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Complex organic matter in Titan’s atmospheric
aerosols from in situ pyrolysis and analysis
G. Israël1, C. Szopa1, F. Raulin2, M. Cabane1, H. B. Niemann3, S. K. Atreya4, S. J. Bauer5, J.-F. Brun1,
E. Chassefière1, P. Coll2, E. Condé6, D. Coscia2, A. Hauchecorne1, P. Millian7, M.-J. Nguyen2, T. Owen8,
W. Riedler9, R. E. Samuelson10, J.-M. Siguier7, M. Steller11, R. Sternberg2 & C. Vidal-Madjar12
Aerosols in Titan’s atmosphere play an important role in determining its thermal structure1–3. They also serve as sinks for
organic vapours4 and can act as condensation nuclei for the
formation of clouds5,6, where the condensation efficiency will
depend on the chemical composition of the aerosols5,7. So far,
however, no direct information has been available on the chemical
composition of these particles. Here we report an in situ chemical
analysis of Titan’s aerosols by pyrolysis at 600 8C. Ammonia (NH3)
and hydrogen cyanide (HCN) have been identified as the main
pyrolysis products. This clearly shows that the aerosol particles
include a solid organic refractory core. NH3 and HCN are gaseous
chemical fingerprints of the complex organics that constitute this
core, and their presence demonstrates that carbon and nitrogen
are in the aerosols.
Although the Gas Chromatograph and Mass Spectrometer
(GCMS) was primarily devoted to the analysis of atmospheric
gases8, it was also used for the analysis of vaporized particulates
through coupling to the Aerosol Collector and Pyrolyser (ACP)
experiment. The ACP instrument9,10 collected two distinct atmospheric samples over separate altitude ranges (130–35 km and 25–
20 km, respectively) during the Huygens probe descent (see Supplementary Information). The composition of each sample was
analysed by the GCMS in three stages (see Table 1). First, the most
volatile part of a given sample was analysed by the GCMS at ‘ambient’
collection temperature. Second, the remaining part of the sample was
heated in the ACP oven to 250 8C in order to vaporize all volatile
components of the collected aerosols, and analysis of the gaseous
products was then carried out. Last, the remainder of the sample was
subjected in the oven to a temperature of 600 8C. The high temperature in this last stage ensured that the refractory material composing
the aerosol particles was thermally decomposed (pyrolysed) into
molecular gaseous products. These products contribute to the
composition of the gaseous sample to be analysed by GCMS. An
in-depth technical description of the ACP experiment and its
coupling with the GCMS has been given in earlier articles9–11.
Relevant temperatures and altitudes during descent are also given
in Table 1.
In this report we focus on the composition of the refractory
material making up the collected aerosols, and hence restrict our
attention to the third stage of the analysis, in which the sample is
heated to 600 8C before transferring the gaseous products of pyrolysis
to the GCMS. Only data obtained using the direct Mass Spectrometry
(MS) mode are analysed here. As explained in the companion paper8,

all data related to the gas chromatograph part of the GCMS
will be reported later. In the obtained spectra, values of mass to
charge ratio (m/z) above 50 are close to the noise level and are
difficult to determine. We therefore restrict our analysis to the range
m/z ¼ 2–50.
Results from the transfer of the evolved gases to the GCMS
experiment after heating the samples at 600 8C are compared with
results for the reference background in Figs 1 and 2. Two of the most
noticeable enhancements of signal for the transfer samples (that are
not associated with molecular nitrogen) are those at m/z ¼ 17 and
27.
Mass spectra measured during the transfer of the gases that evolved
from the first aerosol sample (after pyrolysis at 600 8C) reveal a
pyrolysis fragment feature at m/z ¼ 17 (Fig. 1). According to the
National Institute of Standards and Technology (NIST) library on
mass spectrometry, this specific feature can be attributed to CH3D,
13
CH4 or NH3. A comparison of relative strengths of the features at
m/z ¼ 16 and m/z ¼ 17 indicates that CH3D must have no noticeable contribution at m/z ¼ 17, given the known D/H ratio in Titan’s
atmosphere (about (2.3 ^ 0.5) £ 1024; ref. 12). 13CH4 must contribute, but if the m/z ¼ 17 signal was entirely due to this compound,
our data would provide a 12C/13C ratio of 48. This is much lower than
the value of 82.3 measured in the gas phase by the GCMS. It would
then correspond to an unexplainable isotopic enrichment in 13C in
the aerosols when compared with the gaseous phase, whereas it is
expected that kinetically driven chemical processes favour 12C insertion, as already observed in laboratory experiments13. Consequently,
the m/z ¼ 17 signature must be attributed to another species, in
combination with the contribution of 13CH4. The only possible
candidate for this contribution is NH3. A similar interpretation
can be made for the m/z ¼ 17 feature in Fig. 2. In this case, the
12 13
C/ C ratio is 56. Finally, further evidence can be seen in Fig. 3a and
b, where the evolution of the signal at m/z ¼ 16 and m/z ¼ 17
respectively, during the transfer of the gases evolved from the second
sample pyrolysed at 6008C, strongly favours identification of
ammonia.
When the second aerosol sample is pyrolysed at 600 8C (Fig. 2), the
signal intensity increases, compared with the signal presented in
Fig. 1, possibly owing to the collection of a larger number of particles;
in addition, a pyrolysis fragment feature that was lost in the background in Fig. 1 appears in Fig. 2 at m/z ¼ 27. The NIST library
molecular fragment list suggests that several compounds may contribute to this feature at m/z ¼ 27. These compounds are C2H4,
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Table 1 | Results for the two aerosol samples collected and analysed by ACP
Parameters

Sample 1

Sample 2

Sampling altitudes (km)
Atmospheric pressure (mbar)

130–35
3–176

25–20
320–430

Analysis altitudes (km)
Atmospheric pressure (mbar)
Sample temperature in the ACP oven (8C)*

32
250
‘Ambient’: 2 120 to 290

30
275
250

27
325
600

16
640
274

15
685
250

13
760
600

Altitudes corresponding to sampling and analysis were provided by the HASI experiment. All samples were analysed using direct mass spectrometry measurements with the Huygens GCMS
instrument.
* Values are ^10 8C.

C2H6, C3H8 and HCN. The main fragments of C2H4, C2H6 and C3H8
detected by MS are observed at m/z ¼ 28 and 29 according to the
NIST library. As the atmospheric nitrogen, and the labelled molecular nitrogen 15N15N used in ACP, are strong contributors to the signal
obtained at these m/z values, it is not possible to point out the
presence of C2H4, C2H6 and C3H8 with these features. However, if
these compounds were contributing to the feature at m/z ¼ 27, we
should see a noticeable contribution of the C2 hydrocarbons at
m/z ¼ 26 and noticeable contributions of C3H8 at m/z ¼ 39, 41
and 43. In the present case, the pyrolysis feature at m/z ¼ 26 is much
smaller than that at m/z ¼ 27, and no features are evident at
m/z ¼ 39, 41 and 43. We conclude (although it is not easy to verify
this owing to the poor resolution of the Mass Spectrometer) that
HCN is the main contributor to the feature at m/z ¼ 27 in the same
way that NH3 is the dominant contributor to the feature at m/z ¼ 17.
If these organic molecules had simply been condensed onto
aerosol particles, they would have been driven off during the second
analysis stage (at 250 8C) and further cleaning of the oven. We can
therefore conclude that the NH3 and HCN observed in the third stage
are pyrolysis products from the refractory aerosol material itself. This
is confirmed by the fact that the GCMS experiment did not observe

Figure 1 | Signal resulting from the mass spectrometry (MS) analysis of the
gases evolved from pyrolysis of the first aerosol sample. Red, ion count
rates per second versus mass per unit charge (m/z) measured during the
transfer of the gases evolved from the first aerosol sample pyrolysed at
6008C, and green, its corresponding background. Mass scans from m/z ¼ 2
to 141 are acquired in unit mass steps every 0.937 s. One count on the
detector during the acquisition is equal to 217.7 counts s21. Labelled 15N15N
is used to achieve the gas transfers from ACP to GCMS. Error bars represent
^one standard deviation. After completion of the heating cycle, and transfer
of gaseous pyrolysis products to the GCMS for analysis, the ACP oven is
vented to the atmosphere and the background gas measurements are
undertaken by GCMS. Thus, atmospheric gases contribute to the
background signal along with the main 15N15N carrier gas. The signals
at m/z ¼ 14, 15 and 16 can be mainly ascribed to methane, and to 14N14N
(for m/z ¼ 14) and 15N15N (for m/z ¼ 15). The intensity of the feature at
m/z ¼ 17 increases from 0 counts s21 (background) to 1,306 counts s21
(analysis), demonstrating that the molecule responsible is a pyrolysis
product. Analysis of the m/z ¼ 17 signal demonstrates a contribution of
NH3 in addition to that of 13CH4.

NH3 and HCN in its atmospheric sampling8. This ACP result,
predicted by theoretical models4, is of prime importance, as it is
the first evidence of the presence of complex macromolecular organic
matter in Titan’s atmosphere.
Possible chemical pathways proposed for the production of aerosols from the gaseous chemistry4,12 are: (1) polymerization of C2H2;
(2) polymerization of nitriles; (3) formation of polyaromatic molecules; and (4) copolymerization (aliphatic and aromatic). Our data
clearly indicate that nitrogen is incorporated into the chemical
structure of Titan’s aerosols, ruling out the possibility that these
aerosols consist solely of polyacetylenes or other pure hydrocarbon
compounds. To go further in the determination of Titan aerosol
production pathways, one needs to rely on data obtained from
experimental simulations—either by photochemistry14,15 or cold
plasma discharges16–19 —that provide laboratory analogues (called

Figure 2 | Signal resulting from the MS analysis of the gases evolved from
pyrolysis of the second aerosol sample. Red and green, as for Fig. 1 but for
the second aerosol sample; error bars represent ^one standard deviation. In
these spectra, and according to the measurements made by the GCMS9,
features at m/z ¼ 40 and m/z ¼ 44 must be attributed respectively to
instrument background 40Ar and CO2. The features at m/z ¼ 28 and 30 can
be attributed mainly to 14N14N and 15N15N, respectively. The fragment at
m/z ¼ 17 is enhanced (from 1,306 to 7,000 counts s21), which might be
attributed to a greater amount of aerosols collected during the second ACP
aerosol sampling. Furthermore, a potential pyrolysis fragment feature
appears at m/z ¼ 27, the intensity of which increases from 0 (background) to
1,100 counts s21 (analysis signal) on the spectra; on Fig. 1, this feature was
obviously lost in the background. Although the NIST library molecular
fragment list suggests that several compounds (C2H4, C2H6, C3H8 and
HCN) may contribute to this feature at m/z ¼ 27, a chain of deduction (see
main text) allows us to conclude that HCN is the main contributor to the
feature at m/z ¼ 27. It is possible that there is instrumental crosstalk
between adjacent features at m/z ¼ 27 and 28; that is, some ions with
m/z ¼ 28 can be detected at m/z ¼ 27, as observed by the GCMS
experiment9. This crosstalk should depend on the intensity of the m/z ¼ 28
signal and vary in proportion to it. In fact, we noticed a strongly varying
(m/z ¼ 28)/(m/z ¼ 27) ratio, which indicates that the crosstalk plays here a
minor role (see Supplementary Fig. 5). An experimental confirmation is
expected by performing the injection of HCN into the laboratory models of
the ACP-GCMS experiments, identical to the models having flown on the
Huygens probe.
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tholins) of Titan’s aerosols. These tholins have optical properties
similar to those of Titan’s aerosols16, and the simulation experiments
that produce them also yield a suite of organic gases qualitatively
representative of the hydrocarbon and nitrile gases observed in
Titan’s stratosphere20.
A few important but limited pyrolysis-GCMS analyses of tholin
material show the release of NH3 and HCN15,19,21, but a more detailed
and systematic laboratory investigation is clearly needed.
Some limitations of the ACP-GCMS data are apparent. For
example, as found in recent laboratory experiments (see Supplementary Fig. 1), a feature at m/z ¼ 78 is diagnostic of the main MS
fragment of benzene, an aromatic compound expected to be present
in Titan’s aerosol according to certain chemical models4,12. As the
data are not sufficiently reliable above m/z ¼ 50, such aromatics are
not directly detectable. The best approach is to infer higher-mass
products using quantitative analyses from laboratory experiments
now in progress. In particular, the presence of NH3 in the pyrolysis

products provides information about the general class of aerosols in
Titan’s atmosphere. Analytic diagnoses of some tholins have indicated the presence of the NH2 chemical group, which should be the
major contributor to NH3 released by pyrolysis (see Supplementary
Information, Section 3). Evidence supporting this idea has been
obtained from recent mass spectrometric measurements22. The
presence of HCN is less informative, as this molecule is generally
observed in the thermal decomposition of polymeric species that
include nitrile CN chemical groups or structural CN bonds23,24 (see
Supplementary Information, Section 3). The presence of both NH3
and HCN does demonstrate, however, that nitrogen can be incorporated into Titan’s aerosol in different ways, and the general
presence of nitrogen in the aerosol suggests that the aerosol acts as
an important sink for atmospheric nitrogen25.
Finally, our measurements do not indicate any substantial difference between the two samples collected at different altitudes, covering the range from the middle stratosphere down to the middle
troposphere. This is consistent with an aerosol of homogeneous
composition between altitudes of 130 and 20 km, suggesting a
common source. Such a source is generally associated with a photochemical production layer well above 200 km (ref. 7). From this
upper region of the atmosphere the aerosol is transported to lower
levels by diffusion, precipitation and atmospheric circulation.
The results presented here show that the complex organic matter
produced by Titan’s atmospheric chemistry is being carried irreversibly to the surface by the aerosols. This material should thus
contribute to the composition of the surface and to its spectral
signatures, in particular in the infrared range. Other complementary
information on the optical and radiometric properties of the aerosols
can be obtained from the Descent Imager/Spectral Radiometer
instrument26 on the Huygens probe, and from the Visible and
Infrared Mapping Spectrometer and the Composite Infrared
Spectrometer on board the Cassini spacecraft.
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Figure 3 | Temporal evolution of the intensity of the MS signatures
attributed to ammonia for the second aerosol sample pyrolysis. a, b, The
temporal evolution of the signal for m/z ¼ 16 (a) and m/z ¼ 17 (b) during
the transfer of the gases evolved from the second aerosol sample pyrolysis at
600 8C (named ACP 2-3). Error bars represent ^one standard deviation
(^1j) to the experimental value measured. A signature at m/z ¼ 17 is
observed on the mass spectra measured during the transfer of the gases
evolved from the first and the second aerosol samples pyrolysed at 6008C
(see Figs 1 and 2). The rate at which the signal of the feature builds during
successive sweeps of the MS decays with time. This is characteristic of a real
signal, and not of noise (if the event at m/z ¼ 17 was due to noise, its
intensity would not decrease with time during the successive injections in
the MS). As seen on this figure, during the considered transfer, the signal at
m/z ¼ 17 evolves in the same way as the signal at m/z ¼ 16 during ACP 2-3
transfer. However this behaviour cannot be explained by the contribution of
the 13CH4 alone. It requires the contribution of another species. Taking into
account the distribution of the mass spectrum and the NIST MS library, the
only possible candidate is NH3. A similar behaviour is observed on the mass
spectra measured during the transfer of the gases evolved from the first
aerosol sample pyrolysis at 600 8C.
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