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Abstract

The presence of the linear molecules called polyynes, (C2,Hz, n > 2), in Titan’s atmosphere is suggested by the signatures of acetylene
C,H> and of diacetylene C4H> in Voyager spectra. Both atmospheric simulations and photochemical modelling support polyynes implication
in Titan’s chemistry as an interface between the gaseous phase and the solid phase visible in aerosols form. However, the detection
of polyynes higher than C4H, depends on our ability to determine their spectra in the laboratory under low temperature and pressure
conditions. We revisit here spectroscopic investigations on triacetylene, C¢Ha, since previous UV and IR measurements suffered from
great uncertainty, respectively, due to an impurity contribution and saturation effects. We point out the importance of studying a pure
sample and we underline the strong temperature dependency of UV absolute absorption coefficients (185-320 nm). In the IR range
(220—4300 cm™"), our determination of the absolute intensity of the main bands is 30% higher than previous measurements. For the
first time, the vapor pressure law of triacetylene is investigated in a limited temperature range (170-200 K) allowing a calculation of its
enthalpy of sublimation. Those results applied to Titan’s atmospheric conditions show the possible existence of two condensation regions:
one located in the low stratosphere (~ 100 km) and the other in thermosphere (~ 700 km). The condensation at an altitude of 700 km is
consistent with the observation of an upper haze layer. This could imply the presence of a heterogeneous chemistry but also an inhibition
of the polyynes formation, not included in available photochemical models.
© 2002 Elsevier Science Ltd. All rights reserved.
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called polyynes (Yung et al., 1984), of general formula
Cy,Hy (n=1,2,...). But, the only polyyne detected so far in
Titan’s stratosphere is diacetylene formed by the acetylene
photochemistry (Laufer and Bass, 1979; Okabe, 1983). Its

1. Introduction

Titan, the largest moon of the Kronian system, owns a
dense atmosphere where methane was the first compound

observed (Kuiper, 1944) before Voyager observations high-
lighted nitrogen as the main constituent (Broadfoot et al.,
1979; Strobel, 1982). Voyager observations revealed an
atmospheric composition rich in numerous organic con-
stituents, mainly hydrocarbons and nitriles (Hanel et al.,
1981; Kunde et al., 1981; Maguire et al., 1981) resulting,
respectively, from the photochemistry of methane and ni-
trogen in upper atmosphere. This complex chemistry is
predicted to lead to the unsaturated organic linear molecules
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presence suggests the existence of heavier polyynes as C¢H,
or CgH, (Bandy et al., 1992), detected experimentally as end
products of diacetylene photolysis (Bandy et al., 1993; Frost
et al., 1995). Besides, the formation of heavier polyynes in
Titan is strengthened both by the detection of triacetylene
and tetracetylene in experimental works simulating Titan’s
atmosphere (Coll et al., 1999; de Vanssay et al., 1995) and
by theoretical modeling of Titan’s atmospheric chemistry
(Lara et al., 1996; Toublanc et al., 1995). Those results also
suggest that polyyne photochemistry may contribute to the
production of longer and heavier molecules whose conden-
sation could provide an interface between gaseous and solid
phase, visible in haze form at Titan’s limbs (Allen et al.,
1980; Chassefiére and Cabane, 1995). Moreover, polyynes
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may also be involved in Giants Planets chemistry since
diacetylene signature was identified in ISO (Infrared Space
Observatory) spectra of Saturn by de Graauw et al. (1997)
and predicted in Jupiter by the photochemical model of
Gladstone et al. (1996). However, the observational con-
firmation of the formation of polyynes heavier than C4H,
requires the knowledge of their gaseous spectra, which is
still scarce or partial, mainly due to the high instability of
such compounds at room temperature. For this reason, we
are developing a program called SCOOP (Spectroscopie de
Composés Organiques Orientés vers la Planétologie) to
determine UV (180—320 nm) and IR (220—4300 cm™!)
absolute absorption coefficients of organic compounds pre-
dicted in Titan’s atmosphere, such as polyynes. In this con-
text, our team led the only studies on absolute spectroscopic
characteristics of triacetylene (Bénilan et al., 1995; Delpech
et al.,, 1994), but those suffered from great uncertainties,
which prevent to infer a definite spectrum. These uncer-
tainties were due to the contribution of impurities in the
sample and to a saturation effect on the IR measurements.
Consequently, we reinvestigate the triacetylene spectrum
in this paper from a pure sample, in mid-ultraviolet and
infrared wavelength range.

The first section describes our protocol to remove the
impurity and obtain a pure C¢H, sample, as well as the
instrumental set up. In the following section we present
our results: we emphasize the changes on the UV spectrum
caused by the impurities removal, and we highlight the spec-
tral variations between our measurements at 300 and 233 K.
We also report polyynes spectroscopic behavior with the
length of the molecular chain. In Section 2 we point out the
vapor pressure curve of triacetylene measured between 170
and 200 K. The third section presents our determination of
bands positions and intensities in IR wavelength range. In
the final section we infer an upper limit of triacetylene mole
fraction in Titan’s atmosphere and determine its condensa-
tion regions.

2. Experimental

The synthesis of triacetylene is described in Delpech
et al. (1994). As reported by Bénilan et al. (1995), the
resulting compound is in fact a mixture of triacetylene and
one of its chemical precursor (C¢H3Cl). Obviously, the
precursor contribution affects our knowledge of the triacety-
lene pressure, required to measure absolute absorption. But,
another effect changes dramatically the mid-UV spectrum:
the structures of a C¢H3Cl allowed transition overlap the
structures of the C¢H, forbidden transition standing in the
200-300 nm wavelength range. Therefore, we focused our
efforts on the separation of these two compounds.

2.1. Studied gaseous sample preparation

The specifications of the SIPAT experience (see Bruston
et al.,, 1991) allow the distillation of a mixture with the

vapor pressure of each compound. Our sample is condensed
at a “cold spot” (a glass container immersed in a liquid ni-
trogen bath), which we can regulate the temperature. The
two compounds have close molecular mass and also close
vapor pressure curve so that a fine distillation had to be per-
formed. Observing the spectrum of the vaporized mixture,
we found that the evaporation of the pollutant seems to be
almost inhibited for a cold spot temperature of —82°C. At
this temperature, the evaporated part is collecting in a trap
bathing in liquid nitrogen. The composition of this purified
sample is then checked by GC-MS analysis: no traces of
CsH3Cl were detected using such protocol.

2.2. Instrumental and experimental specifications

We used the SIPAT spectrometer to investigate the ul-
traviolet spectrum in the range 185-320 nm. We measured
the absolute absorption coefficients at 300 and 233 K;
and at those temperatures, the pressure was respectively
2x 1072 mb and 9 x 10~3 mb. Although we measured spec-
tra at our higher resolution of 0.2 A, no structural changes
appeared at a resolution of 1 A. This is probably due to a
strong predissociation of the electronical bands. For each
temperature, the final spectrum is an average of five scans
with 3 points/A and an integration time of 1s per point. The
wavelength calibration of the SIPAT spectrometer is based
on a comparison between theoretical and experimental ro-
tational lines of the Schumann—Runge bands system of
molecular oxygen in the range 190—196 nm. The positions
of rotational lines are taken from the HITRAN database
and allow us to construct a synthetic spectrum of O, with
the higher resolution reached by SIPAT (0.2 A), taking
into account of the spectrometer instrumental profile and
the predissociation linewidth.

Infrared spectra (from 220 to 4300 cm~!) were ob-
tained by an IRTF spectrometer (Perkin-Elmer 1710). It
was equipped with a cell of 10 cm pathlength to proceed
in the pressure range 0.1-10 mb. We have avoided bigger
pressure because of the compound instability. Minor bands
were measured with a cell of 10 m pathlength. In this case,
the required pressures could reach values around 10~2 mb.

3. Results
3.1. Mid-UV spectrum

We present here the absolute absorption coefficients of
pure C¢H, sample in the range 185-300 nm (Fig. 1), ob-
tained, respectively, at 300 and 233 K. In Fig. 1a, we distin-
guish a segment of the allowed transition ' X} «— ' X shared
by all the polyynes (Haink and Jungen, 1979; Kloster-Jensen
et al., 1974). Between 200 and 320 nm (Fig. 1b), the struc-
tures are due to an overlap of two forbidden transitions
(127« 12; and 'A, — 12;). Those are 10 times weaker
than the allowed transition. The previous determination of
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Fig. 1. UV spectrum of CgH, with a resolution of 1 A. At 300 K, the
sample pressure was 2 x 10~2 mb (straight line). At 233 K, the sample
pressure was 9 x 1073 mb and the absolute absorption coefficients are
figured either by triangle symbols (left) or by a dotted line (right). (a) The
rise of the allowed transition ' 2} ]Z; from 185 (190 nm for 233 K)
to 200 nm. (b) The forbidden transitions !X, «— 12; and 1A, — 12;
complex from 200 to 320 nm.

absolute C¢H, ultraviolet spectrum (Bénilan et al., 1995)
was uncertain because of the presence of a chlorinated com-
pound at a mixing ratio of 0.1. For such concentration, the
impurity spectrum presents absorption features as strong as
those of triacetylene. This forced the authors to subtract
the pollutant contribution from their measurements to re-
trieve the C¢H, spectrum. Comparing the values reported in
Table 1, the two previous works (Kloster-Jensen et al., 1974;
Bénilan et al., 1995) present UV absolute absorption coef-
ficients significantly greater than ours. Figs. 2a and b can
provide an explanation for these differences: the difference
between the previous UV spectra and the present spectrum
clearly matches the UV spectrum of the impurity.

The spectrum structure and intensity are very tempera-
ture sensitive (Fig. 3). The main temperature dependences
are displayed in Fig. 4, by depicting the effects on two char-
acteristic examples of a cold band (8} and 83) and a hot
band. The cold bands undergo an increase of their maximum
absorption coefficient and a narrowing of their FWHM. At
the opposite, the hot bands decrease or even disappear as
illustrating in Fig. 4b. Indeed, according to Boltzmann dis-
tribution, excited vibrational levels are less populated and
so hot bands decrease with a temperature drop. This effect
also leads the continuum level to diminish, since this contin-
uum is due to a superposition of highly excited levels. The
absorption coefficient evolution between 300 and 233 K
(Fig. 5) is in agreement with the bands identification given
by Haink and Jungen (1979), excepted for the two hot bands
238} and 238} for which a light increase of absorption coef-
ficient is detected. As pointed out by Bénilan et al. (1996),
the superposition of cold bands and hot bands due to pre-
dissociation could explain the unexpected variation of these
two hot bands. Two features at 2338 and 2348 A seem to
behave like cold bands, however they were not previously

assigned (Fig. 3). Following the previous identification pat-
tern, we could assign them to be respectively the 2¢8} and
2482 bands (Fig. 3). A spectroscopic investigation of the al-
lowed transition (150—200 nm) at high resolution is needed
to be able to assign all the features observed (Fig. 4b).

As we investigated the entire range of the forbidden tran-
sition, we have checked the conservation of the oscillator
strength with temperature. Indeed, we found a difference of
0.2% for a surface of 1.7 x 10° amagat~' cm~2 correspond-
ing to an oscillator strength of 4.4 x 103. In addition, we also
covered the range 185-200 nm at 300 K (Fig. 1a) to scale
the relative intensities of Kloster-Jensen et al. (1974) of the
allowed transition system, which spreads down to 150 nm.
For this transition, we retrieved an oscillator strength equal
to 1.49 £ 0.3. This value is two times weaker than the one
deduced from Bénilan et al. (1995) spectrum. But, taking
into account of C4H, (Fahr and Nayak, 1994) and C,H,
(Smith et al., 1991) UV spectra, we remark a linear rise of
the polyyne oscillator strength vs. the length of the polyyne
chain (see Fig. 5). Experimental points are in accordance
with the prediction of this linearity by theoretical calcu-
lations (based on the ZINDO method (Ridley and Zerner,
1973) with the VSTO-6G (5d,7f) basis set).

3.2. Vapor pressure curve

As the pressure in the cell is directly linked to the vapor
pressure of the compound at the cold point, with our pure
sample of C¢H, we had the opportunity to determine its va-
por pressure vs. temperature. Since we have an equilibrium
between the flux created at the cold point temperature ( 7;)
and the flux inside the cell which is at room temperature
(Tcenn), the vapor pressure Py, is related to the measured
cell pressure P by the expression

TCS
Tcell

Pvap:Pcell (l)
We were able to investigate only a limited temperature
range between 170 and 200 K, due to the pressure sensor
sensitivity (about 10~ mb) and to the small amount of sam-
ple available. To extrapolate our results to the lower tem-
peratures standing in Titan’s lower atmosphere, we use the
Duprée equation (2). Indeed, Smith (1999) applied differ-
ent extrapolations to the vapor pressure curve of acetylene
(from 180 down to 70 K), and the Duprée formulation gives
the best fit at low temperatures, even if that extrapolation
overestimates vapor pressures at 90 K by one magnitude.
Consequently, the relation between the pressure P (in mb)
and the temperature 7 (in Kelvin) is given by
B

LnP=a« T 2)
The two parameters o and f§ are determined from a least
square fit to our experimental data. Extrapolation and ex-
perimental vapor pressure curves are presented in Fig. 6.
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Table 1

UV absorption coefficients of various features measured in this work and in previous works

Wavelength Identification® Calibrated Previous® Absorption Absorption

A) intensities® Absorption coeflicient at coeflicient at
coefficient 300 K from this 233 K from
(amagat—! em~1) work this work

(amagat—! cm™1!) (amagat~! cm~1)

3017 89 0.8 1.7 1.1

2988 81 1.1 3.4 24 1.3

2933 8) 15.8 22 26 39.6

2914 83 5.7 9 9.3 13.4

2874 1.6 33 1.8 29

2843 2.9 5.5 3.8 4.1

2808 218! 3.8 6.7 43 2.8

2758 28! 29.5 452 30.4 47.4

2742 2183 12.6 19.5 7.7 12.3

2682 5 8 2 22

2670 3.8 6.4 1.7 1.2

2649 2281 4.5 8 1.9 1

2606 238! 242 40.6 17 335

2592 258} 12.5 19 7.4 16.2

2562 4.7 7.9 3 3.7

2543 4 7.5 3.1 3.7

2508 2381 39 6.9 3 0.7

2469 2;8% 12.9 22.3 12.9 23.4

2457 2382 8.1 12.2 7.5 12.7

2432 4 6.9 42 43

2417 4 6.5 44 53

2348 5.5 10.1 9 10.5

2338 6.9 7.2

2305 2.7 5.1 5.9 7.2

2237 2.6 5.8 5 7.2

2092 28.1 54.5 23.8 21

2030 35.1 57.6 38.5 41

2013 422 58.3 42.6 47

1996 49.2 50.6 543

1863 4446.9 4579.4

1850 4750.3

1831 5399

1793 5236

1761 3387.9

1727 2703

1665 944.5

1596 335.8

aFrom Haink and Jungen (1979).

YThe relative intensities from Kloster-Jensen et al. (1974) scaled to our spectrum by a least-square fit.

°From Bénilan et al. (1995).

From the pressure expression (2), we derive an enthalpy of
sublimation equal to SR = 42 kJ mol ™.

3.3. Infrared band intensities

Among the 13 fundamental modes of vibrations of tri-
acetylene only six are infrared active: three modes have X
symmetry and the three others have II, symmetry (two times
degenerated) (Bjarnov et al., 1974). In the investigated spec-
tral domain (220-4300 cm~!), three intense bands merge
from the spectrum corresponding to the v;; mode (Haas
et al.,, 1994a), the bending combination modes vg + vy

(Mc Naughton and Bruget, 1991), and the vs mode
(Matsumara et al., 1993). The other infrared active modes
are also observed with the 10 m pathlength cell, but with a
100 times weaker intensity. For all the detected bands, we
determine the absolute intensity S, given by

s,= [ wmav, (3)
pl

band
where p is the pressure in the cell, / the pathlength, and 7/
the transmission. This expression is valid unless the band is
saturated: in this case, the band surface is no more linearly
related to the pressure of the compound. Consequently, sev-
eral spectra of different pressure of triacetylene were mea-



F. Shindo et al. | Planetary and Space Science 51 (2003) 9—-17 13

@ 2400 2500 2600 2700

T T T T T T T T i T
2400 2500 2600 2700 2800
(b) Wavelength (A)

Fig. 2. Difference between the two previous C¢H, UV spectra and our spectrum. In straight line we figure the UV spectrum of CgH3Cl. (a) In dotted

line, the difference between Bénilan et al. (1995) spectrum and our spectrum. (b) Same work on Kloster-Jensen et al. (1974) spectrum.
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Fig. 3. Ratio of absorption coefficients at 300 and 233 K, corrected from an estimated continuum contribution. Intensities of the cold bands (open circle)
are enhanced while hot bands (dark circle) decrease. Non assigned cold bands (black triangle) are also observed between 2300 and 2600 A. Two hot

bands (open triangle) show ratios greater than unity (see text for details).

sured. The resulting band surfaces (in cm~!) vs. the pressure
are reported in Fig. 7. For the three main bands, we clearly
distinguish a saturation effect above 5 mb, which means that
only the points under this pressure have to be taken into ac-
count in the calculation of . For those bands, the present
results are higher of 30 percent than those of Delpech et al.
(1994). Indeed, some of their experimental points fall in the
saturated region described above, which led them to under-
estimate bands absolute intensity. We report the absolute in-
tensities for all the observed bands in Table 2. Unfortunately,

some identified features are too weak to be studied. Finally,
some other bands are too close to be separated with our low
resolution, and so we indicate S, for the whole feature.

4. Extrapolation to the Titan’s atmosphere
From the spectra of Titan’s North Pole, we deduced an

upper limit of 4.4 x 107'° on the mole fraction of C4H,
in the low stratosphere (around 100 km), using the method
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Fig. 4. Effect of the temperature on the spectrum, in dotted line at 300 K
and in straight line at 233 K. (a) A cold band exhibits an increase of its
maximum intensity and a diminution of its FWHM as the temperature
decreases. (b) On the contrary, according to Boltzmann distribution,
excited vibrational levels are less populated and so hot bands decrease
or vanish when temperature drops off.
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Fig. 5. Polyynes oscillator strength of the 'X} «— legr transition.
The measurements (square) and the theoretical predictions (triangle),
calibrated by a factor of 0.4, are in accordance and show a linear increase
up to CigHa.

proposed by Cerceau et al. (1985). This value is determined
from the strongest band of C¢H, in the 200—1200 cm ™!
range, namely the v;; band at 620 cm~'. We do not consider
the two other intense bands of triacetylene for this calcula-
tion since vs is beyond the wavelength domain of CIRS and
of IRIS observations, and vg + v;; is totally hidden by the
emission features of the major hydrocarbon CHy.
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Fig. 6. Experimental vapor pressure curve of C¢H,. The measurements
(triangle) were performed from 170 to 210 K, and extrapolated to lower
temperature using the Dupré equation In (P) = 18.8 — (5053/T).
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Fig. 7. Band surface versus pressure for the three main bands of C¢H,.
Band intensities are obtained as the slope of the linear regression divided
by the pathlength. This method is not valid anymore in our experiment
above 5 mb where saturation occurs.

We report in Fig. 8 the triacetylene vapor pressure profile
in Titan’s atmosphere, as well as its uncertainty, both de-
duced from the temperature profile of Lellouch and Hunten
(1987). For the vertical profile of C¢H,, we consider both
the rough approximation of a constant mole fraction through
the atmosphere and the triacetylene mixing ratio calculated
by the photochemical model of Toublanc et al. (1995), from
400 to 1200 km. The existence of a condensation region is
highly sensitive to the temperature uncertainty (see Eq. (2)).
A first region can occur at 750 km, in the thermosphere,
where the CgH, mixing ratio exhibits a maximum, for a
total pressure of 5 x 107> mb and a temperature around
115 K. The thickness of this condensation layer would be
limited, since below 690 km the C¢H, pressure becomes
inferior to its vapor pressure inferred from the saturation
law, so that triacetylene will re-evaporate. However, the
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Table 2
Infrared positions and integrated intensities of triacetylene bands in the
400-4000 cm ! range

Band Position cm™! Sy atm™! ecm~?
Vi + V11 3930 8.0+04
Vi + Vi3 3432 37+£02
3vq 3350 Hidden by vs
vs 3332 (R) 537445
3322 (P)
Vo 4 v7 3304 Hidden by vs
V3 +vg +Vqg 3251 (R)
3242 (P) 79404
Vi — V13 3222
vz + vy 3086
3081 1.0 £0.1
3075
v 2121 63403
V7 + Vg 1588 24+02
21’9 + v 1588
2vi1 + Vi3 1337 1.8+0.2
V8+Vll 1237 (R) 210:|: 10
1229 (P)
2V10 + V11 1126 244+0.1
V7 1123
1113
Vo + V12 915 <1
Vio + Vi1 866 2.7+0.1
V4 + V13 730 42402
vg + Vi3 720
Vio + Vi3 698 183 + 0.9
690
Vi 628 (R)
622 (Q) 428 £ 25
617 (P)
Vo + V13 595 Hidden by vy;
2P 444 152 £0.7

existence of this condensation layer is hypothetical because
of temperature and abundance uncertainties. For example,
using the temperature profile deduced by Vervack et al.
(1999), no condensation is possible at these altitudes. Nev-
ertheless, considering higher polyynes, which would have
lower vapor pressure, a haze layer might exist in Titan’s
thermosphere.

The presence of such a condensation layer at high alti-
tudes could imply effects which have not yet been inves-
tigated in Titan’s atmospheric modeling: a sink for heavy
polyynes at high altitudes leading to an inhibition of heavy
polyynes formation, and the possibility of a heterogeneous
chemistry between the condensed phase and the surround-
ing gas.

The second region of condensation, located in the
low stratosphere, is observed whatever the chosen pro-
file or uncertainty on temperature are. This region starts
around 85 km (16 mb, 135 K) down to the ground lead-
ing to a deposition of carboneous compounds on Titan’s
surface.

5. Conclusion and perspectives

The UV absorption coefficient of C¢H, was measured
on a pure gaseous sample obtained by cold distillation of
a synthesized sample. The spectroscopic analysis at 233 K
highlights a strong increase of the absorption coefficient for
cold bands induced by a Boltzmann distribution depleting
higher vibrations levels population. The new absorption co-
efficients will allow to constraint the contribution of C¢H,
to the albedo of Titan below 200 nm, and less likely is the
C¢H, detection from its forbidden transitions.

On the contrary, the reddening of the bands systems with
the length of the polyyne (Grutter et al., 1998) and the
linear rise of the oscillator strength could allow the detec-
tion of the allowed transition of heavier polyynes above
200 nm. Unfortunately, only the UVIS spectrometer of the
Cassini-Huygens could have scan different areas of Titan’s
atmosphere where polyynes could be favorably present, but
its maximum wavelength is 190 nm.

Concerning the IR results, we revisited the work of
Delpech et al. (1994) and demonstrate that their bands
intensities were highly underestimated because of satu-
ration effects. As we underlined above, the most intense
band in the IR range investigated by CIRS, is located near
620 cm~!. CIRS could detect the signature of this band in
future Titan’s observations, but its resolution of 0.5 cm™!
is too low to distinguish from one polyyne to another due
to a wavelength convergence of this bending mode for
higher polyynes (Shindo et al., 2001). Consequently the
other IR active bending mode, standing below 300 cm ™!
(105 cm™! for C¢H, (Haas et al., 1994b) and 62 cm ™! for
CsH,) appears as the only mean to detect those polyynes
individually. Moreover, their detection could be easier since
in this wavelength range Titan’s thermal emission is more
favorable. But the absolute intensities of those bands still
need to be determined.

The rise of the oscillator strength with the number of
triple bond seems to imply a quick formation of heavy
polyynes, which infers a quick formation of solid particles
in the hypothesis that polyynes are a chemical path leading
to aerosols. From the triacetylene pressure profile in Titan’s
atmosphere, a condensation region in the thermosphere can
exist but strongly depends on the temperature profile vari-
ations. Such absorbing layer is in agreement with an upper
haze layer observed around 700 km (Smith et al., 1982).
Finally this condensation layer at high altitudes could be a
sink for heavy polyynes leading to an inhibition of heavy
polyynes formation, and it could be the place of a heteroge-
neous chemistry between the condensed phase and the sur-
rounding gas.
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