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Abstrakt
PtedloZzena prace obsahuje komentovany soubor patnacti védeckych praci, které se vénuji

problematice plazmochemickych procesi a reakci v riznych typech vyboji a jejich
dohasinani. Prace je logicky rozdélena do tii kapitol. Prvni kapitola je vénovana problematice
doutnavého vyboje za snizen¢ho tlaku a jeho dohasinani. V pfiloZzenych publikacich jsou
rozebrany elementarni procesy castic jak v objemu, tak 1 na sténach vybojové trubice. Druha
kapitola se vénuje procesim v prebiotickych atmosférach a atmosféie mésice Titanu. Tyto
atmosféry jsou simulovany pomoci klouzavého obloukového vyboje. Posledni kapitola je
vénovana studiu generace homogenniho plazmatu pomoci dielektrického bariérového vyboje

a jeho aplikacim.

Kli¢ova slova

Elektricky vyboj, dohasinajici plazma, prebiotické atmosféry, diagnostika plazmatu.

Abstract
A compilation of fifteen commented author’s publications is presented, dealing with the

topic of plasmachemical processes and reactions in different types of discharges and post-
discharges. The text is logically divided into three chapters. The first chapter is dedicated to
the glow discharge and post-discharge at low pressure. Elementary processes in volume and at
surface of discharge tube were studied in presented publications. Second chapter describes
processes in prebiotic atmospheres and Titan’s and their simulation by gliding arc electric
discharge. Last chapter is dedicated to generation of plasma by dielectric barrier discharge
and it’s applications.
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Podékovani
Na tomto misté bych rdda pod¢kovala v§em milym kolegim i studentlim, ktefi se mnou

spolupracovali.



OBSAH

SEZNAM KOMENTOVANYCH PRACT......oiuiiiiiisse e 4
L VOO ottt 6
2. Plazmochemické procesy v doutnavém vyboji a jeho dohasinani ............cccceeevveevieeecnnnnnns 7
2.1 Stav ProblemMatiKY ......ccccuiiiiiieeeiie ettt st e et e e nnbeeenaaee s 7
2.2. Komentat k jednotlivym publiKacim ...........ccecvveeiiiiiiiieciiceieeceeee e 12
3. Elementarni procesy v prebiotickych atmosférach zkoumané pomoci klouzavého
ODIOUKOVENO VYDOJE ...ttt ettt e et e e e esaeeesaeeennnas 16
3.1 Stav ProblematiKy .......ccveiiciiieiiieciee e e e e e e 16
3.2. Komentat k jednotlivym publiKacim .........cccccuvieeiiiiiiiieiiecieeceeeee e 21
4. Aplikace dielektrického bariéroveho VYDOJe........veeeviiieiiiieiiecieece e 24
4.1 Stav ProblematiKy .......cccuiiiiiieieiie et et e e e e eaeeenns 24
4.2 Komentare k jednotlivym publikacim ............ccceeeviiieiiiiiiiiicieece e 28
REFERENCE ...ttt ettt ettt ettt ettt et e st e et esseeneesseentesneenseennens 31

PRILOHEY oo e e e e e e e s e e e e e e e s s e e e 33



SEZNAM KOMENTOVANYCH PRACI

1.

10.

11.

12.

Mazankova V., Trunec D., Navratil Z., Raud J., Kréma F.: Study of argon-oxygen
flowing afterglow. Plasma Sources Science and Technology, 25, 3 (2016), 035008,
ISSN: 0963-0252.

Mazankova V., Trunec D., Kabelacova K., Kr¢ma F.: Study of argon afterglow with
the air addition. Plasma Physics and Technology, 3, 3 (2016), 136-139, ISSN: 2336-
2626.

Mazankova V., Trunec D., Kréma F.: Study of argon flowing afterglow with nitrogen
injection. Journal of Chemical Physics, 139, 16 (2013), 164311, ISSN: 0021- 9606.
Mazankova V., Trunec D., Kr¢ma F.: Study of nitrogen atom recombination by
optical emission spectroscopy. Plasma Physics and Technology, 2, 1 (2015), 50-53,
ISSN: 2336- 2626.

. Mazankova V., Trunec D., Kr¢ma F.: Study of nitrogen flowing afterglow with

mercury vapor injection. Journal of Chemical Physics, 141, 15 (2014), 154307, ISSN:
0021-9606.

Mazankova V., Kréma F.: Influence of oxygen traces on recombination process in
nitrogen post-discharge. Chemické listy, 102, 16 (2008), s1388-s1393, ISSN: 1213-
7103.

Kréma F., Mazankova V., Soural I, Guerra V.: Power dependence of the pink
afterglow in flowing post-discharge in pure nitrogen. /EEE Transactions on Plasma
Science, 42, 10 (2014), 2384-2385, ISSN: 0093- 3813.

Mazankova V., Torokova L., Kréma F., Mason N., Matejcik S.: The influence of CO,
admixtures on the product composition in a nitrogen-methane atmospheric glow
discharge used as a prebiotic atmosphere mimic. Origins of Life and Evolution of the
Biosphere, 46, 4 (2016), 499-506, ISSN: 0169-6149.

Torokova L., Mazankova V., Mason N., Kr¢ma F., Morgan G., Matejcik S.: The
influence of CO, admixtures on process in Titan’s atmospheric chemistry. Plasma
Physics and Technology, 3, 3 (2016), 163-167, ISSN: 2336-2626.

Torokova L., Mazankova V., Kré¢ma F., Mason N., Matejcik S.: The influence of
admixtures on the composition of products by nitrogen- methane atmospheric glow
discharge. Plasma Physics and Technology, 2, 1 (2015), 88-91, ISSN: 2336- 2626.
Torokova L., Watson J., Kréma F., Mazankova V., Mason N., Horvath G., Matejcik
S.: Gas chromatography analysis of discharge products in N>-CHs4 gas mixture at
atmospheric pressure: Study of mimic Titan’s atmosphere. Contributions to Plasma
Physics, 55, 6 (2015), 470-480, ISSN: 1521- 3986.

Torokova L., Mazankova, V., Kr¢ma F., Mason N., Matejcik S.: Atmospheric

pressure glow discharge generated in nitrogen-methane gas mixture: PTR- MS



13.

14.

15.

analyzes of the exhaust gas. European Physical Journal-Applied Physics, 71 (2015),
20806-20810, ISSN: 1286- 0042.

Trunec D., Mazankova V., Mierna J., Manduchova I, Kréma F.: Study of O> and O3
reactions with electrode surface in ozonizer, HAKONE XV (15" High Pressure Low
Temperature Plasma Chemistry Symposium), September 11-16, 2016, Brno, Czech
Republic, ISBN: 978-80-210-8318-9.

Elia§ M., Kloc P., Jasek O., Mazankova V., Trunec D., Hrdy R., Zajickova L.
Atmospheric pressure barrier discharge at high temperature: Diagnostics and carbon
nanotubes deposition. Journal of Aplied Physics, 117 (2015), 103301, ISSN: 0021-
8979.

Zajickova L., Eid§ M., Bursikova V., Studynkova Z., Mazankova V., Michlicek M.,
Houdkova J.: Low pressure plasmachemical processing of multi-walled carbon
nanotubes for the production of polyurethane composite films with improved
mechanical properties. Thin Solid Films, 538 (2013), 7-15, ISSN 0040-6090.



1. Uvod

Predkladana habilita¢ni prace s ndzvem ,,Plazmochemické procesy a jejich aplikace* je
vénovana vysledkim experimentll sriznymi typy vyboji, kterym jsem se vénovala
v poslednich deseti letech na Fakulté¢ chemické Vysokého uceni technického v Brné a ve
spolupraci s Pfirodovédeckou fakultou Masarykovy univerzity. Préace je logicky roz¢lenéna
do tii kapitol podle typu vyboju a jejich aplikaci, se kterymi byly experimenty provedeny.

Nizkotlaké vyboje jsou specifickou skupinou vybojii a maji své vyhody i1 nevyhody.
Nevyhodou je rozhodné nutnost pouziti rozmérnych a drahych vakuovych aparatur a slozité je
1 pfipadna manipulace se substraty, které mohou byt v aparatufe plazmové upravovany.
Znacnou vyhodou nizkotlakych vakuovych technologii je vSak moZnost dobife definovat
pracovni podminky vybojii véetné Cistoty pracovni atmosféry, protoze Cistota mize ovlivnit
nejen samotny vyboj, ale i plazmochemické reakce probihajici v systému. Proto se nizkotlaké
vyboje pouzivaji zejména pro studium elementarnich procest probihajicich v plazmatu a
pomoci vhodnych diagnostickych metod lze takto ziskat cennd kineticka data. V predlozené
praci a pfiloZzenych publikacich se zabyvam doutnavym elektrickym vybojem za nizkého
tlaku a jeho vyuZziti.

Vyboje za atmosférického tlaku jsou pro fadu aplikaci velmi zajimavou alternativou
nizkotlakych vybojii a v poslednich desetiletich je vysoky narGst zdjmu o jejich vyzkum.
Vyhodou je, ze nevyzaduji nédkladny vakuovy systém a koncentrace aktivnich castic
v plazmatu generovaném za atmosférického tlaku miize byt mnohonasobné vyssi oproti
nizkotlakym elektrickym vybojim. Vyboje mohou byt v rizné konfiguraci podle toho, k jaké
aplikaci nasledn¢é slouzi. V konfiguraci dielektrického bariérového vyboje jsou zejména
aparatury pro opracovani povrchil riznych materiald, ale také pro rtist uhlikovych nanotrubek
nebo pro generaci ozonu. Vyboje za atmosférického tlaku mohou byt generovany piimo
v prostfedi laboratote, nebo v reaktoru, kde Ize vytvofit atmosféru z riznych smési plynt.

Zejména jsou zajimaveé vyboje s nerovnovaznym plazmatem, které neni v termodynamické
rovnovaze. V tomto ptipadé byva teplota elektronti n€kolik desitek tisic Kelvind, zatim co
teplota ionti a neutrdlniho plynu je jen o par desitek stupiiti vyssi nez pokojova teplota.
V takovémto typu plazmatu pak mohou probihat reakce, které¢ by jinak za nizkych teplot
neprobihaly (napf. generace ozonu v dielektrickém bariérovém vyboji). Dals§imi vyznamnymi
pramyslovymi aplikacemi vyuzivajicimi nerovnovazné plazma jsou depozice tenkych vrstev

za nizkych teplot a modifikace povrchu polymert.



2. Plazmochemické procesy v doutnavém vyboji a jeho dohasinani

2.1 Stav problematiky

Doutnavy vyboj je samostatny typ elektrického vyboje vytvarejici nizkoteplotni a
nerovnovazné plazma (viz. obr. 1). Diagnostika, aplikace i modelovani elementarnich procest
probihajicich v doutnavém vyboji jsou stdle aktualni témata v oblasti chemie a fyziky
plazmatu (Pintassilgo et al. 2010, Moisan et al. 2013). Doutnavy vyboj ma sva specifika, je
provozovan za snizené¢ho tlaku (stovky az tisice Pa) pfi relativné malém proudu (desitky az
stovky mA). V kladném sloupci doutnavého vyboje vznika neizotermické plazma s teplotou
elektronti kolem 10 000 K, teplota iontd a neutralniho plynu neni pfili§ vyssi nez laboratorni
teplota (300 K). Doutnavy vyboj lze generovat také pii vysSich tlacich nebo 1 pii tlaku
atmosférickém. Tato konfigurace vSak neni bézna a také chovani vyboje neni zcela typické
pro tento druh vyboje, délka vyboje v tomto pifipadé je jen n€kolik milimetri. Za nizkych
tlaki ma typickd vybojova trubice délku deset az nékolik desitek centimetri a primeér

v jednotkach centimetrti.
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Obr. 1: Charakteristické oblasti doutnavého vyboje: A - Astoniiv tmavy prostor, B -
katodova vrstva, C - katodovy tmavy prostor, D - zaporné svétlo, E - Faradaylv tmavy

prostor, F - kladny sloupec, G - anodovy tmavy prostor, H - anodové svétlo (Aldebaran).

Doutnavy vyboj je zdrojem elektront, kladnych i zapornych iontl a radikali (O, H, N...) a
lze ho provozovat ve staciondrnim nebo v pratokovém rezimu. Pritokovy rezim ma tu
vyhodu, ze produkty vznikajici ve vyboji jsou unaSeny proudem neutrdlniho plynu do
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piipojené trubice do prostoru tzv. dohasinani (afterglow). V této ¢asti se uz nenachazi zadny
zdroj energie, dochézi k relaxaci produkt z aktivniho vyboje. Pomoci kapilarnich trubic je
mozné do C¢asti dohasindni pridavat jest¢ dalsi reaktanty a studovat probihajici reakce. Tato
metoda se nazyva metoda proudové trubice (flow tube). Rychlost proudéni neutralniho plynu
v trubici je kolem 100 m/s a méfeni koncentrace Castic nebo intenzity vznikajiciho zaieni
podél trubice potom umoziuje urcit rychlostni konstanty reakci. Timto zplisobem se prevede
méteni v ¢ase na mefeni v rliznych mistech trubice. Konfigurace v pritokovém rezimu je
vhodnd zejména pro studium elementdrnich procesti a ziskavani kinetickych dat. Timto
zpusobem lze studovat rekombinaci elektronii a kladnych iontli, rekombinaci kladnych a
zapornych iontl a zachyt elektront na elektronegativnich molekulach. V tomto ptipadé se
koncentrace elektronii a iontli méfi Langmuirovou sondou a tato metoda se pak oznacuje jako
Flowing Afterglow Langmuir Probe (FALP) (Smith et al. 1994). Dalsi modifikace této
metody spociva v tom, ze se mezi vyboj a proudovou trubici vlozi kvadrupodlovy filtr, ktery
umoziuje vybrat ze vzniklych iontli pouze jeden a pak studovat jeho reakce s neutralnimi
casticemi. Tato metoda se nazyva Selected lon Flow Tube (SIFT) (Smith et al. 2004). SIFT se
vyuziva rovnéZz ke studiu reakei iontd H3O" s neutralnimi molekulami (tzv. pfenos protonu).
Reakce s pfenosem protonu se nyni vyuzivaji v komercénich hmotnostnich spektrometrech
k analyze stopovych mnozstvi organickych latek.

V doutnavém vyboji rovnéz vznikaji metastabilni &astice (napt. Ar(°P2) v argonovém
vyboji, No(A) v dusikovém vyboji) a radikdly (napt. O, N), takze v proudové trubici lze
studovat jejich reakce s neutralnimi casticemi.

Znacna Cast dosud publikovanych praci se zabyva predev§im studiem plazmatu Cistého
dusiku a jeho dohasinani. V dusikovém dohasindni jsou totiz pfitomné metastabilni molekuly
a dusikové atomy — mluvi se o tzv. aktivnim dusiku. Pfidani pfimési k dusiku ale vyznamné
meéni kinetické procesy a tim 1 mechanismy pfenosu energie v plazmatu (Ricard 1996).
Obvykle jsou v praktickych aplikacich pfitomny pfimési uhlovodika, kyslik a vodni pary.
Jejich vliv ve stopové tirovni byl detailn¢ studovan napt. pro uhlikaté slouceniny (Kréma

2003). Typicky obrazek doutnavého vyboje v Cistém dusiku s ¢asti dohasinani je na obr. 2.

Obr. 2: Doutnavy vyboj s dohasinanim v Cistém dusiku s viditelnym efektem pink

afterglow (na obrazku oznaceno Zlutou elipsou) pro priutok plynu 800 sccm a celkovy tlak
1000 Pa.



Dohasinani v ¢istém dusiku je specifické tim, ze zde vznikd znamy efekt tzv. pink afterglow,
ktery je na obrazku zieteln¢ vidét.

Vhodnou diagnostickou metodou pro studium elementarnich procestt v dohasinajicim
plazmatu je opticka emisni spektroskopie (OES). Z optickych emisnich spekter je mozné
zjistit slozeni plazmatu a vypocitat elektronovou, rotacni a vibracni teplotu (Ricard 1996).
Jestlize neni spektrometr nakalibrovan na absolutni méfeni, coZz nebyva, lze z namétenych
intenzit 1ze zjistit pouze relativni koncentrace jednotlivych slozek plazmatu. Existuji vSak
metody, jak lze i z relativnich méteni ziskat absolutni koncentrace urcitych ¢astic.

Jednd se zejména o titracni metody (Ricard 1996), kdy do vyboje nebo dohasinani
piidavame dalsi slozku. Ta reaguje s Casticemi v systému a zjeji znamé koncentrace lze
stanovit koncentraci ¢astic, se kterymi reaguje. Typickym ptipadem je titrace NO do dusiku
nebo do smési dusiku s kyslikem. Ze znamé koncentrace NO (méfené pomoci pritokoméru)
lze pak urcit koncentraci atomarniho dusiku a atomarniho kysliku. Reakce probihajici

v systému jsou nasledujici:

N+NO—>N;+0 (1)
O+N+M — NO"+M (2)
NO*— NO + hv (3)

0 +NO — NOy" 4)
NO2*— NO; + hv, (5)

kde M je trfeti télelso (napf. sténa reaktoru). Reakci (1) reaguje atomdarni dusik
s pfidavanym NO za vzniku atomarniho kysliku a molekularniho dusiku. Reakce (1) je rychla
reakce. Pomalou reakci (2) z atomarniho dusiku a kysliku vznika excitovany stav NO™ a ten
vyzaii foton (v oblasti spektralniho pasu NOP), reakce (3). Reakce (4) je op&t pomald, reaguje
atomarni kyslik s NO za vzniku excitovaného stavu NO,". Jestlize je koncentrace NO mensi
nez koncentrace atomarniho dusiku, tak reakci (1) vznikne atomarni kyslik a dale prevazi
reakce (2) a ve spektrech se objevi spektralni pas NOP. JestliZe je koncentrace NO vétsi nez
koncentrace atomarniho dusiku, tak je veskery atomarni dusik spotfebovan v reakci (1) ke
vzniku atomdrniho kysliku a dale prevazi reakce (4). Excitovany stav NO2™ pak vyzafi v
oblasti zeleného kontinua. Pfi rovnosti koncentraci NO a N v rovnici (1) neni emitovano
7adné zafeni a tento piipad se nazyva tzv. dark point. Z naméfenych intenzit NOP a NO," pak
v zavislosti na pratoku NO Ize tento bod stanovit, jak je ukdzdno na obr. 3. Jedna se o
prisecik zavislosti, kde koncentrace NO potom odpovida koncentraci N. Na obr. 4 je vidét,

jak experiment vypada pro rizné koncentrace NO.
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Obr. 3: Pribéh intenzit NOP a NO»™ v zavislosti na priitoku NO pro &isty dusik s titraci NO

v ¢ase dohasinani 60 ms.
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Obr. 4: Zateni pfi riznych pritocich NO kapilarni trubici v dohasinani c¢istého dusiku.

Kapiléra je zavedena do proudové trubice zprava.
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Problematikou dohasinajicich vybojti a jejich diagnostikou jsem se zabyvala na Fakulté
chemické VUT uz ve své dizertacni praci s ndzvem ,,Spektroskopické studium dohasinajicich
vybojli v dusiku a jeho smésich®. V experimentech jsem pokracovala i dale za ti¢elem studia
elementéarnich procest v dohasinajicim plazmatu. Experimentalni data byla pouZita pro tvorbu
kinetického modelu, ktery wvznikal ve spolupraci s kolegy z Pfirodovédecké fakulty
Masarykovy Univerzity. VSechny experimenty byly provedeny v aparatufe nachazejici se na
Fakulté chemické VUT v Brné¢.

Aparatura je tvofena kiemennou trubici, v jejiz jedné ¢asti se nachdzeji molybdenové
elektrody a nasledujici ¢ast tvoii dohasinani (viz obr. 2). Schéma aparatury v konfiguraci se
dvéma vétvemi jdoucimi do aktivniho vyboje a kapilarni trubici v ¢asti dohasinani je na
obr. 5. Na elektrody je pfilozeno stejnosmérné napéti, jedna se tedy o doutnavy elektricky
vyboj, ktery je stru¢né€ popsan vyse. Méteni byla provadéna v pratokovém rezimu za riiznych

experimentalnich podminek.
2
! K
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@ @ ! | s
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& |

Obr. 5: Schéma experimentalni aparatury. 1 — katalyzator Oxiclear, 2 — pratokoméry, 3 —
vybojova trubice z kiemene, 4 — tlakomérka, 5 — optické vlakno, 6 — monochromator Jobin

Yvon Triax 550, 7 — CCD, 8 — pocita¢, 9 — kapilarni trubice ze skla Pyrex

Vysledky vyzkumu jsem prezentovala formou tustnich prezentaci a posteri na
mezinarodnich konferencich a na stazich v ramci projektit ERASMUS a CEEPUS, kde jsem
pfednasela na téma dohasinajici plazma a jeho diagnostika. Nejvyznamnégjsi vysledky tohoto

vyzkumu byly postupné publikovany ve védeckych publikacich ¢. 1-7 uvedenych
v podkapitole SEZNAM KOMENTOVANYCH PRACH.
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2.2. Komentar k jednotlivym publikacim

Nasledujici tii publikace jsou vénovany studiu dohasinani doutnavého vyboje v argonu
s riznymi pfimésemi.

1. Mazankova V., Trunec D., Navratil Z., Raud J., Kr¢ma F.: Study of argon-oxygen
flowing afterglow. Plasma Sources Science and Technology, 25, 3 (2016), 035008,
ISSN: 0963-0252.

V reak¢ni kinetice hraji vyznamnou roli také procesy na povrchu vybojové trubice. V praci
jsme pomoci experimentu a knému vytvoieného kinetického modelu stanovili
pravdépodobnost rekombinace atomarniho kysliku a deaktivace metastabilniho molekularniho
kysliku na sténé¢ proudové trubice z kiemene. V experimentu bylo vyuzito dohasindni
doutnavého vyboje v argonu s piidanim kysliku pfimo do aktivniho vyboje, diagnostickou
metodou byla OES. V naméfenych optickych emisnich spektrech byl identifikovan
atmosféricky pas kysliku (A-band), ze kterého byla stanovena rotacni teplota plynu. Teplota
na vngj$i stran¢ trubice v dohasinajici ¢asti byla méfena termoclankem a bylo provedeno
srovnani prubéhu téchto teplot v case dohasinani. Rotacni teplota plynu vykazuje nartst a po
dosazeni maxima se snizuje v pozd¢jSich dobach dohasinani. Toto chovani je v dobré shod¢
s teplotni zavislosti spoc¢tenou z modelu. Podobny trend byl pozorovan i pfi méteni teploty na
vnéjsi sténé trubice.

Pomoci NO titrace a OES byla stanovena koncentrace atomarniho kysliku O(P).
S pfihlédnutim k experimentdlnim podminkam byl vytvofen O0-dimenziondlni kineticky
model, ve kterém bylo zahrnuto celkem 45 kinetickych rovnic popisujicich chemické reakce
probihajicich v dohasindni. Na soubor rovnic byla aplikovana citlivostni analyza za ucelem
rekombinace 1 disociace na sténach hraji vyznamnou roli. Z modelu nafitované hodnoty
pravdépodobnosti  rekombinace atomarniho kysliku a deaktivace metastabilniho

molekularniho kysliku odpovidaji hodnotam publikovanym v literatufe.

2. Mazankova V., Trunec D., Kabela¢ova K., Kréma F.: Study of argon afterglow with
the air addition. Plasma Physics and Technology, 3, 3 (2016), 136-139, ISSN: 2336-
2626.

Oproti piedchozi préci byl synteticky vzduch (smés 80% dusiku a 20% kysliku) pfidavan
kapilarni trubici pfimo do dohasindni argonového vyboje. Diagnostickou metodou byla OES,
ve spektrech byly detekovany argonové cary a druhy pozitivni systém dusiku (second positive
system — SPS). Tento systém byl tvofen pfenosem excitacni energie pii srazkach argonového
metastabilu s molekulami dusiku. Typické pro tento pfenos je, ze se ve spektrech objevuji
pouze piechody z hladin niz§ich nez v=3. Vysledky kinetického modelu se shodovaly
s experimentalnimi hodnotami a pribéhem SPS v ¢ase dohasinani. V publikaci jsou uvedeny
prubéhy koncentraci jednotlivych castic (elektront, iont, neutralnich ¢astic) v zavislosti

na ¢ase dohasindni vypoctené z modelu. Reak¢ni schéma pak vypada nasledovné. V priabéhu
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prvnich stovek mikrosekund se ionty Ar" pieméni na ionty Ar," a zaroven oba tyto ionty
reaguji s atomovym a molekularnim kyslikem a molekularnim dusikem za vzniku iontd OF,
02" a N2". Bé&hem milisekund dojde k reakcim vedoucim pouze ke vzniku iontd O," a tyto
ionty jsou tak jediné kladné ionty nachazejici se v systému v pozdéjsSich ¢asech dohasinani.

Dalsimi reakcemi pak dochézi ke vzniku NO a ozoénu.

3. Mazinkova V., Trunec D., Kréma F.: Study of argon flowing afterglow with nitrogen
injection. Journal of Chemical Physics, 139, 16 (2013), 164311, ISSN: 0021- 9606.

Do argonového dohasinani byl kapilarni trubici pfidavan cisty dusik a pomoci OES byla
snimana spektra podél proudové trubice v dohasinani. Ve spektrech byl pozorovan opét SPS
dusiku v zavislosti na case dohasindni. Naméfend zavislost SPS na case dohasinani
vykazovala velmi pomaly pokles a rychlost tohoto poklesu nezévisela na koncentraci
piidaného dusiku, coz se jevilo v rozporu s diive publikovanymi experimentalnimi vysledky.
Toto zvlastni chovani bylo vysvétleno pomoci kinetického modelu. Hornim stavem pro SPS
je stav No(C), ktery vznikéd prenosem excitace z argonového metastabilniho stavu. Argonové
metastabily jsou také produkovany rekombinaci iontd Ar" s elektronem, coz vede
k pomalému vzniku stavu N2(C) a k tvorbé SPS. Tento vznik je pak pfevazné tizen rychlosti
rekombinace iontll Ar," spiSe nez rychlosti pfenosu excitace. Z modelu vyplyva také to, ze
rychlostni koeficient pro pifenos excitace mize byt uréen pouze pii velmi nizkych
koncentracich dusiku a pouze v prvnich milisekundach dohasinani. Rychlostni koeficient byl
tedy uren z méteni intenzity SPS dusiku, zatimco v experimentech jinych autort byl uren

z poklesu koncentrace argonovych metastabilt, kterd byla méfena absorpcnimi metodami.

Nasledujici ctyii publikace jsou vénovany experimentim s dohasinajicim dusikovym
plazmatem. Byly zde studovany vlivy piimési a dalSich experimentdlnich podminek na

dusikové dohasinani.

4. Mazinkova V., Trunec D., Kréma F.: Study of nitrogen atom recombination by optical
emission spectroscopy. Plasma Physics and Technology, 2, 1 (2015), 50-53, ISSN:
2336- 2626.

V pozdégjsich ¢asech dusikového dohasinani pfevlada mezi probihajicimi procesy zejména
rekombinace atomarniho dusiku. V publikaci byla studovana rekombinace atoml dusiku
pomoci OES. Ve spektrech byly méfeny intenzity prvniho a druhého pozitivniho systému a
prvniho negativniho systému dusiku. Spektrim dominoval pas prvniho pozitivniho systému
dusiku, kde byl nejintenzivnéjsi pfechod 11-7. Vyskyt tohoto pésu je v piimé souvislosti
s trojcasticovou rekombinaci atomarniho dusiku a z jeho intenzity je tedy mozné urcit jeho
relativni koncentraci. Z poklesu intenzity prechodu 11-7 s ¢asem dohasinani bylo mozno ur¢it

pravdépodobnost rekombinace atomarniho dusiku na sténach trubice.
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5. Mazankova V., Trunec D., Kr¢éma F.: Study of nitrogen flowing afterglow with
mercury vapor injection. Journal of Chemical Physics, 141, 15 (2014), 154307, ISSN:
0021-9606.

Jestlize ptidame do dusikového dohasinani rtut, bude dochazet k pfenosu energie mezi
N2(A) stavem dusiku a rtuti. Této vlastnosti se vyuziva v analytické chemii pro stanovovani
stopového mnozstvi rtuti. V experimentu popsaném v publikaci jsme pouzili aktivni vyboj a
dohasinani v Cistém dusiku a rtut’ jsme pfivadéli ve formé rtutovych par do dohasinani
pomoci kapildrni trubice. Pfi vSech méfenich pomoci OES byla zaznamenéna spektralni ¢ara
rtuti na 254 nm. Intenzita této Cary byla opét méiena podél celé proudové trubice
v dohasindni, tedy pro rtizné casy dohasinani. Nameéfena zavislost intenzity na cCase
dohasinani vykazovala pouze pomaly pokles s rostoucim ¢asem a rychlost poklesu nezavisela
na koncentraci pfidané rtuti. Toto chovani bylo vysvétleno pomoci kinetického modelu. Do
kinetick¢ho modelu bylo zahrnuto 23 chemickych reakci. Na rovnice byla taktéz aplikovana
citlivostni analyza, ze které¢ vyplynuly tifi nejvyznamnéjs$i reakce. Jsou to rekombinace
atomarniho dusiku na stén¢, zhaSeni stavu N2(A) a objemova rekombinace atomarniho dusiku,
ktera vede ke tvorbé molekuldrniho dusiku ve stavu N»(B). Stav N2(A) potom opét vznika
radiacnim pfechodem ze stavu N2(B). Dochazi tedy k pomalému poklesu tvorby dusiku ve
stavu N2(A) a nésledné k pomalému poklesu intenzity rtutové ¢ary. Pokles intenzity rtut'ové
cary je tedy dan rekombinacnimi procesy atomarniho dusiku. Z kinetick¢ého modelu byl

fitovanim urcena i pravdépodobnost rekombinace atomarniho dusiku na sténé.

6. Mazankova V., Kréma F.: Influence of oxygen traces on recombination process in
nitrogen post-discharge. Chemické listy, 102, 16 (2008), s1388-s1393, ISSN: 1213-
7103.

Tato publikace byla jedna zprvnich, kde jsme prezentovali souhrnné vysledky
experimentll s dohasinanim v Cistém dusiku pro rizné experimentalni podminky. Pomoci
OES jsme snimali spektra dusikového dohasinani ve vybojovych trubicich z raznych
materiald. Trubice byly vyrobeny ze skla Pyrex nebo z kifemenného skla. Pozdé&ji jsme
experimenty provadéli uz jen v kiemenném skle. Dale jsme ménili teplotu v okoli mista
snimani spekter. Rychlostni konstanty reakci probihajicich v dohasinani jsou znac¢né zavislé
na teploté, coz bylo ovéfeno. V dalsi sérii experimentil jsme také pfidavali technicky vzduch
pfimo do aktivniho vyboje a sledovali jsme tak zmény v jevu pink afterglow, ktery se nachazi
v dohasindni. Tento jev byl v podstaté potlacen diky pifitomnosti kysliku ve vyboji. Vysledky
téchto ptehledovych experimenti byly soucasné prezentovany na konferenci II Central

European Symposium on Plasma Chemistry.
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7. Kr¢éma F., Mazankova V., Soural I, Guerra V.: Power dependence of the pink

afterglow in flowing post-discharge in pure nitrogen. /[EEE Transactions on Plasma
Science, 42, 10 (2014), 2384-2385, ISSN: 0093- 3813.

Tato publikace vySla ve specidlnim cCisle Casopisu IEEE Transactions on Plasma Science
jako 7™ Triennial Special Issue on Images in Plasma Science. Celé &islo ¢asopisu bylo
vénovano obrazové prezentaci jevil v plazmatu, proto jsme se zamé&fili na jev pink afterglow,
ktery je velmi dobie viditelny a 1ze ho ovlivnit riznymi experimentdlnimi podminkami.
V piispévku je tento jev zaznamenan pro rtizné vykony dodavané do vyboje (60-240 W) a je
zde uveden priibéh intenzity prvniho pozitivniho systému dusiku, ktery je ve spektru pink

afterglow pozorovan s nejvyssi intenzitou. Na obr. 6 jsou fotografie pink afterglow pro rizné

vykony.

120 W

180 W

240 W

¢as dohasinani (ms)
Obr. 6: Zavislost intenzity jevu pink afterglow na dodavaném vykonu do aktivniho
vyboje v ¢istém dusiku.
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3. Elementarni procesy v prebiotickych atmosférach zkoumané pomoci

klouzavého obloukového vyboje

3.1 Stav problematiky

Teorii o postupném vzniku organickych molekul z jednoduchych anorganickych latek
pfitomnych na prehistorické Zemi (v dobé€ jejiho vzniku) vyslovili témét soucasné nezavisle
na sobé ve 20. letech 20. stoleti védci Oparin a Haldane (Oparin 1938, Haldane 1928, Haldane
1954). Predpokladali, ze pied 3,5-4 miliardami let, v obdobi hadaika, byly v zemské
atmosféte siln¢ redukcni podminky. A dale predpokladali, Ze za téchto podminek se zdrojem
energie z UV zafeni nebo bleskové aktivity mohly anorganické molekuly spontanné vytvaret
organické molekuly, jako jsou jednoduché cukry a aminokyseliny. V roce 1953 Stanley Miller
a Harold Urey (Miller 1953, Miller and Urey 1959) otestovali tuto hypotézu experimentalné
tak, ze se snazili simulovat atmosféru na Zemi v dobé jejiho vzniku, tzv. prebiotickou
atmosféru, ve sklenéné cyklické aparatufe. Schematické znazornéni aparatury jejich

experimentu je na obr. 7.

Electrodes ®

to vacuum pump

R
—
Condenser
©)

Water —» |, F)

Heat Source Trap

—
® F10em—

Obr. 7: Schéma Miller-Urey experimetu. 1 - ohfev kapalné faze, 2 - elektrody, 3 - chlazeni

vodou, 4 - past (Eri’s).

V experimentu pouzili smés plynt slozenou z amoniaku (NH3), metanu (CH4), vodiku (H>)
a vodni pary (H20), ktera simulovala prebiotickou atmosféru. Za béznych atmosférickych
podminek tyto plyny spolu nereaguji, takze dodavali do systému energii pomoci jiskrového
vyboje, ktery simuloval blesky vyskytujici se v atmosféie. Nasledovalo ochlazeni v chladici
pasti a dalsi zahtivani kapaliny, kterou tvofil vodny roztok simulujici prehistoricky ocean
(primordial soup). Z vodného roztoku dochéazelo k odpatovani a tim byl kolob€h uzavien.
Takto nechali Miller s Ureyem experiment probihat jeden tyden a pak provedli chemickou
analyzu vodného roztoku, ktery zménil v pribéhu experimentu svou barvu z ¢iré do tmavé

hnédé. TehdejSimi analytickymi metodami byli schopni detekovat pét aminokyselin a nékolik
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dalSich jednoduchych organickych slouc¢enin. Timto experimentem vzbudili velky zajem o
dalsi vyzkum prebiotickych atmosfér. Origindlni vzorky z pltvodniho experimentu byly
uchovany (viz obr. 8) a v neddvné¢ dob€ znovu analyzovany. Diky soucasnym analytickym
metodam se podafilo ve vzorcich identifikovat mnohem vice organickych sloucenin a
aminokyselin (Parker et al. 2011, Johnson et al. 2008).

Obr. 8: Vialky se vzorky roztokli pochazejicich z Miller-Ureyovych experimentl
provedenych v roce 1958, které jsou popsané samotnym Millerem (Phys.org).

Jak se ale zahy ukdazalo, slozeni atmosféry, které pouzili Miller s Ureyem ve svém
experimentu, bylo velmi reduk¢ni a tim padem neredlné pro vznik Zivota (Cleaves et al. 2008,
Mc Colom 2013). V tehdejsi atmosféte se vyskytoval také kyslik (O2) a vznikal oxid uhli¢ity
(CO»), coz dokazuji stopy zoxidovaného uranu a Zeleza nachazejici se v horninach starych 3,5
miliard let. Od velmi redukéni atmosféry CHs + H, +NH; + HO se soucasné teorie
modelujici atmosféru na Zemi v dob¢ jejiho vzniku ptiklanéji ke slozeni spiSe neutralnimu —
COz + Hz + N2 s malym mnozstvim ptimési SO, CHs a H>S.

Od dob prvniho experimentu Millera a Ureye bylo provedeno velké mnoZstvi
experimentalnich 1 teoretickych simulaci prebiotickych atmosfér v rtiznych smésich plynt a
s riznymi zdroji energie. Ukdzalo se, Ze témito simulacemi mohou byt syntetizovany
rozmanité organické slouceniny véetné aminokyselin. V neutralnich atmosférach ale dochézi
k vyraznému poklesu v produkci aminokyselin, nez pifi produkci v redukéni atmosfére.
Z vysledkti experimentti vyplynulo, Ze pfitomnost CH4 a NH3 je nezbytné nutna pravé pro
tvorbu aminokyselin. Prekurzorem pro vznik aminokyselin je kyanovodik (HCN), ktery je
meziproduktem v tzv. Streckerové syntéze aminokyselin a je také dilezitym prekurzorem pro
tvorbu nukleobazi (Ferris et al. 1978).

Zasadni roli v procesech probihajicich v prebiotickych atmosférach hraje obsah CO». Bylo
zjisténo, Ze vysoky obsah COz a molekul jako CO a Nz v atmosféie v obdobi hadaika, vedl ke
vzniku sklenikového jevu, ktery ovSem ochranil prehistoricky ocedn pred zamrznutim
(Kasting 1993). Slunecni aktivita byla v t¢ dobé témét o 70% niZ8i nez v soucasnosti (Gough
1981) a v atmosféte se nenachazely zadné dalSi plyny zplsobujici sklenikovy jev, takze
vysoka koncentrace CO; byla diilezitd pro udrzeni teploty na povrchu Zemé nad bodem

mrazu.
17



Vysvétleni mechanismu syntézy organickych sloucenin v neutrdlnich atmosférach je stale
problematické. Tyto stale oteviené otazky jsou také nekdy reprezentovany jako ditkaz proti
evoluénim piistupiim ke studiu ptivodu zivota (Wells 2002).

Novy pohled na véc pfisel necekané z vesmiru. Nejveétsi mésic planety Saturn, kterym je
Titan, ma atmosféru, jejiz slozeni je podobné slozeni prebiotickych atmosfér a je tedy
podobnd atmosféfe na prehistorické Zemi. M¢ésic Titan byl objeven jiz vroce 1655
Christiaanem Huygensem. V roce 1979 dorazila k Titanu prvni vesmirnd sonda Pioneer 11,
kterou vyslala NASA (National Aeronautics and Space Administration). Podle jeho
pozorovani byl Titan pfili§ chladny, nez aby na ném mohl existovat Zivot. Pioneer poftidil i
nékolik snimkt Titanu. Obrazky ziskané na pocatku 80. let 20. stoleti dvéma sondami
Voyager 1 a Voyager 2 byly mnohem vyssi kvality. Pozorovani, které sondy provedly,
ukazala, ze atmosféra Titanu je hustSi nez zemska a tlak na povrchu dosahuje 1,45 atm.
Neprtihledné vrstvy mlhy v§ak zamezuji prostupu vétSiny slunecniho svétla a zakryvaji tak pri
pohledu z vesmiru povrchové utvary. Diky niz8i gravitaci Titanu dosahuje atmosféra do
mnohem vétsi vysky nad povrch nez je tomu u Zemé. Atmosféra je neprihlednd pro zna¢nou
¢ast vinovych délek, a proto nebylo mozné z orbity ziskat kompletni spektrum odrazivosti
povrchu. Dals$i informace pftiSly z pozorovani pomoci Hubbleova teleskopu v roce 1995, z
nichz vyplyvala pfitomnost kapalného metanu na mésici, at’ jiz v malych oddélenych jezerech
nebo ve velkych oceanech. Prvni snimky povrchu a s nimi velké mnozstvi dalSich informaci o

Titanu pfinesla az roku 2004 vesmirna sonda Cassini-Huygens (viz obr. 9).

Obr. 9: Sonda Casini - Huygens (NASA).

Cassini-Huygens byla americkd planetarni sonda, urcend pro priizkum planety Saturn,
jejich prstenct a systému jejich mésicti. Vypusténa byla 15. fijna 1997 a byla funkéni az do
15. zari 2017, tedy témét 20 let. Jeji mise byla ukoncena fizenym zanikem v atmosféie
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planety Saturn. Na jejim pfistrojovém vybaveni se podilely také evropskd organizace pro
vyzkum vesmiru (European Space Agency-ESA) a italska narodni kosmickd agentura
(Agenzia Spaziale Italiana-ASI). Sonda méla dvé samostatné ¢asti: matetskou sondu Cassini,
kteréd nesla jméno italského astronoma Giovanni Domenica Cassiniho, a atmosférickou sondu
Huygens pojmenovanou po holandském védci Christiaanu Huygensovi. Do Saturnovy sféry
gravita¢niho vlivu vstoupila sonda 9. biezna 2004. Dne 25. prosince 2004 se od sondy Cassini
oddélila sonda Huygens, ktera 14. ledna 2005 UspéSné pfistdla na mésici Titan. Béhem
sestupu atmosférou a po pristani shromazdila sonda Huygens zna¢né mnozstvi védeckych
poznatki o tomto télese. Sonda Cassini slouzila jako retranslacni stanice pro predavani
védeckych a technickych dat ze sondy Huygens na Zemi (NASA) (viz obr. 10). Sonda
Huygens pravdépodobné na povrchu mésice vydrzela pracovat 4 hodiny, avSak Cassini,
zprosttedkovavajici informace, se po dvou hodinach dostala do zakrytu meésice a pfenos byl
tedy prerusen. Mé&sic Titan se tak stal nejvzdalenéjSim objektem, na némz kdy pftistala lidmi

vytvoiena sonda.

)i

Obr. 10: Sonda Cassini a jeji ¢ast sonda Huygens (NASA).

Sonda Cassini je pro prizkum vesmiru vybavena zatizenimi (viz Tabulka 1) pro méfeni a
monitorovani velkého mnozstvi fyzikalné chemickych vlastnosti a velicin.

Tabulka 1: seznam zafizeni, ktera nesla sonda Cassini (NASA).

CAPS - Cassini Plasma Spectrometer RSS - Radio Science Subsystem

CDA - Cosmic Dust Analyzer MAG - Magnetometer

CIRS - Composite InfraRed Spectrometer RADAR - Radio Detection and Ranging
INMS - Ion a Neutral Mass Spectrometer RPWS - Radio and Plasma Vawe Science
ISS - Imaging Science Subsystem MIMI INCA - MIMI Ion and Neutral Camera
VIMS - Visible and Infrared Mapping MIMI LEMS - MIMI Low Energy
Spectrometer Magnetospheric Measurement System

RTG - Radioisotope Thermoelectric MIMI CHEMS - MIMI Charge-Mass-Energy
Generator Spectrometer

UVIS - Ultraviolet Imaging Spectrograph
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Za dobu svého plisobeni v Saturnové sféfe se sonda Cassini priblizila k mésici Titanu 127
krat a potvrdila pfitomnost metanovych jezer, objevila pohoii a kratery, které se zde
nachéazeji. Ze ziskanych informaci o slozeni atmosféry Titanu byla vyslovena celd fada
novych hypotéz o chemickych pochodech na Titanu. Ve vrchnich vrstvach atmosféry Titanu
se uplatiuje vliv slune¢niho UV zafeni a elektronii z magnetosféry Saturnu. Jak UV zéfeni,
tak 1 energetické elektrony jsou schopny iniciovat chemické procesy v téchto hornich vrstvach
atmosféry. Rovnéz se spekuluje, Ze se na Titanu mohou vyskytovat blesky ¢i jina elektricka
aktivita v atmosféte. Tyto jevy vSak dosud nebyly potvrzeny. Metan miiZze v atmosféie Titanu
hrat stejnou roli jako voda v atmosfére Zemé, muize vytvaret mraky a dést. Metan a dalsi
uhlovodiky se nachazi na povrchu Titanu ve formé oceanti (Raulin 2007). Zatim je vSak Titan
hlavné zmrzlym svétem ve znacné vzdalenosti od Slunce, jeho atmosféra obsahuje pfilis malé
mnozstvi oxidu uhli¢itého a voda se na povrchu vyskytuje jen v pevném skupenstvi. Proto je
analogie s atmosférou prehistorické Zemé do jisté miry nepiesna.

Chemické procesy na Titanu zacinaji disociaci dusiku a metanu UV zéafenim nebo
elektrony. Reakce radikali vedou ke vzniku zejména HCN a C;H>. Dale mohou vznikat
slozitéjsi uhlovodiky a nitrily. RovnéZz vznikaji pevné cCéstice, které byly nazvany tholiny
(Raulin 2007). Procesy v atmosféfe Titanu je mozné simulovat v laboratornich
experimentech, které vyuzivaji napi. elektrické vyboje. Pfi téchto experimentech bylo
detekovano mnoho ¢astic, které byly detekovany i v atmosféte Titanu. Pii simulacich vyboji
vznikaji 1 jiné slou€eniny, které zatim v atmosféfe Titanu objeveny nebyly. Na tyto slouceniny
se zaméiuje dalsi prizkum atmosféry Titanu pomoci zafizeni, které nese sonda Cassini.

Tématem elementarnich procesii v prebiotickych atmosférach jsem se zabyvala v rdmci
dlouhodobého vyzkumu na Fakult¢ chemické VUT v Brné. Absolvovala jsem také
kratkodobé védecké stdze spojené stimto tématem vramci projekti COST CM1401 a
TD1308 na Open University v Milton Keynes ve Velké Britanii a na Komenského univerzité
v Bratislavé. V ramci projektu CEEPUS jsem se tématem zabyvala i na Univerzité
v Innsbrucku v Rakousku. Hlavnim cilem celého vyzkumu je popis kinetickych procest
probihajicich v atmosférach typu CH4 + Nz. V experimentu méame k dispozici klouzavy
obloukovy vyboj a diagnostické metody jako Infracervenou spektroskopii (Fourier Transform
Infrared Spectroscopy — FTIR), plynovou chromatografii spojenou s hmotnostni spektrometrii
(Gas Chromatorgaphy Mass Spectroscopy — GC-MS), hmotnostni spektrometrii s pfenosem
protonu (Proton Transfer Reaction Mass Spectrometry — PTR-MS) a OES.

Ve vSech naSich experimentech s obloukovym klouzavym vybojem jsme pouzivali
standardni konfiguraci elektrod. Vzhledem k nizkym pratokiim a vykonim se vyboj nachéazel
v rezimu, kdy bylo mozné pozorovat jeden stojici vybojovy kanal mezi elektrodami. Na

obr. 11 je ukdzana aparatura a elektrody s hotficim vybojem.
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Obr. 11: Aparatura pro experimenty s klouzavym obloukovym vybojem (vlevo) a

elektrody s vybojovym kanalem (vpravo).

Nejvyznamnéjsi vysledky tohoto vyzkumu byly postupné publikovany ve védeckych
publikacich ¢&. 8-12 uvedenych v podkapitole SEZNAM KOMENTOVANYCH PRACH.

3.2. Komentar k jednotlivym publikacim

Nasledujici tfi publikace byly vénovany experimentim s klouzavym obloukovym vybojem

vvvvvv

vedoucich k produkci biofyzikaln¢ vyznamnych sloucenin.

8. Mazankova V., Torokova L., Kréma F., Mason N., Matejéik S.: The influence of COz
admixtures on the product composition in a nitrogen-methane atmospheric glow
discharge used as a prebiotic atmosphere mimic. Origins of Life and Evolution of the
Biosphere, 46, 4 (2016), 499-506, ISSN: 0169-6149.

Publikace je zaméfena na studium vlivu CO; v reakéni smési N2 + CHs pomoci FTIR. Je
zde popsan vliv COz na torbu HCN a NH3. HCN vznik4 ve vyboji jako hlavni produkt, coz
bylo FTIR diagnostikou potvrzeno. HCN je velmi dilezity jako prekurzor pro naslednou
syntézu aminokyselin v probiotickych atmosférach (McCollom 2013). Vznik NH3 je vazan
zejména na reakce na povrchu elektrod. Reakéni schémata tvorby HCN 1 NHj3 jsou v publikaci
popséana. Z experimentu vyplynulo, ze ptidavani CO2 do smési N> + CH4 ovlivnilo produkei
HCN, a to tak, ze se se zvySovanim koncentrace CO se zvysila produkce HCN. Zajimavé
bylo porovnani s experimenty Fleuryho et al. (Fleury et al., 2014), kde do smési N> + CHy byl
pridavan oxid uhelnaty (CO). Bylo tim dosazeno opacného efektu — poklesu koncentrace
HCN. V nasich experimentech doslo ke zvySeni produkce NH3 s pfidavanim CO2 doslo pouze
v ptipadé¢ nizSich koncentraci CHs (1 % a 2 %) v reakéni smési. Pro vyssi koncentrace CH4

(4 % a 5 %) nemélo pfidavani CO; na tvorbu NH3 zésadni vliv.

21



9. Torokova L., Mazankova V., Mason N., Kr¢ma F., Morgan G., Matejc¢ik S.: The
influence of CO; admixtures on process in Titan' s atmospheric chemistry. Plasma
Physics and Technology, 3, 3 (2016), 163-167, ISSN: 2336-2626.

V této publikaci jsou vysledky FTIR doplnéné o vysledky z dalsi analyzy a to GC-MS.
Analyza GC-MS byla provedena pro vybrané experimentalni podminky a byla provedena v
ramci staze na Open University ve Velké Britanii. Analyzu nebylo mozné provadét in-situ, ale
za pouziti kryopasti. Do kryopasti byly zachyceny stabilni produkty chemickych reakci
probihajicich ve vyboji. Nasledné byla kryopast zahiata na pokojovou teplotu a zachycené
plyny byly odebrany pies vymeénitelné chromatografické septum plynotésnou stiikackou
(Hamilton 1 ml). Plynny vzorek byl ze stfikacky vstiiknut do injektoru plynového
chromatografu a pak byla spusSténa analyza pfistrojem GC-MS. Tato metoda byla pouzita
opakované¢ a za danych podminek byla dobie reprodukovatelnd. Analyza GC-MS také
potvrdila, ze HCN je nejvice koncentrovany produkt a zaroven byly detekovany i produkty,
které¢ se ve FTIR analyze neobjevily. Hlavnimi uhlovodiky, které se podatilo spolehlivé
detekovat, byly etan (C:Hg), acetylén (C2Hz) a ethen (CoHa). V piipad¢ nitrild to jsou to
HCN, acetonitril (CH3CN), akrylonitril (CoH3CN) a propionitrile (C2HsCN). Vysledky
experimentll jsou v dobrém souladu s daty ziskanymi o sloZeni atmosféry meésice Titanu
pomoci sondy Cassini. Tato skuteCnost jasn¢ demonstruje pouzitelnost laboratornich

experimentl s klouzavym obloukovym vybojem pro simulaci atmosféry Titanu.

10. Torokova L., Mazankova V., Kréma F., Mason N., Matej¢ik S.: The influence of
admixtures on the composition of products by nitrogen- methane atmospheric glow
discharge. Plasma Physics and Technology, 2, 1 (2015), 88-91. ISSN: 2336- 2626.

Jednd se o na$i prvni publikaci se souhrnnymi vysledky z experimenti s klouzavym

obloukovym vybojem v reakéni smési N2 + CH4 + CO». Je zaméfena na sledovani zmény
koncentrace HCN v zavislosti na vybojovém proudu, koncentraci CH4 a CO,. Koncentrace
HCN byla uréovana pomoci absorpéniho méfeni metodou FTIR. Mezi dal§i minoritni
produkty v naSich experimentech se fadi zejména CoHz, NH3, CO; a CO. Bohuzel nebyly
detekovany zadné dalsi oxidy napt. formaldehyd nebo ethylenoxid, 1 kdyz vznik téchto

sloucenin byl pfedpovézen teoretickym modelem (Dobrijevic et al., 2014).

Naésledujici dvé publikace jsou vénovany experimentalnim vysledkiim se smési plyni N2 +
CHs4. Publikace vznikly s cilem porovnani naSich experimentalnich vysledki s vysledky
ostatnich skupin zabyvajicich se také simulaci atmosféry mésice Titanu a také porovnani

vysledka ziskanych ze sondy Cassini.
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11. Torokova L., Watson J., Kr¢ma F., Mazankova V., Mason N., Horvath G., Matej¢ik
S.: Gas chromatography analysis of discharge products in N>-CHs4 gas mixture at
atmospheric pressure: Study of mimic Titan’s atmosphere. Contributions to Plasma
Physics, 55, 6 (2015), 470-480, ISSN: 1521- 3986.

Jednd se o naSi prvni publikaci vénovanou experimentalni simulaci procest, které by
mohly probihat v atmosféfe mésice Titanu. Pro iniciaci chemickych procestt byl zvolen
klouzavy obloukovy vyboj ve smési N> + CHy a produkty z vyboje byly analyzovany pomoci
GC-MS. Experimenty byly provedeny bez dalsich primési, ale pro ruzné experimentalni
podminky. Byl studovan vliv velikosti vykonu ve vyboji a také viiv velikosti priitoku reakcni
smesi vybojem. Analyzou GC-MS bylo detekovaino vice nez dvacet riiznych produktii, pticemz
nékteré produkty jiz byly pozorovany pfi predchozich experimentech jinych autorti a nékteré
produkty byly v naSich experimentech detekovany poprvé. V publikaci je uvedeno srovnani
s vysledky uvedenych v ¢lancich jinych autort. Déle jsou zde uvedeny reakéni mechanismy
vedouci ke vzniku pozorovanych produkti. Vysledkem méteni byly relativni koncentrace
jednotlivych produktii, ze kterych vyplynulo, ze relativni koncentrace vyssich uhlovodika a
nitrilt klesa. Vytézky produktl 1ze zapsat v nasledujicich pomérech:

Uhlovodiky: CoHz > CoHs > CoHg > C3He > C3Hg > C3Hs > C3H4 > dalsi uhlovodiky s Ca

Nitrily: HCN > CH3CN > C,HsCN > C;H3CN > CoN» > C3HsCN > C3H7CN.

12. Torokova L., MazanKkova, V., Kréma F., Mason N., Matejéik S.: Atmospheric pressure
glow discharge generated in nitrogen-methane gas mixture: PTR-MS analyzes of the
exhaust gas. European Physical Journal- Applied Physics, 71 (2015), 20806-20810,
ISSN: 1286- 0042.

Stejné jako ptfedchozi publikace je i tato vénovana simulaci procesii v atmosféfe mésice
Titanu. V tomto ¢lanku jsou produkty klouzavého obloukového vyboje analyzovany in-situ
metodou PTR-MS. Tato metoda je citlivéjsi nez GC-MS a protoze byla provedena in-situ, tak
bylo pomoci ni detekovano vice druhG produktl, zejména vysSich uhlovodikd a nitrild.

Poméry relativnich koncentraci ziistaly zachovany jako pfi pouziti metody GC-MS.
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4. Aplikace dielektrického bariérového vyboje

4.1 Stav problematiky

Historie dielektrického bariérového vyboje (dielectric barrier discharge - DBD) je popséna
v pfehledovém c¢lanku dr. Kogelschatze (Kogelschatz 2003), kde se zminuji pocatky studia
dielektrickych bariérovych vybojii. Jejich historie saha az do roku 1857, kdy Werner von
Siemens sestrojil ozonizator pomoci dvou sklenénych trubic, které byly protékany vzduchem
(viz obr. 12). Konfigurace byla origindlni vtom, Ze kovové elektrody nebyly v pfimém
kontaktu s plazmatem, jak tomu bylo u riznych vyboji doposud. Rozsahlejsi vyzkum DBD
byl proveden na pocatku 20. stoleti a zaméfoval se zejména na konstrukci primyslovych

ozonizatoru.

'.ffa’t nateird. Crofe.

24y pou g/g

Obr. 12: Siemenstv ozonizator (Kogelschatz 2003).

Ve 30. letech 20. stoleti bylo zjiSténo, Ze bézny DBD je filamentdrni — je tvofen
mikrovyboji (filamenty), coz je zdkladni méd hoteni bariérovych vybojui (Kogelschatz 2003).
Prostorové a Casové rozloZzeni jednotlivych filamentl je obvykle ndhodné a nerovnomérné.
Typicky primér filamentu je 100 um a doba trvani filamentu je 1-10 ns (vyboje ve vzduchu).
V 60. letech byly objeveny homogenni bariérové vyboje v héliu (Bartnikas 1968). Tyto
vyboje nejsou tvoieny jednotlivymi filamenty, ale homogennim plazmatem. Pozd¢ji bylo
dosazeno homogenniho vyboje i v dusiku. Vyzkum homogenniho DBD dale pokracoval v 80.
letech 20. stoleti, kdy prof. Okazaki nazavala tento typ vyboje ,,atmospheric-pressure glow
discharge (APGD) (Okazaki 1993).

Diky své technické jednoduchosti je DBD jednim z nejrozsifencjSich vyboji pouzivanych
v zafizenich pro generaci teplotné nerovnovazného plazmatu pii atmosférickém tlaku. Ve
vybojovém prostoru tohoto vyboje je umisténd elektroizolacni bariéra z vhodného dielektrika,
ktera zabezpecuje trvani elektrického priirazu (doby trvani mikrofilamentu) v jednotkach
nanosekund. Tento kratky ¢as staci lehkym elektroniim k tomu, aby ziskaly v elektrickém poli
dostatecnou energii k ioniza¢nim srazkam, diky nimZ zacnou exponencidlné¢ zvySovat sviij
pocet. Zaroven je tato doba pfili§ kratkd na to, aby tyto elektrony stacily vyznamné ohfat
okolni plyn. Vysledkem je nerovnovéazny stav plazmatu s teplotou fadové jednotky eV a
teplotou ionti a neutralniho plynu kolem 300 K. Diky tomu nachdzi DBD uplatnéni
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v mnohych aplikacich, jako je wvyroba ozénu, rozklad organickych prchavych latek,
modifikace povrchu polymert nebo depozice tenkych vrstev.

Z hlediska konfigurace rozeznavame néckolik typii DBD. Ve vsech pfipadech jsou
elektrody oddé€leny alespon jednou dielektrickou vrstvou. Podle konfigurace elektrod a
dielektrika 1ze rozd€lit bariérové vyboje na objemové a povrchové. V piipadé objemového
vyboje mohou byt elektrody cylindrické, jak tomu bylo u Siemensova ozonizatoru nebo
planarni navzajem rovnobézné (viz obr. 13). U povrchovych DBD plazma nevznika v objemu
v mezielektrodovém prostoru, ale pfimo na povrchu dielektrika, takZze je umoznén volny
piistup k plose pokryté plazmatem. Elektrodovy systém povrchového bariérového vyboje je
tvotfen planarni elektrodou, ktera je pokryta dielektrikem. Druhd elektroda je umisténa z druhé
strany dielektrika a miize mit prakticky jakykoli tvar, nejCastéji se setkavame s elektrodou ve
form¢ pasku nebo valecku. Povrchové vyboje mohou byt také v tzv. koplanarni konfiguraci.
Elektrodovy systém koplanarniho povrchového DBD je tvoifen dvéma a vice paralelnimi

elektrodami, které isou umistény pfimo uvnitf dielektrika (viz obr. 14).

— I___l CEEE——
I |

—— L — ——
a) b) c)

d)
Obr. 13: Verze objemového DBD, a) planarni s jednim dielektrikem, b) planarni se dvéma
dielektriky, c¢) planami s dielektrikem uprostfed, d) cylindricky. Cerna plocha zobrazuje
elektrody a Seda dielektrikum.

C —— - = =
a) b)

Obr. 14: Verze povrchového DBD, a) planarni, b) koplanarni. Cernd plocha zobrazuje

elektrody a Seda dielektrikum.
Jako dielektrikum se nejCastéji pouzivaji materidly typu sklo, keramika, slida ¢i rtizné
polymery. Skutecnost, ze systém obsahuje jedno nebo vice dielektrik si vynucuje buzeni

pomoci stfidavého zdroje napéti. Kdyz napéti dosdhne dostate¢né velké hodnoty, dojde k
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prurazu pracovniho plynu, kde vlastnosti dielektrika a frekvence omezuji primeérnou
proudovou hustotu ve vybojovém prostoru.

Vyznamnou aplikaci DBD je vyroba ozéonu v ozonizatorech s cylindrickou konfiguraci
elektrod. Pro tyto aplikace je mozné bez obav vyuzivat filamentarni méd DBD. Ozén je
zejména ucinné oxidacni ¢inidlo a vyznam jeho pouziti v riiznych pramyslovych odvétvich je
stale vétsi. Vyuziva se zejména pro Cisténi vody, ovzdusi a pro odbarvovani latek. Ma také
Siroké uplatnéni ve zdravotnictvi a potravinaiském primyslu diky svym sterilizaénim
ucinkim. Ozo6n efektivné ni¢i vétSinu znamych baktérii a plisni. Nezanechava zadné vedlejsi
produkty a v atmosféte se rozklada voln¢ na kyslik. Je ekologicky pfijatelnéjSim a G€innéjSim
prostiedkem v porovnani s chlérem nebo bromem napt. pii Upravé vody. Pii konstrukci
ozonizator je ale nutné brat v ivahu, Ze ozén reaguje s plasty a kovy a mize ovlivilovat
jejich fyzikalné-chemické vlastnosti a pfispivat k jejich degradaci.

Ozo6n je alotropickd modifikace kysliku schopna existovat ve vSech tifech latkovych
skupenstvich. Za standartnich podminek je to nestaly, velmi reaktivni modry diamagneticky
plyn s charakteristickym ostrym zapachem, podle kterého ho v roku 1840 pojmenoval
Christian Friedrich Schonbein.

Oz6n je velmi nestabilni latka, kterou neni mozné dlouhodobé skladovat nebo uchovavat.
Proto jsou pro jeho produkci konstruovany ozonizéatory, ve kterych se vyrobeny ozon
okamzité pouzivéa k danému ucelu. Ve vyboji dochazi narazem elektronu k disociaci molekuly
kysliku. Vzniklé kyslikové atomy jsou velmi reaktivni a reaguji s molekulami kysliku za
vzniku ozo6nu:

02+ e — 20 (029 (6)
0,+0+M—>0;+M (7)

kde M je tieti Castice (vétsinou molekula kysliku).

Pii vyrobé ozoénu i jeho aplikacich v primyslu je velmi dilezit¢é métfeni jeho koncentrace.
Nejbézn€jsimi metodami pro stanoveni koncentrace ozonu jsou fotometricka a titracni.
Fotometrickd metoda spociva ve spektroskopickém meéfeni absorpce UV zafeni v ozonu, je
vhodnd zejména pro kontinudlni méfeni. Jako titrani metoda se nejcastéji pouziva
jodometricka titrace thiosiranem.

Pro aplikace, kde dochazi ke kontaktu plazmatu s povrchem substratu, je vyhodné pouzit
homogenniho moédu DBD, aby nedoslo k nezadoucimu poskozeni substratu filamenty DBD.
Homogenni méd DBD lze také pouzit pro depozici tenkych vrstev. Jednim z materiald, ktery
lze vyrdbét pomoci DBD, jsou uhlikové nanotrubky (carbon nanotubes — CNT). CNT jsou
novym materidlem s vysokym potencidlem vyuziti v rozmanitych primyslovych i védnich
oborech. CNT jsou unikatni alotropickou modifikaci uhliku. Na existenci téchto nanotrubek
se pfislo v pribéhu studia fullerenti v roce 1991.

Za objev fullerenti v roce 1996 dostali Nobelovu cen za chemii Robert F. Curl, Sir Harold

W. Kroto a Richard E. Smalley. Fullereny ptfedstavuji tieti alotropickou modifikaci uhliku
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vedle grafitu a diamantu. Jde o kondenzované polycyklické klecovité struktury, slozené ze
sudé¢ho poctu uhlikovych atomil, poskladanych prednostné z péti a Sestithelnikti. Studium
jejich struktury vedlo k formulovani pravidla o izolovanych pétithelnicich. Toto pravidlo
tikd, Ze stabilni jsou pouze ty fullereny, u nichz se ve struktufe nachéazi dva pétithelniky vedle
sebe. Zaroven piedpokladd minimum nasobnych vazeb v téchto pétithelnicich. Nejmensim
systémem spliiujicim toto pravidlo je praveé ikosahedralni struktura Ceo. Pomoci obloukového
vyboje s uhlikovymi elektrodami pouzivaného k vyrobé fullerent byly vyrobeny v roce 1991
prvni CNT (Iijima 1991).

Sviij ndzev ziskaly CNT diky svému tvaru. Jsou to trubice tvofené z Sestithelniki. Mohou
byt oteviené, ale i1 uzaviené. Aby mohla byt CNT uzaviena, musi obsahovat krome¢
Sestithelnikd, které tvoti vlastni trubici, také pétiahelniky, které tuto trubici uzaviou. Pomér
délky k priméru CNT byva okolo 1000. CNT mohou byt jednovrstvé (také oznacované jako
jednosténné — single-walled nanotubes — SWNT) nebo vicevrstvé (vicesténné — multi-walled
nanotubes — MWNT) (viz obr. 15). Typicka SWNT ma vnitini primér 1 - 2 nm, pficemz
délka mize dosahovat az n€kolika pm.

Obr. 15: CNT, A - jednosténné — single-walled nanotubes — SWNT, B - vicesténné — multi-
walled nanotubes - MWNT).

Uhlikové nanotrubky maji fadu vyjimecnych vlastnosti, které je ptedurcuji k budoucim
aplikacim. Jsou chemicky reaktivni, i kdyz tato reaktivita je velmi nizkd. Mohou tedy byt
kovalentné modifikovany, a to bud’ pfimo na povrchu trubky, nebo také na jejim uzavieném
konci. Modifikace muze byt také provadéna v elektrickych vybojich. Jejich modifikace
zvysuje jejich rozpustnost v fad¢ organickych rozpoustédel. K dal§im dulezitym vlastnostem
uhlikovych nanotrubek patii elektrickd vodivost. Tyto vlastnosti jsou ovlivnény primérem
nanotrubky — ty s malym primérem jsou polovodivé. Kromé toho se vyznacuji optickou

aktivitou a nabizi uplatnéni v optice. Jejich dilezitou vlastnosti je také velmi dobra
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mechanickd odolnost. Na druhé¢ strané jsou velmi flexibilni, coz nabizi vyuziti v kompozitnich
materidlech (Harris 2009).

Vyzkumem s DBD jsem se zabyvala v ramci projektu GA CR (GAP205/10/1374 Syntéza
uhlikovych nanotrubek plazmochemickou metodou a studium jejich funkcénich vlastnosti) na
Ptirodovédecké fakulté Masarykovy univerzity. Pomoci DBD za rtiznych experimentalnich
podminek byly vyrabény CNT. Dalsi aplikaci DBD byly experimenty s generaci ozonu, které
probihaly na Fakult¢ chemické VUT v Brné. Nejvyznamnéjsi vysledky tohoto vyzkumu byly
postupné publikovany ve védeckych publikacich €. 13-15 uvedenych v podkapitole SEZNAM
KOMENTOVANYCH PRACI.

4.2 Komentare Kk jednotlivym publikacim

Reakcim kysliku a 0zoénu na povrchu elektrod v DBD je vénovana nésledujici publikace.
13. Trunec D., Mazankova V., Mierna J., Manduchova I, Kréma F.: Study of O, and O3

reactions with electrode surface in ozonizer, HAKONE XV (15" High Pressure Low

Temperature Plasma Chemistry Symposium), September 11-16, 2016, Brno, Czech

Republic.

Préace se zabyva experimenty s generaci ozoénu v ozonizatorech s cylindrickou konfiguraci
elektrod DBD. Elektrody byly vyrobeny z nerezové oceli a vnéjsi elektroda byla pokryta
dielektrikem z korundové keramiky. V experimentech byl pouzit kyslik Cistoty 6.0, ktery byl
do ozonizatorti pfivadén jesté pies zeolitové sito. Pomoci experimentli s generovanym
ozénem byly studovany procesy probihajici na povrchu elektrod.

Povrchové procesy jsou dilezitymi mechanismy pfi tvorbe, ale i pii zdniku ozénu v DBD.
Pii generovani ozénu v DBD v Cistém kysliku lze po nékolika hodinach pozorovat pokles
koncentrace ozonu a az téméi nulovou produkci, tzv. ozone zero effect (Murayama et al.
2008). Pomoci experimenti v pulznim kyslikovém vyboji a vyraznym zvétSenim plochy
povrchu stén reaktoru pomoci nanovldken Ize také sledovat zménu produkce ozénu (Marinov
et al. 2013). Vysledkem je vyrazny nartst tvorby ozénu v ¢asech do 50 ms, pak dochazi
k poklesu koncentrace ozénu. V piipadé produkce ozonu bez piidanych nanovlaken do
reaktoru je také pozorovan narist, koncentrace je vSak o tietinu nizs$i nez v predchozim
ptipadé. Narlst je mozno pozorovat do ¢asu 150 ms, pak uz je koncentrace 0zénu konstantni.

Na zaklad¢é téchto poznatkll jsme provedli experimenty, kdy jsme pomoci absorpéni
spektroskopie byli schopni in-situ urcit koncentraci ozonu. Prvni sada experimentl byla
provedena tak, Ze se v ozonizatoru nechal po dobu 5 minut generovat ozén. Vyboj byl potom
vypnut a zbyly 0zon byl z ozonizatoru vyfouknut argonem. Pak byl do ozonizatoru ptfiveden
kyslik, bez zapnuti vyboje. Kyslik reagoval s atomarnim kyslikem vazanym na povrchu za
reak¢ni ¢as (0,1-5 min) za vzniku ozénu. Se zvySujicim se reakénim ¢asem stoupala produkce
ozoénu. Druhd sada experimentl byla provedena obdobné, jen zbyly 0zén po vypnuti vyboje
nebyl vyfouknut argonem, ale byl v ozonizatoru ponechén. V tomto ptipad¢ se ukazalo, ze
délka reak¢éniho Casu nemad vliv na hodnotu koncentrace ozonu, ktery je v ozonizatoru.
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Abychom si potvrdili nasi teorii se vznikem ozdénu na povrchu, vytvofili jsme jednoduchy
kineticky model. Analogickou situaci fesil Guerra et al. (Guerra et al. 2014) ve své praci, kde
se zabyval reakcemi plynného NO s atoméarnim kyslikem vazanym na povrchu reaktoru
z Pyrexového skla. V naSem modelu jsme vyuzili stejnou uvahu o reakcich s povrchem a
urCili jsme nutné rychlostni konstanty vzhledem k naSim experimentdlnim podminkam. O
vysledcich modelu a porovnani s experimentem budeme podrobnéji referovat v pfipravované
publikaci. Na nasledujicim obrazku (obr. 16) je zndzornén vysledek vypocteny z modelu.

Vysledek se kvalitativné shoduje s experimentalnimi vysledky uvedenymi v nasi publikaci.

3.0X1014 T T T T T T T T T
P 14 03
 25x10" + 0 .
E S
\9’ OZS
[}
& 2.0x10"™ | .
3
{o=
P 1.5x10" |- .
€
)
3 1.0x10" .
C -
5.0x10" | .
0.0 1 1 I 1 ! %
10°® 10" 10? 10° 10° 10

t(s)
Obr. 16: Prabeh koncentraci jednotlivych ¢astic vypocteny z modelu.

Naésledujici dvé publikace shrnuji experimentalni vysledky depozic a funkcionalizace CNT
v DBD a v radiofrekvencnim (RF) vyboji za nizkého tlaku za riznych experimentalnich
podminek.

14. Elias M., Kloc P., Jasek O., Mazankova V., Trunec D., Hrdy R., Zajickova L.
Atmospheric pressure barrier discharge at high temperature: Diagnostics and carbon
nanotubes deposition. Journal of Aplied Physics, 117 (2015), 10330, ISSN: 0021- 8979.

Préace je zamétena na diagnostiku DBD ve smési Ar + H» s ptimésemi CoH> a CHs pomoci

OES, rychlé kamery a elektrickych méfeni. Diagnostika byla provadéna pii riznych teplotach.
Jednak pro laboratorni teplotu a dale pro teplotu 680 °C, kdy byla spodni dielektricka desticka
vyhtivana. Reaktor byl smési plynti napustén na atmosféricky tlak a ten byl diky pritokovému
rezimu béhem experimentl stale udrzovan na konstantni hodnot¢. Ze snimki z rychlé kamery
je vidét, ze pti pokojové teploté je vyboj v médu APGD, zatimco pro vysokou teplotu se
vyboj kazdou ptllperiodu méni z APGD médu do modu Townsendova vyboje za
atmosférického tlaku. Diagnostika vyboje byla provadéna s ohledem na experimentalni
podminky, pfi kterych dochdzi ve wvyboji kdepozici CNT na kifemikovém vzorku
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s Snm vrstvou zeleza jako katalyzatorem. CNT se podafilo deponovat ve smési s C2Ha,
v ptipad¢ smési s CH4 byl deponovan pouze amorfni uhlik. Jako podstatny se ukazal také vliv
vodiku, jehoz pifimés zvySovala kvalitu deponovanych CNT. CNT byly diagnostikovany
pomoci SEM, TEM a Ramanovy spektroskopie. Bylo zjisténo, Ze vzniklé CNT jsou
vicesténné o priméeru 15 nm az 30 nm s tloustkou stény 3 nm az 7 nm. Piinosem této prace
bylo, ze se podafilo deponovat CNT bez pitedchoziho Zzihani katalytické vrstvy, za
atmosférického tlaku a pfi pouziti argonu jako pracovniho plynu. Diivéjsi prace vyuzivaly

draz$iho helia.

15. Zajickova L., Eia§ M., BurSikova V., Studynkova Z., Mazankova V., Michlicek M.,
Houdkova J.: Low pressure plasmachemical processing of multi-walled carbon
nanotubes for the production of polyurethane composite films with improved
mechanical properties. Thin Solid Films, 538 (2013), 7-15, ISSN 0040-6090.

vyboje a nasledné jejich pouziti jako plnidlo pii ptipravé polyuretanovych (PU) materiali
metodou in-situ polymerace. Funkcionalizované CNT byly komeréni vyrobky Nanocyl-3100
a Nanocyl-3150. Do reaktoru, ve kterém probihala funkcionalizace CNT, byly vpoustény
rizné smési plyni pii riznych experimentalnich podminkéach, ¢imz bylo dosazeno rtizné
aktivace CNT. Smési plynit byly zejména argon s kyslikem, etanolem, vodou nebo argon
s amoniakem. CNT byly diagnostikovany pomoci rentgenové fotoelektronové spektroskopie
(X-ray photoelectron spectroscopy — XPS) a pomoci FTIR. XPS byla aplikovana pfimo na
CNT prasek a byla provedena prvkova analyza. Aby bylo mozné pouzit diagnostiku pomoci
FTIR, byl CNT prasek zalisovan spolu s bromidem draselnym (KBr) do tablet a ty pak byly
analyzovany. XPS metoda ukazala, Ze na povrchu CNT se vaze kyslik, zatimco dusik se na
povrch nevazal. Mechanické vlatnosti piipravenych PU materialit byly uréeny indentancnim
méfenim. Bylo prokdzdno vyznamné zlepSeni tvrdosti a modulu pruznosti, kdyz jako plnidlo

byly pouzity funkcionalizované CNT s vysokym obsahem navazaného kysliku.
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Abstract

®

CrossMark

The reaction kinetics in argon—oxygen flowing afterglow (post-discharge) was studied using NO
titration and optical emission spectroscopy. The flowing DC post-discharge in argon—oxygen
mixture was created in a quartz tube at the total gas pressure of 1000 Pa and discharge power of
90W. The O(*P) atom concentration was determined by NO titration at different places along the
flow tube. The optical emission spectra were also measured along the flow tube. Argon spectral
lines, oxygen lines at 777 nm and 844.6nm and atmospheric A-band of O, were identified in the
spectra. Rotational temperature of O, was determined from the oxygen atmospheric A-band and
also the outer wall temperature of the flow tube was measured by a thermocouple and by an IR
thermometer. A zero-dimensional kinetic model for the reactions in the afterglow was developed.
This model allows the time dependencies of particle concentrations and of gas temperature to be

calculated. The wall recombination probability for O(*P) atoms Yoy = (1.63 £0.06) x 103 and
wall deactivation probability for Ox(b 12;) molecules Youb) = (1.7 4 0.1) x 1073 were determined
from the fit of model results to experimental data. Sensitivity analysis was applied for the analysis

of kinetic model in order to reveal the most important reactions in the model. The calculated gas
temperature increases in the afterglow and then decreases at later afterglow times after reaching the
maximum. This behavior is in good agreement with the spatial rotational temperature dependence.
A similar trend was also observed at outer wall temperature measurement.

Keywords: argon—oxygen afterglow, wall recombination probability, kinetic model

(Some figures may appear in colour only in the online journal)

1. Introduction

Afterglow systems containing oxygen have a wide range of
applications in different fields due to the presence of reactive
oxygen species (oxygen atoms and excited metastable oxygen
molecules). For example, Ar—O, afterglows were used for
surface treatment [1], sterilization [2] and thin film deposi-
tion [3]. The afterglow of Ar—O; plasmas have been studied
experimentally or theoretically by numerous groups. The
published studies mainly aimed to determine the concentra-
tions of reactive species in the treatment area. An afterglow
of RF driven DBD-like atmospheric pressure plasma jet in
Ar + 2% O, mixture was studied by Zhang et al [4] and ozone
concentration was measured by UV absorption. A gas temper-
ature increase at a distance of about 7mm from the jet nozzle

0963-0252/16/035008+10$33.00

was found in this study. A zero-dimensional kinetic model in
Ar-0O, surface-wave microwave discharges was developed by
Kutasi et al [5-8] to investigate electron and heavy particle
kinetics and dissociation of O, molecules in the discharge and
the flowing afterglow. The O atom concentration in the after-
glow has been the most frequently determined by NO titration.
This method was used by Ricard et al [9-12] and Mafra et al
[1] in the afterglow of discharges generated under different
discharge conditions and gas mixture compositions. The total
gas pressure in these studies was in range 100-1200 Pa and
the measured O atom concentrations were between 2 x 10'4
cm 3 and 2.25 x 10" cm™3. The error (including systematic
errors) of the NO titration method was estimated to be =30%.
Mafra et al [1] also determined the O, dissociation degree
([O1/2[O4]) to be in the range 5-14% at different gas pressures

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Scheme of the experimental setup. 1—catalyzer oxiclear; 2—mass flow controllers; 3—quartz discharge tube; 4—capacitance
gauge; S—quartz optical fiber; 6—monochromator Jobin Yvon Triax 550; 7—CCD; 8—PC; 9—movable Pyrex titration capillary tube.

in an Ar — 10% O, mixture. The local concentration of the O
atoms in the post-discharge reactor can be determined also by
two recently developed techniques. The first technique is based
on the measurement of intensity of O, atmospheric A-band [1]

Oy(b 'S, v'= 0) > 02X %, v" = 0). (1)

The second technique is the probe method that relies on the
temperature rise of a catalytic probe due to the atomic oxygen
recombination on the probe surface [13, 14]. Important factor
in performed experiments is a reactor surface material which
has an influence on surface recombination probability of O
atoms. This was discussed in detail by Kutasi and Loureiro
[15]. Owing to the large variety of conditions under which
the experiments were realized, namely regarding the nature of
the surface and the shape of the reactor, it is not easy to draw
any conclusion about the predicted particle densities in the
reactor. For Pyrex and total gas pressure of 300 Pa the surface
recombination probability of O atoms was reported in range
from4 x 107%to 2 x 1073 [16-18].

The present work is focused on the experimental study of
an argon—oxygen flowing afterglow with the aim to determine
the wall reaction probabilities for OCP) atoms in ground state
and O,(b IE;) molecules. The concentration of atomic oxygen
was determined by NO titration along the flow tube. Also
the spectra of atmospheric band of molecular oxygen were
recorded along the flow tube and the intensity of this band and
the rotational temperature were calculated from these meas-
urements. A kinetic model was developed in order to explain
the experimental results. The fit of calculated concentrations
to experimental data allows to determine the wall recombina-
tion probability for oxygen atoms and the wall deactivation

probability for Ox(b 12;') excited molecules. The calculation
of gas temperature in the afterglow was also performed.

2. Experimental set-up

The flowing configuration of argon DC discharge with oxygen
admixture was used for this experimental study. The exper-
imental set-up was already used for our previous studies of
argon afterglow with nitrogen admixture [19] and nitrogen
afterglow with mercury vapor admixture [20]. A simplified
schematic drawing of the experimental set-up is given in

figure 1. The active discharge was created in a quartz discharge
tube with the inner diameter of 12 mm at the constant total gas
pressure of 1000 Pa and the discharge power of 90 W. Hollow
molybdenum electrodes were placed in the side arms (at the
interelectrode distance of 120 mm) of the main discharge tube
to minimize their sputtering and also to minimize the influ-
ence of the light emitted in the electrode regions. The active
discharge part of the flow tube was cooled by a ventilator. The
argon gas was of 99.99% purity and it was further cleaned by
Oxiclear column. The reactor system was pumped continu-
ously by a rotary oil pump. The argon flow of 1400 sccm and
oxygen flow of 10 sccm were automatically controlled by the
Bronkhorst mass flow controllers and mixed together. The
total gas pressure in the discharge tube was measured by a
capacitance gauge connected to the end of the discharge tube.
The input gas temperature was 300 K. The moveable capillary
tube for NO titration was made of Pyrex and it was immersed
upstream from the discharge into the quartz tube at its axis. Its
external diameter was 2 mm, the inner diameter was 0.5 mm
and the length was 400mm. NO titration method was per-
formed as described elsewhere [21-23].

The flow analysis was performed in the same way as in
previous studies on argon metastable quenching [24, 25]. The
bulk flow velocity v, of argon in the tube was calculated from
the continuity equation and the state equation. The calculated
velocity vy was 21 m s™!. The distance d needed to develop
a full parabolic velocity profile is given by d = 0.277R Re,
where R is the flow tube radius (0.6cm) in cm and Re is
the Reynolds number. For our experimental conditions, the
Reynolds number Re is equal to 150, which gives d = 25cm.
Furthermore, our experimental setup introduced perturba-
tions into the flow pattern at the side arms with discharge
electrodes. So, the flow will be in transition between plug and
parabolic flow and in this case the bulk flow velocity can be
used for the calculation of the decay time. This approach was
found to be correct in previous study [24]. In our experiment,
the line intensities (which are proportional to excited particle
concentrations) were collected from the whole diameter of
the flow tube. Bolden et al [26] have experimentally demon-
strated that this is equivalent to monitoring the concentration
at the center of the tube for fully developed parabolic flow
conditions. Kolts and Setser [24] measured the argon meta-
stable concentration across the diameter of the flow tube by
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Table 1. Argon and argon—oxygen reactions and their rate coefficients considered in the model.

No. Reaction Rate coefficient Reference
R101 Ar* + Arf — e + Art + Ar 1.5 x 107! (5]
R102 Ar* + Ar + Ar — Arh + Ar 1.0 x 10732 [28]
R103 Arl — Ar + Ar + hy 2.4 x 107 [28]
R104 Art + Ar + Ar — ArJ + Ar 2.5 x 1077 [27]
R105 Ard + e — Ar* + Ar 1.0 x 107° (28]
RI51 Ar* +0; — Ar + O(P) + O(P) 0.46 x 2.1 x 10710 [5]
R152 Ar* + 0, — Ar + O(P) + O(D) 0.52 x 2.1 x 10710 (5]
RI153 Ar' 4+ 0 — Ar+ 0@pP) 7.6 x 107! 5]
R154 Art + 0 — Ar + O(P) 2.8 x 1077 [5]
RISS Ar+ 0, + O(P) — Ar + Os 3.9 x 107 % (300/T,)"* (5]
R156 Ar + O(P) + O(P) — Ar + O, 5.2 x 107% x exp(900/T;) (5]
R157 Ar + Oy(b) — Ar + O, 1.5 x 1077 (5]
R158 Ar+O(D) — Ar + O(P) 3.0 x 10713 (5]
R159 Art + O(P) — Ar 4 OF 6.4 x 10712 (5]
R160 Art + 0, — Ar+ 07 4.9 x 107" x (300/T,)"78 [5]
R161 Arj + 0y — Ar + Ar 4 05 7.4 x 107" (29]
R162 A5+ 0, —Ar+Ar+0+0 2.53 x 10710 [30]
R163 Ar} + O(P) — Ar + Ar + OF 74 x 107! [29]

Note: The values of rate coefficients are for T, = 300 K, also the electron temperature for reaction R105 is 7. = 300 K. The rate coefficient units are s em’s

and cm® s~! for reactions of the first, second and third order, respectively.

the optical absorption spectroscopy in the case of plug flow.
They found that no correction is necessary in order to obtain
correct values of quenching rate coefficients. Therefore no
correction was applied also at our measurement.

The optical spectra were measured by Jobin Yvon mono-
chromator TRIAX 550 with 1200 gr mm~! grating and with
CCD detector. The spectra were measured in the range from
750nm to 850nm. The emitted light was led to the entrance
slit of the monochromator by the multimode quartz optical
fiber movable along the discharge tube.

3. Kinetic model

A zero-dimensional kinetic model for the argon—oxygen after-
glow was developed. The following particles were considered
in the kinetic model—electrons, Ar™, Ar;, O}' and O~ ions,
excited (metastable) argon species Ar*(°P,) and Ar’, oxygen
atoms in ground state O(°P) and in excited states O('D) and
OQ3p °P), electronically excited states of molecular oxygen
Os(a lAg), O,(b 12;”) (hereafter labeled as O(P), O(D), O(3p
P), O,(a) and O,(b)) and ozone Os3. The initial concentrations
of argon [Ar]y and molecular oxygen [O]y in ground states
were calculated from the equation of state for ideal gas for
T =300 K and from corresponding flow rates. The concen-
tration of argon ground state was considered to be constant.
Forty five reactions concerning these particles were included
in the kinetic model, see tables 1 and 2.

The rate coefficients for these reactions were taken from
recent papers [5, 27-30]. The rate coefficients for Arj and
05 ions recombination with electrons (reactions R105, R226
and R227) depend on the electron temperature [5, 27]. At our
experimental conditions, the electrons are thermalized due to

31

collisions mainly with argon atoms. The time needed for the
electron temperature decrease down to 1.1 multiple of neu-
tral gas temperature was calculated using data published by
Trunec et al [31]. This time calculated for estimated initial
electron energy of 4eV was 1.2 ms, which corresponds to the
distance of 2.5cm in the flow tube. So the electron temper-
ature was equal to neutral gas temperature (300 K) in our
experiment and this electron temperature was also used in the
kinetic model.

Besides the homogeneous gas-phase reactions, a crucial
role has also the surface reactions, such as heterogeneous
recombination of O atoms or deactivation of metastable parti-
cles at the surface. The wall loss process of species (reactions
R233, R234, R235 and R236) was considered as a first order
reaction with a characteristic time 7; [32]

s(zi0s)
T=— +
D;\ 2.405

where i denotes the different species, D; is the diffusion coef-
ficient of specie 7, 7; is the deactivation or recombination prob-
ability at the wall, ¥; is the mean velocity, v; = /8kgT /7m;
and R is the flow tube radius. This relation was derived by
Chantry [32] and it was used in recent studies of discharges

and afterglows [5, 33, 34]. Note that Tflf:’m/ZR when

7 < 1 and 7; '~ D{(2.405/R)> when 7, — 1. The values of ~,
depend on many wall parameters, e.g. the type of material,
cleanliness, morphology, temperature and surface coverage.
Numerous works dealing with the determination of the wall
recombination probabilities of O atoms can be found in the
literature. However, there is quite a large discrepancy (of sev-
eral orders of magnitude) between the results obtained by dif-
ferent authors, which could stem from different reasons [15].

2R(1 — 7/2)
Wi

@)
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Table 2. Oxygen reactions and their rate coefficients considered in the model.

No. Reaction Rate coefficient Reference
R201 OP)+0,+0—03;+0 2.1 x 1073* x exp(345/Ty) [5]
R202 O +O0xa) = O3 +e 0.75 x 1.9 x 10710 [51
R203 Ox(@) + 0, — 0, + 0, 2.2 % 10718 x (T,/300)*8 (5]
R204 Oxa) + 0 — 0, + 0 7.0 x 10717 [5]
R205 0xb)+ 0 —-0,+0 4.0 x 107 [5]
R206 0x(b) + O — 0y(a) + O 4.0 x 10714 (5]
R207 0, +0,+0O(FP) - 03+ 0, 6.4 x 1073 x exp(663/T,) [5]
R208 0x(a) + 03 — Oy + 0, + O(P) 5.2 x 1071 x exp(—2840/T) [5]
R209 Os(b) + O3 — 02+ Oz + O(P) 1.5 % 107" [5]
R210 O(P) + 03 — 0 + 0, 0.5 x 1.8 x 107! x exp(—2300/T;) (5]
R211 O(P) + 03 — Ox(a) + O, 0.33 x 1.8 x 107" x exp(—2300/T;) [5]
R212 O(P) + 03 — Oa(b) + O, 0.17 x 1.8 x 107" x exp(—2300/T) (5]
R213 Ox(a) + Ox(a) — Ox(b) + O, 1.81 x 10718 x exp(700/T,) x (T,/300)** (5]
R214 OP) +O(P) + 0, — 0, + 0, 0.5 x 3.81 x 1073% x exp(—170/T)/T; [5]
R215 O(P) + O(P) + 05 — Oy(a) + 0, 0.33 x 3.81 x 107 x exp(—170/Ty)/T, (5]
R216 O(P) + O(P) + O, — Oy(b) + O, 0.17 x 3.81 x 1073 x exp(—170/Ty)/T, [5]
R217 O(P) + O(P) + O(P) — Oz + O(P) 3.6 x 10732 x (1/T,)*%3 (5]
R218 O(P) + 0y + 03 — 03 + O3 1.66 x 107%* x exp(T,/300) (5]
R219 O(D) 4+ O(P) — O(P) + O(P) 8.0 x 10712 [5]
R220 O(D) + 0, — O(P) + O, 7.0 x 10712 x exp(67/T) (5]
R221 O(D) + 0z — O(P) + Ox(a) 1.0 x 107" (5]
R222 O(D) + O; — O(P) 4 Oy(b) 2.56 x 107" x exp(67/T,) [5]
R223 O(D) + 03— 0, + 0O, 12 x 10710 (5]
R224 O(D) + O3 — O + O(P) + O(P) 1.2x 10710 [5]
R225 OBpP) — O@3s S) + hv 3.22 x 107 [5]
R226 e+ 05 — O(P) + O(P) 2.0 x 1077 x (300/T;) [5]
R227 e + 0 — OP) + O(D) 1.95 x 1077 x (300/T3)*7 (5]
R228 O + 0, — O(P) + 05 2.0 x 107" x (300/T,)*3 (5]
R229 O* + Oy(a) — O(P) + OF 2.0 x 107" x (300/T)"? (5]
R230 Ot 4+ 03— 0f +0, 1.0 x 10710 (5]
R231 0" + 0~ — O(P) + O(P) 2.8 x 1077 [5]
R232 O~ + 05 — O(P) + 0, 9.6 x 1073 x (300/Ty)"3 (5]
R233 O(P) + wall — 1/2 O, See text

R234 O(D) + wall — O(P) y=1 (5]
R235 Oy(a) + wall — Ox(X) y=2x107 (3]
R236 O;(b) + wall — Ox(X) See text

Note: The values of rate coefficients are for 7, = 300 K, also the electron temperature for reaction R226 and R227 is T, = 300 K. The rate coefficient units

are 57!

So in this study, the wall recombination probability for O(P)
atoms 7op, and wall deactivation probability for Ox(b) mol-
ecules g, , were considered as free parameters, the values of
which were varied in order to obtain the best fit to the mea-
sured data. Furthermore, the wall deactivation probabilities
of O(D) and O,(a) were taken to be 1 and 2 x 107>, respec-
tively [5].

The diffusion losses of all charged species are negligible
in comparison with volume recombination losses at the argon
pressure used in the experiment. Only the diffusion losses of
electrons and OF ions become important at the end of after-
glow, when their concentrations decrease below 5 x 108 cm—3
and therefore the diffusion of charged particles was not con-
sidered in the kinetic model.

,cm?® s~! and cm® s~! for reactions of the first, second and third order, respectively.

The resulting system of differential equations was solved
numerically. A Fortran program, which used the RADAUS
procedure [35] for the intrinsic integration of the differ-
ential equation system, was written for this purpose. So only
the inputs and outputs for the RADAUS procedure and the
right hand side of differential equation system had to be
programmed.

4. Results and discussion

4.1. Experimental results

The concentration of atomic oxygen was determined by NO
titration method along the flow tube. The results are shown
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Figure 2. The dependence of atomic oxygen concentration
and dissociation degree [O]/2[O;], on the distance from active
discharge.
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Figure 3. The atmospheric band of molecular oxygen in the
post-discharge at the distance of 10cm from active discharge.

The emission spectrum has a doublet-like structure in the long
wavelength region. This is because the oxygen atmospheric band
is both a magnetic dipole transition and an intercombination
transition, and the band has four branches, %R, ®Q, *Q and " based
on two sets of selection rules [37, 38]. An argon line appears at
763.5nm.

in figure 2. The O concentration was in the range 1.0 x 10'°
2.3 x 10" cm™ and the dissociation degree was in the range
30-67% in the afterglow. Such high dissociation degree was
also predicted by Kutasi et al [7] for low oxygen content in
Ar-O, mixture and higher gas pressures. The optical emis-
sion spectra were measured also along the flow tube. Argon
spectral lines, oxygen lines at 777 nm and 844.6 nm and atmo-
spheric band of O, were identified in the spectra. An example
of the typical recorded oxygen atmospheric band spectrum is
shown in figure 3. The dependence of the integrated intensity
of atmospheric band and O,(b) state rotational temperature on
the distance from the active discharge is shown in figure 4. The
concentration of O,(b) state is proportional to the atmospheric
band integrated intensity. When the oxygen was added to the
Ar afterglow instead to the active discharge, no atmospheric
band was observed. The rotational temperature was calcu-

lated from resolved PQ branch of atmospheric A-band b 'S
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Figure 4. The dependence of the integrated intensity of
atmospheric A-band and rotational temperature of O,(b) on the
distance from active discharge.

V=0-X 32; 0" =0), J/= 4-20 at 761-766nm. The
intensities of the rotational lines were plotted in the Boltzmann
plot and the temperature was calculated from the fit. The rota-
tional temperature of O,(b) state is generally considered as a
good approximation of the kinetic temperature of O, molecules
in the ground state [39]. The dependence of rotational (hence
also gas) temperature on the distance from the active discharge
shows a rapid decrease at the distance of first 5cm which is
due to cooling of the flow tube by ventilator in the active dis-
charge area. After reaching the minimum at the distance of
8cm, the temperature again rises up 20 K at 15cm distance.
A slow temperature decrease then follows. To confirm this
temperature course the temperature of outer wall of the flow
tube was measured by a thermocouple and an IR thermometer.
The results are shown in figure 5. The dependence of outer
wall temperature exhibits the same spatial dependence as the
gas temperature. However, the values of outer wall temperature
are lower than the values of gas temperature due to cooling by
surrounding air. The minimum and maximum are shifted to
shorter distances from active discharge.

4.2. Results from kinetic model

The experimental data shown in the section 4.1 can be explained
by the results of the kinetic model described in section 3. The
calculation started at the time 7= 0 which corresponds to
the beginning of afterglow. The initial concentrations of par-
ticles were calculated for presented experimental conditions
(as discharge voltage and current, gas pressure, tube radius, ...)
using code LoKI (LisbOn Klnetics) [40]. The so obtained ini-
tial values are: concentration of electrons —6.076 x 10! cm 3,
Art jons —3.385 x 10" cm 3, Arzr ions —8.882 x 10'% cm 3,
argon metastables Ar* —4.387 x 10! cm—3, O* ions —1.258 x
10" cm™3 and Oj ions —5.777 x 10" ¢cm™3. The initial
values of oxygen neutral particles are: concentration of atomic
oxygen —2.051 x 10" cm~3, excited molecular oxygen O, (a)
—5.156 x 10'* cm™3, excited molecular oxygen O, (b)
—3.909 x 10'3cm 3, metastable atomic oxygen O(D) —3.840 x
10" cm 3 and ozone 03 —2.537 x 103 cm 3.
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Figure 5. The dependence of outer wall temperature on the distance
from the active discharge. The temperature was measured at the
back side of the flow tube (side cooled by ventilator) and at front
side (side turned away from ventilator).

10°
107

Figure 6. The calculated time dependence of electron and ion
concentrations in the afterglow.

However, exact initial values of electron and ion concentra-
tions are not important, because all positive ions are converted
very quickly to O3 ions and O~ are destroyed very quickly by
recombination with positive ions and by collisions with O; (a)
molecules as it is shown bellow. Furthermore, the initial ion con-
centrations and argon metastable concentration are two orders
lower than the initial concentrations of O atoms and O(a) and
05(b) molecules, so the ions and metastables do not influence
the concentrations of oxygen particles in the late afterglow. The
initial concentration of O(P) atoms was adjusted to the value
2.9 x 10" cm~3 so that the calculated O atom concentrations in
later afterglow fit the values of O atom concentrations measured
by the NO titration. Simultaneously, the concentration of Ox(X)
was proportionally decreased. The initial value calculated by
LoKI2.051 x 10'3cm~3 is within 30% error range of this value
(estimated error of NO titration method).

The results of the kinetic model are shown in figures 6 and 7.
The figure 6 shows the time dependence of electron and ion
concentrations. During the first hundred us, the Ar' ions are
converted to Arzr molecular ions (reaction R104), however

0O,(a)

t(s)

Figure 7. The calculated time dependence of neutral particle
concentrations in the afterglow. The points are experimental results:
triangles—O(P) atom concentration determined by NO titration;
crosses—concentrations of Oy(b) proportional to integrated
atmospheric A-band intensities.

10" y y ———— T

Figure 8. The detailed comparison of calculated time dependence
of O(P) and Ox(b) concentrations with the experimental data. The
points are experimental results: triangles—O(P) atom concentration
determined by NO titration; crosses—concentrations of Ox(b)
proportional to integrated atmospheric A-band intensities.

both these ions react with atomic and molecular oxygen in
charge transfer reactions producing O" and O3 ions (reactions
R159, R160, R161 and R163). Thereafter the O™ ions are con-
verted to OF ions by exothermic charge transfer reaction R228.
So, after the first millisecond all positive ions are converted to
05 ions. Also O~ negative ions are destroyed very quickly by
recombination with O3 ions (reaction R232) and by collisions
with Oy(a) molecules (reaction R202) and again after the first
millisecond the concentration of O~ ions is negligibly small.
Thus, after the first millisecond only electrons and O3 ions are
the remaining charged particles, which recombine mutually
and their concentrations further decrease.

The figure 7 shows the time dependence of neutral particle
concentrations. The Ar* metastables produced in the discharge
are converted to excimer Arj molecules (reaction R102), both
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Table 3. Normalized sensitivity coefficients for oxygen particles in the afterglow.

No. o(P) o(D) 0,(a) 0,(b) 0;

R155 —38x107* —1.1x1073 —8.6 x 107* —4.5x 1072 9.9 x 107!
R156 —9.8 x 1073 —1.8x 1073 -39 x 107 7.6 x 1073 —14 x 1073
R157 64 % 1073 —1.0x 107* —2.0x 1073 —3.6 x 1072 9.3 x 1073
R158 1.7 x 1074 —5.8 x 107! —72 %1073 —3.3x 1072 1.3 x 1072
R205 1.7 x 1073 —2.7 x 1073 —53 x 1072 —7.9 x 1071 2.2 x 1071
R206 —42 %1073 —23 %1073 1.5 x 107! —7.8 x 107! 2.1 x 107!
R207 —2.1 x107° —52x10°° —24x107°° —1.8 x 107* 49 x 1073
R208 3.8 x 1077 6.4 x 1077 —12x107° 2.6 %1077 —8.6x 107*
R209 1.8 x 1074 33 x 1074 —8.0 x 107* —3.0 x 1072 —37x 107!
R222 —24 % 107* —2.6 x 107! 8.7 x 1073 4.4 x 1072 —1.7 x 1072
R226 9.7 x 1077 —1.0 x 10° —3.8x107? —-19 x 10°* 74 %1073
82.33 —8.6 x 107! —14 x 107! —2.8 x 1072 57 x 1071 —1.1 x 107!
R236 1.1 x 1073 —1.8x 1073 —3.4 x 1072 —6.3 x 107! 1.6 x 10!

Note: The sensitivity coefficients with the highest absolute values for each particle are in bold.

Ar* and Ar} react with molecular oxygen producing atomic
oxygen in ground or excited state (reaction R151, R152 and
R162). After the first millisecond, the concentrations of argon
excited species are negligibly small. So after the first millisecond
the remaining neutral particles with significant concentrations
in afterglow are atomic oxygen in ground state O(P), metastable
molecular oxygen states Oy(a) and O,(b) and ozone together
with argon and molecular oxygen in ground states. The concen-
tration of metastable atomic oxygen O(D) is very low (around
10* cm™3). The reactions among these particles in afterglow
after first millisecond were analyzed using sensitivity analysis,
see section 4.4.

4.3. Comparison of theoretical and experimental results

As it was written in section 3, wall recombination probability
for O(P) atoms ~,p) and wall deactivation probability for
O(b) molecules vq,, were considered as free parameters
in the kinetic model. The least squares method was used to
fit the calculated results to the experimental data. During
the fitting procedure the relative values of integrated atmo-
spheric A-band intensities have been also fitted to calculated
absolute values of O,(b) concentration by multiplication of
these relative values by a suitable real constant. The values
Yoy = (1.63 £0.06) x 1073 and Yo,m = (1.7£0.1) X 1073
were obtained from this method for quartz tube walls. Since
the fitted value of yop) does not depend on the absolute values
of O(P) concentration (due to the exponential dependence of
O(P) concentration on time (reaction R233)), the statistical
uncertainty of yop) determined from the fit is lower than the
error of O density measurement using NO titration. The details
of these fits are shown in figure 8. The obtained value for 7o p,
is in good agreement with values obtained by other authors for
Pyrex and T = 300 K (Gordiets et al [17], Dilecce et al [16]
—2 x 1073 Macko et al [18] (24 0.5) x 10~3). The obtained
value for 7, is one order lower than the value 2 x 102 used
by Pinheiro et al [41] for Pyrex.

4.4. Sensitivity analysis

Sensitivity analysis [42—44] was applied for the analysis of
kinetic model in order to find the most important reactions.
Normalized local concentration sensitivity coefficients Sj;
were calculated according to the following equation [43]

_ kj (9n,-
v n; (9]{} ’ (3)
where n; is the concentration of ith particle kind and ; is the
rate coefficient for jth reaction (see table 1). The coefficients
S;; were calculated numerically using the finite difference
approximation. The central difference with the step Ak; was
used for this calculation. The step Ak; has been decreasing
until the estimated error of sensitivity coefficients was below
1%. This method is also called indirect method (or brute force
method) [42]. The calculated sensitivity coefficients with
highest absolute values for oxygen atoms and molecules in
different states for = 10ms are shown in table 3. The sen-
sitivity coefficients not shown in table 3 have absolute values
one or more orders lower than the sensitivity coefficients
shown in bold in this table. The sensitivity coefficients with
highest absolute values can show the main channels for the
creation and losses of each particle kind and they also can
show the most important reactions in the kinetic model. These
most important reactions influence the concentrations of many
kinds of particles directly or indirectly via other reactions. The
table 3 shows that the most important reactions in the argon—
oxygen afterglow under our experimental conditions are: the
wall recombination of O(P) atoms (reaction R233), which has
the influence (direct or indirect) on all oxygen particle concen-
trations, the wall deactivation of O(b) states (reaction R236),
the quenching of O,(b) states by O(P) atoms (reactions R205
and 2006), the destruction of ozone by O,(b) states (reaction
R209) and the ozone creation by three body reaction of O(P)
atom with O, and Ar (reaction R155). At later afterglow times,
the wall reactions become more important (higher sensitivity
coefficients) for O(P) atoms and O,(b) metastable states.
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Table 4. Normalized sensitivity coefficients for initial concentrations for oxygen particles in the afterglow.

njo O(P) O(D) Os(a) Ox(b) O3

e 49 % 107" 1.2 x 103! 7.0 x 1071 —6.8 x 10720 9.0 x 107"
Ar + —8.9 x 107° —24 %1073 8.6 x 107° 9.6 x 107 24 x 1073
Arf 6.8 x 1077 1.6 x 1071 1.3 %1077 2.0x 107 55 %107
Ar* —4.6 x 107° —4.6 x 107° —1.1 x 107°° 4.1 x 107° 3.4 x 1077
O(P) 3.4 x 107! —1.4 x 107! 33 x 1072 —5.7 % 107! 7.6 x 107!
o(D) —1.6 x 1073 52 %1074 —14 x 1073 —3.0x 1073 —13x 1073
01(a) —1.3 x107° —3.7 x 1072 9.9 x 107! 1.3 x 1074 —28x107*
Ox(b) 22 %1073 55 %1073 —7.8 x107* -39 %1073 1.3x 1073
03 2.6 x 107* —2.0x 1073 —2.1 %1073 —24 %1072 94 x 1072
0, 8.0 x 10718 —1.1 x 1072 —3.1x10°18 —-13x 1077 1.7 x 1077
o —4.6 x 1078 —62x 107* —5.9x 1077 9.3 x 1077 —3.9x107°
0} —2.0x 1073 —95x 107! 6.9 x 1072 2.1 x 107! 1.3 x 10°
o~ —1.1 x 1073 4.1 x 1072 53 x 107 1.3 x 1073 —4.1 x 10°°
Ar —1.0 x 1072 —59x 107! —1.0 x 1072 —1.1 x 107! 1.0 x 10°

The sensitivity coefficients show that the O(P) atom con-
centration decreases mainly due to wall recombination (reac-
tion R233) and it increases due to reaction of ozone with O»(b)
state (reaction R209). The O(P) atoms are also lost by three
body reactions with O or O, and Ar (reactions R155 and R156).

The O5(a) states are mainly destroyed at wall deactivation
(reaction R235) and they are created at the quenching of O,(b)
states by O atoms (reaction R206).

The Oy(b) states are mainly destroyed at wall deactivation
(reaction R236) and at the quenching by O atoms and ozone
(reactions R205, R206 and R209). They are created in reac-
tions of O(P) with ozone (reaction R212).

Ozone is created mainly by three body reaction of O(P),
O, and Ar (reaction R155) and it is destroyed by collisions
with excited oxygen molecules Oy(b) (reaction R209). Ozone
is also destroyed by collisions with O(P) atoms (reactions
R210-R212), these reactions are less important. The reactions
that change significantly concentrations of O(P) and O,(b)
(e.g. wall reactions) are also important for ozone concentra-
tions, see the sensitivity coefficients in table 3.

Finally, normalized local concentration sensitivity coeffi-

(c)

cients §;;” for initial concentrations were calculated according

to the following equation
1o Oni

© _
Sy’ =

“)

n; Onjg ’
where n; is the concentration of ith particle kind and n is the
initial concentration of the jth particle kind. These coefficients
show how the concentration of ith particle kind depends on the
values of initial concentrations. The coefficients ngc) were cal-
culated in the same way as the coefficients S;;. These sensitivity
coefficients S,(jc) calculated for oxygen atoms and molecules in
different states for t = 10ms are shown in table 4. The sensi-
tivity coefficients Sl(-f) in this table show that concentrations of
oxygen particles do not depend on initial concentration of any

charged particle and on initial concentration of excited argon
species at our experimental conditions. On the other hand, the

concentration of Oy(a) particles depends almost only on their
initial concentration. The ozone concentration depends on ini-
tial concentrations of O(P), O, and Ar, because ozone is pro-
duced in ternary collisions of these particles.

4.5. Calculation of gas temperature

The radially averaged gas temperature T,(¢) in the flow tube
under assumption of parabolic radial temperature profile is
described by equation [36]

0T, 8M\(Ty—Tp)
e T R

where ny, is the gas molar density, ¢, is the molar heat capacity
at constant pressure, \g is the gas thermal conductivity, 7y, is
the gas temperature at the inner wall and R is the flow tube
radius. The term Qj, is the total power per unit volume trans-
ferred into gas heating from the energy release after volume
and wall reactions. The thermal conductivity of argon is
Ar=731%x1073+371x 10 T, Wm ' K™, the thermal
conductivity of quartz is Aquar, = 1.46 W m~' K~!. The spe-
cific heat of argon is ¢, = 20.79 J mol ' K.

The chemical reactions between species A and B in the
volume (including electron—ion recombination) lead to the
energy release

+ Oin, ()

Ochem = [A] [B]kAEchem’ (6)

where AE e is the available energy after a given reaction
with a rate coefficient &, that occurs in the gas phase of Ar—-O,
mixture between two species A and B, is transferred to the gas
heating. This term accounts for the enthalpies of all volume
reactions considered in the model.

Recombination of O atoms at the wall leads to the energy
release

00, = %[OJVOAEO(I B, ™

where vo is given by Yop Por)/2R. [ is the thermal accom-
modation coefficient, describing the fraction § of released
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Figure 9. The calculated time dependences of gas temperature

in afterglow for different values of accommodation coefficient 3.
The calculations were performed for wall temperature 7, = 327 K
except the red line for which 7, = 340 K. The points are the values
of rotational temperature determined from the measured spectra of
oxygen atmospheric band.

energy that is dissipated in wall heating. The remaining frac-
tion (1 — 3) of released energy contributes to gas heating.
Since the energy of molecular oxygen is lower than that of two
O atoms, this process contributes to gas and/or wall heating
(depending on the value of accommodation coefficient (3) with
energy AEg = 5.12 eV. The energy release due to metastable
deactivation at the wall was calculated similarly.

The time dependence of the gas temperature in the after-
glow was calculated using equation (5). Initially, the gas
temperature was calculated for the case with no internal
heating, i.e. for Q;, = 0. Because the thermal conductivity of
quartz is much larger than the thermal conductivity of argon,
the temperature of inner tube wall Ty, is almost equal to the
temperature of outer tube wall, i.e. ~300 K (see figure 5).
In this case the gas temperature decays exponentially with a
decay constant 8 \a/(nmcpR?) = 492 s™!. Because in this case
the gas temperature reaches 300 K for t = oo, the time needed
for gas temperature decrease from initial gas temperature of
400 K (in the active discharge) to 301 K was calculated. It was
found that the gas temperature decreases to 301 K in 10ms.
Because the gas temperature determined from spectroscopic
measurement at 10ms is higher (see figure 4), there is an
internal heating in the gas.

So the equation (5) was solved with nonzero term Qj, con-
taining the terms Qcpem and Q8a11 (see equations (6) and (7)).
The initial gas temperature T was set to 327 K (the minimum
temperature at r= 3.8 ms obtained from the spectroscopic
measurement). At the calculation, 7, was kept constant to
t =3.8ms and its calculation started after this time. In this
case, the inner tube wall is heated mostly by oxygen atoms
recombining on the wall (see bellow) and its temperature
increases. The preliminary temperature calculations showed
that the temperature increase in the afterglow can be observed
only if the temperature of inner tube wall is not more than 15 K
lower the gas temperature, otherwise the temperature decay
prevails. So, for the gas temperature calculation T,, was set

also to 327 K and it was kept constant. There is no knowledge
about the actual value of accommodation coefficient 5. So,
the calculation of temperature dependence was performed for
(G equal 0, 0.5 and 1. The value 0.5 was also used in previous
calculation of temperature [36]. The results of calculations are
shown in figure 9. The calculation with 3= 1 did not show
any significant gas temperature increase. In this case, the wall
processes do not contribute to the gas heating and the energy
released at volume processes is negligible. The calculations
with 0 =0 and 3= 0.5 reveal the significant temperature
increase. The maximum of calculated temperature corre-
sponds to the position of maximum temperature obtained from
experiment. So the energy which heats the gas is released at
the wall processes and it was found by switching on/off the
different wall reactions, that almost all energy is released at
the wall recombinations of O(P) atoms. The gas temperature
strongly depends on the value of T,,. The gas temperature
calculated with Tj, = 340 K and 3 = 0 reaches the maximum
value which is in agreement with experiment. However,
the following gas temperature decrease is too slow in com-
parison with the experiment. This is caused by the assumed
constant wall temperature Ty, in the calculation, whereas the
wall temperature changes in experiment as it was shown by
the outer wall temperature measurement (see figure 5). For
this reason it is not possible to determine the accommodation
coefficient from this experiment.

5. Conclusion

The flowing argon—oxygen afterglow was studied using
optical emission spectroscopy and NO titration. The NO titra-
tion method was used to determine the O atom concentration
along the axis of the flow tube. The optical emission spectr-
oscopy was used to measure the oxygen atmospheric A-band
also along the flow tube. The integral intensity of this atmo-
spheric A-band and rotational temperature of O,(b) molecule
were then determined from these spectroscopic measure-
ments. The zero-dimensional kinetic model was used for the
calculation of time dependences of particle concentrations. It
was found out using sensitivity analysis that wall recombi-
nation and deactivation processes play important role in the
kinetic model and the wall recombination probability for O(P)
atoms and wall deactivation probability for Ox(b) states were
determined. The best fit of the calculated data to the exper-
imental ones was obtained for the wall recombination prob-
ability ~op) = (1.63 £0.06) x 10-% and wall deactivation
probability vq,,) = (1.7£0.1) X 1073. The gas temperature
calculation showed that the wall recombination of O(P) atoms
produces sufficient amount of energy which can heat the gas
in the afterglow and rises the gas temperature up twenty kel-
vins, in the agreement with the experiment.
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Abstract. The reaction kinetics in argon flowing afterglow (post-discharge) with the air addition
was studied by optical emission spectroscopy. The optical emission spectra were measured along
the post-discharge flow tube. A zero-dimensional kinetic model for the reactions in the afterglow was
developed. This model allows to calculate the time dependencies of particle concentrations.

Keywords: argon afterglow, optical emission spectroscopy, kinetic model.

1. Introduction

Besides different types of plasma argon plasma gener-
ated by electrical discharges has an exceptional posi-
tion for its exploitation. A lot of treatment techniques
and production of thin films and multilayer systems
are arranged in argon plasma atmosphere [I]. Special
position has also argon afterglows containing different
impurities. Afterglow systems containing oxygen or
nitrogen have a wide range of applications in different
fields due to the presence of reactive oxygen or nitro-
gen species (oxygen atoms, excited metastable oxygen
and nitrogen molecules) [2, [3]. The afterglows of Ar-
O4 or Ar-N, plasmas have been studied experimentally
or theoretically by numerous groups. The published
studies mainly aimed to determine the concentrations
of reactive species in the treatment area. Theoretical
kinetic model of Ar-N, flowing afterglow was devel-
oped by Loiseau et al. [4] and recently a model for
Ar-Ny mixture was also developed by Shneider et al.
[5] in order to study population inversion in this gas
mixture. A zero dimensional kinetic model in Ar-O,
surface-wave microwave discharges was developed by
Kutasi et al [6] [7] to investigate electron and heavy
particle kinetics and dissociation of Oy molecules in
the discharge and the flowing afterglow. The present
work is focused on the experimental study of air ad-
dition directly to the argon flowing afterglow. The
intensity of the arising nitrogen second positive system
(SPS) was measured in dependence on decay time by
optical emission spectroscopy. A simple kinetic model
was developed in order to explain the experimental
results.

2. Experimental setup

The flowing configuration of argon DC discharge with
the air admixture was used for this experimental study.
The experimental set-up was already used for our pre-
vious studies of argon afterglow with nitrogen admix-
ture [8] and nitrogen afterglow with mercury vapour
admixture [9]. A simplified schematic drawing of the
experimental set-up is given in Figure [I] The active
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discharge was created in a quartz discharge tube with
the inner diameter of 12 mm at the constant total gas
pressure of 1000 Pa and the discharge power of 50 W.
Hollow molybdenum electrodes were placed in the
side arms (at the interelectrode distance of 120 mm)
of the main discharge tube. The argon gas was of
99.99 % purity and it was further cleaned by Oxi-
clear. The reactor system was pumped continuously
by a rotary oil pump. The argon flow of 1400 sccm
was automatically controlled by the Bronkhorst mass
flow controller. The synthetic air was prepared by
mixing of nitrogen and oxgen (8 sccm No + 2 scem
03) and flow was also automatically controlled by
the Bronkhorst mass flow controllers. The moveable
capillary tube for air addition was made of Pyrex and
it was immersed upstream from the discharge into
the quartz tube at its axis. Its external diameter was
2 mm, the inner diameter was 0.5 mm and the length
was 400 mm. The position of the output end of cap-
illary tube was fixed at 50 mm from the end of the
active discharge (nearest edge of the side arm with
cathode). The flow analysis was performed in the
same way as in previous study on argon metastable
quenching [§]. The input gas temperature was 300 K.

The optical spectra were measured by Jobin
Yvon monochromator TRIAX 550 with 300 gr/mm
and 1200 gr/mm grating and with CCD detector.
The emitted light was led to the entrance slit of the
monochromator by the multimode quartz optical fibre
movable along the discharge tube.

3. Results and Discussion

The optical emission spectra were measured in the
active discharge with grating 1200 gr/mm and in
the afterglow with grating 300 gr/mm. The argon
metastable concentration in the active discharge was
determined from the spectra using the self-absorption
method [I0]. However, no self-absorption was ob-
served, so the mean (across the tube diameter)
metastable concentration was below 10° cm™3. Only
the SPS and argon lines were found in the spectra.
The N3 (C) state, which is the upper state of SPS, is
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Figure 1. Scheme of the experimental setup. 1 — catalyzer Oxiclear; 2 — mass flow controllers; 3 — quartz discharge
tube; 4 — capacitance gauge; 5 — quartz optical fibre; 6 — monochromator Jobin Yvon Triax 550; 7 — CCD; 8§ —

PC; 9 — movable Pyrex capillary tube.

produced by excitation transfer in collisions of argon
metastable Ar(3P,) with nitrogen molecules.

As it can be seen from Figure 2] no transitions from
the upper state with v > 2 were observed, which is
typical for the population of Ny (C) state by excitation
transfer from Ar(3Py) state.The SPS intensity was
measured as a function of position along the flow tube.
The SPS was identified 20 millimeters before the addi-
tion point. An example of the recorded post-discharge
spectrum after air addition is shown in Figure [2l The
dependence of SPS intensity on the distance from ac-
tive discharge is shown in Figure[3] This dependence
can be divided into two parts. The first part repre-
sents a rapid increase of SPS intensity to the maximal
value due to the mixing of air with flowing argon.

3.0x10° — T T

. Argon

2.5x10" | b
2" positive spectral system

7 2.0x10*

n

3 4
81,5}(10 r

Z1.0x10*
=4
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n

00F B

. L
400 450

wavelength (nm)

300 350
Figure 2. Overview spectrum of argon post-discharge
with air titration.

In the second part the SPS intensity decreases due
to the decrease of argon metastable concentration and
thus due to the decrease of excitation transfer rate. A
zero-dimensional kinetic model for the argon — air
afterglow was developed. The initial concentrations
of argon [Ar]p, molecular oxygen [O2]p and molecular
nitrogen [Nz]p in ground states were calculated from
the equation of state for ideal gas for 7" = 300 K and
from corresponding flow rates. The concentration of
argon ground state was considered to be constant. At
our experimental conditions the electrons are thermal-

4
4x10* F o 4
3x10* b 1
’:‘,: A
J a 4
2 2x10° F 1
% A
S . & A
1x10'F 4 A 1
A
RPN N A
o} J
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0 50 100 150 200 250 300

distance (mm)

Figure 3. The dependence of SPS intensity (0-1
sition) on distance from active discharge.

tran-

ized due to collisions with argon atoms. The time
needed for the electron temperature decrease within
10% of neutral gas temperature was calculated using
data published by Trunec et al. [I1]. This calculated
time for estimated initial electron energy of 4 eV was
1.2 ms, which corresponds to the distance of 2.4 cm in
the flow tube. So, the electron temperature was equal
to neutral gas temperature (300 K) in our experiment
and this electron temperature was also used in the ki-
netic model. The reactions involved in the model and
their rate coefficients were taken from [8 [, [12]. The
resulting system of differential equations was solved
numerically. The results of the kinetic model are
shown in Figures [ [5] and [6]

The Figure [4] shows the time dependence of elec-
tron and ion concentrations. During the first hun-
dred ps, the ArT ions are converted to Ar2+ molecular
ions, however both these ions react with atomic and
molecular oxygen and also with molecular nitrogen in
charge transfer reactions producing O™, O;‘ and N;‘
ions. Thereafter the O ions and all nitrogen ions are
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Figure 4. The calculated time dependence of electron
and ion concentrations in the afterglow.
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Figure 5. The calculated time dependence of neutral
particle concentrations in the afterglow.

converted to O;r ions by exothermic charge transfer
reaction. So, after the first millisecond all positive
ions are converted to OF ions. Thus, after the first
millisecond only electrons and OF ions are the remain-
ing charged particles, which recombine mutually and
their concentrations further decrease and also the OF
ions react again in exothermic charge transfer reaction
with arising NO.

The Figure [5| shows the time dependence of neutral
oxygen species and excited argon and oxygen species
concentrations. The Ar* metastables produced in the
discharge are converted to excimer Arj molecules,
both Ar* and Arj react with molecular oxygen pro-
ducing atomic oxygen in ground or excited state. After
the first millisecond, the concentrations of argon ex-
cited species are negligibly small. Mutual reactions
of O and O3 produce ozone and metastable oxygen
molecules Oz(a) and Oy(b). So after the first mil-
lisecond the remaining neutral particles with signif-
icant concentrations in afterglow are atomic oxygen
in ground state O(P), metastable molecular oxygen
states Oz(a) and Oz (b) and ozone together with argon
and molecular oxygen in ground states. The concen-
tration of metastable atomic oxygen O(D) is very low
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Figure 6. The calculated time dependence of nitrous
oxides concentrations in the afterglow.
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Figure 7. The comparison of calculated No(C) con-
centration with measured SPS intensity. Blue line —
calculated Na (C) concentration, black line — convolu-
tion of calculated Nz (C) concentration with apparatus
function, triangles — measured SPS intensities.

(around 10* cm~3).

The Figure[6]shows the time dependence of nitrogen
and nitrous oxides species concentrations. The Ny(C)
states produced in excitation transfer reaction decays
to N2(B) which decays further to No(A). All these
three nitrogen excited states are also quenched by
O3 producing oxygen atoms. The nitrogen atoms are
produced in collisions of two Ny(A) molecules. The
atomic oxygen and nitrogen then react and nitrous
oxides are produced.

The results from the kinetic model are compared
with measured SPS intensities in Figure [7]

In order to compare directly the results of model
with experimental results the convolution of kinetic
model results with an apparatus function of experimen-
tal setup was calculated [§]. The apparatus function
accounts for the light propagation in flow tube wall.
This light propagation in the wall leads to the slower
decrease of SPS intensity in the experiment. So calcu-
lated SPS intensity decay is in good agreement with
experimental data except the times longer than 5 ms,
when there is still very low nonzero experimentally
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measured SPS intensity. The origin of this very low
SPS intensity is not clear.

4. Conclusions

The flowing argon afterglow with air addition was
studied using optical emission spectroscopy. The op-
tical emission spectroscopy was used to measure the
nitrogen SPS along the flow tube, which arises in
excitation transfer between argon metastables and
nitrogen molecules. The kinetic model shows time
dependences of different species in the afterglow. The
argon and nitrogen excited states decay very quickly
mainly by quenching with molecular oxygen. Also
the argon and nitrogen ions decay very quickly due
to charge transfer reactions to molecular oxygen. So
after first millisecond only oxygen species are impor-
tant. Then atomic oxygen reacts with atomic nitrogen
producing NO and further NOs.
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Study of argon flowing afterglow with nitrogen injection
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In this work, the reaction kinetics in argon flowing afterglow with nitrogen addition was studied by
optical emission spectroscopy. The DC flowing post-discharge in pure argon was created in quartz
tube at the total gas pressure of 1000 Pa and discharge power of 60 W. The nitrogen was added
into the afterglow at the distance of 9 cm behind the active discharge. The optical emission spectra
were measured along the flow tube. The argon spectral lines and after nitrogen addition also nitrogen
second positive system (SPS) were identified in the spectra. The measurement of spatial dependence
of SPS intensity showed a very slow decay of the intensity and the decay rate did not depend on the
nitrogen concentration. In order to explain this behavior a kinetic model for reaction in afterglow
was developed. This model showed that C *T1,, state of molecular nitrogen, which is the upper state
of SPS emission, is produced by excitation transfer from argon metastables to nitrogen molecules.
However, the argon metastables are also produced at Arzr ion recombination with electrons and this
limits the decay of argon metastable concentration and it results in very slow decay of SPS intensity.
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. INTRODUCTION

Plasmas generated in Ar-N, mixtures have been widely
studied for different conditions (pressure, concentration, dis-
charge kind, etc.) during the last decades with respect to the
broad applications.'= A lot of treatment techniques and pro-
duction of thin films and multilayer systems are arranged in
argon plasma atmosphere.*> The use of discharge plasmas in
the applications often requires the understanding of the ki-
netics in this environment, where the different pathways of
production and loss of active species exist. Among them,
the energy transfer process from argon metastable states to
molecular nitrogen is important. This energy transfer process
is due to the reaction

ArCPy5) + Ny — No(C3I1,) + Ar .

The excited N,(C 3II,) nitrogen state is then the origin
state of the nitrogen second positive spectral system (SPS).
Many papers have been devoted to the investigation of the
electronic energy transfer from metastable argon atoms
Ar(3PO, »2) to molecular nitrogen.6’11 Le Calve and Bourene
studied the SPS induced by the transfer of energy to ni-
trogen by metastable argon atoms obtained by the pulsed
radiolysis of argon-nitrogen mixtures using optical emission
spectroscopy.® The obtained rate coefficient was (3 & 0.3)
x 107" cm® s7!. Piper et al® used flowing afterglow
technique with absorption spectroscopy for determination
of metastable concentration and they reported a value of 3.3
x 107" cm?® s~!. Theoretical kinetic model of Ar-N,
flowing afterglow was developed by Loiseau et al’® and
recently a model for Ar-N, mixture was also developed by
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Shneider et al.'’ in order to study population inversion in

this gas mixture. Ar(*Py) is less efficient than Ar(*P,) in
excitation transfer to N,(C 3T1,).'>!3 In addition, Ar(*Py)
concentration is smaller than Ar(*P,) concentration,''# then
almost all the excitation transfer is produced by Ar(’P5).

The present work is focused on the experimental study of
nitrogen titration directly to the argon flowing afterglow. The
intensity of the arising SPS was measured in dependence on
decay time by optical emission spectroscopy. A simple kinetic
model was developed in order to explain the experimental
results.

Il. EXPERIMENTAL SETUP

The DC flowing configuration of argon discharge was
used for the experimental study. A simplified schematic draw-
ing of the experimental setup is given in Figure 1. The ac-
tive discharge was created in a quartz discharge tube with in-
ner diameter of 12 mm at the constant total gas pressure of
1000 Pa and discharge power of 60 W. Hollow molybdenum
electrodes were placed in the side arms (at interelectrode dis-
tance of 120 mm) of the main discharge tube to minimize their
sputtering and also to minimize scattering of the light emitted
in the electrode regions. The reactor system was pumped con-
tinuously by a rotary oil pump separated from the discharge
tube by a LN, trap. The gas flow of 1400 sccm was automati-
cally controlled by Bronkhorst mass flow controller. The total
gas pressure in the discharge tube was measured by a capac-
itance gauge connected to the end of the discharge tube. The
gas temperature was 300 K.

The moveable titration capillary tube was made of Pyrex
and it was immersed upstream from the discharge into the
quartz tube at its axis. Its external diameter was 2 mm,

© 2013 AIP Publishing LLC
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FIG. 1. Scheme of the experimental setup. 1 — catalyzer Oxiclear; 2 — mass flow controller; 3 — quartz discharge tube; 4 — capacitance gauge; 5 — quartz optical
fiber; 6 — monochromator Jobin Yvon Triax 550; 7 — CCD; 8 — PC; 9 — movable Pyrex titration capillary tube.

inner diameter was 0.5 mm, and the length was 400 mm.
The position of the output end of capillary tube was fixed
at 90 mm from the active discharge which corresponded to
the decay time of 4.5 ms in this experiment. The nitrogen of
99.999% purity with flow of 0.15-0.8 sccm (again controlled
by Bronkhorst mass flow controller) was used for the titration.

The bulk flow velocity v, of argon in the tube was cal-
culated from the continuity equation and the state equation.
The calculated velocity v, was 20 m s™! in the mainstream
and 3 m s~! in the capillary tube. The flow analysis was
performed in the same way as in previous studies on argon
metastable quenching.”-® The distance d needed to develop a
full parabolic velocity profile is given by d = 0.277aR, where
a is the flow tube radius (0.6 cm) in cm and R is the Reynolds
number. For our experimental conditions, the Reynolds num-
ber R is equal to 150, which gives d = 25 cm. Furthermore,
our experimental setup introduced perturbations into the flow
pattern at the side arms and at the nitrogen inlet. So, the
flow will be in transition between plug and parabolic flow
and in this case the bulk flow velocity can be used for the
calculation of the decay time. This approach was found to
be correct in previous study.” In our experiment the line in-
tensities (which are proportional to exited particle concentra-
tions) were measured across the diameter of the flow tube.
Bolden et al.'> have experimentally demonstrated that this is
equivalent to monitoring the concentration at the center of the
tube for fully developed parabolic flow conditions. Kolts and
Setser’ measured the argon metastable concentration across
the diameter of the flow tube by the optical absorption spec-
troscopy in the case of plug flow. They found that no correc-
tion is necessary in order to obtain correct values of quenching
rate coefficients. So, again no correction was applied at our
measurement.

The optical spectra were measured by Jobin Yvon
monochromator TRIAX 550 with CCD detector. A
1200 g/mm grating was used for spectra acquisition in
the range of 300-500 nm. The emitted light was led to
the entrance slit of the monochromator by the multimode
quartz optical fiber movable along the discharge tube. The
integration time for spectra measurement in the afterglow was
120 s due to very low intensity of SPS. The SPS of nitrogen
N»(C 31I1,) — N,(B 3Hg) was recorded in all spectra. For
the determination of SPS intensity the O-1 transition at
wavelength 357.69 nm was chosen. Argon spectral lines

around 400 nm were also recognized. No other atomic or
molecular emissions were observed.

lil. KINETIC MODEL

The following particles were considered in the kinetic
model — atomic argon ion Ar", molecular argon ion Ar;, ar-
gon metastable Ar* (P, state), argon excimer molecule Ar,
and excited nitrogen N,(C) (C 311, state). The concentrations
of argon and nitrogen in ground states were calculated from
equation of state for 7= 300 K and they were considered con-
stant. Six reactions concerning these particles were included
in the kinetic model, see Table I. The rate coefficients for these
reactions were taken from recent papers.” ' The rate coeffi-
cient for molecular argon ion recombination depends on elec-
tron temperature.'® At our experimental conditions the elec-
trons are thermalized due to collisions with argon atoms. The
time needed for the electron temperature decrease within 10%
of neutral gas temperature was calculated using data pub-
lished by Trunec et al.'® This calculated time for estimated
initial electron energy of 4 eV was 1.2 ms, which corresponds
to the distance of 2.4 cm in the flow tube. So, the electron
temperature was equal to neutral gas temperature (300 K) in
our experiment and this electron temperature was also used
in the kinetic model. The reactions which are known to be
negligible (the radiative decay of Ar*, the Ar*+ Ar two-body
quenching, and the quenching of N,(C) by collision with Ar
or N;) were not included. The diffusion losses of all consid-
ered species are also negligible at argon pressure used in the
experiment.

TABLE I. Reactions and their rate coefficients considered in the model. The
values of rate coefficients are for 7' = 300 K, also the electron temperature
for reaction 2 is T, = 300 K. The symbols in brackets show the marking for
corresponding rate coefficients used in the following text.

No. Reaction Rate coefficient 10

2.5 x 1073 ecm®s~!
1 x 107%cm’s~! (kg)
1 x 10732 cmés!
2.4 x 107 s7!
3x 107 emds~! (kg)
2.74 x 107 s71 (k)

Art + Ar+ Ar —> At + Ar
Ar2+ +e  — Arf + Ar
Ar* 4+ Ar+ Ar — Arj + Ar
Ar; — Ar+ Ar+hv
Ar* +N; — Ar + Ny (C)
N, (C) — No(B) + hv

ARSI e




164311-3 Mazankova, Trunec, and Kréma

Let us consider the production of SPS by reactions 5 and
6 only. These reactions are described by following equations

d:;_tm = _kqnmn2 s (D

dl’lc

dr
where n,, is the concentration of argon metastable Ar*, nc is
the concentration of nitrogen N, (C) state, n; is the concentra-
tion of nitrogen N5 in ground state, k, is the rate coefficient
for excitation transfer, and k, is the rate coefficient for SPS
emission from N,(C) state. Reaction 5 is a second order re-
action and it was assumed that n, >> n,, for its solution. So
the concentration n, was considered as constant during the
reaction. At ¢+ = 0, when the plasma starts to decay, the ini-
tial concentration n,, is equal n,,9 and the initial concentration
nc = 0. Then the solution of Eq. (2) is

= kqnmn2 - krnC ) (2)

kq”Z"mO

ne(t) = (exp (—kgnat) —exp(=k1)).  (3)

kq ny — kr
The density n¢ can be determined from the intensity of SPS,
1, which is proportional to the second term on the right side of

Eq. (2)

If k, > k4ny, the intensity decays exponentially and it is the
first exponential term in Eq. (3) which governs the intensity
decay. So the k, could be determined from the intensity decay.

However, if the metastables are also simultaneously pro-
duced in other collisional processes (e.g., in dissociative re-
combination of Arér ions with electrons) in the afterglow,
Eq. (1) has to be corrected and all reactions from Table I
must be taken into account. The resulting system of dif-
ferential equations was solved numerically using RADAUS
procedure.!” For initial conditions for this system a glow dis-
charge in pure argon, producing electrons, Ar* ions and Ar*
metastables was assumed. The concentrations of these parti-
cles n., njy = n. and n,y were taken as the initial values
for the system of differential equations describing the kinetic
model.

IV. RESULTS AND DISCUSSION
A. Experimental results

The optical emission spectra were measured in the active
discharge and in the afterglow. The argon metastable con-
centration in the active discharge was determined from the
spectra using the self-absorption method.'® ! However, no
self-absorption was observed, so the mean (across the tube
diameter) metastable concentration was below 10° cm™3.

As described in Sec. I, the SPS intensity was measured
as a function of position along the flow tube. The SPS was
identified a few millimeters before the titration point. An ex-
ample of the recorded post-discharge spectrum after nitro-
gen addition is shown in Figure 2. As it can be seen from
Figure 2, no transitions from the upper state with v > 2 were
observed, which is typical for the population of N,(C) state
by excitation transfer from Ar(*P,) state. The dependence of

J. Chem. Phys. 139, 164311 (2013)
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FIG. 2. Overview spectrum of argon post-discharge with nitrogen titration.

SPS intensity on the distance from active discharge is shown
in Figure 3. This dependence can be divided into two parts.
The first part represents a rapid increase of SPS intensity to
the maximal value due to the mixing of nitrogen with flow-
ing argon. After that reaction 5 prevails and the decrease of
intensity can be observed in the second part. However, the
decay time constant is greater than that expected from the re-
action rate of reaction 5. Also, as can be seen from Figure 3,
higher concentration of nitrogen does not result in a steeper
decay of the SPS intensity, the decay rate almost does not de-
pend on nitrogen concentration. This is in contradiction with

Eq. (3).

B. Results from kinetic model

The experimental data can be explained by the results
of kinetic model described in Sec. III. The results of the ki-
netic model are shown in Figure 4. The rapid conversion of
atomic Ar* ions to molecular Ar; ions takes place in first mil-
lisecond. Also Ar* metastables are converted to Ar; excimer
molecules, however, Ar§ concentration at pressure of 1000 Pa
remains low (several orders below Ar* concentration). Then,
at t = 4.5 ms the nitrogen was injected. The calculated time
dependence of N,(C) concentration can be seen in the detail

9000 [ T T T T T T T
8000
7000 A“A m (0.2 sccm
6000 | A A ® 0.4 sccm
__ 5000} 2e%0 A A 0.8sccm
4 [ X ]
< 4000 | wts_ 4
~ f A
2 3000} u "o N
2 [ g
) e
= A "0 . A
2000 o ) A
: L]
1000 L

n 1 n n 1 n 1 n 1 n 1
0.05 0.10 0.15 0.20 0.25 0.30 0.35
distance (m)

FIG. 3. The dependence of SPS intensity (0-1 transition) on distance from
active discharge for different nitrogen flow rates.
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FIG. 4. The time dependence of particle concentrations for different ini-
tial conditions. Concentrations: 1 — electrons, 2 — Art, 3 — Ar;' , 4 — Ar¥,

5—N3(C), 6 — Arj . Initial concentrations: (a) n.o = 100 em=3, 5y = 1010

cmT3, nitrogen flow rate 0.8 sccm; (b) n,o = 102 cm™3, nyo = 108 cm ™3,

nitrogen flow rate 0.8 sccm; (¢) no = 108 em™3, iy = 108 ecm ™3, nitrogen
flow rate 0.8 sccm.

in Figure 5. This dependence consists of three parts: an initial
very steep increase — part A, a steep decrease — part B, and
much slower decrease — part C (see again Figure 5). These
parts are discussed in detail below.

1. Part A

After nitrogen injection, the N,(C) concentration in-
creases very rapidly to maximum value. The maximum of

distance (m)
. 0.1 0.2 0.3 0.4 0.5
10 E T T T T T
E A B : C

0.005

S
0.015
t(s)

FIG. 5. The time dependence of N»(C) concentration for different initial con-
ditions. 1 — no = 102 cm™3, np = 102 cm—3, qn, = 0.8 sccm; 2 — ngy
=102 cm™3, nyo = 1010 cm=3, qn, = 0.8 sccm; 3 — ny = 102 em™3,
nmo = 108 cm™3, qn, = 0.8 sccm; 4 —np = 1010 em™3, nyo = 1019 ecm—3,
gn, = 0.8 sccm; 5 —nep = 108 em™3, o = 108 cm ™3, qn, = 0.8 sccm; 6 —
neo = 1012 ecm™3, nyo = 1012 ecm—3, qn, = 0.4 scem; 7 —nyo = 102 cm—3,

Ny = 10'2 cm_3, qn, = 0.2 sccm; 8 —ngp = 1010 cm_3, Ny = 1012 cm_3,

[ s ot
0.010 0.020 0.025
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the peak increases with increasing nitrogen concentration,
and decreases when initial argon metastable concentration
and initial electron concentration are both decreased, compare
curves 1, 4, and 5 in Figure 5.

2. PartB

The Ar* concentration decreases rapidly in part B and
this leads also to the decrease of N,(C) concentration. The
steep decrease is caused depopulation of Ar* by reaction 5
and the decay rate depends on nitrogen concentration, com-
pare curves 1, 6, and 7 in Figure 5. The rate coefficient for re-
action 5 can be determined from this part of the dependence.
At the end of this part the Ar* concentration decreases to a
very low value and further the production of argon metasta-
bles in argon molecular ions recombination with electrons be-
comes substantial. This metastable production balances the
losses due to reaction 5 which leads to much slower de-
crease of N,(C) concentration. The shape of N,(C) concen-
tration time dependencies for different initial metastable con-
centration is the same, since the metastable concentrations at
the time of nitrogen injection are similar due to metastable
production in the first millisecond, compare curves 1-3 in
Figure 5. The rate coefficient for reaction 5 can be deter-
mined in our experiment only for very low nitrogen flow
(0.15 sccm) and it follows from the model that the decay
curve only in range from 0.10 to 0.14 m has to be considered.
The measured SPS intensity dependence for above mentioned
nitrogen flow and distance range has exponential form, see
Figure 6. So Eq. (3) can be used for the rate coefficient de-
termination. The value of rate coefficient obtained from expo-
nential fitis (1.4 £ 0.4) x 107! cm? s~

3. PartC

For times longer than 12 ms all curves merge together,
except of the curve for lowest values of initial electron and
metastable concentrations (curve 5). In this part, the decay
rate does not depend on nitrogen concentration. The N»(C)
concentration is slightly decreased and it also decays slightly

6000 — T T T T

5000

4000 |- B

intensity (a.u.)
n

3000 L - ' - '
0.10 0.12 0.14

distance (m)

FIG. 6. The dependence of SPS intensity on distance from active discharge.
Nitrogen flow gy, = 0.15 sccm.
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FIG. 7. The dependence of SPS intensity on distance from active discharge.
Nitrogen flow gy, = 0.8 sccm.

more slowly with decreasing initial electron concentration
no. This effect is more dominant at very low initial electron
concentration n,, see curve 5 in Figure 5.

The measurement presented in Subsection IV A mostly
covered this part of the dependence. Therefore, the experi-
mental dependencies did not change with nitrogen concen-
tration. It is not possible to determine the rate coefficient for
reaction 5 from this part of N,(C) concentration dependence.
Both measured and theoretical dependencies are not exponen-
tial, having the form n¢ ~ t. The coefficient « has the value
of —2.1 and —1.2 for theoretical curves 1 and 5 in Figure 5,
respectively, and the value of —1.4 for the experimental data
with nitrogen flow of 0.8 sccm in Figure 3. This experimen-
tal dependence has a linear form in log-log plot as it can be
seen in Figure 7. It also follows from the kinetic model that
the decay of N,(C) concentration in this part depends mainly
on rate coefficient for molecular argon ion recombination kg,
which also suggests the form of its time dependence. The in-
fluence of the value of k; on the N,(C) concentration is shown
in Figure 8. As can be seen from this figure the changes of ky
do not change significantly the slope of N,(C) concentration
curves in part B and they have significant influence on these
curves in part C.

C. Comparison of theoretical and experimental
results

In order to compare directly the results of model with
experimental results the convolution of kinetic model results
with an apparatus function of experimental setup was calcu-
lated by following equation

oo

In(x) = / (/v exp(—klx — yDdy . (3)

—0Q

where [, and I, are the measured and calculated SPS intensity,
respectively. The apparatus function was taken in the form
exp (—k|x — y]|), this form of apparatus function represents
an exponential decay of the light intensity along the tube ob-
served in an independent experiment. The best fit to measured

J. Chem. Phys. 139, 164311 (2013)
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FIG. 8. The influence of value of rate coefficient for molecular ar-
gon ion recombination k; on N2(C) concentration. Initial concentrations
neo = 108 ecm™3, nyo = 108 ecm™3; nitrogen flow gy, = 0.2 sccm.
l-kg=1x10%cm?s7;2-k; =05 x 100 cm’s7!;3 - ky =2
x 1070 ecm3 s~ 1.

data was obtained for k = 50 m~'. The comparison of convo-
luted theoretical SPS intensity profiles with experimental ones
is shown in Figure 9. The calculated profiles were divided by
the factor of 800 in order to obtain the best fit to experimen-
tal intensity profiles (the SPS intensities were measured only
relatively). As can be seen in the figure the maxima of cal-
culated profiles are shifted to shorter distances and they are
also higher in comparison with experimental profiles. This
is caused by the slow mixing of added nitrogen with flow-
ing afterglow plasma which is not taken into account in the
calculation. In the decaying part of profiles there is a good
agreement of calculated and measured profiles for the value
of electron and metastable concentrations equal to 10% cm—3,

8000

6000

4000

intensity (a.u.)

2000

distance (m)

FIG. 9. The dependence of SPS intensity on the distance from active dis-
charge — the comparison of experimental and theoretical results. Experimen-
tal results — points; results of calculations — lines: 1 — n, o = 108 cm—3,
nmo = 108 cm™3, qn, = 0.4 scem; 2 — nep = 108 ecm™3, nyo = 108 cm™3,
qn, = 0.2 sccm; 3 — ng = 10° cm_3, Mo = 108 cm_3, gn, = 0.2 sccm;

4 —nep =100 cm=3, 5y = 108 cm 3, qn, = 0.2 sccm.
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see lines 1 and 2 in Figure 9. On the other hand, the profiles
calculated for the value of electron concentrations equal to
10° cm =3 and 10'° cm™3 do not fit the experimental data, see
lines 3 and 4 in Figure 9. The value of 10% cm~ for initial
electron and metastable concentration is also indicated by the
value of o exponent of the time dependence, see above. So
this measurement may be used for the indication of electron
and metastable concentrations in the discharge.

The different rates of N»(C) concentration decay were
also observed in experiment by Le Calve and Bourene® at ar-
gon pressures below 200 Torr. They also proposed that this
effect is caused by metastable production at recombination of
argon molecular ions. However, the kinetic model was not de-
veloped in their work.

V. CONCLUSION

The SPS of nitrogen was observed in optical spectra after
nitrogen addition to argon flowing afterglow plasma at neu-
tral gas pressure of 1000 Pa. The SPS intensity was measured
at different positions along the flow tube (and hence at dif-
ferent times of afterglow). The measured spatial dependence
exhibited very slow decrease only and the decrease rate does
not depend on the concentration of added nitrogen which was
in contradiction with previous experiments done by other au-
thors. This peculiar behavior was explained by kinetic model.
The upper state of SPS is N,(C) state which is produced by
excitation transfer from argon metastable state >P, to nitro-
gen ground state. The argon metastables are also produced
in afterglow at AI‘;— ion recombination with electron, which
leads to slow decay of N,(C) states and also of SPS intensity.
This slow decay is then mainly controlled by the rate of Ar;
ion recombination rather than by the rate of excitation trans-
fer. It follows also from the model that the rate coefficient
for excitation transfer can be determined only at very low ni-
trogen concentrations and only in the first few milliseconds.

J. Chem. Phys. 139, 164311 (2013)

The rate coefficient obtained in such way was (1.4 + 0.4)
x 107" ecm? s~!. This value is two times lower than the value
obtained by Le Calve and Bourene.®
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The reaction kinetics in nitrogen flowing afterglow was studied by optical emission spectroscopy. The
DC flowing post-discharge in pure nitrogen was created in a quartz tube at the total gas pressure of
1000 Pa. The optical emission spectra were measured along the flow tube. It was found that N atoms are
the most important particles in the late nitrogen afterglow. In order to explain the decrease of N atom
concentration, it was also necessary to include the surface recombination of N atoms to the model.

Keywords: optical emission spectroscopy, nitrogen afterglow, surface recombination coefficient

1 INTRODUCTION

In flowing nitrogen afterglows (post-
discharges) at low pressure, a large number of
nitrogen atoms is created in the discharge or in
the short-lived (pink) afterglow during colli-
sions of nitrogen molecules with electrons,
vibrationally excited nitrogen molecules and
metastable states. The nitrogen atoms are lost
by volume and wall recombination [1]. The
probability of volume recombination (a three-
body collision) tends to be lower than the wall
recombination probability y. The probability y
Is the ratio between the number of atoms ef-
fectively recombining at the surface over the
number of atom-wall collisions [2]. Nitrogen
late afterglow is characterized by a visible
emission in the yellow part of the spectrum,
associated with the recombination of the ni-
trogen atoms in the gas phase.

Nitrogen post-discharges are widely used for
various industrial applications such as nitrid-
ing [3], plasma surface modification [4] or
plasma sterilization [5]. Besides laboratory
and technological plasmas, the nitrogen post-
discharge is studied also in connection with
the kinetics of the upper Earth atmosphere
(corona borealis [6]) and the processes occur-
ring in nitrogen post-discharges are also taken
into account in some extraterrestrial systems,
for example in the Titan atmosphere [7].

This paper presents a method for obtaining the
atomic nitrogen recombination probability (y).
It is based on the measurement of 11-7 transi-
tion intensity in first positive nitrogen spectral
system (FPS).

Plasma Physics and Technology
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2 EXPERIMENTAL SET-UP

The flowing configuration of nitrogen DC dis-
charge was used for the experimental study.
This experimental set-up was already used for
our previous study with nitrogen [8, 9]. A
simplified schematic drawing of the experi-
mental set-up is given in Fig. 1. The active
discharge was created in a quartz discharge
tube with the inner diameter of 12 mm at the
constant total gas pressure of 1000 Pa and the
discharge power of 130 W. Hollow molyb-
denum electrodes were placed in the side arms
(at the interelectrode distance of 120 mm) of
the main discharge tube to minimize their
sputtering and also to minimize the influence
of the light emitted in the electrode regions.
The nitrogen gas was of 99.9999 % purity and
it was further cleaned by Oxiclear and LN
traps. The reactor system was pumped contin-
uously by a rotary oil pump separated from the
discharge tube by another LN> trap. The gas
flow of 800 sccm was automatically controlled
by the Bronkhorst mass flow controller. The
total gas pressure in the discharge tube was
measured by a capacitance gauge connected to
the end of the discharge tube. The gas temper-
ature was 300 K.

The bulk flow velocity vg of nitrogen in the
tube was calculated from the continuity equa-
tion and the state equation for ideal gas. The
calculated velocity vg was 12 ms™. The flow
analysis was performed in the same way as in
previous studies using flowing afterglow [10,
11].
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Fig. 1: Scheme of the experimental setup. 1- catalyzer Oxiclear; 2- mass flow controller; 3- quartz dis-
charge tube; 4-capacitance gauge; 5-quartz optical fiber; 6-monochromator Jobin Yvon Triax 550; 7-

CCD,; 8-PC

The distance d needed to develop a full para-
bolic velocity profile is given by d = 0.277 a
R, where a is the flow tube radius (0.6 cm) in
cm and R is the Reynolds number. For our ex-
perimental conditions, the Reynolds number R
is equal to 184, which gives d = 31 cm. Fur-
thermore, our experimental setup introduced
perturbations into the flow pattern at the side
arms and at the nitrogen inlet. So, the flow
will be in transition between plug and parabol-
ic flows and in this case the bulk flow velocity
can be used for the calculation of the decay
time. This approach was found to be correct in
previous studies [8-10]. In present experiment
the line intensities (which are proportional to
the exited particle concentrations) were meas-
ured across the diameter of the flow tube.
Bolden et al. [12] have experimentally demon-
strated that this is equivalent to monitoring the
concentration at the center of the tube for fully
developed parabolic flow conditions.

The optical spectra were measured by Jobin
Yvon monochromator TRIAX 550 with CCD
detector. The 300 gr/mm grating was used for
overview spectra in the range from 300 nm to
600 nm. The emitted light was led to the en-
trance slit of the monochromator by the mul-
timode quartz optical fiber movable along the
discharge tube.

3 RESULTS
The optical spectra were measured as a
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function of position along the flow tube in the
distances 30 — 52 cm from the active
discharge. An example of the typical recorded
post-discharge spectrum is shown in Fig. 2.
The nitrogen late afterglow emission is
dominated by the

N2(B, v=11) — N2(A, v=7) Q)
band of the first positive system at 580 nm
[13], see also Fig. 2. This band is correlated
with the three-body recombination process
with the rate constant kvol = 4.4 1033 cm® s*
taken from [14]

N + N +N2 — N2(B, v=11) + N>. 2
As the N2(B, v=11) state can de-excite either
radiatively to the A state with a global
frequency vrag Or collisionally by quenching
with the nitrogen molecules (kq), the emitted
intensity can be written as

I, , <[N,(B, v=11)] K [NI[N,]

1/rad + kq[NZ] (3)

where the values viag = 1.7x10° s* and kq =
5x1071 cm® s were taken from [15]. So it
appears that the evolution of the N atom con-
centration can be followed monitoring Ii1-7.
For pressures higher than 133 Pa is kq[N2] >>
Vrad @nd equation (3) reduces to
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[NJoe 1, (4)

The N atom concentration determined from
equation (4) is shown in Fig. 3 as a function of

multiplied by a constant so that they can be
coincident at t = 0 s (distance 30 cm from ac-
tive discharge) with absolute N atom concen-
tration determined in previous study by NO
titration [16].

decay time. These N atom concentrations were
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Fig. 2: Overview spectrum of nitrogen post-discharge
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Fig. 3: Time dependence of nitrogen atom concentration. Squares — concentrations determined from Eq.
(4); triangles — concentrations determined by NO titration [16]; full line — calculation from the model
with y 2.16 x 10° ; dashed line — calculation from the model with vy 1.35 x 10°

The kinetic model of nitrogen late afterglow measured data using least square method. The
developed previously [9] was used to fit value y = (2.16 £ 0.07) x 10 was obtained
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from this method. However, the N atom con-
centrations determined from measurement of
FPS intensity decreases faster than the N atom
concentration determined by NO titration and
also faster than calculated N atom concentra-
tion from the model in previous study [9] with
the value y = 1.35 x 10%. This discrepancy
could be caused by incorrect determination of
11-7 transition intensity in FPS due to overlap
of this band with neighbouring vibrational
bands.

4 CONCLUSION

The recombination of N atoms in nitrogen late
afterglow was studied in flowing afterglow
experiment at pressure of 1000 Pa. The optical
emission spectra were measured at different
positions along the quartz flow tube (and
hence at different times of afterglow). The
spectra were dominated by 11-7 band of the
nitrogen first positive system. This band is
correlated with three body (volume) recombi-
nation of atomic nitrogen and thus it is possi-
ble to determine the relative concentration of
N atoms from band intensity. Then the wall
recombination probability y for N atoms was
calculated from the decrease of N atom con-
centration along the flow tube and the value y
=(2.16 £0.07) x 10 was obtained.

Acknowledgements
The present work was supported by the project
"R&D center for low-cost plasma and nanotech-
nology surface modifications"
(CZ.1.05/2.1.00/03.0086) funding by the European
Regional Development Fund and by the Czech
Science Foundation, contract No. 13-24635S.

53

REFERENCES
[1] Guerra V, Sa P A, Loureiro, J Eur. Phys. J. -
Appl. Phys. 28 (2004) 125.
[2] Rouffet B, Gaboriau F, Sarrette J P, J. Phys. D:
Appl. Phys. 43 (2010) 185203.
[3] Bockel S, Belmonte T, Michel H, Ablitzer D,
Surf. Coat. Technol. 97 (1997) 618.
[4] Junkar 1, Vesel A, Cvelbar U, Mozetic M,
Strnad S, Vaccum 84 (2009) 83.
[5] Kutasi K, Pintassiigp C D, Coelho P
J, Loureiro J, J. Phys. D: Appl. Phys. 39 (2006)
3978.
[6] Ashrafi M, Lanchester B S, Lummerzheim D,
Ivchenko N, Jokiaho O, Ann. Geophys. 27 (2009)
2545,
[7] Horvath G, Krcma F, Polachova L, Klohnova
K, Mason N J, Zahoran M, Matejcik S, Eur. J.
Phys. D: Appl. Phys. 53 (2011) 11001.
[8] Mazankova V, Trunec D, Krcma F, J. Chem.
Phys. 139 (2013) 164311.
[9] Mazankova V, Trunec D, Krcma F, J. Chem.
Phys. 141 (2014) 154307.
[10] Kolts J H, Setser D W, J. Chem. Phys. 68
(1978) 4848.
[11] Piper L G, Velazco J E, Setser D W, J. Chem.
Phys. 59 (1973) 3323.
[12] Bolden R C, Hemsworth R S, Shaw M J,
Twiddy N D, J. Phys. B 3 (1970) 45.
[13] Noxon J F, J. Chem. Phys. 36 (1962) 926.
[14] Krivonosova O E, Losev S A, Nalivaiko V P,
Mukoseev Y K, Shatalov O P, Reviews of Plasma
Chemistry vol. 1 (Ed. Smirnov B M). New York:
Consultants Bureau, 1991, 9.
[15] Gordiets B, Ricard A, Plasma Sources Sci.
Technol. 2 (1993) 158.
[16] Mazankova V, Polachova L, Krcma F,
Horvath G, Mason N J, In: Proceedings, 19th
Symposium on Physics of Switching Arc, Brno,
(Ed. Aubrecht V and Bartlova M). Brno University
of Technology, 2011, 283.



'. AI P I The Journal of

Chemical Physics
Study of nitrogen flowing afterglow with mercury vapor injection
V. Mazankova, D. Trunec, and F. Kréma

Citation: The Journal of Chemical Physics 141, 154307 (2014); doi: 10.1063/1.4898367
View online: http://dx.doi.org/10.1063/1.4898367

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/141/15?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Study of argon flowing afterglow with nitrogen injection
J. Chem. Phys. 139, 164311 (2013); 10.1063/1.4826650

Flowing afterglow measurements of the density dependence of gas-phase ion-ion mutual neutralization reactions
J. Chem. Phys. 138, 204302 (2013); 10.1063/1.4803159

Experimental study of the asymmetric charge transfer reaction between Ar+ ions and Fe atoms
J. Chem. Phys. 134, 064308 (2011); 10.1063/1.3548657

Surface loss probabilities of H and N radicals on different materials in afterglow plasmas employing H 2 and N 2
mixture gases
J. Appl. Phys. 107, 103310 (2010); 10.1063/1.3372750

Characteristics of C 3 radicals in high-density C 4 F 8 plasmas studied by laser-induced fluorescence
spectroscopy
J. Appl. Phys. 88, 6201 (2000); 10.1063/1.1321029

.,m
L

Submit Today!

\a A



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1092033580/x01/AIP-PT/JCP_ArticleDL_101514/aplmaterialsBIG_2.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=V.+Maz�nkov�&option1=author
http://scitation.aip.org/search?value1=D.+Trunec&option1=author
http://scitation.aip.org/search?value1=F.+Krma&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.4898367
http://scitation.aip.org/content/aip/journal/jcp/141/15?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/139/16/10.1063/1.4826650?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/138/20/10.1063/1.4803159?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/134/6/10.1063/1.3548657?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/107/10/10.1063/1.3372750?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/107/10/10.1063/1.3372750?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/88/11/10.1063/1.1321029?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/88/11/10.1063/1.1321029?ver=pdfcov

THE JOURNAL OF CHEMICAL PHYSICS 141, 154307 (2014)

Study of nitrogen flowing afterglow with mercury vapor injection

V. Mazankova,'@ D. Trunec,?2 and F. Kréma'

! Institute of Physical and Applied Chemistry, Faculty of Chemistry, Brno University of Technology,
Purkyriova 118, 612 00 Brno, Czech Republic

2Department of Physical Electronics, Faculty of Science, Masaryk University, Kotldrskd 2, 611 37 Brno,
Czech Republic

(Received 19 June 2014; accepted 5 October 2014; published online 17 October 2014)

The reaction kinetics in nitrogen flowing afterglow with mercury vapor addition was studied by op-
tical emission spectroscopy. The DC flowing post-discharge in pure nitrogen was created in a quartz
tube at the total gas pressure of 1000 Pa and discharge power of 130 W. The mercury vapors were
added into the afterglow at the distance of 30 cm behind the active discharge. The optical emission
spectra were measured along the flow tube. Three nitrogen spectral systems — the first positive, the
second positive, and the first negative, and after the mercury vapor addition also the mercury reso-
nance line at 254 nm in the spectrum of the second order were identified. The measurement of the
spatial dependence of mercury line intensity showed very slow decay of its intensity and the decay
rate did not depend on the mercury concentration. In order to explain this behavior, a kinetic model
for the reaction in afterglow was developed. This model showed that the state Hg(6 *P,), which is
the upper state of mercury UV resonance line at 254 nm, is produced by the excitation transfer from
nitrogen N,(A 3%.5) metastables to mercury atoms. However, the N,(A 3%,5) metastables are also
produced by the reactions following the N atom recombination, and this limits the decay of N,(A
3%,7) metastable concentration and results in very slow decay of mercury resonance line intensity. It
was found that N atoms are the most important particles in this late nitrogen afterglow, their volume
recombination starts a chain of reactions which produce excited states of molecular nitrogen. In order
to explain the decrease of N atom concentration, it was also necessary to include the surface recom-
bination of N atoms to the model. The surface recombination was considered as a first order reaction
and wall recombination probability y = (1.35 & 0.04) x 10~° was determined from the experimental
data. Also sensitivity analysis was applied for the analysis of kinetic model in order to reveal the main
control parameters in the model. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898367]
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. INTRODUCTION

Nitrogen discharges and post-discharges (afterglows)
have been intensively studied since the beginning of discharge
physics research. Despite this long interest there are still var-
ious open problems in the understanding of N, discharge and
post-discharge kinetics. Nitrogen post-discharges are widely
used for various industrial applications such as nitriding,’
plasma surface modification,” or plasma sterilization.>* Be-
sides laboratory and technological plasmas, the nitrogen post-
discharge is also studied in connection with the kinetics of the
upper Earth atmosphere (corona borealis’) and the processes
occurring in nitrogen post-discharges are also taken into ac-
count in some extraterrestrial systems, for example, in the Ti-
tan atmosphere.%’

Lewis® showed that traces of mercury vapor in active ni-
trogen gave strong emission of the Hg (6 °P; — 6 'S,) reso-
nance line at 253.7 nm. In nitrogen, mercury atoms are excited
by N,(A3E)°

Ny(A*Z5) + Heg(6'S)) — N,(X =) + Hg(6°P)) . (1)

The rate coefficient for this deactivation of N,(A) is 2.90

x 1071 ¢cm® s7! and 80% of the quenching collisions of

®Electronic mail: mazankova@fch.vutbr.cz
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141, 154307-1

N,(A) with Hg populate Hg(6 *P,) either directly or via the
higher metastable state Hg(6 3P,), which is then rapidly re-
laxed to Hg(6 3P;).!” The remaining 20% of the quenching
collisions populate the lower metastable state Hg(6 *P,). Re-
action (1) was studied by many authors. Callear and Wood
studied this reaction using the flash technique for excitation
of nitrogen.'®!" Thrush and Wild studied this reaction us-
ing flowing afterglow system.!? They also proposed that the
N,(A) states are produced in three body recombination of ni-
trogen atoms and that the N,(A) states are quenched by N
atoms, other species and at the wall. This reaction mecha-
nism was used to analyze their results in steady-state approx-
imation. Klopovsky et al. proposed another reaction mech-
anism in order to study the kinetics of metastable states in
high-pressure nitrogen plasma with Hg admixture pumped by
a high-current electron beam.'* They proposed that the main
sources of N,(A) states under their conditions are dissociative
recombination of N ions and cascade quenching of states
N,(B 3l'Ig) and N,(C3T1,).

The Hg (6 °P,) state could also be excited by vibra-
tionally excited ground state N, (X ' ). However, it is gener-
ally accepted that the N, (A) state is responsible for excitation
of levels requiring more than 4.5 eV (which is the case of Hg
excitation) while the vibrationally excited ground state might
participate in the excitation of lower energy levels.'*

© 2014 AIP Publishing LLC
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FIG. 1. Scheme of the experimental setup. 1-catalyzer Oxiclear; 2-mass flow controller; 3-quartz discharge tube; 4-capacitance gauge; 5-quartz optical fiber;
6-monochromator Jobin Yvon Triax 550; 7-CCD; 8-PC; 9-vessel with mercury; 10-movable Pyrex titration capillary tube.

It was proposed by many authors that this excitation en-
ergy transfer between N, (A) and Hg or some metal atoms can
be used for analytical techniques.'* !>

The present work is focused on the experimental study
of mercury vapor titration directly into the nitrogen flowing
afterglow. The intensity of the arising Hg resonance line was
measured in dependence on decay time by optical emission
spectroscopy. A simple kinetic model was developed in order
to explain the experimental results.

Il. EXPERIMENTAL SETUP

The flowing configuration of nitrogen DC discharge was
used for the experimental study. This experimental setup was
already used for our previous study of argon afterglow with
nitrogen admixture.'® A simplified schematic drawing of the
experimental setup is given in Figure 1. The active discharge
was created in a quartz discharge tube with the inner diameter
of 12 mm at the constant total gas pressure of 1000 Pa and the
discharge power of 130 W. Hollow molybdenum electrodes
were placed in the side arms (at the interelectrode distance of
120 mm) of the main discharge tube to minimize their sput-
tering and also to minimize the influence of the light emitted
in the electrode regions. The nitrogen gas was of 99.9999%
purity and it was further cleaned by Oxiclear and LN, traps.
The reactor system was pumped continuously by a rotary oil
pump separated from the discharge tube by another LN, trap.
The gas flow of 800 sccm was automatically controlled by
the Bronkhorst mass flow controller. The total gas pressure in
the discharge tube was measured by a capacitance gauge con-
nected to the end of the discharge tube. The gas temperature
was 300 K.

The moveable titration capillary tube was made of Pyrex
and it was immersed upstream from the discharge into the
quartz tube at its axis. Its external diameter was 2 mm, the
inner diameter was 0.5 mm, and the length was 400 mm. The
position of the output end of the capillary tube was fixed at
axis at 30 cm from the active discharge which corresponded
to the decay time of 25 ms in this experiment. The liquid mer-
cury was placed in a vessel at the entrance to the capillary
and it was flowed by auxiliary nitrogen flow. The nitrogen of
99.999% purity with flow (again controlled by the Bronkhorst
mass flow controller) up to 20 sccm was used for this titra-
tion flow. The mercury concentration in capillary tube flow
was measured by Advanced Mercury Analyzer AMA 254

(ALTEC). The bulk flow velocity v, of nitrogen in the tube
was calculated from the continuity equation and the state
equation. The calculated velocity v, was 12 m s~!. The flow
analysis was performed in the same way as in previous stud-
ies using flowing afterglow.!”>'® The distance d needed to de-
velop a full parabolic velocity profile is given by d = 0.277aR,
where a is the flow tube radius (0.6 cm) in cm and R is
the Reynolds number. For our experimental conditions, the
Reynolds number R is equal to 184, which gives d = 31 cm.
Furthermore, our experimental setup introduced perturbations
into the flow pattern at the side arms and at the nitrogen inlet.
So, the flow will be in transition between plug and parabolic
flows and in this case the bulk flow velocity can be used for
the calculation of the decay time. This approach was found to
be correct in previous studies.'®!” In present experiment, the
line intensities (which are proportional to the excited particle
concentrations) were measured across the diameter of the flow
tube. Bolden et al.'” have experimentally demonstrated that
this is equivalent to monitoring the concentration at the center
of the tube for fully developed parabolic flow conditions.

The optical spectra were measured by Jobin Yvon
monochromator TRIAX 550 with CCD detector. The 300 gr/
mm grating was used for overview spectra in the range from
300 nm to 600 nm. The emitted light was led to the entrance
slit of the monochromator by the multimode quartz optical
fiber movable along the discharge tube.

lll. KINETIC MODEL

A kinetic model for the late nitrogen afterglow was devel-
oped. The following particles were considered in the kinetic
model — electrons, N3, N7, and NJ ions, electronically ex-
cited states of molecular nitrogen N,(A 3 ), N,(B *I1,), and
N,(C3 IT,), nitrogen atoms N and electronically excited states
of mercury atoms Hg(6 3PO) and Hg(6 3 P,). The concentration
of molecular nitrogen in ground state N,(X '2;") was calcu-
lated from the equation of state for ideal gas for 7 = 300 K.
The concentration of molecular nitrogen in ground state and
the concentration of mercury in ground state Hg(6 'S;) were
considered to be constant. Twenty-three reactions concerning
these particles were included in the kinetic model, see Table I.
The rate coefficients for these reactions were taken from re-
cent papers.'®13:20 The rate coefficients for N, NJ, and N
ions recombination with electrons (reactions R12, R22, and



154307-3 Mazankova, Trunec, and Kréma

TABLE I. Reactions and their rate coefficients considered in the model. The
values of rate coefficients are for 7= 300 K, also the electron temperature
for reaction R12, R22, and R23 is T, = 300 K. The units are s7hem3 s,
and cm® s~! for reactions of first, second, and third order, respectively.

No. Reaction Rate coefficient ~ Ref.
Rl N,y(A) + Ny(A) > N,(X) + Ny(B) 7.7 x 1071 20
R2 N,(A) + N, (A) = Ny (X) + N, (C) 1.5 x 10710 20
R3 N,y(A) +Ny(A) > N,(X) + N+ N 3x 1071 20
R4 Ny(A)+N, > N, + Ny(X) 3 x 10716 20
R5 Ny(A)+N—-N(X)+N 42 x 1071 20
R6 N,(B) + N, — N, + N,(A) 2.85 x 107! 20
R7 N,(B)+N, > N, + N,(X) 1.5 x 10712 20
R8 N,(B) = Ny(A) + hv 24 x 103 20

4.4 x 1073 20
y =1.35x 1079 see text

R9 N+N+N,—>N,B)+N,
RI0 N+ wall > 1 N,(X)

R11 N,(C) > N,(B) + hv 2.74 x 107 20
RI2 N} +e— N, (C) + N,(X) 2.3 x 1076 20
R13 N,(A) + Hg(6'S,) — N,(X) + Hg(6 °P;) 2.3 x 10710 10
R14 N,(A) + Hg(6 'S)) — N,(X) + Hg(6 °P)) 6 x 107! 10
RI5 Hg(6°Py) + N, — N, + Hg(6 °P)) 3x 1071 13
R16 Hg(6°P)) + N, — N, + Hg(6 °P,) 3.5 x 10712 13
R17 Hg(6 °P;) — Hg(6 'S) + hv 8 x 10° 13

52 x 1072 20
3.4 x 1072 20

RI8 NJ +N, +N, > Nj +N,
RI9 N +N+N, > N7 +N,

R20 N7 +N—NJ +N, 6.6 x 10711 20
R21 N} +N— Nf +N, 1.0 x 107° 20
R22 Nj +e— N+N 1.8 x 1077 20
R23 Nj +e— N+N, 2.0 x 1077 20

R23) depend on electron temperature.’’ At our experimen-
tal conditions, the electrons are thermalized due to collisions
with nitrogen molecules. The time needed for the electron
temperature decrease within 10% of neutral gas temperature
was estimated using the data published by Trunec et al.”! Al-
though these data were calculated for argon, they provide an
upper estimate for molecular nitrogen. This is because the
mass of molecular nitrogen is lower than the mass of argon
atom, and the electrons besides energy loss at elastic colli-
sions lose their energy at inelastic collisions with molecular
nitrogen at low electron energies around 0.1 eV. This calcu-
lated time for argon and for the estimated initial electron en-
ergy of 4 eV was 1.2 ms, which corresponds to the distance
of 1.4 cm in the flow tube and this time and distance is even
lower for nitrogen. So the electron temperature was equal to
neutral gas temperature (300 K) in our experiment and this
electron temperature was also used in the kinetic model. The
diffusion losses of all considered species are also negligible
at the nitrogen pressure used in the experiment. The reaction
R10 was considered as a first order reaction with rate coeffi-
cient k2

kw = VZGV ’ (2)
where y is the wall recombination probability, v, is the mean
velocity of N atoms, v, = /8k,T/wm , S and V are the in-
ner surface and volume of the flow tube, respectively. S/V
is equal to 2/r in our case (r is the inner radius of the flow
tube). This relation was derived by Chantry?? and it was used
in recent studies of nitrogen discharges and afterglows.?32>
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The value of y depends on many wall parameters, e.g., the
type of material, cleanliness, morphology, temperature, and
surface coverage. In the literature, it can be found numerous
works dealing with the determination of the wall recombina-
tion probabilities of N atoms. However, there is quite a large
discrepancy (of several orders of magnitude) between the re-
sults obtained by different authors, which could stem from
different reasons.”® So in this study y was considered as a
free parameter, the value of which was varied in order to ob-
tain the best fit to the measured data.

The resulting system of differential equations was solved
numerically. A Fortran program, which used the RADAUS
procedure®® for the intrinsic integration of the differential
equation system, was written for this purpose. So only the
inputs and outputs for the RADAUS procedure and the
right hand side of differential equation system had to be
programmed.

IV. RESULTS AND DISCUSSION
A. Experimental results

The optical emission spectra were measured in the active
discharge and in the afterglow. The first positive N,(B *I1 ¢
— A3X,), the second positive N,(C *T1, — B 3l'Ig), and the
first negative NJ (B X,/ — X ?XJ) nitrogen spectral systems
were recorded in all spectra. If the mercury vapor was added
to the afterglow using auxiliary nitrogen flow through the cap-
illary tube, mercury spectral line at 254 nm was observed
in the spectrum of the second order at the wavelength of
508 nm. If the auxiliary nitrogen flow above liquid mercury
was switched off, the mercury line disappeared in few sec-
onds. No other atomic or molecular emissions were observed.
As described in Sec. II, the Hg resonance line intensity was
measured as a function of position along the flow tube. This
line was identified a few millimeters before the titration point.
An example of the typical recorded post-discharge spectrum
after mercury vapor addition is shown in Figure 2. As it can
be seen from this figure, the first positive system is the most
intensive, the intensities of the second positive and the first
negative systems are four times lower. The dependence of Hg
resonance line intensity on the distance from active discharge
is shown in Figure 3 for two different Hg vapor concentra-
tions. This dependence can be divided into two parts. The
first part represents a rapid increase of Hg line intensity to the
maximum value due to the mixing of Hg vapor with flowing
nitrogen. After that the reactions R13 and R17 prevail and the
decrease of intensity can be observed in the second part. The
intensity of Hg line is linearly dependent on Hg vapor con-
centration, the small deviations from this can be attributed to
the difficulty to obtaining saturated Hg vapor in nitrogen flow
through the capillary. Also, as it can be seen from Figure 3,
the slope of Hg line intensity decrease almost does not depend
on Hg vapor concentration. The mercury concentrations in the
afterglow were determined as follows. The mercury concen-
tration in the capillary flow was measured by Advanced Mer-
cury Analyzer AMA 254. The obtained concentration was 1.7
x 10" cm™3 and this value does not change with the flow
rate above mercury surface. The mercury concentration in the
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FIG. 2. Overview spectrum of nitrogen post-discharge with mercury vapor
addition at the distance of 32 cm.

flow tube was then obtained by multiplication of this value 1.7
x 10" cm~3 by the ratio of flow rates in the capillary and in
the flow tube.

In the last experiment, the mercury vapor was added in
the nitrogen flow before the active discharge and the opti-
cal spectra were measured directly from the active discharge
through the region of pink afterglow. The significant increase
of Hg resonant line intensity was observed in the pink af-
terglow region, the spatial dependence of Hg line intensity
is identical with the spatial dependence of the first negative
system intensity, see Figure 4. In this figure, the Hg line in-
tensities were multiplied by a constant, so that the Hg line
intensity and the first negative system intensity can have the
same value at the maximum in the pink afterglow region. Be-
cause the Hg resonant line acts an indicator of N,(A) state
due to the fast excitation energy transfer reaction R13, this
result also shows the spatial dependence of the relative con-
centration of N,(A). This spatial dependence is therefore the
same as spatial dependence of N3 (B ;) concentration. The
NI (B 2%,) state is produced in the collisions of molecular

00—
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A LA AA
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intensity (a.u.)
>
>

1000 + g
950 E
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03 04
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FIG. 3. The dependence of Hg resonance line (253.7 nm) intensity on
distance from active discharge. Hg vapor concentration: triangles — 4.1
x 10! cm_3,squares— 1.1 x 101 em™3.

distance (m)

FIG. 4. The dependence of Hg resonance line (253.7 nm) and first negative
system (transition 0 — 0) intensities on the distance from the active discharge
in the region of pink afterglow.

nitrogen ion in ground state N3 (X 22;’) with vibrationally
excited ground state of nitrogen N,(X '=f, v > 11).2°

B. Results from kinetic model

The experimental data can be explained by the results of
the kinetic model described in Sec. III. The calculation started
at the time #+ = 0 which corresponds to the time of mercury
vapor injection to the afterglow. The initial concentrations of
electrons n,, and N3 ions ny, n,y = n,y = 10" cm =2, the ini-
tial concentration of N,(A) metastables n,, = 10'! cm=3, and
the initial concentration of N atoms ny, = 1.37 x 10" cm™
were taken as the initial values for kinetic equations. These
initial values were taken from the theoretical model®® and
the initial concentration of N atoms was adjusted so that the
N atom concentrations in later afterglow fit the values of N
atom concentrations taken from previous measurement®’ of
their concentration by the NO titration method.”® The mer-
cury vapor concentration was set to 4.1 x 10'! cm™3, which
correspond to the mercury concentration used in the experi-
ment. The results of the kinetic model are shown in Figure 5.
During the first 10 us the ion-molecular reactions R18 and
R19 take place, converting N ions to Ni and N ions. After
t = 10 ps the N7 ions prevail over N; and N ions, the ratios
of concentrations [NEL] : [N;’] : [NI] are 1 :31:2(att=1
ms). These ratios remain constant until + = 10 ms. This can
be interpreted as a consequence of the equilibrium achieved
by ionic mixing reactions R18-R21. The dominance of N7
ions is in agreement with results of previous study.?’ During
the first 100 ns the recombination of electrons and NI ions
also takes place, producing N,(C) state. The N,(C) state is
also produced at the collision of two N,(A) metastables (re-
action R2). The N, (C) state after the photon emission turns to
the N,(B) state. The N,(B) state then after the photon emis-
sion or quenching changes to N,(A) state. So, the sequential
concentration increase of these states can be observed, see
Figure 5. After t+ = 2 x 1077 s the electron and N
ion concentrations decrease and the loss processes of
N,(C) and N,(B) states prevail and the concentrations of
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FIG. 5. The calculated time dependence of particle concentrations in the
afterglow.

these states start to decrease. The fast dissociative re-
combination reactions of N and NJ ions with elec-
trons (reactions R22 and R23) produce N atoms, which
leads to increase of N atom concentration up to 1.5
x 10" cm™ at r = 2 x 1077 s. After this time the concen-
trations of NJ and N7 ions decrease to low values so that the
production of N atoms from these dissociative recombination
reactions is negligible. The initial N atom concentration in-
crease due to nitrogen ions recombination can be seen clearly
in Figure 10.

After t = 10™* s the reactions connected with N atoms
prevails. The N atoms are the most important among all the
long lived particles due to their high concentration and low
losses. The reactions starting with N atom volume recombina-
tion produce other excited states of molecular nitrogen exist-
ing in the afterglow, they do not produce electrons and nitro-
gen ions. The dissociative recombination of NJ and NJ ions
increases the N atom concentration only upto =2 x 1077 s.
The contribution from the initial concentrations of N,(A)
molecules is not significant and their initial concentration can
be set to zero without any changes in the resulting particle
concentrations in later afterglow times. This can be seen in
Figure 6, where the results of the calculation with only N atom
nonzero initial concentration is shown. The initial concentra-
tion of N atoms was set to 1.5 x 10" cm™3, which corre-
sponds to N concentration after its increase due to dissociative
recombination of nitrogen ions. The concentrations of all
particles (except electrons and nitrogen ions, which are not
present in this case) reach the same value at times longer than
0.2 ms as in the previous case with non-zero initial concentra-
tions of electrons, N ; ions, and N,(A) metastables. The con-
centration of N atoms decreases due to volume and surface
recombination. The volume recombination produces N,(B)
molecules. The quenching of N,(B) molecules by nitrogen
molecules is then the main source of N,(A) molecules. The
main loss of N,(A) molecules is their quenching by N atoms,
the quenching of N,(A) molecules by Hg atoms is not im-
portant due to low Hg concentration. So it follows from the
model that the concentration of Hg(6 3P1) state (and also
the intensity of mercury lines at 253.7 nm) is proportional to

J. Chem. Phys. 141, 154307 (2014)
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FIG. 6. The calculated time dependence of particle concentrations in the af-
terglow. Initial concentration of N atoms Nyo = 1.5 x 10'5 cm™3, other initial
particle concentrations are equal to zero. The dotted lines show the time de-
pendence of particle concentration from Figure 5.

the product of concentrations [N][Hg][N,], as it was observed
in experiments.'” This is shown in Figure 7. The curves in
Figure 7 were always calculated successively for initial con-
centrations of Hg, N, and N, 2x and 4 x higher and 2x and
4 x lower than the initial concentrations given at the beginning
of this section. The dependence of Hg(6 *P,) concentration on
Hg(6 'S,) concentration is perfectly linear, the linearity gets
worsens at higher initial Hg concentrations (not shown here).
The dependence of Hg(6 *P;) concentration on N and N, con-
centrations is not so perfectly linear, the deviations are higher
at higher concentrations of N and N,.

104 L 1 L 1 L 1 L 1

20 40 60 80 100
t (ms)

FIG. 7. The calculated time dependence of Hg(6 3PI) concentration for dif-
ferent initial concentrations of Hg, N, and Nz- Full black line — result of cal-
culation for initial values given at the beginning of this section — Ny = 4.1

3

x 101 em™3, Nyy = 1.37 x 10" cm™ Sy = 2.41 x 10'7 ¢cm™3 (neutral

nitrogen pressure 1000 Pa). Blue lines — calcfllation with different Hg initial
concentrations; red lines — calculation with different N atom initial concen-
trations; green lines — calculation with different initial N2 (X) concentrations;
dotted lines — 4 x higher initial concentrations; dashed lines — 2x higher ini-
tial concentrations; dotted-dashed lines — 2 x lower initial concentrations; full
lines — 4 x lower initial concentrations.
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FIG. 8. The time dependence of Hg(6 3P1) state concentration for different
y values. Lines — results of calculation; open circles — measured intensities
of Hg line.

C. Comparison of theoretical and
experimental results

As it was written in Sec. III, the wall recombination prob-
ability y was considered as a free parameter in the kinetic
model. The influence of y value on the time dependence of
Hg(6 3P,) state concentration is shown in Figure 8. It can be
seen from this figure that the time dependence of Hg(6 *P,)
state concentration calculated for y = 0 exhibits a very slow
decrease which is not in accordance with the experimental re-
sults. So the recombination of N atoms at the flow tube wall
(reaction R10) has to be included in the kinetic model. The
least squares method was used to fit the calculated results to
experimental data. The value y = (1.35 £ 0.04) x 107 was
obtained from this method. The influence of y value is also
shown in Figure 8 for y values two times higher and lower
than the value obtained from the best fit. The value of 1.35
x 107 obtained for y is one order smaller than the values
of y for quartz obtained by Rouffet et al.>* However, Guerra
et al.?’ used for modelling of low-pressure nitrogen afterglow
the value y =3 x 107, which is only 2.2 x higher than our y
value. The calculated time dependence of the N, (B) state con-
centration and its comparison with the experimental results is
shown in Figure 9. A good agreement of calculated and ex-
perimental results, which also confirm the used y value, can
be seen. Further comparison of the calculated and experimen-
tal data can be seen in Figure 10, where the calculated time
dependence of N atom concentration is compared with the
N atom concentration measured by NO titration from previ-
ous study?’ of nitrogen afterglow. Again, good agreement be-
tween the calculated and the experimental data was obtained.
Without the surface recombination of N atoms, the decrease
of N atom concentration with time is too slow, which shows
the necessity of including of the reaction R10 in the kinetic
model and confirms the value of y used.

D. Sensitivity analysis

Sensitivity analysis®*>? was applied for the analysis

of kinetic model. Normalized local concentration sensitivity

J. Chem. Phys. 141, 154307 (2014)
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FIG. 9. The time dependence of N,(B) state concentration. Full line —
result of calculation; open circles — experimentally measured intensities of
first positive system (0 — O transition).

coefficients §;; were calculated according to the following
equation:’!
k; on,

v n; ok; ' )
where n; is the concentration of ith particle kind and &; is
the rate coefficient for jth reaction (see Table I). The coef-
ficients §;; were calculated numerically using the finite dif-
ference approximation. The central difference with the step
Ak; was used for this calculation. The step Ak; has been de-
creasing until the estimated error of sensitivity coefficients
was below 1%. This method is also called indirect method
(or brute force method).’® The calculated sensitivity coeffi-
cients are shown in Tables II and III. The sensitivity coeffi-
cients show that N atom concentration decreases mainly due
to wall and volume recombination (reactions R9 and R10), the
wall recombination being more important. At higher nitrogen
ion concentrations, the N atom concentration decreases due to
reaction with nitrogen ions (reactions R20 and R21) and in-
creases due to dissociative recombination reactions R22 and

1,56x10"

n (cm®)

1,0x10"

20 40 60

5,0x10"
0

t (ms)

FIG. 10. The time dependence of N atom concentration. Full line — result of
calculation; triangles — N atom concentrations measured by NO titration.
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TABLE II. Normalized sensitivity coefficients S, i

e N N,(A) N,(B) N,(C)

jt 1 2 3 4 5

1 —83x 107 —28x 1078 —5.0 x 1073 33 x 1073 —9.8 x 1073
2 42 x 1077 —4.9 x 1077 —9.7 x 1073 6.3 x 1073 9.9 x 107!
3 22 x 107 —5.5%x 1077 1.6 x 10°* 3.9 x 1074 32x 1074
4 —32x 1077 32 x 1077 —42x 1073 —15x 107 —83x 1073
5 —1.1 x 1076 —4.4 x 1077 -1.0 —63 x 1074 -2.0

6 —1.0 x 107 12 x 107 4.7 x 1072 —93 x 107! 94 x 1072
7 —1.1x 107 9.3 x 1077 —4.8 x 1072 —4.8 x 1072 —9.6 x 1072
8 9.6 x 1077 —9.6 x 1077 1.6 x 1073 —32x 1072 32 x 1073
9 —6.7 x 1074 7.8 x 107* 8.4 x 107! 6.8 x 107! 1.7

10 —35x 1073 6.2 x 1073 -1.1 -21 —2.1

11 —3.6 x 1077 3.6 x 1077 1.1 x 1077 2.2 x 1077 -1.0

12 —43 x 107! —43 x 107! 43 x 107* 8.4 x 1074 22 %1073
13 4.4 x 1077 —45 % 1077 —55x%x 1073 —-1.9x 1076 —1.1x 1072
14 6.4 x 1077 —6.4 x 1077 —14 x 1073 —5.0 x 1077 —29x 1073
15 1.2 x 1077 —12x 1077 4.0 x 10~ 8.0 x 10~ 8.0 x 10~
16 —53x 1077 53 x 1077 —1.8 x 10710 —3.7 x 10710 —3.7 x 10710
17 —12x 1076 1.2 x 107° —4.2 % 10710 —8.4 x 10710 —8.4 x 10710
18 —85x 1073 1.1 x 1073 —2.0x 1072 —3.9 x 1072 —3.9 x 1072
19 79 x 1074 —23x 1074 —7.0 x 1073 —14 x 1074 —13x 1074
20 —3.6 x 107! 5.7 x 107! —22x 1073 —4.4 x 1073 24 x 1073
21 3.7 x 107! —58 x 107! —-13x 1073 —2.6x 1073 —45 %1073
22 —89x 1073 —9.0x 1073 2.1 x 1072 4.1 x 1072 4.1 x 1072
23 —5.7 x 107! —5.7 % 107! 1.9 x 1073 3.8 x 1073 —6.8 x 1073

R23. However, sufficiently high nitrogen ion concentrations
are only at the beginning of afterglow up to t = 2 x 107’
s, after this time reactions R20—R23 are not significant. The
N,(A) metastables are mainly produced at the quenching of

N, (B) state by N, and destroyed by the quenching by N atoms
(reactions R6 and RS5). Their concentration is also sensitive
to the rate coefficients of reactions which involves the pre-
cursors of N,(A), namely, N,(B) states and N atoms. This

TABLE III. Normalized sensitivity coefficients S i Continuation of Table II.

N HeCP)) Hg(P,) Ny Ny

jt 6 7 8 9 10

1 —43 x 1070 —5.0 x 1079 —5.0x 1073 —43 x 107 —32x 1078
2 —8.4 x 107 —9.7 x 107 —9.7 x 1073 —8.8 x 107 —5.0 x 1077
3 2.0x 1074 1.6 x 10~* 1.6 x 1074 19 x 1074 —3.7 x 1077
4 —22x 1077 —42 x 1073 —42x 1073 9.5x 1078 3.2 x 1077
5 —-19 x 1074 —1.0 -1.0 —-19x 1074 —6.3 x 1077
6 1.9 x 1073 4.7 x 1072 47 x 1072 2.1 x 1073 12 x 1076
7 19 x 1073 —4.8 x 1072 —4.8 x 1072 —1.8 x 1073 9.2 x 1077
8 6.7 x 1077 1.6 x 1073 1.6 x 1073 —2.8 x 1077 —9.6 x 1077
9 —1.6 x 107! 8.4 x 107! 8.4 x 107! —1.6 x 107! 6.3 x 107*
10 -1.1 —1.1 -1.1 -1.1 52 x 1073
11 1.1 x 1077 1.1 x 1077 1.1 x 1077 4.7 x 1077 3.6 x 1077
12 42 x 10~* 43 x 10~* 43 x 10~* —43 x 107! —43 x 107!
13 —29x 1077 7.9 x 107! 2.6 x 107! —74 x 1077 —4.5 % 1077
14 —7.6 x 1078 2.1 x 107! 7.3 x 107! —72 % 1077 —6.4 x 1077
15 40 x 10711 —5.4 x 1077 -1.0 —12x 1077 —12x 1077
16 —1.8 x 10710 1.8 x 1077 3.4 x 107! 53 x 1077 53 x 1077
17 —42 x 10710 -1.0 —34x 107! 1.2 x 1076 1.2 x 107°
18 —1.9 x 1072 —2.0 x 1072 —2.0x 1072 —1.0 —4.0 x 1073
19 —6.9 x 1077 —7.0 x 1073 —7.0 x 1073 —3.0x 1074 8.7 x 1074
20 —22x 1073 —22x 1073 —22x 1073 5.7 x 1071 —43 x 1071
21 —13x 1073 —13x 1073 —13x 1073 43 x 107! 43 x 107!
22 2.0 x 1072 2.1 x 1072 2.1 x 1072 1.1 x 1072 —9.0x 1073
23 1.9 x 1073 1.9 x 1073 1.9 x 1073 —5.7 % 107! —5.7 x 1071
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TABLE IV. Overall sensitivity coefficients B -

J. Chem. Phys. 141, 154307 (2014)

Rj R1 R2 R3

B 18x 1078 98x107"  41x1077
Rj R8 R9 R10
B 1.0x 1073 5.5 1.5 x 10
Rj R15 R16 R17

B; 1.0 1.2 x 107! 1.1

Rj R22 R23

B, 54 x 1073 1.3

R4 R5 R6 R7
1.2 x 1074 7.0 88 x 1071  1.8x 1072
R11 RI2 RI13 R14
1.0 74x 107" 69x107! 58 x 107!

R18 R19 R20 R21
1.0 1.6 x107° 96x107! 84x 107!

confirms the conclusions about main reaction mechanism
from Subsection IV B.

The sensitivity coefficients for N atom concentrations
and reactions R13 and R14 are very small. Reactions R13 and
R14 are only two reactions, where mercury atoms in ground
state are involved, therefore at concentrations used in the ex-
periment the mercury atoms have no influence on N atom con-
centration (this was also proved by the direct solution of ki-
netic equation with zero mercury concentration).

Furthermore, the overall sensitivities Bj were calculated
according to the equation®!

kj an[
MR I )
n; dk;

Bj=)
1

The calculated overall sensitivities are shown in Table IV.
The values of overall sensitivities again show that the most
important reactions are reactions R10 (wall recombination of
N atoms), R5 (quenching of N,(A) metastable by nitrogen
atom), and R9 (volume recombination of N atoms). On the
other hand, the reactions R1, R3, and R4 have the lowest over-
all sensitivities, so these reactions could be removed from the
reaction set.

V. CONCLUSION

The mercury resonance line at 254 nm was observed af-
ter mercury vapor addition to nitrogen flowing plasma at the
neutral gas pressure of 1000 Pa. The intensity of this mercury
line was measured at different positions along the quartz flow
tube (and hence at different times of afterglow). The mea-
sured spatial dependence exhibited a very slow decrease only
and the decrease rate does not depend on the concentration of
added mercury vapor. This behavior was explained by the ki-
netic model. The Hg (6 *P,) state, which is the upper state for
mercury resonance line, is produced by the excitation transfer
from nitrogen metastable state N,(A). The N,(A) state is also
produced by the N,(B) state quenching and the N,(B) state
is produced at the N atoms recombination. This leads to the
slow decay of the N, (A) state and subsequently also of the Hg
(6 3P,) state and mercury resonance line intensity. This slow
decay is therefore controlled by the N atom concentration de-
cay, which is due to the volume and surface recombination.
The best fit of the calculated data to the experimental ones
was obtained for the wall recombination probability y = (1.35

+ 0.04) x 107°. The above described reaction mechanism
was confirmed by sensitivity analysis.

ACKNOWLEDGMENTS

The present work was supported by the project “R&D
center for low-cost plasma and nanotechnology surface modi-
fications” (CZ.1.05/2.1.00/03.0086) funding by the European
Regional Development Fund and by the Czech Science Foun-
dation, Contract No. 13-24635S. The authors wish to thank
Mr. K. Stefka for his technical assistance in conducting the
experiments.

IS. Bockel, T. Belmonte, H. Michel, and D. Ablitzer, Surf. Coat. Technol.
97, 618 (1997).

2. JunKar, A. Vesel, U. Cvelbar, M. Mozetic, and S. Strnad, Vacuum 84, 83
(2009).

3M. K. Boudam, B. Saoudi, M. Moisan, and A. Ricard, J. Phys. D: Appl.
Phys. 40, 1694 (2007).

4K. Kutasi, C. D. Pintassilgo, P. J. Coelho, and J. Loureiro, J. Phys. D: Appl.
Phys. 39, 3978 (2006).

SM. Ashrafi, B. S. Lanchester, D. Lummerzheim, N. Ivchenko, and O. Joki-
aho, Ann. Geophys. 27, 2545 (2009).

6G. Horvath, Y. Aranda-Gonzalvo, N. J. Mason, M. Zahoran, and S. Matej-
cik, Eur. J. Phys. D: Appl. Phys. 49, 13105 (2010).

7G. Horvath, F. Krcma, L. Polachova, K. Klohnova, N. J. Mason, M. Zaho-
ran, and S. Matejcik, Eur. J. Phys. D: Appl. Phys. 53, 11001 (2011).

8E. P. Lewis, Astrophys. J. 12, 8 (1900).

9W. R. Brennen and G. B. Kistiakowsky, J. Chem. Phys. 44, 2695 (1966).

107, B. Callear and P. M. Wood, Trans. Faraday Soc. 67, 272 (1971).

ITA. B. Callear and P. M. Wood, Chem. Phys. Lett. 5, 128 (1970).

I2B. A. Thrush and A. H. Wild, J. Chem. Soc. - Faraday Trans. 68, 2023
(1972).

I3K. S. Klopovsky, A. V. Mukhovatova, A. M. Popov, N. A. Popov, O.
B. Popovicheva, and T. V. Rakhimova, J. Phys. D: Appl. Phys. 27, 1399
(1994).

4H C.Naand T. M. Niemczyk, Anal. Chem. 54, 1839 (1982).

13]. E. Melzer, J. L. Jordon, and D. G. Sutton, Anal. Chem. 52, 348 (1980).

16y Mazankova, D. Trunec, and F. Krema, J. Chem. Phys. 139, 164311
(2013).

175, H. Kolts and D. W. Setser, J. Chem. Phys. 68, 4848 (1978).

181, G. Piper, J. E. Velazco, and D. W. Setser, J. Chem. Phys. 59, 3323 (1973).

I9R. C. Bolden, R. S. Hemsworth, M. J. Shaw, and N. D. Twiddy, J. Phys. B
3,45 (1970).

203, Levaton, J. Amorim, A. R. Souza, D. Franco, and A. Ricard, J. Phys. D:
Appl. Phys. 35, 689 (2002).

21D, Trunec, P. Spanel, and D. Smith, Chem. Phys. Lett. 372, 728 (2003).

22p. J. Chantry, J. Appl. Phys. 62, 1141 (1987).

23K. Kutasi and J. Loureiro, J. Phys. D: Appl. Phys. 40, 5612 (2007).

24B. Rouffet, F. Gaboriau, and J. P. Sarrette, J. Phys. D: Appl. Phys. 43,
185203 (2010).

25G. Oinuma, Y. Inanaga, Y. Tanimura, M. Kuzumoto, Y. Tabata, and K.
Watanabe, J. Phys. D: Appl. Phys. 43, 255202 (2010).

20E. Hairer and G. Wanner, “Solving ordinary differential equations IL,” Stiff
and Differential-Algebraic Problems (Springer, 1996).


http://dx.doi.org/10.1016/S0257-8972(97)00401-5
http://dx.doi.org/10.1016/j.vacuum.2009.04.011
http://dx.doi.org/10.1088/0022-3727/40/6/019
http://dx.doi.org/10.1088/0022-3727/40/6/019
http://dx.doi.org/10.1088/0022-3727/39/18/009
http://dx.doi.org/10.1088/0022-3727/39/18/009
http://dx.doi.org/10.5194/angeo-27-2545-2009
http://dx.doi.org/10.1051/epjap/2009192
http://dx.doi.org/10.1051/epjap/2010100191
http://dx.doi.org/10.1086/140719
http://dx.doi.org/10.1063/1.1727114
http://dx.doi.org/10.1039/tf9716700272
http://dx.doi.org/10.1016/0009-2614(70)80021-5
http://dx.doi.org/10.1039/f29726802023
http://dx.doi.org/10.1088/0022-3727/27/7/010
http://dx.doi.org/10.1021/ac00248a042
http://dx.doi.org/10.1021/ac50052a033
http://dx.doi.org/10.1063/1.4826650
http://dx.doi.org/10.1063/1.435638
http://dx.doi.org/10.1063/1.1680477
http://dx.doi.org/10.1088/0022-3700/3/1/013
http://dx.doi.org/10.1088/0022-3727/35/7/318
http://dx.doi.org/10.1088/0022-3727/35/7/318
http://dx.doi.org/10.1016/S0009-2614(03)00487-1
http://dx.doi.org/10.1063/1.339662
http://dx.doi.org/10.1088/0022-3727/40/18/017
http://dx.doi.org/10.1088/0022-3727/43/18/185203
http://dx.doi.org/10.1088/0022-3727/43/25/255202

154307-9 Mazankova, Trunec, and Kréma

27y, Mazankova, L. Polachova, F. Krcma, G. Horvath, and N. J. Mason, in
Proceedings of the 19th Symposium on Physics of Switching Arc, Brno,
2011, edited by V. Aubrecht and M. Bartlova (Brno University of Technol-
ogy, 2011), p. 283.

28p, Vasina, V. Kudrle, A. Talsky, P. Botos, M. Mrazkova, and M. Mesko,
Plasma Sources Sci. Technol. 13, 668 (2004).

J. Chem. Phys. 141, 154307 (2014)

V. Guerra, P. A. Sa, and J. Loureiro, Eur. Phys. J. - Appl. Phys. 28, 125
(2004).

30T, Turanyi, J. Math. Chem. 5, 203 (1990).

3IT. Turanyi, Reliab. Eng. Syst. Safety 57, 41 (1997).

32A. Saltelli, M. Ratto, S. Tarantola, and F. Campolongo, Chem. Rev. 105,
2811 (2005).


http://dx.doi.org/10.1088/0963-0252/13/4/016
http://dx.doi.org/10.1051/epjap:2004188
http://dx.doi.org/10.1007/BF01166355
http://dx.doi.org/10.1016/S0951-8320(97)00016-1
http://dx.doi.org/10.1021/cr040659d

Chem. Listy 102, s1388—s1393 (2008)

INFLUENCE OF OXYGEN TRACES
ON RECOMBINATION PROCESSES
IN NITROGEN POST-DISCHARGE

VERA MAZANKOVA and FRANTISEK KRCMA

Institute of Physical and Applied Chemistry, Faculty of Chem-
istry, Brno University of Technology, Purkyrnova 118, Brno
612 00, Czech Republic

mazankova@jfch.vutbr.cz

Introduction

Kinetic processes in nitrogen post-discharges have been
a subject of many studies because nitrogen and nitrogen based
plasmas are used in a huge number of applications like hard
films deposition' or plasma sterilization®. Besides the use of
an active discharge nowadays the post-discharge is one of the
most favorite research directions because it can be applied for
the treatment of various temperature sensitive materials’.

The neutral nitrogen molecule can form many electronic
states. Due to its symmetry, all vibrational levels of the
ground state and also the first eight levels of the first elec-
tronically excited state are metastables. Besides them, there
are some other strongly metastable highly excited states. All
these states conserve the excitation energy for a long time.
The excitation energy transfer during collisions among these
species as well as atomic recombination processes lead to the
formation of some radiative states and the visible light emis-
sion can be observed up to one second after switching off an
active discharge depending on the experimental conditions,
mainly on pressure. Kinetic modeling of pure nitrogen was
given for example in Guerra’s work®. It is interesting that
oxygen concentration has strong influence on kinetic proc-
esses. This study extends our recent experiments by the
changes in nitrogen post-discharge kinetics caused by oxygen
impurity. Paper compares the influences of reactor wall mate-
rial and its temperature on the post-discharge kinetics with
respect to the three body recombination of nitrogen ground
state atoms. This process populates mainly the Ny(B 3Hg)
state’ at its vibrational levels 10-12 but all the kinetics is
much more complex and thus some other observations are
also briefly described in this paper.

Experimental set up

The DC flowing post-discharge was used for the experi-
mental study. The schematic drawing of the experimental set
up is given in Fig. 1. The active discharge was created in Py-
rex or Quartz discharge tube with a 120 mm electrode dis-
tance at current of 200 mA and pressure of 1000 Pa. Hollow
molybdenum electrodes were placed in the side arms of the
main discharge tube to minimize their sputtering and also to
suppress the light emitted in the electrode regions. Nitrogen
was of 99.999 % purity and it was further cleaned by Oxy-
clear and LN, traps. No oxygen or carbon traces were detect-
able in the pure nitrogen discharge and post-discharge
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Fig. 1. Scheme of the experimental set up. 1 — catalyzer BASF R-3-
11; 2 — mass flow controller; 3 — Pyrex discharge tube (900 mm long,
inner diameter 13 mm); 4 — capacitance gauge; 5 — quartz optical
fiber; 6 — monochromator Jobin Yvon Triax 550; 7 — CCD; 8 — PC; 9
— outlet of synthetic air

(concentrations under 1 ppm or 0.01 ppm, resp.®). The reactor
system was pumped continuously by a rotary oil pump sepa-
rated from the discharge tube by another LN, trap.

The oxygen traces were added into the main pure nitro-
gen flow just before the active discharge using the low range
mass flow controller (MFC). To reach concentrations less
than 1000 ppm synthetic air was prepared continuously using
another set of MFCs. Also in this case, nitrogen of 99.999 %
purity was used and the purity of oxygen was the same. Thus
concentrations of other impurities, containing mainly carbon,
were kept low enough to have no disturbing effect on the
studied processes.

The post-discharge optical emission spectra were meas-
ured by Jobin Yvon monochromator TRIAX 550 with the
1200 grooves per mm grating coupled with CCD detector.
The emitted light was lead to the entrance slit of the mono-
chromator by the multimode quartz optical fiber movable
along the discharge tube. The optical fiber holder (length of
6 cm with optical fiber mounted at its center) had to be filled
by liquid nitrogen. Thus the reactor wall temperature was kept
at 300 K or 77 K around (+ 3 cm) the optical spectra observa-
tion point. Temperature of decaying plasma at 77 K wall tem-
perature was calculated at about 100 K (ref.’) using the simu-
lated nitrogen 1% positive (N, (B °Tly) — (A ’%,")) 2-0 band
spectrum.  Nitrogen (N, (B Il — (A°%,"))and 2™
(N,(C°I) > (B 3Hg)) positive and nitrogen 1% negative
(N>"(B?E,) — (X ’%,)) systems were recorded in all spec-
tra. The bands of NOP system (NO (BZIl) — NO(A ’z")
dominantly originating from vibrational level 0 were ob-
served, too. The bands of NO" system dominantly originating
also from vibrational level 0 were observed only in the Quartz
tube. No other molecular emissions were observed. The rela-
tive vibrational populations at the selected nitrogen levels
were calculated using all measurable emission band intensi-
ties. The transition probabilities and wavelengths of the tran-
sitions were taken from Gilmore’s tables".

Results and discussion

The examples of measured spectra are shown in the
Figs. 1 and 2 in Pyrex and Quartz discharge tube at the decay
time of 42ms and for two wall temperatures mentioned
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Fig. 2. Example of nitrogen recombination spectrum in Pyrex
tube at decay time of 42 ms and wall temperatures of 77 K and
300 K. Concentration of oxygen traces was 1 871 ppm
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Fig. 3. Example of nitrogen recombination spectrum in Quartz

tube at decay time of 42 ms and wall temperatures of 77 K and
300 K. Concentration of oxygen traces was 1 871 ppm.

above. The shown bands are dominantly populated by the
three body recombination of nitrogen ground state atoms. It
can be seen that at the given decay time there is no great dif-
ference between observation in Pyrex and Quartz but there is
a strong effect of the wall temperature. At the lower wall tem-
perature, the 12—7 band is much more intensive than at ambi-
ent wall temperature and its maximal intensity is even higher
than the intensity of 11—6 band. The same effect was observed
more times before’ and it reflects the recombination mecha-
nism that was reported in Partridge’s work® and that is briefly
described below.

The post-discharge in Pyrex tube is shown in Fig. 4. The
relatively strong light is emitted at all oxygen concentrations.
In pure nitrogen a pink afterglow effect (a part of the post-
discharge where the pink light emission is dominant) is well
visible and this effect is quenched by oxygen traces as it is
shown in Fig. 4 and as it was reported in details recently'®.
The pink afterglow effect in pure nitrogen is also well observ-
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able in Quartz discharge tube but the light emission outside
this region is significantly lower in comparison to the post-
discharge in Pyrex. The light emission in Quartz significantly
increases with the increase of oxygen concentration and at
oxygen concentrations higher than 1000 ppm the post-
discharge in Quartz looks visually as post-discharge in Pyrex.

This visual observation is described more exactly in
Figs. 5 and 6 where the relative populations of N,(B 3Hg)
state at levels 10—12 are shown and compared at different
conditions. It can be seen from these figures that the popula-
tions at all these three levels are significantly lower in pure
nitrogen in Quartz discharge tube than in Pyrex one at all post
discharge times. Oxygen added into the discharge in low con-
centration up to about 500 ppm enhances all the populations
and the difference given by the wall material is nearly negligi-
ble at higher oxygen concentrations. This well corresponds to
the direct visual observation, as it was shown before. It should
be also pointed out that the oxygen increase over 500 ppm has
nearly no effect on the populations at given vibrational levels.

There are two main processes populating vibrational
levels of N»(B 3Hg) state. Besides the ground state atoms re-
combination, the pooling of lower energy metastables can
play a significant role in the population of the studied levels.
To verify the significance of pooling contribution to the popu-
lations the ratio of band head intensities of 11-7 band and 2—-0
band from the nitrogen first positive  system
(N, (B *TI,) — (A *%,") was calculated. We can suppose that
the N, (B "I, v = 2) level is populated mainly by the pooling
and the contribution of recombination can be neglected at this
level. Thus the I;;_7/I,_¢ ratio can reflect the effectiveness of
the recombination process.

Fig. 4. Post-discharge in pure nitrogen (top) and in nitrogen con-
taining 1 870 ppm of oxygen (bottom) in Pyrex discharge tube at
the ambient wall temperature
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Fig. 5. Dependencies of N,(B 3[[g, v = 10-12) relative populations
on oxygen concentration at selected decay times and at wall tem-
perature of 77 K

The experimental results are shown in Figs. 7-10 during
the post-discharge in dependencies on wall material and wall
temperature at selected oxygen concentrations. The nearly
linear increase of the ratio can be seen during the post dis-
charge at decay times later than 10 ms. This time corresponds
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Fig. 6. Dependencies of N,(B 3[[g, v = 10-12) relative populations
on oxygen concentration at selected decay times and at wall tem-
perature of 300 K

to the maximum emission of pink afterglow effect (see Fig. 4
and details in references'®).

The figures also demonstrate the increase of intensity
ratio with the increase of oxygen concentration. This effect is
observable in all cases but it is more visible in Quartz tube,
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Fig. 7. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1% positive system during the post-discharge in Pyrex tube at
wall temperature of 77 K
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Fig. 8. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1* positive system during the post-discharge in Pyrex tube at
wall temperature of 300 K

especially at the ambient wall temperature.

It is known that the recombination is the main process at
the later decay times (during so called Lewis-Rayleigh after-
glow'') and thus the pooling efficiency is decreasing and the
1117/, ratio increases. To describe the oxygen influence in
more detail, the I;,_7/I,_ ratio is shown in Figs. 11 and 12 as a
function of oxygen concentration at two selected decay times
at all reactor wall conditions. It can be seen the ratio of inten-
sities increases with the increase of oxygen concentration at
all wall conditions at shorter decay time (Fig. 11). The situa-
tion at later decay time is not such simple. There is no clear
dependence in the Pyrex. The ratio of intensities strongly
increases in the Quartz at the ambient wall temperature but its
dependence on oxygen concentration at wall temperature of
77 K shows different behavior but generally it is also increas-
ing.

The last experimental results that must be mentioned
before the kinetic description of the observed processes are
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Fig. 9. Band head intensities ratio of 11-7 and 2-0 bands of nitro-

gen 1* positive system during the post-discharge in Quartz tube at
wall temperature of 77 K
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Fig. 10. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1% positive system during the post-discharge in Quartz tube at
wall temperature of 300 K

the following. The pink afterglow effect is strongly quenched
by oxygen and it disappears at oxygen concentrations over
about 1000 ppm'®. The NOP and NO? emission is directly
proportional to the oxygen concentration and it is nearly di-
rectly proportional to the decay time at given oxygen concen-
tration. Based on these all experimental results the following
kinetic description can be proposed.

Kinetic processes

Atomic recombination in nitrogen is known for a long
time'". A detailed theory of the three body recombination of
two nitrogen ground state atoms was presented in Partridge’s
work’. The mechanism of the recombination can be described
by the following system of reactions

N('s”) + N(*S") = Ny(A °E') )
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Fig. 11. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
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Fig. 12. Band head intensities ratio of 11-7 and 2-0 bands of nitro-
gen 1% positive system as a function of oxygen concentration at
decay time of 42 ms

Ny(A®Z) + M — Ny(B I, , v=10-12) + M 2)

where M is the third body, mainly any nitrogen mole-
cule. The first of these reactions represented the equilibrium
between concentrations of nitrogen atoms and weakly bonded
molecules. Usually it is presented in complex with the second
reaction. Thus this recombination has a three body form. The
rate coefficient of this process is 8.3-10™%exp(500/T) cm®s™
as it was reported in ref.'”. As it has a negative temperature
dependence, the recombination increases with decreasing
temperature as it was presented in the Results.

Other process that contributes to N,(B 3l'Ig) population is
the pooling of lower metastables N,(X lfg, v) and No(A'Zh).

No(X "2 v) + No(AE) = No(B T, ) + N, 3)
2 Ny(X 'ZF, v >19) — Ny(B°I1, ) + N, 4)
The N (A °%,") state is again created by the pooling of
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ground state molecules (the process similar to the reaction 4).
Vibrationally excited ground state molecules are created dur-
ing the post-discharge period mainly by a well known v-v
process4. As the No(A 3E+u) state concentration at the end of
an active discharge is low'’, the main energy source in the
afterglow besides the atoms is vibrationally excited nitrogen
ground state molecules.

The same molecules that are precursors for the N,(B 3Hg)
state creation are also the precursors for molecular ion crea-
tion. This process is known as a step-wise ionization'*. The
highly excited neutral metastable molecules (excited both
electronically and vibrationally) can have energy sufficient for
the ionization during their mutual collisions. After molecular
ion creation, the excitation to the radiative N," (B Z,") state is
done by the collisionally induced energy transfer from the
vibrationally excited neutral ground state molecules, namely
N, (X 12g+, v > 12)!°. This mechanism is responsible for the
pink afterglow creation.

If some other species are added the reaction scheme
become more complicated and it is significantly different.
Small addition of oxygen traces lead to form NO. The oxygen
influence can be described by the following main reactions

N, (X 'E,", v>13) + O — NO (X ) + N (*Sy) (5)

N> (A2, + 0 — NO (X ’II) + N (*Dy) (6)
N(*S)) + O+ N, > NO (B v=0)+N, (7)
NO (X + N (*Sp) > N, (X ', v=3)+ 0 ()
N, (A *Z,h) + NO (X 1) —

N, (X '%,, v=0)+NO (AL 9)
N, (X '%,", v>23) + NO (X °IT) —

N, (X 'E,) + NO(A °T)) (10)

The reactions 5 and /0 have a strong influence on the v-v
process in nitrogen ground state. Highly excited molecular
states are thus formed with a lower probability and the pool-
ing creation of electronically excited states is strongly de-
creased. Moreover, the concentration of N, (A °L,") state is
quenched by atomic oxygen as it is described by the reactions
6 and 9. On the other hand, these processes increase the popu-
lations at lower vibrationally excited ground state levels and
thus the pooling processes involving only these levels are
more efficient. Reactions 7 and & describe the NO species
formation and backward dissociation. The reactions 6 and 7
lead also to the increase of atomic nitrogen concentration.
This description itself is not sufficient for the experimental
results explanation. Thus the nitrogen molecular ion must be
included in the model.

The formation of nitrogen molecular ion is strongly
dependent on the oxygen concentration. Its formation by the
step-wise ionization process is strongly decreased because the
reactions 5 and 6 strongly decrease the production of high
energetic metastables. Thus the ion formation efficiency is
significantly lower and there are no enough ionic species that
could be populated by energy transfer from the vibrationally
excited nitrogen ground state. That reaction has a high rate
coefficient and at low temperature, it has a strongly resonant
character®!®. Thus if the molecular ion is created, the strong
depopulation of N, (X IZQ, v > 12) vibrational levels is ob-
served.

When oxygen is added, the process of the step-wise
ionization creating molecular ion is blocked and thus higher
ground state vibrational levels can be significantly populated.
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Besides the higher electronic states creation by pooling of
these states, the dissociation can be observed, too. It means
the concentration of nitrogen ground state atoms can be in-
creased in the afterglow if the oxygen traces are added. Simi-
lar effect was recently directly observed in Vasina’s work".
This process has a reflection in the increase of populations at
N, (B 3Hg, v =10-12) levels as it was observed. The same
process is also reflected in the observed dependences of NO
emission bands.

High vibrationally excited ground state nitrogen mole-
cules (over v =22) play a minor role in the direct formation of
electronically excited states. Thus the reaction (/0) has only
the slight effect, mainly on the population of N, (B 3l'[g) levels
laying above the predissociation limit.

Conclusions

The recombination of nitrogen ground state atoms was
observed through the emission of nitrogen first positive sys-
tem spectral bands in pure nitrogen containing the traces of
oxygen. The observations were carried out in Pyrex and
Quartz discharge tubes at wall temperatures of 300 and 77 K.
The significant increase of the bands originating at level
N, (B 3Hg, v =12) was observed at decreased wall tempera-
ture. The oxygen traces increased the light emission during
the post-discharge period; this effect was significantly
stronger in Quartz tube. Simultaneously, the nitrogen pink after-
glow effect was strongly quenched by oxygen. The detail study
showed that low oxygen concentration up to 500 ppm signifi-
cantly increased the populations at N, (B 3Hg, v=10-12) levels
and this effect was higher in the Quartz tube. The kinetic
model showed that oxygen traces were responsible for the NO
creation that consequently decreased the populations of highly
excited nitrogen molecular metastables. Thus the step-wise
ionization was quenched and finally this influence resulted in
the increase of atomic nitrogen concentration in the afterglow.
To verify this model experimentally the NO titration during
the post-discharge in nitrogen-oxygen mixtures will be carried
out.
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Power Dependence of the Pink Afterglow in
Flowing Postdischarge in Pure Nitrogen

FrantiSek Kréma, Véra Mazankova, Ivo Soural, and Vasco Guerra

Abstract— The nitrogen short-lived postdischarge, also known
as nitrogen pink afterglow, was studied in the flowing regime as a
function of the applied power. The maximal emission intensity of
this afterglow shifts to shorter times proportionally to the applied
power. The images demonstrate that the pink afterglow creation
is due to Kkinetic processes in volume, although heterogeneous
surface reactions may contribute significantly to the overall
Kkinetics.

Index Terms—Glow discharge, plasma diagnostics, plasma
properties.

HE study of nitrogen discharges and afterglows is a rather

complex problem, due to the strong interplay between
different kinetics. The nitrogen pink afterglow is known for
many decades [1], but, despite the many experimental and
theoretical investigations carried out along the years [1]-[6],
it is not yet fully explained [3]. Our work demonstrates its
strong dependence on the applied power.

The afterglow of pure nitrogen (99.9999%) dc discharge
is studied at a fixed pressure of 1000 Pa, the discharge
currents 50-200 mA, and an applied voltage of 1200 V. The
discharge is created in a Pyrex tube (i.d. of 12 mm) with
molybdenum electrodes placed in the side arms. A gas flow
of 800 sccm allows the direct observation of the postdischarge
up to decay times of about 50 ms. The postdischarge images
were taken by a Nikon D80 camera with a Nikkor AF-S DX
18-55/1:3.5-5.6 6 VR objective, using an exposure time
of 1/6 s. Optical emission spectroscopy using a Jobin Yvon
Triax 550 spectrometer with 1200 gr/mm grating and CCD
detector is used for detailed observations of the nitrogen first
positive, second positive and first negative systems.

The light emission during the postdischarge is hardly visible
in the first image of the series shown on Fig. 2. A weak
yellow—orange emission can be recognized using longer expo-
sure times (not shown here). This emission corresponds to
the long-lived afterglow (also known as the Lewis—Rayleigh
afterglow) and originates mainly from the atomic three-body
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Fig. 1. Profile of N;’ (B, v = 0) relative population during afterglow.

recombination processes. A significant emission starts to be
visible at a discharge power of 72 W and for an afterglow
time ~10 ms, as it is shown in second picture on Fig. 2.
It has a pink color (hence the term pink afterglow), coming
from the characteristic emission of the molecular ion bands.
By increasing the applied power, the pink afterglow emission
becomes much brighter and its maximal intensity shifts to
shorter decay times, as it is demonstrated by the remaining
pictures of the series, as well as on Fig. 1. This is the result
of a combination of various effects, namely the higher gas
temperature in the beginning of the afterglow and in the
discharge, and the higher vibrational temperature at the end
of the discharge.

The axial profile of the pink afterglow is characterized by
decrease of the emissions at the discharge end, followed by a
rapid increase of intensity at the discharge tube axis and by
a much slower decay after the maximum. The radial profile
reveals much lower intensities near the reactor walls. This
means that heterogeneous reactions play a negative role in the
pink emission creation (such reactions quench the precursors
for the pink afterglow formation [2]).

Numeric simulations have shown that vibration—vibration
up-pumping processes in the nitrogen electronic ground state
are at the origin of the pink afterglow [2]. In fact, they lead
to a significant increase of the population of molecules in
very high v-levels, followed by vibrational electronic transfers
that form various electronic states, which then participate in
associative/Penning ionization [2], [3], [5], [6].

The discharge tube wall is kept at ambient temperature
(~360 K at the pink afterglow maximum at the highest
power). The temperature profile of the gas flow is nearly
parabolic, so that the flow is laminar [4]. The shape of the
pink afterglow confirms this statement and implies that the
temperature must play a significant role in the postdischarge
kinetics, as it was also pointed in [5]. A detailed numeric
simulation, including the temperature profiles is needed in

0093-3813 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Nitrogen flowing afterglow at selected applied powers indicated in the pictures.

order to clarify and characterize more precisely the influence
of the gas temperature and power in the formation of the pink
afterglow. Work is in progress in this direction.

REFERENCES

[1] G. E. Beale and H. P. Broida, “Spectral study of a visible, short-duration
afterglow in nitrogen,” J. Chem. Phys., vol. 31, no. 4, pp. 1030-1034,
1959.

[2] J. Loureiro, V. Guerra, P. A. S4, C. D. Pintassilgo, and M. L. da Silva,
“Non-equilibrium kinetics in Ny discharges and post-discharges: A full
picture by modelling and impact on the applications,” Plasma Source
Sci. Technol., vol. 20, no. 2, p. 024007, 2011.

[3]

[4]

[5]

[6]

V. Guerra, P. A. S4, and J. Loureiro, “Nitrogen pink afterglow: The
mystery continues,” J. Phys. Conf. Ser, vol. 63, no. 1, p. 012007,
2007.

V. Mazéankovd, D. Trunec, and F. Kréma, “Study of argon flowing
afterglow with nitrogen injection,” J. Chem. Phys., vol. 139, no. 16,
p- 164311, 2013.

P. A. S4, V. Guerra, J. Loureiro, and N. Sadeghi, “Self-consistent kinetic
model of the short-lived afterglow in flowing nitrogen,” J. Phys. D, Appl.
Phys., vol. 37, no. 2, pp. 221-231, 2004.

J. Levaton and J. Amorim, “Metastable atomic species in
the Np flowing afterglow,” Chem. Phys., vol. 397, pp. 9-17,
Mar. 2012.



Orig Life Evol Biosph (2016) 46:499-506 @ CrossMark
DOI 10.1007/s11084-016-9504-3

ASTROBIOLOGY

The Influence of CO, Admixtures on the Product
Composition in a Nitrogen-Methane Atmospheric Glow
Discharge Used as a Prebiotic Atmosphere Mimic

V. Mazankova' « L. Torokova'? - F. Krema' -
N. J. Mason? - S. Matejcik®

Received: 26 August 2015 / Accepted: 30 March 2016 /
Published online: 11 April 2016
© Springer Science+Business Media Dordrecht 2016

Abstract This work extends our previous experimental studies of the chemistry of Titan’s
atmosphere by atmospheric glow discharge. The Titan’s atmosphere seems to be similarly to
early Earth atmospheric composition. The exploration of Titan atmosphere was initiated by the
exciting results of the Cassini-Huygens mission and obtained results increased the interest
about prebiotic atmospheres. Present work is devoted to the role of CO, in the prebiotic
atmosphere chemistry. Most of the laboratory studies of such atmosphere were focused on the
chemistry of N, + CH,4 mixtures. The present work is devoted to the study of the oxygenated
volatile species in prebiotic atmosphere, specifically CO, reactivity. CO, was introduced to the
standard N, + CH, mixture at different mixing ratio up to 5 % CH,4 and 3 % CO,. The reaction
products were characterized by FTIR spectroscopy. This work shows that CO, modifies the
composition of the gas phase with the detection of oxygenated compounds: CO and others
oxides. There is a strong influence of CO, on increasing concentration other products as
cyanide (HCN) and ammonia (NH3).
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Introduction

The Miller-Urey spark-discharge experiments in the early 1950s inspired a strong interest in
experimental studies of prebiotic organic chemistry that continues today. The prebiotic
synthesis in the mixtures of N, + CH; + CO/CO, was studied by (Schlesinger and Miller
1983a; Schlesinger and Miller 1983b). Different types of discharges were used to mimic the
influence of lightning in prebiotic atmospheres or the influence of solar VUV radiation. Also
the atmospheric pressure glow discharge can be used for such purposes.

The 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 discharges the glow discharge is one of the most
deeply studied (Kloc et al. 2010; Machala et al. 2004). The gliding arc configuration of
atmospheric pressure discharge has been shown to be a good mimic of processes in the
prebiotic atmospheres (Torokova et al. 2015b) being used to replicate physical and chemical
conditions on Titan. It is the only lunar body with significant quantities of methane (CH,4) and
nitrogen (N;) in its atmosphere (Coustenis et al. 2010; Horst and Tolbert 2014). The chemical
composition of the Titan’s atmosphere is considered to be similar to the atmosphere of early
Earth and is favorable for formation of complex molecules containing C, N and H. The solar
ultraviolet radiation and magnetospheric electrons are responsible for the generation of primary
radicals and other neutral species, which initiate chains of chemical reactions that finally result
in the formation of various organic molecules in the Titan atmosphere. This makes Titan as
planetary-scale laboratory for the synthesis of complex organic molecules (Raulin et al. 2012).
The composition of early Earth atmosphere was deeply discussed in may studies (Kasting and
Howard 2006; Kasting and Ono 2006; Olson et al. 2013).

The present work is focused on the experimental study of gaseous products produced in the
atmospheric pressure glow discharge fed by N, + CH,4 gas mixtures with CH, concentrations
in the range from 1 % to 5 % and admixture of the carbon dioxide (CO,) from 1 % to 3 %. The
atmospheric DC glow discharge is a source of electrons, ions and neutral radicals. All these
species initiate a complex chemical processes under laboratory conditions, which are similar to
the processes which may occur in the prebiotic atmosphere.

The neutral products generated in the discharge were identified and quantified by the means
of the Fourier-Transform-Infra-Red spectroscopy (FTIR). In more detail the influence of the
CO, admixture on production of the major neutral product detected HCN and on the formation
of NH; has been studied.

Experimental Apparatus

The experimental set-up was detail described in our previous studies (Torokova et al. 2015a;
Torokova et al. 2015b). A simplified schematic diagram of the experimental set up is presented
in Fig. 1. An atmospheric pressure DC glow discharge was created between two stainless steel
electrodes separated by a 2 mm gap. The electrode system used the standard configuration of
the gliding arc discharge but due to the low applied power as well as low gas velocity the
discharge is not moving along the electrodes. The discharge was operated at an applied voltage
of 350 V and discharge current in range 15 to 40 mA in pure nitrogen enriched by 1-5 % of
CHy,4 (both gases having quoted purity of 99.995 %) with admixture of 1 and 3 % of CO, at the
total flow rate of 50 sccm. Flow rates of all gases through the reactor were regulated using

@ Springer
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Fig 1 Schematic diagram of the y Exhaust
experimental setup used for FTIR MKS mass flow —>
analysis of gaseous products of a COlltl‘OllerS [ ]

DC glow discharge fed by various —F

mixtures of N, + CHy + CO,

IR gas cell

FTIR spectrometer

mass flow controllers (MKS, Flow Measurement & Control Products). These values of CHy
and CO, concentration were chosen with the aim to enhance the reactions with CO,, that
possibly allow to detect oxides compounds produced in larger amounts in the plasma reactor.

The exhaust gas was analyzed in-situ by FTIR spectroscopy using IR multipath cell with
total absorption length of 3 m. Compositions of the different gaseous mixtures studied here are
given in Table 1. The discharge was formed in the stable abnormal glow regime with a plasma
channel of 1 mm diameter. The discharge is contained in a stainless steel vacuum chamber
(1 1 volume). Before starting the experiments, the discharge chamber was pumped down to
1 Pa for 1 h and then filled with the investigated gas mixture up to the pressure of 101 kPa.
Atmospheric pressure during the experiments was maintained by a slight pumping through the
needle valve.

The high-resolution transmission (HITRAN) database (Rothman et al. 2009) was used to
identify specific compounds in the measured spectra. Concentration of the gaseous products
were calculated using the Beer-Lambert formula (1)

A=nlo (1)

where A is the absorbance measured experimentally, n (cm ) is the concentration of detected
compound, / (cm) is the length of the absorption path in IR cell and o (cm?) is the IR absorption

Table 1 Compositions of the ]
studied gas mixtures Mixture CO; (%) CHy (%) N, (%)
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cross-section drawn from the HITRAN database (Rothman et al. 2009). The uncertainty in the
determination of concentration was estimated about 20 %. All experiments were done at room
temperature.

Results and Discussion

A typical FTIR spectrum showing the products formed in the nitrogen discharge fed by 1 % of
CH4 and 1 % of CO, is shown in Fig. 2. Similar spectra were observed for all other N, +
CH,; + CO, gas mixture composition. Hydrogen cyanide (HCN) was identified at
wavenumbers of 1430 cm ' and of 720 cm ' and it was recognized as the most abundant
product. Ammonia (NH3) was identified at 966 cm ! which was surprising because ammonia
was not detected in our previous experimental studies (Torokova et al. 2015a; Torokova et al.
2015b). Bernard et al. 2003 observed NH; production at their experiments in low pressure
discharge in the mixture N, + CH4 + CO. NH;3 production was explained by the chain of ion-
molecular reactions (Bernard et al. 2003).

The other major products in our experiments were acetylene (C,H,) as well as carbon
monoxide (CO) and water (H,O). These products were recognized in all N, + CH4 + CO, gas
mixtures. The products concentrations are strongly dependent on the gas mixtures composition
Legrand et al. 1999 reported typical values of obtained hydrocarbons from their experiments in
nitrogen/methane gas mixture: C,H, (22 %), CoHg (18 %), C,Hy (14 %), C3Hg (4 %), C4Hio
(less than 0.5 %). Pintassilgo and Loureiro (2009) in their comparative study report the most
abundant hydrocarbons C,Hg and C5Hy.

Figure 3 shows the quantitative analysis of HCN at 1430 cm ™' formed under different
experimental conditions. The increase of the initial CH4 concentration from 1 % to 5 % leads
to increase in the product yield of this compound. The admixture of 1 % CO, had a little
influence on HCN production up to 4 % CH,4. However, there is visible effect of CO, addition
to nitrogen methane mixtures with 5 % methane with the yield of HCN increasing with
increasing CO, concentrations. This is in contrast to earlier study (Fleury et al. 2014) that
suggested that the kinetics of HCN formation slows down at the presence of CO, showing an
inhibiting role of CO on HCN formation.

co,
6 NH, co,
CH
272
3
& 44
P HCN
>
=
8
5 24 HCN \
172]
C
CO, HCN&CH, co 1
0 S AL .
T T T T T T

T T T T T T T T T T T
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 60!

wavenumber (cm'l)

Fig 2 FTIR spectrum of analysed products formed in a gas mixture 1 % of CH4 + 1 % of CO, in N,, discharge
current 30 mA and gas flow 50 sccm
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Fig 3 The dependence of hydrogen cyanide (HCN) concentration on discharge current for different initial
concentrations of methane and carbon dioxide

Similar analysis is shown in Fig. 4 for NH;. The concentration of the ammonia increases
with the increase of CH,4 concentration. The effect of CO, admixture is ambivalent. For lower
CH,4 concentrations (1 and 2 %) it can be seen that the admixture of CO, promotes formation
of the NHj3 in whole range of discharge currents, while in the case of higher CH4 concentra-
tions it occurs only for higher discharge currents (above 30 mA). At lower discharge currents
and CH,4 concentrations there is no increase of the NH; formation with increasing CO,
concentration.

The discharge current increase is connected with the increase of the electron concentration
and also the rates of reaction induced by electrons (dissociation, ionisation) increases. This
leads to the increase of radical concentration and thus to the increase of the final products
concentrations. This can be seen in all dependencies in Figs. 3 and 4.

These effects are related to the complex kinetics of the discharge and detailed explanation
of the processes associated with it should be an object of the further experimental work and
computer simulation of the discharge kinetics.

The formation of various nitriles is assigned to a complex plasma-physical chemistry. The
nitrogen and methane are dissociated in the discharge by the electron impact producing the
radicals CHy (x = 1, 2 3) and N atoms. Also the metastable molecules N,(A) are produced in
the discharge, these metastables can again produce CH, radicals in the afterglow. The
concentrations of ions are lower than concentrations of radicals, so the ion-molecule reactions
are not important.
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Fig 4 The dependence of ammonia (NH3) concentration on discharge current for different initial concentrations
of methane and carbon dioxide

The radicals then react and produce new molecules. Hydrogen cyanide formation can be
described by the direct reaction:

CH3 +N — HCN + H, (2)

or/and indirect by a two-step process through a highly unstable intermediate product, H,CN
(Pintassilgo and Loureiro 2010).

CH3 + N — H,CN +H (3)

H,CN + N — HCN + NH. (4)
The formation of ammonia may proceed via reactions (Dove and Nip 1979):

NH+H, + M — NH; + M, (6)

where M is a third particle. Formation of above mentioned radicals CHz, N, NH in the
discharge is discussed in (Pintassilgo and Loureiro 2010). At the atmospheric pressure,
reaction (6) is important, whereas at low pressure this reaction can be neglected. This fact
can explain why ammonia was not observed at some low pressure experiments (Pintassilgo
and Loureiro 2009).
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If CO, is added into the discharge, the O atoms are produced by CO, dissociation or CO,*
recombination with electrons. These O atoms can then react with CH, via reaction (Baulch
et al. 1992; Baulch et al. 1994):

O + CHy — OH + CHj (7)

So, reaction (7) is responsible for the increase of the concentrations HCN precursors (see
reactions (2) and (3)) and also for the consequent increase of HCN concentration as it was
observed experimentally.

Conclusion

The gaseous phase products formed in the atmospheric glow discharge fed by different
mixtures of N, + CHy (1, 2, 4 and 5 %) and admixture of CO, (1 and 3 %) were determined
by in situ FTIR analysis. The discharge was operated in the flowing regime at different
discharge currents at laboratory temperature. An in-situ FTIR technique for the exhaust gas
phase sampling was successfully used for chemical analysis to deduce the gas composition in
the N, + CH,4 + CO, reactive gas mixture.

The nitrile compounds and hydrocarbon were observed in all experiments. HCN was
identified as the major gas phase product in all measurements. HCN is important compound
for subsequent synthesis of nucleobases at early Earth (McCollom 2013). Other minor products
detected were C,H,, NH3, CO,, CO. The nitrile oxides, formaldehyde, ethylene oxide were not
observed in our experiments, although creation of oxygenated compounds was predicted by
theoretical model (Dobrijevic et al. 2014). Fleury et al. 2014 reported only creation of N,O and
CO, from the mixture N, + CH4 + CO. The absence of formaldehyde in the gaseous phase has
been previously observed in an electrical discharge by Bernard et al. 2003 where the gaseous
phase composition was studied by GC-MS and Infrared spectroscopy. So there is disagreement
of our experiments with theoretical models which predict important production of formalde-
hyde. The absence of formaldehyde or other aldehydes is a serious problem for subsequent
production of amino acids in liquid phase via Strecker synthesis (Miller and Urey 1959).

The addition of CO, increases the production of HCN, however the addition of CO decreases
the production of HCN. All above mentioned facts show that further experimental and theoretical
studies of coupling between nitrogen chemistry and oxygen chemistry are necessary.
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Abstract. The exploration of planetary atmosphere is being advanced by the exciting results of the
Cassin-Huygens mission to Titan. The complex chemistry revealed in such atmospheres leading to the
synthesis of bigger molecules is providing new insights into our understanding of how life on Earth
developed. In our experiments Titan’s atmosphere is simulated in a glow discharge formed from a
mixture of No:CH,4:CO5 gas. Samples of the discharge gas were analysed by GC-MS and FTIR. The
major products identified in spectra were: hydrogen cyanide, acetylene and acetonitrile. The same
compounds were detected in the FTIR: hydrogen cyanide, acetylene and ammonia. 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
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surface.

Keywords: atmosphere of Titan, glow discharge, GC-MS analysis and FTIR spectroscopy.

1. Introduction

Simple organic molecules play an important role in
the formation of complex organics in planetary at-
mospheres. On the last decade, several lower hy-
drocarbons 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 infor-
mation about Titan atmosphere was obtained from
Cassini-Huygens mission in 2005. Its atmosphere com-
position is principally nitrogen with 2-6 % methane
and some trace gases as nitriles (HCN, HC3N, HC5N,
and CoNy) and lower molecule hydrocarbons (CoHa,
CyHy, CoHg, C3Hg, C3Hy) as well as hydrogen [11 2].
These compounds can be produced by low power dis-
charges in the methane clouds [3| 4] or by dissociation
of nitrogen and methane either by solar induced pho-
tolysis, photodissociation or by electron impact. The
same processes generate also charged particles that are
transported through the atmospheric clouds. Neutral-
ization 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 pre-
biotic chemistry on Earth [7], for which the lower
atmosphere of Titan may be a good mimic [8HIT].

The possibility of lightning on Titan is supported by
theoretical models and observations of Titan’s tro-
posphere during the last decade, which indicate that
methane droplets may suddenly condense and undergo
vertical motions in the Titan’s atmosphere [12]. 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 mix-
ture 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 [9HI3], by DBD discharge in [I4],
by glow discharge in [I5HI7], by microwave discharge
n [18], and by RF discharges in [10, (19} 20]. However,
the mechanisms of such organic chemistry are still
unclear.

2. Experiment

The experimental setup schematic drawing is shown
in Figure[I] The special high vacuum stainless steel re-
actor was constructed for our experiments to prevent
any oxygen contamination during the experiments.
Nitrogen and methane flows were automatically con-
trolled by Bronkhorst controllers. The measurements
were carried out at total gas flows 100 sccm at at-
mospheric pressure and laboratory temperature. The
discharge electrode system had the standard config-
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uration of the gliding arc discharge. 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. 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 N5:CHy ratios in the range from 1 % to 3
% of methane in nitrogen (both gases having quoted
purities of 99.995 %) and admixture 1, 2 and 3 % of
carbon dioxide (CO2). 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 Figure
[ as a side removable arm. The sampling time was
5 min and all gas products were subsequently anal-
ysed 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). Sampling time was adjusted based on pre-
liminary experiments to avoid saturation at GC-MS
measurements.

3. Results

The chromatogram given in Figure [2| corresponding
to experiment at nitrogen, methane and carbon diox-
ide 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 [2I]. The
peaks corresponding to nitrogen, methane and carbon
dioxide as the original gas mixture were recorded at
retention times under 2 minutes and thus they are not
depicted in Figure

The other peaks of the highest intensity in these
chromatograms can be attributed to lower hydrocar-
bons and nitrile compounds. The dominant peak
corresponds to hydrogen cyanide (HCN), the second
dominant peak is acetylene (C2Hs) and the third main
product is acetonitrile (CH3CN). Other abundant
determined products were ethane (CzHg), ethylene
(CgHy), cyanogen (CaNy), propenenitrile (CoH3CN),
and propanenitrile (CoH5CN). A lot of nitriles, many
hydrocarbons, and even aromatic compound, have
been detected from the analysis of all obtained chro-
matogram. No oxygen containing compounds were
detected because of our special high vacuum reactor
preserved any oxygen contamination. The results for
selected Ca-hydrocarbons (ethane, ethylene and acety-
lene) and nitriles (hydrogen cyanide, acetonitrile and
cyanogen) are shown in The dominant hydrocarbon
was acetylene and its amount increased nearly directly
proportionally to the carbon dioxide concentration.
Ethane and ethylene show the similar trend of relative
intensity. Relative intensities of hydrogen cyanide,
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acetonitrile and cyanogen as the main detected com-
pounds are depicted on carbon dioxide concentration
in the gas mixture again at both total gas flows. These
compounds present various chemical structures with
different number of carbon and nitrogen atoms.

A typical FTIR spectrum showing the products
formed in the nitrogen discharge fed by 1% of CHy
and 1% of COs is shown in Figure|3| Similar spectra
were observed for other No:CH,4:CO5 ratios. Hydro-
gen cyanide (HCN) was found to be the most abun-
dant product at wavenumbers of 1430 cm~! and of
720 cm~!. It is in agreement with [I7]. Ammonia
(NH3) was identified at 966 cm~! which was surpris-
ing because ammonia was not detected in previous
experimental studies. The other major products were
acetylene (CoHz) as well as carbon monoxide (CO)
and water (H20O). These products were recognized in
all No:CH4:COs gas mixtures. The products concen-
trations are strongly dependent on the composition
of the gas mixtures.

Relative quantifications of selected hydrocarbons
were done in dependence on the methane concentra-
tion and gas mixture flow rate. The relative intensity
was calculated as an area under the recorded peaks.
Figures [4] and [5] shows dependences of the calculated
relative hydrocarbon intensity on carbon dioxide ad-
ditions and discharge current. Figure [] shows the
quantitative analysis of HCN (1430 cm™!) and Figure
NH3 (966 cm~1) formed under different experimen-
tal conditions. The increase of the initial discharge
current from 15 mA to 40 mA leads to increase in the
product yield of this compound. The admixture of 1%
COs had little influence on HCN and NH3 production.
However, there is visible effect of COy addition to
nitrogen methane mixtures with 1% methane with the
yield of HCN increasing with increasing CO5 concen-
trations. This is in contrast to earlier study [22] that
suggested that the kinetics of HCN formation slows
down in presence of CO, showing an inhibiting role of
CO on HCN formation.

4. Conclusion

The gaseous phase products formed in the at-
mospheric glow discharge fed by different mixtures of
nitrogen plus methane (1 % and 3 %) and admixture
of carbon dioxide (1, 2 and 3 %) were determined
by in situ FTIR and GC-MS analysis. The discharge
was operated in the flowing regime at different dis-
charge currents at laboratory temperature. An in-situ
FTIR technique for the exhaust gas phase sampling
was successfully used for chemical analysis to deduce
the gas composition in the No:CH4:COs reactive gas
mixture mimics of Titan’s atmosphere. Various nitrile
compounds and hydrocarbons were observed in all
experiments. HCN was identified as the major gas
phase product in all of measurements. Others minor
products detected were CoHo, NH3z, CO5, CO and
also some nitrile oxides. These results are consistent
with the Titan’s atmospheric composition because the
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Figure 1. FExperimental setup. 1- storage bottle of nitrogen, 2- storage bottle of methane, 3- storage bottle of carbon
diozxide, 4- Bronkhorst controllers, 5- reactor body, 6- electrode system, 7- oscilloscope, 8- IR gas cell, 9- FTIR
spectrometer, 10- cold trap.
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Figure 2. An example of exhaust gas chromatogram in 98 % Na2:1 % CHs :1 % CO2 gas mixture.
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1% of CH,4 concentration

3% of CH4 concentration

concentration of COy (%) 0 1 2 0 1 2

acetylene 1.45 x 106 1.72 x 105 2.12 x 10® 1.79 x 106 2.77 x 105 3.33 x 10°
ethene 1.94 x 10> 2.63 x 10° 3.02 x 10> 2.69 x 10° 3.19 x 10° 3.24 x 10°
ethane 4.35 x 10* 5.39 x 10* 7.04 x 10* 5.36 x 10> 6.19 x 10° 7.44 x 10°
hydrogen cyanide 8.87 x 10 1.82 x 107 2.26 x 107 2.89 x 107 3.43 x 10”7 5.08 x 107
acetonitrile 9.28 x 10° 1.86 x 10° 3.43 x 10 2.15 x 10® 2.70 x 10° 3.60 x 10
cyanogen 2.81 x 10° 4.23 x 10> 8.06 x 10° 4.15 x 10° 6.16 x 10> 8.26 x 10°

Table 1. The list of selected compounds from GC-MS analysis. The relative intensity was calculated as an area under

the recorded peaks (arbitrary unit).
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Figure 3. An example of IR spectrum in 98 % Na2:1 %
CHy :1% COy gas mizture.
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Figure 4. The dependence of hydrogen cyanide con-
centration on discharge current for different initial
concentration of methane and carbon dioxide.

same compounds were detected during the Cassini-
Huygens space mission. CO could have an effect on
the atmospheric reactivity of Titan. The formation
of organic molecules incorporating oxygen in gases
could occur in the upper atmosphere of Titan where
the dissociations of Ny and CO5 by VUV photons
and magnetospheric electrons are possible. This fact
clearly demonstrates that laboratory experiments can
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Figure 5. The dependence of ammonia concentration
on discharge current for different initial concentration
of methane and carbon dioxide.

be used for prediction of both the presence and pos-
sible concentrations of compounds which have not
been detected, yet. These simple organics should be
tracers of the chemical groups constituting the dusty
products.
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This work extends our experimentally studies with simulation of Titan’s atmosphere by atmospheric
glow discharge. This work is devoted to estimate the influence of CO; and/or CO on reactivity in the
Titan’s atmosphere. The exploration of planetary atmosphere is being advanced by the exciting results of
the Cassin-Huygens mission to Saturn and Titan, its most famous moon. Most of the studies were mainly
interested in the reactivity of the N.-CHa4 gaseous mixture and with the primary products of reactions, but
the atmosphere of Titan also contains oxygenated volatile species.

Keywords: Titan’s atmosphere, atmospheric glow discharge, FTIR spectroscopy

1 INTRODUCTION

Atmospheric pressure glow discharges are of
significant interest for a wide range of applica-
tions such as pollution control, material pro-
cessing 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 condi-
tions in Titan. Titan is the largest moon in
Saturn’s lunar system and the only one with a
dense atmosphere-atmospheric pressure is ap-
proximately1.5x10° Pa [4-6]. It is the only lu-
nar body with a substantial containing signifi-
cant quantities of methane (CH4) and nitrogen
(N2) in its atmosphere [7]. Chemical processes
in Titan’s atmosphere are therefore able to
create complex molecules containing C, N and
H. This makes Titan our only planetary-scale
laboratory for the synthesis of complex organ-
ics molecules [8]. In Titan’s atmosphere, the
dissociation of N2 and CH4 by solar ultraviolet
radiation initiates chemical reactions that re-
sult in the formation of complex organic mol-
ecules.

The present work is focused on the experi-
mental study of gaseous products produced in
an atmospheric pressure glow discharge fed by

Plasma Physics and Technology
2015, 2, 1, 88-91

N2-CHa gas mixtures with CH4 concentrations
in the range from 1 % to 4 % plus admixture
of carbon dioxide (CO2) from 1% to 4 %. The
gaseous products were analyzed by Fourier-
Transform-Infra-Red spectroscopy (FTIR).

2 EXPERIMENTAL APPARATUS

A simplified schematic drawing of the exper-
imental set up is presented in Fig. 1. An at-
mospheric pressure DC glow discharge was
created between two stainless steel electrodes
separated by a 2 mm gap. The electrodes sys-
tem had standard configuration of the gliding
arc discharge but due to low applied power
and low gas velocity the discharge is hot mov-
ing along the electrodes. The discharge 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 litre) was evacuated by a rotary oil pump
to maintain an oxygen free system. The dis-
charge was operated with an applied power in
range 4 to 15 W in pure nitrogen enriched by
1-4 % of CH4 with admixture of 1-3% of CO>
total flow rate of 200 sccm. The flow rates
through the reactor for both methane and ni-
trogen were regulated using MKS mass flow
controllers. The exhaust gas was analyzed in-
situ by FTIR spectroscopy.
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Fig.1: Schematic diagram of the experimental setup used for FTIR analysis of gaseous products of a DC
glow discharge fed by various mixtures of No-CH4-COs..

3 RESULTS

A typical FTIR spectrum revealing the prod-
ucts formed in the nitrogen discharge fed by
2% of CH4 and 1% of COz is shown in Fig. 2.
Similar spectra were observed for other No-
CH4-CO2 molar ratios. The HITRAN spectral
data individual absorption features was used
for recognizing of specific compounds.
Hydrogen cyanide (HCN) was found to be the
most abundant product at wavenumbers of
1430 cm™ and of 720 cm™. The other major

products were ammonia (NHs) -966 cm™ and
acetylene (C2Hz) -729 cm™ as well as carbon
monoxide (CO) and water. These products
were recognized in all N>-CH4-CO2 gas mix-
tures. The products concentrations are strongly
depended on compositions of the gas mixture.
Increasing the initial CH4 concentration from
2% to 4 % and also increasing admixture from
1% to 3% of CO> lead to increase in the prod-
ucts yield.

NH,  HCN
61 '\ &CAH
|I "-.\ ;722
|I “I'.' I;,"
|, ‘I -"j
v o4 [
ﬁ I \I‘..l'l
| M\
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Fig.2: Sample spectrum of analysed products formed in a gas mixture 2 % of CH. + 1 % of CO. in N,.
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Fig.3: Concentration of hydrogen cyanide dependence on initial concentration of methane and also

admixture of carbon dioxide.

Fig. 3 shows the quantitative analysis of HCN
at 1430 cm™ formed under different experi-
mental conditions. Since these experiments
have been carried out for different CHs-N>
mixture ratios and the same gas flow rates, the
evolution of different product concentrations
was found to depend strongly on the initial gas
ratios. The dependence of product concentra-
tions is strongly dependent on the different
CHas-N2 gas mixtures. On the other hand it was
proofed [9] that the kinetics of HCN formation
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slows down in presence of CO, showing an
inhibiting role of CO on HCN formation. In
our experiments this influence was not recog-
nize.

4 CONCLUSION

The gaseous phase products formed in the
atmospheric glow discharge fed by different
mixtures of N2 plus CHs (2 % and 4 %) and
admixture of CO (1 and 3%) were determined
by in situ FTIR analysis. The discharge was
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operated in the flowing regime at different
discharge currents at laboratory temperature.
In situ FTIR technique for the exhaust gas
phase sampling was successfully used for
chemical analysis to deduce the gas
composition in the N2-CH4-CO: reactive gas
mixture mimics of Titan’s atmosphere.
Various nitrile compounds and hydrocarbons
were observed in all experiments. HCN was
identified as the major gas phase product in all
of measurements. Others minor products
detected were CoHz, NH3, CO2, CO and also
some nitrile oxides. 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 experiments 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 tracers of the chemical groups
constituting the dusty products.

Acknowledgements
This work has been supported by the
EUROPLANET TNA2 and CEEPUS network AT-
0063.

92

REFERENCES

[1] Machala Z, Marode E, Laux C O, Kruger Ch,
Journal of Advanced Oxidation Technologies 7
(2004) 133.

[2] Kloc P, Wagner H E, Trunec D, Navratil Z,
Fedoseev G, Journal of Physics D-Applied Physics
43 (2010) 34.

[3] Torokova L, Watson J, Krcma F, Mazankova
V, Mason N J, Horvath G, Matejcik S,
Contributions to Plasma Physics 55 (2015) DOI
10.1002/ctpp.201400052 — in print.

[4] Aplin K L, Surveys in Geophysics 27 (2006)
63.

[5] Lavvas P, Yelle R V, Koskinen T, Bazin A,
Vuitton V, Vigren E et al., Proceedings of the
National Academy of Sciences of the United
States of America 110 (2013) 2729.

[6] Shebanits O, Wahlund J E, Mandt K, Agren K,
Edberg N J T, Waite J H, Planetary and Space
Science 84 (2013) 153.

[7] Horst S M, Tolbert M A, Astrophysical
Journal.

[8] Jagota S, Kawai J, Deamer D, McKay C,
Khare B, Beeler D, Planetary and Space Science.
103 (2014) 167.

[9] Fleury B, Carrasco N, Gautier T, Mahjoub A,
He J, Szopa C, et al., Influence of CO on Titan
atmospheric reactivity, Icarus, 2014
8//;238(0):221-9.



Ol

Contributionsto Plasma Physics

wWwWw.cpp-journal.org



Contrib. Plasma Phys. 55, No. 6, 470—480 (2015) / DOI 10.1002/ctpp.201400052

Gas Chromatography Analysis of Discharge Products in N,-CH,
Gas Mixture at Atmospheric Pressure: Study of Mimic Titan’s
Atmosphere

L. Torokova'?*, J. Watson?, F. Krcma', V. Mazankova', N.J. Mason?, G. Horvath?*,
and S. Matejcik*

! Faculty of Chemistry, Brno University of Technology, Purkynova 118, 612 00 Brno, Czech Republic

2 Department of Physics and Astronomy, Open University, Milton Keynes MK7 6AA, United Kingdom

3 Planetary and Space Sciences Research Institute, Open University, Milton Keynes MK7 6AA, United
Kingdom

4 Department of Experimental Physics, Comenius University, Mlynska dolina F-2, 842 48 Bratislava, Slovakia

Received 19 August 2014, revised 22 December 2014, accepted 06 January 2015
Published online 25 March 2015

Key words Atmospheric pressure glow discharge, nitrogen-methane gas mixture, gas chromatography
analysis.

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.
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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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472 L. Torokova et al.: Gas chromatography analysis of discharge products

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.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org
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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.

www.cpp-journal.org © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



476 L. Torokova et al.: Gas chromatography analysis of discharge products

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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CH,CH,CN 200 scem Fig. 5 The dependencies of relative intensity of hydrogen

10° i é é ); 5' cyanide, acetonitrile and propanenitrile on methane addition

Concentration CH, (%) in nitrogen gas.

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

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org
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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.
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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%.

20806-p1


http://dx.doi.org/10.1051/epjap/2015150072
http://www.epj.org
http://www.epj.org
http://www.epj.org

The European Physical Journal Applied Physics

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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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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In this contribution the study of O, and O3 reactions with electrode surface in an ozonizer is
presented. The electrode surfaces in ozonizer were treated in the discharge with pure (99.9999%)
oxygen for long time. Then the discharge was switched off and pure oxygen or oxygen with ozone
reacted with treated electrodes for different time periods. Then the ozone concentration at the
ozonizer output was measured by the absorption spectroscopy. It was found that the molecular
oxygen reacts with oxygen atoms adsorbed on electrode surfaces producing ozone. On the other
hand the ozone concentration in switched off ozonizer stays constant for long time.

1 Introduction

The plasma surface interactions are of considerable importance for a wealth of discharge
phenomena. The surface oxidation on Pyrex of NO into NO; by adsorbed O atoms was
studied by Guaitella et al. [1]. The surface recombination of oxygen atoms in O> plasma was
studied by Lopaev et al. [2]. It has been also observed that the ozone concentration in high
purity (99.99995%) oxygen-fed ozonizers decreases from the initial level to almost zero
during several hours. This phenomenon is known as Ozone Zero Phenomenon [3]. This
phenomenon is probably caused by surface processes at ozonizer electrodes. Explanation of
this phenomenon can bring deeper insight into surface processes in ozonizer and it is also
important for the models of ozone production in dielectric barrier discharges. Marinov et al.
[4] also directly observed ozone formation on SiO> surfaces in oxygen discharges.

2 Experimental

A cylindrical ozonizer was used in this study. Outer electrode was made of stainless steel and
it was maintained at earth potential. The internal diameter of the outer electrode was 24 mm.
The outer electrode was covered by alumina dielectric, which was 2.85 mm thick. The inner
cylinder is a high-voltage electrode and it was made of stainless steel. The external diameter
of the inner electrode was 17 mm. The discharge gap was 0.65 mm. The length of the
ozonizer was 240 mm. The water flowed trough outer electrode, the water temperature was
controlled to be constant during the experiments. Extremely high-grade oxygen of 99.9999%
was led into the ozonizer through the mass flow controller, the oxygen flow was set to
2 I/min. The ozone produced in the ozonizer was leaded to absorption cell, where the ozone
concentration was measured using absorption spectroscopy.
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3 Results and Discussion

In the first set of experiments the discharge in pure oxygen in ozonizer was burning for 5 min,
then the discharge was switched off and the ozonizer was flowed by argon for 3 min. After
this the ozonizer was flowed by oxygen for 1 min and then the ozonizer filled by oxygen was
closed at the input and at the output by the valves for the reaction time #.. After the elapse of
time #- the oxygen flow through ozonizer was restored and the concentration of produced
ozone flowing through absorption cell was measured. The measured ozone concentrations are
shown for different reaction time #- in Fig. 1. The ozone amounts calculated from these time
dependences are shown in Fig. 2. The amount of produced ozone increases with time ¢, at
short times the amount of ozone increases quickly, at reaction times longer than 2 min the
amount of ozone increases slowly.
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Fig. 1: The time dependences of ozone concentration in absorption cell for different reaction time ¢..

In the second set of experiments the discharge in pure oxygen in ozonizer was burning again
for 5 min, then the ozonizer filled by oxygen with ozone was closed at the input and at the
output by the valves simultaneously with switching of the discharge. After the elapse of time
t- the oxygen flow through ozonizer was restored and the concentration of ozone flowing
through absorption cell was measured. The measured concentrations of ozone are shown in
Fig. 3. It can be seen from this figure that ozone concentration in the ozonizer does not
decrease with time ¢

In the third set of experiments the mixture of 95% oxygen and 5% of nitrogen was used as
working gas for the discharge in ozonizer. The discharge in this mixture was burning for
5 min. Then the discharge was switched off, the ozonizer was flowed by oxygen for 1 min and
then the ozonizer filled by oxygen was closed at the input and at the output by the valves for
the time #.. The results of these experiments are shown again in Fig. 2. The dependence of
created ozone amount versus reaction time #- shows again two slopes — steeper one at short
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times ¢ and gradual one at longer times. Surprisingly amounts of created ozone are higher
than the ozone amounts in the case of pure oxygen discharge.
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Fig. 2: The dependence of ozone amount on reaction time #. Squares — first set of experiments, pure oxygen
discharge; triangles — third set of experiments, discharge in the mixture of 95% oxygen and 5% nitrogen.
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Fig. 3: The time dependence of ozone concentration in absorption cell at second set of experiments.
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4 Conclusion

The experiments proved the creation of ozone on electrode surfaces which were treated in
oxygen or oxygen/nitrogen DBD discharge. The measured time dependence of produced
amount of ozone has two slopes, steeper one at shorter times and gradual one at longer times.
This suggests that there is also a process in which the ozone is destroyed or the number of
active sites with absorbed oxygen atoms on electrode surface decreases significantly.
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Atmospheric pressure dielectric barrier discharge (DBD) in Ar/H, gas feed with C;H, or CHy
admixture was studied at room and high temperature of 680 °C by plasma diagnostics (electrical
measurements, fast camera imaging, and optical emission spectroscopy). It was shown that
filamentary DBD in pure Ar or Ar/H, can be converted into homogeneous discharge by an
acetylene admixture. Fast intensified charge-coupled device (ICCD) camera proved that this
homogeneous discharge is an atmospheric pressure glow discharge (APGD) at room temperature
whereas at high temperature the discharge mode switches at every half-period between APGD and
atmospheric pressure Townsend discharge. The high temperature discharges (610-710°C) in Ar/
H,/C,H, and Ar/H,/CH4 were also investigated with respect to a surface bound deposition of car-
bon nanotubes using 5 nm thick iron layer as a catalyst. CNTs were deposited without any dedi-
cated catalyst pretreatment phase. The quality of CNTs, namely, their density, vertical alignment,
and width of the diameter distribution, was better for the C,H, gas feed and higher temperatures.

@ CrossMark

© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914062]

I. INTRODUCTION

Dielectric barrier discharges (DBDs) burning at atmos-
pheric pressure in a filamentary form have been known for
more than a century and they are widely used in industrial
applications such as ozone generation, pollution control,
high power CO, lasers, ultraviolet excimer lamps, excimer
based mercury-free fluorescent lamps, flat large-area plasma
displays, and surface treatment.' It was reported, in the late
seventies and eighties, that DBD discharges can be operated
also in a homogeneous mode using helium as a dilution
gas.”” This discovery brought further motivation for funda-
mental research of DBDs and opened new possibilities for
atmospheric pressure plasma processing.

The stabilization of homogeneous DBDs requires sup-
pression of streamer formation in which the structure and
material of electrodes, the frequency of power supply and/or
the gas mixture play important role. Influence of the gas mix-
ture on the ignition of either filamentary or homogeneous
form of DBD can be relatively easily studied and it is of high
importance for plasma processing at atmospheric pressure.
Besides helium, the homogeneous DBD was obtained in
neon® but utilization of either He or Ne is not suitable for
industrial applications. Although the homogeneous DBD
cannot be obtained in pure argon without a specially struc-
tured electrode,s’6 Okazaki and her colleagues showed that a
small amount of certain hydrocarbons can lead to the

YAuthor to whom correspondence should be addressed. Electronic mail:
trunec@physics.muni.cz

0021-8979/2015/117(10)/103301/10/$30.00

117, 103301-1

stabilization of homogeneous DBD in Ar.” Additionally, the
homogeneous DBD was also observed and studied in argon
with ammonia admixture® and in nitrogen. '’

The physical principles behind the formation of homo-
geneous DBDs were investigated by Massines et al. in He,
Ar/NH3, and Nz.”’]z It was shown that during the current
increase the discharge transits from a non-self-sustained dis-
charge to a Townsend discharge and then to a subnormal
glow discharge in He and Ar/NHj and, therefore, can be
called atmospheric pressure glow discharge (APGD).
However, in N, the glow regime cannot be achieved and the
discharge is classified as an atmospheric pressure Townsend-
like discharge (APTD). The advantage of plasma homogene-
ity in case of APGD or APTD was proved, for example, by
plasma enhanced chemical vapor deposition (PECVD) of sil-
icon oxide thin films from organosilicon reactants mixed ei-
ther with He'*'* or N,,,">~"7 respectively.

Filamentary DBDs in methane and acetylene containing
gas feeds were used to deposit amorphous hydrogenated
carbon films (a-C:H) with the hardness up to 10 GPa'®?
but Bugaev et al. found that the films had significant quan-
tity of defects due to a filamentary nature of the dis-
charge.'® Jiang et al. deposited amorphous carbon structures
by DBD in an Ar/C,H, mixture and observed that the dis-
charge burns first several minutes in the homogeneous
mode.? Kodama et al. deposited a-C:H films in homogene-
ous DBD burning in pure acetylene at 9kHz.>' Good barrier
properties of the films proved that hydrocarbon DBD in ho-
mogeneous mode can produce compact and pinhole free a-
C:H films.

© 2015 AIP Publishing LLC
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APGD at 125kHz in the mixture of He/H,/CH, was
investigated for the deposition of carbon nanotubes (CNTs)
using Ni films, 20 nm in thickness, as catalyst and tempera-
ture range of 500-600°C.*> The nanotubes were multi-
walled and high percentage of helium was used to stabilize
the homogeneous DBD because filamentary DBD did not
yield clearly developed CNTs. A dedicated experiment
showed that even at the temperature of 700°C the CNTs
grew only at the temporary cathode of APGD because it is
surrounded by a plasmachemically active region resembling
cathode and negative glows of low pressure glow dis-
charges.23 Further improvement was achieved in He/H,/CH,4
atmospheric pressure radio frequency (13.56 MHz) discharge
(APRFD) due to its quasi-continuous nature. The advantages
of APRFD combined with an advanced preparation of cata-
lytic nanoparticles resulted in the synthesis of single-walled
CNTs at 700 °C.>>**

This work aims to investigate DBD discharges at
6.8 kHz in argon mixed with hydrocarbon gases, namely, in
Ar/H,/C,H, and Ar/H,/CH, gas feeds. Unlike the previous
studies helium was not used as the working gas. It is focused
on the discharges at high temperature 610-710°C because
such conditions are suitable for the synthesis of nanostruc-
tured materials such as carbon nanotubes, nanowalls, and
graphene. The plasma diagnostics help to compare effect of
hydrocarbon admixture and temperature on the DBD mode.
Besides diagnostics of DBD by using electrical measure-
ment, fast [CCD camera, and optical emission spectroscopy,
the surface bound growth of carbon nanotubes was investi-
gated in the both gas feeds using a vacuum-evaporated iron
thin film as catalyst.

Il. EXPERIMENTAL DETAILS

The experiments were carried out in a metallic discharge
reactor with the dimensions 500 mm x 500 mm x 500 mm. The
discharge burned between two planar metal electrodes covered
by dielectrics, see Fig. 1. The bottom electrode was grounded,

b

FIG. 1. Electrode configuration. 1—Simax glass dielectric, 2—upper elec-
trode, 3—distance pillar, 4—discharge, 5—substrate, 6—AIN dielectric,
7—thermocouple, 8—bottom electrode, 9—heater, 10—gas inlet.

J. Appl. Phys. 117, 103301 (2015)

the upper electrode was connected to the high voltage power
supply. The upper circular electrode, 36 mm in diameter, was
covered with a Simax glass plate, 1.8 mm in thickness. The bot-
tom circular electrode, 40 mm in diameter, was covered with an
aluminium nitride plate 50 mm x 70 mm x 0.6 mm. The bottom
electrode was attached to the Boralectric® heater. The heater
temperature, measured by a thermocouple, could be elevated
up to 750 °C. The distance between the bottom and top electro-
des was 1.75 mm. The gas inlet was located 30 mm above the
electrode system. This place represented a suitable location of
gas inlet near the electrode system and it does not disturb the
gas flow between the electrodes. The gas outlet was located
100 mm below the electrode system. The substrates for deposi-
tion of CNTs were silicon pieces, 15 mm x 10mm X 0.5 mm,
covered by a thermal oxide film with the thickness of 300 nm.
Iron catalyst layer, 4.7 nm in thickness, was vacuum evaporated
on the top. The as-prepared substrates were placed on the bot-
tom electrode. The temperature of substrate and the temperature
of the dielectrics on upper electrode was measured by a thermo-
couple before discharge was ignited. It was found the substrate
temperature is about 40 °C lower than the heater temperature
and the temperature of upper electrode dielectrics is about
250 °C lower than the heater temperature.

Before starting the experiments, the discharge chamber
was pumped down to 20 Pa and then filled with the investi-
gated gas mixture up to the pressure of 101 kPa. In case of
experiments at elevated temperature, the heater temperature
was set to 300 °C for the filling period of 5 min. After reach-
ing the pressure of 101 kPa, the substrate temperature was
increased to a desired value from the range of 610-710°C
and the discharge was ignited. The argon (Ar) flow rate of
7slm was mixed with acetylene (C,H,) or methane (CHy)
flow of 15 sccm. Optionally, 100sccm of hydrogen was
added. Atmospheric pressure during the deposition was
maintained by a slight pumping. A high voltage power sup-
ply with the frequency of 6.8kHz and applied voltage
0.8-4.0kV (peak-to-peak) was used for the discharge
generation.

Jobin Yvon FHR 1000 spectrometer with a CCD detector
(focal length 1 m, grating 2400 grmm ') was used for optical
spectroscopy in the UV/VIS spectral range (300-750nm).
The optical spectra from weakly glowing discharges were
obtained using a lens with diameter of 7cm attached to the
side window and focusing light from the discharge to the input
of the optical fiber. The measured spectra were identified
using Spectrum Analyzer program.?>~° Temporally and spa-
tially resolved discharge emission was recorded without a
spectral resolution with the intensified charge-coupled device
(ICCD) camera PI-MAX1024RB-25-FG-43  (Princeton
Instruments), controlled by the ST-133 controller and working
in an imaging mode. The camera was synchronized with the
applied voltage. The exposure time was 80 us, i.e., one half-
period of applied voltage, or 5 us. In the case of 5 us exposure
time a sequence of images covering the entire period of
applied voltage was recorded by varying the delay from
selected trigger voltage. Due to long unload time, the obtained
images were recorded at different half-periods. The images
shown in Sec. III always present the discharge at maximum
light intensity which occurs at different times in the half-
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period due to randomness of discharge appearance. The
applied voltage and discharge current were recorded by the
digital oscilloscope HP 54820 A Infinium (500 MHz, 2 GS/s).
A high-voltage probe Tektronix P6015A connected to the
upper electrode, and a resistor placed between the bottom
electrode and ground, was used to measure the applied voltage
and the discharge current, respectively. The Raman spectra of
CNTs were obtained with the Renishaw in Via spectrometer
using argon laser (514.5nm). The laser spot diameter and
beam intensity were approximately 2 um and 2mW, respec-
tively. The scanning electron microscopy (SEM) imaging of
the CNT deposits was performed with Tescan MIRA 11 LMU
microscope equipped with Oxford Instruments Energy
Dispersive Microanalysis (EDS/EDX) and AZTEC Software
or with FEI MAGELAN 400 microscope. The samples of
nanostructures prepared by positive replication technique
were also imaged with a Philips CM12 STEM transmission
electron microscope (TEM).

lll. RESULTS AND DISCUSSION
A. Discharge diagnostics at room temperature

Influence of the hydrocarbon admixture on the proper-
ties of DBD discharges in Ar or Ar/H, was at first studied at
room temperature, i.e., without external heating of the bot-
tom electrode. The voltage necessary for discharge ignition
was significantly reduced by a small admixture of C,H, and
stayed low up to the maximum studied C,H, concentration
of 1.7% (see Fig. 2). It was caused by the Penning ionization
of acetylene molecules by argon metastables. The same
study performed for the Ar/CH4/H, mixture showed that the
ignition voltage was not decreased by the addition of CHy.
The reason can be seen in different values of the ionization
potential of hydrocarbon molecules. The Penning ionization
of C,H, in Ar is possible because C,H, ionization potential
is 11.40eV and the energy of argon 1ss metastable is
11.55eV. The ionization potential of CH, is 12.61 eV and,
therefore, the Penning ionization cannot take place.

Influence of hydrogen on the ignition voltage can be
seen from the comparison of Ar/C,H, and Ar/C,H,/H, gas

3.5 T
3.0 Ar+CoH,+H,; 22°C —o—
25t AI’+CH4+H2, 2200 —_v
< v
< 20
S 154
1.0 |
0.5 t

00 03 06 09 12 15 18 2.1
hydrocarbon concentration (%)

FIG. 2. The dependence of ignition voltage U, on the concentration or acet-
ylene or methane added to Ar or Ar/H,. The discharge was operated at room
temperature 22 °C. Argon and hydrogen flow rates were 7 slm and 100 sccm,
respectively.
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feeds in Fig. 2. In Ar/H, mixture, the electrons lose energy
in inelastic collisions with hydrogen molecules at low elec-
tron energies, thus causing an increase of the ignition voltage
from 1.5 to 2.0kV. Addition of C,H, to Ar/H, caused an ab-
rupt decrease of the ignition voltage similarly as without H,
in the mixture. The rate constants for the reaction of 1s5 Ar
metastable with C,H, and H, at 300K are 56 x 10~ and
6.6 x 10~ ""cm®s™", respectively.”’ Therefore, eight times
more H, than C,H, can be added and still the collisions of
argon metastables with acetylene will prevail over the
quenching of argon metastables by hydrogen. Indeed, a deep
decrease of ignition voltage was observed after acetylene
addition even at the presence of hydrogen.

The discharge current in Ar or gas mixtures with CHy
consisted of sharp peaks corresponding to the filamentary
DBD, see Figs. 3(a) and 3(b). In the discharge in pure Ar and
at the ignition voltage, the discharge current consisted of one
sharp peak (width of several us). In rare cases the single
peak was replaced by two consecutive peaks with approxi-
mately half amplitude. Higher applied voltage leads to the
development of multiple current peaks per half period. The
current of the discharge ignited in the mixtures with C,H,
had the form of broad peaks superimposed by many smaller
and shorter peaks, see Fig. 3(c). It indicated that the dis-
charge had the form of homogeneous APGD but it did not
burn in the whole discharge gap at the same time. The ioni-
zation of acetylene by argon metastables leads to the forma-
tion of APGD. This effect was a little bit disturbed when H,

0.0 0.1 0.2 0.3
t(ms)

FIG. 3. The time dependence of applied voltage (dotted line) and discharge
current (full line) at room temperature for (a) DBD in pure Ar, (b) DBD in
Ar/CHy, and (c) APGD in Ar/C,H,. The concentration of CH, or C,H, in Ar
was 0.41 vol. %. Discharges were operated slightly above the ignition volt-
age in particular gas mixture.
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was added to the mixture as seen from the comparison of
current measurements in Figs. 3(c) and 4(b).

The DBD in Ar/C,H, mixture has similar behavior as
DBD in Ar/NH; mixture.”?® The DBD in Ar/NH; mixture
was identified as the APGD.?” However, the discharge cur-
rent in the DBD in Ar/NH; mixture has the form of several
sharp peaks instead one broad peak under some experimental
conditions and it was assumed that this phenomenon could
be explained by the presence of impurities in used argon
gas.”® This could be also the explanation for observed dis-
charge currents in DBD in Ar/C,H, mixture.

The results from the electrical measurements were con-
firmed by images taken with the fast ICCD camera over one
half-period, i.e., 80 us, and with shorter exposure time of
5 us, as shown in Figs. 5 and 6, respectively. The images in
Figs. 5(a) and 5(b) document the filamentary structure of Ar
and Ar/CH, discharges. The images Figs. 5(c) and 5(d) of
the discharges in Ar/C,H, and Ar/C,H,/H, revealed the exis-
tence of a luminous layer at instantaneous cathode, identify-
ing these discharges as APGD. Similar behavior was
observed during both polarities of applied voltage. The
images with shorter exposition time showed that APGD with
C,H, did not cover the whole electrode area, see Fig. 6.

B. Discharge diagnostics at high temperature

If the bottom electrode was heated up to 680 °C the igni-
tion voltage decreases due to the decrease of neutral gas
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FIG. 4. The time dependence of applied voltage (dotted line) and discharge
current (full line) for (a) DBD in Ar/CH4/H, at 22°C, (b) APGD Ar/C,H,/
H, at 22°C, and (c) APGD Ar/C,H,/H, at 680 °C. The concentration of CH,4
or C,H, in Ar/H, was 0.41 vol. %. Discharges were operated slightly above
the ignition voltage in particular gas mixture.
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FIG. 5. ICCD images of discharges at room temperature with 80 us (one
half-period) exposure time: (a) filamentary DBD in Ar, (b) filamentary DBD
in Ar/CHy4, (¢) APGD in Ar/C,H,, and (d) APGD in Ar/C,H,/H,. The con-
centration of CH, or C,H, was 0.41 vol. %. Horizontal lines indicate the
dielectric surfaces and the upper electrode is the instantaneous cathode in all
images.

concentration (i.e., argon and hydrogen concentration), see
Fig. 7. An additional decrease of the ignition voltage can be
seen after acetylene addition. However, at high temperature
this decrease is not as significant as at room temperature.
Imaging of the discharge at the temperature of 680 °C
showed that heating of the bottom electrode had profound
effect on the discharge structure, see Fig. 8. Since the upper
electrode was not heated the discharge burned in different
modes in subsequent half-periods of the applied voltage. If
the instantaneous cathode was the upper cold electrode, the
emitted light integrated over a discharge half-period of 80 us
was homogeneously distributed in the discharge gap, see
Fig. 8(a). However, a short exposure time of 5 us revealed
that the intensity at the instantaneous cathode was slightly
higher, see Fig. 8(c). So the recorded homogeneous light in
Fig. 8(a) was rather an exceptional case. Therefore, the dis-
charge mode can still be called APGD mode, although it is
not so clearly seen as at room temperature. The ICCD

FIG. 6. ICCD images of APGD discharges at room temperature with short
exposure time of 5 us: (a) APGD in Ar/C,H,, (b) Ar/H,/C,H,. The concen-
tration of C,H, was 0.41 vol. %. Horizontal lines indicate the dielectric
surfaces and the upper electrode is the instantaneous cathode in all images.



103301-5 Elias et al.
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FIG. 7. The ignition voltage U, in dependence on the concentration of acety-
lene or methane added to Ar/H, for the temperature of bottom electrode
680°C. Argon and hydrogen flow rates were 7 slm and 100 sccm,
respectively.

images of discharge at 410°C (not shown here) confirmed
more clearly the APGD discharge mode, i.e., higher intensity
at instantaneous cathode, if the cathode was cold but a sys-
tematic study of discharges at different elevated tempera-
tures was not performed. The current at this half-period, i.e.,
for negative voltage, had similar character as for room tem-
perature, see Fig. 4(c).

If the instantaneous cathode was the bottom heated elec-
trode, only luminous layer at the instantaneous anode was
visible, see Figs. 8(b) and 8(d). It indicated that the discharge
was Townsend-like discharge (APTD). In this case the elec-
tron concentration had to be lower than in case of the APGD
at room temperature and the electric field in the discharge
gap was not influenced by a space charge. The current at this
half-period is composed from several peaks, similar as for
APGD, but the peaks are less frequent and wider, see Fig.

A | )
(

FIG. 8. ICCD images of APGD in Ar/C,H,/H, with 0.41 vol. % admixture
of C,H, and bottom electrode heated to 680 °C: (a) 80 us (one half-period),
instantaneous cathode at upper electrode, (b) 80 us (one half-period), cath-
ode at bottom electrode, (c) 5 us, cathode at upper electrode, and (d) 5 us,
cathode at bottom electrode. Horizontal lines indicate the dielectric surfaces.
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4(c). The conditions for the formation of different discharge
modes in subsequent half-periods will be discussed in Sec.
1Ic.

Optical emission spectra of DBD in Ar, Ar/C,H,, and
Ar/C,H,/H, were recorded through a glass window in the
spectral range 350750 nm. The second positive system of
N, (C3IT — B>II) was detected in all the mixtures owing to
a presence of air impurities. It was represented by several
bands but the most intensive band 0-0 at 337.7 nm was miss-
ing due to decreased transmittance of the window.
Therefore, the first visible N, band was 0—1 at 357.7 nm. The
low transmittance of the glass window in UV prevented to
evaluate the presence of OH impurities because their emis-
sion band lies at 306 nm.

The C, Swan system and CH bands were observed after
the addition of acetylene to the gas feed. The optical emis-
sion spectra of the discharges at low and high temperatures
are compared in Fig. 9 for Ar/C,H,/H,. A vertical shift of
the spectra recorded at the high temperature was caused by a
thermal radiation of the heated electrode. The Swan system
of C, (d*T1, — @’T1,) was located between 450 and 620 nm.
The most intensive transitions, 0—0 at 516.5nm, 1-0 at
473.7nm, 0—1 at 563.6 nm, and 1-2 at 558.6 nm, were easily
distinguished. Altogether, 15 separate bands were assigned
to the Swan system of C,. Additionally, one CH emission

band was associated with the 0-0 transition of 430 nm band
(CA—-21). %0

C. Discussion of discharge conditions at high
temperature

The different discharge behavior in subsequent half-
periods can be explained as follows. The thermal conductiv-
ity of argon does not change significantly in the range of
temperatures considered, so the gas temperature changes lin-
early from heated electrode to non-heated electrode. The
spatial profile of neutral gas density can be then calculated
from the equation of state for an ideal gas at constant pres-
sure. The different values of gas density influence the values
of reduced electric field, the values of electron and ion mobi-
lities and the values of Townsend coefficient.

F680°C ——  Ar 1
22 °C
L Mennd\
Pl B
5 Ar Ar CH
2 A \ \ X
'z 415 420 425 430 435 440
E NG G Ar ‘
/ M__ . ‘

Ys

300 350 400 450 500 550 600 650 700 750
A (nm)

FIG. 9. Optical emission spectra of APGD in Ar/C,H,/H, (0.41 vol. % of
C,H, and 1.4 vol.% of H,) without and with heating of the bottom
electrode.
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The transition from Townsend discharge to glow dis-
charge causes the distortion of initially homogeneous electric
field. To calculate the electric field E(x) in the discharge gap,
the approximation of the charge density distribution obtained
in the assumption E(x)=const. is taken.’® The ion current
density j, (x) in the Townsend discharge in the case of non-
homogeneous gas density is given by formula

d X
i) =i| 1= exp | = [aiar+ [atrar | | )
0 0

where j is the total current density, o is the Townsend coeffi-
cient, and d is the discharge gap width. The x axis points from
the cathode to the anode. The discharge gap at Townsend dis-
charge is almost entirely positively charged, i.e., n. > n,°**
(n is the concentration of positive ions, 7, is the electron con-
centration). Also the ion current density j, much exceeds the
electron current density j, over a large part of the discharge
gap, except the small part of gap at anode.*® Then current den-
sity j ~ j and ny (x) = j.(x)/(eps (x)E), p, is the positive
ion mobility. However, the electric field in the discharge gap
is not distorted, because the charge density is low. As j
increases, the ion concentration increases and the electric field
in the discharge gap begins to decrease at the anode. The spa-
tial profile of electric field is determined by the equation
dE(x) e
& ny. 2)

In the DBD discharge in the mixture Ar/H,/C,H, at atmos-
pheric pressure primary ions Ar' are quickly converted to
Ar; molecular ions, these argon ions react with hydrogen
producing Hy and Hy jons.>! Also some hydrocarbon ions
originated from acetylene are present in the discharge. The
mobility of Arj molecular ions increases with increasing
neutral gas temperature,33 the mobilities, and their tempera-
ture dependence of other above mentioned ions are not
know, however, the mobilities of molecular ions in argon
usually increase with increasing temperature.™

In our experiment, the amplitudes of current peaks in
both half-periods have almost the same value. If the tempo-
rary cathode is the heated electrode, the neutral gas concen-
tration at the cathode is lower than the neutral gas density at
the anode (non-heated electrode). Also, the ion mobility at
the cathode is higher, because the ion mobility is inversely
proportional to neutral gas density and because the ion mobi-
lities of above mentioned ions increase with temperature.
Then the ion concentration in cathode region is lower and
thus the distortion of electric field is lower, see Figs. 10 and
11. The discharge remains in Townsend mode. The profiles
in these figures were calculated for the gap voltage Ugyp
= 0.7kV and total current density j=1.5 A m~2, which are
values typical for the studied discharge. The values for the
Townsend coefficient for argon and for Ar; mobility in ar-
gon were taken from literature.*-*

In opposite case, the temporary anode is the heated elec-
trode, the major part of ions is far away from the anode and
their concentration is not affected, the distortion of electric
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FIG. 10. Spatial profiles of ion concentration in the discharge gap.

field is higher as in previous case (at the same discharge cur-
rent), see Fig. 11. The distortion of electric field depends on
current density j, if the current density increases to the value
of j=2.2Am 2, the electric field at the anode reaches zero
(see the dashed line in Fig. 11) and the discharge transits to
glow mode. However, at this value of j the model losses its
validity, because the initial assumption (E(x) = const.) is not
more valid. If the temporary cathode is the bottom electrode
at our experiment, the current density at the cathode is lower
due to the asymmetry of electrodes. Moreover, as can be
seen in Fig. 8, the discharge in glow mode is localized in col-
umns with smaller diameter than the discharge in Townsend
mode which gives higher current density in glow mode. So
the higher n, at the non-heated temporary cathode and the
higher current density j lead to the discharge transition to the
glow mode.

The temperature of dielectric at electrodes also influen-
ces the thermodesorption frequency v,

Eas
Ve = Ve €XP ( de ) 3)

where v, is the frequency of oscillations for an electron
near an adsorption site, E,qs is the electron binding energy, k
is the Boltzmann constant, and T,, is the wall temperature.
The values E, 4o~ 0.8 eV and vy~ 4 X 10"°s™! were consid-
ered in previous study.”> Then the desorption current from
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FIG. 11. Profiles of electric field in the discharge gap. Full lines-j=1.5 Am ™2,

dashed line-j =22 Am 2,
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the heated electrode (with the temperature of 710°C) is
25 x higher than the desorption current from non-heated
electrode (with the temperature of 460°C). So when the
heated electrode is the temporary cathode, higher desorption
current can also sustain homogeneous Townsend discharge.
Similarly, the modes of DBD burning in Ar/NH; mix-
ture were studied also for excitation voltage frequencies
ranging from 50kHz to 9 MHz.*® It was found that the dis-
charge was an APGD at frequencies up to 200 kHz. For fre-
quencies higher than 250kHz, the discharge changed to
Townsend discharge. This change was explained also by the
decrease of ion concentration close to cathode up to the point
where their concentration was to low to generate the cathode
fall.

D. Carbon nanotubes deposition

The growth of CNTs was investigated in Ar/C,H,/H,
and Ar/CH4/H, discharges on the Si substrates covered by
barrier oxide layer and top iron film as described in Sec. II.
Hydrogen played an important role in suppressing the forma-
tion of amorphous carbon on the electrodes and in the
improvement of the quality of CNTs. Without hydrogen,
large amount of amorphous carbon was generated by deposi-
tion process, especially in the case of C,H,. Without the dis-
charge and substrate heated to 710 °C, the CNT growth was
not observed in case of CH, mixture and only very poorly
aligned CNTs were grown using C,H, mixture. In following
paragraphs, the growth of CNTs using Ar/C,H,/H, and Ar/
CH,4/H, discharges is discussed.

The deposition did not include any dedicated process of
the iron thin film restructuring into nanoparticles besides the
substrate heating to 300 °C during 5 min of chamber filling
with the deposition (hydrocarbon) mixture. The growth of

J. Appl. Phys. 117, 103301 (2015)

CNTs by CVD methods requires the presence of catalytic
nanoparticles. If the catalyst is initially prepared in the form
of thin film on a substrate, the restructuring into nanopar-
ticles is often obtained by heating the film in N5, H,, or NH;
atmosphere.”” It was shown that for the CNT growth in
microwave plasma torch a separate plasma treatment step
leading to creation of thin metallic film into NPs was not
necessary and that this process is an integral part of the
CNTs synthesis.>®*° The present work showed that when
using DBD it can be also omitted.

The substrate temperature was varied from 610 to
710°C (maximum achievable temperature in the setup) and
the microstructure of the material deposited in DBD fed by
0.2% mixture of C,H, and CH, in Ar/H, was compared by
TEM. The TEM micrographs in Fig. 12 clearly showed that
at both temperatures, 610 and 710°C, the deposit in Ar/
C,H,/H, DBD exhibited much higher order of nanostructur-
ing. The carbon material deposited from Ar/CH4/H, DBD at
610 °C was amorphous without any hints of ordering (Fig.
12(c)) whereas using C,H, the hollow structure of carbon
nanotubes was observed together with some amorphous
impurities (Fig. 12(a)). The best results were achieved using
the temperature of 710 °C. The sample deposited in Ar/CH,/
H, mixture showed highly disordered carbon nanofiber
(CNF) structures with the diameter of 80nm (Fig. 12(d)).
The analysis of TEM micrographs revealed that the sample
deposited in Ar/C,H,/H, mixture consisted of multi-walled
carbon nanotubes with the diameters ranging from 15 to
30nm and wall thicknesses from 3 to 7nm. From the wall
thickness and assumed distance of 0.34nm between each
carbon layer, it was concluded that the wall of deposited car-
bon nanotubes consists of up to 20 carbon layers.

Darker spots in TEM micrographs can be attributed to
the iron catalytic particles but they can be also caused by a

FIG. 12. TEM micrograph of the car-
bon nanostructures deposited from (a),
(b) 0.2% of C,H, in Ar/C,H,/H, mix-
ture and (c), (d) 0.2% of CH4 in Ar/
CH4/H, mixture. The substrate temper-
ature was 610°C for (a) and (c) and
710°C for (b) and (d) images. The
micrographs were made using Philips
CM12 microscope.

200 niw
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different contrast of graphitic structures, places with overlap-
ping structures or thicker amorphous carbon material. The
latter two possibilities hide the interpretation of catalyst
incorporation especially in the case of CH, mixtures. Based
on the current understanding of the carbon nanotube growth,
the catalytic nanoparticles are assumed to be of a similar size
as the nanotube diameter. It holds for the C,H, deposits. The
size and shape of iron particles incorporated into CH4 depos-
its were sometimes difficult to assess but in many cases it
was clear that the particles were much larger than for C,H,
and it led to larger diameter of CNFs. The EDS mapping
confirmed that in both the mixtures iron nanoparticles are
distributed over all the sample and the amount of iron is very
low (C 37.5wt. %, Fe 0.3 =0.02wt. % at 10) compared to
the substrate background (Si 47.0 wt. %, O 15.2 wt. %) and
the EDS detection limit of 0.1 wt.%. The scan was done
with small beam size (5nm) to give smaller interaction vol-
ume and substrate background but nevertheless the influence
of the background was substantial.

The SEM micrographs for 0.2% hydrocarbon mixtures
confirmed the results from TEM. In the Ar/CH4/H, gas mix-
ture, the carbon nanostructures deposited at 710°C were
curled CNFs shown in Fig. 13(c). For Ar/C,H,/H, mixture,
the deposited carbon nanostructures at 710°C were well
aligned multi-walled CNTs (Fig. 13(b)) but at 610°C a
higher amount of amorphous carbon and worse alignment
were observed.

J. Appl. Phys. 117, 103301 (2015)

FIG. 13. Cross sectional SEM micro-
graphs of deposited carbon nanostruc-
tures for (a) 0.1%, (b) 0.2% of C,H, in
Ar/C,H,/H, APG discharges, and (c)
0.2%, (d) 0.4% of CH,4 in Ar/CH4/H,
DBD discharges. The substrate temper-
ature was 710°C. The micrographs
were made using TESCAN LYRA
microscope.

Additional SEM study was performed to access the de-
pendence of CNTs growth on hydrocarbon flow rate and
type of the gas. The cross sectional SEM images of carbon
nanostructures deposited at 710°C with 0.1% and 0.2% of
C,H, or 0.2% and 0.4% of CH,4 in Ar/H, are compared in
Fig. 13. The same rows of Fig. 13 compare the nanostruc-
tures deposited with the same amount of carbon delivered
into the discharge, i.e., doubled CH,4 flow rate as compared
to C,H,. The images revealed that the growth rate was higher
in C,H, mixtures being about 870 nm/min for Ar/C,H,/H,
and only 110nm/min for Ar/CH4/H, at the higher carbon
delivery rate. For the higher C,H, flow rate, the density of
CNTs was higher, leading to a better alignment, and the
growth rate increased. The growth rate of CNFs from Ar/
CH,4/H, DBD increased for the higher CH,4 flow rate but their
density remained similar. The growth rate in C,H, mixture
was determined also for the deposition time decreased from
15 to S min. The observed growth rate was similar (1070 nm/
min) as for the 15 min deposition.

The mixtures with C,H, and CH, differed in the amount
of hydrogen atoms and its higher amount in case of CHy
could explain the lower CNT growth rate due to a removal
of accessible free carbon leading to growth of amorphous
carbon and poisoning of the catalyst. However, the increased
hydrogen content in the gas mixture did not result in a better
quality of CNTs. In general these results are in agreement
with the work of Nozaki er al.,*' where C,H, was identified
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as the principal precursor for the carbon nanotube growth
even in the mixtures with CH4 only. It should be noticed that
CH, can be used for the synthesis of dense carbon nanotubes
at higher temperature of the deposition (around 1000 °C) or
in a different plasma source such as atmospheric pressure
plasma torch.**

The average diameters of CNTs from 0.1% and 0.2% of
C,H, in Ar/H, were 21 =4 and 15.5 £ 0.6nm, whereas
0.2% and 0.4% of CH4 in Ar/H, resulted in CNFs with
35+ 3 and 34 = 2nm in diameter, respectively. There is a
difference between the nanostructure diameters determined
from SEM and TEM analysis. This difference can be caused
by TEM sample preparation, by its selectivity and by the
inaccuracy of the measurement from TEM and SEM
micrographs.

The influence of the DBD discharge mode (filamentary
or homogeneous) on the deposited layer of CNTs/CNFs
was observed macroscopically. Large holes observed in the
layers made in the Ar/CH4/H, mixture were attributed to
the high amount of filaments in the discharge. In the Ar/
C,H,/H, mixture, the CNTs layer homogeneously covered
the whole area with the catalyst and no large discontinuities
in the layer structure were observed. The CNTs layer height
was uniform on the whole substrate, only some lower CNTs
density areas with the diameter of the hundreds of nano-
meters randomly distributed over the substrate were
observed. The CNTs height in these areas was also lower.
These areas covered around 20% of all substrate area and
they could be attributed to the discharge influence (occa-
sionally occurring filaments).

According to Raman spectroscopy, all the deposited
CNTs were solely multi-walled. Features belonging to
single-walled CNTs, i.e., radial breathing modes (RBM) in
the range of 100-250cm ™" and splitting of G peak,*® were
not observed. Raman spectra showed two intense peaks typi-
cal for graphite-like materials, the so-called G and D
bands.*> The D band observed at 1342-1352cm™ ' was
induced by the presence of defects in the structure of
CNTs.** The G band, assigned to the in-plane vibration of
carbon atoms, was observed at 1580-1590cm . Its asym-
metry towards higher wavenumbers was caused by the pres-
ence of the third small peak, D’ band at 1620 cmfl, that is
typical for defective graphite-like materials.*>**°

Raman spectra of carbon nanostructures deposited from
CH, (T=610°C, T=710°C) and CH4 mixtures (T=710°C)
are compared in Fig. 14. The intensity of D band was always
higher than the intensity of G band in case of CNFs grown
from CH,. It corresponds to SEM micrographs in Fig. 13 that
show more defective structure of CNFs from CH,.
Additionally, the D’ band is quite well resolved for the most
defective CNFs (Fig. 13(c)) deposited from 0.2% CH,4 but only
very poorly resolved for CNTs deposited with C,H,. The ratio
of peak integrated intensity of D and G bands was 1.7 for
T=610°C and 1.0 for T=710°C for C,H, mixture. The sec-
ond order peaks at 2450, 2695, and 2941 cm ! were also iden-
tified in the spectra. With increasing temperature the intensity
of 2695 cm ™! band increased while the intensity of 2941 cm ™"
band decreased.
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FIG. 14. Raman spectra of deposits from APG discharge in Ar/C,H,/H,
(0.2% of C,H,) at the substrate temperature 610 and 710 °C and filamentary
DBDs in Ar/CH4/H, (0.2% of CH,) at the substrate temperature 710°C.
Details of G band fitting shown for 0.2% of CH, in Ar/CH4/H,.

The intense peak at 522cm ™' (not shown in graph) was
assigned to the silicon substrate. It was a prominent feature
in the spectra of the samples deposited from CH,4 whereas in
the case of dense CNTs grown from C,H, it was very weak
or not detected at all. Thus, a low density of carbon nanofib-
ers observed by SEM was also confirmed by Raman
spectroscopy.

IV. CONCLUSION

Diagnostics of Ar/C,H, and Ar/CH, DBD discharges at
room temperature suggested that Penning ionization, taking
place in C,H, mixtures, is significant process that changes
the character of the discharge concerning the ignition volt-
age and discharge homogeneity even when hydrogen is
added. It was proved that the discharge in Ar/C,H, and Ar/
C,H,/H, has character of APGD whereas CH, mixture
resulted in a filamentary DBD. The discharges in hydrocar-
bon mixtures with Ar and H, were investigated also at ele-
vated temperature of the bottom electrode with the aim to
grow surface bound CNTs. Fast ICCD camera of DBD in
Ar/C,H,/H, mixture revealed that the discharge mode
switches at every half-period between APGD and atmos-
pheric pressure Townsend discharge due to increased tem-
perature of the instantaneous cathode. The growth of CNTs
on silicon with barrier thermal SiO, layer and 5nm thick
iron catalytic film was performed in Ar/H, mixed with vari-
ous percentages of C,H, or CH, at different temperatures
from 610 to 710°C. The deposition did not include any
dedicated process of iron catalyst restructuring into nano-
particles and did not use helium as working gas. Carbon
nanotubes grown from C,H, were multi-walled exhibiting
two intense Raman peaks, G and D bands, typical for
graphite-like materials, whereas only carbon nanofibers
were grown from CHy. The average diameter of CNTs
grown from C,H, was lower and the growth rate was higher
as compared to the growth of carbon nanofibers from CH,
at the same carbon delivery rate. Moreover, Raman signal
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from Si substrate and SEM micrographs showed that carbon
nanofibers grown from CH, have lower density compared
to CNTs grown from C,H,. It can be associated to higher
amount of hydrogen in CH, and/or filamentary nature of
CHy-based DBDs.
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Multiwalled carbon nanotubes (CNTs) were modified in low pressure capacitively coupled discharges (13.56

and 27.12 MHz) in Ar/NH; and oxygen-containing gas mixtures. A direct functionalization by nitrogen
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groups was not possible but 1-3 percentage of carbon-oxygen bonds increased with the total oxygen content
on the expenses of sp?C almost independently on the plasma conditions. The plasma modified CNTs were
used as fillers for polyurethane (PU) composites prepared by in situ polymerization. The composites were in-
vestigated by depth sensing indentation that revealed the existence of surface harder layer caused probably

XPS by different polymerization process in the bulk and at the surface that was in a contact with air. The signifi-
FTIR cant improvement of the hardness and elastic modulus was observed when plasma-modified CNTs with high

Depth sensing indentation

amount of oxygen were added to PU. It also improved the creep resistance of the PU, whereas the ability to

recover from a deformation, i.e. anelastic recovery, did not change much.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Polyurethane (PU) is a versatile polymer [1-3] that can be tailored
to desired applications choosing carefully the reactants, their ratio
and their synthesis procedure [4]. Different combinations of strength,
ductility, biodegradability or hardness can be achieved with the prop-
er formulation and preparation. Nevertheless, there are still some
properties such as thermal stability, electrical and thermal conductiv-
ity, stiffness or stress recovery, which could be improved with the ad-
dition of carbon nanotubes (CNTSs).

Polymer composites filled by CNTs are in the center of interest be-
cause they represent a class of materials with multifunctional applica-
tions. The idea behind preparation of these composites seems to copy
engineered structure of polymers reinforced by carbon or glass
microfibers, i.e. a soft matrix (polymer) encapsulating a stiffer, high
aspect ratio, load-bearing filler. However, CNTs are entirely different
from traditional fibers because their dimensions and mechanical flex-
ibility are similar to the polymer chains used as composite matrices
[5] and there are fundamental differences between the interaction
behavior of the composite constituents in conventional composites
and nanocomposites [6].

The CNTs have excellent mechanical and electrical properties over
the microfibers. The tensile strength of multi-walled CNTs (MWCNTSs)

* Corresponding author at: Plasma Technologies, CEITEC - Central European Institute
of Technology, Masaryk University, Kotlafska 2, Brno 61137, Czech Republic.
E-mail address: lenkaz@physics.muni.cz (L. Zajickova).

0040-6090/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.tsf.2012.11.126

was reported at approximately 150 GPa by Lu et al. [7] and, even though
recent measurements by nanostressing stage located within a scanning
electron microscope showed that the tensile strength of outermost
MWCNTs layer was 11-63 GPa [8], it is still higher than 6 GPa of the
highest-strength carbon microfibers. The MWCNTs, having Young's
modulus 0.8-1.3 TPa [7,9,10], are also stiffer than e. g. carbon fibers,
which have Young's modulus of up to 750 GPa [11]. The most striking
difference is, however, the combination of high flexibility and strength
with high stiffness, a property that is absent in graphite fibers [10].
The MWCNTs exhibit the dominating metallic or semimetallic na-
ture while small band gap was reported and attributed to presence of
defects or an electric contact barrier [12]. Because of their very low
energy dissipation, nanotubes carry tremendous current densities,
higher than 100 MA/cm?, which may be compared to current densi-
ties of tens of kA/cm? for superconducting wires [11]. The thermal
conductivities of CNTs are highly anisotropic, diamond-like over the
length of the tube and insulating in the transverse direction [13].
The above mentioned MWCNT properties initiated a high amount
of research work on the applications of their polymer composites. It
comprises nanocomposites prepared for improvement of the strength
and durability [14], thermal stability [3,14], electromagnetic interfer-
ence shielding [15,16], biochemical and sensoric applications [17] etc.
However, the polymer composites filled with CNTs do not yet fulfill
the expectations. The CNTs form aggregates that are difficult to dis-
perse on the nanoscale level. Chemical inertness of the CNTs causes
problems with their fixation to the polymer matrix. Covalent attach-
ment of functional groups to CNTs is one of the critical steps for the
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application of CNTs in nanocomposites where it should ensure better
dispersion of CNTs and increase binding ability to the matrix [5].

The application of CNTs in nanocomposites requires development of
effective and environmentally friendly method for CNTs functionalization.
In many applications, plasma processing of materials appears to be an ad-
vantageous alternative to conventional chemical methods. However,
plasmachemical approaches used for these purposes are less studied
and understood. The low pressure plasma processes were extensively in-
vestigated for the functionalization of various materials. About 400 papers
on low pressure plasma functionalization or treatment of CNTs have been
published during last 5 years but there are only few studies in which plas-
ma modified CNTs (pmCNTs) were used as fillers in polymer composites.
In this work the MWCNTs were modified in low pressure capacitively
coupled discharges using two excitation frequencies and various gas mix-
tures. The plasma conditions were compared not only with respect to the
incorporation of oxygen or nitrogen functional groups but also regarding
the performance of pmCNTs as polyurethane filler that should improve
composite mechanical properties.

2. Experimental details
2.1. Materials

The MWCNTSs were purchased from the Nanocyl as Nanocyl-3100
and Nanocyl-3150 (research grade series). According to the datasheet
provided by the supplier, the CNTs were prepared by catalytic chem-
ical vapor deposition (CCVD) and purified to 95%,the rest being metal
oxides. Their average diameter was 9.5 nm and the length 1.5 pm or
below 1 um for 3100/3101 and 315X (X=1-3) grades, respectively.
The TEM micrograph of Nanocyl-3150 is in Fig. 1. Commercially func-
tionalized MWCNTSs from Nanocyl, Nanocyl-3101 and Nanocyl-315X
grades, were used for the reference purposes. Their expected func-
tional groups are listed in Table 1.

The polyurethane was prepared by in situ polymerization from
polyol (AXAPUR U100X), isocyanate (U7012) and solvent thinner
(U6002) supplied by Colorlak a. s. The antistatic agent Atmer™ 163
(synthetic ethoxylated amine) was purchased from Croda Polymer
Additives.

2.2. Plasma modification of CNTs

The Nanocyl-3100 and Nanocyl-3150 MWCNTs were modified in
low pressure capacitively coupled plasma (CCP) discharges operating
at two different frequencies, 13.56 or 27.12 MHz. The corresponding
applied RF power was 15 and 45 W, respectively. The CCP reactor

Fig. 1. TEM micrograph of Nanocyl-3150 MWCNTs.

Table 1
Overview of used Nanocyl research grade CNTs together with their XPS elemental
analysis.

Grade number Functionalization Oxygen Nitrogen
(%) (%)

3100 Pristine 1.2-1.8 0

3150 Pristine 1.2-17 0

3101 COOH 6.3 0

3151 COOH 4.7 0

3152 OH 1.1 0

3153 NH, 0.6 0.3

was a horizontally mounted glass tube, 8 cm in diameter, closed by
two aluminum electrodes (Fig. 2). The perforated grounded electrode
enabled gas feeding whereas perforated RF electrode was used to
pump the reactor by a rotary pump. The distance between the
grounded and RF electrodes was 18.5 cm. Different gas mixtures,
summarized in Table 2, were tested at the total pressure of 100 and
180 Pa for 13.56 and 27.12 MHz, respectively. The flow rates of
gases were regulated by electronic flow controllers Hastings, whereas
flow rates of water and ethanol vapors were set by a needle valve. For
each experimental run, the reactor was loaded with 50 mg of CNT
powder distributed on the glass tube along the distance of 50 mm.
The thickness of the powder layer in the reactor was below 1 mm.
The treatment time ranged from 30 to 180 min. However, the process
was interrupted at half of the treatment time in order to mix the CNTs
and thereby obtain more homogeneous treatment.

2.3. Preparation of PU and PU/CNTs composites

The preparation of PU/CNTs composites consisted of the following
steps:

(i) polyol, solvent thinner, MWCNTs and antistatic agent were
weighed out and stirred well manually,

(ii) the mixture was ultrasonicated for 60 min at temperature of
300 K together with glass beads added for better separation
and mixing of CNTs,

(iii) isocyanate was stirred into the mixture,

(iv) the final mixture was sucked up with syringe and poured onto
a glass substrate (100x 100 mm) enclosed in a frame,

(v) homogeneously spread and carefully leveled liquid composite
was dried in air at laboratory temperature of 300 K for 48 h.

Polyol, isocyanate and solvent thinner were used, according to the
recipe of the producer, in the weight ratio of 7:2:1. The MWCNTs and
the antistatic agent for improved dispersion of MWCNTs were added
in the amount of 0.1 wt.% and 0.2 wt.% of final composite, respective-
ly. Control samples of pure PU were prepared using the same proce-
dure but omitting the MWCNTSs and the antistatic agent.

electrodes [ glass tube

I~
— S
Ee=—=] m&
pump-—— plasma === gas inlet
baratron NS —
5 =]
generator CNT =

Fig. 2. Schematic drawing of capacitively coupled plasma (CCP) discharge used for
modification of CNTs.
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Table 2

Summary of plasma conditions used for modification of 3100-Nanocyl CNTs together with elemental analysis of plasma modified CNTs as determined by XPS.
Sample Gas Flow rates Pressure Frequency Power Time C 0 N N

mixture (sccm) (Pa) (MHz) (W) (min) (%) (%) (%) (%)

CNTF12 Ar/O, 15/5 100 13.56 15 60 79.9 17.0 14 1.6
CNTF09 Ar/H,0 15/5 100 13.56 15 60 834 135 1.5 1.6
CNTF18 Ar/C;HeO 15/5 100 13.56 15 120 81.5 12.8 33 2.5
CNTF19 0,/C,HgO 5/15 100 13.56 15 180 74.8 214 1.6 2.2
FU14 Ar/0, 20/5 180 27.12 45 30 78.9 204 0.7 0
FU16 Ar/H,0 20/5 180 27.12 45 30 90.7 9.3 0 0
FU17 Ar/CO, 20/5 180 27.12 45 30 80.2 19.8 0 0
FU12 Ar/NH; 20/5 180 27.12 45 60 96.1 44 0 0

2.4. Characterization of CNTs and PU/CNTs composites

CNT powder was analyzed by X-ray photoelectron spectroscopy
(XPS). The analyses were carried out on ADES-400 VG Scientific spec-
trometer using Mg K line (1253.6 eV). Quantitative atomic composi-
tion was calculated from the spectra measured at the pass energy of
100 eV. The chemical bonding was assessed by investigation of the
chemical shifts of C1s and O1s signals measured with the pass ener-
gies of 20 and 100 eV, respectively. The resolution at these conditions
was 0.8 and 1.2 eV, respectively. The spectra were deconvoluted
using XPS Peak Fit 4.1 after subtraction of Shirley-type background
by Lorentzian-Gaussian profiles (20% of Lorentzian). Transmittance
Fourier transform infrared spectroscopy (FTIR) was performed on
the pellets prepared by pressing the mixture of KBr and CNT powder.
The measurements (50 scans) were carried out on Vertex 80v Bruker
spectrometer in the spectral range 370-4000 cm ™' with the resolu-
tion of 4 cm™ .

A Fischerscope H100 depth sensing indentation (DSI) tester with
Vickers and Berkovich indenters was used to study the indentation re-
sponse of composites on glass substrates. Several different testing con-
ditions were used in order to find the optimum procedure that
suppressed the influence of the time dependent indentation response
of CNT-filled PU composites. The loading period of 20 s was followed
by a hold time of 60 s, an unloading period of 1 or 5 s and finished
after holding the minimum load for 20 or 60 s. The testing conditions
are demonstrated for pure PU on glass substrate in Fig. 3. The tests
were carried out at several different maximum indentation loads in
order to study the mechanical properties of the composite/substrate
system from near the composite surface up to the composite/substrate
interface. The applied load varied from 1 to 1000 mN.

The mechanical quantities HM, Hy,, Y defined below were obtained
from the measurements at such load at which the indentation depth
was much less than one tenth of the composite thickness, i.e. the influ-
ence of the substrate was negligible. The Martens hardness, HM, is de-
fined for Vickers and Berkovich indenters as the maximum applied
load, Limax divided by the maximum contact area Amax(Nmax):

L L
HM = max _ max 1
Amax(h) o h?nax M

where hy.x is the maximum indentation depth and a=26.43. The
Martens hardness is sometimes referred as the universal hardness.
The plastic hardness is defined as the maximum applied load, Ly ax,
divided by the contact area A. remained after unloading

Lmax (2)

H Zmdx
a h?

pl =

where h; is the remaining plastic depth. The elastic modulus, Y, is cal-
culated from the slope of tangent of an unloading curve:

Y - - —= 3)

where E is the Young's modulus of the tested material, E; is the
Young's modulus of the indenter (1141 GPa for diamond), v; is the
Poisson's ratio of the indenter (0.07 for diamond) and v is the
Poisson's ratio of the tested sample. The reduced modulus, E,, is de-
termined from unloading curve as

dL
\/— S = d_h Pinax (4)

Eo= YD
2\/A"p'

where S is the so-called contact stiffness, A, is the remained projected
contact area and h is the indentation depth for the applied load L.

In order to study the inhomogeneities in the samples an additional
quantity, the so-called differential hardness,

oL
PR = S6a30(m) ®)
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Fig. 3. Example of loading-unloading conditions (top) used for indentation tests of PU
composites. Bottom figure shows corresponding relation between applied load and in-
dentation depth for pure PU on glass substrate.
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was used. This quantity visualizes the response of the material to a
small change in the load for a given depth. It is very sensitive to any
defects, abrupt or gradual changes in the tested materials and, there-
fore, it is very useful for the testing of composite materials.

3. Results and discussion
3.1. Commercial CNTs

Two types of Nanocyl research grade CNTs, 3100 and 3150,
contained both a small amount of oxygen (1.2-1.8%) that can be at-
tributed to the purification process and adsorption of water. Their
XPS C1s signal had a similar shape that was fitted by three Gauss-
Lorentzian peaks. The width of the peaks, except the main peak,
was fixed at 1.3 eV in order to decrease the correlation among fitting
parameters and ensure consistent comparison between pristine CNTs
and various CNTs modifications. The main carbon peak was found at
the binding energy 284.4 eV. Its position corresponded very well to
the sp? carbon atoms obtained for graphite [18] or CNTs [19,20].
The second peak at 285.4 eV was assigned to sp> carbons [19,20]
and the peak at 286.4 eV corresponded to carbons bonded to a single
oxygen atom, i.e. C-O functional groups. The percentages of their
areas were 81.5, 14.0 and 4.4%, respectively.

The commercially functionalized CNTs from Nanocyl, 3101 CNTs-
COOH, 3151 CNTs-COOH, 3152 CNTs-NH; and 3153 CNTs-OH, were
investigated for the comparison with pristine and, namely, plasma
modified CNTs. Their elemental composition determined by XPS is
summarized in Table 1. The grades with COOH groups contained
higher percentage of oxygen than pristine CNTs, 4.7-6.3%. The
amount of oxygen in the grade with OH groups was as low as 1.1%.
The high-resolution C1s signal of CNTs-COOH extended to higher
binding energies. It was fitted by six peaks with the positions 284.4,
285.4, 286.5, 287.7, 289.4 and 291.6 eV (Fig. 4) that correspond to
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Fig. 4. Fit of C1s XPS signal for two types of Nanocyl CNTs, pristine 3100 and -COOH
functionalized 3101.

the sp? carbon, sp> carbon and carbon with one, two, three or four
bonds to oxygen atoms, respectively, because electronegative oxygen
atoms induce a positive charge on a carbon atom [21]. The carbon-oxygen
bonds at 286.5 eV can be assigned to ether group -C-O-C- or hydroxyl
group -C-OH as in alcohol or phenol. The peak at 287.7 eV represents car-
bonyl group -C=0 as in ketone and aldehyde, the peak at 289.4 eV
arises due to carboxyl group -C(=0)OH or a carbonyl adjacent to an
ether linkage -C(=0)0- as in ester. The last very weak peak at
291.6 eV can be associated with carbon in highly electronegative envi-
ronment -O-C(=0)0- [19].

The commercial functionalization of CNTs was also investigated by
IR spectroscopy of KBr/CNTs pellets. The amount of CNTs in the pel-
lets influenced the appearance of the absorption bands. If it was too
low the characteristic absorption peaks were hardly visible, whereas
for too high amount of CNTs the peaks became too broad to distin-
guish fine changes. The IR transmittances of pristine 3150 and func-
tionalized 3151-3153 CNTs, corrected for a tilted background, are
compared in Fig. 5 for the KBr/CNTs pellets with 50-70% transmittance
at 900 cm™ !, whereas the pellet transmittance was below 10% in our
previous work [22]. Two distinct IR absorption bands at 1555-1580
and 1120-1180 cm ™! were detected in all the CNTs samples, including
pristine and plasma modified 3100 CNTs (Figs. 5 and 6).

The absorption band at 1555-1580 cm ™' is usually observed in
CNTs samples and assigned to -C= C- stretching, i.e. CNT skeletal mo-
tion [23-27]. This assignment is in agreement with a general observa-
tion of stretching in aromatic compounds at 1580 and 1600 cm ™!
that become more IR active after the substitution of benzene ring [28].
The position of this peak at about 1560 cm ™! for 3150 CNTs shifted to
higher wavenumbers for 3151-3153 CNTs. Other absorption peaks re-
lated to ring stretching could appear as a double peak at 1450 and
1500 cm ™! and, on ring substitution, as a peak at 1010 cm ™! [28].
These peaks were not detected in the pristine CNTs but a weak peak
at 1020 cm™ ! appeared for CNTs-COOH and -OH. The assignment of
the peak at 1464 cm~! observed in functionalized CNTs is not quite
clear. Besides the ring stretching it can be associated with methyl anti-
symmetric and methylene deformation vibrations (1460 cm™!) or
in-plane bending in alcohols R-OH (1410 cm™1).

A questionable point is the assignment of the absorption in the range
1120-1180 cm™ . Some authors associate it with the CNT skeletal mo-
tion [27,29], C-C-C asymmetric stretching [26], C-C-0 ring stretching
[20,26], stretching of C-O bond present in ethers, esters, alcohols, and
phenols groups [20,30,31] or even C-N groups [32]. A double peak struc-
ture similar as observed for 3150 CNTs was reported by Zhang et al. [25]
in single-walled CNTs (SWCNTs) prepared by CVD but without a clear
explanation. The double peak 1120 and 1145 cm™' became broader
and weaker with the functionalization as seen in Fig. 5. Additionally,
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Fig. 5. IR transmittance of KBr pellets with Nanocyl CNTs corrected for tilted back-
ground and shifted with respect to each other.
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Fig. 6. IR transmittance of KBr pellets with CNTs modified in 27.12 MHz discharges. The
measured transmittances were corrected for tilted background and shifted with re-
spect to each other.

the CNTs-COOH/OH samples exhibited clear presence of carbonyl
groups as a peak at 1720 cm ™~ ..

Other peaks shown in Fig. 5 are not reliable for assessment of CNTs
modifications. The peak at 1384 cm™ ' can be caused by an oil contam-
ination from hydraulic press. The peak at 1630 cm ™!, that is sometimes
discussed as stretching of carboxyl group [30] or C=C stretching [32],
cannot be taken into consideration because it can be caused by water
absorbed in KBr or in CNTs. From the same reasons, the absorption
peaks in the region of high wavenumbers 2900-3600 cm ! are not of
importance. The stretching hydrocarbon peaks around 3000 cm™' can
be caused by oil contamination and strong absorption at 3450 cm !
by presence of water.

3.2. Plasma modification of CNTs

The 3100 CNTs grades were modified in low pressure CCP of several
gas mixtures containing either oxygen or nitrogen. The first set of ex-
periments was performed in 13.56 MHz discharge. In this case the
power was limited to 15 W because local microdischarges appeared
in perforations of the RF showerhead electrode at higher powers. The
second set of plasma treatment was carried out in the double frequency
discharges, 27.12 MHz, which could be homogeneously ignited even at
higher powers.

The XPS elemental analysis of the first set of samples showed the
presence of small amount of sulfur, 1.6-2.5% (Table 2). This contami-
nation arose probably from the vacuum rubber sealing that was par-
tially in contact with plasma because it diminished after the sealing
replacement.

The Ar/NHs plasma treatment seems to be very ineffective in the
initiation of reactions at inert CNT surface because it did not result
in a detectable amount of nitrogen and produced the lowest percent-
age of oxygen (Table 2). Nitrogen in the amount of 1.4-3.3% was
detected in CNTs treated in 13.56 MHz discharges and a smaller
amount of 0.7% was found for 27.12 MHz Ar/O, discharge. It could
occur due to a presence of air impurities in the plasma reactor.
However, the nitrogen bands in optical emission spectra of these
discharges were very weak compared to the discharges fed by
nitrogen-containing gas, namely Ar/NHs discharge, in which the in-
corporation of nitrogen groups was not detected at all. Therefore, it
is suggested that nitrogen incorporation was caused by synergistic
effect of CNT plasma oxidation followed by exposure to air and/or
synergistic effect of the plasma oxidation in the presence of nitrogen
impurities in the discharge. The confirmation of any of these hypoth-
eses requires further investigation.

The comparison of high-resolution C1s signal of the CCP-modified
CNTs in Fig. 7 reveals the differences in the high energy range corre-
lated with the oxygen content in CNTs. The high-oxygen-content
samples Ar/O,, Ar/CO, and 0,/C,HgO had the signal at 287.6 eV, corre-
sponding to carbonyl group, slightly higher than CNTs-COOH. The signal
at this energy for the CNTs modified in Ar/H,O discharges was similar to
CNTs-COOH and lower for the other low-oxygen-content samples. Ac-
cordingly, the C1s signal was fitted by 3-6 peaks which area percent-
ages are shown in Fig. 8 in dependence on the total oxygen content.
The peak related to sp>C (284.4 eV) decreased almost monotonously
with increasing percentage of oxygen in CNTs mainly due to increase
of the peaks assigned to carbon-oxygen bonds. A clear exception is
the Nanocyl 3101 CNTs-COOH sample because it exhibited relatively
high percentage of carbon-oxygen bonds with respect to the total
amount of oxygen. The amount of sp>C (285.4 eV) stayed almost con-
stant. The amount of -C-O- (286.5 eV) bonds increased from 4% to 7%
for oxygen percentage 4-18% and further increase to 9% was observed
for the CNTs with the highest oxygen content. The carbon atoms with
two (-C=0) or three (-COO-) bonds to oxygen atoms appeared for
the CNTs modified in Ar/H,0 plasmas and their percentage further in-
creased for the discharges containing O, or CO-.

The oxygen O1s signal was measured with lower resolution than C1s
because of its relative weak intensity. Anyway, its comparison was very
interesting because it varied significantly over the CCP-modified CNTs
as shown in Fig. 9. Most of the samples exhibited the profile similar to
0,/CHeO conditions (CNTF19), i.e. the peak positioned at 532.5 eV
with a slight assymmetry towards higher binding energies. Its fitting
by five Gauss-Lorentzian peaks is shown in Fig. 9. The positions of
the peaks correspond to oxygen double bonded to carbon in ester
R-C(=0)-0-C- (531.9 eV), oxygen double bonded to carbon in acid
anhydride R-C(=0)-0-C(=0)- or carboxyl HO-C=0 (532.6 eV), sin-
gle bonded O-C as in hydroxyl, phenol, ester or acid anhydride
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Fig. 7. Comparison of C1s XPS signal of pristine 3100 CNTs and three selected plasma
modified CNTs (top). Bottom graph demonstrates the fit of C1s signal for plasma mod-
ified CNTs with high-oxygen-percentage (plasma conditions: 0,/C;Hs0,13.56 MHz,
15 W in this example).
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(533.7 eV), single bonded O-C in carboxyl HO-C=0 (534.6 eV) and
oxygen in water (535.8 eV) [20]. The peak of adsorbed water at
535.8 eV was the strongest for two samples with total oxygen content
below 10%, i.e. Ar/NH3 and Ar/H,0 in 45 W discharge. These samples
had also relatively high peak at 534.6 eV. Both these peaks caused a
significant signal increase at higher binding energies as showed on the
example of FU16 (Ar/H,0O, 45 W) in Fig. 9. The O1s signal of the
sample FU14 (Ar/O,, 45 W) exhibited a shift to lower BE and required,
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Fig. 9. Comparison of O1s XPS signal (top) of four plasma modified CNTs selected to show
major differences in the position and shape of measured O1s peaks. The fitting of O1s sig-
nal (bottom) is demonstrated for the sample treated in O,/C,Hs0, 13.56 MHz and 15 W
discharge.

therefore, additional peak at 531 eV that can be attributed to oxygen
bonded in carbonyl R-C=0 groups.

Infrared spectroscopy confirmed modification of CNTs chemical
structure in plasma similarly as commercial chemical modification.
The position of the peak observed in pristine CNTs at 1561 cm ™~ ! shifted
slightly with the plasma modifications, towards lower wavenumber of
1555 cm ™~ ! for Ar/NH; and towards higher wavenumbers, 1566 cm ™!
for Ar/CO, and 1574 cm ™~ for Ar/H,0 and Ar/O,. The absorption band
at around 1130 cm™! modified its shape from the sharp structure
with two distinguished peaks at 1120 and 1145 cm~! to a broad
band. Additionally, the absorption at 1020 cm ™' became more visible.
Besides that, a clear carbonyl peak at 1726-1728 cm ™~ appeared for
the pmCNTs that required high energy peaks for the fitting of the Cls
XPS signals.

3.3. Polyurethane composites filled with CNTs

The SEM micrograph of PU filled by 0.1 wt.% of pristine CNTs is
given in Fig. 10. Although the composites looked reasonably uniform
with bare eyes the SEM study revealed areas with almost no CNTs and
areas with CNT aggregations. These aggregations were well distribut-
ed throughout the whole sample leading to the homogeneous look.
The SEM micrograph in Fig. 10 was taken at the place of aggregation.
The dispersion of commercially and plasma modified CNTs in polyol
mixture was much easier than in case of pristine CNTs. The effect of
CNT modifications on mechanical properties of PU/CNTs composites
was tested for all commercially modified CNTs and CNTs modified
in 13.56 MHz discharges. The indentation tests of nanocomposites
and their evaluation were carried out carefully by keeping in mind
the following possible problems:

» nonuniformity of nanocomposites due to a nonuniform CNT distri-
bution,

« inhomogeneity perpendicular to the substrate due to the existence
of a harder surface layer,

 time dependent material response due to viscoelastic-plastic be-
haviour of polyurethane.

The effect of composite nonuniformity on the averaged mechanical
properties was excluded by analysis of indentation imprints and curves
of differential hardness. The defect in the composite can be clearly iden-
tified from indentation tests as an abrupt jump in the depth dependence
of the differential hardness defined by Eq. (5). It is demonstrated for the
composites filled with CNTs modified in Ar/O, plasma at top of Fig. 11.
In this graph, one selected measurement without a defect is compared
to three measurements close to defects. The inspection of indentation

Fig. 10. SEM micrograph of PU filled with 0.1 wt.% of pristine CNTs taken at the place of
CNT aggregation.
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Fig. 11. Differential hardness (top) selected to show defects in the composites encoun-
tered during indentation and micrograph (bottom) of two indentation imprints made
at the same maximum load L,,,x =100 mN but once close to the defect(left imprint).

imprints by optical microscope allows to correlate the observed jumps
in DH data with irregular shapes of imprints as shown at bottom of
Fig. 11. The measurements were repeated at least 16 x at various places
and maximum loads and the measurements closed to the defects were
omitted from the statistical analysis.

The depth dependences of differential hardness (Fig. 11) or Martens
hardness (Fig. 12) for 250 pm thick PU or PU/CNTs films revealed a sig-
nificantly increased hardness of subsurface region of about 5 pm thick.
Therefore, the hardness values in the depth range 10-50 um were
used for the determination of PU or PU/CNTs bulk hardnesses. The
thickness of the polymer films ensured that, in this depth range, the
values were not yet influenced by the glass substrate having the hard-
ness of 7 GPa. One order of magnitude different hardness of the surface
layer was probably caused by a different process of polymerization in
contact with air than in the bulk material. It is interesting to notice
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Fig. 12. Martens hardness for pure PU and PU/CNTs composites in dependence on in-

dentation depth.
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that the mechanical properties were more homogeneous in thinner
polymer films. In this case the difference between the surface and
bulk mechanical properties were weaker but not negligible. Therefore,
when studying mechanical properties, it was necessary to compare
the composites to the matrix of corresponding thickness. In order to
compare HM and Hy, for different samples as in Fig. 12 and Table 3,
the analyses were carried out on the polymer films with the thickness
of 250 pm.

The most often reported results on the mechanical properties of
PU/CNTs composite were obtained by standard testing methodology
such as tensile tests, dynamic mechanical analysis, creep and recovery
tests. The quantities obtained using these tests, i.e. Young's modulus,
loss modulus, tensile strength, elongation at break, creep and recov-
ery strains, are representative for the bulk properties of tested sam-
ples. Several authors referred improvement of bulk PU mechanical
properties when CNTs were added [3,14,33-35]. Jia et al. studied PU
composites with 3 wt.% of MWCNTs by tensile tests and observed
an increase of modulus by 16% for pristine MWCNTSs and by 24% for
ozone-functionalized MWCNTSs as compared to pure PU [35]. Jung et
al. showed that modulus of pure PU was increased by 123 or 180% if
PU composites contained 4 wt.% of pristine or H,SO4/HNOs-modified
MWCNTs, respectively [33]. Buffa et al. investigated PU composites
with different percentages of SWCNTSs and observed that Young's mod-
ulus was improved by 33% for 1 wt.% of either pristine or chemically
functionalized SWCNTs [34]. An increased percentage of SWCNTSs fur-
ther improved the modulus mainly for the functionalized SWCNTs.
Ryszkowska et al. showed, on the other hand, a slight decrease of mod-
ulus for PU filled with 0.1 wt.% of MWCNTSs that was attributed to the
change of polymerization process in the presence of CNTs and a CNT ag-
glomeration [36].

Compared to the bulk tests the indentation tests have advantage of a
local method that can distinguish the effect of a surface layer,
nonuniformity due to inhomogeneous dispersion of filler or failures in
filler-matrix bonding. These effects are averaged in the bulk tests and,
therefore, the results are hard to compare. Moreover, the differences
in experimental results can be explained by a different quality of
CNTs, different procedure of composite preparation and different CNT
dispersion in polymer matrix. Yusoh et al. observed by nanoindentation
that hardness and modulus increased by 50 and 5%, respectively, when
1 wt.% of pristine MWCNTSs was mixed into PU matrix [37,38]. Using the
same percentage of pristine MWCNTs, we have observed increase of
plastic hardness Hp, by 36% and modulus Y by 50%.

As seen from previously reported results a modification of CNTs
can further improve the mechanical parameters of composites but it
certainly depends on many parameters including the type and extend
of the modification. Our previously published results showed that
3100 CNTs modified in Ar/O, plasma increased Martens hardness
HM, plastic hardness Hp and elastic modulus Y by 300, 560 and
200%, respectively, as compared to pure PU [22]. These composites
exhibited a better performance also in comparison to PU filled with
CNTs-COOH or CNTs modified in Ar/H,0 because their mechanical pa-
rameters HM, Hp and Y increased by only 120, 170% and 210, 280%
and 10, 100%, respectively. Table 3 summarizes the absolute values
of mechanical parameters together with the results on a composite
filled with CNTs modified in 0,/C;Hs0 plasma. The O,/C;HsO plasma
treatment resulted in the highest amount of oxygen in pmCNTs
(Table 2). The composite had similar Hy, as the composite with Ar/O,
modified CNTs but HM and Y were slightly lower. It is interesting to no-
tice that these two modifications differed by the relative amount of car-
bon with four bonds to oxygen atoms as found by XPS (Fig. 8).

The testing conditions of composites took into account the influ-
ence of time dependent polyurethane response as shown in Fig. 3.
Fig. 13 demonstrates that the composites exhibited significant time
dependent plastic deformation (creep) and also some time depen-
dent anelastic deformation (“backcreep”) after unloading period. It
can be seen from Table 3 that creep resistance CR of the composites
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Table 3

Mechanical properties of nanocomposites assessed by depth sensing indentation. Polyurethane was filled by Nanocyl 3100 pristine CNTs, 3101 CNTs-COOH and 3100 CNTs modified

in 13.56 MHz discharges.

Sample HM Hp Y CR ANR Y: ™ o
[MPa] [MPa] [GPa] [%] [%] [GPa] [GPa s] [10 GPa s]

Pure PU 23+1 1142 1.0+0.1 5742 —214+1 1.5+0.1 0.1540.03 5.6+0.5
#3100 Pristine 2841 1542 1.5+£0.2 4043 —204+3 22401 0.2240.03 1141
#3101 COOH 5143 3443 1.1+0.1 3842 —33+1 45405 0.5740.07 2141
#3100 Ar/H,0, 15 W 63+7 4247 20+0.2 34438 —2342 6.5+0.5 1.0+0.1 43+3
#3100 Ar/0,, 15 W 91+9 7347 3.0+0.5 2243 —2544 1341 1.7+04 8045
#3100 0,/C;Hs0, 15 W 71+£2 79+7 22402 21+£2 —33+1 111 1.6+£03 79+4

was significantly improved for both the composites filled by CNTs
with high amount of oxygen. The ability of PU to recover from a de-
formation, i.e. its anelastic recovery ANR, did not change much for
PU/CNTs composites and did show any clear dependence on the
type of CNTs.

The time dependent mechanical properties of the composites were
analyzed using three empirical mechanical models (Kelvin-Voigt,
Voigt, Maxwell-Voigt). The four-element Maxwell-Voigt model, con-
sidering the Maxwell and Voight elements in series, revealed to be
most suitable for the description of experimental data. Within this
model, a time dependence of indentation depth h at the constant load
L can be described according to formula [39]

R (t) = CL{%JrYll(l—exp(—tZ’—]‘))Jr% (6)

where C is the constant describing geometry of the indenter, 7); and 7,
are the viscosity terms quantifying the time-dependent property of
tested composite, Y; is the elastic parameter of the spring element in
parallel to the dash-pot 1); (the Voight element) and Y is the elastic pa-
rameter of the spring in series to the Voight element and the dash-pot

H
(=]
T

creep [um]
3

20F =7
—PU - - - pristine CNTs (3100)
10k e CNTs-COOH (3101)
----- ArfO,, 15W ----C H,0/0,, 15W
0 L | 1 1 ! L y

20 30 40 50 60 70 80

~
o

)]
o
T

w
o
T

w
(=]

T
.

anelastic recovery [um]
N B
o o
/

-
o

80 85 90 95 100
time [s]

Fig. 13. Anelastic recovery and creep for pure PU and PU/CNTs composites prepared on
glass.

1. The parameter Y has the meaning of the elastic modulus of the com-
posite that was determined from loading-unloading hysteresis using
Eq. (3). The other three parameters, Y7, 17; and 1),, were determined by
fitting the creep data using Marquart-Levenberg method. Their values
are summarized in Table 3. The elastic parameter Y; followed the
trend of the elastic modulus Y and the viscosity terms 7, » showed in-
creased resistance to plastic flow for 0,/C;HsO and Ar/O, modified
CNTs.

4. Conclusion

The MWCNTs were modified in low pressure capacitively coupled
discharges ignited at 13.56 and 27.12 MHz in various oxygen-
containing gas mixtures and in Ar/NHs. It was found that the attach-
ment of nitrogen containing functional groups to MWCNTs was not
possible in Ar/NHs discharge but some nitrogen was attached after
the treatments in oxidizing plasmas, probably due to a synergistic ef-
fect of plasma oxidation and reaction of the oxidized CNT surface with
air. The maximum oxygen content of 17-21%, as measured by XPS was
achieved in Ar/O,, Ar/CO, and 0,/C,HgO discharges, whereas oxygen
content in Nanocyl CNTs-COOH was 5-6%. Almost independently on
plasma conditions the percentage of carbon-oxygen bonds increased
with the total oxygen content on the expenses of sp>C. The Nanocyl
CNTs-COOH contained more C= 0 and -C(= 0)0- bonds for the given
oxygen content but the high-oxygen-content pmCNTSs had the amount
of carbon-oxygen bonds even higher.

The MWCNTs modified in 13.56 MHz discharges were used as
fillers for PU composites prepared by in situ polymerization. The com-
posites were tested for the changes of their mechanical properties by
depth sensing indentation method. These tests were complicated by
the existence of surface harder layer caused probably by different po-
lymerization process in the bulk material and at the surface that was
in a contact with air. When compared composites with the same
thickness of 250 um the significant improvement of the hardness
and elastic modulus was observed for the pmCNTs with high amount
of oxygen. The plasma modification of CNTs also improved the creep
resistance of the PU, whereas the ability to recover from a deforma-
tion, i.e. anelastic recovery, did not change much.
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