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ABSTRAKT

Cilem disertani prace je studium plazmochemickych prdces syntéza organickych
slowenin vznikajicich v elektrickém vyboji v plynné &snh odpovidajici sloZzeni atmosféry
Saturnova negtSiho nésice Titanu. Tato studie je z&fana na simulaci atmosféry Titanu za
atmosférického tlaku aébné laboratorni teploty. Atmosféra Titanu je svyhemickym
sloZzenim velmi podobna atmos#éZent v doke jejiho vzniku. Latky obsazeni v atmoisfé
jsou pevazré dusik a metan s maly obsahem organickych latel jadu etan, diacetylen,
propyn, acetylen, propan a dusikatych latek jakgi.n&kyanoacetylen, kyanovodik
a kyanogen. Dosud byla publikovana ceékida praci zabyvajicich se jak teoretickym-
modelovym vyzkumem, tak i laboratornimi experimentyposledni dob je snaha o jejich
propojeni. Hlavnim cilem disettiai prace je identifikace syntetizovanych plynnych
organickych, amino, imino a kyano st&min promociiznych analytickych metod jako jsou
hmotnostni spektrometrie s protonovou ionizaciraitgrvend spektrometrie s Fourierovou
transformaci a plynova chromatografie spojena sthastnim spektrometrem. K ziskani
vybranych paramaeirplazmatu pak bylo vyuzito optické emisni spektrtiae

Ke studiu generace plynnych prodiuki radikah bylo vyuZzito vyboje generovaného ve
smesich N-CH, (podil metanu byl 0,5; 1; 1,5; 2; 3; 4; 5 %) zanasférického tlaku
v pritoéném rezimu fi celkovych pfitocich 50 az 200 sccm a vybojovém proudu v rozmezi
15 a7 40 mA.Cast néfeni se rovi¥ zangtila na studium vlivu mési vodiku a oxidu
uhli¢itého.

Prvni ¢ast vysledik meieni fedloZenych v této praci byla ziskdna z optické emis
spektroskopie za vybranych podminek (sloZzeni plynssi, dodavany vykon).

V nametenych spektrech byly identifikovany prvni negatiendruhy pozitivni systém dusiku,
fialovy systém radikalu CN &waniv systéem G. Krom¢ nich byly rovréz detekovanyary
vodiku H,, Hs a ve spektru druhéhtadu icara atomarniho uhliku. Tato spektra pak byla
vyuZita pro vypdet rot&nich a vibrénich teplot plazmatu. Kontinualni doutnavy vyboj za
atmosférického tlaku byl relati¢nteply s roténi teplotou okolo 3200 K, a proto je zina
cast energie v termalni podobPlazma bylo blizko, ale ne zcela, v lokalni tedymamické
rovnovaze, protoZze ke kinetice z&chto podminek vyznamdn prispivaji metastabilni
molekuly dusiku v zakladnim elektronovém stavu. I¥gky optické emisni spektroskopie
spol&né s merenim elektrickych paramétrvyboje umoznily stanovit elektronovou hustotu
plazmatu v Grovniadow 10 cm™.

In situ analyzy plynnych produist pomoci FTIR ukézaly ve vSech experimentech
piitomnost fiznych nitrili a uhlovodik. Jako hlavni produkty generované vybojem byly
identifikovanyHCN, GH,, NH3, pricemz jejich koncentrace odpovidaly relaci HCN >4\NH
C,H,. Tato relace byla potvrzena v zavislosti fianych experimentalnich parametrech. DalSi
Cast prace byla zattena na studium vlivu ffimési CQO, na reaktivitu vySe zmémych
plynnych sndisi. Kronme hlavnich produki, zmirénych vysSe, byly navic detekovany €O
a CO a take &které slozi¢jSi kyslikaté organické slganiny. Ty ale nebylo moZn&gsriji
urcit kvali velké komplexnosti zrérenych spekter aipkryvu jednotlivych absotmich pas.

V piipack primési vodiku do readni snEsi se nepoddo identifikovat Zzadné nové latky ani
funkéni skupiny. OB primési, jak vodik tak oxid uhtity, vSak maji vyznamny pozitivni vliv
na innost produkce hlavnich generovanych latek, ateSech experimentalnich podminek.

K detailréjSi analyze plynnych produkt vyboje bylo vyuzito in situ hmotnostni
spektrometrie s protonovou ionizaci (PTR-MS). Vtonpiipadt bylo detekovano velké



mnozstvi molekularnich struktur obsahujiciatrilové (—CN), amino (-NkB —NH— a —N<),
a/nebo imino skupiny (—C=N-). Ve vSech experimemtdzyly jako nejvyznamg)si
identifikovany molekuly HCN, CBCN a GHsCN. Minoritnimi latkami pak byly hydrazin,
metanimin, metyldiazen, etylamin, 2-buten, cycladign, pyrazineacetylen, etylen, propyn
a propen. Za nejvysSich koncentraci metanu pakdstiekovana i stopova mnozstvi benzenu
a toluenu. V podstatvSechny tyto latky byly jiz dve pozorovany v naSichigdchozich
laboratornich experimentech a jsou ve shegisledky dostupnymi v literata. VytZzek

a rychlost generace nitlil jakoZto hlavnich generovanych produké v pongru HCN >
CH3CN > GHsCN > GH7CN > GHgN > CsHgN > CgH17N.

Plynné produkty generované vybojem byly ré&&nanalyzovany pomoci plynoveé
chromatografie s hmotnostrspektrometrickou detekci (GC-MS). V tomtoigact byla ke
vzorkovani vyuzita technika kryo pasti s kapalnynsidem. Stejé jako v gedeslém fipack,

i s pouzitim tétoex situ techniky byly identifikovany nefiznéjSi uhlovodiky a nitrily.
Hlavnimi uhlovodiky, které se poti® spolehliv detekovat, bylyetan, acetylen, eten, propen
a 2-buten. Vywzky uhlovodiki odpovidaji porru CH,> C3Heg> CsHg > GHeg> CoHa.

V piipac nejvyznamgjSich nitrila je paadi vytzka nasledujici: HCN > CECN > GHsCN.
Mimo tyto sloweniny byla detekovana cel@da dalSich uhlovodiki nitrilt. Zastoupeni
vSech latek bylo studovano v zavislosti na vybojoy#oudu i sloZzeni regkich snési.

Vysledky prezentovanych d&feni jsou v dobrém souladu s dosud znamym sloZzenim
atmosféry Titanu, protoze v podstatytéz latky byly nedavno potvrzeny meziplanetarni
sondou Cassini s modulem Huygens. Tato skust jasd demonstruje pouzitelnost
laboratornich experimeins klouzavym obloukovy vybojem.

Ackoli se podélo ziskat velké mnoZstvi cennych Utlgje stale znény prostor pro dalSi
vyzkum. VSechny dosavadni experimenty probihalyp&Zaé laboratorni teploty, zatimco na
povrchu Titanu je teplotaiplizn¢ —180 °C. Tento rozdil je ovSem z&sadni zejména pro
rekombing&ni procesy a proto lzefipsnizeni teploty &ekavat vyraz§si syntézu zejména
vétSich molekul. Tyto molekuly, spale¢ s jiz dive detekovanymi, mohou byt prekurzory
Zivota. Proto vyzkum vyznandrpiispéje k poznani vzniku Zivota na Zemi.

KLi COVA SLOVA

Atmosféra ndsice Titanu, atmosféricky doutnavy vyboj, plazmeroické reakce, opticka
emisni spektrometrie, hmotnostni spektrometrie ogoplovou ionizaci, infiéervena
spektrometrie s Fourierovou transformaci a plynokéomatografie spojend s hmotnostnim
spektrometrem.



ABSTRACT

The aim of this work is the study of plasma proessand the synthesis of organic
compounds due to electric discharge generated ® mg&ture corresponding to the
composition of the atmosphere of Saturn's largesbrmTitan. This study focuses on the
mimic of Titan's atmosphere at atmospheric presandeambient laboratory temperature. The
chemical composition of Titan's atmosphere is vemilar to atmosphere of prehistoric
Earth. The composition of atmosphere is mostlyogin and methane with a low content of
organic substances such as ethane, diacetylenpynao ethyne, propane, and nitrogen
cyanoacetylene, hydrogen cyanide and cyanogen. Magies have been published with
theoretical model-research, and laboratory experseare the pursuit of their
interconnection. The Earth originated data can ®wsadays easy confronted with recently
obtained data from Cassini-Huygens space missitimetditan.

The main aim of thesis is the identification of #asized gaseous organic, amino, imino
and cyano compounds by use to various analyticéheds such as the proton transfer mass
spectrometry, Fourier transform infrared spectrpgcand gas chromatography coupled with
mass spectrometry. The optical emission spectrgs@q electric measurements were
applied to the determination of selected electiscliarge parameters.

The gaseous products and radicals formed in anspineoic discharge fed by different
mixtures of N-CH,4 (0,5; 1; 1,5; 2; 3; 4; 5 % of CjHoperated in a flowing regime at the total
gas mixture flows from 50 to 200 sccm at differdigicharge currents from 15 up to 40 mA
were determined. A part of experiments was caroet] with admixtures of C@Oand
hydrogen.

This first part of results has been obtained usimgical emission spectroscopy in
dependence on the gas mixture composition and iedppbwer. The bands of the nitrogen
second positive and the first negative systemsyioht system and Swan system ofwere
recorded. Besides them, atomic lines H;, and C (in the second order) were also observed.
These spectra allowed calculation of rotational ibdational temperatures. The continuous
glow discharge was “hot” withglreaching 3200 K, since a great part of the elaatmergy is
converted into gas heating. The plasma was cloigettocal thermodynamic equilibrium but
not fully due to the great role of nitrogen viboatally excited ground state metastables in its
kinetics. Results of OES measurements together tvételectrical parameters allowed us to
calculate the electron density of about®@n?,

FTIR in situ analysis of the gaseous products showed presefcearmus nitrile
compounds and hydrocarbons in all experiments. HIN, GH,, NH; were the main
products generated in our system. The yields detlt®mpounds are such that HCN >3NH
C.,H,. The dependences of their concentrations on varexperimental parameters were
measured. The other part of this work was devodedstimate the influence of G@races
addition on the reactivity in the gaseous mixtureentioned above. Besides the main
products mentioned above, ¢@nd CO were detected and also some more complicate
oxygen molecules has been confirmed but not estuina¢cause of FTIR spectra complexity.
In the case of hydrogen traces addition into treetien gas mixture, no other compounds
were determined. Impurities of G@s well as hydrogen have a great positive inflaercthe
production efficiency of the major generated computsuat all conditions.

The more detailed gaseous products analyses weriedcaut using then situ proton-
transfer reaction mass spectrometry (PTR-MS). Aehaumber of different molecular



structures containing nitrile groups (—CN), aminoups (—NH, —NH—, and —N<), and/or
imino groups (—C=N-) were successfully detectece most abundant products were HCN,
CHsCN and GHsCN in all experiments. Hydrazine, methanimine, rykeliazene,
ethylamine, 2-butene, cyclohexadiene, pyrazinedaty ethylene, propyne and propene
were identified as minor compounds. The benzenetalugne traces were detected at the
highest methane concentrations, too. Observatiameafly all these species is in agreement
with our previous experiments as well as other ijgabbns. The yield and generation rate of
nitriles as the main generated compounds are dbtloeving relationship:

HCN > CHCN > GHs5CN > GH;CN > GHgN > CsHgN > CgH47N.

Gaseous products from the discharge exhaust waitgzaa by Gas Chromatography with
Mass Spectrometry (GC-MS). The liquid nitrogen tegmpling technique was used in this
case. Also by thisex situ technique, various hydrocarbon and nitrile compisurnvere
determined in all experiments. The main hydrocasbdatected in our experimental setup
were ethane, acetylene, ethene, propene, and Bebukbe yields of these compounds were
such as follows: @H,> C3He> C4Hg > GHg> C,H4. The yields of the most abundant nitrile
compounds were such as follows: HCN > 4N > GHsCN. Besides them, many other
hydrocarbons and nitriles were detected. Presericallocompounds was studied in
dependence on discharge current and nitrogen-metiesmixture composition.

The results of our experiment are consistent whign Titan’s atmospheric composition
because the same compounds were detected durir@@pdsni-Huygens space mission. This
fact clearly demonstrates that laboratory experisjeat least these which allow nitrogen
dissociation, can be complementary used for priedicdf both the presence and possible
concentrations of compounds which have not beesctist, yet.

Despite a huge number of experimental data thesélidarge open space for the further
research. All experiments up to now were carriedattthe ambient laboratory temperature
but at Titan surface the temperature as around 2@C80his fact will be reflected mainly in
recombination processes and thus higher synthdsisgger molecules can be expected.
These molecules, including the earlier determinga) be the life precursors. Thus this
research will be very important for the life origiknowledge.

Whole this work has been supported by the Grantndgef the Czech Republic within
the project no. 104/09/H080, by the Support Develept Programs of Ministry of
Education, Youth and Sport of Czech Republic, dsd the ESF COST (Action CM0805)
and EUROPLANET (project TNA2).

KEYWORDS

Titan’s atmosphere, atmospheric glow dischargesmpéachemical reactions, optical emission
spectroscopy, proton transfer reaction mass speetry, Fourier transform infrared
spectroscopy, gas chromatography
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1 UVOD

Atmosféra Titanu, neptSiho nEsice planety Saturn a druhého r&vho nesice Sluneni
soustavy, je zkouména jigadu let. Prvni zdjem o studium sahd jiz do roku5l8&ly
holandsky astronom Christian Huygens pozoroval gilarsaturn a jeji neftSi mesic Titan
pomoci 12 stop dlouhého teleskopu. Do ziské&ni ge#rmpozorovani Titanu vyraZrzasahl
az o ti sta let pozdji v poloviné dvacatého stoleti Gerard Peter Kuiper. Titan pozalr
pomoci 82 palcového teleskopu na McDonatdoliservatti v Texasu ve Spojenych statech
americkych. Kuiper dosp k nazoru, Zze atmosféra Titanu je velice podobh@oafée
Saturnu, a je vyraznobohacena metanem. DalSi vyznamny pokrok ve vyekiitanu nglo
vypuseni dvojice sond Voyager, které pralgt okolo tohoto ngsice hned &kolikrat:
Voyager 1 prolel kolem Titanu 12. listopadu 1980 ve vzdalenos#96 km, za nim
nasledoval felet Voyageru 2, ktery Titan minul 26. srpna 19&lwdalenosti 665 960 km.
Dosud nej¥tSi a nejucele®)Si posun v poznani &sice Titanu finesla az sonda Cassini-
Huygens. Ta byla v roce 1997 vyslana k Titanu w@wggraci National Aeronautics and Space
Administration (NASA)/ Jet Propulsion LaboratoryP() a Space Science Institute (SSI).
Sonda na palubnesla pistavaci modul Huygens, na jehoz konstrukci spalopvalo gkolik
védeckych skupin z celého &a. Tento modul p&atkem roku 2005 sestoupil skrz atmosféru
piimo na povrch Titanu a mohl tak vykonat celdadu dilezitych n®feni pomoci
nejrizrejSich  @istroja, kterymi byl vybaven. Zvybaveni Ize uvést happlynovy
chromatograf s hmotnostnim spektrometrem, spektryma dalSi pistroje pro ndieni
fyzikalnich vlastnosti atmosféry Titanu. Na zakladisledki ziskanych sondami Voyager
a predevSim pak sondou Cassini s modulem Huygens Vzesst vice zajem o studium
atmosféry Titanu a pokusy o jeji simulaci v labofiat

Atmosféra ngsice Titanu je velmi husta, imeérna hustota je 1,88 g/éhco? je 1,88-kréat
vice neZz na Zemi. Jeji sloZeni je podobné sloZzenbsféry na Zemi v dabjejiho vzniku.
Tvori ji prevazre dusik (90-98 %), metan (2-8 %) a argon (2-4 %)2]1 Jsou v ni obsazeny
i organické latky od jednoduchych uhlovoilikpies cyklické a dusikaté sléeniny. Tato
smes latek, jak je znamo, tvibzakladni stavebni kamen Zivota. Barva atmosfétgnt se
z kosmu jevi jako oranzova. Tento fakt jéejm¢ zpisoben dalSimi slozitymi latkami
zastoupenymi v jeho atmos$éé Ukazuje se, Ze tyto latky jsou ze skupiny pdkjickych
aromatickych uhlovodik jejichz gesné chemické sloZzeni a struktura jsou doseddir
neznamé. Tyto latky byly nazvany tholiny podle atackého slova ,tholés”, které znamena
sépiovy inkoust.

Vznik a vyskyt tholiri souvisi ejm¢ s pisobeni elektromagnetickéhoieai na plynnou
smes N,-CHy, ze které se vytid Zluto-oranzovy nebderno-hrédy prach i emulze. Je tedy
mozné, Ze na Titanu se v sasné dob vyskytuji podobné slaieniny, které se vyskytovaly
na mladé Zemi ied ctyimi miliardami roki. Titan se tak stava idedlni laboratose které
bychom mohli ziskat odp@&di na celouadu otazek, souvisejicich se vznikem Zivota negen n
nasi Zemi.

Simulace atmosféry se &y provadt nejen experimentanv laboratdich, ale také
pomoci modelovych vygiti. K navozeni obdobnych podminek jako na Titanu \a€ ivaji
elektrické vyboje, které simuluji blesky objevujg® v nizSich vrstvach jeho atmosféry. Ve
vybojich mohou probihat obdobné chemické reakde jaou iniciovany blesky. V zasad
muzeme rozdlit laboratorni experimenty do dvou hlavnich skupexperimenty za nizSiho
tlaku neZ je na Titanu (obvykle do “Pa) a experimenty za tlaku, ktery je na Titanu
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(1-1,5%10 Pa). Modelové vyboje mohou byt #znych konfiguracich — doutnavé,
mikrovinné, radiofrekveini nebo také klouzavy obloukovy vyboj [3-7].

Diky informacim ziskanym z vesmirnych sond se samellatmosféry Titanu a prodes ni
probihajicich stala Zhavym tématem mnoha vyzkumrsjatpin a Bhem poslednich deseti
let byly publikovany stovky praci. Tak niapse studiich Navarro-Gonzalez al. a Ramirez
[4-6] byl pro simulaci procésv atmosfée Titanu pouzit dielektricky bariérovy a korénovy
vyboj za atmosférického tlaku ve &sndusiku s metanem uaném pordru s imési argonu.
Byla zde provedena analyza plynnych produkyboje pomoci hmotnostni a inéervenée
spektrometrie, jako dominantni produkt byl idektifian acetylen, dale pakéhkolik
uhlovodikovych a dusikatych slgenin Doutnavy vyboj za snizeného tlaku pouzil pro
simulaci Raulinet al. [8], kde testoval si¥s 2 % metanu a 0,01 % CO v dusiku. Prace se
soustedila na detekci amoniaku a etylenu, jakoz i dhl§ioodukti piitomnych na Titanu.
Konkrétre by|y identifikovény QHz, C2H4, C2H6, C3H4, C3H8, C4H2, C6H6, HCN, HQ,N,
CHsCN a GN,. V dalSi praci Plankensteinet al. [7] pouzil pro simulaci &t buzenych
blesky na Titanu jiskrovy vyboj, ktery generoval zndéirotem vysokonafyové elektrody
a povrchem rovinné uzerémé elektrody. Tento experiment byl pro¢adxi snizené teplet
240 K, kter& se blizi realnym podminkdm na Titanu.

Vysledky z experimentalnich studii spolu s datyegmirnych sond byly vyuZity pro
tvorbu teoretickych mod&lchemickych reakci dusiku s metanemizngch dalSich fimeési.
Ve studiich [3, 9-12] byly navrzeny kinetické mogedEchto proces. Nezanedbatelnou
souwasti chto simulaci je studium heterogennich reakci &@ésh a povrSich reaktoru, které
nékdy vyznams ovlivnily vlastnosti vyboje a finalni produkty gerované vyboji.

Mnohé ¥decké studie zabyvajici se timto tématefngsly fadu poznatk o vzniku
tholina s fiznymi optickymi a chemickymi vlastnostmi [13, 1&izné typy tholiri a jejich
vlastnosti nastolilyfadu dalSich otadzek souvisejicich s experimentalafodologii [15],
metodami pouzitymi k weni jejich optickych konstant [16] a potencialnilivem stnovych
efekti laboratornich vzork zkoumanych z pevnych narios Tyto otazky jsou stale
diskutovany v mnoha publikacich [11, 14].

Predklddana prace je z&mena na simulaci atmosféry Titanu za atmosférickéaku
(10° Pa) v elektrickém vyboji v konfiguraci Glide-ArdPro experimenty byl sestrojen
nerezovy vysoko vakuovy reaktor uniofici praci v bezkyslikaté atmosé& Reaktor je
sestrojen tak, Ze Izedmit elektrodovy systém uvititeaktoru, a Ize pouzivalizné analytické
metody. V experimentech byla pouZita plynn&sndusiku a metanu wiznych pongrech
a jako dalSi fmés vodiku nebo oxidu ulitého. Pro analyzu produktchemickych reakci
byly vyuzity: in situ Infraervena spektroskopie s Fourierovou transformaciur{Eo
Transform InfraRed spectroscopy - FTIR), optickaiserinspektrometrie (Optical Emission
Spectroscopy - OES),ex situ plynova chromatografie v kombinaci s hmotnostnim
spektrometrem jako detektorem (Gas ChromatograpagshMBpectrometry - GRIS) a také
in situ hmotnostni spektrometrie s protonovou ionizaciof®r Transfer Reaction-Mass
Spectrometry — PTR-MSCilem prace byla identifikace hlavnich latekifetcch se Bhem
plazmochemického &k v reaktoru, a jejich porovnani s vysledky ziskan ze sondy
Cassini-Huygens i z dalSich laboratornich experithelNysledkem prace je interpretace
nameétrenych dat, porovnani vysletlla navrzeni mechanishnmoznych chemickych procies
vedoucich ke vznikusthto latek v atmosté Titanu.

13



2 TEORETICKA CAST

2.1 Atmosféra mésice Titanu

Jak jiz bylo fe¢eno, ngsic Titan je bezesporu jednim z vyjitngch €les blizkého
vesmirného prostoru. Je druhy r@pim neésicem Slunéni soustavy atbec nejétSi mesic
své mateské planety Saturn, za prvnim n#gim mésicem planety Jupiter, kterym je
Ganymed.

2.1.1 Sonda Cassini s pistavacim modulem Huygens

Prvni sondy, které seiplizily k mésici Titanu, byly americké sondy Voyger. Rditgitak
dosavadni &domosti, ziskané jen teleskopickym pozorovanimwagu Zeng. Sondy byly
vypuseny na poti Slun€&ni soustavou na podzim roku 1977. Voyager 1 p¥bleblem
Titanu 12. listopadu 1980 ve vzdalenosti 6 490 Kidsledoval pklet Voyageru 2, ktery Titan
minul 26. srpna 1981 ve vzdalenosti 665 960 km. ageyy nesly na paldbradu gistroj,
které nEly analyzovat jak sloZeni atmosféry, tak prozkoumetrh nésice. Mezi zakladni
pristroje patil infracerveny interferometr a spektrometr (The Infra-Reading Spectrometer
= IRIS), ultrafialovy spektrometr (The ultraviolspectrometer = UVS) a komplexigtroja
pro radiova miteni (Radio Science Subsystem = RSSdY predpokladali, Ze vrstva mrak
na Titanu nebude zcela souvisla, takZze bude modrorpvat alesppnéjaké detaily na jeho
povrchu. BohuZel, vSe co bylo ¥ byl neprostupny oblak, ktery nejevil téimzadnou
strukturu a vznasSel se ve vysce 250 km nad povrcedinymi detaily byly ietelné oblané
zavoje ve vyskach kolem 350 km. Oranzova barva siienp viditelna z kosmu fize byt
zpisobena &akymi jinymi slozitymi latkami zastoupenymi v maly mnozstvich, nejspise
tholiny [17].

DalSi vyznamny zlom v poznatcich o atmasfélitanu ginesly aZz informace ziskané
z mefeni sondy Cassini s modulem Huygens. Ta byla vgskdm vesmiru ve spolupraci
NASA/ JPL/ SSI roku 1997. Sonda putovala vesmitawhu let, az #&olik mésiai v roce
2004 Zstala na okné draze okolo planety Saturn. &y okamzik mise nastal patkem
roku 2004, kdy sonda Cassini vyslal@spavaci modul Huygens na samostatnou migirem
k Titanu. Jak se fiblizoval postup® k m¢sici, prochazel skrz jeho atmosféru aata
samotna analyza atmosféry pomaady dilezitych meficich za&izeni, kterymi byla sonda
vybavena [18]. Cilem mise bylo ziskat podr&Bn informace o atmosfé Titanu: Uit
piesrjSi sloZzeni organickych latek a to ve vertikalrkd tahorizontalni distribuci. Déle bylo
cilem zangiit se na nové molekuly a chemii jejich vzniku, €lo¥ aerosdl na povrchu
meésice a zda horni vrstvy atmosféry hrajiakou roli v jejich tvorls.

Pristrojové vybaveni sondy Cassinfobr. 1):

- CAPS (Cassini plazma spectrometr):céhry ke studiu nabityclEastic v Saturnoy
magnetosfie. | kdyz to nebyl prvotni cil, ifstroj byl schopen detekc&Zzkych zapora
nabitych ionti v ionosfé&e Titanu [19, 20].

- INMS (lon a Neutral Mass Spectrometer): In-sité¢temi ionosféry Titanu, detekce
raiznych plynnych slotenin (et moznych prekurzdr aerosaoil) a charakterizace
chemickych procdsve vysSi atmosfé nmesice [21, 22].

- CIRS (Composite InfraRed Spectrometr): Charagtieké neieni emisnich IR spekter,
kterd lze vyuZzit k analyze plynnych stemin v nizké atmosfé Titanu do 400 km. i#stroj

14



umoziuje také detekci gkterych aerosdl s aktivnimi funknimi skupinami v IR oblasti [1,
23-25].

- VIMS (Visible and Infrared Mapping Spectrometr)R spektrometr umatujici
charakterizovat chemické sloZeni povrchu a atmpsfiérozny popis aerosolovyafastic [26,
27].

- UVIS (Ultraviolet Imaging Spectrograf): Jedinyigiroj na sond Cassini, ktery rize
vzorkovat atmosféru ve vySkach 250 az 1200 km nadrghem, poskytuje informace
o slozeni jednotlivych vrstev atmosféry pomociim-$1S analyzy [28].

Pristrojové vybaveni gristdvaciho modulu Huygengobr. 1):

- ACP-GCMS (Aerosol Collector a Pyrolyser - plynoefafromatograf s hmotnostnim
spektrometrem): #stroj ukeny k pyrolyze a nasledné analyzefbsamotnym hmotnostnim
spektrometrem, nebo propojenym s plynovou chromafgVysledky z tohoto rreni jsou
s ohledem na fpdkladanou praci velmi utkzité, neb6 podobny pistroj byl pouzit
i v experimentalnicasti této prace. iBstoze, rél pristroj kthem n&teni rékolik problémi,
poddilo se identifikovat gkteré hlavni sloéeniny, jako nap HCN a NH [29, 30].

- DISR (Descent Imager Spectral Radiometr): Spskopické mdteni povrchu Titanu
v oblasti viditeIného i infréerveného spektra, poskytuje informace o nizké ¥ratinosféry
a morfologii aerosdl [31, 32].

- HASI (Huygens Atmosphere Structure Instrumeijistroj pro n&feni fyzikalnich
vlastnosti atmosféry (tlak, teplota, elektricka vodt,...) [33].

Diky vysledkim ziskanym analyzou dat &chto @istroja se Titan stal idedlni laboratp
ve které by bylo mozné ziskat odgdvna celouadu otazek, souvisejicich se vznikem Zivota
nejen na nasi Zemi.

anténa s nizkym ziskem

magnetometer .
e N '&(’/ anténa
N :]
o

s vysokym ziskem

termoelektricky A
radioizotopovy generator 5
“~motor 445 N

Obr. 1. Sonda Cassini sfigtavacim modulem Huygens (ungisd vpravo v zadniasti)[34].
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2.1.2 Charakteristika mésice Titanu

Atmosféru Titanu tvii prevazré molekularni dusik (90-98 %) a metan (2-8 %) [2lou
v ni obsazeny iorganické latky (etan, butadiinppim, ethin, propan) [28, 35], dusikaté
sloweniny (kyanoacetylen, kyanovodik a dikyan) [30]tapsvé mnozstvi kysliku a vody.
Tlak atmosféry na povrchu je 150 kPa a teplota @kdl80 °C. Srovnani charakteristickych
vlastnosti Zerd a Titanu je uvedeno v tab. 1.

Tab. 1. Srovnani charakteristickych vlastnosti ZeanTitanu [36, 37].

Zemé Titan

Hmotnost 5,9.0° kg 1,310% kg
Polomer 6378 km 2575 km
Vzdalenost od Slunce 1a.u. 9,5 a.u.
Stredni teplota na povrchu 288 K 100 K
Tlak na povrchu 10Pa 1,510° Pa
Slozeni  atmosféry N, 78,1 %, N2> 98 %,
pii povrchu 0, 20,9 % CH; 1,8%

Atmosféra Titanu je zbarvena oranzovéthou barvou, jak je vigt na obr. 2. Toto
zabarveni zfisobuje nepropustnd aerosolova ,mlha, oblak® — jakssog, ktery je
v atmosfée obsazen ve velkém mnozZstvi a rozléha se po gedénchu nésice. Na samotny
povrch nésice proto nelze ve viditelném spektru dohlédnout.

Obr. 2. Snimek Titanu pidzeny sondou Cassini na konci roku 2011. Modré njghedolie
patrna zejména v oblasti jizniho polu (dole) [38].
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Tento oblak na povrchu Titanu ttfoprevazre uhlovodiky, které dafe absorbuji
ultrafialové z#&eni, a poté absorbovanou energii \Waia v hornich vrstvach atmosféry
v infracervené oblasti. Jejich vznik nenitegré zndmy, odhadované sloZzeni &in
organickych latek je dusik s metanemizném pondru. SlozZeni této s#si priblizila az data
z mefeni sondy Cassini. 8tenim bylo detekovano¢kolik slowenin paticich do skupiny
polycyklickych aromatickych uhlovodik(PAH) dale oznéovanych jako tholiny. Vysledky
méteni v hornich vrstvach atmosféry prokazaly, ze @réhwliny hraji priméarni roli ve
vytvareni vizuali nepropustné aerosoloveé vrstvy, jak je uvedendana3o

fotony
.
| &

energeticke castice

Obr. 3. Vznik polycyklickych aromatickych uhlovodikv atmosfée Titanu [39].
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Tholiny pati do skupiny heterocyklickych polymernich uhlovadilkChemické slozeni
a strukturadchto slodenin Zistava nejasna ste&jako pongrove zastoupeni C, N, H atém
v jejich struktute. Vznikem tholih se zabyva ndpprace Cook [39]. V ionosfé dochazi za
pomoci UV zd&eni ze Slunce a energeticky¢lstic ze Saturnovy magnetosféry képsni
molekul dusiku a metanu na ionty a radikaly. Vzéikieaktivni radikaly spusti sérii
chemickych reakci, ip nichz se vazou organické molekuly a ionty dé&sSich a ¥tSich
uhlovodiki. Mnoho z nich bylo pravdetekovano v atmosf Titanu. Nkteré uhlovodiky
obsahovaly také atomy dusiku. Pblba se vytvait modely, které nam objasji, jak
z jednoduchych molekul vznikaji mnohertsi ¢astice. Ty pak klesaji hlogj do atmosféry,
shlukuji se do &sSich celki a z €ch se vytvéeji aerosoly, které jsou s&asti ,smogu“ ve
spodnich vrstvach atmosféry Titanu aifviedy vySe zmigné tholiny. Castice aerosolu do
sebe narazeji, koaguluji a nakonec se z nich ste®" riaznych uhlovodily, ktery na Titanu
pIni jezera a tvid kanaly [40]. Stejny proces probiha na Zemi s kéthem vody.

Titan nema Zadné magnetické pole a na sv&rab draze se ¢hdy dostane mimo
Saturnovu magnetosféru, takze je jeho atmosférgavgsa pimym &inkam slun€niho
vétru. V ném se rkteré molekuly horni vrstvy atmosféry ionizuji aysodnaseny pty Byly
objeveny zaporné ionty, s hmotnosti 10 000-ked$ivnez je hmotnost vodikurdtipoklada
se, Ze ty padaji nize a vytefi oranZovy zavoj zahalujici povrch Titanu. JejglbZeni je
zatim neznamé, alggrpoklada se, Ze se jedna o typ tholinu, ktekgerbyt zakladem tvorby
slozigjSich molekul, napklad polycyklickych aromatickych uhlovodik[5]. Vysledky
ziskané sondou Cassini s modulem Huynegs se stéemavaji a finesou je&t mnoho
dalSich poznatko Titanu, i proto byla mise sondy prodlouZzena @zaku 2017.

2.2 Experimentalni prace zabyvajici se simulaci atmosig Titanu

2.2.1 Simulace atmosféry Titanu elektrickymi vyboji ve snési N-CH4

Na studium chemickych reakci dusiku s metanemn@izno mnoho praci publikovanych
pievazre v pribéhu poslednich deseti let. Simulace atmosféry s@lyaprovadt nejen
experimentalé v laboratdich, ale také pomoci modelovych vypin K navozeni obdobnych
podminek jako na Titanu se vyuziva elektrickychojybkteré simuluji blesky objevujici se
v nizSich vrstvach jeho atmosféry. V laboratornéstperimentech mohou byt pouZit§zné
typy vyboji, jako jsou doutnavy, radiofrekvémi, mikrovinny vyboj, koronovy a dielektricky
bariérovy vyboj [3-7]. Analytickymi metodami jsowak studovany jak chemické procesy ve
vybojich, tak i konverze neutralniho plynu na diggi latky. V plynné smési No-CH,, které
je negastji v experimentech vyuzita, hraji hlavni roli zejn@nasledujici typy chemickych
reakci:

. reakce indukované elektronem
. reakce ion-molekula
. reakce s neutrdlem, radikdlem a metastabilni médeku

Pii elektrickém vyboji probihajicim ve s N,-CH,; dochazi k disociaci molekul
za vzniku radikal metanu (CH, CH,, CH), a atomi C, H, N. Tyto latky jsou pak prekurzory
pro tvorbu dalSich latek #etézci chemickych reakci. V nésledujici kapitole jed@o souhrn
moznych chemickych reakci probihajicich v experiteeim se sisi N>-CHj.
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2.2.2 Pi‘ehled chemickych reakci ve sisi N,-CHg,

Legrandet al. [41] ve svych studiich pouzil dohasinajici dusikgMazma doutnavého
vyboje ve smisi N,-CH,4 v poneru 98:2. Spolu s Diamegl al. [42] dosgl Ledgrandet al.[43]
k nekolika moznym kinetickym mechanigm. Uvadi zde jak klasickou disociaci metanu, tak
i disociaci zmsobenou atomem dusiku. Déle zde wjidadeakce druhého aretiho radu
vedouci ke vzniku uhlovodika jednoduchych dusikatych latek. Celkem je v Pabvedeno
61 chemickych reakci probihajicich mezi 24 typyivaikth latek, které byly detain
analyzovany ve vyboji.

Hlavni pozornost &nhovali stupni rozkladu metanu a vzniku stabilnicbdukii spol&né
s mnoha dlezitymi reakcemi pro tv@ni dalSich individualnich sléanin. V této praci, ktera
se zabyva kinetickym modelem, byly pouzity nasledwgktivni latky: elektrony, uhlovodiky
(CH4, C2H2, C2H4, CzHG, C3Hg, C4H10), radlkély (CH;, CH2, CH, C, QH5, C2H3, CzH),
neutraly a excitované zakladni plyny,HH, N, N, No*, N*, stejr¢ jako stabilni a nestabilni
dusikate latky jako jsou HCN, CN,.8N. Pro tyto latky byly nalezeny a sestaveny reakce
typu elektron-neutrdl a mezi-neutralové reakce,ouved ke vzniku nefrzngjSich latek
detekovanych v atmodg# Titanu [43-45].

Tab. 2. Reakce ve siisi N,-CH,4 [43, 46].

Disociace elektronovym narazem

CHs+e —» CHz+H+e 0,5 xkoa [46]
CHj+e —» CHy+2H+e 0,3 xkoa [46]
CH;+e —» CH+3H+e 0,1 xkoa [46]
CHyte —» C+4H+e 0,1 *ko4 [46]
CHs+e — CHy,+H+e Koz [46]
CH>+e —- CH+H+e Ko2[46]
CH+e— C+H+e Koz [46]

Disociani konstantyko:, ko2, Koz a kos uvedené v tab. 2 se vztahuji k disociaci
metanu narazem elektronu a jsou zavislé na eletidnieplot Te. Rychlostni
konstanty vSech uvedenych reakci zavisi na tegplghu Ty [43].

Disociace molekulou a atomem dusiku v excitovanénasu

CHas+Ny* — CHz+H+N, 1,5 x 10%cm’s™?
CHz+Ny* — CHy+H+N, 4,5 x 10" cm’s™
CHo+Ny* — CH+H+N, 3,8 x 10%cm’s™
CH+N,* — C+H+N, 1,5 x 10%cm’s™?
CoHe+N* — CoHs+H+N, 3,6 x 10 cm’s?
CHs+N* — CHg+NH 1,5 x 10" cm’s?

Reakce druhéhoradu pro uhlovodiky a radikaly

CH4+CHs — CoHs+H, 1,7 x 10"'xexp (-11,5007,) cm’s™
CH4+CH, — CH3+CHj 7,1 x 10"*xexp (-5020/T,) cnt’s ™’
CH4+CH — CyHu+H 5,0 x 10" xexp (200/Ty) cm’s™
CH4+CyHs — CoHa+CHs 2,4 x 107 x T,*%xexp (-2754/T,) cni’s !
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CH4+CoH — CoHy+CH3

3,0 x 10"xexp (-250/T,) cnr’s™

CH4+H — CHz+H,

2,2 x 107 x T,*xexp (-4045/T,) cni’s™

CH3z+CH3; — C,Hg

4,0 % 10°x T, *cm’s™?

CH3+CH,; — CoH4+H

7,0 x 10 enm’s™

CH3+CH — CyH3+H

5,0 x 10t en’s™?

CH3+C — CoHo+H

8,3 x 10 enm’s™

CH3+CoHs — CoH4+CHy

1,9 x 10%cn’s?

CH3+CoHs — C3Hg

4,7 x 10" em’s™

CH3+CoHz — CoH+CHy

6,5 x 108 cnm’s™

CH,+CH, — C,H4

1,6 x 10%cn’s™?

CH>+CH, — C,H»+2H

1,8 x 10"%exp (-400/T,) cn’s *

CH>+CH,; — CoHy+H>

2,0 x 10''xexp (-400/Ty) cn’s*

CH>+CH — CoH>+H

6,6 x 10t em’s™?

CH;+C — CoH+H

8,3 x 10 em’s™

CH>+CoHz — CoHo+CH3

3,0 x 10" cm’s™®

CH>+C,H — C,H»+CH

3,0 x 10 cem’s”

CH+CH— CoH,

2,0 x 10°%cm’s™

CoHs5+CoHs — CoHet+CoHa

2.4 x 16% cm’s™?

CoHs+CoHs — C4Hig

1,9 x 10t cen’s™

CoHs+CoHz — CoHet+CoH»

8,0 x 102 cm’s™?

C2H5+C2H3 — C2H4+C2H4

8,0 x 108 cm’s’?

CoH5+CoH — CoH4+CoHo

3,0 x 10%cm’s?

CoHs+H — CyHe

6,0 x 10*cm’s?

CoHs+H — CH3+CH;

6,0 x 10t em’s™

CoHs+H — CoHys+H»

3,0 x 10%cm’s™?

CoHz+H — CoHLy+H,

2.0 x 10 em’s?

CoHe+CH3; — CoHs+CH,4

2,5 x 10°! x T,°xexp (-3043/T,) cnv’s™

CoHgt+CoH — CoH+CoH5

6,0 x 10*%cn’s™?

CoHetH — CoHs+H,

2,4 x 10" x T,;"°xexp (-3630/T,) cnr’s *

CoHo+H — CoH+H»

1,0 x 10'°xexp (-140001Ty) cn’s ™

Reakce uhlovodiki s dusikem

CH3z+N — HCN+H,

1,4 x 10" enm’s™

CH3+N — H,CN+H

1,3 x 10%cm’s?

CHy+N — HCN+H

8,3 x 10tcm’s?

CHz+N — CN+H,

1,6 x 10t en’s™

CH+N — CN+H

2.1 x 10tem’s?

H,CN+N — HCN+NH

6,7 x 10*cm’s?

CN+N — C+N;

3,0 x 10'%cm’s™?

CH;+CN — HCN+CHs

7,0 x 10" x (T, /298Y3x exp (16/T,)
cm’s t
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Reakce ¥#etiho radu

CHz+H+N; — CHa+N, 6,0 x 107 x (T, /300)*® cm’s™
CoHa+H+Ny — CoHa+N, 1,05 x 10 x T,y "?"xexp (-3632/T,) cns™
H+H+Ny — Ho+N, 1,5 x 107 x T, " emPs™

N+N+N, — 2N, 8,3 x 10* x exp (500/T,) cn’s™”
Heterogenni rekombinace:

H+ stha— 0.5 x H 9,2x1@xexp (-4930/T,y) x T,° s

N+ s&ha— 0.5 x Nb 2,5xexp (-1680T,) x T,>°s™

Existuji vSak i dalSi chemické reakce rozkladu met&teré zde nejsou uvedeny. Mohou
zaviset na specifickych experimentalnich podminkacmohou probihat n&jklad #€mito
mechanizmy:

. narazem elektronu
. reakce s excitovanou molekulou dusiku
. reakce s excitovanym atomem dusiku

V plazmatu maji znamy vliv reakce iniciované excitaci molekulou dusikdisociace
metanu P srédzkach s excitovanymi stavy jak atomarniho itakolekularniho dusiku je
priblizng 10°-krat wtsi ne? pima disociace indukovana elektrony [41]. Dominamini
latkami, které &mito reakcemi vznikaji, jsou £, CHj, CHe, H, @ HCN. Jejich posr je
zavisly na excitenich podminkach dohasinajiciho dusikového vybojedndty pouzité
v dalSich vypétech ve studii Legrandt al.[43] byly priblizn¢ 22 % GH,, 18 % GHe, 14 %
CoHa, 4 % GHg, mére nez 0,5 % GHio a okolo 40 % HCN a dalSi sléeniny obsahujici
dusik.

Ve studiich Pintassilget al. a Loureiroet al. [12, 47, 48] byl sestrojen kineticky model
smesi dusiku s metanem. Pro vyy byl pouzit elektricky doutnavy dusikovy vyboj
a dohasinajici vyboj za snizeného tlaku. Tyto kikét modely zahrnuly figvaznoucast
reakci probihajicich v plynné ggi N,-CH,4, ne jenom reakce vztaZzené k rozkladu,Céle
zabyvaji se také komplexnimgihem kinetickych reakci.

Podklady o kinetice reakci a sraZzkovych datechsikdivém vyboji a dohasinajicim vyboiji
jsou pouzity z @vejSich praci v [49-52]. V tabulkach 3-6 jsou uvedeagkce pro Chli snes
N>-CH,, kterymi se tyto prace zabyvaiji.

Tab. 3 uvadi chemické reakce rozkladu a vzniku yzejamegjSich ¢astic zahrnutych
v tomto kinetickém modelu, jako jsou GHCH,, H,, H, HCN, HCN, CN(* =*), NH,
C aCNB? =*). Vtéto tabulce je uvedeno 35 reakci vedoucichvkeiku miznych drufh
uhlovodiki tvorenych z disociace metanu zejména palCCH3, CH4, CHs, CHg, CsHo,
CsH3, GgHy, GsHe, CsH7 a GHg. V tab. 3 niizeme také vi#t tii moznosti vzniku CN radikalu
ve stavu CNB), ktery je jednim z prekurzowvzniku HCN. Jednaittélesova reakce C + N +
N2, — CN (B) + N; a d¥ dvou gElesové reakce: X, v > 12) + CNK) — Nx(X, v — 12) +
CN(B) a Ny(A) + CN(X) — Nx(X, v = 0) + CNB). Hodnoty rekterych rychlostnich konstant
jsou oggt zavislé na teplétplynu Ty [12].
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Tab. 3. Kinetika chemickych reakaiastic CH, CH,, Hy, H, N, N;, HCN, HCN, CN(X), NH,
C a CNB), kde M) = N, nebo jina neutrainékacastice [12, 48, 53].

N + CHs —» HCN + H,

k=1,4x10" cm’s’’

N + CHg— H,CN + H

k=6,2x 10" +2,2 x 10 exp
(-1250/T,) cn’s ™

N+ CH— HCN +H

k=5 x 10 exp (-250/T,) cnt’s *

N + CH, — CN(X) + H,

k=1,6 x10" cm’s’’

N+ CH,— CN(X) + H + H

k=16 x 10" cm’s™

N + H,CN — HCN + NH

k=6,7 x 10" cm’s™?

N+ NH— N, (X,v=0) +H

k=8,6 x 10" x T,>* cn?’s™

N, (A) + CHy — N(X,v=0) + CH + H

k=1,5x 10 cm’s™

N, (A) + CH, — Ny (X, v = 0) + Ch + Hy

k=1,35x 10% cnr’s™?

No(A) + CH; — Ny(X,v=0) + CHh + H

k=1x 10% cm’s?

No(A) + H, — No(X, v=0) + H + H

k=24 x 10 cm’s™?

N2(A) + HCN— Nx(X, v =0) + CNK) + H

k=6 x 102 cm’s?

Ny(@) + Hp — No(X, v=0) + H + H

k=2,6x 10" cm’s?

CHs+ CH, —» CHs + CHs

k=214 x 10" x T,>° cm’s™

CH, + CN(X) — CHs + HCN

k=1x 10" exp (-857/T,) cnr’s *

H+CH,—-CH;+H

k=23,34 x 10" x T,>* cn’s ™

H, + CN(X) — HCN + H

k = 4,98 x 10" x T exp (-11181Ty)
cm’st

H+CHi—» CHs + H,

k=2,2 x 10° x T,* exp (-4045/T)cm’s *

H+CH;+ N, — CH; + Ny

k=6 x 10% x (T, /300)"cm’s™

H+H+N> — H>+N>

k=15 x 10* x T, ** cns?

H+ HCN + M) — H.CN + (M)

ko = 6,4 x 10* x T,*°cm’s?

k. = 9,2 x 10 exp (-1200/Ty) cnr’s™

H + H,CN — HCN + H,

k=29 x 10" x T,%°cm’s™

H+NH— N+H,

k = 1,7 x 10% x Ty % exp (-950/Ty)
cm’s t

NH + NH + (M) — Hy + No(X, v = 0) + M)

k=1 x 10 cmfs?

HCN + M)— CN(X) + H + (M)

k = 5,93 x 102 xT4 ¢ exp (-62845/T)
cm’st

N + CN(X)— C + Ny(X, v = 0)

k=6,64 x 10" cm’s™?

N, + CN(X)—>N,+ C + N

k =4,15 x 10" exp (-70538,51,) cnr’s *

Ny(@) + CH; — N(X,v=0)+C+H +
H>

k=3x10%cm’s?

C + No(X, v=0)— CN(X) + N

k=1,04 x 10" exp (-230001T,) cnr’s *

C+N+N—>CNB)+N;

k=94 x 10% cnfs?

N(X, v > 12) + CNK) — Na(X, v — 12) +
CN(B)

k=1,66x 10" cnrs?

N2(A) + CN(X) — Na(X, v = 0) + CNB)

k=1,2x10"cm’s™’

CN(B) — CN(X) + hv

v=1,5x 107¢

N2 + CNB) — N2 + CN(X)

k=2 x 10" cm’s?

CH, + CNB) — CH, + CN(X)

k=1.3x10"cm’s’
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Tab. 4 uvadi mozné chemické reakce vedouci ke uzidnych vysSich uhlovodik jako
jSOU GH,, GHs3, GH4, GHs, GHg, CGiH»,, CsH3, CsHa, GsHe, CGsH7 a GHs. V této tabulce je
uvedeno celkem 33 chemickych reakci, které souvésejetanovymi radikaly.iBvaznatést
reagujicichéastic je pimo zavisla na disociaci metanu a na ho&éngthlostni konstanty,
ktera u rkterych uvedenych reakci &fpznama i v zavislosti na teptonheutralniho plynu

Ty [48].

Tab. 4. Kinetika chemickych reakci pro vyssi uhlovodikyHg CHs, CHa, CoHs, CHe,
CsHj,, CsHs, C3Ha, CsHe, C3H7 a GHg, kde M) = N, nebo jina neutralniéka ¢astice [53,

54].

CH,+CH, - CHy + Hy

k=9,98 xTyx 10 ** cnr’s *

CH; + CH, —» CH4

k=17 x10%cm’s™’

CH,+ CHs— CHs + H

k=7 x10"em’s?

CH; + CH— CHs + H

k=1,3 x 10 exp (-13275y) cnm’s™

CH3 + CHy— CHg

k=4x10"xT,% cn’s™?

CHz + CH; — CoHs + Hp

k=1,7 x 10" exp (-115001,) cn’s

CH3 + GHz — CHs + GH»

k=6,5x10"cm’s’’

CHz + GHs — CHy + GH4

k=3,3x 10" xT,% cn’s™?

CH3 + GHg — CHs + GHq4

k=25 x 10* x T,° exp (-3730ITy) cm’s™

H + GHs; — CHsj

k=32 xT,>*x 10" cn’s™

H+ GH; — CH, + H,

k=1,7 xT,>°x 10" cns™?

H + GHs + (M) — CoHs + (M)

ko= 2,15 x 10°° exp (-349/Ty) cm’s™

k., = 4,39 x 10" exp (-1087Ty) cnr’s™

H + CGHs— CHsz + CH;

k=7,95 x 10" exp (-127/Ty) cn’s *

H + GHs — CHg

k=6 x 10" cms?

H+ GHg — CHs + Hy

k=24 x 10" x T, " exp (-3730M,) cn’s ™’

H, + CGH; —» CoHy + H

k=5,0 xT,** exp (-42981Ty) x 10% cn?’s™

CoHz + GHz — CoH, + GH4

k=9xT*x10* cn’s ?

CoHs + GHs— CoHy + GHe

k=1,86 xT,>*x10 " cm’s ™

CoHs + GHs — CoHa + GHe

k=1,2 x 10" exp (-540/T,) cnr’s™

CN(X) + GHg — HCN + GHs

k=1,8x 10" x T, cn’s™

C + GH; — CsHs»

k=5,95 x 10 cm’s™?

H + GH>; — CsH3

k=7,21x 10" cm’s™?

H + GH3; — C3Hq4

k=7,21x 10" cn’s?

H + GHs — CHz + GH»

k=7 x 10%cm’s?

Nz(A) + GHs — N2(X, V= 0) + CH

+ CH»

k=2,8x10%¢cnr’s™

CH3 + GHs — CzHg

k=47 x10" cm’s™’

CH;y + GHg — CgHsg

k=4,8 x 10% cnm’s™1 (T, = 304 K)

CN(X) + GHg — HCN + GHy

k=6,76 x 10" cns * (T, = 400 K)

H, + GH; —» H + GHg

k=7,45 x 10" cn’s ' (T, = 400 K)

CoHz + GH7 — CoHy + GeHg

k=2,0x 10% cm’s™?
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CoHs + GH7 — GH4 + GeHs

k=2,0x 10% cn’s?

CsH7 + GH7 — CgHg + GeHs

k=28 x 10% cm’s™?

H+ GHg + (M) — CgH7 + (M)

ko=1,5x 10°cm’s?

k.= 3,7 x exp (-1040Ty) x 10* cn’s™?

Tab. 5 uvadi celkem 24 chemickych reakci gizné uhlovodiky, nitrily a dalSi molekuly,
které byly zahrnuty ve vySe znémem modelu (& CH, CN,, HCN,, HGN, GN, HoCsN,

C4H, C4H, a GH3) [12, 48, 53]. V tomto modelu je kladen zvlaStafak na sledovani N a C

atomi a jejich moznych interakci, vzhledem k jejich r&$imu zastoupeni v atmoste

mésice Titanu.

Tab. 5. Kinetika chemickych reakci uhlovodik nitrila a dalSich &kych ¢astic G, CH,
CoNo, HCN,, HGN, CsN, HCsN, C4H, C4H, a GH3, kde M) = Nz [12, 48, 53].

C+C+M)—>C+ (M)

ko= 4,97 xT, *° x 10% cns?

k,=2,16 x 10" cm’s?

H, + CG— GH>

k=1,77 x exp (-14707,) x 10 cn’s™*

H+G—>CH+H

k=1,77 x exp (-1469T,) x 10'¢ cn’s™*

CHy+ G —>CH+CHs

k=55 x exp (-297Ty) x 10" cn’s™?

H,+ GH — CH, + H

k=25 x exp (-1560T,) x 10 cnr’s™

CsHg+ CGH — CGsH7+ GH»,

k=2,12 xTy*°* x 10" cn’s™?

CN(X) + HCN— CN, + H

k=15 xT,%°x 10" cn’s™?

N2 (A) + GN2 — Np (X, v =0) +
CN(X) + CN(X)

k=4x10" cm’s?t

H + GN; + (M) —» HCN, + (M)

K., = 6,4 xTy2 x exp(-12007Ty) x 10%cm’s™

k,=1,5x10%cnt s

H + HGN; — HCN + HCN

k=1,7 x exp (-1101,) x 10" cn’s*

CN(X) + GHy; — HCN + H

k=3,49 x exp (571Ty) x 10" cn’s™

HCN + GH — HGN + H

k=5,26 x exp (-770T) x 10 *2cm’s*

HCN + (M) > CN +H + (M)

k= 1,0 x [y /300)xexp (-48600Ty) x 10
cm’s t

H, + GGN — HCG3N + H

k=1,2 x exp (-998Ty) x 10 cn’s™*

CHs + GN — HGN + CHs

k=1,2 x exp (-491T,) x 10" cn’s™?

C3Hg + GN — HGC3N + GH-

k=6 x 10" cm’s

H+ HGN + (M) — H,C3N + (M)

K, = 6,4 x T x exp (-1200T,) x 10 cn’s*

K., = 9,2 x exp (-1200T,) x 10 cm’s™

H + H,.C3N — CH, + HCN

k=15 x 10" cn’s™

CH,+CGH — C/H, + H

k= 3,02 x exp (-235[) x 10 cnr’s™

CH; + CH, - CH + CHg

k=2,16 x exp (-2165T) x 10" cn’s™*

H, + CGH — CH, + H

k=1,9 x exp (-1443Ty) x 10" cn?’s™

CHs + GH — CHy + CHs

k=1,0 x exp (-2500) x 10 cnr’s*

H + GHs; — C4H3

k=1,39 x exp (-1184T,) x 10 cn’s™*

H + GHz — CH, + GH»

k=23,3x 10%cm’s?
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Do reakci uvedenych v tomto modelu Ize zahrnoyt kterych se €astni stny reaktoru.
Na stnach reaktoru rfive také za nizkych teplot dochazek ke vzniku (CKa jejich @&asti
na kinetice pkbé¢hu chemickych reakci tiie dochazet ke ztratdm narsich u H, CHa CH,
rozkladu HCN a HCN, a také mZe probihat zhaSeci reakce elektronovychistsiku N
(A, B, @, 3, atoiza pomoci Ci H, a H. Nekteré dalSi chemické reakce vztahujici se ke
ztratam na shach reaktoru jsou uvedeny v tab. 6. Pouzité hgdatdmarnich koncentraci
a emisi byly vé&chto chemickych reakcich pouzity také ze studielUaioal. [55].

Tab. 6.Ztraty H, CH a CH na sénach, depozice HCN a;BN, zhaSeni stdvN, (A, B, a', 3
ve srazkach s CHH,; a H.n udava relativni podil disociovaného vodiku opraaikovému
zastoupeni vodiku [12, 47, 48].

Ztraty na sténach a depozice

H + stna— 0,5 b i =5 x 10°, ve vyboji
yH = 1 x 10-4, po vyboji = 1 x 10%, po vyboji
CHs + séna— CH, - nH — 0,5 (1 ‘i’])Hz YCHs = 0,003

CH, + skna— CH, — 2}7H - (1 —77)H2 YCH2 = 0,026

HCN (dep.)— CHa + 0,5N (X, v = 0) — 3jH — 1,5 (1 =)H2

H,CN (dep.)— CHy + 0,5 N (X, v = 0) =2/H — (1 —7)H>

ZhaSeni metastabilnich excitovanych stavdusiku

CHs + N (A) = CHy + No (X, v = 0) k=3,2x 10" cm’s™?
CHs + N, (B) — CHs+ Ny (A) k=0,95 x 3 x 10° cn’s™
CHs + N, (B) — CHy + No (X, v = 0) k=0,05 x 3 x 10 cnt’s *
CHs+ N, (@) > CHs + No (X, v = 0) k=3,0x 10" cm’s™?
CHs + N, (@) — CH, + N, (X, v = 0) k=5,2 x 10' cm’s™
Ha + Np (B) — Ha + No(A) k=2,4x 10" cm’s™
H+ N (A) —> H+ No (X, v=0) k=21 x 10 cm’s™
H+ Ny (@) — H+ N (X, v=0) k=2,1x 10" cm’s™

V téchto studiich se a@p potvrdilo, Ze CH se priméara rozklada na Ckla CH, ve srdzkéch
s Nx(A). Stabilni molekula HCN se v tomto modeluitvpies meziprodukt. Z reakce molekul
HCN a CH vznikd CN?Z") a nakonec jsou produkovany C atomy srazkamiXpn(N
atomy. Redpokladané koncentrace jsou porovnany s experaimemt stanovenim N a C
atom a stavt No(B’ITy) a CNB’L"), které byly ziskany spektroskopickymitanimi.

2.2.3 Studium iont-molekularnich reakci

Vysledky prezentované wgdchozi kapitole zahrnuji zejména reakce mezi abutr
radikaly a metastabily. DalSim v faali je komplex plazmochemickych reakci probihdjicic
ve snesi Np,-CH,, ktery analyzuje reakce mezi iontem a molekuloysl®dky studia ion-
molekularnich reakci N N,” a HCN" s metanem (CH, acetylenem (&,), a etylenem
(CzH,4) publikoval Anicichet al. [56]. Studie byly provedeny za pouziti Flowing églow-
Selected lon Flow Tube (FA-SIFT). Reakce studovanééto praci jsou dlezité pro
porozumgni chemii ionti v atmosfée Titanu. N a N;* jsou primarni ionty, které se tiidoto-
ionizaci a elektronovym narazem. Tyto ionty se [joda chemii v ionosfi@ Titanu. Je
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dulezité wdeét, jak tyto ionty principidl® reaguji s neutralnimi latkami v nizSich vrstvach
atmosféry Titanu jako ndiklad CH,, C;H, a GH,. V predchozich studiich bylo nalezeno
nékolik rozdilnych produki vznikajicich reakci stsi N,-CH,. Jednim z nich byl iont HCN
Provedené laboratorni experimenty potvrdilvleditou roli tohoto iontu [56]. #hled
chemickych reakci iogts molekulami je uveden v tab. 7 a tab. 8.

Tab. 7. Souhrn iont-molekularnich reakci [56].

lontovy | Neutralni lontovy Neutralni Pravcziep. Rea.lkf:m
reaktant | reaktant produkt produkt kanalu koef|3<:|_elnt
reakce (%) (cm’s )
CHs" NH 0,38
. CH," N 0,03
N CH HCN' H, + H 015 | 110%10°
HCNH" H, 0,44
CoH,' N 0,65
N CoH, HCCNNCT CH:'2 8:8; 1,30 x 10°
CHNC' H 0,22
CoHa NH. 0,13
CoHs" NH 0,44
N* CH* CoHa' N 0,30 1,10 x 10°
CHNC' H, +H 0,04
CH,NC* H, 0,10
No* CH, gﬁz: NNHH2 8’; 1,00 x 10°
N," CH," CoH. N, 1,00 5,50 x 10¢
+
N, CoHy éi_H;; NN22:|:|2 g’féi 7,10 x 10%°
HCNH* CHs 0,90
HCN' CH, CHs" HCN + H 0,02
CH," HCN 0,04 | 8,80 x 10%
HCN* CH, HCCNH' H, + H 0,01
CHsCNH* H 0,03
CoH,' HCN 0,19
CoH3" CN 0,01
HCN" CoH- CsN* Hy, + H 0,06 1,20 x 10°
HCsN* H 0,09
HCsNH" H, 0,66
CoHy" HCN 0,73
CoHs" CN 0,13
HCN CHa HCNET ot H 001 1,30 x 10°
HaCsN* H 0,13
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Tab. 8. Prehled mechaniztnsekundarnich reakci iont-molekula [56].

lontovy Neutralni lontovy Neutralni Pomeér ki:ﬁléfenr']t
reaktant reaktant produkt produkt vétveni 3 -1
(cm’s ™)

+ C2H4+ H2 0,70 9
CH; CH, CHe ¥ 0.30 1,20 x 10
CHs" CH, CoHs' H, 1,00 1,10 x 10
CH," CH, CHs" CHs 1,00 1,14 x 10

+ C4H2+ H2 0,43 9
CoH, CoH» C4H3+ H 0,49 1,20 x 10

CoHy' CH, 0,30

CoH,' CoHy CsH3" CHs; 0,48 1,38 x 10°
Cy4Hs" H 0,23

CoHs" CoH,4 CoHs" CH, 1,00 8,90 x 17°

N CsHs" CHs; 0,91 10
CoHa CoHy C4H7+ H 0.09 7,90 x 10

+ CsHs" CH, 0,50 10
CoHs CoH4 C4H9+ 0.50 5,80 x 10

H,O" CH, HsO" CHs 1,00 1,12 x 10
H,O" CoH, CoH," H,O 1,00 1,90 x 10
H,O" CoH, CoHs'" H, 1,00 1,50 x 10
HCNH" CH,4
HCNH* CoH,
HCNH* CoHy
CNC’ CH, Nereaguje
CHNC' CoH,
CHNC' CoHy
CH,NC' CoHy
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2.3 Klouzavy obloukovy vyboj

Klouzavy obloukovy vyboj (Gliding Arc Discharge-GADpri atmosférickém tlaku je
jednoduchym a finamé nenarénym zpisobem generace netermalniho plazmatu. Proto tento
typ vyboje nabizi celodadu moznosti @myslového vyuziti, zejména pro svou vysokou
energetickou &innost, specifickou produktivitu a vysokou selektiv reakci [57, 58].
lonizatni procesy indukované elektrickym polem davaji gmo teplotu elektroin
(>12000 K) a diky tomu i vysokou koncentraci exc#oych iont. Béhem vyvoje
plazmového vlakna dochazi k ustu teploty plynu az k 3000 K [57, 59, 60]. Prootut
relativré nizkou hodnotu teploty neutralniho plynu je GlidArovazovan za Cold-discharge,
nebo-li chladny vyboj. Pro vySe zngimé vlastnosti jsme v experimentatidisti zvolili pra

YIYIXIY

Prichod plynu

Obr. 4. Vznik a vyvoj klouzavého obloukového vyboje [61].

Konstrukce elektrod uéthto systém je tvaena parem, ffipadré n¢kolika pary elektrod
ve tvaru oblouku divergujicich po proudu pracovniplgnu (viz obr. 4). Po iloZeni
pracovniho nafii (az 5000 V) dochazi v méstnejmensi vzdalenosti mezi elektrodami
k prairazu a plazmovy (proudovy) kanal je unasSen versnproudiciho plynu, pdfpact

i samovolr termalré po hranéch elektrod. Vyboj klouZe po elektrodachdojde k petrZzeni
plazmového vlakna. Tim seigyusSi elektricky obvod a naslednse zvySi nafii
na elektrodach. Poté se vybojetpvné zapali v nejuzsim mista cyklus se opakuje. Rychlost
proudiciho plynu pro efektivni vyboj je v oblas@ i-s-1 a vice. Klouzavy obloukovy vyboj
prochazi dynamickym vyvojem, nejprve oblasti rowweho a pak nerovnovazného
plazmatu. V tomto fipact mluvime o pechodném GlidArcu. Az 80 % celkové energie je
v plazmatu v nerovnhovazném stavu, proto lze GlidpovaZzovat za nerovnovazny vyboj
za atmosférického tlaku [62]. Klouzavy vybojiie byt z hlediska svého vyvoje r@keh do

tii ¢asti, jak je ukdzano na obr. 5.

=
B
&

Obr. 5. Faze klouzavého obloukového vyboje:—Ablast elektrického jrazu, B- oblast
rovnovaznéeho plazmatu, €oblast nerovnovazného plazmatu.
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2.3.1 Oblast elektrického prarazu

Oblast elektrického jrazu (oblast A na obr. 5) je faze zapaleni vybopychlym
poklesem nafii na elektrodach, zatimco roste proud vybojemsieddaym zvySenim teploty
plynu. Vysokonaptovy generator poskytuje silné elektrické pole nuybng zapaleni vyboje
mezi elektrodami v mi&tjejich nejmensSi vzdalenosti. Pro vzdalenost etektt mm ini
v suchém vzduchu za atmosférického tlakirgné nagti priblizn¢ 2,5 kV. Tento udaj plati
pro rovinné elektrody, vifpad hroti je toto napti podstatd nizsi, nebé v jejich okoli
dochazi kiistu intenzity elektrického pole [63]. Charaktedk§i ¢as vzniku obloukur; Ize
definovat pomoci nasledujici rovnice pro koncentesektror [64, 65]:

ne
dt iNeN, ?i’ (l)

kde k je ioniza&ni konstanta,n. koncentrace elektronu &, zn&i koncentraci plynu.
Pri velikosti elektrického proudu 1 A je hodnota dideristickéha@asur; priblizné 1 ps.

2.3.2 Oblast rovnovazného plazmatu

Oblast rovnovazného plazmatu (oblast B na obr.e5phlast vysoké teploty elektnbn
i neutralniho plynu. Po ustaleni plazmového kandésleduje rovnovazna faze. Teplota
neutralniho plyn«ini az 10 000 K a je srovnatelna s elektronovolotep [60]. Tato teplota
je ovdem zavisl4 na mnoZstvi energie a protékajprmndu. Doba trvani rovnovazné faze je
funkci velikosti proudu podle vztahu [60, 64, 66]:

M) = [\%j(l— &%), @

kde J(T) je elektricky proud,V, nagti a 7, je doba trvani rovnovazné faze (cca 1 ms).
Vodivost plazmatu v nerovnovazné fazi jako funleploty mizeme pro vySsi teploty popsat

rovnici:
-E
olT)=0,ex ® 1, 3
()=, ‘{zw) 3)

kde o, je pro danou teplotu vyboje konstantaEg je efektivni ionizéni potencial [66].

Vyslednym vztahem pro rozptyleny (specificky) vykaa jednotku délky plazmového viakna
pak Ize zapsat jako [66]:

W =167(T, )(%JTO : 4)

00

kde T, je teplota v ose vyboje a je tepelna vodivost. Zanedbame-li hodnotu vlaistthilkce,

Ize pro obvod zahrnujici plazmaticky kanal napsat:
V, = RJI+WIJ, (5)

kde V,, R a J jsou nagti zdroje, odpor a proud & je délka plazmového vlakna. Proud
plazmatickym obloukem definujeme pomoci Ohmova makgako zavislost naé&nici

se délce oblouku:
12
J= 6/ i(\/022_R4W“:‘>) ) (6)
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2.3.3 Oblast nerovnovazneho plazmatu

Oblast nerovnovazného plazmatu (oblast C na obr.je5)oblast termodynamické
nerovnovahy. Elektronova teplota f@dow vysSi nez teplota neutrdiniho plynu. Nasleduje
zhaSeni a nova fmazova faze, tedy vyboj se znovu objevuje v obléstiNerovnovazna
oblast vyboje z&na v momeny, kdy délka oblouku dosahne kritické délky [64]

— VO2
Icrit (4\/\/@ ' (7)
kde W je rozptylené energie na jednotku délky oblouk® ja primér oblouku. Tato hodnota
je podle studie Fridmaet al. [66] priblizné 1/3 maximalni délky oblouku

1
Imax/lcrit = 5 ’ (8)
DalSimi kritickymi hodnotami, které jégba definovat, jsou zejména kriticka velikost proud
\%
J . =—), 9
crit ZR ( )

coz je polovina hodnoty inictaiho proudu, dale také kritické hodnoty s@pelektrického
pole a vykonu

Vcrit = V_20 ’ (10)
W

Ecri = ' (11)
t ‘]crit
VZ

crit = 4_(;? (12)

Pokud délka plazmového obloukuegrasi kritickou hodnotu, tepelné ztraty se zvysuiji.
Pokud nedodame do systému dostatek energie, nerhamadrzet termodynamickou
rovnovahu. Pro tento fenomén se pouziva termin FENE[64]. V disledku nestability
systému, zaficinénému pomalym nd@stem energie, dojde Kstu teploty elektroi[64, 66]

T, =T,[1+E?E?), (13)
kde E, odpovida pechodu od termalni k elektronové ionizaastic. Vysledkem vSeckdhto

proces odehravajicich se v plazmatu je zvySeni hustoty elekteonafist vodivosti, ktery
pak charakterizujeipchodnou oblast klouzavého vyboje [66]
2WR

E - \ .

(\/0 + (\/02 —4VVIR)]/2)

V disledku vSechéthto jevi pak dochazi k prudkému ochlazeni plazmatu az na teplotu
v rozmezi 1000-3000 K, fgemzZ teplota elektran stale dosahuje hodnot okolo 15000-

20000 K a vibrani teplota se pohybuje v intervalu 3000-5000 K [62]. Plazmaedy
nerovnovazne.

(14)
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3 EXPERIMENTALNI CAST

Pro simulaci atmosféry &sice Titanu byl zkonstruovan specialni nerezovyokgs
vakuovy reaktor znazoény na obr. 6, ktery umabje praci v bezkyslikové atmosé
Reaktor je multifunkni, 1ze ho pouZzit pro vice typelektrickych vyboj, jako napiklad
dielektricky bariérovy vyboj, korénovy vyboj nebdokzavy obloukovy vyboj, zalezi pouze
na tvaru a rozmishi elektrod v reaktoru.

VSechna nsfeni byla provedena v elektrodovém ugmtani pro klouzavy obloukovy vyboj
(GAD) s vyuzitim rgkolika analytickych technik. Experimenty v reaktdsyly provedeny ve
stejné elektrodové konfiguraci na dvaizmych pracovistich, aby bylo mozné pouzit odliSné
analytické a diagnostickeé techniky, kterymi prad@vdisponuiji.

Prvni sada experimentpobihala na domaci Fakulthemické VUT v Bra, zde byla
provedena opticka emisni spektrometrie (Optical 4sion Spectroscopy - OES) vyuZita
k diagnostice plazmatu & situ hmotnostni spektrometrie s protonovou ionizaciot@r
Transfer Reaction-Mass Spectrometry - PTR-MS), jakmlyticka metoda pouZzitd pro
identifikaci sloZzeni plynnych latek produik¥yboje.

Druhd sada experimantprobihala na Department of Physical Sciences, UOpen
University v Milton Keynes v Anglii Bhem rékolika stazi v ramci programu COST - Actions
CMST 0601 a CMST 0805, a EURO Planet TNA2 a takémci Institucionalnich
rozvojovych prograh MSMT CR. Na tomto pracovisti byla vyuzita pro identifikac
plynnych produki vyboje in-situ infréervend spektrometrie s Fourierovou transformaci
(Fourier Transform InfraRed - FTIR spectrometry)ea situ plynova chromatografie
propojend s detekci hmotnostnim spektrometrem (@mematography-Mass spectrometry -
GC-MS).

Obr. 6. Specialni nerezovy vysoko vakuovy reaktor pouzityylastni experimenty.
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3.1 Usparadani experimentalni aparatury - prvni sada experirenti

Schéma aparatury pouzité v experimentech na Fakb#mické je znazoéno na obr. 7.
Jako analytické techniky zde byly pouzity optickynieni spektrometr k charakterizaci
vlastnosti plazmatu a hmotnostni spektrometr spmitou ionizaci na detekci plynnych
produkti vyboje.

Mm

% PTR-MS

Plasma
~

11 —{UL
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Obr. 7. Schéma aparatury I: 4z&sobni lahev dusiku,-2zasobni lahev metanu,-3MKS
regulatory hmotnostnich fiokt, 4 — VN stejnosmdrny zdroj nagti, 5 - regulator gidaveho
napsti, 6 — digitalni osciloskop, # elektrodovy systém GlidArc, 8 vlastni reaktor, 9- PTR
hmotnostni spektrometr, Hpocitat, 11-opticky emisni spektrometr, F2pocitac,
13 - vyfuk.

VSechny experimenty probihaly za laboratorni tgpbotv bezkyslikové atmos# proto
bylo tteba ped zahajenim kazdéhoc¢heni cely nerezovy reaktor &#grpat pomoci rotani
olejové vywvy priblizné 10-20 minut. Red ¢erpanim byl reaktor ddb utsnin a po
vycerpani byl jest proveden testésnosti, kdy se déle nez hodinu po odstavenicwyv
monitoroval tlak v reaktoru pomoci tlakém. Jestlize tlak v reaktoruébem této doby
nevzrostl, reaktor byl povaZzovan zaésreny a mohlo se istoupit k jeho zapkni
experimentalni plynnou stsi.

Pro simulaci atmosféry Titanu byla pouzitaésndusiku s metanem 8znou koncentraci
metanu. V tab. 9 je uvedendegné slozeni plynné $si pouzité pi méieni. Jak je patrno
z obr. 7, plyny proudi do reaktoru @waa Wtvemi. Prvni ¥tvi proudi ¢isty dusik istota
99,999 %) a druhouétvi metan (istota 99,995%). MnoZstvi vstupujiciho metanu aildus
bylo ménéno pomoci regulatdérhmotnostniho mitoku (MKS mass flow controller), kterymi
bylo presreé kontrolovano sloZeni plynné gsi.
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Nejprve byl reaktor plynnou stai peetlakovan az na tlak 300 kPa. Poté byl pomalu
otewen vyfukovy ventil, aby sis plyni zaala proudit reaktorem ip piiblizné
atmosférickém tlaku bez kontaminace kyslikem z iokGElkovy pfitok smesi byl menén
v rozmezi 50, 100, 150 a 200 sccm. Po i@evvyfukového ventilu séekalo na ustanoveni
rovnovahy v systému, aby byla &mnv reaktoru homogenni. Pro kazdy #tpka plyna to
bylo jiné; @i celkovém piitoku 200 scmm sé&ekalo na rovnovahu 20 minut, pro 150 sccm 30
minut, pro 100 sccm 40 minut a pro 50 sccm 50 mifentoc¢asovy sled byl shodny pro
vSechny pouzité experimentalni techniky.

Nasledr po ustanoveni rovnovahy v systému byl zapaleraktoeu elektricky vyboj. Jak
uz bylo napsano vyse, ve vSech experimentech logdifa elektrodova konfigurace GlidArc.
Tedy d¥ nerezové elektrody fjpominajici tvar nozZe, stojici proti sbbv minimalni
vzdalenosti 1 mm. Pro zapéleni vyboje bylo na ebekt piivedeno zapalné nag 5500 V.

V moment, kdy byl vyboje zapalen, doslo k poklesu &apa hodnoty v rozmezi 350-400 V,
které bylo pimo untrné nastavovanému proudu v rozmezi 15-45 mA. Bédérparametry
vyboje byly Ehem n#feni zaznamenavany pomoci osciloskopu Tektronix TOB?2

s pouzitim vysoko naové sondy 1:1000, proud byléten pomoci Ubytku n&g na odporu
10,1Q. Ve stedu reaktoru bylo umigto okno z KBr skla, kterym bylipmo diagnostikovan
vyboj pomoci optického spektrometru Jobin Yvon TRIB50 s CCD detektorem.

Odbér vzorki pro analyzu fistrojem PTR-QMS probihal na vystupu z reaktoru.
K vystupni hadici, kterou odchazely plynné produktyboje, byl gipojen ventil, ktery
reguloval vstup prodult do hmotnostniho spektrometru. Vstup produkio PTR-QMS
piistroje byl pomoci kapilary, ktera bylaipevnéna na ventil. Kapilara byla umésia ve
vyhiivané trubici na teplotuiiblizn¢ 60°C, aby se zabranilo kondenzaci plynnych praidukt
vyboje na stnach kapilary a jejimu moznému ucpaniisioj si sam odebiral plynné vzorky
na analyzu pitokem 50 sccm. JednotlivA hmotnostni spektra bidenevana okamaiit
rychlost skenu jednoho spektra bylabpzné 10 s. V tab. 10 je uvedena specifikace vSech
pouzitych experimentalnich daeni.

Tab. 9. SloZeni studovanych plynnych &si

Smés | CHs (%) | N (%)
1 0,5 99,5
2 1,0 99,0
3 1,5 98,5
4 2,0 98,0
5 3,0 97,0
6 4,0 96,0
7 5,0 95,0

3.2 Usparadani experimentalni aparatury - druha sada experiranti

Télo reaktoru je speciatnhupraveno naigvoz, nebyl tedy problém sqvozem z Fakulty
chemické VUT na The Open University v Milton Keynégelka Britanie), aby byla
zachovana shoda vSech experimentalnich podmingkb.V11 je uvedena specifikace vSech
pouzitych experimentalnich daeni.
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Pro experimenty prové&dé v druhé sadmereni byla aparatura migmmodifikovana a jeji
schéma je na obr. 8. Rozdil v zapojeni je patrnystapu plyri do reaktoru. Byla ffidana
dalSi wtev vstupniho plynu, iffmés vodiku nebo oxidu uliitého. Stejg jako v prvni sad
experimeni prvni &tvi proudil ¢isty dusik §istota 99,999 %), druhou¢twi metan {istota
99,995%) afteti wtvi vodik Eistota 99,99%) nebo oxid ubiiy (¢istota 99,995%). V tab. 11
je uvedeno fesné slozeni plynné €81 pouzité pi meéieni. Mnozstvi vstupujicich plynbylo
meénéno pomoci regulatérhmotnostniho gitoku (MKS mass flow controller), kterymi bylo
piesré kontrolovano slozeni plynné ssi.

DalSi rozdil ve schématu na obr. 8 Izeé&vig pouziti diagnostickych technik. ¥ahto
experimentech byly k analyze plynnych produkibouzity in situ infracerveny spektrometr
aex situplynovy chromatograf. Ostatni nastaveni experidgeaith podminek byla ve shéd
s prvni sadou experiment

Pro neieni absorgnich spekter pomoci FTIR spektrometru byla na yysta reaktoru
piipojena kyveta s mnohonasobnynmigitodem paprsku, ktera bylag¢sihena dwma ventily,
na vstupu i vystupu, aby bylo mozné jiceypat. Kyveta byla umigha gimo ve spektrometru
a prochazel ji infréerveny paprsek, ktery dopadalimpo na interni detektor. Spektra byla
meétena kazdych 5 minut.

V dalSi c¢asti experimentu byla na reaktofigmjena na vystupu nerezova kryo past
chlazend kapalnym dusikem pro zachyceni vSech ptynmprodukit vyboje z reaktoru.
Nasledr byla kryo past zatita na pokojovou teplotu a zachycené plyny bylyooéiey Fes
vymenitelné chromatografické septum ply&stou stikackou (Hamilton 1 ml). Plynny
vzorek byl ze dgtkacky vsttiknut do injektoru plynového chromatografu a pakalspustna
analyza pistrojem GC-MS.
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Obr. 8. Schéma aparatury Il: 4 zasobni lahev dusiku,2zasobni ldhev metanu,=zasobni
lahev vodiku nebo oxidu uliitého, 4- MKS regulatory hmotnostniho fokid, 5-VN
stejnosmirny zdroj napti, 6-regulator gtidaveho nagti, 7-digitalni osciloskop,
8 — elektrodovy systém GlidArc, 9 vlastni reaktor, 16 IR kyveta, 11- FTIR spektrometr,
12 - paitag, 13— vyfuk, 14— kryo past pro oddy vzorku na analyzu GC-MS.
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Tab.

10. Specifikace pouzitych experimentalnicltizani.

Druh zatizeni

Specifikace

Zdroj nagti

vyrobeno v laborai®o FCH VUT

Regulator hmotnostniho{doku
(obr. 6 a obr. 7)

MKS mass flow controller, rozsah 200

sccm kalibrace N

Regulator hmotnostniho{doku
(obr. 6 aobr. 7)

MKS mass flow controller, rozsah 2
sccm kalibrace N

Regulator hmotnostniho fgoku

(7)

MKS mass flow controller, rozsah 1
sccm kalibrace N

Manometr

WIKA

Rotani olejova vy¥va

VR005-20, VERKON

Spektrometr

Jobhin Yvon TRIAX 550

Detektor

Hamamatsu, CCD detektor chlazeny

LN, 1024x256 pixel

lonizator protoid

lonicon, proton-transfer-reaction

Hmotnostni spektrometr

Pfeiffer Vacuum, lonicon, PTR-
QMS 300

Analyzator

lonicon kvadrupdl

Praito¢nd IR kyveta

Kromatek, long - path gas cells (UK)

Infracerveny spektrometr
s Fourierovou transformaci

Nicolet Nexus FTIR spektrometr

Plynovy chromatograf

Agilent Technologies 6890

Hmotnostni spektrometr

Agilent Technologies kvadrupélovy
spektrometr 5973

Tab. 11.SloZeni studovanych plynnych &si

Smés H, (%) | CO,(%) | CHa (%) | N (%)
1 0 0 1-5 99-95
2 1 0 1 08
3 1 0 2 97
4 1 0 3 96
5 1 0 4 95
6 1 0 5 94
7 0 0,5 1-5 99,5-94,5
8 0 1 1-5 98-94
9 0 2 1-5 97-93
10 0 3 1-5 96-92
11 0 4 1-5 95-91
12 0 5 1-5 94-90
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3.3 Opticka emisni spektrometrie

3.3.1 Zaklady optické emisni spektroskopie plazmatu

Pro experimentalni &ieni byl pouzivan spektrometr Jobin Yvon Triax 58007 schéma
je na obr. 9. Sitlo je do spektrometruifyackéno kkemennym optickym kabelem, ktery je
zpevrén kovovou spiralou. Zobrazeni vystupu z optickéhabetu na vstupni &tbinu
spektrometru je zpragtdkovano pomoci adaptéru. Aby nedoSlo k zobrazowpekter
vySSichradi, jsou za adaptérem jesamistny optické filtry. Vstupni &rbinou Ize nastavit
vyslednou rozliSovaci schopnogigiroje [67]. Intenzita sitla vstupujiciho do fistroje se da
regulovat pomoci vertikalni masky un#isé ged Strbinou acasténé i Sitkou Strbiny.

K rozkladu s¥tla se vzdy pouziva jedna z# trizek, které jsou umi&gty na kruhovém
drzaku ve spektrometru. Drzdkem Ize pomoci ovlddasioftwaru otéet a vynénovat tak
jednotlivé ntizky. Jelikoz méa kazda iizka jiny pa&et vrypi na mm, je mozné snimalzné
¢asti spektra siznym rozliSenim. Pro #ieni byla pouZita iizka s hustotou 120&ar/mm.
Detektorem ve spektrometru je CCD prvek s rozli$et024256 bodi, ktery je chlazeny
kapalnym dusikem pro omezeni elektronického Suniy @B]. Detektor umatije snimat
cely usek spektra soasré, softwaro¥ se pak z jednotlivychtasti sestavuje vysledné
spektrum v pozadovaném ¢reném) rozsahu vinovych délek. Zakladni charaktkyist
spektrometru Jobin Yvon Triax 550 jsou uvedenybv 2. Hodnoty nastaveni spektrometru
pro meieni plazmatu v této praci jsou uvedeny v tab. 13.

Obr. 9. Opticky emisni spektrometr [69]: Aopticky kabel, 2- adaptér, 3- optické filtry,
4 - vstupni Strbina se zawkou, 5- sféricka zrcadla, 6 kruhovy drzak s ifizkami,
7 — CCD detektor, 8 kontroler, 9- pcgitas.

Tab. 12.Z4kladni charakteristiky spektrometru Jobin YvaiaX 550.

Ohniskova vzdalenost 0,55 m
Swtelnost 16,4

Vstupni S&rbina 0—-2mm

Velikost nrizky 76 mnx76 mm
Hustotacar n¥izky 300 vryg’l/Grg(;n \,/rilél?r%r\:wrymmm'
Rovina snimku 30 mm Siroky12 mm vysoky
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Spektralni  disperze {p 540 nm,

1200¢ar/mm) 1,55 nm/mm
Maximalni spektralni rozliSeni

(2200¢ar/mm) 0,025 nm
Teplota CCD detektoru 145 - 150 K

Tab. 13.Hodnoty nastaveni spektrometru préreni prezentovana v této praci.

Sitka $trbiny 0,03 mm
Hustotacar ntizky 1200 vryg/mm
Integrani doba 10s

Patet akumulaci 1

Spektralni rozsah 280 00 nm

3.3.2 Zpracovani dat

M¢éteni intenzit iznych spektralnich pasposkytuje informace pro nasledné vypo
rotatni a vibr&ni teploty plazmatu (T T,), elektronové teploty GF) a relativni koncentrace
slowenin. Typické emisni spektrum je znazora na obr. 10. VSechna spektra byla
zaznamendana v rozsahu 280 az 700 nm. Dominantrdsy pe spektrech byly Na CN,
zejména druhy pozitivni systém dusiky (€1, — B3Hg), prvni negativni systém dusiku
No* (B%Z," — X224, fialovy (B — X°z) acderveny (KZ* — X°2") systém radikalu CN
a Swaiiv systém G. V tab. 14 a tab. 15 jsou uvedeny seznamy spekttélpag pouzitych
pro vypaset rota&ni a vibr&ni teploty.

Tab. 14.Seznam spektralnich gagouZzitych pro vypeet rota&nich teplot.
Pouzité pechody

Spektralni systém Molekularni konstanta

Druhy pozitivni  systén 0-0 [70]
dusiku
Fialovy systém CN 0-0 [71]

Tab. 15.Seznam spektralnich gagouZzitych pro vypeet vibranich teplot.

Spektralni systém Pouzité pechody Molekularni konstanta
Prvni negativni systém  0-2; 1-3; 2-4; 3-5 [70]
dusiku
Druhy pozitivni systén 1-0; 2-1; 3-2 [70]
dusiku
Fialovy systém CN 0-1; 1-2; 2-3; 3-4; 4-5 [72]
Swarniv systém G 0-1;1-2;2-3; 34 [73]
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Obr. 10. Cast emisniho spektra nareného pro proud 40 mA a 2 % ¢k N, plynné snisi
pro piaitok 50 sccm. Vyzngeny jsou pasy pouzité pro vy vibranich teplot.

3.3.3 Stanoveni rot&ni teploty

Rotani teplota charakterizuje rafai rozctleni staw molekul. Vzhledem k velmi rychlé
termalizaci roténich staw odpovida roténi teplota teplat neutralniho plynu, a proto pat
k zakladnim charakteristikam plazmatu [68, 74].

Patet molekul nabuzenych do jednotlivych ratech stav v ramci jedné vibréni hladiny

konkrétniho elektronového staviuibeme popsat Boltzmannovym r@é#ehim
F.hc

N(J)=e (15)
kdeJ predstavuje dany rotai stav a v prvnimiiiblizeni plati:
Fy = BOQ+1). (16)
Rotani teplotuTr pak Ize ukit ze snérnice linearni zavislosti vztahu:
n,v,J
Iny" i 2l = Ny & konst

3.3.4 Stanoveni vibrani teploty

Vibra¢ni teplota charakterizuje vibfai rozdtleni stawi molekuly. V neizotermickém
plazmatu byva zpravidla vy3Si neZz teplota ¢otaa mensi nez teplota elektronova.
V n¢kterych gipadech i vibréni teplota charakterizuje teplotou neutréiniho plyRlodnotu
vibraéni teploty ovliviuje stupé ionizace plazmatu, teplota elektiora tlak neutralniho
plynu, ale také chemické reakce probihajici v piazmV gipad neizotermického plazmatu
je treba prova& pomeérné rozsahlé vypéty, aby bylo mozné naghené hodnoty vibrani
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teploty sprava interpretovat. Nejprve se stanovi relativni viimiapopulace jednotlivych
vibraénich hladin podle [68, 74]:
I
Nv,rel = W, R (18)
v A(W)
kde I, je intenzita vibraniho péasu,v av jsou vibr&ni kvantovagislo horniho, resp.

dolniho stavuA(\'/,\”/) je prav@podobnost fechodu av je vinatet pasu (zpravidla se uziva

vinocet hrany pasu). Pak se tyto hodnoty vynesou v Iostisna vibr&nim kvantovéntisle
v horniho stavu a posoudi se, zdasijmeni vibrani rozaleni boltzmannovské. Pokud je
zavislost linearni, je vibtai rozdtleni boltzmannovské, nebhdodnota vibréni energiek, je
v prvnim giblizeni lineérni funkci vibriho kvantovéhgisla:
I
n—s =5, konst. (19)
v Awv)
V opaném gipad, neni-li rozéleni boltzmannovské, nemé realny smysl Whfateplotu
pocitat.

3.4 Hmotnostni spektrometr s protonovou ionizaci

Hmotnostni spektrometrie s reaktivni ionizaci (PVMIRS) byla poprvé fedstavena
v polovirg 90. let minulého stoleti a od té doby nastal obkgvnafist v pouzivani této
techniky. BEhem poslednich let se diky své speéaifisti hmotnostni spektrometrie stala
nepostradatelnou metodou pro kvalitativni i kvatiini stanoveniékavych organickych
latek (VOC). Metoda umadillje neteni organickych latek ve vzorku v realnétase
s vysokou citlivosti a rychlotiasovou odezvou [75]. Vidledku toho, Ze kombinuje raak
kinetiku s hmotnostni spektrometrii, je mozné idémuvat a kvantifikovat jednotlivé
organické plyny v porrné kratkémcasovem intervalu s citlivosti od 20 ppm az po 8pQ.p
Takto Siroké rozgi koncentraci umatuje této technice aplikaci v négréjSich oblastech,
jako jsou studium atmosfér planet, analyza sloZaeiosol, analyza dechu a chuti,
diagnostika sloZzeni potravin a studium biochemitkygrocef v rostlinach a malych
zvitatech [76].

PTR-MS pracuje na principu chemické ionizacefenpsem naboje na plynny vzorek
uvnitt driftové trubice. Zdrojem naboje je obvykle iont®, ale mohou to také byt NO
a ', pogipad smesi tchto plyri. Zalezi na tom, jaké latky chceme stanovit. Pro
znazorrni pribéhu ndm poslouzi nasledujici rovnice, obeamazotujici prenos protonu
z iontu XH na stanovovany plynny R [75]:

XH™(g) + R@) — RH'(9)+X(9). (20)

Prevazi pouzivany iont HO™ reaguje pouze s jednou organickou latkou éenau R,
nasleduje fenos protonu zionizované molekuly vody a vznika "RHA7]. Je-li RH
predpokladany jediny produkt, jsou dale podminky ewgl tak, Ze [HO']>>[RH].
Jednoducha kineticka analyza pak ukazuje:

RH| _
eHg—OJ] =k{R], (21)
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kdek je rychlostni konstantair@nosu protonu &ije doba reakce. Pokud znakat, métime
iontovy signal, ktery je ummy koncentraci iorit signdlu RH/HzO" hmotnostniho
spektrometru. Takto stanovime absolutni koncenpi@aadni molekuly R [75].

3.4.1 Instrumentace hmotnostni spektrometrie s protonovouonizaci

Experimentalni realizaci hmotnostni spektrometgeatonovou ionizaci poprvégdstavil
Hanselet al. [78]. Uspdadani standardniho PTR-MSigiroje je zndzomsmo na obr. 11.
Pristroj umozuje meteni v realnéntase koncentracékavych organickych slaenin (VOC)
az do mnoZzstvi mensich nez 5 pptv (zavisi na okolpiostedi). Ristroj se sklada zeit
hlavnichc¢asti [79]:

1) lontovy zdroj: Produkuje HO" ionty ¢istoty vice nez 99 % zvodni pary pomoci
doutnavého vyboje s dutou katodou.

2) Driftova trubice: Vzorky plynu obsahujici¢kavé organické slawniny (analyzované
vzorky) vstupuji do driftové trubice, kde dochazidimou bez disociativniho &teni
k ptenosu protonu z 40" iontu, vstikovaného do driftové trubicei@s Venturiho
trysku.

3) Systém analyzy: NejrozsfergjSi je kvadrupolovy hmotnostni filtr pro separaointi
propojeny s detektorem typu nastbisekundarnich elektrén(Chaneltron). Druhou
moznosti, jak separovat ionty, je vyuZitiilgtového systému Time of Flight (TOF).

| HD [“]% OEDEEEDENEDENEDNPADAR] j]%
NEDAROEEAEPEOOAPENPAAPPR v

5 - ﬂl'l
!

e

9

Obr. 11. Schéma hmotnostniho spektrometru s protonovou achifZ5]: 1- iontovy zdroj,
2 — driftova trubice, 3- detekni systém, 4 vstup HO pary, 5 vystup HO pary,
6 — vyvéva, 7- vstup plynného vzorku, 8,9vyvevy.
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Ad. 1) Zdroj iontt

Nejcastji pouzivanym darcem protonu v PTR-M®igtroji je HO™. V idealnim pipack
vznikne ¢isty H;O" v prostoru iontového zdroje, a proto jelda vzit v Gvahu pouze jednu
reakci tohoto iontu s organickym plynem v analyzéda vzorku. BohuZel fffomnost
nezreagované vodni pary v prostoru iontového zdregke nevyhnutethk tvorbs klastrovych
iontd typu HsO*(H,0), procesem [77]

HzO"(H20)n-1 + H,O + M — HzO"(H0), + M, (22)

kde M je teti €leso. RoviZz vodni para v analyzovaném vzorkuiza také pispivat ke
tvorbe HzO'(H20), klastii. V PTR-MS technice je snaha minimalizovat jejiahdy pomoci
srazkami indukované disociace.iep to se klastry D" (H,O), stale objevuji v hmotnostnich
spektrech z PTR-MS. Jeilézité si toto ugdomit a nezapomenout na dopad, ktery vznik
vodnich Kklastit maze mit i na chemii iofit[80].

Jako alternativni zdroj protérje povaZzovan jgdevsim iont N [81, 82]. Donor protonu
NH,'je mérg exotermicky nez gD’, protoZe afinita protonu NHe o 163 kdmol™ vy3si nez
protonova afinity vody [83]. Nabizi vyhodyiipanalyze molekul, které vykazuji vysSi
protonovou afinitu nez N ty uvokiuji mensi mnozstvi energigipouziti NH," oproti HsO"

a tim se snizi pra¥godobnost jakékoliv fragmentace iGntTo znamena, Ze se vyr&zn
zjednodusi interpretace hmotnostnich spekter.

Ve zvlastnich fipadech je moZné, Ze dviné analyty se stejnou molekulovou hmotnosti
mohou mit velmi #izné protonové afinity. Pak pouze jeden z plysude pijimat proton
z NH;". V dasledku toho jsou provédy analyzy vyuzivajici kD" a nasled& NH,", coz
umoziuje absolutni kvantifikace obou analyzovanych lat€kstovala se i aplikace NH
v PTR-MS a bylo zji&no, Ze vznik produkttypu RNH," je dominanty tvoren bul’ primym
sdruzenim ion-molekulovou reakci, nebo liganden.[79

Také byl testovan iont GH bézr¢ pouzivany ve standardni iontové chemii. Bohuz#l, p
pouZziti tohoto iontu byly zaznamenany jen mal&xy, tedy mala &innost generace tohoto

primarré uziva HO".

Ad. 2) Driftova trubice

Tato ¢ast spektrometru je umésta mezi zdrojem ioildta €sré piiléha k analyzatoru,
dochéazi zde k urychleni analyzovanych genin od zdroje k analyzatoru. V driftové trubici
se primarni ionty srazeji s analyzovanym vzorkewghdzi k penosu protonu na vzorek
a dgleni na zéaklad jejich mobility. Tu ovliviuje velikost i tvar stanovované skmniny
a ukuje dobu pobytu slaieniny v driftové trubici.Cim je molekula ¥t3i, tim se prodluzuje
jeji pobyt. Diky designu lineéarni driftové trubipedosazeno vysokého rozliSeni [75].

Ad. 3) Systémy analyzy
V dnesni dob stale pouzivany kvadrupdlovy analyzator je pomajtiacovan jinymi typy
zarizeni, jako jsou iontova past, nebo analyzatorldab

a. Kvadrupdlovy analyzator (Quadrupole analyzer)

| vdneSni dob pati stale k ngjasgji pouzivanym analyzatém kvadrupdlovy separator.
Tvori ho kruhové tye 20-30 cm dlouhé, mezi kterymi vznika elektriclaepprilozenim RF
nagti. lonty analyzovaného vzorku vstupuji mezégya vlivem elektrického pole &aou
oscilovat. B urcité hodnot stejnosmirného napti dosahnou ionty ip pomgru
hmotnost/ndboj =m/z stabilnich oscilaci, zatimco ionty jinych hodnatngru nvz osciluji

s rostouci amplitudou a jsou zachyceny niacty. Stanovované slozky vzorku se separuji na
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z&klad pomeru mvz, zatimco latky s vysSi hodnotou jsou zadrZzovanyinngemi, latky
s nizkou hodnotou, proleti rychle na detektor.

b. lontovéa past (ion trap)

Jeden z moznych typanalyzatol je iontova past. lontova past maédvyhody oproti
kvadrupélovému analyzatoru: prvni vyhodou jésab jeji funknosti a druhou vyhodou je,
moznost provatt tandemovou hmotnostni spektrometrii (MS/MS) [8#jntova past se
sklada ze dvou koncovych elektrod, mezi které @Zeha prstencova elektroda, do které
vstupuji ionty z driftova trubice. Analyzované igmilynu se vdikuji do iontové pasti, kde
jsou stabilizovany na dostéteu dobu, aby sefipojilo elektrické pole na prstencovou
elektrodu v iontové pasti. Hmotnostni spektrum pa&i nahromadné ionty, které se
uvoliuji z pasti, poéinaje ionty s nejvySSi hmotnosti. Naslédjsou ionty detekovany
externim detektorem.

c. Analyzator doby letu (Time Of Flight = TOF)

DalSi alternativou systému hmotnostni separacenggyzator doby letu. Jeho nejjednodussi
forma funguje tak, Ze vychyluje svazek ibrmo letoveé trubice elektrickym polem, a pak je
odctli podle jejichcasu giletu k detektoru. Vzhledem k tomu, 223i ionty cestuji pomaleji
nez ty leldi, detektor dive zachyti ionty s nizSi molekulovou hmotnosti. FFIS je
vicekanalovy fistroj, ktery shromafuje celé hmotnostni spektrum najednou, a tim je
podobny technice iontoveé pasti.

Spojeni hmotnostni spektrometrie s protonovou ewiiza fiznych tym analyzatol, jako
PTR-IT-MS, PTR-TOF-MS umaitlje analyzuiznych sndsi vzorki v realnéntase [85].
Zakladni charakteristiky pouzitého hmotnostnihokspenetru s protonovou ionizaci jsou
uvedeny v tab. 16.

Tab. 16. Specifikace fistroje PTR-QMS 300.

lonicon PTR-QMS 300
Typ ionizace HO" ionty
Tlak zasobni lahve vody 0,1 MPa
Rozsah msfenych hmotnosti 21300 amu
Proud iontového zdroje 4 A
Analyzator kvadrupdlovy
Deteleni limit 300 pptv
Rozsah 300 pptd 0 ppmv
Rychlost skenu spektra 1 spektrum za 10 s
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3.4.2 Zpracovani dat

Prvnim experimentalnim &enim bylo nutné zjistit stabilitu plynnych prodakt
vznikajicich ve vyboji. VysledekKasového réeni je zndzormn na obr. 12 pro acetonitril,
jakozto latku s negtSi koncentraci ve vyboji. #eme zde viét ¢asovy vyvoj v mnoZstvi
acetonitrilu zaznamenanéheghem ¢asovérady bezprosedre navazujicich 1000 skénpro
meteni trvajici piblizné dvé hodiny. Prvnicast fed zapalenim vyboje reprezentuje stabilizaci
pred nEfnim a trva do 70 skenu. Nasleduje dridgt zapaleni vyboje, trvéiplizné 200
skeri. Dochazi pi ni k rychlému néistu relativni intenzity acetonitrilu v fioéhu 20 skef,
pak nasleduje pokles intenzity na hodnotul8 arb. unit. Relativni intenzita acetonitrilu je
v posledni stabiln¢asti vyboje téri konstantni. Na obr. 12 iheme pozorovat okolo skenu
600 malou odchylku, ktera by mohla byt vysledkeraycani systému produkty vyboje. Podle
experimeni mgereni stability produkt byla vSechna PTR-QMS spektra analyzovana
v rozmezi 240 aZz 700 skierReprezentativni PTR-QMS spektrum plynnych pro@lwktooje
zazonuje obr. 13, pro experimentalni podminky é&sndusiku a metanu v pénu 99:1,
praitoku plynné smssi 200 sccm, proud vybojem 40 mA za laboratorni lotgp
a atmosférického tlaku.

gx10*4 I 5
3 | |
g i i
= 6x10° 1 | |
x | |
N ! 1
= | |
2 -8 | |
£ 4x107 1 | |
\E : :
= I. pred zapalenim vyboje
S 2x10° - | | II. zapaleni vyboje
= \J IIL. stabilni stav
04 | |
- ;

T T T T T
0 200 400 600 800 1000
cyklus (sken)

Obr. 12. Doba odezvy na detektoru systemu PTR-QMS, vyslg@d&yacetonitril.
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Obr. 13. PTR-QMS spektrum plynnych produktyboje ve snisi 1% CH, v N, plynné sndsi

pii pratoku 200 sccm a proudu 40 mA.
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3.5 Infra ¢ervena spektrometrie s pouzitim Fourierovy transfomace

3.5.1 Zaklady o FTIR technice

Infracervend spektroskopie je analyticka technik&ené k identifikaci organickych
arekdy i anorganickych slaienin s kovalentni vazbou mezi atomy s permanentnim
dipélovym momentem absorbujici infexvené z#eni. Infr&ervenym z&enim je
elektromagnetické #ani v rozsahu vinovych délek 0,78-100@, coz odpovida rozsahu
vino&td 12800-10 cnt. Celd € oblast spektra sesti na blizkou (13000-4 000 ¢fy, stedni
(4000-200 crit) a vzdalenou infrgervenou oblast (200-10 ¢ty piicem? nejpouzivafisi je
stredni oblast [86, 87].

Princip techniky je absorpce monochromatického alfgirveného zi@ni @i prachodu
analyzovanou latkou, které vyvol&eghody v kvantovanych vibtaich stavech molekuly
acasteéné i mezi kvantovymi roténimi stavy molekuly. Pro vyhodnoceni absorpce
infraterveného zi#ni se snima vzdy celé spektrum.

Disperzni infréervené spektrometry stiakovym monochromatorem maji sva omezeni.
Nedostatkem je fiedevSim pomalost ziskavani spektra, mala citlivoitky pongr signalu
k Sumu, nemoznost ziskat dostatevelké rozliSeni v Sirokém rozsahu viitd a obtiznost
meteni silre absorbujicich vzork Fri infracervené spektrometrii s Fourierovou transformaci
(FTIR) se interferometricky ziskany signatepede matematickou operaci - Fourierovou
transformaci - na inftgrvené spektrum. Zakladem FTIR spektrometru j&.ndhelsoriiv
interferometr. Na obr. 14 je znazémprincip tohoto interferometru [88].

Zareni ze zdroje fichazi na polopropustnyelic paprski, ktery jednu polovinu paprék
propusti k pohyblivému zrcadlu, druhd se odrazérem k pevnému zrcadlu. Paprsky
se od obou vzajemsnkolmych zrcadel zfiné odrazeji a nadic¢i paprski se podle polohy
pohyblivého zrcadla hll Sitaji, nebo oditaji; dochazi k interferenci. Jak sesmh opticky
drahovy rozdilo obou paprsk, signal dopadajici na detektor generuje interfienog
Pro monochromaticky zdroj #ni je amplituda signalu na detektoru kosinovolkdiipolohy
zrcadla [86, 88, 89].
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Obr. 14. Infracerveny spektrometr s Fourierovou transformaci [9Ojterferometr:
1 — pohyblivé zrcadlo, 2 pevné zrcadlo, 3 rozklad svazku paprék4— IC zdroj, 5- laser,
6-vstup plynu do kyvety, #vystup plynu z kyvety, 8IC kyveta, 9 detektor,
10 - paeitad.
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Pfi konstantni rychlosti pohyblivého zrcadlaje frekvencefv signalu na detektoru Gima
vinoctu z&eni v :

f,=2Ww. (23)
Pro polychromaticky kontinualni zdroj izhi je signal detektoru s&tem vSech interferenci
kazdé frekvence, jez se integruje se vSemi ostatfiekvencemi. Vysledkem je tzv.
multiplexni interferogram. Interferenci vznikly papk prochézi vzorkem v kyvetovém
prostoru a ty frekvence, které nebyly absorbovdsg @Fivedeny na detektor. Zpracovani
signélu, provedeni transformace fé&zeni (Fistroje je provéého pcitacem. Ziskany
interferogram obsahuje veSkeré spektralni inform&teré se z ¢ho musi ziskat prév
Fourierovou transformaci. Mezi intenzitou na indeoigramu jako funkci optického
drahového rozdilu(d) a intenzitou jako funkci vindu infraterveného zi&ni I(v) plati
matematicky vztah, vyjddny kosinovou Fourierovou transformaci:

[160)01(V)cod 277 )dv . (24)
Inverzni transformace, proveden&jaiem

I(V) O 1(5)cog2rov)ds (25)
poskytuje ze ziskaného interferogramu itéraené spektrum (39).
V praxi se spektralni data registruji v kéngch malych vzorkovacich intervalech. To Ize
nag. provest stufovitym pohybem zrcadla vigsré stejnych krocich (opticky drahovy
prirastekAd):

1(V)O Aé’il (iA0)cod27ind). (26)

Interferogram musi byt pro séet vzorkovan v dostate¢ malych drahovych intervalech.
Je-li spektralni rozsah 1 a%,,,, musi byt podle teorie informace

= 1
Ad = (vaax) . (27)
Ve FTIR spektrometrii Ize také provést rychly zamna konstantni rychlostii (opticky
drahovy rozdib = 2ut; maximalni opticky drahovy rozdil j@) podle rovnice:

1(V) O +Df 2|u(t)cos{4n Vutjdt. (28)

—oD/2u
FTIR spektrometry maji celosadu vyhod, jako je vysoka &elnost, velka rozliSovaci
schopnost, vingtova spravnost ziskaného spektra, velka rychlosha@au a moznost &t
v Sirokém vingtovém rozsahu. Pro zlepSeni pom signadlu k Sumu se v FTIR
spektrometrech spektra akumuluji vicenasobnym zaema Takto ziskané kvalitni zaznamy
(v digitalni formg) Ize dale zpracovavat, vyhodnocovat a interprdtgvpouzitim vypoetni
techniky [91].
Zakladni specifikace infterveného spektrometru pouzitého v experimentu jseedeny
v tab. 17.
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Tab. 17.Specifikace FTIR fistroje pro in-situ analyzu plynnych prodtild mnohonasobnym
prichodem pes  kyvetu.

Nicolet Nexus 6700 FTIR spektrometr
Pcaet skerd 5
Rozliseni 2 crit
Méteni veltin Absorbance
Detektor DTGS KBr
Zdroj IC z&eni EverGlo
Rozsah nsteni 4006400 cni*
Swtlost 39
Délka absorpni cesty v € kyvets 320 cm
Software Omnic

3.5.2 Kvantitativni analyza vybranych organickych slowenin

Z nantienych absorbanci vybranych steanin byly vypd@teny koncentrace podle

Lambert- Beerova zékona:
A=nlllo (29)
kde A je nangfena experimentalni absorbance, (cm®) je koncentrace detekované
sloweniny, | (cm) je délka absotpi cesty v IR kyvet as (cnf) je (&inny absorpni prirez.
U¢inné pitezy jednotlivych latek byly vypeny pomoci hodnot uvedenych v jiZik
zmirénych databéazi [72, 73] dle vzorce:
A

o= — (30)

I'n
kdeA je nangfena absorbanca,(cmi ) je koncentrace detekované sleainy,| (cm) je délka
absorgni drahy v IR kyvet a¢ (cnf) je (&inny absorpni prifez. Zvolena hodnota vidtu,
k niz @islusi hodnota absorbance, ktera byla pousitaypoctu inného piirezu, byla dale
pouzita pro vypoet jednotlivych koncentraci ostatnich latek. S dale na mnoZstvi
absorgnich piki shodnych pro &sSinu slodenin, byly vybrany d& sloweniny pro
kvantitativni analyzu, a to kyanovodik (1435 tna amoniak (966 cil).

Pro kvalitativni acasté&én¢ i pro kvantitativni analyzu byly vyuzity databakHTRAN
(high-resolution transmission molecular absorptian)lIST (National Institute of Standards
and Technology) [92, 93]. Tyto databaze jsou vhoggie pro stanoveni jednotlivych
slowenin, tak i jejich str&ingovych a ohybovych pés

Na obr. 15 je znazoéno FTIR spektrum plynnych produkiyboje, pro experimentalni
podminky smis dusiku a metanu v pé&nu 98:2 i pratoku plynné srissi 200 sccm, proudu
vybojem 40 mA za laboratorni teploty a atmosférukéaku.
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Obr. 15. FTIR spektrum organickych produkiyboje pro plynnou sis dusiku a metanu
v poneru 98:2 za atmosférického tlakuppwku plynu 200 sccm a proudu vyboje 15 mA.

3.6 Plynova chromatografie

3.6.1 Zaklady plynové chromatografie

Mezi chromatografické metody zahrnujeme vSechnmhriiky zaloZené na fyzikéta
chemickych principech, ip nichz dochazi k postupnému vyteai rovnovaznych stav
délenych latek mezi dsma i vice fazemi. Jedna z fazi, ktéfédme stacionarni, je umdst
v tenké vrst¥ na stn¢ kolony. Druha faze, ktera unasi separované lattgriou, se nazyva
faze mobilni. B styku stacionarni a mobilni faze s analyzovanymorkem dochazi
k vzajemnym interakcim, které jsou zakladnikedpokladem pro jejich ugpnou separaci.
Stacionarni faze fite byt pevna latka - jedna se o systém GSC (Gad-Shromatography)
nebo kapalna stacionarni faze zakotvena nainedomto gipad se jedna o tzv. GLC (Gas-
Liquid Cromatography). V prvnimifpac dochézi k separacitsinou na principu adsorpce
nebo sitového efektu, ve druhérfipact se jedna o rozdbvani snési mezi olg faze [94].
Stacionérni faze v obouipadech psobi selektivnimi &inky na jednotlivé separované latky
a na zaklad@l vzajemnych interakci dochazi k r@iehi (retenci, zadrzovani) jednotlivych
sloZek v kolo® a tudiz i k jejich rozdilné eluci (vymyvani).

Plynova chromatografie je vyznamna analytickd s&Eparmetoda, kterd se vyuziva
k separaci, identifikaci a stanoveni &hplyni a pedevsim d¢kavych organickych latek
s bodem varu mensim nez 300 °C [95]. Plynova chrognafie je ve svych mozZnostech
casténé omezena dkavosti a tepelnou stabilitoucldnych latek, na druhé strani Ize
kombinovat gadou vysoce citlivych univerzalni i selektivnichteldori umoziujici analyzu
stopovych mnozstvi latek. deme tedy s plynovou chromatografiélit latky s nizkou
a stedni molekulovou hmotnosti.
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3.6.2 Instrumentace plynové chromatografie

Jednoduché schéma plynového chromatografu je zm#mmrna obr. 16. istroj je
vybaven zasobni l1&hvi nosného plynu, zpravidla @&iyé helium. MnoZstvi jeho vstupu
do chromatografické kolony se reguluje ventileritpku. Ri nastiku analyzovaného vzorku
je-li kapalny, dojde zpravidla k jeho zpkmi, a rozdleni na d¥ ¢asti. Hlavni¢ast se nosnym
plynem vymyje do ovzduSi a zbytek vzorku s#ivgde do kapilarni kolony, ktera je
umiséna v termostatu. &&lem této Upravy je redukce objemu davkovanéhokezna trove
limitu kapacity kolony pro stopové analyzy. Tepldkalony kEhem ng€feni mize byt
konstantni nebo fiZe byt nastaven teplotni program, to zavisi nawaralyzované latky.

Dulezity vyznam v plynové adsa¥pi chromatografii ma vy kolony. Naphové kolony
jsou trubice napkné sorbenty nebo nd@sipokrytymi kapalnou fazi. ievazi jsou vyrobeny
z oceli nebo skla o pméru 2 az 3 mm a délky 1 az 3 m. Maji vysSi kapaoid kapilarni
kolony. Riklady naplni adsorbeintpro adsorpni chromatografii jsou silikagel, grafitizované
saze a aluminia (oxid hlinity). Jako molekulovasie pouzivaji obvykle hlinitégmiitany.
Noske kapalné faze pro roddvaci chromatografii byvaji na béazirdmeliny (oxid
kiemkiity). Pouzivaji se tak, aby seiseparaci neuplaovaly jejich adsorgni schopnosti.
DalSim typem kolon jsou kapilarni kolony. Néesin stacionarni faze jsou jejich umit sg€ny.
Vyrabi se ¥tSinou z tavenéhotkmene. Vnini praimér kolon je v rozmezi 0;40,6 mm,
tloug’ka filmu stacionarni faze je 0,25um, délka 1560 m, kapacita 5615 ug a &innost
1000-3000 teoretickych pater na 1 m. P¢tSinu aplikaci postaije délka kolony 30 m.

E

8 [l e18] 9

Obr. 16. Plynovy chromatograf [95]:-1zasobnik nosného plynu (He}; Begulator tlaku,

3- regulator pitoku, 4 davkovaci z#zeni (nasik vzorku), 5 termostat,
6- chromatograficka kolona,-7detektor, & zesilov& signalu vychazejiciho z detektoru; 9
zdznamova jednotka (piec).

Vyznamnou ulohu v plynové chromatografii hraji teld¢ory. Jsou univerzalni a pouzivaji
se k detekci Sirokého spektra sienin se specifickymi vlastnostmi, rfapepelr-vodivostni
detektor, plamenovy ionizai detektor, nebo specialni propojeni plynové clatmgrafie
s hmotnosti spektrometrii [95]. Detektofire byt umisin v termostatu, kde zachycuje signal
odpovidajici latce vychazejici z chromatografick#oky. K detekci slozek vychazejicich
z chromatografické kolony se v podstayuziva vSech fyzikakhchemickych vlastnosti, které
smes nosného plynu a analyzované slozky maikkgal hustota, tepelna vodivost, tepldta
svitivost plamene, ionizace plamene, nebo radieakzgeni.
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3.6.3 Hmotnostni spektrometr spojeny s plynovym chromatogafem

Zvlastnim typem spojeni plynové chromatografie jeoppjeni s hmotnostnim
spektrometrem, ktery v tomto spojeni slouZi jakieki®r. Tato kombinace dvou analytickych
metod spojuje vysoké sepana schopnosti plynové chromatografie s identifikani
moZznostmi hmotnostni spektrometrie [91ii tBmto spojeni se vyuzZivajigdevsim naglové
kolony, které jsou omezeny snizenim mnozstvi molime vstupujici do iontového zdroje
hmotnostni spektrometru. Do prostoru mezi chromafatkou kolonou a iontovym zdrojem
je zdaazen separator pracujici na principu odsinamrebytku hélia jako nosného plynu.
Pratok mobilni faze kapilarni kolonou je niZsi a vakysystém jej odlerpa @i svém vykonu
tak, Ze kapilarni kolona je zavedena do evakuovampébstoru MSdsré pied iontovy zdroj.
Pouziti hélia jako nosného plynu je daleko vyhgsinpii spojeni GC siontovou pasti.
V ostatnich pipadech, zejména u ionizace elektrony, jedpostd ionizovano helium
elektrony, coz vede k vySSim ionéam vyigzkam [94].

Z analyzy nezndmych vzaiklze touto metodou ziskat dva druhy zazhama to
chromatogram, ktery nas informuje ocpo slozek pitomnych ve vzorku, a hmotnostni
spektra jednotlivych pik z kterych uwtujeme kvalitu sloZzek. Lze také prokazat &mnou
eluci vice latek v jednom piku. Hlavni vyhodou GG g jeji vyuZiti jak ke kvantitativni, tak
i ke kvalitativni analyze nezndmého vzorku.

Zakladni charakteristiky plynového chromatografunmsotnostnim spektrometrem pouzitého
v této praci jsou uvedeny v tab. 18.

Tab. 18. Specifikace GC-MSijstroje pro ex-situ analyzu plynnych prodiuki/boje.

Plynovy chromatograf Agilent Technologies 6890 a ladrupolovy spektrometr 5973

Kolona J& W GS-Q PLOT 30 m 0,32 mm
Nosny plyn Helium, pitok 2 sccm
Vstiik vzorku 1 ml plynogsna stikacka, split 5:1, teplota 220°C

35°C @i 2 min, linearni nérst 10°C za minutu do 220°C,

Teplotni program izotermal drzi 5 minut

lonizace Elektronova ionizace 70 eV
Analyzator Kvadrupdlovy, rezim skanu hmotnosti zsahu 12-120 amy
Detektor lontovy nasobi

3.6.4 Zaklady chromatografického procesu

Po zplyrni vzorku dochazi v chromatografické kool separaci slozek, které jsou
undSeny mobilni fazi do detektoru. Po vystupu ptatkly z kolony detektor zaznamend jeji
piitomnost a je zaznamenan @lupik. Takovyto zaznam pak nazyvame chromatogi@én |
91, 95]. Videdlnim fipact je chromatograficky pik symetricky a ma Gaussovisiar (viz
obr. 17). V této souvislosti je nutno definovakteré zakladni pojmy dle obr. 17.

Retergni ¢as komponenty vzorkid, je ¢asovy interval od naisku vzorku do okamziku

detekce odpovidajici pchodu maximalni koncentrace latky detektorem. Mrtag kolony
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t,, - ¢casovy interval od nasku vzorku do okamziku detekce maxima prvni slozky, neni
stacionarni fazi zadrzovanail&i chromatografického pikM se odeita na trovni zakladni
linie, v polovirg vysky piku nebo v inflexnim bodu, udava séagovych jednotkach.

Vyska pikuh je vzdalenost mezi maximem piku a jeho nulovou.liflocha pikuA je
plocha vymezena ¢aami vzestupné a sestupné linie piku a zakladiij lirtuje se vyhradé
metodou numerické integrace. Plocha piku odpoviddzstvi dané latky.

-

bt

=

~ odezva detektoru

6 2 4 6 8
¢as (min)
Obr. 17. Chromatogram i elucni metod [95].

Redukovany retemi ¢as t ;, charakterizuje dobu, po kterou se analyt zdrzirakisemi se
stacionarni fazi:

=ty —t, . (31)
Retergni (kapacitni) faktok definujeme vztahem:
K=tg/ty - (32)

RozliSeni Rs) umo#uje ciselrg vyjadit GUroven separace, latky povaZujeme za zcela
odcklené, pokudRrs = 1,5. V gipadt symetrickych pil st&i rozliSeniRs = 1,0. RozliSeni je
definovano vztahem

Rs = 2'(tR,2 _tR,l)/(YZ +Y1) (33)
kde Y je plocha piku. RozliSeni v chromatografi; () - urtuje miru rozliSeni na zaklad
adaji odetenych z chromatogramur(; tr1; Y2, Y1). Vztah mezi rozliSenim a selektivitou,
kapacitou a &innosti je dan rovnici

R1,2 = FseI'Fkap'Fuc“ /4 ' (34)

kde F,, je faktor selektivity,F, . faktor kapacity aF,, faktor (Einnosti. Separni faktor @)

kap
umoZiuje ciselrg vyjadit selektivitu zvoleného systému mobilni a stacionarni fax@ v
separovanym latkdm

a =tg, [ty - (35)
ReterEni objem YR) - predstavuje objem mobilni faze protekly od ti&st po maximum dané
elwni kiivky, Vg je redukovany retemi objem:

Vi =Vi 1Y, . (36)
Uginnost chromatografické kolony klesa s rostouci rychlosti roamiyzén separovanych
analyti. Kinetiku proceg rozmyvani zon popisuji teorie chromatografického patra a van
Deemterova dynamicka teorie. Vychazi z hypotetickérepokladu, Ze kolona iwie byt
roz&klena na sled elementarnich jednotek, takzvanych pater. V ramci jedradteo g&
uskute&ni kompletni elementarni sepénakrok:
n=t /oy, (37)
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n=16t3, /Y* = 55413, /Y, , (38)

kden je paet teoretickych pater kolony,; retertni cas latkyi, o; je polostka pislusného

chromatografického piku v inflexnim béad

Dynamicka van Deemterova teorie - umoe popsat, které procesyigpivaji k rozmyti
z6n separovanych latek. Mayodni interpretaci je rozvani zony danorémi nezavislymi
aditivnimi procesy a to ¥ivou difuzi v mobilni fazi, molekularni difazi v rbdni fazi,
odporem proti fevodu hmoty v mobilni a ve stacionarni fazi.

3.7 Odhad experimentalnich nejistot

Stanoveni nejistot veiin vypottenych z narérenych hodnot je po#énné sloZité, protoze je
nutné zahrnout i vlivy souvisejici se stabilitowasthiho vyboje, gitoky plyni, nastaveni
proudu vyboje a ifitomnost ruSivych Sutnbéhem ngieni. Podle naSich experimentalnich
zkuSenosti a zkuSenosti s vyuzitim jednotlivych hditkych technik Ize experimentalni
nejistotu pouze odhadnout. Pro OES vyuZitou procstani roténi a vibr&ni teploty se
celkova nejistota nachazi v rozmezi 15 — 20 %. iRrsitu techniky PTR-QMS a FTIR Ize
odhadnout celkovou nejistotu v rozmezi 10 — 15 %y domu, Ze analyza probihaldimo
béhem experimentu a nebylo zafedii vzorek Bjakym zpisobem transportovat nebo dale
upravovat. Oprotidmto metoddm u plynové chromatografie s hmotnogteksometrii je
realisticky odhad experimentalni nejistoty v rozin2z — 30 %, protoze byl vzorek sorbovan
do kryo pasti, nagiknut plynotsnou stikatkou do plynového chromatografu na analyzu
a mohlo dojit Bhem transportu k&Sim ztratam vzorku a lze tedyekavat vyssi hodnotu
experimentalni nejistoty.
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4 VYSLEDKY A DISKUZE

4.1 Vysledky a diskuze z OES analyzy

Opticka emisni spektrometrie patmezi @zn¢ vyuzivané techniky pro diagnostiku
raiznych plazmochemickych vyhioj Zakladem této techniky je sledovani intenzitytkev
emitovaného % urcité vinové délce z excitovaného stavastice. Intenzita emitovaného
swtla je gimo un®rna hustat ¢astic v daném excitovaného stavu [96].

Vysledky prezentované v tét@sti prace byly publikovany 8tanku Horvathel al. [97].
M¢éteni intenzit dznych spektralnich systémposkytuje informace pro nasledné vypo
rotatni a vibr&ni teploty plazmatu (T T,), elektronové teploty (@ a relativni koncentrace
slowenin. Typické emisni spektrum je znazora na obr. 18. VSechna spektra byla
zaznamenéna v rozsahu 280 az 700 nm. Pogikduani ve spektrech dominovaly druhy
pozitivni systém dusiku N(C3I1, — B3Hg), prvni negativni systém (molekularniho iontu)
dusiku N," (B%Z," — X,Z,"), fialovy systém CN (BE* — X°z*) a dale Swailv systém
molekuly G. Krom¢ molekularnich pds byly identifikovany i intenzivnicary atomarniho
vodiku H, (656 nm) a K (486 nm) a slab&ary atomarniho uhliku (247 nm, identifikovano ve
spektru druhéheadu) a dusikového iontu'N399,5 nm).

2x10*
2x10° 1
=
S CN
£ 1x10°1
N
=
S
=
N2
5x10°
.
M Nz Cz
0- | | 1 1 1
300 350 400 450 500 550 600

vinova délka (nm)

Obr. 18. Cast emisniho spektra nafeného pro experimentalni nastaveni proud 40 mA
aplynna smss 2% CH v N, pii pratoku 50 sccm. Ozrigny jsou vibraéni sekvence pés
pouzitych k vypdtu vibratnich teplot.

Zavislost emisni intenzity vybranych spektralniidr a pasé na slozeni plynné simi
ze 1,5% ChH a N, na proudu dodavaném do vyboje znémge obr. 18. Relativni poény
intenzit @echodu 0-1 spektralniho systému CNeghodu 0-2 molekularniho iontu dusiku
a pechodu 0-1 molekuly £ vici prechodu 0-1 druhého pozitivniho systému dusiku
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v zavislosti na dodavaném r&ipdo vyboje a slozeni plynné gai N, s grimési 1,5 % CH
jsou znazoreny na obr. 20. Ninici se pordr intenzit | (N21) / 1 (N2 (1-0)) je gfimo Gn¥rny
proudu vyboje ukazuje n#st stup® ionizace. To Ize vysilit tim, Ze N* spektralni systém
je vice citlivy na vysokou energii elektibme? N~ v disledku vy$siho excitaiho prahu. To
vede k vysledku, Ze stuppéonizace plazmatu se zvySuje s rostoucim proudem.

6

10° 5
—X— CN violet (0-1), >~ N (0-2)
5 N, *(1-0), —X—C,(0-1)
AlO 3
3 H,
g
< D\ /A
< 10" X;%i//’%x%/%
S X
E
= 10" 3
E ></></><7></X
L X/
10° 4
T T T T T T
15 20 25 30 35 40
I (mA)

Obr. 19. Zavislost emisni intenzity na proudu vyboje v plgrsngsi 1,5 % CH v N..
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na proudu vyboje v plynné sisi 1,5 % CH v N..

20. Zavislost relativnich pogmi intenzit vybranych emisnichigchodi 1-0 pasu
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Vysokda intenzita Swanova spektralniho systému j&€ vysledkem vysokého stupn
rozkladu CH, coz doklada i nestitelna intenzita pas odpovidajicich fragmetitn CH;
a jejich ionfi CH,*. Zavislost pordru intenzit! (CN) /1 (N,) na proudu dodavaného do
vyboje vykazuje zvySeny obsah radikdIN ve srovnani s N, co? je ve shads rostouci
koncentraci HCN rteného jinymi analytickymi technikami, nag-TIR a GC-MS [97, 98].
Pro vypaty rotaini teploty byly vybrany pasy Na CN znazoréné na obr. 18, vzhledem k
tomu, Ze zde neni zZadny vyznamnielyyv s jinymi pasy. Pro vyget rot&ni teploty
z fialového spektralniho systému CN byl pouzit &3 znazorany na obr. 21. Pro vyget
hodnot rotanich teplot byly pouZzity molekularni konstanty ueeé v studii Prasadt al.
[71]. Pro gifazeni rotanichcar byl pouzit software LifBase [99].

1-1
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':f 22
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= 4500 -
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= 12
E 30004 || 16 14
1500
| | | | |
386.0 3865 387.0 3875 388.0

vinova délka (nm)

Obr. 21. Ukazka spektra aigazeni jednotlivych rotmich ¢ar fialového spektralniho
systému CN.

Stejny postup byl zopakovan pro vt rot@ni teploty z N (C°I1y). Pro vypaet rotani
teploty z druhého pozitivniho systému dusiku bylizbprechod 0-0 znazo#ny na obr. 22.
Zpracovani bylo provedeno softwarem SpecAir [10@inpci roténich konstant uvedenych
ve studii Gilmoreet al.[70].

Hodnoty rota&nich teplot pro druhy pozitivni systém dusiku a @f¢ systém vypéitané
pomoci uvedenych metod jsou znazownna obr. 23. Rotai teplota N je tén&f nezavisla
na dodavaném proudu do vyboje, pouze se drikySuje s rostoucim mnozstvim metanu
v plynné snisi. Oproti tomu roténi teplota CN se sniZuje s rostouci hodnotou proudu
vrozsahu 1200 K az 3200 K. Maximalni rata teplota CN byla ziskana ve &sn N,

s pimési 1,5 % CH pri pratoku 50 sccm a proud dodavany do vyboje byl 20 mA.
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Obr. 22. Ukazka spektra aiffazeni jednotlivych rotaich ¢ar druhého pozitivniho N
spektralniho systému.
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Obr. 23. Zavislost rotanich teplot na proudu dodavaném do vyboje pro drpbgitivni

systém dusiku (nakhe) a fialovy systém CN (dole).
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Pro vypdty vibratni teploty byly vybrany spektralni pasy B CN zndzoréné na obr. 18,
vzhledem k tomu, Ze zde neni zadny vyznamigknyv s jinymi pasy. Navic byly vibéai
teploty vypa@teny i ze spekter £

V pripact fialového spektralniho systému CN byly pouzitgghody0-1, 1-2, 2-3, 3-4, 4-5
s vyuZzitim konstant uvedenych v publikaci Laabal.[72].
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Obr. 24. Ukazka spektra afiffazeni jednotlivych vibraich car fialového spektralniho
systému CN.

U spektralnich dusikovych systénbylo pro vypdget vibrani teploty vyuzito konstant
uvedenych v publikaci Gilmoret al.[70]. Vypaiet byl proveden ziechod 0-2, 1-3, 2-4, 3-
5pro N, a 1-0, 2-1, 3-2 pro N

Vypocty vibranich teplot pro molekulu N (4800-6200 K) ukazaly, Ze se teplota snizuje
s rostoucim obsahem GH zvySuje se s proudem dodavanym do vyboje, jan@Eorgno
na obr. 28. Vibréni teplotu stanovenou z fialového spektralniho @yst CN vyznam&
ovliviiuje jak proud dodavany do vyboje, tak i mnoZstvitane gitomného ve sksi

s dusikem. Hodnoty vibéaich teplot se pohybovaly od 4200 K do 6500 K aybgiiimo
ameérné proudu ve vyboji (viz obr. 28).
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Obr. 25. Ukézka spektra aifazeni jednotlivych vibrmich pad prvniho negativniho
systému dusiku.
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Obr. 26. Ukazka spektra afiffazeni jednotlivych vibramich pad druhého pozitivniho
systému dusiku.

59



Konstanty uvedené v praci King [73] byly pouzityoprypaiet vibrani teploty Swanova
spektralniho systému,CPro vypdéet vibrani teploty byly pouzity gechody0-1, 1-2, 2-3, 3-
4,
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Obr. 27. Ukazka spektra atgazeni jednotlivych vibfmich pagé Swanova spektralniho
systému G

Vibracni teplota druhého pozitivniho systéemu dusiku ZeveseceAv = -1 se mirth meni se
zmeénou koncentrace metanu v dusiku a s rostoucim prowk vyboji, jak je viét na obr.
29. Vibrani teplota vypétena ze Swanova systémuy €Av = +1 se shodnzvySuje jak
s proudem dodanym do vyboje, tak s rostoucim olmsahnetanu v dusiku, jak ukazuje obr.
29.

Teplota elektrofh nebyla pditana, protoze intenzitdary H; byla gilis nizka a byla
vyrazre prekryta pasy Swanova spektralniho systému C
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Obr. 28. Zavislost vibr&nich teplot vypoétenych z prvniho negativniho systému

I (mA)

molekularniho iontu dusiku (nai®) a fialového systému CN (dole) na proudu dodavane

vyboje pro tizné koncentrace CH/ N..
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Obr. 29. Zavislost vibréni teploty vypdétené z druhého pozitivniho systému dusiku (b@ho
a Swanova systému,dole) na proudu dodavaného do vyboje ptzné koncentraci CH
Vv No.

M¢reni optickych emisnich spekter atmosférického wbpjynné smssi N, s CH,
potvrdilo, Ze N se bude podilet niad reakci, vzhledem k jeho dominantnimu zastoupeni
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v plynné sndsi. K disociaci dusiku dochazirgqvazi narazem elektronu, jak je uvedeno
v reakcich 39 az 45 [101].

Ny (X'2*) + e (11,1 eV)-> N, (C’IT") + e (39)

Ny (X'Z*g) + e (15,63 eV} Ny© (X°Z*) + 2e (40)

N2 (X'2*)) + e (16,84 eV)- N," (A1) + 2e (41)

N, (X'Z*y) + e (18,76 eV}~ N," (B’Z*,) + 2e (42)

N2 (X'2%)) + e (23,53 eV)> Ny© (C°2%y) + 2e (43)

N, (X'Z*y) + € (26,66 eV)}»> N* (°P) + N(°D) + 2e (44)
N2 (A%, , &'l ,a'x™) + e— N* (°P) + NED) + 2e (45)

Excitovany stav M (C’IT',) druhého pozitivniho systému, vznik&impym dopadem
elektroni excitujicich zakladni stavl)I+g [102, 103]. Je to vysledekistu s elektrony podle
reakce (39), jejichZz energie je vySSi nez prahowdnbta excitovaného stavu (11,1 eV).
Reakce (42) je zodpéana za ionizaci se sdasnou excitaci Nmolekuly ze zakladniho stavu
do stavu N (B®%.), coZ je horni stav prvniho negativniho systémuekdarniho iontu
dusiku. Namitena spektra také zobrazuji slak#y N ionti, které mohou vznikat reakci
(44), kdy je energie elektranvySSi nez je 26 eV, neboikolika raiznymi procesy fes
metastabilni produkty dusiku, které probihaji veeWrocich viz nap reakce (45).
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4.2 Vysledky a diskuze vysledk PTR-MS analyzy

Vysledky prezentované v téteasti byly publikovany lanku Toérokovaet al. [104].
Typické PTR-MS spektrum detekovanych plynnych pkadlwzniklych ve vyboji rozdlené
dle skupin (obsahu C-N-H) a protonované hmotndsticenin je uvedené na obr. 30. Dal$i t
spektra jsou uvedena na obr. 31, ktery prezentéyjésibst vybranych hlavnich zastuipc
detekovanych latek pro konkrétni experimentalni npiodky, které byly proud ve vyboji
40 mA @i celkovém paitoku plynné smssi 200 sccm. SloZeni plynné &sn vstupujici do
reaktoru se liSilo v zavislosti naimési metanu od 1 %, 3 % a 5 % do dusiku. Zn&swan
hmotnostni spektra s rozdilnodimpési metanu se zdaji na prvni pohled velice podobna.
OvSem se zvySujicim se mnozstvim metanu gaileni intenzita sledovanych sldenin,
piedevsim u latek s vysSi hodnotou protonované hrstitnad 60. Tento viditelny rozdil Ize
pozorovat ve spektrech &imesi 3% a 5 % metanu v dusiku. VySSi koncentraceamoet
v dusiku vede k produkci sléenin s vysSi molekulovou hmotnosti. TakZe nové gikysSi
hmotnosti Ize pozorovat ve spektruingsi 5 % CH, jak vidime na obr. 31 dole. Hlavni
seznam vSech detekovanych skenin i jejich protonovanych hmotnosti a sumarnizbrei
je uveden v tab. 19. Detekované produkty vybojgeme rozdlit do dvou skupin: (i) nitrily
a (ii) uhlovodiky. Piky protonované hmotnosti 2133 nejsou uvedeny v tabulce, protoze
odpovidaji ionim D,HO" a HkO"-H.0, které pochazeji z ionigaiho zdroje.

i signal (a.u.)

r

relativn

40 60 80 100 120 140
protonovana hmotnost (m/z)

Obr. 30. Prehledové hmotnostni spektrum produktytvorenych ve vyboji ve sisi metan
s dusikem v posru 2:98 i pratoku plynu 50 sccm a proudu vyboje 40 mA.

Hlavnimi produkty byly nitrily a to fedevSim kyanovodik HCN (protonovana hmotnost =
28) a acetonitril CBCN (protonovana hmotnost = 42), koncentragghto dvou slodenin
byla nejvyssi, jak je vigt i na obr. 31. DalSi detekované nitrilové sleniny byly: metanimin,
metylamin, hydrazin, etenamin, metyldiazen, etylamipropiolonitril, propen-nitril,
proparylamin, 2-propanamin, butan-nitril,  4-metykazol, 2,5-dimethl-pyrazol
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a nonanenitril. V malém mnoZzstvi byly stanovenyhiowodiky: acetylen, etylen, propyn,

propen, 2-buten a cyklohexadien. Stejné &woiny byly jiz dive stanoveny za vyuziti jinych

analytickych technik ve studiich [97, 105]. Amonillki; (protonovanad hmotnost 18) nebyl
touto technikou stanoven, protoZze jeho molekulon@tmost je nizSi nez 21. Protonovana
hmotnost 21 (molekulovd hmotnost vody s je nejniz8i hmotnostni limit pro pouZziti

PTR-QMS techniky, protoZe nelze skenovat nizSi mosti z divodu saturace hmotnostniho
spektrometru.

Tab. 19.Hlavni slogeniny detekované PTR-MS technikou.

Detekované Proton. Detekované Proton.
slougeniny Vzorec hmot. slougeniny Vzorec hmot.
(amu) (amu)
Acetylen GH. 27 Propen-nitril @H3CN 54
Kyanovodik HCN 28 Proparylamin 383NH> 56
Etylen GH4 29 Propan-nitril @HsCN 56
Metanimin CHN 30 Vinylimin CsH3NH; 56
Amino-metyl CHNH, 31 2-Buten GHg 57
Diimin H2N> 31 2-Metylpropen GHs 57
Metylamin CHN 32 Cyklopropylamin GHsNH; 58
Hydrazin HN» 33 2-Propanimin ¢HeNH 58
Propyn GH4 41 Dimetyl-diazen CEN2CH3 59
1,2-Propadien ¢H, 41 Propanamin £EH/NH, 60
Acetonitril CH:CN 42 Butan-nitril GH-CN 70
ISOCYANO: 1 CoHaN 42 Cyklohexadien s 81
Cyklopropan GHe 43 Pyrazin GH4N2 81
Propen GHs 43 4-Metyl-pyrazol GHsN2 83
Kyanamid HNCN 43 Pyridinamin G6HsN2 95
Etenamin GHaNH, 44 Pyg"’i‘;ﬂglz'& CoHoN 96
Metyldiazen CHNoH 45 Benzendiamin &N, 109
Etylamin GHsNH; 46 Cykloheptyl-kyanid  CgHi3N 124
Metylhydrazin | CHN,H3 47 Nonan-nitril GH17N 140
Propiolonitril GHCN 52
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Obr. 31. Hmotnostni spektra plynnych prodtiké zavislosti na fimési metanu 1, 3 a 5%
v dusiku.
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Podle kapitoly 3.4.2 zabyvajici se zpracovani d@rpemtalnich dat byla spektraéhena
pro mizné experimentalni podminky od zapaleni vyboje azdpbu stability, ktera byla
vrozmezi 240 az 700 skienZ nangrenych hmotnostnich spekter bylo w@pgrovano
poslednich 100, coZ je brano jako odpovidajici letanelativni intenzity stanovované latky.

Relativni kvantitativni analyza vybranych dusik&tygtowgenin kyanovodiku, acetonitrilu
a propan-nitrilu za rozdilnych experimentalnich pdgek je znazorna na obr. 32 aZz obr.
34. Obrazky prezentuji zavislost relativni intepzglowenin na slozeni plynné ssi
vstupujici do reaktoru a také na proudu dodavam&hweyboje. B zvySujici se koncentraci
metanu v rozmezi od 1 % az 5 % rostly hodnoty ikel&th intenzit kyanovodiku, acetonitrilu
I propan-nitrilu. V zavislosti na proudu ve vybaoglativni intenzity &chto ti nitro-slowenin
klesaly. Nej¥tSi zmeny intenzit produki nastavaji v plynné s#si obsahujici 5 % metanu
v dusiku. To niZze byt zfisobeno ndistem mnozstvi sloZiSich latek. Trendy zavislosti jsou
podobné pro vSechnytipady, ale je tam maly nést intenzity (mezi 25 az 30 mA). To je
pravdépodobré v disledku experimentalni chyby, protoZe bylo provedgmmze jedno
méteni.

1,6x107
X 1% CH, —X—4% CH,
—X—2%CH, X 5% CH,
~ 12x107 3% CH,
:. ~ X X
: — o
= : x\x/ 8
%‘0 8,0x10" \
= X
2 X X
= 4,0x10" - o i\/
? 7\
\
T T T T T T
15 20 25 30 35 40

I (mA)

Obr. 32. Zavislost relativniho signalu kyanovodiku na vyh@m proudu a sloZeni plynné
smesi 1-5 % CH v Na.
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Obr. 33. Zavislost relativniho signalacetonitrilu na vybojovém proudu a sloZzeni plynné
smesi 1-5 % CH v Na.
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Obr. 34. Zavislost relativniho signalu propan-nitrilu na eyivém proudu a slozeni plynné
smesi 1-5 % CH v Na.

Vznik dusikatych latek je jednim z hlavnich pracegprobihajicich za naSich
experimentalnich podminek. Dusik jako dominantoilsh plynné sisi, kde je jen mala
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piimés metanu, se podili fad chemickych reakci. Néajklad vznik HCN miZze byt popséan
piimou reakci:

CHs + N— HCN + H (46)

a/nebo dvou krokovou reakci:
CHs+ N— H.CN +H (47)
H>CN + N— HCN + NH, (48)

prostednictvim vysoce nestabilniho meziproduktuCN [106]. Jak je uvedeno v tab. 19,
nitrily jako jsou kyanovodik, metylamin, hydrazimgcetonitril, etenamin, metyldiazen,
propen-nitril, butan-nitril a nonan-nitril vznikayi disledku elektronem iniciované disociace
a naslednou rekombinaci kyano-skupiny. Vyslednéntitadivni sloZeni plynnych produkt
Ize prezentovat vztahem: HCN> @EN> GHsCN> GH;CN> CHgN> CsHgN> CoH17/N.

Disociani energie M, CH a CN vazeb hrajeutktZitou roli v mechanismu vzniku
nitrilovych slowenin. Hlavni detekované nitrilové sk®niny byly v naSich experimentalnich
podminkach substituovanynito funkénimi skupinami: kyano~CN), amino ¢NH,, -NH-,
a-N <), a/ nebo imino{HC=N-). Sloweniny s &¢mito funkénimi skupinami byly jiz dve
zjisteny také v horni stratosfe Titanu [40, 107, 108].
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4.3 Vysledky a diskuze z FTIR analyzy

4.3.1 Charakterizace infraéerveného spektra

Typické infra&¢ervené spektrum z in-situ FTIR analyzy ziskané panpmitocné kyvety
muzeme vidt na obr. 35. Spektrum bylo zileno i experimentalnich podminkach slozeni
plynné smisi 2% CH a 98 % N pii pratoku plynu 200 sccm a vykonu dodavaného do
vyboje ve vysi 15 W. Toto spektrum bylo rékeho do gti ¢asti dle vinétia: R; (3500-3000
cm?), R, (3000-2700 cil), Rs (2280-2000 crl), Ry (1800-200 crit) a R; (1200-600 crit).

Je teba poznamenat, Zze dvouatomové molekuly, jako oa H, nemohou byt stanoveny
pomoci FTIR.

absorbance
|
N

! I ! I
4000 3000 2000 1000

vinocet (cm_l)

Obr. 35. Charakterizace klasického FTIR spektra a organickymdukiti atmosférického
vyboje s rozdlenim do gti ¢asti dle vingtu.

Spektralni pasy spadajici do skupiny iélezi skupid latek s—CH vazbami. Absorfni
piky v rozmezi mezi 3200 a 3400 ¢npati do skupiny alkif a nitrii s CH metylovym
radikalem, jak je znazo&no na obrazku obr. 36. DalSi slabsi piky aromatibkgthlovodiki
vidime v rozmezi od 3000 do 3100 ¢nOstré piky v oblasti 3334 a 3342 tmripadaji
sloweninam s NH substituenty.
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Obr. 36. Ukazka spektraasti R.

Do skupiny B miZzeme z#adit slogeniny s navazanymiCH, a —CHz; skupinami
nachazejicimi se v oblasti absamfch pasg okolo 2800 aZ 3100 ch ukazka spektra je na
obrazku obr. 37. iPnizkém obsahu metanu je pozorovana menSi tvorbata coz je
v dasledku nizS§iho mnozstvi primarnich atbohliki. Nelze ovSem zanedbat slabé ab&oirp
piky okolo 3220 crl, které by mohly odpovidat sldenindm s-NH, nebo -NH
radikalovymi skupinami. Sekundarni a tercialni aynirvazané na GHebo CH metylove
skupiny Ize vylodit z divodi absence absatpich pas v oblasti mezi 2820-2750 ¢
Absorgni pasy okolo 3050 crh piifazujeme aromatickym sléenindm, ovsem jejich
mnozstvi je velmi malé, vzhledem k nedostatku ngbo velmi malému mnoZstvi
aromatickych slotenin s GH vazbou.
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Obr. 37. Ukazka spektréasti R.
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Oblast spektra oztand R vymezuje absokmi pasy kolem 2200 ch které nalezi
slowenindm s chemickymi vazbami typickym pro skupt@N, -NC a—N=C=N- v rozmezi
2215-2260 cril, jak je znézoréno na obr. 38. Objevuji se zde také slabé pasyilezbzsahu
2100-2140 crifpripadajici vazb C=C.
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Obr. 38. Ukazka spektréasti R.

Oblast R je velmi slozitaq, protoZze se v této oblasti projeviada tiznych funknich
skupin. Rozsah této oblasti je vyjitmg/ svym obsahem hlavnich filo vinaitech 1736,
1626, 1613, 1595, 1579, 1560, 1543, 1532, 14844184135, 1371, 1356 a 1349 ¢njak je
uvedeno na obr. 39. Tyto absémppasy nalezi vazebnym skupindm C=C, C=NN&l,. Dale
se zde nachazi sléeniny s metylovymi radikaly =CHa —CHs; v rozsahu 1405-1465 ¢
resp. 1430-1470 cth Pik o vingtu1486 cni je z&azen do skupiny aromatickych st@min.
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Obr. 39. Ukazka spektrédasti R.

Jako posledni je oblastsKznazorgna na obr. 40) zahrnujici hlavni a vedlejSi progukt
tvorené ve vyboji. Silné absapi piky o vingtech 966, 930, 729, 713 chpati slowsenindm
NH3, CH, a HCN, které |ze ddk kvantifikovat v tomto typu vyboje. Slabsi absorppasy
o vinastech 1158, 1054, 944, 922, 872, 747'cijsou typické pro molekulu Hs. Piky
na vingitu 673 cnt a okolo 1484 ci pati slowenirg obsahujici aromatické jadro benzenu.
Detekce slotenin GHg a GHe je pongrné obtizna, protoze metylovy radikal =GHmisgny
na 747 crit a=CH radikal nachazejici se na 673 tmse pekryvaji silnymi absormimi pasy
se slodeninami GH, a HCN. Malé detekovatelné mnozstvi 1,3-butadie@uH§) bylo
identifikovano v absorich pasech 1112, 988 a 908'tm
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Obr. 40. Ukazka spektrgasti R..

73



Slabou intenzitu absotpich pagé -CH; metylového radikdlu fd#eme pozorovat
v rozmezi 1350-1470 ¢t které je spokné i pro=CH pii 2973 cni', tyto hodnoty pat
molekule etanu (&Hs). Zbyvajici metylové absoépi pasy se nachazeji ve spektru v rozmezi
vino&ta 3200-2704 crl, 1408-1169 ci a déle pozorované na vktech v rozmezi 3386-
3217 cnit, jsou typické presCH absorpni pasy pafci kyanovodiku HCN a acetylenwid.
Déle byl detekovan eten,B,, ktery mé charakteristické absonp piky mezi 800 a 1100 ¢
a mezi 3000-3200 chs maximy pi vinoctech 949 crit a @i 3138 cnit. Absorgni pik
na vingtu 663 cm® o silné intenzit odpovida kyanoacetylenu H. Také byl hledan
akrylonitril (CsHsN) na vingtu 954 cn, allyl kyanid (CGHsN) na vingtu 942 cni a meta-
krylonitrily(C4HsN) na vingtu 928 cnt, ale 7adné zjevné absonp piky neodpovidalysmto
sloweninam. Relativé silné absorgni pasy propionitrilu (gHsN) Ize pozorovat na viribu
1075 cnt. Acetonitril, ktery byl stanovendhem mise sondy Cassini-Huygens, ma slabé
absorgni piky na vingtech 1042 a 1447 ¢t
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4.3.2 Kvantitativni analyza vybranych plynnych produkt a

Krom& CH; pasi na vingtu 3230-2704 cih a 1408-1169 cihy byly identifikovany
absorgni pasy C=C na vintech 3386-3217 cth Dal$i identifikovany silny absogpi pik
odpovidajici HCN na vingiu 713 cnt, vedle &j slaby pik na 729 cthodpovida slogenins
C,H,. Slouenina GH,byla stanovena v rozmezi abstnfth p4d8 mezi 800-1100 cih
maximum bylo na vin&tu 956 cn a také slabé pasy na vittech v rozmezi 3000-3200 &m
kde maximum bylo # 3138 cn". S ohledem na mnoZstvi absifth piku shodnych pro
vétSinu slodenin, bylo mozné pro kvantitativni analyzu vybratupe d¢ sloweniny, a to
HCN 1435cnt a NH; 966 cmi'. Z nangfenych hodnot absorbance byly vypeny
koncentrace jednotlivych sléenin za pouziti Beer-Lambertova zakona.

Zavislost koncentrace HCN a NHa sloZeni plynné sfmi vstupujici do vyboje je
znazorgna na obr. 41 a obr. 42. ZvySeni koncentrace, Gt 1 % aZz do 5 % ve s
s dusikem vede ke zvySeni nejen koncentrace kyalflkiva amoniaku, ale roste i produkce
slozijSich uhlikatych latek. Jak je znazémoe na obrazcich, ma na koncentraci produkt
vyboje vliv i hodnota proudu dodavaného do vybGjen v&tsi byla hodnota proudu od 15 do
40 mA, tim vice HCN a Nklve vyboji vznikalo. Nakst koncentrace Nfise nezvySuje tak
dramaticky jako koncentrace HCN, vzrostla jen a& Rrat od 700 asi do 1800 ppm.
Koncentrace HCN vzrostla 5 krat vice od 1000 do05®@m v zavislosti na mnozstvi GMe
smesi s N.

Pt experimentech s vys$Sim obsahem metanu seinacst uvnit reaktoru vytvéily pevné
uhlovodiky. MnoZstvi tuhych uhlovodikse zvySovalo s rostouci koncentraci metanu
v plynné sndsi s dusikem. Vznikly depozit ze¢stzatim nebyl analyzovan vzhledem k jeho
malému mnozstvi a komplikacimiipodbéru vzorku zejména vigledku kontaminace
kyslikem a vihkosti.
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=
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-

. M
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Obr. 41. Zavislost koncentrace kyanovodiku na proudu ve jyhcslozZzeni plynné sasi
metanu v dusiku.
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Obr. 42. Zavislost koncentrace amoniaku na proudu ve vydagjoZeni plynné sési metanu
v dusiku.

Zavislost koncentrace produikina velikosti toku swsi plyni reaktorem je znazokna
na obr. 43. Koncentrace HCN je nejvySSi protgk plynu 50 sccm a postuprs rostoucim
pritokem k hodnat 200 sccm jeho koncentrace klesa.uizdme také viét zavislost
koncentrace HCN na dodavaném proudu do vybojé.nESim piatoku plynné snési
reaktorem se prodlouzi doba pobytu plynu v aktodriasti vyboje, vzroste disociace a tim se
zvySi i mnozstvi plynnych produkt

Vznik produkfi je doprovazena poklesem koncentrace,Gid vstupujici srsi, ale
z divodu pgekryvani CH a CH; absorgnich pagé v CH, oblasti nelze wit stupei jeho
rozkladu z narrenych znén v absorpnich spektrech.
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; — X200 sccm N //
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£ >/ _— o X
S 18004 X X ></
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15 20 25 30 35 40
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Obr. 43. Zavislost koncentrace kyanovodiku na proudu ve jy@gnitoku plynné srisi
reaktorem od 50 do 200 sccm.
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4.3.3 Vliv primési H, na sloZeni produkfi vyboje

V atmosfée Titanu bylo prokdzano nezanedbatelné mnozstviikuodProto byla
realizovana série &heni zandtena na vliv této fimési na produkty vznikajici ve vyboji. FTIR
spektrum produki vyboje pro experimentalni podminky smpési 1 % vodiku je shodné se
spektrem bezifmési Hy, a proto zde neni uvedeno. Shoda byla zaznamené$ech spekter
s rozdilnym molarnim poénem slodenin CH-H2>-N,, byl vSak pozorovan nast absorbance
nékterych slodenin. Nejvice zastoupeny ve vSech spektrech byhéyadik v maximy na
vinostech 1435 cnl a 720 crit. Dalsi vyznamny produkt, identifikovany ve spektrebyl
amoniak s maximem na vl 966 cnt. S ohledem na mnoZstvi absimfzh piki shodnych
pro wtSinu slogenin, bylo mozné pro kvantitativni analyzu vybratipe d¢ sloweniny a to
kyanovodik (1435 ci) a amoniak (966 ct). Z nangtenych hodnot absorbance byly
vypocteny koncentrace jednotlivych sk®nin za pouziti Beer-Lambertova zakona.

Zavislosti koncentraci HCN a NHna sloZeni plynné sfmi vstupujici do vyboje, na
piimési metanu (1-5 %) a vodiku (1 %) v dusiku jsou bn&ny na obr. 44 a obr. 45.
ZvySeni koncentrace GHod 1% aZz do 5% ve sisi s N a také pimés 1 % H vede ke
zvySeni koncentrace nejen HCN a {Hle celko¥ latek produkovanych ve vyboji. Jak je
znazorgno na obrazcich, ma na koncentraci protluki/boje vliv i hodnota proudu
dodavaného do vyboj€iim vétsi je hodnota proudu, tim vice HCN a ¥ vyboji vznika.
Na zvySeni koncentrace HCN a Bbk podili i vodik fidany do plynné sgsi vstupujici do
reaktoru. Naikst koncentrace HCN se zvySuje dramaticky, jeho &otrace vzrostla
pétindsobrt z 1000 do 5500 ppm. Koncentrace NHrostla pozvol§i, skoro trojnasob& od
hodnot od 700 az do 1800 ppm oproti HCN.

Je tedy #ejmé, Ze ndist koncentrace produkivyboje byl ovlivren i piimési H, do plynné
smesi CHy-No. V plazmatu je molekularni vodik disociovan nanadéoni vodik, picemz
vznikaji i dalSi reaktivnéastice:

e+H,—»e+H+H (49)
e+H,>e+H, (50)
e'+H2—>2é+H2+ (51)
e+H,—>2e+H+H (52)

DalSi moznosti rozpadu,he absorpce fotonu o vinové délce kratSi nez 27 n
Ho+hw—>H+H (53)
Excitované molekuly vodiku a atomarni vodik jsoyplazmatu reaktivni a proto e
dochézet k jejich rychlé reakci s dalSimi radikady vzniku nizkomolekularnich uhlovodik
jak uvadi reakce 54, 55.
CoHs +H — CoHz +Hy, (54)
CsHy +H — CoH, +CHg, (55)

Vodikové radikaly a excitované molekuly mohou taiéhle reagovat za vzniku dusikatych
latek vzhledem k mnoZstvi dusiku obsazeného v @lysngsi vstupujici do reaktoru.
Nasledujici reakce uvadi mozny vznik HCip meziprodukt KCN, ktery vznika reakci:
CH;+ N— H,CN + H (56)
H,CN + N— HCN + NH (57)
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Obr. 44. Zavislost koncentrace kyanovodiku nacg@eni koncentraci metanu v dusiku

s a bez fime¢si vodiku.
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Obr. 45. Zavislost koncentrace amoniaku na&@@ni koncentraci metanu v dusiku s a bez
piimési vodiku.
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4.3.4 Vliv primési CO, na slozeni produkii vyboje

Nekteré studie poukazuji nafitpmnost malého mnozstvi oxidu utilého v atmosfie
Titanu, a proto byla realizovana jedna sérigeni zandrenych na studium vlivu tétaspnési.
Typické FTIR spektrum produkivyboje pro experimentalni podminky 8rpési 1 % metanu
a 0,5 % oxidu uhtitého v dusiku H priatoku snési 50 sccm a proudu vyboje 30 mA je
znazorgno na obr. 46. Podobna spektra byla zaznamenargeah wozdilnych molarnich
pomeéra slowenin CH-CO,-N,. Nejvice zastoupeny ve vSech spektrech byt dpCN
s maximy na vinétech 1435 cil a 720 crit. Mezi dal§i vyznamné produkty identifikované
ve spektru pat NHs; s maximem na vingu 966 cni a acetylenem ({,) s maximem na
vino&tu 729 cnit, stejré tak i oxid uhlity (CO,) na vindgtech v rozmezi 3750-3550 €m
okolo 2350 crit a okolo 700 cr, a také oxid uhelnaty (CO), kterd& ma absofppiky
v rozmezi 2200-2050 ¢t Vzhledem na mnoZstvi absemich piki shodnych pro &Sinu
slowenin, bylo mozné pro kvantitativni analyzuébpybrat pouze d¥ sloweniny, a to
kyanovodik (1435 ci) a amoniak (966 cif). Z nangfenych hodnot absorbance byly
vypoéteny koncentrace jednotlivych sk®nin za pouZiti Lambert-Beerova zakona.

C02 CO2 HCN

6 -
NH3 a Csz

absorbance
\9]
1

HCNaCH,
CO
O_A,,SzzinN\‘, . Mk/wg MmAMWVJMﬂmMJLmMNR#

2 -

T T T
4000 3000 2000 1000
vinocet (cm'l)

Obr. 46. FTIR spektrum organickych produktvyboje za experimentalnich podminek
s pimési 1 % metanu a 0,5 % oxidu ufiiého v dusiku H pratoku snési 50 sccm a proudu
vyboje 30 mA.

Zavislosti koncentraci HCN a NHna slozeni plynné sfai vstupujici do vyboje pro
piimés CH, 0d 1 aZz po 5 % a pro G@d 1 do 3 % v Bjsou znazorény na obr. 47 a obr. 48.
Zvysujici se koncentrace Glod 1% aZ do 5% a rostoudiipés CQ od 1 % k 3 % ve sisi
s N, vede také ke zvySeni koncentrace HCN ajzNiodukovaného vybojem. Jak je
znazorgno na obrazcich, ma na koncentraci protluki/boje vliv i hodnota proudu
dodavaného do vyboj€im vice rostla hodnota proudu od 15 k 40 mA, ticeMCN a NH
ve vyboji vznikalo. Koncentrace HCN jako dominanthisikaté sloteniny produkované
vybojem vzrostla vlivem koncentrace ¢ld proudu ve vyboji iiblizné 6 krat z 1000 na
6500 ppm. Oproti tomu bylo zvySeni koncentrace w [gbizvolrgjsi, kdy se jeho mnozstvi
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zvySilo [iblizné jen 3 krat od 900 asi po 2500 ppm. Tyto vysledkyy bpublikovany
v ¢asopise Plasma Physics and Technology v ramci kemfe Symposium on Physics of
Switching Arc 2015.
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Obr. 47. Zavislost koncentrace kyanovodiku nac@@ni koncentraci metanu aripisi
oxidu uhliitého v dusiku.

Snizovani koncentrace kyanovodiku dikynmsi oxidu uhelnatého bylo popsano v praci
Fleury et al. [109]. Sledovani slozeni plynné &sn v rizném pomdru CH;-CO,-N, mélo
objasnit vznik dalSich plynnych sleenin nebo vliv na jiz stanovené steminy a jejich
mnoZstvi. Tata:ast experimentu se odvijeji od praci Hastal. a Fleuryet al. [109, 110].
Ptimés CO nebo C®v plynné smisi CH,;:N, ma samaizjme vliv na vznik produki vyboje.
Zpusob disociace COv naSich experimentalnich podminkach Ize popsaitd reakcemi:
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CO, — CO + O(P), (58)
CO, — CO + O{D), (59)
CO, — CO + OfS), (60)

nebo reakci, ktera se praymdobrt odehrava fevazre v hornich vrstvach atmosféry Titanu
CITACE [110]:
OCP) + CH — CO + H + H. (61)
Atom kysliku vznikajici disociaci nebo rekombinacélektronem, rive dale reagovat s;N
a CH, podle reakce [111]:
O+CH — OH +CH (62)
Tato reakce riize mit vliv na zvySeni koncentrace HCN i Nkeakcemi prezentovanymi

v predchozi kapitole.
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Obr. 48. Zavislost koncentrace amoniaku na@@ni koncentraci metanu aimési oxidu

uhli¢itého v dusiku.
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4.4 Vysledky a diskuze z analyzy GC-MS

4.4.1 Vliv mnozstvi generovanych plynnych produkfi na sloZeni plynné srési

Vysledky prezentované v tétasti disertaéni prace byly publikovany flanku Térokovaet
al. [98]. Stanovené latky ve vSech chromatogramech tlag@ntifikovany pomoci ret&mich
¢adi a hmotnostnich spekter z databaze programu MSDnBhg s NIST MS knihovnou
[92]. Typické hmotnostni spektrum prezentuje ol Kkery ukazuje jak experimentalni, tak
i teoretické hmotnostni spektrum kyanovodikuaZéme vidt dobrou shodu obou spekter
pro typické hodnotym/z 26, 27 a 28, coz potvrzuje spravnost identifikgeenotlivych
slowenin pomoci NIST databaze.

Experimentalni spektrum kyanovodiku Teoretické spektrum kyanovodiku
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Obr. 49. Hmotnostni spektrum kyanovodiku: vlevo experimkrité vpravo teoretické
spektrum z databaze NIST MS [92].

Tti vybrané chromatogramy jsou znazémg na obr. 50, ktery prezentuje vysledky piio t
raizné koncentrace metanu 1%, 3 % a 5 % v dusikuikDausmetan jako prvotni plyny
vpouStné do vyboje byly detekovany na ¢atku chromatogram pod ¢as mensi nez
2 minuty. Jejich mnozstvi bylo¢kolikanasobg vétsi, ¢cimz by zastinily mnozstvi produkt
nasledg byly proto chromatogramy upraveny tak, aby prexesy pouze sloteniny
produkované vybojem. Hlavni stanovené latkyzeme rozdlit do dvou skupin na nizsi
uhlovodiky a nitrily. Nej¥tSi mnozstvi ve vSech chromatogrameck gganovodiku (HCN),
druhy nej¢tsi pik odpovidal acetylenu £8,) a teti nejvyznam§si byl acetonitril (CHCN).
DalSimi vyznamgji obsaZzenymi latkami v chromatogramech byly et@pgHg), eten (GH,),
kyanogen (@N2), propen-nitril (GH3CN) a propan-nitril (gHsCN). Celkem bylo stanoveno
22 niznych slogenin. Také jsme detekovali &haromatické slokeniny, a to benzen a toluen.
Seznam vSech sl¢enin je uveden v tab. 20.

Pfi srovnani chromatograimpro gimés metanu 1 % a 3 % v dusiku vidime, Ze je mezi
nimi velka podobnost, jen maly ri&t intenzit pik pfi zvySeni mnoZstvi metanu ve &sn
V chromatogramu proifmés 5 % metanu v dusiku pozorujeme nové piky &dain, které
nejsou v pedchozich renich vidt. Tento rozdil mMze byt zfisobem bd’ nizkym obsahem
metanu ve sisi, ktery je patebny pro jejich vznik, nebo jejich mnoZstvi byl taalé, Ze je
nebylo mozné v experimentech s nizsi koncentratamoueidentifikovat.
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Obr. 50. Chromatogramy plynnych produky zavislosti na imési metanu v dusiku: 1% (a),
3% (b) a 5% (c). VSechny oztené piky jsou shodné s tab. 20.
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Tab. 20. Seznam vSech detekovanych latek v naSem experinsentujicim atmosféru
Titanu a porovnani s dalSimi laboratornimi studiehwézdickou jsou ozn&ny slodeniny
dosud potvrzené v atmosééTitanu [21, 112-115].

Detekované Sumarni Pozice latky Retentni ¢as Potvrzeny v jinych
latky vzorce | v chromatogramu (min) experimentech
Uhlovodiky
acetylen* CZHZ 2 2,631 [6, 116-118]
eten* CH, 1 2,284 [6, 116-118]
etan* CH, 3 2,854 [6, 116-118]
propen* 03H6 5 6,587 [6, 117-119]
propan* CH, 6 7,073 [6, 116-119]
propyn* CH, 7 7,305 [116, 117, 119]
1,2-propadien* CgH4 8 7,566 [116, 117]
2-buten CaHs 10 10,658 [6, 117-119]
buten-3-ye CH, 11 10,970 [117, 119]
2-butyn CaHe 13 11,398 [117, 119]
1,3-butadiyn* CH 14 11,525 [116, 117, 119]
1,3-butadien* CH, 15 11,880 [117]
1,2- butadien CH, 12,17 11,192, 12,461 [117]
Aromatické uhlovodiky
benzen* CH, 22 16,885 [116, 117, 119]
toluen* CH, 23 17,875 [119]

Dusikaté latky

kyanovodik* HCN 9 8,982 [6, 116-118]
acetonitril* CHN 16 12,246 [116, 117, 119]
kyanogen* CZNZ 4 6,228 [116, 117]
2-propenenitril | CH.N 21 16,010 [117]
propanenitril* C3H5N 19 13,857 [6, 116-118]
2-mety|- CHN

_ 2 15,15
propenenitril 45 0 3
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Nowv¢ vzniklé slokeniny pozorujeme fiedevsim v chromatogramu &mési 5 % metanu
v dusiku, identifikovany byly na zakladretergnich ¢asi a jejich hmotnostnich spekter.
Uhlovodiky mizeme rozdlit podle pdtu atoni uhliku obsazeného ve skmnirg.
Uhlovodiky obsahujiciitt atomy uhliku (G komplex) byly stanoveny: propen, propan, propyn
a propadien. @uhlovodiky byly detekovany butedryn, 1,3butadiyn, 1,3- butadien a %,2
butadien. Maly signal odpovidajici «@,N sloweninam byl detekovan poigkrateni
retertniho ¢asu 10 minut. Do této skupiny sk@nin pati 2-propen-nitril, propan-nitril, 2
metyl-propen-nitrile a posledni skenina 2metyl-propan-nitrile. DalSi uhlovodiky byly
detekovany po reténim ¢ase vice jak 16 min. Ratmezi & aromatické sloteniny,
konkrétre benzen a toluen. Sléeniny s kyslikem nebyly stanoveny, protoze v tésti
prace byla pouzita bez kyslikova atmosféra. K¢@tanovenych plynnych produktvyboje,
byla zjiS€na tvorba malého mnozstvi pevnych latek. Tyéstéky byly pozorovany na
povrchu elektrod, na &tach reaktoru a také ve vyfukowésti reaktoru. Pevné&istice na
elektrodach byly analyzovany pomoci rentgenovédiekironové spektrometrie (XPS), ktera
potvrdila sloZeni na bazi dusik a uhlik. Komplainglyzu nebylo mozné provést @avdda
velmi malého mnoZzstvi vzorku a jeho strukturni defnosti.

Sloweniny dosud zji$hé v atmosfée Titanu Bhem mise sondy Cassini a modulu
Huygens jsou v tab. 20 oztemy hwzdickou [21, 112-115]. DalSi nizSi uhlovodiky 2-buten,

butan-3-yn, 2-butyn a 1,2-butadien byly detékty v laboratornich experimentech
uvedenych v tab. 20, ale na Titanu dosud potvrzexbhyly. Také dalSi dva nitrily (2-metyl-
propan-nitril a 2-metylpropen-nitrilgyly dosud detekovany na Titanu. Je mozné, ze

tyto latky se na Titanu vyskytuji v tak malém mnegsze je neni mozné dosavadnimi
pristroji stanovit, nebo Ze se&ipvém vzniku okamZit méni na jinou slozZijSi latku, tedy
maji spiSe ulohu meziproduikt

4.4.2 Relativni kvantitativni analyza vybranych uhlovodiki

Kvantifikace vybranych uhlovodik prezentovana v zavislosti na sloZeni plynn&ssm
vstupujici do reaktoru, mnozstvi metanu (1-5 %usikiu celkového fitoku plynné srssi je
zndzorgna na obr. 510br. 51 a obr. 52. Relativni intenkiégdé uvedené latky byla
vypoctena jako plocha podiiglusnym pikem dané sléeniny. Obr. 51 ukazuje zavislost
vypacitané relativni intenzity dvou uhlikatych f)Cslowenin @i dvou fiznych piaitocich
plynnych sndsi (100 a 200 sccm). Dominantni steninou byl acetylen, jehoz koncentrace se
pii zvySovani mnozstvi metanu v dusikgmita ténei linearreé. Etan a etylen vykazuji velmi
podobny trend z&n relativnich intenzit, alefpvySSi koncentraci metanu ve &njsou jejich
intenzity téngt nezavislé na koncentraci.

Nasledujici relativni kvantifikace prezentuje vyilg intenzit pro vybrané uhlovodiky
liSici se poétem atont uhliku ve slodeniré. Pro kazdy typ byla vybrana jedna slenina:
eten jako zastupce,Qhlovodili, propen jako reprezentant @hlovodiki a 2-buten jako
zéstupce ¢ uhlovodiki. Relativni intenzita é&chto slodenin se zvySuje se zvySujici se
koncentraci metanu v plynné &ns dusikem, intenzita roste mnohem vice, nezZetyknu
bez jakychkoliv zndmek nasyceni, jak vidime na 6Br.Jejich mnoZstvi je asi dvakrat vysSi
pii niZSi rychlosti péitoku plynné srési oproti vySSimu gitoku, coz je pravgpodobré dano
dobou pobytu produitve vyfukovém kanalu a iZe to tak byt kfovym parametrem pro
proces syntézy.
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Experimenty provedené za nizSihdioku plynné srési vedou k tvord vétSiho mnoZzstvi
slozitjSich latek, pevnych usazenin a sazi. Nasieni jsou ve shads experimentalni studii
provedenou Carrasai al.[120]. Relativni intenzita vSech stanovenych &in je vySsi pro
pratok plynu 100 sccm nez 200 sccm. Lziegpokladat, Ze zai¢hto podminek nastavaji
nékteré jiné zpisoby syntézy, kde e dojit ke vzniku slozfSich drufi slowtenin. Tvorba
nizsich uhlovodik zatne stoupat, zatimco syntéza vysSich slozitychc¢sion se sniZuje,
stejre jako tvorba pevnych prachovych uhlovoilikha elektrodach. # experimentech
s vysSim obsahem metanu se nan&th uvnit reaktoru vytvéily pevné uhlovodiky.

MnoZzstvi tuhych uhlovodikse zvySovalo s rostouci koncentraci metanu.

—0—CH, 200 scem
— 4 CH, 100 scem
— 4 CH, 200 scem

C,H_ 100 sccm
1x10° 5 C_H, 200 scem

1 2 3 4 5
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Obr. 51. Zavislost relativni intenzity vybranych,@hlovodika (etan, acetylen a eten) na
mnoZstvi metanu ve sisi s dusikem.

Tvorba fiznych uhlovodilt je prevazre iniciovana disociaci metanu. Disoéim potencial
CH vazby v molekule Cllie mensi nez 4,6 eV. Excitovany metan ve stav(9$ a 10,4 eV)
a S (11,7 eV) [101] se tvd srazkami elektrains molekulou metanu. Metan &chto stavech
je nestabilni a rychle disociuje na radikaly, jgkou CH;, CH,, CH, C, které vstupuji do
naslednych reakci vedoucich k syntéze kogeh produki [41, 121, 122]:

e(>10eV)+CH— CHi (S, &) +e (63)
CH; + H (64)

CH,+H+H (65)

CHy (S, &) — CHz + Hp (66)
CH+H+H (67)

C+H+H; (68)
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Obr. 52. Zavislost relativni intenzity etenu, propenu a 2ew jakozto reprezentan€,, C;,
C, uhlovodiki na mnozstvi metanu ve 8sns dusikem.

Reakce (64) a (65) vedou k rychlé disociaci,CRoli také pravépodobré hraje reakce
pienosu naboje:
N," + CHy — N, + CHy' + H, (69)

kterd je velmi rychla (rychlostni koeficiewini k = 1,3 x 10 cm’s?), a proto vyznamh
prispiva k rozkladu Cl Paiateeni koncentrace Clse miize snizit az o 10 % [10, 48]. Pokud
je energie elektranvyssi nez 12,75 eV, dochazi i kippé ionizaci CH popsané reakcemi
[101, 123]:

CHs + € (12.75 eV)> CH,™ + 2e, (70)
CH; + e (14.3 eV)- CH;" + H + 2e, (71)
CHs+ € (15.1 eV)> CH," + H, + 2e, (72)

CH;+e— H + CHs + 2e, (73)

CHi+ e (22.2 eV)> CH + H + H, + 2e, (74)
CH;+e— CH, + H2Jr + 2e, (75)

CHs + € (25 eV)> C" + 2H, + 2e. (76)

VySe uvedené reakce mohou byt dominantni pro viaiktejré jako pro tvorbu Chl CH,,
CH radikah a CH,", CHs", CH," ionti. Jak je uvedeno v tab. 20, niz3i uhlovodikyCy) jako
je etan, etylen, acetylen, propan a propylen vinikeakci srdzkou s elektronem a nastedn
rekombing&ni reakci s metylovym radikdlem. \&/ek a rychlost generace uhlovodlik
odpovidéfadé CoHo> GHs> CHe> GHg> CsHg> CaH4> CiH4> jlné UthVOdiky G. Vznik
sledovanych uhlovodikpati do oblasti komplexnich reakci. Nejvyzna¥j&i roli v produkci
uhlovodiki by mohl hrat metylovy radikal a atomy vodiku a itus Fi prabéhu elektron-
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metanové srazky se vytkiovelké mnoZzstvi vodikovych radikébud’ disociaci, aneboipmou
disociativni ionizaci Ckl Vodikové radikaly mohou reagovat s metanem, a rtedthou
vznikat CH; radikaly a jejich koncentrace seibe dale zvySovat. Také excitovana molekula
dusiku niize produkovat Ckla CH radikaly srazkami s CHa CH;. Acetylen, jakozto
uhlovodik s nejvySSi naffenou intenzitou, detekovangx situ GC-MS analyzou, iive
vznikat reakci dvou Chradikali:

CH; + CH, —» CoHy + 2H. (77)

Tato reakce byla stanovena jako jedna z podstatmyigbhto chemickych mechanizmech
[43]. Rychlé spdtbovavani Chl radikali v plazmatu by mohlo vystit nedostatek
octekadvaného mnozstvi prodikt,H,; a GHs v chromatogramech. Reakce vedouci ke vzniku
slowenin GH4 a GHe maji niZsi rychlostni koeficienty, nez ma vySe dema reakce vedouci
k tvorbe acetylenu [41]. To by mohlo vystit jejich nizSi koncentraci.

Tyto experimentalni vysledky jsou témshodné s vysledky z kinetického modelu
uvedeného ve studii Bat al.[123]. VySSi molekulové latky nebyly detekovanyotoze byla
pouzita GC kolona optimalizovana pro nizsi molekélslogeniny (max. 6¢i 7). OvSem
detekovali jsme dvaromatické sloteniny, a to benzen a toluen. Tyto aromatické cdainy
byly stanoveny ve velmi malém mnoZstvi oproti ositat laboratornim experimaih, coz
praw mohla ovlivnit jiz zmigna pouzita kolona [5, 118].

4.4.3 Relativni kvantitativni analyza vybranych dusikatyd latek

Relativni intenzity vybranych nitro-sléenin jsou uvedeny na obr. 53. Relativni intenzity
kyanovodiku, acetonitrilu a propan-nitrilu jako Viéch vybranych latek, jsou prezentovany
v zavislosti na koncentraci metanu v plynnéesits dusikem a také &pza dvou @znych
pratoka plyna (100 a 200 sccm). Tyto sléeniny gedstavuji #izné chemické struktury
S riznym pa@tem atond uhliku.

Ve vSech pipadech byl dominantni kyanovodik. Jednotlivé Zaésis jsou si dosti
podobné, intenzita vSech dusikatych latek se zeySupstouci koncentraci metanu od 1% az
po 2%. Relativni intenzity kyanovodiku a acetohitrjsou téngf nezavislé na rostouci
koncentraci metanu. Lze také pozorované hodnoty intenzit pro sloZeni plynnéésinb%
metanu v dusiku. To stejné bylo uvedeno jivel v gripact uhlovodiki. Relativni intenzita
nitro-slowenin se zvySuje se zvysujici se koncentraci metatusiku a také se snizujicim se
pritokem plynu. Hodnoty intenzit jsou vysSi pro 100mecnez pro 200 sccm ve vSech
piipadech.

Jak uvadi tab. 20, nitrily, jako jsou acetonitkljanovodik, propan-nitril, propen-nitril,
kyanovodik, 2-metyl-propen-nitril a 2-metylpropitili vznikaji po primarni disociaci
narazem elektranrekombinaci metylovych radikal VytéZky a rychlosti vzniku nitril jsou
charakterizovéniradou: HCN> CHCN> GHsCN> GH3;CN> GN»> C3HsCN> GH,CN.

Disociani energie N, CH a CN vazeb hrajitdkzitou roli v mechanismu vzniku ostatnich
nitrilovych slowenin. Reakce vzniku slogjich dusikatych latek dosud nebyly @In
objasrgny, je zde wBkolik parametii, které mohou jejich vznik ovlivnit a také existugela
fada meziprodukt Hlavni detekované nitrilové sléeniny v naSem experimentwéin rizné
funkéni nitrilové skupiny, jako jsou kyano (—CN), amiGeNH,, -NH— a —N\), a/nebo imino
skupina (—C=N-). Slaieniny HCN, CHCN a GHsCN byly dfive stanoveny v horni vrstv
Titanu [22].
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Obr. 53. Zavislost relativni intenzity kyanovodiku, acetoihit a propan-nitrilu na fmesi
metanu v dusiku.

Pri pouziti GC-MS pistroje na analyzu plynnych prodikiyboje ve smisi dusiku
a metanu nebyl detekovan amoniak @\Ha rozdil od fedchozi FTIR analyzy Horvat al.
[97]. Vyswtlenim nepitomnosti NH miZze byt pouZiti nerezové kryo pasti pro sorpci
plynnych produki vyboje z reaktoru. Nkl se nejspiS adsorboval na&rst nerezové pasti
a mohl byt proto ztracenéhem genosu na analyzy GC-MStiptrojem. DalSim moznym
vyswtlenim nepitomnosti NH muze byt, Ze NH heterogenti reagoval s jinymi
sloweninami v kryo pasti. DoSlo tak tedy k jeho zan&uavySeni mnozstvi nitro sléenin,
nebo vzniku jinych slotenin. NaSe laboratorni vysledky pro nitro-sleniny jsou tén
shodné s vysledky ziskanymi v experimentélni st@diutieret al.[117].

4.4.4 Vliv primési H, na slozeni produkfi vyboje

Chromatogram produktvyboje pro experimentalni podminky &imési 1 % vodiku do
smési dusiku a metanu vzhledem ke shadchromatogramy beziimési vodiku zde neni
uveden. Shoda byla zaznamenana pro vSechéi@nins rozdilnym molarnim pairem
slowenin CH-H2>-N,, byl pozorovan pouze rozdil v intenzitach stan@roich slodenin.

Zavislost relativni intenzity vybranych uhlovodike skupiny dvou uhlikatych sléenin je
znazorgna na obr. 54. Obrazek prezentuje zavislost relatimtenzity pro eten (§H,),
acetylen (GH,) a etan (GHg) jako hlavni uhlovodiky na koncentraci metanu ynplé sndsi
s dusikem a také siipési 1% vodiku. Dominantni uhlovodik vznikly wchto
experimentalnich podminkach bylagC,H,. Ve vSech chromatogramech byla jeho intenzita
nejvySsi jak pro slozeni plynné &sn s vodikem, tak i bezép Relativni intenzita vSech
uhlovodiki rostla s pimési vodiku a také s rostoucim mnozstvim metanu nr@ysnisi.
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Obr. 54. Zavislost relativni intenzity etanu, acetylenu anet jakoZto reprezentant
C,-uhlovodiki na mnozstvi metanu ve 8sin s dusikem afmeési vodiku.

Relativni intenzity vybranych nitro-sléanin jsou uvedeny na obr. 55. Na tomto obréazku
je prezentovana zavislost relativni intenzity kyewdiku, acetonitrilu a propan-nitrilu, jako
hlavnich stanovenych dusikatych latek na koncentragtanu v plynné s#si s dusikem
a pimesi 1 % vodiku. Tyto slaieniny gedstavuji izné chemické struktury nitfils fiznym
poétem atond uhliku. Nejdominant&Sim nitrilem a také celkavnejvice zastoupenou latkou
byl HCN ve vSech gtenych gipadech.

Jednotlivé zavislosti jsou si dosti podobné, intenz/Sech dusikatych latek se zvysila
s pimési vodiku, ale i s rostouci koncentraci metanu sildu Relativni intenzity vSechny
nitrild jsou giblizn¢ stejné, jen hodnoty relativnich intenzit HCN préynmou sngs
CH4-H2-N3 jsou o rco vySSi oproti ostatni sfsim. Podobny gibéh byl pozorovan v fipadt
uhlovodik.
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Obr. 55. Zavislost relativni intenzity kyanovodiku, acetoihit a propan-nitrilu na slozeni
smesi metanu v dusiku aipnési vodiku.
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5 ZAVER

Atmosféra Titanu, neptSiho nEsice planety Saturn a druhého r&vho nesice Sluneni
soustavy, je zkoumana ji&adu let. Posledni vyzkumy ukazuji, Ze jeji sloZgnipodobné
sloZzeni atmosféry na Zemi v dbljejiho vzniku. Tvaéi ji prevazre dusik, metan, argon
znamo, tato sis latek tvéi zakladni stavebni kdmen Zivota. Titan se tedyéasidealni
laboratdi, ve které bychom mohli ziskat od@olv na celouradu otazek, souvisejicich se
vznikem Zivota nejen na naSi Zemi.

Prace byla zastena na simulaci chemickych pro@egrobihajicich v atmosifé Titanu
za atmosférického tlaku (1®a) a laboratorni teploty iniciovanych stejnésmim
elektrickym vybojem v elektrodové konfiguraci Ghdi-Arc. Pro experimenty byl sestrojen
nerezovy vysoko vakuovy reaktor uniofici praci v bezkyslikaté atmosée Reaktor je
sestrojen tak, Ze lze amit elektrodovy systém uviitreaktoru a k diagnostice plazmatu
i chemickych slotienin vznikajicich psobenim vyboje lze pouzivatané analytické metody.
V experimentech byla pouzita plynna&musiku a metanu wznych pondrech (1-5 % CH
v Ny), ¢ast experimeiitpak byla zarfena na vliv pimési vodiku nebo oxidu uldiitého. Pro
analyzu produki chemickych reakci byly vyuZityin situ hmotnostni spektrometrie
S protonovou ionizacin situ infracervena spektroskopie s Fourierovou transformami situ
plynovéa chromatografie v kombinaci s hmotnostnireksgpmetrem jako detektorem. Opticka
emisni spektrometrie byla vyuZzita k charakterizdastniho plazmochemického vyboje.

Cilem préce byla identifikace hlavnich latek ifietich se Bhem plazmochemickéhosje
v reaktoru, a jejich porovnani s vysledky ziskanyminych laboratéich i s daty ziskanymi
piimo v atmosfée Titanu pomoci meziplanetarni sondy Cassini-Huggen

Opticka emisni spektra byla zaznamenana v rozsadw@0 nm protzné experimentalni
podminky. Mteni spekter probihalo v proudicim rezimu za celkovgiitoku 50 sccm pro
raizné sndsi dusiku s metanem v pénach (0,5-2,5% Cklv N,) v zavislosti na rnicim se
proudu dodavaném do vyboje vrozmezi od 15 do 40 MAantienych spektrech byly
identifikovany prvni negativni a druhy pozitivnistgm dusiku, fialovy systém radikalu CN
aSwaruv systém G, z kterych byly stanoveny relativni intenzity vybrahypas a nasledé
byly vypciteny vibrani a rot&ni teploty. Kron¢ molekularnich spektralnich systérbyly
identifikovany icary atomarniho vodiku Balmerovy sérig, s, a ve spektru druhéh@adu
I atomarnicara uhliku.

Proud dodavany do vyboje &mnpodstatny vliv na parametry plazmatu. Zatimcaadoit
teplota vypdétena ze spektra druhého pozitivniho systému dusikistoucim proudem mifn
rostla, teplota vypiiena ze spektra fialoveého systému radikdlu CN rladgesala. Roviéz
teploty vyp@tené z obou spektralnich systérse vyraza liSily (o vice jak 1000 K). To
ukazuje, Ze systém neni zcela v podminkach lokémhodynamické rovnovahy a proto je
tieba vypdtené teploty brat se z&r@ou mirou rezervy. Vifpac vibracnich teplot je trend
jejich nistu s dodavanym vykonem v podstatezavisly na tom, o jakodastici se jedna,
ovSem zavislosti na koncentraci metanu se liSiripgat Swanova systému molekuly, C
a druhého pozitivniho systému dusiku vilriateplota s koncentraci metanu roste, u prvniho
negativniho systému dusiku a fialového systémwké&hdiCN naopak s rostouci koncentraci
metanu klesa. Tento zasadni rozdil I1ze ¥guwozdilnym mechanismem excitace uvedenych
spektralnich systéim Zatimco v prvnim fipadt je excitace fevazri iniciovana srazkami
s elektrony, ve druhémfipad se na excitaci vyraZnpodili srazkovy fenos energie
z metastabilnich hladin molekuly dusiku v zakladstawu. Tento proces hraje roli zejména
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mimo aktivni¢ast vyboje a je jen obtiZmozné jej separovat. Na zakéadysledki z optické
emisni spektrometrie a elektrickyckefani bylo mozné odhadnout koncentraci elekirpro
pouZivané podminkiadow jako 132 cm®.

In situ FTIR analyza plynnych produkivyboje ukazala, Ze je generovano velké mnozstvi
riznych produki, které Ize od sebe jen velmi ob#Zmddlit. Hlavnimi vznikajicimi
stabilnimi produkty jsou HCN, 4, a NHs. Jejich vytzek Ize popsatadou HCN > NH >
C.,H,. Koncentrace HCN, jakoZto hlavniho produktu, st podstat linearré jak
s vybojovym proudem, tak i s koncentraci metaniypiigadt amoniaku byla zavislost na
proudu obdobnd, zavislost na koncentraci metanylagl¥ilis zietelnd. V tétocasti byly
realizovany i experimenty zauaného celkového ptoku reakni sn€si vybojovym
reaktorem. Vysledky ukézaly, Ze delSi doba pobytnéss v aktivni zO® plazmatu
jednoznéné podporuje syntézu slogjsich molekul.

Primési vodiku i CQ jednoznané podporuji syntézu sloZich molekul v podstatbez
ohledu na dodavany proud. Vipact piimési CO, byla ve spektrech identifikovana i voda,
CO a rekteré kyslikaté uhlovodiky.

Hlavni stanovené sl@eniny technikou in-situ hmotnostni spektrometripraonovou
ionizaci byly gevazri nitrily s navazanymi funinimi skupinami, pedevsim kyano—CN),
amino (NH,, —NH- a -N <), a / nebo imino skupinami-C=N-). Nejvice zastoupenymi
sloweninami ve vSech spektrech Zamych experimentalnich podminek byly HCN, £CH{

a GHsCN. V menSi nie byly zastoupeny ve spektrech i hydrazin, metamimmetyldiazen,
etylamin, cyklohexadien, pyrazin. Bylo detekovaa&é& malé mnoZstvi dalSich uhlovoilik
jako acetylen, etylen, propyn, propen, 2-buten lkdotyexadien. Nkteré z &chto slogenin
byly stanoveny jiz v naSichit@dchozich experimentech. Amoniak (protonovana hosbtje
18), ktery byl stanoven technikou FTIR, nebyl v PMI$ stanoven. Je to prasgbdobré

z toho divodu, Ze molekulova hmotnost Nk niZSi nez 21, ktera je nejnizSim limitem pro
pouzity @istroj PTR-MS. Vy#Zek vybranych dusikatych latek I1ze znazornit relaci

HCN> CH;CN> GHsCN> GH;CN> GHgN> CsHgN> CgH17N.

Plynné produkty vyboje analyzované technikou ed-splynové chromatografie
s hmotnostnim spektrometrem, kde byla proéodizorki na analyzu vyuzita kryo past,
ukazuji dobrou shodu gexichozimi experimenty. Touto technikou byla stanaveelairada
uhlovodiki a nitrilovych slogenin. Hlavnimi stanovenymi uhlovodiky v naSem ekpentu
byly etan, acetylen, etylen, propen, a 2-buten&iky téchto slodenin Ize charakterizovat
relaci GH,> GHs> CHe> CsHg> CiHg> CsHs> CiHg> Jlné G Uh|OVOdI,ky. Acetylen by|
dominantni uhlovodik ve vSechéhenych chromatogramech.

Hlavnimi stanovenymi dusikatymi sléeninami byly acetonitril, kyanovodik,
2-propennitril a propannitril. V¥¥ky vybranych it nitrili Ize popsat nasledujici relaci HCN>
CH3CN> GHsCN. Kyanovodik dominoval nad v8emi steminami i uhlovodiky, ve vSech
meéienich za dznych experimentalnich podminekii Pouziti GC-MS pistroje na analyzu
plynnych produki vyboje smdsi dusiku a metanu nebyl detekovan amoniaksjNia rozdil
od pedchozi FTIR techniky. Vystienim nepitomnosti NB maZe byt pouZiti nerezové
kryo pasti pro sorpci plynnych prodiktyboje z reaktoru. Amoniak se nejspi$ adsorbogal n
stny nerezové pasti a mohl tak byt ztraceimém genosu na analyzu GC-MSigtrojem.
Dalsim moznym vysstlenim miZze byt, Ze amoniak heterogénmeagoval s jinymi
sloweninami v kryo pasti. DoSlo tak tedy k jeho zanikuzvySeni mnozstvi jinych nitro
slowenin, nebo vzniku jinych sl@enin.
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Vysledky gedkladané disertai prace jsou v dobré shbde v sotiasnosti znamymi Gdaji
o sloZzeni atmosféry Titanu. V prezentovanych expentech bylo identifikovano i&kolik
dalSich slozijSich latek, jako najklad benzen a toluen, které dosud na Titanu pehyrz
nebyly. RestoZze bylo dosud ziskano velké mnozstvi cennydh stale neni studium
problematiky ani zdaleka uz#sno. V dalsi praci ma smysl se zabyvat zejménawliteploty
na vznik produki vyboje, protoze tento parametr ma zasadni vlimeeg v rekombirtaich
reakcich vedoucich ke vzniku slag#tich latek, které mohou byt prekurzory Zivota. jiak
bylo uvedeno, teplota na povrchu Titanu je podstathsSi, nez je teplota laboratorni, a proto
bude nezbytné sestrojit zcela nové experimentaiifieni, které takové experimenty umozni.
Druhym zasadnim vlivem na celou chemii atmosfériaiiu ma i z#eni s velmi kratkou
vinovou délkou (VUV). | v této oblasti jsou doswghjminimalni znalosti. Pro studiurchto
efekti byly aktual ziskany dva projekty podporycasti v COST v akcich TD1308
a CM1401. Lze tedy @kavat, Ze dosud ziskané poznatky budou v brzkéumndbsti dale
efektivné zhodnoceny.
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Abstract. The formation of the chemical products produced in an atmospheric glow discharge fed by a
N2-CH4 gas mixture has been studied using Fourier Transform InfraRed (FTIR) and Optical Emission
Spectrometry (OES). The measurements were carried out in a flowing regime at ambient temperature and
pressure with CH4 concentrations ranging from 0.5% to 2%. In the recorded emission spectra the lines
of the second positive system CN system and the first negative system of N2 were found to be the most
intensive but atomic H*, H?, and C (247 nm) lines were also observed. FTIR-measurements revealed HCN
and NHs to be the major products of the plasma with traces of CoHz. These same molecules have been
detected in Titan’s atmosphere and the present experiments may provide some novel insights into the
chemical and physical mechanisms prevalent in Titan’s atmosphere with these smaller species believed to
be the precursors of heavier organic species in Titan’s atmosphere and on its surface.

1 Introduction

The Cassini space mission to Saturn and the release of its
Huygens probe onto its largest moon, Titan, has led to a
wealth of data on the atmospheric and surface composition
of Titan, presenting us with a set of unexpected results
including the observation of hydrocarbon lakes — the first
liquid “seas” on a solar system body outside the earth —
and the observation of anions in the upper atmosphere
(ionosphere) [1]. In order to understand the physical and
chemical processes leading to such observed phenomena
laboratory simulations are required.

The dense atmosphere of Titan is mostly composed of
N, with a few percent of CHy. The most important mi-
nor compounds detected by Cassini-Huygens are nitriles
(HCN, HC3N, HC5;N, C3Ng) believed to be formed by as
a result of dissociation of nitrogen and methane either
by solar induced photolysis or by electron impact [2] and
hydI’OC&I’bOIlS (CQHQ, CQH4, CQHG, C3H8, C3H4 [2]) The
presence of clouds and strong convective motions are a
particular feature of Titan’s lower atmosphere. Charged
particles, originating from the Saturnian magnetosphere,
can accumulate on droplets within the clouds of the tro-
posphere. Neutralization of these charged particles leads
to corona discharges within the clouds which can induce
chemical reactions in the troposphere [2].

There have been several theoretical models of Titan’s
atmosphere many of which considered three-body electron

# e-mail: horeszka@gmail.com

attachment to radicals or collisional charging of aerosols
as the source of negatively charged species [3,4]. Proba-
bly because the first process is negligible at high altitude
(densities lower than 10! ¢cm~3) and because aerosols
were not expected to be present above ~500 km, the pres-
ence of negative ions in Titan’s upper atmosphere had
not postulated before the Cassini-Huygens mission. There-
fore, the detection of negative ions in Titan’s upper atmo-
sphere [5,6] has lead to new models of the chemistry in
Titan’s upper atmosphere [1,7].

However such models need to be tested against lab-
oratory mimics. Discharges have been shown to be good
mimics of planetary atmospheres providing insights into
both physical and chemical processes of such atmospheres.
DBD, glow, microwave, RF and corona discharges [8-19],
have all been used in order to study electron-molecule and
ion-molecule reactions in planetary atmospheres. Since
methane is the primary species in Titan’s atmosphere
whose dissociation leads to further reactive chemistry it
is valuable to review studies on methane in discharges.

Methane conversion has been studied using gliding arc
plasma [20]. In this work, conducted at atmospheric pres-
sure, four kinds of additive gases — He, Ar, Ny and CO4 —
with admixture concentrations in the range from 0 to 80%,
were used to investigate their effects on methane con-
version. Methane conversion was increased with the in-
creasing concentration of helium, argon, and nitrogen in
the feed gas but decreased as the COy concentration in-
creased. Ho and CyHy were the major products of such
discharges.
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Fig. 1. Schematic diagram of the experimental apparatus used for FTIR and OES analysis of gaseous products produced in a
gliding arc discharge fed by various mixtures of methane in nitrogen.

Non-oxidative methane coupling in hybrid plasma-
catalytic reactors has been studied by Mlotek et al. [21].
A combination of a gliding arc discharge and a packed bed
of catalyst pellets revealed high efficiency methane con-
version. Two catalysts made of Pt and Pd supported by
alumina ceramics were prepared and tested. The methane
conversion was investigated in two gliding discharge re-
actors supplied by l-phase or 3-phase circuits (50 Hz).
The most dominant species formed in these discharges was
acetylene but the formation of other non-volatile products
was also observed. In the presence of catalysts soot for-
mation was strongly reduced. Owing to these catalysts,
ethylene and ethane became the main gaseous products
replacing acetylene.

In this paper we report the results of a new investiga-
tion of the organic chemistry prevalent in an atmospheric
glow discharge fed by a N2-CHy gas mixture with CHy
contents in the range of 0.5% to 2%.

2 Experimental set-up

The apparatus used in these experiments is shown
schematically in Figure 1. The reactor was connected to
the long path IR gas cell equipped with KCl windows
and placed in a Nicolet Nexus FTIR spectrometer. Op-
tical Emission Spectrometry (OES) using a Jobin Yvon
Triax 550 spectrometer with a CCD detector was used to
monitor the optical emission from the No/CH4 plasma.
The spectral response of this spectrometer was obtained
using an Oriel radiation standard lamp. The 3600 g/mm
grating was used for the rotationally resolved CN violet
0-0 band acquisition, all other spectra were measured with
1200 g/mm grating. The flow rates through the reactor for
both CHy (purity 99.995%) and Ny (purity 99.999%) were
regulated using MKS mass flow controllers. All measure-
ments were carried out within a flowing regime with a total
flow rate of 200 sccm. The discharge electrode system had
the standard configuration of a classical gliding arc, a pair
of stainless steel holders positioned in parallel to the iron

electrodes but in this case the plasma was not gliding due
to the low flow rate and therefore stable abnormal glow
plasma occurred between the electrodes at their shortest
distance of 2 mm, thus forming a plasma channel with a
diameter of 1 mm. With increasing current (15-40 mA)
the voltage was slightly decreasing from 400 V to 350 V.
Electrical parameters were measured using a Tektronix os-
cilloscope with a high voltage probe and 10 €2 resistor for
current measurement.

The reactor chamber had a volume of 0.3 L. The dis-
charge was powered by a home-made DC HV source. All
the experiments were carried out at atmospheric pressure
and at ambient temperatures. The discharge was typically
operated for between 60 and 120 min during which time
the nascent reactor temperature (as measured by thermo-
couples on the reactor walls) did not rise above 320 K.
Experiments were performed for different No:CHy ratios
in the range from 0.5% to 2% CHy in Na. A pure CHy /Ny
gas mixture without plasma was measured as the back-
ground spectra for FTIR measurements.

The discharge power was calculated using the formula:

P=UI, (1a)

where U is the voltage drop across the electrodes and I is
the discharge current.
The specific input energy was calculated using the
formula:
P
n== (kJ/L), (1b)
Q
where P is the power calculated using equation (1a) and
Q is the flow rate. The estimated values were 1.8 kJ/L for
the lowest current I = 15 mA and 4.2 kJ/L for the highest
current I = 40 mA used in our experiments.
The gaseous product concentrations were calculated
using the Beer-Lambert formula (2) using IR absorption
cross section data found in the HITRAN™* database [22]:

A=nlo, (2)

where A is the absorbance measured experimentally,
n (cm~3) is the concentration of detected compound,
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Fig. 2. A typical FTIR spectrum recorded in a gas cell filled
with products formed in the discharge reactor fed by a CH4-N2
gas mixture with a 2:98 ratio, operated at atmospheric pres-
sure and a total gas flow 200 sccm. The unit energy has a
value of 4.8 kJ/L. Note the negative absorbance indicates the
conversion of CHy during the operation of the discharge.

I (cm) is the length of the absorption path in IR cell and
o (cm?) is the IR absorption cross-section.

3 Experimental results
3.1 FTIR analysis of final gaseous products

A typical FTIR spectrum revealing the products formed
in the discharge fed by 2% CHy in N is shown in Fig-
ure 2. Similar spectra were observed for other CHy/Ny
molar ratios. Using the HITRAN spectral data individ-
ual absorption features can be assigned to specific com-
pounds. Besides the remaining CH4 (3230-2704 cm™!;
1408-1169 cm~1!) obvious infrared spectra absorption
bands of C=C were observed at the wave numbers
3386-3217 cm~' which is the typical C-H stretching
band of hydrogen cyanide HCN and acetylene CoHs.
The strongest feature, at 713 cm™!, is due to HCN, the
weak peak at 729 cm~! is due to CoH,. However, we
found no features corresponding to CoHy (which has a
well known band between 8001100 cm ™!, maximum at
956 cm~! and a band between 30003200 cm ™!, maximum
at 3138 cm™!). In contrast to our earlier measurements
made in a coaxial corona discharge [23], NH3 was observed
as a new product in the abnormal glow discharge identi-
fied by its strong peak at 966 cm™!, surrounded by dense
rotational in range 800-1200. Bands at around 3300 cm ™"
were composed of overlapping bands from HCN, NH3 and
CoHs.

From the measured absorbance values the concen-
trations of individual compounds were calculated using
the Beer-Lambert formula with molecular IR absorption
cross-section data being taken from the HITRAN spectral
database. The dependence of the concentration NH3 and

HCN on the gas flow rate are shown in Figures 3a—3d.
CoHs, as the minor product, did not exceed concentra-
tions of 100 ppm during the measurements and was found
to slightly decrease with increasing power. It should be
noted that diatomic molecules such as Hs can not be de-
tected using FTIR.

The generation of energetic electrons has been rec-
ognized as the initial step in all the reactions in the
plasma region, in particular inelastic collisions of methane
molecules with energetic electrons leads to the formation
of some active free radicals such as C, CH, CHs and CHjs.

It is evident that the product formation is accompa-
nied by a decrease in concentration of CH,4 but because of
the overlap of CHy and CHj stretching bands in CHy re-
gion we can not determine the degree of its decomposition
from the measured changes of absorbance in the derivative
spectra.

As shown in Figure 3, the discharge current I has a
significant effect on both the synthesis of HCN and NHj.
The larger the value of I, the more HCN and NHj are
formed. It should also be noted that the yields of HCN in-
crease with increasing initial CHy4 content whilst the yield
of NH3 decreases as the concentration of CH, increases.

3.2 Optical Emission Spectroscopy of the glow region

Optical Emission Spectroscopy (OES) is a common tech-
nique used to investigate glow discharges since it produces
no perturbation in the plasma. The basic premise of this
technique is that the intensity of the light emitted at par-
ticular wavelengths from an excited state is proportional
to the density of species in that excited state [24]. There-
fore measurement of intensities provides a method for
measuring the rotational, vibrational temperatures of the
plasma species (T}, T),) the electron temperature (T, ) and
the relative concentration of species, which can be con-
verted into an absolute concentration if we know the Elec-
tron Energy Distribution Function (EEDF) and energy de-
pendent cross sections for the electron impact excitation
processes [24,25]. Unfortunately, in our case the plasma
was not in local thermodynamical equilibrium (LTE), thus
the molecules do not exhibit a Maxwell-Boltzmann dis-
tribution and determination of their absolute concentra-
tions from the spectra was not possible. However, the mea-
surements of the intensities of selected emission lines and
bands (Fig. 5) provide a measure of the relative concen-
tration of species as a function of discharge current.

The spectra were recorded integrally over whole
plasma volume. A selected part of a typical emission spec-
trum is shown in Figure 4. As expected Ny and CN bands
were the most dominant. The spectra were composed of
the following molecular spectral systems: the second pos-
itive system of neutral Ny (C3II, — B®I,), the first neg-
ative system of N ion (B?Sf — X2%}), the CN vio-
let (B2XT — X2¥Ta) and red systems (A?Y+ — X2%T)
and the Cy Swan bands. Besides these the strong atomic
H® line, weaker H” line and weak lines of C (247 nm —
measured in the second order) and NT (399.5 nm) were
detected.
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Fig. 3. The dependence of HCN and NHj3 concentrations on the discharge current for different initial CH4 concentrations
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Fig. 4. A portion of the emission spectrum recorded using a discharge current of 40 mA and 2.0% CHj content in Na.

Components of several emission bands are labeled.

The relative emission intensities for the selected emis-
sion bands are shown in Figure 5. The variation of the
intensity ratio I(N3)/I( 3(1_0)) with discharge current

suggests a slightly increased occurrence of N; ions in com-
parison with N3 molecules. These results may be explained
by N;r emission being more sensitive to high-energy elec-
trons than N3 due to the higher excitation threshold en-
ergy compared with N3. This suggests that the degree
of ionization of the plasma increases with the number
of free electrons. On the other hand this small increase
in [(N3)/I(N5, ) intensity ratio indicates that any

increase in the electron energy distribution is also small
and the increasing temperature Ty is due to the increasing
concentration of electrons.

The high emission intensity of Co Swan system sug-
gests a high degree of decomposition of CHy into C then
Cy radicals which is confirmed by the absence of emission
lines of CH, radicals within the glow region. The depen-
dence of the intensity ratio I(CN)/I(N%) on the current
shows an increased content of CN radicals in comparison
with N3 molecules, which is in good agreement with the in-
creasing HCN concentration measured by FTIR analysis.
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Fig. 5. Emission intensities and ratios for the selected emission bands in a gas mixture of 1.5% CHy4 in Na.

5000
—*—0.5% CH,
4500 ]~ 1:0% CH,
—+—1.5% CH,
o 4000] K~ 20% CH, %
= —n—25% CH
I
3
2 3500 ?
[0}
aQ —_—y
£ 3000 /% X=
8
2500
*h*\*/ *
\*/ \*

10 15 20 25 30 35 40
discharge current [mA]

« —*—0.5% CH,
_— - o,
- A T ——2.0% CH,
<. 2500 N 4 W 25%CH,
o *
5 \ +
© *7*\
aé 2000 K\ ;;/ N
R A
g oy
1500 L] ™~ K—x
\.\ /l\
= R

10 15 20 25 30 35 40
discharge current [mA]

Fig. 6. Rotational temperatures calculated from the nitrogen second positive (left) and CN violet (right) 0-0 bands.

Since many emission bands of Ny and CN overlap
(Fig. 4) we have selected only regions where there is no
overlap for the further detailed analysis and plasma pa-
rameters calculation. The CN violet 0-0 band was mea-
sured with high resolution (using 3600 g/mm grating and
was used to make a rotational temperature calculation by
adopting the classical pyrometric line procedure using ro-
tational lines J = 3, 4, 7-16 and the rotational constants
given by Prasad et al. [26]. The LifBase software [27] was
used for the rotational lines assignment. The same pro-
cedure was applied for neutral nitrogen in N (C3IL,)
state rotational temperature calculation. In this case, the
spectrum of 0-0 nitrogen second positive band (rotational
lines with J = 40-50) was measured using the 1200 g/mm
grating. The line assignment was made with SpecAir soft-
ware [28] using rotational constants given in [29].

The rotational temperatures calculated using both
methods are shown in Figure 6. The N5 rotational temper-
ature is more or less discharge current independent only
slightly increasing with the increase of methane concen-
tration in the gas mixture. On the other hand, the CN ro-
tational temperature decreased with increasing current in
range from 3200 to 1200 K. The maximum CN rotational
temperature was obtained in the nitrogen with 1.5% of
methane, no clear temperature dependence on methane
concentration was found. The experimental uncertainty
for both temperatures is about 300 K.

Table 1. Bands used for the vibrational temperature calcula-
tions.

Spectral Used band Molecular constants
system heads from

Ny 1st neg. 0-2; 1-3; 2-4; 3-5 [29]

N5 2nd pos. 1-0; 2-1; 3-2 [29]

CN violet 0-1; 1-2; 2-3; 3-4; 45 [30]

Ca Swan 0-1; 1-2; 2-3; 34 [31]

Vibrational temperatures were calculated from nitro-
gen, CN and C, spectra. The spectral bands used and
their associated molecular constants are given in Table 1.
Only non overlapping sequences with signal/noise ratio
better than 5 were used for these calculations. The aver-
age uncertainties in the calculated values was between 10
and 15%. Bands of —1 sequence of nitrogen second positive
and +2 sequence of nitrogen first negative systems were
applied with using transition constants (wavelength and
transition probability) given in [29]. In the case of CN,
spectra of +1 sequence with constants given by [30] were
used. Constants given by [31] were used with intensities of
—1 sequence for the Cy molecule vibrational temperature
calculation.

The electron temperature was not calculated because
intensity of H? line was too low and it was significantly
overlapped by Cy Swan bands, too.
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Fig. 7. Dependence of N; and CN vibrational temperatures on the discharge current for various CH4 content.

The vibrational temperature (4800-6200 K) of the N3
ion is found to decrease with increasing CH,4 content and
increased with the discharge current until it showed a
rapid fall at 40 mA (Fig. 7). The plasma power and CHy
molar ratio have a significant effect on the CN vibrational
temperature, with values from 4200 to 6500 K and was
directly proportional to the current (Fig. 7). The vibra-
tional temperature of the nitrogen C state increased both
with methane content and applied energy. The vibrational
temperature of carbon diatomic molecule increased both
with carbon content and applied power (Fig. 8). It should
be noted that the data obtained for 2.0% methane in a ni-
trogen mixture was significantly different from the other
data.

3.3 Determination of the electron density and specific
input energy

Using the simplified relation:

, 1

J FTP?’ ®)
it was possible to estimate the current density within an
order of magnitude. It should once again be noted that the
plasma was not gliding due to the low gas flow rate, just
the electrode configuration was similar to that of gliding
arc; a stable glow plasma channel occurred at the shortest
electrode distance only! Therefore, the electric field did
not vary along the glow sheet.

The typical glow plasma channel in CHy/N2 gas mix-
ture at discharge current I = 15 mA has a diameter
@ = 1 mm and length 2 mm, j = 1.9 A/cm?. The elec-
tron number density n. is a very important parameter in
characterizing the plasma and can be derived from the
measured current density and reduced electric field E/N,
when N is the gas density for given T'. The simplest esti-
mate of n, can be then obtained using the expression for
the current density:

j = enevy, (4)

where e is the elementary charge and vy is the electron
drift velocity. The electron drift velocity is given by the
electron mobility p. and the electric field strength E:

Vg = /erEa (5)

where E was approximately measured from the applied
voltage (400 V) and the plasma column length (2 mm).
The reduced electron mobility p.p can be considered con-
stant in our experimental conditions i.e. p.p = 5.87 X
10" ¢cm? Pa V~! s7! [32]. The pressure should be bet-
ter represented by the gas density N to accommodate for
the elevated gas temperatures Ty (to T, ~ Ty ~ 2700
3700 K) at p = 101 kPa atm, similar to representing the re-
duced field as E/N rather than E/p. In N-representation,
1N reached values in range from 1.2 x 10?2 to 7.8 x
1022 cm~! V=1 s71. This value could be then used in the
expression of the electron drift velocity and the electron
density can be calculated [33]:

L. (6)

Ne =
E
epte N 5

Such that n. was estimated to be of the order of
~10'3 cm 3. With increasing current the electron density
increased resulting in a more conductive plasma, which
was confirmed by the observation of a slight decrease in
the applied voltage and an increase in the ion signal.

4 Discussion of experimental results

4.1 Plasma processes — First steps leading
to an organic chemistry

Within a CH4 /Ny plasma discharge, electron-molecule in-
teractions dominate leading to the formation of a large
number of chemically reactive species. For example the
two lowest excited singlet states CH4(S1) (9.6 ¢V) and
CH4(S2) (11.7 V), formed in electron-methane collisions
rapidly dissociate into radicals such as CHs, CHy, CH,
C [34]:

e(e >10eV) + CHy — CHy (S1,S2) + e (7)
CH4 (Sl, Sg) — CH3 + H (8&)

CHy +H+H (8b)

CH2 + H2 (80)

CH + Hy + H. (8d)
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If the electron energy is higher than 12.75 eV, ionization R
of CHy occurs in the discharge [10,35,36]:
n
e(12.75 eV) + CH; — CHJ + 2e (9) or - - . . . ]
* *
e(14.3 eV) + CHy — CHI + H + 2e 10) * * *
= 300 | 4
e(15.1 eV) + CHy — CHy + Hy + 2e (11) 2
©
e+ CHy — HT + CH; + 2e (12) o}
g 20r = 29%CH,
(]
(§] (222 eV) + CH4 — CH+ + H + H2 + 26 (13) > * 0.5% CH4
e+ CHy — HJ + CHy + 2e (14) 100 -
e(25eV) + CHy — CT + 2Hy + 2e. (15)
0 " 1 " 1 " 1 " 1 " 1 " 1
Since bands of excited and ionic nitrogen are dominant 15 20 25 30 35 40

and lines of atomic nitrogen were also observed in the
OES spectra, electron impact ionization and dissociation
of Ny molecule clearly also has a significant role in the
reaction kinetics [34]:

Ny (X'SF) +e(11.1eV) — Ny (C°IL]) + 2e (16)
Ny (X'SF) +e(15.63 eV) — NJ (X*TF) 4 2¢ (17)
Ny (X'SF) +e(16.84 eV) — N (A’IL,) + 2e (18)
Ny (X'SF) +e(18.76 eV) — N (B*S]) + 2e (19)
Ny (X'SF) +e(23.53 eV) — NJ (C*°SF) + 2 (20)
Ny (X'SF) +¢(26.66 eV) — Nt (°P) + N (°D) + 2e
(21a)
(A’SF a'll,,a"' S ) + e — NT (°P) + N (°D) + 2e.
(21b)

The population of No (C3IL,) states (upper level of the
detected second positive system) is mainly due to di-
rect electron impact excitation from the ground state
X' [37,38], which is a result of the collision with elec-
trons via reaction (16), whose energy is above the exci-
tation threshold (11.1 eV). Reaction (19) is responsible
for the electron impact excitation of Ny molecule from

Current [mA]

Fig. 9. Current-voltage characteristics in CH4 /N2 plasma for
0.5 and 2% CH4 content.

ground state to NJ (B2X%,,) excited state, which is the up-
per level of the detected first negative system. The mea-
sured spectra also contain a weak line of N* ion, which
either suggests that the discharge contains energetic elec-
trons with energies up to 26 eV (reaction (21a)) or N7 is
generated by stepwise processes via nitrogen metastables
(reaction (21b)). Note, usually in atmospheric pressure
discharges direct electron impact processes of high energy
threshold are less important but in our case due to a high
intensity of local electric field near the shaped electrode
surface they must be taken into the account. Moreover, ex-
cited states of Ny can also induce CH, dissociation into its
lower radicals [10,39]. Thus electrons are the primary ini-
tiators of the organic chemistry induced by the discharge.

4.2 Processes leading to the synthesis of the observed
HCN, CgHg and NH3

The formation of the observed products HCN, CoHs,
and NHjs is assigned to a complex plasma-chemistry.
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Therefore, here we will discuss only the most important
reaction channels with the highest reaction rates leading
to the observed organic chemistry, which occur after the
aforementioned electron induced CHy dissociation and No
excitation/ionization channels.

Atomic N and CHy/CHjs radicals, play an important
role in the production of the detected HCN. Its formation
can be direct (reactions (22) and (23)) [10,35,39] or/and
indirect by a two-step process (24)—(25) through a highly
unstable intermediate product, HoCN [10,39):

N + CHs — HCN + H, (22)
N+ CH, — HCN + H (23)
N+ CH; — H,CN + H (24)
N + H,CN — HCN + NH (25)
N+ CH; — CN + H, (26)
CN + CH,; — HCN + CH;. (27)

In our case a faster, two-step process (26)—(27) is assumed
to be a most possible source of HCN due to a high con-
centration of CN radicals measured by OES analysis. This
assumption is in good accordance with experimental data
which show an increasing HCN concentration with in-
creasing intensity of CN violet system?

However, due to the absence of CH radicals in the glow
region (lack of CH bands in the OES spectra), the reac-
tion of CH, radicals are assumed to be likely in the after-
glow /recombination zone and most of the HCN formation
is assumed to be due to reactions of primary CN radicals
from the glow region with CHy.

Because no CyHg was observed during the measure-
ments and CoHg is expected to be predominantly formed
by reactions of CHj radicals with each other, reac-
tions (24) and (25) and other CHgs-depended processes
can be neglected due to the lack and high instability of
CHj radicals, which are possibly dissociated to lower rad-
icals by high energy electrons. Note the mutual collision
frequency of CHjs radicals is much lower (~3—4 orders of
magnitude) than collision frequency of CHs with other
species.

CoHs, as the only stable hydrocarbon detected by
ex-situ FTIR analysis, can possibly be formed by reac-
tions of reactive C, CH and CHy radicals via the one-
step (reaction (28)) or/and two-step processes (29)—(30).
Reaction (29) is supported by our experimental results
since the intensity of carbon lines increases with increasing
CoHs concentration, furthermore, the total dissociation of
CH4 to C atoms is verified with a brownish-black deposit
observed at the electrodes. Unfortunately, surface analysis
of this deposit could not be made due to technical reasons.
The fast consummation of CHy radicals within the plasma
could explain the lack of expected CoHy in our FTIR spec-
tra. Since emission lines of CH radicals were not present in
the OES spectra and only H, C lines and Cs Swan bands
have been detected in the glow region, we can assume that
reactions leading to CoHy production only occur in the af-
terglow and recombination zones of the discharge reactor

where energetic electrons are no longer present and excited
states play the role of energy reservoirs.

CH + CH — CyH, (28)
CHy; + C — H+ CoH (29)
CHsy + CoH — CH + CoHs. (30)

NHj is produced in several steps, first CH4 and its radi-
cals react with N;‘ to form NH radicals in the glow region,
described by reactions (31) and (32) [18,19,34,40]. These
reactions are probably the major route due to their high-
est rate constant [34]. N atoms adhered to the electrodes
may also react with any free hydrogen to form NH radi-
cals [18,19,40]. These NH radicals can then form NHj in
the afterglow region via reaction (33) [34,40]. Note, pro-
cess (33) is a catalytic reaction therefore NHs synthesis
is probable predominant near the electrode surface in the
afterglow region where it is not dissociated by the active
heavy species or by electron collisions. This is the reason,
why could not detect NH lines in the emission spectra.
Since electrons are mainly consumed in CHy dissociation
and Ns excitation, only a smaller part can contribute in
reaction (32), leading to a low NHj concentration mea-
sured.

N} + CH4 — NoH' + CH3 (31)
NoH' +e — NH+N (32)
NH + Hy — NH3. (33)

It should be noted that FTIR spectra of the gaseous mix-
ture did not indicate the presence of any other stable
carbon-nitrogen compounds in the gaseous phase. The ma-
jor part of the plasma chemistry is expected to occur in
the glow region where active radicals and ions are present.
However the radical products may also undergo heteroge-
neous reactions between the electrode surfaces and the
gas, not to mention the homogeneous reactions in the
afterglow and recombination zone, where active radicals
and metastables of nitrogen with long lifetimes play an
important role. A brown deposit (composed from CyN,,
x ~ y) was observed on the knife electrodes and the outlet
holes due to the increasing content of C radicals but none
was observed on the KCl windows in the measurement
cell. These observations led us to consider the hypothesis
that such a deposition is due to charged particles moving
in the discharge electrode gap causing a set of homoge-
neous (in the active discharge volume) and heterogeneous
(plasma catalyst on the electrode surface) reactions creat-
ing soot/deposit formation. In other words, only a small
amount of the solid particles produced escape from the
discharge reactor. This deposit is most likely formed from
nitrogen compounds, especially CN which is also known
as a precursor of polymer films and aerosols [15-17]. The
most likely primary processes leading to the polymer for-
mation is a transport of active CN and C/Cs radicals
onto the electrode surfaces where they are neutralized be-
fore undergoing a series of homogeneous reactions with
other radicals leading to deposit formation. Moreover, it
is postulated that negative ions may play a key role in the
formation of such deposits [23].
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4.3 Influence of the initial CH; content and specific
input energy on the NH3 and HCN formation

The concentration of most of the detected products was
found to increase with increasing CHy content. For ex-
ample NH3 concentrations increased with increasing CH,
content until it reached values between 200 and 350 ppm
while HCN concentrations increased up to 1250 ppm pro-
portionally to additional CH4. This phenomena can be ex-
plained by the high density of active CN radicals within
the glow region which consume the missing H atoms to
produce HCN faster than stepwise reaction channels of
NH; formation in the recombination zone. The rising den-
sity of these products can also be explained by the increas-
ing density of electrons as in equation (6).

Because we could not measure the electron tem-
perature T, directly due to low H? line intensity and
non-equilibrium conditions in the plasma we can not
accurately estimate the reaction branching ratios and the
relative of importance of electrons and excited/charged
nitrogen molecules in the formation of organic products.
However, the absence of larger hydrocarbons indicates
that, in our discharge conditions, the radicals of CH, are
more reactive with nitrogen than with themselves, thus re-
sulting higher contribution in N-reach product formation.

5 Conclusions

In this paper we present the results of both a FTIR and
OES study of the gaseous products and radicals formed in
a glow discharge fed by four different atmospheric pressure
mixtures of No:CHy (0.5, 1, 1.5 and 2% CHy) operated
in a flowing regime at different discharge currents (from
15 up to 40 mA). FTIR analysis of the gaseous products
showed that HCN, Cy;H,, NH3 are the main products of
our CH4/Ny abnormal glow plasma. The yields of these
compounds are such that HCN > NHs > CoHs. The dis-
charge current has a significant effect on the product syn-
thesis and electron density. The continuous glow discharge
was “hot” with T, reaching 3200 K, since most of elec-
tron energy is converted into gas heating. The plasma was
close to LTE but not close enough to assume a Maxwell
distribution. Using our OES study we could estimate tem-
peratures T;. and T, which — together with the electrical
parameters — allowed us to calculate the current and elec-
tron number densities in the discharge with typical values
of 1.9-5.1 A/cm? and n. ~ 10 cm =3,

Such experiments can provide information that can
aid our understanding of processes in Titan’s atmosphere.
Within the discharge we observed the formation of the
same compounds as observed in Titan’s atmosphere by
the Huygens surface package and by Cassini Observer.
Furthermore discharges can provide relevant information
on the formation of the anions [1] and have therefore al-
lowed of the anions observed by Cassini to be identified.
However, we note that different discharges have different
sources of ions/excited molecules and thus when using dis-
charges as a simulation mimic it is necessary to carefully
define the plasma conditions and their relevance to specific
regions of Titan’s atmosphere.
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In this paper, we report presence of various organic products formed in a flowing atmospheric glow discharge
fed by gas mixture containing 1-5 % of methane in nitrogen, which mimics the Titan’s atmosphere. Gaseous
products from the discharge exhaust were analysed by Gas Chromatography with Mass Spectrometry (GC-MS).
The experimental results revealed CoHaz, HCN, and CH3CN as the major products. Various hydrocarbons and
nitriles were the other determined gaseous products. Whilst many of these compounds have been predicted
and/or observed in the Titan atmosphere, the present plasma experiments provide evidence of both the chemical
complexity of Titan atmospheric processes and the mechanisms by which larger species grow prior to form the
dust that should cover much of the Titan’s surface.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Simple organic molecules play an important role in the formation of complex organics in planetary atmospheres.
Recently, several lower hydrocarbons and nitriles have been confirmed in the atmosphere of Titan, the largest
satellite of the Saturn. The first detailed information was brought by Voyager space mission in 1980. More
important complex information about Titan atmosphere was obtained from Cassini-Huygens mission in 2005.
Its atmosphere composition is principally nitrogen with 2-6 % methane and some trace gases as nitriles (HCN,
HC3N, HC;5N, and C3Ns) and lower molecule hydrocarbons (CoHs, CoHy, CoHg, C3Hg, CsHy) as well as
hydrogen [1, 2]. These compounds can be produced by low power discharges in the methane clouds [3, 4] or
by dissociation of nitrogen and methane either by solar induced photolysis, photodissociation or by electron
impact. The same processes generate also charged particles that are transported through the atmospheric clouds.
Neutralization of these charged particles leads to high power discharges like lightning within the clouds which
can induce other chemical reactions in the troposphere [5]. Organic radicals produced by electron impact could
also supply a significant fraction of Titan’s haze and surface material [6]. Lightning activity is one of the most
probable initiators of organic molecules formation on Titan lower atmosphere and has also been suggested as a
mechanism for triggering the prebiotic chemistry on Earth [7], for which the lower atmosphere of Titan may be
a good mimic [8-11]. The possibility of lightning on Titan is supported by theoretical models and observations
of Titan’s troposphere during the last decade, which indicate that methane droplets may suddenly condense and
undergo vertical motions in the Titan’s atmosphere [12].

Titan’s chemical and physical properties are similar to the assumed prehistoric properties of the Earth. The
Titans tropospheric temperature is in such range that methane exists in three phases, like as water on the Earth.

* Corresponding author. E-mail: xctorokova@fch.vutbr.cz
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Methane on Titan thus probably plays a role similar to that of water on Earth, and hydrologic cycles based on
methane are possible [13-16]. The methane raindrops may evaporate before they reach the ground [6, 17]. The
atmospheric temperature falls from its surface value of 94 K at the pressure of 1.5 bar to a minimum of 71 K at
the height of 42 km and pressure of 0.128 bar at the tropopause. It is therefore impossible that nitrogen clouds
can be formed in the Titan’s atmosphere [5]. At low temperatures measured on the Titan surface (about 94 K), it
is hard to imagine an origin of life [18]. The physical state of methane is liquid on the surface; between particles
are Van der Waals intermolecular forces. The bigger particles in the atmosphere are formed by negatively charged
organic aerosol covered with hydrocarbon dust [19].

Several theoretical models of the Titan’s atmosphere were used, many of which consider three-body electron
attachment to radicals or collisional charging of aerosols as the source of negatively charged species [5, 20].
Ionic chemistry is presented in [21] by a theoretical model with a scheme of reactions forming many interesting
compounds on Titan (like HCN, CoHs, CoHy, C3Hg, or CgHg).

Finally, the last approach to study the chemistry in the Titan’s atmosphere is an experimental simulation in
laboratories. Most of the experiments reproduce a gas mixture close to the Titan’s atmosphere, or at least to a part
of its atmosphere, and then supply energy into this gas mixture to induce chemical reactions. Different plasma
discharges have been shown to be good mimics to a planetary atmosphere providing insights into both physical
and chemical processes of such atmosphere. Various studies of electron-molecule and ion-molecule reactions in
the planetary atmosphere were presented recently. Namely results obtained by corona discharge were presented
in [9, 22], by DBD discharge in [23], by glow discharge in [24-26], by microwave discharge in [27], and by RF
discharges in [10, 28, 29].

However, the mechanisms of such organic chemistry are still unclear. Several researchers used plasmas to
simulate the Titan’s atmosphere and generate solid aerosols (named tholins) [6, 30-32] that cause haze which
covers the Titan’s surface. In order to understand formation of these aerosols, it is necessary to explore the
chemistry of such plasmas. Tholins are consisting mainly of polymeric sets of C,,H, N, compounds [33, 34].

The present work is focused on the experimental study of gaseous products produced in the atmospheric pres-
sure glow discharge fed by a CH4-N» gas mixture with CHy4 contents in the range from 1 % to 5 %. The gaseous
products were measured qualitatively as well as quantitatively in dependence on different methane concentra-
tion in nitrogen by gas chromatography coupled with mass spectrometry. This study will help to understand the
gaseous phase chemistry on Titan’s atmosphere.

2 Experimental setup

2.1 Plasma reactor

The experimental setup schematic drawing is shown in Fig. 1. The special high vacuum stainless steel reactor
was constructed for our experiments to prevent any oxygen contamination during the experiments.

Methane and nitrogen flows were automatically controlled by MKS mass flow controllers. The measurements
were carried out at two total gas flows (100 sccm and 200 sccm) at atmospheric pressure and laboratory tem-
perature. The discharge electrode system had the standard configuration of the gliding arc discharge. A pair of
stainless steel electrodes was positioned in parallel at the reactor centre but created plasma was not gliding due
to the low supplied energy as well as a low flow rate. The discharge was formed in the stable abnormal glow
regime, and plasma was occurred between the electrodes at their shortest distance of 2 mm in the form of a plasma
channel of 1 mm in its diameter. The reactor chamber volume was 0.5 1.

Electrical parameters were measured by a Tektronix two channel oscilloscope TDS2012. Applied high voltage
was determined using a high voltage probe Tektronix P6015A, current was measured as a voltage drop on a 10 2
ballast resistor. The discharge was supplied by a DC stabilized HV source. Discharge breakdown voltage was
5500 V, a stable plasma channel was operating at 400 V at current of 30 mA during all presented experiments.
The measurements were performed for different CHy-No ratios in the range from 1 % to 5 % of methane in
nitrogen (both gases having quoted purities of 99.995 %).

The reactor was cleaned before every change of experimental conditions, and the system was evacuated by a
rotary oil pump down to base pressure of 1 Pa for one hour to obtain oxygen free conditions. The stable reaction
gas mixture at the flow rate of 200 sccm was obtained within 20 min due to gas flow and reactor chamber volume;
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40 min were needed at the flow rate of 100 sccm. The same times were applied after the discharge ignition to
obtain stable conditions as it was confirmed recently by in situ PTR-MS measurements [35].

The exhaust gas was sampled using the cold trap technique. The liquid nitrogen stainless steel trap (diameter
of 15 mm, length of 165 mm, the total volume of 116 cm®) was mounted at the outlet of the reactor, as it is
shown in Fig. 1, as a side removable arm. The sampling time was 5 min and all gas products were subsequently
analysed by GC-MS. The sampling efficiency closed to 100 % was confirmed by in situ FTIR done behind the
sampling point (see description of experimental device given recently in [36]). Sampling time was adjusted based
on preliminary experiments to avoid saturation at GC-MS measurements.

QX —

Rotary pump

Plasma Exhaust gas

C e

H Liquid

<1 nitrogen

Cold trap

Oscilloscope Fig.1 Schematic diagram of the plasma experimental

apparatus.

2.2 Analysis of gaseous products

GC-MS analysis of discharge exhaust gas was performed in all experiments. Gaseous samples immersed in
liquid nitrogen trap were heated to the laboratory temperature and the resultant gas sample for GC-MS analysis
was taken using a lock syringe just before being immediately analysed.

Before sample injection, a blank experiment was performed under the same analytical conditions. No specific
contamination was detected in the blank except usual column releases. Only water traces were detected in the
blank, which is present in the system all the time.

GC-MS analysis was carried out using an Agilent Technologies 6890 gas chromatograph coupled to a quadru-
pole mass spectrometer 5973. Separation was performed on a J & W GS-Q PLOT column (30 m length, 0.32 mm
internal diameter) using helium flow of 2 sccm as the carrier gas. Injection was at a 5:1 split and injector
temperature was 220° C. The GC oven temperature was held for 2 min at 35° C and then increased with the step
of 10° C min~! to 220° C, whereas the final temperature was held for 5 min. The MS was operated in an electron
impact (70 eV) mode and scanned between 12-120 amu at approximately 11 scans per second.

3 Results and discussion

3.1 Evolution of the gas products in the gas mixture

Three identified chromatograms given in Fig. 2a)-c) corresponding to three experiments at 1 %, 3 % and 5 %
of CHy in N» are shown as typical examples. All the peaks have been identified using their retention time
in the sequence and their mass spectra using the program MSD Chemistry with the NIST MS library [37]. The
topological formulas of hydrogen cyanide compound and its experimental mass spectrum compared to theoretical
one from NIST database are shown in Fig. 3. This comparison showed a good agreement between peaks at masses
of 26, 27 and 28. This means the NIST database can be correctly used for the identification of all products.

The peaks corresponding to nitrogen and methane as the original gas mixture were recorded at retention times
under 2 minutes and thus they are not depicted in Fig. 2. The other peaks of the highest intensity in these chro-
matograms can be attributed to lower hydrocarbons and nitrile compounds. The dominant peak corresponds to
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hydrogen cyanide (HCN), the second dominant peak is acetylene (CoHs) and the third main product is acetoni-
trile (CH3CN). Other abundant determined products were ethane (C2Hg), ethylene (CoHy), cyanogen (C3No),
propenenitrile (CoH3CN), and propanenitrile (CoH5CN). Totally, more than 20 species (see in Table 1), includ-
ing a lot of nitriles, many hydrocarbons, and even two aromatic compounds, have been detected from the analysis
of all obtained chromatograms independently on the methane concentration.
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Fig. 2 Chromatograms from GC-MS analysis of gas samples trapped during experiments with 1 % -5 % of CHy in the gas
mixture. Peaks are numbered according to Table 1. Minor peaks are shown in the immersed graphs.

The chromatograms for samples produced with 1 % and 3 % of CH,4 in the mixture seem to be similar,
with just a small increase of the peak intensities. In contrary, new peaks can be observed in the chromatogram
analysing exhaust gas in nitrogen with 5 % of CH,. These peaks were identified as hydrocarbons based on their
retention time and their mass spectra. Hydrocarbons containing three carbon atoms (Cs complex) are eluted
as propene, propane, propyne and propadiene. C,4 hydrocarbons are identified as butene-3-yne, 1,3-butadiyne,
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1,3-butadiene and the last is 1,2-butadiene. A small signals corresponding to heavier complex C,H,N compounds
(like 2-propenenitrile, propanenitrile, 2-methylpropenenitrile and the last 2-methylpropanenitrile) were detected,
too.

The higher hydrocarbons can be also detected for retention times longer than 16 min. Two aromatic com-
pounds were detected as benzene and toluene in this case. As it was pointed above, the list of all determined
gaseous compounds is given in Table 1. No oxygen containing compounds were detected because of our special
high vacuum reactor preserved any oxygen contamination.

Besides gaseous discharge products, the formation of small amount of solids was detected, too. These deposits
were observed at the electrode surfaces as well as on the discharge reactor bottom. The electrode deposits were
analysed by X-ray photoelectron spectroscopy that confirmed their composition from nitrogen and carbon; it was
impossible to carry out their full structure analysis because of their small amount and structural non-uniformity.

Table 1 The list of detected compounds

Detected compounds Formula | Peak classified Retention Detected in other
in our experiment in chromatogram time [min] lab. experiments
Aliphatic hydrocarbons

Acetylene* CsoH, 2 2.631 [9, 24, 28, 38]
Ethylene* CoHy 1 2.284 [9, 24, 28, 38]
Ethane* CsoHg 3 2.854 [9, 24, 28, 38]
Propene* CsHg 5 6.587 [9, 28, 38, 39]
Propane* CsHg 6 7.073 [9, 24, 28, 38, 39]
Propyne* CsHy 7 7.305 [24, 28, 39]
1,2-Propadiene* CsHy 8 7.566 [24, 28]

2-Butene C4Hg 10 10.658 [9, 28, 38, 39]
Butene-3-yne C,Hy 11 10.970 [28, 39]
2-Butyne C4Hg 13 11.398 [28, 39]
1,3-Butadiyne* C4H, 14 11.525 [24, 28, 39]
1,3-Butadiene* C4Hg 15 11.880 [28]
1,2-Butadiene C4Hg 12,17 11.192, 12.461 | [28]

Cyclic compounds

Benzene* CgHg 22 16.885 [24, 28, 39]
Toluene* C,;Hg 23 17.875 [39]

Nitriles

Hydrogen cyanide* HCN 9 8.982 [9, 24, 28, 38]
Acetonitrile* CHsCN | 16 12.246 [24, 28, 39]
Cyanogen* C3No 4 6.228 [24, 28]
2-Propenenitrile* CoHs3CN | 21 16.010 [28]
Propanenitrile* CyH5CN | 19 13.857 [9, 24, 28, 38]
2-Methylpropenenitrile CsH5;CN | 20 15.153

2-Methylpropanenitrile C3H;CN | 18 13.031 [9, 28, 38, 39]

* Detected in Titan’s atmosphere [21, 40-43].

Compounds detected in Titan’s atmosphere by the instruments on the board of the Cassini-Huygens mission
are also marked by * in Table 1 [21, 40-43]. Besides them, some of lower molecule hydrocarbons as 2-butene,
butane-3-yne, 2-butyne and 1,2-butadiene were detected in presented laboratory experiments, but not detected on
Titan, yet. Moreover, two other nitriles (2-methylpropanenitrile and 2-methylpropenenitrile) were not detected
on Titan, yet.
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Fig.3 Experimental (left) and theoretical (right) spectrum of hydrogen cyanide. The topological scheme of hydrogen cyanide
is given in the left spectrum (NIST MS database [37]).

3.2 Relative quantifications of hydrocarbons

Relative quantifications of selected hydrocarbons were done in dependence on the methane concentration and
gas mixture flow rate. The relative intensity was calculated as an area under the recorded peaks. Fig. 4 shows
dependences of the calculated relative hydrocarbon intensity on methane additions for two differentgas flow rates
(100 and 200 sccm).

The results for selected Cs-hydrocarbon compounds (ethane, ethylene and acetylene) are shown in Fig. 4-left.
The dominant compound was acetylene and its amount increased nearly directly proportionally to the methane
concentration. Ethane and ethylene show the similar trend of relative intensity but at the higher methane concen-
tration their intensities are nearly independent.
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Fig. 4 The dependencies of relative intensity on methane addition in nitrogen gas. Left: C2-hydrocarbons (ethane, acetylene
and ethylene); right: C2, C3, C4 hydrocarbons (ethylene, propene and 2-butene).

Dependences of relative intensity for selected Co, C3, C4 hydrocarbon compounds (ethene, propene and
2-butene) are shown in Fig. 4-right. Relative intensities of these compounds ere increasing with increasing the
methane concentration in nitrogen gas mixture more strongly than in case of acetylene and they show no satura-
tion. Their amounts are about two times higher at lower gas mixture flow rate (from 100 to 200 sccm). This means
that residence time in discharge channel vicinity is a key parameter for the synthetic processes. This is in a good
agreement with the experiments done in stationary systems where bigger molecules or even solid deposits and
soot can be synthetized effectively [31]. A different result can be observed only in the case of the 5 % methane in
nitrogen mixture. The relative intensity of all determined products is higher for 100 sccm than for 200 sccm gas
flow. It can be assumed that some other ways of synthesis could take place and various more complex species
can be created under these conditions. Thus, formation of lower molecule compounds starts to increase while
production of higher complicated compounds decreases as well as some dusty hydrocarbons on the electrodes.
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During the experiments with higher concentrations of methane the solid hydrocarbons were formed on the walls
inside the reactor.

The quantity of solid hydrocarbons was increasing with the increasing of concentration of methane in nitrogen
gas mixture.

The formation of various hydrocarbons is initiated by the methane dissociation. The dissociative potential of
C-H bond of CHy is less than 4.6 eV. The excited methane S; (9.6 and 10.4 eV) and Sy (11.7 eV) [44], which
are formed by the electron-methane collisions, are so unstable that rapidly dissociate into radicals such as CHs,
CHs, CH, C. The corresponding reactions are as follows [45-47]

e (< 10 eV) + CH, — CH4(Sl, Sz) +e (1)
CH; + H 2)

CH, +H+H 3)

CHy (S1, S2) — CH, + H, )
CH+H,+H %)

C+Hy +Hy ©6)

The reactions (2) and (3) lead to rapid dissociation of CHy. Also the reaction of charge transfer N;r + CHy4
— No + CH;r + H whose rate coefficient is large contributes to dissociation of CH,. The initial concentration of
CH,4 can decrease down to 10 % [26, 48]. If the electron energy is higher than 12.75 eV, direct ionization of CHy4
by the following channels is possible [44, 49]:

CHy +e(12.75eV) — CHJ + 2e 0
CHy +e(14.3eV) — CHy + H + 2e 8)
CHy +e(15.1eV) — CHS + Hy + 2e )
CHy +e— HT + CH;3 + 2e (10)
CHy +e(222e¢V) — CHY 4+ H + Hy + 2¢ (11)
CHy +e — CHy + HJ + 2e (12)
CHy +e(25eV) — CT +2H, + 2e (13)

The above plasma reactions might be dominant reactions for Hy generation as well as for the formations
of CH4, CH3, CHy, CH radicals and CHJ, CH, CHJ ions. As it is shown in Table 1, small hydrocarbons
(< Cy) such as ethane, ethylene, acetylene, propane, propylene, propyne, 1,2-propadiene, 2-butene, butane-
3-yne, 2-butyne, 1,3-butadieyne, 1,3-butadiene, 1,2-butadiene are produced by electron collision reactions and
consequent recombination reactions of methyl radicals. The yield and generation rate of hydrocarbons are of the
following relationship CoHs > CoHy > CoHg > CsHg > C3Hg > CsHy > CsHy > other C4 hydrocarbons.

The formation of the observed hydrocarbon products is assigned to complex plasma chemistry. The most
important role in the hydrocarbon productions could play methyl, hydrogen and also nitrogen radicals. During
the electron-methane collisions, a large amount of hydrogen radicals can be produced by exited dissociation and
direct ionization of CH4. The hydrogen radicals can react with CHy producing CHj3 radical and CH3 concen-
tration increases. Also highly excited nitrogen molecules can produce CH3 and CH, radicals by collisions with
CH,4 and CH3, respectively. Acetylene, as the dominate hydrocarbon detected by ex-situ GC-MS analysis, is than
formed by reactions of two CHs radicals CHy + CHy — CoHs + 2H. This reaction chain was found to be highly
important [50]. The fast consumption of CH,, radicals within the plasma could explain the lack of expected CoHy
and CoHg in our chromatograms. Also the reactions leading to formation of CoH, and CoHg have lower rate
coefficients than the above mentioned reaction leading to acetylene formation [47]. This could explain lower
concentrations of CoH,4 and CoHg.
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Our experimental results are in good agreement with the results from kinetic model presented in [49]. We
could not detect any heavier compounds because the used GC column was optimized for lower molecule (max.
Cg or C7) compounds detection (J & W GS-Q PLOT column). We have also detected two aromatic compounds
benzene and toluene. These aromatic compounds are less abundant than it was reported in other laboratory
experiments [22, 38].

3.3 Relative quantifications of nitro-compounds

The relative abundances of selected nitro-compounds are given in Fig. 5. Relative intensities of hydrogen cyanide,
acetonitrile and propanenitrile as the main detected compounds are depicted on methane concentration in the gas
mixture again at both total gas flows. These compounds present various chemical structures with different number
of carbon atoms.
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The most dominant nitrile product was hydrogen cyanide in all cases. The profiles of all dependencies are
similar with a rapid concentration increase between 1 % and 2 % of methane; abundances of hydrogen cyanide
and acetonitrile are nearly independent at the higher methane concentrations. We can also observe different values
at 5 % of methane in gas mixture as it was discussed before in the case of hydrocarbons. Relative intensities of
nitro-compounds are increasing with increasing the methane concentration in nitrogen gas mixture and also with
decreasing of the gas flow. The values are higher for 100 sccm than for 200 sccm in all experiments.

Since nitrogen is dominant component in our gas mixture, its reactions as electron impact excitation, ionization
and dissociation also has a significant role in the reaction kinetics. Excitation, dissociation and ionization of Ny
molecule are described by following reactions [51]:

Ny (X'S)) +e(11.1eV) — Ny(C’ILY) + e (14)
Ny (X'S)) +e(15.63eV) — NJ (X?S]) + 2¢ (15)
Ny (X'S)) +e(16.84eV) — NI (AIL,) + 2e (16)
Ny (X'S)) +e(18.76eV) — N (B?IL}) + 2e (17)
Ny (X'Sf) +e(23.53eV) — NF (CS) + 2¢ (18)
Ny (X'S)) +e(24.32eV) — NT(°P) + N(*S) + 2¢ (19)
Ny (X'S)) +e(26.66eV) — NT(°P) + N(°D) + 2e (20)

The population of Ny (C3IL,) states (upper level of the detected second positive system) is mainly due to
direct electron impact excitation from the ground state XlX]g+ [52, 53]. This is a result of the collision with
electrons via reaction (14), whose energy is above the excitation threshold (11.1 eV). Reaction (17) is responsible
for the electron impact excitation of N, molecule from neutral ground state to N;r (B2X,) excited state, which is
the upper level of the detected first negative system. Usually, the direct electron impact processes of high energy
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threshold are less important in atmospheric pressure discharges but in our case they must be taken into the account
due to a high intensity of local electric field near the shaped electrode surface. Moreover, the excited Ny states
can also induce CH, dissociation [10, 54]. Thus electrons are the primary initiators of the organic chemistry
induced by the discharge.

The various nitriles formation (not only HCN, CH3CN and C2H5CN presented in Fig. 5) is assigned to a
complex plasma-physical chemistry. Situation is very similar as in the case of hydrocarbons. Hydrogen cyanide
formation can be described by the direct reaction CHs + N — HCN + Hs or/and indirect by a two-step process
CHj3 + N — HoCN + H; HoCN + N — HCN + NH through a highly unstable intermediate product, HoCN [10].
As it is shown in Table 1, nitriles such as hydrogen cyanide, acetonitrile, propanenitrile, propenenitrile, cyanogen,
2-methylpropenenitrile and 2-methylpropanenitrile are produced by electron collision reaction and recombination
reaction of methyl radicals. The yield and generation rate of nitriles are of the following relationship HCN >
CH3CN > CoH5CN > CoH3CN > C3Ns > C3H5CN > C3H7CN.

The dissociation energies of Ny, CH and CN bonds play an important role in the mechanisms of other nitrile
compounds production. Knowledge of the nitriles chemistry is still to be improved. The main detected nitrile
compounds were molecular structures with nitrile groups (~CN), amino groups (—-NHs, -NH-, and —-N <), and/or
imino groups (-C=N-) in our experiments. HCN, CH3CN and C2H5CN have been previously detected in Titan’s
upper stratosphere. This suggests that the molecules identified in the upper atmosphere can be precursors of
the aerosols and that knowledge of their abundance is crucial to the understanding of aerosol chemical formation
pathways [12, 55]. Also in this case, there is a lot of data for the two body reactions [28, 56, 57] but such reactions
play only a minor role at the atmospheric pressure.

It can be noted that ammonia was not detected in these experiments, however it was found in our previous
experiments with in situ Fourier Transform Infrared spectroscopy (FTIR) products determination [36]. The ex-
planation for this lack of NHj is the use of the stainless steel cold trap for the sorption of products from the
reactor. Ammonia is known to be adsorbed on the stainless steel walls, thus it could be lost during the transfer
to the GC-MS analysis. Another possible explanation is that ammonia could heterogeneously react with other
compounds forming another nitro compounds in the liquid nitrogen trap.

The best agreement of our experimental results on nitro-compounds was obtained with the study [28].

4 Conclusions

The gas phase products formed in the atmospheric glow discharge fed by different mixtures of methane in ni-
trogen (from 1% to 5% of CH4) were determined by GC-MS analysis. The discharge was operated in the
flowing regime at laboratory temperature. The cold trap technique for the exhaust gas sampling was successfully
used for chemical analysis to deduce the gas composition in the No-CHy reactive gas mixture mimics of Titan’s
atmosphere.

Various hydrocarbon and nitrile compounds were observed in all experiments. The main hydrocarbons de-
tected in our experimental setup were ethane, acetylene, ethene, propene, and 2-butene. The yields of these
compounds are such as follows: CoHo> C3Hg> C4Hg > CoHg> CaHy. Acetylene is dominating hydrocarbon
in our type of the discharge.

The yields of some nitrile compounds are such as follows: HCN > CH3CN > CyH5CN. Hydrogen cyanide
was dominating nitrile compound in our type of the discharge. This compound was also detected in large amounts
in the Titan’s atmosphere. We have also detected other nitriles such as acetonitrile, cyanogen, 2-propenenitrile,
and propanenitrile. The results of our experiment are consistent with the Titan’s atmospheric composition because
the same compounds were detected during the Cassini-Huygens space mission. This fact clearly demonstrates
that laboratory experiments, at least these which allow nitrogen dissociation, can be complementary used for
prediction of both the presence and possible concentrations of compounds which have not been detected, yet.
These simple organics should be tracers of the chemical groups constituting the tholins.

During the presented experiment, more than twenty compounds were detected. A few of them had never
been detected in experimental simulations before, but they were expected since they had been observed in the
Titan’s atmosphere. The processes leading to the hydrocarbons formation were explained in many experimental
and theoretical studies, based on bimolecular reactions that are dominant under low pressure conditions. The
nitriles gas chemistry is still mostly unknown, and nitriles are often ignored in the Titan’s atmospheric models
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even though we know them both from observations and from computational models that they could be present
in large amounts. Atmospheric pressure conditions could play an important role in the chemical processes of
hydrocarbons and also nitriles because of high probability of three body reactions or clusters formation. The
formation mechanisms of compounds detected on the Titan could be explained by two step reactions between
some important intermediates. These molecules including nitrogen are also interesting in exobiology since they
are known for their reactivity and as precursors of amino acids.

Acknowledgements This work has been supported by the ESF COST Actions CM0805 and EUROPLANET TNA?2 and
CEEPUS network AT-0063..
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Abstract. This paper reports the results of an extensive study of with the in situ mass spectrometry analysis
of gaseous phase species produced by an atmospheric plasma glow discharge in No-CHs gas mixtures
(with methane concentrations ranging from 1% to 4%). The products are studied using proton-transfer-
reaction mass spectrometry (PTR-MS). HCN and CH3CN are identified as the main gaseous products.
Hydrazine, methanimine, methyldiazene, ethylamine, cyclohexadiene, pyrazineacetylene, ethylene, propyne
and propene are identified as minor compounds. All the detected compounds and their relative abundances
are determined with respect to the experimental conditions (gas composition and applied power). The same
molecules were observed by the Cassini-Huygens probe in Titan’s atmosphere (which has same N»-CHy gas
mixtures). Such, experiments show that the formation of such complex organics in atmospheres containing
C, N and H, like that of Titan, could be a source of prebiotic molecules.

1 Introduction

Atmospheric pressure glow discharges are of significant
interest for a wide range of applications such as pollution
control, material processing or surface treatment. Among
the many different types of atmospheric pressure dis-
charges the DC glow discharges is one of the most deeply
studied [1,2]. The gliding arc configuration has been
shown to be a good mimic of planetary atmospheres [3]
being used to replicate physical and chemical conditions in
Titan. Titan is the largest moon in Saturn’s lunar system
and the only one with a dense atmosphere (atmospheric
pressure is approximately 1.5 x 10° Pa) and thus it has
been a subject of interest to astronomers and planetary
scientists for more than a century particularly since its
atmospheric conditions are thought to resemble those con-
ditions on the Earth several billion years ago [4-6]. It is
the only lunar body with a substantial containing signifi-
cant quantities of carbon (CH,) and nitrogen (Nj) in its
atmosphere [7-9]. Chemical processes in Titan’s atmo-
sphere are therefore able to create complex molecules
containing C, N and H. This makes Titan our only

# e-mail: xctorokova@fch.vutbr.cz

* Contribution to the topical issue “The 14th International
Symposium on High Pressure Low Temperature Plasma Chem-
istry (HAKONE XIV)”, edited by Nicolas Gherardi, Ronny
Brandenburg and Lars Stollenwark

planetary-scale laboratory for the synthesis of complex
organics molecules [10]. In Titan’s atmosphere, the
dissociation of Ny and CH,4 by solar ultraviolet radiation
initiates chemical reactions that result in the formation of
complex organic molecules. The aggregation and heteroge-
neous chemistry of these molecules produces the aerosols
responsible for Titan’s orange colour and thick haze layers.

The recent (and on-going) study of Titan by the
Cassini-Huygens space mission has revealed its atmo-
sphere contains a rich cocktail are nitriles (HCN, HC3N,
HC5N, CoNy) all believed to be formed as a result of disso-
ciation of nitrogen and methane either by solar
induced photolysis or by electron impact [5,11,12] and a
large number of hydrocarbons (CoHs, CoHy, CoHg, C3Hs,
CsHy) [11,13,14].

In order to induce a nitrogenous chemistry and to
study electron-molecule and ion-molecule reactions in
planetary atmospheres, experiments have been developed
using different plasma discharges (dielectric barrier dis-
charge, gliding arc or corona discharges) to produce the
energy delivered to Titan’s atmosphere that can induce
the aforementioned chemistry [15—22] demonstrating that
various complex compounds can be formed, for example
the higher hydrocarbons, nitriles or even amino acids.

The present work is focused on the experimental study
of gaseous products produced in an atmospheric pres-
sure glow discharge fed by Ny-CH4 gas mixtures with
CH4 concentrations in the range from 1% to 4%.
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These concentrations are typical of those in Titan’s mid-
dle and lower atmosphere where pressure may actually
exceed those of Earth. The gaseous products were mea-
sured qualitatively as well as quantitatively for different
methane concentrations in nitrogen by proton-transfer-
reaction mass spectrometry.

2 Experimental apparatus

A simplified schematic drawing of the experimental set up
is presented in Figure 1. An atmospheric pressure DC glow
discharge was created between two stainless steel elec-
trodes separated by a 2 mm gap. The electrodes system
had standard configuration of the gliding arc discharge
but due to low applied power and low gas velocity the
discharge is not moving along the electrodes. The dis-
charge was formed in the stable abnormal glow regime
with plasma channel of 1 mm in its diameter. The stainless
steel vacuum chamber (volume of 1 L) was evacuated by
a rotary oil pump to maintain an oxygen free system.
The discharge was operated with an applied power in
range 4-15 W in pure nitrogen enriched by 1-4% of CHy
with total flow rate of 200 sccm. The flow rates through
the reactor for both methane and nitrogen were regulated
using MKS mass flow controllers. The exhaust gas was
analysed in-situ by PTR-MS using H3O™ ions. This tech-
nique allows very fast analysis of compounds with proton
affinity higher than, 165 kcal/mol without any sampling,
separation and with little fragmentation of the analysed
species. Unfortunately, this method is very difficult to use
for the absolute measurements due to difficulty in making
a detailed calibration of the feed gases. Thus the presented
results are only relative. Moreover, it is nearly impossible
to distinguish different isomers so further (complemen-
tary) experiments using GC-MS are necessary.

3 Results

The first sets of experiments present stability analysis of
gas phase products. Typical result for acetonitrile is shown
in Figure 2. There is a distinct time evolution in the forma-
tion of acetonitrile recorded over 1000 scans lasting some
2 h. The first part is before the discharge ignition. It rep-
resents stabilization before measurement and it takes
70 scans. The second part takes place just after the dis-
charge ignition and takes 200 scans during which there
is a rapid increase in acetonitrile relative intensity during
20 scans, then the intensity decreases to 6.5 x 10~% arb.
unit. After this, the relative intensity is nearly constant.
There is a small deviation at 600 scans which could be
result of product saturation. The same dependencies were
obtained for other gas products.

According to stability experiments, the PTR spectra
were analysed in range 240-700 scans. Representative
PTR-MS spectra for the gas-phase products formed in a
plasma discharge driven by a 40 mA current, operating
at laboratory temperature, in a 200 sccm gas flow, and
at atmospheric pressure for 1% of methane (a) and 4%
of methane in nitrogen (b) are shown in Figure 3.

Exhaust

PTR-MS

MKS Mass flow
controllers

_@_

Fig. 1. Schematic diagram of the experimental setup used for
PTR-MS analysis of gaseous products of a DC glow discharge
fed by various mixtures of No-CHy.
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Fig. 2. The time response on the PTR-MS detector system,
results for acetonitrile.

The spectra appear to be similar with just a small
increase in the peak intensities between 21 and 60 proto-
nated mass. In contrary, a higher intensity of some peaks
and some new peaks in the spectra with mass higher than
60 protonated mass can be observed in spectra with 4%
of methane.

A higher methane concentration in nitrogen leads to
the production of higher molecular weight compounds.
So new peaks with higher protonated mass were observed
in spectra with 4% CHy, see Figure 3b. Different ways of
synthesis could take place and various complex species can
be created under these conditions. Moreover, the solid
hydrocarbons were formed on the walls inside the reac-
tor as well as at electrodes during the experiments with
higher concentration of methane. The quantity of solid
hydrocarbons was seen to increase with increasing
methane concentration. These deposits have not been
analysed under the presented study.

The main product compounds with their protonated
masses are listed in Table 1. The product compounds
can be divided into two groups (i) nitrile compounds and
(ii) hydrocarbons. The peaks at masses 21 and 37 are
not listed there because they correspond to DoHO™, and
H307"-H,0 ions originating in the ionization source [23].
Small amounts of hydrocarbons in the form of acetylene,
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1% CHy: 99% N,

Relative intensity (arb. units)
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Protonated mass (amu)

107 - HCN CH.CN 4% CHy: 96% N,

Relative intensity (arb. units)
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Protonated mass (amu)

Fig. 3. PTR-MS spectra of the gas-phase products from the
reaction of 1% of CH4 in N2 (a) and 4% of CHy in N» (b) gas
mixture, flow rate 200 sccm and current 40 mA.

ethylene, propyne, propene, 2-butene and cyclohexadiene
were detected. Observation of these species is in agree-
ment with our previous experiments as well as other
publications [3,24].

The major products are nitrile compounds. Hydro-
gen cyanide HCN (proton. mass = 28) and acetonitrile
CH3CN (proton. mass = 42) are the two major products
but other nitrile compounds detected are methanimine,
methylamine, hydrazine, ethenamine, methyldiazene,
ethylamine, propiolonitrile, propenenitrile, proparylamine,
2-propanamine, butanenitrile, 4-methyl-pyrazole, 2,5-
dimethl-pyrazole and nonanenitrile. Ammonia (protonated
mass is 18) was not observed because the molecular mass
is lower than 21 that is the lowest limit for used PTR-MS
analytical device.

A quantitative analysis of hydrogen cyanide and ace-
tonitrile under different experimental conditions are given
in Figures 4 and 5. These concentrations depend on the
discharge current for different methane concentrations in
the gas mixtures. Nevertheless the profiles are similar for
concentrations between 1% and 4% of methane indeed
abundances of hydrogen cyanide and acetonitrile are
nearly independent at the higher methane concentrations.
The relative intensities of these two selected nitro-
compounds decrease with increasing methane concentra-
tion in nitrogen gas mixture. The trends of dependencies
are similar for all cases, but there is small increasing of
intensity (between 25 and 30 mA). It is probably due to
experimental uncertainty, because only one measurement
was performed.

The formation of various other nitriles (not only HCN
and CH3CN) is assigned to a complex plasma-physical
chemistry. Hydrogen cyanide formation can be described
by the direct reaction:

CH3 + N — HCN + Hy, (1)

Table 1. The main determined compounds by PTR-MS.

Detected compounds Formula Proton. mass Detected compounds Formula Proton. mass
Acetylene CoHo 27 Propiolonitrile CoHCN 52
Hydrogen cyanide HCN 28 Propenenitrile CoH3CN 54
Ethylene CoHy 29 Proparylamine C3H3NH» 56
Methanimine CH3N 30 Propanenitrile CoH5CN 56
Amino-methyl CH>NH> 31 Vinylimine C3H3NH- 56
Diimine HoNso 31 2-Butene C4Hsg 57
Methylamine CH;sN 32 2-Methylpropene C4Hs 57
Hydrazine H4N2 33 Cyclopropylamine C3HsNHo 58
Propyne CsHy 41 2-Propanimine CsHgNH 58
1,2-Propadiene CsHy 41 Dimethyl-diazene CH3N2CHs 59
Acetonitrile CH3CN 42 Propanamine CsH7NH» 60
Isocyano-methane CoH3N 42 Butanenitrile C3H,CN 70
Cyclopropane CsHsg 43 Cyclohexadiene CeHs 81
Propene CsHg 43 Pyrazine C4H4N, 81
Cyanamide H>NCN 43 4-Methl-pyrazole C4HgN> 83
Ethenamine CoH3NH» 44 Pyridinamine CsHgNo 95
Methyldiazene CH3N.H 45 Pyrazole-2,5-dimethyl CsHgN 96
Ethylamine CoHsNH» 46 Benzendiamine CeHgNo 124
Methylhydrazine CH3NoH3 47 Nonanenitrile CoH17N 140
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Fig. 4. The dependence of hydrogen cyanide concentra-

tions on discharge current and composition of the gas mixture
1%-4% of methane in nitrogen.
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Fig. 5. The dependence of acetonitrile concentrations on dis-
charge current and composition of the gas mixture 1%—4% of
methane in nitrogen.

or/and indirect by a two-step process

CH; + N — H,CN + H, (2)

H,CN + N —s HCN + NH, (3)

through a highly unstable intermediate product HoCN [17].
As it is shown in Table 1, nitriles such as hydrogen cyanide,
methanimine, methylamine, hydrazine, acetonitrile,
ethenamine, methyldiazene, ethylamine, propiolonitrile,
propenenitrile, proparylamine, 2-propanamine, butanen-
itrile, 4-methyl-pyrazole, 2,5-dimethl-pyrazole and nona-
nenitrile are produced by electron collision reaction and
consequent recombination reaction of cyano-groups.
The yield and generation rate of nitriles are of the
following relationship:

HCN > CH3CN > CoH5CN > C3H7CN
> C4HgN > CgHgN > CoHy7N.
The dissociation energies of Ny, CH and CN bonds play

an important role in the mechanisms of other nitrile com-
pounds production. Knowledge of the nitriles chemistry

has still to be improved. The main detected nitrile
compounds were molecular structures with nitrile groups
(-CN), amino groups (-NHy, -NH-, and -N<), and/or
imino groups (~C=N-) in our experiments. HCN, CH3CN
and CaH5CN have been previously detected in Titan’s
upper stratosphere, too [5,12,25]. This suggests that the
molecules identified in the upper atmosphere can be pre-
cursors of the aerosols and that knowledge of their abun-
dance is crucial to the understanding of aerosol chemical
formation pathways [5,26]. The overall chemistry is very
complicated and unfortunately there is little available data
for the bimolecular reactions [27-29]. In the case of
atmospheric pressure discharges, these reactions play
minor role, only, and more intermediate complexes are
formed and thus three body reactions (or indirect reac-
tions with formation of intermediate complexes) are more
probable. Data for these reactions are unfortunately
very rare.

4 Conclusion

The gaseous phase products formed in the atmospheric
glow discharge fed by different mixtures of methane in
nitrogen (from 1% to 4%) were determined by in situ
PTR-MS analysis. The discharge was operated in the flow-
ing regime at different discharge currents (from 15 up to
40 mA) at laboratory temperature. In situ PTR-MS tech-
nique for the exhaust gas phase sampling was successfully
used for chemical analysis to deduce the gas composition
in the No-CH, reactive gas mixture mimics of Titan’s
atmosphere.

Various nitrile compounds and hydrocarbons were
observed in all experiments. HCN and CH3CN were iden-
tified as the two major gas phase products with different
methane admixtures between 1% and 4%. Small yields
of various hydrocarbons were also detected in our exper-
iments. These results are consistent with the Titan’s
atmospheric composition because the same compounds
were detected during the Cassini-Huygens space mission.
This fact clearly demonstrates that laboratory exper-
iments can be used for prediction of both the presence
and possible concentrations of compounds which have not
been detected, yet. These simple organics should be trac-
ers of the chemical groups constituting the dusty products.

The nitriles gas chemistry is still mostly unknown,
and nitriles are often ignored in the Titan’s atmospheric
models even though we know them from direct observa-
tions, laboratory mimic experiments and computational
models suggest they could be present in large amounts.
Atmospheric pressure conditions could play an important
role in the chemical processes of hydrocarbons and also
nitriles because of high probability of three body reac-
tions or clusters formation. The formation mechanisms of
compounds detected on the Titan could be explained by
two step reactions between some important intermediates.
These molecules including nitrogen are also interesting in
exobiology since they are known for their reactivity and
as precursors of amino acids.
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