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Four prominent features of Titan’s haze are found within the ‘3.4-um’ absorption to be uniform with recent
vertically resolved Cassini/VIMS spectra.' These are absorptions at 2998 cm™ (3.34 um), 2968 cm™' (3.37
um), 2927 cm™' (3.42 um), and 2882 cm™' (3.47 um). A detailed fitting suggests that the 2998 cm™' feature
could originate from amorphous acetonitrile (CH3;CN) carrying about 25% of integrated optical depth; the
remaining features, which account for 75% of the integrated optical depth, could arise from a distinct triplet
(C-H stretching) structure of radiolyzed hydrocarbons. An additional feature was possibly evidenced at
altitudes higher than 300 km and attributable to ‘polymer-capped’ methane (CH,), significantly constraining
the chemical composition of organic haze layers under Titan’s active radiation field.
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Introduction

The elucidation of the chemical composition of Titan’s
haze has been an extensive topic of laboratory studies since
the Voyager 1 spacecraft witnessed an optically thick haze,
which completely obscured the surface of Titan.” In an
attempt to simulate the formation of Titan’s haze, thin films
of carbon, hydrogen, and nitrogen-bearing reddish organic
solids dubbed tholins were produced® by discharging nitro-
gen and methane-based gas mixtures. The optical properties
of tholins were then recorded in electromagnetic spectrum of
0.025-1,000 um (10-40,000 cm™). Since this pioneering
study, it has been a spectroscopic challenge to confirm the
actual composition of tholins in the atmosphere of Titan. The
spectral features of the organic haze could not be properly
extractable from Titan’s infrared spectra without discretion,*’
which are complicated by strong mid-infrared thermal
emissions and near-infrared absorptions of methane together
with higher order hydrocarbons and nitriles.*” Such discretion
could be also taken in the near-infrared windows (1.08-1.11,
1.24-1.29, 2.0-2.1 um), where Titan's atmosphere is relative-
ly transparent® for unknown spectral influences of surface
materials at the dawn of the Cassini mission. Embracing the
challenge for analyzing Voyager 1 infrared spectra, it was
suggested® that condensates of various hydrocarbons, nitriles,
water, and carbon dioxide are responsible for the unidenti-
fied continuum features in the 10-50 um range of Titan’s
atmosphere. Following high resolution ground-based observa-
tions, the broad spectral feature (3.2-3.5 um) of Titan was
interpreted’ by carbon-hydrogen (C-H) stretching modes
usually seen in the spectra of interstellar and cometary dust
particles.'”

During a Titan flyby on January 15", 2006, the Visual
Infrared Mapping Spectrometer (VIMS) onboard the Cassini
spacecraft conducted a solar occultation experiment and
recorded arrays of vertically resolved near infrared images

for altitudes of 100 to 800 km at the latitude of 71°S. The
distribution and optical properties of the haze were sub-
sequently retrieved.!*!! These data exposed that the overall
shape of the 1 to 5 um continuum of Titan’s haze is signi-
ficantly different from that of tholins,’ let alone a broad
unidentified feature between 3.2 and 3.6 um suggestive of
C-H stretches of hydrocarbons,!’ but without disentangling
the feature from an adjacent strong methane (CH4) absorp-
tion. Subsequently, the detailed spectral features of Titan’s
haze were retrieved'” from the very same VIMS data utiliz-
ing a radiative transfer program. This study demonstrated
that these features are relatively uniform with altitude having
slight deviations near 127 km and above 300 km. Reflecting
the primary absorptions at 3.4 um over a minor peak at 3
um,* the chemical structure of the organic haze was proposed
to bear multiple C-H bonds with scant N-H bonds.

Herein, we simulate the 3.0-3.8 um haze opacity of Titan’s
atmosphere by fitting these features based on laboratory
spectra of (radiolyzed) hydrocarbons and nitriles in the
condensed phase.'*!* The prominent 3.4-um feature was
particularly targeted in a pool of pristine and radiolyzed
hydrocarbons that may carry such triplet structures of distinct
C-H stretching modes. Previously, we irradiated potential
aerosol components of Titan’s atmosphere, condensed ethane
(C2Hg) and propane (C3Hs), with energetic electrons,'>!®
aiming to better simulate those ionizing interactions of incom-
ing particles from Saturn’s magnetosphere and of galactic
cosmic rays upon penetrating the upper atmosphere'>'® and
down to the lower atmosphere of Titan.!”'® The radiolysis-
induced production of heavy hydrocarbons such as butane
(C4Hip) and butene (C4Hs) were particularly monitored and
constrained in electron-irradiated ethane (C>Hs) varying in
solid morphology (crystalline versus amorphous) and in
temperatures'® under ultrahigh vacuum conditions. Possibly
formed in this radiolysis, lighter hydrocarbons such as
methane (CH4) could replenish into Titan’s stratosphere at
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temperatures of 120-150 K. Lastly in the astrophysical
context, we discuss the likelihood of detailing the chemical
structures of Titan’s haze layers in the upper and lower
atmosphere under the active radiation field of energetic ions
and photons.

Experimental

Titan’s haze opacity (t) from 3.0 to 3.8 um was retrieved
from the VIMS spectra obtained on January 15, 2006.'
Shortly, a simple haze model was utilized to extract a
uniform haze feature from the vertically resolved VIMS
spectra. The resultant haze opacities are shown in Figure 1
for altitudes (z) > 300 km, 127 < z < 300 km, and near 127
km. Small altitudinal deviations were observable at lower
wavelengths and attributable to unknown aerosol features
and gaseous/condensed absorptions.*!? The 3.0-3.8 um haze
spectra were then converted to a wavenumber scale of 2
cm™! data spacing in order to compare with condensed phase
spectra of (radiolyzed) hydrocarbons and nitriles recorded at
4 cm™' spectral resolution or better. Resolved by this con-
version were, for example, the peak positions of 3.4 um haze
features at 2968 cm™' (3.37 um), 2927 cm™' (3.42 pum), and
2882 cm™' (3.47 um) (Table 1); these values were further
found comparable to those of haze analogs formed either
from gaseous nitrogen (N;)/methane (CH4) mixtures® under
electrostatic levitation or from the ionizing interaction of
energetic electrons with crystalline solid ethane (C,He)."

The laboratory simulation of Titan’s 3.4-um feature began
with recording condensed phase spectra of linear and branch-
ed hydrocarbons. Some of literature spectra were also refer-
enced’! for targeting as heavy and versatile species as n-
butane (C4Hio), isobutane (C4Hi), n-hexane (Ce¢His), 2-
methyl pentane (C¢Hi4), and 2,3-dimethyl butane (CsHis).
Those gas/liquid samples were then vapor-deposited onto a
substrate held at 10 K in a contamination-free and ultrahigh
vacuum (UHV) chamber. As the experimental methodology
detailed in a paper,”> the deposited samples in this way
ensured free of crystalline feature at 3.4 pm region with the
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Figure 1. Titan’s haze opacity from 3.0 to 3.8 um. A haze model is
utilized to extract the uniform haze feature from vertically resolved
VIMS spectra. Small altitudinal deviations at lower wavelengths
could be due to unknown aerosol features and gaseous/condensed
absorptions.

exception of a methane (CH4) sample. Accordingly, mid-
infrared spectra were recorded from 6,000 to 500 cm™" with
4 and 2 cm™" spectral resolution utilizing a Nicolet 6700 FT-
IR unit. Among those pristine solid spectra recorded, n-
hexane (CsH4) and its 2,3-dimethyl butane isomer (C¢Hi4)
made a strong case having multiple carbon-hydrogen bonds.
Lacking -CH,- group, the branched isomer possesses a
doublet feature of 2959 ¢cm™ and 2872 ¢cm™', the peak to
peak interval matching the VIMS data (86 cm™'; Table 1).
On the other hand, the linear chain isomer shows a charac-
teristic C-H triplet of 2959, 2924, and 2872 cm™', the middle
frequency assigned to -CH»- asymmetric stretch. Nonethe-
less, both C¢H4 isomers could not be the carriers of Titan’s
haze, because they do not have optical depths of 3.4 pm
matched in Titan’s haze (Figure 1). Meanwhile, the absorp-
tion spectra of nitriles were also constructed from available
optical parameters of solid nitriles at 3.4 pm'* varying in

Table 1. Peak positions of Titan’s 3.4-um haze opacity (t) and of potential carriers

VIMS? Tholins? (2008) Irradiated CoHe CH, in sublimation? Amorphous CH;CN¢
(em™) (pm) (em™) (pum) (em™) (pm) (em™) (pm) (em™) (um)
3028 3.30 3027 3.30
3013 3.32 3011 3.32
2998 3.34 3001 3.33
2968 3.37 2959 3.38 2961 3.38
2945 3.40 2941 3.40
29278 342 2924 342 2931 341
(2923)" 342
(2892)" 3.46
28828 3.47 2874 3.48 2873 3.48

“In2 cm™' data spacing. *From a reference.”” ‘Room temperature residues formed after 3 h electron irradiation (5 keV, 500 nA) of crystalline C,Hs held
at 50 K; Broad underlying features are not shown for clarity; Part of this work from a reference.'> 1 pm-thick solid deposited and heated with a gradient
0.5 K/min up to the sublimation point. “Extinction coefficient (k) determined at 50 K and available from http://science.gsfc.nasa.gov/691/cosmicice.
Only at z> 300 km. Titian’s C-H triplet feature. "Broad underlying features of the C-H triplet from the 127 <z < 300 km spectrum.
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morphology and temperatures.

Next, Titan’s 3.4-um features were sought in radiolyzed
solid hydrocarbons such as ethane.'*!'” For this purpose, the
electron beams (5 keV electrons) were generated with an
electron gun (Specs EQ 22-35) and scanned over the target
area of 3.2 £ 0.3 cm™. The radiolysis-induced chemical pro-
cessing was then monitored by online and in situ FT-IR
spectroscopy. Fluence was controlled to maximize the pro-
duction of 3.4-um features such as in crystalline ethane (0.1
um thick) held at 50 K under UHV conditions.'* The radio-
lyzed solids were heated with a 0.5 K min™" gradient up to
300 K, leaving behind organic residues (haze analogs) on the
substrate.

Results and Astrophysical Implications

The potential carriers of Titan’s 3.4-um haze are presented
in Figure 2. The uniform haze feature with altitude was best
fit in two absorption spectra of acetonitrile (CH3CN) and
radiolyzed ethane (C,Hpg) in condensed phase (Figure 2(a)).
An absorption feature of condensed methane (CH4) was also
included for the haze at altitudes (z) > 300 km. There is also
an additional feature at about 3030 cm™ for the spectrum
127 < z < 300 km, which might be attributable to sp> C-H
stretching modes of 1,3-butadiene (C4sHs) and benzene
(C¢Hg).> Based on these laboratory spectra (Figure 2(a)), a
minimum set of Gaussians were utilized to simulate the
VIMS slit function by virtue of deconvoluting the haze
opacity in a wavenumber scale (Figure 2(b)). In this way
were determined the peak positions of 3.4-um haze feature
at 2998 cm™' (3.34 pm), 2968 cm™' (3.37 pm), 2927 cm™'
(3.42 um), and 2882 cm ™' (3.47 pm) (Table 1). Among these,
the 2998 cm™' band could be attributable to asymmetric
-CHj stretch (vs) of acetonitrile (CH;CN).'*?* The remaining
three could be attributable to the C-H triplet of radiolyzed
hydrocarbons."* This deconvolution also brought in a much
needed feature at 2945 cm™ to fill in between the higher
frequencies of the C-H triplet (Figure 2), which is assigned
to symmetric -CHj stretch of CH3;CN (vy).

During the 3.4-pum feature simulation, it became clear that
neither individual nor a combination of methane (CHs),
acetonitrile (CH3CN), and ethane (C,Hg) spectra were able
to deliver an adequate fit of the VIMS data. Further, the
condensed spectra of two CsHi4 isomers may have only the
peak positions, but not their intensities, aligned to the Titan
C-H triplet structure. Consequently, we shifted our attention
to heavier hydrocarbons produced in radiolyzed solids such
as ethane with energetic electrons as in Figure 2; ethane
could condense in aerosols and droplets of Titan’s lower
atmosphere and likely exist in a crystalline form.** The best
fit of Titan’s C-H triplet could be obtained with organic
residues formed after 3 hour irradiation of ethane at 50 K
(Figure 2). We would like to stress that the following nitrile
features were also considered but were ruled out because of
their mismatch in peak positions and/or patterns: hydrogen
cyanide (HCN), cyanogen (C;N»), and propionitrile (CoHsCN).™
Further, an additional absorber may exist at altitudes higher
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Figure 2. Carriers of Titan’s 3.4-um haze. In panel (a), irradiated
ethane (C,Hg) and acetonitrile (CH3CN) of condensed phase are
evidenced to carry the uniform haze feature with altitude. An
absorption feature of condensed methane (CHa) is also included for
the haze at altitudes (z) higher than 300 km. In panel (b), a
minimum set of Gaussians are utilized for deconvoluting the haze
opacity in a wavenumber scale. The red-dotted lines are also shown
for a resulting Gaussian fit. The peak positions and Gaussian
contributions to the integrated optical depth (t) are complied in
Tables 1 and 2. A small feature near 3030 cm™ (127 <z <300 km)
may not be fit uniquely. Refer to the section, Results and
Astrophysical Implications, for details.

than 300 km that contributes to the apparent gain of
acetonitrile (CH;CN) at about 3000 cm™ (Figure 2). This
feature could be reproducible with condensed methane
(CHa) such that it was best simulated in the laboratory by
condensing 1 pm thick methane ice at 10 K and probing
sublimation profile during warm-up phases thereafter. The
blue trace in Figure 2(a) was indeed recorded during sub-
limation, feeding two Gaussians for the refined opacity at
3028 cm™ (3.30 um) and 3013 ecm™ (3.32 um) in Figure 2(b).

The 3.4-um opacity of Titan’s haze was possibly simulated
in the laboratory by two distinct carriers of amorphous
acetonitrile (CH3CN) and radiolyzed hydrocarbon (C,H).
Condensed methane (CH4) was also featured in the haze
spectrum of altitudes higher than 300 km. The current simu-
lation merited on a radiative transfer of reducing vertically
resolved VIMS data!! into a uniform model set (Figure 1)
virtually free of gas phase contributions.'? Four absorption
features were identified to be uniform with altitude at 2998
cm ™' (3.34 pm), 2968 cm™' (3.37 um), 2927 cm'(3.42 pm),
and 2882 cm™' (3.47 um) (Figures 1 and 2; Table 1). Among
these, the 2998 cm™' band could be attributable to asym-
metric -CH3 stretch (vs) of acetonitrile (CH3CN), as matched
in the laboratory spectrum (Figure 2).'*** The other features
were the C-H triplet of -CH3 and -CH,- group vibrations as
found in radiolyzed ethane (C,Hs) (Figure 2)."* Condensed
methane (CH4) at z > 300 km was found to carry a broad
low-lying feature at about 3010 cm ™', possibly constraining
the chemical composition of organic haze layers formed at
these altitudes. In the laboratory analogy, polymer-like
residues tend to form upon the radiolysis of simple organic
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Table 2. Integrated optical depth (1) and Gaussian contributions in
Figure 2

ndv, . ”
s e e cow
(em™) ’
z>300 km 31,58 21.7(223) 3.9(3.9) 3.8(4.0)
127<z<300km 27.0°  20.7(223) 3.9(3.9)

Note. Values in parenthesis are integrated absorption of individual
carriers, Figure 2(a). “Area of vs (2998 cm™) only shown for clarity.
*Including the buried v (2945 cm™) of CH;CN.

precursors, which serve to retain volatile molecules such as
methane (CH4) and ethane (C,He) in the solid state even after
sample temperatures exceed the sublimation temperatures of
the pristine samples. All in cases of proton, o-particle, and
electron-irradiated samples we studied, the polymer layers
are found to act like a ‘cap’ preventing the precursor mole-
cules from subliming at their equilibrium temperatures.'>*

In a quantitative sense, Gaussian contributions of individual
carriers were summed up to the integrated optical depths (t)
and compared with absorptions relevant to ‘aliphatic groups’
of interstellar grains (Table 2).>” The aliphatic hydrocarbons
as identified via their C-H triplet could account for about
75% of the integrated optical depth and the acetonitrile
(CH3;CN) features for the remaining 25%. Therefore, the
current study can serve to constrain the chemical carriers of
Titan’s 3.4-um haze features as extracted from Cassini/VIMS
data, whereby the majority of haze opacity are featured in
radiolyzed ethane (C>Hs).
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