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Infrared Spectra of C,Hg, C;H4, C;H,, and CO, Aerosols Potentially Formed in Titan’s
Atmosphere’
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Pure and mixed aerosols of ethane, ethylene, acetylene and carbon dioxide were generated in a collisional
cooling cell and characterized by Fourier transform infrared spectroscopy between 600 and 4000 cm ™. Pure
ethane, pure ethylene, and mixed ethane/ethylene initially form supercooled liquid droplets, which over time
crystallize to their stable solid phases. These droplets are found to be long-lived (up to hours) for pure ethane
and mixed ethane/ethylene, but short-lived (up to seconds) for pure ethylene. Acetylene and carbon dioxide
form solid aerosol particles. Acetylene particles have a partially amorphous structure, while carbon dioxide
particles are crystalline. The structure of the infrared bands of carbon dioxide is strongly determined by
the particles’ shape due to exciton coupling. The comparison of various mixed systems reveals that acetylene
very efficiently induces heterogeneous crystallization. As reported earlier, the co-condensation of acetylene
and carbon dioxide can lead to the formation of a metastable mixed crystalline phase. Our preliminary
calculations show that this mixed phase has a monoclinic rather than the cubic structure proposed previously.

1. Introduction

Nitrogen and methane are the major components in Titan’s
atmosphere with mole fractions of 0.97 and 0.014 in the upper
troposphere and lower stratosphere. In the upper atmosphere
they lead to a rich photochemistry (refs 1—5 and references
therein). Photochemical products include various hydrocarbons
as well as nitrogen/carbon compounds with mole fractions that
are for most species much less than 1073, By the formation of
aerosols, these trace species have a significant influence on
atmospheric processes on Titan. Compounds with low volatility
contribute to the formation of the high-altitude aerosols by
condensation, heterogeneous growth, and internal particle
chemistry.>5~8 Species with higher volatility condense in lower
regions of the atmosphere depending on the partial pressures
and temperature.'+°~12

The present contribution studies the vibrational dynamics of
aerosols formed from trace gases—ethane, acetylene, ethylene,
and carbon dioxide—in Titan’s atmosphere. The mole fractions
of these compounds in Titan’s stratosphere are 1.4 x 1075, 3.9
x 107%,1.6 x 1077, and 1.6 x 1078, respectively.>*!>!* Among
those, ethane is assumed to be of crucial importance to Titan’s
troposphere. Strong evidence has been found for the formation
of ethane clouds above the tropopause and in the troposphere
in the polar regions.'%!> Several studies also indicate that ethane
aerosols might be important condensation nuclei for the forma-
tion of methane rain.>!'! We have recently reported on the
first infrared laboratory studies of methane and ethane aerosols.!”!8
From infrared spectra, we found evidence for the existence of
supercooled ethane droplets under conditions prevalent in Titan’s
atmosphere. We determined their homogeneous as well as their
heterogeneous crystallization dynamics. These studies are
extended here to pure and mixed aerosols of ethane, ethylene,
acetylene, and carbon dioxide. Our goal is to provide a first
overview of the vibrational spectra of these aerosols and to
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search for characteristic infrared spectroscopic features that arise
from phase changes, mixing, and particle properties such as the
shape or the particle architecture.

2. Experimental Section

The aerosol particles were generated by bath gas cooling in
our cooling cell and spectroscopically investigated in situ in
the aerosol phase with rapid scan Fourier transform infrared
spectroscopy between 600 and 4000 cm™'. The experimental
setup is described in more detail in refs 19—22. Briefly, the
droplets or particles were formed by injection of a warm dilute
sample gas into a cold bath gas (helium, Praxair 99.999%,
pressure 900 mbar), which led to supersaturation and eventually
to particle formation. The experiments were performed at a
temperature of 7= 79 K, which would corresponds to altitudes
of 17 km and 62 km in Titan’s atmosphere. Typical sample
gas mixtures consisted of 0.25% to 0.5% substance in helium
at a total pressure of 1050 mbar. C,He (99.994%), C,H,
(99.994%), C,H, (99.6%), and CO, (99.998%) were purchased
from Advanced Gas Technology or Praxair. C,H, was purified
by freezing out the stabilizer. While nitrogen would better mimic
the conditions in Titan’s atmosphere, we did these first experi-
ments in helium bath gas to avoid possible cocondensation with
nitrogen. The influence of nitrogen will be studied in forthcom-
ing publications. The study of the different aerosols under
conditions close to those in Titan’s atmosphere has been the
subject of a previous publication in the case of ethane'® and
will be the subject of forthcoming publications for the other
substances. The goal of the present contribution is to elucidate
the infrared spectroscopy of the different aerosols as a first
crucial step.

The sample gases were introduced into the center of the cell
through stainless steel tubes. The duration of the injections was
controlled by Burkert solenoid magnetic valves. Typical injec-
tions times were 500—1000 ms. For the two-component particles
(sections 3.2—3.4), we employed two different injection
schemes.?*?* Scheme 1: A premixed gas mixture consisting of
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Figure 1. Infrared spectra of (a) pure ethane aerosol particles, (b) pure ethylene aerosol particles, (c) pure acetylene aerosol particles, and (d) pure
carbon dioxide aerosol particles. The overview spectra were recorded immediately after particle formation (¢ = 0 s). The time-evolution of several

bands is shown in the insets. ¥ is the wavenumber in cm ™.

both substances diluted in helium was introduced into the cell.
Scheme 2: The two different sample gases were introduced into
the cell with a time delay of 500 ms between the end of the
first and the beginning of the second injection. Under scheme
2, the first substance has already formed aerosols which act as
condensation nuclei for the second substance.

3. Results and Discussion

3.1. Spectra of Pure Aerosols. Figures 1a to 1d show mid-
infrared spectra of pure ethane, pure ethylene, pure acetylene,
and pure carbon dioxide aerosols. All overview spectra were
recorded immediately after injection of the gaseous samples (¢
= 0 s). The spectra in the insets show the time-evolution of
some of the bands observed. For ethane, ethylene, and carbon
dioxide these are the bands with the most pronounced time-
dependence. As further explained below, the origin of the time-
dependence for ethane and ethylene aerosols is a phase transition
from supercooled liquid droplets to crystalline particles. The
time-evolution of the spectra of carbon dioxide particles is
caused by a change in the shape of the solid carbon dioxide
particles. No pronounced time-dependence is observed for the
acetylene particles under the present experimental conditions,
which might be a consequence of a partially amorphous structure
of these particles.

As we discussed in more detail in a recent contribution,'®
around 79 K ethane initially forms supercooled liquid droplets
which are characterized by unstructured infrared bands (see trace
a and insets at + = 0 s). As time passes (t = 372 s and t =
874 s), the droplets freeze as is evident from the time-
dependence of the CH;-deformation (vg and v4) and the CH;-
rocking (vo) fundamental modes. The initially unstructured bands
show more and more fine structure with increasing time due to
the formation of an ordered phase. These modes are particularly
sensitive to this phase transition, whereas the CH-stretching
modes v; and vs are almost unaffected. From the analysis of

the crystallization kinetics we deduced homogeneous volume
freezing rate constants in the range of J, = 10% cm ™3 s71.!8 For
a 1 um particle, this translates into a freezing time of about 40
min. Supercooled ethane droplets have thus to be considered
“long-lived” species and might therefore play a significant role
in Titan’s atmosphere. The stable crystal phase that results after
the droplets are completely frozen (t = 874 s) corresponds to
the bulk phase I11.>72” A metastable intermediate phase (phase
)® often appears together with phase II at the beginning of the
crystallization process, depending on the experimental condi-
tions.'® We have, however, never observed this phase to be stable
under conditions relevant to Titan’s atmosphere. The particles
always convert rapidly into phase II, but this metastable phase
might still play an important role in the initial condensation
steps if ethane gas condenses onto other aerosol particles as
discussed in ref 16.

If we compare the different substances discussed here,
ethylene and ethane are closest to each other in terms of their
phase transition data and the vapor pressures of the bulk liquid
(boiling points, 170 and 185 K;*® melting points, 104.00 and
90.36 K;?8 triple point temperatures, 103.99 K* and 90.34 K,*°
respectively). We thus expected a similar behavior of ethylene
aerosols and ethane aerosols, which is confirmed by the
formation of supercooled liquid ethylene droplets directly after
gas injection (trace b and inset at = 0 s), which crystallize
over time (r = 1 s, and + = 28 s). However, in the case of
ethylene the crystallization happens much faster than for ethane,
i.e. within only a few seconds. Supercooled liquid ethylene
droplets are thus only very “short-lived” species compared with
supercooled ethane droplets. Similar to ethane, a metastable
phase (“a-structure”) develops at the beginning of the crystal-
lization of ethylene particles before the stable P2,/n phase (“b-
structure”) at 79 K is formed.?'3* This is illustrated in the inset
in trace b for the CH,-scissor vibration v,. The spectrum
recorded at r = 1 s has similar contributions from the metastable
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a-structure (part of the band at 1440 cm™! and the band at 1434
cm™!) as well as the stable b-structure” (part of the band at
1440 cm™! and the band at 1437 cm™). At t = 28 s, the
metastable structure has almost completely disappeared. Note
that a similar behavior is also observed for the very weak
rocking mode around 820 cm™! and the overtone around 3050
cm™!, which are, however, barely visible in trace b. All other
vibrational bands are virtually unaffected by the phase transition.
We used here the assignment of the bands to the a- and
b-structure as it has been suggested for bulk phase infrared
spectra.’? Theses structures differ in the way the molecules are
rotated around the C=C axis. In the b-structure, the two
equivalent molecules are rotated in opposite directions by 27
degrees whereas in the a-structure the rotation has the same
sense for the two molecules.’! It has, however, never been
verified whether the infrared spectral features are in agreement
with the proposed structures a and b. To clarify this point, we
have performed density functional calculations within the local
density approximation with the ABINIT (version 4.6.5) program
package,’>3¢ using a plane-wave expansion of the electronic
wave function. Core electrons were described by Toullier—Martins
pseudopotentials. Phonon wavenumbers were calculated in the
harmonic approximation. The monoclinic unit cell parameters
for C,H,4 (with two molecules per unit cell) were frozen at the
experimental 85 K values,?! while the total energy was
minimized with respect to the atomic positions. The resulting
minimum structure qualitatively reproduces the stable crystal
structure (b-structure) found at 85 K.3' The a-structure is
obtained without any additional optimization by reversing the
sense of rotation of the second molecule in the unit cell around
its C=C bond. The accompanying change in energy is less than
1 kJ mol™!. The calculated band splittings for the a-structure
and the b-structure (11 cm™! and 8 cm™!, respectively) are
qualitatively in agreement with the observed splittings in the
infrared spectra (7 cm™! and 5 cm™!, respectively), although
one has to keep in mind that these are rather delicate effects.

Acetylene immediately forms solid aerosol particles at 79 K
(trace c), and no pronounced time-dependent features are
observed (insets in trace c). The formation of solid particles is
not so surprising because acetylene has a high sublimation point
of 188 K (triple point temperature of 192 K).® Acetylene
aerosols have previously been studied by Dunder and Miller.*’
Although ref 37 does not show the bending vibration vs on an
extended scale, our overall spectrum and the region of the CH-
stretching mode v3 look very similar to the spectra by Dunder
and Miller. They concluded that the aerosols are most likely
formed in the high-temperature crystalline cubic phase (Pa3)®®
and do not transform to the low-temperature orthorhombic
phase® (phase transition temperature is 133 K) in the time frame
of the measurement, i.e. aerosol particles are frozen in the high
temperature phase. Dunder and Miller ruled out amorphous or
mixed crystalline structures for the particles they observed. Their
conclusions, however, were not based on any modeling of the
spectra. To elucidate the internal structure of our aerosol particles,
we have performed vibrational exciton calculations?>**~#242 for the
vs band of particles with orthorhombic, cubic as well as partially
amorphous structures. Since the vs band has a strong molecular
transition dipole it is sensitive to the phase of the particles. The
comparison of the calculations with the experimental spectra
shown in Figure 2 clearly speaks against crystalline particles.
The band splittings of the crystalline phases are not observed
in the experiment. The experimental spectrum is better repro-
duced by the spectrum of partially amorphous particles. Both
show a broad band with little structure. In particular, there is a
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Figure 2. Vibrational exciton calculations for acetylene aerosol
particles of different phases. (a) Orthorhombic crystal phase.® The
calculation is for a parallelepiped with all edges of about equal length.
(b) Cubic crystal structure.® The calculation is for a particle with a
cubic shape. (c) Partially amorphous particle with a spherical shape.
(d) Experimental infrared spectrum of acetylene aerosol (see Figure
1c).

characteristic shoulder on the high-frequency side. (Note that
the agreement with the calculation for the partially amorphous
particle is not expected to be perfect since we only rotated the
molecules randomly by a maximum of 50 degrees without any
optimization or annealing of the structure after rotation of the
molecules.) The partially amorphous character also explains why
the vs band does not exhibit any pronounced time-dependent
features. In our cooling cell, we often observe a change of
aerosol particles over time from shapes with equal axis ratios
to elongated particles****43~% (see below, the behavior of CO,
particles). Vibrational transitions with strong molecular transition
dipoles, such as the vs transition in acetylene (molecular
transition dipole of about 0.23 D),* exhibit band structures
which are very sensitive to the particles’ shape if the particles
have a crystalline structure. By contrast, amorphous particles
tend to keep a spherical shape, and in addition, the shape
sensitivity of infrared spectra of amorphous particles is much
less pronounced.**** Under the same conditions, under which
the band structures of acetylene particles are stable (Figure 1c),
we observe a pronounced change in the band structures of
crystalline CO, particles with time (see Figure 1d and below),
which is due to changes in the particles’ shape.’* By inference,
the stability of the acetylene spectra with time is to be regarded
as consistent with the assumption of partially amorphous
particles.

Like acetylene aerosol particles, carbon dioxide particles are
solid from the beginning (trace d in Figure 1; sublimation
temperature of CO, is 195 K).?® But in contrast to acetylene,
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Figure 3. (a) Experimental infrared spectrum of CO, aerosols recorded
at time r = 0 s (see also Figure 1d) together with a prediction from
exciton calculations. (b) Experimental infrared spectrum of CO, aerosols
recorded at time t = 734 s (see also Figure 1d) together with a prediction
from exciton calculations (axis ration is about 1:1:3).

carbon dioxide immediately forms aerosol particles in the stable
cubic phase,*’ as our and other groups have discussed and
confirmed by calculations.>*#3484° Therefore, the time evolution
of the antisymmetric stretching mode v; and the bending mode
v, of 12CO, (insets in trace d) is not the result of a phase change.
Rather—as already mentioned above—it is caused by a change
in the shape of the crystalline aerosol particles with time. The
calculations in Figure 3, which are based on the molecular
exciton model, show that particles are formed initially (t = 0 s)
with an equal axis ratio (cuboctahedra). Over time, an increasing
amount of elongated particles is developing, which gives rise
to the characteristic spectral signatures found at # = 734 s. These
calculations clearly reveal the strong molecular transition dipoles
of the stretching and bending vibration (0.31 and 0.17 D,
respectively) as the molecular origin of the shape sensitivity.
For a more detailed discussion of such shape effects, we refer
to our previous studies* and references therein. In contrast to
the '2CO, bands, the *CO, band around 2283 cm™' does not
show any time-dependence. The natural abundance of *C is
only 1.1%. As a consequence this band does not exhibit strong
exciton coupling and therefore no evolution due to changes of
the particles’ shape.*

3.2. Mixed C,Hq—C,H4 Aerosols. For the understanding of
atmospheric processes, it is important to know how the
spectroscopic properties of pure aerosols and their crystallization
behavior are modified by the presence of other substances which
can either co-condense or act as condensation nuclei. As a first
step, we report here on the properties of two-component systems
with nearly equal content of both substances. Mixing ratios
different from 1:1 will be the subject of forthcoming publica-
tions. To simulate possible cocondensation in the atmosphere,
the aerosols are formed from premixed gas samples, while the
sequential injection of the gases mimics the case when one type
of aerosol acts as condensation nuclei for the second substance
(see section 2).

The spectra of the mixed ethane/ethylene particles are
depicted in Figure 4. The spectra on the left show the region of
the v, band of ethylene, and those on the right show the region
of the v9 band of ethane. As discussed above, both pure ethane
and pure ethylene form supercooled liquid droplets immediately
after the injection of the sample gas. Furthermore, we found
ethane droplets to be long-lived (up to hours) and ethylene
droplets to be short-lived species (up to seconds). It is therefore
not surprising that injection of a premixed gas sample of ethane
and ethylene also leads to the formation of supercooled droplets
(Figure 4a). What is more surprising is the fact that the very
fast crystallization observed for pure ethylene particles is
strongly inhibited by the presence of ethane. This can only be
understood by the formation of mixed supercooled droplets.
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Figure 4. Time-evolution of experimental infrared spectra of mixed
ethylene/ethane aerosols in the region of the v, band of ethylene and
the vy band of ethane. (a) Injection of a premixed gas sample. (b)
Sequential injection of ethylene gas (first) and ethane gas (second). (c)
Sequential injection of ethane gas (first) and ethylene gas (second).
Asterisks mark intermediate absorptions due to the unstable phase I of
CzHG.

Mixing leads to freezing point depression in the mixture, which
in turn leads to a lower crystallization rate. While pure ethylene
particles are already crystalline after 1 s (see Figure 1b), the
mixed particles are still liquid droplets after 94 s (see Figure
4a). The ethylene band shows the first signs of crystallization
only after several hundred seconds (not shown here). It is at
the same time that the ethane bands also start to show the first
signs of crystallization. In other words, the liquid mixture
crystallizes on a similar time scale as the pure ethane droplets
(Figure la). Furthermore, after crystallization of the mixed
droplets is complete, most spectral features of ethylene and
ethane are essentially the same as those of the pure crystalline
substances, a hint that no mixed crystal phase is formed. (Slight
deviations are found for the v; band of ethylene, which might
be due to exciton coupling.) Since the crystalline particles are
formed from a liquid mixture they are likely to consist of a
coarse grain structure with separate regions of pure ethylene
and pure ethane.

Figures 4b and 4c illustrate what happens if the two gases
are injected into the cell sequentially with a time delay (see
section 2). Before the second substance is injected, the first
substance shows the characteristic unstructured bands of liquid
droplets (r = 0 s trace b left and trace c right, respectively).
The time delay between the injection of the first and the second
substance was chosen so that the second substance can form
a shell around the already present droplet/particle of the first
substance. At the very first moment after injection of the second
substance, this coating is liquid (r = 1 s trace b right and trace
c left, respectively). However, the contact of the two substances
immediately initiates and strongly accelerates (compared with
pure particles) the crystallization both of the core and of the
liquid shell (# = 1 s and t = 94 s). Since crystallization is
heterogeneous in this case the crystallization of core and shell
is faster than the crystallization of the pure droplets (Figures
la and 1b). For these core—shell architectures (Figures 4b and
4c), it does not matter for the crystallization dynamics whether
a certain substance forms the shell or the core. The dynamics
is essentially the same because the contact surface between the
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Figure 5. Time-evolution of experimental infrared spectra of mixed
ethane/acetylene aerosols in the region of the v9 band of ethane and
the vs band of acetylene. (a) Injection of a premixed gas sample. (b)
Sequential injection of acetylene gas (first) and ethane gas (second).
(c) Sequential injection of ethane gas (first) and acetylene gas (second).
Asterisks mark intermediate absorptions due to the unstable phase I of
CzH(,.

two substances is the same. The asterisks in Figure 4 label
contributions from the metastable phase of ethane mentioned
in section 3.1."8

3.3. Mixed C,Hs—C,H; and C,H,—C,H, Aerosols. Figure
5 shows the spectra of mixed ethane/acetylene aerosols. The
aerosol spectra for premixed gas samples (panel a) resemble a
superposition of spectra of pure crystalline ethane aerosols
(Figure 1a) and pure acetylene aerosols in (Figure 1c). We found
two minor spectral differences compared with pure particles.
The acetylene band of the mixture at t = 0 s does not show the
weak shoulder observed at 780 cm™! for pure acetylene (Figure
1c and Figure 2). Moreover, the intensity ratio of the doublet
at 825 cm™! is different in the mixture ( = 94 s in Figure 5a
left) compared with the spectrum of pure ethane particles at ¢
= 874 s in Figure la. Since we observed a similar variation of
this intensity ratio also for pure ethane aerosols formed under
different conditions, this feature cannot be taken as a charac-
teristic for the mixtures. The major effect of mixing is the
immediate crystallization of ethane. We no longer observe any
liquid ethane phase within the time resolution of the experiment,
in contrast to what we saw for pure ethane aerosols (Figure 1a)
and for mixed ethane/ethylene aerosols (Figure 4a). It is thus
clear that the presence of acetylene leads to the immediate
crystallization of ethane. This behavior and the similarity of
the spectral features with pure aerosols are strong indications
that ethane and acetylene do not form stable homogeneously
mixed (on a molecular level) particles. Instead, the two
substances are likely to form domains of pure components. The
faster crystallization of ethane in the mixture compared with
pure ethane is thus a consequence of heterogeneous crystal-
lization. Two different types of domain formation are conceiv-
able: the formation of an acetylene core with an ethane shell or
the formation of regions of pure ethane and pure acetylene
within a single aerosol particle. Core—shell particles can form
from premixed gas samples if one substance condenses at a
much higher temperature than the other during the cooling
process. However, under our experimental conditions, acetylene
is expected to condense (as a solid) at a temperature that is
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only a few degrees higher than the temperature at which ethane
starts to condense (as a liquid). We believe that this makes the
core—shell formation a rather unlikely scenario. More likely
seems the formation of particles with separate regions of pure
ethane and pure acetylene. In this case, ethane and acetylene
might initially condense into an unstable homogeneous mixture,
which, however, would separate quickly into pure regions.

Acetylene—ethane core—shell particles are formed if acety-
lene gas is introduced prior to ethane gas (see Figure 5b). In
the very first moments (+ = 1 s in panel b), the ethane shell
shows a broad band with some structure on both sides. The
side bands are the signatures of the particles in the ensemble
that are already in the stable crystal phase II at that same time.
The broad band is the contribution from particles which are
still in the metastable phase I. The ethane shell is converted
completely into the stable crystal phase II after only r = 9 s
(not shown). The crystallization is thus not only much faster
than the crystallization of pure ethane particles (Figure 1a) but
also faster than the crystallization of ethylene—ethane core—shell
particles (Figure 4b). The ethylene—ethane core—shell particles
still show contributions from the intermediate phase around 820
cm™!at t = 94 s, which is not the case for the acetylene—ethane
core—shell particles at + = 94 s. Acetylene thus seems to be
more efficient than ethylene to initiate the heterogeneous
crystallization of ethane. The acetylene bands in the acetylene—
ethane core—shell particles (Figure 5b right) have the same band
structure as pure acetylene particles (Figures 1c and 2).
Furthermore, they do not show any pronounced time dependence
under the present experimental conditions, i.e. the solid acetylene
core is not influenced by the crystallization of the ethane shell.

The same results are found in the reverse case, i.e. an ethane
core with an acetylene shell in Figure 5c. The ethane core
crystallizes on the same time scale as the ethane shell does in
panel b. This is to be expected because the contact area with
acetylene is the same. Again, the time scale for the crystallization
of the ethane—acetylene core—shell particles is faster than the
time scale for the ethane—ethylene core—shell architecture in
Figure 4c. The acetylene bands in Figure 5c on the right are
again time-independent, indicating that the acetylene shell is
not influenced by the crystallization of the ethane core.

The trends observed for the ethylene/acetylene mixtures in
Figure 6 are identical to those for the ethane/acetylene mixtures
described above. Acetylene leads to an immediate and complete
crystallization of ethylene to the stable phase both for the
injection of premixed gas samples (panel a) and for the
sequential injections (panels b and c). In all cases, the crystal-
lization of ethylene is faster than for pure ethylene (Figure 1b)
or mixed ethylene/ethane aerosols (Figure 4). Similarly, acety-
lene is found to be more efficient than ethane to initiate the
heterogeneous crystallization of ethylene. The features in the
acetylene bands for the ethylene/acetylene mixtures are also
equivalent to those observed for the ethane/acetylene mixtures.
For the core—shell particles (panels b and c) they are the same
as for the pure acetylene particles (Figure 1c) with acetylene
indifferent to the crystallization of ethylene. The band shapes
in the premixed case (panel a) look slightly different. Just as in
the case of premixed ethane/acetylene particles at t = O s, the
weak shoulder at 780 cm™! (Figures Ic and 2) is absent. In
addition, the low frequency tail is more pronounced compared
with pure particles. We believe that particles formed from these
premixed gas samples consist of separate regions of pure
ethylene and pure acetylene. The argument is again the
condensation temperature, quite analogous to the case of ethane/
acetylene (see above). A second hint comes from the slightly
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Figure 6. Time-evolution of experimental infrared spectra of mixed
ethylene/acetylene aerosols in the region of the vy, band of ethylene
and the vs band of acetylene. (a) Injection of a premixed gas sample.
(b) Sequential injection of acetylene gas (first) and ethylene gas
(second). (c) Sequential injection of ethylene gas (first) and acetylene
gas (second).

different acetylene band structure in Figure 6a compared with
Figures 6b and 6¢ (and Figure 1c). This difference might be a
consequence of the different particle architecture, i.e. particles
with pure ethylene regions and pure acetylene regions versus
core—shell particles. The less structured acetylene bands in the
first case might be a consequence of a more amorphous structure
of acetylene forming near the large interface between regions
of pure acetylene and pure ethylene. For a core—shell archi-
tecture this effect would be less pronounced because of the much
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smaller interface region, which explains why the signatures of
the core—shell particles are essentially the same as those of the
pure particles.

Acetylene makes the heterogeneous crystallization of ethane
and ethylene more efficient (Figures 5 and 6, respectively)
compared with the ethane/ethylene mixtures (Figure 4). Many
factors can be responsible for this behavior, such as miscibility,
structure, and heat of condensation. From the limited number
of data we have so far, it is not possible to disentangle the
different contributions. However, by replacing acetylene with
carbon dioxide we can at least get an impression on how
sensitively crystallization depends on the type of substances.
We expected the crystallization behavior of ethane in ethane/
carbon dioxide mixtures to be very similar to ethane/acetylene
mixtures (Figure 5). We found, however, that ethane crystal-
lization in ethane/carbon dioxide mixtures shows a behavior that
lies in between ethane/etylene mixtures (Figure 4) and ethane/
acetylene mixtures (Figure 5). Apparently, the heterogeneous
crystallization is very sensitive to the type of substances
involved.

3.4. Mixed C,H,—CO, Aerosols. As outlined in section 3.1,
pure acetylene and pure carbon dioxide particles do not show
any phase transitions after particle formation (see Figures lc
and 1d). Both substances immediately form solid particles. This
behavior is consistent with their high-lying sublimation points
(188 and 195 K, respectively).?® Carbon dioxide forms crystal-
line particles, while acetylene particles are probably in a partially
amorphous state according to the arguments given in section
3.1. The sequential injection of the two gases is thus expected
to produce core—shell particles for which the phase of the core
and that of the shell are similar to those of the pure particles.
Figure 7 confirms this expectation. Panel a shows the v; and
the vs band of acetylene (left) together with the v; bands of
12C0O, and of 3CO, for particles with a carbon dioxide core
and an acetylene shell. (Note that '*CO, is present in its natural

12,
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Figure 7. Time-evolution of experimental infrared spectra of mixed acetylene/carbon dioxide aerosols. (a) Sequential injection of carbon dioxide
gas (first) and acetylene gas (second). (b) Sequential injection of acetylene gas (first) and carbon dioxide gas (second). The weak sharp modulations
of some bands arise from residual C,Hg or CO, gas. Note that # = 0 s is here the time just after injection of the second substance. This is in contrast
to panels b and ¢ in Figures 4, 5, and 6, for which # = 0 s is the time just after injection of the first substance.
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Figure 8. Vibrational exciton calculations (upper trace) for a carbon
dioxide shell together with the experimental spectrum of a carbon
dioxide shell (lower trace and Figure 7b).3

abundance of 1.1%.) In this case, the coating with acetylene
was performed after the CO, cores have turned into mostly
elongated shapes (see r = 41 s and t = 734 s in Figure 1d for
comparison). As expected, the spectral features of the core and
of the shell look similar to those of the pure particles (Figures
Ic and 1d). The acetylene bands are consistent with partially
amorphous particles. It is therefore not astonishing that the
acetylene bands do not show pronounced time-dependence
(Figure 7a and section 3.1). The '>CO, band exhibits the features
of elongated crystalline particles (Figures 1d and 3). In contrast
to pure particles (Figure 1d), however, it does not show a
pronounced time-dependence under these experimental condi-
tions. The acetylene coating obviously prevents further change
of the shape of the carbon dioxide core.

A very similar behavior is found for core—shell particles with
acetylene in the core and carbon dioxide in the shell (Figure
7b). The C,H, core again shows similar spectral features as the
pure C,H, particles (Figure 1c). The same is true for the '3CO,
band. Only the v; band of '2CO, band significantly differs from
the pure spectra (Figure 1d) as well as from the spectra with
carbon dioxide in the core and acetylene in the shell (Figure
7a). As explained in section 3.1 (see also refs 39, 45, 48, 49),
this band is very sensitive to the shape of the particles as a
consequence of strong exciton coupling. In the case of these
core—shell particles, the shell is the shape which determines
the exciton coupling pattern and thus the band shape. As we
have demonstrated previously,?>?** the spectrum of a CO, shell
is characterized by two bands at about 2371 and 2352 cm™!,
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which is exactly the feature of the v; band of '2CO, found in
Figure 7b. Figure 8 shows the v; band of panel b together with
an corresponding exciton calculation for a CO, shell. It is
noteworthy that the shape of the antisymmetric stretching band
of 13CO, is not influenced by exciton coupling and hence it is
not affected by the shell architecture. With a natural abundance
of only 1.1%, the distance between '3CO, molecules is simply
too large for any appreciable coupling.

Gough et al. have earlier reported that the co-condensation
of acetylene gas and carbon dioxide gas can lead to the
formation of a metastable (with respect to the pure phases)
mixed crystal phase.’®3! The formation of this phase was
observed over a limited range of mole fractions with a maximum
around 0.5. It was concluded that the stoichiometric ratio is 1:1
and that the mixed phase is a cubic crystal phase. Figure 9
demonstrates that such a mixed crystal phase is also formed in
aerosol particles if a premixed C,H,/CO, gas mixture is rapidly
injected into our cooling cell. The v; band of acetylene and the
v3 band of '*CO, are perfect indicators for the formation of this
mixed crystal phase. The v; band of acetylene shifts to higher
energy by about 30 cm™! from 3229 cm™! in pure C,H, to 3259
cm™! in the mixed crystal phase. The v; band of '*CO, shifts to
lower energy by about 5 cm™! from 2282 cm™! in pure CO; to
2277 ecm™! in the mixed crystal phase. Since the acetylene
fraction of our gas mixture contains more C,H, than CO, (ratio
1.5), we find immediately after particle formation (t = 0 s) all
13CO, bound in the mixed phase (no band at 2282 cm™"), while
there are signatures of acetylene bound in the mixed phase (3259
cm™!) as well as signatures of pure acetylene (3229 cm™!). Over
time, the metabstable mixed phase decomposes into the more
stable pure phases as confirmed by the time evolution (f = 392 s
and t = 736 s) in Figure 9.

Currently, theoretical investigations are under way in our
research group to clarify the nature of the mixed crystal phase.
We have performed density functional calculations within the
local density approximation with the ABINIT (version 4.6.5)
program package®>3® (see section 3.1). The goal was to find
out whether the original assumption of a cubic phase™ is a
plausible explanation or whether another phase is more realistic.
Furthermore, we were interested in determining the spectral
features of this mixed phase. We started from the cubic CO,
unit cell¥’ with two of the CO, molecules replaced by C,Hs.
Minimizing the total energy with respect to atomic positions
with the unit cell constrained to remain cubic yields an energy
of 8.3 kJ mol™! above the most stable separate phases (cubic
CO,, orthorhombic C,H,). This structure, however, is only
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Figure 9. Time-evolution of experimental infrared spectra of mixed acetylene/carbon dioxide aerosols that were formed by injection of a premixed

gas sample of acetylene and carbon dioxide.
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metastable with respect to symmetry breaking as indicated by
very low-frequency lattice modes. Unconstrained minimization
of the energy produces a monoclinic unit cell with a 5 angle of
65 degrees and an energy of only 1.4 kJ above the demixed
pure phases. The calculations thus clearly favor a monoclinic
over the cubic mixed structure proposed by Gough et al. %!
We have also determined the shift of the v; band of acetylene
between the mixed monoclinic crystal and the pure acetylene
crystal. The calculated shift is 15 ¢cm™' toward higher wave-
numbers relative to the cubic C,H, and 79 cm™! relative to
orthorhombic C,H,. In our case, pure acetylene is neither cubic
nor orthorhombic but partially amorphous, for which we expect
a shift in the same range. Both the sign and the order of
magnitude of the shift is in agreement with the experimental
shift of 30 cm™.

Other interesting questions relate to the decomposition process
of the mixed phase and to the architecture of the resulting
demixed particles. Again, plausible scenarios are the formation
of aerosol particles with separate regions of pure acetylene and
pure carbon dioxide as well as the formation of core—shell type
particles. Information on such particle architectures is in
principle contained in vibrational bands with strong exciton
coupling, i.e. the v3 band of '>CO, and the v5 band of acetylene.
As explained in previous sections, exciton coupling makes these
bands not only sensitive to the phase but also to the architecture.
Consequently, these two bands do not only exhibit a simple
shift (Figure 9) in going from pure to mixed phases, but the
band structure changes as well. A more complete analysis will
be the subject of a forthcoming publication.

4. Summary

The present contribution provides an overview of the proper-
ties of pure and mixed aerosol particles of ethane, ethylene,
acetylene, and carbon dioxide. The particles were generated in
a collisional cooling cell at a temperature of 79 K (corresponding
to altitudes of 17 km and 62 km in Titan’s atmosphere) and
investigated with mid-infrared spectroscopy. Two different types
of mixed particles were studied: Aerosols formed from premixed
gas samples simulate co-condensation in a planetary atmosphere,
while sequential injection of gases mimics the situation where
one type of aerosol particles serves as condensation nuclei for
a second substance.

Pure ethane and pure ethylene initially form supercooled
liquid droplets, which crystallize to the stable bulk phase over
time. While the crystallization of ethane is slow (up to hours,),'®
ethylene crystallizes very quickly (seconds). By contrast, pure
acetylene forms solid aerosol particles with a partially amor-
phous structure, which do not convert to the stable orthorhombic
crystal phase on the time scale of our experiment. Carbon
dioxide also forms solid particles from the beginning, which
are crystalline in the stable cubic phase. The infrared spectra
of these particles feature band structures that are determined
by the shape of the aerosol particles as a consequence of the
pronounced vibrational exciton coupling.

Co-condensation of two different substances leads in only
two cases to the formation of homogeneously mixed (on a
molecular level) droplets/particles: The injection of a premixed
gas sample of either ethane and ethylene or acetylene and carbon
dioxide. The former produces homogeneous liquid droplets,
which are stabilized against crystallization. Therefore, crystal-
lization happens only slowly (up to hours), so that supercooled
mixed ethane/ethylene droplets as well as supercooled pure
ethane droplets must be considered long-lived species with
possibly important implications for cloud processes on Titan.
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The homogeneous particles observed following the coconden-
sation of acetylene and carbon dioxide are in agreement with
earlier reports® of a mixed metastable crystal phase. We find
evidence that this phase has a monoclinic structure rather than
the cubic structure proposed earlier. In all other cases, co-
condensation does not lead to the formation of homogeneously
mixed phases. The experimental results hint that these particles
consist of coarse grained structures of domains of pure
substances.

The sequential injection of two gases allowed us to compare
the heterogeneous crystallization of ethane and ethylene with
the homogeneous crystallization of pure droplets described
above. We find that while heterogeneous crystallization is always
much faster (less than minutes), the crystallization dynamics
sensitively depends on the type of substance. Acetylene was
found particularly efficient to induce crystallization through
contact with another substance.
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