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Comets harbor the most pristine material in our solar system in the form of ice, dust, silicates, and 

refractory organic material with some interstellar heritage. The evolved gas analyzer Cometary Sampling 

and Composition (COSAC) experiment aboard Rosetta’s Philae lander was designed for in situ analysis 

of organic molecules on comet 67P/ Churyumov-Gerasimenko. Twenty-five minutes after Philae’s initial 
comet touchdown, the COSAC mass spectrometer took a spectrum in sniffing mode, which displayed a 
suite of 16 organic compounds, including many nitrogen-bearing species but no sulfur-bearing species, 

and four compounds—methyl isocyanate, acetone, propionaldehyde, and acetamide—that had not 

previously been reported in comets. 

 

The study of the chemical composition of comets provides key information about the raw 

materials present in the early solar system (1, 2). Ground and space-based observations 

have identified over 20 organic molecules in comet comae (3, 4), a subset of which are of 

prebiotic interest (5, 6). 
The Cometary Sampling and Composition (COSAC) experiment on Rosetta’s lander 

Philae was designed to detect and identify organic molecules in the material of comet 67P 

(7). It consists of a gas chromatograph (GC) and a time-of-flight mass spectrometer (TOF-

MS) to analyze samples delivered by the sample drilling and distribution system (SD2). 
COSAC can also operate in sniffing mode, in which the MS accumulates data without active 



sampling by SD2. Molecules that have passively entered the instrument are ionized, 

accelerated, and finally registered by COSAC. MS sniffings were made several times 

between launch and arrival at the comet, including during a fly-by of Lutetia (8). MS sniffings 

were made on arrival at 67P from 10 km above the surface, after initial touchdown, and at 

the final resting site (Fig. 1). 
 

The Philae lander first touched down on 67P on 12 November 2014 at 15:34:04 UTC 

and then bounced. The impact excavated about 0.4 m3 of solid material (9), some of which 
would have entered COSAC’s two exhaust pipes, which are on the bottom of the lander (10), 
and then stuck to the inside of the 2-cm-wide pipes. The temperature in these pipes was 12° 

to 15°C (10), midway between the cold cometary exterior and the heated interior of the 

lander, allowing volatile organics to sublime and be detected by the MS in a measurement 

that began at 16:00:30 UTC and ended at 16:02:50 UTC, when the lander was about 150m 

above the surface on its first bounce. We focus here on this spectrum (green in Fig. 1), which 

differs fundamentally in the number and intensity of its peaks from the undisturbed spectra 

taken before and after, and represents excavated cometary material (10). Our approach was 
to find the best fit to this spectrum of a superposition of standard National Institute of 

Standards and Technology (NIST) mass spectra (11) of candidate cometary molecules. The 

spectral deconvolution methodology used is similar to that used in other space missions 

[such as the Ion and Neutral Mass Spectrometer (INMS) measurements by Cassini and the 

GCMS on the Huygens probe] (12–14). 
Because COSAC has a mass resolution of only 300, single mass peaks cannot be 

resolved into different molecular species [e.g., CO, N2, and C2H4, all at a mass/charge ratio 

(m/z) of 28, are indistinguishable]. Analysis (10) was limited to compounds below m/z 62 

because signals beyond this value are too faint to be distinguished reliably from noise. The 

Figure 1. Mass spectra taken by COSAC in “sniffing mode.” Top (green): spectrum taken 25 min 

after first touchdown; the m/z 18 peak reached a height of 330 counts, but the spectrum is 

truncated to show smaller peaks more clearly; middle (red): final spectrum, taken 2 days later 
at the current Philae position; bottom (blue): first spectrum, obtained in orbit 27 days before 
landing, from a distance of 10 km. 



peak at m/z 78, for example, is not real: Several ions coincidentally ended up in a single 

channel, leaving neighboring ones empty (10). All conceivable molecules were first listed 

and their fragmentation patterns evaluated (table S1). Elimination of molecules with 
incompatible fragmentation patterns (for reasons described in table S3) led to a short-list of 

candidate molecules (table S2). We further reduced the short list by making the fit in order 
of decreasing mass, starting from m/z 59 (10), and eliminating unstable and unsaturated 

species. This yielded a good fit to all peaks (except m/z 15 and a fraction of m/z 29, Fig. 2) 
with 16 species from several families of molecules—alcohols, carbonyls, amines, nitriles, 

amides, and isocyanates—in a consistent combination (Table 1). Peaks for m/z < 10 were not 

included in the fit because they are not listed in the standard NIST mass spectra (11). The 
molecular abundances of these compounds relative to that of water (Table 1) were corrected 
for electron cross section (table S4). The absence of ions at m/z 32 indicates a lack of sulfur-

bearing species (Fig. 2 and Table 1). Amino acids were not included in the fit because the 
molecular ion peaks of glycine (m/z 75) and alanine (m/z 89) are negative after background 

subtraction, thereby suggesting that they are noise. Although fragment peaks assigned to 

glycine and alanine in the NIST standard spectra (11) are present in the COSAC spectrum (in 
the m/z 30s to 40s range), any contribution to these fragment peaks from amino acids is 

difficult to disentangle from the contributions of other species. 

The main source of error is the low signal intensity, averaging about 100 counts (table 
S1). A statistical square-root of n approach yields a standard deviation of 10%. In addition, 

the NIST standard spectra (11) have a 15% error. Considering formal error propagation and 

the uncertainties in our peak-fitting algorithm, we estimate that the abundances given in 

Table 1 are accurate to about a factor of 2. The fit of a mass spectrum whose peaks result 

from the superposition of different molecular species is intrinsically degenerate, with 

several possible solutions (10). 
 

Figure 2. The fit to the observed spectrum. Comparison of the COSAC original mass spectrum (black 

bars for each integer mass) and the spectrum reconstructed from the best fit (orange bars to right of 

original signal). The peak heights are normalized to 100 for the m/z 18 peak (which  has  been  truncated). 



Table 1. The 16 molecules used to fit the COSAC mass spectrum. 

Name Formula Molar mass (u) MS fraction Relative to water 

Water H2O 18 80.92 100 

Methane CH4 16 0.70 0.5 

Methanenitrile (hydrogen cyanide) HCN 27 1.06 0.9 

Carbon monoxide CO 28 1.09 1.2 

Methylamine CH3NH2 31 1.19 0.6 

Ethanenitrile (acetonitrile) CH3CN 41 0.55 0.3 

Isocyanic acid HNCO 43 0.47 0.3 

Ethanal (acetaldehyde) CH3CHO 44 1.01 0.5 

Methanamide (formamide) HCONH2 45 3.73 1.8 

Ethylamine C2H5NH2 45 0.72 0.3 

Isocyanomethane (methyl isocyanate) CH3NCO 57 3.13 1.3 

Propanone (acetone) CH3COCH3 58 1.02 0.3 

Propanal (propionaldehyde) C2H5CHO 58 0.44 0.1 

Ethanamide (acetamide) CH3CONH2 59 2.20 0.7 

2-Hydroxyethanal (glycolaldehyde) CH2OHCHO 60 0.98 0.4 

1,2-Ethanediol (ethylene glycol) CH2(OH)CH2(OH) 62 0.79 0.2 

 

The absence of large quantities of NH3, HCHO, and CO2 in our best fit may seem 
surprising because they were expected to be present as components of cometary ice. NH3 

(m/z 17) was not needed for the fit, but the presence of small quantities seems likely. 

However, this is hard to quantify because the large H2Opeak atm/z 18 implies a substantial 

contribution to the m/z 17 peak from the OH fragment peak of H2O, which is difficult to 

distinguish from any NH3 contribution. HCHO (m/z 30) and CO2 (m/z 44) are not included 

because m/z 30 is mainly accounted for by fragment peaks of other molecules, rather than 

by the molecular ion of HCHO, and m/z 44 is mainly accounted for by fragment contributions 

from acetamide, formamide, and acetaldehyde, rather than by CO2. 

We initially tried a fit that started with the assumption that m/z 44 came from CO2, 

but no acceptable fit could be achieved to the remaining peaks. If all of m/z 44 were ascribed 

to CO2, our sample would only contain 3% of CO2 relative to water. Using the procedure 

described above, we found that a more sensible fit for all mass peaks, especially m/z 57, 58, 

and 59, could only be achieved by assuming a CO2 concentration of less than 0.1%. The low 

abundance of CO2, NH3, and HCHO could indicate that the excavated COSAC sample came 

from an area depleted in volatile ice components. Observations by the Visible, Infrared and 

Thermal Imaging Spectrometer (VIRTIS) from the Rosetta orbiter (15) do suggest a dark 

surface depleted in volatiles, consisting mainly of refractory organic macromolecular 

materials, with very little ice on the surface. Studies (16) using the Rosetta Orbiter 
Spectrometer for Ion and Neutral Analysis (ROSINA) indicate that volatile ices sublime 

diurnally and seasonally, with CO2 ranging from 3% relative to water in local summer (the 
present case) to 80% in local winter. 

The COSAC findings differ from those of Ptolemy (17) because COSAC sampled 
particles excavated by the impact (10) that entered the warm exhaust tubes located on the 

bottom of the lander, where they pointed toward the surface, whereas Ptolemy sampled 

ambient coma gases entering exhaust tubes located on top of the lander, where they pointed 

toward the sky (possibly with the addition of some dust that made its way around the lander). 
That COSAC detected far more nitrogen bearing compounds than Ptolemy agrees with 



earlier observations that nitrogen was more abundant in the dust than in the gas of comet 

Halley (18). The Ptolemy team interpret their mass spectrum as fragments of 
polyoxymethylene polymer, with a strong CO2 peak of intensity 20% relative to water. 

COSAC did not detect ambient coma gases (which were dominated in Ptolemy data by CO2 
with a few polymer fragments). The COSAC MS maintains a constant pressure; thus, 
subliming gases from our ground sample pushed the ambient coma gases outside the 

COSAC MS. Before sublimation, the total pressure inside the COSAC MS was dominated by 

CO2, in line with Ptolemy data and prelanding COSAC spectra. After sublimation, the total 

pressure inside the COSAC MS was due to the sum of the partial pressures of all the 

sublimed ground materials. This can explain the missing CO2 in the post-touchdown 

spectrum. The displacement of ambient coma gases by subliming ground materials and the 

temperature of 12° to 15°C in the COSAC exhaust tubes, which is too low to break down any 

refractory polymers in the ground materials, combine to explain why COSAC did not detect 

any polymer fragments. 

The COSAC molecules form a consistent set related by plausible formation pathways 

(Fig. 3). A nitrogen source such as NH3 must originally have been abundant to form the many 
N-bearing species, but could since have mostly evaporated or been used up in reactions. All 

the COSAC organics can be formed by UV irradiation and/or radiolysis of ices due to the 

incidence of galactic and solar cosmic rays: alcohols and carbonyls derived from CO and 

H2Oices (19), and amines and nitriles from CH4 and NH3 ices (20). Hydrolysis of nitriles 

produces amides, which are linked to isocyanates by isomerization. 

 

Several of the COSAC compounds, such as HCN, CH3CN, and HNCO, are present in 

the comae of most comets (1). Others, such as CH3CHO, HCONH2, CH2(OH)CH2(OH), 
CH3NH2, and C2H5NH2, have only been found in a few comets. Four molecules reported 

by COSAC—CH3NCO, CH3COCH3, C2H5CHO, and CH3CONH2—have not been 

previously reported in a cometary environment, and CH2OHCHO has only been reported as 

an upper limit. These cometary molecules are all predicted by our generalized formation 

scheme (Fig. 3). CH2OHCHO is an efficient initiator in the prebiotic formation of sugars (21). 

Figure 3. Possible formation pathways of COSAC compounds. Species in red are not confidently 
identified; species in green are reported for the first time in comets by COSAC. 



HCN is a key molecule in the prebiotic synthesis of amino acids (21, 22) and nucleobases 

(21) and even offers an elegant pathway to sugars (23). HCONH2 provides a prebiotic route 

to nucleobases (24). HCONH2 (24) and CH3CONH2 (21) catalyze phosphorylation of 
nucleosides to nucleotides, in which amines also play a role (21). Isocyanates play a major 
role in the prebiotic synthesis of peptides, through the so-called isocyanate route (22). The 
complexity of cometary nucleus chemistry and the importance of N-containing organics 

imply that early solar system chemistry fosters the formation of prebiotic material in 

noticeable concentrations. 
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Materials and Methods 

Measurement Strategy 

The sequence of instrument activities was fixed before landing.  The COSAC sniffing 

was intended to be the first measurement after nominal landing costing little energy and 

time.  In addition no knowledge about the Lander situation was required.  This sequence 

was triggered automatically by the generation of the touch down signal from Philae.  The 

MS sniffing procedure did not involve any active sampling or heating, but was simply a 

switch on of the mass spectrometer in order to sample the gas environment present in the 

instrument’s ion source. 

After an initial characterization of the landing site and preliminary data evaluation on 

Earth, drilling would be attempted and a proper soil sample delivery to COSAC was 

scheduled.  All these procedures and time lines were fixed well in advance to landing.  

This sequence would have delivered a full GC-MS data set.  Due to the non-nominal 

landing this did not happen.  The sniffing measurement reported here is the most organic 

containing data set COSAC retrieved on the comet up to now. 

Suggested Sample Delivery 

At the first touch-down of Philae a significant amount of material was excavated (about 

0,4 m³, (10)).  Grains almost certainly entered the exhaust pipes of COSAC, which have 

orifices with an inner diameter of 19 mm at the baseplate (i.e. “bottom side”) of the 
Lander.  These grains would have stuck to the inside of the tubes, most likely at a 

position where the temperature was at ~ 12-15°C.  (This temperature can be derived from 

the Philae thermal model and measurements made nearby the tubes, i.e. at the mass 

spectrometer, the baseplate and the instrument panels to which COSAC is attached.  Note 

that the low thermal conductivity of the plastic tubes (0.000092 W/K) helps to insulate 

the warm interior from the cold exterior of the Lander, which was at the time of landing 

about -90°C, thereby leading to an intermediate temperature in the bent part of the pipe 

close to that of the MS.  Trapped gases would thereafter have evolved which could be 

measured in the MS, some 25 min later.  This explains differences between the COSAC 

measurements and those performed by Ptolemy at about the same time, where the 

sniffing was performed through a pipe to the top of the Lander (17). 

Calculation of Peak Intensities of COSAC FSS Mass Spectrum of 12 Nov 2014 

In the initial step the spectrum was mass calibrated through a mathematical treatment that 

transforms the intensity versus time data into a mass spectrum with intensity plotted 

versus mass per unit charge.  We calculate peak intensities in an automated way.  First a 

mass calibration of the spectrum is obtained with peaks at m/z 1, 18, 28, 44, assuming 

that these peaks are due to hydrogen, water, carbon monoxide and carbon dioxide.  In 

order to obtain the masses of these peaks we fit Gaussians to each and calculate the peak 

center from the full-width at half-maximum of each fitted Gaussian profile.  In order to 

check the influence of our peak identification at m/z 44, we applied an alternative mass 

calibration assuming that the peak at m/z 44 is entirely due to C3H8, the heaviest possible 

ion at this mass, leaving the other calibration peaks unchanged.  The resulting shift in the 
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mass calibration is negligible and affects neither our peak identification nor the deduced 

peak intensities.  This data set is then treated further using this particular mass scale. To 

obtain the total intensity in a selected peak, a mass window is defined that is centered 

close to the integer m/z of that peak.  For noise background determination close to the 

peak, we define two windows that are offset from the main peak window towards lower 

and higher m/z values, respectively. 

 

We set the window size so that the number of spectrum channels is independent of m/z up 

to m/z 60 and take 40 spectrum channels in the peak window and 15 channels in each of 

the background windows.  Due to the decreasing mass resolution of the time-of-flight 

spectrum towards higher masses we have to increase the widths of the windows on the 

m/z scale in order to keep the number of spectrum channels constant.  This guarantees 

that the statistical uncertainty in each window type (peak or background) is independent 

of m/z. 

 

With increasing mass the background windows move closer to the background windows 

of adjacent peaks, and, beginning at m/z > 40, these background windows partially 

overlap.  At m/z 60 the background windows from adjacent peaks completely overlap and 

entirely fill the gap between the peak windows.  Therefore, for m/z > 60 the widths of the 

peak and the background windows have to be reduced.  We calculate the total intensity in 

the peak and in each of the background windows as the sum of the counts in the spectrum 

channels covered by each of the three windows.  We take the background intensity at the 

peak location as the average of the two background values and subtract the resulting 

number from the peak intensity.  We calculate this background-subtracted peak intensity 

for each m/z in integer steps.  

 

The resulting peak list, see Table S1, gives the background-subtracted peak intensity up 

to m/z 120.  Entries below about 20 counts are in the range of the statistical limit of this 

method, as one may see from the occurrence of negative entries in the peak list down to 

−20 counts.  For example, for m/z 102, the plotted spectrum shows a very weak peak, 

while the peak list gives only 2 counts for this mass.  Since the COSAC MS consistently 

produced constant instrument background signals at m/z 18, 28, and 44 (8), even during 

hibernation, these values need to be subtracted, as was done in Table S1.  

 
Mass Fragmentation Pattern and Reduction Strategy 

The identification of molecules from a single mass spectrum containing several 

compounds is intrinsically degenerate.  In order to arrive at a plausible composition we 

used exclusion principles.  Some are rather strict and convincing, some less so. 

The mass fragmentation patterns of the molecules were retrieved from the National 

Institute of Standards and Technology (NIST) database (11), and used for COSAC 

analysis as described in (25).  Molecules giving strong signals where the COSAC mass 

spectrum shows only noise were discarded, as were molecules showing strong signals 

where the COSAC signals were weak.  Compounds showing peaks in the mass range 

above m/z 62 were omitted.  Compounds containing chlorine, fluorine and boron were 

omitted, as their signals were indistinguishable from instrument noise. 
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The color coding scheme used in tables S1 – S3 distinguishes between different reasons 

to adopt particular molecular choices. 

Table S1: file: COSAC_Table_S_1.xlsx 

In this table the original intensity values are displayed and a large series of molecules and 

their fragmentation patterns are listed.  It contains a list of all the molecules we 

considered to be possible candidates within the mass range observed.  This list was 

reduced following the reasons listed in table S3, leaving us with table S2 

Table S2: file: COSAC_Table_S_2.xlsx 

This table contains the reduced list.  Three compounds were added in order to list the 

fragmentation patterns of Glycine, Alanine, and 2-oxo-butanoic acid. 

Table S3: file: COSAC_Table_S_3.xlsx 

This table contains an explicit reason for deleting each of the molecules removed from 

table S1 in order to form table S2. 

 

The Fit 

In order to explain the way the spectrum was fitted, the considerations leading to the 

molecular choices made from the tables are listed in very short form below starting from 

mass 59 downwards.  This explanation ends at m/z 27 but the general idea should be 

clear.  Our protocol to identify molecular species, based on the data collected by the 

COSAC mass spectrometer after the first touchdown, made use of the NIST MS 

database.  Molecules with no available mass spectrum in this database were not included 

in our fit, the HNCO compound being the only exception.  It was found that, in general, 

our mass spectra of various standard species were comparable to those provided by the 

NIST (25).  The fit of the mass spectrum, which is composed of a set of peaks which 

contain contributions from different molecular species, has no unique solution.  It is 

therefore not possible to provide a definitive list of molecules that fits our data.  The 

following criteria were thus applied to reduce the number of potential molecular 

candidates to species that were detected with a high probability: 

 

i) In general, we applied Occam´s razor, reducing as much as possible the number of 

species required to fit the mass spectrum. 

ii) The fit was made in order of decreasing mass, starting from m/z 59.  This way, the 

contributions of the fragments from the heavier molecules, e.g. acetamide (with a 

molecular ion mass of 59), to lower masses (the m/z 44, 43 signals are also in the 

spectrum of acetamide) are accounted for.  Then, if the signal intensity of these lower m/z 

values needed an additional contribution, a new molecule was introduced.  Many 

potential candidates for a given m/z value were discarded because their contribution to 

other m/z values was excessive and, therefore, did not fit the spectrum. 

iii) The most unstable species and the organic molecules with unsaturated carbon-carbon 

bonds were avoided.  It would be unlikely to detect the unsaturated molecule and not its 

saturated version. 

 

All m/z peaks in the mass spectrum could be well fitted using sixteen species, except m/z 

15 and a fraction of m/z 57, see Fig. 2.  The percentages given in Table 1 are the 

molecular abundances relative to that of water in the sample.  These values were 

corrected for electron ionization cross sections.  The molecular assignment of the mass 
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fragments detected in the spectrum after the first touchdown followed the above criteria. 

A short discussion of this assignment is given below.  It is important to note that for 

brevity, a large number of the molecules taken into consideration are not mentioned here.  

However, all the molecules with a reported spectrum were taken into consideration for 

the fit before ruling them out.  For a specific molecule, the intensity of a fragment, m/z, in 

the mass spectrum is relative to the main peak intensity value (100%), indicated in 

parentheses: 

 

m/z 60  

Small peak close to the noise level, no species from the NIST database with molecular 

m/z 60 is an important contributor to m/z 59, 58, 57.  The absence of a significant signal 

for m/z 60 indicates that acetic acid (CH3COOH) and methyl formate (HCOOCH3) 

abundances, with respective m/z 60 intensities of 75% and 38%, are negligible.  Glycol 

aldehyde (HOCH2CHO), with m/z 60, has a small intensity of m/z 60; it was considered 

in the fit, see comment on m/z 31. 

 

m/z 59  

The best candidate is acetamide (CH3(C=O)NH2, m/z 59) for this fragment.  It contributes 

mainly to m/z 59 (100%), 44 (99%), 43 (60%), and 42 (31%).  Acetamide therefore 

contributes to the 2 series of 3 peaks each in the mass spectrum, in particular to m/z 59 

(molecular ion), 44 (CH2NO+), and 43 (C2H3O+). 

 

N-methylformamide (HCONHCH3) could account for at most 50% of m/z 59, based on 

the ratio m/z 59/30 = 100/54 for this molecule, which is close to 1/1 in our spectrum.  It 

was not included in the fit because methylamine already fits m/z 30 and, in addition, 31.  

Similarly, propylamine (CH3CH2CH2NH2), has a small m/z 59 peak (9%) compared to 

m/z 30 (100%), it would contribute by no more than 10% to the m/z 59 fit.  N,N-

dimethyl-methylamine or trimethylamine could add to m/z 59 (68%) and 58 (100%), but 

contributes in excess to m/z 42 (25%) and was therefore not used for the fit. 

 

m/z 58 

Potential contributors to this fragment are trimethylamine (100%), glyoxal (44%), 

methoxyethene (77%), and propanal (100%).  Trimethylamine, (CH3)3N, was discarded 

because m/z 42 is about 25% and this peak is not clearly present in our data.  Glyoxal 

(O=CH-CH=O) could contribute to m/z 58, 44, and 43 while its main intensities fall at 

m/z 29, 31, and 30, but added in excess, in particular to m/z 32 (25%) which is not clearly 

present in our data.  Methoxyethene (CH3OCH2CH3) with main peaks at m/z 58, 43, and 

15 could partially contribute.  The species 2-propanamine with m/z 58 (8%), adds in 

excess to m/z 44 (100%), and 42 (17%) and was neglected.  The HCOOCH radical anion 

of HCOOCH3 was discarded, see above.  Propenol (C3H6O) could contribute mainly to 

57, little to 58, but it is an unsaturated species and there is no clear evidence for the 

presence of propanol.  Propanal (CH3CH2CHO) has its main fragment at m/z 58 and has a 

significant signal at m/z 57 (30%), 29 (88%), 28 (58%), and 27 (47%), it was included in 

our fit.  Acetone (CH3(C=O)CH3) with m/z 43 as main fragment was also selected for the 

fit, it  adds appreciably to m/z 58 (25%). 
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Regarding simple aliphatic chain species with no functional groups, butane (C4H10) with 

m/z 58 contributes mainly to m/z 43 and may be present.  Propane (C3H8) has a strong 

signal at m/z 29, which is intense in our spectrum, while ethane (C2H6) would contribute 

mainly to m/z 28.  Pentane’s contribution is negligible because its spectrum has m/z 41 

and 42 near 60% and these signals are weak in our data. 

 

m/z 57 

Only the mass spectra of propenol (C3H6O) or methyl isocyanate and its isomers 

(C2H3NO) display m/z 57 as the main fragment.  Propenol has [57, 100%] and [58, 23%], 

while methyl isocyanate (O=C=N-CH3) has [56, 37%] and [57, 100%].  The intensity of 

peak m/z 57 is not accounted for while fitting m/z 59 and 58.  We are thus forced to 

include at least one of those two candidates, but propenol was discarded, see above 

comment for fragment m/z 58.  Methyl isocyanate was therefore included.  As outlined 

below HNCO (H-N=C=O, isocyanic acid) is a plausible candidate and methyl isocyanate 

((O=C=N-CH3)) might be formed by methylation of HNCO.  However, methyl 

isocyanate cannot be the only contributor to m/z 57 because of its 56/57 ratio compared to 

our spectrum with a weak m/z 56 intensity.  Other potential candidates that were not 

included are: hydroxy-acetonitrile (HOCH2CN) with m/z 28 (100%) and 56 (22%), 

because m/z 56 is weak in our data; and 2-propen-1-amine and cyclopropylamine, 

because their main mass fragment is m/z 56. 

 

m/z 45 

Formamide (HCONH2) was found to be the best candidate.  In addition, the above 

identification of acetamide suggests there could be also formamide, which would 

contribute mainly to m/z 45, 44 and 29.  Nitrosomethane (CH3-N=O) has m/z 45 of about 

70% relative to m/z 30  It could contribute to m/z 45 but not sufficiently because m/z 30 is 

weaker than m/z 45 in our data.  Dimethylamine (CH3-NH-CH3) has m/z 45 of 63% 

relative to m/z 44.  It could also be present but contributes to an excess in the fit of m/z 44 

and 42.  Therefore formamide is the preferred choice.  Ethylamine was also included in 

the fit, but it contributes mainly to m/z 30 and has in comparison a low intensity for m/z 

45 (19%). 

 

m/z 44 

CO2 is the obvious candidate, but molecules used to fit higher masses, in particular 

acetamide and formamide, accounted for much of the m/z 44 peak in our spectrum.  

There is a very reduced number of organic molecules with m/z 44 as the molecular mass.  

Only acetaldehyde (CH3CHO) with m/z 44 was found to add significantly to m/z 44; its 

main fragments are m/z 44 (82%), 43 (47%), and 29 (100%).  

 

m/z 43 

Some selected species with higher masses (acetamide, formamide, acetaldehyde, and 

acetone) contribute significantly to 43.  No real candidate with a molecular mass of m/z 

43 was found in the NIST database.  Acetone (CH3(C=O)CH3) has a mass of m/z 58, but 

its main fragment is m/z 43, while other fragments in its spectrum are negligible.  It 

contributes only partially to m/z 43 because it would otherwise add in excess to m/z 42 

(already fitted with acetamide) and m/z 58 (fitted with methylamine).  Thus it was 
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selected along with HNCO to fit m/z 43.  HNCO is a good candidate because it has its 

main peak at m/z 43 being m/z 29 about 30%), other peaks in the HNCO spectrum are 

below 20% in intensity relative to m/z 43 (26)  

 

m/z 41 

Acetonitrile (CH3CN) has a molecular mass of m/z 41, m/z 41 being its main fragment, 

while m/z 40 is near 50%.  There is only a minor contribution from other mass fragments 

in its spectrum.  It was therefore included in the fit.  Its methyl isocyanide isomer 

(CH3NC) might also contribute.  No other candidate molecules with m/z 41 were found. 

 

m/z 32 

The absence of a clear signal around m/z 32 indicates that Sulfur-bearing species were not 

detected in our measurement. 

 

m/z 31 

Methylamine has a mass of m/z 31, m/z 30 being its main fragment, it also contributes 

significantly to m/z 31 (65%) and 28 (54%).  It was the only candidate found with a 

molecular mass of m/z 31 and is required to account for the intensity of m/z 31.  Glycol 

aldehyde (HOCH2CHO) was also included in the fit because its main fragment is m/z 31, 

its abundance is limited because it also contributes to m/z 32 (48%) and 60 (7%) and both 

masses have a very low intensity in the measured spectrum.  The same holds for ethylene 

glycol (HOCH2CH2OH), where in this case its contribution to m/z 31 is limited by its 

spectral intensity for m/z 33 (36%).  Glyoxal (O=CH-CH=O), with m/z 31 (86%) and 

main peak at m/z 29, was not considered because it would lead to excess in the fit of other 

fragments, see comment for m/z 58. 

 

m/z 29 

Propanal (C2H5CHO), used to fit m/z 58, is the main contributor to the m/z 29 fragment. 

 

m/z 28 

Carbon monoxide was expected to contribute, since it was detected in previous cometary 

measurements.  In addition, other species with larger masses required to fit the spectrum 

contribute to this fragment. 

 

m/z 27 

After entering all the molecular candidates with higher masses, the intensity of m/z 27 

(and m/z 15) was under-fitted.  Hydrogen cyanide (HCN) is the only good candidate with 

this mass, its main peak is at m/z 27 and other fragments have minor intensities. 

 

Mathematical Procedure for semi-quantitative Analysis 

In order to convert mass fragment intensities to molar abundances, the probabilities of 

forming and thereafter detecting a fragment need to be taken into account.  The ionization 

of a compound in the ionizing chamber of the instrument depends on a number of 

parameters, one of which is compound-specific.  Electron current density and electrode 

geometry are identical for all compounds, so they do not need to be considered in a 

comparison between several different compounds in the same spectrum.  The compound-
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specific parameter utilized is its electron-impact cross section σ at 70 eV (as employed in 

the instrument).  A second parameter determining intensity in a mass spectrum is mass 

discrimination, which involves a different permeability or detector gain for different 

masses.  Time-of-flight instruments such as COSAC, typically show no, or only minimal, 

mass discrimination, so for the rather small mass window concerned here we assume an 

identical detection probability for all masses.  Thus, the only correction necessary is the 

division of mass spectrum intensities by the electron impact cross section σ for each 

compound.  Since there are no experimental data available for a number of relevant 

compounds, all values of σ used in this analysis were calculated using quantum chemical 

models.  The model used is the Binary-Encounter-Bethe (BEB) model, as described in 

(27) and (28).  In a deviation from this model, all molecular orbitals were included in the 

present calculation.  The process used consisted of three steps.  First, the geometry of the 

molecule was optimized using a Restricted Hartree Fock (RHF) calculation with a 6-

311++G(sd,p) basis set.  To confirm that the energy minimum identified was indeed the 

global minimum, in a second step a B3LYP Density Functional Theory (DFT) calculation 

of both, the ground state and the first cationic state with the same geometry, was 

performed.  The energy difference between the two states then comprises the vertical 

excitation potential, which should be slightly higher than the first ionization potential 

(IP).  The calculated energy difference was compared with experimental data from the 

NIST webbook database (29).  When the energy difference was small (<0.2 eV), a third 

and final step was made consisting of an RHF single point energy calculation and virial 

analysis of the molecule, which procedure yielded all the parameters then required to 

calculate σBEB.  When possible, the calculated values were compared with experimental 

data and these comparisons showed good agreement.  All calculations were performed 

using the GAMESS software package (30) and (31). 
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Fig. S1. 

 
 

Figure S1:  Lander body including COSAC elements and the venting pipes.  The 

openings of the pipes are at the baseplate, pointing “downwards” so that ejected material 

from the surface could easily enter.   The grains would then stick somewhere on the 

inside surfaces of the pipes, where temperatures were around 12-15°C. 
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Fig. S2 

 
Figure S2:  Cross section of the COSAC exhaust; the image shows one of the exhaust 

tubes in cross section (19 mm inner diameter) where cometary dust could have entered.  

It also shows the geometry of the ion source of the mass spectrometer. 
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Table S4. 
The following cross sections were used in the analysis: 

Table S4: Electron-impact cross sections σBEB as used in this study.  

Compound σBEB [Å²] Measured * Deviation 

Acetaldehyde 6.94 6.93 0.14% 

Acetamide 9.72   

Acetone 9.94 10.20 -2.55% 

Acetonitrile 6.16   

Ammonia 3.55   

Carbon monoxide 2.84 2.99 -5.02% 

Carbon dioxide 3.97 4.05 -1.98% 

Ethylamine 9.07   

Ethylene glycol 10.42   

Formaldehyde 4.13   

Formamide 6.60   

Glycolaldehyde 8.52   

Hydrogen cyanide 3.53   

Isocyanic acid 4.87   

Isocyanatomethane 7.55   

Methane 4.40 4.67 -5.78% 

Methanol 5.42   

Methylamine 6.77   

Propanal 9.82 9.38 4.69% 

Water 2.53   

* Measured values are from the literature (32) 
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