Synthesis of complicated organic matters in Titan’s atmosphere and its signification for astrobiology
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Abstract

Titan is the largest satellite of Saturn, which has
dense atmosphere of nitrogen and methane and liquid
hydrocarbon lakes on its surface, is one of the most
interesting bodies for astrobiologists. A great number
of laboratory simulation experiments have been
conducted to understand possible chemical evolution
pathways occurring in Titan’s atmosphere, and
complex organic compounds sometimes referred to as
tholins were formed in them. Furthermore, it is
suggested that biomolecules such as amino acids
could be derived from tholins. In this paper, we
reviewed Titan’s organic chemistry observed in
Voyager and Cassini-Huygens missions, together
with laboratory experiments simulating possible
organic reactions in Titan atmosphere and
liquidosphere (corresponding to the hydrosphere on
Earth), and discuss the possibility of generation of
life on Titan.
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ZALZ T, TRIZBTORRKOMETHY |
KIGRIZIBWTHIERLASN THE— | IRIE 2 K& &
HICE L Eo T BOBKRZRFFT 2 RIETH 5,
RS Voyager DIEEIZ XLV | FH OKIRILH
94 K & RFES b, o, KUEILK 1.5 bar,
PIERPK 5150 km THDH Lol XA X
DRZHAIT. Voyager TEEMITHE L S iz R4+
5 & T ¥5 1 (Infrared Radiometer Interferometer
Spectrometer; IRIS). 7R 4+ #7 K 3 f & (Infrared
Space Observatory; ISO)X° Cassini fRATHE I F5H <
7o A IR SRR 53 AT 3T (Composite  Infrared
Spectrometer; CIRS)IZ K ¥ 4341 &dv, Fpksr e L
TEEN BIRDE L TAXUREENTWND D
& M5 hyo 72 (Table 1) [1],

B AL REPTOROSIZED 5= R L ¥ —
1ZB9 LT, Sagan and Thompson[2]iZ & = TR
O OIS . LREBKIEIC N T v T Shicm
TARNAF—RiF, F L TFEREN RS b
(Figure 1),

Voyager | FIZ L > THA ¥ U ORKHFITIEA
LUt OFE (Haze) BFET D 2 & MBI 1L
7273, Sagan [4)1X Z A KK D> HFE A DT X
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Table 1 : Titan’s atmospheric compositions [1]

Mole
Gas fraction
Major component
Nitrogen N, 0.97
Methane CH, 1.4x107
4.9x107
Monodeuterated 6
Methane CH;D 8x10
Hydrogen H, 0.0011
Argon SAr 2.8x107
©Ar 4.32x107
North
Equator pole
Hydrocarbons
Ethane C,H, 7x10° 1.1x107
Acetylene C.H, 2.5x10° 3x10°°
Monodeuterated C,HD 6x10 2%10%
acetylene
Propane C;Hy 3.5x107 6x107
Etylene C,H, 1.5x107 5%107
Metylacetylene C;H, 5.2x10” 2x10°
Diacetylene C,H, 1.1x107 2x10°
Benzene CeHs 2.0x10"° 3.8x107
Nitriles
Hydrogen cyanide HCN 7.7x10°% 7.8x107
Cyanoacetylene HC;N 3.0x107° 4.4x10°*
Cyanogen C.N, 5%x107"° 9x107"°
Dicyanogen C4N,
Acetonitrile CH,;CN 2.0x10"°
Oxygen compounds
Water vapour H,O 8x10”
Carbon dioxide CO, 1.1x10*® 8x10°
Carbon monoxide CO, 2-4x10°
2-5x107
Isotopic ratios
Be/Me 82.3+1
“N/"*N in HCN 67
inN, 18345
D/H in CH;D 1.2x10™*
in HD 2.3x10™*
in C,HD 1-3x10*
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Fig. 1 Altitude, pressure, temperature and energies on
Titan atmosphere [3]. The main energy sources are
considered to be; vacuum ultraviolet in the ionosphere
(more than 600 km), magnetospheric electrons in the upper
atmosphere (400 km — 800 km), near ultraviolet in the
stratosphere (100 km — 300 km) and cosmic rays in the
troposphere (0 — 50 km).

NEXF—ICK VR LA CTH D EHEMI LT,

Cassini-Huygens EEMIT - E2EA O B TH
H B Hiu, Huygens AKX ¥ 1 ¥ > L22TH)
VRS, Z A Z TR LTz, Cassini PRAEE
EEEZEELYA X EENGBHIL TN
(Figure 2),

Huygens A ICERH N7 v Vv Lidg
BNy 2EE (Aerosol Collector and Pyrolyser; ACP)
IRk =T e Y VRIS, BRI T A

n~ k77 7EESHTE (GC/MS) IZTHHT S 4,

TORR, T MEKRFHCN)RT v E=T
(NH3) 23 = 7= 5],

Cassini [ZHE S L7z vl - RS~ v B 7
437t (Visual and Infrared Mapping Spectrometer;
VIMS)S® L — W —H{RIZ LV | ALk < 12K
ETeWIN R S T2[6], DOk, R HUAT
WHMARR R I NI [7], KD &L TIET
TITHRIR T &2 2 3 STV D 08 ) RS
A A X DORBMBEN DB Z T, 26 OWNTIE
WRIEAZ b EEND EEX DD, 2, AW
AFHID K 5 I B2 o7 > TV DAY, Zauid
HTELE Y 2—AREH L TERINZZ &
DFEVRIBKUNFET D ERRBEINT
(Figure 2)[8],

2 A2 DOTRICKTHAREEICLY T
T VE=T KN R DM TNERH D Z & DVUR
X 72[9], F£7=. Huygens |(ZH#H S e T A7
n~ 277 78 &5 1 51 (Gas Chromatograph
/Mass Spectrometer; GC/MS)D T — % /5 i T I
BENDT VE=TREROMMKBIH THD Z L
DIRIE I LT[10], # A ¥ OHUT DIRECET)
ME.T BT ARBBEIETHHNDIREN RS
AL, TOWREIT 15 wRll FThD EHESN
7= [11],

PLBEIZRRIZE D, A4 203, BERTx
VX — - GHEW - IR &0 D MR KA L &
N3 3 ERENGFAELTWD I ENMRINTE
D.7AMa A f4e—FRFTICL Y RbIEH
ENTVDERIEDOEDTH D, XA X DEM
AEEDYy & L TOREEAZFTA~DITITRE T T
DA AR Z T WARE (Z A 2 o FREI
FAET DIRIR T 2 L ROIRIK A 2 &G Teiflds &
W, FA LD TFIAFET D EEALND T
=T IKOM FHET, HEROKEICH YT 5) T

Fig. 2 Titan’s surface observed by Cassini probe
(NASA/JPL) [8]. The dark depressions on Titan surface
are considered to be lakes with liquid ethane and
methane.

DA FEOABAARTH D,

KL TIEET, 7 A 7 RRE L L
e R ERE  FrICEMEAY (VY —VU2) O
SIHTR0 | AR BE A B AL R 0D RTREME & L AT
N5, WIT, XA X ORIKE % L= £
DR B R THRR LI A B D3 AR EE T
ED XS e L 2T 5 RN B 5 D A&
fMOFRETH Y 5 D aiEimd Do

i%ﬁywkﬁﬁ%ﬁﬁbt@%ﬁﬁww

B A KD JERE TR G Z AE L - Ak
WS BT R VX — O, T AR
FET), 7 e —R MR TH L0072 L, fx DX
TA—HEBESEEERM TR T
(Figure 3), AZETIX, ZhETIirbn Tk
Bex I ST X A 2 RSB ER L | FEBrS
HIZ X D ER D FZERIZ O TR D,
TRNAF—OREICE L T XA X v DOEEIC
L0 Kb OESNE, T EBREIHE S
TETRUF R (FE L TET)., FHR
KIKE =l ELRDFVFXF—NERD
(Figure 1),

Sagan and Khare [13] |4 1 ¥ > K5 & fifE L
ToRHE - AL RE T AERINRBR OB &
1To Tz, BEBIC & 0 R AORMED B 5 HHM AL
L, ZAUE, FUTYFET e L H72) &
I EMD Y — 1 (tholins) & & AT Bz, — 75,
B - H ZE 4 S B (Ultraviolet/Vacuum
Ultraviolet; UV/VUV) I Tlx 24k 72 kALK FE N
BT DN ERZTEEL=RNI ALY —1
IRAER L2V, 2T UV/VUV TIXEHRS 0
SRENBHE LWL THY BREELAERDOA
Fold. &V ST R X — DRI EE A FR(EUV)SPHK
X BOWK N LETH H[14],

Coll H[15] 1% 89 %D ZEFHE 1% D A X > DRt
I A(900 hPa) T7 A 7 = A L% HWTkAENK
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Fig. 3 The groups that have been conducted the simulation experiments on Titan’s upper atmosphere (Modified from

[12], N8, N11, N12, N14, N15 are added).

N1: Sagan’s team, N2: NASA Ames team, N3: Raulin’s team, N4: Navarro-Gonzalez‘s team, N5: Ferris’ team, N6:
Smith’s team, N7: Kobayashi’s team, N8: NASA Ames team, N9: PAMPRE team, N10: Centro de Astrobiologia
Team, N11: Colorado University team, N12: Sekine’s team, N13: SETUP team, N14: LNLS team, N15: JPL team

DC: Direct current glow discharge, AC: Alternate current glow discharge, ICP: Inductively Coupled Plasma - Radio
Frequency discharge, CCP: Capacitively Coupled Plasma - Radio Frequency discharge, Proton: Proton irradiation, y:

gamma irradiation, UV: ultraviolet light irradiation.

% 1T - 7o (Figure 4), £ LT-K[FELEKRY &
GC/MS THHTLIzE 2 A, ZA 2% U KREAPITH
HEN TV (X v 7 AbKES) &M
M3 52 ENTET,Coll H[16]1F2% DAKX
98% D A X > DIRAEH A(~200 Pa)% HK(DC) 7
v — i I, U (Figure 5), GC/MS °7— 1 =%
# B R 4% 4y % (Fourier Transform Infrared
Spectroscopy; FT-IR) |2 & ¥ | KAHA KB Y — 1
Y OB DN T ANTz, £ ORGSR, KA
FICIXD YT ) 7T EF L A(CN)BREEN T
HZEEMDTRLI, £c, V=V iFE=1Y
N (T r=F I, A= FI L, RNV
=hUARE) CERTLHZ b, ORI

HCN R U =~ —THl ST\ 5 EHERI L7z,
Ramlrez BIIT71IE 90 %DEF, 10 %D A X D
A A A(670 hPa)lZxt L Thex 7g = R )L ¥ —

Tesla Coil

\

sphericat
glass-

connector

liquid Ny

Fig. 4 Synthesis of tholins by spark discharge with a
Tesla coil [15]. A mixture gas of nitrogen (89%) and
methane (11%) at 900 hPa was exposed to spark
discharge using a Tesla coil. In this closed system, it is
casy to observe changes of the gas composition.

(L—=V—FET 7 A~ E, T ~as, =
o, 77 RES) TR L. Elksh
L5 27k E AN GC/MS%DFT IR Tofr Li=7 —
AEWB LT, TRLF—IC Lo TEKRINDH
B 2 OFFHLAERR BN R | X, v—
W= 7 T X~ JE TIEAR AR G D A Bk
LRod < W iR IR b e 3 AR L
LTV, REDEVWAR OGN, kL LT, ¥
ALV REFICERDOMDo TWDHIZEALED T
Ao N TE,

NASA Ames Research Center (Figure 3, N8) ®
Imanaka S[18]1% 90 %D ZEFE, 10 %D A X > DR
G ADAEE% 13 -2300 Pa (/5 280 km— 75 km
WCHE)E LT, FEMET 7 XA~mEA
(Inductively Coupled Plasma Radio Frequency;

electrodes
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to the
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Fig. 5 Glow discharge Simulated on Titan’s atmosphere
[16]. A mixture gas of methane (2%) and nitrogen
(98%) at ~ 200 Pa was exposed to DC glow discharge
at low temperature.
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ICP-RF)fit#E T — U v % &1k L(Figures 6, 7). 47
il 2 A LVIREOGAICHERERERENX
ICEMDEGITAERESND Z B ynole, 77
v AT & %D LATMOS (Laboratoire Atmospheres,
Milieux, Observations Spatiales)D "7 X~ Jifl &5 2%
B PAMPRE (Production d'Aérosols en Microgravité
par Plasma Radio Fréquency) (Figure 3, N9) TiL, %&
&AM 77 X~ & JE I (Capacitively Coupled
Plasma - Radio Frequency; CCP-RF)/Z&EIZ & %
V= AT, Quirico H[19)IXEFH &
A X DFARE(N,:CHy= 90:10, 98:2, 99:1) % 25 2.
T, &JE% 100 Pa (25, CCP-RF & TA/MK L
ey =V v ESHTLIL ZA A U ERMRN
FEEERMICERIRFPE<EEND T LMD
20 EAEIZ Ko THAERBICIEVWRTDH Z &
DRI,

PlED X oz, W A—F (=T — O,
AL, JEINEEZ DT TY =V (F A
R 2 R U T AR S D AR DRI
WBEHZDZENGPoTND, ZHHDEN
T RIEE TolrE bz E 2 D5 ETHEREH
boTL %,

RF Power Supply
13.56 MHz

Matching Networks

\ CH/N=10/90

Thermocouple gauge
Fig. 6 Schematic of Inductively Coupled Plasma Radio
Frequency (ICP-RF) [18]. A mixture gas of methane
(10%) and nitrogen (90%) was flowing in the chamber
with the pressure fixed at 133 Pa and exposed to a
plasma discharge. The products (tholins) were
deposited on a glass slide, then collected using a clean
rod.

Fig. 7 Experimental Device of Inductively Coupled
Plasma Radio Frequency (ICP-RF) (NASA Ames
Research Center).

Eﬁ@%i&ﬁ;é&%&yy—uywﬁ
WA, MR EY OoTEE LT, 77—V =
VAR N S /A= B N e SN o1 N el A T

(Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry; FT-ICR MS) /N7 v —7 L —
W —LBE A A AR IEE &S BT iE (Microprobe
Laser-desorption, Laser-ionization Mass
Spectrometry; pL*MS)7¢ & O#F FIENEIFRE Sz,
INHEHNT A XY —Y & XD EIC
T DRBED IR INTND, RETIL, ITHFEH
LTI ol — U D X0 FEM RS TARIES,
ZOMHEIZHOW TIN5,

7 U FRFED Smith 5D 7 L— 7 (Figure 3,
N6) TIIRIAC) Ve —EIc Ly Y —VU %
A LT %, Sarker 5[20]X° Somogyi 521713,
WHRLE AL DRAB T A (N;:CH= 95: 5) 12 195
K TCTAC 7 u—E LERME AL ) —N Tk
k= kU VRAAER (1:1) (AR SHE, =17 b
12 A7 L —A F 1t (Electrospray lonization; ESI)
-FT-ICR MS THOMT L7, £ DR Wik L7z Y —
U AZiE AR e 2 Gy FROBERMEE LT
TIVERL=RNIVENRGEND Z LD
72. Hodyss ©[22] 1%, Y=V »%27E =1V
JAZER/P S & ROREEER 410 nm, HREOL
B 471 nm O AFIOLEHTH L AR LI,
AKIZE D LT3 803, R R & 335 nm, #&
RENWE 397 nm THDHZ ENRbrolz, 20
R BREORBEIC > TR T Y=Y o
WONWE N D Z L ERrdT, He H[21, 2211
PC RPN DRNIRTT VLT A X v EEHRE
HAWTRERAFETY =D v ERRL, 2hE Y
AF VAR F L R(DMSONTIAEN L. At
IBTE (NMR)IC K D ST 21T o 72, £ O R,
V=V ATET I A = U VE
BEFERERENEENLTNDL Z LR Do
7=

NASA Ames Research Center (Figure 3, N8)D
McGuigan %[25] 1%, ICP -RF fxEIZ LV Ak S
72— L AZDOWNT, TS ITITEA R LG
NELGENTW DD, B4R GCMS IEIZ &
D DI & AT T, BT RRIC TR LT A %
ot GCMS L AEAT Iy ] T E & o AT ik
(Time-of-Flight Mass Spectrometry; TOF-MS)IZ X
DoaHT L, = h U AR E =L RILKHE, N
By, ZERITERRALKFE (Polycyclic Aromatic
Hydrocarbon; PAH) W& TS Z & &R LT,
Nna-Mvondo 5[26] (%, K L7z Y — VU &2 #GE
= E—-E &M (Thermal Gravimetric Mass
Spectrometry; TG-MS)., /RAZA/3 4T (Differential
Thermo-gravimetric Analysis; DTA), 7~ 72 £ E
M (Differential Scanning Calorimetry; DSC) %
1Tolce TORER, = NIV AVERST I VKR ED
WEENGENTEY | B - ohdEiEs L OB
RHENGENTVWDHZ L AR LI, 72, BRIk
MEZFFO LD LD EHERFOHIEERDI 1%
{ZEDTWD Z LDognoTe, AR LIZAHEY)
., MBBELKEREGDLRKUCERHEL TH
V= U U DEREEIED RN LN o
77

Szopa H[27]1%. CCP-RF JiEIZ & % Ak % ik
AT 1AM S (Scanning Electron Microscope;
SEM) #i%2 L. Bfik GC/MS AT 21T 72,
Quirico H[19] 1%, H A DL &2 2 7~ EBr %
1TV, SRAMRBEIL 7 ~ o eEE, ROV ER. X
WREPT, B iR R R E 1 B S5 (Transmission
Electron Microscope; TEM)%% % I\ CTERM D4y



Viva Origino 43 (2015) 1 - 10

a) Protein amino acids

b) Amino Acids containing aliphatic hydrocarbons
on their side chains

Alanine
NH;— CH— COOH

Valine
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, |H—CH CFZ
C|H—CH CH,
CH, c|H3 CH;—CH,

Fig. 8 a) Protein amino acids, b) Non-protein amino
acids containing aliphatic side chains. These
experiments in the simulated Titan’s atmosphere
showed amino acids could be easily synthesized.

Wrait-7, 5?5’1&?377/ PHDOFERNSG N T
VUCNDERY =D VIZEENTWVWD I EN
Lot

Carrasco H[28]if. Y—V & AKX /) —)L L b
VS D LRSUE S A A 2 fl (Atmospheric
Pressure Photoionization; APPI) & 1TV, X AT 4 7

T FTOMSMS HHHZ LD .V — U k&
2 m/z=27(EIZ HCN)’?’ m/z=66 (C,N3; N=
C-N-C=EN)R L ERICEALTEMAN L S AFET
HTEERBE LT, R CONSITE T 8D Y —
é/éﬁ BWTEBEREE 2 K- Ui & H#EA

N,

ZAZ D EERREHEEEL THDHIZHED
59, B3 o0/ v—F LY — ) Dk
GBI R D, LrLenb, Y—U rafiX
ruYerDl o REMRawRMTHY T
EO= NNV EEEH EHESCER OISR, —
B _EEAG TG OEMEREELFFO LW
DRI ETH o7z, IROFTETIE, Zh6DfH
B ko1 & LTS, o XD 2k
AL Z T 5T DON TR,

V=V e WELEDOMEBEERIZI Y ARL
Te ARG

HER EOEMICHNONTND R FTHD. T
2/ I# (Figure 8)’?’1‘*@&%% (Figure 9)4 D Y — 1
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NH, o
CHs
NF | HN | HN )‘j/
O)\N O)\N O)\N
H H H
Cytosine Uracil Thymine
NH, o)
N | N\> HN)iN\>
km y WMJ\N N
Adenine Guanine

Pyridine Pyrrole

Fig. 9 Nitrogen containing heterocyclic compounds
(including nucleic acid bases) detected in the complex
organic compounds (Tholins). Nucleic acid bases as
well as amino acids can be synthesized in simulated
environments. However, uracil, thymine and guanine
cannot be formed in the reductive atmosphere
(nitrogen and methane). Their experiments could
suggest these compounds can be produced in
oxidative condition including carbon monoxide, water
vapor and ammonia water.

VNG DEREFTARDERNITONTEZ, 2
FTCOEBRICL > TR ST X /8, R
Hk Table 2 IZF &L Oz, RETITHIZ, V=V
VNCEEND LR TIZONTIER S,

Khare 5[29]i%. 10%D A X & 90%DZEHED
0.2 mbar DIREH AT AT a4 /)LEHVW-E
WMODC) 7 u—lEIZLVAERLEZY T LE, 6
M O TIAKSMEL, Y 7a L7 /La—
LMK MY TovA o BERE TSR L LT,
GC/MS IZX W ZATV, X U_0 87 2 Wk
TV, To=v, TARIIE U ENI

X CLRE DL AT ET X V(BT 7=

o-7 2 A VEEER, B-T 2 ) A VEERE. y-T 2/
Balig, A VXY e Yy BEte ISTEOT 2 R
FRIELEZ, $l2, BRENEZTI B (T 7=
Ve T ANTFX UM E) O DIRE LIKOAER
BIZIFEAEENRALNRWZ LR LT, 4
PRk OT I JERIT L RBETHDIZD,. Ih
LOT 2 JBRIIFFEDMTAERSINTZEEZ D,

Nguyen 5[30]i%, EA T A (NxCHe= 98:2) %
CC-RF JiE LI EE T CThlK 45 fE L 721 . N-tert-
TFILIAF LY LN-AF L N 74 aT
¥ h7 2 K (MTBSTFA) IZ X W HERE LT, =

O DOFHER LIZ AW 2 GCMS (2 THfr L,

TIIBRT VY T T=2 s TARTX R -
B-TI7=r 0T X EERE - N e A VA
N RAIVIN FE (T a R U - WER) A R E LT,
Poch 5[31]% & # & A ¥ 2 (N,:CH, = 98%:2%)
DIREXEEZ DC 7 a—gEIc L AL

L. AW ET VE=T KITHENL
MTBSTFA #FHEMRLL7ZHE. GCMS XLV T

RB(TI=r T M F = TR
NI XU ORI (VT v - TT =) »
s, Y —U &7 BT KIZENST
2, B MTBSTFA 8L L Tt L7=%4E .
TIJBOT 7= ROBIEROY Z U VED
By TR EENDHEWN A Oh>TnD,
WFER LY —V 2 REFICERY L TH
B b & L72FRC, 25K OBEFZLK ) HEEER
FREYIAENT- EHEROT ST,

Neish 5[32]i%, 2%D A ¥ > & 98%UDEF DR
BRMEE AC Zu—jiiE (7 V VT KRE) THRK
L7-AHW%E 253 K. 293 K DT V' E=T KIZIE
MUFT-ICRMS Z W o217 o7& 2 A,
A FTEF G AT A URATF A= H R
SEHEEDOT-MEL BT I /a2t Lz, £7-.
TTFoy e T = e FI eV Ty
NEWS TR s MokEb@E I TWw
Do LXLRRE, SRS DIEYD FREME S &
ZDHNDDT, AL v EBEERNIKET )L Lz
BRICLVBHERTHAZENEEND,

Horst H[33]i%, %% - A ¥ - RMR(P0)F
AL LT — AL R 3 O IR A R (N:CH.C®0 =
96.2%:2.0%:1.8% £ 7= 1% 93.2%:5.0%:1.8%) (Z
PAMPRE % i\ T CCP-RF &% 1T9 Z LItk
DYy =BGk LT, AZ 7 —IZENL
MTBSTFA (2 X VW FFEMRIL L, GC/MS THHTL
T2 A TIJBeRAT V) R N
YeUZ N FIV)EHRHELEZEHRELTY
e ZNHDOFERMNG V=1V UG IIAR
MR LML, TN OICEENDIIEEN T & Kk
LIz i T 72 VAR &N L
ST TWD, ZAFNTH, BBESTHETeKIE
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Kawai ©[34]1%, ICP-RF Jit#E % & (NASA Ames
MR ZHWTY =) V28 L. = DOikikE
TONINETHT-, KKIE% 26 Pa & 133 Pa TX
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X —)T VT E ROPA) LT EFNVAT v
(N-AcCys)#FE RV L7z, MRk n~ 77
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HPLC) # HWCT X Vot Lz 2 A,
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Table2 Amino acids and nucleic acid bases detected in Titan tholins in past examines

Khare Nguyen Poch Neish Horst Kawai Taniuchi

[29] [30] [31]  [32] [33] [34] [35]
Protein amino acids
Glycine (C,HsNO») O @) O O X @) O
Alanine (CsH;NO») O O O O x O O
Serine (CsH,NO5) % x x O X x O
Threonine (C4HoNO;) tr. X X tr. X X X
Asparagine (C4HgN,03) X X X O X X X
Asparatic acid (C4H;NOy) @) O @) @) X O O
Valine (CsH;;NO,) X O X X X tr. O
Proline (CsHONO2) X X X tr. X X X
Glutamine (CsH;oN,O3) X X X O X X X
Gulutamic acid (CsHoNO,) tr. X X O X X X
Lysine (Cs¢H14N,0,) X X X tr. X X X
Histidine (CsHoN;0,) X X X O O X X
Leucine (C¢H;3NO») X O X X X X X
Isoleucine (CsH3sNO») tr O X tr. X tr. X
Arginine (C¢H4NO>) X X X tr. X X X
Tyrosine (CoH1;NO3) X X X tr. X X X
Phenylalanine (CoH;1NO,) X X X tr. X X X
Tryptophan (C;;H1,N,0,) X X X tr. X X X
Non-protein amino acids X X X X X X X
B-Alanine (C3H;NO,) O O — — — O O
a-amino butyric acid (C4HgNO,) X O — — — O O
a-amino iso butyric acid (C4HoNO,) O X — — — O X
B-butyric acid (C4HyNO,) X X e O X
-amino iso butyric acid (C4HoNO,) O X — — — O X
y-butyric acid (C4H,NO,) ) X - - = O X
Isovaline (CsH;;NO,) @) X S — X
Norvaline (CsH;,NO,) % x — - = 0 O
Norleucine (C¢H;3NO») X O — — — X x
Nucleic acid bases
Cytocine (C4HsN;0) — — X @) O — —
Uracil (C4H4N,0,) — — tr. O O — —
Thymine (CsHgN,0,) — — X O @) — —
Adenine (CsHsNs) — — O O X — —
Guanine (CsHsN5O) — — X tr. X — —

O: detected, X: not detected, -: not analyzed, tr.: trace

ENETZ AL DRSEETORON & LT ZHWT3 MeVO7 2R LIEEZ A,
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Taniuchi 5351, 95%DEH, 5%D A X DR DIIRNTZ D MR RERFIZ Y — U KD DR
A 77 A(700 hPa)iZ Van de Graaff JIEZ(HE T.K) RIRFVRIWVIAENT LR SN, T2 iR
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Fig. 10 Conventional reaction mechanisms for amino
acids synthesis

= 20pm
Fig. 11 Left: The Differential interference contrast
(DIC) image when 10mM ammonia solution was added
to tholins dried from a chloroform solution onto a glass
slide (x400).
Right: The Differential interference contrast (DIC)
image when 10mM ammonia solution was added to the
tholins dried from a hexane solution onto a glass slide
(x400) [36].
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Fig. 12 Scheme of chemical evolution on Titan
liquidosphere [34]. Titan is considered to have lakes
with liquid ethane and methane on the surface and
ammonia-water on the subsurface. The organic
compounds (Titan tholins) would be synthesized with
irradiations of several different energy sources to the
atmosphere  (nitrogen and  methane),  which
subsequently deposited on the surface. The organic
matters then could react with the liquidsphere, and
produce amino acids, self-assemblies and aggregates of
the organic compounds.
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