHODS OF THOLIN PRODUCTION

In order to gain a better understanding of the chemistry of
Titan, many attempts have been made to replicate the atmo-
spheric (and potential surface) components of Titan in labora-
tories on Earth. All of these “Titan reactors” use some type of
discharge or radiation source to mimic one or several of the
energy sources capable of generating radicals and other activated
species in Titan’s atmosphere. For instance, a laser-induced
plasma discharge replicates the heat released during a period of
meteoritic impact, whereas UV irradiation simulates solar irra-
diation of the upper atmosphere (Figure 6). Here we will cover
the following reportedmethods of tholin generation: cold plasma
discharge, hot plasma discharge, UV irradiation, γ-radiation/soft
X-rays, and proton and electron bombardment. We explore each
technique, noting how organic material is produced and what
processes on Titan are analogous. We then cover the common
limitations present in most techniques,and finally describe recent
and future advancements to overcome these limitations.

3.1. Tholin Production in the Laboratory
Historically, plasma discharge was the popular choice for

production of organics in the laboratory due to the high yields
associated with this method. In the context of Titan, however,
where the composition of organic material produced is highly
dependent on the type, intensity, and duration of ionization and
dissociation processes, the energy source must be carefully
considered. Solar UV radiation and EUV photons are the main
drivers of photochemistry on Titan.27 However, the energy
inputs of charged particles (i.e., cosmic rays, magnetospheric
protons, and electrons) in the upper atmosphere can exceed all
other energy input processes, including solar UV (1.6� 10�3 erg
s cm�2), during periods when Titan moves across the Saturnian
magnetopause and is fully exposed to solar wind.5,27,31,76 Further,

estimates of aerosols produced by high-energy magnetospheric
electrons alone indicate that this mechanism could result in
enough organic solids to cover the entire surface of Titan in a
layer 4�30 m thick over 4 Gyr.77 Therefore, although photo-
dissociation and photoionization are still the dominant drivers of
atmospheric chemistry on Titan, organics produced by electron
impact could also supply a significant fraction of Titan’s haze and
surface material.
3.1.1. Cold PlasmaDischarge.Also known as direct current

(dc) electrical discharge, corona discharge, glow discharge,
inductive-coupled plasma (ICP) discharge, capacitively coupled
plasma (CCP), or silent discharge (depending on the energy
source), this method involves plasma electrically excited and
sustained to yield reactive species in a gas. Power sources capable
of forming a cold plasma discharge include a dc source with a
conductive cathode, radio frequency (usually 13.56 MHz), and
microwave radiation.78 These discharges normally occur at low
pressure (<10 mbar) and current (<100 mA), such that the
electron density is low compared to the neutral gas density.79,80

Contrary to the name, the electron temperature of “cold”
plasmas can typically reach several thousand degrees Celsius.
However, only a small fraction of the gas is ionized, usually
constrained around the discharge electrode, so the neutral gas
heating is low and therefore the total gas temperature is often
only slightly higher than room temperature.1,79,81,82 Cold plas-
mas are distinguished from hot plasmas in that they typically have
insufficient field strength to cause electrical breakdown (arcing).
Advantages of cold plasmas include the fact that chemical
processes are driven by the discharge energy or electron tem-
perature as opposed to the temperature of the neutral gas
mixture, and that reactions occur at temperatures that are much
lower than thermal reactions at thermodynamic equilibrium.
Therefore, the chemistry occurring in cold plasmas is not
bounded by thermal or equilibrium constraints, and hence
reactive species can be efficiently generated in mild conditions.83

Cold plasma discharges can be classified as either positive or
negative, determined by the electrode voltage polarity, though
the plasmas themselves are neutral. Negative polarity cold plasma
discharges involve propagation by electron impact; the electrons

Figure 6. Exogenous energy sources capable of affecting the atmospheric chemistry on Titan. Photon fluxes at global mean conditions. Adapted with
permission from ref 27. Copyright 2009 Elsevier.



1887 dx.doi.org/10.1021/cr200221x |Chem. Rev. 2012, 112, 1882–1909

Chemical Reviews REVIEW

accelerated by the electric field collide with neutral molecules to
generate ions, metastables, and free radicals, which form new
stable compounds.84,85 Positive polarity coronal discharges io-
nize gas both by electron impact and photoionization mechan-
isms, and they tend to produce electrons with higher energy
(but with a lower electron density) than negative polarity dis-
charges.86 One of the first cold plasma discharge experiments to
decompose methane applied both negative and positive polarity
discharges.87 It was discovered that both techniques produced
“hydrogen, a polymer of composition (CH2)n, and ethane,
ethylene, and acetylene”. Typically, negative polarity discharges
are used in atmospheric simulations, as the electron density is
greater and the ionizing region extends further from the elec-
trode. However, positive polarity discharges can transfer a larger
total charge than negative discharges and therefore may provide
useful information for trace analyses.88 Alternating current (ac)
discharges can also be used, where the nature of the plasma and
electron distribution is basically the same as a negative discharge,
but with the plasma formed symmetrically between the two
electrodes.
In terms of Titan, the use of cold plasma discharge is usually

meant to simulate (1) electrical activity in the methane clouds of
the troposphere,89,90 specifically corona processes which can occur
in conditions of low current densities, and (2) cosmic rays and
charged particles from Saturn’s magnetosphere (see Table 2).91,92

Magnetospheric electrons enter the Titan atmosphere with en-
ergies in the range from 10 eV to 5 keV and produce secondary
electrons via electron impact ionization with energies <20 eV.5 As
cold plasma discharges tend to produce electrons in the 5�15 eV
range, these plasmas reasonably reproduce the processes occurring
from magnetospheric electron precipitation and the resulting
secondary electrons, but they do not directly replicate the initial
“hot” magnetospheric electrons. In addition, as photolysis pro-
cesses are actually the dominantmechanism for formation of stable
end products in positive coronal discharges, this type of cold
plasma discharge also simulates UV irradiation of the Titan
atmosphere,86 albeit in a less controlled manner than UV lamps.
The wavelength range is dependent on the gases being ionized in
the coronal discharge; for example, themost intense spectral bands
of molecular nitrogen occur at 337 and 391 nm.93

3.1.2. Hot Plasma Discharge. Here we summarize two
reported techniques for producing a hot plasma for atmospheric
simulation: spark discharge and laser-induced plasma. Though
spark discharges are easier to generate, laser-induced plasmas are
more predictable in terms of energy output (spark discharge
energies have an uncertainty of (15%), and they eliminate
contamination/catalysis from metals due to electrodes and tend
to produce a higher yield of tholins.94

Spark Discharge. Spark or arc discharges form plasmas by
electrical breakdown of the gas and rely on thermionic emission of
electrons from the two electrodes supporting the arc. These
discharges require much lower voltages than cold plasma techni-
ques and produce much higher current densities. The very first
atmospheric simulation, the Miller-Urey experiment, used a spark
discharge as the energy source to form amino acids and formalde-
hyde from atmospheric conditions representing a hypothetical
early Earth.51 This method is capable of generating large quantities
of organic product; experimental evidence suggests that spark
dischargemethods are approximately 104 timesmore efficient than
UV radiation methods for organic synthesis.95

Spark discharges were originally meant to simulate lightning in
the methane clouds of Titan’s troposphere.94 It was previously

assumed that electrical activity in Titan’s atmosphere was
necessary to account for the abundance of compounds like
ethene (C2H4) and the dissociation ofN2 in the troposphere.

96,97

However, current models, which take galactic cosmic rays into
account, indicate that these compounds could also have been
formed without any electrical activity in the troposphere,28,29 so
it is unclear whether lightning actually occurs on Titan; none has
been observed to date.45

Laser-Induced Plasma (LIP). In this technique, a laser
(typically Nd:YAG) is used to ionize gas and form a plasma.
As in the other plasma discharge methods, laser-induced plasmas
are also driven by electron impact. Laser-induced plasmas are
used to simulate the temperatures and shock waves of high-
velocity meteors entering the atmosphere of Titan94,98 and
previously to replicate the putative lightning of the troposphere
as well.40,41 Though more infrequent than other exogenic energy
sources, over time, ionization processes such as meteoritic
impacts could be a significant source of atmospheric chemistry.
3.1.3. Ultraviolet (UV) Irradiation. UV radiation produces

ions and radicals by photoionization and photodissociation (or
photolysis), respectively, which further react to form stable end
products. The extent and type of photochemistry is highly
wavelength-dependent. For example, methane can be photo-
lyzed effectively in the far-UV range (λ < 140 nm),99 whereas
photolysis of nitrogen requires much shorter wavelengths (λ <
80 nm)54 (see Table 3). Typical UV light sources include lamps
(xenon arc, mercury, deuterium, etc.) and lasers (Nd:YAG, KrF
excimer, etc.). Extreme ultraviolet (EUV) and vacuum ultraviolet
(VUV) radiation in the range of 10�200 nm can be produced by
a synchrotron light source, the electromagnetic radiation pro-
duced by cyclic particle accelerators.100

Solar UV radiation is the primary source of chemistry in
Titan’s atmosphere, with amaximum atmospheric ionization rate
on the order of 10 cm�3 s�1 (see Figure 6). Short-wavelength
photons (λ< 155 nm) can thermodynamically dissociatemethane,
but sufficient absorption cross section does not arise until wave-
lengths of 140 nm or below. Such photons are absorbed by

Table 2. Tholin Production Methods and Their Corre-
sponding Titan Analoguesa

aMore than one method will be necessary to reproduce all of the
exogenous and endogenous energy sources of Titan’s atmosphere.
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methane in the upper atmosphere, while longer-wavelength pho-
tons (λ > 155 nm) penetrate down into the stratosphere and
troposphere.1 Multiphoton processes may also play a role in the
photodissociation of methane in the lower atmosphere by these
longer-wavelength photons.46,99

Previously, UV irradiation was not considered to be a practical
energy source for tholin production because the available UV
lamps either did not emit short enough wavelengths to photolyze
nitrogen (λ < 80 nm) or were incompatible with closed or flow
reactors.5 Access to synchrotrons such as the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory in
California and the synchroton light source at the Elettra radiation
facility in Trieste, Italy, revolutionized the photochemical gen-
eration of Titan atmospheric gases, aerosols, and tholins.100�102

There are many advantages to using UV irradiation as the driver
for tholin generation. Most importantly, UV is the primary
source of energy in Titan’s atmosphere and probably plays the
greatest role in affecting the atmospheric chemistry of Titan. In
addition, the wavelength range and energy of the light used can
be easily controlled, so techniques involving this energy source
can be tailored to generate species formed in a particular energy
regime (however, this also highlights a disadvantage as well, in
that synchrotrons cannot produce a continuum of wavelengths to
simulate the whole UV portion of the solar spectrum). Such data
is important in understanding which photochemical pathways
are dominant in particular regions of the Titan atmosphere, as
different wavelengths penetrate to different altitudes. This, in
turn, helps to better inform models of the Titan atmosphere.
3.1.4. γ-Radiation and Soft X-rays. Gamma photons or

“γ-rays” are very high frequency electromagnetic radiation pho-
tons produced by electron-positron annihilation, fusion, fission,
and radioactive decay. These photons have energies above
100 eV and wavelengths in the picometer range. Interaction of
γ-rays with molecules typically results in ionization, either by the
photoelectric effect (ejecting an electron from an atom), Comp-
ton scattering (ejection of an electron and emission of another
gamma photon), or pair production (conversion of the γ-photon
into an electron�positron pair, followed by annihilation of
the positron by a free electron). This ionization of methane
and diatomic nitrogen via emitted γ-photons yields a variety of
radicals and ions, which react to produce a wide range of com-
pounds. The most common laboratory source of γ-radiation is
the β-decay of cobalt-60 (60Co), which is produced artificially by
neutron activation of cobalt-59. Cobalt-60 emits two γ-rays (1.33
and 1.17 MeV) and an electron as it decays to the stable isotope
nickel-60. As a tholin generation method, γ-radiation has the

advantage of producing a high yield of organic material per unit of
energy compared to other methods, such as cold plasma, spark
discharge, and laser-induced plasma.98

X-rays are similar to γ-rays in their energies, though older
literature tended to define them by wavelength (with γ-rays ty-
pically shorter than X-rays). Now X-rays and γ-rays are distin-
guished by their origin: X-rays are produced by electronic emis-
sion, while γ-rays are from nuclear emission.103 “Soft” X-rays have
energies in the range of 0.12�12 keV (10�0.1 nm), while “hard”
X-rays are in the range of 12�120 keV (0.1�0.01 nm). Laboratory
sources of X-rays include (1) X-ray tubes, which accelerate
electrons toward a target (alloys with tungsten and other metals)
with high voltages, causing emission of X-rays from the bombarded
metal atoms, and (2) synchrotrons.
γ-Radiation and soft X-rays can simulate certain aspects of the

high-energy Saturn magnetospheric electrons that penetrate Ti-
tan’s upper atmosphere, in addition to the galactic cosmic rays
and solar wind that reach the troposphere.98 Cosmic rays are
composed of mostly protons, with some α-particles and the
nuclei of heavier elements, and have kinetic energies exceeding
1 GeV.104,105 Due to the density of Titan’s atmosphere, most of
these high-energy particles are actually stopped before they hit the
surface, resulting in ionization layers deep in the atmosphere.5,28 In
contrast, the solar wind—the stream of charged particles emitted
from the upper atmosphere of the Sun (usually electrons and
protons with energies in the range of 103�104 eV)—is typically
absorbed at higher altitudes of the Titan atmosphere.106

3.1.5. Proton or Electron Beams. Proton and electron
beams are usually characterized by the energy used to generate the
beam (i.e., 3 � 10�8 A, 1.5 MeV) or the radiation emitted by the
beam (i.e., 20 krad/s).48 Charged particle beams can be produced
using particle accelerators, which mobilize protons or electrons via
an electrostatic field of oscillating charge operated in sequence
along the beam path. As with the cold plasma and γ-irradiation
methods, proton and electron beams are meant to simulate the
charged particle-induced processes resulting from exposure to the
protons and electrons of Saturn’s magnetosphere, respectively.
A major advantage of using this type of radiation is that it can be
highly tuned to study selective processes. For example, work is
currently underway using tunable, low-energy, highly bright
electron beams in the 5�500 eV range to selectively study Titan
atmospheric ionization processes at high resolution.107

3.2. Challenges in Tholin Production Methods
Each technique described above is able to replicate a particular

endogenous or exogenous energy source that influences Titan’s

Table 3. Photodissociation (d) and Photoionization (i) Energies for the Major Components of the Titan Atmospherea

threshold energy

molecule type photochemical process kJ/mol eV wavelength (λ) range (nm) ref

nitrogen d N2 + hν f N+ + N + e� 2345 24.3 <51 100

d N2 + hν f N2
+ + e� 1505 15.6 <80 100

i N2 + hν f 2N• 942 9.76 <80 55

methane d CH4 + hν f CH2
+ + H2 + e� 1465 15.2 <82 100

d CH4 + hv f CH3
+ + H + e� 1380 14.3 <87 100

d CH4 + hν f CH4
+ + e� 1216 12.6 <99.1 241

i CH4 + hν f CH3• + H• 439 4.55 <155 55, 99
aNote that in some cases the minimum wavelength required for photochemistry to be observed is different from the threshold energy. For example, the
bond dissociation energy of N2 is 942 kJ/mol, which corresponds to a wavelength of 127 nm, but photodissociation does not occur until λ < 80 nm.
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atmospheric chemistry (see Table 2). However, replication of the
energy source is only part of the challenge; the gaseous composi-
tion and conditions (temperature, pressure, stratification, etc.)
of the Titan atmosphere must also be reproduced. No single
method thus far has been able to accurately reproduce all ob-
served conditions of the Titan atmosphere where aerosol for-
mation occurs.108 Further, issues such as contamination during
tholin generation or prior to analysis can compromise results.
Here we address the limitations of some of these techniques and
how such limitations can detrimentally affect the properties of
the tholins produced in terms of their relevance as Titan
analogues.
3.2.1. Power Density. The production of significant amounts

of organic material via atmospheric chemistry on Titan occurs on
extended time scales (the rate of aerosol formation is approxi-
mately 3 � 10�13 kg m�2 s�1 109,110), and for obvious reasons
these conditions cannot be duplicated in the laboratory. Most
tholin-generation methods circumvent this problem by using
power densities significantly greater than what is actually experi-
enced in Titan’s atmosphere.111 For example, 24 h of exposure to
cold plasma discharge (1020 eV/h) roughly corresponds to 1000
years of irradiation by Saturnian magnetospheric electrons (solar
UV excluded) in the stratosphere of Titan.61 In one extreme case,
tholins generated by UV irradiation received a dose exceeding the
interstellar near-UV density integrated over the lifetime of the entire
galaxy!46 Though meant to yield a sufficient quantity of material for
analysis, this most likely results in overpolymerization relative to the
aerosol formation and transport processes in Titan’s atmosphere.112

Even limited exposure times using high power densities must be
carefully considered, because secondary photolysis of initial photo-
products can occur if the reactant gas is irradiated for an extended
period.113�115 Exposure time should therefore be carefully mon-
itored and the possibility of undesired byproduct formation eval-
uated for a given method of tholin production.
3.2.2. Oxygen and Water Contamination. The key to

tholin production in the laboratory is to generate these organics
in the absence of oxygen. No molecular oxygen is present on
Titan and, with the exception of a small amount of CO (0.005%)
and trace amounts of CO2 and water vapor, no oxygen-contain-
ing molecules are present either. Therefore, the presence of
greater than trace levels of water vapor (or even trace levels of
O2) in a Titan chamber can lead to unusual incorporation of

oxygen in tholins, which changes the properties of the material
significantly. It is difficult to replicate the oxygen-poor conditions
of Titan when the experiments are performed on a world where
oxygen and water are ubiquitous. Although protocols can be
implemented to remove as much water vapor from the reaction
chamber as possible (i.e., baking under vacuum and/or flushing
with N2), this contaminant may still be present and react with
tholins either during or following production. Further, many of
the techniques described here replicate the Titan atmosphere
well during tholin formation, but often expose the product to
ambient air during sample collection and/or analysis. Several
groups have reported contamination due to oxidation and
hydrolysis from oxygen and/or moisture.111,116�121 An experi-
ment by Tran et al. reported an increase in oxygen from 1.4% to
7.2% in tholin samples exposed to ambient air for 7 days.113

Though it appears that oxygen incorporation from ambient air
occurs on a slow time scale112 and results in very little variation in
terms of the IR spectra122 and complex refractive indices123 of
tholins, the ideal setup would remove this variable completely.
Nearly all tholin studies indicate the material produced has a
high intrinsic chemical potential and, therefore, greater reactive
potential (for more discussion on tholin reactivity, see section 5).
Thus, the temporal stability of tholins must also be of concern,
with self-reaction and polymerization observed in solution. Defi-
nition of the relevant temporal stage of a tholin must be explored
when attempting to replicate naturally occurring material.
3.2.3. Incorporation of Trace Species. Higher mixing

ratios of minor constituents are often necessary in order to
obtain sufficient quantity of trace species in the tholin product for
analysis. For instance, Tran et al. irradiated gas mixtures with
mixing ratios of acetylene, ethylene, and cyanoacetylene that
were 100-fold greater than what actually exists at the north pole
of Titan,116 while a mixture used by Jacovi et al. maintained mix-
ing ratios of these species with 2000-fold greater concentrations
than midatmospheric levels.119 The impact of these changes in
the types and relative abundances of products obtained is not
fully understood and merits further study.
3.2.4. Temperature. Titan’s atmosphere and surface are at

cryogenic temperatures, which are often very challenging to main-
tain over the necessary time periods on Earth during a simulation. In
many cases, temperature is not simulated and reactors are operated
at room temperature, meaning that certain compounds that would

Figure 7. Plot of the temperature and pressure parameters for various tholin generation methods. Note that fewmethods fall along the profile of Titan’s
atmosphere.
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normally condense at 180 K and below are volatile and behave
differently than expected on Titan.124,125 For example, dicyanoacet-
ylene (C4N2) has been detected in Titan’s atmosphere but not in
any experimental simulations carried out at room temperature.Only
after cooling the reactor to 100�150 K is this thermally unstable
product observed.126,127 In a similar manner, temperature also
affects the physical adsorption of gases onto particle surfaces, and
therefore, the implications of methane and ethane condensation
onto aerosols cannot be effectively understood without appropriate
temperature simulation. For more information on heterogeneous
condensation and supersaturation, see section 4.2.1.
Temperature variations also affect reaction rate constants,

which alter steady-state concentrations of many intermediates.
It has been noted that temperature effects on ion-molecule
reactivity in the Titan ionosphere, in particular with regard to
branching effects, are largely unknown both in terms of experi-
mental and theoretical studies.128 In addition, vertical tempera-
ture and pressure gradients that exist in Titan’s atmosphere are
difficult to simulate (Figure 7).129 These gradients are very likely
to be important in the generation of organics, as gases trans-
ported downward from the altitude of maximum production can
produce material at increasingly higher rates as pressure
increases.77 Therefore, accurate temperature reproduction is
vital in order to effectively understand chemical and physical
properties occurring on Titan.
3.2.5. Pressure.High pressure can quench excited states and

enhance three-body collisions that would not occur at a sig-
nificant rate at lower pressures.116,119 For instance, a study of
tholins produced in a capacitively coupled cold plasma discharge
found that the aerosol particles were formed faster at higher
pressure over the range of 0.2�3 mbar.80 For plasma generation
methods in particular, pressure can affect the densities of the
active species (electrons, ions, and radicals) in the plasma and,
therefore, the collision frequencies and kinetic energies of these
species.130 Further, it has been demonstrated that nitrogen
incorporation into tholins and the degree of aromaticity are
quite pressure-dependent.130,131 It must also be noted that recent
analysis of the optical properties of the detached haze layer
suggests that thermospheric, not stratospheric, chemistry is the
main source of haze on Titan,132 and therefore, tholin generation
techniques should in theory be operating at much lower pres-
sures than initially anticipated.
In practice, however, chamber size limits the realistic produc-

tion of tholins at the correct pressures. A simple calculation of the
mean free path—the average distance amolecule travels between
collisions—of a gas mixture of 98.4% N2 and 1.6% CH4 at the
temperature (175 K) and pressure (2� 10�4 mbar) of the Titan
thermosphere (700 km) yields a distance of 0.20 m. If this were
replicated in a chamber at room temperature on Earth, the mean
free path increases to 0.34 m. These values are on the same order
as the dimensions of a typical tholin generation chamber,
resulting in an extremely low collision frequency and exceedingly
long periods of time to yield sufficient product for analysis. As a
result, a balance must be achieved to simulate the appropriate
degree of molecular interaction without biasing a given system
toward high-pressure effects.
3.2.6. Wall Effects. As explained in the previous section, one

major limitation in reproducing the Titan atmosphere is the fact
that the simulation must be performed in a chamber. Most tholins
produced in reactors are deposited as thin films on the walls of the
chamber73,75,108,112,121,122,124,133�136 or on a designated solid
substrate.111,113,115,116,118,130,137,138 These complex organic films

are dissimilar in morphology from the aerosols forming on Titan
and the spherical particles produced by levitation in other cham-
bers (see Figure 8), which has led many to dismiss these thin films
as being adequate analogues due to the presence of a “wall
effect”.82,114,139 However, it is not clear if such films are chemically
different from either laboratory-generated particles or the aerosol
particles on Titan. Catalysis and nucleation processes may differ in
the first few monolayers of formation on a solid substrate
compared to an aerosol particle; however, once the surface is
blanketed with a coating of organic material, it is still unknown
whether or not thin film chemistry is any different from that at the
aerosol particle surface. In fact, the composition of seed particles
on Titan and how they grow into aerosols is still a mystery, making
any comparisons between formation mechanisms of tholins on
Earth premature at this stage. Tholins produced as deposits on
substrates can also be useful in studying how to analyze the
complex organic species deposited on Titan’s surface.

3.3. Extending the State-of-the-Art in Tholin Production
Tholin generation methodologies are progressing in terms of

(1) effectively replicating the environment of Titan and (2)
minimizing exposure of tholin products to ambient conditions
prior to or during analysis. A continuous flow reactor developed
at Rensselaer Polytechnic Institute removes the problems of
secondary photolysis and higher mixing ratios.113,114,140,141 The
flow reactor at the Laboratoire Atmosph�eres, Milieux, Observa-
tions Spatiales in France (nicknamed PAMPRE, a French
acronym for aerosol production in microgravity by reactive
plasma) takes advantage of electrostatics and flow dynamics to
keep the forming aerosols in levitation.82 However, this method
may introduce a separate bias, in that only charged particles are
levitated and therefore the aerosol particles are probably more
strongly charged than their Titan counterparts.

Many of the techniques discussed here were able to main-
tain oxygen-free conditions during tholin generation and sub-
sequent analysis via use of glove-boxes and in situ characteriza-
tion.108,115,118,124,126,135,139,142�145 Further improvements in
cryogenic techniques are enhancing our abilities to maintain

Figure 8. Example of the wall effect. SEM images of tholins produced in
identical conditions (a) in levitation and (b) deposited on a surface.
Further study is necessary to determine which material is a better
analogue to the organics present on Titan. Reproduced with permission
from ref 82. Copyright 2006 Elsevier.
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these experimental reactors at Titan temperatures. Reactors have
been modified to operate at 100�195 K by submerging the gas
reaction vessel in a cryogenic fluid such as liquid nitrogen (see
Figure 9).34,112,121,129,135,136,142�144,146,147 However, care should
be taken to maintain the appropriate temperature in concert with
the correct pressure of the desired altitude being simulated, to
prevent undesired side reactions with certain species condensing
on the walls of the chamber.148 Further work is necessary to
understand the effects of temperature and pressure on each
tholin generation method.

Each method reproduces some aspects of the atmospheric
chemistry, but as of yet no single method can successfully
replicate all phenomena observed in Titan’s complex atmo-
sphere. Techniques using EUV irradiation produce tholins both
via photolytic processes and secondary electron (2�14 eV)
processes due to the high energy of this radiation. As previously
mentioned, positive corona cold plasma discharges also produce
UV radiation, so electron impact and photolysis occur with this
method as well. One group is developing a program called
SETUP (a French acryonym for theoretical and experimental
studies useful for planetology) based on a reactor that exposes gas
mixtures to both UV radiation and a microwave cold plasma
discharge. This method will generate both photon and electron
energy sources simultaneously and in a controlled fashion,149,150

though no results have been reported.
In summary, each method of tholin generation has its own

strengths and weaknesses, and it is ultimately up to the researcher
to determine which method is appropriate to model a particular
phenomenon in Titan’s atmosphere or on its surface. It must also
be recognized that the results obtained from a given experiment
are only valid for a unique set of conditions, and may not be (1)
comparable to results from experiments performed in other
conditions or (2) relevant to processes occurring on a global
scale on Titan.

4. THOLIN COMPOSITION AND PROPERTIES

Sagan was the first to suggest that Titan aerosols are complex
mixtures of many species of varying size and saturation;19 the size
variability was confirmed by the Cassini plasma spectrometer
(CAPS) instrument, which detected positive ions with masses up
to hundreds of daltons and negative ions approaching 10 000
Da.65�67,151 A number of physical and chemical methods have
been applied to determine the unique properties of tholins, and it
has been discovered that these organics have widely varying
compositions, optical properties, colors, and albedos. We will
discuss some of the reported optical and physical properties of
tholins, as well as the chemical composition and how these vary
with production method.

Some simulation chambers utilize a simple N2/CH4 mixture
to replicate initial conditions in the Titan atmosphere, while
others include some or all of these minor constituents (though
often at higher concentrations than actually exist on Titan). We
will therefore discriminate between tholins produced from
different initial gas mixtures as we investigate the various physical
and chemical properties of these organic materials.

4.1. Optical Properties
4.1.1. Absorbance. Observations of the geometric albedo

of Titan indicate that the haze material in the upper altitudes
(∼520 km and above) is dark in the violet and ultraviolet and
relatively bright in the visible and near-infrared.152 The first
tholins produced in the laboratory exhibited optical constants

that were very similar to Titan haze, which is why they were
proposed as a good analogue to this material.1,12,60,73,153 Tholins
typically exhibit substantial absorption in the blue, most likely
due to their many π and nonbonding electronic transitions,
giving them their characteristic orange-brown color (though the
coloration in tholins reportedly varies from yellow to dark
brown).46,108,117,130,131 Strong absorption at specific frequencies
in the infrared (IR) represents a fingerprint of the balance of
functional groups within the tholin mixtures and typically shows
definitive indication of unsaturated nitrogen (nitriles and imines)
and carbon groups and possible aromaticity.20,130,154,155 This is
discussed further in section 4.3.
Many authors have noted differences in absorbance spectra

among various tholins generated using different energy
sources.76,124 Even slight variation of experimental parameters
within a single method (temperature, pressure, discharge in-
tensity) can induce large changes in chemical composition and
resulting spectral properties (see Figure 10).108,131 For instance,
the trend toward UV darkening with increased methane concen-
tration for tholins produced by electric discharge is suggestive of
changes in the elemental composition of the solid material as the
C/N ratio becomes progressively larger.124 Though it has been
shown for cold plasma discharges that the IR absorbance spectra of
tholins produced from capacitively coupled, inductively coupled or
dc electric discharges are all similar,73,108,117 significant variations
in IR spectra as a function of deposition pressure have also
been reported.130 Clearly, a systematic study to give a range of
measurements would be incredibly useful in generating a better
link between tholin absorbance and chemical composition.
4.1.2. Refractive Index.The refractive index of Titan aerosol

particles, a result of their chemical composition, is needed
to interpret atmospheric measurements of the Titan haze and

Figure 9. Schematics of tholin reaction vessels capable of operation at
100 K. (a) Spark discharge reactor developed by Coll et al. (Reproduced
with permission from ref 135. Copyright 1995 Elsevier.) (b) Continuous
flow cold plasma discharge reactor from Sarker et al. (Reproduced with
permission from ref 142. Copyright 2003 Mary Ann Liebert, Inc.)
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determine the particle size and single-scattering albedo with
altitude.156,157 Use of the refractive indices of laboratory tholins
produces a remarkably good fit to the geometric albedo spectra of
Titan (Table 4).1,124

Material produced in the initial cold plasma discharge experi-
ments matches the optical constants of Titan in both the IR andUV
regimes;73 material produced in other methods (hot plasma, UV
irradiation, etc.) has not been able to accomplish this. Tholins
produced by UV photolysis are similar to plasma discharge in the
real part of the refractive index,123 but the complex (imaginary) part
is an order of magnitude lower in the red and short-IR,113,137 a
property which may be related to the radiation dose.1,158 The
complex part of the refractive index can vary significantly with
wavelength, and this variation must be known in order to calculate
the aerosol heating rate and atmospheric temperature profile.12,29,137

To address this problem, Ramirez et al. determined the complex
refractive index of cold plasma discharge tholins from200 to 900 nm
and produced a range of measurements with error bars.138

Single-scattering albedos calculated from the refractive indices
of laboratory tholins in the range of 100�10 000 monomer units
yield results greater than the actual Titan value for those produced
by electric discharge73 and less than this value for those produced
usingUV irradiation.156 This result suggests that perhaps theTitan
haze is some combination of material produced by UV photo-
chemistry and hot plasma discharge. However, McKay showed
that these optical constants are highly dependent on the composi-
tion of the starting gas mixture.124 In short, further investigations
are necessary to better reconcile the differences in refractive index
values of tholins and Titan aerosols.
4.1.3. Reflectance. Optical constants of laboratory tholins

can aid in the modeling of Titan’s atmosphere on the basis of data
from the descent imager/spectral radiometer (DISR) and visual
and infrared mapping spectrometer (VIMS) instruments of
Cassini�Huygens. However, determining optical constants in
the UV/visible range is very complicated and highly dependent
on sample optical quality and thickness, and therefore reflectance
spectra are a more useful measurement.

Tholins prepared by dc electric discharge are spectroscopically
heterogeneous, as evidenced by variation in the visible and
infrared reflectance of samples taken in different locations of
the same reactor.108 One sample, more yellow in color, exhibited
greater transparency in the near-IR region than a sample that was
brown/black in color and therefore revealed more intense absorp-
tion bands in this region. In contrast, samples formed using UV
irradiation are uniform in color and have sharp IR reflectance
bands characteristic of homogeneous material.113,123,137 Due to
the various differences in reflectance spectra, one group defined a
set of criteria that can be used to ascertain whether or not they can
be used as potential analogues.108 The criteria are as follows:
(1) the reflectance level in the visible (200�800 nm),
(2) the slope and spectral shape of the reflectance curve in the

visible and very near-IR,
(3) the lack/presence of overtone and combination bands in

the NIR, and the position of these bands, and
(4) the presence or lack of the 3.4 μm feature of CH2/CH3

functional groups.
These criteria can be used to compare tholins produced in the

laboratory to the spectra of Titan’s remote atmospheric observations.
For instance, alternative materials such as polyacetylene and poly-
HCN are not considered to be adequate analogues, as their optical
properties are inconsistent with Titan’s reflection spectrum.77

4.1.4. Polarization. Polarization phase curves for tholins
produced using capacitively coupled rf cold plasma discharge
have a bell-shaped positive branch and a shallow negative branch,
indicative of irregular particles. The maximum of polarization
(Pmax) is inversely proportional to particle grain size, such that
the average grain diameter of particles in the Titan haze must be
smaller than 100 nm.159 However, it should be noted that this
maximum value of 100 nm is highly altitude-dependent and is
likely to be much greater in the lower atmosphere (stratosphere
and troposphere).30,32 The Pmax value also increases with de-
creasing wavelength due to the increasing absorbance of these
shorter wavelengths. These values are in agreement with Cassini�
Huygens observations.160,161

Figure 10. Mid-IR spectra of two tholins produced by dc plasma discharge in the same reactor, illustrating the large degree of variation in the properties
of these materials. Images from an optical microscope are in the top left. Reproduced with permission from ref 108. Copyright 2006 Elsevier.
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4.1.5. Fluorescence. Tholins produced in a dc spark dis-
charge at room temperature exhibited strong fluorescence under
514 nm laser excitation.108 Tholins produced via electric dis-
charge (60 Hz ac) at 195 K produced broad, featureless fluore-
scence around 471 nmunder 410 nm excitation in acetonitrile.143

Separation using thin-layer chromatography (TLC) indicates
that these fluorescent species are polar. Further, the fluorescence
spectra were unique for solid tholin, tholin in ice, and tholin that
was heated in water, meaning that this can be used as an indicator
of the exposure of these organics to water and/or heat.

4.2. Physical Properties
4.2.1. Solubility.Most solubility measurements of tholins are

performed using a procedure developed by McKay, where a
known mass of tholins is dissolved in a known volume of solvent,
the cloudy mixture is filtered, and the solvent is evaporated from
the filtrate to obtain the mass of tholins dissolved in the saturated
solution.124 Using this technique, it has been reported that most
tholins exhibit an affinity to polar solvents.61,124,129 Tholins pro-
duced using one cold plasma discharge method are soluble in
nitriles on the order of a few milligrams per milliliter.162 How-
ever, tholins produced in a photochemical flow reactor were
found to be insoluble in all solvents tested.123,140 This result
supports the notion that tholins produced using different tech-
niques are fundamentally different in terms of physical and
chemical properties.
Another method for measuring solubility takes into account

that, for nonhomogeneous solids, some molecules may be
completely soluble in the solvent while others may be in
saturation equilibrium. Therefore, Carrasco et al.155 devised a
protocol to quantify two parameters: (1) the solubility ratio of
the insoluble to solublemolecules in a sample and (2) the average
solubility of the soluble material alone. They first systematically
added a supplementary amount of tholin to a supposedly
saturated solution and then retrieved and massed both soluble
and insoluble fractions. The average solubility of the soluble
fraction was then obtained by partially dissolving the solid in a
limited amount of solvent to obtain a saturated solution and then
repeating the procedure of McKay. Using this technique, solubi-
lities on the order of 19�35% in methanol and 3�5% in toluene
were obtained, confirming the large percentage of polar species in
tholins.155 However, in most of these samples there existed a
significant fraction, in some cases up to 81% by mass, of organic
material that was insoluble in all solvents tested.155 A similar
finding was made for tholins produced in a photochemical flow
reactor.140 This suggests that the chemical structure might involve
a limited fraction of polar molecules bound to a large, insoluble
nucleus. The solubility of tholins both in polar and nonpolar
solvents appears to increase after exposure to oxygen, suggesting
the breakdown of this insoluble nucleus upon oxidation.124

The relative insolubility of tholins in nonpolar solvents has
implications for various processes on Titan, namely, the lake/
sediment composition and cloud processes. In terms of lake
composition, this property strongly suggests that very little
organic material will be dissolved in the liquid hydrocarbon lakes
at the poles.162 Most likely, the only detectable compounds in
these lakes will be linear and cyclic alkanes (C4�C7) and alkenes
and aromatics such as benzene and toluene.163,164 The remaining
tholin material will most likely exist as a sedimentary deposit of
the lakebed, as virtually no organics float on liquid methane or
ethane.1 Further analyses are currently underway to explore the
sedimentation of various organic species out of methane and
ethane and will be reported in a subsequent publication.165

The solubility of tholin particles in methane and ethane is also
significant in understanding cloud processes on Titan. If the
organic material on Titan is not soluble in methane and ethane,
then the particles in the Titan haze will not act as effective nuclea-
tion sites for these liquids in the atmosphere, reducing hetero-
geneous condensation and enabling supersaturation.124,166 How-
ever, even submonolayer adsorption can explain the presence of
clouds on Titan. Curtis et al. discovered that monolayers of
methane adsorb onto the surface of tholin particles at saturations
less than unity.167 Therefore, methane cloud nucleation could still
occur on the adsorbed methane, not the tholins themselves,
formingmethane cloud particles without reaching supersaturation.
This is supported by recent measurements of themethane column
abundance onTitan byCassini, which suggests thatmethane is not
supersaturated in the troposphere.89

A surprising finding was that some tholins produced using the
same method—cold plasma discharge—exhibited poor solubi-
lity in polar solvents such as water and acetonitrile,155 while
others had 10-fold higher solubility129,142 or were insoluble in
liquid hydrocarbons but soluble in nitriles.162 This underscores
the fact that even tholins generated using similar techniques and
with comparable C/N ratios can have very different properties.
4.2.2. Thermal Properties. Pyrolysis of tholins induces

release of volatile components and yields various pyrolysates,
with a maximum number of compounds released at around
300 �C and a gradual decrease after 700 �C.74 The types of
compounds produced will be addressed in section 5 (Tholin
Reactivity). Heating tholins to temperatures of 450 �C and above
appears to destroy short wavelength absorbance bands and
increase continuum absorption.46

4.2.3. Particle Size Distribution and Morphology. The
DISR spectral radiometer and aerosol collector and pyrolyser
(ACP) carried by the Huygens probe provided the first in situ
measurements of Titan’s aerosols, and through scattering anal-
ysis the aggregate structure of these particles was verified.30,161

The data indicate that the particles initially have spherical
form above the stratosphere and then begin to aggregate into

Table 4. Measured Refractive Indices for Various Tholinsa

tholin production method real refractive index (n) complex refractive index (k) wavelength/range (μm) ref

UV irradiation (115 nm < λ < 400 nm) 1.34�1.36 0.016�0.030 0.532 156

UV irradiation (λ > 155 nm) ndb 0.008�0.20 0.375�1.55 137

1.5�1.7 0.0101�0.2257 0.2�2.5 123

cold plasma discharge (dc) 1.53�1.68 0.0003�0.0287 0.200�0.900 138

nd 0.0003�0.04 0.200�0.750 162

1.6�1.7 0.004�0.08 0.025�1000 73
aNote that most of the real refractive indices are within the limits of 1.5 < n < 2.0 calculated for the Titan haze.32,152 bNo data.
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fractal-like (high surface area) structures at the detached haze
layer.132,168,169 Most Titan models assume a fractal dimension of
2, where aggregates grow under a ballistic cluster-cluster diffu-
sion aggregation process (see Figure 11).170

Scanning electron microscopy (SEM) analysis of tholins pro-
duced in the PAMPRE reactor (capacitively coupled rf plasma
discharge) indicate that the tholins produced in levitation are
semispherical with rough surfaces, and the particle size (0.5�
1.5μm in diameter) is similar to estimates of Titan’s aerosols171,172

and tholins produced using UV irradiation (Table 5).118,173 Con-
versely, tholin material deposited on a glass vessel inside the same
chamber has the form of a multilayer film with no spherical
particles present, emphasizing the morphological variation of the
wall effect.
SEM analysis of tholins produced via UV irradiation of ∼2%

acetylene in nitrogen revealed particles with a mean diameter of
0.6 μm that were amorphous, spherical, and “sticky”.173 The
mean diameter was dependent on the mixing ratio of acetylene;
0.2% yielded 0.4 μm diameter particles, and 20% acetylene
produced particles with diameters of 0.8 μm. This indicates that
particles formed in different parts of the Titan atmosphere may
have different size distributions.
High-resolution transmission electron microscopy (TEM)

images of capacitively coupled cold plasma generated tholins
(PAMPRE) reveal a very disordered nanostructure with some
coherent domains on a nanometer scale.117 For these tholins,
average grain size increases when (1) methane concentration in-
creases, (2) gas flow decreases, and (3) plasma duration increases
up to a limit.159

SEM images of tholins produced at LISA (dc cold plasma
discharge, 4 kV, 80mA) at room temperature revealed aggregates
of 100 nm spherical particles into quasihomogeneous distribu-
tions of larger 1 μm particles, visible to the naked eye as a yellow
powder. However, tholins produced at low temperature
(100�150 K) were much darker in color and semiliquid, and
solubility experiments suggest condensation of nitriles on the
surfaces of these ∼0.3 μm diameter spheres.129 Therefore,
further low-temperature studies of tholins may be necessary to
better elucidate the morphology and growth of Titan aerosol
particles.

4.3. Chemical Composition
4.3.1. Functional Groups. Early on, it was believed that

long-chain alkanes and alkenes were important components of
tholins.46 Further work has shown that tholins are largely highly
nitrogenous, unsaturated molecules consistent with highly un-
symmetrical polycyclic aromatic nitrogenated hydrocarbons
(PANHs), conjugated imines and nitriles with some degree of
aromaticity. The various classes of compounds produced using
each tholin generation method are summarized in Table 6, and
discussed below.
Cold Plasma.Tholins produced in a capacitively coupled cold

plasma discharge reactor at low pressure are composed of polar
molecules, aliphatic chains, primary and secondary amines,
conjugated nitriles and/or isocyanide, imines, and heteroatomic
or heterocyclic groups. Most of the molecules identified by mass
spectrometry in negative ion mode were terminated by methyl,
amine, or nitrile groups.155 This is fairly representative of the
variety of compounds produced in this method of tholin genera-
tion, though it has been demonstrated that positive polarity cold
plasma discharge leads to more saturated hydrocarbons (i.e.,
mostly single C�C bonds, or saturated in hydrogens), while

negative polarity producesmore unsaturated hydrocarbons (with
many double and triple C�C bonds).88 As mentioned pre-
viously, cold plasma discharge reactors are pressure-dependent.
Work involving tholin formation at various deposition pressures
indicates that tholins produced at low pressures (13�26 Pa)may
be better representatives of Titan’s haze than those formed at
high pressures.130

Sagan et al. found many polycyclic aromatic hydrocarbons
(PAHs) in tholin material produced via cold plasma dc discharge
in a continuous flow system, with an estimated 6% of all tholin
carbon tied up in aromatic ring structures.60 Fused-ring systems
were observed in tholins produced using inductively coupled
cold plasma discharge at low pressure;130 this was confirmed by
3D fluorescence measurements of tholins produced in a similar
reactor.143 However, no PAHs were detected in tholins gener-
ated using capacitively coupled cold plasma discharge under
similar conditions (300 K, 90/10 N2/CH4 mixture) but slightly
higher pressure (0.75 Torr).117 This may be due to reactor run
time in the capacitively coupled cold plasma case or thermal
degradation during laser desorption used for chemical interroga-
tion. For the inductively coupled cold plasma discharge, it was
discovered that aromatics form quickly (on the order of sec-
onds), while nitriles and amines form later (hours).122 At lower
temperature (100�150 K), only benzene and no other aromatics
are produced,88 though it is possible that the reactor was run for
an insufficient amount of time to see higher order PAHs due to
decreased reaction rates at these temperatures. Exact mass
Fourier transform mass spectrometery (FT-MS) of both cold
plasma112 and EUV generated tholins115 show essentially no
nitrogen-free material, with C/N ratios below 2 and unsaturation
levels consistent with high degrees of both cyclization and
aromaticity in midrange molecules (200�300 Da). This virtually
rules out pure PAHs in favor of PANH-type structures.
Tholins produced in a cold plasma discharge of methane,

nitrogen and 0.01% carbon monoxide at 100�150 K revealed a
plethora of compounds (194 total) upon interrogation with IR
and GC�MS, including hydrocarbons, nitriles, alcohols, diols,
aldehydes, and ketones.144 Of notable interest was the detection
of oxirane (ethylene oxide, C2H4O), a heterocyclic species that

Figure 11. Method of aggregation of aerosols into larger particles,
shown here for polycylic aromatic compounds. Eventually the surface
chemistry yields a new, larger primary particle. Reproduced with
permission from ref 30. Copyright 2011 Institute of Physics Publishing.
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was more than an order of magnitude more prevalent than any
other oxygenated species. Previous atmospheric models174 pre-
dict the formation of formaldehyde ormethanol, neither of which
were detected in this experiment. A reactive heterocyclic species
such as oxirane could initiate interesting chemistry via ring-
opening reactions such as nucleophilic addition, hydrolysis, or
de-epoxidation.
Hot Plasma. It has been proposed that tholins produced by

hot plasma discharge are more unsaturated due to the harsh
conditions (high pressure and temperature) and potential for
radical generation, while those in cold plasmas experience a
milder environment driven mostly by electron-impact and there-
fore tend to contain linear and branched hydrocarbons and
nitriles.79,88 However, a thorough examination of the literature
(Table 6) does not support this claim, as both cold and hot
plasmas can yield tholins of varying degrees of saturation. We
therefore note that, as with many complex organic compounds,
such broad statements of tholin properties are often rendered
inaccurate as soon as they appear in the literature. One observa-
tion that is consistent is that hot plasmas tend to produce more
organic material than cold plasmas; in one case, laser-induced
plasma generated 2 orders of magnitude more material than a dc
cold plasma technique.79

The visible albedo of tholin samples from a dc spark discharge
generator appears to be a function of the sp2/sp3 ratio and the
nitrogen content.108 Many studies show that unsaturations are
most probably located on nitrogen as opposed to carbon, so few
CdC bonds are detected.142 Raman spectra (λex = 244 nm) of
tholins produced using dc spark discharge indicate amorphous
structure with small (5�6-fold), nitrogen-substituted aromatic
rings and chemically bonded CN.108

Interestingly, for spark discharge-generated tholins, PAHs are
a common component when the initial gas mixture has 10%
methane. However, once the methane abundance drops below
1%, the amount of PAHs in the tholin sample falls off quickly.175

At the averageTitan atmosphericmethane concentration, both the
aromatic and aliphatic pathways persist.
UV Irradiation, Long Wavelength (λ > 100 nm). UV

irradiation reactors unable to photodissociate nitrogen produce
only saturated and unsaturated hydrocarbons,116,141 unless cyanoa-
cetylene is included in the initial gas mixture, upon which acetoni-
trile and various N-containing compounds are formed.55,113

UV irradiation reactors where 115 < λ < 400 nm generate
tholins composed of aliphatic unsaturated hydrocarbons, ben-
zene, and toluene.119,176 For UV radiation at 121.6 nm, ethane was
the primary product, while at 248 nm acetylene is the primary
product.99 This is most likely due to absorption of three photons
rather than two, indicating that methane probably undergoes both
photodissociation and photoionization at 248 nm.
UV Irradiation, Short Wavelength (λ < 100 nm). For UV

irradiation, wavelengths capable of dissociating N2 are critical in
order to form tholins containing nitrogen. Experiments involving
various mixtures of CH4, N2, H2, and Ar suggest that tholin
formation starts with photoionization of N2 to form a primary N2

+

ion, which reacts with CH4 via the dissociative charge transfer
reaction to produceCH3

+.100 Interestingly, this precursor seems to
selectively enhance formation of unsaturated organics, specifically
aromatics (benzene, toluene) in the presence of N2, consistent
with Cassini observations of the upper Titan atmosphere.151,177

Benzene can be formed using EUV irradiation (60 nm) of a
nitrogen/methane gas mixture via N2 catalytic photoioniza-
tion;100,102 highly nitrogenated, heavily unsaturated compounds
are also formed due to processes involving the HCCN radical
species generated by N(2D) formed at 60 nm.115 Other products
of this energetic radiation include ammonia, acetylene, ethylene,
and various hydrocarbons (up to C8), nitriles, and primary
amines.102

γ- And X-rays. γ-Radiation produces tholins in high yield
compared to laser-induced plasma, spark discharge, and cold plasma
discharge.98 Typical products include saturated hydrocarbons,

Table 5. Size and Morphology of Tholin Particles Generated from Various Methods

production method analysisa particle/grain size (nm)b agglomerate size (μm)b morphology ref

capacitively coupled rf

cold plasma (PAMPRE)

SEM 300�500 40�80 spherical, porous 155, 159

TEM 200�1200 n/a quasispherical, form clusters 117

SEM 500�1500 larger than UV-generated

aggregates

quasispherical, rough surface,

solid, easily form aggregates

82

cold plasma at LISA

(dc, 4 kV, 80 mA)

SEM 100 ∼1 spherical, quasihomogeneous

distribution

129

spark discharge (ac, 500 kHz) SEM, TEM, SMPS 162�500 n/a quasispherical, easily form

aggregates

167, 239

UV irradiation (deuterium lamp,

115 < λ < 400 nm)

TEM 50 n/a spherical 176

UV irradiation in a photochemical

flow reactor

(Hg lamp, λ = 185, 254 nm)

SEM 150�340 formed aggregates spherical, amorphous,

rough surface,

easily form aggregates

114

UV irradiation

(Hg lamp, λ = 185, 254 nm)

SEM 100�700 independent spheres and

aggregates

spherical, amorphous,

rough surface,

easily form aggregates

118

SEM 400�800

(dep. on amt. of C2H2)

up to 15 particles

(no size given)

spherical, amorphous,

easily form aggregates

173

aAbbreviations: Scanning electron microscopy, SEM; transmission electron microscopy, TEM; scanning particle mobility sizer, SMPS. bHuygens
measurements suggest the spherical aerosol monomers are ∼100 nm in diameter, and aggregates will have diameters of ca. 0.1 μm157.
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HCN, and unsaturated and aromatic compounds. Soft X-rays
produce nitriles and heteroatomic aromatic species.111

Proton and Electron Beams. Proton and electron beam
bombardment of methane/nitrogen gas mixtures yields small
saturated and unsaturated hydrocarbons such as ethane, ethy-
lene, acetylene, and propene, in addition to HCN.48 Another
proton beam experiment with higher energy (2�4 MeV com-
pared to 1.5MeV) found similar compounds and acetonitrile, but
no HCN.47,178 This discrepancy could be due to secondary
reactions emerging from the higher beam energy and/or pressure
(750 compared to 350 Torr) of the latter method.
4.3.2. 13C and 15N Isotope Labeling.One study using 13C-

labeled methane did not detect any substantial enrichment or
deficit of 13C relative to 12C. Interestingly, the authors also found
that two cold plasma discharge methods of generating tholins
produced different isotopic ratios of 12C/13C.179 This difference
could be due to the wall effect (see section 3.2), in that one
method (PLASMA) generates tholin material as deposits on the
walls of the chamber, while the other (PAMPRE) produces
tholins as particles in levitation. The solid surface may catalyze or
select for different polymerization mechanisms than can occur
for aerosols formed in levitation, producing very different
materials from otherwise similar reaction conditions. However,
different reaction conditions at the center of the chamber
compared to near the walls may also contribute to the difference,
and further study is necessary to better understand the under-
lying mechanisms at work in both tholin generation techniques.
Tholins produced using electric discharges in 5% 13CH4 and

95% 15N2 were analyzed by 1D and 2DNMRmethods.180 These
tholins were found to have little to no long, saturated hydro-
carbon chains, with carbon-nitrogen bonding preferred over
carbon-hydrogen bonds. Any aromatics in these structures were
also likely to be highly substituted.
4.3.3. Elemental Analysis. Determination of the C/N and

C/H ratios in tholins can provide insight into whether these
organics act as sinks for carbon or nitrogen on Titan,124,129 which
is important in terms of effectively modeling processes in the
atmosphere and on the surface. Varying the chamber pressure
produces different C/N ratios for inductively coupled cold
plasma discharge tholins, due to an increase in the formation
of N-containing polycyclic aromatics at low pressure. At low
pressure (13�26 Pa, 200�300 km altitude), the C/N ratio is on
the order of ∼1.5�2, while at high pressure (160�2300 Pa,
80�180 km altitude) it is around 3.130 Tholins generated by UV
radiolysis at long wavelengths (λ > 155 nm), where N2 does not
undergo photodissociation, tend to have much higher C/N ratios,
typically in the range of 10�24.55,114,116,123 However, inclusion of
shorter wavelengths (λ < 80 nm) capable of N2 dissociation

115 or
activated species such as cyanoacetylene in the initial gas
mixture118 brings the C/N ratio back down (Figure 12).
The degree of saturation/unsaturation in tholins is also

significant, as this can determine the optical properties of the
material and susceptibility to hydrolysis. For example, nitrogen is
the dominant carrier of unsaturation in tholins produced by cold
plasma,142 meaning they are susceptible to hydrolysis and there-
fore incorporation of oxygen.
4.3.4. Prebiotic Molecules. Several tholin generation meth-

ods have produced molecules of prebiotic interest. This is not an
uncommon occurrence; nitrogen-containing cyclic compounds
such as purines and pyrimidines have been reported in syntheses
from nonbiological matter in thermal heating and electric
discharge experiments for the last 40 years.181 Cold plasma

discharge of a 90/10 initial mixture of N2 and CH4 at high
pressure (600 Torr) yielded pyrimidine (C4H4N2) and pyridine
(C5H5N),

182 and at low pressure, pyridine, pyrrole, carbon
dioxide and ammonia were formed (but it should be noted that
this sample was exposed to ambient air).183 Inductively coupled
cold plasma discharge produced a variety of C- and N-containing
molecules but no purines or pyrimidines.61 When 0.01% COwas
included in the initial gas mixture, cold plasma discharge at
100�150 K yielded 194 compounds with over 30 oxygen-
containing species, including alcohols, diols, aldehydes, and
ketones.144,184 Tholin samples produced using capacitively
coupled cold plasma discharge with 1.8% CO in the gas mixture
yielded two biological amino acids (glycine and alanine) and all
five nucleotide bases, representing the first detection of prebiotic
molecules formed in conditions representative of the upper
atmosphere of Titan.120 However, the effects upon product
composition of detected terrestrial oxygen contamination is still
under investigation.148

In a gas mixture containing N2, CH4, and trace amounts of
CO2 and H2Omeant to simulate a period of cometary bombard-
ment, irradiation with soft X-rays yielded the nucleobase adenine
(C5H5N5), as evidenced by GC�MS and 1H NMR.111 The
abundance of CO2 was about 10�20 times lower than water
(roughly the same ratio as in comets). Though the existence of
such conditions on Titan would be rare at best, the abiotic
formation of a molecule significant in biochemistry is interesting
and merits further study.
4.3.5. Monomers/Precursors. It has been suggested that

tholins could be composed of HCN polymers or oligomers,
HCN�C2H2 co-oligomers, HC3N polymers, and/or HC3N�
HCN co-oligomers.20,123 In tholins produced using capacitively
coupled rf cold plasma discharge, it appears that both CH2 and
HCN play important roles in the structural composition of these
complex organics. Linear and cyclic amino nitriles were proposed
as the roots of some families of compounds, and HCN and
C2H3N were identified as possible nitrogen growth units.185

Figure 12. C/N ratios of tholins produced using various reactors.
Cold plasma discharge produces material with the most consistent C/
N ratios, while the carbon and nitrogen content in hot plasma dis-
charge and UV irradiation reactors can vary significantly. Note that
for shorter wavelengths of UV irradiation (λ < 80 nm), where N2 disso-
ciation can occur, the C/N ratio is much lower than for longer irradia-
tion wavelengths, which do not efficiently incorporate nitrogen into
the tholin material. C/N ratios were obtained from many refer-
ences.34,55,61,78,82,108,112,113,115�117,123,124,129,130,135,142,155,162,206,239,240
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Modeling by Lara et al. confirms the importance of HCN
incorporation into tholins, either via polymerization or sticking,
as a sink for nitrogen.186 This is in contrast to a previous study116

that suggests incorporation of HCN into Titan’s haze is minimal.
In another capacitively coupled rf cold plasma discharge, HC2N3

([NtC�N�CtN]�H+) is found in all tholin samples studied.155

For UV irradiation at 60 and 82.5 nm, only a few pure
hydrocarbons were observed in materials dominated by heavily
unsaturated and heavily nitrogenated solids. HCN is the major
seed at 82.5 nm, while the HCCN radical is the dominant
precursor at 60 nm.115 The fact that the HCCN radical is a
carbene (containing a carbon atom with two unpaired electrons)
permits this species to easily insert into single bonds or react with
unsaturated or radical centers.29,115 For UV irradiation at 185 and
254 nm, C2H2 and HC3N have been identified as a possible
structural basis for Titan tholins.118 This work implies the
importance of nitrile chemistry in aerosol formation on Titan,
which is in agreement with the large nitrogen incorporation
observed by the aerosol collector pyrolyser instrument of the
Huygens probe.187

4.3.6. Macromolecular Structures. Most reports in the
literature suggest that tholins are generally composed of macro-
molecules of relatively low molecular weight (a few kilodaltons)
and largely irregular structure.20 The peak distribution in mass
spectra of tholins consists of ions organized in regular clusters
separated by 13 or 14 mass/charge units, indicative of a poly-
meric but not necessarily linear structure.112,142,155 Others have
used methods previously developed for amorphous carbon and
disordered graphites to analyze tholin films and found that
structural models consisting of subparallel long polymeric chains
are inaccurate to describe tholins.117 Instead, it is suggested that
sp2-bonded planar clusters and highly branched polymeric or
oligomeric compounds are more likely.
Tholins produced byUV irradiation, particularly those that are

extremely insoluble (see Solubility section, above), most likely
contain a high degree of cross-linking.119,123 Analysis of material
produced using capacitively coupled rf cold plasma discharge
indicates that polymeric chains terminate in methyl, amine, and
nitrile groups.155 Tholins generated in spark discharges produced
terpene-like aliphatics and polyacetylene.175 Terpenes typically
link together “head to tail” to form linear chains and rings, and
their presence may be indicative of polymerization.
Polymeric (HCN)x, also known as poly-HCN, is a complex

disordered solid obtained from condensation of molecular
HCN that has previously been used as an analogue for tholins,
as they both belong to the same general class of “polymeric”
hydrogenated carbon nitrides.117,185 They also may both con-
tain triazine (C3N3) rings.117,188 Poly-HCN prepared under
anhydrous conditions and tholins produced using cold plasma
discharge have similar IR absorption spectra.162 However, the
chemical composition of tholins is most likely considerably
more complex than poly-HCN due to the large number of
polymerization reactions possible.117 This was verified by a
recent study comparing poly-HCN to three tholin samples
produced using capacitively coupled cold plasma discharge,
indicating differences in mass spectra and C/N ratio.154 Any
concurrence in IR absorption spectra was attributed to a similar
distribution of functional groups rather than a detailed struc-
tural similarity. The most recent data therefore suggest that
poly-HCN is not an effective analogue of Titan tholins, so any
conclusions based on experiments performed with poly-HCN
as the analyte cannot be extrapolated to tholins.

4.4. Degree of Tholin Variation
Exhaustive literature searches of Titan simulation experiments

leads to the unsurprising conclusion that tholins produced using
different methods are fundamentally different. Imanaka et al.
noticed an increase with pressure of a particular nitrogen band
(the second positive system or SPS band) in the UV range for a
carefully controlled inductively coupled rf plasma discharge,
whereas Szopa et al. noticed a peak at a particular pressure in
a capacitively coupled rf plasma discharge followed by a
decrease.82,130 This could be due to the fact that the proportion
of high-energy electrons is probably different in the inductively
coupled versus capacitively coupled plasma discharge reactors.
Tran et al. found optical and structural differences between
tholins produced via spark discharge and those made in a
photochemical flow reactor.123 As the CH4/N2 ratio is decreased
for cold plasma generated tholins, the proportion of double
bonds increases, favoring sp2 clustering and π�π* electronic
transitions in the UV/visible range, controlling the color and
optical constants across the spectral range.117 However, this is in
contrast to (1) UV-generated tholins, whose chemical composi-
tion does not appear to vary with changing methane concentra-
tion,176 as well as (2) other cold plasma discharge tholins, where
the C/N ratio was insensitive to the CH4/N2 ratio over the range
0.5�5%.142 These are just a few examples of themany differences
in properties and behavior of tholins produced in varying
conditions. Broadly speaking, it appears that tholin composition
is dependent on the following:
(i) methane/nitrogen ratio in the initial gas mixture;131,175

(ii) the choice of energy source, energy window, or range and
its intensity;102,123

(iii) the pressure and temperature of the initial gas mixture;130

(iv) contamination (oxygen, carbon dioxide, andwater vapor).129

It should also be noted that the parameters listed in the first
three points (i�iii) all vary as a function of altitude in Titan’s
atmosphere.

5. THOLIN REACTIVITY

5.1. Pyrolysis Products
For capacitively coupled rf plasma discharge, pyrolysis of

tholins produced mostly aliphatic unsaturated hydrocarbons, but
also included HCN, propene, butene, C2N2, butadiene, toluene,
ethylbenzene, dimethylbenzene, propenenitrile, and butaneni-
trile.82,133 Pyrolysis products of tholins generated using dc cold
plasma discharges include carbon dioxide, ammonia, water, pyr-
idine, toluene, and benzonitrile182 and, in a separate experiment,
pyrroles, pyrazines, pyridines, pyrimidines, and the purine
adenine.75 Nucleobases (purines and pyrimidines) have been
identified as pyrolysis products of Titan tholin produced by spark
discharge,74 as well as alkylbenzenes, indenes, indanes, pyrroles,
and pyrazines.72 This is consistent with pyrolytic studies of (1)
cosmicmaterials, where thermal annealing increases the aromatic
character of carbon-based samples,189 and (2) the complex
organic material kerogen (see section 6), where pyrolysates
become increasingly aromatic with temperature.190

5.2. Acid Hydrolysis
Acid hydrolysis of tholins generates up to 16 racemic amino acids,

with glycine, aspartate, and alanine the most abundant.75,95,179 The
currently accepted mechanism is the polyimino model proposed by
Thompson and Sagan, where the polyimino chains, substitutedwith
functional groups derived from abundant gas-phase radicals, form
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the side chains of the amino acids upon hydrolysis.183,191 Urea has
also been noted as a significant product in acid hydrolysis of tholins
generated from a cold plasma discharge.75 Acid hydrolysis of tholin
particles produced using rf cold plasma discharge led to the attack of
any terminating �CN functional groups, and IR measurements
confirmed that this peak at 2200 cm�1 completely disappeared.155

5.3. Reactions in Liquid Water
Chemistry involving tholin material on Titan may involve the

formation of melt pools via meteoritic and cometary impacts, as
well as the possibility of cryvolcanoes.192 The presence of
ammonia on Titan has been proposed193,194 but not proved; if
present, it might act as a sort of “antifreeze” in a cryovolcanic
fluid.195,196 Models indicate that melt pools and cryovolcanoes
could take on the order of 102�104 years to freeze,36,197 implying
the existence of long-standing liquid capable of chemical inter-
action with surface material.

Tholins produced by cold plasma discharge and placed in
liquid water have been shown to produce oxygenated species,
with activation energies on the order of 60( 10 kJ/mol and half-
lives of 0.3�17 days at 273 K.34 In addition, these tholins upon
even short exposure to basic ammonia-water solutions or pure
water release a significant fraction of amino acids.75,198 Slow
hydrolysis of cold plasma discharge tholins at 253 and 293 K
(over 1 year) produced asparagine, aspartic acid, glutamine, and
glutamic acid, as measured by high-resolution mass spectro-
metry.147 It was also discovered that oxygen incorporation is more
rapid in the presence of ammonia.146 A similar experiment with
cold plasma discharge tholins placed in 25 wt% ammonia aqueous
solutions for 10 weeks produced amino acids as well as urea,
though oxygen contamination might have been a factor.121,136

When a spark discharge occurs over a solution of ammonium
carbonate (pH7.8) with an initial gasmixture of equimolarN2 and
CH4, the organic compounds include all five nucleobases (ade-
nine, guanine, cytosine, thymine, and uracil) and several nucleo-
sides (cytidine, uridine, inosine, guanosine, xanthosine, 5-methyl-
uridine, and adenosine).199,200

These results indicate that tholins are capable of generating
biological precursors when exposed to liquid water, aside from
the fact that these biologically relevant molecules may also be
produced in the gas phase in Titan’s atmosphere.120 Therefore,
we may entertain the idea that, in certain regions on Titan where
liquid water might exist (such as cryovolcanic flows or impact-
generated melt pools), chemistry important to life as we know it
may be occurring on the surface. However, if life on Titan were to
exist, it would most likely be very different from life on Earth (or
very rare) due to the chemical and physical constraints of
subsisting at such low temperatures (i.e., higher activation en-
ergies, lower reaction rates, and poor solubility of organics).201�204

5.4. Heterogeneous and Surface Chemistry
A number of recent aerosol modeling efforts include hetero-

geneous chemistry effects. Indeed, experimental work using UV
irradiation has supported the possibility of heterogeneous chem-
istry on aerosols as a potential formation mechanism for HCN
and NH3 in the upper atmosphere of Titan.30,101 It is theorized
that the aerosols act as chemical “microreactors” by greatly
increasing the gas-liquid interface.64,205 Further, the adsorption
of methane onto tholin particles occurs at a rate which implies
that methane clouds should form.167 Ethane nucleation occurs at
a higher saturation ratio, meaning a smaller percentage of
particles will nucleate an ethane cloud, and therefore, these
clouds should resemble cirrus clouds on Earth. In addition, there

is evidence that tholin polymers can effectively trap Ar, Kr, and
Xe, which may explain the absence or trace levels of these noble
gases on Titan.109 However, the relatively high solubilities of
these gases in liquid methane and ethane may suggest an
alternative explanation—that the hydrocarbon lakes on the Titan
surface act as sinks for Ar and Kr.165

Another heterogeneous mechanism relevant to Titan is
the hydrogenation of aerosol particles from atomic hydrogen
in the atmosphere. Tholins exposed to atomic hydrogen (or
deuterium) have fewer unsaturated bonds (CdC, CdN, and
CtN) and experience hydrogenation of the surface.206 At room
temperature this hydrogenation reaches saturation, whereas at
160�180 K the surface is not saturated as rapidly, but this
process still occurs much more quickly than expected. Hydro-
genation saturates the surface down to the penetration depth of
atomic hydrogen; further hydrogenation tracks with the much
slower process of chemical erosion. On Titan, models taking this
into account indicate that the aerosol surface would remain
unsaturated with hydrogen in the mesosphere but might become
saturated in the stratosphere. A subsequent study by the same
authors using a one-dimensional model found that 60�75% of
the atomic hydrogen in the stratosphere and mesosphere could
be consumed by heterogeneous reactions on aerosol surfaces
between 100 and 600 km.207 Such heterogeneous chemistry
might have overarching effects, such as thermal damping upon
an exothermic episodic methane release from Titan’s interior
(methane photochemistry would produce more atomic hydrogen,
which would in turn produce more haze and create an antigreen-
house effect).

5.5. Tholins as Putative Microbial Metabolites
Aerobic, anaerobic and facultatively anaerobic microorgan-

isms are capable of using tholins as their sole carbon source and,
in some cases, their sole nitrogen source. Organisms such as
Clostridium, Pseudomonas, Bacillus, Actinetobacter, Paracoccus,
Alcaligenes, Aerobacter, and Flavobacterium were able to survive
on organics produced in a spark discharge reactor from an
equimolar mixture of CH4 and NH3 with 2.5% water vapor.208

It should be noted that some species of these genera, notably
Clostridium and Bacillus, are bacterial spore-formers capable of
surviving the extreme conditions of an interplanetary journey,
such as UV radiation, temperature extremes, and the vacuum of
space.209�213 We may therefore consider tholins and related
organics as potential growth substrates for microorganisms on
other worlds, as well as the possibility that similar materials may
have been an instrumental part of the food chain for heterotrophs
on the early Earth.151,214

6. FUTURE DIRECTIONS IN THOLIN RESEARCH

Tholins are complex chemical tapestries, and it has become
clear that current sample analysis techniques are not adequate to
construct a complete picture of their composition and structure.
As a result, creative methods and unique solutions must be
implemented to address the analysis of these complex hetero-
geneous macromolecules. We must discover the most appro-
priate, unbiased analysis techniques using tholins on Earth in
order to prepare the best instrument package for the next in situ
mission to Titan. One group of researchers has attempted to
build a general framework for understanding tholins as analogues
by selecting two samples as “end-members” and determining the
range of their properties.108 Another group suggested the use of a
chemometric approach to generate a “fingerprint” unique to each
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tholin sample.182 These ideas are excellent starting points for
viewing tholins from a broader perspective and providing certain
constraints on tholin properties. An extension of such thinking
may incorporate aspects of petroleomics into the future of tholin
research.

Tholin chemistry can benefit from application of techniques
already developed for the study of polymers andmacromolecules
on Earth. One natural, Earth-based analogue to tholins is kero-
gen. Kerogens are dark, complex organic materials produced on
Earth from biologically derived organic material that has been
incorporated into sediments and undergone geological process-
ing.215 Kerogen is distinguished from bitumen in that the former
is insoluble in solvents, while the latter is the soluble fraction.
Tholins are kerogen-like in structure133,216 and have similar
refractive indices.217�219 Van Krevelen diagrams were invented
in 1950 to help characterize kerogens using a graphical-
statistical approach.220 In these diagrams, the O/C ratio is plotted
against the H/C ratio, because as a sedimentary rock becomes
more mature over time, the kerogen becomes more depleted in
oxygen and hydrogen relative to carbon. Van Krevelen diagrams
are therefore used to identify the type of kerogen present (type I,
II, or III) using bulk properties as opposed to obtaining specific
stochastic chemical structures. As tholins have little if any oxygen
and a significant amount of nitrogen, Imanaka et al. created van
Krevelen diagrams that plot N/C against H/C ratios.115 These
plots (Figure 13) show clear differences between tholins produced
using differentUV irradiation wavelengths and imply that different
chemical reaction pathways are responsible. Such information
might not have been as easily discerned from analysis of functional
groups and mass distributions alone. Though not the first time
N/C and H/C ratios have been compared graphically for
tholins,117,130 this recent work explicitly states the connection

between the methods used for analysis of petroleum and applica-
tion to the study of tholins.

In a similar investigation seeking to develop a general-purpose
framework for analysis of tholins, the authors extended use of the
methods from petroleomics and proposed the term “tholi-
nomics” to describe their reported work,185 which included both
van Krevelen plots and Kendrick plots. In this latter method first
proposed in 1963,221 no chemical formulas are needed, though a
cursory knowledge of the predicted constituents is advantageous.
A basic pattern is chosen, and the deviation or Kendrick mass
defect (KMD) for each data point from that pattern is calculated.
These KMD values are then plotted against the Kendrick mass of
the given pattern, which is defined as

Kendrick mass ¼ IUPAC mass� ðMnominalmass=MIUPACmassÞ

This method classifies compounds in terms of a basis mole-
cule, grouping homologous compounds together as horizontal
lines. For example, a Kendrick plot with HCN chosen as the
pattern (see Figure 14) will group a tholin sample using HCN as
the basis of an integer mass (i.e., each data point is equivalent to x
number of HCN units). Therefore, a Kendrick plot with a small
dispersion and symmetric KMD distribution suggests that the
chosen pattern is representative of the sample’s global composi-
tion.222 Adding a z-axis to van Krevelen diagrams can provide
additional information, such as trends in mass-to-charge ratio.185

In addition, these methods can be applied to other complex
macromolecular samples such as PANHs and carbon nitrides.
As the demand for analysis of complex samples increases, we
will continue to see more creative advancements to distill in-
formation from large data sets into a coherent picture of a
given material. However, at this stage of development of such

Figure 13. Modified Van Krevelen diagrams for tholins generated using UV irradiation at 60 nm (UV 600) and 82.5 nm (UV 825). Reproduced with
permission from ref 115. Copyright 2010 National Academy of Sciences.
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methodologies, we posit that the application of a term such as
tholinomics is premature, as this suggests that the field is very
well-defined and tholins are well-understood, which is not
the case.

Significant work has been reported on Titan tholins, but some
future experiments could help address new questions about the
chemistry of the Titan atmosphere and surface. For instance,
submillimeter and millimeter wave spectroscopy on tholins has
yet to be performed, and no radar measurements on tholins
have been reported. This data could bolster current atmo-
spheric models and give us a better idea of the structure of the
organic layer covering Titan’s surface. In addition, measure-
ment of the indices of refraction, both real and complex, of
tholins over the entire spectral range would greatly aid model-
ing endeavors (the values measured by Khare and Sagan in 1984
are still in use in models today,223 over 25 years later!). The
transition from large molecules and ions into tholins remains a
mystery including the initial stages in which nitrogen is in-
corporated. Laboratory simulations that replicate the pressure
regime of Titan’s ionosphere (pressures less than 10�7 Torr)
may elucidate chemical pathways which are not likely in higher
pressure regimes, where termolecular reactions will domi-
nate.224 Further research into the heterogeneous chemistry of
tholins could also help us understand how aerosol particles
might trap gases and condense vapors onto their surfaces and
may help explain the absence of certain noble gases (i.e., Kr and
Xe) in Titan’s atmosphere. As more data is obtained in the lab
on these materials, our understanding of the complex processes
occurring in Titan’s atmosphere and on its surface improves,
and we can better inform the next generation of in situ instru-
ments.

Finally, the investigation of tholins and Titan in general may
have greater implications in a cosmic context. M-dwarfs (i.e., red
dwarfs) are 10 to hundreds of times more common in the
universe than yellow G-dwarfs like our Sun, and are much cooler
(∼3700 K as opposed to ∼6000 K).225 Any planet orbiting at
a safe distance (1 AU) around an M-dwarf will have a stable
environment (any closer and coronal mass ejections and solar

flares will destroy the planet’s atmosphere); however, at this
distance light from the M-dwarf is so faint that conditions similar
to Titan will prevail � water will be frozen, and methane and
ethane (if present) will be liquid. Therefore, it is much more
likely that planets we discover in the universe will resemble Titan
rather than Earth,226 making Earth the exception and Titan the
rule. Hence, the study of tholins may be a more broad-reaching
endeavor than originally thought.

7. IN SITU CHEMICAL ANALYSIS ON TITAN

The ultimate goal of studying tholins produced in the labora-
tory is to informmodels of the organics on the surface of Titan, to
help us (1) understand chemical processes occurring on this
moon and (2) develop more effective in situ analysis instruments
and protocols for future Titan missions (see Table 7). However,
the ambient conditions on Titan pose significant technological
challenges, in that new cryogenic-capable sample handling and
analysis systems with their corresponding infrastructure (i.e.,
low-temperature electronics, robust packaging materials, and
long-life power systems) must be developed to operate effec-
tively at ∼90 K. Further, the amount of fuel required to reach
Titan significantly constrains spacecraft payload mass, so instru-
ments must be as small and light as possible.

A future in situ mission to Titan may involve a lake lander
(such as the recently proposed Titan Mare Explorer or TiME
mission227), a montgolfi�ere balloon, a dune lander, or a
combination of these.228 All of the proposed designs involve
sampling of aerosols and/or surface material (liquid and
solid) for analysis, with most of the instrument suites including
bulk chemical analysis (NMR, isotopic ratios, elemental ana-
lysis), aerosol measurements (electrical mobility analysis, op-
tical scattering, etc.), and characterization of specific functional
groups (i.e., IR absorbance, laser-induced fluorescence, and
mass spectrometry).229,230 Data from the mass spectrometers
of both Cassini and Huygens24,25,65,66,151 clearly demonstrate
that a wider mass range with higher resolution is desired
for analysis of the complex organics in the aerosols and on
the surface of Titan. Further, MS�MS capability would enable
better selectivity and characterization of parent ions, which
could aid in the identification of aerosol growth units.112,155

The most detailed analysis of Titan samples will probably
involve wet chemistry (extraction, labeling reactions for specific
functional groups, dilution, chromatographic separation) fol-
lowed by high-resolution mass spectrometry.

There is considerable evidence that pyrolysis, though
providing information on the elemental composition of tho-
lins, increases the potential for unpredictable chemical pro-
cesses that occur during heating.117,231 Further, premature
heating of a sample on Titan could result in the loss of
important volatiles such as dicyanoacetylene (C4N2).

126,127

Liquid-based separations are less destructive and can provide a
more comprehensive analysis of the sample with the appro-
priate choice of solvent. Though the possibility of chemical
reaction with the solvent must be considered, liquid phase
analyses of a Titan aerosol at temperatures well below
the point where tholin decomposition products are observed
(373 K) would provide a more complete picture of the original
composition of these complex organic samples. In addition,
the enhanced capability provided by introducing concentra-
tion gradients or performing multiple extractions makes liquid

Figure 14. Kendrick plots for tholins produced using capacitively
coupled cold plasma discharge. This plot discerns patterns for various
repeating units in a macromolecular structure. Reproduced from ref 185.
Copyright 2010, American Chemical Society.
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chromatography an attractive choice for analysis of complex
organics such as tholins.

Microfluidic technologies, often termed “lab on a chip” (LOC),
have enabled the development of liquid chromatography and
similar fluidic assays for in situ applications. These devices
conduct wet chemistry using small sample aliquots (nanoliters
to microliters) with very low power andmass constraints, making
them ideal for landed missions to other worlds. Separations are
effected using capillary electrophoresis (CE) based on electro-
osmotic flow, which is capable of separating both charged
and neutral species along a microchannel without using high
pressure.232 Ultrahighly sensitive (subparts-per-trillion) de-
tection on-chip is performed using laser-induced fluores-
cence for intrinsically fluorescent species (i.e., PAHs) and
nonfluorescent species labeled with a fluorescent dye (i.e.,
primary amines, aldehydes, ketones, and/or carboxylic
acids).233�235 Further, this detection method is nondestruc-
tive and can therefore be coupled to another detection
technique, such as high-resolution mass spectrometry for
concomitant analysis.232,236,237 We are currently developing
microfluidic technologies for separating and characterizing
tholin samples using various labels to target specific functional
groups. Most of the chemistry for these labeling reactions
occurs in aqueous solution at or near room temperature, but
nonaqueous capillary electrophoresis (NACE) has also been
demonstrated on-chip and could be adapted for solvents with
much lower freezing points.232 Regardless of operation at
ambient Earth (with water as the solvent) or ambient Titan
(using another solvent) conditions, microfluidics is well-suited
to meet the sample handling, separation, and characterization
needs of a low power and mass chemical analysis platform on a
future in situ mission.

In order to truly understand the global chemistry of Titan,
highly robust, sensitive, and analytically powerful in situ
instrumentation is required. This is readily achieved using
microfabricated wet chemical processing with nondestructive
CE techniques, which inherently boast low mass, volume,
power, and reagent consumption requirements. Coupling a
microfluidic device to a high-resolution mass spectrometer via
nanospray ionization or a similar method would generate a

formidable chemical interrogation platform for in situ analysis
of organics on the surface of Titan.

8. CONCLUSIONS

Due to the large variations in tholin generation technology and
the resulting properties of tholins produced in the laboratory, it
has been noted that “the current state of the literature is rather
confusing” in terms of understanding which tholins represent
accurate analogues relevant to Titan’s chemistry108 and which
tholin generation methods produce material best suited for
analytical design and technique comparison. Tholin production
methods vary widely in terms of temperature, pressure, exposure
time, composition of initial gas mixture, and sample handling and
analysis. Some tholins are soluble in certain solvents, while some
are insoluble in all tested solvents. The degree of saturation in
tholins varies, as do their optical properties and particle dia-
meters. New data from the Cassini-Huygens mission has pro-
vided insights into some of the properties of the organic material
on Titan; until a laboratory tholin can successfully reproduce all
of these properties, such materials cannot be considered accurate
analogues.

A thorough review of the tholins reported in the literature, in
the context of the recent data from the Cassini�Huygens
mission, leads us to construct a metric to determine which
tholins are the most ‘Titan-like’, in order of importance:
(1) Energy source: Cold plasma discharge and UV irradia-

tion (including λ < 80 nm) each replicate significant
sources of energy in the Titan atmosphere and produce
tholins with optical and chemical characteristics that are
similar to the aerosols on Titan. Without definitive
detection of lightning on Titan, hot plasma (spark
discharge and LIP) should be considered a minor
contributor to Titan chemistry. Other techniques such
as proton and electron bombardment, γ-rays, and soft
X-rays, are limited in their ability to best mimic the
energy input mechanisms driving atmospheric chemis-
try on Titan.

(2) Temperature: The temperature of the Titan atmosphere
and/or surface must be accurately replicated to produce

Table 7. The Future of in Situ Chemical Analysis on Titan, Tempered by Cassini�Huygens Data and Tholin Analyses on Earth

analysis stage

previous Titan in situ

technology (Huygens)

lessons from tholins

in the laboratory future state-of-the-art

sample processing aerosol collector

and pyrolyzer (ACP) • Pyrolysis leads to unpredictable

reactions in tholins

• Tholins are partially soluble in some

solvents and insoluble in others

extraction using multiple solvents

(H2O, methanol, toluene, etc.)

to gently “tease apart” sample

separation gas chromatograph

(GC) • Liquid chromatography (LC) preferred to GC

• Separation technique must work for both

polar and charged species

LC using capillary electrophoresis in

microfluidic devices (lab-on-a-chip)

with low power and mass

detection mass spectrometer

(MS) m/z e 14124 • MS needs very wide range

• identification of functional groups is

valuable, especially those containing oxygen

• characterization of bulk properties and trends

should also be performed

ultrasensitive detection of functional

groups using laser-induced fluorescence

(LIF) coupled to high-resolution MS
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and retain volatiles (i.e., C4N2) in an analogous scenario
as on Titan. Any work performed outside of the Titan
temperature regime could be biased toward high molec-
ular weight species and also might exclude important
heterogeneous chemistry and aerosol surface interactions
involving these volatiles.

(3) Pressure: Tholin properties are pressure-dependent, so
this property should be carefully reproduced and mon-
itored during aerosol formation. In cases where accurately
simulating the pressure is physically impractical (i.e.,
the mean free paths exceed the dimensions of the
chamber), care should be taken to replicate the proper
collision regime (binary versus ternary, etc.). The re-
searcher should also be cognizant while using a particular
energy source to reproduce the pressure of the appro-
priate altitude on Titan where this energy source is most
prevalent (i.e., simulating the stratosphere when using UV
irradiation and the mesosphere when using cold plasma
discharge).

(4) Energy density: Chambers should use the lowest energy
density that is still practical in terms of experiment time.
In particular, techniques using continuous flow systems
are recommended to reduce secondary product forma-
tion. Further, exposure time must be accounted for and
correlated to the environment that is being simulated (i.e.,
at certain altitudes and transport times, multiple expo-
sures might best simulate the Titan environment).

Consideration of these tholin generation parameters can lead
to at least a qualitative means of determining if a given tholin
sample is a good analogue for the organic material of Titan. For
example, a reactor using cold plasma and UV irradiation at
cryogenic temperatures will most likely yield tholins that have
properties similar to what we know of organics on Titan, whereas
a method employing γ-radiation at room temperature will
probably generate material with fewer ‘Titan-like’ properties.

The ideal reactor would operate at Titan ambient tempera-
tures (90�175 K) and pressures (0.0001�1.5 bar), with the
capability of accurately simulating the conditions of different
parts of the atmosphere (stratosphere, troposphere, etc.) either
separately or in sequence, to replicate Titan’s vertical tempera-
ture and pressure gradients. A combination of cold plasma
discharge and UV irradiation (λ < 80 nm) with the correct
relative intensities as are present in the Titan atmosphere
(approximately 200 to 1 in favor of UV irradiation) could be
used to generate radicals and ions that initiate aerosol formation.
A continuous flow system would reduce secondary product
formation. Finally, in-chamber analysis techniques should be
used for tholin interrogation to reduce contamination, postpro-
duction reactions, and loss of volatile components.

By careful consideration of the many organic materials pro-
duced in the reaction chambers reported here, we conclude that
the best tholin reactor is Titan itself. We must remind ourselves
that even tholins produced with the best recognized methodol-
ogy possible are still only simulants, and represent our best guess
as to what is actually present on Titan. Any conclusions obtained
from research of laboratory tholins must reflect this important
fact. Production and analysis of tholins can tell us how to think
about these complex organics, but cannot provide absolute
information about their chemical and physical properties. This
knowledge will only come from further in situ analysis by future
missions to this enigmatic moon.
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ACRONYMS AND ABBREVIATIONS
ac alternating current
ACP aerosol collector pyrolyzer (Huygens)
AU astronomical unit
BCA bicinchoninic protein assay
BDE bond dissociation energy
CAPS Cassini plasma spectrometer (Cassini)
CCP capacitively coupled plasma
CE capillary electrophoresis
CIRS composite infrared spectrometer (Cassini)
Da daltons (equivalent to atomic mass units, amu)
dc direct current
DISR descent imager spectral radiometer (Huygens)
ELS electron spectrometer (Cassini)
ESA European Space Agency
ESI electrospray ionization
EUV extreme ultraviolet
FT Fourier transform
GC gas chromatography
IBS ion beam spectrometer (Cassini)
ICP inductively coupled plasma
IR infrared
IUPAC International Union of Pure and Applied Chemistry
KISS Keck Institute for Space Studies
KMD Kendrick mass defect
LC liquid chromatography
LIP laser-induced plasma
LOC lab on a chip
MS mass spectrometry

NACE nonaqueous capillary electrophoresis
NIR near-infrared
PAH polycyclic aromatic hydrocarbon
PANH polycyclic aromatic nitrogenated hydrocarbons
PAMPRE French acronym for aerosol production in

microgravity by reactive plasma
rf radio frequency
SEM scanning electron microscopy
SETUP French acronym for theoretical and experimental

studies useful for planetology
SMPS scanning particle mobility sizer
SPS second positive system
TEM transmission electron microscopy
TLC thin-layer chromatography
UV ultraviolet
VIMS visual and infrared mapping spectrometer (Cassini)
VUV vacuum ultraviolet
YAG yttrium aluminum garnet
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