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Abstrakt

Tato prace shrnuje experimenty, na nichz jsem pracovala béhem svého
postgradudlniho studia zaméteného na aplikaci hmotnostni spekrometrie v proudové trubici
s vybranymi ionty (SIFT-MS) v interdisciplinarnim vyzkumu. SIFT-MS je metoda, ktera
v redlném Case umoziiuje stanoveni stopovych koncentraci plynnych latek a par v okolni
atmosféfe a lidském dechu.

Disertace je rozdélena do nékolika &asti. Uvodni dvé kapitoly struén& shrnuji historii
hmotnostni spektrometrie a vymezuji kvantitativni metody PTR-MS a SIFT-MS. Tteti cast
prace se detailn€ vénuje historii vzniku SIFT-MS pocinaje principy techniky proudové trubice
(SIFT), ktera byla pouzivana ke studiu reakei iontd s molekulami v plynné fazi a ktera rovnéz
tvoti zéklad metody SIFT-MS. V nasledujici kapitole jsou shrnuty zaklady iontové chemie tii
prekurzord H3O*, NO™ a 02", které jsou pouzivany k ionizaci neutralnich molekul vzorku
v hmotnostnim spektrometru Profile 3 SIFT-MS. Ctvrtd kapitola je zamé&fena na t&kavé
organické latky a jejich riznorody pivod: bakteridlni, rostlinny a metabolity lidského dechu,
jez mohou byt analyzovany v redlném ¢ase pomoci SIFT-MS.

Kapitola “Vysledky a Diskuse” je rozdélena do nékolika podkapitol, které jsou
koncipovany jako komentafe jiz publikovanych vysledki v impaktovanych ¢asopisech. Prvni
podkapitola se detailné vénuje iontové chemii, vypoctu rychlostnich konstant reakci
prekurzorovych iontd H3O", NO" a O2" s neutralnimi molekulami vzorku - fytogennimi estery
a sedmi izomery hexanolu. Dalsi dvé sekce se jiz veénuji aplikaci SIFT-MS v oblasti klinické
diagnostiky. Jedna se predevsim o hledani vhodnych biomarkeri onemocnéni cystické fibrozy
a zanétlivych stievnich onemocnéni. Studiem populac¢ni dynamiky tfi bakteridlnich druht
prostiednictvim monitorovani t€kavych latek, které tyto bakterie uvoliiuji do svého okoli se
zabyva dalsi podkapitola. SIFT-MS metoda byla rovnéz pouzita v problematice rostlinné
fyziologie. Latky, které rostliny uvoliuji do svého okoli pfirozené nebo v procesu
fytovolatilizace byly sledovdny v redlném case. Poslednim tématem celé prace je studium
plynnych povybuchovych rezidui vysoce energetického materidlu FOX-7.



Abstract

This thesis describes research that has been carried out during the years 2009-2013 as a part
of my PhD project related to the method of selected ion flow tube mass spectrometry (SIFT-
MS) and its application in interdisciplinary areas of research. SIFT-MS is a method that
allows accurate quantification of trace gases and vapours presented in humid air with the
focus on human breath; without any sample preparation and in real time.

The thesis is divided into several parts. The first part reviews the history of mass spectrometry
as a background for the quantitative analytical methods as PTR-MS and  SIFT-MS. The
second part discusses the detailed history of development of SIFT-MS, starting from
principles of selected ion flow tube (SIFT) technique that has been used for study of ion-
molecule reactions in the gas phase and forms the basis of SIFT-MS. The next part discusses
volatile organic compounds of different biological origin: bacterial, plant and human breath
metabolites that can be analyzed in real time using SIFT-MS.

The main part “Results and Discussion” is divided into several subsections that serve as
commentaries to the enclosed research papers published in peer reviewed journals. The first is
a detailed step by step overview of the kinetics of ion molecule reactions which is the basis of
SIFT-MS including the determination of rate constants and product branching ratio for several
ion-molecule reactions of H3O", NO™ and O™ precursor ions with six phytogenic esters and
seven isomers of hexanol. Other two sections concern the application of SIFT-MS in the
discovery of biomarkers for clinical diagnostic of inflammatory bowel disease and infections
complicating cystic fibrosis. Next section covers a study of population dynamics of three
different bacterial species based on their volatile signatures. The theme of plant physiology
and the volatiles that are released by plants in the process of phytovolatilization is discussed
in the following section. The final section discusses an application of SIFT-MS in the field of
security research for the study of decomposition of a highly energetic explosive FOX-7.



1. Uvod

Okamzité stanoveni stopovych plynt pfitomnych ve smési vzduchu, vydechovaného
lidského dechu ¢i headspace biologickych vzorkii predstavuje naro¢ny ukol, ktery dosud
nebyl plné vyfeSen [1]. V mnoha védnich oborech [2] jakymi jsou potravinaistvi, Zivotni
prostiedi, bezpecnost a ochrana zdravi a v neposledni fad¢ 1€kafstvi roste zdjem o okamzitou
kvantifikaci téchto latek v realném case. Analyza t€kavych organickych (VOCs) [3] v lidském
dechu pfedstavuje moznost neinvazivni diagnostiky onemocnéni. Pfedpoklada se, Ze nékteré
latky mohou slouzit jako tzv. biomarkery nebo indokatory riznych nemoci.

Metody bézné uzivané v analyze VOCs a anorganickych plynid jsou zalozeny
predevS§im na principech hmotnostni spektrometrie a rlznych forem spektroskopie.
Spektroskopické techniky (jako napt. opticka spektroskopie) nejsou vhodné pro velké
molekuly, které jsou pfitomny v koncentracich objemovych miliardtin (ppbv). Odbér vzorkt
plynu se tradi¢né provadi pomoci sackt, kovovych kanistri nebo se latky sorbuji na pevné
sorbenty [4, 5]. K zakoncentrovani vzorka se v poslednich letech vyuziva metod extrakce na
tuhou (SPME) a termalni desorpce (TD), které predchazeji vlastni analyze pomoci plynové
chromatografie s hmotnostni detekci (GC/MS).

2. Cile prace
Cil, ktery jsem si vyty¢€ila na pocatku svého postgradualniho studia byl:

“ Vyvinout nova reakéni schémata a metodologii, jeZ by umoznily pouziti metody
hmotnostni  spektrometrie =~ v proudové  trubici s vybranymi ionty  (SIFT-MS)
v interdisciplinarnim vyzkumu vcetné oblasti Zivotniho prostfedi, mikrobiologie, detekce
vybusnin a analyzy dechu pro klinickou diagnostiku a monitorovani terapie.”

Veétim, ze jsem ve své praci dosahla vytyCeného cile a béhem experimentalni prace ziskala mnoho
zajimavych a originalnich vysledkt.

3. Material a metodika

Hmotnostni spektrometrie v proudové trubici s vybranymi ionty, SIFT-MS. Vznik
SIFT-MS je spojen s technikou rychlé proudové trubice, SIFT, ktera v 70. letech slouZzila ke
studiu kinetiky reakci iontl s molekulami v plynné fazi. Na zékladé rozsahlé databaze dat,
ktera vzesla z vyzkumu provadéného pomoci SIFT techniky, vyvinuli v roce 1995 D. Smith a
P. Spanél metodu SIFT-MS, ktera umoZiiuje stanoveni stopovych plynti v koncentracich ppbv
v okolnim vzduchu a pfedevSsim pak v lidském dechu. SIFT-MS je zalozena na principu
chemické ionizace pomoci vybranych iontd, tzv. prekurzorl, které reaguji s neutralnimi
molekulami vzorku. Volba této “mékké ionizacni techniky minimalizuje vznik fragmentii a
tim zjednodusuje vysledné hmotnostni spektrum [6].

Na obrazku 1 je zndzornéno schéma a princip pfistroje Profile 3, ktery byl pouzit ve
vSech experimentech diskutovanych v této disertaci. Kladné nabité ionty jsou vytvareny
v mikrovinném vyboji ze smési vody a vzduchu [7] o celkovém tlaku 0,3 mbar. Z této smési
je pomoci hmotnostniho filtru vybran ion s uréitym pomérem m/z. Jeden z vybranych iontu,
H30", NO* or O2", je nasledné vstiiknut do proudu nosného plynu helia pomoci otvoru Oz a
veden podél proudové trubice (o priméru 1 cm a délce 5 cm). Vzorek plynu je do proudové
trubice zaveden pomoci kalibrované kapilary kontinualnim pritokem 20-30 mL/min pfi
standardnim atmosferickém tlaku a teploté. Kapilara a dalsi spojky vyrobené z materialu
PEEK (polyether ether ketone) jsou vyhiivany na teplotu 80 °C, aby se zamezilo kondenzaci
vodni pary a pamétovému efektu. Prekurzor reaguje se vzorkem plynu béhem piesné
definovaného reakéniho €asu (0,6 ms), ktery je dan rychlosti pratoku nosného plynu a
délkou reakéni zény v proudové trubici. Reakcemi prekurzorovych iontli a neutralnich




molekul vzorku v nosném plynu vznikaji charakteristické iontové produkty. Tyto iontové
produkty jsou analyzovany pomoci kvadrupdlového hmotnostniho spektrometru a pocitany
elektronovym nasobicem. Takto ziskané iontové signaly jsou dale pouzity k vypoctu
koncentraci t¢kavych latek v realném case.
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Obrazek 1 Schéma Profile 3 SIFT-MS pfistroje znazoriujici mikrovinny iontovy zdroj, hmotnostni filtr a
kvadrupdlovy hmotnostni spektrometr. Tfi kovové disky umoziuji méfit iontovy proud pomoci otvori O;, O,
and O3, skrz které ionty proudi z iontového zdroje do hmotnostniho filtru. Vybrané ionty vstupuji do proudové
trubice a skrz Os jsou analyzovany kvadrupélovym hmotnostnim spektrometrem. Piima analyza dechu a
vzorkovani ze sacku je rovnéz znazornéno [8.]

Absolutni kvantifikace. Absolutni kvantifikace stopovych plynti v redlném case vychazi z
reak¢ni kinetiky prvniho fadu. Absolutni koncentrace je vypocitand ze znamych rychlostnich
konstant, pomérti iontovych signalu prekurzorii a vyslednych iontovych produktd a z reakéni
doby. Jen pro upfesnéni, technika SIFT byla pouzivana predevS§im k urovani neznamé
rychlostni konstanty k urcité¢ reakce. Kdyz byla k dané reakce urcena, mohla byt posléze
pouzita k vypoctu koncentrace analytu pomoci SIFT-MS.

Pro ilustraci je uvedena reakce H3O™: za pfedpokladu reakce pouze jedné latky, M;
reakce probiha pifenosem protonu za vzniku jednoho iontového produktu MH™.

H;O0"+M — MH" + H20 (1)

Reakce probiha béhem piesné definovaného Casu # (typicky 0,6 ms) s rychlostni konstantou
k. MH" je tedy jediny produkt a pokud je [H3O*] >> [MH'], pak mtze byt reakce vyjadiena
nasledujici kinetickou rovnici (hranaté zavorky [ ] pfedstavuji iontovy signal):

[MH"] = KIMILH;0" o
Vyjadteni [M] z rovnice:
_ 1 [MH7]
M t, k[H,0"] 3)



Iontovy signal je pifimo umérny koncentraci iontd. Meéfeni poméru signali iontovych
produkti a prekurzoru MH/H3O" pomoci hmotnostniho spektrometru tedy umoziuje
absolutni kvantifikaci M.

vvvvvv

koncentrace [M] pouzita obecna rovnice:

[ ]zl fpllp,/Dep1 +fp21p2/Dep2+...
tr J[illilkl +J[i21i2 [(kl +k2)/2]/Dei2 +...

“4)

kde Ipi, Ip2 etc. jsou signdly iontovych produktl, iz, Ii2 etc. jsou signaly prekurzoru (napf.
H30%, H30"(H20), ki jsou rychlostni konstanty reakci mezi prekurzorem a neutralni
molekulou [M]. Depi, Dep2, Deiz etc. jsou difuzni koeficienty iontovych produktti a iontl
prekurzoru.

Pokud reaguje vétsi mnozstvi [M] (typicky vice nez 10 ppmv), mize dochazet ke
vzniku sekundarnich reakci iontovych produkti. V takovém piipadé je mnohem piesnéjsi
rozs§itit rovnici (4) a pouzit logaritmickou formu:

(Hk Fod i I Dy + f ol 3/ Dy + .. J
Uik, + fol [k + k) 12)/ D,y

Absolutni koncentrace [M] v proudové trubici mize byt prevedena na relativni
koncentraci molekuly ve vzorku plynu, pm/po, na zdklad¢ porovnani kontinudlniho fedéni
vzorku (pratok, @.) v nosném plynu (prutok, @c):

[M]= kLln (5)

1%r

p_M [M]pOT_g®c+@a

Dy nyp, I, o,

(6)

Zde, no = 2.687 x 10" cm? je fyzikalni konstanta: Loschmidtovo &islo, coz je referenéni
hodnota koncentrace za standardniho atmosferického tlaku, po = 760 Torr a teploty
To=273.15K [10]. Pomér parcialnich tlakdi pam/po je poté vyjadien v jednotkach ppbv
vynasobenych 10°.

4. Vysledky a diskuse

4.1 Urceni rychlostni konstanty a % pomérua iontovych produkti. V této sekci jsou
uvedeny detaily experimentalnich studii, které se tykaji iontové chemie skupiny Sesti esterti a
sedmi izomernich forem hexanolu. Krok za krokem je zde popséna cela metodika studia
iontové chemie téchto latek pocinaje ziskanim hmotnostniho spektra a identifikaci primarnich
iontovych produktli ion-molekularnich reakci a nakonec ur¢enim rychlostni konstanty dané
reakce. V praci je zahrnut prevazné ten materidl, ktery nebyl diskutovan v c¢lancich
publikovanych v impaktovanych ¢asopisech, které jsou piilozeny formou apendixti A[11] a
B[12]. Tato kapitola tedy spiSe dopliiuje jiz publikované vysledky.

Pro piehled jsem zvolila jeden piiklad, a to reakci hexylacetatu s H3O". Pfenosem
protonu a vznika protonovana molekula, MH*. Caste¢na fragmentace nascentniho MH'vede
ke vzniku C2Hs02" (m/z 61) iontu a CeHis" (m/z 85) iontu (vysledné spektrum je znazornéno
na obrazku 2):



H30" + CsH1602 — CsHi1602H" + H20 m/z 145 77% (7)

— C2Hs502"+ Ce¢Hiz2 + H20 m/z 61 16% (8)

— CeHiz" + C2H402 + H20 m/z 85 7% (9)

107 A B R R R R IR R AR RN I
106 a)lg precursor ions product ions H,O* Hexyl acetate ,;
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10° MW=144 3
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Obrizek 2 SIFT-MS spektrum hexylacetatu po reakei s HsO". Sipky indikuji vzniklé primarni produkty reakce.
Na ose y signal iontl ¢/s na ose X pomér hmoty ku naboji m/z.

Format kinetické knihovny, kterou SIFT-MS software pouziva pro stanoveni
koncentrace v realném case je nasledujici (Tabulka 1): za jménem latky a pouzitého
prekurzoru v zavorce je pocet prekurzord, na dalsi fadce je jejich m/z nasledovano rychlostni
konstantou v jednotkdch cm’s™! pro jejich reakci se stopovym plynem (v tomto piipadé
hexylacetatem) a faktor, fi, jak je naznaceno v rovnici (4). Tyto faktory jsou jednoduse
pouzity k vynasobeni ziskanych iontovych signalti iontu o daném m/z. Obecné jsou pouzivany
hodnoty faktort fi 1,0. Nicméné, v ptipadé kdy dochazi naptiklad k prekryviim s jinymi ionty
pfitomnymi ve vzorku, lze pouzit hodnoty jiné nez 1,0 a optimalizovat vypocet, ktery vylouci
ptispévek jinych iontl (viz apendix A).

Tabulka 1 SIFT-MS kineticka knihovna ve formatu, ktery pouziva software pro on-line vypocet koncentrace
tfech vybranych estertl.

latka(ion) Hexylacetat (Hs0") Benzylacetate (H;0*) Methylbenzoate (H;0%)
Pocet prekurzorl 4 precursors 4 precursors 4 precursors
193.2e-91.0 193.4e-91.0 193.3e-91.0
m/z k f; 372.4e91.0 372.5e-91.0 37 2.5e-91.0
552.1e-91.0 552.2e-91.0 552.2e-91.0
731.9e-91.0 732.0e-91.0 732.0e-91.0
Pocet produktd 5 products 3 products 3 products
611.0 911.38 137 1.236
m/z k f, 791.0 151-0.86 155 1.088
85 1.066 169 -0.86 153-0.16
145 1.088
163 1.088

4.2 Zanétliva stifevni onemocnéni. Zanétliva stfevni onemocnéni (IBD) zahrnuji skupinu
chronickych poruch traviciho traktu, které¢ zptisobuji poskozeni a zanéty ve stievech a rektu.
Primarné se jedné o ulcerativni kolitidu (UC) a Crohnovu nemoc (CD). Pfi¢ina vzniku
téchto chorob nebyla doposud objasnéna, ale vSe nasvédcuje tomu, ze jde o autoimunitni
onemocnéni. IBD postihuje predev§im vékovou skupinu 15 — 30 let. Odhadovany vyskyt v
ceské populaci je kolem 0,3 %, ale pfesna epidemiologicka data nejsou dostupnd. Soucasna
1é¢ba IBD (farmakologicka nebo chirurgickd) pouze zmirfiuje symptomy, jako je bolest
bficha, ztrata hmotnosti a krvavy prijem, avSak zatim neexistuje zadna lécebna terapie.
Diagnostika IBD spociva v endoskopie, CT a MRI.



Analyza dechu pomoci SIFT-MS ptedstavuje moznost neinvazivni diagnostiky nebo
monitorovani nasazené 1écebné terapie této choroby. Jednim z faktorl, jez zpiisobuje zanét
jsou volné radikaly. Tyto molekuly reaguji s polynenasycenymi mastnymi kyselinami
fosfolipidli, tedy hlavnimi slozkami bunécnych membran, coz ma za nasledek peroxidaci
lipidt.. Pfi tomto procesu dochazi ke vzniku jednoduchych uhlovodiku jakymi jsou pentan
ethan [13, 14][15]. Schéma tohoto procesu je presentovano v publikaci (apendix C), které
bylo ptevzato z prace Spitteler et al [16].

Cilem této studie bylo vyvinout metodu kvantifikace pentanu, jakozto biomarkeru
IBD, v lidském dechu v readlném case. Metoda byla nasledné testovana v pilotni studii, kdy
byl analyzovan dech skupiny pacientt, ktefi trpi CD a UC. Miij podil na tomto vyzkumu
spocCival ve studiu iontové chemie pentanu a rovnéZz jsem se UcCastnila klinické studie
V nemocnici.
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Obrazek 3 Box-and-whisker graf koncentrace pentanu v lidském dechu v ppbv pro skupinu zdravych, pacientt
s CD a pacienti s UC.

4.3 Cysticka fibréza. Cysticka fibroza (CF) je dédicné, geneticky podminéné
onemocnéni. Navzdory vSem pokrokiim dnes$ni mediciny je toto onemocnéni nevylécitelné.
CF postihuje predevsim dychaci a travici systém. Plice zdravych jedinctli jsou pokryty tenkou
vrstvou hlenu (mucusu), ktery usnadiiuje stahovani dychacich cest a umoznuje odkaslavani. U
pacient s CF dochazi k nadprodukci tohoto hlenu a tim dochazi ke stizeni dychani. DalSim
nasledkem abnormalni tvorby hlenu je nebezpec¢i vzniku bakterialni infekce, jelikoz plice se
tak stavaji bohatou zivnou ptidou pro bakterie [17, 18]. [17, 18]. Pro zdravé jedince nejsou
tyto bakterie nebezpecné, avsak u nemocnych CF tyto bakterie pfetrvavaji a zpusobuji tak
chronické respiracni infekce. Opakovanymi infekcemi dochézi k poskozeni plic, které poté
selhavaji.

Plice nemocnych CF jsou ¢asto kolonizovany bakterii Pseudomonas aeruginosa (PA)
Analyza dechu nabizi moznost neinvazivni diagnostiky PA infekce. Analyzou VOCs
uvolnovanych z PA lze objevit t€kavé biomarkery PA infekce plic [20]. Pomoci SIFT-MS byl
jiz detegovan HCN z in vitro kultur PA a byl rovnéZ nalezen v dechu pacientt s CF [20, 21].
V pilotnim experimentu, ktery byl feSen v laboratofi pod vedenim Patrika Spanéla ve
spolupraci s mikrobiology ze Statniho zdravotniho tustavu, byl metodou SPME-GC/MS
identifikovan methylthiokyanat v PA kulturach (Apendix D). Mym ukolem v tomto vyzkumu
bylo opét studium iontové chemie methylthokyanatu, tedy popis kinetiky reakci s prekurzory
H30", NO" and O2™ a vyvinout metodu, ktera by umoznila kvantifikovat tuto latku pomoci
SIFT-MS v realném case.

Iontova chemie methylthiokyanatu je pomérné jednoducha (Obrazek 4): H3O" reaguje
s touto latkou jen pfenosem protonu a vznika produkt o m/z 74 CH3SCNH*. Tato protonovana
molekula asociuje s molekulou H20 a dochazi k tvorbé klastrti o m/z 92, 110, 128.
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Figure 4 SIFT-MS spektra methylthiokyanatu. Headspace kapalného vzorku bylo vneseno do proudové trubice
pomoci kapilary. Na ose y iontovy signal v ¢/s, na ose x hmota ku naboji, m/z. V téchto dvou spektrech jsou
zndzornény hlavni produkty reakce CH3SCN s H30" a NO™. Protonovana molekula a jeji vodni klastry na H;O*
spektru a adukt na NO™ spektru.

Rychlostni konstanta vzniku protonovaného iontového produktu CH3SCNH' je
4,6x10%cm’s™! a byla vypocitina pomoci teorie parametrizované trajektorie [23] a ze
znamych hodnot polarizovatelnosti a dipodlového momentu CH3SCN (a=7,62 x 1072* ¢cm® a
m=3,56 D).

4.4 Populacni dynamika bakteridlnich kultur. Ackoliv bakterie nedisponuji zadnymi
smyslovymi organy, presto bylo pozorovano, ze jsou schopny rozpoznat, co se kolem nich

- déje. V literatute se hovoii o jejich schopnosti
komunikovat pomoci chemickych signali. Ke
studiu této schopnosti byl vybran modelovy
systém bakterialnich kolonii Serratia rubidaea (R,
cervené, hladké), Serratia marcescens (F,
fontankovité kolonie) a Escherichia coli (Ec), které
byly kultivovany v tekutych zivnych mediich.
VOC:s, které tyto bakterie uvoliuji do svého okoli
béhem svého rastu byly monitorovany v case.
Tyto tfi organismy, pokud jsou umistény do
jednoho spole¢ného media, tvorl velmi zajimavy ekosystém, ve kterém dochazi k boji o
prostor a Zziviny. Zbusob, kterym spolu tyto organismy interaguji lze ptfirovnat ke znamé
détské hie “kamen-nuzky-papir®. Konecny vysledek takové interakce (populacni dynamiky) je
mozné zjistit pouze po spocitdni prezivSich kolonii. V tomto projektu byly populace bakterii
sledovany v realném case, a to pomoci t€kavych latek, které uvoliuji. Cilem této studie bylo
identifikovat tyto t€kavé latky a sledovat jejich vyvoj v Case. Na zaklad¢ vysledkl pak
odhadovat pomér jednotlivych bakterii ve smési.
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Bylo ptipraveno Sest riznych vzorkl bakt. kultur: monokultury R, Ec, F, a binarni systémy
REc, FEc, RF. SIFT-MS skenoval hmoty vrozmezi 10 — 100 m/z, chemickad ionizace
probihala postupné se vS§emi prekurzory. Jeden sken trval 120 s. Headspace kazdého vzorku
byla analyzovana po dobu 24 hodin, typicky bylo ziskdno 273 hmotnostnich spekter
(apendix E). Ziskana data byla vyhodnocena pomoci analyzy hlavnich komponent (PCA).
Bylo identifikovano a kvantifikovano 8 latek v headspace bakterii (amoniak, aceton, acetoin,
acetaldehyd, kyselina octova, etanol a propanol).

Principal Components PCA2 serratia_April2013.csv
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Figure 5 PCA analyza tfi bakteriilnich druhti a jejich binarnich smési. Cervené Sipky znézortiuji smér, ve kterém
roste koncentrace proménnych: amoniak, aceton, acetoin, acetaldehyd, kyselina octova, etanol a propanol.
Kolonie F a binarni smés FEc jsou lokalizované zhruba veprostfed digramu, coz znamena, ze v jejich ptipadé
jsou koncentrace latek primérné. Pro populaci Ec je charakteristickd vysoka koncentrace propanolu a kyseliny
octové, u R dominuje acetoin, acetaldehyd a ethanol. RF lezi ve sméru, ktery je blizky monokultufe R. Binarni
systém REc (redukce v koncentraci propanolu) je charakterizovan acetonem a amoniakem.

SIFT-MS metoda byla Gspé$né pouzita pro nedestruktivni a kvantitativni sledovani
dynamiky bakterialni populace v realném case. DalSi motivaci pro tento pilotni vyzkum byla
moznost vyuziti téchto poznatkli pro monitorovani a diagnostiku vyskytu a vyvoje bakterialni
infekce. SIFT-MS muize byt potencialn¢ vyuzita ke sledovani rizikovych skupin pacientt,
odhalit tak infekci v samém pocatku a nasadit vhodnou 1écbu.

4.5 Fytovolatilizace selenu. Cilem studie bylo vyvinout metodu pro stanoveni t€kavé formy
selenu (Se) vredlném case. Te€kavé formy Se vznikaji procesem fytovolatilizace G€inkem
zelenych rostlin (Obrazek 6). Nekteré rostliny jsou schopny akumulovat vysoké davky
anorganického selenu v pid¢, jedna se o tzv. hyperakumulatory [24]. V pudé ¢i vodé je selen
pievazné ve formé anorganickych soli selenanti (SeO4%) ¢i selenicitant (SeO3*). Tyto ionty
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jsou vstiebavany pomoci sirnych pfenasecii a enzymul a jsou transformovany do t¢kavych
forem jakymi jsou dimethylselenid, (CH3)2Se nebo dimethyldiselenid, (CH3)2Se2 [25].

Volatilization
Transpiration
H,Se
Se(CHjs),
Se;(CHs)2

Accumulation

Inorganic

form of Se

Organic
form of Se

Figure 6 Na schématu je znazornén prijem Se, jeho transport, akumulace v kofenech a stoncich a jeho
transpirace v podob¢ tékavé formy.

Reakci (CH3)2Se s H3O" vznika protonovany iontovy produkt o m/z 107-109-111-113,
hmoty pifedstavuji izotopické slozeni selenu: 7°Se (9,02 %), 78Se (23,52 %), ¥Se (49,82 %) a
82Se (9,19 %). Pro identifikaci n&jaké z t€kavych forem selenu ve smési je isotopické slozeni
velice uzitecné, usnadiuje identifikaci takové latky.
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Obrazek 7 SIFT-MS spektrum standardni kapalné smési dimethylselenidu (Sigma Aldrich), vzorkovano bylo
headspace smési. Sipky oznacuji ionty prekurzoru a vysledny iontovy produkt.

V dalsim kroku byly péstovany rostlinky kukufice (Zea mays) v mediu obohaceném
Se solemi (20 uM). Vznik (CHs)2Se byl monitorovan pomoci SIFT-MS. Absolutni
koncentrace DMSe (CH3)2Se byla vypocitana z kinetickych dat v knihovné (Tabulka 2)
z iontovych signalt m/z 107 a 109 vynasobenych f koeficientem 3,0 (pfispevek ostatnich
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izotopt 1/(0.0902 + 0.2352)), tak aby bylo zamezeno ptekryviim etanolu na hmotach m/z 83 -
111.

Tabulka 2 Optimalizovana kineticka knihovna ve formatu, ktery pouziva SIFT-MS software.

DMSe (H50%) DMSe 107,1090nly (Hs0%) DMSe (NO*) DMSe (0,*)
4 precursors 4 precursors 3 precursors 1 precursor
192.6e-91.0 192.6e-91.0 302.0e-91.0 322.3e-91.0
372.0e-91.0 372.0e-91.0 48 1.8e-9 1.0 3 products
551.8e-91.0 551.8e-91.0 66 1.7e-9 1.0 106 1.075

73 1.6e-91.0 73 1.6e-91.0 2 products 108 1.307

3 products 2 products 108 1.307 1102.0

107 1.075 107 3.0 1102.0

109 1.307 109 3.0

111 2.0

4.6 Vybusniny. Ve spolupraci s Explosii a.s v Pardubicich a Ustavem fyzikalni chemie J.
Heyrovského byl feSen vyzkumny projekt“TANDEM”. Projekt byl financovan Ministerstvem
obchodu a primyslu. Cilem bylo studium vysoce energetickych materiali, jejich dekompozi¢nich
produkt a predevsim pak prototypu, ktery by byl schopen detekovat vybusSniny.

V prvni etapé vyzkumu byly zkoumany spalné produkty vybus$nin kombinaci dvou
technik, spektroskopie laserem indukovaného plazmatu (LIBS) a SIFT-MS. Kombinace
téchto dvou metod umoznila studium a charakterizaci produkti exploze s pouzitim
mikroskopickych mnozstvi vzorkti. Nebylo tedy nutné iniciovat vzorky o hmotnosti az
nekolika gramll i vice. Na obrdzku 8 je zndzornéno schéma vzniku stabilnich produktii
identifikovanych SIFT-MS a radikalti identifikovanych pomoci UV-Vis spektroskopie po
inicializaci laserovym pulzem (Obrazek 8).
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Obrazek 8 A reaction cheme for the decomposition of FOX-7 and the formation of the final stable products.
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5. Shrnuti

Tato disertace shrnuje vysledky dosazené béhem mého PhD studia. Metodou SIFT-MS byla
zkoumana fundamentalni iontova chemie, ktera je zakladem této metody. Byly vytvoreny
nové analytické metodologie, které umoznily pouziti SIFT-MS nejen v analyze dechu ale i
v jinych oblastech vyzkumu vcetné mikrobiologie, fyziologie rostlin ¢i vybusnin. Pfi studiu
popula¢ni dynamiky bakteridlnich kultur jsem meéla moznost seznamit se s pokrocilejSimi
metodami statistické analyzy.

Zde je strucné popsano nekolik konkrétnich vysledkit mé prace:

1. Kineticka data pro reakce ionti H3O", NO" a O2" se skupinou esterti a izomeri hexanolu.
Vysledky pro téméi 40 reakci, véetné rychlostnich konstant a kinetickych knihoven pro
vypocet absolutnich koncentraci v redlném case byly publikovany v impaktovanych
casopisech (apendix A a B). Postup, ktery popisuje jednu z moznosti optimalizace kinetické
knihovny, tak aby se ptedeSlo prekryvim mezi isobarnimi latkami byl publikovan viz.
apendix A.

2. Nova metoda pro selektivni méfeni té€kavych forem selenu (dimethylselenid,
dimethyldiselenid, selenovodik a methyl selenol) uvoliiovanych v procesu fytovolatilizace
zelenymi rostlinami (viz apendix F).

3. Studium iontové chemie pentanu a methylthiokyanatu — biomarkert idiopatickych
sttevnich onemocnéni a cystické fibrozy, jez by mohly umoznit diagnostiku téchto chorob z
lidského dechu (apendix C a D).

4. Sudium t€kavych metabolitil tfech bakteridlnich kultur a jejich vyuziti pro nedestruktivni a
neinvasivni studium populacni dynamiky téchto mikroorganismi. Vysledky jsou shrnuty v
apendixu E.

5. Navrzeni reakéniho schématu dekompozice vysoce energetického materialu FOX-7 na
zaklad€ SIFT-MS analyzy jeho zplodin (apendix G).
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1. Introduction

Immediate measurement of the concentrations of trace amounts of various gases and

vapours of volatile organic compounds, VOCs, presented in the matrix of humid air,
exemplified by the ambient atmosphere, air containing VOC emissions from biological
samples and exhaled human breath, represents a challenge that still has not been fully
addressed [1]. The fields of science [2] where interest in such measurements is greatest
include food science, environmental monitoring, occupational health and safety and last, but
not least, medicine. The medical interest in analysis of VOCs [3] and other gaseous analytes is
largely centred on non-invasive breath analysis. The hypothesis is that some of these
compounds can serve as biomarkers or indicators of various diseases.
The methods widely used for the analysis of trace VOCs and inorganic gases are chiefly based
on principles of mass spectrometry and different forms of spectroscopy. Spectroscopic
techniques (such as optical spectroscopy) are not currently suitable for larger molecules that
are presented at concentrations in parts-per-billion by volume (ppbv) in air. Analysis of the
kind outlined above is traditionally carried out by sampling the gases into bags, metal
canisters or by collecting VOCs on solid adsorbents [4, 5]. For sample preconcentration the
methods of solid phase micro extraction (SPME) and thermal desorption (TD) are often used
in preparation for analyses using gas chromatography mass spectrometry (GC-MS).

2. Aims of the study
The aim of my PhD project as formulated at the onset of my postgraduate study was:

“To develop new reaction schemes and methodology for the use of Selected Ion Flow
Tube Mass Spectrometry (SIFT-MS) in interdisciplinary areas of research, including
environmental science, microbiology, explosive detection and breath analysis for clinical
diagnostics and therapeutic monitoring.”

This dissertation shows that I have achieved this aim and obtained some interesting and original
results during the experimental work directed towards this goal.

3. Material and methods

Selected ion flow tube mass spectrometry, SIFT-MS. The SIFT technique formed a basis of
a new method for accurate quantification of trace gases using the knowledge of kinetics of
ion-molecule reactions. Thus, in 1995 D. Smith and P. Spanédl developed the SIFT-MS
method for the analysis of trace gases at ppbv concentrations in atmospheric air, with the
focus on the detection and quantification of trace gases in human breath. The SIFT-MS
method is based on chemical ionization, in which the ionization of neutral molecules is
achieved by “soft ionization* using a selected species of precursor ions. This approach
minimizes fragmentation of product ions of reactions and thus simplifies the analytical mass
spectrum [6].

A schematic diagram of the Profile 3 instrument that was used for all studies discussed in this
dissertation is given in Figure 1. Positive ions are created in a microwave glow discharge ion
source from a mixture of water vapour and air [7] maintained at total pressure of 0.3 mbar.
From the mixture of ion species extracted through the orifice O1 a current of ions of a given
mass-to-charge ratio, m/z, is selected using a quadrupole mass filter. Note that this filter can
be scanned and the current measured at the electrode surrounding the injection orifice Oz can
be used to plot a crude spectrum of the reagent ions, a so called injection scan. A current of
selected precursor ions, H3O", NO" or O2", is then injected into a fast-flowing helium carrier
gas via the orifice Oz and convected along the flow tube (diameter of 1 cm and 5 cm long). A
continuous flow of the gas sample (typically 20 to 30 mL/min at standard atmospheric
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pressure and temperature) can be introduced into the flow tube via a calibrated capillary. The
capillary and the connecting tubes (all made from polyether ether ketone, PEEK) are all
heated to about 80°C to prevent memory effect. The precursor ions react with sample gases
during a defined reaction time (0.6 ms) which is determined by the carrier gas flow rate and
the reaction length. The reactions of the precursor ions with trace gases in the sample diluted
in the carrier gas form the product ions that are characteristic of each trace gas compound.
The product ions are analysed using the detection (analytical) quadrupole mass spectrometer
and are counted by a channeltron multiplier/pulse counting system. The count rates thus
obtained are used in calculation of the concentrations of volatile compounds.

ambient air
heated calibrated or headspace sample
direct breath v-—‘:‘L/ capillary

~.

e sag”;gts mass spectrometer
. ['_ }
P e e
=———0p R
- “ i !
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Figure 1 Schematic diagram of the Profile 3 SIFT-MS instrument showing the microwave discharge ion source,
injection mass filter and the detection quadrupole mass spectrometer and the three metal discs to which ion
current can be measured and which support the orifices O;, O, and O3 through which, respectively, ions pass
from the ion source into the injection mass filter, mass selected ions enter the flow tube and via which ions are
sampled into the analytical quadrupole mass spectrometer. Both direct breath sampling into the instrument and
sampling from bag samples are illustrated [8].

Absolute quantification. The theoretical background of absolute trace gas quantification in
real time is based on first order kinetics. The absolute concentrations are calculated from the
known rate constants, count rates of precursor ions and product ions and the known reaction
time. Note that the main original use of SIFT was to determine an unknown k for a specific
reaction. Once k& has been measured for the reaction of a particular analyte gas, this rate
constant can then be used in the quantification of that gas using SIFT-MS.

The H30" reaction can be used as an illustrative example: when only one compound, M,
reacts through proton transfer with precursor ion producing one MH" product ion.

H30"+M — MH* + H20 (1)

the reaction proceeds during a well-defined reaction time #- (being typically 0.6 ms) with the
rate constant k. MH™ is assumed to be the only product ion and if [H30"] >> [MH"], then the
kinetics can be approximated by the following simple equation (note the [ ] brackets represent
count rate):
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[MH']= k[M][H,0" It, ()
From this, [M] can be expressed as:

1 [MH"]
t k[H,0"]

I

[M] = 3)
The measured ion signals are proportional to the ion concentrations and then the measurement
of the MH*/H30" signal ratio analysed by the mass spectrometer allow the absolute
quantification of M.

However, if the reaction scheme is more complicated and involves ion clusters [9, 10] the
general equation is used to calculate the concentration of the trace gas molecule [M]:

[M]:i Sod i ! Doy + [ 2l )3 I D,y + ..
t, fadak + i1, [(k1 +k2)/2]/Dei2 +

ep2

“4)

where Ip1, Ip2 etc. are product ion signals (count rates are corrected for the detector dead time
and for mass discrimination in the downstream quadrupole mass spectrometer [10]), iz, [z etc.
are precursor ions signals (e.g. H3O", H3O*(H20), again corrected for mass discrimination and
dead time), k1> are rate constants of ion-molecular reactions between precursor ions and
neutral molecule [M]. Depi, Dep2, Deiz etc. are differential diffusion coefficients of ion products
and precursor ions.

If a sufficiently large concentration of [M] is present (typically more than 10 ppmv),
secondary reactions of the product ions may occur. In this case it is more accurate to expand
equation (4) to a logarithmic form:

(Hk Fod ! Doy + fr2d 2 I D,y + .. J
1

Sk + folo[Ok + k) 12]/ Dy .

The absolute concentration of [M] in the flow tube can be converted to the relative

concentration of the molecule in the gas sample, pm/po, from the direct consideration of
continuous flow dilution of the sampled air (flow rate, ®a) in to the carrier gas (flow rate, @c):

(M=o )

1%r

p_M [M]pOT_g¢c+¢a

(6
Py nyp, I, o, )

Here, no = 2.687 x 10" cm? is physical constant: Loschmidt’s number, which is a reference
value of concentration at standard atmospheric pressure, po = 760 Torr and temperature
To = 273.15 K [10]. The ratio of the partial pressures pa/po is then expressed in the units of
ppbv by multiplying by 10°.

4. Results and discussion

4.1 Determination of rate constants and product ion branching ratios. In this section, the
details of studies carried out during the PhD project concerning the ion chemistry of a group
of esters and a group of hexanol isomers is discussed. The ion chemistry of these compounds
and a provide step by step overview of the whole experimental process starting from observed
mass spectra and leading to determination of the rate constants is described. Predominantly,
the material that was not discussed in the research articles published in impacted peer
reviewed journals, as included in the Appendices A[11] and B[12], is discussed in thesis. This
chapter complements and extends the published work rather than just summarising it.
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Here I give one example of the reaction of hexyl acetate with H3;O". The reaction proceeds via
the formation of a protonated molecule, MH". Partial fragmentation of the nascent MH" leads
to the formation of C2HsO2" (m/z 61) and CsHi3™ (m/z 85):

H30" + CsHi602 — CsHi602H"+ H20 m/z 145 77% (7)
— C2Hs502"+ CeHiz2 + H20 m/z 61 16% (8)
— CeHi3" + C2H402 + H20 m/z 85 7% (9)

107 TT 1T ‘ TTTT T TTTT ‘ TT T TTTTTT ‘ TT T TTTT 1T TT T TTTTTT ‘ TT T TTTT 1T ‘ TTTTT T 11T ‘ TTTTT T TTT ‘ TTTTT T TTTT ‘
106 a)lg precursor ions product ions H,O*  Hexyl acetate
NN
10° MW=144
cls 145 ™ 163

104
103
102
101

[y |
Vo vvwwl vl el el g

[EnY
o]

20 40 60 80 m/z 100 120 140 160 180

Figure 2 SIFT-MS spectra obtained as the headspace above hexyl acetate was sampled. The arrows indicate the
ions resulting from the reactions of the H;O™.

The format of each kinetics library entry is as follows (Table 1): After the name of the
compound and the symbol of the injected ion, the number of precursor ions is given. Then, on
separate lines, their m/z values are given followed by the rate constants, in units of cm®s™!, for
their reactions with the indicated trace gas (in this example, hexyl acetate) and the factors, f;,
as indicated in equation (4). The f; are simply used to multiply the acquired raw count rate of
the ion with its m/z given at the beginning of the row. Normally, fi values of 1.0 are used.
However, such a simple calculation would not provide valid results in the cases when
additional ion chemistry occurs (e.g. the removal of the product ions by reactions with H20
molecules in reverse proton transfer or switching reactions) or when product ions overlap with
other ions present. Values other than 1.0 can thus be used to account for the influence of
humidity or for optimized calculations that do not sum all product ions (see Appendix A).

Table 1 SIFT-MS kinetics library in the format required by the SIFT-MS software for on-line calculations of the
concentrations of the three selected esters, optimised for minimum cross sensitivity.

compound(ion) Hexylacetate (H;0*) Benzylacetate (H30*) Methylbenzoate (H30%)
number of precursors 4 precursors 4 precursors 4 precursors
193.2e-91.0 19 3.4e-91.0 193.3e-91.0
m/z k f; 372.4e-91.0 372.5e-91.0 37 2.5e-91.0
552.1e-91.0 552.2e-91.0 552.2e-91.0
731.9e-91.0 73 2.0e-91.0 73 2.0e-91.0
number of products 5 products 3 products 3 products
61 1.0 911.38 137 1.236
m/z k f, 791.0 151 -0.86 155 1.088
85 1.066 169 -0.86 153-0.16
145 1.088
163 1.088

4.2 Inflammatory bowel disease. Inflammatory bowel disease (IBD) is a term covering a
group of chronic disorders of the gastrointestinal tract that cause extensive damage and
inflammation of the intestines and rectum. The primary forms of IBD are ulcerative colitis
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(UC) and Crohn’s disease (CD). The actual cause of IBD has not yet been elucidated, but
everything indicates that it is an autoimmune disease. IBD primarily affect the age group 15 - 30.
The estimated prevalence in Czech population is about 0.3 %, but accurate epidemiological data are
not available. Current treatment of IBD (pharmacological or surgical) can only ameliorate the
symptoms such as abdominal pain, weight loss and bloody diarrhoea, but there is no curative
therapy available to date. Diagnosis of IBD is based on the presence of architectural distorsion
by endoscopy and CT and MRI.
Breath analysis carried out by SIFT-MS has the potential to noninvasively diagnose or even
monitor the therapy of these diseases. One of the factors that cause the inflammation is free
radicals (reactive oxygen species). These molecules react with the polyunsaturated fatty acids
in phospholipids, the main components of cell membranes, which leads to the lipid
peroxidation. In this process, pentane and other alkanes [13, 14] are formed as by-products
[15]. The scheme of the radical chemistry is presented in the manuscript given as Appendix C,
which was adopted from Spitteler et al. [16].
The aim of the study carried out in Prague and reported here was to develop a method for
real-time quantification of pentane in human breath by SIFT-MS as a potential biomarker of
IBD. Having achieved this, the method was tested by a pilot study of the analysis of the
exhaled breath of a cohort of patients suffering from both CD and UC. My specific
contribution to this collaborative study was to study ion chemistry of pentane in support of
SIFT-MS analyses and I have also participated in the clinical study carried out in the
hospital.
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Figure 3 Box-and-whisker plots for the breath pentane concentrations in parts-per-billion by volume, ppbv, for
the three cohorts — healthy, patients with CD and patients with UC.

4.3 Cystic fibrosis. Cystic fibrosis, CF, is an inherited genetic disease that is incurable despite
the advances of medicine. CF affect most severely the respiratory and digestive system. The
lungs of healthy individuals are covered with a thin layer of mucus, which facilitates airways
stretching and allows expectoration. In patients suffering from cystic fibrosis, excessive
production of mucus occurs and breathing becomes increasingly harder. The second
consequence of abnormal mucus production is a risk of bacterial infection, because the lungs
become a rich nutrient medium for bacteria [17, 18]. These bacteria, normally harmless for
healthy people, cannot be removed fast enough and cause chronic respiratory infections.
Repeated infections cause lung damage, which then fail. The lungs of CF patients are often
colonized by by Pseudomonas aeruginosa (PA) [19], which is the major cause of morbidity
and mortality together with Burkholderia cepacia.

Breath analysis could potentially be a useful non-invasive diagnostics tool of PA infection and
analyses of VOCs emitted from PA cultures are becoming an important part of the search for
volatile breath markers of PA lung infection [20]. This approach offers a way since the
detection by SIFT-MS of HCN emission from cultures of PA in vitro [21, 22]. The pilot
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experiment carried out in Spanél’s research group in collaboration with the microbiologists
from the National Institute of Public Health using SPME-GC/MS has clearly indicated a
presence of methyl thiocyanate in PA cultures (Appendix D). Thus, my specific contribution
to this collaborative study were the experimental determinations of kinetics of reactions of
H307, NO" and O2" with methyl thiocyanate (MW73) and formulation of a method which
allows its real time quantification using SIFT-MS.

The primary ion chemistry of methyl thiocyanate is relatively simple (see Figure 4):
H30" reacts with this compound only by proton transfer reaction resulting in a primary
product ion at m/z 74 CH3SCNH". This protonated molecule associates and forms hydrates at
m/z 92, 110, 128.
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Figure 4 SIFT-MS spectra obtained while the headspace weak aqua solution of methyl thiocyanate was
introduced into the flow tube. Ion signal intensities are given in counts per second, ¢/s, plotted against the mass-
to-charge ratio, m/z. In these two spectra are shown the major product ions of CH3SCN with H;O" and NO™.
Protonated molecule and its hydrates at H;O" spectrum and an adduct at NO™ spectrum.

The collisional rate constant for the formation of the protonated product CH3SCNH' is
4.6x10cm’s™! according to the calculation using the parameterized trajectory theory [23] and
the known polarisability and dipole moment of CH3SCN (2=7.62 x 1072* cm® and m=3.56 D,
respectively).
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4.4 Population dynamics.Although bacteria do not have any sensory organs, they somehow
can perceive what is happening around them and it is possible that they are able to
communicate using chemical signals. As a model
system to investigate such communication [ have
studied VOCs released by bacterial colonies in
selected clones of Serratia rubidaea (R, red and
smooth), Serratia marcescens (F, fountain shape
collonies) and Escherichia coli (Ec) grown on nutrient
rich media. These three organisms form an interesting
ecosystem of competing species and their concurrent
growth may result in the “survival of the fittest”
scenario. In a ternary system like this the interaction
can be seen as an analogue of the well known game “rock-paper-scissor. Whilst the ultimate
result of the population dynamics can be observed by counting of surviving colony forming
units, it would be much more instructive to follow them in the real time using volatile
signatures of the individual clones. It was the objective of this study to identify such chemical.
Six different cultures were prepared: monocultures of R, Ec, F, and binary systems of REc, FEc, RF.
The SIFT-MS instrument was set in the full scan mode with the scan duration of 120 s in the mass
spectral range 10 — 100 m/z and all three precursor ions were cycled. Using this experimental protocol
the time evolution of the headspace composition above each sample was monitored and analysed. One
experiment took 24 hours and typically 273 mass spectra were obtained for each precursor ion in each
case (for more detail see the published paper in Appendix E). The data were evaluated using the
statistical method of principal component analysis (PCA). Several compounds (ammonia, acetone,
acetoin, acetaldehyde, acetic acid, ethanol and propanol) were identified and quantified in the
bacterial headspace.

Principal Components PCA2 serratia_April2013.csv
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Figure 5 PCA analysis of 3 different bacterial species and their binary mixtures. The red arrows indicate the
directions of increasing concentrations of variables: acetone, ammonia, acetoin, acetaldehyde, ethanol, propanol
and acetic acids. The F colony and FEc binary mixture are located near the middle of the arrows. This means that
these two colonies have rather average values of variables concentration in contrast to the other samples. The
population of Ec is characterized by a higher concentration of acetic acid and propanol, R colony is dominated
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by acetoin, acetaldehyde and ethanol. RF goes in the direction which is close to the R colony. The binary system
of REc (with the significant reduction of propanol level) is then characterized by acetone and ammonia.

SIFT-MS analyses have been successfully used for non-destructive and quantitative monitoring of the
population dynamics of bacterial cultures in real time. Another motivation for this research was that
the identification of bacteria based on the composition of VOCs released by their metabolism can be
used also to diagnose and monitor the occurrence and progression of bacterial infections. The theme of
bacterial fingerprinting is currently at the forefront of research interest in mass spectrometry; however,
most of the approaches require isolation and cultivation of bacteria before the ionisation, which is
usually destructive. SIFT-MS can potentially be used to screen groups of patients at risk for early
signs of infection and to choose optimal therapy for its eradication. Thus, such methodology would be
not only applied to the research in the field of population dynamics in fundamental ecology and
biodiversity, but also in medicine.

4.5 Phytovolatilization of selenium. The aim of this study was to develop a method for the real
time quantification of volatile forms of selenium (Se) which are formed during the process of
phytovolatilization (Figure 6). Some plant species are known to be Se accumulators; they are growing
on seleniferous soils and are thus tolerant to high concentrations of Se; on the other hand most plants
are Se non-accumulators [24]. The main forms of Se in soils or water are inorganic water soluble
selenate (SeO4>) or selenite (SeOs>) ions. The ions are assimilated using sulphur transporters and
enzymes and transformed into volatile forms, including dimethylselenide, (CHs).Se, and

dimethyldiselenide, (CH3),Se» [25].
Volatilization
Transpiration

H,Se
Se(CH3)2
Sez(CH3)z

Accumulation

Inorganic
form of Se

Organic
form of Se

Figure 6 The scheme of selenium (Se) uptake, transport, accumulation in the root and to the shoots and
transpiration of volatile forms.

The ion-molecule reaction of (CH3)2Se with H3O" produced protonated product ions at m/z
107-109-111-113, these several observed masses being due to the isotopic composition of Se:
76Se (9.02 %), "8Se (23.52 %), 3°Se (49.82 %) and *Se (9.19 %). Note that the isotopic
composition is very useful when a complex mixture is analysed, it helps to distinguish
overlaps in the spectra.
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Figure 7 The SIFT-MS spectrum obtained as the headspace above dimethyl selenide solution is sampled. The
arrows indicate the ions resulting from the reactions of the H3O" precursor ions.

In the present study, the maize plant (Zea mays) cultivated with an enhanced supply of Se
nutrients was used. (CH3)2Se was quantified in real time using the MIM mode of SIFT-MS
analysis. The kinetics library entries (Table 2) used for quantification were constructed to
calculate the absolute concentration of DMSe (CH3)2Se from the ion signals at m/z 107 and
109 multiplied by a coefficient of 3 (corresponding approximately to the contribution of
isotopologues 1/(0.0902 + 0.2352)) to avoid contribution of the overlapping signal of ethanol
at m/z 83.

Table 2 Optimized kinetic library entries in the format used in SIFT-MS software

DMSe (H50%) DMSe 107,1090nly (Hs0%) DMSe (NO*) DMSe (0,*)
4 precursors 4 precursors 3 precursors 1 precursor
192.6e-91.0 192.6e-91.0 302.0e-91.0 322.3e91.0
372.0e-91.0 372.0e-91.0 48 1.8e-9 1.0 3 products
551.8e-91.0 551.8e-91.0 66 1.7e-9 1.0 106 1.075
731.6e-91.0 73 1.6e-91.0 2 products 108 1.307

3 products 2 products 108 1.307 1102.0

107 1.075 107 3.0 1102.0

109 1.307 109 3.0

111 2.0

4.6 Explosives. In cooperation between Explosia a.s in Pardubice (Czech Republic) and the
Heyrovsky Institute, a research project codename “TANDEM” has been carried out in this field. This
project was funded by the Czech Ministry of Trade and Industry. The aim of this research project was
to study highly explosives materials and their decomposition products and finally to develop a
detection apparatus.

The initial research combined two powerful techniques of Laser Induced Breakdown
Spectroscopy, LIBS and Selected Ion Flow tube Mass Spectrometry, SIFT-MS . The
combination of these two methods allowed the study and characterization of the products of
explosions using microscopic scale laboratory experiments without the need to initiate
macroscopic explosions of test charges weighing several grams or more (see Figure 8).
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Figure 8 A reaction cheme for the decomposition of FOX-7 and the formation of the final stable products.

5. Conclusions

This thesis summarises my research in a variety of subjects related to SIFT-MS from
fundamental ion chemistry, via development of analytical methods to their use in
interdisciplinary areas of research including microbiology, plant physiology, explosives and
medical diagnostics. In the population dynamics study I have also touched upon advanced
statistical analyses of data obtained using SIFT-MS.

There are several outcomes of my work:

6. I have obtained kinetic data for ion-molecule reaction of group of esters and hexanol
isomers. The rate constants and product ion branching ratio were published in peer reviewed
journals for almost 40 reactions (Appendices A and B). The methodology for optimization of
kinetics library entries avoiding cross sensitivity was formulated and in detail described in
Appendix A.

7. A new method for selective monitoring of volatile selenium forms such as
dimethylselenide, dimethyldiselenide, hydrogen selenide and methyl selenol was described
(Appendix F).

8. The ion chemistry of pentane and methyl thiocyanate relevant for the real time monitoring
of these two biomarkers of inflammatory bowel disease and cystic fibrosis in human breath
was investigated (Appendices C and D).

9. Results of a pilot study of population dynamics of three different bacterial species that has
been carried out non-destructively and quantitatively in real time (Appendix E).

10. A reaction scheme for the decomposition of FOX-7 has been proposed on the basis of
SIFT-MS analyses of fumes (Appendix G).

These results will hopefully be useful for other researchers working in the individual areas of
science where SIFT-MS analyses of volatile compounds help in understanding of biological
or chemical processes.
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