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Titan, Saturn’s largest satellite, has a thick nitrogen/methane atmosphere with various hydrocarbons present
in minor amounts. Recent observations suggest that CH4 may condense to form clouds near the moon’s
tropopause. Titan’s methane cloud formation is probably triggered by a sequential nucleation of hydrocarbons
onto Titan’s haze material as tropospheric convection occurs due to differential heating of the surface or as
the haze settles through the lower stratosphere. To better constrain Titan’s cloud formation mechanism,
investigations of the nucleation of several hydrocarbons will be necessary. Butane was chosen for this study
because it has a relatively high freezing point and is estimated to be present at 200 part per billion levels. If
this amount of butane were to condense on each haze particle, a visible cloud would be observed. Laboratory
measurements atT ) 125 K were performed to determine the relative ease of solid butane nucleation onto
laboratory-produced tholin particles having an elemental composition of C5H5N, and solid films of hexane
and acetonitrile. We find that butane nucleation onto the haze particles requires a relatively high saturation
ratio of S> 1.30. Because butane nucleation is difficult, it may occur on only a very small subset of the total
haze particles available. Such selective nucleation of butane would lead to those particles becoming coated
with significant amounts of butane. Requiring a high saturation ratio for butane nucleation will reduce the
optical depth of butane clouds by a factor of 100 because the particles will be fewer in number for a given
condensed mass.

I. Introduction

Titan, Saturn’s largest satellite, is unusual because it is the
only moon in our solar system that is known to have a
substantial atmosphere. This atmosphere consists of approxi-
mately 95% nitrogen, N2, and a few percent methane, CH4.1,2

Minor constituents include argon, which may be present in
amounts up to a few percent, and larger hydrocarbon species,
the most abundant of which is ethane, C2H6, present at a mixing
ratio of about 20 parts per million by volume (ppmv).2 Titan’s
thick atmosphere results in a surface pressure of 1.5 atm, 50%
higher than that of Earth. Titan’s temperature is much colder
than Earth’s, falling from 95 K at the surface to 75 K at the
tropopause, and then rising to 180 K in the stratosphere.3

An intriguing feature of Titan’s atmosphere is the presence
of a thick reddish-brown haze that completely shrouds the
surface. These haze particles, produced photochemically in
Titan’s upper atmosphere approximately 300 km above the
surface, are thought to be composed of solid organic species.4

They are expected to fall through the atmosphere and are thought

to have accumulated on Titan’s surface over time. Solid
materials have been produced from laboratory simulations of
various atmospheres for many years.5,6 They were dubbed
“tholins” by Sagan and Khare,7 a general term that applies to
any solid material produced by the laboratory reaction of a
mixture of various cosmically abundant gases. Tholins produced
in a laboratory experiment specifically designed to simulate
Titan are sometimes termed “Titan tholins”. Khare et al.4 showed
that this laboratory-produced solid material (using a gas mixture
of 90% N2 and 10% CH4) is a relatively good optical match
for the haze present in Titan’s atmosphere.

Another unusual feature of Titan’s atmosphere is that the low
temperature, coupled with the abundant hydrocarbons present,
leads to an atmosphere in which the hydrocarbons may
condense. If true, clouds of condensed hydrocarbons, such as
ethane and methane, could be present in Titan’s troposphere or
lower stratosphere.8 Ethane, and possibly methane, should also
be saturated near Titan’s surface, implying that they could be
present in a condensed state on the surface, perhaps in a liquid
state.9,10 This evokes a situation on Titan which is analogous
to Earth’s hydrologic cycle, with the exception that the clouds,
rain, and reservoirs on the surface of Titan would consist of
liquid hydrocarbons rather than liquid water. If these liquid
reservoirs are present, Titan would be the only planet or moon
in our solar system, other than Earth, to have liquid on its
surface.

Past analyses of observational data from the Voyager
spacecraft suggest that methane is supersaturated in Titan’s
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lower atmosphere.11-13 In addition, McKay14 reported a very
low solubility for laboratory-produced Titan haze material in
liquid propane, suggesting that hydrocarbon nucleation onto
Titan’s haze particles may be difficult, consistent with methane
supersaturation.11 However, recent Earth-based observations of
short-lived clouds in Titan’s atmosphere have also been
reported,15,16implying that cloud formation may be a common,
even daily, occurrence. The observations reported by Brown et
al.17 and Roe et al.18 confirmed the presence of clouds near
Titan’s south pole. Supersaturation and cloud formation are not
necessarily mutually exclusive; it is possible to have a super-
saturation of methane and cloud formation if there are too few
cloud condensation nuclei for cloud condensation to pull down
the supersaturation as the clouds grow. Supersaturation can also
occur if nucleation onto the particles is difficult so that cloud
particles do not form readily.

The cloud condensation nuclei likely to be present at Titan’s
tropopause are haze particles formed in the upper atmosphere
that have slowly fallen or diffused toward the surface. As the
particles diffuse or as convective lifting occurs, they will
encounter areas where hydrocarbon gases are saturated and
might condense. If these higher hydrocarbons condense readily,
one would expect all of the available tholin particles to be very
similar chemically, with a coating of hydrocarbons. In contrast,
if hydrocarbon nucleation on the haze particles is difficult, a
few particles will become more fully coated while the rest
remain bare. The condensation nuclei at the tropopause in this
scenario would be more diverse, setting up a situation where
methane might preferentially condense on only a subset of the
total condensation nuclei present. In addition, relatively difficult
nucleation onto the haze particles will reduce the optical depth
of any clouds formed because the particles will be fewer in
number.

Hydrocarbon nucleation in the outer solar system was studied
extensively by the nucleation models of Moses et al.,19 yet no
laboratory data exist to our knowledge. In the current work,
we examine the nucleation of a higher order hydrocarbon,
butane, onto tholin particles and several other hydrocarbon films.
We chose butane because it has a relatively high freezing
temperature and was therefore convenient for our initial labora-
tory studies, and to validate the experimental procedure.
Although butane has not yet been detected in Titan’s atmo-
sphere, its abundance can be estimated by comparing the butane
and propane productions from the photochemical model of Lara
et al.20 A simple scaling to the propane concentration yields an
estimation of the butane concentration of∼200 parts per billion
by volume (ppbv). In addition, a recent laboratory measurement
showed a high production of butane gas from the ultraviolet
irradiation of pure methane, comparable to the production rate
of ethane,21 so butane should be present in significant amounts
in Titan’s atmosphere. The butane will be highly supersaturated
in Titan’s lower stratosphere and should be present on the haze
particles as they settle toward Titan’s surface. This amount of
butane will fully coat all of the haze particles present if
nucleation occurs onto each haze particle. We measure the
critical saturation ratio,Scrit, required for butane nucleation on
laboratory-produced particles and films, defined as

wherePnucl is the butane pressure at nucleation andPvap(T) is
the saturation vapor pressure of butane at the same temperature.
We then use heterogeneous nucleation theory to predict the
saturation ratio expected for butane nucleation on very small

Titan haze particles. Finally, we discuss the implications of this
work for Titan cloud formation.

II. Experimental Section

A. Haze Analogue Production. Several different energy
sources have been employed for the laboratory production of
solar system haze analogues, including irradiation by ultraviolet
light22,23 and application of a high-frequency discharge to the
outside of a glass reaction vessel.24 Another common technique
is the application of a direct current (dc) or alternating current
(ac) electrical spark to the mixture across an electrode gap inside
the vessel.14,25

We have used the latter technique with a cylindrical glass
reaction vessel containing two tungsten electrodes piercing the
glass walls and meeting at the center of the vessel, with a gap
between them of∼1 cm. The vessel is 25 cm in length and 6
cm in inside diameter (∼700 cm3 in volume) and is equipped
with a Viton O-ring which allows the vessel to be opened and
objects placed inside. For this study a silicon wafer with a
diameter of 2.5 cm was placed in the bottom of the vessel for
deposition of the tholin particles. The reaction vessel was
evacuated to a pressure of∼ 20 mTorr using a mechanical pump
and then filled with a gas mixture composed of 90.00% N2 and
10.00% CH4 (research grade, Airgas Intermountain) until a
pressure of 300( 50 Torr was reached, as monitored by a
Convectron Pirani thermal conduction pressure gauge (Granville-
Phillips). The vessel was then isolated from the pump, and the
gas mixture was exposed to a spark discharge from a hand-
held high-frequency generator, or Tesla coil (Fisher Scientific).
The spark discharge is an ac current with a frequency of 60 Hz
and a voltage across the gap of approximately 10 000 V. The
silicon wafer rested directly underneath the gap between the
electrodes, which facilitated an evenly distributed deposition
of the particles onto the silicon wafer. The gas mixture was
flushed out and replaced each hour. After 12 h, the wafer was
flipped to expose its other side. This process was repeated until
each side of the wafer had been exposed for 24 h, a total
exposure time of 48 h. The particles appear as a film of a brown
solid material and coat the wafer, as well as the inside walls of
the glass vessel. Scanning electron microscope (SEM) images
of the particles generated using this procedure by deposition
on aluminum foil (a simpler substrate for SEM than the silicon
wafers used in the nucleation experiments) for 12 h are shown
in Figure 1. The images show complete coverage of particles
with little exposed aluminum foil. Thus, it can be assumed that
after 24 h of exposure per side there is essentially no bare silicon
remaining on the wafers used in the nucleation experiments.
Figure 1B shows the particles under greater magnification. The
particle film appears to be an aggregate of 0.5µm diameter
particles.

Figure 2 shows an FTIR spectrum of the tholin particles after
deposition onto a silicon wafer, taken using a Nicolet Magna
550 Fourier transform infrared spectrometer. The spectral region
shown (3650-1750 cm-1) was chosen to ensure a qualitative
incorporation of nitrogen atoms into the haze. The spectrum
shown is the ratio of observed absorbance to the spectrum’s
background (the same Si wafer prior to deposition of the
particles) and shows only the tholin material. The area centered
at 2350 cm-1 had two large negative peaks which were removed
for clarity. These peaks are due to CO2 gas and were present in
the spectrum due to slight changes in the gases present outside
of the chamber since the spectra were taken weeks apart in time.
The key features in the spectrum are a peak at 2200 cm-1,
indicative of the-CN triple bond stretch,4 and a broad-N-H

Scrit ) Pnucl/Pvap(T) (1)
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stretch at 3200-3400 cm-1. These features indicate that nitrogen
atoms are being incorporated into the solid haze material.26

In addition to the FTIR spectrum of the haze analogue
material, nitrogen incorporation was confirmed through elemen-
tal analysis. After several weeks of exposure to the spark
discharge, enough material (∼12 mg) was scraped off the inside
walls of the vessel to perform elemental analysis for C, H, N,
and O. The analysis was performed at Desert Analytics (Tucson,
AZ) in triplicate on one sample. The particles were found to
contain 62.69( 0.85% C, 5.06( 0.08% H, 14.11( 0.34% N,
and 16.40( 0.35% O by mass. The oxygen atoms in the sample
are likely present from oxidation by O2 when the sample was
exposed to air14 for several weeks prior to the elemental analysis,
but could be from residual H2O vapor in the reaction vessel
after pumping down. Water in the vessel could be present at
levels possibly up to a few hundred parts per million by volume.

There is relatively little O2 (∼10 ppmv) and H2O (∼3 ppmv)
in the gas mixture itself. The elemental analysis excluding
oxygen results in an empirical formula of C5H5N, with a true
C/N ratio of 5.17. McKay et al.27 and Lebonnios et al.28

reviewed empirical formulas from previous studies, which are
shown for comparison in Table 1. Sagan et al.29 and McKay14

showed oxygen in the sample at a weight percent of 17% and
11.0%, respectively, similar to this study. The result for the
elemental composition of our material most closely resembles
that of McKay14 in both elemental stoichiometry and experi-
mental conditions.

It is possible that the O atoms present in the solid affect its
properties as a substrate for nucleation. However, the samples
used in the experiments were exposed to air for∼20 min while
being transferred into the high-vacuum chamber, so they
probably had less oxygen present (but possibly percent levels)
than the samples sent for elemental analysis, which were
exposed to air for several weeks. For example, using a system
optimized to reduce oxygen contamination, Tran et al.30 found
that oxidation of their simulated Titan haze rose from a value
of 1.4% O to 7.2% O upon exposure to air for 7 days. The
solid material produced in the Coll et al.31,32 studies was
transferred under nitrogen, eliminating the possibility of atmo-
spheric contamination of the sample.

B. Nucleation Experiments.Nucleation experiments were
performed in a stainless steel vacuum chamber, shown sche-
matically in Figure 3. The chamber is equipped with a leak valve
for the introduction of butane gas, an MKS Baratron capacitance
manometer gauge to monitor the pressure of the introduced gas,
and an FTIR spectroscopic probe of the condensed phase. The
temperature of the silicon wafer was controlled through a
combination of liquid-nitrogen cooling and resistive heating and
is monitored by a type T thermocouple. Experiments were
performed on the blank silicon wafer, the silicon wafer coated
with tholin particles, or the silicon wafer coated with organic
films.

In a typical experiment, the chamber was first evacuated and
the temperature lowered to∼125 K. The nucleation point was

Figure 1. Scanning electron microscopy images of laboratory-produced
Titan tholin particles under (A) low and (B) high magnification. Image
B corresponds to the rectangular area highlighted in image A. The
exposed area in the upper right corner of image A is an artifact of
cutting the aluminum foil in preparation for transfer to the electron
microscope.

Figure 2. FTIR spectrum of laboratory-produced tholin particles. The
gap at 2390-2285 cm-1 is due to the gas-phase CO2 peaks at 2362
and 2338 cm-1, which were removed from the spectrum for clarity.

TABLE 1: Elemental Analysis Comparison

reference stoichiometry
C/N
ratio conditions

Sagan et al. (1984)29 C8H13N4 1.9 P > 7 Torr
Coll et al. (1995)31 C11H11N 11 T ≈ 100 K
McKay (1996)14 C11H11N2 5.5 T ≈ 298 K,P ≈ 850 Torr
Coll et al. (1999)32 C11H4N14 2.8 T ≈ 100-150 K,P ≈ 1.5 Torr
this study C5H5N 5.17 T ≈ 298 K,P ≈ 300 Torr

Figure 3. Schematic diagram of the experimental apparatus.
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determined by slow increases in the butane pressure in the
chamber. The pressure was allowed to equilibrate for>30 s if
no nucleation occurred immediately upon the increase. After
30 s, the pressure was increased slightly (approximately 0.01-
0.02 mTorr) and the process repeated until nucleation occurred.
The nucleation pressure was typically 0.5-2.5 mTorr, depending
on the temperature and the supersaturation required. When
nucleation occurred, it was detected very rapidly (within 4 s,
the time resolution of the FTIR), marked by a sharp increase in
the FTIR spectrum and a sharp drop in the pressure in the
chamber.

III. Results

For studies of nucleation on tholin particles, we first coated
a silicon wafer with tholin particles and then transferred it under
air into a copper mount inside the stainless steel vacuum
chamber described above. The chamber was then pumped out
to a pressure of∼1 × 10-7 Torr, and the tholin-coated silicon
wafer was cooled and maintained at a temperature of∼125 K.
The experiments were then begun by introducing butane vapor
into the chamber.

A typical experiment on tholin particles is shown in Figures
4 and 5. Selected FTIR spectra for the experiment are shown
in Figure 4, along with the corresponding time that they were
taken. From the start of the experiment, the absorbance was
measured as the ratio to the spectrum of the initial tholin material
for clarity. Therefore, the spectrum of the tholin material is not
observed. Att ) 10 min, butane vapor had been added to the
chamber, but at a pressure below that expected for nucleation
to occur. No butane was present in the condensed phase, as
shown by the FTIR spectrum taken at that time. The pressure
of butane is too low (0.5-5.0 mTorr) in all experiments to see
gas-phase butane features in the spectrum. Figure 5 shows the
butane saturation ratio (left axis) converted from butane pressure
and the integrated absorbance of the butane peak at 745-725
cm-1 (right axis) versus time during the experiment. This IR
peak is the in-phase methylene rock (bending mode) at 731 cm-1

and was chosen due to its sharpness and the fact that it appears
only in the solid phase of butane.33 The pressure of butane was
then incrementally increased until the butane vapor was
supersaturated. Att ) 40 min, the butane saturation ratio was
greater than 1.0, yet nucleation had not occurred, as confirmed
by the FTIR spectrum shown in Figure 4B. The pressure was
further increased until nucleation occurred att ) 45 min, as
determined by the rise of the integrated absorbance of the butane
peak at 745-725 cm-1. The full spectrum in Figure 4C att )
75 min shows the sharp methylene bending mode in solid
butane. In addition, the nucleation point is confirmed by a drop
in butane pressure in the chamber such that the saturation ratio
approached unity after nucleation began.

A slight decay in the butane signal was often observed prior
to nucleation. A similar decay was observed in experiments
performed at room temperature, and thus we believe the gas in
the feed line was slowly being depleted during the experiment.
However, we cannot rule out a slight condensation of butane
on a cold spot in the chamber not probed by the infrared beam.
This should not, however, impact our results, as experiments
show that our entire silicon wafer was at a uniform temperature
and thus the entire surface was exposed to butane at a single
saturation ratio.

After the butane had condensed onto the haze material, a frost
point calibration was performed. To do this, the pressure was
adjusted to a point where the film neither grew nor desorbed,
as determined by the integrated absorbance of the butane peak
at 745-725 cm-1. This pressure is defined to be the solid butane
vapor pressure. For this study, the vapor pressure of solid butane
was measured to be in the range of 0.5-5 mTorr at temperatures
ranging from 120 to 126 K. This range of vapor pressures is
consistent with those measured for liquid butane at higher
temperatures and extrapolated to temperatures of the solid
phase.19 While the solid vapor pressure likely differs from the
liquid vapor pressure, we were not able to find values for the
solid vapor pressure. These values were used simply to confirm
a general consistency and were not needed to calculate the
saturation ratio. The critical saturation ratio (that saturation ratio
required to obtain nucleation),Scrit, was determined viaScrit )
Pnucl/Pvap, wherePnucl is the measured pressure in the chamber
when nucleation occurs andPvap is the butane vapor pressure
determined in the frost point calibration. Because both the
nucleation pressure and the vapor pressure are determined in
one experiment, we have an internal calibration which yields
high accuracy in the saturation ratio determined.

Figure 4. Infrared spectra obtained during a butane nucleation
experiment on Titan tholin particles.

Figure 5. Saturation ratio and integrated absorbance during butane
nucleation on Titan tholin particles. The arrows at A, B, and C
correspond to the spectra shown in Figure 4A-C, respectively. The
top trace shows saturation ratio as a function of time plotted on the
left axis. The bottom trace shows integrated absorbance of one butane
peak as a function of time plotted on the right axis.
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The experiment shown in Figures 4 and 5 yieldsScrit ) 1.35.
A total of five experiments were performed on tholin particles
with an average value ofScrit ) 1.30( 0.06 over a temperature
range of 121.9-124.0 K. Over this temperature range, no
temperature dependence was observed inScrit. The range of
values reported is the average value for the five experiments
plus or minus the standard deviation of the five experiments.

Further experiments were performed on a blank silicon wafer
to ensure that nucleation was not occurring on any exposed
silicon that remained even after the wafer was coated with tholin
material. Butane nucleation onto bare silicon was performed in
seven experiments over a temperature range of 121.6-125.0 K
with an average value ofScrit ) 1.47( 0.22. Thus, even if bare
silicon is present during the experiments, butane nucleation onto
the silicon is relatively difficult. Therefore, butane will more
readily nucleate on the tholin particles than onto any bare silicon
that may be present.

Butane nucleation was also studied on films of water ice.
Although water is not likely to exist in appreciable amounts in
Titan’s atmosphere, it may be present in trace amounts during
meteor or comet ablation in Titan’s upper atmosphere. However,
it is mainly of interest in this study due to the fact that
background water in the chamber could condense onto the
silicon wafer or haze analogue material as it is cooled prior to
a nucleation experiment. Butane nucleation onto water ice was
performed in 11 experiments over a temperature range of
122.8-125.0 K with an average value ofScrit ) 1.59 ( 0.12.
This is higher than theScrit we measure on the tholin particles.
Therefore, we are confident that we are measuring butane
nucleation on the organic material itself, rather than on water
ice that might have condensed during cooling.

We have also performed additional experiments of butane
nucleation onto films ofn-hexane (C6H14) and acetonitrile (CH3-
CN) to determine if we can find any surface that facilitates
nucleation. Hexane (and other higher molecular weight hydro-
carbons) and acetonitrile (and various nitriles, particularly HCN)
may be present in Titan’s atmosphere due to the photochemical
processing of methane. If hexane and acetonitrile are present
in Titan’s atmosphere, they will almost certainly be present in
the condensed phase (most likely on the haze particles) in the
stratosphere due to their low vapor pressures at those temper-
atures.

In these experiments, a blank silicon wafer was placed inside
the vacuum chamber and the chamber evacuated to a pressure
of ∼1 × 10-7 Torr. The wafer was then cooled and maintained
at ∼125 K. A film of hexane or acetonitrile was then grown
onto the blank silicon wafer. These films were grown with a
backfill valve, thus coating both sides of the wafer and leaving
no bare silicon exposed to act as a possible nucleation site.

After the organic film was grown, the chamber was evacuated
and the pressure reduced to the 10-7 Torr level. Because the
vapor pressures of hexane and acetonitrile at these temperatures
are so low, no change was seen in the film spectrum after>30
min. Most films were allowed to equilibrate for much shorter
time periods, on the order of 5-10 min. After evacuation of
the gas-phase hexane or acetonitrile, butane was introduced into
the chamber at a pressure below that expected for nucleation to
occur, as in the tholin experiments.

A typical film experiment for butane nucleation onto aceto-
nitrile is shown in Figures 6 and 7. Att ) 1 min, the wafer had
been cooled, but no vapor had been added to the chamber and
no signal was observed in the FTIR spectrum shown in Figure
6A. Fromt ) 3-10 min, the solid acetonitrile film was grown.
At t ) 12 min, the pressure in the chamber had dropped down

to the background pressure and the film was stable. The FTIR
spectrum taken at that time (Figure 6B) shows the acetonitrile
film on the silicon wafer. The films typically produced an
interference pattern in the FTIR spectrum, indicating that they
are relatively thick and flat.34 This interference pattern occurs
in the FTIR spectrum when light reflecting off of the growing
film interferes with light reflected from the film/Si interface.
Constructive interference occurs when the path difference is an
integral number of wavelengths. Since this interference depends
on wavelength, a wavelike pattern is observed in the FTIR
spectra after the substrate film is deposited and can be used to
determine film thickness. The acetonitrile films were calculated
to vary from 0.49 to 6.89µm per side(total thickness is twice
this value).

Figure 6C, taken att ) 34 min, shows that no butane
nucleation has occurred onto the acetonitrile film, despite the
supersaturated condition for butane in the chamber (seen in
Figure 7 att ) 34 min). Figure 6D shows the FTIR spectrum
at t ) 63 min after butane nucleation has occurred. Characteristic
butane peaks can be seen around 2800 (C-H stretches) and

Figure 6. Infrared spectra obtained during butane nucleation on a solid
acetonitrile film.

Figure 7. Saturation ratio and integrated absorbance during butane
nucleation on a solid acetonitrile film. The top trace shows saturation
ratio as a function of time plotted on the left axis. The bottom trace
shows the integrated absorbance of a butane peak as a function of time
plotted on the right axis. The arrows at A, B, C, and D correspond to
the spectra shown in Figure 6A-D, respectively.
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731 cm-1 (the methylene rock (bending mode)), as highlighted
with arrows. Butane nucleation onto solid acetonitrile was
performed in eight experiments over a temperature range of
120.5-126.2 K, with an average value ofScrit ) 1.13( 0.06.
No temperature dependence was observed inScrit over the
temperature range of this study. However, we did note a small
dependence ofScrit on the acetonitrile film thickness. For
acetonitrile,Scrit decreased with thickness linearly from a value
of Scrit ) 1.15 at a thickness of 0.49µm to a value ofScrit )
1.07 at a thickness of 4.07µm. However,Scrit did not seem to
vary above a thickness of 4.07µm up to the highest thickness
of 6.89 µm. It is unclear whyScrit varies with substrate film
thickness. The thinner and thicker films are both flat (as
confirmed by the interference pattern present in each), but it
may be that the thicker films are slightly less uniform, thus
providing imperfections in the surface which encourage nucle-
ation. We find that butane nucleation on hexane requires a
critical saturation ratio ofScrit ) 1.36( 0.11 with no temperature
dependence over the range of this study. Further, there was no
detectable variation inScrit with hexane film thickness from 0.32
to 3.3 µm per side.

A comparison of all the values ofScrit determined in this work,
along with the corresponding standard deviations, is given in
Table 2. In addition to the values ofScrit, we have also included
the values for the contact parameter,m, in Table 2. These values
were calculated using a classical nucleation theory method
described in the Appendix. The contact parameter can be used
to predict how readily butane nucleation occurs on the very small
particles expected in Titan’s atmosphere.

IV. Application To Titan’s Clouds

Butane is only one of a number of hydrocarbons and nitriles
that will condense on the haze particles in Titan’s atmosphere.
It is possible that butane nucleation also occurs onto other
organic solids such as HCN, acetylene, or pentane. To fully
understand the formation of Titan’s clouds, experiments may
be needed for several of these species. This study has probed
the possibility that some of the Titan haze particles may be
coated with a layer of butane at the tropopause. If this is the
case, butane condensation may impact Titan’s cloud formation
mechanism.

We find that butane requires a saturation ratio ofS> 1.30 in
order to nucleate onto laboratory-produced tholin material of
0.25 µm radius. Previous work suggests that Titan’s haze
particles are smaller than those we have produced for this study,
with a radius of 0.1-0.2µm,35 or are aggregates of small curved
particles.27 As shown in the Appendix using nucleation theory,
if butane nucleates on a flat surface withScrit ) 1.3, the value
increases toScrit ) 1.5 for particles of radiusrN ) 0.1 µm, and
increases toScrit ≈ 1.8 if Titan’s haze particles are smaller, with
rN ) 0.05µm. Thus, nucleation theory supports an even higher
degree of supersaturation if the particles in Titan’s haze are
smaller than 0.1µm, or are aggregates of small particles with
a high degree of curvature.

Although butane has not been detected directly, photochemi-
cal modeling20 predicts that it is present in significant amounts

in Titan’s atmosphere (∼200 ppbv), and a recent laboratory
study shows a high production rate of butane when methane is
irradiated with UV light.21 Given an abundance of 200 ppbv,
we can calculate the temperature and hence altitude at which
butane nucleation will occur. Figure 8 shows the saturation
temperature and Titan’s temperature profile plotted as a function
of altitude. Nucleation should occur for each scenario when the
vapor saturation line crosses the temperature profile. Using this
calculation, we predict that butane nucleation will occur at an
altitude of∼68 km and a temperature of∼108 K if a saturation
ratio of S ) 1.0 is required. If a saturation ratio ofS ) 1.3 is
required, there is a small shift in the temperature and altitude
at which nucleation will occur to an altitude of 67 km and a
temperature of 107 K. While the condensation altitude of butane
does not change dramatically withScrit, we find that the
distribution of butane on the haze particles will vary greatly
with the value ofScrit assumed.

We can estimate the amount of butane which will coat the
haze particles in Titan’s atmosphere by using a steady-state
approximation in a simple one-dimensional model of a hori-
zontal slice of Titan’s atmosphere, equating the photochemical
production rate of butane by mass (P, the flux into the layer)
and the mass loss rate due to condensation of the butane (L,
the flux out of the layer to particles that can fall out of the
layer).

Here, P ) 6.55 × 106 molecules cm-2 s-1 (6.31 × 10-16 g
cm-2 s-1),20 andL is the product of the mass concentration of
particles,Mparticles(g cm-3), and the fall velocity of the particles,
Vfall (cm s-1),

Mparticlescan be determined via

wherenparticles is the number of particles per cubic centimeter,
Fparticlesis the density of butane, 0.760 g cm-3 (at T ) 108 K),
and r is the particle radius.

Vfall is dependent on radius as

TABLE 2: Summary of Results

substrate Scrit ( σ contact parameter,m ( σ

Titan tholin particles 1.30( 0.06 0.966( 0.007
hexane 1.36( 0.11 0.960( 0.011
acetonitrile 1.13( 0.06 0.983( 0.007
water ice 1.59( 0.12 0.938( 0.010
bare silicon 1.47( 0.22 0.951( 0.019

Figure 8. Vapor saturation profiles vs altitude and temperature profile.
The saturation profiles are the temperatures at which the actual butane
pressure corresponds to a saturation ratio ofS) 1.0, 1.3, 2.0, and 3.0,
respectively. Therefore, nucleation will occur for each scenario at the
altitude at which the vapor saturation profile temperature equals the
actual temperature in Titan’s atmosphere.

P (g cm-2 s-1) ) L (g cm-2 s-1) (2)

L ) MparticlesVfall (3)

Mparticles) nparticlesFparticles(4/3)πr 3 (4)

Vfall ) V0r (5)
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whereV0 ) 50 s-1 at 70 km in Titan’s atmosphere.36 Therefore,
substituting eqs 3, 4, and 5 into eq 2 gives

Solving for r allows us to calculate the radius of condensed
butane particles via

If nucleation occurs onto every particle,nparticles equals the
number of haze particles present at 68 km, 150 cm-3.36 Using
this approach, if butane nucleation occurs readily onto each
particle (Scrit ) 1), the particles would reach a total radius of
0.13µm of solid butane (ignoring the haze particle itself), which
will coat each haze particle with butane. This is a significant
amount of butane on each particle, and should form an optically
thick cloud of butane in Titan’s atmosphere.

However, if the butane requires a saturation ratio ofS) 1.30
to nucleate onto the haze, as measured in this study, nucleation
will (1) be occurring at a slightly lower altitude and temperature,
(2) be selective and occur onto fewer haze particles, and (3)
coat those particles with more butane. If nucleation occurs onto
only 1 out of 10 haze particles, those particles will reach a radius
of 0.23µm of butane. For comparison, cirrus clouds on Earth
nucleate on only 1 in 104 background particles at a saturation
ratio of S ) 1.5. If butane selectively nucleated on 1 in 104

tholin particles, these particles would be coated with butane up
to a radius of 1.28µm of butane. It can thus be seen that
requiring a supersaturated condition for butane nucleation, as
measured in this study, can increase the amount of butane
condensed onto certain particles, while the other particles will
remain bare. In contrast, a relatively low critical saturation ratio
near unity will provide a homogeneous population of particles
all coated with a moderate amount of butane. Therefore, the
relatively high critical saturation ratio ofScrit ) 1.30 measured
in this study will create two distinct populations of particles
lower in the atmosphere near the tropopause, where the more
abundant gases methane and/or ethane will condense to form
clouds. One population of these particles will be smaller in
number, larger in size (several micrometers in radius), with a
higher fall velocity, and coated with butane, while the other
will be larger in number, smaller in size (submicrometers in
radius), with a lower fall velocity, and will have bare haze
material exposed. It is unclear how these distinct populations
of particles will affect Titan’s cloud formation, but they will
probably have different effects.

It is important to note that the film used in this experiment
has a much larger surface area than a single haze particle in
Titan’s atmosphere. The particles used in this study are
agglomerates of thousands of particles with a very high surface
area. The particles in Titan’s atmosphere are agglomerates of
∼30 particles which each have a radius of∼0.05 µm.27

Therefore, each agglomerate will have a surface area of∼1 ×
10-8 cm2. The particles in Titan’s atmosphere would then have
a surface area that is∼2 × 10-12 smaller than the film used in
this study (assuming a surface area of 5000 cm-2). However, if
we reduce the nucleation rate used in this study fromJ ) 1
cm-2 s-1 to J ) 2 × 10-12 cm-2 s-1, the calculated value for
the contact parameter,m, changes by only 0.7%. This is on the
order of the experimental error. Therefore, the assumption of a
nucleation rate ofJ ) 1 cm-2 s-1 does not significantly impact
our results.

Given the smaller surface area by a factor of∼1012 in Titan’s
atmosphere, nucleation is predicted to occur at a slightly higher

saturation ratio and thus lower temperature rather than on a
longer time scale. If we assume a nucleation rate ofJ ) 1012

cm-2 s-1 instead ofJ ) 1 cm-2 s-1 in order to account for the
smaller surface area in Titan’s atmosphere, this would require
an increase inScrit by a factor of only 1.09, and thus nucleation
would occur on the same time scale as our laboratory study but
at a slightly lower temperature or higher critical saturation ratio.
We find that a temperature less than one degree colder will
sufficiently raise the critical saturation ratio to account for the
lower surface area. The microphysical models reported by Barth
and Toon8,37 discuss the nucleation time scales in more detail.

In addition, requiring a relatively high critical saturation ratio
will affect the optical depth of the butane clouds. If nucleation
occurs onto each particle atScrit ) 1.0, a butane cloud with
particles of 0.13µm radius would form, with butane on each
haze particle. The optical depth,τ, of the butane clouds can be
estimated fromτ ) QNπr 2L, where Q is the extinction
efficiency, N is the number of cloud particles per cubic
centimeter,r is the particle radius, andL is the path length of
the cloud. Assuming an extinction efficiency ofQ ) 2 in the
visible wavelengths, and that the butane cloud extends to the
surface (giving a path length ofL ) 68 km), the butane cloud
will have an optical depth ofτ ) 1.08 if nucleation occurs onto
each haze particle (N ) 150 cm-3). This cloud should have a
high enough optical depth to be visible.

However, if nucleation occurs onto 1 out of 104 particles,
the particle size would be very large (r ) 1.28 µm), but
nucleation would be occurring onto only 0.015 particles cm-3.
The optical depth of this cloud would beτ ) 0.0105, reducing
the optical depth by a factor of∼100. It is possible that butane
clouds are removed at the tropopause by methane nucleation
and subsequent sedimentation. In this case, an estimate for the
cloud path length is 68-40) 28 km. For nucleation onto every
haze particleτ ) 0.45 and for nucleation onto 1 in 104 haze
paricles,τ ) 0.0043. In addition, the larger particles would
quickly fall out of the atmosphere, reducing the lifetime of the
cloud. Therefore, requiring a high critical saturation ratio, as
measured in this study, reduces the likelihood of seeing any
visible butane clouds in Titan’s atmosphere.

Acknowledgment. This work was supported by the NASA
Astrobiology Institute. D.B.C. was supported by a fellowship
through the NASA GSRP program and NASA Ames Research
Center.

V. Appendix: Application of Nucleation Theory to
Butane Nucleation on Tholin Particles

The experiments described here were performed on particles
much larger than those predicted to exist in Titan’s atmosphere.
To connect our study with smaller particles, we use hetero-
geneous nucleation theory.

The contact parameter for each experiment can be derived
from nucleation theory and the critical saturation ratio for that
experiment as follows.

The heterogeneous nucleation rate,J (cm-2 s-1), for nucle-
ation onto a flat substrate is given by38

where the free energy for heterogeneous nucleation,∆Ghet, is
given by

P ) nparticlesFparticles(4/3)πr 3V0r (6)

r ) [P/(nparticlesFparticles(4/3)πV0)]
1/4 (7)

J ) K exp(-∆Ghet/kT) (8)

∆Ghet ) [(4/3)πrc
2σ]f (9)
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The critical radius,rc (cm), is related to the saturation ratio,
Scrit (measured in our experiments), through

whereσ (erg cm-2) is the interfacial energy between solid and
vapor butane,F is the density (g cm-3) of the condensate, and
Mw is the molecular weight (g mol-1) of the condensate. The
contact parameter,m, can then be extracted from thef term:

A contact parameter ofm ) 1 implies a perfect match
between the condensate and substrate, such that nucleation of
the condensate onto the substrate will readily occur. In contrast,
m ) -1 implies a perfect mismatch between the condensate
and the substrate, such that nucleation will occur no more readily
with the substrate present than without it, or as readily as
homogeneous nucleation, which generally requires very high
supersaturation. The pre-exponential factor,K (cm-2 s-1), in
eq 8 was calculated from surface diffusion to be 1025 cm-2 s-1

at the general temperature and pressure of our experiments39 (1
mTorr and 125 K), butm is not sensitive to this value, as
demonstrated below. If we assumeJ ) 1 germ cm-2 s-1 (a
germ is defined as the critical agglomeration of condensate
molecules which will spontaneously grow upon addition of a
monomer to produce a macroscopic phase change38) andK )
1025 cm-2 s-1, we can solve the above equation form, given
an experimental value forScrit and T. The average contact
parameter was calculated for each film experiment, assuming a
flat surface, and the averages for each substrate are included in
Table 2.

There are several sources of error in our determination ofm.
First, as stated above, there are experimental uncertainties in
our determination ofScrit. In the worst case, varyingScrit by
(15% results in a variation inm of ∼2%. There is also
uncertainty in the values ofJ andK. However, varyingJ or K
by a factor of 1000 results in a change inm of <0.3%.

By far the most sensitive parameter in the determination of
m is uncertainty inσ, the interfacial energy. For our calculations,
we determinedσ using two different methods. The first method
is to use Antonoff’s rule,38

whereσ is the interfacial energy between the different phases,
denoted by s (solid), l (liquid), and v (vapor). A value forσlv

was calculated to be 32.72 erg cm-2 at 125 K,40 while σsl was
calculated from41

where∆Hfus (erg mol-1) is the heat of fusion,D (cm3 mol-1)
is the molar volume, andNA (molecules mol-1) is Avogadro’s
number. The value for the heat of fusion used in the calculation
(4.65× 1010 erg cm-2) is the value at the melting point of butane
(134 K). Once the value forσsl was calculated in this manner,
it was added toσlv to find a total ofσsv ) 42.29 erg cm-2.

The second method of calculatingσsv used the formula of
Guez et al.:42

where∆Hsub is the heat of sublimation (calculated from∆Hvap

+ ∆Hfus). The heats of vaporization and fusion used were for
two temperatures,Tb, the butane boiling point (273 K), and room

temperature (298 K); hence, two values forσsv were calculated
using this method. AtTb, σsv was calculated to be 47.69 erg
cm-2, while a value of 49.80 erg cm-2 was calculated at room
temperature. Both values ofσsv calculated using eq 14 have
the same temperature error as the value calculated using eq 12,
in that the heats of vaporization and fusion are not known at
the temperatures of our experiments (∼125 K).

A small error in the value forσsv can lead to a large error in
the value ofm calculated using nucleation theory. Between the
smallest value forσsv (method 1) and the largest (method 2,
298 K), the value calculated form varies by∼0.7%, and it is
possible that a smaller value forσsv exists at our experimental
temperatures. A laboratory measurement ofσsv for butane is
needed in order to improve the uncertainty for them calculated
from a measuredScrit andT.

While our tholin particles are quite large, such particles in
Titan’s atmosphere may be smaller, withr ) 0.1-0.2µm,35 or
may consists of aggregates of small curved particles;27 thus,
we must consider heterogeneous nucleation on curved particles
in addition to nucleation on films. For a curved nucleus, the
heterogeneous nucleation rate is given by38

whererN is the radius of the curved substrate and the free energy
for heterogeneous nucleation is given by

The value forfcurved is calculated from Pruppacher and Klett38

as

where

and

and all other parameters are the same as defined above.
Using this set of equations, we can relate the value forScrit

that would occur on a curved substrate of given radius,rN, given
the Scrit measured on a flat surface. An example plot is shown
in Figure 9. In this example, if we measureScrit ) 1.14 (e.g.,
acetonitrile) on a flat surface, and calculateScrit for curved

rc ) (2σMw)/(RTF ln Scrit) (10)

f ) [(2 + m)(1 - m)2]/4 (11)

σsv ) σsl + σlv (12)

σsl ) (0.32∆Hfus)/[(D
2NA)1/3] (13)

σsv ) (∆Hsub/∆Hvap)
2σlv (14)

Figure 9. Critical saturation ratio for butane nucleation on tholin
particles calculated from nucleation theory as a function of particle
radius,rN. Nucleation is more difficult when the substrate particles are
less than∼0.1 µm. The surface tension term in the calculation has
been determined from three different methods (see Appendix), resulting
in different values, particularly at small radius.

J ) 4πrN
2K exp(-∆Ghet/kT) (15)

∆Ghet ) [(4/3)πrc
2σ]fcurved (16)

2fcurved) 1 + [(1 - mx)/φ]3 + x3{2 - 3[(x - m)/φ] +

[(x - m)/φ]3} + 3mx2{[(x - m)/φ] - 1} (17)

φ ) (1 - 2mx+ x2)1/2 (18)

x ) rN/rc (19)

Butane Nucleation in Titan’s Atmosphere J. Phys. Chem. A, Vol. 109, No. 7, 20051389



particles, it can be seen that if the curved particles were relatively
small (<0.15µm), it would raise our measuredScrit significantly.
However, for the tholin particles used in the present study, the
radius is much larger (0.5µm), so the curvature effect should
be minimal. Thus, we can directly compare our values between
the tholin particles and the organic films, such that butane
nucleation onto acetonitrile has the lowestScrit, while tholin
particles (of this size) and hexane act as similar surfaces for
nucleation, each providing a higherScrit than acetonitrile. For
tholin particles suggested for Titan with a radius of 0.1µm,27

nucleation of butane would require a higherScrit of 1.5.
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