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Abstrakt

Predlozend dizertacni prace je slozena ze studii zaméfenych na spektroskopicky popis, kinetiku a
dynamiku molekul, radikali a iontl v plazmé vyboje a laserové jiskry. Vyzkum téchto fragmenti je
roz$ifen o vznik biomolekul z téchto jednoduchych specii véetné vlivu latek s katalytickym ucinkem.

Dynamika radikalii, iontii a nestabilnich molekul byla studovana pomoci c¢asové rozliSené
spektrometrie s Fourierovou transformaci. Byla méfena Casové rozliSend emisni spektra vyboji v
CH4, HCONH,, BrCN, CH;CN, CF;Br, (CF;),CHBr a dalsich plynech. Nésledné byl vyboj simulovan
pomoci modelu zahrnujiciho molekularni dynamiku, kolizni, chemické a radiacni procesy. Modely
byly porovnany s experimentalnimi vysledky a byla vysvétlena ziskand emisni Casové rozliSend
spektra. Fitem na komplexni mechanismus byla experimentalné zjisténa hodnota rychlostni konstanty
konverze HCN na HNC kolizi s excitovanym atomem vodiku.

V ramci studia prekurzorii biomolekul bylo pomoci vysoce rozliSené infracervené absorpcni
spektrometrie s Fourierovou transformaci analyzovano slozeni plynnych latek vznikajicich po
expozici par formamidu a plynné smési oxidu uhelnatého s dusikem a izotopové zna¢enou vodou
laserové jiskie generované vysoce vykonnym prazskym laserovym systémem Asterix (PALS). Pomoci
chemického modelu byla studovana dynamika rozkladu téchto latek. Dosud nepublikované vysledky
naznacuji, Zze v laserové jiskie ve formamidu vznikaji nukleové baze a aminokyseliny. Vzhledem k
pouziti vody znacené kyslikem O a katalyticky piisobiciho Ti'°O, a Ti'*O, byla nasledné pomoci
infracervené absorpcni spektrometrie s Fourierovou transformaci studovéana izotopova vyména mezi
pevnym vzorkem Ti'®0, a oxidem uhli¢itym, kyselinou mravenéi a katalytické plsobeni tohoto
materidlu. Izotopovd vyména mezi C'°O, a Ti'®O, je spontannim procesem, avSak aktivni mista na
povrchu Ti'"®0, mohou byt blokovana vodou ¢&i HCOOH. Bylo zjisténo, Ze pfi ozafovani vzorki
dochazi k fotochemickému vzniku methanu a acetylenu, rozkladu kyseliny mraven¢i a opétovné
vyméné kyslikovych atomil mezi pevnou fazi a oxidem uhli¢itym.

Abstract

The presented thesis is focused on a spectroscopic study of unstable radicals, ions and molecules in a
positive column glow discharge and laser plasma. The research of these fragments is supplemented by
a study of biomolecules formation from these species and influence of catalysts.

Molecular dynamics of radicals, ions and unstable molecules has been studied using a time resolved
Fourier transform infrared spectroscopy. Time resolved spectra of CHs, HCONH,, BrCN, CH;CN,
CF;Br, (CF3),CHBr positive column glow discharges have been measured and simulated using a
kinetic model including molecular dynamics, collisions and chemical and radiation transfer processes.
The model has been compared with our experimental results and time resolved spectra were described
in details. Fit to a complex reaction mechanism has been used to estimate a rate constant of a HCN
conversion to HNC by a collision with H radical.

The study of precursors of biomolecules was focused on chemical consequences of a laser induced
dielectric breakdown in formamide vapor and gaseous carbon monooxide with '*O labeled water.
Dissociation products have been detected using the Fourier transform absorption spectroscopy. The
experimental results have been explained by a help of a chemical laser spark dynamics model.
Additionally, our the most recent unpublished results suggest formation of nucleic bases in samples of
high power laser irradiated formamide ices. Since the isotopic labeled water and catalytic Ti'°O, and
Ti"®0O, were used, an isotopic exchange between CO, and Ti'®O, has been studied using the high
resolution Fourier transform spectrometry. This metal oxide is an important catalyst and the isotopic
exchange effect suggests that oxygen can be released from the crystal surface, however, these active
centers can be blocked by water or HCOOH. Additionally, after an irradiation, formation of methane
and acetylene from carbon monoxide and decomposition of HCOOH photocatalyzed by TiO, has been
observed.
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1. Uvod

Spektrometrie je v soucasné dob¢ jedinou analytickou technikou, pomoci které je mozno dalkové
studovat nejen chemické slozeni vybranych objektl, ale zaroven ziskat nékteré informace o jejich
fyzikalnich vlastnostech. Tato vyhoda se uplatiiuje zejména v astronomii, kde spektroskopické
techniky hraji nenahraditelnou roli vSude tam, kde nelze provadét prizkum piimo. Laboratorni
experimenty za kontrolovanych podminek a nasledné v pozemskych podminkach poskytuji dilezité
informace pro interpretaci na dalku potizenych spekter.

Spektrometrie atomii a molekul se stala vyznamnou soucésti astronomie v druhé poloviné
19. stoleti’. V té dob& byly linie ve spektrech komet, mlhovin a hvézd srovnavany se spektry plamenti
a prifazovany prevazné k jednotlivym prvkim? (v kometach napf. Mg, C, Mn, Pb, Fe, Na, N, H) a aZz s
vyjimkou -CN a (CN),, oxidu uhelnatého (CO) nebo jednoduchych uhlovodikt (C<Hy) nebyla podstata
emitujicich neatomarnich ¢astic presné zndma. Spektrum pofizené tehdejsi technikou®* je zobrazeno
na Obr. 1. Na pielomu 19. a 20. stol. byla publikovana série praci (napf.’) srovnavajicich spektra
komet nebo hvézd se spektry plynt v elektrickych vybojich, coz spolu s rozvojem kvantové
mechaniky vedlo po roce 1913 a zejména pak ve 20. a 30. letech k postupnému piesnému ptifazeni a
popisu spekter®’ celé fady stabilnich i nestabilnich specii (-CN, -C,, -C;, -CH; pozdé&ji -OH, :NH, -CH,
‘CH,, CO" a Ny").

Ve vesmiru byla identifikovdna

cela fada molekul, iontd a radikalt 3TI03A  39684TA  410L71A  430770A 486134 A
Fe | (@*G-uG®) Ca ll (3S-?P°) HI1(3) FelacCal HI1(B)

T . oy ) } Voo v y

jejichz seznam se stale rozrista®. - - . -
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velmi sofistikovanych simulaci Obr. 1: Spektrum a) Siria a mlhoviny M42 v Orionu, b) tzv. Velké
komety z roku 1881 porizené astronomem Hugginsem. Origindlni
pouzitd Skala vinové délky odpovida 10° A. Prifazeni bylo provedeno
systému, exoplanet11’12 ¢ difaznich pedle pozic Fraunhoferovych car v databadzi NIST’. Obr:: autor za
pouziti piivodniho zdroje®”.
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interstelarnich pasi'’. Védecky zajem se rovnéZ soustiedi na problematiku vyvoje atmosfér'*", piivod
organickych sloucenin'® a prekurzorti biomolekul'’, ptivod homochirality'® a vznik makromolekul
majicich vlastnosti zivé hmoty (schopnych replikace, napt. RNA').

Cilem této prace bylo pravé laboratorni studium chemie nestabilnich molekul, iontdl a radikala a

vznik biomolekul z téchto sloucenin.

2. Dynamika radikalt, iontti a nestabilnich molekul

2.1 Nukleogeneze a vznik jednoduchych slou¢enin ve vesmiru

Na zdklad€¢ dat satelitu WMAP (Wilkinson Microwave Anisotropy Probe) je stafi vesmiru
odhadnuto na 13,75 + 0,13 miliard let®. Soucasna zbytkova teplota zafeni*' po prvotni horké expanzi
(> 10** K) byla stanovena na zakladé méfeni satelitu COBE (Cosmic Background Explorer) na
2,725+ 0,002 K. Jak je znazornéno na Obr. 2, panel A, pfi tzv. velkém tfesku® vznikly nejprve
subatomarni astice (Al. a A2.), které se v prvnich* cca 100 s spojily pouze do jader lehkych prvki
‘He, *He, *H (dale znaceno D), "Li a '°Be (A3.). Vzhledem k odpudivym silam mezi jadry a stabilité

téchto lehkych prvki nedoslo k formovani tézsich jader.

A — velky tfesk

B — vznik hvézd, hvézdna nukleosyntéza
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Obr. 2: Kosmochemie od prvkit po makroskopické objekty. A) Nukleosyntéza po velkém tresku. B) Nukleosyntéza
v nitru hvézd. C) Vznik sloucenin v molekulovém oblaku. Slouceniny se postupné koncentruji do zrn, kde probihaji
dalsi reakce. Povrch zrn navic umoziiuje vznik jednoduchych molekul absorpci energie koliznich partneru. Zrna
nasledné agreguji béehem procesu akrece oblaku do makroskopickych objektii, planetesimalii a komet.



Chemie vesmiru se omezovala pouze na neutralni atomarni vodik* H- (=75 %), helium ‘He
(= 25 %), neutralni atomarni deuterium ‘D (0.01 %) a na stopy molekularnich plynt (< 107 % LIH,
HD, H,) a iontd *** (napf. HeH', LiH", H;*, HD"). V ranych stadiich vesmiru mohly byt molekuly a
molekularni ionty formovany zejména radiaénimi procesy®® a reakcemi mezi ionty. Vznik
molekularniho vodiku je predpokladan jiz nékolik desitek az stovek tisic let po velkém tiesku®®, kdy

byla teplota zafeni 10* K a teplota plynu 10 K, po stovkach miliond let se zafeni ochladilo na 10 K

Cvwr

vV wr

tyto procesy pro hvézdu hlavni posloupnosti naznaleny na Obr. 2., panel B (voln& podle®).
RozpraSenim prvkl z hvézd do vesmiru a naslednym shlukovani vzniklé materie jsou pak tvotfena
nova mezihvézdnd oblaka, kterd jsou jiz obohacena o t€z8i prvky a z nichZ vznikaji nové hvézdy,

planety a dalsi télesa.

2.2 Chemie molekulovych oblaku

V soucasné dobé je predpokladano, ze chemii ve vesmiru obecné dominuji slouceniny uhliku, které
tvofi asi tfi Ctvrtiny ve vy¢tu slouéenin identifikovanych v mezihvézdném prostoru® i kolem hvézd®.
Vétsina elementll pochazi z pozulstatkli hvézd, napt. ke slozeni typického molekulového oblaku
vyznamné prispiva materidl pochazejici z rudych obri®, ktefi jsou poslednim stadiem Zivota Slunci
podobnych hvézd predchozich generaci. V zavislosti na typu prostfedi se molekuly vyskytuji ve
vesmirnych objektech v riznych forméch (molekuly, ionty, radikély), takze i chemie téchto systémi je
velice rozmanita.

Mezihvézdny prostor je vyplnén z 90 % atomarnim ¢i ionizovanym vodikem, 10 % He a stopovymi
koncentracemi iontl ¢i atomil ostatnich prvki. Hmota se v prostoru shlukuje za tvorby oblaki, jejichz
chemické sloZzeni* se lisi podle jejich hustoty, teploty a stupné vyvoje. Jednd se o heterogenni
systémy, jak ukazuje Obr. 3 na nésledujici stran¢, kde je vyobrazen molekularni oblak TMC
v souhvézdi Byka® spolu s emisnimi maximy nékterych typickych latek a také vycet nékterych
dalsich molekul v hlavni ¢asti TMC—1°' ve srovnani s mezihvézdnym oblakem OMC—1 v souhvézdi
Orionu** a kometou Hale—Bopp* (C/1995 O1) v Tab. 1 uvedené samostatné na str. 5. Material v
hustych mezihvézdnych oblacich tvofi zékladni stavebni kameny pro formovani hvézd a
protoplanetarnich diskli, ve kterych naslednym shlukovanim vznikaji planety, komety, asteroidy,
hvézdy a jiné makroskopické objekty.

Chemismus molekularniho oblaku je naznacen na Obr. 2, panel C. V soucasné dobé je

a) V anglosaské literatute se vzila zkratka ISM, interstellar medium.
b) Evoluéni vétev AGB (Asymptotic Giant Branch) hvézd o hmotnosti 0,6 — 10 x Slunce.
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Obr. 3: Obrazek molekuldarniho oblaku TMC v souhvézdi Byka. Naznaceny jsou polohy emisnich
maxim nékterych sloucenin. Emise CO je rozprostiena rovnomérné po celem oblaku, distribuce
ostatnich specii (na obr. CS-, SO-, NH3 a kyanopolyynovy peak) jiz neni zcela homogenni. Teplota
oblaku je odhadnuta na =10 K. Obr: autor, s pouzitim své piivodni fotografie pro tuto ilustraci laskavé
svolil Jerry Lodriguss (http://www.astropix.com/).

ptedpokladéano, Ze je fizen nejen reakcemi mezi ionty, ale velky vyznam maji také exotermické reakce
mezi neutralnimi speciemi** (radikaly, stabilni latky). Reakce neprobihaji pouze v plynné fazi. Zrnka
prachu tvofi matrici, kterd absorpci kinetické energie reak¢nich partner usnadnuje vznik molekul a
agreguje chemické slouceniny i atomy pfitomné v mateiském oblaku. Zarovenl vSak desorpci zpétné
uvoliuje fadu sloucenin do plynné faze.

Aby mohla probéhnout chemicka reakce, musi dojit 1 za nizkych teplot (=10 K) k setkdni reakénich

partnerii. Na zrnech prachu vykazuji dostateénou mobilitu® pouze
atomy H, D, C, O a N. V tomto ohledu nelze nezminit fakt, ze ve
vycétu elementii s dostate¢nou mobilitou figuruji kromé D zaroven
vSechny ctyfi zdkladni prvky tvotici biomolekuly! Zminéné prvky
na povrchu prachu vytvaii nejprve jednoduché slouceniny ve formeé
ledu napt. H,O, CO, O,, N», NH; ¢i CHy, pticemz latky vzniklé na
povrchu nasledn& migruji kvantovym tunelovanim® dovnité zrn a
vznikaji dal$i molekuly, napt. oxid uhlicity (CO,), formaldehyd
(H.CO), acetaldehyd (CH;CHO), v oblacich vyrazné zastoupeny
methanol (CH;OH), keteny (R;,R,C=C=0), propynal (HC,CHO),
kyselina isokyanata (HNCO), formamid (HCONH,). Material se na
zrnu uklada ve vrstvach, jak je vidét na Obr. 4.

Ve studenych (<20 K) a hustych oblacich je povrch zrn tvofen

Obr. 4: Stavba prachového zrna
v mezihvédném oblaku: A) Jadro je
tvoreno  kiemicitanem  (typicky
forsteritem) a pokryto vrstvou B)
organického materialu rizného
slozeni  (cyklicke i alifaticke
retézce uhliku, karbonyly, kyanidy,
dusikové heterocykly aj.). C) Obal
je tvoren ledem z H-O, CO, N,
CO,, NH; ¢i CH, (zdlezi na teploté
prostredi, kde se prach naléza).
Obr.: autor.



Tab 1: Abundance nékterych molekul v molekulovych
oblacich TMC—1, OMC—1 a kometé Hale—Bopp vzhledem
k zastoupeni CO. Pfepocteno podle® .

Molekula OMC-1 TMC-1 Hale—Bopp
CO 1 1 1
NH, 1,00 - 102 2,50 -10* 1,20 - 107"

CH,OH 233-107° 3,75-10° 1,33-10""
H,O 1,00 - 10" 8,75-10™* 6,67
NO 1,00 - 107 3,75- 107
CO, 1,00 - 1072 2,00 - 107"

H,CO  333-10* 6,25-10* 6,67 102
CH,COCH; 2,00 - 10

HCOOCH; 1,73 - 10 4,00 - 107
C,H 1,07 - 10" 2,50 - 10™*

HCN 1,00 - 10* 2,50 - 10" 1,67 107

CH3C2H 6,67 - 107
SO, 6,67 - 10° 1,25-107° 3,33 -107
OCS 6,67 - 10° 2,50 - 107 6,67 - 10~
CN 6,67 - 10° 6,25-107°
CS 5,00 - 10 5,00 - 107

HCO" 4,67-107 1,00-10™*
HNCO 433-107° 6,67 - 107°
H,CS  320-10° 8,75-10° 1,33-10°

CH3NH2 2,00 : 1075
SO 1,87 - 107 2,50-10° 5,33 107
HNC 1,07 - 107 2,50 - 10" 2,67 107

HCOOH 1,00-107° 2,50-10° 4,00 107

CH;CN  6,40-10° 7,50-10° 1,33-10°

CH;CHO 333-10° 7,50 10°

HC,N - 267-10° 2,50-10* 1,33-10°

NH,CHO 2,00-10° 6,67 - 107

NH,CN  2,00-10°
C;H, 1,73 -10° 1,25- 107
HCS* 1,07 - 10 5,00 - 107
HCO 6,67 - 1077

HCN 467107 5,00-10°
C;N 3,33-107 7,50 -10°°

C,H 1,67-107 1,13-107




nepolarnimi ledy sloZenymi z vysoce tékavych molekul (CO, O,, N,),*® oproti tomu v teplejsich
oblacich (<90 K), ve kterych vlivem vnéjsiho impulzu dochazi k akreci vedouci ke zrodu hvézdy, je
ledovy obal tvofen polarni méné té€kavou fazi pfevazné z vodniho ledu®’. Zminéné teplotné odlisné
typy oblak reprezentuji napt. TMC v souhvézdi Byka, kde je podle méfeni teplota® asi 10 K a oblast
formovani hvézd v oblaku OMC v Orionu, kde byla zji§té€na teplota mezi** 300 — 500 K. V chladném
oblaku, je materie vystavena pouze pronikavému kosmickému zafeni, avSak zrnka prachu u rodicich
se hvézd jsou vyrazné exponovana také tvrdému UV zafeni nebo 1 vyssi teploté, tedy dalSim
inicidtorim naslednych chemickych reakci uvnitt zrn, pii kterych vznika Siroka paleta novych latek
(napt. CH;CH,CN, CH,CHCN, CH;CN, CH;NH,).

Slozeni raznych objektli ve vesmiru shrnuje Tab. 2., nicméné piedstavu o slozeni ptvodniho
materidlu, ze kterého se formovala sluneéni soustava, nAm mohou dat komety™. Typickad kometa je
sloZzena z 26 % silikat, kolem 30 % vodniho ledu, az 23 % tvofi zminény druhotné formovany
organicky materidl a pouze 9 % prvotni malé organické molekuly (CO, CO,, CH;0H, HCN, H,CO,
CH., C;H, a dalsi).

Tab 2: Uhlik a ostatni material ve vybranych prostiedich ve vesmiru.

Systém Specie Pevna faze
CO, C;H,, C,H,, PAH,
Obalky hvézd, rudi obii CH,C,—CN

amorfni uhlik, SiC

AGB vysoké koncentrace

HNC, HCN, -CN, CS

C', diatomické

Mezihvézdny prostor a
difuzni mezihvézdna
oblaka

molekuly, radikély a
ionty (CH, -CN, CH"),
PAH, fetézce C,
fulereny (Cqo)

grafit, ledy,
uhlovodiky

Studena a husta
mezihvézdna oblaka
(10 K)

C’, diatomické
molekuly (N,, CO) a
radikaly (-CN, -CH),

ionty, uhlovodiky,
CH,C,—CN,

ledy CO, N,, CO,,
CH;OH, uhlikata
zrnka a silikaty

Horka cirkumstelarni
oblaka (500 K)

>NH;, >H,0, C,H,,
komplexni organické

ledy H,O, uhlikata
zrnka, silikaty

latky
Meteority kerogen, PAH karbldy, grafit,
nanodiamanty
Silikaty podobné
Komet H,O, CO, CO,, diskiim kolem
y CH;0H, CH4, HCN rudych obrtt AGB,
ledy



2.3. Vysoce rozlisena spektrometrie s Fourierovou transformaci a jeji laboratorni.
aplikace

(ptilozena publikace Vysoce rozliSena spektrometrie s Fourierovou transformaci a jeji

laboratorni aplikace. Ferus M., Civi§ S. Ceskoslovensky casopis pro fyziku 57, 127 (2008))

Spektrometrie umoziuje v laboratofi studovat spektra a molekularni dynamiku fady nestabilnich
latek vcetné téch, které se vyskytuji v mezihvézdném prostoru, molekulovych mra¢nech, obalkach
hvézd ¢i kometach. V na$i laboratofi je k tomuto Ucelu upraven komeréné dostupny spektrometr
Bruker IFS 120 HR, ktery je pridavnymi elektronickymi prvky propojen s osobnim pocitacem,
pomoci n¢hoz je softwarem Quartus II (Altera Corp.,, USA) programovan procesor
programovatelnych hradlovych poli (FPGA). Tento procesor synchronizuje snimani dat z detektoru a
spinani pulsu vyboje nebo laseru.

Postup méfeni timto pfistrojem se vSak zasadné odliSuje od klasického pristupu, kdy jsou postupné
snimana spektra v casoveé posunutych sekvencich. V piipade spektrometri vyuzivajicich detektor typu
CCD (Charge—Couple Device) se tak déje otevienim zavérky vstupni Stérbiny, u spektrometrii
s Fourierovou transformaci pak velice rychlym pohybem zrcadla tak, aby byl ve velice kratkém
casovém useku ziskan interferogram (tzv. fast scan). Akvizice dat nasim systémem probiha tak, Zze
v pozicich pohyblivého zrcadla definovanych interferecnimi maximy HeNe laseru je procesorem
FPGA sepnut vybojovy nebo laserovy puls a zéroven je snimana casova sekvence vzajemné casové
posunutych signalli z detektoru. Béhem pohybu zrcadla interferometru se tento postup opakuje
v kazdém interferenénim maximu a nasledné jsou ze ziskané matice dat, kterd obsahuje signaly
z detektoru ve vSech zvolenych casech a drahovych rozdilech, rekonstruovany interferogramy
odpovidajici jednotlivym casovym tUsekiim. Tato metoda logikou sbéru dat odpovidd systému
step—scan s tim rozdilem, ze zrcadlo neni nutné zastavovat.

Technicky vyvoj shrnuli Kawaguchi a kol.***

v jedné z prvnich praci popisujicich aplikaci tohoto
systému (zde pro méfeni Ar, ArH a ArH"). Dalsi specie studované touto metodou maji velky vyznam
pro mezihvézdnou chemii, napf. iont* H;', radikal* -CN a excitované atomy (&lanky v pfiloze).
Metoda Casoveé rozliSené spektrometrie byla téZ vyuzita pro studium dynamiky vzniku a zaniku
jednoduchych uhlikatych radikala -CH, -C,, ‘CN, vysoce excitovanych molekul H, a nestabilniho

izomeru kyanovodiku HNC.



2.3.2. Casové rozliSena emisni spektrometrie s Fourierovou transformaci He/CH, v pozitivhim

sloupci vyboje

(ptiloZena publikace Time—Resolved Fourier Transform Emission Spectroscopy of He/CH, in a
Positive Column Discharge. Civis S., Kubelik P., Ferus M. Journal of Physical Chemistry A 116
(12), 3137-3147 (2012)).

Chemické déje v plazmatu predstavuji velice komplikovany systém vzajemnych reakci atomi,
radikald, iontd a molekul. K detailni interpretaci Casove rozliSenych spekter je nezbytné sestavit

1¥, ktery popiSe i proces akvizice dat, tzn. zohledni pulsni rezim iniciace chemickych

chemicky mode
reakci (spinani vyboje), kontinuélni pfisun prekurzoru spojeny s kontinudlnim od¢erpavanim produkt
a parametry vyboje (elektronové teploty, elektronové hustoty).

NasSe studie byly zaméteny na procesy, pii kterych jsou fragmentovany jednoduché molekuly, jako je
napf. methan, ktery je vyznamnou slozkou atmosféry Saturnova mésice Titanu a plynnych obria*,
mezihvézdnych oblaki* a redukénich atmosfér*® potencionalné vhodnych pro syntézu biomolekul.
Jako modelové prostiedi byl pouzit doutnavy vyboj, ve kterém je methan disociovan srazkou
s elektronem nebo atomem helia za vzniku jednoduchych radikala -CH;, -CH,, -CH az atomarniho
uhliku -C. Radikdl -CH; se nam podafilo detegovat v absorpcnich spektrech vyboje za pouziti
Whiteovy cely o optické draze 60 m, avSak v cCasové rozliSenych emisnich spektrech byly
identifikovany pouze pasy -CH, -C a také radikalu -C,. Hlavnim vysledkem této studie je exaktné&jsi
popis podminek, za jakych je dany molekularni fragment pomoci Casové rozliSené spektrometrie
méfitelny: Piestoze model predikuje vysoké koncentrace radikalu CHj, nelze tento radikal vzhledem k
intenzité jeho spektra jednoduchym zptisobem detegovat vzhledem k jeho emisni intenzité.

Fragmentaci jakékoliv specie v pulsnim vyboji vyzaduje komplexni model celé fady simultannich
koliznich, radia¢nich i1 chemickych déjii. Nasledné lze ziskat celistvy obraz o jednotlivych krocich

procest v plazmatu s mikrosekundovym ¢asovym rozliSenim.

2.3.3. Pomér HNC/HCN ve vyboji v Acetonitrilu, Formamidu a BrCN

(ptiloZena publikace HNC/HCN ratio in Acetonitrile, Formamide and BrCN discharge.
Ferus M., Kubelik P., Kawaguchi K., Dryahina K., Spanél P., Civis§ S. Journal of Physical Chemistry
A 115 (10), 1885 (2011).

Izomery HCN/HNC a radikal ‘CN jsou speciemi hrajicimi vyznamnou ulohu v chemii komet,

uhlikatych obalkach hvézd, mezihv&zdnych oblacich, planetdrnich atmosférach*’#%+

a jsou takeé
vyznamnymi prekurzory biomolekul (viz kapitola 3). Dobie pochopeno a vysvétleno je formovani

HNC termalnimi procesy zahfivanim kyanovodiku na teploty® nad 1400 K (HNC/HCN < 0,01),
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avSak vzdjemnd izomerace HNC/HCN v molekulovych oblacich, kometiach ¢i v plazmatu za
laboratornich podminek je stile pfedmétem diskuze. Pii studiu vzniku HNC jsme se zaméfili na
molekuly generujici HNC/HCN: formamid (HCONH,), ktery je vyznamnym prekurzorem
biomolekul, acetonitril (CH;CN), ktery reprezentuje organickou slouc¢eninu obsahujici skupinu —CN a
bromkyan (BrCN) reprezentujici anorganicky prekurzor. Emisni intenzity pasit HNC a HCN byly
korigovany pomoci znamych emisnich koeficientl a nésledn¢ byl uren pomér mezi izomery
HNC/HCN = 2,2 — 3%. Pomoci komplexniho matematického modelu chemismu vyboje bylo zjisténo,

ze za danych podminek ma pro vznik HNC nejvétsi vyznam reakce kyanovodiku s vodikem
HCN+-H—HNC+-H (2.2.3.3)

a ostatni d¢je maji zanedbatelny ptispévek. Pivodné bylo predpokladano, ze HNC vznikd prevazné

rozpadem iontu HCNH":
HCNH' + ¢~ — HNC (50 %) + HCN (50 %) (2.2.3.b)

Zavéry studie nachéazeji uplatnéni napf. pro modelovani chemismu komet, ve kterém by méla hrat

reakce (2.2.3.a) vyznamnou tlohu™.

2.3.4. Casové rozliSena FT spektroskopie CF:Bra CF;CFHCF; v pulsnim vyboji

(ptilozena publikace Time—resolved Fourier transform emission spectroscopy of CF;Br and
CF;CFHCF; in a pulsed electrical discharge. Ferus M., Civis S., Kubelik P., Nevrly V., Bitala P.,
Grigorova E., Sttizik M., Kubat P., Zelinger Z. Plasma Chemistry and Plasma Processes 3 (31), 417
(2011).

Z halogenovanych specii byl v mezihvézdném prostoru nalezen ion** CF", slouéeniny chloru®, HCI,
NaCl, AICI, KCI a fluoru®* HF a AIF. Molekularni dynamika rozkladu CF;Br a (CF;),CHBr se vSak
stala pfedmétem studie vzhledem k aplikaci téchto halogenovanych uhlovodikti k likvidaci pozart.
Znalost procest fragmentace téchto latek, které mohou probihat za vysokych teplot, ma vyznam

zejména z hlediska vzniku celé fady agresivnich a toxickych produkta.

V emisnich spektrech obou vyboju byl detegovan silny pas reaktivniho radikalu -CF a také nékolik
slabych linii radikdlu -CF,. Radikal -CF; nebyl detegovan. V nasi studii je poprvé prezentovano
vysoce rozlisené spektrum radikalu -CF zméfené metodou FT—IR s ¢asovym rozliSenim. Dosud byla
pro detekci v infradervené oblasti pouZivana pouze diodova spektrometrie (nejnovéji napt.>). Casové
rozliSena spektra vzniku a zaniku jednoduchych fragmenti byla opét srovndna s vysledky

matematického modelu popisujiciho disociaci halogenovanych latek za vzniku fady reaktivnich



fragmentt, jako jsou radikdly -CF;,-CF, a -CF. Na zéklad¢ analyzy emisnich spekter lze fici, Ze
v plazmé vyboje jsou vyrazné zastoupeny radikdly -CF, a -CF. Tato skutec¢nost se shoduje jednak

s vysledky prezentovaného modelu a také se zavéry studie Kim a kol.”
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3. Vznik a zanik biomolekul v ranych zemskych podminkach

3.1. Biomolekuly a jejich prekurzory na Zemi
Za prekurzory biomolekul Ize oznacit celou fadu slouc¢enin, které 1ze rozdélit do skupin uvedenych v
Tab. 3, a). Nejvice diskutovanymi jsou zejména kyanidy a jejich polymery, slouceniny

s aminoskupinou a slouéeniny s karbonylovou skupinou®-’

. Mezi Casto zminované prekurzory
biomolekul patii kyanovodik, ktery ve vodném roztoku reaguje za vzniku nukleovych bazi* a také
kyanidové polymery, které hydrolyzuji za vzniku nukleovych bazi a aminokyselin®. Pfehled
nékterych dalsich prekurzorti biomolekul spolu s jejich zastoupenim® poskytuje Tab. 3, b). Samotny
ptvod biomolekul a jejich prekurzorl, které poskytly zédkladni stavebni kameny Zivé hmoty na nasi

planetg, je vysvétlovan dvéma zpisoby®*':

a) Hypotézou exogenni syntézy: Prekurzory biomolekul nebo i samotné biomolekuly vznikaji ve
vesmiru v oblastech horkych jader protosolarnich mlhovin kolem rodicich se hvézd® a byly
dopraveny na Zemi impakty ledovych téles (komety) ¢i planetesimalii a poskytly tak material ke

vzniku zivota.

Tab 3: a) Prehled skupin latek majicich potenciondalni vyznam pro syntézu biomolekul™ a b) priklady konkrétnich
sloucenin prekurzorii a prislusnych biomolekul spolu s abundancemi® téchto latek v kometdch.

a)
Typ molekuly Priklad, vzorec Skupina biomolekul

molekuly se skupinou CN  HCN, H,NCN, CH;CN, C;N,, Aminokyseliny, nukleové baze
HG;3N, C,H;CN

molekuly se skupinou NH CH,NH, HCONH,, (NH,),CO Aminokyseliny, nukleové baze

molekuly se skupinou CO H,CO, HOCH,CHO, CH;CHO, Cukry
(CH,OH),

b)

Nazev a vzorec molekuly Abundance (piepocet na HCN) Poznamka

HCN, kyanovodik 100,00% Ve smési s NH; polymerace za
vzniku nukleovych bazi*
(—C=N-),, HCN polymery <10 % Hydrolyza vede ke vzniku
aminokyselin, purinu, kyseliny
orotové”’
HCONH,, formamid <40 % Zahfivanim a ozafovanim vznik

nukleovych bazi a
aminokyselin'"*'?

H,CO, formaldehyd

max 20 x vice

Formézova reakce (polymerace)

vede ke vzniku cukr?’.
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b) Hypotézou endogenni syntézy: Biomolekuly byly syntetizovany na Zemi z jednoduchych latek
(N2, NH;, H,O, H,, CHs4, CO; atd.) napt. intenzivnimi blesky, UV zafenim ze Slunce, piisobenim

radioaktivity, vulkanickou ¢innosti ¢i razovymi vinami rozli¢ného ptivodu®®,

Tyto dva alternativni scénafe lze srovnat s n€kterymi soucasnymi poznatky. Se sloZzenim prvotni
materie a vznikem biomolekul bylo v dfivéjsich pracich spojovano zejména slozeni atmosféry nasi
planety v dobé jejiho vzniku®*®*. Staii naSeho solarniho systému je v soucasné dobé& stanoveno na
4,5682 mld. let®” pfi¢emz formovani Zemé bylo podle Zhanga® dokon&eno pfiblizné pred 4,45 mld.
let. Stafi atmosféry je odhadovano v rozmezi 4,43 az 4,15 mld. let a ve stejné dobé kolem ~4,5 mld.
let je predpokladan i vznik hydrosféry®’. Casovou souslednost diskutovanych d&ji shrnuje Obr. 5.

Izotopové slozeni neradiogennich vzacnych plyni (Ne, Ar, Kr, Xe) pfitomnych v atmosféte

naznacuje,”® Ze plynny obal Zemé o teplote€”™ az 1000 K v ranych stadiich ¢astecné ¢i zcela unikl

pry¢® a  atmosféra

: 5 i silného bombardovani povrchu Zemé 4 :
vznikla  druhotnd  z _ _ 2Pdobisiného bombardovani povrchu Zeme - / Dr:imne
. , , Pozdni silné bombardovani (LHB ' Ani
tékavych latek - -4 ng 2ombardova i _l bombardovani
pfitomnych  nejen v Vznik slune¢ni & Zivot
horninach, ale zejména z SolisiaY - - — —
v - =T
materie na Zemi 4,57 FOImENan - 445 38 32
atmosféry
| | | | | | ~
dopadajicich ! ) Formovani ! ! ! \
4,45 hydrosféry 3,47 ¢as (mid. lel
planetesimali ¢i komet”', Zemg— — — — — -> A
tedy z molekul plivodné = 75 N
se formujicich v pevné a5
Jn w7 . - > <
fazi  akrecniho  disku Hadaikum Archaikum
(viz. Obr. 2, panel C). Obr. 5: Casova souslednost déjii raného vyvoje Zemé. Obr.: autor.

Nejnovéjsi prace Traila a

kol.” naznacuje, Zze primarni atmosféra pfed =4,35 mld. let pravdépodobné nebyla redukéni, takze
postupnd syntéza biomolekul z jednoduchych v atmosféte ptitomnych redukcnich plynti (smés NHs,
CH,, H,) podle Millerovych a Ureyovych experimenti® by nepfipadala v avahu, nebo by byla velmi
obtizna”. Naopak primarni atmosféra patrné nejprve obsahovala vyznamné mnozstvi vodiku a vodni
pary, kterd nasledné kondenzovala za vzniku ocednii a dominantnimi konstituenty se staly CO,, CO
(=10 atm) a N, (1 atm)™. Pinto a kol.” ukdazal, ze fotochemicka syntéza formaldehydu, ktery je
prekurzorem pro syntézu sacharidi je v takové atmosféie moznd, avSak vznik kyanovodiku, ktery je
prekurzorem pro vznik nukleovych bazi a aminokyselin, je podle Chameidese a Walkera’™ obtiZna.

Prvni prekdzkou je fakt, ze vznik HCN vyzaduje, vzhledem ke své energetické naro¢nosti, udalost
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o vysoké hustoté¢ energie (blesk, dopad mimozemského télesa), druhou pak samotné sloZeni
atmosféry, nebot’ zminénd udalost o vysoké hustoté energie v prostfedi bohatém na CO, nezarucuje
dostate¢nou produkci HCN.

Jelikoz atmosféra se z tohoto pohledu patrn€ nebyla zdrojem molekul pro vznik Zivota, mohly byt
organické latky pfitomny nebo syntetizovany pfimo v oceanu, ve kterém pravdépodobné Zivot
vznikl”. Cestou tvorby biomolekul a jejich prekurzort ¢i pfimo Zivota samého mohou byt chemické
reakce pobliz (nikoliv uvniti™) hydrotermalnich priduchti (sopoucht)®. V praci LaRoweho a
Regniera™ bylo dokazano, ze z jednoduchych smési jako N, CO, CO,, H, mize v takovém prostiedi
vznikat nejen HCN, ale i slozité organické molekuly a byly také studovany podminky, za jakych se
tak déje. Bylo zjisténo, ze syntéza vyzaduje vyssi koncentrace sopeénych plynt, nez jaké jsou znamy

z hydrotermalnich priiduchi. Je diskutovano, ze pokud se sloZeni ocedni ¢i sopecnych plynd
pfimo HCN) byla by takova syntéza mozna a v misté vzniku vypoctem urcené nejpiiznivéjsi teploty
150 °C a nejptiznivejsiho tlaku 500 bar by koncentrace biomolekul dokonce odpovidaly koncentracim
v buiice”™”. V soucasné dobé je zndmo pouze to, ze rany ocean byl kyselejsi, nez ten dnesni, anoxicky
a s vys§imi koncentracemi soli*, ale procentualni obsah organickych latek neni pfesné znam. SloZeni
oceand (i atmosféry™) mohlo byt vyznamné ovlivnéno materidlem mimozemského ptvodu® &i

82,83
t 5

dokonce mohla oceanska voda z tohoto materialu ptimo pochazet®* a vychozi podminky mohly byt z

podminky mohly mit z geologického hlediska kratkodoby ¢i lokalni charakter. O sekundérnim
ptispévku impakti ke vzniku atmosféry a hydrosféry jsou stile vedeny rozsahlé diskuze. Jednim z
hlavnich argumentii je, Ze teplota v mist¢ formovani Zem¢ v dobé¢ jejiho vzniku nedovolovala
inkorporaci tékavych sloucenin prvki, jako jsou N, C, O, H do hornin tak, aby se tyto komponenty
pozd&ji uvolnily vulkanickou ¢innosti a nasledné vytvofily atmosféru a hydrosféru™. Jako
pravdépodobni exogenni* ptvodci vody a dalsich sloucenin N, C, O a H (biomolekuly) jsou
oznacovany uhlikaté chodrity (obsahuji az 22 % vody™) a komety pfi¢emz Cetnost impaktt naznacuje
pomér piispévki®** chondritd 90 % a komet 10 %. Chondritické meteority obsahuji stovky ppm
riznych druhli organickych latek (aminokyseliny, uhlovodiky, kyslikaté derivaty atd.*®) pFi¢emz
celkové zastoupeni uhlikatych latek je kolem® 8 %, komety obsahuji kolem 22 % uhlikatych latek
(prach komety Halley*®).

Vyznam impakt podporuji Gidaje o stari kraterd na Mésici. Povrch Zemé 1 Mésice byl vystaven
Cetnym impaktim az do doby pied 3,8 mld. let® a frekvence impakti dokonce piechodné zesilila

v dobé& mezi 4,2 — 3,8 mld. let a v také v dobé& kolem 3,243,227 mld. let®*. Podle dat Chyba a kol.”!

a 'V anglosaské literatufe je pouzivan termin ,,hydrothermal vent®.
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mohlo byt v té dob&é na Zemi doneseno az 10" kg/rok organického materialu®. Pokud je tento
optimisticky odhad spravny, pak kazdy rok bylo thrnem k dispozici néco pod 1 % organickych latek,
nez kolik je v soucasné dobé fixovano fytoplanktonem v ocednu® (4,5 x 10" kg/rok). Vzhledem
k objemu a stupni vyvoje soucasné biosféry by toto ¢islo nemuselo byt povazovano za nizké.

Vzhledem k tomu, Zze impakty mimozemskych téles ovlivnily sloZeni atmosféry a hydrosféry, je
tieba porozumét transformacnim procestim, kterym byl tento material vystaven a zodpoveédét otazku,
zda ptivodni materie

1) obsahovala pouze jednoduché t€kavé latky typu N», NH;, CHs, HCN, CO, CO; atd., které podle
ptivodnich hypotéz Ureye a Millera® & Oré™ poskytly material k syntéze biomolekul, nebo
biomolekul i na Zemi® nebo

3) samotné biomolekuly pfitomné ve vesmirné materii se staly materialem pro vznik zivé hmoty.

3.2. Simulace dopadu mimozemského télesa
Existence primitivnich Zivotnich forem na Zemi je predpokladana na zaklad€ izotopického slozeni
inkluzi v geologickych nalezech jiz v dobé pred 3,85 mld. let”. Zatim nejstarsi potvrzené mikrofosilie

baktérii pochazi z hornin nalezenych v Australii a datovanych do doby pied 3,465 mld. let™

(viz
Casova osa na Obr. 5, str. 12). Slozeni primarni materie je mozno odhadnout na zaklad¢ studia
transformacnich procesi, kterym podléhaly chemické latky v dob& vzniku zivota. Jak jiz bylo
konstatovano v ptedchozi kapitole, tyto chemické latky pravdépodobné pochazely z téles dopadajicich
do atmosféry a na povrch Zemé. Prvotnim transformacnim procesem se bezpochyby stal samotny
dopad télesa. Nasledovaly dalsi chemické zmény vzniklé materie v pozemskych podminkach.

Prvni simulace impaktu piedpokladaly, Ze samotné téleso mize byt vystaveno teplotdm az 40 000 K
piicemz by mélo dojit k okamzité pyrolyze materialu”. Pozdé&jsi modely ukazaly, Ze teploty nemusi
byt takto drastické, paklize se uvazuji rizné geometrie dopadu™ a také tlakova i teplotni zavislost
rychlostnich konstant pyrolyzy spolu s kratkodobou expozici®”. Bylo také dokazano, ze ¢ast ledového
télesa (kometa) miZe roztat a dopadnout, rozprasit se ve formé kapaliny® nebo se rozptylit explozi'®.

Chemické dé&je spojené s impakty jsou stile pfedmétem vyzkumu (pfednaska A.—Ch.
Levasseur—Regourd'”!, Montpellier 2011). Simulace jsou provadény naptf. pomoci projektilt
vystielenych vysokou rychlosti proti zvolenému ter¢i'®?, matematického modelovani, laboratorni
simulaci plazmatu pomoci laserového zafeni,'” pyrolyzou'® &i razovou vinou'?.

Prvotni vysledky koliznich experimentt Tingle et al.'®, ktery pouzil pfimo vzorek Murchinsonského

meteoritu, ukazaly, ze za vysokych tlakli az 36 GPa je degradovano cca 70 % organickych latek (pfi

dopadu télesa viak muze tlak v zavislosti na geometrii nardst az na 100 GPa”). Peterson et al.'”” ptidal

14



k materidlu meteoritu vzorek aminokyselin a studoval G¢inky narazu za pouziti pivodni uhlikové
matrice tak, aby se pfiblizil skute¢nym podminkédm. Pfi tlaku 30 GPa byly zjistény mensi ztraty mezi
40 — 50 %. Systematickymi experimenty bylo potvrzeno, Ze pii zachovani stejnych podminek jsou

ztraty piimo umérné tlaku'®®

, nicmén¢ okolni hmota vyznamné ovliviiuje ucinky ndrazu. Nejlepsi
vlastnosti maji v tomto ohledu ledy a kapaliny, ve kterych ztraty organickych latek dosahuji asi'®
25 %. Jak jiz bylo zminéno v uvodu, prave ledova télesa jsou typickd vysokym obsahem organickych
latek (=23 %) pochazejicich z mezihvézdného oblaku®.

Nejnovéjsi prace zabyvajici se modelovanim chemismu plazmy ukazala, Ze v zavislosti na rychlosti
dopadu jsou hlavnimi produkty destrukce organickych latek v kometarnim ledu H, a CO pficemz
zastoupeni organickych komponent klesd typicky o jeden az dva tady v zavislosti na rychlosti

110

dopadu ' a nejvétsi stabilitu projevuje kyanovodik.

Plazma  vznikajici  pfi

b) Laboratorni simulace Smér paprsku PALS
-

impaktu mimozemského
télesa je v naSi laboratofi
simulovano pomoci vysoce

Slll,112

vykonného laseru PAL

] . \ /
o |

(Prague  Asterix  Laser .
o L, Obr. 6: Plazma vznikajici pri impaktu mimozemského télesa a) v predstave malire,
System). Pii dielektrickém b) laboratorni simulace pomoci laseru PALS. Obr.: internet; autorem fotografie b)
. e RNDr: Jifi Skdla z Ust iky plazmatu AV CR, sché tor.

prorazu v plymu (LIDB) je r. Jiri Skala z Ustavu fyziky plazmatu schéma autor.

generovanym pomoci laserového pulsu na vlnové délce 1315 nm, energii'” =150 J a dobé& trvani
~400 ps dochazi ke vSem projevim spojenym s udalosti o vysoké hustoté energie: ke skokovému
nartstu teploty na nékolik tisic K'*, vzniku rdzové viny a generovani sekundarniho tvrdého zéafeni
(UV-VUV, XUV, RTG)'"®. Plazma LIDB je zobrazena na Obr. 6. V naSich experimentalnich
modelech plyn reprezentuje atmosféru, ve které vznika relativné husté impaktni plazma, které plisobi

na kapalny nebo pevny vzorek (led, hornina).

3.2.1. Vyzkum chemie laserového plazmatu ve smésich CO—N,—H,O pomoci izotopové znacené
vody O

(predkladana publikace Investigation of laser—plasma chemistry in CO—N,—H,O mixture using
80 labeled water. Ferus M., Matulkova ., Juha L., Civi§ S. Chemical Physics Letters 472 (1-3), 14
(2009).

Pisobeni impaktniho plazmatu bylo studovano v ptredkladané préaci zabyvajici se rozkladem oxidu

uhelnatého pfi simulaci impaktu mimozemského télesa do planetarni atmosféry. Transformace CO na
CO; je z hlediska slozeni rané¢ atmosféry zajimava zejména proto, ze v kometich muze byt

6

koncentrace CO oproti CO, aZz né&kolikanasobné vyssi''® a CO je téZz slozkou sopecnych plynd
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(na Jupiterové mésici''” To CO/CO, = 1:1).
Kyslik se stal vyznamnou slozkou atmosféry pied ~2,4 mld. let, tj. asi 300 mil. let po vzniku
fotosyntetizujicich mikrobt, takze vznik CO, z CO byl v plazmatu generované v praatmosféie mozny

bud’to disproporcionacéni reakci

CO+CO—CO,+C- (3.1.1.a)
nebo oxidaci -OH radikalem pochéazejicim z rozkladu vodni pary
H.O — -OH+-H (3.1.1.b)
CO+-OH — CO,+H (3.1.1.¢)

Za uelem sledovani molekularni dynamiky téchto d&ji byla pouzita smés C'O:N, 1:1 za
atmosférického tlaku a 2 ml izotopové znacené vody H,"™O (tenze par 23,7 Torr). Tato smés byla
ozafovana deseti pulsy laseru PALS o energii 100 J a délce 400 ps. Po kazdém pulsu bylo izotopové
sloZeni vznikajiciho CO, métfeno pomoci vysoce rozliSené infraervené spektrometrie s Fourierovou
transformaci, kterd je velmi vhodnym nastrojem k detekci izotopového sloZeni plynnych smési,
protoze absorpéni cary téze latky odliSného izotopového slozeni jsou vzhledem k odlisSnym
hmotnostem izotoptli vzajemné posunuty.

Mezi C'O a H,"™O nedochazi ke spontanni izotopové vyméné a vzhledem k nadbytku smési
N,+C'°O nad CO, (300 ppm na konci ozafovani) Ize zanedbat také pfipadnou izotopovou vyménu
mezi C'%0, a H,"*O. Jednotlivé slozky smési byly kvantifikovany na zakladé intenzit vybranych
absorp¢nich linii. Na zakladé nartistu koncentrace C'°O, (produkt disproporcionace, rovnice (3.1.1.a))
a naristu koncentrace C'*'®0, (produkt oxidace, rovnice (3.1.1.c)) lze konstatovat, Zze ackoliv
za danych podminek hraji roli oba procesy, je disproporciona¢ni reakce v plazmatu 1,56 x rychle;jsi,
nez oxidace. Kromé¢ této studie zamétené Cisté na molekularni dynamiku jednoduchych plynt starsi
experimenty se smési CO,/CO—N,—H,O prokazaly také abiotickou syntézu nejjednodussi
aminokyseliny glycinu'®. Tento experimentalni zavér byl pozdé&ji potvrzen chemickou simulaci

Goldman a kol.'?,

3.2.2. Rozklad formamidu v laserové jiski‘e studovany pomoci FT—IR Spektrometrie
(pfedkladana publikace Laser Spark Formamide Decomposition Studied by FT-IR Spectroscopy.
Ferus M., Kubelik P., Civi§ S. Journal of Physical Chemistry A 115, 12132 (2011).

Formamid je zajimavym prekurzorem biomolekul, protoze jejich vznik iniciuji podminky, které by
se daly ocekavat na Zemi v ranych stadiich jejiho vyvoje, tj. zvySena teplota a hlavné silné¢ UV
zéaieni'”. Podle teorii Saladina, Constanza a kol."*"'**!¥ je formamid dulezity pro vznik biomolekul,
protoze je produktem hydrolyzy ziedéného roztoku kyanovodiku, ktery se pravdépodobné vyskytoval

v praoceanu'* aprotoze jde o stabilni kapalinu s nizkou tenzi pary'?.
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Nase prvni studie byla zaméfena na stabilitu formamidu pfi udélosti a vysoké hustoté energie. Smés

kapalného a plynného formamidu v inertni Ar atmosféfe byla ozafovana laserovym systémem PALS,

produkty rozkladu byly nasledné¢ vymrazeny a slozeni plynné faze bylo analyzovano spektrometrem

s vysokym rozliSenim. Mezi produkty rozkladu byly identifikovany HCN, CH;OH, CO, NO,

NH,OH, NH; a CO,. Srovnani téchto spekter se spektry produktl zahfivani a vyboje ukazuje Obr. 7.

Molekuldrni dynamika plazmatu byla nasledné¢ simulovana kinetickym modelem jako skokova

termolyza formamidu (4500 K po dobu 1.86 ps). Slozeni smési predikované modelem odpovidalo

experimentalnim vysledkiim. Tato skute¢nost poukazuje na to, Ze chemismus laserového plazmatu lze

aproximovat pomoci modelu vysokoteplotni termolyzy. ProtoZe se vSak jednd o chemicky model

laserové jiskry ve kterém byla studovana pomérné slozita organicka molekula, je nutné provést jesté

fadu dalSich experimentll. V rdmci zatim nepublikovanych studii byly ucinky laseroveé jiskry

srovnavany s  doutnavym

Absorbance

Absorbance

Obr. 7: Vysoce rozlisena spektra plynnych produktit disociace formamidu a) pri zahiivani na 180 °C a ozarovani UV
zarenim (lampa 340 nm), b) po expozici deseti laserovym pulsim systému PALS, c) po rozkladu par v doutnavém
vyboji a d) emisni spektrum stabilnich a nestabilnich molekul v doutnavém vyboji v case 10 us po jeho iniciaci.
Produkty byly pri mérenich b) a d) koncentrovany v tekutéem dusiku. Obr. a foto: autor, autorem fotografie b) je

. Absorbance
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experimenty potvrdily, ze formamid je skute¢né termalné rozklddan za vzniku HCN, CH;OH, NHs,
HNCO, CO, CO, a N,O avsak kone¢na skladba produkti je vyrazn¢ ovlivnéna jejich stabilitou
za podminek panujicich v plazmatu (NH; a HNCO jsou nestabilni a se dale rozkladaji) a také teplotné
zavislym pomérem mezi disociatnimi kanaly samotné molekuly formamidu. V dosud nepublikované
studii se nam podafilo potvrdit, ze poméry mezi teoreticky predpovézenymi rychlostnimi konstantami
disociace této molekuly v praci Nguyen'*® a kol. odpovidaji nasim experimentalnim vysledkiim stejné
jako aktivaéni energie studovanych disociacnich kanala.

Zaméftili jsme se také na vznik nukleovych bazi pii ozafovani ledd tvofenych pevnym formamidem.
Ackoliv panuje obecny piedpoklad, Ze teplota se v pritbéhu prvnich cca 1,5 mld. let vyvoje Zemég
drzela mezi'?’ 80 °C az 70+15 °C (pied =3,3 mld let), je mozné, ze dochazelo také ke kratkodobym
zalednénim'*®. Z tohoto pohledu je mozné, Ze se byt lokaln¢ akumulovaly organické latky z dopadt
komet a nasledné po rozpusténi a ohtati poskytly dostatecné koncentrovany roztok. V ozarfovanych
ledech se podafilo pomoci metody GC—MS detegovat nukleové baze jejichz koncentrace piimo

zéavisely na pouzitém katalyzatoru (jil, NiFe meteorit, kamenny meteorit, TiO,)'*.

3.3. Studium fotochemickych viastnosti TiO,

Z hlediska vzniku organickych latek ¢i dokonce biomolekul miize hrat vyznamnou tlohu katalyticky
ucinek nekterych latek (jily, kovové mineraly, oxidy kovil). Fotokatalyticka aktivita oxidi kovi byla
jiz u né&kterych z nich studovana (napt."”*"""1** Fe,0s, CeO,, ZnO, TiO,, SrTiO;, In,0s, ZrO,, InTa0,)

133

a zejména v piipade TiO; je vyzkum zaméfen na primyslové aplikace jako je €iSténi vody >, vyroba

134 135

samocisticich a antibakteridlni povrchi'* nebo ¢isticek vzduchu . DileZitou vlastnosti TiO, z naseho
pohledu neni pouze fotoindukovana destrukce molekul, ale hlavné schopnost katalyzovat vznik
organickych latek z jednoduchych atomérnich plynti. MtiZka TiO, m4 zajimavé vlastnosti umoZiujici
vazbu mnoha molekul, které pak podléhaji fotochemickym zménam pti€emz kyslikové atomy v
mfiZzce vykazuji mobilitu umoZiujici spontanni izotopovou vyménu mezi plynnym C'°O, a pevnym

Ti"®0..

3.3.1. Izotopové znadeny oxid titani¢ity: Ti'*O,
(pfedkladana publikace Oxygen—isotope labeled titania: Ti'®0,. Kavan L., Zukalova M., Ferus M.,
Kiirti J., Koltai J., Civi§ S. Physical Chemistry Chemical Physics 13, 11583 (2011).

Vyzkum vlastnosti Ti"®O, se v prvé fadé soustiedil na izotopovou vyménu mezi timto materidlem a
molekulami C'*0,, C'*O a HC'"O'OH. Ti'"*O, byl syntetizovan hydrolyzou TiCl, vodou H,"*O a
nasledné pomoci Ramanovy spektrometrie bylo zjisténo, Ze kalcinaci za riznych teplot Ize ziskat tfi
typy krystalickych forem TiO,: Anatas pfi teplotach 200 °C (vzorek A200) a 450 °C (vzorek A450),
rutil pfi 1000 °C (vzorek R1000). Interakce téchto krystalovych forem s plynnou fazi byla néasledné
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studovana pomoci vysoce rozlisené spektrometrie s Fourierovou transformaci.

3.3.2. Izotopova vyména mezi CO; a pevnym Ti"*O,

(ptedkladana publikace Oxygen—isotope exchange between CO; and solid Ti*O,. Civis S., Ferus
M., Kubat P., Zukalova M., Kavan L. Journal of Physical Chemistry C 115, 11156 (2011).

Mobilita kyslikového atomu v krystalové miizce TiO, byla prokdzéana zcela spontanni izotopovou
vymeénou s CO,. Po kalcinaci byl vzorek A450 presypan od kyvety, kterd byla nasledné¢ napusténa 2
Torr CO, pfirozeného izotopového slozeni (0,39 % C'*'*0, a 0,0004 % C'*'*0,)" . Ukazalo se, Ze
smés se velice rychle obohacuje o plynny C'®*O, (az 10*x) jiz b&hem nékolika desitek minut a
rovnovaha se ustali béhem hodin (2,9 % C'*'*0, a 37,7 % C'®'*0,). Mechanismus vymény lze popsat
vstupem jednoho z kyslika '°O molekuly C'*'*O, do vakance v krystalové mfiizce Ti'®O,. Tento atom
ve vakanci zlstava a misto né&j je na molekulu navazan sousedni atom O patiici do struktury Ti'*O,.
Vznika tak molekula C'*'®0, odchazi a podstupuje stejny proces za vzniku finalniho produktu
C'®®0,. Oproti tomu vyména mezi C'°O a Ti'®0, neprobiha vzhledem k tomu, Ze kyslik do vakance
nevstupuje a CO se vaze pifimo na atom Ti. Pfi ozafovani nevyZzihaného vzorku (A200) v pfitomnosti
CO; byl kromé izotopové vymeény zjistén také vznik methanu a acetylenu.

Studium fotokatalytického vzniku methanu na povrchu oxidid kovi (TiO, a dalSich) je pro nas
zajimavé z hlediska dodnes uspokojivé nevysvétleného pivodu methanu na Saturnové mésici
Titanu'""’” a zejména na Marsu'**. Methan v ptipadé Titanu mohl byt béhem formovani mésice ¢aste¢né
generovan fotochemicky a v piipadé Marsu se tak miize dit do dnes plsobenim fotoaktivnich
minerald'*'** na H,O a CO,. V piipadé Marsu tento argument podporuje zejména sezénni fluktuace

obsahu methanu v atmosféfe, jehoz koncentrace rostou béhem Marsovského 1éta'*’.

3.3.3. Fotochemie a FTIR spektrometrie interakce kyseliny mravenci s nanocasticemi anatasu
Ti"*0,

(ptedkladana publikace Photochemistry and gas phase FTIR spectroscopy of formic acid
interaction with anatase Ti'®O, nanoparticles. Civis, S.; Ferus, M.; Zukalova, M.; Kubat, P.; Kavan,

L. Journal of Physical Chemistry C, v tisku (DOI: 10.1021/jp303011a), (2012).

Mechanismus izotopové vymeény a fotokatalytické vlastnosti TiO, byly nésledné studovany za
pouziti kyseliny mravenéi. Vzorek kalcinovaného anatasu Ti'®O, (A450) byl opét umistén do
evakuované kyvety, kterd byla nasledné naplnéna parami kyseliny mravenéi HC'®O'*OH. Méfeni
izotopového slozeni plynné faze pomoci vysoce rozliSené spektrometrie prokazalo, ze nedochazi k

vyméné kysliku O mezi kyselinou mraven¢i a oxidem titani¢itym a navic dochdzi k zablokovani
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aktivnich mist povrchu, takZe nedochazi ani k vyméné mezi C'°O, a Ti'®O,. Pokud je vSak povrch
Ti'"®0, ozafovan UV zafenim (UV lampa a XeCl laser), dochazi k rozkladu HC'®O'OH za vzniku
C'"%0 a C'0,. Uvolnéna aktivni mista pak nasledné umozni vznik C'*'*0O, a C'™0,, které jsou

rozkladany za vzniku stopovych mnozstvi C*O.

4. Zaver

Predkladana dizerta¢ni prace je tvofena souborem studii zamétenych na vyzkum procest, pfi kterych
jsou generovany castice majici omezenou dobu zivota. Studium téchto specii se tykd dynamiky
jednoduchych molekularnich fragment (radikali, iontl) a nestabilnich molekul v mra¢nech v
mezihvézdném prostoru, ve hvézdach a jejich atmosférach ¢i kometach a reakei téchto jednoduchych
latek za vzniku organickych molekul, biomolekul a jejich prekurzori, diskutovan je také vliv latek s
katalytickym tc¢inkem (TiO,).

Byla studovana dynamika nestabilnich latek v doutnavém vyboji v methanu a vybranych
prekurzorech HNC/HCN a radikalti CN, které jsou vyznamnymi speciemi v kosmickém chemismu a
jsou povazovany za prekurzory biomolekul. V laserové jiskie pak byl studovan rozklad formamidu,
ktery je predpokladanym prekurzorem nukleovych bazi a aminokyselin. V souvislosti s pouZzitim
izotopové znacenych sloucenin a TiO, jako katalyzatoru byly studovany fotochemické vlastnosti

tohoto materialu a izotopova vyména s plynnou fazi.
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- Vysoce rozli$end
spektrometrie

S FOURIEROVOU TRANSFORMACI
~ A JEJi LABORATORNI APLIKACE

Martin Ferus'?, Svatopluk Civis'

"Ustav fyzikdlni chemie Jaroslava Heyrovského AV CR, v. v. 1., Dolejskova 2155/3, 182 23 Praha 8
*Fyzikalni dstav AV (R, v.v.1, Na Slovance 2, 182 21 Praha 8

Vylozime zde fyzikdIni zdklady spektrometrie s Fourierovou transformaci. Ukdzeme
jednoduchy postup nastinujici odvozeni zakladniho vztahu Fourierovy transformace, poddme
popis uspordddni spektrometru a vysvétlime princip casové rozlisenych spektrdlnich méreni.
Cldnek rovnéz struéné seznamuje ctendre se zajimavymi vysledky, dosazenymi na nasem
pracovisti pomoci vysoce rozlisujiciho spektrometru s Fourierovou transformaci Bruker IFS 120
HR, v soucasnosti jediném pristroji tohoto druhu u nds. Ndsledujici fddky jsou urceny zejména
tém, kteri se chtéji podrobnéji sezndmit s touto metodou a s moZnostmi jejiho vyuZziti.

Uvop

Spektrometrie s Fourierovou transformaci (FT spektro-
metrie) je padesdt $est let starou metodou, ktera si na-
$la fadu aplikaci v laboratofich i ve vyzkumu atmosfé-
ry a kosmu. V soucasné dobé jsou komeréné dostupné
pristroje od velikosti stolniho pocitace az po aparatury
dlouhé nékolik metrt poskytujici rozliSeni tisicin reci-
prokého centimetru, tedy v oblastech prirozenych sifek
absorpcnich ¢ar. Jediny vysoce rozlisujici spektrometr
v CR se nachazi na Ustavu fyzikdlni chemie Jaroslava
Heyrovského. Tento pristroj byl aplikovan v oblastech vy-
zkumu zivotniho prostfedi, teoretického studia spekter
a casové rozliSenych méfeni emisnich spekter nestabil-
nich ¢astic. Pofizenim vysoce rozliSujiciho spektromet-
ru s Fourierovou transformaci i dalsi praci spektrosko-
pickych laboratofi na zminéném tstavu je navdzdno na
spektroskopickou tradici tohoto pracovisté. Skupinou
J. Plivy, M. Hordka, R. Sovicky a P. Engsta byl jiz dfive
vyvijen vysoce rozlisujici spektrometr, ktery byl vSak za-
lozen na pouziti mfizky jako disperzniho prvku.

KRATCE Z HISTORIE

Francouzsky matematik Jean Baptista Josef Fourier
mohl byt spisovatelem, ale ve tfindcti letech si vybral

jinou oblast svych zajmui: matematiku. V roce 1794 byl
pfijat na Ecole Normale v Pafizi a byl vyucovan veli-
kdny své doby, jako byli Lagrange a Laplace. Fourier se
zucastnil Napoleonovy vypravy do Egypta a po navra-
tu ziskal vyznamné misto prefekta. V prvnich létech
19. stoleti zacind pracovat na svych nejvyznamnéjsich
matematickych pracich. Ackoliv byla tehdy tato dnes
cenénd dila povazovina za kontroverzni, bylo Fouriero-
vi udéleno nékolik cen. Jeho zavéry byly o desetileti poté
vyuzity pozdéjSim nositelem Nobelovy ceny Albertem
Michelsonem. Kromé toho, Ze Michelson je autorem ex-
perimentu vyvracejiciho teorii svétového éteru, zaby-
val se tento védec rovnéz Zeemanovym jevem. Pro tuto
¢innost sestrojil tzv. harmonicky analyzator pracujici
s 80 datovymi body. Pristrojem byl schopen vzniklé du-
blety analyzovat pravé pomoci algoritmi vychazejicich
z Fourierovych praci. V roce 1952 Peter Fellgett navrhl
prvni spektrometr s Fourierovou transformaci. Pristroj
byl pak sestrojen a odzkousen skupinou Johna D. Stron-
ga. § rozvojem pocitacu byly ukonceny polemiky o tom,
jestli je vyhodnéjsi klasickd spektrometrie nebo spekt-
rometrie Fourierova. Metoda byla vyuzita pfi astrono-
mickych méfenich spekter planet (Pierre Connes a Ja-
nine Connesova), v kosmickém vyzkumu pomoci sond
(napf. VIKING ¢i NIMBUS), pozemskych atmosféric-
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Obr, 1 Zékladni ¢asti spektrometru s Fourierovou transformaci je interferometr. Na obrézku je
ukdzan rez spektrometrem s interferometrem Michelsonova typu. Ze zdroje zareni (zde
v emisnim usporadani se jedna o vybojovou celu) dopadaji paprsky na déli¢ paprsk
BS a odrazeji se od pohyblivého (PZ), resp. fixniho (FZ) zrcadla. Prochazejici a odrazené
paprsky spolu interferuji. V absorpénim uspofadani je mezi detektor a interferometr
umisténa cela s méfenym vzorkem. Pfidané elektronické komponenty slouzi k akvizici
dat pfi casové rozliseném méreni.

kych mérenich (Hajime Sakai a Randall E. Murphy)
a mnoha laboratornich experimentech. Spektrometrie
s Fourierovou transformaci znamenala jesté jednu ex-
perimentdlni revoluci: pomoci této metody je mozné
jednoduse sledovat rychlé ¢asové zmény systému. Jiz
v 60. a hlavné v 70, letech byly diskutovdny a vyvinu-
ty metody pro sledovani ¢asovych zmén v Fadu mili-
sekund i mikrosekund. V dalsich letech jiz ndsledovala
méteni s rozliSenim v fadech nanosekund.

TEORETICKE ZAKLADY METODY

Algoritmus Fourierovy transformace vychdzi z rovnic
pro interferenci paprski. Zakladni ¢asti spektrometru
je interferometr, ktery generuje dva paprsky vzajem-
né posunuté o jisty drahovy rozdil. Obr. 1 znazornu-
je spektrometr s interferometrem Michelsonova typu
v emisnim uspofadani. Paprsek ze zdroje dopadd na
deéli¢ BS umistény ve stfedu optické soustavy. Délic je
z ¢dstecné transparentniho materidlu a propusti pou-
ze polovinu z prochazejiciho zéfeni. Toto zafeni putuje
k pohyblivému zrcadlu PZ. Paprsky odrazené délicem
dopadaji na zrcadlo fixni FZ. Ob¢ frakce jsou na délici
opét slouceny a vychdzeji z optické soustavy interfero-
metru ven, kde dopadaji na detektor. Pohyblivé zrcadlo
udéluje jedné z frakei paprski drahovy rozdil 8 (OPD -
Optical Path Difference). Pro monochromatické zafeni
plati, ze vyslednd intenzita [, interferujicich paprskii
oznacenych A a B bude déna jako ¢tverec souctu vino-
vych funkei ¥, a ¥, tedy

Ly=(v, + v,)'. M

Vysledna rovnice pro interferenci pak bude mit
tvar

Ly=1,+ I, + 2.[1, 1, cos (k&) , @)

kde k je vinovy vektor svétla. V piipadé polychromatic-
kého zéreni dojdeme k rovnici

1(8) = f[k (k) + flk cos (K8)dk, (3

kde /, je intenzita k-té monochromatické slozky zareni.
Rovnici (3) lze prepsat jako

exp(ikd) + exp(—ikd)
2

1(5):}1,‘ (k)dlke +T4 *) dk, (4)
0 0

kde i je imaginarni jednotka, a upravit do tvaru
| i .
I@)=5h+5 Jj (k) exp(ikS)dk . (5)

Jestlize uvazujeme vysledny interferogram jako
funkci, pro niz plati

S(6) =218)—1,, (6)

je S(8) intenzita zdfeni registrovaného detektorem,
kde dosazenim vyrazu (6) do (5) dostaneme

5@) = I/A (k) exp(ik&)dk . ()

Protoze vlnovy vektor je dan rovnici

k=2~ 2, (®)
A
kde A je vlnova délka a v je vlnocet, vysledna rovnice
vyjadiujici intenzitu zafeni S(8) registrovaného detek-
torem bude mit tvar

S(6) = jl(v) exp(2mivé)dv. (9)

Fourierova transformace viak méd naopak vést ke
spektru zdroje. Pfepocetni vztah ziskime inverzi této
rovnice:

I(v)= TS(B) exp(—=2mivé)do . (10)

Tento vyraz lze zjednodusit na tvar ¢asto zminova-
ny v literatufe pouzitim vzorce

exp(-2mivd) = cos(2mvd)—isin 2wive;  (11)

dostaneme
I(v) = jS(fS)cos(ZJrva)d&. 12)

Pravé tato rovnice je klicem k prepoctu interfero-
gramu S(J) registrovaného detektorem na spektrum
zdroje I(v).

Piistroj vak snima interferogram jen od dréhové-
ho rozdilu nula do maximalniho drahového rozdilu
omezeného délkou drihy pohyblivého zrcadla. Navic
interferogram neni registrovan spojité, ale digitalizo-
vén v bodech. Kazdy interferogram se tak skladd z N
vzorkovacich bodl. Rovnici Fourierovy transformace
prepiSeme na vysledny tvar:

I(v) =2 S(8)cos(2mv, §)AS, , (13)

i=1
kde /(v)) je intenzita zdfeni zdroje na j-té poradnici vl-
noctu v, a S(5) je intenzita signdlu snimaného detek-
torem na i-té poradnici drdhového rozdilu &,. Presnd
kontrola rychlosti a polohy pohyblivého zrcadla je za-
jisténa HeNe laserem pracujicim na vlnové délce 632,8
nm. Laserovy paprsek prochazi interferometrem po
stejné draze jako polychromatické zareni a dopadd na
fotodiodu. Dioda registruje interferogram podobny
funkci kosinus s maximy pti posunu o celistvé nasobky
vinové délky n An=12,3.)a minimy pfi posunu
on-A/2 (n=1,2,3,..). Z rovnice 13 vidime, ze bé-
P3
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hem jednoho pojezdu pohyblivého zrcadla (tzv. skenu)
ziskime informaci o celém zvoleném spektralnim roz-
sahu. Tato vyhoda — moznost sledovat celé spektrum
v Casovych relacich omezenych pouze jednim skenem
- je nazvina multiplexni vyhodou nebo také vyhodou
Fellgettovou.

Ve spektrometru s interferometrem Michelsonova
typu jsou interferujici paprsky vedeny pres kyvetu se
vzorkem a dopadaji na detektor. Takto sestaveny spek-
trometr neobsahuje zadny disperzni prvek (mf#izku
nebo hranol) a priichodnost systému E (v anglosaské
literatute oznacovana étendue) je fyzicky dana hlavné
velikosti zrcadel a vykonem detektoru Rt

E=Rpy - Q, (14)

kde Q je prostorovy tihel, pod nim# zrcadla soustie-
duji svazek na detektor. Tento tihel je rovnéz zavisly na
rozlieni, které muzZe interferometr poskytnout. Podle
svého objevitele je tato vyhoda pojmenovéna Jacqui-
notova.

Vysoké rozliseni patfi k dalsi z vyhod spektrometrie
s Fourierovou transformaci. RozliSeni dané paramet-
rem Av (rozdil vinoéta dvou linii - interval, kterym je
Ize oddélit) je totiz dino jako reciproki hodnota dra-
hovéeho rozdilu paprskii 8,,,,, resp. dvojnasobku dréhy
pohyblivého zrcadla

Av =1/5, . (15)

U konvencnich piistroji je rozliseni omezeno hus-
totou vrypli na mtizce. Tento parametr je viak omezen
vyrobnimi moznostmi a dosahnout Ize rozligeni v i4-
dech 107 cm. To, Ze rozlifeni je imérné drihovému
rozdilu, vyplyvé z vlastnosti interferogramu. Interfero-
gram linif ve tvaru piku se sklid4 z pravidelné se opa-
kujicich oscilaci, které jsou s rostoucim drahovym roz-
dilem postupné tlumeny. Plati, ze

Ad=1/NAv, (16)

kde N je pocet bodii snimanych ptistrojem. Abychom
separovali velmi blizké linie, musime tyto oscilace
zméfit - ziskat interferogram s dostatecnym drahovym
rozdflem. Interferogram polychromatického spektra
tedy obsahuje informace vedouci k vysokym rozlise-
nim prévé v oblastech s nejmensi intenzitou a nejvét-
$im drahovym rozdilem.

S rozliSenim pfimo souvisi numericka aprava spek-
tra zvand apodizace. Linie ve spektru ma po proveden{
Fourierovy transformace jiny tvar nez ve skute¢nosti.

K DALSI CETBE O SPEKTROSKOPII
VYSOKEHO ROZLISENI:

a) Monografie poskytujici piehled o rané historii oboru
a tradicnich experimentalnich postupech:

S. Tolansky: High Resolution Spectroscopy, Methuen,
London 1947.

Patrné nejrozsifenéjsf u¢ebnice-kompendium:

J. M. Hollas: High Resolution Spectroscopy, 2. vyd.,

J. Wiley & Sons, Chichester-NY-Weinheim-Brisbane-
Singapore-Toronto 1998.

b

C

Pro sezndmeni s pfislusnymi metodami laserové
spektroskopie je asi nejvhodnéjsi:

W. Demtroder: Laser Spectroscopy, Vol. 1 (Basic
Principles) + Vol. 2 (Experimental Techniques), 4. vydéni,
Springer-Verlag, Berlin, vyjde v ¢ervenci 2008.
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Obr.2 Rezspektrometrem Bruker IFS 120 v absorpénim uspofadani s charakteristikami
Jjednotlivych komponent

Jeji intenzita je rozptylena do podruznych maxim. Aby-
chom ziskalilinii tvarem se blizici skute¢nosti, je nutné
interferogram vynasobit apodiza¢ni funkei vhodného
tvaru:
S(v) =Y 1(8)A(8)cos2nv 8)AS.  (17)
=l
Touto numerickou upravou potla¢ime podruzna
maxima (termin apodizace pochdzi z feckého ’a tdSoc
- bez chodidel). Linie v transformovaném spektru se
vsak pouzitim apodizace rozsituji a splyvaji, ¢imz klesa
moznost separace dvou blizkych linii, roste parametr
Av a klesd rozliseni.

Bruker IFS 120 HR

V Ceské republice je pouzivdn zatim jediny vysoce
rozlisujici spektrometr s Fourierovou transforma-
ci v laboratofi FT a laserové spektrometrie na Usta-
vu fyzikdlni chemie Jaroslava Heyrovského v Praze.
Jednd se o komer¢né dostupny piistroj némecké fir-
my Bruker typ IFS 120 HR, ktery byl obdrzen darem
od univerzity v némeckém Wuppertalu v roce 2004.
V' prodeji je jiz i pokrocilejsi verze Bruker IES 125
HR. Systém pro méfeni ¢asové rozlisenych spekter
byl piivodné sestaven na univerzité v japonské Oka-
yame. Po fadé vylepseni je nyni stejny systém napoje-
ny nazminény spektrometr umistén v nasi laboratofi.
V soucasnosti je tento pfistroj za pouziti interferenc-
nich filtri schopen mérit absorpéni i emisni spektra
s rozliSenim az 0,003 5 cm v intervalu vlnoéti od
400-25000 cm. Rez pFistrojem a charakteristiky né-
kterych prvki zndzoriuje obr. 2. Jako zdroje jsou po-
uziviny wolframova zdrovka a globarovy zafic, délice
paprskii pro riizné spektralni oblasti jsou zhotoveny
z bromidu draselného, fluoridu vipenatého a kieme-
ne. K detekei signdlu jsou pouzity polovodicové du-
sikem chlazené detektory InSb, HgCdTe (tzv. MCT)
a i polovodicovy detektor pracujici pfi laboratorni
teploté. Ke kontrole polohy pohyblivého zrcadla je
pouzit HeNe laser.

SPEKTROMETRIE S €ASOVYM ROZLISENIM

Casové rozliSend spektrometrie s Fourierovou trans-
formaci je vyhodni zejména z hlediska zisku spek-
tra v Sirokém intervalu vinocti (multiplexni vyhoda)
a dobré optické prichodnosti systému (Jacquinoto-
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Obr.3 Schéma akvizice dat kontinualnim skenovanim podle Mantze. Systém vyuziva pro
zisk kompletniho interferogramu vice sken(. Vyboj je pfitom zpoZdén tak, aby signal
z detektoru pro jednotlivé drahové rozdily vzdy prislusel stejnému ¢asovému useku.
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Obr. 4 Akvizice dat FT. V kazdém optickém drahovém rozdilu je iniciovan vyboj a jsou snimany
Casové posunuté signaly z detektoru (AD trigger). Ze ziskanych dat je rekonstruovén set
casové posunutych interferogramdi.

va vyhoda), kterd vede k vysokym poméram signalu
k $umu (tzv. SNR, signal-to-noise ratio). Rychlost akvi-
zice dat je omezena dobou trvini procesu, rychlosti
odezvy detektoru a vykonem elektronickych prvki.
V zdsadé mizeme rozliit dva pfistupy uplatiujici se
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Obr.5 Absorpéni spektrum koure z marihuany s ozna¢enymi absorpénimi pasy jednotlivych
latek

pfi zisku ¢asové rozliSenych spekter: techniky konti-
nuidlniho skenovinia nekontinudlniho skenovéni (step
scan) [1].

Kontinualni skenovdni lze nejsndze uplatnit teh-
dy, je-li délka sledovaného déje delsi nez ¢as potiebny
k provedeni jednoho skenu, tzn. k ziskani interfero-
gramu az do maximalniho drdhového rozdilu. Jed-
notlivymi casove posunutymi skeny ziskdme po sobé
jdouci interferogramy, jez lze prepocitat na konvenc-
ni spektrum. Pfi pouziti rychlé¢ho skenovini a po-
jezdu zrcadla na krdtkou vzddlenost lze dosahnout
rozliSeni v desetindch vtefiny. Specialnim pfistupem
vhodnym pro zisk ¢asové rozlisenych spekter déji
trvajicich v fddech milisekund je technika rychlého
kontinudlniho skenovani (setkame se s terminy rapid
scan nebo fast scan). Tento postup stejné jako dalsi
nize zminéné metody vyzaduje, aby reakci bylo moz-
no iniciovat v pulznim rezimu, naptiklad za pouziti
laseru, elektrického vyboje, bombardovini elektro-
ny, UV vybojky apod. Pristroj provadi rychly konti-
nudlni sken a béhem pulzu snimd z detektoru signal
prislusny k poloze zrcadla a ¢asu od pocatku pulz-
ni reakce. Pfi dal$im skenu je opét provadén stejny
proces, ale tak, aby byl signdl v danych drahovych
rozdilech posunut o zvoleny ¢asovy interval (obr.
3). Po akumulaci dostatecného mnozstvi dat z dal-
gich a dalsich skent je rekonstruovin interferogram.
Pti skenovaci rychlosti 50 kHz je vzdalenost jednot-
livych ¢asovych bodi 200 ps. Méfeni fotolyzy ace-
tonu timto systémem publikoval A. W. Mantz [2, 3]
roku 1976. Metoda se vsak prilis neujala. Roli v tom-
to pfipadé sehrala sloZitost systému, ktery lze nahra-
dit vyhodnéjsim uspotddanim. Vysledky mérfeni byly
navic dilem artefakti, na viné bylo hromadéni pro-
dukt v méfici cele.

Daleko vyhodnéjsi metoda nekontinudlniho ske-
novani v krocich (step scan) byla aplikovéna pfi studiu
reakce dusiku s kyslikem R. E. Murphym a H. Sakai-
em [4, 5] v poloviné sedmdesatych let. Interferogram
je ivtomto pripadé rekonstruovin z dat ziskanych bé-
hem méfeni, aviak v rdimci jednoho skenu. Z principu
skenovani v krocich vychazi i akvizice dat realizovana
upravenym spektrometrem Bruker IFS 120 v nasi la-
boratofi. Rozdilné v§ak je, Zze zrcadlo neni tfeba zasta-
vovat v definovanych drihovych rozdilech. Systém si
pfiblizime nasledovné:

Poloha pohyblivého zrcadla Michelsonova interfe-
rometru je spektrometrem zjistovdna pomoci snimdni
interferen¢nich maxim zafeni HeNe laseru. Vstupujici
signal v podobé kosinové funkce je digitdlné zpraco-
vén na obdélnikové pulzy a je internim standardem
interferometru. Frekvence téchto obdélnikovych pul-
zt zdvisi na rychlosti pohybu pohyblivého zrcadla.
V rezimu klasického méfent je frekvence obvykle 40
kHz, v ptipadé ¢asové rozlisenych méfeni 10 kHz a
mensi. Externim procesorem je sledovan pocatek di-
gitdlniho pulzu HeNe laseru, jeho pofadi a nulovd po-
loha zrcadla. Béhem jednoho pulzu je sniméan signdl
z detektoru (30 nebo az 64 signalu), tzv. AD trigger
(viz obr. 4). Tyto signdly jsou ¢asové posunuty. Ziska-
me tak matici /(#,,8,) intenzity I v casech ¢, (k= 1, 2,
3, ... 30 nebo 64) pro dany opticky drahovy rozdil &,
(i je index znacici nulovy az maximélni zvoleny optic-
ky drahovy rozdil). Do procesu sniméni dat (AD trig-
ger) lze vlozit vybojovy pulz s proménnou délkou. Vy-
sledkem je 30 az 64 interferogrami vzdjemné casové
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posunutych (1, 2 nebo 3 ps). V pripadé pouziti vybojo-
vého pulzu lze v ¢asové posunutych interferogramech
(spektrech) pozorovat procesy pred pulzem, béhem
pulzu a po jeho skonceni. Velkou vyhodou je, ze pro
kazdy dany ¢asovy interval je ziskiano vysoce rozlise-
né FT spektrum obsahujici informace o vsech liniich
specii pritomnych ve spektru. Vysledkem je, ze kazda
linie ve spektru ma svij casové rozliSeny profil.

ENVIRONMENTALNI PROBLEMATIKA

Prvni z mnoha aplikaci bylo vyuziti spektrometru
Bruker IFS 120 ke stanoveni majoritnich slozek spalin
z riznych materidlt. Méfena spektra byla ziskdna pri
tlacich jednotek az desitek kPa. Za danych podminek
spektrometr poskytuje vyhodu zejména vysoké citli-
vosti a Sirokého spektralniho rozsahu. Dosazeni vy-
sokého rozliSeni vzhledem k tlakovému roziireni li-
nii nehraje prvofadou ulohu. Obr. 5, 6 a 7 zobrazuji
dvé z méfenych spekter - spektrum koufe z marihua-
ny, spalovani dreva a spaliny dieselového motoru. Ve
spektrech jsou zastoupeny typické produkty spalova-
cich procest: jednoduché organické slouceniny jako
methan, ethan, ethylen, acetylen, formaldehyd, acet-
aldehyd a nékteré specifické produkty - kyanovodik,
metanol, aceton a amoniak v koufi z marihuany. Neni
bez zajimavosti, ze kouf z marihuany se kromé pri-
tomnosti amoniaku kvalitativné nelisi od cigaretove-
ho koure.

V jiné studii jsme se zaméfili na produkty spalovani
plastu: PET (polyethylentereftaldtu - obr. 8) a polyure-
tant. Ve spalinach byla nalezena fada zminénych orga-
nickych litek. Za zminku stoji pritomnost kyanovodi-
ku ve spalindch z polyuretanu.

Dalsi oblasti aplikace FT spektrometru bylo kvan-
titativni stanoveni zastoupeni metanu v bioplynu pro-
dukovaném sklddkou a ¢istirnou odpadnich vod. Vyso-
ce rozliSend spektra poskytla dostatek silnych linii, pro
néz jsme stanovili kalibra¢ni zavislost absorbance na
tlaku plynu. Bylo zjisténo, Ze bioplyn z istirny odpad-
nich vod na Cisafském ostrové obsahuje v porovndni se
sklddkovymi plyny nejvice methanu - 71,1 %. Vzorky
ze skladky komundlniho odpadu v Dolnich Chabrech
a Dablicich obsahovaly 54,7, resp. 58,4% methanu.
Ostatnimi slozkami jsou oxid uhli¢ity a voda.

Na téchto prikladech lze ukdzat, Ze tato metoda je
vzhledem k velkému spektralnimu rozsahu a citlivosti
dobre pouzitelnd pro méfeni hlavnich slozek plynnych
Smeési.

MERENI VYSOCE ROZLISENYCH SPEKTER

Meéieni s vysokym rozliSenim jsou dilezitd zejména pro
teoretické studium absorpénich spekter. Pri béznych
laboratornich experimentech vSak nema smysl vzdy tr-
vat na ¢asové naro¢nych méfenich s maximalnim roz-
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Obr.7 Absorpéni spektrum spalin dieselového motoru s oznacenymi absorpénimi pasy
jednotlivych latek
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Obr.8 Absorpénispektrum spalin PET s oznacenymi absorpénimi pasy jednotlivych latek

lisenim. Linie rotaéné-vibragnich prechodii slozitéjsich |
latek jsou rozsifeny natolik, ze fyzicky splynou v jeden
pas, a tudiz je nelze ani pfi nejvyssich rozlisenich vza-
jemné separovat. Tento pripad ukazuje spektrum ace-
tonu méfené s maximélnim rozlisenim 0,003 5 cm ' na
obrazku 9. Je vidét, ze i pfes vysoké rozliSeni je mozné
pozorovat jen obilku rota¢né-vibrac¢niho pasu skupiny
-CH,. U jednodussich litek, jako je methan, viak mé-

deg. valenéni sym. valenéni

0,02 4 3019 . 2937

absorbance

T T T T T
3080 3040 3000 2960 2920

vinocet (cm™)

Obr.9 Absorpéni spektrum acetonu. | pfi maximalnim rozliseni zde splyvaji jednotlivé linie
v jediny pas.
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Obr. 10 Absorpéni pas methanu méfeny s rozlidenim 0,02 cm' (¢ervend) a 0,003 5 cm ' (modra).
Méfeni s maximalnim rozliSenim odhaluje, Ze na jednotlivé linie spektra méfeného
s nizdim rozlisenim jsou ve skuteénosti tvoreny dalsimi liniemi.

feni s vysokym rozliSenim smysl ma. Na obr. 10 vidi-
me, ze nékteré linie ve spektru méfeném s rozlisenim
0,02 cm™ jsou pii méfeni s maximdlnim rozlisenim
separovany do dalsich linii. Rozsireni linii v§ak neni
zavislé jen na rozliseni, jaké poskytuje instrumentace
a Dopplerové jevu. Zejména pfi méfeni vzorki za vys-
Sich tlakd (atmosféricka méreni) dochdzi k tlakovému
rozsifeni linii. Pomoci spektrometru Bruker 120 byla
také s rozliSenim 0,02 cm' méfena spektra formalde-
hydu a porovnévdna s vysledky fotoakustické detekce
a laserovymi méfenimi [6].

Dilezitou aplikaci infracervené spektroskopie s vy-
sokym rozlienim je méreni izotopového slozeni plyni.
Je-li v molekule pritomen tézsi izotop, jsou jeji rotac-
né vibra¢ni linie posunuty smérem k niz§im vinoc-
tam. Obr. 11 ukazuje spektrum oxidu uhli¢itého a téze
slouceniny majici v molekule dva kysliky "“O. Pomoci

co,

05

absorbance

2340

2320
vinoget (cm-1)

Obr.11 Ukazka spektra smési C'°0, s C"°0,

spektrometru byla sledovina izotopovd vyména mezi
vodou H,"*0 a oxidem uhlic¢itym C'°O,. Experiment byl
slepym pokusem k méfeni vzorku ziskanych odstrelo-
vanim smési CO:N,:H,"O (1:1:2ml pii atmosférickém
tlaku) pomoci prazského laserového systému Asterix
IV (PALS). Jednodenni méfeni odhalila nariast oxidu
uhli¢itého s jednim i dvéma O béhem nékolika vy-
strelt, normalni izotopova vyména v téze smési pfitom
trva nékolik tydni. Zavéry z tohoto experimentu se
nyni pripravuji k publikaci.

CASOVE ROZLISENA SPEKTROSKOPIE

Casové rozlisend spektroskopie byla uplatnéna pfi stu-
diu nestabilnich meziprodukti reakei. Pro tyto reak-
tivni ¢dstice se v anglosaské literatufe vZil termin tran-
sient species — prechodné (kratce zijici, transientni)
molekuldrni ¢éstice. Spektroskopicka literatura (Herz-
berg [7]) ¢asto hovori v tomto smyslu o radikalech, ac-
koliv podle kvantové teorie mize byt nazyvina radi-
kalem pouze &astice s neparovym elektronem. Vysoce
rozlisena spektroskopie nestabilnich ¢éastic je dilezita
zejména pro takové obory, jakymi jsou astrochemie
a astrofyzika [8], environmentélni védy ¢i prumyslova
chemie [9].

S instrumentaci v soucasnosti umisténou v nasi la-
boratofi byla na univerzité v japonské Okayameé ve spo-
lupraci s prof. K. Kawaguchim méfena ¢asové rozlisend
spektra nestabilnich ¢astic. Se starsi verzi pfistroje byla
ziskdna spektra molekularniho iontu H,', ktery hraje
velmi dulezitou roli inicidtora mnohych reakci v kosmu
[10] (vystupuje jako donor protonu). Bylo potvrzeno, ze
ve smési helium - vodik je ion produkovan pravé vyso-
ce vybuzenymi atomy He, pfi¢emz samotny ion vznika
srazkou H," s molekulou vodiku. Byl rovnéz pozorovan
vznik nestabilni ¢astice He,.

V nedavnych experimentech jsme se zabyvali dout-
navym vybojem ve smési methanu a helia (obr. 12) s ci-
lem Casové rozlisenou spektrometrii pozorovat vznik

0Obr.12 Vyboj ve smési helia a methanu v emisni cele
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Obr.13 (nahofe) Spektrum vyboje ve smési methanu a helia

Obr. 14 (vpravo nahore) Postupny vznik radikali CHa C;
iniciovany metastabilnim heliem a) 4000

Obr.15 (vpravo) Linie rotacné vibraéniho emisniho spektra
radikalu CH v zakladnim stavu I, Spektrum vyboje ve
smési 0,4 kPa He 5 0,007 kPa methanu pfi 40 ps dlouhém
pulsu (rozlideni 0,05 cm™)

R vétev

il

a zanik nestabilnich meziproduktt a zjistit doby Zivota
energetickych hladin téchto ¢istic za danych podmi-
nek. Volba smési methanu a helia s vodikem nebyla ni-
hodnd, nebot He je schopno dosdhnout vysoce excito-
vanych stavi s prvni ionizacni energii [11] az 24,588 eV,
¢imz ziskdva znaény potencidl pro destrukci ostatnich
specii ve smési, methan je jednoduchy uhlovodik, na-
vic spolu s He a H vyznamné zastoupeny v kosmu. Zis- 0
kali jsme ¢asové rozliSena spektra, ktera popisuji dy-

namiku vzniku a zaniku radikdla C,, CH a nékterych
jednoduchych specii jako atomérniho vodiku, mole-
kuldrniho vodiku (Rydbergovy stavy) a atomarniho

uhliku. Identifikovdno bylo rovnéz emisni spektrum j=35 j=25 j=4, 4
acetylenu, ktery je produktem reakce. Obr. 13 ukazu- Ry R, R By R R, R, Ry R,R,R,R, RyR,R,R,
je emisni spektrum s identifikovanymi liniemi nebo H - V \\y 4
pasy jednotlivych ¢astic a obr. 14 pak postupny vznik 20004
C,a CH béhem vyboje a po ném. Na obr. 15 je ukazino
emisni spektrum radikalu CH a na obr. 16 jeho vyha-
sinani po vyboji.

Dulezité je potvrzeni faktu, ze z jednoduché mo-
lekuly, jakou je methan, v téchto podminkach (resp.
obecné v podminkach plazmy) vznikaji komplikova-
néjsi specie - radikdl C, ¢i acetylen. Stejné procesy byly
pozorovany i v laserovych jiskrach [12]. V atmosfére
planety Uran a Saturnova mésice Titanu (stejné jako
u ostatnich plynnych obri) byl vedle methanu rovnéz
detekovan acetylen spolu s dal$imi jednodus§imi uh-
lovodiky [13]. Je pfedpokldddno, Ze i atmosféry mno-
hych z nedédvno objevenych extrasoldrnich planet ob-
sahuji methan. Infracervend detekce uhlovodikii je
providéna zejména z palub sond (Voyager, Spitzeriv
dalekohled IRS), nebot pozadovany obor zafeni neni
propoustén zemskou atmosférou. Rozmanity che-
mismus vesmiru se oviem netyka jen methanu, helia
a produktu jejich reakei v plazmé, tak jak byly studo- 750
vany v nasi laboratofi. Dosud bylo ve vesmiru deteko- 200 A L il -
vano mnoho organickych sloucenin a predpoklada se, AV RS W\Mﬂ ¥ Y,
ze pravé chemie uhliku hraje ve vesmiru velmi dulezi- T T e e
tou ulohu [14]. vinoet (cm")
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Obr. 16 Casové rozliené FT spektrum radikalu CH

Z environmentalniho hlediska souvisi vznik kom-
plikovanych specii z jednodussich, napf. s emisemi po-
lyaromatickych uhlovodikia (PAH) ze spalovéni lehéich
uhlovodiki v podobé benzinu ¢i nafty. Vratime-li se
zpét do kosmu, md se za to, ze i PAH se nachézeji v me-
zihvézdném prostoru [15] a jejich vyskyt je spojovan
s tzv. DIBs (Diffuse Interstellar Bands - difuzni mezi-
hvézdné pasy).

NEKOLIK SLOV ZAVEREM

Spektrometrie s Fourierovou transformaci je hojné vy-
uzivanou technikou. Emisni a absorpéni spektrometrie
kromé zminénych laboratornich aplikaci hraje nezastu-
pitelnou tlohu v dilkové detekci z palub kosmickych
sond nebo pomoci pozemskych teleskopti. Nase soucas-

né znalosti o vesmiru byly ziskany pfedevsim na zakladé
optickych pozoroviéni (teleskopy) a optické, infracerve-
né amikrovinné spektrometrie (mikrovinné teleskopy).
Citlivost laboratornich spektralnich metod Ize vyrazné
zvysit pouzitim cel s dlouhou optickou drihou nebo vi-
cendsobnym odrazem (tzv. cavity ring down spectrosco-
py), kde jsou jako zdroje zafeni pouzity lasery.

Podékovani
Autofi dékuji Grantové agentufe AVCR (granty &islo
[AA400400705 a ¢islo KAN 100500652).
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ABSTRACT: Time-resolved Fourier transform infrared emission spectrosco-
py was applied to the study of a pulsed discharge in a He/CH, mixture. The
dynamics of the formation and decay of acetylene v (3289 cm™), methane v
(3019 cm™) and v; (2917 cm™"), the CH radical electronic ground state X*I1,
(2309—2953 cm™), C, Bernath electronic transition BIAg—AIHu (3337—3606
em™"), molecular hydrogen emission transitions Sg—4f and 2p—2s, atomic
hydrogen, and atomic helium were monitored in the 1800—4000 cm™" region.

The time profile of the rotational and vibrational temperature of the CH
radical was obtained for a 30 ys time interval during and after the discharge pulse. A kinetic model was used for the study of the
chemical dynamics of the formation and decay of the individual fragments. The results from the model were compared to the

experimental emission spectra.

1. INTRODUCTION

The motivation for studying the behavior of methane in plasma,
which can be created using various methods, arises from various
fields of study. Among the most exciting motivations are the
following: the plasma-chemical processing of natural resources
(e.g., natural gas), the preparation of carbonaceous thin films and
coatings, and the laboratory simulation of the chemical con-
sequences of a high-velocity impact by an extraterrestrial body
(such as a comet or meteorite) and/or lightning in the Earth’s
early atmosphere or in the atmosphere of Titan (Saturn’s largest
moon).

It is assumed that the early, strongly reduced stages of the
Earth’s atmosphere contained a large amount of methane. We
conducted a detailed study on the dynamics of methane decay
using an electric pulse discharge and emission spectroscopy in
the infrared spectral range. At the same time, laser-induced
dielectric breakdown (LIDB) studies were performed using a
high-energy laser, PALS (Prague Asterix Laser System), and
optical spectroscopy.

The electrical discharge in methane has been the subject of
many previous studies.” * These studies showed that a pulsed
discharge into CH, can lead to the conversion of methane
into larger hydrocarbon molecules under the appropriate
conditions.®

From the infrared spectroscopic observations, the discharge
process caused a large concentration of simple radicals (CH (X1],
A’A, B’Y7), C, (B'A,~A'L,), C (P, 'D, 'S), and H (n > 1)) to
form. These radicals play a very important role in plasma chemical
reactions and have often been the subject of kinetic studies.®”
Despite the large amount of kinetic data on the isolated reactions
of simple radicals with various species, a satisfactory, unequivocal
model that can predict the overall processes that occur in the

<7 ACS Publications  © 2012 American Chemical Society
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plasma of the methane discharge does not exist, particularly for
time-resolved measurements.

Among the various methods of plasma generation, the
discharge plasma approach is of particular importance because
the physical—chemical conditions can be far from equilibrium
during such a process. These conditions are due to the com-
plicated interplay of many macroscopic and microscopic
processes that occur in the plasma. Therefore, a complete
understanding of the potential properties of such a system
requires detailed knowledge of the behavior of the various
intermediates that form under certain conditions and at certain
time intervals.

Traditionally, mass spectrometry methods have been used by
several authors to characterize pure methane discharge
plasmas,® and great effort has been devoted to modeling the
system.9 However, emission spectroscopy in combination with
actinometry'® represents an attractive method for nonintrusive,
in situ plasma diagnostics, which have been used relatively less
often than mass spectrometry for the characterization of C/H
deposition plasmas.'"">

The aim of this work was to observe the reaction dynamics of
unstable species with the use of time-resolved spectroscopy
(TRS-FT). The results of the measurements of the emission
spectra acquired over time and the abundance of reactive
fragments were used to follow the reaction scheme of a glow
discharge, which summarized the formation and decay of the
excited individual species during the TRS-FT measurements.
This method was first employed for the study of pulsed
discharge in less complicated systems (the formation of ArH
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and ArH" and related atomic species'> and then for the study of
He, and H,").'*"®

The use of TRS-FT enabled processes inside of the methane
discharge plasma to be studied and permitted the dynamics of
the formation and decay of excited atoms, radicals, and ions to
be described. The individual processes were investigated using
atomic or molecular lines over a wide spectral range of high-
resolution FT technology, which extended into the time
dimension. The limitation of this method is the sensitivity of
the infrared FT emission technique and the considerable
number of scans (25 min per measurement) required to acquire
the data.

Methane Plasma Chemistry. Electrical discharge in
methane is a relatively complicated process. The system is
dynamic and is determined by a series of reactions, which have
been studied both theoretically and experimentally (e.g,, numeric
simulation and mass spectrometry with the use of isotopic
markers). Although numerous reactions are mentioned in the
literature, the cleavage of hydrogen from methane''® s
proposed to be the main reaction pathway in methane plasma

CHy+e - CHy+H+e

6(25 eV) = 1.50 x 1020 m? (1)
CHy+e — CHy+2H+ e
6(20 V) = 0.75 x 10729 m? @)

These processes occur due to the collisions of the methane
molecules with a fast (high-energy) electron or excited He
atom. It should be noted that the dissociation cross sections (&)
of these reactions are approximately the same for energies
under 20 eV.

The reaction pathway in the methane plasma can be altered
by adding various gases, varying the pressure, or changing the
energy input. If methane is mixed with buffer gases (ie,
hydrogen, oxygen, argon, and helium3’l7), then the conversion
of methane into desired products is more efficient.

According to Kirikov,"® by adding hydrogen into the
methane discharge, the formation of carbon deposits is reduced,
and the production of acetylene is increased. If a higher amount
of atomic hydrogen is present, then the CH, radical rapidly
transforms into a CH radical, which leads to the direct synthesis
of acetylene. At very high applied energies, methane transforms
directly into atomic carbon and hydrogen.

The presence of helium, argon, or nitrogen'® in the discharge
leads to a higher degree of methane conversion into the final
products (e.g,, acetylene), while the abundance of hydrogen
increases and the abundance of hydrocarbons decreases. The
addition of these gases also leads to a lower consumption of
energy during the process of conversion. The authors"
attributed this observation to the existence of the metastable
states of helium and argon.

In the case of hydrocarbon mixtures with helium or other
gases with a high ionization potential, a significant role in the
discharge is played by Pennin§ ionization, Penning dissociation,
and Penning excitation.'”” The description of Penning
ionization is based on the collisions of metastable*"** states
of helium (2°S with an energy of 19.2 eV and 2'S with an
energy of 20.61 eV) with the molecule (M), which leads to
ionization. The process is schematically described by the
equation

He* + M — He + MM + ¢~ 3)

3138

The energy of excited He* is significantly higher compared
to the ionization potential of the M species. Highly energetic
Penning electrons are produced. Intermediates™ are assumed
to be preferentially formed during Penning ionization. In the
case of acetylene, a highly excited molecule in a triplet state is
formed; however, the methane molecule is presumed to be
directly ionized.

The Penning dissociation can be described by the following
scheme

He*+ AB—> He + A+ B 4)

where A and B are the products of the reaction. The Penning
excitation can be assumed to follow a similar scheme

He* + M — He + M* (5)

In the case of nitrogen, a similar mechanism is assumed (i.e.,
a collision of the excited species with a methane molecule)
according to the following schemes

CH4 + Nz* i CH3 +H+ NZ (6)

)

The studies of K.V. Kozlov'? indicate that an increase in the
addition of helium into the methane leads to a higher transfer
of charge between the electrodes, and the methane has a lower
ignition voltage. The rate of elementary reactions (ie., the
collision reactions of methane with fast electrons) is directly
proportional to the curve of the electron energy distribution.

The degree of methane conversion and the composition of
products are also influenced by the energy input. The pro-
duction of acetylene during an RF discharge is more efficient at
higher energy inputs; ethane®* is formed at lower energy inputs.
These facts are in agreement with thermodynamic calculations
because the formation of an ethane molecule requires 0.7 eV
while the formation of the acetylene molecule requires 4 eV.
The same results were determined by electrical discharge
studies, where the abundance of ethane decreased as the pres-
sure increased. > The fact that a higher degree of conversion
of methane into acetylene in RF discharge is more efficient at
higher energies is explained by Kirikov."

Tachibana et al.*® determined that the total rate constant of
methane dissociation increases as the discharge power
increases, and the growth rate increases as the pressure of
methane increases (in the range of several Torr).

Generally, the molecular dynamics of methane decay in
plasma are influenced by the energy input (the particle energy
levels of several eV to tens and/or hundreds of eV), pressure
(from tenths of Torr to atmospheric pressure), the added
impurities of other gases (e.g, nitrogen, helium, argon, and
hydrogen), the use of heterogeneous catalysts (e.g,, y-AlL,O3),
and the type of discharge (e.g, spark, corona, glow, and arc).

CH4+N2*—>C+2H2+N2

2. EXPERIMENTAL SECTION

A. Continuous Scanning Time-Resolved FT Spectros-
copy. TRS-FT is a wide-spectrum technique used for studying
the dynamics of chemical reactions or the dynamic properties
of molecules, radicals, and ions in the liquid, gas, and solid
states. The main advantage of TR-FTS is that spectra can be
obtained over a wide interval of wavenumbers. The speed of
data acquisition is limited by the duration of the acquisition
process and by the bandwidth of the detector. There are two
primary methods for acquiring FT time-resolved s;)ectra, the
continuous scan and the noncontinuous step scan.””?®

dx.doi.org/10.1021/jp211772d | J. Phys. Chem. A 2012, 116, 3137-3147
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A special approach to the time-resolved spectra of
phenomena lasting from milliseconds to microseconds is the
synchronous scanning FT technique.” This method requires
the possibility of initiating the reaction in a pulsed mode (e.g,
using a laser, electric discharge, electron bombardment, or UV
discharge lamp)."> The apparatus performs a continuous scan
and reads the signal from the detector during the pulse, which
corresponds to the position of the moving mirror and the time
from the initial pulse reaction using the HeNe laser fringe
signals generated by the interferometer. This method is called
stroboscopic interferometry.”” After accumulating a sufficient
amount of data and scans, the time-shifted interferograms
(usually 10 ms to 1 us) are composed.

The continuous scanning principle was the basis for data
acquisition by a modified (Bruker IFS 120, Bruker, Germany)
spectrometer in our laboratory at the J. Heyrovsky Institute of
Physical Chemistry, Prague, Czech Republic, and a similarly
modified spectrometer was used at Okayama University,
Okayama, Japan. The data acquisition system can be described
as follows: The position of the traversing mirror of the
Michelson interferometer is detected by reading the interfer-
ence maxima of the HeNe laser emission. The input signal,
which has a cosine function shape, is digitally processed into
rectangular pulses and becomes the internal standard of the
interferometer. The frequency of these rectangular pulses
depends on the mirror speed. In the classic measurement mode,
the frequency is usually 10 kHz with a discharge pulse duration
of 100 us. An external processor monitors the beginning and
order of the HeNe laser digital pulse and the zero position of
the mirror. During a single discharge pulse, the signal from the
detector is read (30—64 readings), which is called the AD
trigger. These signals are shifted in time by At, where At =1, 2,
3, ... ps. A matrix I(#,5,) is acquired, where I is intensity, # is the
time, and the optical path difference is &; (i is the index of the
selected optical path difference ranging from zero to the
maximum value). A discharge pulse of a variable duration can
be arbitrarily inserted into the data acquisition process (AD
trigger). This process results in 30—64 reciprocally time-shifted
interferograms.

B. Experimental Setup. The emission spectra of plasma
from a positive column discharge in He/CH, mixtures were
observed with the time-resolved Fourier transform high-
resolution Bruker IFS 120 HR interferometer. The schematic
of the apparatus is shown in Figure 1. High-purity CH, and
He (99.999%) were used. The positive column discharge tube
(25 cm long with an inner diameter of 12 mm) was covered
with a glass outer jacket and had CaF, windows. The pulsed
discharge was maintained by a high-voltage transistor switch
(HTS 81, Behlke electronic GmbH, Frankfurt, Germany)
applied between the stainless steel anode and the grounded
cathode. The He/CH, plasma was cooled by water in the outer
jacket of the cell. The voltage drop across the discharge was
1200V, and the current was 100 mA. The time durations of the
discharge were 10 and 40 ps. The scanner velocity of FTS was
set to produce a 10 kHz HeNe laser fringe frequency, which
was used to trigger the discharge pulse. The recorded spectral
range was 1800—4000 cm™' using an optical filter and InSb
detector with an unapodized resolution of 0.035 cm™. A
reasonable signal-to-noise ratio was obtained by averaging 64
scans. The initial pressure of CH, was 0.0S Torr, and the
optimal pressure of the He carrier gas was determined to be 3
Torr. The pressure was measured with a Baratron gauge placed
near the cathode of the cell. The combustion products of the
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Figure 1. Schematic diagram of the measurement apparatus. The
carrier gas (He) with the precursor (CH,) enters the discharge cell.
The emission from the glow discharge in the cell with out-of-axis
electrodes is focused by a lens into an interferometer and onto a
detector. The time-shifted signals are interpreted by a computer, which
simultaneously switches the discharge pulse via a Behlke switch. The
system is driven by a Field-programmable gate array (FPGA)
processor, which allowed 30 time-shifted signals to be obtained.

discharge were continuously removed using an Edwards rotary
oil pump.

3. RESULTS AND DISCUSSION

During two different discharge experiments (a short pulse of
10 us and a long pulse of 40 us), 30 spectra were acquired in
1 ps intervals, which were used to observe the time-resolved
sequence of the decay processes in the plasma and as the source
of the emission data for the chemical model. The general
emission spectrum of the ac discharge in the mixture of
methane, helium, and hydrogen is shown in Figure 2.

110" 4
9x10° <
8x10° 4
7x10° H. | cHl |
6x10° 4
5x10° - '
4x10" ‘

3x10° 4 ‘

Intensity (arb.u.)

2x10’ - 1]

1x10" -ff O A |l

2000 2250 2500 2750 3000 3250 3500

3750 4000
Wavenumber (cm™)
Figure 2. Emission spectrum of the He/CH, discharge (10 s after the

termination of the 40 us discharge pulse). The pressures for He and
CH, were 10 and 0.05 Torr, respectively.

The following emission bands were identified: acetylene
(v; 3289 cm™ (6,") CH stretch); methane (v stretch (£,),
3019 cm™ and v, symmetric stretch (a;) 2917 cm™'); CH
radical (ground state X*I1, rotation—vibration transition®* >
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from 2309 to 2953 cm™') (for details of the spectrum, see
Figure 3); C, (electronic Bernath transition™> BlAg—AIHu from
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Figure 3. X1, lines of CH radicals in the spectral range of 2830—
2900 cm™ (10 ys after the termination of the 40 us discharge pulse).

3337 to 3606 cm™"); and emission transitions>*>° (Sg—4f and”’
2p—2s) of molecular hydrogen, atomic hydrogen (H I), and
helium®® (He I). There is no feature in the spectra that could
belong to any charged molecular species (C II, He II).

A. Estimation of the Plasma Temperature. Temperature
is one of the important characteristics of plasma. Generally,
temperature describes the energetic distribution of particles
in the system. For the determination of the temperature, the
system is assumed to be at thermodynamic equilibrium
(Boltzmann distribution). Plasma is characterized by a set of
various temperatures, the electron excitation temperature (Ty),
vibrational temperature (T,), rotational temperature (T,), and
kinetic temperature (T,). When the system reaches the
thermodynamic equilibrium, all temperatures are equal. In the
case of a nonisothermal plasma, the following relation controls
the system

Ty>T,>T=T, ®)

The rotation temperature is usually taken as being the closest
to the kinetic temperature, which is a key parameter for the
determination of reaction rate constants. The possibility of
obtaining information regarding the temperature experimen-
tally is a major advantage of the applied experimental method.

The vibrational temperature is obtained from a simple
rotation—vibration spectrum by plotting the relation

In[I/v3(V + 1)] = KE, + Q )

where K is the slope of the straight line, Q is a constant, v is the
wavenumber, and V is the vibrational number of the upper
state. The temperature is obtained from the relation

—-K = 1/kT, (10)

where k is the Boltzmann constant and T, is the vibrational
temperature. The mean value of the vibrational temperature
was 5300 K. The temperature, estimated using lines of CH
radicals (experimental conditions: pressure of 3 Torr of He and
a pulse length of 40 us), is depicted in Figure 4. In the case of
electronic transitions, the vibrational number V was replaced
by the Franck—Condon factor. Several transitions (1—0, 2—1,
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Figure 4. Boltzmann plot for the CH radical. The estimated
vibrational temperature was 5334 K.

and 3—2) were identified. Figure Sa shows the time profile of
the vibrational temperature determined from the CH Ry lines
(2576.07, 2704.8, and 2834.97 cm™'; J” = 3.5) for the 40 us
pulse. The lines were selected because the emission intensities
were suitable. The energy terms published by Ghosh et al.**
were used. The most accurate determination of the vibrational
temperature occurred at the maximum of the CH radical
emission during the 40 us discharge pulse.

In the case of pure rotational—vibrational transitions, the T,
can be determined by the relation

In(1/S) = ~E,/KT, + Q (1
where E, is the energy of the upper level. The factor S (Honl—
London factor) must be calculated on the basis of the parameters
of the molecule and the transition under investigation. The
estimation of the temperature (pressure of 3 Torr of He and a
pulse length of 40 us) is depicted in Figure 6.

According to the intensity factor, the following set of lines of
the R;, branch were chosen for determining the rotational
temperatures: vibrational transition 1—0 (2811.0, 2835.29,
2858.19, 2879.756, and 2900.03 cm™" with the J” ranging from
2.5 to 6.5) and transition 2—1 (2681.83, 2705.051, 2726.93,
2747.54, and 2766.83 cm ™" with the J” ranging from 2.5 to 6.5).
The average rotational temperature was determined to be 523 K
for all vibration bands. Figure S shows the time profiles of temper-
atures (a) with the CH emission for the 40 s discharge pulse (b).

B. Model of the Carbon Radicals' Molecular Dynamics.
In the case of the 10 us discharge pulse, Figure 7 depicts the
time sequence (formation and decay process) of the individual
transient species that were detected in the He/CH, plasma. He
emission in the short discharge pulse experiment was observed
4 ps after the initiation of the discharge pulse. This delay is
caused by the gradual growth of electron density after the dis-
charge is initiated. Corbell et al.* reported the delays in elec-
tron concentration growth to be similar (several microseconds).
The maximum He emission intensity occurred after 13 ps, which
was 3 us after the termination of the discharge. In the case of the
40 ps discharge pulse, a steady state was nearly achieved, and the
helium spectrum behaved almost as a constant progression of the
emissions, and S—10 us after the discharge ended, the species
became extinct due to reactions and collisions.
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Figure 6. The Boltzmann plot for the CH radical. The estimated
rotational temperature was 520 K.

The intensity and profile of the emission spectrum were
influenced by the chemical reactions in the discharge or
collision-radiation processes and by the experimental setup. In
our previous study dealing with the formation of HNC/HCN
in a glow discharge,40 we showed that during the time-resolved
spectra measurement process, the products from the reaction
collected in the cell. Therefore, the interpretation of the time-
resolved spectra requires the design of a kinetic model that
accounts for these processes. The reaction model was designed
for a discharge pulse with a length of 40 us because the
quantitative ratios between individual species can be
determined sufficiently. The quantitative ratio determination
is due to the chemical equilibrium and related stable emission
profile of individual particles during the discharge.

Kinetic Model Design. A simplified description of the design
process for the kinetic model is the following: The kinetic
model of the methane discharge and afterglow was designed on
the basis of the reactions listed in Table 1, while none of the
rate constants were fitted. The model describes the chemistry
of the discharge on the basis of published data. Kinetic

3141

equations have been adopted from several published works
dealing with selected kinetic models of methane plasma,”***’
the NIST database,*' and other works cited in Table 1. The
accuracy of the calculation with the experimental data was
subsequently verified on the basis of the concentration ratios of
individual identified species because an absolute quantification
of concentrations based on the emission spectra is extremely
difficult. The Einstein emission coefficients®>*">*%7%% and
partition functions®>***® were determined for each species with
an available reference, and the integral intensities of the bands
during the 40 us discharge period were determined from the
experimental data. A stationary state between excitation and de-
excitation during the period was assumed. Hardwick and
Whipple* reported that the emission intensity is proportional
to the concentration of the emitting species according to the
equation

s = IAQA
A7 Apva exp(Ea/KT) (12)

The ratio between the concentrations and intensities of
emission bands of two species, A and B, can be expressed as

ea _ Ia QuApvpexp(Ep/kT)
B Ig QpAava exp(Ep /kT) 13)

where ¢, and cg are the concentrations of species A and B, Q4
and Qgare the total partition functions of species A and B, A,
and Ay are the Einstein emission coefficients of species A and
B, v, and vgare the vibrational frequencies of the transitions of
species A and B, E, and Ej are the energy levels of the emission
transitions of species A and B, k is the Boltzmann constant, and
T is the thermodynamic temperature. The partition functions
were obtained from references when available,>>*%* and the
population distribution of the levels investigated was estimated
using the experimentally obtained rotation (520 K) and vibra-
tion (5300 K) temperatures. The electron excitation temper-
ature was estimated on the basis of the results of the model at
1.5 eV (17400 K).

We suppose that vibration and rotation temperatures of
different species are close to each other. This assumption can
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Figure 7. Emission time profiles of all species identified in the He/
CH, discharge spectrum after a 10 us long discharge pulse: (a) carbon
atomic line 2222.57 cm™ ('P°~'P), (b) C, radical line 3605.42 cm™
R(7), v = 0-0, B'A,—A'TI,, (c) CH radical line 264548 cm™
P(3.5), v = 0—1, X’II, ground state, (d) acetylene line 3318.35
em™, v; band, R.(15), (e) atomic hydrogen line 2467.75 cm™" (alpha
Brackett system), (f) H, line 2489.38 cm™ R, (4), Sg—4f, (g) H, line
2830.92 cm™' Q(1) 4—3 band, 2p—2s, and (h) He atomic
line 2469.74 cm™.

be demonstrated for example if we consider our measurement
of the CN radical in the (CN), discharge. We have estimated
the rotation temperature to be T, = 480 K and T, = 6680 +
835 K for the A™T and 6757 + 534 K for the X?T* transitions.
It means that temperatures Ty, are close together for different
transitions.®® In the case of CH,CN, BrCN, or HCONH,

discharges,*® we estimated the temperature for HCN to be
T,ot = 550 K. We can state that the temperatures T, and Ty, of
CN or HCN are close to the values estimated in this work for
CH, and we suppose that in the case of most species under
similar discharge conditions, the temperatures are close to the
values T\, & 500 K and T,,, & 6000 K.

The other key features of the model have been summarized
in previous papers,w’79 and brief details are provided below:

e The numerical model was implemented in the Python
2.6.4 programming language using modules Numpy*
and Scipy.**

e The model was constructed as a zero-dimensional model,
which described only the time evolution of the
concentrations in the homogeneous region of the
positive column of a glow discharge.

e A set of ordinary differential equations constructed
according to the postulated reaction scheme (Table 1)
was numerically solved by the Scipy module using the
ODEPACK library.*> We would like to note that ion
reactions were not included in the model. The total
concentration of all ions in the discharge is equal to the
concentration of electrons (ie, 6 X 10" cm™). This
concentration is lower than the estimated concentration
of active radicals (e.g, the estimated concentration of the
CH radical is about 3 X 10> cm™3), and therefore, the
chemistry of the discharge is simulated by a radical—
radical reaction approach as well as in our previous
works.**”*%* The model has involved the chemistry of
simple carbon chains C,; and C,. The spectrum of the C;
radical has not been observed under used conditions.

e The activity of the discharge was simulated by a
rectangular pulse of an electron number density of a
40 ps duration, in accordance with the experiment. The
typical values of electron densities in a glow discharge
are®>*® between 10° and 10" particles per cm®. A value
of 6 X 10" cm™ was used, which was obtained by a
Langmuir probe measurement of the actual experimental
discharge. The theoretical electron temperature was
estimated to be 1.5 eV.

e The number densities of the precursor molecules (CH,)
were fixed at 8.74 X 10" cm™, which were calculated from
the partial pressures (6.67 Pa) and the temperature (T =
520 K). It is supposed that in the glow discharge, the kinetic
temperature is close to the rotation temperature (see, e.g,
ref 85). Therefore, the value T = T,,, = 520 K has been
adopted. The flow rate of the precursor into the cell and the
flow rate of the products out of the cell were assumed to be

Table 1. Results of the Chemical Model Compared with the Concentration Ratio among Selected Species Estimated Using the
Appropriate Partition Function and the Einstein Emission Coefficients (references or calculations are given for the values)”

band
band position  Einstein emission  integrated band
molecule  assig. (em™) coefficient (s™')  intensity (arb. u.)
CH, 1 3160 83 28.4%¢
CH, X°B'y 3190 1.0 L1t
alAl v, 2806 66.5 826"
a'Al vy 2864 36.1 441"
CH X1 v, 2732 145.9 3047.0
C, B'A,— 3609 6430.0 42457
AL,
CH, s 3289 96.7 255.5

partition function T, =

experimentally

estimated ratio model ratio T, = 17000 K,

5300 K, T, = 520 K (%) T, = 5300 K, T, = 520 K ref
1.55 x 10* n.d. 11.67% 51,52
1.88 x 10* n.d. 4.57%

53,54
2.87 x 107 1.16% 1.40% 55
2.57 x 10° 0.33% 0.37% 55-57
135 x 10° 82.22% 82.22% 58,59

“Values marked est. are estimated using eq 12. Values marked n.d. were not estimated because the species was not detected.
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Table 2. Kinetic Equations Used in Our Chemical Model”

dissociation reaction activation energy (eV) ref dissociation reaction activation energy (eV) ref
CHg+e = CH, + H, + e~ 141 all*” CHg+e — Cy+ SH + e~ 18.77
CHs;+e = CH, +H+e 1.59 H,+e — 2H + e 4.52
CHy+e - CH,+H+e 1.72 rate constant T, = 520 K (cm®
CH +e = CHy+ H, + e 175 recombination reaction molecule ! sec™!) ref
CH,+e - CH,+H, + e~ 1.81 2CH - C,H, 1.99 x 1071 60
C,H, + e~ — 2CH, + e~ 2.66 CH+H-C+H, 249 x 10710 61
CH;+e = CH+H, +e 2.89 CH + H, —» CH; 2.19 x 10710 62
CH+e - C+H+e 29 CH + CH; —» C,H, + H, 1.64 x 1071 18
C,Hg + e — C,H, + 2H, + ¢~ 322 H,+C—>CH+H 1.50 X 1070 63
CHs+e — CH,+H+H, +e” 3.39 CH, + H, » CH; + H 120 X 107 47,64
CH,+e — CH+H+e 3.89 CH+H—-C+H, 1.15 X 10710 61
CH,+e = CHy+H+e" 4.19 C+CH;—» CH, +H 8.30 x 107" 47,64
CHg+e — CHs+H+ e 443 CH; + CH, - C,H, + H 8.30 x 107! 65
Hy+e - H+H+e 4.53 CH, + H— CH + H, 6.64 x 1071 66
CH,+e — CH;+H+e” 4.55 C,H; + H -2CH, 6.18 x 107! 67
CHg + e — CH + 2H, + e~ 4.64 2CH, - C,H, + H, 525 x 107! 26
C,H¢ + e — 2CH, + e~ 4.65 CH; +H — CH, + H, 498 x 107! 47,60
CHy+e¢ — CH, +H + e 476 CHy + H —» C,H, + H, 498 x 107 47,60
CH, +e — CH, + H, + ¢~ 4.79 CH, + CH — H, + C,H 498 x 107! 47,60
CH, +e” = CH+H+ e 5.78 CH, + CH; —» C,H, + H 2.99 x 107" 47,60
CHg + e — CH, +2H + e~ 593 2CH; — C,Hy 2.97 x 107 71
CHg+e — CHy+ H+ H, + e 6.1 CH, + CH, — C,H, 1.66 x 107! 29
C,+e —»2C+e 6.17 H, + C —» CH, 147 x 107 67
C,H, + e — 2CH + e~ 6.17 CH +H, - CH, + H 9.68 x 10712 68
C,H; +e” — C,Hy + 2H + e~ 627 CH; + H - C,H, + H, 2.82 x 1072 69
CH, +e = CH, +2H + e~ 6.32 CH, + CH —» C,H, + H 249 x 10712 70
CH,+e — Cy+H, + e 6.33 CH+H, - CH, + H 1.20 X 1072 65,70
CHy+e — CH +2H + e~ 7.41 CH, + H —» C,H; 342 x 1078 65,70
CH,+e —» CH+H+H, +e 7.57 CH, + H - C,H; + H, 2.86 X 107 60,65
CHg + e — CH, + 3H + ¢~ 7.91 C,Hg + H —» C,Hg + H, 261 x 107 60,65
CH,+e - C+2H +e” 7.95 CHy,+H — CH; + H, 525 x 1071 71
CH, +e” = C, +2H, + ¢~ 8.14 CH; + CH; —» C,H; + H 8.48 x 107'¢ 60,65
CH,+e — C+2H, + e~ 82 CH,+H — CH, + H, 1.69 x 107'¢ 72
C,Hy+e — C, +3H, + e 8.3 CH;+H, > CH, + H 8.82 x 107V 60,65
CH+e - Cy+H+e 8.59 C,H¢ + CH; — C,H; + CH, 5.70 x 1077 60,65
CHg +e = CH+H +2H, + e 8.98 C,H, + CH; —» C,H; + CH, 2.67 x 1077 60,65
CH,+e > CH+H,+H+e" 9.19 CH, + CH; —» C,H, + H, 1.60 x 1072° 72
CH,+e — CH, +2H + e~ 9.31 CH, + C - CH + CH 223 x 107 73
CHs+e — C,+H+2H, +e” 9.72 C,+H,->CH+H 1.39 x 1077 74
CH;+e — CH+2H + e~ 9.73 CH, + C,H — C,H, + CH; 1.98 x 10712 65
CHy + ¢~ — C,H, + 3H + ¢~ 10.61 CH, + CH, — CH, + CH;, 7.34 x 10716 75
CH,+e — C,+2H + e 10.85 CH, + C,H; — CH; + C,H, 3.60 x 1071 65
CH,+e - CH+2H +e” 12.09 CH, + C,H - CH + C,H, 3.01 x 107" 65
CHg+e — CH, +4H + e~ 12.26 CH; + H —» CH, 1.56 x 1071 65
CH;+e - C,+2H +e” 12.49 CH, + H —» CH; 261 x 10710 65
CH;+e = CH+3H + e~ 13.7 CH +H — CH, 251 x 1071 65
CH,+e — CH+3H + e~ 13.71 C,+H — CH 276 X 10710 65
CHy+e — C+3H+e 14.34 C,H + H - C,H, 2.89 x 10710 76
CH,+e - C,+4H + e~ 17.17 CH+H-C,+H, 3.16 X 107 77
CH,+e — C+4H + e 17.24 CH, + H - C,H, 232 x 1071 76
CHg + e — C,H + SH + & 18.02 CHs + H —~ C,H, 224 1070 76
C,H¢ + CH — C,H, + CH, 1.30 X 1070 78

“The values of the rate constants are calculated for a temperature of 520 K. The values given by Morrison, William, and Milne*” were used for the
activation energies.

constant (4.78 s™'). This constant was estimated using the e The rate constant of electron dissociation was calculated
pumping speed of t?e pump ($ m*h™") and inner volume according to a formula used by Morrison et al,*”*® which
of the cell (290 cm’). is described in our previous work.*’

e The accumulation of reaction products from the previous
discharge pulses was accounted for by modeling a
sequence of 3000 pulses. species obtained from the emission spectra and from the

The ratios between the concentrations of the individual
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Figure 8. The results of the chemical model compared with the experimental emission time profiles of selected species in the He/CH, discharge
spectrum after a 40 us long discharge pulse. (a) Development of the concentrations of the most abundant species in the discharge over time
according to the model. The maximized areas depicted in (b—f) are marked in red. (b) Digitalized signal of the HeNe interference, AD trigger for the
data acquisition, and discharge trigger together with the concentration profiles of the most abundant species. (c) (00) The emission profile of the CH
X1, ground-state transition (v = 1—0, J” = 3.5) compared with the concentration profile predicted by the chemical model (red line) and the
emission profile obtained if collision processes are considered (blue line). (d) (O0) The emission profile of the selected C, Q branch lines of
the BlAg—AIHu transition compared with the concentration profile that was predicted from the chemical model (red line) and the emission profile if
the collision processes are considered (blue line). (e) The emission profile of the H, line () at 2489.38 cm™, R1(4), S g—4f transition, and the line
(O) at 2830.92 cm™ Q(1), 4—3 band, 2p—2s transition, compared with the concentration profile predicted by the chemical model (red line).

discharge model are given in Table 2. The calculated ratios between
the individual identified species are in good accord with the
experimental values. Figure 8 shows the results of the chemical
model. Figure 8a indicates that although the system is designed to
allow the discharge products to be continuously removed using a
mechanical pump, the products collect in the discharge cell
throughout hundreds to thousands of discharge pulses, and a steady
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state between the rate of product formation from chemical reactions
and the rate of product removal from the cell is established.
Figure 8b shows a comparison between the concentration profiles of
the species with the highest abundance and the profile of discharge
pulses (discharge trigger). The discharge pulses are synchronized
with the acquisition of the time-shifted signals from the detector
(AD trigger) using the digitalized signal of the HeNe laser.
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Chemistry of the Discharge. The dehydrogenation of the
methane molecule is the main dissociation mechanism in the
discharge process. The first step of methane dissociation
requires a minimum energy47 of 4.55 eV (eq 1). This energy is
far less than that required for methane ionization, that is, 13 eV.
The increase in emission signals from hydrogen can be
attributed to the cleavage of hydrogen atoms from the methane
molecule because hydrogen gas was not added into the
discharge mixture. Emission lines from atomic hydrogen and
molecular hydrogen in highly excited states were observed
in the infrared spectral range that was measured (2500—
3000 cm™"). Emission signals attributed to H, H,, and He were
observed 4 us after the discharge pulse was triggered. The
sequential observation of C, H, and H, and unidentified
emissions immediately after atomic He indicate that these
species are the primary dissociation products of methane
fragmentation.

The first reaction step during the discharge was the excitation
of helium, which was followed by Penning ionization and
dissociation (eqs 3—7). High-energy Penning electrons are
produced via eq 3, which originated 4 us after the discharge was
initiated, according to the following equation

CH,+e¢ - CH,_1+H+e (14)

where n = 1—4.

The dissociation of methane due to collisions with electrons
requires’’ 4.55 and 9.31 eV according to reactions 1 and 2,
respectively. The direct dehydrogenation of methane, which
leads to the production of CH, requires 13.71 eV. The
ionization potential of helium is 24.59 eV; therefore, the energy
required for the fragmentation of methane is available from the
discharge. The dissociation is followed by the formation of
molecular hydrogen, which results from the collision of the H
atom with a hydrocarbon species:

CH, +H > CH,_; + H, (15)

The dehydrogenation of methane leads to the formation of
CHj;, CH,, and CH fragments. However, only a strong signal
was observed for the CH fragment in the emission spectrum.
Kado et al.* used deuterium isotopes in various abundances
found in the products to show that the reaction pathways of
methane dissociation by electrons effectively lead to the
production of atomic carbon and subsequently to the formation
of CH, C, radicals, and acetylene. The dehydrogenation of CH,
and CHj is a very fast process. The results of our model show
(see Table 2) that the concentrations of the CH; and CH,
radicals were approximately 8 and 3 times higher, respectively,
than the concentration of the CH radical. The reason that the
CHj; and CH, fragments were difficult to detect compared to
CH was determined by calculating the integral intensities in the
emission spectrum and using relevant values of the Einstein
emission coefficient and estimated partition function. The
integral intensities of the CH; and CH, bands were predicted
to be 2 orders lower than the intensity of the CH bands, that is,
under the detection threshold of the technique.

Although the ratios of estimated emission intensities of
individual species were consistent with the results of the
chemical model (Table 2), the time developments of the
emission lines of the observed species (Figure 8c and d) do not
agree with the time development of concentrations predicted
by the model. In addition to the chemistry of the discharge, the
emission lines were assumed to be strongly influenced by
collision—radiation processes. The radical and atomic fragments
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in the discharge are formed in excited states and subsequently
relax into the ground states via radiation and collision
processes.

For example, this process can be observed in the emission
spectrum of the CH radical (Figure 8c). After the termination
of the 40 us discharge, the intensity of the emission line of the
ground state did not decay until as late as SO us (i.e., 10 us after
the termination of the discharge). However, the model
predicted the decrease in concentration to occur immediately
following termination of the discharge. This discrepancy
indicates that the observed ground state is complemented by
the de-excitation of higher states, which is schematically shown
as follows

CH4 — CH* + other fragments (16)
CH* + M — CH(j_q) + M*

k(17) = 7.0 X 1078 cm? 571 (17)
CH(1-0) + M — CH(gg) + M*

k(18) = S X 10783 em’ 71 (18)

GS signifies the ground state of the CH radical. In our previ-
ous study™ of the HNC/HCN isomers, the implementation of
collision—radiation processes into the model allowed emission
line profiles to be simulated more precisely. The system for
methane is very complicated, and the chemical model was
supplemented by the processes described by eqs 17 and 18. For
simplification, we assumed that all states of the CH radical react
with the same rate constant to form other products. The
concentration of species M, which causes the de-excitation
upon collision, was assumed to be the concentration of He
(526 x 10" cm™) and the number of molecules in the ground
state and excited states that relaxed to the ground state, which
were determined using the Boltzmann distribution at the
temperature of the discharge (T, = 5300 K, T, = 17 000 K).
The root-mean-square values of the rate constants (kg3 =
7.0 X 1078 cm® s7! and kaay = S X 1075 cm® s7') were
obtained by fitting the data to the following equations, which
was the same method used to determine the relaxation
constants of the C, radical

Cr* + M = Cy(BA—AIL,) + M*

k(13) = 4.5 X 1078 cm3 571 (19)
Cy(B'A—ATL,) + M = Cy(gs) + M*
k(14) = 1.0 X 10783 em®s7! (20)

Figure 8c—e shows the profiles of several emission lines of the
CH radicals (c), C, radicals (d), and molecular H, (e) with the
concentration profile predicted by the chemical model (red
line) and the emission profile predicted by the collision—
radiation model (blue line). The inclusion of the collision—
radiation processes caused the model to be consistent with
experimental data. In the case of H, excited to high Rydberg
states, changes to the emission lines and concentration
overtime were in agreement (see Figure 8e). It was assumed
that the transfer of energy during a collision between the
individual states was not relevant and that the emission line is
influenced mainly by the concentration profile.
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In the previous model* for the relaxation of excited HNC, a
relaxation constant of k,_; = 1.15 X 107! cm? s™* was obtained
for the relaxation of the 2—1 vibration state, which was
analogous to eq 17. Similarly, for the reaction analogous to
eq 18, a relaxation constant of k;_gg = 2.2 X 1072 cm® s was
obtained. Smith et al.>° determined the relaxation rates of
highly excited states of NCNO, which were on the order of
107 em® 7! for collisions with He and Ar atoms but 107"
cm® 57! for the molecular gas N,. The values obtained were
closer to the relaxation rates that are achieved with a rare gas
buffer, which corresponds to experimental conditions with an
abundance of the carrier gas (3 Torr of He) and an addition of
the precursor (0.0S Torr of CH,).

In the future, we plan to measure absorption in the MIR, vis,
and UV regions using a spectrometer, with the majority of the
excited states to be observed. Additionally, we plan to examine
the discharges and the consequences of chemicals in the
LIDB plasma®~®* in methane." A pilot study using deuterium
isotopes is now under preparation.

All of the measurements will be complemented with
experiments in the absorption setup. The measurements will
enable the collision—radiation processes of the series of excited
states to be included in the model with precision. These
measurements will also allow the preferred excited states
responsible for the production of the radicals that were studied
to be determined.

4. CONCLUSION

One of the reactions that led to the breakdown of methane was
collisions with electrons. These reactions led to the formation
of atomic carbon and hydrogen, which was followed b}/ the
formation of CH;, CH,, CH, C,, and other radicals.**** The
emission spectra of the discharge in the short pulse mode
(10 ps duration) showed that the first emission spectra of
excited helium, atomic carbon, and hydrogen could be detected
4 ps after the initiation of the discharge. The emission
maximum occurred at 13 us, followed by the maxima of C and
H at 18 ps. The CH and C, bands were detected at 8 and 10 ys,
respectively, with the maxima at 23 and 21 ps, respectively.

A kinetic model was constructed for the emission spectra of
the discharge in the long pulse mode (40 us duration), which
was expected to nearly be in a steady state. Using the kinetic
model complemented by the calculation of the emission
intensities of the CH; CH,, CH, and C, fragments, it was
determined that the CH; and CH, radicals were not observed
in the glow discharge emission spectra due to the low intensity
of the emission spectra, rather than low concentrations, which
was initially assumed (e.g., the study of pulsed discharge at
atmospheric pressure by Kado et al.*). The ratio of integral
intensities of the CH and C, bands corresponded well with the
results of the kinetic model designed on the basis of current
knowledge of the values of rate constants. The decay processes
were, however, apart from the chemical reactions, significantly
influenced by collision—radiation processes. It should be noted
that the model was valid for the experimental setup and
conditions used in this study. However, if the experimental
conditions (precursor concentration, pumping speed, or
voltage) are changed, then the discharge chemistry will be
greatly influenced.

The estimated rotation and vibration temperatures of the
plasma were 520 + 42 and 5300 + 8 K, respectively. These
values indicate that nonequilibrium plasma was present during
the glow discharge.
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ABSTRACT: Time-resolved Fourier transform (FT) spectrometry was used
to study the dynamics of radical reactions forming the HCN and HNC isomers
in pulsed glow discharges through vapors of BrCN, acetonitrile (CH;CN), and
formamide (HCONH,). Stable gaseous products of discharge chemistry were
analyzed by selected ion flow tube mass spectrometry (SIFT-MS). Ratios of
concentrations of the HNC/HCN isomers obtained using known transition
dipole moments of rovibrational cold bands v; were found to be in the range
2.2—3%. A kinetic model was used to assess the roles the radical chemistry and
ion chemistry play in the formation of these two isomers. Exclusion of the

radical reactions from the model resulted in a value of the HNC/HCN ratio 2
orders of magnitude lower than the experimental results, thus confirming their dominant role. The major process responsible for the
formation of the HNC isomer is the reaction of the HCN isomer with the H atoms. The rate constant determined using the kinetic

model from the present data for this reaction is 1.13 (£0.2) x 10~ 3 cm

3 1

s .

I. INTRODUCTION

A. HNC/HCN Ratio in Astronomically Observed Environ-
ments. HNC is a metastable isomer of hydrogen cyanide. Its
origin and the mechanisms of its formation in interstellar space
are still not entirely understood. The HNC isomer was first
detected by radio-astronomical observations of the center of the
Milky Way in the constellation of Sagittarius (dense molecular
cloud Sgr B2) by Snyder and Buhl' in 1971. Its existence has
since been proven in other environments, including cold, dense
molecular clouds,® diffuse clouds,® cool carbon stars,* comets,
and planetary atmospheres.®

The abundance of HNC in these various environments varies
significantly. In cold molecular clouds (e.g.,, TMC-1, which has a
temperature around 10 K), the HNC/HCN ratio® is around 1.55.
In warmer or hot regions (e.g.,, OMC-1, a region of high mass star
formation,” and hot core regions with temperatures around 200
K; a circumstellar envelope of red giant stars® with temperatures
of 2800 K), the values range from 107> to 0.2. All of these
observations reveal that temperature plays a key role in high
HNC/HCN ratios.

The HCNH™ ion, which has been observed by millimeter
wave spectroscopy,” has been implicated in the formation of
HNC and HCN in interstellar clouds. HCNH " ions are formed
in a sequence of reactions initiated by proton donors ionized by
cosmic rays, with a general formula XH* (e.g, H,", CH',NHT,
H;0", HCO™) and with HCN according to the equation:'°

XH' + HCN — HCNH™ + X (1)

v ACS Publ|cat|0n5 @© 2011 American Chemical Society
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or in reactions of ions with certain molecules and radicals,

e.g.,
Ct + NH; — H,NC* or HCNH™ (2)

N* + CH; — HCNH' + H (3)

The H,NC™ isomer also can be transformed to HCNH " by the
absorption of radiation:

H,NC" + hv — HCNH" (4)

Finally, the dissociative recombination of the molecular
ion''""* HCNH™

HCNH' 4 e~ — HNC/HCN +H (s)

is considered to be the main process for the production of both
HNC and HCN, with a branching ratio'* close to 1:1, thus
forming both HNC and HCN in approximately equal amounts,
which explains the observational data in cold clouds.

Another possible source of HNC/HCN in interstellar clouds
apart from reactions 1—S5 is the neutral—neutral radical
reactions.'® According to Talbi et al,'® one example of such
reactions is

C+NH, — HNC + H ko = 6.8 x10 M em®s™!  (6)
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The authors, however, state that any considerable contribution
from these reactions is disputable because of what is known of
rate constants at low temperatures and the possible isomerization
of HNC to HCN due to excitation by the energy released in
exothermic reaction.

HNC can also be produced by photochemical processes, for
example, in cometary comae, as illustrated by observations of
comet Hale-Bopp.'”'® During Hale-Bopp’s approach toward the
Sun, the observed HNC/HCN ratio grew from 0.02 to 0.2.

It is supposed that the exchange reaction of suprathermal
hydrogen atoms between HCN and HNC plays an important
role in the cometary comae. The suprathermal hydrogen atoms
originate from the photoinduced decay of H-containing species'®
and both isomers are formed:

HCN+H — HNC +H (7)

HNC +H — HCN + H (8)

Sumathi and Nguyen et al.*° and Talbi et al.>! have given the
following values for the rate constants: k, = 5.6 X 10~ "> cm®s ™ for
the forward reaction 7 and kg = 5 x 1072 cm® s~ ! for the reverse
reaction 8. The activation barrier of reaction 7 was determined to be
17.8 kcal/mol (0.77 eV) for the forward reaction and 4.2 kcal/mol
(0.18 V) for the reverse reaction.”* It was found that the HNC/
HCN equilibrium obtained via reaction 7 is an important factor
affecting the chemistry of cometary comae;** however, it is not the
only mechanism of HNC production, and it does not always fully
explain the observed HNC/HCN ratios. For this reason, it is
assumed that HNC could also be directly the decay product of an
unknown parent compound.

B. Laboratory Detection of HNC. In the laboratory, HNC
was first observed in an argon matrix in the mid-infrared spectral
range (600—4000 cm™ ') by Milligan and Jacox,** and more
comprehensive measurements were obtained by Burkholder®® or
Mellau.?® As HNC cannot be distinguished by mass from its
isomer, HCN, spectroscopy is the only applicable method for the
detection of this molecule, apart from collision-induced disso-
ciative ionization measurements.”” Deuterated isotopologues
DNC and DCN have also been detected in space*® and studied
in the laboratory.”’

In addition to the above-mentioned low-temperature mecha-
nisms, which are typical for interstellar clouds, the simple
heating®® of HCN can be used to measure the highly resolved
spectra of gaseous HNC while the spontaneous isomerization of
HCN into HNC occurs. The potential energy barrier separating
the two species is 50.5 kcal/mol (2.19 eV), while the energy of
HNC is higher than the energy of HCN*® by 11 kcal/mol (0.47
eV). According to the theoretical calculation of the partition
function, as presented by Tennyson,®" extremely high tempera-
tures are necessary to reach a higher HNC/HCN ratio. The
equilibrium constant of plain isomerization

.
HC=N = C=HN (9)

under 1400 K is less than 1%. It is assumed that it is actually this
thermal isomerization of HCN into HNC in reaction 9 that plays
the main role in cool carbon stars, which have inner atmosphere
temperatures of several thousand K.3*

HNC/HCN can also be observed in dischzil'gfes,33‘34 e.g, in the
mixture of CH4/N, or acetonitrile/Ar or by the reaction of
translationally excited H atoms with CN containing molecules
(e.g, BrCN, CICN, ICN). These atoms have been generated by
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of CH;SH (248 nm) or directly by breaking

the photolysis®®
36

down the parent compounds with excimer laser radiation.
Hydrogen reacts with the parent compound in the following way:

H+BrCN — HNC +Br 0 = 1.45 x 10" ' cm? (10)
H+ BrCN — HCN + Br 0 = 2.21 x 107 em® (11)

H+BrCN — HBr+ CN 0 = 2.89 x 107 em® (12)

where 0'is the total reaction cross section. These reaction profiles
were studied in a photolytic experiment by Macdonald,*”*® who
estimated the ratio of the total reaction cross section (0.85/0.13/
0.017) and the total cross section (1.7 x 10~'¢ cm?). Brupbacher
et al.®® estimated the branching ratio between (11) and (12) to
be 1:1. The ratios of the reaction cross sections preferring the
formation of HNC were also found. However, these ratios
contradicted the thermodynamics data because, according to
the theoretical prediction made by Song et al,*® the activation
barriers of reactions 10 and 11 are 24.4 kcal/mol (1.05 eV) and
4.6 keal/mol (0.19 eV), respectively. Therefore, the formation of
HCN is favorable from an energetic point of view. Other studies
have indicated that the reaction channel 10 leading to the
formation of HNC is less important. For example, Arunan
et al,* using a flowing afterglow technique, found that the
branching ratio between reactions 10 and 11 is 1:3 in favor of
HCN. Arunan, however, in opposition to the theoretical
assumptions,®® determined the activation barrier of reaction 9
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(b) bands in the BrCN + H, discharge.

to be 7.8 kcal/mol (0.34 eV). The activation barrier of reaction
12 was determined** to be 14.1 kcal/mol (0.61 eV).

HNC has been identified as a minor product in reactions of the
CN radical with hydrocarbons. Copeland et al.*' found that the
rate constants of HCN formation from hydrocarbons have values
of approximately 107" cm® s7!, but the overall emission
intensity of HNC in the observed region (3425—3825 cm™')
reaches only 1% of the emission intensity of HCN.
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HNC has also been observed in an Ar matrix during the
breakdown of formamide,** diazomethane,*> and a mixture of
hydrogen azide HN; with CO.

Precursors related to stellar and interstellar chemistry were
chosen in our work. Acetonitrile was first found in space* in
1971 in a molecular cloud near Sgr A and Sgr B, and in 1974, it
was identified in the comet Kohoutek.* As in the case of BrCN,
acetonitrile is a simple compound, and its decay produces the CN
radical. Formamide, which does not contain the CN group, was
also detected*® in Sgr A and Sgr B in 1971. In 2000, formamide
was identified in comet Hale-Bopp.*” The problematic origin of
biomolecules from simple compounds is widespread,*® and
formamide is regarded as one of the possible precursors of
nucleic bases.* The chemistry of formamide’s decay is, therefore,
important for understanding the mechanism of the origin of
nucleic bases.

Il. EXPERIMENTAL SECTION

A. Experimental Setup. The experimental setup is shown in
Figure 1. A 25-cm-long positive column discharge tube with an
inner diameter of 12 mm was placed in front of the interferom-
eter window in emission configuration. The radiation was
focused using a CaF, lens. The ac glow discharge was maintained
by an HTS 81 high voltage transistor switch (Behlke electronic
GmbH, Frankfurt, Germany), which was applied between the
stainless steel anode and the grounded cathode. The voltage drop
across the discharge was 1200 V, with a pulse width of 15 us
(BrCN) or 22 us (CH3CN, HCONH,) and a peak-to-peak
current of 0.5 A. The pressure was measured using a Baratron
gauge.

An InSb detector was used at a spectral range of 1800—4000
cm ™! or 2000—6000 cm ™! with Ge interference optical filters at
an unapodized resolution of 0.05 cm ™. Fifty scans were averaged
to obtain a reasonable signal-to-noise ratio. Synchronization of
the data acquisition (AD trigger) and the discharge (discharge
trigger) was provided by a FPGA processor. The system was
driven by a HeNe laser interference signal (Bruker 120 IFS
spectrometer) with frequencies of S or 10 kHz.

The stable gas phase products were analyzed using a SIFT-MS
technique.

B. Continuous Scanning Time-Resolved FT Spectroscopy.
Time-resolved FT spectroscopy is a wide-spectrum technique
used for studying the dynamics of chemical reactions or the
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Table 1. List of All Compounds Detected in the Emission Spectra (Upper Part of the Table) Using FTIR and in the Mass Spectra

Using SIFT-MS (Bottom Part of the Table)”

system
compound acetonitrile formamide BrCN note
Spectral Data, 0.6 A Peak-to-Peak Current Discharges (1.2 kV)
HCN 2.5 x 107 1.1 x 10° 14 x 10° max band intensity (arb units) — v,
HNC 3.0 x 10° 1.7 x 107 2.0 x 107 max band intensity (arb units) — v,
HNC/HCN 2.80% 2.20% 3.00%
CO s v, band
CO, s v3 band
N, not observed s not observed electronic transition, see ref 86
CH w I~ ground state
NH w X*%~ ground state
CN s s s X?3 band Av =1
CN s s s A’TI-X*Z band Av =2
CN s s s A’TI-X*Zband Av =3
C s s s atomic lines
H s s s atomic lines
N s s s atomic lines
H s s s atomic lines
SIFT Data, 0.6 A Peak-to-Peak Current Discharges (1.2 kV)
HNC/HCN 671 3562
CH, 147
CH,4 56 897
HCHO 21 not measured signal in arb units
NO 21
CH,OH 9
(CH,),CO 7

“The emission intensity of HNC/HCN is expressed in arbitrary units; in the case of other species, w means weak intensity and s means strong intensity.

+

P~
HC==N =——= C =HN

Figure 5. Scheme of the BrCN decomposition.

dynamic properties of molecules, radicals, and ions in liquid, gas,
and solid states.>® The time-resolved continuous scanning prin-
ciple was the basis for the data acquisition, which was conducted
using a modified Bruker IFS 120 spectrometer in our laboratory
at the J. Heyrovsky Institute of Physical Chemistry, and a
similarly modified spectrometer was used in Okayama, Japan.
The principle of the used method has been described in detail in
previous papers.>™*?

The data acquisition system can be described as follows: The
position of the traversing mirror of the Michelson interferometer
was detected by reading the interference maxima of the HeNe
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laser emission. The input signal in a cosine function shape was
digitally processed into rectangular pulses, and it became the
internal standard of the interferometer. The frequency of these
rectangular pulses depends on the mirror speed. In the classic
measurement mode, the frequency is usually 10 kHz with a pulse
duration of 100 us. An external processor monitors the beginning
of the HeNe laser digital pulse, its order, and the zero position of
the mirror. During one pulse, the signal from the detector is read
(30 or up to 64 readings), which is the so-called AD trigger. A
discharge pulse of variable length can be arbitrarily inserted into
the data acquisition process (AD trigger). This process results in
30—64 reciprocally time-shifted spectra.

C. Selected lon Flow Tube Mass Spectrometry. Selected
ion flow tube mass spectrometry (SIFT-MS; see Figure 2) is a
technique that allows the quantification of trace amounts of gases
and vapors present in air. SIFT-MS is based on chemical ionization
using reagent ions H;O ™, O, ™, and NO™. These ions do not react
with the major components of air, but they selectively ionize trace
amounts of other gases and vapors. Absolute quantification is
achieved on the basis of a well-defined reaction time, during which
chemical jonization takes place in the helium carrier gas flowing
through a flow tube into which the reagent ions are injected and the
sample is introduced at a known flow rate. In this study, we used
SIFT-MS to analyze stable compounds produced during the
decomposition of formamide and acetonitrile in a discharge pulse.
Only qualitative analysis is possible under glow discharge conditions
due to the highly complicated composition and possible ion
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Figure 6. Emission spectrum of the acetonitrile discharge (10 us after the discharge pulse).

chemical reactions of the products in the flow tube. SIFT-MS has
been used to study trace gases in various biological systems™ and
gases produced in controlled combustion.>*

lll. RESULTS AND DISCUSSION

A. The BrCN/H, Discharge. The emission spectrum of the
mixture of 0.5 mbar BrCN, 0.5 mbar H,, and 2 mbar He
discharge is shown in Figure 3. The HCN and HNC emission
profiles (integrated intensity of the band) detected in the
discharge are shown in Figure 4. The following species were
detected: HBr, HCN, HNC, and CN, atomic lines of Br, C, and
N, and the emission spectrum of CO (presented as an impurity).
A summary of the emission bands of the identified species is
given in Table 1. A summary of the other identified species,
which were characteristic for the individual types of discharge,
including the detection results from the SIFT-MS method for the
individual systems, is also given in Table 1.

The reaction pathways of BrCN decomposition proposed on the
basis of a search of the literature are shown in Figure S. During the
15 us discharge and 15 us into the afterglow in the BrCN/He + H,
mixture, collisions with electrons cause the excitation and dissocia-
tion of the hydrogen molecules into H atoms:

Hy+e —2H+e (13)

as well as the direct dissociation of the BrCN precursor following
the equation

BiICN+e — CN+Br+e (14)

The process of Penning ionization®>>® occurring in discharges

in carrier gases with high ionization energies also produces
energetic electrons in reactions involving metastable atoms with
molecules M. The energy of such Penning electron is between
the ionization energy of the collision partner and the energy of
the excited rare gas atom (e.g,, He ~ 20 eV):

He*+M — He+M' +e” (15)

The energetic electrons contribute to the dissociation of the
precursor molecules. The dissociation energy of the Br—CN
bond is 3.69 V. In the case of the collision with atomic hydrogen,
and analogous to the photolytic experiment, some contributions
from reactions 10—12 can be taken into account in addition to
the mechanism of direct dissociation via (13) and (14).

The emissions of the atomic species of H, Br, and He reach
their maxima at the time of the termination of the discharge (15
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Figure 7. Time dependence of intensity profiles of HCN (a) and HNC
(b) bands in the CH;CN discharge.

us), and they are followed by the emission maximum of the
A’TI-X’Z CN band.

The maximum emission of HNC v, — GS (GS = ground
state) is reached within 40—50 us, but the excited 2v; — v, band
reaches its maximum immediately after the discharge pulse. The
HCN maximum occurs around 25 us.

The reverse decay of hydrogen cyanide into the CN radical®”
and molecular hydrogen is a reaction with a low rate constant:

ksoo = 1.07 X 1072 cm® 57!
(16)

The produced CN radical can react with the precursor
molecule according to the equation®®

H-+HCN — H, + CN
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ksoo = 2.1 x 107 cm® 7!

(17)
However, (CN), was detected neither in the discharge nor in
its products. Due also to the low rate constant when compared to
the H + CN reaction and the fast dissociation of BrCN, this
reaction can be neglected. We assume that the equilibrium is also
affected by reactions of HCN and HNC with the hydrogen
radical according to eqs 7 and 8.
B. The CH3CN Discharge. HCN and HNC as well as CN, H,
N, and C radicals were identified in the emission spectra of a
discharge in 0.5 mbar acetonitrile and 2.5 mbar He/Ar. In some

CN + BrCN — (CN), + Br

1890

cases 0.5—1.5 mbar of H, have been used. Using the SIFT-MS
method, HCN and methane were found to be the most abundant
in the discharge products. The emission spectrum is shown in
Figure 6. The time progression of the HNC and HCN formation
is shown in Figure 7. The addition of 0.5 mbar hydrogen led to an
increase in the emission intensity of both HNC and HCN, while
a clearly visible HNC 2v; — v; band was also found. The time
progression in comparison to the other HNC and HCN transi-
tions is shown in Figure 8. A summary of the identified species
and their emission bands is given in Table 1.

The reaction diagram of acetonitrile decomposition, drawn on
the basis of a search of the literature, is shown in Figure 9. During 22
us of the discharge and 15 us into its afterglow, acetonitrile is
dissociated by a collision with a fast electron, and species Hand C as
well as the CN radical are produced. The CN emission spectrum
was observed at 25 us, i.e,, 3 us after the discharge termination, as it
was the case in the BrCN/He + H, discharge. The acetonitrile
dissociation process is described by the following equation:

CH3CN + e — CN + other products + e

ogev) = 1 x 107 em®

(18)

The reaction cross section given with eq 18 is valid for acetonitrile
dissociation in an electron beam resulting in CN~ and CHj, as
stated by Mirk et al.*” The dissociation of only a single hydrogen
from the molecule producing CH,CN has a reaction cross section of
O;sev) = 4 X 107" ecm?® Mirk et al. found that the ratios of
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reaction cross sections for the products are 2000:35:7:50 for
CH,CN™~, CHCN™, CCN", and CN7, respectively. With regard
to these conclusions, it can be assumed that reaction 18 is composed
of the following partial dissociation reactions:

CH,CN — CH,-|CN+H (19)
while the last step is the split into atomic carbon and the CN radical

CCN — C+CN (20)
The CHj, CH,, and CH radicals are, therefore, produced in
smaller concentrations than CN. Neither the CH;, CH,, and CH
nor the C—CN species were detected in the emission spectra.
This fact, explained in the conclusion of our paper, deals with the
decomposition of methane in a glow discharge.

The emission lines of CH, C,, and molecular hydrogen were
detected in the observed spectra. It was found that the CH radical is
produced by the dehydrogenation of the parent compound, that is,
in the same way as we expected in the case of the elimination of CN
from CH3CN. This process is generally described by the equation

CH, — CH, ,+H (21)

We found that only the CH radical was present in a detectable
concentration. We therefore assume that the mechanism is the
same as in the case of CH3CN and the CN radical. The results of
the SIFT-MS method of measuring the product composition also

(o] /—> Co
Vi
H—C o CH c=
NHz> NH->N

NH

c N 4+ N——> N, 4 other products

Figure 12. Scheme of the formamide decomposition.

showed that the main reaction product is HCN (about 80 %) and
not hydrocarbons.

Analogous to the case of BrCN and reaction 12, we could
assume that CN is also produced in the reaction of hydrogen
radicals with the parent compound according to the equation®

CH;CN +H — CH; + CN  ksso = 1.09 x 10~ * cm® 57!

(22)

Note that reactions similar to 10 and 11 leading to the
formation of HNC/HCN + CHj; are possible, but no accurate
information regarding their rates is available.

C. The HCONH,, Discharge. The discharge in formamide is
chemically different from the discharges in compounds like
BrCN and CH3CN, which contain the CN group. In the case
of formamide dissociation, the CN radical is a product of
subsequent reactions. The study of formamide decomposition
is, therefore, important as a reference experiment. For this
reason, the formamide dissociation is mentioned in the presented
article, although its exact mechanism, and a comparison with the
dissociation by UV ArF laser, will be described in detail in a
separate work.®"

The following species were identified in the emission spectra
of the discharge in formamide (Figure 10): molecular nitrogen,
CO, CO,; CN, CH, and NH radicals, HNC, HCN, and the
atomic lines of C, N, O, and H. The HNC and HCN emission
progression is shown in Figure 11. Among the species identified
in the discharge products by the SIFT-MS method were HCN,
acetylene, methane, formaldehyde, nitrous oxide, and methanol.
Some species, such as carbon monoxide or dinitrogen oxide,
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could not be detected due to their low reactivity with the ions
used in the SIFT-MS method. Spectral analysis is an important
counterpart of this type of mass detection.

The reaction mechanism of the formamide decomposition
composed on the basis of a search of the available literature is
summarized in Figure 12. The major primary dissociation
channel is known to be®

HCONH, 4+ ¢~ — HCO + NH, + ¢~ (23)

This reaction was studied at 193 nm in an Ar matrix by Fourier
transform IR spectroscopy,™ and HCO was identified as the
main product. In the discharge, the mentioned dissociation by
the collision with a fast electron takes place again during the 22 us
discharge period and in the afterglow. The HCO radical is
dissociated (the dissociation energy is 0.68 eV), producing
CO, which is a stable product (dissociation energy 11.14 eV).

The species with general formula NH,, (n = 1, 2, 3) are
dehydrogenated in the glow discharge

NH,+e — NH,-;+H+e" (24)

and subsequently, CN is formed in the reaction of CH with
atomic nitrogenz63

ksoo = 1.58 X 10710 cm® 57!

(25)

HC+N—CN-+H

The reaction of the reverse formation of NH has a significantly
lower rate constant than in the CN formation:**

ksoo = 1.58 X 1072 cm® 57!

(26)

CH+N—NH+C

Molecular nitrogen N, was detected exclusively in the spectra of
formamide; it was not detected in the experiments with acetoni-
trile or BrCN. We assume that, in this system, N is produced in
the reaction of atomic nitroﬁgen with NH and CN according to
the following equations:*>°

ksoo = 2.49 x 10 " em? 57!

(27)

NH+N—N,+H

ksoo = 1.12x 10 " em® 57!

(28)

CN+N—N,+C

The absence of molecular nitrogen in the acetonitrile and BrCN
spectra can be explained by the large dissociation energy of the
CN radical (6.11 eV), so that CN, instead of dissociation, more
probably enters a reaction, producing stable HNC/HCN. In
contrast, the formamide molecule is dissociated into NH, and
NH, i.e., species with lower dissociation energies (3.29 and 3.27
eV, respectively). NH, and NH subsequently break down and
produce reactive atomic nitrogen. This atomic nitrogen reacts
with these radicals in reverse according to egs 25, 27, and 28,
producing molecular nitrogen or CN.

The CN radical in the formamide/Ar discharge subsequently
reacts with molecules containing hydrogen (HCO, NH,), e.g.,

HCO + CN — HCN + CO (29)

producing hydrogen cyanide as the product of this discharge.
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Figure 13. Time dependence of HNC/HCN ratios in formamide,
BrCN, and acetonitrile.
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Figure 14. Proposed scheme of the HNC formation in the glow
discharge. M is related to the chemical equation in the model. The
precursor (general formula X—CN) is dissociated to the CN radical.
The second possibility is a reaction with the atomic hydrogen. The CN
radical reacts with hydrogen containing species (R—H) or hydrogen,
and HNC/HCN is formed. HCN reacts with H to HNC or it is
protonated to HCNH ¥, which forms HNC by the dissociation recom-
bination with the electron.

D. Determining the Ratios of HNC/HCN and the Mecha-
nism of HNC Formation. Knowledge of the transition moment
or the band strength of a particular molecule provides informa-
tion on its quantitative abundance. The transition dipole mo-
ment of the HCN band v, is 0.083 D, and the transition dipole
moment of the HNC band®’ v, is 0.156 D. According to
Tennyson et al,%® the equation for the intensity of the band
using common SI units can be written as

2 Ny v;; —hev;;
S =——L|1— BN <Gl i 0
= e [ xp( o )} [GlaldP (30)

where N, is Avogadro’s number, vj; is the frequency of the
transition, h is the Planck constant, c is the speed of light, & is
the permittivity of the vacuum, |(j|u|i)| is the transition dipole
moment, and T is the thermodynamic temperature. The factor
in square brackets in eq 30 is the population difference between
the two vibrational states i and j. This factor gives rise to
induced emission and is very close to unity for the temperature
typical for the glow discharge (approximately 500—600 K).
After substitution and conversion of the dipole moment to the
Debye units (1 D =3.336 X 10~*° Cm) and the wavenumber to
cm™ !, this equation can be enumerated as follows:

S = 2.5066379-10° - v;; - |(jlu|iy|* (31)

The intensity of the HCN band v, calculated from eq 31 is Sicn
= 5.78 x 10° cm/mol, which conforms to the data from the
literature. The intensity of Syye = 2.27 X 107 cm/mol was
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Table 2. Reactions Used in the Model of HNC/HCN Chemistry

reaction type no.

electron impact MO
dissociation
M1
M2
M3
M4
MS
M6
M7
M8
M9

reaction type no.

HCN channels M10
MI11
M14
Ml16
M17
M18
M19
M20
M22
M48
M49
MS0
Ms1
MS6
MI12
M21
D1

D2

M1s
M23
M24
M2§
M26
M27
MS3
MS4
MSs
MS7
MS8
MS9
Mé61
MS2
M13

HNC channels

ionic chemistry

other reactions

reaction

BrCN + e  —Br+CN + e

CH;CN +e —CH3; +CN+ e
CH3;CN + e —H+ CH,CN + e~
CH,CN +e — CHCN +H + e
CHCN +e” —CCN+H+e”
CCN+e —C+CN+e

HCN +e —H+CN+ e
HNC +e —H4+CN + e
H,+e —H+H+e

D,+e —D+D+e

reaction

H, + CN—HCN + H
BrCN + H — Br + HCN

CH;CN + H — HCN + CH,4

CN + CH;CN — HCN + CH,CN
CN + CH,CN — HCN + CHCN
CN + CHCN — HCN + CCN
CN + HBr — HCN + Br

HNC + H— HCN + H

M+ CN+H—HCN +M

CH, + CN — CH; + HCN

CH; + CN — CH, + HCN

CH, + CN — CH + HCN

CH + CN — C + HCN

CCN + H— CH + HCN

BrCN + H — Br + HNC

HCN +H—HNC (v =2) + H
HNC (v =2) + M =HNC (v' = 1) + M*
HNC (v = 1) + M = HNC (GS) + M*
CH;CN + H— HNC + CH,4
M+ CN + H— HNC + M

HCN + MH" — HCNH" + M
HCNH' + e~ — HNC + H
HCNH" + e~ — HCN + H
HCNH" + e  —CN+H+H
CH;CN + H— CH, + CN
CH,CN + H— CH; + CN
CHCN + H— CH, + CN
CH,CN + H — CH;CN

CHCN + H — CH,CN

CCN + H— CHCN

Br+ H, —HBr + H

M+ CH; + H—~ CH, + M
BrCN + H — HBr + CN

threshold energy (eV)

3.30

5.30
3.12
3.12
3.12
6.29
S41
4.92
4.17
4.55

rate constant (cm®+s™ 1)

538x 10713
1.02 x 1012
1.36 x 1071
3.01x 1072
1.00 x 10713
1.00 x 10713
3.74x 10712
5.00x 10712
7.19 x 1073!
417 x 10712
417 x 10712
417 x 10712
417 x 10712
1.36 x 1071
333x1071
928 x 107
1L1sx 107"
22 %1012

453x10°18
7.19 x 10732
741 %107
1.18 x 1077
1.18 x 107%7
1.13x 10777
1.36 x 101
1.09 x 10~ 1+
1.09 x 107
1.60 x 1071
1.60 x 10~ 1°
1.60 x 107 1°
120 x 107 1®
2.13x107%
1.02 x 10712

remark

predicted using eq 37

remark

ref 87
estimated using ref 88
ref 62

estimated using ref 89

ref 78
refs 21 and 22
ref 90
ref 91

estimated using ref 91

estimated using ref 87

refs 42 and 88

fitted using refs 20—22

fitted

fitted

estimated using refs 42 and 88
ref 92

ref 81

ref 62

estimated using ref 62

estimated using ref 62

estimated using ref 62

estimated using ref 62

estimated using ref 62

ref 93

ref 94

estimated using refs 39, 40, and 87

found® for the same band of HNC. The HCN absorption band

v, is, therefore, about 4 times weaker than the band of HNC.
Equation 30 can be expressed using a formalism based on the
Einstein coefficient A;; instead of the transition dipole moment

167w’
380h

ij —

“lulidl? (32)

1893

and we obtain the equation

A;i* Ny _hCVO
S'i == 1—
" 8o { exp( kT ):|

(33)

For the observed HNC band v}, the Einstein coefficient of A;; =

dx.doi.org/10.1021/jp1107872 |J. Phys. Chem. A 2011, 115, 1885-1899

370 s~ ' can be calculated from the dipole moment. The obtained
value of the Einstein coeffcient of HCN was® 772 s~ The
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Figure 15. Concentration of HCN, HNC, and the precursor molecule estimated using the model (a). HNC/HCN ratio predicted by the model (b).
After 1000 pulses, an equilibrium concentration of about 2% HNC/HCN is reached.

emission spectrum of HNC is stronger in comparison with the
spectra of HCN; therefore, it can be easily detected despite relatively
lower concentrations.

If we consider the reverse absorption of the emitted radiation
to be negligible, the calculated Einstein coeflicients of the
spontaneous emission of the v, cold band transitions for
HNC and HCN can be used to correct the HNC emission
spectrum strength and calculate the HNC/HCN ratio in the
afterglow of the studied systems. The rotational temperature of
the discharge at 550 K determined by the Boltzmann plot
showed that, during the afterglow, the system was in thermal
equilibrium.

The intensity of spontaneous emission is directly propor-
tional to the population of the excited state of the particular
species. Therefore, with regard to the detector response to an
emission quantum with the energy of hvy, the quantitative
ratio in thermal equilibrium can be written in the following
way:

[HNC] _ I(HNC) A;(HCN)-%,(HCN) _I(HNC) 1

[HCN] ~ I(HCN) 4,(HNC)-v,(HNC)  I(HCN) 526 (34)

where I is the emission intensity of the band, Aj; is the Einstein
coeflicient of spontaneous emission, and ¥, is the band origin
in wavenumber of the observed bands.

To obtain the band intensity, 56 lines in the HCN and HNC
spectra were assigned and integrated in a C++ program. The
intensity was subsequently corrected using the Einstein A;
coefficient, and the HNC/HCN ratio was determined.

The time-resolved development of the HNC/HCN ratio in
the afterglow of the studied systems is shown in Figure 13. The
highest ratio, HNC/HCN ~ 3.0%, was found in the discharge in
the mixture of formamide and He. In the discharge in BrCN/He,
the ratio was found to be HNC/HCN = 2.8%, and in the
acetonitrile/Ar system, the ratio was found to be HNC/HCN ~
2.2%. Although the individual systems had different precursors,
the HNC/HCN ratios were always close to 3%. We assume this
result indicates that the mechanisms of HNC/HCN production
are similar, regardless of the discharge type. This ratio is unlikely
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to result from thermal chemical equilibrium via reaction, because
the HNC abundance calculated for the temperature of 550 K,
typical for a glow discharge, is only®* 6 x 10~ * %.

Comparing the reaction mechanisms found on the basis of a
search of the literature, we found that numerous reactions take place
in all systems. The simplified pathway of HNC/HCN formation is
shown in Figure 14. It is a key objective of the kinetic model of the
processes occurring in the experimentally studied gas discharges that
will be discussed in the following section to identify the dominant
reaction channels with respect to the formation of HNC.

E. Kinetic Model of HNC/HCN Hydrogen Chemistry. A
kinetic model of the BrCN and acetonitrile HNC/HCN dis-
charge and afterglow was designed on the basis of the reactions
listed in Table 2 to provide a description of the radical and
hydrogen chemistry and to explain the observed emission time
profiles and HNC/HCN ratio. The model focuses on the radical
chemistry because no ions were directly observed.

The key features of the model are summarized in the following
points:

¢ The numerical model was implemented in the Python 2.6.4
programming language. The decrease of calculation speed
caused by the interpreted nature of Python was partially
compensated by using modules Numpy”® and Scipy”" for
the acceleration of numerical algorithms.

e The model was constructed without spatial dimensions as a
so-called zero-dimensional model describing only the time
evolution of the concentrations. This type of model is
appropriate for data originating from the homogeneous
region of the positive column of a glow discharge.

o A set of ordinary differential equations constructed accord-
ing to the postulated reaction scheme (Table 2) was
numerically solved by the Scipy module using the ODE-
PACK library.”* The time dependencies of the concentra-
tions of the individual species were obtained for the given
initial conditions.

e The activity of the discharge was simulated by a rectangular
pulse of electron number density of 22 and 15 us duration in
accordance with the experiment. The typical values of
electron densities in a glow discharge are””* between 10°
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Figure 16. Comparison of the HCN concentration profile predicted by the acetonitrile discharge model (solid line) with the emission profile (circles)
of the v; — GS band (a). Comparison of the HNC concentration profile predicted by the acetonitrile discharge model (solid line) with the emission

profile (triangles) of the 2v; — v, band (b).
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Figure 17. Comparison of the CN concentration profile in the acetonitrile discharge model (solid line) with the CN emission profile of the ground state

X*Z* (triangles: 2 — 1, circles: 1 — GS bands).

and 10*! particles/cm3. We used a value of 6 x 10! cm ™3

obtained by a Langmuir probe measurement in the actual
experimental discharge. The electron temperature not ob-
tained by measurement was estimated as 1 eV and was
treated as a free parameter for the fitting of the experimental
results by the model.

o The concentration of MH ™ ions in reaction M24 was forced
to be proportional to the electron number density and was
thus represented by a rectangular pulse.

o The number densities of the precursor molecules and the
hydrogen molecules were fixed at 6.58 X 10" cm ™, as calculated
from their partial pressures of 50 Pa and temperature 550 K.

o The electron temperature and the rate constant M21 were
treated as free parameters for fitting the model results to the

experimental values of the HNC/HCN ratios (2.2% for
CH;CN and 3% for BrCN + H,) using the Nelder—Mead
simplex algorithm.”

e The accumulation of reaction products from the previous

discharge pulses (illustrated in Figure 7) was accounted for
by modeling a sequence of 3000 pulses in each run (2—4 h
of CPU time) while accounting for the loss of the products
by convection in a flow of the buffer gas into the pump.
The concentrations during the last pulse were used for the
fitting.

Rate Constants. The rate constants of reactions involved in
the hydrogen chemistry of HNC/HCN were adopted from the
NIST’® database and original literature (citations listed in
Table 2). The temperature dependence of the rate constants
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was estimated using the Arrhenius plot of the experimental data
according to the equation:

In k = K(1000/T) + Q (35)

where the slope is K= —E,/R (R is the universal gas constant,
and E, is the activation energy), and the constant term Q
represents the temperature-independent logarithm of preexpo-
nential factor A. From the Boltzmann plot of the HCN lines, the
rotational temperature of the discharge was estimated to be S50 K.
The values of the rate constants given in Table 2 for reactions
MI10—M61 were calculated using eq 35 where possible.

The main mechanism of the dissociation of the molecules in
the glow discharge is the collisions with free electrons generated
by electron ionization and by Penning ionization (15). The
second-order dissociation reaction can be generally written as

X—CN+e —X+CN+e (36)
The rate constant of electron dissociation was calculated
according to the formulation used by Morrison et al.”””® as

KT.) = x e > [8eT, 12 lJrZTe
¢ 4megEp JTMme Ep

exp( — Ea/Te.) (37)

Here, e and m, are the electronic charge and mass, & is the
permittivity of the vacuum (all in SI units), E, is the activation
energy for dissociation in eV, and T is the electron temperature
expressed in eV (11600 K = 1 eV). Thus, the rate constants for
reactions MO—M9 were calculated from the E, values given in
Table 2 using eq 37.

As the rate constants for the formation of HNC are not
accurately known, they were treated as free model parameters,
and they were fitted so that the resulting HNC/HCN ratios were
within a range of 2.2—3%. The following constraints were used
for the rate constants:

o The ratio of the rate constants M11/M12 and M14/M15
was fixed at 3:1 on the basis of work by Arunan.*?

The initial value of the rate constant for reaction M21 was

taken as kyppq = 5.6 X 107 em®s7! according to theory by

Sumathi et al*' The final value resulting from the fitting in

the present model and the importance of reaction M21 will

be discussed below.

o The rate constant for the formation of HCNH' by the
protonation of HCN (M24) was taken as the rate constant of
the reaction”® of Hy ™, which has the quickest reaction among all
the potential proton donors. The concentration of proton
donors MH ™ was fixed as 1/10 of the electron number density.

e The dissociative recombination® reactions M25—M27
were assumed to produce HNC and HCN in equal amounts.

Results of Modeling, Reaction Channels Important for HNC
Production. As discussed in the previous sections, collisions of
HCN molecules with molecules and atoms in the ground internal
energy states at the 550 K discharge temperature represent a
negligible contribution to the HCN — HNC isomerization. Also,
the energies of the lowest excited states of Ar (*P°5/, = 11.55 eV) and
He (3S = 19.81 eV) do not overlap with the energy barrier for the
isomerization of 2.19 eV. Thus, the collisions of excited He or Ar
atoms with HCN are likely to lead to Penning ionization (the
ionization energy of HCN is 13.61 eV) or to the dissociation of HCN
to the H atom and the CN radical (dissociation energy Eg, = 4.8 eV).

1896 dx.doi.org/10.1021/jp1107872 |J. Phys. Chem. A 2011, 115, 18851899

P32

The numerical kinetic model confirmed that the reaction
products are accumulated in the discharge cell during a sequence
of pulses and that the molecules remaining from the previous
pulses significantly affect the experimentally obtained emission
spectra (see Figure 15). Especially important for the present
study is the accumulation of HCN after several thousands of
pulses (several tenths of a second after the beginning of the
experimental sequence). Due to the substantial initial concentra-
tion of HCN at the onset of the pulse, the equilibrium between
the HNC/HCN isomers is established by the conversions of
HCN to HNC and back in reactions with hydrogen atoms H
(eqs 7 and 8 in the Introduction, designated as M20 and M21 in
the model) or by the protonation of HCN producing HNCH,
followed by its dissociative recombination with electrons produ-
cing HNC/HCN (eq S, designated as M2S — M27). The
experimental time profiles of HNC and HCN emissions are
compared with the modeled profiles in Figure 16. A similar
comparison for the CN radical is shown in Figure 17. Other
species mentioned in the model have significantly lower con-
centration than CN, HCN, and HNC except HBr and H.
However, their emission profiles are in agreement with the
model. The main question now is which mechanism is more
important for the formation of HNC molecules in the glow
discharges: is it the ion chemistry or the radical chemistry?

The simplest ions that can form in a discharge in mixtures
containing hydrogen are H," and H;*. However, H, " reactions
with the CN radical®' and HCN molecules

CN +H," — HNC' +H (39)

HCN +H," — HCN" + H, (40)

do not produce the HCNH ™ ion or the HNC isomer. However,
the H3" ions that are so important in interstellar chemistry do
react with HCN by proton transfer to produce HCNH*
according to eq 1, as mentioned in the Introduction
(designated M24 in the model).

The method of continuous scanning time-resolved Fourier
transform spectroscopy has been used in the 1800—4000 cm ™"
spectral region to observe the formation of the H;" ion in a
hydrogen discharge.®> To generate high concentrations of this
ion, a high pressure of molecular hydrogen is required at several
tens of mbar, much greater than the pressure used in the present
study. It is noteworthy that, in the present experiments, molec-
ular hydrogen, a precursor of H; " that is easily detected in this
spectral region,®® was not detected. There was also no evidence
for the presence of the HCNH™ ions.

Ton molecule reactions are generally rapid and can thus play an
important role even when the ion concentrations are below the
detection limit of the spectroscopy methods. Thus, it is necessary
to use the results of modeling to assess their contribution to the
formation of HNC. If the neutral radical reaction channels
leading to HNC formation (reactions M12, M1S, M21, and
M23) are excluded from the model, the resulting HNC/HCN
ratio is only 0.07% and, notably, it does not depend on the MH*
concentration, because the reverse conversion of HNC back to
HCN (reaction M20) involves the H atoms produced both by
the dissociative recombination of HCNH" and the dissociation
of H,. Reaction M20 thus significantly controls the HNC/HCN
ratio. When the neutral reactions M12, M15, M21, and M23 are
enabled, the modeled ratio of HNC/HCN rises to 2.2—3%,
indicating that these reactions represent the main route to the
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formation of HNC in the positive column of the glow discharge.
The value of the HNC/HCN ratio is in accordance with the
model result of equilibrium in reactions M20 and M21.

Recently, Amano et al.** studied the negative column of a glow
discharge in a mixture of CH,/N, at liquid nitrogen temperature,
and they observed a 33% HNC/HCN ratio. This result, which is
much higher than our observations in the positive columns, was
attributed to dissociative recombination (eqS, M25 and M26).
Extended negative glow discharge is a good source of positive
ions, including the HCNH that was actually observed. At liquid
nitrogen temperature and at low pressures of 10> mbar, the
neutral radical processes (including reactions M20 and M21) are
insignificant due to the low collisional frequencies and lower
reaction rate constants, and the ion chemistry dominates. How-
ever, in the positive column at 550 Kand 1 mbar in this study, the
neutral radical chemistry played the major role, and this is also
supported by our model.

The fitting of the chemistry models in the BrCN and CH;CN
discharges to the experimental data provided rate constants for
reaction M21 of 133 x 107! and 93 x 10~ em® s},
respectively. This difference demonstrates the accuracy of our
results. The previous values reported in the literature ranged
from 5.6 X 105 cm® s ™!, obtained by theoretical calculation,*"
to 7 x 107! ecm® s7!, obtained by the modeling of cometary
chemistry, and no direct experimental data are available in the
current literature. Our results are thus closer to the lower
theoretical value by Sumathi*! However, it must be kept in
mind that the conditions of our experiments are given by the
plasma environment of the glow discharge at a temperature of
550K, an electron temperature of 1 eV, and a number density of
electrons of 6 x 10" em™>,

Emission and Concentration Profiles. The model results for
the time profiles of the species concentrations in the discharge
correspond to the observed experimental data qualitatively, but not
quantitatively (as shown in Figures 16 and 17). The modeled change

of concentration during one pulse was relatively small, while the
change of the emission intensity recorded by the detector was
comparatively large. This mismatch can be explained by the excita-
tion of the radiating species in the active discharge and by their
subsequent collisional relaxation (quenching). The details of these
processes can be illustrated by the HNC and HCN emission profiles:
The ground state of HCN in collisions with excited hydrogen
atoms H* produces HNC (v = 2, observed band 2v; — v;):

HCN + H* — HNC (v = 2) + H kyay = 928 x 10 “em’ s (41)

Then, HNC (v/ = 2) is quenched in collisions with a molecule
Mto v =1 (observed band v; — GS) and is further quenched to
the ground vibrational state (GS).
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HNC(V =2)+M — HNC (v// = 1) + M*

-1 =115x 10" " em’s7? (42)

HNC(/ = 1) + M — HNC (GS) + M*

f—gs =22x10 2 cm’s? (43)

The results of the kinetic model of this sequence involving the
same number of collision partners and molecules HCN and
HNC (4.85 x 10" cm™®) are shown in Figure 18. The
agreement of the presented emission profiles with the experi-
mental results indicates that quenching significantly influences
the time profiles of the emission intensities. The actual rate of
quenching is strongly influenced by the nature of the colliding
species and by the differences in the excitation levels of the
exciting species and the energy acceptor. The rate constants for
quenching by rare gas atoms are known to be slow. For example,
the relaxation rates of highly excited states®® of NCNO are in the
order of 10~ cm? s ! for collisions with He and Ar atoms, but
for collisions with molecular gas N, the quenching rate constant
is 107'° cm® s . This value is close to a typical collisional rate
constant. Spontaneous emission lifetimes are comparatively long
and do not strongly influence the observed time profiles. For
HNC, the spontaneous emission lifetime is 2702.7 us, while the
observed exponential time constant of decay in the discharge is
only 115.2 us. The effect of collisions on the experimental
lifetime 7T, of the CN emission lines is also demonstrated
experimentally with the addition of H,. In the acetonitrile/Ar
discharge without the added hydrogen, the lifetime of the
emission line R(8) in the ground state X>Z*, 2 — 1, was Texp =
22.45 ps (not truly exponential, see Figure 19); in the case of the
R(8) line in the ground state X*=*, 1 — GS, it was Texp = 32.43 Us.
After the addition of 0.5 mbar of hydrogen to the discharge, these
lifetimes shortened to Tep = 5.69 us and Tey = 1198 us,
respectively.

IV. CONCLUSIONS

Time-resolved Fourier transform emission spectroscopy was
used to study the formation of HNC and HCN. On the basis of
the strength of the HCN and HNC bands, the HNC/HCN ratios
were studied in the glow discharge in three different mixtures:
acetonitrile/Ar, BrCN/H,/He, and formamide/He. The aim of
the work was to determine whether the HNC/HCN ratio
depends on the type of precursor used. In all three mixtures,
HNC/HCN experimental ratios between 2 and 3% were found.
The final products of the discharges in the acetonitrile/He and
the formamide were detected using the SIFT-MS method. The
main decay products in both acetonitrile and formamide were
HCN, methane, and acetylene.

Kinetic modeling was conducted to identify the reaction
channels responsible for the formation of HNC in the given
concentration ratio to the HCN present in the gas mixture. A
numerical kinetic model was constructed that contained 61
reactions covering both ion chemistry and neutral radical chem-
istry. The results of fitting the model predictions to the experi-
mental data revealed the following:

e The products of the discharge chemistry are accumulated in

the cell in a sequence of pulses.

e The ratio of HNC/HCN was 2 orders of magnitude smaller

than the experimental results when the radical chemistry was
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excluded and only the ion chemistry was enabled. The full
model, including the radical chemistry, reproduced the
experimental results.

e HNC is formed primarily by the reaction of HCN with the
H atoms (equations M21 and M20), and the rate constant
for reaction M21 was determined to be in the range 9.3 x
1070 1.33 X 107 ¥ em®s™".

o The time profiles of emission intensities are influenced by
the collisional quenching of the vibrationally excited states
in addition to the concentration profiles of the chemical
compounds produced by the discharge chemistry. The value
of HNC/HCN ratio can therefore be influenced by colli-
sions, and rate constant M21 must be accepted like an
effective value.
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Abstract The environmentally important decomposition of halogenated species CF;Br
and CF3;CHFCEF; in helium discharge plasma was investigated by time-resolved high-res-
olution Fourier transform infrared emission spectroscopy. Contrary to classical pyrolysis, a
deeper fragmentation of precursors up to atoms and lower molecular species was observed.
Excited molecular products CF, CF, and CF, achieved the maximal concentration in the
afterglow. The high concentration of all these species is in agreement with a kinetic model
based on radical chemistry. The non-detectable concentration of CF; can be connected to its
high reactivity and the formation of more stable products, CF, and CF,, by addition or
release of a fluorine atom, respectively. Other products included HF, HBr, CO and cyano
compounds that were produced by secondary reactions with traces of water vapor, atmo-
spheric oxygen and nitrogen present in original industrial samples as impurities.

Keywords Helium discharge plasma - CF;Br - CF;CHFCF; - Fluorocarbon radicals -
Time-resolved FTIR

Introduction

Halogenated fire extinguishing agents have been traditionally utilized in many applications

to protect fixed enclosures or in applications requiring rapid extinguishing. The most
commonly used halogenated hydrocarbon extinguishing agents were bromine-containing
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compounds, e.g., CF;Br (Halon™ 1301). The Montreal Protocol and its attendant
amendments have mandated that their production be discontinued [1] because these
compounds have been linked to the ozone depletion [2, 3] and to the formation of toxic
products [4, 5]. Nonbrominated fluorohydrocarbons [6], e.g., CF;CHFCF; are suitable
alternatives of growing importance for both fixed and portable fire extinguishing systems.
The behavior of these agents in thermal and non-thermal plasma as well as related envi-
ronmental aspects and their decomposition products are still challenging tasks in the
context of fire safety science.

In previous papers, high resolution spectroscopic studies of halogenated radicals were
performed [7-10], and time-resolved high-resolution Fourier transform infrared (FTIR)
spectroscopy was used to study plasma processes in an electrical discharge [11, 12] and/or
in a plasma plume formed by laser ablation of various materials [13, 14]. Although the
time-resolved spectroscopy can significantly contribute to the better understanding of the
processes, so far, no study has been published on the measurement of time resolved spectra
of the decomposition products of CF3Br or CF;CHFCF;3. Because of the high stability of
fluorohydrocarbons, pulsed helium discharge plasma was used, which allows the genera-
tion of the high concentration of unstable species that is expected to occur at moderate
temperatures with low yields but at conditions far from the thermal equilibrium with
excitation temperature of about 3,500 K [15]. Non-thermal fluorocarbon plasma serves as
an effective source of high-energy electrons and chemically active particles with appli-
cations in material science, where it is widely used for etching semiconductors [16, 17].

The time-resolved data provide more detailed information about the kinetics of unstable
species than the classical steady-state FTIR of fluorocarbons [18]. The high resolution
(typically 0.05 cm™") can resolve lines of individual species in a wide spectral range, and
the individual formation and decay processes can be studied simultaneously. The limitation
of this method is the sensitivity of the FTIR emission technique (commonly at least about
10°-10'? particles per cm?®) and the considerable time required to obtain the data because
signal accumulation is necessary.

Experimental

The emission spectra were measured using a time-resolved Fourier transform high-reso-
lution Bruker IFS 120 HR interferometer. The basic principle of this method, described in
previous papers [11, 19] is the acquisition of signals from the detector during discharge
pulses for different optical path differences. These signals are shifted in time by A¢ (where
At = 1,2 or 3 ps). In this way, a matrix I(#;, ;) of intensity / at times 7, is acquired for the
given optical path difference 0i (i is the index of the selected optical path difference, from
its zero to maximum values). This process results in 30 to 64 reciprocally time-shifted
interferograms computed as a spectrum using the Fourier transformation.

The scheme of experimental set-up is depicted in Fig. 1. The positive column discharge
tube, covered with a glass outer jacket, was 25 cm long with an inner diameter of 12 mm.
KBr windows were used. The pulsed discharge was maintained by a high voltage transistor
switch HTS 81 (Behlke electronic GmbH, Frankfurt, Germany) and applied between the
stainless steel anode and the grounded cathode.

The He/precursor plasma was cooled by water in the outer jacket of the cell. The
voltage drop across the discharge was 1,200 V, with a pulse width of 20 ps and 0.6 A
peak-to-peak current. The scanner velocity of FTS was set to produce a 5 or 10 kHz HeNe
laser fringe frequency, which was used to trigger the discharge pulse. The recorded spectral
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Fig. 1 Experimental set-up

range was 600-2,000 em~ ! and 2,000-6,000 cm ™! using a ZnSe lens and a series of Ge
optical filters at an unapodized resolution of 0.05 cm™". This spectral range is very wide,
commonly only one of these spectral regions is measured. Fifty scans were averaged to
obtain a reasonable signal-to-noise ratio. The signal was detected by MCT and InSb
detectors. Samples from the industry reservoir that contain air impurities (oxygen, mois-
ture) were taken to the small lecture bottle at a pressure of 8 atm. The initial pressure of the
extinguish agent, 0.5 mbar, was sampled from the lecture bottle, and the He buffer gas
(99.999% purity) at a pressure in the range 2—4 mbar was co-added to obtain a stable glow
discharge. Discharge products were pumped-out from the cell by the rotational pump
(Edwards) after each pulse, and the He/precursor system was continually refreshed.

Results and Discussion
FTIR Emission Spectra

The FTIR spectra of He/C;F;H and He/CF;Br mixtures in pulsed discharge are shown in
Figs. 2 and 3, respectively.

Among the many atomic transitions of excited He* in the IR region, the strongest lines
were assigned to the He I (e.g. *S-*P° line 918.92 cm ™' ~ 23.7 eV), system of transitions
at 2,469.75 cm™ ', He I *P°-*D (line 2,700.09 cm™' ~ 24.0 eV) or very strong He I 'S-"P°
(line 4,857.46 cm™' ~ 21.2 eV). Energies in brackets corresponding to the upper level of
given transitions show that electrons with energies close to the first ionization energy of He
(24.58 eV) are available due to Penning ionization. However, He II was not detected,
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Fig. 3 FTIR spectrum (600 —5,500 cm™") observed for He/CF;CHFCF; mixture in a pulsed discharge

which is in agreement with the observed electron energy distribution in helium discharge
[20], where the energy continuously decreases into area of the first ionization potentials
with an energy maximum of several electron volts.

The lines of atomic hydrogen H T (a-Brackett series at 2,467.73 cm™' ~ 13.0 eV) for
CF;CHFCF; and atomic bromine Br I (e.g., transitions at 4,372.07 cmfl) for CF;Br were
observed as well. Surprisingly, a low intensity was observed at the atomic lines of carbon,
and the strongest line at 2,963.984 cm ™" was assigned to the *D->F° transition. The atomic
spectrum of fluorine F I in the IR region has not been studied before. The data were
calculated on the basis of the extrapolation of results in the visible spectral region; [21]
however, the lines of F I in the FTIR spectra of both compounds cannot be assigned due to
their low intensity and/or overlapping with other lines.

The molecular species formed in the helium discharge plasma include predominantly
the decomposition products of CF;Br and CF;CHFCF; namely HBr (v, band at
2,558 cm™', Fig. 2), HF (v, band at 3,962 cm™', Figs. 2 and 3), CF (P branch of I},
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Fig. 4 Assignments of CF (a), CF, (¢) and CF, (e) lines in high resolution FTIR spectra in He/CF;CHFCF;
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band at 1,286 cm™ ', Fig. 4a) [22], CF, (P branch of v; band, Fig. 4c) [23, 24], and CF, (v3
band at 1,281 cm™', Fig. 4e). Although the CF3Br molecule does not contain hydrogen,
HF was identified in the spectra of both CF;Br and CF;CHFCF; decomposition products,
probably due to presence of water traces in industrial samples.

The lines of CF; radical [25] that can be expected in plasma discharge were not
explicitly assigned due to congested spectra and possible overlap with lines of similar
species, e.g., CoFg. The non-detectable concentration of CF3 can be connected to its
reactivity and the formation of more stable products, CF4 and CF,, by the addition or
release of fluorine, respectively. No direct evidence of CF3 formation is in agreement with
results of the pyrolysis of CF;CHFCF;, where the most favored reaction is the elimination
of HF at lower temperatures and the formation of CF, radicals at higher temperatures [26].

Lines of carbon monoxide CO at 2,143 ¢cm ™! and the electronic transition A2II-X?X " of
the CN radical around 4,750 cm™! (Figs. 2 and 3) were also found. The addition of water
vapor to discharge led to the formation of HCN (v; band at 3,311 cm™"). All these species
are toxic, and their origin is in secondary reactions of reactive decomposition products in
the discharge with air traces and/or water vapor, which are the main contaminants of
industrial samples of fire extinguishing agents CF;Br and CF;CHFCF;.

Kinetics and Chemical Processes in the Discharge

The use of time-resolved FTIR data (Figs. 3 and 4) permits a detailed description of the
kinetics of the formation and decay of unstable species. The individual processes were
studied in the wide spectral range of 600-6,000 cm™'. These results provide information
about the time profiles of the unstable species concentrations in excited states. The time
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Fig. 5 Time resolved Discharge Afterglow
concentration profiles of atomic
lines of Br (a), He (b), H (¢), and
C (d) observed for He/CF;Br
mixture in a pulse discharge

a —
10° 1\[» _gn.uvr-r— O
RS ¥

Emission intensity (a.u)

Time (us)

profiles show the difference between the deactivation of atoms (Fig. 5) and molecular
species (Fig. 4b, d, f). Whereas atomic species deactivate spontaneously immediately after
pulsed discharge with lifetime of several ps (Fig. 5), excited molecular species of CF
(Fig. 4b), CF, (Fig. 4d) and CF, (Fig. 4f) achieve their maximal concentration in the
afterglow. This observation could be connected to their formation from atoms and lower
molecular fragments and/or deactivation from higher energy levels.

The emission profiles do not reflect the absolute total concentration of species, which
are predominantly quenched to the ground state. Knowledge of the Einstein coefficients for
spontaneous emission and bimolecular quenching rate constants is, therefore, essential for
their quantification. The total concentrations of the species may be different from the
concentration of excited species as forbidden transitions for the metastable levels, and
radiation trapping for the resonant levels can change energy distribution inside individual
species significantly.

Unstable species (ions, excited states) in helium discharge plasma are formed by
Penning ionization (Eq. 1) and/or by molecular dissociation due to collisions with He*
(Eq. 2) and electrons (Eq. 3): [27, 28]

AB + Hex — AB" + He + e~ (1)
AB + Hex — A + B + He (2)
AB + e — A+ B +e (3)

He* represents a helium atom (metastable states 2'S with energy of 20.6 eV and 23S
with energy of 19.8 eV), and AB denotes a molecule with fragments A and B. In com-
parison with the lowest lying He (2°S), the energies required for the ionization of CF;Br
(ionization potential of 11.4 eV) and CF;CHFCF; (12.4 eV) are significantly lower [24].

The dissociation energy for the C-X bond decreases in the following order: C-F > C—
H > C-C > C-Br [29]. The energies of excited He* atoms are significantly higher than the
literature data for C—F bonds with the highest dissociation energy (E;,, <5.7 eV), and they
allow simultaneous splitting of a few bonds during one collision with excited He* atoms
and the formation of the observed CF and CF, fragments (Eq. 2). In reactions where
multiple bonds are broken, the bond dissociation energy of a particular bond can be
changed by the cleavage of ancillary bonds within the molecule. That is, once the first bond
is broken, the remaining bond dissociation energies are often altered, e.g., the experimental
values for C-F bonds are 5.31 eV (CF,) [30], 4.00 eV (CFs) [30], 4.59 eV (CF,) [31], and
5.67 eV (CF) [32].

Electron impact data for both precursors (Eq. 3) are not available; however, similar
studies with CF;H and CF, were carried out. The minimal energy for hydrogen (Eq. 4) and

P41
@ Springer



Plasma Chem Plasma Process (2011) 31:417-426 423

fluorine release (Eq. 6) was calculated to be 11 and 13 eV, respectively. The threshold
energy for the direct formation of CH was found to be 19.5 eV. For comparison, the
threshold energy of CF, dissociation to CF; and CF, fragments by electron impact was
experimentally measured to be 12.5 eV with an optimum of 125 eV [33]. The highest
effective cross-sections ¢ for an energy of 20 eV were observed for reactions (Eqs. 4-6)
leading to the formation of CF and CF; radicals:[34]

CF:H — CF; +H ¢ =2x107%m? (4)
CFsH — CF + other fragments ¢ = 1 x 10~*m? (5)
CF:H — CHE, +F 0 =1x 107%m? (6)

In summary, the energetics of all processes described by Eqgs. 4—6 show that both
collisions with excited helium atoms and/or with fast electrons can be responsible for the
deep fragmentation of CF;Br and CF;CHFCF;.

Kinetic Model of CF;Br Chemistry

A kinetic model of CF;Br discharge and afterglow was designed on the basis of the
reactions listed in Table 1. This model was presented in a previous paper [35] in detail, and
it focuses on the radical chemistry because no ions were directly observed.

Briefly, the numerical model was implemented in the Python 2.6.4 programming lan-
guage using the modules Numpy [36] and Scipy [37] as a zero-dimensional model
describing only the time evolution of the concentrations. This type of model is appropriate
for data originating from the homogeneous region of the positive column of a glow
discharge. The activity of the discharge was simulated by a rectangular pulse with an
electron number density of 22 ps in duration in accordance with the experiment. The
typical values of electron densities in a glow discharge are between 10° and 10" particles
per cm® (ref [38, 39].). A value of 6 x 10'" particles per cm® obtained by a Langmuir
probe measurement in the actual experimental discharge was used. The electron temper-
ature not obtained by measurement was set as a free parameter in the range of 0.5-4 eV.
The number densities of the precursor molecules were fixed at 6.58 x 10" em ™3, as
calculated from their partial pressures of 50 Pa and the temperature of the glow discharge
of 550 K. The temperature was obtained from a Boltzmann plot of the CF lines. The
possible accumulation of reaction products from the previous discharge pulses was taken
into account by modeling a sequence of 3,000 pulses in each run (12 h of CPU time) while
accounting for the loss of the products by convection in a flow of the buffer gas into the
pump. The rates of reactions were adopted from the NIST database [21] and original
literature (citations listed in Table 1).

The main mechanism of the dissociation of the molecules in the glow discharge is the
collisions with free electrons generated by electron ionization and by Penning ionization.
The rate constant of electron dissociation was calculated according to Morrison et al.: [40]

KT,) == (4n:,EA)2' (f;f) " (1 n ZED exp(—Ex/T.) (7)

Here, e and m, are the electronic charge and mass, & is the permittivity of the vacuum (all
in SI units), E4 is the activation energy for dissociation in eV and 7, is the electron
temperature expressed in eV.
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Table 1 Reactions in the CF;Br discharge and afterglow

No. Dissociation reaction Threshold energy (eV) Ref.

DO CFsBr + e~ — CFy + e~ + Br 2.60 [42, 43]
Dl CFE,Br+e  — CF, +e + Br 2.79 Estimated
D2 CF,+e¢ - CF+e¢ +F 5.31 [30]

D3 CF;+e > CF,+e +F 3.94 [44]

D4 CF,+e - CF+e +F 4.59 [30]

D5 CF+e -»C+e +F 5.60 Estimated
D6 CF+e - C+e +CF 6.16 Estimated
D7 C)F, +e¢ - CF+e¢ +CF 5.76 [30]

D8 CF,+e¢e - CF+e +F 5.24 Estimated
D9 CFy+e > CF+e +F 5.11 Estimated
D10 CFg+e - CFs+e¢ +F 5.04 Estimated
D11 CFs+e - CF,+e +F 4.95 Estimated
D12 CF+e - CF, +e¢ +F 4.95 Estimated
D14 CFs+¢ - CF, +¢ +CF 0.44 [45]

D15 CF,+e - 2CF +e 3.70 Estimated
Dl6 CFg+e —» 2CF; +e” 332 Estimated
D17 C)Fs + e  — CF; + ¢ + CF, 0.44 [45]

No. Radical-radical reaction Rate constant (cm3 s") Ref.

RO CF; 4+ CF; — C,Fq 525 x 10712 [46]

R1 CF; + F —» CE, 440 x 1071 [47]

R2 CF; + Br — CF;Br 440 x 107" Estimated using[47]
R3 CF, + F — CF; 430 x 1071 [48]

R4 CF; 4+ CF, — C,F;s 8.80 x 10713 [48]

R5 CF, 4+ CF, —» CF, 401 x 1071 [49]

R6 CF + F - CF, 1.00 x 10713 [50]

R7 CF, +F - CF; + F, 415 x 107" Estimated using[51]
RS CF;+F - CF, + F, 415 x 1071

R9 CF, +F - CF+F, 415 x 107"

R10 CF; 4+ F, » CF, + F 7.00 x 10714 Estimated using[48]
RI1 CF, + F, » CF; + F 8.32 x 1071 [52]

R12 CF+F, »CF,+F 832 x 10714 Estimated using[52]
R13 C+F, > CF+F 8.32 x 1071

R14 CF; 4+ CF; — CF, + CF, 1.00 x 1071

RI15 CF; + CF, - CF, + CF 1.00 x 10715

R16 CF, + CF, — CF; + CF 1.00 x 107"

R17 CF + CF; — 2CF, 3.90 x 10712 [53]

RI8 CF, + CF - C,F; 1.00 x 1072 [47]

R19 C,F; + F - GF, 5.00 x 107

R20 C,F, + F - CF; + CF, 4.00 x 107"

R21 C,Fs + F - 2 CF; 1.00 x 107"

R22 C,Fg + F - CF; + CF, 1.00 x 107"
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Fig. 6 Calculated time resolved

concentration profiles of CF, (a), m’g
CF (b), CF, (¢), CF;Br (d) and s . a
CF; (e) in CF;Br pulse discharge 2 10
as a function of the number of z K
discharge/afterglow periods ] b
© c
£ 107
S d
S
e
0 500 1000 1500

Number of discharge/afterglow period

The results of this model applied to the CF;Br discharge are summarized in Fig. 6. The
system achieved the equilibrium between dissociation and recombination reactions after
several thousand discharge/afterglow periods. The calculated concentration of CF, was
higher than that of CF and CF,, which is in agreement with the experimental data (see
above). The concentrations of CF3; and C,F,Br, species not observed by FTIR measure-
ments were about two orders of magnitude lower than those of CF and CF,. Both
experimental and calculated data that predict a high concentration of CF are in agreement
with the literature data of Kim et al. [41] for a CF, discharge. A similar model can be
applied to the CF;CFHCEF; discharge.

Conclusion

The time-resolved emission spectra of CF;Br and CF;CFHCF; in helium discharge plasma
were measured in the 600-6,000 cm™' region using a high resolution Fourier transform
spectrometer. The reaction mechanism that was suggested on the basis of time resolved
data starts by Penning ionization and the reaction of precursors with excited helium atoms
and/or fast electrons up to atoms and low molecular fragments. The major unstable
products were CF,, CF and CF,, which is in agreement with a kinetic model. The for-
mation of stable molecules and vibrational cooling to the ground state were observed in the
range of tens of microseconds. All measurements show the formation of toxic and/or
reactive stable products, e.g., HF, HBr, CO and HCN.
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A large-scale plasma was created in CO-N,-H,0 gas mixtures by high-power laser-induced dielectric
breakdown. The composition of the mixtures used corresponded to a cometary and/or meteoritic impact
into the Earth’s early atmosphere. A multiple-centimeter-sized fireball was created by focusing near-
infrared laser pulse into the centre of cell. The laser-plasma formation in the mixtures mainly leads to

a production of CO,. The competition of the CO + CO — CO, + C and CO + OH — CO, + H reactions in the
CO, production was investigated using '®0 labeled water. An analysis of the isotopomers was carried
out by means of high-resolution FTIR spectroscopy.
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1. Introduction

The majority of current models of the atmosphere during the
period of life’s origin on our planet prefer an atmosphere composed
mostly of carbon dioxide, emphasizing its volcanic origin. The fun-
damental hypothesis is that the gases were the same as those pro-
duced in present volcanic eruptions. Most models are inclined to
downplay the existence of strongly reducing atmospheres, which
were previously considered to have played the main role in prebi-
otic syntheses [1].

In this Letter, as well as in those previously published [2,3], it
has been shown that a CO-CO,-N,-H,0 mixture can be used for
the creation of a series of organic molecules, as in the case of
strongly reducing atmospheres. An atmosphere containing CO
could therefore be an environment for prebiotic syntheses leading
to the formation of biologically relevant organic compounds [4]. An
atmosphere dominated by carbon monoxide could have existed
only under the precondition that the production rate of CO was
high. However, a CO dominated atmosphere could not have existed
for a long period of time, because the CO was depleted from it.
There are several ways of explaining the sink of CO in the early
Earth‘s system.

One possibility is the chemical reaction of CO with the other
molecules present, resulting in more complex organic compounds
[5]. Groth [6] studied the reaction:

2C0 + H,0 — H,CO + CO,. (1)

This leads to a shortened half-life of carbon monoxide in the atmo-
sphere due to the formation of formaldehyde. The reaction is ther-

* Corresponding author.
E-mail address: civis@jh-inst.cas.cz (S. Civis).

0009-2614/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2009.02.056

modynamically unfavorable, but occurs when an high-energy event
takes place in its initiation. For example, absorption of 129.5 nm or
147 nm radiation, such as produced from Xe lines, in the gas pro-
duces H,CO with quantum yields of 1.0.

Maksimov et al. [7] carried out detailed studies of reactions
leading to the formation and decomposition of CO, taking place
in an electric glow discharge in CO. Amongst other things, they
found out that the reaction rate constant of

CO + 0 — CO,. )

could, under certain conditions, be considerably lower than the
reaction rate constant of

CO +CO — CO, + C. 3)

Essenhigh et al. [8] studied the CO disproportionation reaction
(3) (Boudouard reaction) between two highly vibrationally excited
CO molecules in the ground electronic state. The inferred reaction
activation energy, 11.6 eV (close to the CO dissociation energy of
11.09 eV) was evaluated using the statistical transition state theory,
by comparing the dependence of the measured CO, concentration
and the calculated reaction rate constant on helium partial pressure.
This suggests that the gas phase Boudouard reaction occurs in colli-
sions of two highly vibrationally excited CO molecules by pooling
their vibrational energies. The gas phase disproportionation reac-
tion which does not involve electronically excited species may only
occur if the activation barrier is overcome at the expense of transla-
tional or vibrational energy of the reactants. The former channel
would require extremely high gas temperatures available in a shock
tube experiment. The disproportionation reaction rate constant
measured at that conditions was k;=9 x 1078 cm?® s~ (3).

Another CO sink in the primitive atmosphere is due to its reac-
tion with hydroxyl radicals [9].

P46



M. Ferus et al./Chemical Physics Letters 472 (2009) 14-18 15

CO +OH — CO, + H. (4)

The reaction (4) has been generally accepted to be a major sink
of both the OH radical and CO in the atmosphere [10]. In the prim-
itive atmosphere, OH would come from water photolysis and from
the reaction of excited oxygen atoms with water vapor [11].

The reaction of OH with CO in the presence of a large quantity of
N, was studied by Biermann et al. [12] at 300 K using pulsed dis-
charge UV photolysis of H,0. The rate constant of this reaction
(1.95 x 10713 cm® mol~! s! at 750 Torr N,) was found to be inde-
pendent of pressure. However, trace impurities may cause the rate
constant to increase at high pressure.

If we use Brinkmann'‘s estimate [13] for simultaneous produc-
tion of the OH radical by the photolysis of water (1.6 x 10°
mol cm~2 s71), we come to the conclusion that the CO in the atmo-
sphere at the pressure of 1 bar would have been converted to CO,
within 430 my (million years) even by this reaction alone. However,
it needs to be taken into account that OH in the atmosphere can also
react with CH4 and numerous other species [14].

A detailed study of the mechanism of CO conversion in a mix-
ture with nitrogen and water, representing the CO-dominant tran-
sient atmosphere model, was carried out using large laser sparks
generated on the high-power laser facility PALS (Prague Asterix La-
ser System) [15]. The main aim of the present experiment, carried
out with stable isotope labelling, is to compare the rates of the
reactions (3) and (4) in a 1:1 mixture of CO and N, under the pres-
ence of water in both, the liquid and the gas phase. The concentra-
tion of water in the gas phase corresponded to a partial pressure of
water in the atmosphere at 50 °C. The reactions (3) and (4) can be
distinguished by using H,'®0. C'°0 and H,'80 were used as the key
laser-plasma chemical reactants and high-resolution Fourier
transform infrared (FTIR) spectroscopy was used for the analysis
of isotopomeric products of the reaction:

C'50(g) + H,'80(g) + N (g) [LIDB] — products. (5)

€150, C'®0, C'°0'%0, C'®0,, and H,'0 represent the main prod-
ucts formed in this reaction system.

In this Letter, we present experimental results allowing us to
evaluate the particular role of the reactions (3) and (4) in laser-
plasmas produced in carbon monoxide rich systems. The produc-
tion rates (i.e., yields, formation efficiencies) of the isotopomeric
products from these reactions are compared as a function of the
amount of the laser radiation energy deposited in the reactor, i.e.,
of the number of laser shots fired into the cell.

2. Experimental

Laser-induced dielectric breakdown was achieved in the molec-
ular gas mixture using the high-power iodine photo-dissociation
laser system PALS [15]. A single pulse of radiation at a wavelength
of 1.3152 pm (pulse duration of 400 ps and energy of 100 ]) was
extracted behind the 4th amplifier of the laser system. The diame-
ter of the laser beam behind the 4th amplifier was 15 cm. One
pulse was delivered every 30 min.

The laser beam was focused into a gas cell using a plano-convex
lens with a diameter of 15 cm and a focal length of 25 cm. The
pulse energy lost at the focusing lens and the cell window did
not exceed 15%.

For the static LIDB experiments, a 15 L glass cell was used. The
shape of the cell body was a cross with length and width of 40 cm
each, with four windows. The main laser beam entrance windows
were made of 4 cm thick glass, with a diameter of 20 cm. 1.5 cm
thick inspection windows with a diameter of 10 cm served for col-
lection of the OES signals. The windows were mounted onto the
glass body with stainless-steel flanges and sealed with viton rings.
The cell was mounted on a 1 cm thick aluminum platform for eas-

ier manipulation and positioning. The cell body was equipped with
two vacuum valves (ACE glass, USA) for gas handling.

The clean glass cell (the main body of cell was oven-annealed at
450°C) was evacuated to a pressure of 3 x 107> Torr and then
filled with high-purity N, and CO gases up to atmospheric pressure
(1:1, CO - Linde 99.99%, N, - Messer 99.996%). 2 mL of liquid water
containing 97% of '®0 (Cambridge Isotope Laboratories, USA) was
added to the gas mixture. After filling, the cell was closed and
transported to the laser facility. Another cell was used as a control,
filled with the same gaseous mixture and 2 mL of distilled water
H,'®0.

After each laser spark was created in the gas mixture, an
approximately 5 mL sample of the gaseous mixture was taken
and transferred into a previously evacuated glass IR absorption
spectroscopy cell with a length of 30 cm, equipped with KBr win-
dows. The optimal pressure for the high-resolution spectra mea-
surement was chosen with regard to minimal spectral
broadening of individual rotation-vibration lines (usually
3.25 Torr). The absorption spectra were measured in the spectral
range of 1860-5500 cm ™! with a Bruker IFS 120 Fourier transform
infrared spectrometer (Bruker, Germany) using an InSb detector
and 0.01 cm ™! spectral resolution. It was usually necessary to accu-
mulate 100 scans to obtain a sufficient signal-to-noise ratio.

All spectra were compared with a blank sample taken from the
cell before the first laser spark.

3. Results and discussion

In each sample taken from the 1:1 mixture of CO and N, with H,
180 water present in the gas phase, we determined the increase of
C'80, C'®0'80, and C'®0, concentrations in relation to the number
of laser pulses (a pulse energy of 100 ] is shot into the cell every
30 min). The reaction scheme proposed including reactions (3)
and (4) is shown in the Fig. 1. The quantity of carbon dioxide in
the original sample and in the samples after the irradiation was
measured by gas chromatography (GC) with FID detection. How-
ever, this technique does not allow the determination of the iso-
tope composition in the gas. The abundance of particular
isotopomers was determined by high-resolution Fourier transform
infrared absorption spectroscopy of samples of the gaseous mix-
ture. Absolute concentrations were determined combining these
results with total concentrations of the compound obtained by
the gas chromatography. The isotope composition of the original
mixture corresponded to the natural abundance of '®0 and, after
the irradiation, the abundance rose in CO and in CO,. To compare
the efficiencies of reactions (3) and (4), in accordance with the
database HITRAN, the rotation-vibration lines of both isotopomers
were selected in such a way that their absorption coefficients were
very close each other (Table 1). In the case of the isotopomer C'20,,
the strongest spectral line was found, its absorption coefficient was
extracted from the HITRAN database, and a spectral line of C°0,
with a similar absorption coefficient was selected. When the for-
mation of C'®0 as a function of the number of laser shots was stud-
ied, the strongest line of this isotopomer was selected, it was
quantified on the basis of data on the natural abundance of %0
in CO, and finally the result was compared with the formation effi-
ciency of other isotopomers. The integration of the areas of the
individual rotation-vibration lines and the plotting of their depen-
dence on supplied energy provided us with gradients of the reac-
tions (3) and (4) leading to isotopomers C'%0, and C'®0'®0 and
reactions providing the isotopomer C'®0. The dependence of inte-
gral absorbance, or rather concentration on total deposited energy
(i.e., number of laser pulses) in the studied range is linear. The
slopes of these lines provide information about the rates of partic-
ular reactions under the given conditions. P47
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Fig. 1. The proposed isotopic reaction scheme.

Other species are formed in the CO-N,-H,0 mixture in very low
concentrations and their contribution to the chemical reactions
studied in this Letter is neglected. For example N,O was detected
by GC method (0.81 ppm). It was necessary to use a liquid nitrogen
trap to detect such a small concentration by FTIR spectroscopy [3].

3.1. C'°0'80 formation

A comparison of the slopes of product integral absorbance
dependencies on the number of laser shots shows which is the pre-
ferred reaction path. The ratio of slopes of the formation curves of
carbon dioxide isotopomer C'°0, (a product of the disproportion-
ation reaction (3)) and the isotopomer C'®0'%0 (a product of the
oxidation of C'®0 by radical '®0H (4)) is 1.53. Therefore, according
to the scheme in Figs. 1 and 2, we can conclude kq/k; = 1.53. Dis-
proportionation of carbon monoxide is therefore dominating the
formation of carbon dioxide in CO-N,-H,0 gas mixtures irradiated
by a large laser spark.

3.2. C'80, formation

Isotopomer C'%0, is likely a product of isotope reactions where
80 is transferred from other species to the C'°0'80 molecule. A
comparison of the slopes of linear fits to the measured curves of
the isotopomer formation showed (Fig. 3) that during the irradia-
tion, the concentration of C'20, isotopomer increases 13.3 times
less efficiently than C'®0, produced in the reaction Fig. 1a. This
demonstrates, that the isotope exchange reactions forming C'%0,
play a minor role in the reaction system. (see Fig. 3).

3.3. C'%0 formation

We assume that the isotopomer C'80 is a product of isotope ex-
change between the '®0H radical and the carbon monoxide C'%0

Table 1
Rotation-vibration lines used for the analysis of isotopomers.

Isotopomer Line wavenumber Line Absorption coefficient
(em™) (cm?mol ')

c'®0'0 2308.416 P (29) £=1.03x 1078
compared with

C'%0, 2317.195 P (36) £=1.01x10"18
C'%0'®0 2342.461 R (14) £=171x10"'®
compared with

C'%0, 2352.953 R (4) £=1.70 x 10~'8
C'%0, 2302.298 P (16) £=3.08 x 108
compared with

C'%0, 2365.388 R (22) £=3.11x 10718
C'%0, 2327.351 R (20) £=3.19x 1018
compared with

c'%0, 2332.369 P (20) £=3.18 x 1078
c'®o 2113.406 R (5) £=3.96 x 102!

molecule, and at the same time a product of the reverse decay of
C'%0'80 to C'®0. The dissociation of CO, into CO and oxygen is a
competitive reaction to the disproportionation (3) and the oxida-
tion by OH (4). It can also be assumed that both isotopomers
(C'®0'®0 a C'%0,) decay in the same way. The reverse decay of
CO, to CO cannot be measured by any of the methods of CO chem-
ical analysis because of the great excess of CO in the reaction mix-
ture. However, the described decay can be observed following the
concentration of C'80 as a function of increasing number of laser
shots (see Fig. 4).

It was found that the ratio of the slopes of the C'°0, formation
and the C'®0 formation is 0.98, which, in the context of the scheme
in Fig. 1c and d, means kq/(ks + k4) = 0.98. Therefore, the abundance
of C'80 in the mixture increases at the same rate as the product of
the disproportionation reaction of C'°0, is formed. According to
the scheme presented in Fig. 1, we can assume that the dynamic
equilibrium of the formation of CO, from CO and the reverse decay
of CO, to CO takes place. If we consider the isotope exchange c)
being less probable, the slope k4 of the C'0 formation line gives
the rate of C'°0'80 decay:

ZCISOIGO N C180 + ClSO + 160180' (6)

(see Fig. 1) and assuming the equal rate of C'®0, decay, also the half
rate of the C'°0, isotopomer decay:

2C'°0, — 2C'°0 + 10,. (7)

It can therefore be assumed that the disproportionation rate is
actually almost three fold greater

kais = k1 + 2kq. (8)

6.0x10"
16
c*o,
P36; k, = 4.21-107

)

> 5.0x10™

4.0x10" 4

3.0x10™ 1

2.0x10" 4
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c®0"0

7
1.0x10™ P29; k2 = 27510
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Fig. 2. Comparison of slopes of linear fits of dependences of the P(36) C'°0,
(2317.195cm™") and P(29) C'°0'0 (2308.416 cm™') absorption lines on the

increasing number of laser shots, i.e., on the growing amount of laser energy
accumulated in the system.
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Fig. 3. Comparison of the slopes of dependences of C'°0, (2365.3878,
2332.3691 cm™') and C'®0, (2302.2975, 2327.351 cm ') absorbance on increasing
amount of laser energy deposited in the cell.
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Fig. 4. An increase of C'0 (2113.4055 cm ! line R5) concentration during the laser
exposure.

Let us assume that the dissociation rate constant is ks = 2k, (see
Egs. (6) and (7)). Therefore the rate constant of oxidation is ex-
pressed as:

Kox = ka + 2Ky 9)

The constant ks cannot be determined from our experiment, be-
cause of the high pressure of C'°0. Intensities of the C'°0 lines are
too strong to detect their small changes by FTIR spectroscopy. The
oxidation rate (ko) is in reality more than four times greater than
predicted above (Eq. (9)).

The reaction of CO, decay into CO has been studied in detail
[16]. In our laboratory, it was observed, for example, in a glow dis-
charge where CO, is the source of CO emission bands.

Table 2
Concentrations of particular isotopomers in the gas mixture before and after laser
exposure.

Isotopomer

C1602 c160180 c1 802 C180
Initial concentration (ppm) 93 0.4 3.6 x 1074 990
Final concentration (ppm) 363.9 1759 19.2 1264

1300

— 1200+
k.+ k, = 0.280

1100

(ppmv

1000

c®o, k=0275

Concentration

100 k,=0.176
04—z 7 77 v
c*o. k=0.019
T T T T T T
0 200 400 600 800 1000
Energy (J)

Fig. 5. Isotopomeric concentrations, determined by a combination of GC and FTIR
analysis, as a function of increasing number of laser shots. C'°0,-P20, C'°0'80-P29,
C'®0,-R20, C'®0-R5 absorption lines were utilized in the analysis.
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Fig. 6. Spontaneous isotope exchange in a mixture (CO, N,, H,'®0 containing
93 ppmv C'°0,) (C-E) is compared with the LIDB experiment carried out in the
same mixture (A,B). No spontaneous isotope exchange was indicated during the
first 12 h (D).

3.4. Chemical and isotopic analysis of the gaseous mixture

As has been mentioned, the abundance of CO and CO, isotopo-
mers in the initial, i.e., unirradiated, gas mixture is given by the ra-
tios of the '°0 and '®0 natural abundances (quotation HITRAN).
Gas chromatography revealed that the unirradiated mixture con-
tained 93 ppmv of CO,. The isotope composition of the mixture is
shown in Table 2. After the irradiation, the isotopomeric composi-
tion changed and the concentration of CO, determined by GC in-
creased. If we use rotation-vibration lines with equal absorption
coefficient, the abundances of the individual isotopomers will be
approximately equal to the ratio of the integral absorbances of
the individual isotopomer lines. The total abundance of CO, can
be divided in this ratio to obtain the quantitative data given in
Fig. 5.

Finally, we are able to compare ratios of reaction constants ob-
tained from spectral data (the constant is expressed in A]~!, where
A is the absorbance in arbitrary units) with the ratios of the same
constants obtained from spectral data combined with data from
gas chromatography (rate constant in ppm J!).

The ratios of gradients in Fig. 5 refer to data obtained exclu-
sively on the basis of spectra and GC: the ratio between reactions

(3) and (4) being kq/k,=1.6, and in the case of C'®0, formatiog,
P4
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13.6. The resulting isotope composition of the mixture is seen in
Table 2.

3.5. Control experiment without laser-plasma exposure

In this Letter, the oxygen isotope '°0/'®0 fractionation between
CO,, CO and H,0 is studied in gas mixtures exposed to a large laser
spark. For comparison, we carried out an experiment using the
same analytical procedures to investigate evolution of an identical
gas mixture which was not irradiated by laser pulses. A long-term
study of the reaction mixture using the high-resolution FTIR tech-
nique indicated that a spontaneous isotope exchange (Fig. 6) oc-
curs between H,'®0(g) and C'%0,(g). In Fig. 6D, we do not see
any sign of C'®0'80 and C'®0, formation in a period of time com-
parable to the duration of the whole irradiation series at the PALS
facility, which provides one laser pulse per half an hour. This gives
a proof that their production is caused by laser-plasma initiated
processes.

4. Conclusion

Our experiments show that carbon monoxide can be efficiently
converted into carbon dioxide by high-energy density events in a
CO-rich transient atmosphere, both in the presence of water vapor
and in its absence. This is given by the fact that both, CO dispropor-
tionation and CO oxidation by OH radicals significantly contribute
to the conversion of CO into CO,. Although these reactions take
place simultaneously, the disproportionation rate seems to be
slightly higher than the rate of that OH reaction under the given
conditions. This was found by using the isotopically labeled water.
Analysis of the isotopomeric products was carried out by a combi-
nation of gas chromatography and high-resolution Fourier trans-
form infrared absorption spectroscopy.

The ratio of slopes of linear fits of the particular isotopomeric
product formation curves depicts the ratio of the rates of corre-
sponding reactions occurring in the gas mixture exposed to LIDB
plasmas. The calculation of the ratio was carried out for two inde-
pendent sets of absorption lines of isotopomeric products. It gives a
value of 1.5 for the disproportionation and oxidation reactions.

Thus, the disproportionation should be 1.5 times more efficient
in CO, production than oxidation of CO by OH radicals. However,
a part of the CO, formed by the laser spark is decomposed back
to CO. Taking this into account, while assuming the low probability
of the isotope exchange between the C'°0 and the '®0H radical, the
increase of C'°0, (the disproportionation product) concentration
with increasing number of laser shots can actually be considered
to be three times higher and the C'°0'0 (the OH oxidation prod-
uct) formation rate 4.2 times higher than values calculated from a
reaction scheme not considering the CO, decomposition by the la-
ser-produced plasma.
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ABSTRACT: High-resolution FT-IR spectroscopy was used
for the analysis of the products of formamide dissociation using
a high-energy Asterix laser. In the experiment, the detected
products of the formamide LIDB dissociation were hydrogen
cyanide, ammonia, carbon monoxide, carbon dioxide, nitrous
oxide, hydroxylamine, and methanol. The molecular dynamics
of the process was simulated with the use of a chemical model.
The chemistry shared by formamide and the products of its
dissociation is discussed with the respect to the formation of
biomolecules.

I. INTRODUCTION

Since the hypothesis of a “primitive soup”, suggested by Opar-
in, one-carbon fragments have been proposed as the starting
material for the synthesis of nucleic acid components, amino
acids, and sugars. Simple molecules, such as methane, carbon
oxides, nitrogen, water, and hydrogen cyanide, are transformed
to fragments with a 1potential significance for the formation of
prebiotic molecules:' cyanogen, (CN),; acetonitrile, CH;CN;
formaldehyde, HCHO; glycolaldehyde, HOCH,CHO; formic
acid, HCOOH; ammonium cyanide, NH,CN; urea, NH,CO-
NH,; and formamide, NH,CHO in, for example, an electric
discharge,2 shock wave,® or laser spark.4’5

Formamide is, from this point of view, an interesting molecule,
because it contains all the main constituents of biomolecules:
carbon, nitrogen, oxygen, and hydrogen. The formamide mole-
cule is also the simplest model of a peptide or nucleic base
linkage. According to Yamada et al.® purine has been produced
from pure liquid formamide with a yield of up to 55% when it is
heated to 170—200 °C. Yamada et al.” have found that, with the
use of carbon *C, adenine (a nucleic base derived from purine) is
formed in the reaction mixture of HCN and formamide from two
molecules of formamide and three molecules of HCN. Saladino
et al> 1% and Constanzo et al."* have studied the formation of
nucleic acid bases from formamide diluted in pure water under a
reducing atmosphere and subjected to UV radiation or heated at
110—160 °C in the presence of metal oxides and minerals. It
should be noted that Saladino et al.* have stated that the yield
of the purine synthesis without a catalyst is only 1.7%. The
formation of amino acids from formamide is the subject of a
study published by Sedaghat et al."* Experimental works focused
on the irradiation of formamide with UV light show that the
molecule is photoactive.'*

According to the theory published by Saladino et al, form-
amide chemistry was one of the paths leading to the formation of

v ACS Publ|cat|on5 © 2011 American Chemical Society
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nucleic bases for the following reasons™* (the described processes
are shown schematically in Figure 1):

e It is supposed that seawater was abundant with HCN, salts,

and other chemical compounds.'® Formamide is formed by
the hydrolysis of HCN (a) in such an environment.'* We
would like to note that formamide has been found in
interstellar space,'® young stellar objects,'” and comets."®
When a comet entered the Earth’s atmosphere, formamide
could therefore have been directly released from the melting
cometary ice (b).
It is a stable liquid over a wide range of temperatures
(2.5—210 °C). In periodically drying lagoons, it could
have been concentrated (c) from the theoretical values of
107® M predicted by Miller et al.'” and then entered the
subsequent reactions (d). It should be noted that Miller
et al.'” express a negative opinion in their work, as concerns
a formamide contribution to the formation of nucleic bases,
and they suggest that the bases were formed directly by the
increase in the concentration of the HCN solution, for
example, via eutectic freezing (e).

However, to deepen the understanding of the formation of
these biomolecules, formamide dissociation chemistry must be
studied thoroughly because it lies at the beginning of these
reaction channels. The study of this dissociation using a high-
energy laser Asterix’® ** is important because processes with a
high energy density played a significant role during the period of
late heavy bombardment,”*** during lightning discharges (f),
and also when comets entered the Earth’s atmosphere at the time
of the formation of our solar system.

Received:  June 9, 2011
Revised: September 12, 2011

Published: September 20, 2011

dx.doi.org/10.1021/jp205413d | J. Phys. Chem. A 2011, 115, 12132-12141P51



The Journal of Physical Chemistry A

e) Cond tion H,O+NH oz
) Eoiensstionty ¥ Nucleic bases
Eutectic freezing
9 v
HCN| heat
i i
a) I ¢)
HCN GH o
H,0 HzN/ g N
Comets Sea-water Lagoon

Organic matter b max, 6 x 10 mol x L

.

Figure 1. Scheme of the formamide transformation under early Earth
conditions.
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The aim of our experiment was to study the plasma chemistry
of pure formamide in the gas phase without other added
substances.

Il. EXPERIMENTAL SECTION

A.Bruker IFS 125 HR Spectrometer. FT-IR spectroscopy is a
suitable absolute method for enabling the direct and sensitive
detection of the absorption bands of small molecules in a gaseous
mixture of unknown composition. The spectrum allows the
identification and direct quantification of the detected molecules.
The measurement of the absorption spectra was performed using
a Bruker IFS 125 HR apparatus with MCT (HgCdTe) and InSb
nitrogen-cooled semiconductor detectors in the 680—3500 and
1800—5500 cm ™! ranges, with a resolution of 0.02 cm ' To ob-
tain an optimal signal-to-noise ratio, 100—300 scans were accu-
mulated. A multipass cell of our own design, with an optical path
of 30 m, was used for the measurements.

To obtain the product concentrations, calibration measure-
ments were performed at different pressures with various stan-
dards of pure gases: HCN (Messer Technogas, 186 ppm/He),
CO (Linde Gas, 5.3), N,O (Linde Gas, 2.7), CO, (Linde Gas,
5.3), NH; (Linde Gas, 3.8), and CH;OH (Lach-Ner, UV-
spectroscopy grade).

B. Laser-Induced Dielectric Breakdown (LIDB) Plasma and
the Asterix Laser System. The high-energy laser PALS™ is an
iodine chemical laser with a wavelength of 1315 nm. Amplifiers
that generate laser radiation by flash photolysis of isopropylio-
dide (C3F,I) are located along its 160 m optical path. The peak
energy of the laser reaches 1 kJ and, because of the pulse width of
~2350 ps, power up to 3 TW is obtained. For the purpose of
formamide decomposition, the experiment used a cell filled with
10 mL of pure formamide and 760 Torr of inert buffer gas (Ar). A
scheme of the cell is shown in Figure 2. A lens was used to focus a
29 cm wide laser beam with an energy of 150 J into the cell to
create LIDB plasma. The irradiation was repeated 10 times at
25 min intervals. These intervals are necessary for the charging of
the laser.

The contents of the cell were subsequently frozen in a glass
vessel that was cooled with liquid nitrogen. The contents were
then heated to laboratory temperature and evaporated into a
multipass cell. The pressure of the products prepared for
measurement inside the cell was 0.056 Torr.

12133 dx.doi.org/10.1021/jp205413d |J. Phys. Chem. A 2011, 115, 12132-12141
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Figure 2. LIDB experiment setup.

Ill. RESULTS AND DISCUSSION

Hydrogen cyanide, ammonia, carbon dioxide, carbon mon-
oxide, nitrous oxide, hydroxylamine, and methanol were detected
as the products of formamide decomposition. Figure 3 shows the
spectrum of the blank (a) together with the sample of products of
formamide dissociation (b). A summary of all the detected com-
pounds and their percentage ratios estimated using calibration
and their infrared intensities is given in Table 1.

To concentrate the volatile organic compounds, a —196 °C
nitrogen bath was used. It should be noted that with regard to
carbon monoxide, which exhibits a melting temperature of
—205 °C, the freezing method does not trap this gas effectively
and, therefore, the CO was not quantified. Methanol was present
as the impurity in the gas phase sample of the formamide itself.
However, its concentration increased 20X after the formamide
irradiation, and it was, therefore, considered to be a reaction pro-
duct. Although hydroxylamine is also found among the products,
it is not quantified in the gas phase because at laboratory
temperature it is a volatile solid substance (vapor pressure”®
0.27—5.3 Torr at 0—33 °C).

A. Model of Formamide Decomposition. The model of
formamide decomposition was designed in the Chemical Ki-
netics Simulator program.”” From a general point of view, the
processes in the LIDB plasma are very complex. The LIDB laser
spark is generated by photon ionization of the molecules,
followed by a chain ionization of the gas. Around the expanding
plasma, processes of mixing with the surrounding gas, thermal
dissociation, dissociation by radiation generated by excited
molecules, and shock-wave dissociation take place.

The laser spark is generated on the first harmonic frequency of
the Asterix system (4, = 1315 nm), and a direct photolysis of
formamide by laser radiation can therefore be neglected. Because
of this fact, a simplification of the formamide vapor decomposi-
tion to the process of shock-wave thermolysis at the experimen-
tally found plasma temperature®® of 4500 K was used in the
model. This thermolysis was followed by the subsequent forma-
tion of stable molecules after the mixture was cooled to labora-
tory temperature (293 K). The temperature dependence of the
rate constant k was found using the Arrhenius plot:

k — 10A+ 1000B/T (1)

where k is the reaction rate constant in units of cm, mol, and s, A
and B are parameters obtained from the fit of the Arrhenius plot,
and T is temperature in K. A summary of the reactions used
and their parameters is given in Table 2. The activation energy
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Figure 3. Absorption spectrum of formamide blank (a) together with the spectrum of the LIDB dissociation products after evaporation from the

liquid-nitrogen trap (b).

Table 1. Concentrations and Percentages of Abundance of Gaseous Products Identified Using FTIR Spectrometry and Compared

with the Results of Chemical Models

LIDB plasma
molecule band center (cm™") assig. band intensity (km/mol) pressure (mTorr) ratio (%) model ratio (%)
HCN 712 v 62.8” 433 77.3 734
CH;0H 1033 Vg 7 12.4 14.5
NH, 950 v, 51.1% 14 2.6 3
CO, 2349 v; 538.9% 3.9 6.9 8.4
Cco 2143 v 64.6% not quantified
N,O 2224 vs 312.0% 0.4 0.8 1
total pressure: 56 mTorr

in kJ-mol ' can be calculated from this dependence from the
equation:

Ex = 2.303BRr (2)

where 2.303 is the conversion factor between the natural and
decadic logarithms, B is the slope of the Arrhenius plot and Ry is
the universal gas constant (Ry = 8.3145 J-mol 'K ).

No rate constant was fitted and the results of the model are
based on the current knowledge of rate constants, the values are
discussed further in the text. The rate constants were taken from
the references and from the NIST database. The concentration of
formamide for the purpose of the model was set for the gas phase
on the basis that the formamide vapor pressure at laboratory
temperature (295 K) is 0.08 Torr. Because of the excess liquid
phase in the cell, the formamide pressure remains constant
during the irradiation period.
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B. Reaction Channels of the Formamide Decomposition.
Formation of HCN. The most abundant product of the LIDB
formamide dissociation (77.3%) is, according to our measurement,
HCN. The formation of this molecule from formamide was studied in an
electric discharge for the first time by Jamiesson”® and during photolysis
by Boden and Back,* who have mainly described reactions that form
other species: NH; and CO. Boden and Back have mentioned that when
an unfiltered mercury arc is used as a light source, a trace amount of
hydrogen cyanide is a further product of the photochemical decomposi-
tion of heated formamide. The pure thermal decomposition of for-
mamide has been studied by Cataldo et al.*' This author has detected
HCN as a product at temperatures above 220 °C. According to his
results, HCN polymerizes after the formamide decomposition.

The most recent study has been carried out by Nguyen et al.,**
who have, among other things, theoretically studied formamide
thermal decomposition via an intramolecular dehydration process

dx.doi.org/10.1021/jp205413d |J. Phys. Chem. A 2011, 115, 12132-12141
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Table 2. Reactions Used in the LIDB Model”

Arrhenius parameters

rate constant

No. dissociation reaction E, (eV) B A s, em® mol ™' s™' (4500K)  note and ref.
DO HCONH, — H,0 + HCN 3.18 (HCN)' 3.59 (HNC)'  —16.5677 162033 3.32 x 10" 2
D1 HCONH, — HCO + NH, 3.16 —15.9338 —7.6520 641 x 1072 37
D2 HCONH, — NH; + CO 3.25% 3.12,% 3.39" —11.2006 —5.7340 598 x 1077 37
—17.6577 16.4002 2.99 x 10" 32
D3 HCONH, — HCON'(H) + H  595% 39" —14.0330 —8.1170 1.94 x 1072 37
D4 HCONH, — *CONH, + H 5.03,* 3.86" —14.0330 —8.1170 582 x 1072 37
D5 HCONH, — H, + + HNCO 342 —17.2553 14.6212 6.12 x 10" 2
D6 HCONH — HCO® + :HN 3.16 5.90 x 10" 7
D7 HCONH:(H) —~ HCN — ‘OH  3.16 5.90 x 10" 7
D8 *CONH, — °'NH, + CO 3.16 5.90 x 10" 7
DY HCO® — H + CO 0.67 —3.3536 —102215 1.08 x 10~ o8
D10 NH; —°'NH, + H 4.07 —20.4986 —7.3798 1.16 x 1072 o
DIl NH, — :NH + H 3.29 —16.5892 —8.7010 410 x 10713 7
DI2 :NH, — :NH + H 324 —16.3284 —9.5247 7.03 x 1071 7
D13 H,O —"OH + H 4.63 —23.3176 —9.1830 432 x 107" 7
D14 CO—C+ 0 9.24 —46.5840 —9.4296 1.65 x 1072 7
D15 ‘OH —H + O 431 —21.7146 —8.3976 598 x 1071 7
D16 NO—N + O 6.43 —32.4005 —8.6178 1.52 x 107'¢ ™
D17 N, O — N, + O 2.5 —12.5944 —9.0217 1.51 x 1072 7S
D18 HCN — H +°CN 479 —24.1502 —7.2533 240 x 1071 7
D19 N, — 2N 8415 —42.4063 —9.4425 136 x 107" 6
D20 CH;O0H — *CH,0H + H 2.35 —11.8270 —8.7430 425 x 107" 7
D21 CH;OH — CH;0° + H 448 —22.5700 9.3350 2.09 x 10* 8
D22 CH,0" — CH,0 0.59 —2.9490 —10.043 2,00 x 107" 7
D23 CH,0 — "CHO +°H 3.18 —16.0280 —8.388 112 x 1072 80
D24 CH3;0H — *CH; +"OH 2.66 —13.4040 —8.028 9.85 x 10712 81
D25 H, — 2H 417 —21.0176 —8.8242 320 x 107 82
D26 CO, — CO + O 421 —21.2363 —9.7424 346 x 107" 8
D27 NH,OH — NH, + ‘OH 3.00 1.00 x 107 "2 estim.
D28 ‘CN—C+ N 6.12 —30.83495 —9.37631 590 x 107" 84
D29 NHCO — CO + :HN 443 —20.866 —6.325 1.09 x 107! 8

rate constant

Arrhenius parameters s, em®mol ‘st

no. recombination reaction B A 293 K 4500 K note and ref.
RO ‘CH; +'OH + M — CH;OH + M 4.9550 —32.7830 1.03 x 107" 2.08 x 10 8

R1 HCO® +H,0 — CH,0 +°OH —6.1418 —10.7922 244 x 107 697 x 1013 7
R2 HCO® +NH, — CO + NH; 1.00 x 1071° 1.00 x 107'° estim.
R3 HCO" + H—CO + H, 1.83 x 1071 1.83 x 1071 86
R4 HCO® +°OH — H,0 + CO 1.83 x 107 1.83 x 1071° 87
RS CO +H + M—HCO' + M —0.1608 —33.2761 1.51 x 1073 4.88 x 107>* 7
R6 CO +°0OH— CO, + H —0.4811 —12.0315 145 x 1075 727 x 1071 88
R7 HCO®' + H 4+ M— CH,0 + M 2.0040 —32.6726 132 x 10 ¢ 593 x 10* 8

RS CH,0 + H + M — *CH,0H —0.2593 —13.6804 276 x 107" 1.83 x 107 %
R9 CH,O + H — CH;0° —0.8904 —10.3999 3.82x 10 252 x 101 ot
R10 CH,0 + H— H, + HCO’ —0.7571 —10.8409 391 x 10 9.79 x 10 '* o2
RI11 CH;0" + H — CH;0H" —0.2120 —9.4880 1.74 x 107'° 292 x 1071 %
RI2 CH;0" + H— CH,0 + H, —0.2613 —8.4283 485 x 107" 326 x 1077 o
R13 *CH,OH + H — CH;0H —0.0070 —9.5160 2.89 x 1017 3.04 x 10°1° 2
R14 *CH,OH + H — CH, + H, 1.66 x 10~ 1.66 x 10~ %
RIS H + °NH, + M — NH; + M 6.07 x 10°%° 6.07 x 107° %6
R16 H + ‘OH, + M— H,0 + M 0.3290 —30.4550 178 x 107 415 x 1073 7
R17 N, + O+ M—N,0 + M 5.00 x 103% 5.00 x 103* 8
R18 N+ :NH—N, + H —0.3126 —10.0400 7.95 x 107" 7.75 x 107 %
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Table 2. Continued

Arrhenius parameters

rate constant

—1 3 -1 _—1
s ,cm” mol s

no. recombination reaction B
R19 CO+ N—°'CN + O —15.6370
R20 ‘CN + NH3; — HCN + NH, 0.0780
R21 ‘CN + NH;3; — HCN + *NH, 0.0780
R22 CH + N—°CN + H 0.0130
R23 CH + N— :NH + C —0.8800
R24 :NH + NCO — HNCO + N —1.6649
R2S :NH + O —NO + H

R26 NO + NH — *OH + N2 0.2640
R27 :NH + O —"OH + N

R28 :NH+ :NH — °NH, + N —2.8290
R29 ‘NH, +°OH — NH,0OH —0.0240
R30 ‘NH, +°OH — H,0 + :NH —1.5980
R31 ‘NH, +°OH — NH; + O —0.2930
R32 NH; + NH — 2°NH, —5.8680
R33 ‘CN + N—N, +C 0.7690
R34 ‘CN + O—C + NO —3.2340
R35 ‘CN + O—CO + N 0.0003
R36 ‘CN +H+ M—HCN + M 0.7560
R37 ‘CN + HCO — HCN + CO

R38 CO+0+M—CO, + M —0.6558
R39 :NH +H+ M—°'NH, + M

R40 NO + N—N, + O

R41 N, + *OH - N,0 + H —17.5882
R42 NO + NO — N,0 + O —14.2879
R43 NO + :NH — N,O + H 0.0657
R44 NO + :NH — N,O + H 0.1833
R4S N, + O —~NO + N —16.5025

A 293 K 4500 K note and ref.
—8.4160 3.78 x 10 129 x 10712 100
—10.8180 2.80 x 107" 1.58 x 107 101
—10.8180 2.80 x 107 1.58 x 107 estim.
—9.8260 1.65 x 107'° 1.50 x 1071° 102
—9.8230 1.56 x 107 9.58 x 10 103
—16.9414 2,60 x 107% 488 x 107'® 104

1.16 x 1071 1.16 x 10°'° 105
—11.8670 1.07 x 107" 1.55 x 10712 106
1.16 x 10~ 1.16 x 107 105
—9.8020 4.06 x 107*° 371 x 101 107
—9.9490 932 x 107" 111 x 1071 108
—10.0770 321 x 107 3.70 x 1071 109
—12.0590 8.87 x 101 7.51 x 10712 108
—9.2770 6.78 x 107%° 262 x 107 1o
—12.4900 131 x 1071 4.80 x 107" m
—11.2770 576 x 1023 101 x 107'2 12
—9.9490 113 x 107 112 x 107" 13
—31.3400 1.67 x 10°%° 6.73 x 10* 13
1.00 x 1071 1.00 x 10710 13
—32.7692 1.02 x 107 122 x 1073 14
6.07 x 107° 6.07 x 107° estim.
1.00 x 10~ 1.00 x 103 estim.
—11.2754 127 x 107" 6.55 x 10'¢ s
—11.2224 221 x 107%° 4.00 x 10°'* e
—11.0270 1.54 x 107" 9.71 x 102 s
—11.0683 278 x 107" 727 x 102 1
—9.7800 1.90 x 107 3.57 x 1071 18

“ Dissociation reaction channels are marked DO—D27, radical —radical recombination channels are marked RO—R4S5. Activation energies are taken from
the literature: 'indicates the value estimated for the first-order constant by Nguyen et al.*%; *indicates the value estimated by Kang et al.*%; *indicates the

value estimated for the second-order constant by Kakumoto et al.*’

that produces HCN and HNC and they have found that the process
has several transition states, schematically described by eq 3:

HCONH, — [severaltransitionstates] — HCN + H,O0  (3)

has an activation barrier of 306.7 and 346.0 kJ/mol (when the
products are HCN and HNC, respectively). This activation energy
is comparable to the activation barrier of the formation of NH; and
CO that, according to Nguyen et al,* is 322.2 I /mol.

The key to understanding HCN formation via this intramo-
lecular rearrangement is the structure of the planar® formamide
molecule itself, because the bond between nitrogen and oxygen
has a partially double character;** therefore, the molecule can be
described by a resonance structure:

Q 0
H\/\C—NHz H)c:NHz‘ )

According to the study by Barks et al,>* who have dealt with
the photochemically induced formation of nucleic bases in a
formamide solution, hydrogen cyanide is produced by the
rearrangement of the hydrogen atom in its enol form (formidic
acid) according to the following equation:

o) HO,
\\C—NHZ + v —= c—nH 5)
W W
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The enol form subsequently decomposes, producing HCN and
water.
HO,

\
. LN+ By —>= H0 + Hc=N (6)

These chemical reactions have been observed by Duvernay™®
in various matrices under UV light irradiation with A = 240 nm.
According to this author, the enol form decomposes in the
matrix, producing HCN and HNC under VUV light irradiation at
A =160 nm. This wavelength corresponds to the dissociation energy
of the C—H and O—H bonds in HCN and water, respectively.

A second mechanism has been suggested in an experimental
paper by Jamiesson et al,” who studied the reaction of for-
mamide vapors with H radicals generated in a hydrogen dis-
charge. Jamiesson has presumed a direct fast reaction of
hydrogen atoms with the parent formamide molecule:

HCONH, + H — HCON(H) + H, (?7)

HCON'(H) — HCN + ‘OH (8)

To summarize the possible HCN formation pathways, we can
state that HCN is directly formed from the formamide molecule
via two known channels: (a) dehydrogenation rearrangement

P55



The Journal of Physical Chemistry A

HO—CH,
»
/
C

D=
A\

H ‘NH, + O

O=C-

‘\* A

~— NHp=— (N, + GO)e—o|

f

it

-OH

i

Figure 4. Diagram showing formamide dissociation in a laser spark. The dissociation channels are marked with a red arrow, and the recombination
channels are marked with a blue arrow. The compounds detected by the FTIR spectrometer are in the green frame.

according to reactions 3, or (b) the reactions of H radicals
described by eqs 7 and 8.

The rate coefficient for reaction 7 is not known, and this
mechanism is, therefore, not included in our kinetic model.

Formation of CO and NH;. According to the studies of
Kakumoto et al,>” Liu et al,>® and, more recently, Nguyen
et al,** the formamide molecule is also dissociated, forming NH;
and CO. Liu et al.*® and Nguyen et al.** have proposed the
mechanism of the direct decarbonylation of the formamide
molecule in the ground state, which produces NH; and CO:

o o # o
\\C—NHZ — L NH, [ — (l;l
H/ H/

As detected in the experiment, apart from CO and significant
concentrations of CO, among the products, it can be assumed
that the CO produced via reaction 9 is oxidized by an *OH
radical®® or atomic oxygen''*

©)

+ NHy

CO + 'OH — CO, + H (10)

CO + 0 — CO, (11)

OH radical originates from the thermolysis of water.”"

Hzo_’.OH + H

(12)

Kakumoto et al.*” have experimentally and theoretically
studied, in addition to channel (9), the direct dissociation of
formamide into HCO® and *NH, radicals:

(13)

Formamide is a photoactive molecule and decomposition
according (13) is considered the most effective photodissocia-
tion channel. The characteristic of the formamide excitation in
the VUV region of its absorption bands™ is of the n—* type,**
where the excitation of an electron from a bonding orbital of
oxygen to an antibonding 77* orbital of carbon takes place. The
excited formamide subsequently decomposes according to eq 13.

12137

The products NH; and CO are formed by the following reaction:
HCO® + °NH, — NH; + CO (14)

Reactions 9, 13, and 14 have been studied by Lundell et al*in
an Ar matrix (UV laser, 193 nm) by Petersen et al.** in the liquid
phase, where a *NH, radical was detected (UV femtosecond
laser, 200 nm), and by Boden and Back® in the gas phase at
high temperatures (UV iodine resonance lamp, 206.2 nm,
115—400 °C). Boden and Back have also designed a reaction
model that predicts that the formation of "NH,, NH3, and CO
constitues 80% of the photochemical reaction channels.

Direct Splitting of the CH and NH Bond. The dissociation
channels leading to a direct splitting of hydrogen from the carbon
and nitrogen atoms of the formamide molecule have also been
referenced.***>%7 The splitting forms the respective radicals
according to the following equations:

HCONH, — HCON'(H) + H (15)

HCONH, — *CONH, + H (16)

Although the strengths of the C—H and N—H bonds should
theoretically be the same, the photochemical decomposition of
the isotopically labeled formamide, DCONH,, suggests that the
ratio*® of the rate constants of the reactions is kasy/kaey = 1/3
and activation energies are 5.95 and 5.03 eV, respectively. This
conclusion also corresponds with the results of Boden and Back*®
and shows that the CH bond is weaker than the NH bond.

Boden and Back*** in their photochemical studies, have sug-
gested that the *“CONH, radical decomposes into :NH, and CO:

NH,CO — *NH, + CO (17)

The final products of such a pathway are NH; and CO. For the
decomposition of the radical HCON"(H), Jamiesson et al.>® have
suggested reaction 8, and therefore this reaction channel can be
associated with the formation of HCN. For the simplification
of our model, the values of the rate constants of the radicals
HCON"(H) and *CONH, decomposition have been estimated

dx.doi.org/10.1021/jp205413d |J. Phys. Chem. A 2011, 115, 12132-12141
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Figure 5. Time development of the NH;, HCN, and relevant radical concentrations together with CO, CO,, and CH30H, according to the model of

the LIDB plasma.

to be the same according to the results of Yokota and Back®” for
reaction 17.

Formation of CH3;OH, NH,OH, and N,O. Methanol (CH;OH)
is formed in further reactions of the HCO® radical from reaction
13, in which formaldehyde is an intermediary and methanol is the
final product. However, the formamide molecule in the plasma is
primarily dissociated into CO, HCN, and NH;. The formed
HCO?® radical is broken down to CO as a product immediately
after the laser pulse. The HCO® radical is, therefore, being
produced by the following sequence of reactions:”*%*~%*

H + CO — HCO* (18)

(19)
(20)

(21)

In contrast to this complicated reaction chain, we suppose that
hydroxylamine (NH,OH) is formed by the direct reaction of
the'%® *OH radical with "NH,

HCO* + H — H,CO
HzCO + H— CH},O’ or .CHon

CH30. or .CHon + H— CHSOH

*NH, + *OH — NH,OH (22)

Nitrous oxide (N,O) is a typical product of plasma chemistry; it
was detected for example in the electric discharge plasma (results to
be published). We assume that this molecule is formed by sequence
of reactions involving atomic oxygen, NO, or :NH radical:'%>"*>'*

:NH + O — NO + H (23)

:NH + NO — N,0 + H (24)

N, + O—~NO + N (25)

Formation of HNCO. According to the studies by Liu et al.*®
and Nguyen et al,** another reaction channel of the dissociation
of the formamide molecule is the formation of isocyanic acid,
HNCO, by the dehydrogenation of formamide:

HCONH, — HNCO + H, (26)

HNCO has a strong v, band*” at approximately 2269 cm ™,
which was not identified in our spectrum of the gaseous LIDB

products. This observation could indicate that isocyanic acid is
further dissociated into the :NH radical and carbon monoxide:**

HNCO — :NH + CO (27)

Although the rate constant of the reverse reaction was not
obtained experimentally, it can be assumed that, because of the
low reactivity and high stability of CO, its value is very low
(~107" em’® mol ' s ! at 295 K).

In summary, the formamide molecule is fully broken down
into radicals and atomic fragments by the laser spark, and the
fragments are subsequently combined into stable molecules.
Therefore, under such drastic conditions in the laser spark, it is
not important which molecule containing the basic elements H,
C, N, and O is decomposed, but it is the nature and ratio of the
fragments which are significant.

C. Reaction Dynamics. On the basis of the rate constants
calculated according to the study by Kakumoto et al.*’” and
Nguyen et al,* the halflife of formamide decomposition at
a temperature of 4500 K could be determined in the order of
10 "% s (in our experiment, the concentration of formamide,
2.83 x 10" cm > is set by vapor pressure at laboratory
temperature, and the concentration of inert gas Ar at atmospheric
pressure 2.5 X 10" cm?). This means that, during a laser pulse
with a duration of 350 x 10~ '*s, the precursor vapors are fully
decomposed.

A simplified reaction scheme of formamide dissociation in
alaser spark was proposed on the basis of the results of the kinetic
LIDB model (see Figure 4). For details, see the list of reactions
summarized in Table 2. The concentrations of the products
that resulted from our model are compared with the spectra of
liquid-nitrogen-trapped molecules from the irradiated mixture
(see Table 1). The best agreement of our model with experi-
mental results was achieved in the case of the shock-wave tem-
perature of 4500 K for a time interval of 1.86 x 10~®s. These
results correspond with previous time-resolved OES measurements
of the LIDB plasma® during the afterglow laser spark period.

The main products of formamide decomposition immedi-
ately after the laser pulse are H,O, HCN, CO, HNCO, NH;
and radicals HCO®, HCON*(H), "NH,, and “CONH,. These
molecules subsequently break down, producing significant con-
centrations of reactive radicals “CN, :NH, and "OH and atoms H,
C, O, and N. Other species like NO, NH,0OH, N,, and H, are
formed by subsequent reactions during laser spark and plasma
cooling. During this period at laboratory temperature, reactive
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Figure 6. Schematic diagram of the formation of adenine, purine, and hypoxanthine by a common chemistry of HCN, NHj3, and formamide. Atoms

originating from this molecule are marked in red.

species recombine and subsequent products are formed (N,O,
CO,, NH,0H, and CH;O0H), whereas the radicals “OH, "NH,,
:NH, H, and *CN recombine back into NH;3, H,O, and HCN. NO
and CO are converted via reactions 23—25, 18—21, 10, and 11 to
N,0O, CH;0H, and CO,. The model demonstrates that the longer
the chosen time interval of thermal dissociation, the higher the
HCN concentration and the lower the NH; concentration after
the recombination. This result was obtained because ammonia is
thermally less stable. Figure 5 shows the concentration profiles of
the selected most abundant radical species together with the stable
products detected using FT-IR during the period of the laser spark
(a), immediately after the laser spark (b), and during the 1 s after
the laser spark (c). The concentrations are predicted by the model.

D. Formamide Dissociation Products and the Origin of
Biomolecules. HCN is the main product of formamide decom-
position by high-energy laser radiation. Saladino et al.*® suggest
that HCN is formed from the formamide molecule due to the
presence of catalysts. However, according to our results, HCN
together with NH; are formed without any need of a catalyst,
directly in the gas phase during the shock wave thermal decom-
position of the parent molecule.

The HCN molecule in the presence of NHj is able to con-
dense gradually and to produce a series of organic compounds
that react to form nucleic bases* ' (see Figure 6). The reaction
chain is terminated by the formation of polymers,sz*54 so-called
cyanopolyynes (sometimes also called alzulmins>>**). Cyanopo-
lyynes are not formed only in solutions, but also in ice®® or in
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discharges.”” Nucleic acids and amino acids can be produced
from these polymers by repeated hydrolysis.***” The reaction
leading to the formation of nucleic bases and polymers from the
HCN molecule arranged according to refs 10, 35, 51, 54 and 31,
is shown in Figure 6: reaction channels marked A.

However, in the systems containing formamide, HCN reacts
with its parent molecule. Saladino et al.'* have stated that, from
the point of view of the conversion between formamide and
HCN, the chemistry of these molecules cannot be strictly divi-
ded. The important fact is that the reverse reactions producing
formamide from HCN are also possible, for example, formamide
is a product of the hydrolysis or radiolysis®® of HCN solutions.
The formation of nucleic bases within the common chemistry of
formamide, HCN, and NH3, according to the results published
by Springsteen et al,®" is shown in Figure 6: reaction channels
marked B.

It has been found that the formation of nucleic bases from
HCN is a strongly exothermic process, which cannot take place
in an isolated state (gas phase), but rather it takes place in a
solution.”’ Formamide therefore cannot be dissociated within
the studied event of high energy density into HCN and NHj, but
to form the nucleic bases, it is necessary for the products to react
retroactively with formamide in the liquid phase.

From the point of view of the abundance of individual pro-
ducts after the laser spark, low concentrations of NH; have to be
apparent. As we have mentioned earlier, ammonia is thermally
less stable than HCN and it decomposes further. The longer the

dx.doi.org/10.1021/jp205413d |J. Phys. Chem. A 2011, 115, 12132-12141
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shock wave (thermolysis) lasts, the lower the representation of
NH; found among the resulting products. It is, however, pre-
sumed that NHj, together with HCN, is an important reactant
contributing to the formation of nucleic bases (see Figure 6).
From this point of view, it therefore cannot be said that the
environment in which formamide was dissociated due to an event
with high energy density is plausible for the formation of nucleic
bases via reactions of formamide with its decomposition pro-
ducts. On the other hand, it can be presumed that suitable
conditions are established either where formamide is dissociated
into both NH; and HCN or where NH; and HCN are generated
by other sources in the presence of formamide. For this reason,
our next study will be focused on the detection of nucleic bases
formed (or not formed) by formamide dissociation in a laser
spark (in a solution or ice).

IV. CONCLUSION

The analysis of the gaseous products of formamide dissocia-
tion by the laser LIDB plasma showed that the products of the
decomposition are HCN, NH;, CO, CO,, CH;O0H, and
NH,OH. With the help of the chemical model, it was demon-
strated that dissociation, atomization, and subsequent reactions
take place in the LIDB plasma, which change the ratio of the final
products; NH; and HNCO are dissociated and their ratio among
the products is therefore diminished: CO is converted to
CH;0H and CO,, and NO is converted to N,O and N,.
Additionally, no catalyst for the HCN formation is needed and
HCN is the main product of the plasmochemistry. With the
formamide dissociation, the whole path leading to the formation
of nucleic bases returns to its origin, to the HCN or HNC molecule.'

The chemical model was based on the rate constants of
formamide dissociation, which have been determined theoreti-
cally by Nguyen et al.** and Liu et al.*® and experimentally by
Kakumoto et al.*” With regard to the agreement between the
model and experimental results, their theoretical calculations are
confirmed. Further study of formamide chemistry is planned
with the use of isotopically labeled compounds.
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180-isotope labelled titania (anatase, rutile) was synthesized.
The products were characterized by Raman spectra together
with their quantum chemical modelling. The interaction with
carbon dioxide was investigated using high-resolution FTIR
spectroscopy, and the oxygen isotope exchange at the
Tilst/CmOz interface was elucidated.

Titanium dioxide is an attractive material for (photo)catalysis,
solar cells, electrochromics and batteries,! and various
fundamental studies would benefit from the availability of
"0-exchanged material, Ti'®0,. For instance, O-isotope
labeling of titania would allow deeper understanding of
Raman spectra. Second motivation for the synthesis of Ti'*0,
is the possibility to study isotope exchange reactions at the titania
surface.’

Isotopically pure Ti'®0, can be prepared from suitable
Ti-precursors via hydrolysis by heavy-oxygen water, H,'*0.
The reaction must be carried out in a hermetically closed
apparatus to avoid contact with '®O-containing species,
including air. Such a strategy obviously rules out the application
of Ti(1v) alkoxides, which are the usual reagents for titania
synthesis, and selects Ti(iv) halides as possible starting
compounds. Titanium tetrafluoride, TiF,, is converted hydro-
thermally in HF medium into TiO, (anatase) with unusual
morphology of truncated bipyramid.'> On the other hand,
hydrothermal conversion of TiCly provides usually TiO,
rutile, but other phases (anatase, brookite) can be grown from
solutions containing 0.53 to 1.40 mol L™ titanium tetrachloride.”
In our case (see S1, ESIY), a stoichiometric reaction mixture
was used (TiCl, + H,'0: molar ratio 0.5, in vacuum)
formally representing 25 mol L™! of TiCl, in aqueous solution.
The hydrolysis proceeds according to the equation:

TiCl, + 2H,'®*0 - Ti'®*0, + 4HClI (1)

The reaction mixture precipitated spontaneously towards a
yellowish solid, containing, presumably, intermediates such as

“J. Heyrovsky Institute of Physical Chemistry,
v.v.i. Academy of Sciences of the Czech Republic, Dolejskova 3,
18223 Prague 8, Czech Republic. E-mail: kavan@jh-inst.cas.cz,
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Pdzmany Péter sétany 1/A, H-1117 Budapest, Hungary
1 Electronic supplementary information (ESI) available: Experimental
procedures, calculations details and additional data. See DOI:
10.1039/c1cp20775j

Ti'®OCl,. The raw product was heated to 200 °C in the still
closed apparatus, while the evolved HCI was collected in a side
trap cooled by liquid N,. The final white powder material is
further labeled as A200. It contained some adsorbed HCI (see
below), which can be removed at 450 °C in vacuum. This
material is further labeled as A450. Both A200 and A450
exhibited the X-ray diffraction pattern of pure anatase. The
surface area, determined from nitrogen adsorption isotherms
by the BET method, was 31 m? g ' independent of the
synthetic history (A200, A450). Eventually, the A450 was
calcined at 1000 °C in vacuum producing phase-pure rutile,
further labeled as R1000. Its BET surface area was 5 m” g~ .
To prepare reference materials, the reaction (1) was reproduced
with water of natural isotopic composition, and the obtained
products passed the same heat treatment history as A200,
A450 and R1000. X-Ray diffraction on powder samples
indicated negligible differences caused by isotope labeling
(see S1, ESI¥).

Raman spectroscopy can easily distinguish crystallographic
phases of titania, but detailed understanding of the spectra is
still lacking, and various controversies persist in the literature,
even for the most common phases, viz. rutile'’ and anatase.*
Some of these problems can be addressed by isotope labeling.
Fig. 1 compares the Raman spectra of our '®O-labeled titania
samples (A450 and R1000) with those of unlabeled reference
materials. Anatase TiO, (space group D'°4,-I4,/amd) has six
Raman active vibrations: A, + 2B;, + 3E,. Rutile TiO,
(space group D'*4-P4,/mnm) has four Raman active vibrations:
Ay + By + By, + Eg, and there is also a combination band

anatase
3
@
2
2
s
£
=
@
E
5
o
T T T T
200 400 600 800 200 400 600 800
Raman shift, cm”! Raman shift, cm™
Fig. 1 Raman spectra of the prepared materials excited by 514.5 nm

laser. Full curves are for %0 labeled titania samples and dashed curves
are for reference unlabeled samples. Spectra are offset for clarity,
but the intensity scale is identical in each chart.
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Table 1

Experimental and calculated Raman frequencies of Ti'®0, (v1) and Ti'®0, (v15) in anatase and rutile. Experimental data were acquired

using 514.5 nm excitation. Calculations were carried out by first-principles density functional theory

Sample e (cm ™) Ti'%0y vy (em™) Ti'®0, w16 (em ™) Ti'0,  vyg (em™') Ti'®O,  Assignment  vyg-vis exp.  vig-yg calc.
Experimental Calculated

Anatase (A450) 146 146 146.5 145.5 Eq(1) 0 1
197 187 1545 146.5 E.(2) 10 8
397 397 381.8 381.8 Biy(1) 0 0
516 4924 503.7 474.9 Bi,(2) 24 28.8
516° 492¢ 526.9 496.8 Ay, 24 30.1
640 604 653.6 616.6 E.(3) 36 37

Rutile (R1000) 145 138 141.2 133.1 B, 7 8.1
238 238 — — Comb. 0 —
448 426 466.3 439.6 E, 22 26.7
613 579 614.5 579.4 Ay 34 35.1
826 788 819.1 772.3 By 38 46.8

“ Overlapping bands in the experimental spectrum.

around 240 cm~'. Table 1 summarizes the observed Raman
frequencies and their assignment. The frequencies of '*O-labeled
isotopologues are intact or red-shifted. The largest shifts
(36 and 38 cm ') are detected for the anatase Ey(3) mode
and the rutile B, modes (Table 1). They are sufficient to prove
the isotope purity of our Ti'®0, (anatase, rutile).

Table 1 further summarizes the theoretically calculated
Raman frequencies (see S2, ESIT). For all four peaks of rutile,
the relative isotope shifts, (vis—v13)/v1s, are 5.7% and the
experimental values are between 5 to 6%. As the Ti atoms in
rutile are located in inversion centers, they cannot take part in
vibrations with gerade symmetry, and for all the Raman active
modes only the oxygen atoms are moving (see Table 1-S2 in
ESIf). Hence, the Raman frequencies should scale exactly with
the mass of oxygen isotope. The downshift for 0 — %0
substitution is:

1 — (16/18)12 (2

Remarkable agreement of this value with both experiment and
theory (Table 1) further confirms the isotope purity of
our R1000.

In contrast to rutile, the Ti atoms in anatase do not occupy
inversion centers. Hence, most of the modes involve both Ti
and O atoms movement. There is only one Raman active
mode, the A, where the symmetry does not allow the movement
of Ti atoms. This mode exhibits the expected shift of 5.7%
(eqn (2) and Table 1), although in this case, the experimental
analysis is complicated by the overlap of the A, and B,(2)
bands (see Fig. 1 and Table 1). On the other hand, both
experiment and theory show in unison that there are two
modes with no oxygen isotope shift: Ey(1) and By4(1). Symmetry
analysis shows that it is possible to construct a displacement
pattern with Ey(1) and B,4(1) symmetry, so that the oxygen
atoms do not vibrate at all.

The Raman spectra of our Ti'®0, materials (A450, R1000)
did not change markedly even after months of storage of the
samples in air at room temperature. Both samples still showed
the Raman spectra like pure '*O-isotopologues (Fig. 1) in spite
of their long-time contact with air oxygen and humidity
(with dominating '®O-content; 99.8% natural abundance).
However, Raman scattering mostly comes from the bulk
sample and surface reactions may thus be unnoticed.

To settle this question, the isotope exchange on the 'O
labeled titania was studied. In general, the '80/'®O-exchange
between gaseous molecules and oxidic surfaces was studied
carefully since the middle of the last century, due to its impact
on catalysis and photocatalysis.*? The classical studies employed
common (unlabeled) solid oxides exposed to '®O-labeled
molecules and mass spectroscopy was the usual analytical
technique.

We upgraded this traditional approach by two inputs. First,
we explored the behavior of a ‘reverse system’, i.e. '*O-labeled
titania plus unlabeled model gaseous molecules. Secondly, we
developed a new analytical technique based on a high-resolution
Fourier transform infrared spectroscopy (HR-FTIR) of the
gas phase contacting the titania surface. This technique is ideal
for characterization of molecules having many IR-active
rotation—vibration transitions. A generic case is carbon dioxide,
CO,, exhibiting rich and well-known IR spectrum. Secondly,
CO, is attractive as the final product of photocatalytic
mineralization of organic molecules on titania,! and CO, can
be also photoreduced on titania to fuels.’ The application of
Ti'®0, as a photocatalyst and analysis of products by
HR-FTIR would be a powerful strategy for mechanistic
studies of photocatalytic reactions. However, understanding
of the CO,/Ti'®0, interaction in dark is a logical prerequisite
for correct interpretation of photocatalytic processes based on
isotope tracing.

To address this problem, we contacted gaseous CO, (with
natural isotope composition) with solid Ti'®0, and measured
the HR-FTIR spectra of the gas phase (see S1, ESIT). Fig. 2
(top curve) shows the reference spectrum of CO, in the
absence of titania. Our starting carbon dioxide was mostly
C'%0, (partial pressure 2.06 Torr; abbreviated 16-16). It
contained some natural C'®*O'0 (0.008 Torr; abbreviated
16-18) but negligible amount of C'0, (8.25.10°° Torr,
abbreviated 18-18). When CO, was exposed to our sample
A200, no marked oxygen isotope exchange took place, but we
detected the diagnostic rotation—vibration band of HCI in the
region of 2600-3100 cm ™' and also small amount of water in
the 3600-3800 cm ' region. Hydrogen chloride is the obvious
impurity in the A200 sample (¢f. reaction (1)) and it is not
completely removed by heat treatment at 200 °C during the
synthesis in a closed apparatus (see S1, ESIT). Hence HCl is
desorbed from A200 into the studied gas phase.
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Fig. 2 FTIR spectra of the gas-phase. [CO, (blank)]: reference
spectrum of the starting C'°0,; [A200 + CO,]: spectrum of this gas
phase after ca. 30 min contact with Ti'®0,, sample A200; [A450 +
CO,]: spectrum of this gas phase immediately after contact with
Ti'%0,, sample A450; [A450 + CO, after 50 hours]: spectrum of this
gas phase after 50 hours of contact with Ti'*05 at 30 °C, sample A450.
Spectra are offset for clarity, but the transmittance scale is identical.
The assignment of characteristic bands is marked by arrows.

The sample A450 exhibited strikingly different behavior
from that of A200. If a freshly vacuum-calcined sample,
A450, contacted CO,, the isotope exchange started immediately
(Fig. 2, third curve from top) producing mostly C'°0'¥0. No
HCI was found in the gas phase even after 50 hours of contact
(Fig 2), indicating its complete removal from the titania
surface by calcination at 450 °C in vacuum (see S1, ESI¥).
The isotope exchange progressed in this time scale as shown in
Fig. 2 (bottom curve). To highlight the isotope-specific effects
for the A450 + CO, interaction, only small part of the
spectrum was zoomed in Fig. 3.
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Fig. 3 Details of FTIR spectra of the gas-phase showing several
rotation—vibration lines of the v; band of carbon dioxide. (a) Reference
spectrum of the starting C'°0,; (b) spectrum of this gas phase
immediately after contact with Ti'®0, powder (A450); (c) spectrum
of this gas phase after 15 hours of contact with Ti'®0, powder at
30 °C; (d) spectrum of this gas phase after 50 hours of contact with
Ti'®0, powder at 30 °C. Spectra are offset for clarity, but the
transmittance scale is identical. The assignment of characteristic
spectral lines is marked by arrows.

The concentrations of isotopologues were determined from
the intensities of these diagnostic rotation—vibration lines.
During the initial ca. 20 min of interaction, there was a marked
decrease of the 16-16 isotopologue, with the corresponding
increase of the 18-18 isotopologue. The 16-18 isotopologue
acted as an intermediate: its concentration increased abruptly
when the reaction started, but then remained almost constant
(see Fig. 1-S3, ESI¥).

The oxygen-exchange activity of vacuum-annealed Ti'®0,
(sample A450) towards C'®O, stems obviously from lattice-
oxygen vacancy and the corresponding Ti*" /Ti** exchange.®
The surface vacancies in titania lattice act as traps for C'°0,
molecules, and are thus filled by '°O. The anchored carbon
dioxide molecules may behave like ‘truly’ adsorbed CO,, that
is the Ti-O-C-O structure, but the majority of surface
complexes mimic a carbonate anion, (Ti-O-CO-0O-), in four
different configurations: bridging, bidentate, monodentate or
free.® This can be schematically depicted as follows:

C'®0, + —-0O-Ti-"*0- - Ti---CO;, O is vacancy  (3)

Apart from its complicated structure, the surface complex may
decompose towards C'°0'"0 which is evolved into the gas
phase. This molecule can further react on the Ti'®0, surface to
give C'®0, in the next step. No CO was detected in the
products of reaction (3) in dark. (Carbon monoxide, solely
the C'O isotopologue, was, however, generated upon
UV-excitation of the A200 sample.)” The crucial role of surface
activation (¢f. eqn (3)) is confirmed if we compare the behavior
of A450 and A200. The latter sample shows no oxygen isotope
scrambling because the surface of A200 is blocked by the
adsorbed HCI and water molecules. Surface hydroxyls, —'*OH
(which obviously occur on A200 but not on in-situ calcined
A450; see S1, ESIf), have negligible effect for the CIGOZ/
Ti'®0, isotope exchange, compared to the effect of heat-
treatment activation (cf. eqn (3)). This conclusion is reminiscent
of the report by Sato es al.'® who found highly enhanced
activity of calcined Ti'®O, for the photocatalytic exchange
with 1802.

In summary, we synthesized pure Ti'0, both in anatase
and rutile forms. Raman spectra together with quantum
chemical modeling indicated different isotope shifts (**0/'°0)
for the known vibration modes of anatase and rutile. The
interaction with carbon dioxide was investigated with the aim
to explore oxygen isotope exchange at the Ti'*0,/C'®0, interface.
To this purpose, high-resolution Fourier transform infrared
spectroscopy of the gas phase turned to be a powerful analytical
technique.
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ABSTRACT: The light—induced oxygen-isotope exchange be-
tween gaseous CO, and solid Ti'®0, (anatase) and the sponta-
neous thermal isotope exchange that takes place between the
vacuum-calcined solid Ti'*0, and CO, were studied by gas-
phase high-resolution Fourier transform infrared absorption
spectroscopy over a period of several days. The absorption ro-
vibrational spectra of all the measured carbon dioxide isotopolo-
gues were assigned and served as the quantification of the time-
deFendent isotope exchange between the oxygen atoms from the
Ti'®0, solid and the oxygen related to the gaseous CO,. The
C'®0, was formed as the dominating final product with a minor
content of C'®0'®0. The rate of oxygen-isotope exchange is
highly sensitive to the conditions of the titania pretreatment;
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vacuum-annealed Ti'®0, at 450 °C exhibited a very high spontaneous oxygen exchange activity with gaseous C'°0,. A mechanism
for the '*0/'°0 exchange process is discussed at the molecular level. The photocatalytic formation of methane, acetylene, and C'°O
released from the Ti'®0, surface was observed after irradiation by an excimer laser.

1. INTRODUCTION

Titanium dioxide has attracted considerable interest due to its
numerous applications in photocatalysis, solar cells, gas sensors,
Li-ion batteries, electrochromics, and catalysis."”> These applica-
tions require a detailed understanding of the surface science of
solid titania (for a review, see ref 3). Chemical processes on the
titania surface, both thermally and photochemically activated,
can be conveniently followed by oxygen isotope labeling. These
reactions have been carefully studied since the middle of the last
century.* ® The traditional approach is based on the use of
“ordinary” Ti'°0, exposed to gaseous reactants, which comprise
various 8O-isotope—labeled molecules, such as H,"®0 or #0,,
and their corresponding °O-isotope counterparts. The isotope
exchange (e.g., between '*0,(g) and '°0,(g)) may or may not
involve the replacement of the lattice oxygen (*°0) in titania by
'80. In particular, the reactions of H,'*O on photoexcited titania
led to the fundamental questions that are relevant to photocatalysis.”
This approach is smoothly extendable to photoassisted isotopic
exchange reactions involving other molecules, such as gaseous
oxygen,6 formic acid,*® alcohols,'® carbon monoxide, carbon
dioxide,”*' '3 and carbonates.’

A variant of the strategy of employing “ordinary” Ti'°0, for
the isotope exchange is the use of titania with a deliberately '*
O-enriched surface. This material can be pregared by simply
exposing Ti1602 to 120, at 750 K** or to H,'*O with simulta-
neous UV irradiation'® or by electrochemical oxidation in an
¥0-containing electrolyte solution.® In all these cases, the
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isotope exchange Ti'%0,/Ti'®0, is restricted to the surface
layers only and is hardly perfect in these products. For instance,
the thermal reaction with oxygen gas provides an *O-enriched
surface of titania with an *0/'°0 ratio of 2.5 (ref 14). Reports
on the isotopically pure solid Ti'®O, are surprisingly scarce in the
literature. To the best of our knowledge, there is only one paper
that discusses the transformation of titanium nitride TiN to TiO,
in oxygen ('°0,) plasma.'> Although this reaction, in principle,
could lead to a pure solid Ti'*0,, the product was not char-
acterized in the report." It is obvious that this material would
lead to the reconsideration of classical studies on the isotopic
exchange of 180 on the gas/solid oxide interface.’ In particular,
the release of lattice oxygen and its transfer to the surrounding
molecules can be studied on a clean system, in which solely the
solid oxide is isotopically labeled. The investigation of adsorp-
tion, catalytic, and photocatalytic processes in the “reverse
direction”, that is, from the *O-labeled oxide toward the gaseous
molecules at the interface, could lead to novel input in this old,**
yet enduring,®”' story.

In this study, the oxygen isotope '°0/'®0 exchange between
gaseous C'°0, and solid Ti'*0, was explored. Although there
have been several earlier studies focused on isotope exchange
reactions involving carbon dioxide, the reactions have been
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studied either on the C'*0,/Ti'°0O, system13 or on a compli-
cated gaseous mixture containing C1602, 1802 or HZISO, and
ordinary Ti*°0,.”"" Recently, stoichiometrically pure Ti'*0,
was synthesized. The samples showed Raman spectra of the pure
Ti'*0, isotopologue,lé and its interaction with CO, in the dark
was explored. However, to the best of our knowledge, the reaction of
CO, with photoexcited Ti'®0, is presented here for the first time.
Carbon dioxide offers several advantages as the target molecule
for these studies: (i) the isotope exchange can be readily followed
by high-resolution FTIR; (ii) it is the final product of the
photocatalytic oxidation of organic molecules; (iii) the adsorp-
tion mechanism and surface chemistry of CO, are known in
detail;"” and (iv) photoinduced reactions on the TiO, surface are
of prospective environmental impact for CO, removal from the
atmosphere and its conversion to fuels.'®

This study has as its primary goal the determination of the
time scale of the spontaneous and light-induced isotope ex-
change between carbon dioxide and solid TiO,. In addition to
affirming that the spontaneous reaction cannot compete with the
UV laser-induced rapid processes, the spontaneous process is
quantified by evaluating its absorption ro-vibrational spectra, and
the corresponding reaction mechanism is described.

2. EXPERIMENTAL SECTION

2.1. Materials. Methane, acetylene, and CO, (all Linde
Technogas, Czech Republic) were used as received. The sznthesis
of Ti'®0, was described in a previous paper.'® Briefly, Ti'°O, was
prepared in a closed all-glass vacuum %pparatus from titanium
tetrachloride (99.98%, Aldrich) and H,'*O (Cambridge Isotope
Laboratories, 97% of *0). The HCl produced was collected in a
side ampule cooled by liquid nitrogen. Subsequently, the solid
product was heated at 200 °C overnight in the still-closed vacuum
apparatus, while the HCI trap remained in the liquid nitrogen
cooling bath. Finally, the apparatus was opened in a glovebox
under Ar, and the solid white powder was collected. This product
is subsequently abbreviated as A200. The material was stored
under Ar at room temperature. In the next synthetic step, part of
the A200 powder was heated at 450 °C in a vacuum (10~ Pa) for
30 h. This material is subsequently abbreviated as A450.

Both samples were characterized by Raman spectroscopy on a
LabRam HR spectrometer (Horiba Jobin Yvon) interfaced to an
Olympus BX41 microscope and by X-ray diffraction (Bruker D8
Advance diffractometer, Cu Kot radiation). It exhibited the
pattern of pure anatase (data not shown).'® BET (Brunauer—
Emmett—Teller measurement of the specific surface area of a
material) surface areas were calculated from the N, adsorption
isotherms (Micromeritics ASAP 2020 instrument). The samples
were degassed at 400 °C in the vacuum prior to measurement.
The BET surface area was found to be 31 m*/g, independent of
the synthetic history (A200/A450).

2.2. Methods. FTIR spectra were measured in a 20 cm long
(2.5 cm diameter) glass optical cell equipped with CaF, win-
dows. The cell was interfaced to a sealable glass-tube joint for the
transference of the powder material under vacuum from a side
ampule, in which the calcination of TiO, also took place.'® The
optical cell was further equipped with a second vacuum valve (ACE
glass, USA) for the gas handling and connection to the vacuum line.
The optical cell containing 0.8 g of Ti'®*0, in the powder form
spread over the walls was filled with CO,. The pressure in the
measuring cell was approximately 2 Torr, but it was precisely
measured with a MKS Baratron pressure gauge (0—10 Torr).
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Figure 1. Comparison of the CO, FTIR spectrum (a) with the
spectrum of the gas phase in the mixture of Ti'®0, (sample A200)
and CO, before irradiation (b), after the irradiation with 4500 pulses of
the XeCl laser (308 nm; pulse width, 28 ns; energy, 180 mJ) (c), and
after irradiation and 75 h in the dark at 30 °C (d). Spectra are offset.

The spectral measurement was performed using the Bruker IFS
120 HR spectrometer (CaF, beam splitter, InSb detector) in a
spectral range of 1800—6000 cm ™~ The spectra were measured
in the gas phase with a resolution of 0.01 cm™ " with 30 scans
using the Blackmann—Harris apodization function. The optical
cell was left in the dark inside a thermostat at a temperature of 30
= 0.1 °C for several days, after which the high-resolution infrared
spectra were acquired.

For photochemical experiments, a XeCl excimer laser (308 nm,
COMPEX 200, Lambda Physik, Germany) and UV light source
lamp (340 nm, Omnilux) were used for the irradiation of the
powdered TiO, material. In the case of the pulse XeCl laser, the
nonfocused beam (180 mJ/pulse, 28 ns pulse length) was colli-
mated through the CaF, inlet window directly onto the TiO,
surface. The 160 W UV lamp source was set vertically (20 cm) to
the sample cell, and the TiO, surface was irradiated through the
glass body of the cell (transparency of approximately 70%).

3. RESULTS AND DISCUSSION

3.1.Chemistry of CO, at the Ti'®0, Surface (Sample A200).
The dark and photoinduced oxygen isotope exchange between
Ti'®0, calcined in a vacuum at 200 °C (sample A200) and CO,
was complicated by other processes.

The obtained spectrum of the gas phase over A200 containing
2 Torr of CO, is shown in Figure 1, curve b, in addition to the
reference spectrum of carbon dioxide in a TiO,-free optical cell
(Figure 1, curve a). A ro-vibrational band of HCl was detected in
the 2800—3000 cm " spectral region, and a small quantity of water
(mostly H,'0) is apparent by the band at 3600—3800 cm ™"
(Figure 1, curve b).!

Hydrogen chloride is an obvious impurity in the A200 samgle
resulting from its synthesis by the reaction of TiCl, with H,"*O
(see the Experimental Section). The calcination at 200 °C in a
closed apparatus does not quantitatively remove it from the final
product. The adsorbed HCl is released from A200 into the gas
phase in the optical cell (Figure 1, curve b).

For stimulation of physical/chemical processes on the TiO,
surface (e.g, isotope exchange), high-energy UV irradiation for
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Figure 2. Reference FTIR spectra of methane (a) and acetylene
(b) compared with the spectra of the gas phase in the mixture of
Ti'®0, (sample A200) and CO, before irradiation (c) and the sample

after irradiation with 4500 pulses from the XeCl laser (308 nm; pulse
width, 28 ns; energy, 180 mJ) (d).
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Figure 3. Two selected ro-vibrational lines of C'°O in the spectrum
before the Ti'*0, (A200) irradiation (black line), after the irradiation
with 4500 pulses from the XeCl laser, and after irradiation and 75 hin the
dark (red line). Spectra are offset.

TiO, band-gap excitation was used. Upon UV photoexcitation,
the desorption of HCI progressed (Figure 1, curve c), and the
formation of additional products was observed. In the actual
experiment, the surface of A200 was irradiated with 4500 pulses
of the XeCl laser (308 nm, energy of 180 mJ), which were
focused by a quartz lens directly onto the A200 surface through
the calcium fluoride window of the optical cell. After the irradiation
of the A200 surface, ro-vibrational bands of methane and
acetylene were found (Figures 1 and 2, curve d), together with
bands of CO in the region of 2050—2200 cm ™! (Figure 1, curves
cand d). The assignment of ro-vibrational lines of methane and
acetylene was supported by the measurement of the reference
pure molecules (Figure 2, spectra a and b). The concentration of
H,O increased during the UV-laser treatment (Figure 1, curve c).
All the main ro-vibrational lines belong to the H,'®0 isotopologue.
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Figure 4. Diagram of the oxygen isotope exchange between the surface
of crystalline Ti'*0, and carbon monoxide. CO binds directly with the
titanjum atom. After laser irradiation or thermal exposure at low
pressure, this complex breaks down into C'°O.

The lines of H,"®O appeared only in their natural isotopic abun-
dance; that is, no exchange of oxygen atoms 80 from the solid
phase Ti'*0, took place.

Both hydrocarbons CH, and C,H, were formed by photo-
catalytic conversion of CO, and water or HCl on the surface of
Ti'®0, irradiated by the XeCl excimer laser. After UV irradia-
tion, the still closed optical cell was stored at a temperature
of 30 °C in the dark, and the spectra were measured after 50
and 75 h of storage. The concentration of CO (Figure 1, curve d
and Figure 3) and hydrocarbons remained constant after 75 h
in the dark; that is, the formation of these products did not
proceed.

Similar to H,0, absorption lines of the C'°O isotopolo§ue
only were found; that is, the labeled carbon monoxide, c*®o,
was not generated. Obviously, %0 can originate only from CO,
because there was no other source of this isotope in this closed
system.

Because CO, does not absorb UV radiation of wavelengths
larger than 200 nm, another mechanism of C'°0 formation
includes two-photon photolysis of c'°o, by the XeCl excimer
laser. This mechanism is supported by experiments where the
irradiation by a low-intensity UV lamp (340 nm, 160 W) did not
lead to the formation of CO (Figure S1 in the Supporting
Information).

CO adsorption on anatase and rutile TiO, has been studied
previously.”’ The observed infrared bands (2192 and 2209 cm ™)
were assigned to the adsorbed CO bound to the Ti*" ions with a
binding energy of 17 kcal/mol.>' The direct binding of CO to the
metal atom explains that the isotope exchange does not take
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Figure S. Several ro-vibrational lines of the ¥ band of CO, (2 Torr) over
the Ti'*0, surface in the spectral range of 2300—2302 cm ™' measured
immediately after filling the cell (blue line), after irradiation by the XeCl laser
(redline), and after irradiation and 75 h in the dark (green line) together with
the reference spectrum of C'°O, (black line). Spectra are offset.

Table 1. Oxygen-Isotope Exchange in CO, on Ti'®0, In-
duced by the XeCl Laser and Followed by the Spontaneous
Process

partial pressures (Torr)

CO, CO, CO,
sample time (h) (16-16) (16-18) (18-18) note
A200 0 226" 0.009° 825 x 10 before irradiation
1 3.07 0.027  0.148 4500 pulses
S0 3.80 0.031  0.168 spontaneous
75 3.90 0.032  0.169 spontaneous
A450 0 2250 0031  0.097 before irradiation
1 2.100  0.044 0240 4500 pulses
IN 1990  0.0S2 0330 spontaneous
72 1.980 0.0s3  0.340 spontaneous

“Natural abundance.  Concentrations of *°0—C— 160, 8 0—C—"¢0Q,
and '*0—C—"%0 isotopologues determined from the calibration curves
for selected ro-vibrational lines (Table 2).

place between the oxygen in the carbon monoxide molecule and
the oxygen in the structure of Ti'*0, (Figure 4).

3.2. Oxygen-Isotope Exchange between CO, and Ti'®0,
(Sample A200). Oxygen-isotope exchange was observed in the
V3 region of the spectral band, where the absorption lines of all
three isotopologues (**o—c-"%0, "0—-C-"°0, " *0—-Cc—"%0)
can be found.** Figure 5 shows a selected part of the relevant
spectra. The reference spectrum of '*0—C—"°0 (black) con-
firms the presence of the ro-vibrational transitions of individual
isotopologues of CO, in natural abundance. In the CO,-contain-
ing gas phase over the nonirradiated titania sample A200, no
additional lines corresponding to the individual transitions of the
0—C—"%0 and "*0—C—"%0 molecules were found (Figure S,
blue curve), and the resulting spectrum fully corresponds to the
spectrum of the pure C*0, with a natural abundance of C**0,.

11159 dx.doi.org/10.1021/jp201935e |J. Phys. Chem. C 2011, 115, 11156-11162,

Table 2. Wavenumbers of the Ro-Vibrational Transitions of
v Bands of °0—C—"°0, *0—-C—"°0, and *0—-C—"%0
Isotopologues Used for Spectroscopic Quantification

wavenumber (cm ™) isotopologue CO, assignment
2321.134 16-16 P(32)
2337.658 16-16 P(14)
2332.369 16-16 P(20)
2315.436 16-18 P(21)
2311.972 16-18 P(25)
2327.351 18-18 R(20)
2326.188 18-18 R(18)

After irradiation with 4500 pulses of the excimer laser
(Figure S, red curve), the 80—C—"90 line grew in intensity,
and a new line assigned to the '*0—C—""0 isotopologue
appeared in the spectrum of the gaseous phase over the A200
sample. The concentration of both isotopologues increased with
time when the sample was stored in the dark (Figure S, green
curve; Table 1). The individual lines in the spectra were fitted and
quantified. The quantification of the spectra was based on the
calibration measurements of the absorption spectra of individual
isotopologues (reference gases) of CO, at different pressures.
Thus, the calculated concentrations of individual isotopologues
(Table 1) determined from the intensity profiles of the individual
ro-vibrational lines (Table 2) showed an incremental jump of the
1%0—C—"%0 and "*0—C—"0 concentrations after the laser
irradiation. An increase of the '*0—C—'°0 isotopologue can
correspond to its adsorption on the Ti'®0, surface before
irradiation. Irradiation of the A200 induced release of the
adsorbed "®*O—C—"%0 that led to an increase of its concentra-
tion in the gas phase.

The oxygen atoms of CO, each have a lone pair of electrons
and can donate these electrons to Lewis acid centers in the
surface. The carbon atom could also gain electrons from Lewis
base centers, such as oxide ions, forming stable carbonate-like
species that could prevent desorption of CO, from the titania
surface. Formation of this complex can be the reason that the
slow desorption process progressing several hours after irradia-
tion in the dark (Table 1). Additionally, the 77 electrons of C—O
bonds can also participate in reactions with Lewis base centers.
To a large extent, the processes of isotope exchange and the
adsorption of CO, are influenced by the presence of water and
OH groups on the surface of TiO,.> The release of water can be
explained either by simple desorption or by the breakdown of the
carbonic acid bonded to the surface of TiO, (eq 1):

H,CO; — CO, + H,0 (1)

Similar to the beginning of the experiment, H,'®0is adsorbed on
the surface of Ti'®*0,, and the carbonic acid is composed of a
mixture of '°0 and '®0. The increased concentration of H,'°O
in the gas phase above the TiO, surface after 75 h is traceable by
comparing curves ¢ and d in Figure 1. It can be explained by the
breakdown of the carbonate complex and the spontaneous
isotope exchange reaction taking place in the dark (eq 2):*>**

H,'*0 4+ 160 — C — 10 — 0 — C — 0 + H,'°0 (2)

This isotope exchange reaction can influence the enrichment of
CO, with the oxygen isotope '*O.
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Figure 6. Diagram of the isotope exchange on the surface of crystalline
Ti'®0,. The surface layer is composed of Ti*" onto which the "*OH
groups and H,'®0 are bonded. The gaseous CO, reacts with the water
and OH groups, creating a hydrogen and dihydrogen complex bonded
onto the Ti atoms. This complex breaks down after the laser irradiation,
or thermally at low pressure, into molecules of H,'°0, **0—C—1%0,
and partially into '*0—C—'%0.

The spontaneous exchange of the oxygen isotopes in the CO,
and H,O mixtures has been studied in aqueous solutions in a
series of earlier publications. In 1940, Mills and Urey”' per-
formed measurements for several pH values from acidic through
mildly alkaline media (leading to the prevalence of bicarbonate
ions), up to very alkaline environments. They proved that the
oxygen exchange in acidic and mildly alkaline solutions occurs
through the formation of carbonic acid by the simple hydration of
CO,. The mechanism of the oxygen exchange between carbon
dioxide and water following atmospheric sampling using glass
flasks was explained in refs 25 and 26. The oxygen-isotope
exchange between CO, and water adsorbed on AL, O; or Fe,O5
was studied by Baltrusaitis et al>® The rate constants of the
spontaneous exchange in the solution were strongly temperature-
dependent.

In summary, the sample A200 showed low oxygen exchange
activity between CO, and Ti'*0,. The mechanism of possible
processes taking place on the surface of TiO, is shown in
Figure 6.

3.3. Oxygen-Isotope Exchange between CO, with Ti'®0,
(Sample A450). The sample A200 was heated to 450 °C in
vacuum (sample A450) to remove HCl and water from Ti'%0,.
The isotopic exchange between CO, and Ti'®0, was monitored
by observation of the fundamental v3 band of CO, at approxi-
mately 2300 cm ™. For the sake of easy comparison, Figure 7
(black curve) depicts a part of the reference spectrum of CO, (as

11160 dx.doi.org/10.1021/jp201935e |J. Phys. Chem. C 2011, 115, 11156-11162,

"'C“Oi Ucltué ”C‘"O_‘ licmoP
P(s2) P[40} R(24) P(39)
4 |/ | |
10%] |
] co,
j P(18)
& 1 |
i} q
g A A ’V“\ =
= b
§ 1 VY {j
= -
2
" 11
1 “Fiaf'l P(3T) P{JGJ
—4"oc"o et "oc’o
. - - r . - . 1
2300.0 2300.5 2301.0 2301.5 23020

Wavenumber (cm’')

Figure 7. Several ro-vibrational lines of the v3 band of CO, (2 Torr) over
the Ti'*0, surface (A450) in the spectral range of 2300—2302 cm ™'
measured immediately after filling the cell (blue line), after 1S h (red line),
and after 50 h (green line) together with the reference spectrum of c'o,
(black line). Spectra are offset.
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Figure 8. Conversion curves: oxygen isotope exchange between CO,
and vacuum-annealed Ti'*O, (A450). Concentrations of '*0—C—'°0
(black line), *0—C—"°0 (green line), and ¥0—-C—"80 (red line)
isotopologues were estimated from the calibration curves for selected ro-
vibrational lines (Table 2).

in Figure S). The FTIR spectrum measured immediately after
mixing both components (Figure 7, blue line) shows that the
oxygen exchange between the surface of Ti'*0, (sample A450)
and CO, molecules is a very fast process. The obtained spectrum
resents the ro-vibrational lines of '*0—C—"%0 with the lines of
80—C—"%0. The profiles of the individual lines of selected
isotopologues (isolated lines in the spectrum) were fitted and
quantified similarly to the A200 sample. The concentrations of
individual isotopologues are characterized by the decrease in the
0—c-"%0 isotopologue and the increase in the **0—C—'%0
isotopologue (Figure 8). The '*O—C—'°0 acts as an inter-
mediate in the mixture, and its concentration remains quite low
and almost constant.
Liao et al” studied the infrared spectra of TiO, after the
interaction of the TiO, surface with 0.1 Torr of CO,. Several

absorption bands appeared in the spectrum at 1319 and 1579 cm ™,
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Figure 9. Schematic diagram of the spontaneous isotope exchange on
the surface of crystalline Ti'®0,. The white square means a vacancy in
the solid A450 Ti'°O,.

which were attributed to bidentate-bonded carbonate. On the
basis of the spectral intensity and the isotopic exchange measure-
ments, the data were in good agreement with the proposal of the
formation of the bidentate-bonded carbonate as the major species
for CO; on TiO,. Figure 9 schematically shows the formation of
bidentate CO; from CO, adsorption on the Ti'®0, surface sites
involved and the consecutive thermal isotopic exchange of the
surface-oxygen atoms 180 of Ti'®0, and molecules of C1602.

The surface layer of our vacuum outgased sample (A450) is
composed of a nonstoichiometric mixture of Ti*" and Ti**, on
which the O oxygen atoms are bound. The calcination under
vacuum creates vacancies (white squares). Durin§ the isoto‘?e
exchange, (a) the %0 oxygen from the gaseous S0—Cc-"0
bonds to the vacancy on the surface of the TiO, crystal, (b)
bidentate COj5 from the CO, adsorption is formed, and (c) the
80 oxygen from the surface layer bonds to the carbon dioxide
molecule, subsequently releasing gaseous %0—c-"%0.

3.4. Oxygen-Isotope Exchange between CO, with Ti'®0,
Treated with H,'°0 (Sample A450/H,'°0). Because CO,
molecules could compete for adsorption sites with water,”” the
A450 material was treated with H,'®O (11 Torr) for approxi-
mately 15 min at laboratory temperature to suppress fast sponta-
neous isotope exchange between CO, and Ti °O,. The cell was
evacuated and then filled with 2 Torr of CO,. However, the rate
of oxygen isotolfe exchange in this material and the major
production of C *0, (Figure 10A) was similar in comparison
with the behavior of material that was not treated with water
(Figure 8). These results show that adsorbed water does not
block CO, adsorption sites. The A450 material retained the
oxygen isotope exchange activity even after 80 h (Figure 10B)
and 160 h (Figure 10C) of passivation by 2 Torr of CO,. The rate
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Figure 10. Conversion curves: isotopic exchange on the surface of
A450 Ti'®0, (passivated 15 min with 11 Torr of H,'°O water vapor).
Panel A: fresh sample. Panel B: sample refilled with fresh CO, after 80 h.
Panel C: sample refilled with fresh CO, after 160 h. The black, green,
and red lines and symbols correspond to '*0—C—'°0, *0—C—'°0,
and "*0—C—"%0 isotopologues, respectively.
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Figure 11. Spectra of the A450/H,"'°O sample before (blue line) and
after (red line) excimer laser irradiation together with CO and CH,
reference spectra (black lines).

of oxygen isotope exchange was decreased by the time of
passivation (Figure 10, compare panels B and C).

Irradiation of A450/H,"'°O by the XeCl laser enhanced the
oxygen isotope exchange between Ti'*0, and CO, similar to
A200. Similar to sample A200, methane and C'°0 were observed
as products of the photocatalytic reaction (Figure 11). It is interesting
to note that no acetylene is formed on HCl-free titania. The usual
product of photocatalytic reduction of CO, is methane, which is also
reproduced here; the formation of acetylene is favored only on
specific photocatalysts, such as Cu, Fe-doped TiO, (see ref 18).
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4. CONCLUSION

The completely '®O-isotope-exchanged titanium dioxide,
Ti'®0, (anatase), was prepared from TiCl, and H,'®0. The as-
received material (A200), heat-treated at 200 °C, still contained a
considerable amount of adsorbed water and HCI from the
synthesis. This HCI was released into an environment composed
of 2 Torr of CO,. When the same material was calcined at 450 °C
in a high vacuum, pure, HCl-free Ti'®*0, (A450) was obtained.

Both the Ti'*O, materials exhibited spontaneous '*O-isotope
exchange with the surrounding C1602, which was monitored by
high-resolution FTIR spectroscopy of the gas phase over the
Ti'®0, surface. The formation of C'*0, with both exchan§ed
oxygen atoms was dominant with a minor content of C'°0'*0
The oxygen-isotope exchange activity of A450 was not sup-
pressed by the addition of H,'®O. After the irradiation of the
Ti'®0, surface with the excimer laser, ro-vibrational bands of
methane, acetylene, and water were identified in the gaseous
phase. The isotope exchange does not take place between the
oxygen in the carbon monoxide and water molecules and the
oxygen atom from the Ti'®0, structure.

The possible processes taking place on the surface of Ti'*0,
can be summarized as follows: "*OH groups and H,'®0 are
bound to the surface layer of Ti*". The gaseous carbon dioxide
reacts with the water and OH groups, creating a carbonate
complex bound to the Ti atoms. This complex breaks down
after laser irradiation or following thermal exposure at low pres-
sures, both completely into molecules of H, %0, *0—Cc-"%0,
and partially into '*O—C—"%0. On the basis of the spectral
intensity and the isotopic exchange measurements, the data are in
good agreement with the proposal of the formation of bidentate-
bonded carbonate as the major species for CO3 on TiO,. The
surface layer of vacuum-annealed Ti'®0, is composed of a
nonstoichiometric mixture of Ti*" and Ti’", on which the 180
oxygen atoms are bound. The calcination under vacuum creates
vacancies. During the isotope exchange, the '°O oxygen from the
gaseous '°O—C—"°0 bonds to the vacancy on the surface of the
TiO, crystal, and bidentate CO3 from the CO, adsorption is
formed. The "®O oxygen from the surface layer is bound to the
carbon dioxide molecule, and, subsequently, gaseous %0—c-"%0
and "*0—C—"%0 are released.
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ABSTRACT: The photoinduced isotope exchange between
80 atoms in the lattice of vacuum-calcinated solid Ti'*O, and
160 atoms of formic acid and its photoproducts was studied
with gas-phase high-resolution Fourier transform infrared
absorption spectroscopy. The rotation—vibration absorption
spectra of all products from the photochemical reactions of
formic acid were measured over a broad infrared spectral range
and used to quantify the time-dependent isotope exchange
between the oxygen atoms on solid Ti'®0, and the oxygen
atoms in gaseous HC'®O'®OH and the isotopologues of CO,,
CO, and H,0. It was found that formic acid did not exchange
oxygen with titania during adsorption and decomposition
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processes; strongly bonded formate species blocked active sites and thereby inhibited the exchange between CO, and Ti'*0,.
Similar blocking was observed by adsorbed water. The isotopologues C'0'*0 and C'®0, are the products of the spontaneous
exchange of oxygen atoms in C'°O, and the active sites on Ti**0, that are unblocked during the irradiation of the surface by UV
photons. The C'®0 molecules are a product of the UV decomposition of C'*0'™0 or C'®0, that is formed during the

spontaneous exchange process.

1. INTRODUCTION

Formic acid is a model molecule for the investigation of
photocatalytic reactions on illuminated titania.' > Furthermore,
HCOOH is formed as an intermediate in the photocatalytic
oxidation of other molecules such as ethanol, acetic acid,
acetaldehyde, and formaldehyde,** the last of which is one of
the most widespread indoor pollutants. Formic acid sponta-
neously dissociates on TiO, (rutile) to form a surface proton
and adsorbed formate, HCOO,q4,), which can further
decompose thermally to CO and H,O. This reaction occurs
at 450 K even without photoexcitation, but these dark thermal
reactions produce little or no CO,.° However, the photo-
catalytic oxidation of formic acid easily leads to CO, because
the redox potential for the reaction

HCOOH — CO, + 2H" + 2¢~ (1)

is only 0.19 V vs the standard hydrogen electrode (at pH 0.3),
which is near the flat-band potential of TiO,.> Hence, the
driving force for reaction 1 is large because the valence-band
holes are approximately 3 V more positive on the electro-
chemical scale.

Isotope labeling (**'°0, H/D) is a useful strategy in
mechanistic studies of TiO, surfaces under both dark and
photoexcited conditions.”® Mass spectroscopy™® or vibration
spectroscopy of the titania surface” can be used to observe the
labeled species in the reactions under study. In this work, one
of the fundamental questions concerns the participation of
lattice oxygen atoms from dark-excited or photoexcited TiO,

<7 ACS Publications  © Xxxx American Chemical Society

surfaces in the catalytic reactions of model molecules. The O
isotope transfer between titania and the model molecule(s) can
be studied in two ways: (i) using “ordinary” Ti'®0, and labeled
reactant(s) such as H,'®O (refs 8 and 9) and 0, (ref 1) or (ii)
using a labeled catalyst, Ti'®0,, and unlabeled molecules."® The
first approach was used by Liao et al' to follow the
photocatalytic conversion of HCléOléo(ads) + 80, to
HC'0'"%0 4, or HC"*0"0 ).

The second approach was demonstrated by Henderson,®
who investigated the reactions of formic acid on TiO, (rutile)
with '80-enriched surfaces (**0/'O ratio of 2.5) under dark
conditions. This work demonstrated that lattice '*O takes part
in the evolution of gaseous products (H,'®O, H,C"0O, and
HC'"0"), including the formation of HC'*O'®OH. Bogdanoff
and Alonso-Vante” pioneered the application of isotope tracing
to the photoelectrochemical oxidation of formic acid in the
presence of '8O-enriched TiO, (with an unknown '$0/'°O
ratio), but no transfer of '*O from the photocatalyst to CO, (cf.
reaction 1) was detected.

It is obvious that convincing data about the reactions of the
second type can only be obtained with an isotopically pure
photocatalyst such as Ti'®0, We recently prepared this
material in both anatase and rutile forms via hydrolysis of
TiCl, by H,"®O (97% purity).'>"" High-quality titania was
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obtained in an evacuated system, and Raman spectroscopy
detected no measurable contamination from '°O.'° Livraghi et
al."> subsequently used a similar reaction to grow Ti'’O, from
TiCl, and H,"70O (40% 7O enrichment). Our pure Ti'®0, is a
benchmark system for isotope tracing at solid/gas interfaces.
High-resolution Fourier transfer infrared spectroscopy (HR-
FTIR) can be used to analyze the gas phase over dark or
illuminated titania. Our initial study focused on the Ti'%0,/
C'®0, interface, where we detected the products C'°O'8O,
C'®*0™Q, C'0, methane, and acetylene through their rich
rotational—vibrational spectra.'®'" In this work, we extended
that study to analyze formic acid.

2. EXPERIMENTAL SECTION

2.1. Materials. The chemicals used in this work included
formic acid (HCOOH; Sigma-Aldrich, ACS reagent grade,
<98% purity), carbon dioxide (CO,; Linde Gas, 99.9993%
purity), water (H,'®O; Cambridge Isotope Laboratories, 97%
purity).

The measurements were based on the calibration of the
absorption intensities of isotopologues of CO,, H,0, and CO
at different pressures. The partial pressures of the individual
isotopologues were calculated using the natural abundances of
0.003947 (C*080), 0.984204 (C'°0,), 0.001978 (C'0),
0.986544 (C'€0), 0.997317 (H,'°0) and 0.00199983 (H,'*0).
The isotopologue C'®0, was produced by isotopic exchange
between H,'O and C'°O, and measured separately. In
addition, all of the data were confirmed using wavenumbers
and intensities of individual lines from the HITRAN database."
The list of lines selected for the calibration is shown in Table 1.

Table 1. List of Individual Isotopologue Lines Selected for
the Calibration

isotopologue wavenumber (cm_l) assignment (y, J, Ky K¢)

c'¢0, 2367.8776 vy, R(26),
[oloLe} 2343.1041 vy, R(15),
c'*o, 2300.71252 vy, P(18),
c'o 2172.7588 vy, R(7)

c’*o 21134055 vy, R(S)

H,"°0 3606.9935 vy, S14—615
H,"*0 3738.0241 Uy 250—2y;

The completely '*O isotope exchanged titanium dioxide
(Ti'*0,) was prepared from TiCl, and H,*0.'" The
preparation of Ti'®0, was carried out in a closed all-glass
vacuum apparatus. TiCl, (Sigma-Aldrich, 99.98%) was distilled
twice under vacuum before use. Then 1 g of H,'*0 (Cambridge
Isotope Laboratories, 97%) was frozen under high vacuum with
liquid nitrogen, and ice was brought into contact with 2.8 mL of
TiCl, through a breakable glass valve. After the reactants were
mixed, the cooling bath was removed, and the reaction mixture
was stored at room temperature overnight. The reaction
byproduct HCI was collected in a side ampule that was cooled
by liquid nitrogen. Then the solid product was heated at 450
°C under vacaum (107° Torr) for 30 h in the closed vacuum
apparatus to remove traces of HCL'® Afterward, the apparatus
was opened in a glovebox under an Ar atmosphere, and the
solid white powder was collected. This powder form of Ti**O,
was placed in a 20 cm long absorption cell and stored under an
argon atmosphere at room temperature. The Ti'®0, was
characterized by Raman spectroscopy and X-ray diffraction,'
and it exhibited the pattern of pure anatase. The BET

(Brunnauer—Emmett—Teller) surface area calculated from the
N, adsorption isotherms was 31 m?/g. The samples were
degassed at 450 °C under vacuum prior to these measurements.

2.2. Methods. FTIR spectra were measured in a 20 cm long
(2.5 cm diameter) glass optical cell with CaF, windows and a
25 cm long glass tube finger in which additional calcination of
TiO, took place. (In certain experiments, in situ calcination was
performed and the vacuum transfer of TiO, was avoided.) The
optical cell containing 0.8 g of TiO, was further equipped with
two vacuum valves (ACE Glass, Vineland, NJ) for gas handling
and connection to the vacuum line that was used to fill the cell
with gases while it was inside the evacuated sample compart-
ment of the spectrometer. The pressure of CO, and formic acid
in the cell was approximately 2 Torr, and it was measured
precisely during the acquisition process with an MKS Baratron
pressure gauge (0—10 Torr). The spectral measurements were
performed using a Bruker IFS 125 HR spectrometer (KBr beam
splitter, Mercury Cadmium Telluride (MCT) detector) in a
spectral range from 1000 to 4000 cm™'. The spectra were
measured with a resolution of 0.01—0.02 cm™" with 30—50
scans using the Blackmann—Harris apodization function.

In the photochemical studies, a XeCl excimer laser (308 nm)
and a UV light source (340 nm, 160 W, E27 Omnilux Lamp)
were used to irradiate the powder TiO, sample. In the case of
the XeCl pulse laser, the nonfocused beam (energy of 150 mJ/
pulse, 28 ns pulse length) was collimated through the SiO,
window directly onto the TiO, surface. The 160 W UV lamp
source was positioned vertically through a quartz window (3 cm
diameter) to the sample cell, and the TiO, surface was
irradiated through this window.

3. RESULTS AND DISCUSSION

3.1. Photocatalytic Decomposition of Formic Acid on
Ti'®0, Using a XeCl Laser. Previous studies reported that
formic acid decomposes Photocatalytically by first forming the
formate anion (eq 2)*™ and then CO, and H,0." The

+ — +
h" + HCOOH,,4) — HCOO 4y + H 2)

majority of the mechanism for the decomposition of formate is
still not well understood. The decomposition is assumed to
proceed by means of electron transfer to photogenerated
valence-band holes (h*, eq 3) and/or reaction with OH*
radicals (eq 4) produced from water and the formation of
CO, (eq 5).'

HCOO (4 + h" = COO"™ + H' 3)
HCOO (4 + OH® - COO*™ + H,0 )
COO"™ — CO, + e~ (s)

The reaction mechanisms become more complicated when the
side reactions of different species and their adsorption on the
TiO, surface obscure the basic processes. The following FTIR
experiments with '®0-labeled TiO, are intended to clarify the
involvement of the lattice oxygen atoms and defects in the
overall mechanism of the photocatalytic process.

The clean surface of Ti'*0, was placed in an evacuated cell
and then exposed to gaseous formic acid (10 Torr) for 24 h.
After this treatment, the partial pressure of formic acid was
reduced to 2 Torr. Figure 1 shows the FTIR absorption
spectrum of the gas phase over the Ti'®0, sample in the range
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Figure 1. High-resolution FTIR absorption spectra of formic acid in
the gas phase over the Ti'®0, surface in the range of 1000—4000 cm™*
(A) and details of the v; band of formic acid (B, C): nonirradiated
sample of formic acid (a) and sample with Ti'**0, irradiated by the
XeCl laser (308 nm, 8500 pulses, energy of 150 mJ/pulse) (b).

from 1000 to 4000 cm™ before (a) and after irradiation (b) of
the Ti'®0, surface with the XeCl laser (8500 pulses). The
characteristic features of the rotational—vibrational bands for
the simple gaseous species were used to assign the IR
transitions according to the HITRAN database,'® where the
Lambert—Beer law was used to calculate partial pressures of the
individual components. The concentration of formic acid was
evaluated using the v; rotational—vibrational band of carbonyl
at approximately 1750 cm™". High-resolution spectra between
1760.00 and 176225 cm™ for nonirradiated (Figure 1C,
spectrum a) and irradiated (Figure 1C, spectrum b) samples
were nearly identical; only their intensities differed. There was
no evidence of the formation of formic acid isotopologues with
one or two '®0 atoms in the gas phase, which shift the v; band.
These results mean that there was no desorption of any '*O-
labeled isotopologues of formic acid/formate from the Ti'*0,
surface. Note that formic acid can migrate between different
surface-active sites of titania,'” and its desorption was observed
elsewhere at relatively low temperatures (below 250 K)."*

Our gas-phase measurements are in good agreement with in
situ FTIR spectra of adsorbed formic acid/formate on different
TiO, surfaces. According to literature data,4’18_21 formic acid/
formate molecules can adsorb in different ways. All three
proposed geometries (Figure 2) are based on interactions of
titanium atoms with formate oxygen atoms and no direct
interactions of lattice 'O with carbon atoms (and isotope
exchange).

Isotope exchange between oxygen atoms of formic acid
adsorbed on TiO, surfaces and gaseous molecular oxygen '*O,
was observed by Liao et al.' They recorded a shift of the
spectral band of adsorbed formic acid/formate from 1555 to

(@ (b) (©

160
N

C
16(L 16(‘)/ \60

| T
16 /C\s
0] 0

SN /T‘\[ N /*i\[ -

Figure 2. Formate adsorption on TiO,: monodentate species (a),
bidentate bridging species (b), and bidentate chelating species (c).

1548 cm™! after the TiO, surface was exposed to UV radiation
for 180 min in 10 Torr of '®0,; they interpreted this shift to
indicate the formation of formic acid/formate isotopologue(s)
with 'O atoms. Thermal desorption data from the
decomposition of HC'®O'®OH on the '8O-enriched
TiO,(110) surface also indicated that oxygen exchange
between the surface and the formic acid adlayer resulted in
significant amounts of '*O-containing products (carbon
monoxide, water, and formaldehyde).14

In this work, the TiO, photocatalyst was surrounded by gas-
phase formic acid molecules and irradiated with the XeCl laser
(8500 pulses, 308 nm, fluence approximately 160 J cm™2). Note
that formic acid has no absorption band above 250 nm, and
only weak absorption of formate is expected.'’> The
decomposition of formic acid occurred preferentially via
photoactivation of the TiO,. A detailed analysis of the observed
vibrational—rotational bands in the FTIR spectrum after
irradiation (Figure 1, spectra b) revealed the presence of
C!%0,, C'0**0, C*0, (v, band at 2350 cm™', Figure 3),
H,'0, H,"0 (v, band at 3600 cm™, Figure 4), and C'°O,
C'"®0 (v, band at 2150 cm™, Figure S) that were formed as
products of photocatalytic decomposition.

3.2. Photocatalytic Decomposition of Formic Acid on
Ti'®0, Using a 160 W UV Lamp. A continuous UV lamp was
used to irradiate TiO, to measure the kinetics of the formation
of the individual isotopologues and eliminate the effects of the
high energy of the pulsed XeCl laser. Figure 6 shows the
decrease of the concentration of formic acid in the gas phase
during 70 min after irradiation (panel A) and the kinetics of the
decomposition products (panels B—D) that were monitored on
the basis of their absorption bands (Figures 1 and 3—5). The
kinetics of all reactions were measured in the gas phase. The
reaction rate was strongly influenced by the adsorption/
desorption processes and diffusion behavior because these
measurements were carried out in an unstirred cell.

Carbon dioxide C'®0, was the main impurity in the FTIR
spectrum of formic acid (Figure 2a). We did not find any
absorption lines from the C'°0'0 and C'®0, isotopologues
even when the TiO, surface was exposed to a gaseous sample
for 140 h prior to irradiation. We assume that formic acid and/
or formate adsorbed on the surface of Ti'®0, partially blocked
the active sites and prevented spontaneous isotope exchange
between CO, and lattice oxygens. During the irradiation of the
Ti**0, surface with a UV lamp, all isotopologues of C'*0**0
and C"0, were formed (Figure 6). The formic acid/formate
decomposed and allowed the active sites to become available
for the adsorption of decomposition products such as CO,. It is
well-known that adsorbed CO, readily exchanges oxygen atoms
with Ti'*0,."" The isotope exchange and reactivity of adsorbed
CO, during irradiation of Ti'*0, may be facilitated also by
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Figure 3. (A) Rotation—vibration lines of the v; band of CO, in the
spectral range 2270—2380 cm™': CO, standard with natural
abundances of oxygen isotopes (a), CO, formed from formic acid
over the irradiated Ti'®0, surface (XeCl laser, 8500 pulses) (b), and
individual isotopologues from the HITRAN database' simulated with
the Winproof program (c—e). (B) High-resolution FTIR spectrum
(2298-2302 cm™") of the CO, standard (a) and the CO, formed from
formic acid over the irradiated Ti'®0, surface (XeCl laser, 8500
pulses) (b). Lines were assigned for all isotopologues.

formation of CO,” with lower reduction potential in the
adsorbed state.**

Water is another product of the photocatalytic decom-
position of formic acid; its concentration increased slightly
during irradiation (Figure 6D). The abundances of the
individual isotopologues (96% for H,'°O and 4% for H,**0)
were nearly constant (Figure 7), which suggests that the oxygen
atoms in the lattice were not involved in the formation of water.

Carbon monoxide C'®O was a minor product formed during
the irradiation of TiO, with a UV lamp (Figure 6C), but no
C'80 was detected. In our previous study,"" we discovered that
CO does not react with oxygen in the lattice; instead, it bonds
directly with Ti atoms. In other words, there is no oxygen
exchange between CO and Ti'®0,.

However, the C'®O isotopologue was observed in experi-
ments with the XeCl laser (Figure 5b). The abundance of C'*0
in the reaction mixture after the irradiation of TiO, with 4500
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Figure 4. Rotation—vibration lines of H,O isotopologues in the
spectral range 3380—3381 cm™: H,O formed from formic acid over
the irradiated Ti'*0, surface (XeCl laser, 8500 pulses) (a), H,'°O (b)
and H,'®0 (c) from the HITRAN database'® and simulated with the
Winproof program, and the pure water standard with natural
abundances of oxygen atoms (d). Transitions were assigned to the
fundamental v; band with rotational assignments in the J, K, and K¢
quantum numbers according to convention.
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Figure S. Rotation—vibration lines of the v, band of CO in the
spectral range 2000—2250 c¢cm™': CO standard with natural
abundances of oxygen isotopes (a), CO formed by irradiation of
HCOOH over the irradiated Ti'*0, surface (XeCl laser, 8500 pulses)
(b), and C'®0 isotopologue from the HITRAN database'® simulated
with the Winproof program (c).

laser pulses was 0.6%, which is significantly higher than the
usual abundance (0.2%) according to the HITRAN database.'®
Trace concentrations of C'*O can be formed by the two-
photon photolysis of C'*0, or C'*0'0 (eq 6).** In this case,
the oxygen atoms of the titania are not involved in the process,
and there is no interfacial isotope exchange.

2C0"%0 - C*0 + !0 + %00 (6)

3.3. Passivation with Water and Isotopic Exchange
between C'°0, and Ti'®0,. Because most applications of
TiO, involve a water-containing environment, there is
considerable interest in the effects of water on the chemistry
of simple organic molecules such as formic acid at TiO,
surfaces. Water has been observed to significantly affect the
photocatalytic decomposition of several compounds on TiO,.
In some cases, water can reduce catalytic activity through
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Figure 7. Photocatalytic decomposition of formic acid on a Ti'*O,
surface that was irradiated with a UV lamp: abundances of individual
isotopologues during irradiation.

competitive adsorption with the reactant; in other cases, water
can accelerate a reaction through mechanisms that are not fully
understood yet.****

Our previous study'' showed that Ti'*O, can spontaneously
exchange oxygen atoms with the CO,, which is the major
product of the photocatalytic decomposition of formic acid.
Therefore, we studied the influence of water on isotope
exchange of CO, in this work. The Ti'*0, powder was placed
in a cell and exposed to water (15.2 Torr) for 24 h. Then the
pressure was reduced to 0.1 Torr, and the cell was filled with
CO, (1.8 Torr). Figure 8 shows the abundances of the
individual isotopologues of CO, and H,O in the gas over the
nonirradiated Ti'®0,. The spontaneous isotope exchange
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Figure 8. Influence of water passivation (24 h by 15.2 Torr of water)
on the relative abundances of individual H,O and CO, isotopologues
observed during spontaneous isotopic exchange of oxygen atoms
between the surface of Ti'®0, and H,0 and CO, followed by laser
irradiation of the titania surface (2000 pulses) (a) and during laser-
induced isotope exchange (b): sample 0, before irradiation; sample 1,
after irradiation with the XeCl laser (5000 pulses); sample 2, after
irradiation and spontaneous isotope exchange (2 h).

between CO, and the titania surface was limited; the relative
abundance of the C'*0"0 isotopologue (1—2%) was similar to
the natural values published in the HITRAN database."® These
results demonstrate that water blocks the active sites on Ti'*0,.
That is, water prevents CO, adsorption and spontaneous
isotope exchange between CO, and the titania surface. Finally,
the Ti'®0, surface was kept in the dark for 23.5 h, and then it
was irradiated with the XeCl laser. The laser irradiation (2000
pulses, energy of 150 mJ/pulse) accelerated the desorption of
water from TiO,, and the H,*0/H, 0 isotopologue ratio
remained constant. This experiment was repeated with a higher
number of laser pulses (Figure 8b). The data show that the
CO, in the gas phase was enriched with the C'*O,
isotopologue. The laser radiation likely induced photo-
desorption or thermal desorption of water into the gas phase.
As a result, the binding sites on the TiO, surface were available.
Then CO, molecules adsorbed onto the titania, and light-
driven isotope exchange took place followed by spontaneous
exchange.

After Ti'®0, passivation by water in the previous experiment,
the cell was evacuated to 2 X 107> Torr for 120 min. Then the
cell was filled with CO, (1.7 Torr), and the gas phase was
monitored using FTIR spectroscopy. Each FTIR spectrum was
accumulated from an average of five scans with a resolution of
0.02 cm™". The intervals between the collection of consecutive
individual spectra were between 20 s and 1 h. The abundances
of the CO, isotopologues in the first spectrum (immediately
after the addition of gaseous CO,) were consistent with the
natural abundances listed in the HITRAN database.'® The fast
spontaneous exchange of '*O atoms with the Ti'*0, surface
was observed subsequently (Figure 9). The abundance of the
C'"®0, isotopologue with both exchanged oxygen atoms
significantly increased to ~15% in the first 10 min and
remained nearly constant for 24 h (Figure 9 b). Similar
behavior was observed when freshly prepared TiO,, which was
heated at 450 °C in a vacuum (10~ Torr) for 30 h in the
absence of water.

4. CONCLUSION

High-resolution FTIR spectroscopic measurements showed
that formic acid underwent photocatalytic decomposition over
Ti**0,, and CO,, CO, and H,0 isotopologues containing '*O
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Figure 9. Isotopic exchange after water removal by evacuating the cell
at 2 X 1073 Torr for 120 min: relative abundances of the individual
CO, isotopologues after several minutes (a) and several hours (b) of
spontaneous isotope exchange between the CO, molecules (1.8 Torr)
and the Ti'*0, surface.

atoms were formed. Formic acid does not exchange oxygen
atoms with the lattice oxygen atoms of Ti'®0, spontaneously
and/or during photocatalytic decomposition; moreover, it
blocks the active sites on the lattice. This blocking behavior
was demonstrated in an experiment where HCOOH was
adsorbed on a titania surface and no spontaneous exchange
occurred between C'%0, and Ti'®*0O,. Adsorbed water also
inhibits the activity of the calcinated Ti'®*0,. When the surface
of the Ti'*O, with adsorbed HCOOH was irradiated with the
XeCl laser and the UV lamp, the main decomposition products
were C'¢0,, H,'¢0, and C'°O. The isotopologues C'*0**0 and
C'®0, are the products of the spontaneous exchange of oxygen
atoms between the C'°O, and the active sites on the Ti'*0,
that became available during the irradiation of the surface by
UV photons. The C'®0 is a product of the UV decomposition
of the C'*0'®0 or C'®0, that formed during the spontaneous
exchange process.
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Fourier-transform time-resolved spectroscopy of laser-induced breakdown of Cs vapor in a vacuum has been used
for the measurement of atomic Cs emission spectra in the 800-8000 cm™! range with a resolution of 0.02 cm™'. The
6h and 7h levels of Cs are observed. The dipole transition matrix elements (transition probabilities, oscillator, and
line strengths) between the observed levels are calculated using quantum defect theory. © 2012 Optical Society

of America
OCIS codes:

1. INTRODUCTION

The spectrum of neutral Cs atom has become one of the most
important and well studied [1] due to a number of modern
atomic physics experiments involving atomic cesium, such
as the cooling and trapping of atoms, ultracold atom collisions
and the formation of cold molecules, and evidence for effects
of quantum electrodynamics and parity nonconservation, not
to mention the atomic Cs frequency standard.

The most complete compilation of Cs levels available in the
literature [1] includes the states with orbital angular momen-
tum ! < 4, but it lacks the levels with higher angular momenta.
Such high-/ states are of interest for various problems of atomic
and molecular physics [2], such as the excitation and decay of
autoionizing states [3,4] or the extraction of multipole moments
and/or polarizabilities of ions from the high-l Rydberg electron
spectra of corresponding neutral atoms [5] obtained using pre-
cise microwave [6] or optical [7] measurements of high-I states.

Unlike the high-excited Rydberg levels, the low-excited
high-/ states (for example, the nh series begins with the prin-
cipal quantum number 7 = 6) can be observed only in the in-
frared (IR) spectral range. Indeed, nh states are linked by
dipole transitions to n'g states, and the transition energy for
the minimal »' = 5 is about 1330 cm™! (n = 6) and 810 cm™!
(n = 7). This estimate is given according to the Rydberg for-
mula with zero quantum defects (the outer electron’s interac-
tion with the atomic core is weak in high- states, so these
states have small quantum defects decreasing with [ [5]).
The transitions between higher n, %’ lie below 600 cm™.

The transitions in the spectral ranges mentioned above can
be observed by analyzing the light spectrum emitted from a
plasma created on the sample surface by laser radiation. The
corresponding technique, laser-induced breakdown spectro-
scopy (LIBS), is a versatile and sensitive probe for the detec-
tion and identification of trace substances. LIBS has many
practical advantages over the conventional methods of chemi-

0740-3224/12/050001-01$15.00/0

300.6210, 300.6300, 300.6340, 020.4900.

cal analysis of elements and is consequently being considered
for a growing number of applications [8-12.

In this work LIBS is used together with time-resolved Four-
ier-transform infrared (FTIR) spectroscopy for recording Cs
emission spectra in the 800-8000 cm™! range. From these spec-
tra one can extract the energies of some Cs levels involved in
the observed transitions. Although most of these energies are
available in literature with very good accuracy, our energy
values for 7p_:23 and Sp% levels have smaller uncertainties.

A part of the above mentioned spectral region (the
1200-1600 cm™! range) has been measured for Cs in our recent
work [13] reporting the 6k Cs level energy that was previously
unknown. In this paper we have extended the measured range
to cover the 800-1200 cm™! spectral region and determine the
Th Cs level energy. No experimental measurement of Cs IR
lines the 800-2500 cm™! range is reported in literature or NIST
database [14]. To our knowledge, no alkali atom lines have
been experimentally measured in the 800-1600 cm™! range
previously due to several problems. First, the HgCdTe (MCT)
detectors used in this range are not always characterized by
sensitivity and/or sufficient signal-to-noise ratio (SNR).
Second, the background blackbody radiation inside the spec-
trometer chamber (at laboratory temperature) decreases read-
ability of the spectra recorded in this domain. Third, as
mentioned above, the spectral lines in this spectral region
are due to transition from high-excited states and their com-
plex population dynamics requires using the time-resolution
technique for reliable recording of the emission spectra (see
our earlier works [15-17]). This work attempts to fill this
gap. In addition to our recent work [13] (where we have ob-
served seven Cs lines not reported previously), we report here
15 new Cs lines in the 800-1200 and 1600-2500 cm™! ranges.
We also present the dipole transition matrix elements (transi-
tion probabilities, oscillator and line strengths) between the
observed levels calculated using quantum defect theory (QDT).
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2. METHODS

A. Experimental

The sketch of the experimental setup is presented in Fig. 1.
Time-resolved FTIR spectroscopy was applied for observation
of the emission arising after the irradiation of a CsI target with
a pulsed nanosecond ArF (1 = 193 nm) laser. A high repeti-
tion rate ArF laser ExciStar S-Industrial V2.0 1000 (193 nm,
laser pulse width 12 ns, frequency 1 kHz) with 15 mJ pulse
energy was focused on a rotating and linearly traversing target
(Csl tablet) inside a vacuum chamber (average pressure
107! Torr). The IR emission of the laser plume was measured
in the probed area at axial distance L ranging from 1 to 9 mm
from the target. The emission from this area was focused into
the spectrometer by CaF; (100 mm) or ZnSe (127 mm) lenses
(for 1600-7700 cm~! or 800-1600 cm~! spectral range, respec-
tively). Two different detectors (MCT and InSb) and two
beamsplitters (KBr and CaFy) were used to cover the whole
measured spectral range. The measurements were carried out
with a resolution of 0.02 cm™! for five values of the distance L:
1, 3,5, 7, and 9 mm. The emission was observed in seven spec-
tral ranges: 800-1000, 1000-1300, 1200-1600, 1600-2000,
2000-3500, 4100-5000, and 5000-7700 cm™!.

The continuous scanning method was used for the mea-
surement of the time-resolved FTIR spectra. After each ArF
laser trigger point, several data points were sampled during
the continual movement of the interferometer mirror. The syn-
chronization of the laser ablation, which is the source of the
emission, with the signal acquisition requires a special tech-
nique. In the case of the common time-resolved FT measure-
ment, the time shifted signals from a detector are sampled at
each zero-crossing point of HeNe laser fringes. A complication
comes from the fact that the repetition rate of the lasers sui-
table for ablation experiments is lower then the frequency of
the HeNe laser fringes produced by the interferometer. There-
fore the laser pulse is triggered only in the chosen (every sec-
ond, third, or fourth, etc.) zero-cross point of the HeNe laser
fringes. As a result 1/n of each time-resolved interferogram is
obtained after each scan [18]. The timing diagram is shown in
Fig. 2, where the time sequence corresponds to the case of
n = 3; several measurements were carried out with the divi-
der n = 4. An assembly of the n parts of the interferogram
sampled at the same time after the laser pulse provides the
complete interferogram. The output of this process is a set
of time-resolved interferograms (30-64).

Laser Beam

Ablation
Plasma

Fixed Mirror

1=1-9mmb] Moving Mirror

Target

(rotating HeNe control

tablet)
MCT Electronic
InSb "

| e—
Fig. 1. (Color online) Experimental setup for LIBS.

Civis$ et al.

Our system was designed using a field programmable gate
array (FPGA) processor. The main role of the FPGA processor
in our experiment was to initiate a laser pulse and AD trigger
signals (the signal for data collection from the detector)
synchronously with the HeNe laser fringe signals from the
spectrometer. The FPGA processor also controls the data
transmission from the digital input board to the PC. The width
of the ablation laser pulse can be preset, as well as the offset
value between the beginning of the laser pulse and the data
acquisition.

In the present experiments we used a 60 us offset followed
by the 30 AD trigger acquisition signals covering a 30 us
interval. The matrix of data signals corresponding to the
AD triggers is stored and Fourier-transformed. The acquired
interferograms were postzero filled using the OPUS Bruker
program [19] and subsequently corrected by subtracting the
blackbody background spectrum. The wavenumbers, line
widths, and their intensities were then obtained using the
OPUS peak picking procedure.

B. Line Identification and Dipole Transition Matrix
Elements

To record Cs spectra we studied the plasma formed by a laser
ablation of the cesium iodide Csl. To ensure that our plasma
spectra contained only Cs lines, we made a control measure-
ment with a cesium bromide (CsBr) target, which did not result
in appearing or disappearing of the spectral lines as compared
to the case of Csl. However, the SNR achieved for the Csl target
was better, so we report only the results of Csl ablation. We do
not expect any emissions from the halogen atoms for the fol- E
lowing reason. The Cs levels from which the emission was re-
gistered have excitation energies not higher than ~30000 cm™,
while the lowest excited levels (those from which dipole radia-
tive transitions are possible) of the halogen atoms have much
higher energies [14]: ~64000 cm™ (4s%4p*(*Py)5s (3P) levels of
Br) and ~56000 cm™! (5s25p*(3P,)6s (?[2]) levels of I). So these
halogen atoms’ levels should be much less populated as com-
pared to the Cs levels so that no emission lines of I or Br are
expected in our ablation plasma spectra.

All the lines observed are classified as belonging to transi-
tions between the neutral Cs (5p6)nlj atom states. The transi-
tion between the states with the orbital angular momentum
l < 5 is easily identified using the available Cs level list [1,14].
However, since the (5p%)6h (I = 5) level has not been ob-
served previously, at first approximation we assumed it to E
have very small quantum defect x=~0.01 and used the
Rydberg formula:

Z°R¢ Z°R¢
E("lj) = Vion — TQS = Vion — m €Y

where V,,,, = 31406.46766 cm™! [1] stands for the ionization
potential of the Cs atom whose (5p%) core’s charge is Z = 1;
Res = 109736.86254 cm™! [1] is the mass-corrected Rydberg
constant for Cs.

However, this first approximation can have an error of or-
der of tens of cm™!. The only transition possible from the 6k
level can be to the 5¢g level, and the only line appearing in the
corresponding spectral region is the 1348.359 cm™! line. To
ensure this line is indeed due to the 5g — 6k transition, we
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Fig. 2. (Color online) Timing diagram for the interleaved sampling. During the scan, the laser pulse and the AD trigger sampling are induced with a
rate of 1/n times of the HeNe laser fringe frequency. The complete interferograms are obtained after n scans (n = 3 here).

estimate its relative intensity. The same considerations apply
to the 6g—7h transition.

For an optically thin plasma at local thermal equilibrium
(LTE), the emission transition from an upper state k to a lower
state 7 has the intensity I;,; proportional to the transition prob-
ability A;; and to the transition wavenumber v;:

E
Iy ~ grAgivyi €Xp (— ’CIT];') . 2

where kg is the Boltzmann constant, 7" is the excitation tem-
perature, and E}, and g; are the energy and the degeneracy
factor of the upper state, respectively.

Since at the low pressures used in our experiment, the atom
concentration is low, we can consider our plasma to be opti-
cally thin. However, in the same conditions, some deviations
from LTE conditions can occur [20], but the Boltzmann distri-
bution of the atomic populations remains valid [21], although
with different temperatures of electrons and atoms [20]. This
means that even if the observed line intensities display some
deviations from the proportionality to the A-values, they
should describe the qualitative picture of the relative line in-
tensities well enough to assign the lines.

The Boltzmann plot made according to Eq. (2) is presented
in Fig. 3, displaying a typical example of calculating the
excitation temperature from tour data (e.g., for the
2000-3500 cm™! range). The linear fitting gives the plasma

temperature 7" = 2250 4+ 560 K. The uncertainty of 7" is small
enough to consider the Boltzmann population distribution
[Eq. (2)] to be valid for our experiment. The moderate distor-
tion of the Boltzmann plot from the straight line can be con-
sidered as an evidence that A;, values are be calculated with
enough accuracy (at least to confirm our line identifications).

The investigation of atomic emission in our LIBS experi-
ment is complicated by nonequilibrium and nonstationary
conditions of the plasma for the excited states [12]. In parti-
cular, the emission intensities of the spectral lines show a
complex dependence on the time delay r after the ArF laser

—4 +
—_ [ L=9mm; 7=13 us
% 6t T = 2250 + 560 K
-~
<<
£ -8f
=
=
= —10F
6d—8p 45
,]2 |-
15 000 20 000 25 000 30 000
Ej (em™)

Fig. 3. Boltzmann plot of the ablation plasma.
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pulse shot (see Fig. 5 below). So the use of the time-resolved
scheme is essential in our experiment. For analyzing the ex-
citation temperature, there is no good substitute for calculat-
ing T separately for each distance L between the probed area
and the target surface and delay time 7 after the laser shot. We
cannot identify any dependence that could simplify such an
analysis. There are hints in the data at some rich dynamics
in the plasma that cause T to evolve in some complex way
as a function of time and location, but the uncertainties in
T as measured (300...600 K) are too great to explore those
dynamics in detail.

The dipole matrix elements required for knowledge of A;;
were calculated using single-channel QDT [22-24]. This tech-
nique is quite similar to the FMP method used in our previous
papers (see, e.g., [16]) with the radial wavefunction of nl; state
given in terms of Whittaker functions by

ZYV2TE(E(nl;))] /2 27r
R;(r) = pryory |:]1'[l(7n*;:| Wn*.l+1/2 (?)

« [F(l + 140t - l)(l n a’”f("*))]fl/z, ®3)

on*

where the effective principal quantum number n* is con-
nected to the energy level E(nl;) and quantum defect y;; via
the Rydberg formula [Eq. (1)]. The functions Z,(E(nl;)) and
I1;(n*) in Eq. (3) are connected with an interpolation of the
quantum defect function y;(n*) [24]. The core polarization ef-
fects were taken into account according to [25].

The adequacy of the QDT approximation was tested by
comparison the dipole matrix elements for 6s—np transitions
with the values from the NIST database [14] and with ab initio

Table 1.
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Dirac-Hartree-Fock calculations [26]. The results are pre-
sented in Table 1, where the line strengths (S-values) are
listed; these S-values are the squared reduced dipole matrix
elements given in [26]. The maximal discrepancy between
our and NIST values was about 25% for 6s—6p transitions; for
transitions involving higher principal quantum numbers, the
discrepancy is considerably lower. This comparison shows
the QDT technique to be adequate for the calculation of matrix
elements of the transition between the levels observed in the
present experiment

3. RESULTS AND DISCUSSION

Apart of the recorded Cs emission spectrum is shown in Fig. 4
without subtraction of the background blackbody radiation
signal component. The list of the observed lines with their
parameters and identification is presented in Table 2. Since
the measurements were done in seven spectral ranges,
800-1000, 1000-1300, 1200-1600, 1600-2000, 2000-3500,
4100-5000, and 5000-7700 cm™!, intensity values have the
same scale only for lines within the same range of wave-
numbers. All the uncertainties in the tables below are given
in round brackets after the corresponding values and should
be treated as their rightmost significant digits; e.g., 123.4(56)
means 123.4 + 5.6.

As mentioned above, the intensities of the emission lines m
display a complex nonmonotonic behavior as functions of
the time delay z after the ArF laser pulse shot. These depen-
dencies, or the time profiles of the emission lines, have max-
ima at different delay times 7 ranging from about 10 to 20 us.
Some examples of time profiles of the observed lines are pre-
sented in Fig. 5. The dependence of the time profiles on the

Comparison Of QDT-Calculated S-Values of Cs (this work) With The Experimental And ab initio

Dirac-Hartree-Fock (DHF) Calculation Results Listed In [26] And The NIST Database [14] (for the 6s — np
and 6p - 5d transitions)

np; level 63% —np; 83% —np;

This work DHF [26] NIST [14] This work DHF [26]
6p% 1.655 x 10! 2.015 x 10! 2.023 x 10! 9.711 x 107! 1.055 x 10°
Gp% 3.301 x 10! 3.999 x 10! 4.009 x 10! 1.963 x 10° 2.137 x 10°
7p% 6.829 x 1072 7.618 x 1072 7.59 x 102 8.375 x 10! 8.558 x 10!
ps 2.981 x 107! 3.434 x 107! 3.44 x 107! 1.911 x 10% 1.96 x 10°
Sp; 5.467 x 1073 6.561 x 1073 5.22 x 1073 3.098 x 107 3.136 x 102
8ps 4.271 x 1072 4.752 x 1072 4.44 x 1072 5.915 x 102 5.983 x 107
910% 9.662 x 104 1.849 x 103 1.04 x 1073 3.002 x 10° 3.038 x 10°
9ps 1.284 x 1072 1.613 x 102 1.33x 1072 8.693 x 10° 8.815 x 10°
lOzié 2.522 x 1074 2.209 x 1073 2.64 x 10 4.465 x 107! 4.02 x 1071
IOpé 5.455 x 1073 1.3 x 1072 521 x 1073 1.513 x 10° 1.341 x 10°
11p, 8.352 x 10~° 1.156 x 103 9.16 x 10-° 1.388 x 107! 1.211 x 107!
llpé 2.825 x 1073 7.225 x 1073 2.8 %1073 5.166 x 107! 4.449 x 107!
12p, 3.254 x 107° 6.76 x 1074 3.93 x 10°° 6.065 x 1072 5.198 x 102
12p;;; 1.66 x 1073 4.489 x 1073 1.59 x 1073 2.404 x 107! 2.034 x 107!
13py 1.429 x 107° 4.41 %107 1.79 x 10° 3212 x 102 2.723 x 1072
13pé 1.063 x 1073 3.025 x 1073 1.04 x 1073 1.331x 107! 1.116 x 107!
14p, 6.881 x 1076 2.89 x 1074 8.86 x 106 1.923 x 1072 1.613 x 1072
14p§ 7.256 x 1074 2.116 x 1073 6.28 x 10+ 8.239 x 1072 6.864 x 1072
15p, 3.564 x 1076 2.25 x 1074 3.4x10° 1.252 x 1072 1.04 x 102
15p§ 5.185 x 1074 1.521 x 1073 3.9% 10 5.498 x 102 4.537 x 1072

6p; level 6p; — 5d; 6p; - bds

This work NIST [14] This work NIST [14]

Gp% 4.88 x 10! 4.92 x 10!
6ps 1.00 x 10! 9.97 9.21 x 10! 9.84 x 10!
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Fig. 4. A part of the recorded Cs emission spectrum (without sub-
traction of the background blackbody radiation signal component).
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distance L between the probed area at the target surface is
shown in Fig. 6. Note that for the closest distance L = 1 mm,
we observed quite high noise in the measured spectra. This is
probably due to thermal radiation from the target heated by
the laser pulses.

A nonmonotonic decay of the emission intensity shown in
Figs. 5 and 6 could be due to the complex population kinetics
of the atomic Cs states in the ablation plasma and the transfer
processes in ablation products [27,28]. While complete under-
standing of the time profiles is not necessary for the main re-
sults of this work, it seems possible that the profiles may vary
with 7 and L in a way that might be useful if one wished to
investigate in detail the dynamics of the plasma [29].

The energies E;. of the levels involved in the corresponding
transitions can be extracted from the measured v;; values. The
procedure for extracting the energy values for the levels in-
volved in the observed transitions is briefly described in

Table 2. Cs IR Line Wavenumbers v,;, Intensities I;;, SNRs, FWHMs, And Oscillator Strengths f;; For The
Observed Lines. Each of the seven spectral ranges, 800-1000, 1000-1300, 1200-1600, 1600-2000, 2000-3500,
4100-5000, and 5000-7700 cm™!, has its own scale of arbitrary units for the emission intensity I;;. Only the
fractional parts are given for the NIST wavenumber values. The oscillator strengths f;; are calculated using the
QDT technique [Eq. (3)]

v (em™), this work v (em™), NIST [1] I;; (arb. u.) SNR FWHM (cm™) Identification Sri
642.439(10) 2.29 x 10* 2.88 0.099(37) Tps — 6ds 3.13x 1072
685.289(8) 2.31 x 10* 5.26 0.056(21) 7p§ - 6d§ 3.03x 107!
810.050(16) 2.99 x 10* 4.24 0.105(43) 6g - Th 2.91
823.478(5) 9.23 x 10* 6.95 0.072(16) 7p% - Gd% 3.98 x 107!
839.938(10) 2.14 x 104 6.47 0.066(25) 5f; - 8dy 2.87x 107!
851.739(10) 8.82 x 10° 3.81 0.051(17) 5f§ - 8dé 3.02 x 107!
902.367(16) 1.41 x 10° 1.42 0.014(7) Tds - 5f7 1.25
923.437(11) 9.51 x 10* 1.55 0.030(16) 7d§ - 5f§ 1.33
1119.152(2) 1.12 x 104 3.52 0.081(18) 8py — 9s1 4.87 x 107!
1201.816(8) 6.84 x 10° 5.35 0.083(20) Sp% - 93% 4.63 x 107!
1348.359(2) 6.21 x 10° 8.85 0.043(7) bg - 6h 3.04
1381.126(3) 5.12 x 102 3.35 0.041(12) 5f% - Gg% 1.13
1381.277(8) 1.52 x 10° 2.38 0.038(32) 5f1 - 69y 1.30
1391.662(8) 4.80 x 10° 4.29 0.089(26) 83% - sz 6.55 x 107!
1474.332(6) 9.68 x 107 6.91 0.105(19) 8sy — Spé 1.32
1575.605(8) 3.28 x 10° 5.58 0.067(25) 4f.‘g - 7d% 1.34 x 107!
1596.726(7) 4.29 x 10° 5.90 0.062(15) 4f7 - Tds 1.40 x 107!
1840.348(5) 1.26 x 10° 4.60 0.110(18) 6d§ - 4f§ 8.23 x 107!
1883.397(3) 6.63 x 10° 24.6 0.114(8) 6ds - 4f; 8.79 x 107!
2031.380(14) 7.08 x 10* 3.71 0.105(47) Spg - Sdé 2.82x 107!
2102.423(12) 6.15 x 10* 6.12 0.099(37) 8p) - Bd% 2.63 x 107!
2370.750(5) 6.58 x 10° 10.5 0.037(19) Tps - 8sy 3.44 x 107!
2535.825(5) .8272(160) 5.99 x 103 3.71 0.046(8) 4f§ - 5g§ 1.32
2536.011(2) .0113(160) 8.05 x 10° 5.06 0.051(5) 4f§ -5y 1.29
2551.800(6) .8036(30) 3.35x 10° 8.75 0.066(33) s - 83; 3.25x 107!
2766.948(4) .9518(240) 1.00 x 10° 12.9 0.063(2) 6p§ - 5d% 2.11 x 1072
2864.529(1) .5377(300) 3.52 x 10° 4.29 0.092(3) 6p; — bds 2.00 x 107!
3229.818(7) .818(30) 2.77 x 10* 5.12 0.064(10) 73% - 7p% 4.97 x 107!
3320.984(1) .992(30) 2.96 x 10° 9.71 0.107(4) 6p; — 5d; 2.46 x 107!
3410.862(4) .868(30) 5.27 x 10* 5.62 0.059(5) 75%" - 71;%Z 1.01
4122.382(b) .3801(60) 7.56 x 10* 9.68 0.055(28) 7p% - 7ds 2.80 x 107!
4282.499(4) .5017(90) 3.02 x 10° 4.29 0.084(8) 7p% - 7d§ 2.68 x 107!
4339.464(10) .4733(50) 5.07 x 10* 3.93 0.038(23) 6d% -8f1 5.12 x 1072
4382.478(12) .4894(50) 1.71 x 10* 3.70 0.097(40) 6d§ - 5f§ 4.73x 1072
4964.280(12) .2659(50) 1.48 x 10* 5.26 0.082(36) Tpy - 9sy 2.76 x 1072
6803.221(5) .2186(21) 1.52 x 10° 5.37 0.081(4) 6ps — 73% 1.93 x 107!
7173.343(14) .3044(22) 2.93 x 10* 4.01 0.068(42) 755 -8ps 9.11x 1073
7266.091(14) .0848(30) 4.58 x 10* 3.65 0.123(54) 5d§ - 7p% 2.15x 1072
7349.552(6) .5497(30) 4.56 x 101 2.80 0.056(25) 5d; - 7p% 2.12x 1072
7357.260(6) .2644(30) 6.77 % 10° 3.15 0.085(12) 6p; —Ts; 1.79 x 107!
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Fig. 5. (Color online) Time profiles of several Cs emission lines for
L =9 mm.

our previous paper [16]. The extracted E) values coincide
within the calculated uncertainties with the level values taken
from NIST [1,14]. The latter have far higher precision apart
from the 7p; and 8p; levels, for which we report values with
a slightly lower uncertainty. These values, together with the
newly reported h-level energies, are presented in Table 3.
Our spectral resolution does not allow us to resolve the fine
structure of the 6h level. Indeed, the fine-structure separation
of h levels should be less than that of g levels. The latter is
quite low, while the 5f level has fine separation of about
0.15 cm™! [1], and it is clearly seen from the our measured wa-
venumbers (see Table 2).

Some of the measured lines (for instance, 6803.221 and
7357.26 cm™1) display a hyperfine structure like that shown
in the Fig. 7. Note that no hyperfine structure has been men-
tioned previously in the Cs IR line list [1] where these lines’
wavenumbers are reported with a comparatively high preci-
sion (of about 0.002-0.01 cm™).

T T T

2864.52 cm™! line
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Fig. 6. (Color online) The dependence of the time profile of the
2864.52 cm™! on the distance L between the probed area at the target
surface.
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Table 3. Energy Values E; Of The Cs I Levels
Involved In The Observed Transitions

Term Ei(cm™) NIST values
Th 29162.472(43)
6h 28356.426(45)
8y 25791.480(12) 508(30)
710% 21946.395(14) .397(26)
1x107 |
2 8x 10°
5 6x10°
d X r
o
& 108
> 4x10°
Z
5 2x10° o
E %
ol
6802.8 6803.0 6803.2 6803.4 6803.6

Wavenumber, cm-'

Fig. 7. The 6p;-7s; doublet lines of Cs. The hyperfine components
are fitted to Gaussian shape (normal curve), and the parameters of
the averaged line (bold curves) are calculated according to the
authors’ previous work [30].

Since, to the authors’ knowledge, the dipole transition ma-
trix elements are available only for the transitions listed in
Table 1, in this work we make QDT-calculations of these ma-
trix elements (oscillator strengths f;.) for the observed transi-
tions in Table 2.

4. CONCLUSION

Using FTIR spectroscopy of a plasma formed by ablation of a
Csl target by a pulsed nanosecond ArF laser in a vacuum, we
report the IR spectrum of atomic cesium in the 800-8000 cm™!
region. We have substantially extended the spectral range (as
compared to the 1200-1600 cm range measured in our recent
work [13]). No spectra of alkali metals were measured pre-
viously in the 800-1200 cm~! domain. The recorded spectra
allowed us to extract the excitation energy of 5pS 7h state
of Cs (in addition to the 5p°® 6k level reported in our recent
paper [13]), which has not been measured before. The other
Cs levels extracted from the observed lines are in good agree-
ment with NIST Atomic Spectra Database. We also calculate
the probabilities of transitions for the observed lines. We show
an asymmetric and multiple-peak behavior of the emission in-
tensity as a function of the time delay after the ablating laser
shot and of the distance between the probed area and the tar-
get surface. While complete understanding of the time profiles
is not necessary for the main results of this work, it seems
possible that the profiles may vary with time and location in
away that might be useful if one wished to investigate in detail
the dynamics of the plasma.
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ABSTRACT

Context. The infrared (IR) range is becoming increasingly important to astronomical studies of cool or dust-obscured objects, such as
dwarfs, disks, or planets, and in the extended atmospheres of evolved stars. A general drawback of the IR spectral region is the much
lower number of atomic lines available (relative to the visible and ultraviolet ranges).

Aims. We attempt to obtain new laboratory spectra to help us identify spectral lines in the IR. This may result in the discovery of new
excited atomic levels that are difficult to compute theoretically with high accuracy, hence can be determined solely from IR lines.
Methods. The K vapor was formed through the ablation of the KI (potassium iodide) target by a high-repetition-rate (1.0 kHz) pulsed
nanosecond ArF laser (1 = 193 nm, output energy of 15 mJ) in a vacuum (1072 Torr). The time-resolved emission spectrum of the
neutral atomic potassium (K1) was recorded in the 700-7000 cm™' region using the Fourier transform infrared spectroscopy technique
with a resolution of 0.02 cm™'. The f-values calculated in the quantum-defect theory approximation are presented for the transitions
involving the reported K1 levels.

Results. Precision laboratory measurements are presented for 38 K1 lines in the infrared (including 25 lines not measured previously
in the laboratory) range using time-resolved Fourier transform infrared spectroscopy. The 6g, 6h, and 7h levels of K1 are observed for
the first time, in addition to updated energy values of the other 23 K1levels and the f-values for the transitions involving these levels.
Conclusions. The recorded wave numbers are in good agreement with the data from the available solar spectrum atlases. Nevertheless,

we correct their identification for three lines (1343.699, 1548.559, and 1556.986 cm™).

Key words. atomic data — line: identification — methods: laboratory — infrared: general — techniques: spectroscopic

1. Introduction

Understanding the chemical evolution of our Galaxy requires
the determination of the element abundances in stars of different
metallicities. Potassium is an odd-Z element that is mainly pro-
duced in massive stars by explosive oxygen burning (see Zhang
et al. 2006b, and references therein).

An analysis of K abundances of 58 metal-poor stars (Zhang
et al. 2006b) found that the dependence of [K/Fe] versus [Fe/H]
agrees with the theoretical predictions of the chemical evolution
models of the Galaxy. The spectroscopic determination of potas-
sium abundances in metal-poor stars is difficult to obtain only
because the resonance doublet (K1 at 7665 A and 7699 A) lines
are available in this analysis; moreover, these K1 lines are often
blended with very strong telluric O, lines.

Since it is one of the most important references in astronomy,
the solar spectrum forms the basis of the description of the chem-
ical evolution of our Galaxy. An analysis of the absorption lines
found in the solar spectrum provides detailed information about
the isotopic and elemental abundance distribution of a very large
number of elements found in the solar system (Lodders 2003).

One of the most important problems of atmospheric line
formation, is the assumption of local thermodynamic equi-
librium (LTE), which is usually applied to the computation
of atomic populations and radiative transfer (Gehren et al.
2001). Non-local thermal equilibrium (NLTE) occurs under high

Article published by EDP Sciences

temperatures and low pressures, when the photon absorption rate
exceeds the atom-electron collision rate. These conditions occur,
for example, in metal-poor stars where electron collisions have
lower rates because the free electron density is correlated with
metal abundance (Gehren et al. 2001).

The level populations of the atoms with low ionization po-
tentials are particularly sensitive to deviations from LTE. As
for other atoms with one electron in the outermost shell, K1
has one of the lowest ionization energies (4.34 eV) in the pe-
riodic system. Neutral sodium constitutes approximately 0.7%
of the sodium atoms under the conditions of the solar photo-
sphere, whereas neutral potassium represents only 0.1%. The
photospheric solar potassium abundance based on the theoreti-
cal NLTE model atmospheres is log 5(K) = 5.12 £ 0.03 (Zhang
et al. 2006a); the Fe abundance is also calculated by account-
ing for NLTE (Gehren et al. 2001). There are several stellar
atmosphere models that predict different photospheric/coronal
abundance ratios as a function of ionization potential. Hence,
K1 abundance can be used to test these models for differ-
ent stars. For instance, CORONAS-F solar spacecraft measure-
ments (Sylwester et al. 2010) yielded possible values of the
coronal abundance of K with a peak at logeo(K) = 5.86 and
a half-peak range of 5.63-6.09. The latter measurements were
based on the resonant line of the He-like K (K xvi) ion in the
X-ray range.
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In addition to the optical, UV, and X-ray ranges, the infrared
(IR) range is becoming increasingly important to astronomical
research, for instance in studies of dust-obscured objects and in-
terstellar clouds, cool objects such as dwarfs, disks, or planets
and the extended atmospheres of evolved stars, including objects
at cosmological distances from the Earth (Kerber et al. 2009).

The IR spectrum of the most studied object, the Sun, has
been recorded from the ground (Wallace et al. 1996) and the
stratosphere (Goldman et al. 1996), but, even in the atmospheric
window regions, the recorded spectra contain many telluric at-
mosphere absorption lines. Pure solar IR spectra were recorded
by the ATMOS (Atmospheric Trace Molecule Spectroscopy)
Fourier transform spectrometer (FTS) during four Space Shuttle
missions (Farmer et al. 1989) in the 600—4800 cm™' range at a
resolution of 0.01 cm™ (R = /A1 ~ 6 x 10*=5 x 10°). A more
recent program, the Atmospheric Chemistry Experiment with a
space-borne FTS (ACE-FTS), has been performed on board a
SCISAT-1 satellite (Hase et al. 2010). The ACE solar atlas covers
the 700-4430 cm™! frequency range at a resolution of 0.02 cm™!
(R ~2x10*22 x 10%).

The current space-born spectrographs performing IR studies
of objects other than the Sun, have lower spectral resolutions.
The Spitzer Space Telescope has a resolution of R ~ 600 in
the 4 = 10-37 micron range (Houck et al. 2004); the AKARI
satellite (Murakami et al. 2007) is equipped with a Far-Infrared
Surveyor (FTS with resolution Av = 0.19 cm™') and a near-
and mid-IR camera with a resolution of up to A4 = 0.0097 mi-
crons (R ~ 100-1000). Nevertheless, the forthcoming spatial
and airborne telescopes are expected to have a much higher res-
olution. For instance, the airborne Stratospheric Observatory For
Infrared Astronomy (SOFIA) (Gehrz et al. 2009) is planned to
be complemented with the Echelon-cross-Echelle Spectrograph
(EXES) with a resolution of R ~ 103 in the wavelength region
of 4.5 to 28.3 microns (Richter et al. 2010). The future SPace
Infrared telescope for Cosmology and Astrophysics (SPICA)
(Goicoechea et al. 2011) will carry a mid-IR, high resolution
spectrometer (MIRHES) operating in the 4-18 micron range
with a spectral resolution of R ~ 3 x 10*.

The great advantages of Fourier transform infrared
spectroscopy (FTIR), such as its constant high resolution and
energy throughput, have made the IR spectral region more ac-
cessible for laboratory spectral measurements (Nilsson 2009).
Nevertheless, the powerful capacities of IR astronomy, in-
cluding the existing VLT with CRyogenic Infra-Red Echelle
Spectrograph, (CRIRES) and the future ground-based (e.g., E-
ELT) or satellite-borne (e.g., Gaia, 0.33-1.05 micron range)
IR telescopes, cannot be fully utilized without detailed spec-
troscopic information on atomic line features (in particular,
wavelengths and oscillator strengths) in the IR region (Biémont
1994; Grevesse & Noels 1994; Pickering 1999; Jorissen 2004;
Johansson 2005; Pickering et al. 2011).

A general drawback of the IR spectral region is the much
lower number of atomic and ionic lines available (relative to the
visible and ultraviolet ranges) (Ryde 2010). Modern laboratory
spectral features are lacking for most elements with wavelengths
longer than 1 micron (Wahlgren 2011). On the other hand, at-
lases of stellar spectra often provide only a short list of identi-
fied lines (Lobel 2011). Even in the solar IR atlas (Hase et al.
2010), there are a number of lines with doubtful or missing
identifications.

New laboratory spectra may help us to identify spectral
lines in IR and potentially discover new excited atomic levels.
These levels are difficult to compute with high accuracy the-
oretically, hence they can be determined solely from IR lines
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(Wahlgren 2011). The inclusion of additional atomic lines and
higher energy levels will increase the reliability of astrophysi-
cal calculations such as stellar atmosphere models. For instance,
modern analyses of solar chemical compositions (Asplund et al.
2009) measure substantially lower metallicities than determined
two decades ago. The use of high-resolution solar spectra (Hase
et al. 2010) for the computation of the Sun’s irradiance spectrum
is still in its initial stage of development (Kurucz 2011).

The above-mentioned development of IR astronomy, to-
gether with the lack of high-resolution laboratory data for
atomic spectral features, illustrates the importance of report-
ing new IR atomic lines, highly-excited levels, and oscilla-
tor strengths. For instance, the identification of IR atomic
lines may be used for reliable temperature, gravity, and abun-
dance analyses for a wide range of ultra-cool dwarfs, from
M dwarf stars to brown dwarfs as well as extra-solar giant plan-
ets (Lyubchik et al. 2004). A comparison of these atomic lines
with computed profiles can be used as key diagnostics of ultra-
cool dwarf atmospheres (Lyubchik et al. 2007). Laboratory-
measured manganese IR line features were used to determine
the Mn abundance in the atmospheres of the Sun, Arcturus, and
a dwarf (Blackwell-Whitehead et al. 2011). Together with the
molecular IR bands, atomic (including K1) IR lines provide good
diagnostics for a self-consistent pure-infrared spectral classifi-
cation scheme in most cases for both L and T dwarfs (McLean
et al. 2003). The investigation of the gravity-sensitive features
of atomic (including K1) IR line features was used as a way to
distinguish between young and old brown dwarfs (McGovern
et al. 2004). Even without a direct application to the stellar at-
mosphere and abundance models, information on atomic spec-
tral features is in constant demand from the astrophysical com-
munity (Raassen et al. 1998; Blackwell-Whitehead et al. 2005;
Wallace & Hinkle 2007; Brown et al. 2009; Wallace & Hinkle
2009; Deb & Hibbert 2010; Thorne et al. 2011).

Parts of the spectra in the 800-1800 cm™! (12.5-5.6 microns)
range are difficult to observe from the ground owing to the heavy
contamination of the spectrum by telluric absorption lines. This
infrared spectrum represents a great challenge for laboratory ob-
servations of new, unknown infrared atomic transitions involving
atomic levels with a high orbital momentum (Civis et al. 2011b)
and their comparison with the available stellar (e.g., solar) spec-
tra. An attempt to fill this gap for K11is made in the present paper.

After K1 spectrum measurements were made by Risberg
(1956) in the 0.3101-1.1772 um range a half of century ago,
potassium IR lines were reported by Johansson & Svendenius
(1972) who extended the measurements up to 3.735 um and
by Litzen (1970) who reported the 5g-levels of K1 from his mea-
surement of 4.0169 um line. In these hollow-cathode measure-
ments, no lines with longer wavelengths were recorded, nor was
emission from ng (with n > 5) or nh-levels observed. Here, we
report the results of a FTIR spectroscopy study of K1 transi-
tions in the following IR ranges: 1.4-2.5, 2.7-5.0, 5.9-9.1 and
11.1-14.3 microns.

2. Method

Time-resolved FTIR spectroscopy was applied to observing the
emission arising after the irradiation of a potassium iodine (KI)
target with a pulsed nanosecond ArF (1 = 193 nm) laser. A
high-repetition-rate ArF laser ExciStar S-Industrial V2.0 1000
(193 nm, laser pulse width 12 ns, frequency 1 kHz) with 15 mJ
pulse energy was focused on a rotating and linearly traversing
target (Csl tablet) with a vacuum chamber (average pressure
107" Torr). The IR emission of the laser plume was measured
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Fig. 1. Timing diagram for the interleaved sampling. During the scan,
the laser pulse and the AD trigger sampling are induced with a rate of
1/n times of the He—Ne laser fringe frequency. The complete interfero-
grams are obtained after n scans (n = 3 here).
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in the probed area at an axial distance of L = 9 mm from the tar-
get. The emission from this area was focused into the spectrom-
eter by CaF, (100 mm) or ZnSe (127 mm) lenses (for the 1600—
7700 cm™" or 800-1600 cm™! spectral ranges, respectively). Two
different detectors (MCT and InSb) and two beamsplitters (KBr
and CaF,) were used to cover the measured spectral range. The
measurements were performed with a resolution of 0.017 cm™".

The continuous scanning method was used to measure the
time-resolved FTIR spectra. After each ArF laser trigger point,
several data points were sampled during the continual movement
of the interferometer mirror. The synchronization of the laser
ablation, which is the source of the emission, with the signal ac-
quisition requires a special technique. In the case of the common
time-resolved FT measurement, the time-shifted signals from a
detector are sampled at each zero-crossing point of the HeNe
laser fringes. A complication is that the repetition rate lasers suit-
able for ablation experiments is lower then the frequency of the
HeNe laser fringes produced by the interferometer. Therefore,
the laser pulse is triggered only in the chosen (every second,
third, or fourth etc.) zero-cross point of the HeNe laser fringes.
As aresult, 1/n of each time-resolved interferogram is obtained
after each scan Kawaguchi et al. (2005). The timing diagram is
shown in Fig. 1, where the time sequence corresponds to the case
of n = 3; several measurements were performed with the divider
n = 4. An assembly of the n parts of the interferogram sampled
at the same time after the laser pulse provides the complete in-
terferogram. The output of this process is a set of time-resolved
interferograms (30-64).

Our system was designed using a field programable gate
array (FPGA) processor. The main role of the FPGA proces-
sor in our experiment was to initiate a laser pulse and AD
trigger signals (the signal for data collection from the detec-
tor) synchronously with the He-Ne laser fringe signals from
the spectrometer. The FPGA processor also controls the data

transmission from the digital input board to the PC. The width
of the ablation laser pulse, as well as the offset value between
the beginning of the laser pulse and the data acquisition, can be
preset.

In the present experiments, we used a 60 us offset followed
by the 30 AD trigger acquisition signals covering a 30 us in-
terval. The matrix of data signals corresponding to the AD
triggers was stored and Fourier-transformed. The acquired in-
terferograms were post-zerofilled using the OPUS Bruker pro-
gram OPUS (2010) and subsequently corrected by subtracting
the blackbody background spectrum. The wavenumbers, line
widths, and their intensities were then obtained using the OPUS
peak picking procedure. For more details of the experimen-
tal setup, we refer to our previous papers (Civis§ et al. 2010a;
Kawaguchi et al. 2008).

The use of the time-resolved scheme is essential because the
emission intensities of the spectral lines depend on the time de-
lay after the ArF laser pulse shot. The maxima of time profiles
of the emission lines arise at different delay times 7 ~ 3—10 us,
hence one should examine a wide time-domain range (0-30 us)
to avoid missing a line in the resulting spectra. The intensities re-
ported in Table 1 below were obtained as the emission values at
the time profile maxima. This non-monotonic decay of the emis-
sion intensity could be due to the complex population kinetics of
the atomic K1 states in the ablation plasma.

Such a complex system was not solely used to excite the
spectrum of a neutral atom. Although inexpensive potassium
hollow cathode lamps are commercially available, they are appa-
ratuses of quite moderate power used mostly with visible range
optics. Their usage in the IR requires substantial modifications
(e.g., IR optics and windows). We note that previous hollow-
cathode studies of the K1 spectrum did not report many of the
IR lines that are listed in this work. In addition, our scheme was
designed to perform measurements of the IR spectra of several
targets, not solely potassium (see our previous results, Civi§ et al.
2010a; Civis et al. 2010b, 201 1b).

In this paper we record FTIR spectra in the five spectral
ranges of 700-900, 1100-1700, 2000-3700, 4100-5000 and
5000-7000 cm™" (11-14, 5.9-9.1, 2.7-5.0, 2.0-2.4 and 1.4-
2.0 um, respectively). An InSb detector was used for all spec-
tral domains except the 700-900 and 1100-1700 cm™~' domain,
where an MCT detector was used. All of the observed emission
lines were classified as to transitions between 3p® nl; K1 levels
withn = 3...7and [ = 0...4. No halogen (Cl, Br, F or ) lines were
observed in the recorded emission spectra. The spectral resolu-
tion was either 0.1 cm™' (four scans, higher signal-to-noise ratio
(S/N)) or 0.017 cm™! (one scan, lower S/N). The acquired inter-
ferograms were post-zerofilled (zero filling 2, trapezoid apodiza-
tion function, for details see, e.g., the book by Stuart 2004) using
Bruker OPUS software and subsequently corrected by subtract-
ing the blackbody background spectrum.

The results of the line measurement and assignment are pre-
sented in Table 1. The wavenumbers, line widths, and their in-
tensities (as well as the uncertainties in these quantities) were
obtained by fitting a Lorentzian line shape.

To identify the observed lines, we assumed that, under LTE
conditions and negligible self-absorption (optically thin plasma),
the intensity of a spectral line due to radiative transition from
the upper state |k) to the lower state [i) is proportional to the
line strength S, which is related to the oscillator strength fi
3hey;
2mewi
multiplied by the transition frequency, g; is the degeneracy fac-
tor of the lower level, and m. and e are the electron mass and

according to S = fix (Larsson 1983), where wy is 2
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Table 1. K1 lines and their identification.

Present work

Other measurements®

Wavenumber ~ Wavelength Intensity S/N HWHM Identification  Laborat. ACE [31°
(cm™h) (um) (arb. units) (cm™)

729.694(8) 13.7006 1.41x 107 532 0.057(26) 4d%—4f§

730.755(6) 13.6807 1.10x 10*  5.04 0.048(37) 4d%—4f%

795.575(16) 12.5661 598 x 10°  3.34  0.049(60) 7s%77p17

800.081(12) 12.4953 1.15x 10*  5.38  0.047(32) 7s%—7p%

809.189(12) 12.3547 2.15x 10*  4.33  0.107(39) 6g —7h

884.125(11) 11.3075 1.63x 10*  4.62 0.073(38) Sd%—7p|i

889.117(8) 11.2441 2.55x 10 7.70  0.075(22) 5d;—7p%

1177.545(3) 8.489930 1.86x10° 355 0.083(9) Gp%—Sd% NA /NA /.55
1178.041(13) 8.486355 1.66 x 10*  2.97  0.066(57) 6p%—5d%

1186.478(2) 8.426009 1.00x 10° 349  0.071(9) 6p%—5d%

1266.577(4) 7.893144 6.16 x 10*  17.6  0.073(11) 6p%—7s%

1275.007(3) 7.840956 3.30x 10* 142 0.061(15) 6p;—7s%

1343.699(4) 7.440114 1.61 x10° 16.1 0.136(13) 5g —6h .702/.698/.703 (Mg I 6g 3G-8h *H)
1352.873(5) 7.389662 534 x 10 872 0.106(17) 5f —6g

1548.559(5) 6.455856 1.17x 10°  5.10 0.097(17) 6s%76p% .566/.561/.564 (CO 12-11)
1556.986(4) 6.420915 2.10x10° 150 0.096(11) 65%—6p% .99/.986/ NA (unassigned)
1601.103(3) 6.243992 9.40x 10* 16.6  0.091(11) 4d%—6p%

1609.533(12) 6.211289 1.60 x 10*  2.60 0.083(54) 4d%76p§

1610.601(3) 6.207170 1.72x 10°  30.5 0.093(10) 4ds—6ps

2057.382(8) 4.859221 8.97x 10> 379 0.078(24) 4f7-5ds

2057.898(15) 4.858003 7.69 x 10> 2.68  0.086(54) 4f 75d%

2489.439(3) 4.015874 540 x 10*  7.92  0.111(8) 4f -5g 462 [1] .446/.438/.46
2676.927(4) 3.734608 1.11x10° 416 0.126(12) Sp%—4d_» 938 [2] .936/.928/.938
2678.012(10) 3.733095 823x10° 2.88 0.105(34) 5pg—4dg .008 [2] .011/.003/.008
2696.757(3) 3.707147 6.08 x 10*  4.23  0.123(11) 5p%—4d% 765 [2] .767/.759/.765
2730.542(3) 3.661278 2.87 x 10*  5.09 0.118(10) Sp_%—6sl 554 (2] .556/.548/.571
2749.299(3) 3.636299 143 x10*  6.01 0.115(11) Sp%769% 309 [2] .283/.274/.328
3164.389(4) 3.159306 3.38x 10*  5.07 0.118(11) 3d%75p~% .396 [2] .401/.392/.394
3183.135(4) 3.140700 6.32x10°  4.11 0.112(14) 3d3-5p; 153 [2] .154/.144/.151
3185.455(3) 3.138413 6.34 x 10*  5.00 0.118(10) 3d%—5p% 461 [2] .467/.458/.459
3208.542(7) 3.115831 511 x10°  3.36  0.104(21) 4d%—5fé NA /NA /.583
3209.628(4) 3.114776 9.90x 10° 5.68 0.120(14) 4d%—5f% NA /NA /.653
3674.823(7) 2.720477 1.03x 10°  6.10  0.088(20) 5s1—5p% 827 [2] .825/.814/.831
3693.570(4) 2.706669 537x10° 520 0.107(12) 55%—5p% 585 [2] .58 /.569/.586
4555.000(8) 2.194791 2.94 x 107 2.99 0.058(36) 4d%—6f%

4556.057(11) 2.194281 5.55x 10*  3.83  0.095(38) 4d%76f;

6590.857(10) 1.516839 1.87x10°  6.51 0.069(16) 3d%—4f%

6593.169(3) 1.516307 239%x10°  8.89  0.069(9) 3d%—4f;

Notes. Each of the five spectral ranges (700-900, 1100-1700, 2000-3700, 4100-5000, and 5000-7000 cm™") has its own scale of arbitrary units
for the emission intensity.  Only the fractional part of the wavenumbers in cm™'. ® Data format: line list 1 (corrected)/line list 1 (observed)/line
list 2 (see Hase et al. 2010, Sect. 4). NA means that the line is not listed in the corresponding line list.

References. [1] Johansson & Svendenius (1972); [2] Litzen (1970); [3] Hase et al. (2010).

charge, respectively. When LTE is fulfilled and self-absorption is
negligible (or properly taken into account), the f-values can be
determined from the laser-ablation plasma spectra if the temper-
ature of the atom energy distribution is known (Manrique et al.
2011).

Since the atom concentration is low at the low pressures used
in our experiment, we can consider our plasma to be optically
thin. However, under the same conditions, some deviations from
LTE conditions can occur, but the Boltzmann distribution of the
atomic populations remains valid (Giacomo et al. 2001), though
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with different temperatures for electrons and atoms. This means
that even if the observed line intensities display some deviations
from the proportionality to the S-values, they should describe
the qualitative picture of the relative line intensities adequately
enough to assign the lines. A typical example of a Boltzmann
plot for the ablation plasma can be found in Civis et al. (2011a).
The uncertainty in the excitation temperature is small enough
to consider the Boltzmann population distribution to be a satis-
factory approximation for our experiment. The moderate devia-
tion of the Boltzmann plot’s points away from the straight line
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Table 2. Comparison of the QDT-calculated (this work) K1 oscillator strengths with other works.

Transition v (cm™") A (u)m log(gi fi) fi

4S%—10p% 33411.3986 0.299211788 -10.8 1.00x 107 8.46 x 107° [1]
45%—10p% 33410.2306 0.299222249 —12. 322x 10 291x107°[1]
45%79p% 32941.9262 0.303476190 -10.1 1.99x 107 1.86x 107 [1]
48%79p% 32940.203 0.30349207 -11.2 6.78x 107 6.6 x 107° [1]
4S%—8p% 32230.11 0.3101789 -9.29 4.62%x107°  4.68x 107 [1]
48%78p|§ 32227.44 0.3102046 -10.3 1.69x 10 1.76 x 107 [1]
48%—7[)% 31074.4 0.321715 -8.21 1.36 x 107*  1.54 x 107 [1]
4-8%—7p|i 31069.9 0.321762 -9.14 537%x107°  6.18x 1077 [1]
48%—61)% 29007.71 0.3446372 -6.74 591 x10*  5.92x107*[1]
45%—6p% 28999.27 0.3447375 -7.6 251 10* 258 %1074 [1]
45%—5p% 24720.139 0.40441422 -4.53 540x 1073 5.69x 1073 [1]
45%—5p% 24701.382 0.40472132 -5.31 248x 1073 2.63x107°[1]
4p%—9d% 20586.9392 0.485609209 -5.92 1.34x 1073 1.3 %1073 [2]
4p%—9d% 20529.2289 0.486974338 -7.49 1.39 x 1074 1.2x 1074 [2]
4p%79d% 20529.1632 0.486975896 -5.29 1.26 x 1073 1.1x 1073 [2]
4—p%—10517 20229.041 0.49420087 -6.26 9.52x 107 7.8 x 107 [2]
4p%78d% 20 193.0467 0.495081800 -5.63 1.79 x 1073 1.6 x 1073 [2]
4—p%710512 20171.3307 0.495614801 -5.58 947x10™*  7.83x107*[2]
4p%—8d% 20135.3364 0.496500783 -7.2 1.86 x 1074 1.7 x 107 [2]
4p%—8d% 20135.2379 0.496503212 -5. 1.68 x 1073 1.4 x 1073 [2]
4p%—9s% 19663.1654 0.508423398 -5.79 1.53x 1073 1.36 x 1073 [2]
4p%—7d% 19613.258 0.50971714 -5.35 2.38x 1073 23x 1073 [2]
4p3—9S% 19 605.4551 0.509920004 -5.1 1.52x 1073 1.4 x 1073 [2]
4p%—7d-% 19555.5477 0.511221379 -6.92 248 x 1074 22x 1074 [2]
4p%—7d% 19555.3921 0.511225447 -4.71 224 %1073 2.1x 1073 [2]
4p%—88% 18780.191 0.53232786 -5.22 2.71 x 1073 2.7 %1073 [2]
4p%78s% 18722.4807 0.533968732 -4.53 270x 1073 2.69 x 107 [2]
4p%—6d% 18710.9804 0.534296928 -5.13 2.96 x 1073 3.4 %1073 [2]
4p%—6d% 18 653.2701 0.535949978 -6.69 3.10x 107 3.3x 107 [2]
4p%76d% 18 653.0045 0.535957610 -4.49 2.81x 1073 3.0x 1073 [2]
4p%—78% 17 289.063 0.57823999 —-4.47 571x 1073 6.17x 107 [2]
4p%77s% 17231.3527 0.580176621 -3.78 5.68x 1073 621 x 1073 [2]
4p%—5d-% 17200.5619 0.581215207 -5.29 2.52x 1073 2.8 %1073 [2]
4p%—5d% 17 142.8516 0.583171849 -6.82 2.72x 107 2.8x 107 2]
4p%—5d% 17 142.3479 0.583188985 -4.62 2.47 x 1073 2.4 %1073 [2]
4-1);—68%~ 14 465.5247 0.691108150 -3.38 1.71x 1072 1.95x 1072 [2]
4p%—4d% 14412.961 0.69362862 -7.08 4.19% 1074 3.8x 107 [2]
4p%—4d% 14 355.251 0.69641712 -9.04 2.96 x 1073 3.7x 107 [2]
4p%—4d% 14354.181 0.69646903 -6.88 2.56x 107 3.4 %107 2]
4S%~4p% 13042.896027 0.76648991044 +0.162 5.88x 107! 6.7 x 107! [3]
4S%~4p% 12985.185724  0.76989645407 -0.534 293x 107" 3.33x 107! [3]
4p_% -3ds 8551.802 1.169024 +0.536 8.55x 107" 9.02x 107" [2]
4p%73d% 8494.092 1.176967 -1.07 8.54x 1072  9.02x 1072 [2]
4p%73d% 8491.784 1.177287 +1.12 7.69x 107" 8.08 x 107! [2]
4p%—55% 8041.365 1.243230 -1.07 1.71 x 107! 1.8 x 107" [2]
4pé—5$£ 7983.655 1.252217 -0.374 1.72x 107" 1.83x 107! [2]

References. [1]: Shabanova & Khlyustalov (1985a,b); [2]: Villars (1952); [3]: Wang et al. (1997).

can be considered as evidence that S ;; values are calculated with
enough accuracy (at least to confirm our line identifications).

Using K1 atomic-level energy data (Ralchenko et al. 2011,
and references therein), we checked all of the transitions in
the 700-7000 cm™! range allowed by the electric dipole rules.
In the cases of transitions with close wavenumbers, we chose
those with greater line strength. For the calculation of the

oscillator strengths, we used single-channel quantum defect the-
ory (QDT), which has proved its efficiency for the calculation of
first- (Alcheev et al. 2002) and second- (Chernov et al. 2005;
Akindinova et al. 2009) order matrix elements in atoms and
molecules. We tested our QDT technique by comparing the QDT
calculations with the experimental oscillator strengths available
at NIST (Ralchenko et al. 2011). The results of this comparison
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Fig. 2. K I emission spectra from the ablation plasma and the Solar spectra recorded from space-born spectrometers.

are presented in Table 2 with references to the original pa-
pers. For the majority of K1 transitions, the QDT calculations
indicate that there is closer agreement with the experimental data
of Ralchenko et al. (2011) than the Fues model potential used
in our previous works (Civi§ et al. 2010a; Civi§ et al. 2010b,
2011c). There are a number of other (not listed in Table 2) tran-
sitions for which only theoretical f-values are available at NIST.
These values were calculated (Anderson & Zilitis 1964) using
the Coulomb approximation (CA), which is somewhat similar
to the QDT and FMP techniques. Some of these CA f-values
are closer to our FMP values than QDT calculations. We do not
present these large data lists here, and give these CA values only
for the transitions between the K1 levels observed in the present
work, which are listed in Table 3. This table was used to classify
the observed lines.

After classification, we refined the energy values for some
levels involved in the assigned transitions. To this end, we ap-
plied a procedure similar to that used in our previous stud-
ies (Civis et al. 2010b, 2011c,b). Table 4 presents some K1 re-
vised energy values, E;, and their uncertainties.

3. Results

The FTIR spectra of K1 were recorded in five spectral regions
(700-900, 1100-1700, 2000-3700, 4100-5000, and 5000-
7000 cm™'). The measured emission lines are presented in
Table 1 (with different intensity unit scales for different spec-
tral regions). This table also contains the wavenumbers of some
K1 lines in the above spectral regions measured both in the labo-
ratories (Litzen 1970; Johansson & Svendenius 1972) and space
(the ACE-FTS solar atlas described by Hase et al. 2010). The
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ACE-FTS spectral data actually represented as three data lists.
The second data list (according to Hase et al. 2010) contains the
set of wavenumbers and transitions specified in the graphic ACE
atlas pages. A simple analysis shows that the K1 line wavenum-
bers encountered in the data list 2 are simply the Ritz wavenum-
bers obtained from the K1 level energies stored in the NIST
database (Ralchenko et al. 2011). The first data list is presented
in two variants: (a) the list of observed lines and (b) the corrected
(by an empirical calibration factor of 1.00000294) version of the
observed data; the correction was made to achieve closer agree-
ment with the line positions specified in the second data list. All
three variants (list 1 corrected, list 1 observed and list 2) are
compared in Table 1 with the K1 lines observed in the present
work.

We consider the ACE data list 1 (uncorrected) to be the most
relevant to compare with our results since the above correction
(by a calibration factor of 1.00000294) was performed in the
ACE atlas (Hase et al. 2010) to aid the assignment of the spec-
tral signatures in the ACE solar spectrum with the line posi-
tions given in current spectroscopic line-lists. The uncertainty
in ACE peak picking is 0.001 cm™!, which is better than those
of our lines. At the same time, for a number of lines our un-
certainties are better than those of the previous laboratory mea-
surements, including the values of 0.005 cm™! in Johansson &
Svendenius (1972) and 0.01 cm™! in Litzen (1970). Both of these
previous laboratory measurements and our results coincide with
ACE data within the corresponding uncertainties. However, our
wavenumbers are generally closer to those of ACE compared to
the wavenumbers from the previous measurements (Johansson
& Svendenius 1972; Litzen 1970).
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Some parts of the measured emission spectra in the vicin-
ity of the most prominent lines are shown in Fig. 2 (upper red
curve), together with the ACE-FTS or ATMOS solar transmis-
sion spectra (upper black curve) in the corresponding ranges.
The majority of our emission peaks are lined up with the clos-
est ACE features. As shown in Table 1, the majority of the
line wavenumbers measured in the present work in the 2000—
3700 cm™! range are in good agreement (within 0.01 cm™") with
the values from the non-corrected list 1 of ACE. The spectral re-
gions (4100-5000 and 5000-7000 cm™") are not covered by the
ACE atlas. In the 1100-1700 cm™" range, the most prominent
line observed in the present work is the 1343.699 cm™! line.
According to Table 3, this line should be the most prominent
for all of the spectral ranges considered. The ACE data list 2
attributes its identification to the Mg I 6g°G-8h*H transition.
This is probably incorrect since the ACE data list 2 identifica-
tion is based only on a Ritz wavenumber obtained from the NIST
database (Hase et al. 2010, Table 3). However, to our knowl-
edge, there has been no report of a measured Mg I line near
1343.7 cm™!. Moreover, our preliminary FTIR measurements in
the laser ablation of magnesium salts do not show an Mg line
at this position. Thus, we consider that the solar 1343.699 cm™!
line belongs to K1 according to Table 1.

The revised energy values of the K1 levels obtained from the
present measurement are presented in Table 4. The majority of
the energies coincide with the previously reported values within
the uncertainty limits. Given the smaller (as compared to the pre-
vious measurements) uncertainty in our values for f-, g-, and 7p-
level energies, the revised energy values can be considered as the
recommended ones.

Table 3 presents the oscillator strengths for the transitions be-
tween the 3p° states of K1 observed in the present work. When
possible, we also included in Table 3 the f-values from the NIST
database (Ralchenko et al. 2011). All of these NIST f-values
were calculated using a Coulomb approximation (Anderson &
Zilitis 1964); thus, as one would expect, the majority of these
f-values are in good (within 10% accuracy) agreement with
our QDT calculations, which also use the wave functions with
Coulomb asymptotics.

Some transitions listed in this table were not observed in
our experiment, and we present them for completeness only. We
note that the intensities that are measured are not strictly pro-
portional to the line strengths because the coefficient of this pro-
portionality depends on the upper state population, even for the
equilibrium population distribution. For example, in the 1100-
1700 cm™! range, the largest line strength corresponds to the
1343.699 cm™! line, while, in our laser-ablated plasma, the
1548.559, 1556.986, and 1610.601 cm™" lines appear to be much
more prominent. However, in the solar ACE spectra (Hase et al.
2010), the 1548.559 and 1556.986 cm™! lines are very weak
compared to the 1343.699 cm™! line (and the 1610.601 cm™' line
does not appear at all in the ACE spectra). Obviously the
f-values are insufficient for an accurate determination of the in-
tensities of solar lines, which are also determined by the popu-
lations of the atomic and ionic states in the line-forming regions
of the solar photosphere.

4. Conclusion

While current and future satellite-based spectrometers are and
will be capable of recording the IR spectra of various objects
in almost the full IR range, there are great difficulties in ana-
lyzing laboratory IR spectroscopy for wavelengths longer than
5 microns. To our knowledge, there are no laboratory measured

Table 4. Revised energy values (cm™') of some levels of K1.

Level Present work Other sources
7h 32768.775(27)
6h 31961.001(10)

62  31959.583(20)

6f;  31953.141(11) 31953.17(6) (Risberg 1956)
6fy  31953.154(9) 31953.17(6) (Risberg 1956)
81 31765.377(3)  31765.3767(30) (Thompson et al. 1983)
Tpy  31074.378(14) 31074.40(6) (Risberg 1956)
7py  31069.865(19) 31069.90(6) (Risberg 1956)

5g 30617.306(8) 30617.31(1) (Litzen 1970)

5f; 30606.710(8) 30606.73(6) (Risberg 1956)

Sf% 30606.700(9) 30606.73(6) (Risberg 1956)

Tsy 30274.252(3) 30274.2487(30) (Thompson et al. 1983)
Sdé 30185.748(3) 30185.7476(30) (Thompson et al. 1983)
Sd% 30185.244(3) 30185.244(3) (Thompson et al. 1983)
6p% 29007.685(3) 29007.71(5) (Risberg 1956)

6p 1 28999.262(4) 28999.27(5) (Risberg 1956)

4f% 28127.855(4) 28127.85(5) (Risberg 1956)

4f% 28127.865(4) 28127.85(5) (Risberg 1956)

65% 27450.701(2) 27450.7104(30) (Thompson et al. 1983)
4d% 27398.152(4) 27398.147(5) (Johansson & Svendenius 1972)
4ds  27397.079(3) 27397.077(5) (Johansson & Svendenius 1972)
Spé 24720.142(3) 24720.139(5) (Johansson & Svendenius 1972)
Sp% 24701.390(3) 24701.382(5) (Johansson & Svendenius 1972)
3dy  21536.997(4) 21536.988(5) (Johansson & Svendenius 1972)
3d% 21534.683(4) 21534.680(5) (Johansson & Svendenius 1972)
581 21026.560(4) 21026.551(5) (Johansson & Svendenius 1972)

spectra of metals above 5.5 microns. In the present work, we
have reported the results of an FTIR spectroscopy study of K1
transitions in the IR wavelength ranges, 1.4-2.5, 2.7-5.0, 5.9—
9.1, and 11.1-14.3 microns. We list 38 IR lines of K1 (at a res-
olution of 0.017 cm™!), 25 of which had not been previously ex-
perimentally observed in a laboratory. The recorded wave num-
bers are in good agreement with the data from the ACE solar
spectrum. We corrected the ACE identification of three lines
(1343.699, 1548.559, and 1556.986 cm™'). From the 809.189,
1352.873, and 1343.698 cm™! lines, we report the energy values
of the 7h, 6g, and 6h levels, which had not been observed for
K1. We also update the energies of another 23 K1 levels, most
of which had been reported some decades ago. The f-values
calculated assuming the quantum-defect theory approximation
are presented for the transitions involving the reported K1 lev-
els. Some of these f-values have not been previously calculated,
while the others are in good agreement with the f-values avail-
able from the NIST database.
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Table 3. Calculated oscillator strengths, f;, for the transitions between the 3p° states of K1 observed in the present work.

Transition v(em™) A@wm  log(gifix) fik

(QDT) QDT NIST
Sd%—6f% 10418.47  959.571 -3.86 352%x107° 33x107°
3d%—6f% 10418.456  959.572  -0.863  7.03x 107> 6.4x 107
3d%—6f% 10416.157  959.784 -1.22 7.38%x107%  6.8%x 1072
55%—7p% 10047.818  994.968 -4.94 357%x10°  42x1073
55;—7p% 10043.305  995.415 -5.71 1.66x 107 2.1x 1073
3d% —7p3 9539.695 1047.96 -4.26 235x 107 1.9x107
3dé—7p% 9537.381 1048.22 —6.46 3.92x10*  3.1x107*
3d%—7p% 9532.868 1048.71 -4.86 1.93x 107 1.6x1073
3d%—5f% 9072.024 110199  +0.0545 1.76x 107" 1.6x 107"
3d%—5f% 9072.013 1101.99 -2.94 8.78x 103 8.0x 1073
3d%—5f% 9069.7 110227 -0307 1.84x107' 1.7x 107!
55%—6p% 7981.119  1252.61 -3.23 1.98x 1072 2.1x1072
55%—6p% 7972.695 1253.94 -3.97 9.42x10°  1.1x107?
3d%—6p% 7473.001 1337.78 -3.05 7.88x 107 6.6 x 1073
3d%—6p% 7470.688 1338.2 -5.25 1.31x 1073 1.1x1073
Sd%—6p% 7462.264 1339.71 -3.65 6.48x 107 55x107
Sp%—SS% 7063.987 1415.24 —4.04 8.84x 107 87x107?
Spé—Ss% 7045.235 1419.01 -3.35 8.77x 1073 8.8x1073
3d%4f% 6593.18 1516.3 —-1.45 3.92x 107 34x107?
3d%—4f% 6593.17 1516.31 +1.55 7.85%107"  6.9x 107!
3d%4f% 6590.867  1516.84 +1.19 824x 107" 7.8x107!
Sp%—7s% 5572.862  1793.92 -2.92 271x107%  2.7x107?
Sp%—7s% 5554.11 1799.98 -2.23 270x 1072 2.7x 1072
5p1-5d; 5484.357  1822.87 -4.2 7.49x 1072  7.8x 1073
Sp%—Sd% 5465.605 1829.12 -5.9 6.83x10™* 8.0x107*
Sp%—Sd% 5465.101 1829.29 -3.71 6.10x10°  7.1x1073
4d%—6f% 4556.075  2194.27 -3.22 6.65x 107  6.7x107
4d%—6f% 4556.061 219428  —0.226 1.33x 107" 1.3x 107!
4d;—6f% 4555.001  2194.79 -0.58 1.40x 107" 1.4x 107!
4f% —6g% 3831.728  2609.08  +0.365  1.80x 107!
4fg—6g% 3831.728  2609.08 -3.19 5.15x107?
4f%—6g% 3831.718  2609.08  +0.104  1.85x 107!
55%—5p% 3693.577  2706.66  +0.669  9.76 x 107! 1.0
4d%—7p% 3677299  2718.65 -2.09 2.06x 1072 1.8x 1072
4d%—7p% 3676226  2719.44 -4.29 344%x10° 3.1x107°
5s1-5p; 3674.825 272048  -0.0263 4.87x 107" 5.0x 107!
4d%—7p% 3671.713 272278 -2.69 1.70x 1072 1.6x 1072
65%—7p% 3623.677  2758.88 -2.72 3.31x1072
65%—7p% 3619.164  2762.32 -3.45 1.59 x 1072
4d%—5f% 3209.629 311478  +0.858  3.93x 107" 3.9x 10"
4d%—5f% 3209.618  3114.79 -2.14 1.97x 1072 1.9%1072
4d%—5f% 3208.544  3115.83 +0.502  4.13x 107" 42x 107!
3d%—5p% 3185459 313841 -0.0661 1.56x 107" 1.4x107"
3d%—5p% 3183.146  3140.69 -2.26 2.61x107%  2.2x107?
Sd%—Sp% 3164.394 3159.3 -0.646  131x107"  1.1x107!
6p%—8s% 2766.115  3614.19 -2.62 3.65% 1072
6p;3—8s, 2757.692  3625.23 -1.93 3.62x 1072
Sp%—6s% 2749309 363629  -0.462  3.15x 107" 32x 107!
Sp%—6s% 2730.557 366126  +0.237  3.17x 107" 32x 107!
5pi—4d; 2696.762  3707.14  +0.892 1.22 1.2
5p3—4d; 2678.01 3733.1 -0.717  1.22x107"  12x107!
Sp%Ad% 2676.936 3734.6 +1.47 1.09 1.1
4f%—5g% 2489.451 4015.85 -1.21 3.73x 1072
4f%—5g% 2489.451  4015.85 +2.34 1.30
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Table 3. continued.

Transition v (cm™!) A(um)  log(gifu) fi

(QDT) QDT NIST
4f;-5g; 2489441 401587 +2.08 1.34
Sgo—The 2151469 464672  -33  3.69x 107

— o

2151.469  4646.72 +0.688 1.99 x 107!

N
')
[STePTey
|
~
=

5g —7h§ 2151469 464672  +0.485  2.03x 107!

4f5-5d; 2057.884  4858.04 -1.07  5.69x1072

4f7-5ds 2057.39 4859.2 -0.717  6.10x 1072

4f5-5ds 2057.38 4859.23 -3.71 4.07 x 1073

5ds-6f 1767.91 5654.85 —-2.66 1.16 x 1072

5d;-6f; 1767.896 5654.9 +0.331  2.32x 107!

5d;-6f 1767.406  5656.47 —0.0243 244 x 107!

4d;-6p; 1610.606  6207.15  +0.627 3.12x10"" 3.0x 107!
4d;-6p3 1609.532  6211.29 -157  521x102 50x107?
4d;-6py 1601.108 624397  +0.0431 2.61x10"" 2.4x107!
651-6p3 1556.985  6420.92 +0.94 1.28

651-6p; 1548.561  6455.85  +0.248  6.41x 107!

5f5-6g; 1352.883  7389.61 +1.95 1.17

5f7-6g9 1352.873  7389.66 +2.21 1.14

5f1-6g; 1352.873  7389.66 -1.35 3.25x 1072

5g3-6h, 1343.698  7440.12 +2.6 1.68

Sgg—6hy 1343.698  7440.12 +2.8 1.65

5g9—6hs 1343.698  7440.12 -1.19  3.05x107?2

5g3-6f3 1335.849  7483.84 277 1.85x1073

5g1-6f; 1335.835  7483.91 -6.06  291x10™*

Sg9-6f; 1335.835 748391 -2.51 8.14x 1073

6p%—7s% 1274.99 7841.06 —0.0965 4.54x 107!

6p;=Ts} 1266.567 789321  +0.601  4.56x 107!

6p)-5d; 1186.487  8425.95 +1.12 1.53

6p3-5d; 1178.063 8486.2 -0.491  1.53x 107!

6p3-5ds 1177.559  8489.83 +1.71 1.38

5ds~7p; 889.134 11243.8 +1.02  4.64x107!

5d;-7p, 888.63 112502  -1.17  7.74x107?2

5d;-Tp, 884.117 11307.6  +0.44  3.88x 107!

6g9-Thy 809.192 12354.6 -13 2.72x 1072

6g9~Thy 809.192 123546  +2.69 1.47

6g7-7hy 809.192 123546 +2.48 1.50

7s4-Tps 800.126 124946  +1.14 1.57

7s3-Tpy 795.613 125655  +0.454  7.87x 107!

4d;—4fs 730.785 136802  —2.25 1.76 x 1072 1.7x 1072
4d;—4f; 730.775 136804  +0.75 3.53x 1070 3.3 x107!
4d; Af s 729.711 137003  +0.392  3.70x 107" 3.5x 107!
Tpy-8sy 695.512 143740  +0.167 591 x 107!

Tp3-8sy 690.999 144679  +0.864 593 x 107!

5ds-5f; 421464 237204 4142 687x 107!

5ds-5f 421.453 23721. -1.58  3.43x107?

5d;-5f 420949 237494  +1.06  7.20x 107!

Notes. The Ritz wavenumbers, v, and air wavelengths, A, are calculated using the energy values taken from the present measurement (see Table 4).
The NIST f-values (last column) were calculated using a Coulomb approximation (Anderson & Zilitis 1964).
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The industrial production of poly (ethylene terephthalate), PET, continues to increase and thus it is important to
understand the composition of fumes resulting from its disposal as a part of incinerated waste. In this study
samples of PET material were combusted in a furnace corresponding to the German standard DIN 53436 at
temperatures of 500°C, 800°C (in an air flow) and also uncontrolled combustion in air. The gaseous products
were then analysed using three different analytical methods: high resolution Fourier transform infrared
spectroscopy (FTIR), selected ion flow tube mass spectrometry (SIFT-MS) and gas chromatography mass
spectrometry (GC-MS). Carbon dioxide, methane, ethylene, acetylene, formaldehyde (methanal) and
acetaldehyde (ethanal) were detected by FTIR. Water, methane, acetaldehyde, ethylene, formaldehyde,
methanol, acetone, benzene, terephthalic acid, styrene (ethenylbenzene), ethanol, toluene (methylbenzene),
xylene (dimethylbenzene), ethylbenzene, naphthalene, biphenyl and phenol concentrations were all quantified by
both SIFT-MS and GC-MS. Additionally, the fumes resulting from uncontrolled combustion in air were
analysed by FTIR which resolves the rotation—vibration structure of the absorption bands of formaldehyde
(2779.90 and 2778.48cm™") and propane, which was identified from characteristic vibrations of CH; groups at
2977.00 and 2962.00cm ', The spectra were compared with reference standards.

Keywords: polyethylene terephthalate (PET); combustion; high resolution FTIR spectroscopy; GC-MS,

SIFT MS

1. Introduction

The production of waste is a fundamental problem
from environmental and economic points of view.
Approximately 15 million tonnes of used plastic waste
are generated every year across Europe. Of this
volume, a mere 7% [1-3] is recycled and the remainder
is deposited or incinerated [4]. Polyethylene terephtha-
late (PET, systematic name poly(oxy-1,2-ethanediyl-
oxycarbonyl-1,4-phenylenecarbonyl)) is a highly
thermally stable polymer with many uses, most
frequently as packaging material for beverages [5] in
the form of the well known PET bottles. The ideal way
of dealing with PET waste is recycling. One of the
possible recycling methods for PET is a controlled
thermal degradation of PET into oligomers with olefin
and carboxylic end-groups [6] including terephthalic
acid whilst yielding minimal amounts of carbonaceous
residue [3,7]. The terephthalic acid thus obtained

together with other oligomers can subsequently be
used in polymerization for the production of recycled
materials. Alternatively, there are two commercially
available depolymerization methods (methanolysis and
glycolysis) available for PET recycling. Both of these
methods reduce PET to either a monomer or the
original raw materials which can be purified and
subsequently re-reacted into ‘new’ PET for use in a
food-contact application, packing for detergents,
cosmetics, high-quality carpets, foils, car spare parts
or pillow filling for allergic persons [8].

It is worth noting that some polymers are not
suitable for recycling, one example being polyethylene,
PE, and sometimes for logistic and other reasons PET
is not separated from the mixed communal waste. Thus
the incineration of carbon-rich wastes is becoming an
increasingly attractive alternative to the deposition in
landfills, because as much as 90% reduction in volume

*Corresponding author. Email: civis@jh-inst.cas.cz
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[3,9] is achieved. There is a German standard DIN
53,436 [10] in place concerning the combustion of PET
and any other plastic materials, which sets the
maximum permitted amounts of waste products in
the fumes and also gives methods for the testing of
their toxicity.

Thermal stability and possible further applications
of the degradation products of PET material have been
widely studied. Kinetic studies of PET combustion
in the presence of various amounts of oxygen and with
the temperatures ranging between 25 and 800°C using
thermogravimetric analysis (TGA) have recently been
conducted [4,11,12]. Other studies have been carried
out to identify the products of the thermal decomposi-
tion in the temperature range 270-370°C in a N, inert
atmosphere using the MALDI, 'H and '*C NMR
methods [13]. Infrared spectroscopy has previously
been used to study the products of PET thermal
degradation [14] and also to study hydro-thermal
degradation under higher pressure [7,15]. Recently,
PET degradation by laser ablation was studied using
AAS spectrometry, infrared spectroscopy, gel permea-
tion chromatography (GPC) and electron microscopy
methods [16]. In one interesting experiment, PET
material was also irradiated with Ar" ions and studied
using the Rutherford backscattering (RBS) and elastic
recoil detection (ERD) techniques [17].

High resolution Fourier transform infrared
(FTIR) spectroscopy has not so far been exploited
to study the products of PET thermal decomposition
and combustion. Therefore, this paper presents the
results of high resolution FTIR characterization of
these products, paving the way for wider research into
the degradation of other polymers. The same samples
were also studied using selected ion flow tube mass
spectrometry, SIFT-MS. This mass spectrometry
method is based on chemical ionization in a flow
tube and is chiefly suitable for absolute quantifications
of trace amounts of volatile organic compounds in air
in the presence of water vapour. SIFT-MS has been
used in various fields of research [18] but this is the first
time it has been utilized to study products of polymer
combustion. The main objective of this study was to
compare the products of thermal decomposition of
PET at 500°C, controlled combustion at 800°C and
fumes from uncontrolled flame in air as a simulation of
imperfect PET incineration.

2. Experimental
2.1. Thermally uncontrolled combustion of PET

The material from a transparent PET bottle with a
volume of 1.5 L was used for a combustion experiment

mimicking burning of PET in stoves or home central
heating boilers. The exact temperature of the combus-
tion cannot be defined in this situation but it is worth
noting that the self-ignition of PET is 600°C. A PET
bottle was cut into strips 1 x 2cm in size and weight
about 2g. The gaseous products generated were
pumped directly into a vacuum line and trapped in a
liquid nitrogen trap and later released into the FTIR
absorption cell.

2.2. Thermally controlled thermal decomposition
and combustion

For the controlled thermal decomposition and
combustion experiments a sample of polyethylene
terephthalate film (‘“TENOLAN’), from which PET
bottles are made, was used. This time, the material was
thermally decomposed and combusted at two tem-
peratures (500°C and 800°C) in the presence of air in
an apparatus corresponding to the German standard
DIN 53 436. The testing apparatus was set up
according to DIN 53 436 (see diagram shown in
Figure 1) and consisted of a quartz-glass combustion
tube 1 m length and 40 mm diameter, terminated with
ball-and-socket ground joints, a quartz-glass boat of
400 mm length (154 1)mm diameter wall thickness
1.7mm holding the sample and a circular furnace of
100mm width encircling the tube. A motor with a
helix gear moved the furnace along the tube at the
speed 1cm/min. The temperature of the furnace was
maintained by a regulation module which also controls
the furnace motor. The glazed front wall enabled direct
observation of the flow of fumes during the process.
The compressed air from the laboratory mains passed
through a pre-drying cartridge with crystalline CaCl,
and a general-purpose flow meter, calibrated over the
desired range of flows. The air flow was regulated
using a needle valve to a flow of 150 L/h. Note that this
flow entered the tube in the opposite direction to the
furnace movement and thus the sample was always
exposed to a supply of clean air. The PET samples were
supported inside the quartz glass combustion tube by
a quartz glass boat, and heated to the preset
temperatures 500°C and 800°C. Resulting fumes
containing the thermal decomposition and combustion
products were introduced via a connecting adapter into
a 5L mixing vessel (placed inside a box thermostat
with forced circulation) in which they were kept
at 130°C.

Two samples of PET foil of 0.15 mm thickness were
cut into 400 x 20mm strips and placed inside the
combustion furnace boat always in five layers. The first
sample of mass 6.41g was subjected to flameless
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Figure 1. Tube furnace decomposition and sampling apparatus in accordance with DIN 53 436 [10,25]: 1-furnace tube;
2-connecting adapter; 3-heating thermostat; 4-fume outlet; 5-mixing and measurement vessel; 6-dilutent secondary air inlet
(not used in the present study); 7-sampling line; 8-particle filters; 9-metering gas pump; 10-refrigerator; 11-CO, CO, and O,
analyzers; 12-NO,/NO converter; 13-SO,, NOx and moisture analyzer; 14-exhaust outlet.

thermal decomposition at 500°C and the second
sample of mass 6.28 g was combusted in flame at
800°C. As part of the routine protocol elementary
composition of the samples was determined as:
C 62.86% w/w; H 4.36% w/w; N 0.12% w/w and
the stoichiometric ratio of weight of spent oxygen to
the weight of fuel calculated according to ISO TR 9122
was W =2.0928. Samples of fumes containing combus-
tion products were taken directly from the mixing
vessel into glass volumes with PTF stoppers. The
contents of the glass volumes were analysed using
FTIR, GC-MS and SIFT-MS.

2.3. FTIR spectroscopy

The gaseous products of the uncontrolled and
controlled combustion of PET samples (at 500°C and
800°C) were released into a vacuum line and trapped in
a liquid nitrogen trap. An absorption cell was filled to
a pressure of 5.5 Torr by slow re-heating of this trap.
The length of the absorption cell was 36.5cm and
the diameter was 5cm. The spectra were obtained at
ambient temperature using the Bruker IFS 120 HR
spectrometer in the spectral range 500-7000cm™".
In order to cover the near-infrared (NIR) range a
halogen lamp, a CaF, beam splitter and InSb detector
were used, and to cover the middle-IR (MIR) spectral
region a glow bar source, KBr beam splitter and

HgCdTe detector were applied. Fifty scans of the
spectra  were acquired at the resolution of
0.02cm 'and 0.014cm™' using the Blackmann-—
Harris apodization function.

24. GC-MS

The gas chromatograph with mass spectrometer
detector (GC-MS) used for this study was a “Trace
GC Ultra-DSQ II’ (Thermo Electron Corporation).
The parameters of the Rxi™ 5ms (manufactured by
Restek) chromatographic column were: 30m x
0.25mm x 0.25um. The temperature of the SL/S
injector was 235°C, the liner diameter was Smm and
the temperature range achieved was 37-300°C.

Samples of gases originating from the controlled
thermal decomposition and combustion in the quartz
combustion furnace were taken directly from its
exhaust at the end of the combustion tube.
The sampling method used a 500 pL gas-tight syringe
preheated to 60°C. The standard method of the direct
Head Space analysis was applied. The samples were
dosed at 60°C. The volume of the sample dose was
always 500 pL for both temperatures (500°C and
800°C). The individual peak assignments seen in the
chromatographs were based on the measurements of
standards and their comparison with NIST 05 Mass
Spectral Libraries for Xcalibur [18].
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Figure 2. MIR and NIR spectra of the fumes from uncontrolled combustion of PET.

2.5. SIFT-MS

Selected ion flow tube mass spectrometry (SIFT-MS) is
a technique used for simultaneous real-time quantifica-
tion of several trace gases in air and exhaled breath.
It relies on the chemical ionization of the trace gas
molecules in air/breath samples introduced into helium
carrier gas, using H;O", NO* and O," reagent
(precursor). Reactions between the precursor ions
and the trace gas molecules proceed for an accurately
defined time, the precursor and product ions being
detected and counted by a downstream mass spectro-
meter. The absolute concentrations of trace gases
in single breath exhalation can be determined by
SIFT-MS down to parts-per-billion (ppb) levels,
obviating sample collection into bags or onto traps
[19]. The calibration using chemical standards is not
routinely required, as the concentrations are calculated
using the known reaction rate constants and the
measured flow rates and pressures [20]. For this
study samples of the gaseous products of controlled
decomposition and combustion were collected in 6 L
glass vessels at atmospheric pressure, kept at an
ambient temperature of 20°C and introduced into the
Profile 3 SIFT-MS instrument (manufactured by
Instrument Science Limited, Crewe, UK) via a heated
calibrated capillary and full scan mass spectra were
obtained by repeated full scans for all three precursor
ions. The concentrations of main compounds identified
on the mass spectra were calculated from the precursor
and product ion count rates, the known carrier gas and
sample flow rates and flow tube pressure, according to
the general method for the calculation of absolute trace
gas concentrations in air from selected ion flow tube
mass spectrometry data [20]. The rate coefficients
were taken from the kinetic library supplied with the
SIFT-MS instrument where available or estimated
theoretically [19]. The accuracy of quantification in
this complex mixture is estimated to be a factor

of about two, +100% —50% of estimated absolute
error. The relative precision of the measurement,
however, is better estimated at about =+30%.
Thus the results provide an order of magnitude of
information about the concentrations of the main
components of the thermal decomposition and com-
bustion products in the sampled fumes.

3. Results and discussion
3.1. FTIR spectroscopy

In the NIR and MIR spectra of fumes from the
uncontrolled combustion (Figure 2), we successfully
identified a homologous series of saturated hydro-
carbons, which were assigned on the basis of stretching
vibrational and rotational modes of C-H groups of
methane (3019cm™'), ethane (2985, 2969 and
2954cm™") and propane (2977 and 2962cm™'); the
unsaturated hydrocarbon ethene, which was verified
by the existence of vibrational and rotational bands of
the rocking modes of the C—H group at 949 cm ™', and
acetylene, whose stretching vibrational and rotational
modes of the C—H group were observed at 3374 and
3289 cm™" and deformation vibrational and rotational
bands of the same group at 730cm™'. The group
of aldehydes was represented by acetaldehyde
and formaldehyde, whose stretching vibrational and
rotational modes of C-H groups lay in the FTIR
spectrum at 2715cm ™! (acetaldehyde) and 2780 and
2778 cm™! (formaldehyde). The above-listed analysis
of the IR spectra was performed using the individual
vibrational and rotational lines listed in the HITRAN
database [21] and using our database in a Bruker
OPUS computer program.

Spectra and the analyses of the products
of thermal decomposition of PET in a quartz
furnace corresponding to the DIN standard, at the
temperature of 500°C (Figure 3(a)) accuracy of were
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Figure 3. Comparison of the MIR and NIR spectra of fumes from controlled decomposition and combustion of PET at 500°C

and 800°C.

similar to uncontrolled combustion. Thus in the FTIR
spectra of products of PET decomposed at 500°C, we
have identified methane, ethane, ethyne, formalde-
hyde, carbon dioxide, carbon monoxide and water.
Figure 3(b) shows that the PET combustion at 800°C
(i.e. above the inflammation point) is a process of more
efficient burning and the main combustion products
are carbon oxides and water. Carbohydrates and
aldehydes appear only in concentrations that are
lower than the detection limit of our FTIR method.
The main advantage of using the high-resolution FTIR
method in comparison with the more commonly used
low resolution FTIR spectroscopy (resolution
1-5cm™') is that it allows one to resolve the detailed
structure of the vibrational bands, which often overlap
in the spectra of complicated gaseous mixtures. With
our high resolution method, we can, for example,
differentiate the stretching rotation—vibration lines
of C-H bonds in propane from the stretching
rotation—vibration lines of C—H in methane (Figure 4).

3.2. GC-MS

Table 1 contains the analytical comparison of gaseous
components obtained from thermal decomposition at a
temperature of 500°C with the combustion products

Methane std

Propane std

337 3B NI/ ANM{ 3133 3132 311 3130 2@ 2B
Wavelength (cm™)

Figure 4. Rotational-vibrational structure in methane and
propane (stretching bands of C-H bonds).

obtained at 800°C. Twenty-three organic molecules
were identified at 500°C, and at 800°C, there were 21
different compounds. The characteristic groups of
GC-MS analysis were aromatic compounds, derivates
of benzoic acid, group of phthalates, biphenyles and
others. Common products such as styrene, toluene and
naphthalene were found in both samples. From the
relative abundance of each identified compound in the
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Table 1. The assignment of peaks from the gas chromatography.

PET film — composition of fumes 500°C 800°C
Assign Name Area Ratio Area Ratio
1 Phenyl ethyne 329 2.59
2 Xylene 76.5 0.50
3 Styrene 157 1.03 21.6 1.70
4 Benzaldehyde 103 0.67 18.2 1.43
5 Phenol 44 0.29 19 1.50
6 Indene 22 1.73
7 Indane 16 0.10
8 Phenylacetaldehyde 20.3 0.13
9 Acetophenone 44 0.29 29.8 2.35
10 Methylbenzoate 24 0.16 6.5 0.51
11 Vinylbenzoate 962 6.29 169 13.32
12 Benzoic acid 4789 31.30 192 15.14
13 Naphthalene 12,4 0.08 63.8 5.03
14 4-methyl-benzoic acid 343 2.24
15 4-ethyl-benzoic acid, phenyl ester 53.2 0.35
16 4-ethyl-benzoic acid 323 2.11
17 Biphenyl 334 2.18 268 21.13
18 3,4-dimethyl acetophenone 350 2.29
19 Diphenylmethane 14.9 1.17
20 Biphenylene 23 1.81
21 Dibenzofurane 7.1 0.56
22 6-methoxyquinoline- N-oxide 553 3.61 18.4 1.45
23 Phthalates (group of esters of 5864 38.33 259 20.42
phthalic and terephthalic acids)
24 Terephthalic acids 353 2.31
25 9-fluorenone 83 0.54
26 Anthracene 40.2 3.17
27 4-bifenyl carboxylic acid 540 3.53 42.1 3.32
28 Pyrene 3.8 0.30
29 Ethylene dibenzoate 199 1.30 13.2 1.04
30 1,4-triphenyl 55 0.36 4 0.32
Footing: 15298.4 100.00 1268.5 100.00

chromatograms (Figures 5 and 6) it is evident that their
abundance at 800°C is lower than that at 500°C.
This trend was confirmed also by SIFT-MS analysis
(see the next section and Table 2). Exceptions were
biphenyle (peak number 17) and naphthalene
(peak number 13); their relative abundance was
higher in the 800°C sample.

3.3. SIFT-MS

An analysis of the gaseous products originating from
the controlled decomposition and combustion at
500°C and 800°C was carried out using three precursor
reagent ions H;O", NO* and OF . Several compounds
were identified from the characteristic ions present in
the H;O™" spectra (Figure 7). Additionally, the spectra
obtained with NO™ and OF precursors were used to
quantify those compounds which do not react with the

H30" precursors. The OF spectra were only of
a limited value because of the complexity of the
mixture and overlap of multiple fragmentation
patterns. This has prevented unambiguous identifica-
tion of more complex organic compounds, however
quantification of several hydrocarbons was possible.
The compounds identified on the SIFT-MS spectra are
listed in Table 2 together with the characteristic
product ions and their concentrations calculated for
the two temperatures. SIFT-MS can be also used to
quantify the concentration of water vapour in the
fumes [22] and the results are given in Table 2.

To illustrate how the ions observed on the spectra
are related to the compounds present in the analysed
gaseous mixture, we will outline the main features of
ion chemistry which are involved. The H;O™" precursor
ions are known to react with unsaturated hydrocarbon
alkenes (C,H,,) and alkynes (C,H,,.,) [22] and with
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Figure 5. Chromatogram of fumes from controlled decomposition of PET at 500°C.
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Figure 6. Chromatogram of fumes from controlled combustion of PET at 800°C.

aromatic hydrocarbons by proton transfer leading to Such proton transfer also occurs with aldehydes,
the formation of the MH™ product ions. ketones, small alcohols and many other compounds,
as is known from many previous studies [22].

H;0" + M — MH* + H,0. (D However, for styrene and biphenyl (identified by
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Table 2. Main compounds identified in the SIFT-MS spectra of fumes of PET thermal decomposition
and combustion at 500°C and 800°C. For each compound, the stoichiometric formula is given together
with its approximate molecular weight in g/mol, the precursor ions used for chemical ionization, the
corresponding mass to charge ratio of the characteristic product ions and their concentrations in fumes
analysed at atmospheric pressure in units of parts per million (ppm).

Molecular  Precursor m/z of Ppm Ppm
Name Formula weight g/mol Tons productions  500°C  800°C
Water H,0 18 H;0" 19-37-55 700 9000
Methane CH,4 16 oF 47 600 15
Acetaldehyde C,H,O 44 H;0" 45 90 8
Ethylene C,H, 28 oF 28 11 3
Formaldehyde CH-0 30 H;0" 31 7 4
Methanol CH,0 32 H;0™" 33-51 4 0.3
Acetone C3HO 58 H;0" 59-77 5 0.03
NO* 88
o5 43-58
Benzene CeHyg 78 H;0" 79 4 2
NO™* 78
oF 78
Phthalates and terephthalic acid CgHgOy4 166 H;0" 149 1.4 0.7
NO* 149
(03 149
Styrene CgHg 104 H;0" 105 0.8 0.5
NO* 104
o5 104
Ethanol C,HO 46 H;0" 47 0.6 0.3
Toluene C,Hg 92 H;0" 93 0.5 0.1
NO™ 92
o5 92
Xylene, ethylbenzene CgHo 106 H;0" 107 0.5 0.2
NO™* 106
oF 106
Naphthalene CoHg 128 H;,0" 129 0.2 0.4
NO* 128
o5 128
Biphenyl C,Ho 154 H;0" 155 0.05 0.08
NO™ 154
oF 154
Phenol C¢HeO 94 H;0" 95 0 0.7
o A — L S L U S
19
45
103 F E
59
104 a i E
333? (%] b
105
3 T 149 <
10 7 03 ;107
102 | i 129 |
101 20 a0 B0 80 100 120 140 1860 180

miz

Figure 7. SIFT-MS spectrum obtained for fumes from controlled decomposition of PET at 500°C using the H;O" reagent ion.
The ion signal intensities are shown on a logarithmic scale in counts per second (c/s) as a function of the mass-to-charge ratios

(m/z) of the ions.
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GC-MS, see Section 3.2) there was so far no knowledge
of the SIFT-MS product ions. Thus, we have carried
out a quick study of the ion chemistry of these two
compounds and found that proton transfer is indeed
the only process occurring for both styrene and
biphenyl and no fragmentation occurs. In fact all
products of H;O" reactions identified in Table 2
are protonated molecules MH™. The aromatic hydro-
carbons were responsible for the following ions in the
H;O0™" mass spectra: m/z 79 (benzene), 93 (toluene) and
107 (xylene, ethylbenzene) and for the ions at m/z 78,
92 and 106 in the NO™ spectra. The ions in the H;O™
mass spectra at m/z 31 and 49 (MH™" - H,0) are due to
the presence of formaldehyde and the ions at m/z 45a
89 are characteristic of acetaldehyde. The ions at m/z
89 are proton bound acetaldehyde dimers (MH™ - M).
The ions at m/z 33 and 47 are protonated methanol
and ethanol, the ions at m/z 59 and 77 correspond to
acetone as is confirmed by the presence of ions at m/z
88 (NO™-M) in the NO™ spectrum.

However, it must be noted that H;O" ions do
not transfer protons to saturated alkanes and O3
precursors may be used for their identification. This is
exemplified in the case of methane:

Of + CH; — CH;0% + H. )

This reaction is unusually slow, the rate coefficient
being only 5.2 x 1072 cm®s™! [23]. Thus the product
ions of the reaction (2) are seen in OF spectra at m/z 47
as characteristic product ions of methane. Ethylene
reacts with OF by the charge transfer, thus forming
product ion at m/z 28.

Aromatic hydrocarbons undergo charge transfer
with both NO* and OF precursors, thus forming
molecular ions M. Using a combination of H;O" and
NO™ ions was thus appropriate for the reliable
quantification of aromatic hydrocarbons in the fume
gas samples.

Inspection of Table 2 reveals that in general
concentrations of organic products are lower at the
higher combustion temperature 800°C than at a
decomposition temperature of 500°C. This conforms
to the results of previous studies [4,9]. The exception to
this trend is the behaviour of naphthalene and
biphenyl, which are seen to be more concentrated
in the products of higher temperature combustion.
Also there is significantly more water vapour present in
the mixture obtained at 800°C. In the present study it
was not possible to quantify CO, using SIFT-MS
because the characteristic ion CO,.H;0" overlaps
hydrated protonated acetaldehyde at m/z 63, thus
exclusion of CO, from Table 2 does not imply its
absence.

4. Conclusions

In this study, high resolution FTIR spectroscopy was
used for the first time to analyse products of PET
thermal decomposition and combustion. The spectra
of a series of the products obtained were measured,
even under conditions in which their spectral rotation—
vibration bands overlap. The results show that high
resolution FTIR spectroscopy cannot compete with
methods based on mass detection in cases where trace
amounts of heavier organic molecules are to be
identified. This is because the rotation—vibration
spectra of heavy molecules in their gas phase at room
temperature are unresolved and their measurement
requires the use of sub-Doppler techniques. On the
other hand, the advantage of FTIR spectroscopy is
that it allows observation of a very broad spectral
range and that the intensities of the vibrational bands,
mainly the light molecules (water, carbon monoxide,
carbon dioxide, methane, formaldehyde etc.), provide
a broad view of the thermal decomposition and
combustion of PET and its degree of conversion into
the final combustion products (CO, and H,0).
Although only a single-pass absorption arrangement
(36.5cm) was used, we were able to detect small
concentrations of some organic substances, such as
formaldehyde and propane, in the fumes.

The main aim of this work was to compare the
products resulting from uncontrolled combustion of
PET (burning in stoves and home boilers) with
processes in which the physical conditions of the
thermal decomposition (500°C) or combustion (800°C)
are exactly defined and controlled. The results of this
study show that uncontrolled burning in air leads to
products that are similar to those from thermal
decomposition in a quartz furnace at the temperature
of 500°C, i.e. below the PET inflammation point
of 600°C. In comparison, the products of PET
combustion at 800°C contain mainly carbon oxides,
water and the heavier hydrocarbons in significantly
lower concentrations. The only two cases where
concentration increased at the higher temperature
were biphenyle and naphthalene. This was indepen-
dently indicated by both GC-MS and SIFT-MS
results.

From the point of view of the analysis of volatile
substances, the gas chromatography method remains
the best. The combination of gas chromatography with
the mass detection represents a very effective combina-
tion of separation and a highly sensitive detection
technique. A wide range of aromatic and polyaromatic
substances such as the group of phthalates [23] was
identified using gas chromatography. Concentrations
of these compounds were quantified also using
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SIFT-MS and the precision of this technique was
sufficiently high to observe significant differences in
the composition of the fumes originating from different
temperatures of decomposition and combustion.

Finally, it is worth mentioning that FTIR was
found to complement mass spectrometry based tech-
niques in identification of methane and C, hydro-
carbons that were not accessible to the GC-MS and
SIFT-MS methods used in this study.

This study confirms the utility of the above
mentioned combined analysis in providing important
information both for incineration purposes and for
assessment of fire effluent dangers to persons and the
environment.
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1. Formaldehyd v Zivotnim prostiedi

Formaldehyd je nejvice zastoupenou karbonylovou
slouc¢eninou v zemské atmosféie a byl detegovan i v me-
zihvézdném prostoru'. Je zatazen do skupiny tékavych
organickych latek (tzv. VOC), které jsou v prirodé bézné
emitovany do atmosféry. Jejich vyznamnym zdrojem je
rovnéz ¢innost ¢lovéka. Pfirozena koncentrace formalde-
hydu ve vzduchu® &ni primémé 0,5 pg m™, ve méstech
se pohybuje v hodnotach desitek pg m™.

Zdrojem formaldehydu ve vnéjsim prostiedi jsou
zejména spalovaci procesy, ve kterych je formaldehyd
produkovan radikalovymi reakcemi, napt.:

CH4 =H-+ 'CH3

*CH; + *O =CH,O + H*

*CH; + O, = CH,O + *OH atd. (cit.>*)

Primyslové kotle na LPG produkuji primérné
11,2 mg formaldehydu na 1 kg paliva, kotle na zemni plyn
8,8 mg kg™ a naftové 4,12 mgkg™ (cit.’). Vyznamnym
zdrojem formaldehydu je rovnéz cigaretovy koui®. Jeho
prekurzory jsou pfi teplotach pod 500 °C sacharidy a poly-
sacharidy. Pfi vyssich teplotach se koncentrace formaldehy-
du v kouii snizuje’. Kouf z cigaret obsahuje az 130 ug m
formaldehydu a silni kuféci (20 cigaret denné) jsou expo-
novani 1 mg formaldehydu denn&®. Formaldehyd byl dete-
govan také v koufi ze spalovani dieva®'®. Nezanedbatel-
nym zdrojem je i automobilova doprava. Automobily emi-
tuji mezi 16,5-115,2 mg formaldehydu na km jizdy'', pfi-
¢emz vyznamnéjSim producentem jsou vznétové motory
(az 1000 mg formaldehydu na 1 kg paliva'®).

Formaldehyd je meziproduktem fotochemickych re-
akci v atmosféfe. Sam je fotolyzovan zejména pii 320 nm
za vzniku  oxidu uhelnatého. Formaldehyd byl
v méstskych oblastech prokazan i ve snéhu'*.

Dnesni ¢lovek uvniti budov travi az tfi Ctvrtiny svého
zivota, u nemocnych a starsich lidi pak toto ¢islo dosahuje
témef 100 %. Koncentrace nékterych latek (vyjimku tvoii
napt. SO, nebo O3;) mohou dosahovat ve vnitinich prosto-
rach vyssich hodnot nez venku'>'®. To plati zejména pro
fadu tekavych organickych latek (VOC) véetné formalde-
hydu. Jeho koncentrace zde mohou dosahovat az desetina-
sobku hodnot obvyklych pro venkovni prostiedi'’*
(tab. I).

Majoritnim zdrojem formaldehydu ve vnitinich pro-
storach jsou zejména dfevéné materialy — dfevotfisky
a preklizky'. Pii jejich vyrobé se pouZiva pojidel na bazi
formaldehydu® (obr. 1). 100 g takového materialu uvoliiu-
je nékolik miligrami formaldehydu®'. Povrchovou upra-
vou se emise snizi az desetkrat. Formaldehyd je uvoliovan
i z materiali na bazi vinylu — PVC a gumy. Nebyl vsak
prokazan v emisich z linolea, které je ovSem charakteris-

Tabulka I

Porovnani koncentraci formaldehydu z riznych mist
Koncentrace ~ Lokalizace Lit.
[ugm™]

58,25 mésto Sao Paulo 35
8az23,5 mésto Ljubljana 99
6 mésto Hongkong 100
max 100 mésto — silny provoz, inverze 9
25 byty 101
9az70 byty 102
60 az 622 byty 50
8az 33 knihovny 114
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Obr. 1. Struktura mocovino-formaldehydového polymeru
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tické jinymi aldehydy. Dal$im zdrojem formaldehydu jsou
barvy* a fermeze®**. Emise formaldehydu ze viech mate-
riald casem exponencialné klesaji. Napi. u nového koberce
dochazi ke snizeni emisi VOC na polovinu cca po 3 mési-
cich'®. Teplota a vlhkost vzduchu? navySuje emise
formaldehydu na kazdych 10 °C asi 2—3krat™**. Obména
vzduchu v mistnostech snizuje koncentrace formaldehydu,
zdvojnasobena cirkulace redukuje koncentrace této $kodli-
viny o polovinu. Jestlize v§ak vnitini zdroje formaldehydu
dominuji nad cirkulaci, vétrani uroverni formaldehydu vy-
znamng nesnizuje’’.

Formaldehyd neni problémem jen ve vnitinich prosto-
réch, ale i na pracovistich, napf. v papirnach®, provozech
zpracovavajicich dfevotfisku, ¢i v nemocni¢nim prostiedi,
kde i na fadné odvétravanych patologickych pracovistich
se skladovanymi vzorky muze dosahovat koncentrace
formaldehydu®® od 375 pg m™ az k 2875 pug m™, kratko-
dob& i 10 750 ug m™>.

Formaldehyd vznika v téle jako sekundarni produkt
oxidace lipidi. Byl dokdzan ve vzduchu vydechovaném
lidmi s rakovinou plic, coz je zfejmé zptsobeno produkei
nekrotickych proteini indukujicich pravé zvysenou oxida-
ci lipida. Také u pacientek s rakovinou prsu bylo ve vyde-
chovaném vzduchu zméfeno mezi 562,5-1500 pg m™
formaldehydu. Zdrava Zzena vydechovala oproti tomu 375
az 750 pg m™ (cit.>").

Dale bylo zjisténo, ze formaldehyd vznikd po smrti
enzymatickou redukei trimethylamin-N-oxidu v tkanich
moiskych ryb a koryst uréenych ke konzumaci®'. Akcep-
tovatelny denni piijem formaldehydu je podle americké
Agentury pro ochranu prostfedi (EPA) 0,2 mg kg™'. Pfitom
hluboce zmraZend treska obsahuje kolem 4-10 mg kg™
formaldehydu, makrela zmrazena doma a uchovavana po
dobu 2 mésicti obsahuje 10,1 mgkg™', sardinka kolem
6 mg kg™, pstruh kolem 3,5 mg kg™ (cit.*?). Formaldehyd
je rovnéz obsazen v alkoholickych népojich, kde byl stano-
ven v mnoZstvich od 0,27 mg "' (zna¢ka Mista z Italie) aZ
po 3,01 mgl™" (Spanélska brandy)®. Formaldehyd byl
nalezen ve vysokych koncentracich az 494 mg kg™ v hou-
béch shiitake (Lentinula edodes)™.

1.1. Stanovené limity

Limitni koncentrace formaldehydu povazované za
bezpecné jsou stanoveny pro dlouhodoby pobyt fadove
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v desitkach pg m™

kach pg m™.

Svétova zdravotnickd organizace (WHO) pfipousti
tiicetiminutovy limit koncentrace formaldehydu® 108 pg m™.

Americka rada vladnich hygienikti pro pramysl
(ACGIH) doporucuje jako kratkodoby limit 375 pugm™,
Americky Narodni institut pro pracovni bezpe¢nost a zdravi
(U.S.NIOSH) patnactiminutovy limit 125 pg m™ a dlouho-
dob& 20 pg m™.

Vyhla§ka Ministerstva zdravotnictvi 6/2003  Sb.
(cit.*®) stanovuje limitni hodinovou koncentraci formalde-
hydu v mistnostech na 60 ug m™. Pro pracovisté je stano-
ven podle nafizeni vlady 178/2001 Sb. (cit.’’) piipustny
expozi¢ni limit (PEL) na 0,5mgm™ a nejvyssi mezni
ptipustna koncentrace (NPK-P) na 1mgm™. Vyhlaska
Ministerstva zdravotnictvi CR 26/2001 Sb. zakazuje pou-
zivani formaldehydu jako potravinafského aditiva (napf.
bakteriostatické ¢inidlo v syrech) E240, povoleno je mnoz-
stvi do 5% v kosmetickych pfipravcich na tvrzeni nehtl.
Jednotkové riziko pro formaldehyd je podle EPA 1,3-107
pg m™. Kerns a spol.® v}

, v pripad¢ kratSich expozic ve stov-

zjistili, Ze pii pifjmu 14,3 mg kg™ den™
onemocni 94 ze 140 sledovanych krys rakovinou. Til a spol.*’
stanovili referenéni davku (RfD) na 0,2 mg kg™ den™", nejniz-
§i limit, kdy jesté neni pozorovan skodlivy u¢inek (NOAEL)
15mgkg™ den™ a nejnizsi limit, kdy doslo k pozorovani
gkodlivého tginku (LOAEL) 82 mg kg™ den™'. Limit NOAEL
pro poskozeni nosni sliznice™™*! byl stanoven na 1,25 mg m ™.

1.2. Vliv formaldehydu na zdravi

Formaldehyd je elektrofilni slou¢enina, kterda muze
reagovat s makromolekulami v organismu (DNA, RNA,
proteiny) za tvorby reverzibilnich i ireverzibilnich aduktd.
Formaldehyd je produkovan v organismu mj. i oxidacni
demethylaci xenobiotik. Po vstupu do organismu se

formaldehyd + glutathion

l

hydroxymethylglutathionat

NAD® —|—=NADH + H'

dehydrogenaza

S - formylglutathionat

hydrolaza
— = glutathion

formiat
syntéza purinu

CO, +H,0

Obr. 2. Schematické znazornéni odbouravani formaldehydu
v organismu
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formaldehyd vaze na glutathion a enzymatickymi reakce-
mi vzniké kyselina mravenci, kterd je pfeménéna na CO,
avodu, nebo se zapojuje do syntetickych procesi***
(obr. 2).

Expozici formaldehydu, resp. VOC ve vnitinich pro-
storach, je prikladana fada obtizi zahrnujicich astma, ast-
matické symptomy jako no¢ni dusnost, onemocnéni pridu-
Sek a plicni nedostatednost***.

Formaldehyd lze vnimat cichem pfi koncentracich
0,0875—1,5 mg m . Néktefi citlivi jedinci pocituji horkost
v obliGeji jiZ pii koncentracich 0,01 mgm™. Astmatici*®
pocituji symptomy pii 2,5 mgm™. Pii akutni expozici
nastava podrazdéni hrdla (0,1 mgm™), podrazdéni ogi
(1 mg m™), tnava, bolesti hlavy, nevolnost a po ase zanét
spojivek. Pii dlouhodobé expozici se dostavuje bronchitida,
laryngitida, faryngitida*’. Déle pii vétsich akutnich expozi-
cich 1ze pozorovat ztizené dychani (10 mg m™), poskozeni
dychacich cest (40mgm™), duSeni (80mgm™) a smrt
(=125 mg m™)*. Bylo prokazano, Ze expozice formalde-
hydu vys$ii nez 60 ug m™ vede u déti k prokazatelnému
riziku vzniku astmatu®. Podrazdéni kiZe zptisobuje roztok
s koncentraci vyssi nez 2 %, avsak citlivé osoby nesnesou
jiz 0,05% roztok.

Predpoklada se, ze VOC véetné formaldehydu piispi-
vaji ke vzniku tzv. SBS, syndromu nemoci v budovach
(Sick Building Syndrome).

Imunotoxické pusobeni formaldehydu je stale pred-
métem sport. Podle nékterych studii je pravé toto pisobe-
ni pfi¢inou pozdéjsiho podrazdéni kiize a snizené rezisten-
ce k infekcim (rhinitis, pneumonie)’™'. Neutrofily jsou
bunky schopné migrovat tkanémi do postizenych mist
a pohltit (fagocytovat) bakterie. Hraji dulezitou roli v re-
zistenci proti infekcim®. Pi expozici formaldehydu je
znatelné snizena schopnost téchto bun¢k produkovat pero-
xid vodiku™, kterym zabijeji mikroby. Pisobeni formalde-
hydu miZe vést az k dermatitidé a alergii**>. Prevalence
citlivosti na formaldehyd v fadech ppm se vSak zda byt
mala®®. Wilhelmsson a Holmstrém®’ zjistili, 7e dlouhotrva-
jici expozice formaldehydu spousti alergickou reakci
zprostiedkovanou imunoglobulinem E, ktera je bézna pfi
atopii (velka precitlivélost organismu projevujici se aler-
gickou reakci). Prace publikovanad Lindenem vSak tento
fakt vyvraci®®. Studie, zabyvajici se reakci na kratkodobou
expozici 412,5-1662,5 pg m formaldehydu béhem poby-
tu v laboratofi, nic podobného nezjistila®’. V lidskych pri-
dusnicovych bunkach vystavenych formaldehydu je ve
vetsi mife piitomen protein Hs 680. Pokusy na krysach
poukazuji na snizeni exprese ribosomalniho fosfoproteinu
P2 a kalmodulinu®. Formaldehyd se také vaze kovalentng
na lidsky sérovy albumin (tzn. je haptenem HSA) za vzni-
ku aduktu F-HSA, proti ndmuz Thrasher a spol.®' nasli
v organismu protilatky. Také Carraro a spol.> oznacuje F-
HSA jako biomarker expozice formaldehydu.

Mezinarodni agentura pro vyzkum rakoviny (IARC)
dnes formaldehyd fadi do skupiny 1 ,,jako karcinogenni
pro &lovéka“®, agkoliv diive byl zafazen do skupiny 2A
mezi latky, které jsou z karcinogennich ucinkt pouze po-
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dezelé®™. Po inhalaci formaldehydu byly pozorovany
adukty DNA v nosni sliznici®®. Chronicka expozice je spo-
jovéana s rakovinou nosu a nosohltanu®, aviak karcinoge-
nita formaldehydu byla v fad¢ studii prokazana typicky pii
vy&sich koncentracich. Umrtnost na myeloidni leukémii
u délnikt, vystavenych putsobeni formaldehydu, podle
studie provedené Pinkertonem®” vzriista hlavné pii dlouho-
dobé expozici (zde 20 let). Vymeéna sesterskych chromatid
(test mutagenity) byla indukovana pii piekroceni koncent-
race 5 ug ml™' (cit.®). K¥ivka davka-uginek pfitom zazna-
menava patrny nartst pri davee 10 pg ml™, resp. mezi kon-
centracemi 2500 pg m™ a 7500 pg m™. Na buiikéch savci
bylo pozorovano sitovani DNA s proteiny a zlomy ssDNA
jak in vitro, tak in vivo. Tato poskozeni jsou vSak efektivné
opravovéana®.

Odhaduje se, ze kolem 70-75 % ptedpokladané¢ho
rizika rakoviny zpusobeného VOC pripada na formalde-
hyd v kombinaci s polycyklickymi aromatickymi uhlovo-
diky, butadienem a benzenem. Nebezpe¢i plynouci z pfi-
tomnosti téchto VOC v prostiedi je ptirovnavano k riziku
plynoucimu z expozice radonu ¢ cigaretovému koui ™.

1.3. Stanoveni formaldehydu

1.3.1. Spektrofotometricka stanoveni

Klasickym stanovenim je reakce s kyselinou chromo-
tropovou (4,5-dihydroxynaftalen-2,7-disulfonovou), ktera
probiha ve vodném 1% roztoku okyseleném kyselinou
sirovou. Vznika fialovy produkt, ktery lze stanovit spek-
trofotometricky pii 570-580 nm (obr. 3). Mez detekce je
81 pg m™. Dalsi klasickd metoda je zaloZena na reakci
pararosanilinu, sifi¢itanu a formaldehydu. Vznika purpuro-
vé& zbarvena latka silng absorbujici pti 570 nm (cit.”" ™%
v tomto pfipadé je mez detekce v Fadech desitek ug m™.

il

1.3.2. Chemiluminiscencni stanoveni

Chemiluminiscenéni stanoveni je zalozeno na reakci
formaldehydu s kyselinou gallovou (3,4,5-trihydroxy-
benzoova) a peroxidem vodiku v silné alkalickém prostie-
di. Excitované singletové atomy kysliku vyzafuji svétlo
s emisnimi pasy 463 nm, 702 nm a 762 nm a piechazeji pti
tom do zékladniho stavu’®. Limit detekce je 12,3 pg m™.

SOzH

= A

SOzH

0]
e lles
HO,S SO4H
A =570-580 nm

Obr. 3. Struktura uvazZovaného produktu reakce formaldehy-
du s kyselinou chromotropovou
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1.3.3. Fluorimetrie

Fluorimetricky lze detegovat produkt Hantzschovy
reakce formaldehydu s cinidlem standardnim fluorimet-
rem. Octan amonny, kyselina octova a acetylaceton
(pentan-2,4-dion) reaguji s formaldehydem za vzniku 3,5-
-diacetyl-1,4-dihydrolutidinu’®. Stanoveni lze rovnéz pro-
vést v pratokovém rezimu reakei 5,5-dimethylcyklohexan-
-1,3-dionu (dimedonu) v prostiedi octanu amonného. Exci-
tuje se zafenim o vlnové délce 395 nm a emisni maximum je
pii 465 nm. Bylo dosazeno limitu detekce’” 1,125 pgm™.
Fluorimetrie byla rovnéz pouzita pii reakci HCHO s formi-
atdehydrogenasou (FDH). Zafeni o vlnové délce 350 nm
excituje molekuly vzniklého NADH, které pak emituji
zéfeni s maximem o vlnové délce 450 nm (cit.”®). Mez
detekce je 0,25 ug m™. Jina metoda je zaloZena na kataly-
tickém rozkladu formaldehydu. Produkty pii pfechodu do
niz§iho energetického stavu emituji zafeni. Pro rozklad
formaldehydu se ukazal jako nejvhodnéjsi katalyzator
V,05-4 TiO, zahtaty na teplotu 370 °C. Je emitovano zare-
ni o vinové délce 490 nm. Pouzit byl detektor s optickym
filtrem a fotonasobiGem. Citlivost byla v fadech” mg m™.
Fluorescence indukovana laserem® oproti tomu pouzivé k
excitaci molekul formaldehydu laditelny laser. Citlivost
metody je 12 pg m™.

1.3.4. Chromatografické stanoveni

Béznou metodou je pouziti vysoce ucinné kapalinové
chromatografie (HPLC) v kombinaci s riznymi detektory,
zejména typu s diodovym polem. Metoda vsak vyzaduje
chemickou reakci formaldehydu s derivatizacnim ¢ini-
dlem, napf. smési ethyl-3-oxobutanoatu s amoniakem
v Hantzschové dihydropyridinové syntéze (reakce na
obr. 4). Reakce vede ke vzniku diethyl-2,6-dimethyl-1,4-
-dihydropyridin-3,5-dikarboxylatu, ktery se stanovi HPLC
s mobilni f4zi smé&si methanolu a vody®'.

Je rovnéz mozné provést mikroextrakci na pevnou
fazi (SPME). Sorpce VOC (v¢. formaldehydu) probiha na

I
HCHO + NH; + 2 Hsc/\oi - >
He o
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poly(dimethylsiloxan)divinylbenzenové vlakno (PDMS/
DVB)  impregnované  0O-(2,3,4,5,6-pentafluorobenzyl)
hydroxylamin-hydrochloridem (PFBHA) jakozto derivati-
zacni latkou 2 min extrakei vodného roztoku. Vzorkovani
probiha 10 min. Nasledn¢ se produkt stanovi plynovou chro-
matografii s plamenovym ioniza¢nim detektorem (FID) ¢i
fotoionizaénim detektorem (PID). Limit detekce® ™ je
6,25 ug m™. Mikroextrakce na pevnou fazi (SPME) byla
vyuzita rovnéz ve spojeni s plynovou chromatografii
a hmotnostni spektrometrii s isotopovym zfed’ovanim.
Pouzit byl isotopové znageny formaldehyd s uhlikem *C
a formaldehyd byl derivatizovan in situ pentafluorfe-
nylhydrazinem® (reakce na obr. 5). Hmotnostni detekce
SPME-GC-MS (MSD 5973 od Agilent Technologies) byla
vyuzita v praci Bianchiho a spol.*.

1.3.5. Senzory

Ke stanoveni formaldehydu lze pouzit biosenzory
riznych konstrukci. Zakladem je reakce analytu s enzy-
mem — napf. formaldehydu a formaldehyddehydrogenasy
na povrchu membrany s NAD jako kofaktorem. Tento
systém byl pfichycen na elektrodé pokryté platinovou cer-
ni a lipofilni latkou — soli tetrathiafulvalenu a tetra-
kyanchinodimethanu. Pfedavané elektrony jsou ampero-
metricky detegovany®’. Byl rovnéz pouzit biosenzor kon-
struovany ze zlatych a chromovych vrstev napafenych na
keramickém nosici s aktivni vrstvou alkoholoxidasy s ho-
vézim sérovym albuminem, dextranem a laktinolem. Re-
akce senzoru byla méfena konduktometricky®. Formalde-
hyd Ize stanovit v koncentracich desetin mmol 1. Problé-
mem téchto analyz je selektivita enzymu. Jinou (star$i)
metodou bylo uchyceni enzymatického komplexu NAD"
s redukovanym glutathionem na vibrujici piezoelektricky
krystal. Vznikem reakénich produkti na povrchu se snizi
frekvence vibraci krystalu®. Limit detekce je v fadu mg g™

Klasickym senzorickym stanovenim bez pouziti enzy-
mu je napt. metoda mikrosenzoru zalozeného na oxidaci

CH3

L i
+
Hse” N7 CH,
H

CHg

3H,0

Obr. 4. Derivatiza¢ni reakce HCHO s ethyl-3-oxobutanoatem; produkt se stanovi metodou HPLC

_CH,

F NH, F 'il
F ILH F NH
HCHO + . + Hy0
F F F F
F F

Obr. 5. Derivatizace HCHO pentafluorfenylhydrazinem; produkt se stanovi plynovou chromatografii
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formaldehydu na zhaveném katalyzatoru NiO. Méfeny
jsou elektrické vlastnosti filmu NiO s limitem detekce™
1500 pg m™.

1.3.6. Spektralni metody

Formaldehyd byl stanovovan metodou diferenéni
laserové spektroskopie DOAS. Principem metody je rychla
zména absorpce latky v Gizkém vinoCtovém intervalu. Vy-
hodou stanoveni je eliminace zmén v prostfedi
(atmosféra). Diferencni laserova spektroskopie vyuzila
lasert (laser typu DFB s vinovou délkou 1561 nm a typu
DBR s vlnovou délkou 1083 nm) operujicich ve spektralni
oblasti 3,53 pm (2832 cm ') s pouZitim periodicky piepo-
lovavaného krystalu LiNbO; (PPLN) a HgCdTe (MCT)
detektoru. Bylo dosazeno detekéniho limitu®' 0,4 pg m™.

Formaldehyd byl rovnéz detegovan optoakustickou
detekei® pii koncentracich v jednotkich pgm™ (ppb).
V experimentu byl pouzit diodovy 6 W Nd:YAG laser
v kombinaci s optickym parametrickym oscilatorem
a periodicky prepolovavanym krystalem LiNbOs;. Hrubé
ladéni bylo provadéno zménou teploty PPLN krystalu,
jemné pak pohybem zrcadla za pomoci mikro-krokového
motorku. Méfeno bylo v rozsahu 2785-2840 cm™ s limi-
tem detekce 3,75 ug m™.

Zajimavé moznosti nabizi klasicka absorpéni spektro-
skopie za pouziti diodovych lasert®. Mez detekce je ob-
vykle 0,3 ug m™. Velmi nizky limit detekce byl zazname-
nan Wertem’. Metoda zaloZend na zminéné laserové ab-
sorpéni spektroskopii vyuzivajici diodu bazi soli olova
dosdhla v multireflexni cele s optickou drdhou 100 m
meze detekce 6,5-102ug m™ pii jednominutovém inte-
gracnim cCase.

1.3.7. Standardni testy a stanoveni

Standardnim testem pro stanoveni emise formaldehy-
du z materialti je komorovy test (Svédsk4 norma SS 27 02
36, norma ENV 717-1). Provadi se uzavienim 1 m® vzorku
do komory o objemu 1 m® pii 23 °C, 50% vlhkosti s jed-
notkovou vyménou vzduchu za hodinu. Formaldehyd je
stanoven fotometricky po reakci absorpcniho roztoku
s kyselinou chromotropovou nebo acetylacetonem. Komo-
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ra s preklizkou a dievotfiskou ve studii Z. Queho® obsa-
hovala po 24 h 725 ug m™ formaldehydu. Podle NIOSH
(cit.”) se komorovy test provadi absorpci formaldehydu
do 0,1 M NaOH nebo 1% NaHSOj; a naslednou analyzou
HPLC. Pro vzorek o objemu 601 je limit detekce
37,5 pg m™. Je rovnéz doporucovéana plynova chromato-
grafie s FID detektorem. Metoda namaceni vzorku
v 50 ml vody o teploté 40 °C po dobu 3 h je normovana
podle EN 717-3/1996. Formaldehyd je stanoven fotomet-
ricky za pouziti acetylacetonu. Podle DIN EN 120 je mate-
rial propiran toluenem a vodou. Formaldehyd je zachyco-
van v destilované nebo deionizované vodé, kde nasledné
probiha Hantzschova reakce s amonnymi ionty (octan
amonny) a acetylacetonem. Reakce vede k diacetyldihyd-
rolutidinu. Stanoveni probiha na UV spektrometru. Na
zakladé mnozstvi formaldehydu uvoliiovaného do prostie-
di (zde modelové do komory, resp. roztoku) jsou materialy
rozdéleny do tfid E1 (10 mg ze 100 g vyrobku, resp. pod
1,5mgl™") a E2 (do 30mg ze 100g vyrobku, resp.
1,5 mg I""). Podrobné shrnuti nabizi prace Risholma®.

Podle vyhlasky 211/2004 Sb. (cit.”’) ve znéni pozdé&j-
Sich ptedpist se formaldehyd stanovuje Schiffovym Ccini-
dlem srovnanim zabarveni roztoku se standardem a podle
vyhlagky 222/1996 Sb. (cit.”®) se formaldehyd stanovuje
reakci s kyselinou chromotropovou spektrofotometricky
pfi 570 nm. Ceské hygienické stanice pouZivaji ke stano-
veni formaldehydu pararosanilinovou metodu.

2. Fotoakusticka a laserova detekce
2.1. Laserova detekce

Absorpéni spektralni metody jsou zalozeny na méfeni
rozdilu intenzit mezi vstupnim a vystupnim zafenim. Pfi
monitorovani nizkych koncentraci absorbujicich latek jsou
rozsahy vstupnich a vystupnich intenzit pouzitého zafeni
velmi malé.

Aplikace laserovych detekénich technik ma fadu vy-
hod. Pouzitim laseru a technik zalozenych na jeho aplikaci
napi. metodou vicendsobného odrazu (tzv. cavity ring

1q002{ Fotoakusticka IFS Bruker 120
detekce
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Obr. 6. Spektrum formaldehydu v blizké infracervené oblasti p¥i tlaku 1 Torr; oznacen je spektralni rozsah MQW laseru fotoakustic-
ké detekce. Sirokopasmové spektrum bylo méfeno spektrometrem IFS Bruker 120
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down) nebo fotoakustické detekce lze znacné zvysit de-
tekéni citlivost 1 pii nizkych koncentracich studovanych
latek.

V této praci byl pouzit diodovy GalnAsSb/AlGaAsSb
(tzv. MQW) laser'®'% ve spojeni s fotoakustickou de-
tekéni aparaturou koncipovanou pro méfeni ve spektralni
oblasti 2,3 um (4356 cm™") (obr. 6). Diodové lasery jsou
schopny pracovat za laboratorni teploty v oblasti stfedniho
infraerveného zafeni. V jednom modu jsou zménou prou-
du laditelné v rozsahu desitek reciprokych centimetrd.
Dosahuji dostate¢ného vykonu pii nizkém optickém Sumu.
Relativné vysoky vykon dovoluje nahradit klasickou ab-
sorpéni laserovou techniku rezonan¢nim fotoakustickym
usporadanim.

2.2. Fotoakusticka detekce

Fotoakusticky systém umoznuje detegovat slabé sig-
naly za nepfitomnosti silného ofsetového signalu pozadi.
Jednou z cest, jak vyuzit této myslenky, je opustit klasické
absorpéni schéma vyhodnoceni na zakladé rozdilu vstup-
nich a vystupnich signali a méfit absorbovanou energii
jinym zptsobem. Molekula, ktera absorbuje foton, ma
nékolik moznosti, jak se zbavit této energie. Za atmosfé-
rického tlaku je nejpravdépodobnéjsi cestou kolize s jinou
molekulou a konverze absorbované energie na kinetickou
energii molekularniho pohybu. Jestlize se excita¢ni zafeni
pohybuje v infracervené spektralni oblasti, pak je absorbo-
vano molekulami a nasleduje vibra¢né-transla¢ni relaxace.
Vzrist kinetické energie molekuly se projevuje zménou
tlaku v uzavieném objemu vzorkovaci kyvety. Tato zména
muze byt velice citlivé detegovana mikrofonem. Ziskany
fotoakusticky signal (S) 1ze jednoduse vyjadtit jako:

§'=CNoP (1)

kde C je konstanta charakterizujici parametry fotoakustic-
ké cely (délka, u€inny priiez a citlivost mikrofonu), N je
pocet absorbujicich molekul v cm®, o je absorpéni G&inny
prufez absorbujici molekuly a P je vykon laseru.
V porovnani s klasickou absorpéni spektrometrii je fotoa-
kusticky signal méfen prakticky na nulovém pozadi. Tento
fakt spolu s linearni charakteristikou mikrofonu poskytuje
obrovsky dynamicky rozsah (az 5 fadt nebo vice).
Minimalni detegovatelnou fotoakustickou absorbanci
NminoL 1ze urcit jako:
S,

min

" PC

oL =108 2)

min

kde Ny, je minimalni detegovatelna koncentrace dané
molekuly, L je opticka draha a Sy, je minimalni $um mik-
rofonu  (Spin/P= 30-50 nVW™' a C =3.5 Vem W),
Z rovnice (/) a (2) lze odvodit, ze malé absorbance a tudiz
stopové koncentrace mohou byt fotoakusticky detegovany
(PA) i na malé optické draze.

Fotoakusticky jev byl poprvé popsan Grahamem Bel-
lem v roce 1880 (cit.'"”), kdyz pres mechanicky pierusovag
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Obr. 7. Fotoakusticka aparatura; na obrazku vpravo nahofe je
He-Ne trasovaci laser. Vlastni dioda je teplotné stabilizovana
v drzaku Thorlab TCLMD MO9. Paprsek je fokusovan optickou
soustavou do akustického rezonatoru mezi dvojici méficich mik-
rofontl. Svazek, ktery prochazi kyvetou je paralelné monitorovan
polovodi¢ovym InSb detektorem

zaostfil sluneéni zafeni do kapalného vzorku a pomoci
sluchatka registroval akusticky signal se stejnou frekvenci,
jakou mél prerusovac. Podobného jevu lze dosahnout
nejen v kapalinach, ale i ve skupenstvich plynnych a pev-
nych. Kratce po zvetejnéni Bellovy prace se timto jevem
zabyvali dal§i badatelé jako Tyndall'®, Rayleigh'® nebo
Réntgen“o.

Prvni vyuziti tohoto jevu ke stanoveni plynt, kdy jiz
mizeme hovofit o PA detekei, 1ze nalézt az v praci Vien-
gerova''! z konce 30. let 20. stoleti.

Velkého rozmachu dosahla fotoakustickd detekce
rozvojem lasert jako zdroju pro buzeni akustického signa-
lu. V roce 1968 byl poprvé pouzit CO, laser pro detekci
CO, v dusiku''?. V 80. letech vzrostla poptavka po citli-
vém detekénim zafizeni pro studium stopovych latek
v atmosféfe.

Pii méfeni bylo vyuZzito rezonance signdlu uvnitf
akustické kyvety (vznik stojatého vInéni uvnitf rezonatoru,
kdy plati vztah kL = //2, kde / je délka rezonatoru, A vlnova
délka a £ je celé ¢islo). Metoda je nazyvana ,,rezonanéni
fotoakusticka detekce™.

Fotoakusticka kyveta (obr.7) je dvouplastova, pii-
¢emz vlastni sklenény rezonator ma pramér 5 mm a délku
200 mm. Rezonan¢ni frekvence zafizeni je cca 380 Hz.
Uprostied rezonatoru jsou proti sob¢é umistény dva mikro-
fony Knowles EK-3024, jejichz signal je veden do fazové
citlivého zesilovace (Stanford Research System-SR 530
Lock-in amplifier) a data jsou ukladana v pocitaci. Kyveta
je v Brewsterové uhlu opatiena okénky z fluoridu vapena-
tého.

2.3. Méfteni spekter

Mgéteni probihalo za laboratorni teploty pii frekvencni
modulaci laseru na kmitoctu 388 Hz. Tato hodnota byla
ziskana experimentalné kalibracnim méfenim pro vinocet
4355 cm™. Signal byl zpracovavan za pouziti druhé deri-
vace (2f), kde f* je fundamentalni modulaéni frekvence.
Pro kalibraci bylo pouZito spektrum s rozlisenim 0,01 cm™,
ziskané méfenim spektrometrem s Fourierovou transfor-
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maci Bruker IFS 120 HR.

Pfi vlastnim experimentu byl plynny formaldehyd
uvolnovan zahfivanim paraformaldehydu na 80 °C. Takto
ziskany vzorek byl fedén dusikem na vysledny tlak

T T T T T T
4350 4352 4354 4356 4358 4360

vinodet (cm")

Obr. 8. Laserdiodové fotoakustické spektrum formaldehydu
(a) zfedéného vzduchem v poméru 1:3 pri tlaku 55 Torr
a spektrum zméreném pii tlaku 10 Torr pristrojem Bruker
IFS 120 (b)

Referat

55 Torr. Méfeni bylo provedeno ve stacionarnim stavu.
Laserova dioda byla ladéna v pozadovaném frekvencnim
rozsahu excitacnim proudem od 60 do 90 mA pfi teplotach
31 az 52,7 °C, ¢imz bylo dosazeno kontinualniho proladé-
ni v rozsahu 10cm™. V oblasti emise GalnAsSb/
AlGaAsSb diody se nachazeji absorpéni pasy formaldehy-
du, pfedevsim v; + vs, dale pak pasy v, + vs, vo + v3 + v, V2
+ V3 + v4 a 2v3 + ve. Vysledné linie byly srovnany s velmi
presnymi analyzami spekter od J. M. Flauda'".

Srovnanim dat z FT spektrometru a diodového laseru
byly pro fotoakustické méfeni vybrany tfi nejintenzivnéjsi
linie v oblasti 4356 cm™". Na nich bylo provedeno fotoa-
kustické méfeni s detekénim limitem 125 ug m™. Obr. 8
ukazuje diskutovanou ¢ast spektra naméienou laserovou
fotoakustickou detekci v porovnani se spektrem méfenym
spektrometrem s Fourierovou transformaci. Cast zméie-
nych fotoakustickych a laserovych spekter zachycuji obr. 9
a 10, pficemz tepelné ladéni laseru je ukazano na obr. 9.
Pfi méfeni nizkych koncentraci byla provedena tfi méfeni
s integraénim ¢asem 150 s. Jejich vysledky pak byly pru-
mérovany.

3. Zavér

Formaldehyd je latkou, jez ohrozuje zdravi ¢lovéka
hlavné svou prokazanou karcinogenitou. Z tohoto diivodu
je tfeba vyvarovat se jeho expozici zejména ve vnitinich
prostorach, ale pokud mozno také venku.

T T
4351.0 43515

T T T T T
4352.0 4352.5 4353.0

o TeT

T T T
4353.5

T
4354.0

T
4354.5

4353.0 4355.0
— T=407°C
5
L T T T T T T T T T T
© 4355.0 4355.5 4356.0 4356.5 4357.0
Q
£

T T T T T T T T T T
4357.0 4357.5 4358.0 4358.5 4359.0

T T
43585 4359.0

T
4359.5

T T
4360.0 4360.5

vinodet (cm’)

Obr. 9. Laserem méiené spektrum formaldehydu p¥i koncentraci 1250 pg m™ ve vzduchu (50 Torr); obrézek téZ zachycuje stabili-

zacni teploty laseru pro jednotlivé spektralni oblasti
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Pro stanoveni této slouceniny byla vyvinuta fada me-
tod a to i standardizovanych. V laboratofi FT a laserové
spektrometrie byla vyzkousena metoda rezonanc¢ni fotoa-
kustické detekce. Fotoakusticka detekce se ukazala jako
velice jednoduchd, levna a prakticky pouzitelnd metoda.
Jeji nevyhodou vsak je mensi citlivost ve srovnani se spek-
trofotometrickymi technikami vyuzivajicimi absorpci ¢i
emisi zareni ve viditelné oblasti svétla.

Na zaklad¢ studia infracervenych spekter se ukazalo,
ze vhodnym laserem konstruovanym pro oblast 3,5 um
(2800 cm™) by se dosahlo o 3 Fady vétsi citlivosti diky
mnohonasobné vétsi absorpci zakladniho absorpéniho pasu
formaldehydu oproti slabym kombina¢nim pastim v oblasti
4350 cm™'. Viechny v soulasnosti komeréné dostupné
lasery, emitujici zafeni v oblasti 3,5 pum, pracuji pfi teploté
kapalného dusiku ¢i teplotach nizsich. Dalsiho mozného
zvySeni citlivosti Ize docilit pouzitim vykonngjsich lase-
ri. Takovymi lasery jsou nové konstruované kvantové
kaskadové lasery, pracujici v pulznim nebo kontinualnim
rezimu, jejichz vykon je fadové 40x vétsi, nez u nami
pouzitych GalnAsSb/AlGaAsSb laserti. Kombinaci téchto
faktora lze tedy ocekavat citlivost fadové v oblasti jedno-
tek ppb, tedy hodnot zhlediska moznych analytickych
aplikaci jiz velice slibnych.

Autori dékuji za podporu projektu Grantové agenture

Akademie véd Ceské republiky (Grant ¢ 144400400705
a ESF programu INTROP.

Seznam zkratek

DBR  Distributed Bragg reflector laser — typ diodového
laseru

DFB  Distributed feed-back laser — typ diodového lase-
ru

EPA  Environmental protection agency — Agentura
ochrany prostiedi (USA)

HSA  human serum albumin — lidsky sérovy albumin

IARC International agency for research on cancer

limit s pozorovanym $kodlivym t¢inkem

MQW  Multi-quantum well

NIOSH National Institute for Occupational Safety and
Health — Narodni institut pro pracovni bezpe¢nost
a zdravi

NOAEL no observable adverse effect level — nejnizsi li-
mit, kdy neni pozorovan skodlivy ucinek

NPK-P nejvyssi piipustna koncentrace v pracovnim pro-
stredi

PA fotoakusticka detekce

PAH  polycyclic aromatic hydrocarbons — PAU poly-
cyklické aromatické uhlovodiky

PEL  pripustny expozi¢ni limit

PVC  polyvinylchlorid

RfD referenéni davka

SBS sick building syndrome — syndrom onemocnéni
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v budovach

SPME  solid phase microextraction — mikroextrakce na
pevnou fazi

VOC  volatile organic compounds — t€kavé organické
slouceniny

WHO  World health organisation — Svétova zdravotnic-
ka organizace
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The distribution of pollutants in two urban scale models (point emission
source and street canyon with extensive transport) was investigated by
means of CO, laser photoacoustic spectroscopy in the region of the
atmospheric window (9-10 pm). The experimental results of physical
modeling are in a good agreement with the numerical calculations
performed in the frame of computational fluid dynamic (CFD) modeling.
Methanol, ethanol, and ozone (examples of light pollutants), as well as
sulfur hexafluoride and 1,2 dichlorethane (examples of heavy pollutants),
were selected on the basis of their high resolution spectra acquired by
Fourier transform and laser diode spectroscopy.

Index Headings: Air pollution; CO; laser photoacoustic spectroscopy; PAS;
Laser diode spectroscopy; Fourier transform spectroscopy; Wind tunnel;
Physical modeling; Computational fluid dynamics; CFD modeling.

INTRODUCTION

Laser spectroscopic techniques are powerful tools for the
investigation of air pollution.! Selective, sensitive, and
nondestructive laser-based analytical methods have been
steadily more employed to monitor trace amounts of gases
present in the atmosphere.”>™ Elevated concentration levels of
both primary and secondary atmospheric pollutants mainly
occur in the lower parts of the troposphere, the region where
relevant physical-chemical processes are also directly influ-
enced by the presence of earth’s surface. This part of the
troposphere is known as the atmospheric boundary layer.®
Currently, information on phenomena related to the dispersion
of air pollution’-® within the atmospheric boundary layer can be
assessed only by two basic approaches.

Monitoring the motion of pollutants in a realistic atmosphere
is mostly complicated and expensive, often providing incom-
plete results limited only to particular places. Mathematical
models employing numerical calculations or methods based on
physical modeling®'! are usually applied to overcome such
lack of measurements in the realistic atmosphere. To validate
the numerical models,'>"'> wind tunnel experiments are also
strongly recommended. Due to their selectivity, sensitivity, and
ability for on-line detection, infrared laser spectroscopic
techniques are good candidates for analytical tools for physical
modeling of processes taking place in the atmospheric
boundary layer. One of the useful tasks supporting physical
modeling is to investigate the dispersion of inert atmospheric
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tracers. Such tracers can be used to establish flow fields in the
simulated boundary layer. The tracers to select must follow
physical properties appropriate for the measurements in the
wind tunnel (e.g., density of pollutants), and they should be
detected by a suitable fast detection technique.'® Simulating
pollutant behavior differing by masses!” and the chemical
behavior of these pollutants'®—2! represent crucial tasks in the
field of the physical modeling of air pollution dispersion.?? In
this paper, we focus mainly on studying the behavior of
pollutants of different masses. In addition, we also marginally
deal with the chemical behavior of the model atmospheric
pollutants, with ozone serving as a model of a reactive
pollutant. In view of the current approaches applied in the field
of physical simulations of the atmospheric boundary layer
processes, our contribution represents the first modeling study
of simultaneous dispersion of light and heavy pollutants.

Monitoring trace concentration levels of atmospheric
pollutants is readily carried out by absorption spectroscopy
within the atmospheric window where the absorption of both
H,0 and CO, molecules is negligible.?* Pollutants such as
ethanol, methanol, sulfur hexafluoride, 1,2-dichloroethane, and
ozone that have their absorption bands within the atmospheric
window (round 9—10 pm) can be monitored at their rotation-
vibration bands. The molecular masses of these model
pollutants span the range of two and a half orders of magnitude.
To determine the reactivity of the selected model pollutants is
not easy; however, ozone is a well known oxidant the reactivity
of which is at least one order of magnitude higher compared to
that of other model pollutants. Their absorption lines overlap
fairly well with the emission spectrum of the CO, laser.
Employing the Fourier transform infrared (FT-IR) spectrometer
and a laser diode system, we have recorded the infrared
absorption spectra of the above-mentioned model pollutants to
find the most convenient absorption lines (analytically) before
applying them to physical modeling using the CO, laser
photoacoustic spectrometry (PAS) method. The concept of
PAS detection was demonstrated to be a sensitive and suitable
method for measurement of concentration profiles of pollutants
in wind tunnels*2* (CO; laser as a single radiation source, time
resolution 1 s). When combined with the CO; laser it allows
measurements to be performed within a linear dynamic range
up to six orders of magnitude wide.?

In this paper we present results of spectroscopic measure-
ments of light (ethanol, methanol, and ozone) and heavy (sulfur
hexafluoride and 1,2-dichlorethane) pollutants. This study was
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aimed at the development of a step-by-step methodology
employing spectroscopic techniques in physical modeling. The
methodology is well-demonstrated on the two urban scale
systems—a point emission source and a street canyon.
Furthermore, the comprehensive study is extended by compar-
ing the data with the results of computational fluid dynamics
(CFD) modeling in the case of the point emission source.

EXPERIMENTAL

The following model pollutants were used: methanol
(company: Lach-Ner s.r.o, Czech Republic; purity: p.a.
99.5%), ethanol (company: Lach-Ner, s.r.o.; purity: 99.8%),
SFe¢ (company: Messer; purity: 99.9%), 1,2-dichlorethane
(company: LACHEMA Czech Republic; purity: p.a.), and
ozone (home-made production based on the use of Hg lamp
ozonolyzer; concentration of ozone was calculated from
absorption coefficient?®).

The high-resolution Fourier transform infrared spectrometer
Bruker IFS 120FT-IR makes use of a cell with a 20 cm path
length and the resolution is 0.0035 cm™!. The spectrometer is
equipped with a Globar light source and a HgCdTe detector
provided with the KBr beam splitter. Experimental details of
the FT spectrometer used are shown in Ref. 27. An extensive
description of the diode laser spectrometer employed was
presented previously.?®?° The diode laser (Laser Components
GmbH) was placed in a laser head cooled by the He cryostat.
The laser was temperature and current controlled using Laser
Photonics units, model L5731, at a temperature of 30-70 K and
a current of 30-500 mA. A lens focuses the laser beam into a
(Czerny-Turner) monochromator to separate single laser
modes from the spectrum. The radiation leaving the mono-
chromator was directed either into a reference cell, a Ge etalon
(0.04 cm™"), or into an absorption cell loaded with the gas
being studied. The absorption spectrum was recorded with a
photoconductor HgCdTe detector operated at liquid nitrogen
temperature. The signal from the detector was fed into a digital
oscilloscope (Le Croy 9361). The spectra were measured using
the current (saw-tooth) modulation of the laser.

Spectroscopic experiments aimed at the application of CO,
laser photoacoustic spectrometry to physical modeling were
performed within a low speed, straight open wind tunnel
(constant 1.5 m X 1.5 m cross-section, length of 20.5 m, a
working section 2 m long). The 30 kW ventilator with a
thyristor speed regulator was used to simulate the atmospheric
boundary layer with a reference speed ranging from 1 to 12
m-s~!. Details of the whole experiment are described in our
previous works.?*3%31 The boundary layer quantities on the
inlet of the working section corresponded to those of the
neutrally stratified rural atmospheric boundary layer. Atmo-
spheric samples contaminated with the model pollutant were
continuously taken at individual, precisely defined places
(either the urban scale street canyon model or the model of a
point emission source). A movable teflon tube connected
through the photoacoustic cell with a pump was used for
continuous sampling of the atmosphere at defined places.
Samples of the atmosphere were taken with the probe with a
rate ranging from 3 to 4 cm? s~!, which are negligible volumes
considering the dynamics of the given wind tunnel. The
photoacoustic cell was a thermally stabilized brass tube with a
length of 38 cm and diameter of 8 mm. Detection was
performed on longitudinal acoustical resonance (modulation

frequency 1.2 kHz, the phase is set on the maximum of the
photoacoustic signal).

A set of silicone and/or polyethylene tubes sealed on both
ends with steel balls and filled with the investigated model
pollutant served as well-defined permeation standards to
calibrate the equipment as well as for the analysis itself.3?
We also extended our dispersion studies using an auxiliary
model pollutant, ethane, to allow better comparison, interpre-
tation, and understanding of processes. In physical modeling
ethane is often used as a reference gaseous pollutant due to its
density (similar to that of air). Concentration levels of ethane
were measured by a customary flame ionization detector
(Rosemount Analytical NGA 2000-TFID). The emission of the
model pollutants was assured by the permeation method33-3* or
by the method of gas mixing and gas flow controlling with a
mass flow controller and/or by the combination of both these
methods.

NUMERICAL METHODS

Numerical models have begun to play an important and
often dominant role in environmental assessment. When
studying the dispersion of atmospheric pollutants emitted into
the atmospheric boundary layer by the ground emission
sources (located especially in urban, rural, or industrial areas),
a turbulent model,®3>3° based on the solution of three-
dimensional, time-dependent conservation equations (ideal
gas law, continuity equation, Navier—Stokes equation, convec-
tion-diffusion equation, energy equation written for static
enthalpy), is usually preferred over a model representing an
application of the statistical theory of turbulent diffusion
(commonly used Gaussian plume model). In particular the
micro- and small-scale dynamical modeling employs the so-
called Reynolds Average Method (RAM models) based on
time-averaged quantities of turbulent flow and on Reynolds
averaging the Navier—Stokes equations.>®3” The standard k-¢
(kinetic turbulent energy — dissipation) model, a member of the
RAM model family, currently represents the most promising
tool when investigating turbulent effects on the pollutant
dispersion within the atmospheric boundary layer. Employing
the k-¢ model,>” besides the above-mentioned conservation
equations it is necessary to introduce transport equations for the
turbulent kinetic energy and the dissipation rate. The transport
equation for the kinetic turbulent energy is

)
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Fic. 1. Absorption spectra in the 850 to 1150 cm™! range of (a) dichlorethane,
10 Torr, 0.1 cm™!, 50 scans; (b) sulfur hexafluoride, 0.4 Torr, 0.01 cm™!, 100
scans; (¢) ozone, 20 Torr, 0.01 cm™', 100 scans; (d) methanol, 8.9 Torr, 0.01
cm™!, 50 scans; and (e) ethanol 5 Torr, 0.01 cm™!, 50 scans measured by the
FT-IR spectrometer. The emission lines of the CO, laser are also shown.

P and G occurring in Egs. 1 and 2 written for £ and ¢ denote the
shear and buoyancy production of turbulent kinetic energy
(TKE), and C¢, Ca, and Cs, are empirical constants. The ratio
G/P is closely related to the stability of the atmospheric
boundary layer. In the convective boundary layer, the positive
buoyancy contributes to the production of TKE. On the
contrary, TKE is consumed under statically stable conditions.
If the buoyancy term is around zero, then the boundary layer is
said to be neutral. While the constants C. and C, are defined
(e.g., by Launder and Spalding?®), the value of C3. depends on
the buoyancy term G, which can be either positive or negative,
and thus has to be adapted following the modeled atmospheric
stratification. oy, and o in the equations denote the turbulent
Prandtl number [-] for £ and e.

The standard k-&¢ model was developed and integrated in the
customary FLUENT™ 6.2 computational fluid dynamics
environment.’” The investigated model of the point source
was studied by mathematical modeling, by applying the finite-
volume method. For the FLUENT™ 6.2 k-¢ dynamic turbulent
model used, the physical conditions (i.e., the definition of
emission source and meteorological conditions) corresponded
to those of the experiment performed within the simulated
atmospheric boundary layer in the wind tunnel. The measuring
section of the aerodynamic tunnel has a cubic shape with
dimensions of 2 m (length), 1.5 m (height), and 1.5 (width).
The Gambit™ 2.1.6. preprocessor was employed to prepare a
three-dimensional (3D) computational grid consisting of
337500 cells. The geometry of the aerodynamic tunnel was
meshed in three basic steps. In the first step, all edges were
meshed constantly. Considering the investigated problem, the
mesh on edges were compressed into the middle section of the
geometry moderately (with respect to the position of the
pollutant source). In the second step all surfaces were meshed.
Two-dimensional cells were created using the predefined
scheme QUAD (elements: Quad; type: Map). Finally the
volume was meshed as well. Three-dimensional cells were
created using the predefined scheme HEX (elements: Hex; type:
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Fic. 2. High resolution absorption spectra of gaseous pollutants recorded by
the diode laser spectrometer at different pressures: (@) ethanol (231 kPa), (b)
mixture of ethanol (231 kPa) and air (total pressure 1760 kPa), (¢) SFe (24.9
kPa), (d) mixture of SF¢ (24.9 kPa) and air (total pressure 403.8 kPa), (e) ozone
(5.7 kPa), and (f) mixture of ozone (5.7 kPa) and air (total pressure 412 kPa).
The spectra are offset; the dashed line denotes the 9P(14) emission line of the
CO, laser (1052.1956 cm™1).
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Map). The final mesh was tested using the internal Gambit™
2.1.6. procedure and was shown to be of the best quality.

RESULTS AND DISCUSSION

Spectroscopic Measurements. Absorption spectra of model
pollutants were studied by FT-IR and diode laser infrared
spectroscopy covering a spectral region round 10 pm that
accommodates the emission bands of the CO, laser. High
resolution absorption spectra of molecules measured by the
Bruker IFS 120 FT-IR spectrometer (maximum resolution 0.0035
cm™!), with emission lines of the CO, laser, are depicted in Fig. 1.
From Fig. 1 it is evident that all mentioned molecules are likely
candidates for monitoring in the region of the CO; laser. High
resolution absorption spectra of gaseous ethanol, ozone (models
of “small” pollutant), sulfur hexafluoride (example of a heavy
pollutant), and their mixtures with air at different pressures are
shown in Fig. 2. The widths of individual spectral lines of pure
pollutants (Figs. 2a, 2c, and 2e) are influenced by pressure
broadening so that the Doppler width of the lines becomes
distinguishable only at pressures below 0.5 kPa. The pressure
broadening caused by cumulative increments of air in the mixture
leads to a large distortion of the line shapes resulting in decreased
absorption coefficients (Figs. 2b, 2d, and 2f).

Several emission lines belonging to the 9P branch emission
band of the CO; laser could interfere with the absorption lines
of model pollutants. The information about line shapes is
available from quantitative databases containing the vapor-
phase infrared spectra’® and from molecular absorption
databases.*? For instance, the 9P(14) emission CO, laser line
coincides with the absorption lines of ozone (Fig. 2e) and
hence seems to be an optimal candidate for ozone monitor-
ing 20414243 The frequency of this laser emission line,
however, does not match those of absorption lines of sulfur
hexafluoride***> and ethanol at low pressure (Figs. 2a and 2c).
Although the CO, laser line sometimes overlaps only with the
wings of absorption bands broadened under higher pressure
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Wind direction T———p

FiG. 3.
a scale of 1:200), the investigated section is circled.

(Figs. 2b and 2d), the results obtained demonstrate clearly that
the sensitivity and the broad linear dynamic range of the CO,
laser photoacoustic technique used here is sufficient for
applying this method for monitoring low concentration levels
of the model gaseous pollutants in question.

Monitoring the atmosphere surrounding the models placed in
the wind tunnel was ensured by using the CO, laser
photoacoustic gas analyzer tuned to the CO, laser emission
lines that were preselected on the basis of the Fourier transform
infrared and diode laser infrared spectroscopic study described.

Point Emission Source. The model chimney used as a point
emission source was 20 mm high and its inner diameter was 6

Concentration/ g g’

(a) Model of the chimney (1) and the moveable sampling probe (2); (b) Urban scale model of the Podbielski street (a part of the Hannover agglomeration at

mm. The model was placed within the working section of the
wind tunnel (Fig. 3a). A spatially adjustable sampling probe
introduced into the wind tunnel was employed to continuously
sample the atmosphere at precisely defined places. Each point
was measured five times by 200 s scans. We estimate the level
of reproducibility to be 10-15% for the whole experiment.
Figure 4a compares the experimental data of measurements
carried out at individual sampling points with the numerical
calculations for a light pollutant (methanol). The highest
concentration was found near the point emission source;
furthermore, the concentration depends strongly on the vertical
position of the sampling sites. There is a balance between the

0.018
0.016

0.014

-1

0.012

0.010

GConcentration /g g

Fic. 4. Comparison of the measured (e) and calculated (0) concentrations in a 3D view for (a) methanol (light pollutant) and (b) 1,2-dichlorethane (heavy
pollutant). Sampling sites are in the direction of the wind (along the axis of the wind tunnel); the vertical position is measured relative to the bottom of the wind

tunnel; the position (0, 0) denotes the location of the emission source E.
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Fic. 5. Urban scale model: the dependencies of the dimensionless mean

concentration K* (calculated from Eq. 3) on the reference wind speed in the
wind tunnel for (@) ethanol, (b) ethane, (¢) ozone, and (d) sulfur hexafluoride.

observed and the calculated concentrations: the concentration
level tends to zero as the vertical position increases.

The sampling sites were chosen to follow the main stream of
a plume generated by the point emission source. For the heavy
pollutant (1,2-dichlorethane) the scheme of sampling points
was changed due to entirely different physical behavior of the
latter gas. The results of experimental measurements and
numerical modeling corresponding to those sampling points are
depicted in the Fig. 4b. Studies on the pollutant dispersion*®
show a similar outcome in the case of a heavy pollutant. Heavy

- Moo

MODELIN MODELING

pollutants in particular are expected to disperse in the
atmosphere similar to the larger-sized particles; however, they
are greatly affected by gravity and thus have a shorter residence
time in the atmosphere.*’

In both cases the agreement between experiment and
calculation is very good. Two main differences between the
light and the heavy pollutant were observed: (1) for the heavy
pollutant the zero concentration level was achieved at a shorter
distance in the wind direction (approximately half of the
magnitude) as compared to the light pollutant, and (2) the
higher concentration levels were also found at sampling sites at
small vertical positions up to a relatively higher position in the
wind direction.

Urban Street Canyon. The other, much more complex,
urban scale model was that of a street canyon: a model of the
Podbielski street, a part of Hannover agglomeration, at a scale
of 1:200 (Fig. 3b).

Vehicles slowly moving in the street in both directions were
simulated by two line sources emitting continuously studied
pollutant. The mentioned line source is a line consisting of
3750 parallel needle nozzles (2 cm long, inner diameter of 0.1
mm). The small diameter of the needle nozzles causes large
hydrodynamic resistance.

To allow an inter-comparison of all results collected for light
and heavy model pollutants, absolute concentration values
(depending on emission fluxes) were converted into dimen-
sionless ones, also reflecting the geometry of the model used.
Measured concentration, C [g-cm™3] was converted into
dimensionless concentration, K, using the height H [cm] of
buildings, the transverse length L [cm] of the street, the
reference wind speed U [cm-s~!] outside the street canyon, and
the concentration flux of the pollutant line source Q [g-s™'],

1 <=
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LINES(e.g. Laser-Diode

PRELIMINARY need for -
SPECTROSCOPIC STUDY | detection of o Boundary SU%AGBCEIgnM%SEL
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Fic. 6. Methodology combining spectroscopic methods and modeling facilities allows investigation of the dispersion of air pollutant within the atmospheric

boundary layer.
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according to the formula

« — CHUL
0

The difference between the light (ethanol, ethane, and
ozone) and heavy (sulfur hexafluoride) pollutants can be
observed in Fig. 5. As seen in Eq. 3 the dimensionless
concentration K is proportional to the reference wind speed.
However, the slope of this dependence is apparently larger for
the heavy pollutants than it is for light and reactive pollutants.
Therefore, one prefers mass dependence rather than reactivity
dependence. Data of independent dispersion studies'®!” agree
with our results in the case of heavy pollutants.

The results for ozone (which are of importance for
atmospheric processes) are similar to those obtained for other
light pollutants (see Fig. 5). Ozone itself is not of such
reactivity in the absence of reactant; it belongs to a group of
moderately long living species with temporal scale ranging
from a few days to one year.*® Such similarity for all relatively
stable chemical species is important for epidemiological
studies, in particular when assessing exposure of population
to the air pollution.*® Differences in ozone behavior for urban
air pollution within the formation of photochemical pollutants
are discussed elsewhere.'®19

3)

CONCLUSION

The selected molecular models of gaseous atmospheric
pollutants were studied by methods based on absorption
spectroscopy. These methods were used to extend the
techniques employed so far to model processes taking place
in the atmospheric boundary layer. They enable the investiga-
tion of simultaneous dispersion of model atmospheric pollut-
ants differing by their masses, as was well demonstrated in our
study dealing with model light (methanol, ethanol), heavy
(sulfur hexafluoride, 1,2-dichlorethane), and reactive (ozone)
pollutants.

Consequently, CO, laser photoacoustic spectroscopy was
applied as the main analytical tool in physical modeling the
dispersion of pollutants within urban scale models. The main
difference was found between the light and heavy pollutants.
The drawbacks of the present system are its relatively large
complexity.

Combining the spectroscopic approaches and modeling
facilities (Fig. 6) for investigation of pollutant dispersion offers
great possibilities for further development. On one hand it
makes physical modeling easier, while being more compre-
hensive on the other hand (as it enables investigation of
chemical reactions in a simulated atmospheric boundary layer).
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Pomoci infracervené spektrometrie s Fourierovou transformaci (FTIR), hmotnostni detekce v proudové !
trubici s vybranymi ionty (SIFT-MS) a plynové chromatografie ve spojeni s hmotnostni spektrometrii (GC-MS)

bylo analyzovano sloZeni cigaretového koufe, koufe z vodni dymky a doutniku. Bylo kvalitativné porovnano ‘
zastoupeni jednotlivych komponent v zavislosti na typu vzorku. Jsou diskutovany moZnosti pouzitych |
analytickych metod. Pfehled konkrétnich I4tek je doplnén fakty o jejich pivodu a gkodlivém GEinku.

oufenim je podle medicinské definice nazyvi-
B na inhalace [1] koufe zapéleného tabdku napr.

zdymky, cigarety nebo doutniku. Nékdy se ten-
to pojem vztahuje i na inhalaci drog, jako je marihuana
a jejf koncentrovana forma hasis nebo tzv. crack (ko-
kain). Kufikovu rostouci chuf na tabakovou cigaretu
zplisobuje pfevdzné vysoce nivykovy psychoaktivni
alkaloid nikotin. Dochdzi ke vzniku zavislosti, stavu,
pfi ném? je clovék nucen koufit i pres znalost zdravot-
nich ndsledki. Ve své podstaté je zavislost chronické
onemocneni zpiisobené nejen zminénym nikotinem,
ale také chuti koute a v nékterych pripadech se jednd
pouze o spolecensky ndvyk [2].

Jiz v 17. stol. bylo koufeni oznaovino za zdravi
skodlivé. Rakovinotvorné uéinky cigaretového kou-
fe jsou poprvé zminény v publikaci Benjamina Rushe
z roku 1798. Autor spojuje cigaretovy kouf s rakovi-
nou rtl. Zejména v devatendctém stoleti a na pocitku
stoleti dvacdtého bylo koufeni povazovino za symbol
urcité spolecenské tirovné, ackoliv bylo ve stejné dobe
publikovino mnoho praci, které jej jednoznaéné spo-
jovaly s fadou nemoci. Napt. Joel Shew jich ve své pu-
blikaci ,Tobacco: Its History, Nature, and Effects on
the Body and Mind“ vyjmenoval 87. Celou fadu his-
torickych faktit Ize najit v pfehledné publikaci Tobac-
co Risk Awareness Timeline [3]. Podle zprivy [4] Stat-
niho zdravotniho tistavu v CR koufi 29,2% populace
(ztoho jen 2,9 % jsou nepravidelni kufici) a tento podil
se za poslednich deset let téméf nezménil. Podil kuidka
mezi patndctiletymi viak stoupl z 12,5% v roce 1997
na 19,6 % v roce 2008,

Podle Mezindrodni agentury pro vyzkum rakoviny
[5] (IARC) jsou cigaretovy kout i tabdk povazovany
za prokazané karcinogeny (sk. 1 A - karcinogenni pro
cloveka [6]). Cigaretovy kouf je povazovin za tzv. kom.-
plexni karcinogen, tedy smés vice karcinogennich 14-
tek, jejichz ticinek je riiznym zptisobem vzdjemné pro-

vézdn. V cigaretovém koufi bylo zjisténo kolem étyf ||
tisic chemikilii ve fazi plynné, kapalné i pevné:

Kapalnd fize tvoti zhruba 1% objemu vdechnutého
koufe. Nejdtilezitéjsi smési v kapalné fézi je dehet, viskoz-
ni éernohnédé kapalina, jez obsahuje kolem 600 pieviz-
né karcinogennich sloucenin. Jsou to napf. polycyklické
aromatické uhlovodiky (napf. benzo[a]pyren) zpiiso-
bujici rakovinu jicnu, plic, slinivky, ledvin a mocového
méchyfe, aromatické aminy vyvoldvajici rakovinu mo-
cového méchyfe a anorganické slouceniny (tézké kovy -
napf. kadmium, Zelezo) zptisobujici rakovinu plica kize.
NejdiileZitéjsi dehtovou litkou je psychoaktivni nikotin.

Plynnd faze tvofi asi 91 % a stejné jako kapalnd sloz-
ka koufe obsahuje promotory nadorii a latky toxickeé
pro fasinky respiraéniho epitelu. Se vznikem rakoviny
jsou nejcastéji spojoviny nitrosaminy a formaldehyd.
Mezi dalsi toxické litky pat#i kyanovodik, acetaldehyd,
oxid uhelnaty atd.

Pevnd fize tvoti 8% a je sloZena prevainé ze sazi,
na které jsou opét navaziny pro dehet typické polycy-
klické aromatické uhlovodiky (benzo[a]pyren, 5-me-
thylchrysen, naftalen atd.).

Historie koureni

Koufeni tabiku se rozitilo nejprve mezi americkymi
indidny, u nichZ nebylo béznou souédsti kazdodenniho
Zivota, ale bylo praktikovano béhem obfadd. Na rozdil
od dnesni praxe indidni kouf neslukovali, Evropa ta-
bék poznala diky Krystofu Kolumbovi a hlavné jeho
namofnikiim. Po jejich navratu z objevené Ameriky
(duben roku 1493) predstavila Kolumbova posadka
péstovani a pouzivani tabiku ve Spanélsku, Navykova
ldtka v tabdku, nikotin, nese své jméno po Jeanu Nico-
tovi (1530-1600), francouzském vyslanci v Portugal-
sku. Ten tabdk propagoval a prisuzoval mu zizraéné
lécivé schopnosti. Obklady z tabikovych listit vylééil
vleklou migrénu sobé i francouzské krilovne.
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Obr. 1 Aparatura pro odbér vzorku cigaretového koufe. Spektrometr SIFT-MS byl napojen
pfes septum na vakuovou linku éerpanou pomaoci rotaéni pumpy. Do linky byl
nasavan kouf, jehoz vzorek byl odebiran pres septum do spektrometru SIFT-MS.
Stejnym zplsobem byl pro analyzu GC-MS ziskan vzorek stiikackou pro SPME.
Pomoci zasobniku se vzorkem o objemu 51 byla nasledné naplnéna multireflexni cela
spektrometru Bruker IFS 125,

Po nékolik stoleti se kouteni tabdku $ifilo poma-
lu a zejména cirkev tento zlozvyk nesla nelibé. Roku
1624 vydal papeZ Urban VIIL bulu zakazujici koufeni
v kostele. V Rusku bylo koufeni dokonce trestino napf.
useknutim nosu nebo rozseknutim horniho rtu tak,
aby uz nesrostl a jeho majitel uz nikdy nemohl poho-
dIné koufit. Tyto tresty zrusil az car Petr Veliky, ktery
byl sdm ndruzivym kufikem.

Vznik cigaret byvd spojovan s turecko-egyptskou
vilkou. Egyptéti délostielci dostali za odménu po vi-
tézné bitvé tabdk, ale neméli jedinou dymku. Jelikoz
béznou praxi bylo baleni stfelného prachu do ruli¢ek
papiru, uplatnili své znalosti z bitvy a zacali stejnym
zpisobem balit tabak. Od egyptskych vojiki se postup
naucili vojaci turecti a tento zputsob koufeni se zaéal
rozifovat do celého svéta [7]. Jako prvni zacal ruéné
balené cigarety prodivat londynsky prodejce tabiku
Philip Morris v roce 1847. V roce 1880 vynalezl James
A. Bonsack stroj na vyrobu cigaret, ktery dokdzal vy-
robit 200 cigaret za minutu. Koufeni se stalo zcela béi-
nou véci. Dnes maji stroje vykon priblizné 9 000 cigaret
za minutu. Vyznamny podil na rozdifeni cigaret méla
i prvni svétova valka, v niz dostdvali vojdci viech arméd
pridél na povzbuzeni mordlky.

Béhem 19. stoleti se zacaly objevovat védecké pra-
ce prokazujici $kodlivost koufeni - napf. v roce 1859
francouzsky lékat M. Buisson zjistil, ze rakovinou duti-
ny ustni jsou prokazatelné postihovani zejména kurfdci
dymek. A. Ochsner a M. E. DeBakey [8] pfisli v roce
1936 na to, Ze vétsinu jejich pacientlt s bronchogen-
nim karcinomem tvorili kurdci. Vyzkumy R. Pearla
[9] publikované v roce 1938 ukdzaly, Ze nekufici Ziji
v praméru déle nez kurici. Ve stejné dobé se podarilo
argentinskému védci A. H. Roffoovi prokdzat karcino-
genni efekt zplodin koufeni tim, ze vyvolal rakovinu
kiaze u kraliki, které potiral tabdkovym dehtem [10].
Ve 30. letech dvacatého stoleti bojoval proti kouteni do-
konce i Adolf Hitler. Zakazal reklamu na tabakové vy-
robky, koufeni ve vefejnych budovich, vefejné dopravé
a osobam mladsim osmnicti let koureni na vefejnosti.
V nacistickém Némecku bylo vypracovdno mnozstvi
praci, které dokazovaly $kodlivost koufeni. Odborna

http://cscasfyz.fzucz

vefejnost v ostatnich zemich nicméné soudila, Ze véro-
hodnost téchto praci je nulova. Vieobecné uzndvanymi
se staly az prace britskych védct z poéitku 50. let [5].

EXPERIMENTY S TABAKOVYM KOUREM

Pro analyzu cigaretového koute, koufe doutniku a vod-
ni dymky byly v této prici pouZity tfi typy pfistroji —
infracerveny spektrometr Bruker IFS 125 HR, hmot-
nostni spektrometr SIFT-MS a plynovy chromatograf
s hmotnostni detekei GC-MS. Cilem price bylo porov-
nat moznosti uvedenych metod piikvalitativni analyze
slozeni komplexni smési, jakou je cigaretovy kouf. Ana-
lytické postupy pro cigaretovy kouf jsou standardizo-
vany napf. v normdch ISO 10315, ISO 4387:2000 a ISO
8454 zavedenych v CSN ISO 10315 (56 9507) Cigarety
- Stanoveni obsahu nikotinu v koutovych kondenza-
tech, kde je pouzita metoda plynové chromatografie
a CSN ISO 4387:2003 (56 9512) Cigarety — Stanoveni
dehtu za pouziti rutinniho analytického nakufovaci-
ho ptistroje. K analyze doporuéuje tato norma pouziti
techniky nedisperzni infracervené spektrometrie.

Plynova chromatografie

s hmotnostni detekci (GC-MS)

Plynovy chromatograf (Finnigan Focus GC, ITQ 700,
Thermo Electron Corp.) s hmotnostni detekei (Xcali-
bur ion trap, Thermo Scientific) je komeréné doddva-
nym pfistrojem. Odbér cigaretoveho koufe byl proveden
plynovou stiikackou a nasledné v objemu 0,2 ml vstiik-
nut do prostoru injektoru vyhfivaného na 220 °C. Lat-
ky obsazené v analyzovaném koufi dale prochazeji spolu
s nosnym plynem He chromatografickou kolonou, kde
probihd jejich rozdéleni v Case (separace). Pro Gcely expe-
rimentu byla pouzita kapilarni kolona (TR-1) o délce 30m
aprimeéru 0,25mm. Kolona je naplnéna vrstvou 100% di-
methylpolysiloxanu (nepoldrni staciondrni faze) o tloust-
ce 1 pm. Pro nejucinnéjsi separaci byl pouzit teplotni re-
Zim postupného zah#dti kolony: iniciaéni teplota 38 °C
byla udrzovana 1 minutu, nasledné byla teplota zvysena
rychlosti 20 °C/min na 210 °C a udrzovana na této hod-
noté po dobu 3 min. Plynové separace jednoho vzorku tak
trvala 12,60 min. Po vystupu z kolony jeanalyt ionizovin
proudem elektronii o energii 70 eV a vstupuje do ionto-
vé pasti. Jednotlivé ionty pak podle poméru hmotnos-
ti (15-400 m/z) a naboje iontovou past opoustéji a jsou
analyzovany detektorem, Pfistroj je pouZivin na citlivou
kvalitativni analyzu, pro identifikaci litek byla pouzita
databaze hmotnostnich spekter NIST 2,0. Shoda hmot-
nostnich spekter s databézi byla minimalné 75 %.

Hmotnostni spektrometrie

v proudové trubici (SIFT-MS)

Princip metody SIFT-MS je shrnut v publikaci [11]. Jed-
nd se 0 metodu hmotnostni spektrometrie v proudové
trubici s vybranymi ionty, kterd je zalozena na chemic-
ké ionizaci béhem piesné definovaného reakéniho casu
a umoziiuje tak presné a citlivé stanoveni stopovych
koncentraci latek pfitomnych ve vzduchu (v koncen-
tracich 107 a vétsich). Hlavnimi &astmi spektromet-
ru je iontovy zdroj, separator a analyzator. K analyze
jsou pouzity prekurzorové ionty H;O, NO™ a O,", kte-
ré jsou generoviny v mikrovinném vyboji a pozadova-
ny ion je vybrdn pomoci kvadrupélového separatoru.
V proudové trubici pak ion reaguje s analytem, ktery
vstupuje spolu s nosnym plynem do spektrometru vy-
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Obr.2 Chromatogramy jednotlivych typii koufe méfené pomoci chromatografie GC-MS.
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Obr.3 Chromatogramy jednotlivyich typi koufe méfeneé pomoci chromatografie GC-MS.

hiivanou kapildrou. Reakéni produkty jsou separoviny
podle poméru m/z a zachyceny detektorem. Informace
o kvantité vzorku je ziskina na zakladé znalosti reakéni
rychlosti vybraného iontu s molekulami analytu,

Infraéervena spektrometrie

s Fourierovou transformaci (FTIR)
Spektrometrem s Fourierovou transformaci Bruker IFS
125 HR lze méfitjak absorpéni, tak emisni spektra s rozli-
$enim az 0,002 cm’', které odpovida pfirozené Sifce spek-
trélnich éar dané Dopplerovym jevem. Princip spektro-
metrie s Fourierovou transformaci je shrnut v publikaci
[12]. Zdkladni sou¢ésti pfistroje je Michelsontiv interfe-
rometr s 2,5m dlouhym tunelem pohyblivého zrcadla.
V interferometru dochdazi k interferenci polychromatic-
kého zifeni vychazejiciho ze zvoleného zdroje. Zafeni
prochdzi multireflexni kyvetou s optickou drdhou 30m
a dopad4 na detektor. Pistrojje schopen pokryt rozsah
od vzdileného infraderveného zdfeni az po UV oblast
v zdvislosti na pouzitém délici svazku, zdroji a detekto-
ru. Pro méfeni v této praci byla jako zdroj pouZita Zdrovka
s wolframovym vlaknem nebo zhavend tycinka z karbidu
kiemiku (tzv. globar), HgCdTe (MCT) a InSb dusikem
chlazené polovodicové detektory a déli¢ svazku z po-
koveného bromidu draselného. Méfeni bylo provedeno
v oblasti mezi 600 cm™ a 5 500 cm s rozliSenim 0,02 cm’
! K dosazeni optimélniho poméru signdlu k $umu bylo
tieba provést 100 akumulaci signdlu (tzv. skenii). Doba
méfeni jednoho vzorku byla 53 minut. Komeréné do-
dévany software OPUS 5.0 byl pouzit k vyhodnocovini
absorpénich intenzit a ke srovnévéni rotaéné vibra¢nich
pasti jednotlivich komponent s vlastni databézi spekter.

Odbér vzorku
a vlastni spektrometrickd méreni

Vzorek koufe byl odebiran pomoci vakuové linky zob-
razené na obr. 1. Cigareta, vodni dymka a ndsledné
doutnik byly zasunuty do sklenéné trubicky pfipojené
k aparatufe vakuovou hadici Tygon. Linka byla scer-
pana rotaéni olejovou pumpou na 10 torr. Po otevieni
vakuového kohoutu byl kouf nasavin do linky, proud
byl regulovin pomoci ventilu pumpy. Pies septum
byl kapilarou v priitoku odebirdn vzorek pro analyzu
SIFT-MS a pro GC-MS byl vzorek odebrin plynovou
stifkackou (0,2 ml). Po analyze byl prostor sklenéného
zésobniku o objemu 51 naplnén koufem a vzorek byl
expandovdn do multireflexni cely pfipojené ke spekt-
rometru FTIR. Cela byla vy¢erpéna na tlak 6-10” torr.
Tlak vzorku v cele po expanzi koufe ze zdsobniku byl
u normalni cigarety 25 torr, cigarety ,light” 55 torr,
doutniku 60 torr, vodni dymky naplnéné vodou 53 torr
a koufe tabdku vodni dymky bez vody 69 torr. Nisled-
né bylo zahdjeno méfeni pomoci FTIR spektrometru.

VYSLEDKY A DISKUSE

Jako prvnianalytickd metoda byla zvolena plynové chro-
matografie s hmotnostni detekei, nebot komeréné dodd-
vané pfistroje GC-MS disponuji vysokou citlivosti a da-
tabdzi hmotnostnich spekter jednotlivych ltek (NIST
2.0library), kterd umoziiuje kvantitativni identifikaci ne-
zndmych ldtek piitomnych ve vzorku (screening). Chro-
matogramy cigaretového koufe spolu s koufem z dout-
niku a dymu z vodni dymky s a bez vody ukazuji obr. 2
a obr. 3. Souhrn latek identifikovanych pomoci hmot-
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cigaretovy kour

retencni t
cas kiasicka lehka
cigareta | cigareta

| doutnik | =2
svodou

Tab.1 Pfehled ltek detekovanych pomoci spektrometru GC-MS. Viyéka chromatografického
piku v daném vzorku je pro kazdou molekulu vyjadiena procentudlné vzhledem
ke své maximdini hodnoté, které bylo s vyjimkou nikotinu dosazeno vidy ve vzorku
koufe z doutniku.

nostni databdze ukazuje tab. 1. A¢koliv cilem prace neby-
la kvantitativni analyza, intenzita signalu chromatogra-
fického piku dovoluje srovnani zastoupeni jednotlivych
komponent ve vzorcich. Chromatogram vanilkového
doutniku ukazuje, Ze viechny identifikované litky kro-
mé estragolu a také nikotinu jsou v jeho koufi pfitomny
ve vyssich koncentracich nez v koufi obou typi cigaret.
Obsah nikotinu v normédlni cigareté a cigareté , light* je
oproti oéekdvéni na zdkladé stejné intenzity jeho chro-
matografického piku srovnatelny. Obsah ostatnich kom-
ponent je maximdlné o tfetinu nizi u cigarety ,light",
pouze v pipadé izoprenu dosahuje 2x mensi hodnoty.
Kouf byl metodou SIFT-MS analyzovin za pouZiti
viech tfi typl iontd a na zékladé shody mezi jednot-
livymi reakénimi produkty byly identifikovany latky
shrnuté v tabulce 2. Obr. 4 ukazuje hmotnostni spek-
trum reakénich produkti iontu H;O". SIFT-MS je po-
uzivina pro méfeni stopovych koncentraci tékavych
ldtek. Z prehledu sloucenin vidime, Ze diky vysoké cit-
livosti metody SIFT-MS (ppb) byl zaznamendn pozitiv-
nivysledek v pfipadé celé rady litek, které pomoci GC-
-MS detekovany nebyly. Jak je vidét z obr. 4, fada litek
je pomoci této metody detekovatelnd jiz v nezapaleném
vzorku tabiku. Jedna se o litky jako napf. methanol,
ethanol, kyselinu octovou, vanilin ¢ estragol. Po za-
péleni byly identifikovany typické produkty spalova-
cich procesi jako kyanovodik, acetaldehyd, acetonitril,
izopren, organické kyanidy, formaldehyd nebo fenol.

doutnik

Tab. 2 Prehled slouéenin detekovanych pomoci metody SIFT-MS (oznaceno kfizkem).
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Souhrn litek detekovanych pomoci FTIR spektro-
metrie poddva tab. 3 a spektra jednotlivych vzorki jsou
zobrazena na obr. 5 az 9. V tab. 3 je podil absorpéni
intenzity téhoz pasu jednotlivych detekovanych specii
vyjadfen v procentech. Vzorek koufe z doutniku ob-
sahoval aZ na aceton a kyanovodik nejvétii koncent-
race litek, oproti tomu spektra normalni cigarety a ci-
garety ,light” byla odli$nd jen mdlo. Z jedné cigarety
»light* bylo ziskdno asi dvojnésobné mnozstvi spalin
nez z normalni cigarety (25, resp. 55 torr). Ve shodé
s GC-MS a SIFT-MS byly pomoci FTIR spektromet-
rie v kouti z vodni dymky nalezeny niz$i koncentrace
véech latek a z tab. 3 je patrné, Zze i pouZiti vody ve vodni
dymce vede k redukci jejich zastoupeni. Nejvétsi po-
kles lze zaznamenat u methanolu, kyanovodiku a oxi-
du dusnatého. SniZeno je také zastoupeni nepoldrnich
latek jako methan, ethan a ethylen.

Charakteristika latek

nalezenych v tabakovém koufi

V nasledujicim vy¢tu jsou shrnuty charakteristiky latek
nalezenych v cigaretovém koufi, jejich vznik a vyznam
pro jeho toxicitu.

Methanol je bézné pritomen v listech, odpafuje se
znich a je jednou z nejbéznéjsich tékavych organickych
latek emitovanych rostlinami [13]. Vznikd demethyla-
ci pektinu v rostlinnych bunkéch. Dalsi alkoholy jako
propanol a ethanol vznikaji pfi fermentaci tabdku [14].
Zdrojem methanolu v koufi je rovnéZ spalovaci proces
sam [15], stejné jako v pfipadé izoprenu bézné emito-
vaného rostlinami. Izopren patii mezi typické karcino-
geny v tabdkovém koufi [16].

Toluen je litka obsaZend v cigaretovém dehtu. Md
drazdivé iéinky na oci a dychaci cesty. Akutni toxicita
je vsak relativné nizka (LCs, 8800 ppm) [17] a z tohoto
hlediska jej nelze fadit mezi latky vyrazné zodpovédné
za toxicitu cigaretového koufte.

Vanilin a ethylvanilin jsou aromatické chutové
latky bézné pouzivané v potravindistvi. Jejich pritom-
nost souvisi s aromatizaci tabiku v doutniku, nebot byl
pouzit aromatizovany ,vanilkovy“ doutnik. Stejnym
zpiisobem byl aromatizovin také tabak do vodni dym-
ky. V cigaretovém koufi se vzhledem k absenci aroma
vanilin nevyskytuje. Aromatickou litkou ptidavanou
do tabaku pfi jeho vyrobé je také hexylester kyseliny
octové [18]. Estragol je béiné pritomen v tabaku, stej-
né jako v jinych rostlindch, jako jsou borovice, pelynék,
fenykl, bazalka a anyz. Pouziva se také jako potravi-
nové aditivum k dochucovini. Podle zpravy Evropské
komise pro lécivé bylinné produkty [19] (HPMC) pri
Evropské [ékarské agentufe (EMA) je podezielym kar-
cinogenem, a proto se doporucuje omezit jeho konzu-
maci. Z tohoto hlediska jej Ize fadit mezi karcinogenni
slozky cigaretového koufe, ackoliv jde o molekulu béz-
né pfitomnou v rostlinach.

2,5-dimethylfuran je povazovan za litku, kterd
je charakteristickd pro tabdkovy kouf a miiZe slouzit
jako ukazatel pfitomnosti tabikového koute ve vzdu-
chu [20].

Piitomnost 2,5-dimethylfuranu v krvi je povazo-
véana za biomarker expozice cigaretovému koufi. Vzni-
k4 oxidaci sacharidi. Cukry jsou pfidaviny do tabiku
jako zdroj karamelové viing, kterd miize likat ke kou-
feni zejména mladé potencidlni kufdky. Pfidavek cuk-
ru také zlepsuje chut tabaku, dodéva mu spravnou vih-
kost a organické kyseliny produkované spalovinim
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Obr.4 Hmotnostni spektrum SIFT reakénich produkti s iontem H,0" v pfipadé (a) koufe
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Tab.3 Pfehled latek detekovanych pomoci FTIR spektrometrie. Integréini absorbance
jednotlivych molekul je vyjadiena procentudlné vzhledem ke své maximalni hodnoté.
Té bylo dosaZeno s vyjimkou kyanovodiku a acetonu ve vzorku koufe doutniku.
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Obr. 5 Infracervené absorpéni spektrum koufe normalni cigarety. Tlak vzorku v absorpéni cele byl 25 Torrd.
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0Obr. 7 Infracervené absorpéni spektrum koufe doutniku, Tlak vzorku v absorpéni cele byl 60 Torrd.
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Obr. 8 Infratervené absorpéni spektrum koufe vodni dymky bez vody. Tlak vzorku v absorpéni cele byl 69 Torrd.
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cukri neutralizuji hotky zapach. 2,5-dimethylfuran  znam jeho negativni vliv na kardiovaskuldrni systém, | »» Za
je latka toxickd pro vlasové buiiky dychaciho epitelu. ke kterému dochdzi pfi dlouhodobé expozici vlivem | é\lkaVOSt
Glycerin se pfidava do tabdku pro vodni dymku,  pasivniho i aktivniho kouteni [29, 30]. Dalsimi latka- : :
aby bylo zamezeno jeho vysychani, udrena spravna  mivznikajicimi typicky béhem spalovéni jsou methan, Cigaret je
vlhkost [21] a aby tabak ihned neshofel pii kontaktu  acetylen, ethylen, ethan a lze je detekovat bézné ve spa- zod DOUéd ['1‘_\,?
se zapdlenym uhlim. Také propylenglykol se pfidava  lindch fady materialu [12]. TOXiCk}}' TEKUTS!
do tabaku jako zvlhéujici litka. Americky Gfad FDA Benzen je IARC klasifikovin jako karcinogen sku- 3
(Ustav pro kontrolu potravin a lé¢iv) oznacuje propy-  piny 1, zpusobuje leukémii, rakovinu plic, poskozuje alkaloid
lenglykol jako nebezpeéné potravinové aditivum [22]  imunitni systém a centrdlni nervovou soustavu [31]. nikotin. €€
vzhledem k podezieni na mozny negativnivlivnajitra, ~ Vznikdspalovanim uhlikatych ldtek nebo také trimeri-
centralni nervovou soustavu a srdce. zaci acetylenu za zvy3ené teploty a tlaku [32].
Furfural je obsazen v dfevinich, dile také v ovo- Kyselina methylbutanova se pfirozené vyskytuje
ci, zeleniné nebo ve viné, kam se dostdva z dievénych v rostlindch, a proto je obsaZena v tabdku [33] stejné
sudd, ve kterych se vino skladuje. Vznika také spalo-  jako kyselina octové, kterd miiZe rovnéz vznikat roz-
vanim cukri piitomnych v listech tabaku [23], stejné  padem jejiho hexylesteru, ktery je tabikovym aditi-
jako dalsf oxo-slouéeniny, napf. karcinogenni formal-  vem [18].
dehyd [24], relativné neskodny aceton nebo acetalde- Zanavykovost cigaret je zodpovédny toxicky tekuty
hyd [25] vyskytujici se také v ovoci a kdvé. Pfedpokld-  alkaloid nikotin. Jak jiz bylo uvedeno vyse, tcinky ni-
da se, ze acetaldehyd, ktery tvoff vyznamnou sloiku  kotinuv tabikovém koufi zvySuje vyrazné zastoupeny
tabikového koufe, md synergicky efekt k u¢inkiim ni-  acetaldehyd [23]. Nikotin zlepsuje koordinaci, pracov-
kotinu [26]. ni pamét, pozornost a dlouhodobé vizudlni vniméni.
Panuje obecny predpoklad, 7e slouceniny amonia-  Pijemné pocity, které se pii koufeni dostavuji, jsou
ku jsou zamérné pfidaviny do tabdku, aby alkalizovaly  zplsobeny pfedeviim zvySenim krevniho tlaku, zrych-
cigaretovy kout, ¢imZ dochdzi k snadnéj$imu vstiebd-  lenim srde¢niho tepu a sekreci hormoni jako endorfin
vani nikotinu plicni tkdni [27]. Navzdory této skuted-  a MSH (melanocyt-stimulating hormone). Piisobeni
nosti byl amoniak detekovin pouze v koufizdoutniku.  nikotinu vyplyva z podobnosti s nervovym pfenase-
Nasyceny roztok amoniaku se priddvé také jako aro-  cem acetylcholinem. Nikotin také uvoliuje glykogen,
matickd latka, jeho pFitomnost [21] v doutniku patrné  &imz zvysuje hladinu cukru v krvi.
souvisi s jeho aromatizaci. . L, .
Vysoce toxicky kyanovedik je typickou slozkou ci- Specifika pouzitych analytickych metod
garetového kouie a spolu s acetonitrilem vznikd ter-  PouZiti zminénych analytickych metod na stejny typ
molyzou aminokyselin [28]. Dal§i dusikatou latkou je  vzorku, ktery je slozitou smési chemickych latek riz-
biogenn{ dimethylamin, ktery viak neni sim o sobé  nych vlastnosti, ukazuje, Ze Zidnd ze tii analytickych
toxicky, predpokldda se viak, ze reakci s oxidy dusiku  metod neni vhodnd pro naprosto univerzilni citlivou
mohou vznikat z amint pfislusné nitrosaminy, které  detekci viech komponent koufe zkoumanych tabiko-
jsou karcinogenni. vych vyrobka.
Oxid uhelnaty vznika nedokonalym spalovanim Jako naprosto univerzalni metoda pro detekci hlav-
uhlikatych litek obsazenych v tabdku a cigaretovém  nich slozek plynné fize je vhodnd infratervend spek-
papirku. Jednd se o jedovatou slouceninu silné se viza-  trometrie s vysokym rozliSenim, které je vyhodné ze-
jici na hemoglobin. Kromé téchto akutnich téinki je  jménav piipadé pfekryli dvou pasii riznych ldtek, jako
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Obr. 10 a) Vyfez spektra normalni cigarety s prekryvajicimi se pasy HCN a C;H,. b) Diky vysokému rozlieni (0,02 cm} Ize linie obou latek vzajemné separovat.
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» Nejvetsi
koncentrace
latek se nalézaji
v doutniku. €€

je tomu napf. v pfipadé acetylenu a kyanovodiku v ob-
lasti kolem 3 300 cm™. Jednotlivé linie Ize pak vzdjemné
separovat, jak je patrné z obr. 10. Diky spojeni spektro-
metru s multireflexni celou o optické draze 30 m bylo
dosazeno vyisicitlivosti. V zdkladnim usporadéni jsou
spektrometry Bruker vybaveny pouze evakuovanym
prostorem pro kyvetu s optickou drahou do 30cm.
Kvantitativni stanoveni nicméné vyzaduje kalibrovat
pristroj v Sirokém koncentraénim rozsahu pro kazdou
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Tab. 4 Pehled latek detekovanych pomoci tii pouzitych
technik - plynové chromatografie s hmotnostni
detekci (GC-MS), hmotnostni spektroskopie v proudové
trubici s vybranymi ionty (SIFT-MS) a infracervené
spektrometrie s Fourierovou transformaci (FTIR).
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latku zvlast. Infracervend spektrometrie s Fourierovou
transformaci (FTIR) byla pouzita v fadé praci zabyva-
jicich se sloZenim cigaretového koufe (nejnovéji napr.
[34,35,36]). Detekovany byly stejné latky, jaké byly na-
lezeny pfi tomto méfeni.

Daldi univerzélni a citlivou metodou je plynova
chromatografie s hmotnostni spektrometrii (GC-MS),
kterd je nejbéznéji pouzivina pro zkoumdni slozeni
cigaretového koufe (napf. [37]), obzvlasté ve spojeni
s mikroextrakci na pevnou fizi k detekci tékavych la-
tek (VOC) [38]. Tato metoda dovoluje zjisténi fady mo-
lekul, které jsou pomoci infracervené spektrometrie
obtizné méfitelné vzhledem k nizké koncentraci, ale
také nerozliditelnosti past vlivem hmotnosti molekuly.
Detekovatelnost jednotlivych komponent je ddna také
vazbou na mikroextrakéni karbonové vldkno. Na roz-
dil od FTIR spektrometrie byly detekovany tezsi té-
kavé organické molekuly. Hmotnostni spektrometrie
v proudové trubici s vybranymi ionty (SIFT-MS) md
fadu aplikaci v oblasti citlivé detekee velkého mnoi-
stvildtek. V posledni dobé nalézd uplatnéni pfi detekci
stopovych koncentraci biomarkert nékterych nemo-
ci pfitomnych v dechu. V dechu kutikt byly rovnéz
metodou SIFT-MS analyzoviny nékteré tékavé latky
[39]. Pomoci této metody byla zjiiténa Sirokd paleta
riznych specii od lehkych molekul az po tékavé lat-
ky vy$si molekulové hmotnosti. Nevyhodou metody
je nedetekovatelnost takovych latek, které nereaguji
s vybranymi ionty. Seznam téchto molekul se nicmé-
né omezuje pouze na N,, O,, CO,, CO, H, a alifatické
uhlovodiky do C,.

Shrnuti viech litek nalezenych pomoci pouzitych
metod poskytuje tab. 4.

Celkové srovnani slozeni

jednotlivych typ koufe

Porovnanim intenzity signdlu jednotlivych komponent
cigaretového koufe v piistroji GC-MS a FTIR bylo zjis-
téno, Ze nejvétsi koncentrace litek se nalézaji v doutni-
ku. Vyjimku tvofi pouze nikotin.

Koncentraé¢ni zastoupeni jednotlivych komponent
koufe z normalni cigarety a cigarety ,,light" bylo odlis-
né v obsahu nékterych tékavych latek. Nejvétsi redukee
bylo dosaZeno v piipadé izoprenu, 2,5-dimethylfuranu
a furfuralu. Zastoupeni nikotinu je navzdory tvrzeni
vyrobce srovnatelné, Metodou FTIR viak bylo zjisténo,
e obsah nékterych latek v obou typech koure je zhruba
stejny, jednd se zejména o skodliviny jako oxid uhel-
naty nebo kyanovodik. To je ve shodé napft. s vysledky
Bacsika a kol [35]. Kouf vodni dymky s vodou a bez
vody md lehce odlidné sloZeni. PouZiti vody reduku-
je koncentraci fady latek, nicméné dym vodni dymky
ve srovndni s cigaretami a doutnikem obsahuje celkové
mené$i koncentrace vétsiny sloZek s vyjimkou ethanu,
methanu, oxidu uhelnatého a uhli¢itého.

ZAVER

Vzhledem k zastoupeni jednotlivych slozek koufe
doutniku, cigaret a vodni dymky lze konstatovat, Ze
doutnik az na polovi¢éni obsah nikotinu ve srovndni
s cigaretami obsahuje nejvétsi koncentrace viech dete-
kovanych molekul. Pfitom zastoupeni skodlivin, jako
jsou izopren, benzen, oxid uhelnaty nebo oxidy dusi-
ku, je zhruba dvojndsobné. Kouf vodni dymky obsahu-
je ve srovndni s cigaretami mensi koncentrace vétsiny
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komponent, pfi¢emz pouZiti vody koncentrace vétsiny
litek redukuje.

Jednotlivé analytické metody jsou citlivé na odlisné
skupiny ldtek. Lehké tékavé molekuly jsou dobfe de-
tekovatelné infracervenou spektrometrii, pficemz po-
uziti multireflexni cely zvysuje citlivost. Tézii tékavé
latky (100-150 m/z) jsou dobie viditelné, detekované
pomoci GC-MS. Metoda SIFT vynikd vysokou citli-
vosti, je pouZivana pro méfeni stopovych koncentra-
ci tékavych latek a umoziiuje kvantitativné detekovat
fadu tékavych organickych latek bez nutnosti pribéiné
kalibrace. SIFT-MS detekee je oviem omezena tékavos-
ti latek a jejich schopnosti reagovat s prekurzorovymi
ionty - naptiklad H,, CO, CO,, O, alifatické uhlovo-
diky do C,. Detekéni limit pro NO je sniZen na 100 ppb
v diisledku reakei probihajicich v proudové trubici.

Publikace vznikla v ramci studentského projektu Vojté-
cha Pazdery a Michala Fouska pfi zpracovdni zdavérecné
maturitni prdce v oddéleni spektroskopie na Ustavu fy-
zikdlni chemie ]. Heyrovského za podpory projektu TFi
ndstroje (projekt MSMT-NPV 11 &. 2E08038) a édstecné
podpory GACR (projekt é. 202/09/0800), GAAV (projekt
& TAA400400705).
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