
HAL Id: hal-00464271
https://hal.science/hal-00464271

Submitted on 26 Aug 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Tholinomics-chemical analysis of nitrogen-rich polymers
Pascal Pernot, Nathalie Carrasco, Roland Thissen, Isabelle Schmitz-Afonso

To cite this version:
Pascal Pernot, Nathalie Carrasco, Roland Thissen, Isabelle Schmitz-Afonso. Tholinomics-
chemical analysis of nitrogen-rich polymers. Analytical Chemistry, 2010, 82 (4), pp.1371-1380.
�10.1021/ac902458q�. �hal-00464271�

https://hal.science/hal-00464271
https://hal.archives-ouvertes.fr


Tholinomi
s � Chemi
al analysisof nitrogen-ri
h polymersPas
al Pernot∗Laboratoire de Chimie PhysiqueUMR 8000, CNRS, Université Paris-Sud 1191405 Orsay 
edex, Fran
eEmail: pas
al.pernot�l
p.u-psud.frNathalie Carras
oLaboratoire Atmosphères, Milieux, Observations SpatialesUniversité de Versailles Saint-Quentin, UMR 819091371 Verrières le Buisson 
edex, Fran
eRoland ThissenLaboratoire de Planétologie de Grenoble,UMR 5109, CNRS, Université Joseph Fourrier38041 Grenoble 
edex 9, Fran
eIsabelle S
hmitz-AfonsoCentre de Re
her
he de Gif, Institut de Chimie des Substan
es Naturelles,CNRS, avenue de la Terrasse,91198 Gif-sur-Yvette 
edex, Fran
e
1



Abstra
tThe polymeri
 
omposition of Titan's tholins � laboratory analogues of Titan's aerosols � is elu
idatedusing high resolution mass spe
trometry. This 
omplex organi
 matter is produ
ed by plasma dis-
harge in a gaseous nitrogen-methane mixture and analyzed with a hybrid linear trap/orbitrap mass-spe
trometer. The highly stru
tured mass spe
tra are treated with tools developed for petroleomi
s(Kendri
k and van Krevelen diagrams), with original adaptations for nitrogen-ri
h 
ompounds. Ourgoal is to �nd the best 
hemi
al basis set to des
ribe the 
ompositional spa
e that these polymerso

upy, in order to shed light onto the 
hemi
al stru
ture of tholins. We su

eeded in assigningthe mole
ules identi�ed in the mass spe
tra of tholins to a small number of regularly distributedX-(CH2)m(HCN)n families, where the balan
ed 
opolymer (m = n) is found to play a 
entral role.Within ea
h family, the polymer lengths n and m present Poisson-type distributions. We also iden-tify the smallest spe
ies of a subset of families as linear and 
y
li
 amino nitrile 
ompounds of greatastrobiologi
al interest: biguanide, guanidin, a
etamidine, aminoa
etonitrile, methylimidazole.
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1 Introdu
tionTitan, the largest moon of Saturn, has a dense atmosphere mainly 
omposed of nitrogen (98%), methane,mole
ular hydrogen and tra
es of hydro
arbons. Chemi
al growth is initiated by the a
tivation of N2 andCH4 by solar UV light and ionizing parti
les pre
ipitations.1, 2 It leads to the produ
tion of ma
ros
opi
parti
les whi
h sediment slowly in the atmosphere, forming the brownish haze surrounding permanentlyTitan.3 Composition of these aerosols, their formation and growth pathways are poorly understood, be-
ause of the di�
ulty of Earth-based observations of Titan's upper atmosphere and the limited resolutionof 
hemi
al analyzes performed by spa
e probes.4The knowledge about Titan's aerosols is improved by the study of analogous materials produ
ed in thelaboratory, the so-
alled Titan's tholins. These are most often synthesized by maintaining a 
ontinuousplasma dis
harge in gaseous N2-CH4 mixtures.5�7 Some experiments have also been driven using UVphotons as energy deposit,8, 9 but they did not allow a signi�
ant produ
tion of tholin. The PAMPRErea
tor7 used here is based on a Radio Frequen
y 
apa
itively 
oupled plasma. This original setup isdesigned for atmospheri
 simulation, as the produ
tion and growth of tholin o

ur dire
tly in levitationinside the 
on�ned rea
tive plasma, avoiding any 
onta
t of tholin with a solid support during the growthpro
ess. In this work two di�erent tholin samples have been generated by 
hanging the relative abundan
eof N2/CH4: either 98/2% (SA98) or 90/10% (SA90).The aim of this paper is to understand the polymeri
 stru
ture of tholins produ
ed in the PAMPRErea
tor and analyzed by high resolution mass spe
trometry. The polymeri
 nature of tholin has alreadybeen suggested by Sarker et al.10 and Somogyi et al.,11 where spe
ies 
omposing their samples are sortedin seventeen X(CH2)nNx series, de�ned by a hydro
arbon residue, X, and a number of nitrogen atoms, Nx(for instan
e Series 1 is C6H8(CH2)nN3, n = 0, 9). Con
erning the 
hemi
al signature of nitrogen, Sarkeret al.10 have shown that N is the dominant 
arrier of insaturation in their tholin material. Moreover,all elemental analysis performed on tholins have shown a large 
ontent of nitrogen, with N/C ratiossometimes rea
hing the value of one.6, 12, 13 The series 
lassi�
ation of Sarker et al.10 uses the CH2 unit,a 
lassi
al bri
k in petroleum organi
 matter,14 but it does not o�er a systemati
 unit for N insertion.It appears to us essential to understand the mole
ular growth of tholin 
omponents from the nitrogeninsertion point of view.Carras
o et al.15 have shown that the analysis of the soluble fra
tions dissolved in a polar solvent gavevaluable insights on the bulk tholin 
omposition. In this earlier work, the highly stru
tured nature ofPAMPRE tholins, 
hara
teristi
 of a polymeri
 matter, has also been shown by atmospheri
 pressurephotoionization time-of-�ight mass spe
trometry (APPI-TOF). Further tandem mass spe
trometry on adozen of negatively 
harged ions with m/z varying from 66 to 310 allowed to identify one neutral 
ommonbri
k, NC-NH-CN, whi
h unveiled the importan
e of the C /N alternation in Titan's tholins. However,3



with Q-Tof instrument, the mass resolution, m/z 0.03 (FWHM) at m/z 150 (whi
h 
orresponds to aresolving power of 5000) did not allow to unambiguously identify the 
hemi
al formula of all the mole
ules.The present work solves this undetermination. We have studied the 
hemi
al 
omposition of methanolextra
ts of tholin by ESI-FT-Orbitrap mass spe
trometry, at high resolving power ( M
△M

≥100 000 at m/z
≤400).In order to identify the main mass patterns 
onstituting the tholin, we have supported our analysis of themass spe
tra by extending visual and statisti
al representations developed for petroleomi
s � Kendri
kand van Krevelen diagrams.14, 16�21 Standard van Krevelen diagrams have been used for tholin analysisby Imanaka and Smith.22 The term tholinomi
s has been 
oined here to a

ount for the spe
i�
ity ofsu
h nitrogen ri
h CxHyNz polymeri
 spe
ies, whi
h, beside Titan's tholins, en
ompass other spe
ies ofastro
hemi
al interest as poly
y
li
 aromati
 nitrogen hetero
y
les (PANHs),23 or of industrial interestas 
arbon nitrides.24, 252 Methods2.1 Tholin produ
tion in a RF dusty plasma: the PAMPRE experimentalsetupThe apparatus used in this experiment was des
ribed in details previously7 and is summarized here brie�y.The plasma is a 
apa
itively 
oupled plasma dis
harge produ
ed at 13.56MHz frequen
y in a N2-CH4gaseous mixture. The plasma is 
on�ned in a 
ylindri
al 
age shaped by a metalli
 grid. In the plasmadis
harge, ele
trons disso
iate and ionize N2 and CH4. This initiates 
hemi
al rea
tions and mole
ulargrowth produ
ing hydro
arbons and nitrogen-bearing mole
ules whi
h eventually end up forming solidparti
les. The produ
ed solid parti
les are negatively 
harged and maintained in levitation between theele
trodes by ele
trostati
 for
es. The N2-CH4 gaseous mixture is inje
ted 
ontinuously into the plasmarea
tor, as a neutral �ow oriented downward. This produ
es a neutral drag for
e, whi
h eje
ts the solidparti
les out of the plasma dis
harge. The eje
ted tholin is trapped in a glass vessel surrounding themetalli
 
age. When su�
ient amounts of tholin are produ
ed (i.e. typi
ally after 8 hours), the plasmais turned o�; the rea
tor is thoroughly pumped to eva
uate potential tra
es of HCN and other residualgases, then �lled-up with N2 to the atmospheri
 pressure and opened for solid sample 
olle
tion. Whenoperating in normal 
onditions, about 0.5 
m3 (∼ 100mg) of solid material, is produ
ed in a 8 hoursrun. The tholins have the appearan
e of a very �ne orange to brown powder, deposited gently in theglass vessel without any intera
tion with the substrate. They are 
olle
ted into mi
ro-vials for ex-situanalyzes. Be
ause of the plausible toxi
ity of tholin, gloves and nano�ltering masks are used during openair manipulation of the material. 4



In this work, the samples were obtained in the following operating 
onditions: a total pressure of 1 mbar,a �ow rate of 55± 0.1 s

m and an absorbed radio frequen
y power of 30± 2W. Two di�erent sampleswere produ
ed by adjusting the relative �ux of N2 vs. CH4. The �rst sample (SA98) was produ
ed in amixture 
ontaining 2.00± 0.06% of methane, while the se
ond sample (SA90) was produ
ed in a mixture
ontaining 10.0± 0.2% of methane.2.2 High resolution mass spe
trometry of the tholins by the orbitrap te
h-niqueMethanol soluble part of the tholin samples were prepared based on the following pro
edure: sampleswere dissolved in methanol at a 
on
entration of 1 mg.mL−1, mixed using ultrasoni
 bath, 
entrifuged and�nally the supernatant re
uperated for further analysis. The 
hoi
e of methanol as a solvent is 
onsistentwith our previous spe
i�
 study on tholins solubility.15 In this polar solvent, the soluble mass fra
tion ofSA98 and SA90 is about 19 and 35% respe
tively. Samples were infused in the ele
trospray (ESI) ioniza-tion sour
e in MeOH/water (80/20, v/v) at 10 µL.min−1. The advantage of the ESI ionization te
hniqueis that it doesn't fragment the tholin mole
ules: the spe
ies are only protonated and dete
ted as [M+H℄+,when operated in the positive ionization mode.26 A hybrid linear trap/orbitrap mass spe
trometer (LTQorbitrap) was used for measurements. Mass spe
tra were a
quired using the following 
onditions: needlevoltage 5 kV; heated 
apillary temperature 275 °C; tube lens voltage 65V. In su
h an instrument, ionsare 
olle
ted in the linear ion trap, and 
an be axially eje
ted and 
olle
ted in a C-shaped ion trap (so
alled C-trap) to be �nally inje
ted in the Fourier Transform Orbitrap (FT-orbitrap).27, 28 In the orbi-trap, ions assume 
ir
ular traje
tories around a 
enter ele
trode and their axial os
illations along this
enter ele
trode produ
e a periodi
 signal on the outer ele
trodes, whi
h is dete
ted and 
onverted intoa spe
trum using a Fourier transform algorithm. The mass spe
trometer was externally 
alibrated usinga frequen
y/mass Lmethionine-arginyl-phenylalanyl-alanine, 
a�eine and ultramark standards mixture.Data were a
quired from 50 to 800 u, integrated on 27 s
ans, pro
essed using XCalibur 2.0 software andsaved to ASCII �le for further analysis. Data were a
quired with a resolution 
hosen at 100 000. Ex-perimental resolution was around M
△M

= 200 000 at m/z 150 and around 100 000 at m/z 450. In these
onditions, we estimate that no reliable assignment 
an be done above m/z 500.2.3 Data analysisPeak maxima were lo
ated by paraboli
 interpolation over three peak-bra
keting data points. Onlypeaks above a threshold intensity Ithresh were 
onsidered (see 3.1). A referen
e 
omposition databasewas generated 
ontaining all m/z values for 
ombinations CxHyNzOw within the spe
trum mass range,with the following restri
tions: (1) the �nitrogen rule� for positive ions generated by ESI: an ion of even5



(odd) mass must 
ontain an odd (even) number of nitrogen atoms; and (2) in order to limit the size ofthe referen
e database, a maximum number w = 5 of O atoms, found su�
ient to assign all peaks, wasused. For ea
h peak, its position was 
ompared to the database elements, and the 
omposition with thenearest m/z value was retained. Peaks with residuals from the nearest 
omposition above 5 ppm wereleft unassigned and ex
luded from the analysis. The window of ± 5 ppm 
orresponds to the instrumentspe
i�
ations in external 
alibration mode, whi
h was used here to 
alibrate the instrument. Attributionswere pi
ked randomly and 
he
ked su

essfully against other formula attribution algorithms.The presen
e of oxygenated spe
ies in our samples might result from water exposure during the experi-ment11 or from the instantaneous oxidation of the tholins when opening the rea
tor for 
olle
tion.29�31As there is strong eviden
e that the formation of oxygenated 
ompounds is due to air exposure during theharvest of tholin, these 
ompounds were left out from the present study. Identi�
ation of 13C-
ontainingspe
ies was also tested and resulted into a negligible 
ontribution: very few peaks rea
hed an intensitylevel above the 
hosen threshold intensity and those peaks were reje
ted.2.3.1 Kendri
k plots and van Krevelen diagramsKendri
k plots and van Krevelen diagrams are two graphi
al representations whi
h have been intensivelyused in the past years for the rational analysis of mass spe
tra of 
omplex organi
 matter.14, 16�21, 32�35We present them brie�y as a starting point for alternative representations developed in the present arti
le.Kendri
k plots do not require 
hemi
al formula assignment. The prin
iple is to 
hoose a basi
 pattern(e.g. CH2) and to 
al
ulate the mass defe
ts of all peaks with regard to this pattern. Plotting of theKendri
k Mass Defe
t of ea
h peak as a fun
tion of its mass reveals series of homologous 
ompounds ashorizontal lines. For a 
hosen pattern M, one de�nes the �Kendri
k mass� as
Kendrick mass = IUPAC mass × (M nominal mass/M IUPAC mass) (1)In this new mass s
ale, 
ompounds series with formula X-Mn, with the same X root, will have identi
alKendri
k Mass Defe
t (KMD)
KMD = (nominal Kendrick mass− exactKendrick mass) × 1000 (2)The CH2 pattern is frequently used for 
rude oil analysis,33 but other patterns, as 
arboxylate36, 37 andoxygen38 have been used in the study of natural organi
 matter. For tholin, nitrogen 
ontaining groupsseem more appropriate and are tested in the following.The van Krevelen plot requires 
omposition assignment to all peaks and provides a 
onvenient rep-resentation of elemental 
ompositions by plotting, for instan
e, the H/C ratio vs. N/C ratio for ea
h6



mole
ule.16 As it normalizes 
ompositions to the 
arbon number, the standard 2D van Krevelen plotdis
ards a lot of information, notably the mole
ular mass. Three dimensional (3D) van Krevelen plotshave been proposed to introdu
e additional information. The third axis might represent O/C ratios,19or peak intensities.33 In the following, we show that using the mole
ular mass as the third dimension 
analso be very helpful to reveal underlying stru
tures of the samples.3 Analysis of the orbitrap mass spe
tra of tholins3.1 Orbitrap mass spe
tra for SA98 and SA90 samplesThe spe
tra of SA98 and SA90 samples are shown in Fig. 1. The di�eren
es between the two spe
tra aresimilar to the ones observed for APPI-TOF spe
tra in Carras
o et al.:15 the solid sample produ
ed in area
tive medium with more methane (SA90) gives rise to a larger abundan
e of heavy mole
ules (>100 u).The high resolution of the orbitrap reveals a large number of �ne peaks for ea
h mass unit (Fig. S-1) andenables us to assign a CxHyNzOw formula to mass peaks, the 
ontribution of isotopes being negligible,as stated previously. Su
h assignments have also been made on other Titan's aerosol analogues produ
edin a AC plasma dis
harge with ESI-FT-ICR mass spe
trometry for m/z above 120.10, 11Considering the limits in resolution and a

ura
y of the a
quired mass spe
tra, the analysis of the spe
trawas limited to values below m/z 500. The threshold is set to Ithresh = 4000, 
orresponding to about 5σof baseline noise. This value is a 
ompromise, 
hosen to limit the assignments to 12Cx
1Hy

14Nz isotopi
spe
ies, without dis
arding too many peaks of interest. The threshold is to be 
ompared to a maximumpeak intensity of about 6× 105 for SA90 and 3.5× 106 for SA98. For SA90, these limits enable to lo
ate2465 peaks, amongst whi
h 2404 (98%) were identi�ed, 
orresponding to 99% of the 
umulated peakintensity (CPI; the CPI is the sum of intensities of a set of peaks). For the SA98 sample, 1321 peakswere lo
ated, 1133 (86%) assigned, 
orresponding to 96% of the CPI. The aim of this exploratory workbeing to outline the major CxHyNz features of the mass spe
tra, we did not attempt a more exhaustiveassignment.Peaks attributed to O or 13C bearing spe
ies are not 
onsidered in the following and are reported forreferen
e with negative intensities in Fig.1.[Figure 1 about here.℄The same global shape and stru
ture of the spe
trum is observed for the present orbitrap and previousFT-ICR spe
tra.10, 11 The broad distribution found in Sarker et al.10 for a solid sample produ
ed in a2% of methane gaseous mixture is surprisingly more in agreement with the SA90 orbitrap spe
trum than7



with the SA98 one. However the information given by the relative intensities of the peaks in the massspe
tra is not dire
tly 
orrelated with the mole
ules 
on
entrations and has to be 
onsidered with 
aution.In su
h a 
omplex mixture, di�erent ionization e�
ien
ies o

ur for the various 
ompounds.39 E�e
tsof solubility, proton a�nity, and instrument transmission fun
tion might also greatly a�e
t the generalaspe
t of spe
tra re
orded on di�erent instruments. Moreover, the two studies used tholins produ
edin di�erent plasma setups, leading probably to di�erent methane disso
iation ratios within the rea
tivemedium.In their samples, Sarker et al.10 observed mass 
lusters regularly spa
ed by 14 u. SA90 and SA98 presentalso regular 
lusters, but with a 13.5 u spa
ing. This large di�eren
e reveals an important dis
repan
ybetween the 
hemi
al 
ompositions of tholin produ
ed by both methods that will be dis
ussed in aforth
oming paper. This 14 u interval allowed Sarker et al.10 to identify a polymeri
 CH2 growth patternin their tholins, a pattern well-known in the mass spe
trometry of organi
 matter.14 This CH2 pattern isalso observed in our 
ase (Fig. S-1), but, 
onsidering the 13.5 u spa
ing, it is not the unique inter-
lustertransition pattern.3.2 Identi�
ation of HCN and C2H3N as possible nitrogen growth unitsOur aim was to identify additional representative polymeri
 patterns involving nitrogen. The tandemMS/MS analysis of Somogyi et al.11 and Carras
o et al.15 on a few 
ompounds highlighted re
urrentHCN (-27) and C2H3N (-41) neutral losses. These unsaturated patterns would be 
ompatible with theobservation, made by Sarker et al.,10 of nitrogen as unsaturation 
arrier. It has been proposed by Collet al.6 that poly-(HCN), 
ommonly identi�ed as prebioti
 and extraterrestrial ma
romole
ules,40 
ouldbe a base for Titan's tholins. Quiri
o et al.41 have shown that despite infrared and Raman spe
tros
opi
di�eren
es, poly-(HCN) and tholin present interesting similarities. We 
onsidered thus HCN and C2H3Nas possible polymeri
 patterns and tested them through Kendri
k Mass Defe
t analysis.The standard Kendri
k plot based on the CH2 pattern was 
ompared to the alternative patterns, HCNand C2H3N (Fig. 2). The CH2 and HCN patterns produ
e Kendri
k Mass Defe
ts (KMD) of oppositesigns and with iso-KMD families of 
omparable lengths. An interesting point about the C2H3N pattern,is that it produ
es a rather symmetri
 KMD distribution, with a mu
h smaller dispersion than the othertwo. The KMD represents a distan
e between the observed ions and a potential polymeri
 ba
kbone. Weare unaware of any study about the optimal 
hoi
e of Kendri
k patterns, but we propose that 
ompa
ityand symmetry properties of the KMD distribution are indi
ative of a better pattern, i.e. one whi
h ismore representative of the global sample's 
omposition and readily highlight slight variations betweensamples.The main 
on
lusion of the KMD analysis is that a 
ombination of CH2 and HCN plays an important8



role in the stru
tural 
omposition of the studied samples.[Figure 2 about here.℄3.3 Validation of a 
opolymer X-(CH2)m(HCN)n stru
tureThe 2D (N/C ;H/C ) van Krevelen diagram of sample SA90 summarizes the 
ompositional analysis(Fig. 3). Nearly all 
ompounds 
ontain nitrogen and most are quite unsaturated (H/C . 2), with afew ex
eptions. This diagram is rather symmetri
, with two interesting features: the (0;2)-(1;1) and(0;1)-(1;2) orthogonal axes. The �rst axis de�nes the pure 
opolymer (CH2)m(HCN)n family and thepoint (0.5;1.5) 
orresponds to m = n, 
on�rming the role of this family eviden
ed in the KMD analysis.Globally, there are only three salient groups in the van Krevelen plot, the (CH2)m(HCN)n family andone group on ea
h side of it. One observes also 
onverging beams toward the (0;2) point representingpure (CH2)m spe
ies and toward the (1;1) point representing the pure (HCN)n ones, an additional hintto the role of both units. In the spirit of Prin
ipal Components Analysis of multidimensional data,42, 43the symmetry of the van Krevelen plot suggests that a rotation of -45 degrees of the (N/C ;H/C ) axeswould probably provide a more pertinent basis for the 
ompositional analysis of SA90 (see next se
tion).We tried to ease the dense 2D van Krevelen diagram by using a 3D representation (N/C ;H/C ;m/z ),whi
h was instrumental in revealing the underlying stru
ture of the 
ompositional spa
e (Fig. 3). Therepresentation of the sample in the 3D spa
e, with a viewing line along the (CH2)m(HCN)n family, letsappear a strati�ed stru
ture. We 
learly observe a splitting of the 
ompositions into distin
t groups at thelower masses. These groups lie on hypersurfa
es, whi
h 
onverge towards the (CH2)m(HCN)n family asmass in
reases. In the 3D representation, the pure 
opolymer family is a verti
al plane whi
h is proje
tedon the (0;2)-(1;1) axis of the 2D van Krevelen plot. Other families are proje
ted in the groups on eitherside of this line. In ea
h family, the heavier spe
ies are lo
ated near the pure 
opolymer line, and thelighter spe
ies farther apart. This 
onvergen
e is the sour
e of the apparent 
omplexity of the 2D vanKrevelen plot.These observations are diagnosti
 of the presen
e of a set of families of the type X-(CH2)m(HCN)n, whi
h
onverge into van Krevelen 
ompositional spa
e as n + m in
reases.[Figure 3 about here.℄3.4 De
omposition of CxHyNz into Cα-(CH2)m(HCN)n familiesAll N-bearing spe
ies CxHyNz 
an formally be expressed as Cα-(CH2)m(HCN)n. This representation isparti
ularly interesting to 
odify our previous observations on the symmetri
 role of CH2 and HCN inSA90 and SA98. It is done in three steps: 9



1. n is the number of N atoms, whi
h are systemati
ally attributed to HCN units;2. m = (H − N)/2 is obtained 
onsidering that all H atoms but in (HCN)n belong to CH2 subunits(the �nitrogen rule� ensures the evenness of this remaining number of H atoms);3. α provides the number of 
arbon atoms 
ompleting the pure (CH2)m(HCN)n 
opolymer: α =

C − (H + N)/2, with α taking positive (
arbon ex
ess) or negative (
arbon defe
t) values.A new type of representation is proposed to implement this 
opolymeri
 de
omposition. The �rst axisis the Carbon Ex
ess Index (CEI, symbol α). It 
an be seen on Fig. 4 that the whole sample 
an bedis
riminated into a small number of families in terms of the CEI (horizontal axis). Using the balan
ed
opolymer as a referen
e, we 
an now de�ne a se
ond axis to represent the ex
ess (defe
t) in methylenein the 
opolymer, β = m − n = (H − N)/2 − N = (H − 3N)/2. We refer to it as the �Methylene Ex
essIndex� (MEI, symbol β).A geometri
al analogy is based on a 135 degrees rotation of the 2D van Krevelen axes around the(0.5; 1.5) �fo
al point� 
hara
terizing the balan
ed 
opolymer (CH2)m=n(HCN)n. This rotation de�nesnew axes: (1 − (N/C + H/C)/2; H/C − N/C − 1). However, this representation still su�ers of the�mass 
onvergen
e� issue, whi
h is relieved by using absolute 
ompositions instead of 
arbon-relativeones: (C − (N + H)/2; H − N − C). The CEI appears as the �rst axis, and to re
over the MEI, onetransforms the se
ond axis from H − N − C to H − N − (C − α) = (H − 3N)/2 = β.All the identi�ed 
ompounds CxHyNz of our samples 
an therefore be attributed to a (α, β, n) tripletor Cα-(CH2)n+β(HCN)n 
omposition. Fig. 4 reports the spe
ies distribution within CEI/MEI (α/β)
lasses; ea
h 
lass 
ontaining all o

urren
es of n values. The 
umulated peak intensity within ea
h 
lassis 
al
ulated and normalized to the total CPI, whi
h de�nes a 2D probability fun
tion P (α, β). Themarginal distribution P (α) =
∑

β P (α, β) and P (β) =
∑

α P (α, β) are unimodal and very smooth (Fig.S-2).The (α, β, n) representation is elegant and 
ompa
t for the studied samples. It gives a 
entral role to thebalan
ed 
opolymer (CH2)m=n(HCN)n (α = β = 0), whi
h is justi�ed a posteriori by the good symmetryof the samples within this representation, and was also foresighted from the Kendri
k plots (Fig. 2). Aninteresting point is also the uniformity of the polymeri
 pattern a
ross the Cα families, whi
h is furtherdeveloped below. [Figure 4 about here.℄
10



3.5 The CH2/HCN 
opolymer familiesTo build a 2D representation of the whole mass spe
trum using the CEI (α) and MEI (β) indexes, wedesigned a 
omposite index α + 0.5 ∗ β/max(|β|). This enables to present a full attribution of the massspe
trum to α-families in a single view (Fig. 5). These families are the same that were observed inthe 3D van Krevelen diagram (Fig. 3), verti
ally separated by ∆α = 1. Within ea
h family, β is usedto dis
ern between individual peaks. A 
lose-up (Fig. 5, inset) illustrates the internal stru
ture of thefamilies, showing the CH2 and HCN in
rease dire
tions. One 
an observe again that the Cα families are
ompa
t, with a regular and smooth peak intensity distributions.This representation provides also a good way to 
ompare samples 
omposition: spe
tra of both sampleshave an overlap area between α = −3 and α = 0, but the spe
trum of SA90 presents many peaks athigher values of the α, up to 5-6 instead of 2 for the SA98 one. One 
an also appre
iate on the C0 familyhow SA90 is ri
her in CH2 than SA98. This point is further dis
ussed below.[Figure 5 about here.℄The regularity of the peak intensity distribution within families suggests a �statisti
al 
opolymer� pat-tern,44 with a low 
orrelation between the CH2 and HCN units numbers (Fig. 5, inset). Analyti
alartefa
ts mentioned above (solubility di�erentiation, proton a�nity and transmission fun
tion of theinstrument) do not enable us to assess quantitatively this point. Still, a semi-quantitative pi
ture 
anbe obtained by plotting the marginal distributions of both units for ea
h family.44 A probability is as-signed to ea
h peak from it's relative intensity within the family, whi
h de�nes a 2D probability fun
tion
P (m, n) over the (CH2)m(HCN)n members within ea
h Cα family. The marginal distribution for oneunit is obtained by summing over all o

urren
es of the other unit, P (m) =

∑
n P (m, n) for CH2 lengthdistribution, and P (n) =

∑
m P (m, n) for HCN length distribution.Fig. 6 shows the 
orresponding length distributions. For the families shared between both samples(top and middle row of Fig. 6), the shape of the distributions is remarkably regular, Poisson-like. TheHCN distributions for α = -3 and -2 are quite irregular, but the distributions for α = −1, 0 and 1 arepra
ti
ally identi
al between samples and families, and peaked at n ∼ 4. On the 
ontrary, the CH2 lengthdistributions shift and widen regularly with the family index, with di�erent positions and width for bothsamples. The SA90 sample is notably ri
her in CH2 than the SA98, but has identi
al HCN distribution.This supports the idea of a poly-(HCN) base for Titan's tholins, with CH2 enri
hment in
reasing withthe CH4 
on
entration in the gaseous mixture.The bottom row of Fig. 6 displays the Cα>1 families, observed only in SA90. For HCN, one sees a regularshift of the distribution peak of one unit, with 
onservation of the width. This shift is 
onsistent withobservation, from C0 upwards, that the �rst members of the families have their masses in
reasing with11



α (Fig. 5). The CH2 distributions are in the 
ontinuity of their previously des
ribed behavior, with anadditional deformation of the distributions at the upper end of the m s
ale, probably due to the solubilitylimits of tholin and the transmission fun
tion of the instrument. The CH4 
on
entration in the gaseousmixture seems to be intimately linked to the formation of new, 
arbon ri
h, families as observed in SA90.[Figure 6 about here.℄3.6 Comparison with the alternative C2H2/HC3N 
opolymer s
hemeThe C2H2/HC3N pair of units has been invoked in the literature as a possible stru
tural basis for Titan'stholins.45 This pair 
an also be used to formally express all CxHyNz spe
ies, the only di�eren
e with theCH2/HCN s
heme being the CEI value α. The distribution of peak intensity amongst the CEI families,based on this 
opolymer s
heme is 
ompared with CH2/HCN in Fig. 7. The C2H2/HC3N s
hemesprovides a mu
h wider distribution (more Cα families) whi
h is strongly biased towards the negative αvalues. Due to the larger number of families, ea
h family 
ontains notably less peak number/intensity.The C2H2/HC3N 
opolymer s
enario is thus mu
h less parsimonious than the CH2/HCN s
enario.Existing 
opolymer formation s
hemes implemented in models of Titan atmosphere46�49 are essentiallybased on Clarke and Ferris45 laboratory simulations and rea
tion s
heme involving HC3N and smallhydro
arbons, C2H2 and C2H6 . The present study suggests additional routes for aerosols formation andnitrogen in
lusion, involving HCN and/or CH3CN.[Figure 7 about here.℄3.7 Identi�
ation of 
opolymer family rootsThe Cα 
lassi�
ation provides an homogeneous representation of the di�erent families, but the Cα residuehas no 
hemi
al meaning in itself. We have thus identi�ed the smallest dete
ted spe
ies of ea
h familyin the mass spe
trum, in order to highlight possible 
hemi
al growth trees starting from these roots,as suggested by Fig. 5 (inset) for the C0 family. These roots are reported in Table 1. For α < 2 ,the �rst mole
ule retrieved for ea
h family has a mass lower than 100 u and tentative stru
tures 
anbe reasonably proposed (Table 1). Linear amino nitrile 
ompounds with a great astrobiologi
al interestare identi�ed as roots for −4 ≤ α ≤ −1, whereas a very probable 
y
lization towards aromati
 azolesis observed for 0 ≤ α < 2. Validation of these tentative root stru
tures will require further MS/MSanalyzes. Nevertheless, they 
onform with the C/N alternation pattern observed by MS/MS analysis ofa set of tholin 
omponents.15 For α ≥ 2, there are too many possible isomers to risk an identi�
ation.12



The �rst neutrals that have been identi�ed are not always ideal roots, in the sense that they do not enableto generate the whole family by addition of 
opolymer units. For instan
e, in the C0 family, the se
ondsmallest member C4H5N3 is obtained by a theoreti
al +N-H transition, resulting from a +HCN -CH2substitution. For a simple growth pro
ess, there should be a parent mole
ule at a lower mass (C3H4N2),whi
h is not visible in our spe
trum (low mass mole
ules might have been pumped during the produ
tionand the thorough pumping that pre
edes the 
hamber opening). A unit loss me
hanism is thus probablya
tive in this heterogeneous 
hemistry. [Table 1 about here.℄4 Con
lusionThis work was fo
used on identifying and visualizing the polymeri
 stru
ture of Titan's tholins produ
ed inthe PAMPRE setup, with statisti
al-graphi
al representations developed for hydro
arbons in petroleomi
sand originally adapted here for nitrogen-ri
h organi
 
ompounds.In addition to the 
lassi
al hydro
arbon CH2 monomer, we identi�ed the HCN monomer with an originalKendri
k Mass Defe
t analysis based on a poly-(CH2)m(HCN)n hypothesis for Titan's tholins. We havealso shown that a 3D {H/C;N/C;m/z} van Krevelen diagram is an interesting tool to reveal families of
opolymers di�ering by their root (or terminator).New diagrams were developed with geometri
al transformations on the 
lassi
al H/C and N/C vanKrevelen axes. A �rst axis, the �Carbon Ex
ess Index� α = C − (H +N)/2, ranks the spe
ies dete
ted inthe mass spe
tra a

ording to their residue in 
omparison with a pure poly-(CH2)m(HCN)n 
opolymer.A se
ond axis, the �Methylene Ex
ess Index� β = (H − 3N)/2, 
hara
terizes the ex
ess of methylene in
omparison with the 
orresponding balan
ed 
opolymer (m = n). This s
heme enables us to assign all
ompounds to a small number of families with very regular/statisti
al polymeri
 distributions. The rootsof some of these families (i.e. the smallest members dete
ted in the mass spe
tra) are identi�ed as linearand 
y
li
 amino-nitriles. Pre
ise identi�
ation of the roots of the remaining families, involving too manypossible isomers, requires further stru
tural investigations by tandem MS/MS studies.This work 
on�rms the importan
e of the nitrile 
hemistry for Titan's aerosol produ
tion, in agreementwith the large nitrogen in
orporation observed by the ACP instrument of the Huygens probe.4 Morespe
i�
ally, our analyzes are 
ompatible with a poly-(HCN) basis of tholin, with a CH2 enri
hmentdire
tly depending on the 
on
entration of CH4 in the gaseous mixture. New routes are proposed forTitan's aerosols formation, 
ompatible with the present knowledge on Titan's atmospheri
 rea
tivity.They involve HCN and CH2 as patterns, besides the C2H2/HC3N pair presently favored in most Titan'satmospheri
 
hemistry models. 13



However the polymeri
 
ompositions of tholin eviden
ed by high resolution mass spe
trometry, if it allowsdetailed and extremely sensitive 
omparative studies, do not enable to understand details of the 
hemi
alme
hanisms involved in their formation. Further studies of these me
hanisms are ne
essary to 
hara
terizethe roots formation pro
esses, the polymeri
 growth and the possible intera
tions and pathways betweenthe families highlighted in this work.A
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Family First neutral Mass (u) Tentative Stru
ture NameC−4 C2H7N5 101.0701 H2N-C(=NH)-NH-C(=NH)-NH2 biguanideC−3 CH5N3 59.0483 (NH2)2C=NH guanidinC−2 C2H6N2 58.0825 CH3-C(=NH)NH2 a
etamidineC−1 C2H4N2 56.0666 NC-CH2-NH2 aminoa
etonitrileC0 C4H6N2 82.1039 methylimidazoleC1 C5H6N2 94.1146 vinylimidazolemethylpyrazine, 
f.Khare et al.50C2 C7H7N3 133.0640 too many isomers...C3 C10H11N3 173.0953C4 C13H14N4 226.1218C5 C17H20N4 280.1688Table 1: Putative 
hemi
al roots of the main formal Cα-(CH2)m(HCN)n families.
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Figure 1: ESI/Orbitrap mass spe
tra for SA90 (top) and SA98 (bottom) samples. Oxygenated/13Cspe
ies are shown with negative intensities.
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