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APZIMEJUMU SARAKSTS

A — anjons;

ACN — acetonitrils;

AESH — augsti efektiva $kidrumu
hromatografija;

AF — apgriezta faze;

BIRD — disociacija, izraisita ar absoluti
melna kermena radiaciju, blackbody
infrared radiative dissociation;

BulmPS -  3-(1-butil-N-imidazolio)-
propan-1-sulfonats;

CJS — cviterjonu tipa jonu kidrumi;

DMF — N,N-dimetilformamids;

DSC — diferenciala sken&josa kalorimetrija,
differential scanning calorimetry;

ElJ+ — elektroizsmidzinasanas jonizacija,
pozitivo jonu skengjums;

ElJ- — elektroizsmidzinasanas jonizacija,
negativo jonu sken&jums;

GH — MS — gazu hromatografija — masspe
ktrometrija;

HILIC — hidrofilo mijiedarbibu $kidrumu
hromatografija;
HImPS - 3-(1-heksil-N-imidazolio)-

propan-1-sulfonats;

HinPS - 3-(N-hinolinio)-propan-1-
sulfonats;

IRMPD - disociacija, izraisita ar
infrasarkano starojumu, infrared

multiphoton dissociation;

IS — infrasarkana spektroskopija,

ITC — izotermiska titréSanas kalorimetrija,
isothermal titration calorimetry;

Kat — katjons;

KMR - kodolu magnétiska rezonanse;
LOQ — kvantificéSanas robezvértiba;

5-MC — 5-metilcitozins;

[M+H]" — protonéta molekula;

[M-H] — deprotonéta molekula;

MelImBC -  4-(1-metil-N-imidazolio)-
butan-1-karboksilats;

MelmEC — 2-(1-metil-N-imidazolio)-etan-
1-karboksilats;

MelmPC -  3-(1-metil-N-imidazolio)-
propan-1-karboksilats

MelmPS -  3-(1-metil-N-imidazolio)-
propan-1-sulfonats;

MeOH — metanols;

MRM — multireakciju  monitorings,
multiple reaction monitoring;

MS — masspektrometrija;

MS? — tandemmasspektrometrija;

MS? — trTs stadiju masspektrometrija;
OImPS — 3-(1-oktil-N-imidazolio)-propan-
1-sulfonats;

PIA — plismas injekciju analize, flow
injection analysis;

PyPS — 3-(N-piridinio)-propan-1-sulfonats;
RSN - relativa standartnovirze;

SE — sadursmju energija;

SID — sadursmju inducéta disociacija,



SIR — selektivais jonu sken&jums, selected TiaPS — 3-(N-tiazolio)-propan-1-sulfonats;
ion recording; VID - virsmas inducéta disociacija;

TFA — trifluoretikskabe;

THF — tetrahidrofurans;



IEVADS

Cviterjonu tipa jonu $kidrumi (CJS) ir organiskie savienojumi, kuri satur gan pozitivu,
gan negativu ladinu viena molekula. Parasti to struktira ietilpst kvaternizéta slapekla
heterocikla fragments, piem&ram, imidazolija, piridinija u.c., ka ar1 sulfonata, vai karboksilata
grupa, kas atdalita no heterocikla ar oglekla atomu virkni. Misdienas CJS galvenais
pielietojuma virziens saistits ar elektroniku, kur tos izmanto ka matricas (Li jonu baterijas
piedevas), kuras var migrét tikai pievienotie joni [1, 2]. Pateicoties iepriekS min€tam Tpasibam,
CJS var aizvietot tradicionalos elektrolitus. Lidzsingjie pétijumi paradija, ka CJS var kimiski
piesaistit sorbenta virsmai un ieglito modifikaciju izmantot par nekustigo fazi Skidrumu
hromatografija [3]. Zinams ari CJS pielietojums tehniskas celulozes un dazadu poliméru
Skidinasanai [4].

Neskatoties uz to, ka CJS ir negaistosi savienojumi ar augstam kusanas temperatiiram
un zemu tvaika spiedienu, misdienu masspektrometrijas metodes lauj raksturot So
savienojumu 1pasibas gan Skidumos, gan ar1 gazes faze, kas nebija iesp&jams agrak [5]. EIJ Saja
konteksta ir ipasa nozime, jo $T metode sp&j parnest jonus no nepartraukti pliistosa Skiduma uz
gazes fazi ,,maigos” apstaklos. Turklat E1J kombinacija ar SID [6] lauj pétit virkni CJS gazes
fazes kimisko ipasibu, ka ladina virzita $kelSanas, pargrupéSanas un ar ladinu nesaistitie
procesi.

Literattra sniegta informacija rada, ka alkilimidazolija funkcionalie atvasinajumi,
kuros funkcionala grupa atrodas alkilkédé (esteri, sulfidi, sulfoksidi un sulfoni) veido virkni
metastabilu jonu MS? un MS? apstaklos [7, 8]. So jonu veido3anas, galvenokart, ir saistita ar
imidazolija cikla paplasinaSanas procesiem, radikalu virzito SkelSanos un mazu molekulu
atSkelSanos. Turklat, noveéroti neparasti H/D apmainas procesi, kuru mehanismi paslaik ir
neskaidri [8]. Lidz ar to, ir nepiecieSsams izpétit cik liela méra CJS funkcionalas grupas
(sulfonata, karboksilata) ietekmé protongto un deprotongto CJS molekulu fragmentaciju.
Aktuals ir jautajums ar1 par heterocikla un oglekla atomu skaita starp heterociklu un
funkcionalo grupu ietekmi uz fragmentacijas procesiem. Sadu sakaribu noskaidrosana dos
iesp&ju visparinat fragmentu veidosanas mehanismus ari cit0s savienojumaos, kas satur lidzigus
struktiiras elementus. Ipasi svarigi tas ir kimikiem, kuri strada ar jaunu savienojumu sintézi vai
izdaliSanu no dabas objektiem. Ka pieméru $aja darba pétito objektu un dabas vielu struktiiras
lidzibai var min&t nesen izdalitus biologiski aktivos bromopirola — imidazola alkaloidus, dazi

no kuriem satur imidazolija un sulfonata grupas [9].



Ka jau minéts ieprieks, EIJ metode dod iesp&ju pétit procesus, kuri notiek Skiduma.
Neskatoties uz to, ka mikropilienu desolvacijas gaita var veidoties nekovalenti saistitie
nespecifiskie agregati, ir zinams, ka kompleksi, kas veidojas skiduma, art tiek parnesti uz gazes
fazi [10]. Literatira aprakstito kompleksu pieméri ietver sevi biologisko makromolekulu
kompleksus ar vairakiem ligandiem [11], ka arT mazmolekularo vielu kompleksus [12, 13, 14].

Nesen Latvijas Universitates Kimijas fakultates hromatografijas un masspektrometrijas
laboratorija novérots, ka dazadi imidazolija un citu heterociklu saturosie CJS EIJ gaita spgj
veidot nekovalenti saistitas struktiiras ar dazadiem aminogrupu saturo$iem savienojumiem,
pieméram, 5-metilcitozinu, kas ir DNS metilé$anas produkts [15, 16]. Sadu kompleksu
veidoSanai var biit praktiska nozime 5-metilcitozina un citu mazmolekularo savienojumu
noteik$ana. Tas ir saistits ar to, ka, veicot mazmolekulara analita noteikSanu sarezgitos
biologiskas izcelsmes paraugos, noteikSanas robezu var krietni samazinat, palielinot analizes
selektivitati. To var izdarit dazadi, bet visbiezak lietota pieeja ir analita derivatizacija ar mérki
noverst traucgjoso vielu signalus. Derivatizacijas rezultata mainas ne tikai analita molmasa, bet
ar gaistamiba, termiska stabilitate, virsmas aktivitate, jonizacijas 1pasSibas, ka ar1 uzlabojas
fragmentu raSanas sp&ja [17]. Tomer kovalentai derivatizacijai piemit ari dazi trikumi:
palielinats analizes laiks, zemi derivatizacijas reakcijas iznakumi, ka arT nepiecieSama stingra
reakcijas apstaklu kontrole un papildus operacijas pirms analizes (piem&ram, derivatizacijas
reagenta parakuma izoléSana, $kidinataja maina utt.). Nekovalenti saistito struktiiru veidoSanas
starp dazadiem CJS un 5-metilcitozinu var novérst $os trikumus, jo komplekss veidojas uzreiz
péc CJS sajaukianas ar $kidumu, kas satur 5-metilcitozinu, un nekadas papildus operacijas nav
vajadzigas. Tadu metodi varétu lietot AESH — MS varianta, pievienojot CJS efluentam. Pastav
ar1 perspektiva izstradat atru ekspresmetodi, kurai hromatografiska kolonna nav vajadziga.

Galvenais jautajums, kas ir saistits ar $adu kompleksu lietoSanu kimiskaja analizg, ir to
stabilitate EIJ apstaklos. Tap&c Saja darba ir izpétita dazadu faktoru ietekme uz minéto

kompleksu stabilitati gan skiduma, gan gazes faze.

Darba merki:

1. Noskaidrot CJS struktiiras ietekmi uz monomolekulariem procesiem, kuri notiek
sadursmju inducétas disociacijas gaita.

2. Izpetit CJS kompleksu veidosanas spgju ar mazmolekulariem savienojumiem, kuri
satur aminogrupu, un izvertét iesp&jas $adu kompleksu izmantos$anai biologiskas

izcelsmes paraugu AESH — MS analizz.



Darba uzdevumi:

1. lzstradat preparativas metodes CJS ar mainigu oglekla atomu skaitu starp
heterocikla slapekli un funkcionalo grupu (sulfonata vai karboksilata) iegisanai un
attiriSanai;

2. Sintezét 3-(1,2-dimetil-3N-imidazolio)-propan-1-sulfonata atvasinajumus, kuri
satur deiterija atomus propan-1-sulfonata k&des 1.un 3. stavokli;

3. Atrast optimalus masspektrometra darbibas parametrus (kapilara, konusa un
ekstraktora spriegums, jonu avota un desolvacijas temperatiira, desolvacijas un
konusa gazes plusma) iegiito savienojumu fragmentacijas pétiSanai EIJ — SID
apstaklos;

4. lzpétit min€to savienojumu fragmentaciju SID apstaklos (pozitivo un negativo jonu
skengjuma) un izdarit secinajumus par CJS struktiiras ietekmi uz fragmentacijas
procesiem;

5. Mainot vairakus faktorus (CJS struktiru un funkcionalas grupas, amina struktiiru,
$kidinataja sastavu, CJS koncentraciju) noveértet CJS un 5-metilcitozina kompleksu
stabilitati;

6. Noteikt asociacijas konstantes 5-metilcitozina kompleksiem ar 3-(1-alkil-3N-
imidazolio)-propan-1-sulfonatiem acetonitrila un metanola, izmantojot EIJ — MS.
Parbaudit alkilkeédes ietekmi uz asociacijas konstanti abos Skidinatajos;

7. Noteikt pussabruksanas energijas vértibas 3-(1-alkil-3N-imidazolio)-propan-1-
sulfonata kompleksiem ar 5-metilcitozinu gazes faze. Salidzinat alkilkédes ietekmi

8. lzmantojot kvantu mehanikas aprékinus, atrast varbiitigako CJS un 5-metilcitozina
kompleksa struktiru gazes fazé un noskaidrot parametrus, kas nosaka kompleksa
stabilitati. Izmantojot atrastos datus, noveértét $adu kompleksu izmantoSanas
perspektivas 5-metilcitozina noteikSanai ar plismas injekciju metodi un

masspektrometrisko detekt€Sanu.

Darba zinatniska novitate

Izpétitas cviterjonu tipa jonu skidrumu (CJS) kimiskas Tpasibas gazes fazg, kas ieklauj
protonéto un deprotonéto molekulu parvertibas sadursmju inducétas disociacijas gaita.

Izstradatas metodes 3-(1,2-dimetil-3N-imidazolio)-propan-1-sulfonata iezim&Sanai ar deiterija
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atomiem un lielaka dala fragmentacijas marSrutu pamatota, izmantojot deiteréto analogu
fragmentaciju. Izpétita metiléngrupu skaita un funkcionalas grupas ietekme uz fragmentaciju.

Paradits, ka CJS $kidra fazé spgj veidot kompleksus ar amino — un amidingrupas
saturo§iem savienojumiem. CJS kompleksiem ar 5-metilcitozinu eksperimentali noteiktas
asociacijas konstanSu un pussabruk$anas energijas vértibas, ka ari izveértéti faktori, kas nosaka
doto kompleksu stabilitati Skiduma un gazes fazeé. Izmantojot kvantu aprékinus, noverteta

varbiitigaka kompleksa strukturas veidoSanas gazes faze.

Darba praktiska nozime

Paradits, ka kompleksu veido$anas starp CJS un 5-metilcitozinu iesp&ams izmantot
DNS metilé$anas [imena noteik$anai ziditaju organismos. Sim noliikam izstradata atra plasmas
injekciju metode, kuras gaita S-metilcitozins tiek saistits kompleksa ar CJS, kuru nosaka,
izmantojot EIJ. Sada veida ir iesp&jams viegli mainit noteikanas selektivitati, atkariba no
pievienota CJS un parauga tiribas pakapes. Dotas metodes prieksrocibas, salidzindjuma ar
zinamam 5-metilcitozina noteikSanas metod@m ir 1ss analizes laiks (> 50 analizu stunda) un ar
literatliras datiem salidzinama vai labaka jutiba. Izstradata metode dod iesp&ju, neizmantot
augsti efektivo Skidrumu hromatografiju un tandémmasspektrometriju. Ir pamats prognozgt, ka

aprakstito metodi var paplaSinat arT uz citiem biologiski aktiviem amidiniem un guanidiniem.

Promocijas darba aprobacija
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1. LITERATURAS APSKATS
1.1. Elektroizsmidzinasanas jonizacijas pamatprincipi

Kops EIJ atklasanas [18] un tas talakas attistibas [19], metode ir ieguvusi plasu
popularitati tadas zinatnes sferas, ka proteomika un biokimija [20], zalu razoSana [21], katalize
[22], polimé&ru kimija [23] un daudzas citas. Sadas plasas izmantoganas iemesli ir ,,maigais”
desolvacijas process, daudzladinu struktiiru veidoSanas makromolekulu gadijuma, iesp&jas
izmantot polarus organiskos $kidinatajus un nativus apstaklus, saderiba ar paraugu atdaliSanas
metodeém un augsta jutiba pareizi izvéletajos apstaklos.

EIJ metodes biitiba paradita attela 1.1.

desolvacijas gize ieejas konuss ekstrakcijas konuss 4 4o apols
V4

konusa gaze

1.1. att. ElektroizsmidzinaSanas jonizacijas avots [24]

Skiduma pliisma no hromatografijas iekartas, vai no masspektrometra ievadiSanas
sist€mas, virzas caur tievU kapilaru (¢ 0,1 mm), kuram pieslégts apméram 4 kV spriegums. Péc
parauga Skiduma izpludes no kapilara, tas parveérSas par aerosolu, kas sastav no ladétiem
pilieniem ar augstu ladina blivumu. Tuvojoties ieejas konusam, Sie pilieni pakapeniski
samazinas, jo visu laiku notiek $kidinataja iztvaikoSana. Pie kritiska pilienu izm@ra pienak
bridis, kad spraiguma spéks ir mazaks par Kulona atgriSanas spéku — tas izraisa piliena

sabruk3anu par vairakiem mazakiem pilieniem [24]. Skidinataji ar lielu spraiguma spéku un/vai
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augstu viskozitati stipri trauc€ mazu pilienu veidoSanai, tapec, idens nav piemérots skidinatajs
AESH — MS eksperimentiem [25]. Pilienu samazinasanas atkartojas, lidz veidojas
mikropilieni, kuri satur tikai vienu ladétu parauga dalinu, kas zaud€ palikusas Skidinataja
molekulas un pati pariet gazes faze (ir zinami arf citi jonizacijas modeli). Péc tam ekstrakcijas
konuss savac jonus un novirza tos uz masu analizatoru. Fragmentacija $aja gadijuma ir nieciga,
JO jonu iek$€ja energija ir maza.

Savienojumu klasts, kurus var analizét EIJ apstaklos, ir diezgan liels [26]. Tie var bat
organiski savienojumi, kuri jau ir jonizeti $kiduma, neitrali vai polarie savienojumi, kuri var
but protonéti/deprotonéti noteikta pH, ka ar nepolarie savienojumi, kurus var oksidét vai
reducét. EIJ process ir diezgan jutigs pret jonu konkurences un apspie$anas efektiem [27].
Minétie efekti ievérojami samazina instrumenta jutibu, tapéc sarezgitu maisijumu analizém

nepiecieSama papildus attiriSana. To panak ar Skidrumu ekstrakciju, cietfazes ekstrakciju,

centrifugéSanu, ekskliizijas hromatografiju u. c.

1.2. Analita uzladésanas EIJ procesa

Viens no nozimigakajiem jautdjumiem, kas saistits ar ElJ, ir sakariba starp analita
uzbiivi un jonizacijas sp&ju. Jau sen ir zinams, ka dazadu analitu signala intensitate ir atSkiriga,
pat ja to koncentracijas $kiduma ir vienadas [28]. Pieméram, 1.2. att. redzamais cézija bromida
un dodeciltrimetilamonija bromida ekvimolara skiduma masspektrs, rada ievérojamu signalu

starpibu, neskatoties uz abu analitu koncentraciju vienadibu.
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1.2. att. Cezija bromida un dodeciltrimetilamonija bromida ekvimolara $kiduma

masspektrs, iegiits E1J reZima [29]
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Iesp&jams, ka to nosaka stipri atSkiriga analitu virsmas aktivitate, kas liecina par analita
struktiiras tieSu ietekmi uz ta noteikSanas jutibu. Zemak apskatiti vairaki faktori, kas var

ietekmét analita jonizacijas efektivitati E1J apstaklos.

1.2.1. Parauga jonizacija ladinu atdaliSanas procesa

EIJ process sastav no trim galvenam stadijam, kuras redzamas 1.3. att.

Metaliska plaksnite
ES| pilieni 100V

7B ﬂ'gfﬂ
®

AN
@D ®eacofy o
\ @ Reducésana

Teilora konuss

Masas analizators

ESI EI_(Tdums.._

Oksidétana Parpalikuma virsmas lading

Skidinatajs un neitralizétie joni |
L]
-+ Spriegums =
2-5kV

1.3 att. ElektroizsmidzinaSanas procesa shema

Pirmaja stadija veidojas pilieni ar pozitiva vai negativa ladina parpalikumu. Otraja —
notiek $o pilienu desolvacija un mazaka diametra pilienu veidoSanos. Beidzot, tresaja stadija,
saskana ar jonu iztvaikoSanas modeli [30], kas ir piemérots mazmolekulariem analitiem, joni
no Skiduma tiek parnesti gazes faz€. Analiti, kas pastav Skiduma jonu forma, var noklit uz
mikropiliena virsmas un veidot l1adina parpalikumu. Ladinu atdalisanas process, kas notiek
Teilora konusa veidosanas gaita, ir galvenais mehanisms, kas nosaka neorganisko jonu
nokltsanu uz piliena virsmas. Organisko vielu, kuru sastava ir baziskas, skabas vai ladetas
amonija, fosfonija un oksonija grupas, jonizacija un parnese uz piliena virsmu notiek atbilstosi
aprakstitajam mehanismam. Neorganiskos katjonus un pozitivi ladétus organiskos
savienojumus analiz€ pozitivo jonu sken&juma, bet neorganiskos un organiskos anjonus -

negativo jonu skengjuma.
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1.2.2. Aduktu veidoSanas

Savienojumi, kuru struktura ietilpst polaras funkcionalas grupas, var veidot aduktus ar
dazadiem joniem. Aduktu veidosanas ir jonizacijas ar ladinu atdaliSanas mehanisma palidzibu
specials gadijums. Process notiek §kiduma pirms ladinu atdaliSanas. Aduktos saglabajas 1adins,
ka rezultata analita signals kliist novérojams masspektra gan pozitivo, gan negativo jonu
skengjuma (atkariba no adukta zimes). Piem&ram, pievienojot hloroformu analiz€amam
Skidumam, var panakt aduktu veidoSanos starp daziem analitiem un hlorida joniem [31]. Tas
lauj noteikt tadus neitrali 1adetus analitus negativo jonu sken&juma, kuri nespg€j pasi veidot
anjonus deprotoné$anas rezultata.

Pievienojot Skidumam sarmu metalu salus, var panakt aduktu veidoSanos starp analitu
un natrija, amonija, litija vai kalija katjoniem [32]. Uzmaniba ir japieverS pievienota sals
koncentracijai, jo, atSkiriba no mazam sals piedevam, lielas piedevas var stipri samazinat vai
pat pilnigi izslégt analita signala veidoSanos. Tas ir saistits ar mikropilienu virsmas
parsatinasanos ar sals joniem, kas izraisa analita izspieSanu no virsmas. Jaievéro, ka sarmu
metalu katjoni praktiski vienmér atrodas $kidinataja, kas saskarusies ar stikla traukiem,
pieméram, zema kvalitates stikla pudelém. Parasti analitiskas kvalitates $kidinataji satur natrija
jonus ar koncentracijas kartu 10°® M. Rezultata aduktu veidoanas notiek ari tad, kad ta nav

vélama.

1.2.3. Jonizacija gazes faze

ElJ process notiek atmosferas spiediena. Lidz ar to jonu avota atrodas gan neitrala
skidinataja tvaiki, gan ar ta joni, kuri var veidoties EIJ gaita. Rezultata analita joni kopa ar
ladetam Skidinataja molekulam var piedalities dazadas gazes fazes reakcijas. Visbiezak
protonétas analita molekulas iesaistas protonu parneses procesos ar $kidinataja molekulam
[33]. Péc iztvaikoSanas no piliena virsmas protonétas analita molekulas var atdot protonus
molekulam ar augstaku gazes fazes baziskumu, pieméram, skidinatajam vai citam analitam.
Rezultata analits var iegiit 1adinu jonu — molekulu reakcija, vai arT to zaudét. Sadi procesi notiek
apstaklos, kad jonu parneses rezultata no skiduma uz gazes fazi mainas analitu baziskuma
pieauguma seciba. Tas ir skaidrojams tadgjadi, ka baziskums skiduma nav saistits ar baziskuma

vertibu gazes fazeé. Darba [33] paradits, ka metanola un fidens maisijuma EIJ analizes gaita

16



metanola klasteri dominé masspektros ari tad, ja metanola mola dala $kiduma ir maza (sk. 1.4.

att.).
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1.4. att. Skidinataju klasteru relativa intensitite atkariba no metanola mola dalas [33]

Attela 1.4. redzams, ka EIJ gaita notiek protona parnese no Skidinataja ar zemaku
protonu afinitati uz $kidinataju, kam ta ir augstaka, kas norada uz protonu afinitates ietekmi uz
analita jonizaciju. Veicot EIJ analizes, japieverS uzmaniba $kidinataja izvélei — $kidinataji ar

augstu protonu afinitati nav piemeroti vaji bazisku analitu noteikSanai.

1.2.4. Oksidesandas — reducésands procesi E1J gaita

ENJ procesu var aplikot ka sava veida elektrokimisku S$tinu [34]. Ladina bilances
saglabasanai nepiecieSams, lai oksidéto vai reducéto dalinu koncentracija butu vienada ar
parpalikuma ladina koncentraciju. OksidéSanas — reducéSanas procesi var parverst analitu jonu
forma, kas ir svarigi ElJ, bet dazreiz to klatbiitne stipri trauce analizei. Piem&ram, oksidéSanas
—reducésanas produkti sp€j veidot aduktus ar analitu vai konkuréet ar to par vietu piliena virsma.
Biezi var novérot tadus nevélamus efektus, ka kapilara materiala oksidéSanas. Rezultata
Skiduma pariet Fe(Il) joni, kas var veidot kompleksus ar analitiem. Gadijumos, kad
elektrokimiskie procesi trauc€ analizei, vislabakais risinajums ir nomainit kapilara materialu,

kas var krietni izmainit elektrokimiskos procesus [35].
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1.2.5. Analita virsmas aktivitates ietekme uz signala intensitati

Analita struktiira var stipri ietekmét ne tikai jonizacijas mehanismu, bet ar1 signala
intensitati masspektra. Visbiezak to nosaka savienojuma virsmas aktivitate. Jau sen zinatnieki
pamanija, ka analitiem ar lielam nepolaram grupam signals ir krietni intensivaks neka
mazmolekularam polaram vielam [36]. Lielas nepolaras grupas novietojas gaisa — skiduma
robezvirsma, nevis mikropiliena iekSpus€. Rezultata joni ar nepolarajam grupam pariet gazes
fazeé daudz vieglak. Lidzsvara — sadalijuma modelis [37] paredz, ka tikai noteikts daudzums
ladinu var veidoties uz piliena virsmas, bet piliena iekSpuse ir elektroneitrala. Katjoni un
anjoni, kuri atrodas piliena iekSien€ neitraliz€ viens otru un gala rezultata izveido salus.

Dazi mainigie, kas apraksta analita polaritati, var koreleét ar signala intensitati.
Piem&ram, paradits, ka signala intensitate var bt lineari atkariga no molekulas nepolaras dalas
virsmas laukuma [38]. V&l viens lielums, kas korel€ ar signala intensitati, ir Gibsa energijas
izmainas, saistitas ar jona parnesi no nepolara $kiduma un polaro. Analitiem ar lielaku parneses
energiju ir augstaka intensitate masspektra [38]. Interesanta korelacija ir atrasta starp vienkarso
analitu izdaliSanas laiku Skidrumu hromatografija un signala intensitati [39]. Analitam ar

lielaku izdaliSanas faktora vértibu ar detektora atsauce ir augstaka.

1.2.6. Analita pK, un Skiduma pH ietekme uz jonizacijas efektivitati E1J gaita

Gadijumos, kad veic analitu analizi, kuriem ir skabes vai bazes 1paSibas, pKa un pH
vertibas var ietekmé€t jonizacijas efektivitati. Kopuma, bazisko analitu noteikSana ir efektivaka
Skidumos ar pazeminatu pH. Analitus ar skabju ipaSibam parasti analizé Skidumos ar
paaugstinatu pH. Neskatoties uz So visparinajumu, ir zinami vairaki iznp€mumi, kas norada uz
EIJ mehanismu sarezgitibu. Pieméram, protonétu jonu veidoSanas novérota gadijumos, kad
analize veikta baziska skiduma ar pH, kas lielaks neka vielas pKa [40]. Deprotonéto jonu
veidoSanas novérota analizgjot skabus skidumus [40]. Sos ,,iznémumus” var izskaidrot $adi:
ElJ gaita mikropilienu virsma vienmér veidojas ladina parpalikums, citadi EIJ nav iespg&jama
[37]. Pozitivo jonu skeng&juma un protonu $kidinataja vide 1adina parpalikums ir protonu forma,
kurus var piesaistit pats $kidinatajs vai analita molekula. Sadu protonu daudzums ir atkarigs
tikai no Skiduma pliismas atruma un sprieguma, bet nav atkarigs no skiduma pH. Ja analita

molekula ir nonakusi mikropiliena virsma, ta ir protonéta, neatkarigi no skiduma pH, ja analita
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pKa veértiba ir augstaka, neka skidinatajam. Pret&ja gadijuma tiks novéroti tikai $kidinataja un
protona klasteru signali.

Protonu parneses procesi gazes fazé péc analita iztvaikoSanas var izraisit efektus,
lidzigus aprakstitiem ieprieks, neatkarigi no Skiduma pH. Pieméram, ja analizi veic pozitivo
jonu skengjuma baziska skiduma, kas satur amonjaku, daudzi amonija joni tiek parnesti uz
gazes fazi. Amonija jons gazes faze ir stipra skabe, kas var atdot protonu analita molekulai.

Pastav vél viens iemesls, kas nedod iesp&ju kontrolét analita jonizacijas efektivitati,
izmantojot Skiduma pH. Dazos gadijumos pozitivo jonu sken&juma pie kapilara virsmas notiek
tidens molekulu oksidéSana, kas var pazeminat mikropilienu pH Iidz 4 vienibam, salidzinajuma

ar pargjo skidumu [41].

1.2.7. Skidinatdja izvéle E1J apstaklos

Skidinataja izvéle parsvara ir atkariga no ta, kadu jonizacijas reZimu izmanto analizei.
Skidinatajs analizei EIJ+ rezima var atskirties no $kidinataja, kuru izmanto ElJ- rezima.
Neskatoties uz to, ka parsvara EIJ apstaklos izmanto Sauru $kidinataju loku, daziem
specifiskiem mérkiem, ka kompleksu pétiSana un proteinu konformaciju saglabasana, var lietot
arT visai netipiskus EIJ skidinatajus vai piedevas tiem.

Viens no galvenajiem $kidinataja raksturlielumiem ir virsmas spraigums. Skidinataji ar
augstu virsmas spraigumu samazina izsmidzinaSanas stabilitati, kas izraisa signala pulsacijas
un sliktu atkartojamibu. Izsmidzinasanas stabilitati var viegli panakt sisteémas, kur ir ap 50 %
polara organiska $kidinatdja (metanols vai acetonitrils) un 50 % tdens. Udens daudzuma
palielinaSana izraisa virsmas spraiguma palielinasanos un iegtt stabilu izsmidzinasanu klast
arvien griitak. No citas puses, iegiit stabilu izsmidzinasanu, lietojot nepolarus un vidgji polarus
Skidinatajus (heksans, hloroforms) ir tikpat griiti, jo tiem ir loti mazs virsmas spraigums, mazas
dielektriskas konstantes un augsta gaistamiba.

Skidinataja sastava ietekme uz EIJ masspektra redzamam linijam ir bitiska. Pirmkart,
Skidinataja klasteri veido kimisko fonu, kas nav v€lams vielu zZimju analizés. Tikai ideala
gadijuma Skidinatajs neveido klasterus ar elektrolita un citu piedevu joniem. Otrkart, analita
signala intensitate ir atkariga no izmantota Skidinataja. Daudzos gadijumos detektora atsauce
ir augstaka, ja organiska skidinataja saturs Skiduma ir palielinats, kas nosaka efektivaku
mikropilienu desolvaciju un stabilaku izsmidzinasanu [42]. Treskart, E1J ir svariga §kidinataja

elektrovaditspgja. Lai to nodrosinatu, Skiduma vienmér jaatrodas ladeétam dalinam. To izcelsme
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var bit ladéts analits, pievienotas elektrolita piedevas (etikskabe, amonija acetats) un/vai
elektrokimisko parvertibu produkti. Ladina nes€ju tritkuma del, izsmidzinasanas dinamika nav
sasniedzama un detektora atsauce var stipri fluktuét.

No ta izriet, ka EIJ+ rezima var lietot polara organiska $kidinataja maisijjumus ar tdeni,
organiskam skabém (skudrskabi, etikskabi) vai gaistoSiem amonija saliem (amonija formiata,
amonija acetata) piedevam. Sada gadijuma ladina parpalikuma nesgji ir $kidinataja klasteri ar
protoniem.

Skidinataja izvéle darbam ElJ- rezima ir atkariga no vairakiem apsvérumiem. Bazes
klatbatné nav iesp&ams sasniegt stabilu izsmidzinaSanu, jo neveidojas pietiekoSi stabilas
negativi ladétas dalinas, kas varétu parnest ladina parpalikumu uz analitu. STiemesla dél, jutiba
ElJ- rezima ir zemaka neka ElJ+. Lai iegttu stabilaku izsmidzinasanu EIJ- rezima, jalieto
skidinatajs, kas veido stabilus anjonus. Pieméram, ir pazistama heksafluoroizopropanola un
metanola maisijuma izmantoSana oligonukleotidu noteikSanai [43]. Piedavata ari cita
Skidinataju sist€éma, kura sastav no 10 % 2,2,2-trifluoroetanola un 90 % metanola [26]. 2,2,2-
Trifluoroetanols piedalas elektrokimiskaja reduc€Sanas procesa, kur§ notiek pie kapilara
virsmas, veidojot 2,2,2-triflouroetoksida anjonu un tidenradi. Aprakstita skidinataju sistéma
nerada augstu fona Iimeni un dod iesp&ju pazeminat noteik3anas robezu lidz 10® M taukskabju

un 107 M peptidu gadijuma.

1.3. Tandémmasspektrometrija

Tandémmasspektrometrija ir metozu kopums, kas ietver vismaz divas masu analizes
stadijas [44]. Pirmaja stadija tiek selektivi izol&ts ,,mates”jons (prekursors). Posma starp divam
stadijam biezi notiek prekursora aktivacija, palielinot ta iek$€jo energiju. Ieksgjas energijas
palielinasana izraisa virkni fragmentacijas procesu, kuru gaita notiek homolitiska vai
heterolitiska (vai abas kopa) SkelSanas. Rezultata veidojas noteikts daudzums fragmentu, jeb
,»meitas” jonu, kuri satur informaciju par prekursora uzbtivi. ,,Meitas”joni tiek analiz&ti otraja
masu analizes stadija. MS? lietosana vienas stadijas masspektrometrijas (MS) vietd sniedz
informaciju ne tikai par jonu gazes fazes kimiskajam ipaSibam, bet daudzos gadijumos palidz
pareizi un precizi noteikt vielu sarezgita biologiska matrica, jo prekursoriem ar vienadam

masam biezi atSkiras fragmentacija.
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Zinamas vairakas jonu aktivacijas metodes, ieskaitot zemas un augstas energijas SID
[45], VID [46], IRMPD [47], BIRD [48], elektronu satveres [49] un elektronu parneses izraisito

disociaciju [50]. Metozu salidzinajums ir redzams 1.5. att.
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1.5. att. Jonu aktivacijas metoZu salidzinajums [51]

atSkiras ar iedarbibas laiku, ieglito iek$gjas energijas daudzumu un ierosinasanas veidu
(elektronu pareju vai svarstibu ierosinasana). Dazadu aktivacijas metozu izmantosana sniedz
komplementaru informaciju par jonu struktiiru, bet ta ir atkariga no konkrétas iekartas. Saja
darba jonu aktivacijas eksperimenti veikti, izmantojot triju kvadrupolu tandémmaspektrometru

ar sadursmju inducétas disociacijas $tinu, kam veltita talaka diskusija.

1.3.1. Sadursmju induceta disociacija

SID metode paslaik ir viena no izplatitakajam jonu aktivacijas metodém. Ka jau norada
metodes nosaukums, jonu aktivaciju panak jona un neitralas dalinas sadursmes rezultata.
Sadursmju inducéSanai bieZzi izmanto inertas gazes — héliju, argonu un slapekli. Stiprakai

aktivacijai var izmantot ari ksenonu. Tradicionali SID iedala zemas vai augstas energijas
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variantos un starpiba starp abiem ir ap 100 eV. Zemas energijas SID var realizét gan kvadrupola
tipa instrumentos, kas izmanto jonu atdaliSanu telpa, gan art slazda tipa iekartas, kur joni maza
telpas iecirkni var atrasties neierobezotu laiku pirms analizes. Parasti SID kvadrupola
instrumentos notiek pilnigak, un energijas daudzums, ko iegiist jons, ir lielaks, neka slazda tipa
analizatora.

Neatkarigi no instrumenta veida, kur notiek SID eksperimenti, jona iek$€jas energijas

pieaugumu sadursmju rezultata var izteikt ar 1.1. vienadojumu [6, 45].

= Mg
Mj+Mg

(1.1)

Saja vienadojuma E ir iek3gja energija, My ir gazes molmasa, M ir jona molmasa un Ex
ir jona kinétiska energija. Zemas energijas SID rezima (<100 eV) jona iek$gjas energijas
pieaugums ir pietiekosi liels, lai sasniegtu svarstibu ierosinasanu, bet nesasniedz elektronu
ierosinasanai nepiecieSamo limeni. Tadé] jona ieks€ja energija tiek sadalita starp visam jona
svarstibu brivibas pakapém, kas izraisa vajako saiSu SkelSanos. Jona iek$&jas energijas
pieaugums, kuru apraksta izteiksme 1.1, nav diskréta vertiba, bet gan energijas sadalijums, kas
klast plataks ar jona kingtiskas energijas palielinasanos [45]. Sis, SID procesam raksturigas
Ipatnibas d€l, masspektra novero vairakus ,,meitas” jonus, kuri rodas parvertibas, saistitas ar
vairakam aktivacijas barjeram. Masspektri biezi vien klist komplicétaki, pieaugot jona
kingtiskai energijai.

Viens no SID metodes triikumiem ir MS? spektru vaja atkartojamiba, veicot m&rijumus
ar dazadam iekartam, jo energijas parneses sadalijums ir loti jutigs pat pret mazam izmainam
eksperimenta apstaklos. Sis iemesls nelauj apvienot ar dazadam iekartam iegiitos masspektrus
datubazes. Otrs SID triikums ir saistits ar to, ka parsvara notiek tikai vajako saiSu SkelSanas,
kas daudzos gadijumos nav informativi. Pieméram, fosfopeptidu identifikacijai ir japierada ne
tikai fosfata grupas klatbuitne, bet arT tas precizs novietojums polipeptida. Fosfata grupa ir loti
labila, tapec fosfopeptidu masspektros pat pie zemam energijam dominé Ha3PO4 un HPO3z masu
zudumu signali. Abu $o signalu klatbttne pierada, ka p&tama viela ir fosfopeptids [52], bet
informaciju par fosfata grupas atraSanas vietu nevar iegiit. Neskatoties uz Siem trikumiem, SID
metode musdienas ir vislabak pielagota ELJ un citam atmosféras spiediena jonizacijas metodém
un ir plasi lietojama dazadu analitiskas un fizikalas kimijas problému risinasanai. Metodes
izmanto$ana CJS lidzigo savienojumu fragmentacijas procesu pétisanai apliikota nakamaja

apaksnodala.
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1.4. Imidazolija atvasinajumu gazes fazes kimijas pétijumi SID apstaklos

N-Alkilimidazolija dazadu parstavju MS? spektros var ieraudzit interesantas sakaribas
starp struktiiru un fragmentaciju. Kvaternizéta heterocikla klatbiitne daudzos gadijumos izraisa
dazadus ladina virzitas SkelSanas procesus. Bet tas nav vienigais fragmentacijas mehanisms, jo
izplatiti ari dazadi pargrupéSanas un homolitiskas SkelSanas procesi. Parsvara novérota
fragmentacijas procesu stipra atkariba no oglekla atomu skaita starp heterociklu un funkcionalo

grupu.
1.4.1. Imidazoliju saturosSo spirtu fragmentdicija
Literattira var atrast dazu imidazolija funkcionalo atvasinajumu gazes fazes kimisko

parveértibu pétjjumus. SID apstaklos izpetito imidazolija gredzenu saturoSo alkanolu

fragmentacijas shéma paradita 1.6. att.

HBC\N/\N+/\Q%OH 1). CZHSO+ m/z 45
n — >  2).CH,0"59
/ — 3). CgH,,0" m/iz 101
1). n=1 C,;H,;;N,0" m/z 127

2). n=2 C,H,,N,0" m/z 141
HeC— " X\ 3). =6 C,,H,,N,O" m/z 183 \

1).2). 3). GH,N," m/z 83 |
_CH, k)

e \‘ \ / n 1). 2). 3). GH,N," m/z 95

1).2). 3). CH,N* miz 42 —
)-2)-3)- GH, 1). n=0 C;H,N," m/z 109

1).2).3). CHN" Mz 56 2) n=1C,H,,N," 123

1.6. att. N-metilimidazoliju saturoSo spirtu SID shéma [7]

Shema redzams, ka alkilkédes ietekme uz fragmentacijas procesu ir minimala, jo [1idzigi
fragmenti ir novérojami neatkarigi no metiléngrupu skaita. Fragmentacijas gaita notiek tadi
procesi, ka ladina virzita SkelSanas, sanu virknes sadaliSanas un imidazolija cikla
paplasinasanas. AtSkiribas homologu fragmentacija noveérotas tidens molekulas eliminé$anas
procesa, kas ir raksturigs vienigi zemakiem homologiem ar n=1, 2.

Veicot SID pétijumus ar dazadam sadursmju energijam, autori pamanija, ka doto

savienojumu [M+H]" relativa intensitate paliek nemainiga, sakot ar 25 eV un augstak. Nemot
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véra $0 noveérojumu, tika izvirzita hipotéze par iesp&jamo [M+H]" pargrupé$anos stabilakaja
forma. Ka paradits 1.6. att., N-metilimidazolija joni fragmentacijas gaita parverSas par N-
metilpirimidinija joniem. Darba [7] paradita apgriezti proporcionala sakariba starp N-
metilpirimidinija jonu relativo intensitati un oglekla atomu skaitu starp imidazolija gredzenu
un hidroksilgrupu.

Apskatamo savienojumu masspektros pamatlinija atbilst jonam ar m/z 83, kas veidojas
ladina virzitas $kelSanas rezultata. Udenraza atoms var migrét gan no metiléngrupas gan no
skabekla atoma. Veicot ar D iezZzim&to savienojumu analizes, autori pieradija, ka Saja procesa
tidenraza parneses varbiitiba no metiléngrupas uz imidazolija gredzenu pieaug lidz ar
metiléngrupu skaitu.

Aprakstitais process konkurg€ ar N-metilimidazolija elimingSanu, kura gaita veidojas
alkanola virknei atbilstoSie fragmenti (sk. 1.6. att.). Konstatéts, ka fragmentu signalu intensitate
samazinas, pieaugot metiléngrupu skaitam.

Pie lielakam sadursmju energijas vértibam novérota katjonradikala veido$anas ar m/z
96, kuram atbilst molekulara formula CsHgN2". Process raksturigs tikai mazakajam
homologam ar n=1. P&c autoru domam, dota dalina veidojas ‘CH20OH" radikala -SkelSanas
rezultata. Dotais katjonradikalis spg&j piedalities talakaja fragmentacija, zaud&jot H vai CHs’

[71
1.4.2. Imidazoliju saturoso karbonskabju fragmentacija

Karboksilgrupu saturosa N-metilimidazolija atvasinajuma SID procesa shéma paradita
1.7. att.

0

o
d/ Hatin, @N HLD_FHSC “N@N\/

HNG}N H Collala0y* oz 141 CHMO" miz 123

C,H 1+ m-‘z 83 heooH Ycoo
-CHy

CSHSN+ — CHN miz=81

HaC

CHN* mizg0 - 05H?N mfz—%k—“"’

1.7. att. N-metilimidazoliju saturosas karbonskabes SID shéma [7]
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Shéma redzams, ka karboksilgrupas klatblitne izraisa dazas biutiskas izmainas
fragmentacijas procesa salidzinajuma ar lidzigo spirtu fragmentaciju (sk. 1.4.1. apaks$nodalu).
Galvenais fragmentacijas virziens dotajam savienojumam saistits ar HCOOH un HCOO
atSkelSanas no [M+H]". Rezultata veidojas CsH7N2" ar m/z=95 un CsHgN2" m/z=96.

Vél viens fragmentacijas marSruts saistits ar idens molekulas eliminéSanu, kas izraisa
jona ar m/z=123 veidoSanos. Apskatitie fragmentacijas procesi konkur¢ ar citiem marSrutiem,

piem&ram, o-laktona eliminé$anu vai CHz' atSkelsanu [7].
1.4.3. Imidazoliju saturoso esteru fragmentacija

N-Metilimidazoliju saturoSiem esteriem raksturigi SID procesi apkopoti 1.8. att.

\N /@ ﬁ
1) n=1CH,,IN,0," m/z 357 !
2).n=2 C,;,HIN,O," m/z 371 5
3). n=5 C,;H,,IN,0," m/z 413

0
2). R=C,H, C,H,l0," m/z 275
3). R=C,H, C,,H,,10," m/z 289
_CH
Hac\N/\N*W 2 Jons B /

\—/ " . at
1). n=0 C;HgN," m/z 109 /©/
= + HaC N\ 4 c’
2). n_ 1 C7H11N2+m/z 123 HeC— "X\ h i 1). C,H,0," miz 148
3).n=4 C,(H,;N," m/z 165 \—/

1). 2). 3). C,H,I0* m/z=231

-l
-col \ .
c
X +/©
= o
/z

1). 2). 3). C,H,I" miz 203 /1). 2). 3). C,H,0" m/z 104
l -CO

1). 2). 3). CH,N," m/z 83

C

c

1).2).3). C;H," m/z 76

1.8. att. N-Metilimidazoliju saturosu esteru SID shéma [7]
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Sada tipa esteru fragmentacija ir Tpasa ar to, ka fragmentu veido$anas notiek divos
virzienos. Pirmais virziens saistits ar N-metilimidazolija, bet otrs — ar estera grupas veicinato
fragmentaciju.

Fragmentacija, saistita ar N-metilimidazolija noteikto virzienu, ir p-jodobenzoskabes
eliminésanas, kas raksturiga visiem p&tijuma lietotiem esteriem (sK. 1.8. att.). Autori paradija,
ka dotas fragmentacijas gaita veidoto jonu relativas intensitates palielinas Iidz ar oglekla atomu
skaitu starp N-metilimidazolija un estera fragmentiem.

Otrs process, saistits ar N-metilimidazolija ietekmi, ir alkilk&des elimingSana ar sekojosu
tidenraza atoma parnesi uz N-metilimidazolija fragmentu, kuras gaita veidojas jons ar m/z 83.
Sis fragmentacijas virziens vairak raksturigs homologam ar n=5, bet nav novérots
savienojumam ar n=1 (sk. 1.8. att.).

Estera grupas izraisa N-metilimidazolija eliminéSanas procesu, kura gaita veidojas jons
A savukart jona B rasanas saistita ar spirta molekulas eliming$anos (sk. 1.8. att.). Sajos
procesos novérojama izteikta oglekla atomu skaita ietekme — jo lielaks ir n, jo lielaka ir jona A
relattva intensitate masspektra. Ja n ir mazs, palielinas jona B relativa intensitate.

Palielinot sadursmju energiju, novéro jonu A un B talaku sadaliSanos [7].

1.4.4. Imidazoliju saturoso sulfidu, sulfokstdu un sulfonu fragmenticija

Zinama ar1 daZu séra saturoSo imidazolija atvasinajumu fragmentacija. Sulfidu SID

procesu shéma paradita 1.9. att.
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1.9. att. Imidazoliju saturos$u sulfidu SID shéma [8]

Shéma atspogulotie procesi parada, ka sulfidu fragmentacija ir stipri atkariga no
metiléngrupu skaita starp imidazolija un sulfida grupam. Dotajiem homologiem raksturigs tikai
viens kopigs fragmentacijas virziens, kas ir saistits ar 1,2-dimetilimidazola eliming$anos.
Procesa veidojas sulfénija un augstako sulfidu katjoni ar m/z=61, m/z=75, m/z=89 un m/z=131.
Mingto jonu relativas intensitates palielinas 1idz ar metiléngrupu skaita pieaugumu. Smagakie
So jonu parstavji spgj piedalities talakaja fragmentacijas procesa, zaudgjot alkéna molekulas un
veidojot ar séra atomu stabiliz&tus katjonus (sk. 1.9. att., B, C un D).

Autori pieradija, ka savienojums I(1) aktivacijas rezultata zaudé metantiola molekulu.

Saja procesa novéro jonu ar m/z=109 (sk. 1.9. att., A), kuram atbilst 1,2-dimetilpirimidinija
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struktiira, Iidziga tai, kas veidojas imidazoliju saturoSo spirtu un karbonskabju fragmentacija
(sk. 1.4.1. un 1.4.2. apaks$nodalas).

Sulfidiem I(1) un I(2), atskiriba no augstakiem homologiem I(3) un 1(6), raksturiga
mazmolekularu fragmentu atSkelSanas. Pirmais no tiem zaudé dimetilsulfida molekulu,
veidojot jonu ar m/z 97. Otrais atskel etiléna molekulu, veidojot jonu ar m/z=143 (1.9. att., B).
Talaka jona ar m/z 143 fragmentacija saistita ar konkur&joSiem CHz', CH3S un CH3NC
zudumiem.

Talak apskatita séra atoma oksidéSanas pakapes ietekme uz imidazoliju saturosu
savienojumu fragmentaciju. Attéla 1.10. paradita imidazoliju saturo$a sulfona un sulfoksida
SID shéma.

HsC o)

SC\N)\N /\/\l |_cH,
A \—/ s
P
iy I o IN@) mz217
1(3) m/z 201 - HO—S—CHy HaC
HOSCH, o, e, *\N
-\—/

CH
H3C\N \N+/\% 2

e L

\U m/z 137 // ——CH, -HOSCH,
(@]
=
CoHeN, m/z 121
miz109 “CHNC C3H;0"
/ C H e} C H O m/z 57
CGH7+
. H Ha o s o, HiC— si=o0
CyHyoN miz79 g ; 3 m/z 63
m/z 96 m/z 79 m/z 65

1.10. att. Sulfoksida un sulfona grupas saturosu jonu $kidrumu fragmentacijas shéma [8]

Abu savienojumu fragmentacijas gaita novéro mazmolekularu S-saturoSo skabju
elimin€Sanos, kas izraisa jona ar m/z 137 veidoSanos. Sulfonam II(3) raksturiga sulfénskabes
atSkelSanas, bet sulfoksids ITI(3) zaudé sulfinskabes molekulu. Sajos procesos veidojas jons
(m/z 137), kas piedalas talakaja fragmentacija, zaudgjot CoHs, CH3NC un CzHsN2. Atskiriba
no sulfona II(3), sulfoksida III(3) gadijuma iesp&jama ar1 1,2-dimetilimidazola molekulas
eliming$anas. ST procesa rezultata paradas jons ar m/z 121, kas klast par vairaku

mazmolekularo fragmentu (M/z=57, 62, 65 un 78) prieksteci [8].
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1.4.5. Sulfonskabes grupu saturoSo jonu Skidrumu fragmentacija

Zinami savienojumi, kuru struktiira ietilpst sulfonata un kvaterniz&ta slapekla grupas,
savienotas sava starpa ar alkilkédi. Sadi savienojumi var reagét ar stipram skabem, veidojot
jonu skidrumus ar Brensteda skabju ipasibam, kas dod iesp&ju tos izmantot organiskaja sinteze,
pieméram, ka $kidinatajus vai dazu reakciju katalizatorus [53]. Sadu savienojumu ipasibas ir
pétitas SID apstaklos. 4-(Trietilamonio)-butan-1-sulfonskabes fragmentaciju raksturo pieméers
[54].

Yo )
/_ ’}A{C"hm}”/_ t SOH 50 /_ |\

d m/z=238

= -({.:H:hS{)]H ﬁ

//\\‘EOW SHC=CH, N
) N~ )
H
m/z =100 m/z=T2

1.11. att. 4-(Trietilamonio)-butan-1-sulfonskabes fragmentacijas shéma [54]

Sakuma fragmentacijas stadijas raksturo homolitiska SkelSanas, kas ir saistita ar
butansulfonskabes (sk. 1.11. att., a), propansulfonskabes (sk. 1.11. att., b) un hidrogensulfita
radikalu (sk. 1.11. att., ¢) zudumiem. So procesu rezultata veidojas virkne slapekli saturo$o
katjonradikalu, kas talak Skelas atbilstosi a-SkelSanas mehanismam, veidojot iminija jonus ar
m/z 86 un 100. Talakajos fragmentacijas posmos joni veido aminiem raksturigus
mazmolekularus fragmentus (nav paraditi) péc alkénu vai alkanu molekulu atSkelSanas.
Piem&ram, jons ar m/z 86 pakapeniski parversas par joniem ar m/z 54 un 30 p&c divu etiléna

molekulas zudumiem. Darba [54] ir izvirzita hipot€ze, ka joni ar m/z 100 un 72 var veidoties
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ne vien atbilsto$i augstak aprakstitiem marSrutiem, bet ari MakLaferti pargrup&sanas rezultata

(sk. 1.12. att.).
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1.12. att. Iminija jonu ar m/z 100 un 72 veidoSanas, saskana ar alternativo MakLaferti

mehanismu [54]

Sis mehanisms ir iespgjams, jo dotie joni satur y-idenraza atomus un iminija grupu, bet
nekadi papildus eksperimenti netika veikti, lai to apstiprinatu. Spriezot péc literatiiras datiem,
MakLaferti pargrupésanas ir reti sastopams process parskaita elektronu jonu SID pétijumos
[55]. Dazreiz tas notiek talu no ladina centra specifisku strukttiras elementu d€] [56].

Mingta savienojuma SID fragmentacija EIJ- reZima nebija informativa [54]. Autori
demonstr&ja, ka negativi ladeta dalina atbilst 4-(trietilamonio)-butan-1-sulfonskabes asociatam
ar sulfata anjonu. Dotais asociats talak disoci€, veidojot HSO4™ dalinu, kas, savukart, veido
domingjosu fragmentu ar m/z 80, kas atbilst séra trioksida anjonam vai anjonradikalim. Sada
dalina parasti veidojas daudziem sulfonskabes grupu saturo$iem savienojumiem SID apstaklos
[57, 58]. Autori novéroja ari alkilkédes sabrukSanas fragmentus, bet to interpretaciju
apgrutinaja zema relativa intensitate.

Kopuma, izvertgjot informaciju par jonu skidrumu atvasinajumu gazes fazes 1pasibam,
var pamanit, ka fragmentaciju mehanismi ir atkarigi gan no funkcionalas grupas, gan no
alkilkeédes garuma, kas atdala funkcionalu grupu no aizvietota imidazola gredzena. Jaunu grupu
ievadiSana molekula var izraisit ar1 neparastus fragmentacijas un pargrupéSanas procesus.
Protams, pastav ar1 lidzigi procesi, kuri nav atkarigi no funkcionalas grupas. Starp tiem ir
terminalas dubultsaites veidoSanas alkilimidazolija jonu Skidrumu atvasinajumiem, kuri satur
hidroksil-, estera, sulfoksida un sulfona grupas alkilk&dg, vai pargrup&sanas ar alkilpirimidinija

jonu veidosanos zemakajiem hidroksil-, karboksil-, sulfida, sulfoksi — un sulfona grupu
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saturosiem alkilimidazolija jonu Skidrumiem. Doto procesu pétijumi var palidzet talakai sada
veida savienojumu identifikacijai un kvantitativai MS un MS? noteik$anai, savukart jaunu

dalinu un parvertibu atklasana palidz analita uzbiives pamatoSana.

1.5. Elektroizsmidzina$anas jonizacijas izmantoSana nekovalento struktiiru

pétiSanai Skidumos un gazes faze

ElJ procesa Ipatniba ir analita uzladésanas skiduma un talaka parnese uz gazes fazi. Tas
liek uzskatit, ka metode varétu biit piemérota dazadu $kiduma esoSo lidzsvaru pétisanai. Ipasa
nozime metodei ir dazadu kompleksu veidoSanas pétiSanai Skidumos, jo Sie procesi praktiski
vienmer ietver ari ladétas dalinas. Lidz ar to, p&tot Skidumu, kas satur kompleksu un ligandus
ar EIJ — MS, var iegiit informaciju par kompleksa stabilitati. Savukart, ja papildus izmanto ar1
tandémmasspektrometriju, var izp&tit kompleksa uzbavi.

Lielaka dala pétamo kompleksu piedalas dazados $inu procesos. Tadas biologiski
svarigas molekulas, ka proteini vai DNS, organisma var saistities ar dazadiem ligandiem,
pieméram, slimibas gaita. Zinot, ka §is mijiedarbibas notiek un cik tas ir stipras, var izpétit
atbilstogos biologiskos procesus [59]. Saja sakara literatiira plasi tiek apskatita lielmolekularo
kompleksu veidosanas. Tie var veidoties starp enzimu un substratu [59], proteinu un ligandu
[60], diviem proteiniem [61], antigénu un antivielu [62], ka ari citam vielam. Kompleksu
veidoSanas starp mazmolekularajam vielam ari tiek plasi pétita. Literattra ir atrodama
informacija par dazadu makrociklu un metala vai amonija jonu [12], ciklodekstrinu un dazadu
ligandu [13, 63], kaliks[n]arénu un ligandu [14, 64], aminoskabju un dazadu katjonu [65, 66]
un anjonu [67] kompleksiem. Talak tiks apskatitas EIJ lietoSanas perspektivas kompleksu

[idzsvara aprakstam un stabilitates konstanSu noteikSanai.

1.5.1. Nekovalento struktiiru stabilitate E1J apstaklos

Nekovalento struktiiru veidosanas ir atkariga no mijiedarbibu veida, kas tur kompleksa

komponentus kopa. Dazadus mijiedarbibu veidus var apskatit 1.13. att.
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1.13. att. Nekovalento mijiedarbibu veidi. ApzZim&jumi: Q — ladins, u — dipols, r — attalums, a —
polarizéjamiba, ¢ — dielektriska konstante, I — pirmais jonizacijas potencials, 0 — lenkis starp

dipolu un vektoru, kas savieno dalinas, ¢ — otra dipola lenkis polarajas koordinates [68]

Vienadojumi 1.13. att. apraksta dazada veida mijiedarbibu energijas starp divam
dalinam. Kulona mijiedarbibas ir spécigas un molekulu méroga darbojas liela attaluma, kaut
gan mijiedarbibas energija ir atkariga no reagg€joso dalinu ladiniem. Dipolu mijiedarbibas
atkarigas no ladina zZzimém un attaluma, ka arT no dipolu savstarp&jas lenkiskas orientacijas.
Visam pargjam mijiedarbibam piemit tikai pievilkSanas raksturs. Dalinas, kuram nav ladina,
piedalas pievilkSanas mijiedarbibas, pateicoties polariz&jamibai. Visas apskatitas iedarbibas
var klasificét p€c rakstura, kada tas mainas atkariba no attaluma. Redzams, ka Kulona
mijiedarbibas ir atkarigas no 1/r savukart van der Valsa mijiedarbibas — no 1/r%. Visas
nekovalentas mijiedarbibas ir atkarigas no vides dielektriskas konstantes 1/¢. Tas ir loti svarigs
apstaklis kompleksu pétisanai ar EIJ — MS metodem. Skidinataja iztvaiko$anas rezultata notiek
vides dielektrisko Tpasibu maina, kas var palielinat vienu mijiedarbibu Ipatsvaru, vienlaikus
samazinot citu. Informacija, sniegta 1.13. att., rada, ka visas mijiedarbibas, kas balstas ar
ladiniem, dipoliem un polariz€jamibu, klust stiprakas Skidinataja iztvaikoSanas rezultata.
Iznémums ir hidrofobas mijiedarbibas, kas ir izplatitas biologiskos objektos. Piem&ram,

nativaja Skiduma proteinu hidrofobas dalas veido nekovalentas strukttras [69]. EIJ gaita
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Skidinataja iztvaikoSanas rezultata hidrofobais efekts paziid un kompleksa subvienibas atdalas
viena no otras.

Udenraza saites un hidrofilas mijiedarbibas ir vél viena svariga kompleksu stabilizgjoso
speku klase. H-saiSu energija biezi ir 10 — 40 kJ/mol intervala. Sada tipa mijiedarbibas ir
specifiskas, atkarigas no vielu struktiiras, tapec tas nevar aprakstit ar vienkarSu matematisku
formulu. Pieradits, ka elektrostatiska potenciala vértibas uz Gdenraza atoma var izmantot
tidenraza saisu stipruma aprakstam. Autori [70] atradusi, ka elektrostatiska potenciala vértibas
un kompleksu mijiedarbibas energijas ir lineari saistiti lielumi.

No augstak teikta izriet, ka veicot kompleksu stabilitates pétijumus ar EIJ — MS
metodém, janem veéra, ka dazos gadijumos stabilitate Skiduma var nekorelét ar stabilitati gazes
faze. Tapec, ir vertigi salidzinat iegiitas stabilitates konstansu vertibas ar literatiiras datiem vai
arT izmantot vienu no tradicionalajam ,,$kiduma” metodém ka kontroles metodi. Talak tiks

apskatita dazu eksperimentalo parametru ietekme uz nekovalento struktiru stabilitati.

1.5.2. ElJ instrumentalo parametru ietekme uz nekovalento struktiiru stabilitati

Instrumentalie parametri, kurus izmanto nekovalento strukttiru pétiSanai ar EIJ, biezi
stipri atskiras no tiem, kurus izmanto vielu kimiskai analizei. Vairakos gadijumos ir jaatrod
kompromiss starp instrumenta jutibu un kompleksa stabilitati. Viens no galvenajiem faktoriem,
kas ietekm& kompleksa stabilitati gazes fazg, ir iek$&ja energija. Masspektrometros ar Z-tipa
smidzinataju jonu trajektorija un iek$gja energija tick kontroléta ar diviem konusveida
elektrodiem —ieejas konusu un ekstraktoru (sk. 1.1. att.). Ieejas konuss atrodas starp atmosféras
spiediena regionu (1 atm) un pirmas stikné$anas stadijas regionu (1 Torr). Ekstraktors atrodas
starp pirmds un otrds pakapes siiknéSanas stadijas regioniem (10 Torr). Katrd no Siem
regioniem vél paliek desolvacijas gazes molekulas, ar kuram parneses laika var sadurties labilie
kompleksa joni. Sadursmju rezultata var palielinaties jonu iek$&ja energija, kas izraisa
kompleksa disociaciju [10, 11]. Tapéc, stradajot ar EIJ, konusa un ekstraktora spriegums
vienmér paliek pie zemam vértibam. No otras puses, konusa un ekstraktora spriegums nevar
but loti zems. DzeséSanas efekta del [71], kas notiek pirmas stkné$anas stadijas regiona,
neitralas $kidinataja molekulas un parauga esoSie komponenti veido veselu virkni ladéto
agregatu. Rezultata masspektra interpretacija klist neiespgjama.

Ne mazak svarigs parametrs ir jonu avota un desolvacijas gazes temperatiira, kas ir

zinams kompleksu sabruksanas aktivators. Tapat ka konusa sprieguma gadijuma, temperatiirai
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jabiit tadai, lai notiktu efektiva Skidinataja iztvaikoSana. Gadijumos, kad novéro ievérojamu
kompleksa stabilitates atkaribu no temperatiiras, $kidinataja desolvacijai var palidzét konusa
gazes pliismas palielinasana temperatiiras palielinasanas vieta [10]. Proteinu kompleksu
pétisanas gaita ir demonstréts aspratigais cel$ jonu avota temperatiiras ietekmes samazinasanai.
Skidumam, kas saturéja pétamo kompleksu, pievienoja imidazolu 1 mM koncentracija.
Rezultata tika sasniegta palielinata proteinu kompleksa stabilitate [72]. Lidzigs stabilizacijas
efekts ir panakts, ievadot jonu avota séra heksafluoridu [73]. Abos gadijumos stabilizaciju
autori saista ar atdzes€Sanas efektu imidazola iztvaikoSanas rezultatd. Dazos gadijumos
aprakstito efektu panakt nebija iesp&jams, bet tas attiecas uz loti nestabiliem kompleksiem [74].

Ka izriet no ieprieks$¢jiem apsvérumiem, pirms kompleksu analizes ir janodroSina to
stabilitate posma no smidzinataja Iidz masu analizatoram. Talaka diskusija veltita dazadam

kompleksu pétisanas pieejam un ar tam saistitam problémam.

1.5.3. Kompleksu asociacijas konstan$u noteiksana ar E1J

Mijiedarbibas stiprumu starp divam kompleksa sastavdalam var raksturot, izmantojot
asociacijas (vai disociacijas) konstantes vértibu K, kas apraksta lidzsvaru starp kompleksu un
ligandiem analizes apstaklos. Pastav vairakas tradicionalas metodes K noteiksanai Skiduma —
optiska spektroskopija (UV/redzamas gaismas un fluorimetrija), ITC, DSC un KMR [11, 68,
75]. Katrai no §Tm metodém ir savas prieksrocibas un trikumi, savukart masspektrometrijai ir
vismaz divas priekSrocibas, salidzinot ar iepriek§ min€tam metodém. Pirmkart,
masspektrometriskaja eksperimenta var tiesi noskaidrot kompleksa stehiometriju, izmantojot
m/z informaciju. Otrkart, masspektrometrija var sasniegt augstu jutibu un izmantot mazaku
parauga daudzumu, kas ir svarigi, ja paraugs ir dargs. Sie faktori kopa ar to, ka EIJ gaita var
analizgt vielas ar atSkirigam paSibam, noteica vairaku metodologiju attistibu, kuru kopums

atspogulots 1.14. att.
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EIJ-MS asociaciias konstans$u noteik§anas metodes

Netie§as metodes Tie§as metodes
. : . . [ . 1
Difuzijas merjjumi $Kkiduma fazes metodes Gazes fazes metodes
I
Ekskluzija { L. ..
) Sadursmju inducéta disociacija
. Ligandu SKrinings T
Ulirafiliracija
; ‘ Virsmas inducéta disociacija
Frontala analize I

. Konkurenta saistisanas Jonu - molekulu apmaina

Kapilara elektroforéze ‘ I
H/D apmaina Titrésana

Skérssametinasana

Elekironu satveres disociacija

I
Kinétiska metode

Saites virzita oksidéfana

1.14. att. E1J asociacijas konstan$u noteik§anas metoZu Kklasifikacija [75]

Ka redzams no 1.14. att., izmantotas metodes var iedalit tiesas un netiesas [76]. TieSo
metozu izmantosanas gaita, komplekss tiek saglabats Skiduma un talak parnests uz gazes fazi,
izmantojot ,,maigo” jonizacijas metodi. InteresgjoSo kompleksu signalu intensitates masspektra
var izmantot lidzsvara koncentraciju aprékinasanai §kiduma.

VienkarSakaja gadijuma tiek pagatavots Skidums, kas satur vielas, no kuram veidojas
komplekss. So $kidumu ievada EIJ — MS sistéma un, izvértgjot iegiito masspektru, nosaka, cik
liela méra ligandi veido kompleksu. Sada viena punkta analize ir loti atrs veids, lai iegiitu
kvalitativu informaciju par kompleksa veidoSanos, bet rodas sarezgijumi, ja So pasu
eksperimentu grib izmantot kvantitativas informacijas ieglisanai par kompleksa stabilitati.
Problémas rada atSkiriga jonu parneses efektivitate no Skiduma uz gazes fazi. Rezultata jonu
intensitates masspektra neatspogulo realas jonu koncentracijas petamaja skiduma. Tapéc ir
janosaka katram jonam atbilstoSais detektora atsauces faktors, kas saista koncentracijas
§kiduma ar jonu intensitati [77, 78].

Otrs aspekts, kas janem vera, ir nespecifisko agregatu veidosanas iesp&ja EIJ — MS
apstaklos. Tapéc papildus veic ligandu skrininga procediiru, kas palidz atskirt specifiskas
mijiedarbibas no nespecifiskajam. Ligandu skrininga eksperimentos kimiski izmaina struktiru
blakus reakciju centram, lai specifisko mijiedarbibu gadijuma kompleksam atbilstoSais signals

pazustu. Pieméram, ja pétama kompleksa veido$ana piedalas aminoskabe lizins, tad to ir
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iespéjams parveidot par homo-argininu [68]. Biezi izmanto ari metiléSanas un aciléSanas
reakcijas [79].

Lai samazinatu atkartojamibas kltidas, p&tot vienas vielas mijiedarbibas ar vairakiem
ligandiem, iespgjams realizé€t konkurentas saistiSanas eksperimentus [80]. Metodes
priekSrociba ir apstakli, ka vairaki ligandi piedalas saistiSanas procesa ar interes€joso vielu
viena S§kiduma ietvaros, kas samazina variacijas kltidas un ietaupa laiku. Savukart, veicot $adus
eksperimentus, janem véra signala apspieSanas efektu palielinata varbiitiba, kas klist
izteiktaka, palielinoties Skiduma eso$o komponentu daudzumam [27].

Ka jau minéts ieprieks, kompleksam un ligandiem atbilstoSo masspektra intensitasu
ievietosana lidzsvara konstantes izteiksm& nav izmantojama precizu asociacijas konstanSu
aprékinasanai. Vienigais izn@mums pielaujams gadijumam, kad viens no ligandiem ir daudz
lielaks neka otrs, pieméram, proteina — medikamenta kompleksu gadijuma. Tad var pienemt,
ka pasa proteina un ta kompleksa ar mazmolekularo savienojumu detektora atsauces faktori ir
vienadi (jo fizikali — kimiskas 1pasibas praktiski neatskiras), un asociacijas konstanti var viegli
aprekinat no vienas analizes datiem. Visos pargjos gadijumos, pieméram, p&tot kompleksu
veidoanos starp mazmolekularajam vielam, javeic speciali eksperimenti. Ipasi svariga
probléma Sajos eksperimentos saistita ar to, ka atSkiriba no ligandu Iidzsvara koncentracijam,
kompleksa Iidzsvara koncentraciju praktiski nav iesp&jams atrast eksperimentali (asociacijas
konstante arT nav zinama). Tapéc $aja joma ir izstradatas vairakas kalibracijas metodes
asociacijas konstantes noteikSanai, kur kompleksa Iidzsvara koncentracija netiek izmantota.
Pieméram, zinama metode, kur K iegiist, veicot kalibraciju pret kompleksu ar zinamu K vértibu
[81]. Cita metode [82], kura izmantota ari Saja darba, balstas uz teorétiski izveidota
vienadojuma (sk. 2.2. vien.) pielagoSanu eksperimentali ieglitiem datiem, lai ar statistikas
programmas palidzibu atrastu detektora atsauces faktoru un asociacijas konstantes vértibu
vajadzigajam kompleksam. VElak $o paSu autoru grupa izstradaja vél vienu metodi kompleksa
asociacijas konstanSu noteikSanai [83]. Metodg tiek izmantots iek$€jais standarts un masas
bilances vienadojumu sistéma, kuru var atrisinat, izmantojot vienkarSu matricu algebru,
rezultata iegiistot kompleksa detektora atsauces faktoru.

Ka izriet no 1.14. att., masspektrometrija dod iesp&ju izvertét kompleksu stabilitati ne
tikai $kiduma, bet arT gazes fazé. Saja gadijuma stabilitate tiek raksturota bez $kidinataja, tap&c
parametri kompleksu stabilitates raksturosanai gazes faze. Viens no tiem ir konusa sprieguma
vértiba (CVso), pie Kuras jonu avota sadalas 50 % no sakotngja kompleksa [84]. So vértibu

parasti atrod, mainot konusa sprieguma vertibu kada intervala lidz kompleksa signala pilnigai
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izzuSanai. Grafisks kompleksa signala att€lojums atkariba no konusa sprieguma dod iesp&ju
noteikt CVso vértibu. Lidziga metode aprakstita, izmantojot tandémmaspektrometru. Pétamo
kompleksu izol€ no pargjiem joniem un, pakapeniski palielinot kompleksa aktivaciju, lauj tam
sadalities par fragmentiem. Attelojot grafiski kompleksa intensitati atkariba no sadursmju
energijas (divu kvadrupolu tipa masspektrometru gadijuma), atrod energijas robezvértibu
(E1r2), kura sadalas 50 % no sakotn&ja kompleksa [67]. Abas aplikotas metodes ir atrakas par
Skidumu metodém, tapéc tas var izmantot ka papildindjumu asociacijas konstantes
mérfjumiem, lai novertétu mijiedarbibu veidu $kiduma un gazes fazg.

Nobeiguma apskatisim netieSo metozu grupu, kas paliek arvien popularaka
lielmolekularo kompleksu pétijumos, pieméram, zalu izstrades stadija. Sajas metod@s vairaki
ligandi — kombinatorialo biblioteku locekli — veido kompleksus ar lielmolekularu savienojumu
(piem., receptora proteinu). Kompleksus atdala ar vienu no 1.14. att. redzamam netie$am
metodém un analiz€, izmantojot masspektrometriju, lai identificétu tos ligandus, kuriem ir
afinitate pret proteinu un noteiktu liganda saistiSanas vietu [85, 86]. Tas nozimé¢, ka netiesas
metodes dod iesp&ju izolet kompleksus un pétit tos atseviski. Liels metozu trukums ir to
lieto$anas ierobezojumi lielmolekularo struktiiru pétiSanai. Tapéc mazmolekularo kompleksu

raksturoSanai jaizmanto viena vai vairakas tieSas metodes.

1.6. Nekovalento struktiru loma analitisko EIJ — MS metozu selektivitates

uzlaboSana

ElJ — MS metodes arvien plasak izmanto mazmolekularu polaro analitu kvalitativaja
un kvantitativaja analize [87]. Neskatoties uz to, ka modernai masspektrometrijas aparatiirai ir
iespEjas krietni paaugstinat analizes jutibu un specifiskumu (nano — un desorbcijas EIJ,
tandémmasspektrometrija, augstas izskirSanas MS), komplicétos gadijumos, kad analiz&jama
parauga atrodas vairaki komponenti, labus rezultatus sasniegt ir griiti. Mazmolekularo
savienojumu analizes gaita var rasties vairakas problémas: zema signala un fona attieciba, zema
jonizacijas efektivitate, signala apspiesanas efekti, Skidibas problémas pie lielakam organiska
skidinataja koncentracijam, adsorbcija uz stikla un metala virsmam u.c. Lai novérstu lielako
dalu no minétam problémam, jaizmaina analita struktiira, izmantojot atvasinajumu

pagatavoSanu jeb derivatizaciju (sk. 1.15. att.).
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1.15. att. Derivatizacijas reakcijas shema [88]

Ka redzams 1.15. att., derivatizacijas rezultata mainas analita struktiira un fizikali —
kimiskas T1pasibas. Tas savukart stipri ietekmé vielas uzvedibu hromatografiskas un
masspektrometriskas analizes gaita, t.i., izmaina selektivitati. No vienas puses, derivatizacijas
reakciju klasts ir diezgan plass, kas dod iesp&ju uzlabot jutibu un selektivitati vielam, kuras
pieder vairakam savienojumu klasém [88, 89], no otras — modernajas metodgs biitiska loma ir
analizei nepiecieSama laika paté€rinam. Nemot véra to, ka derivatizacijas gaita jakontrolé
vairaki parametri (reakcijas temperatira un laiks, produkta iznakums, reakcijas vide) un
jaatbrivojas no reagentu parakuma, var secinat, ka dazos gadijumos kimiskai derivatizacijai var
bt zema efektivitate. Ari tad, ja derivatizaciju veic ,,online” reZzima, lielu laika ieguldijumu
prasa reaktora konstruésana un pielagosana sist€mai.

Ieveérojot derivatizacijas augsto potencialu kimiskaja analize€, kimiki ir centuSies atrast
optimumu starp patéréto laiku un derivatizacijas iznakumu. Dazreiz to izdodas panakt,
derivatizacijas noliikiem izmantojot nevis kovalento sai$u rasanos starp analitu un reagentu,
bet nekovalento struktiiru veidosanos, kas ir raksturiga EIJ procesam. Zinams, ka stabili
kompleksi var rasties gan skiduma pirms EIJ — MS analizes, gan tiesi EIJ gaita skidinataja
iztvaikoSanas rezultata [10]. Nekovalento struktiiru stabilitate ir daudz mazaka, neka kovalenti
saistitam struktiiram, bet pareiza apstaklu kontrole dazreiz dod iesp&ju saistit analitu kompleksa
ar labu iznakumu. Turklat, lai kompleksu veidoSanas biitu pilnigaka, japanak vienigi analita un

reagenta efektiva sajaukSanas, jo kompleksi veidojas atri. Lietojot $adu pieeju, ir iesp&jams
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efektivi uzladet analitu, izmainit analita polaritati un nobidit ta signalu lielaku masu diapazona,
izmainot analizes selektivitati. NepiecieSams atzimét, ka gadijumos, kad kompleksi veidojas ar
augstu selektivitati, analizi var veikt pat bez parauga sagatavosanas un atdaliSanas metodém,
ievadot to tiesi kustigaja fazé. Sadu metodi sauc par pliismas injekciju analizi (PIA, flow
injection analysis) [90]. Savienojot PIA ar EIJ — MS, var krietni samazinat analizes laiku.
Talak tiks apskatiti konkréti nekovalento struktiiru izmantoSanas piemeéri EIJ — MS

analizes.

1.6.1. Alkilaminu kompleksu izmantosana E1J — MS

Ka jau minéts iepriek$, EIJ+ procesa var veidoties dazada tipa ladétas dalinas, ka
[M+H]*, [M+Na]*, [M+NH4]". Rezultata signals tiek sadalits starp §im dalinam, kas samazina
metodes jutibu, atkartojamibu un dinamisko diapazonu. Darba [91] paradits, ka pievienojot
dazadu alkilaminu piedevas analiz§jamam Skidumam, var pilniba noverst aduktu veidoSanos
un panakt [M-+alkilamins+H]* kompleksu rasSanos. Autori izpétija ari struktiras ietekmi uz
kompleksu veidosanos. Rezultati paradija, ka kompleksu veidoSanas sp&ja korele ar brivo
tdenraza atomu skaitu pie N atoma. Rezultata secinats, ka labak $aja reakcija stajas pirméjie
amini, jo tiem ir vairak iesp&ju veidot H-saites. Otrs faktors, kas ietekmé& saistiSanas
efektivitati, ir amina hidrofobitate. Izmantojot So metodi 10 dazadu vielu gadijuma, bija
iesp&jams palielinat jutibu lidz 7 reizém, salidzinot ar gadijumu, kad alkilaminu nepievienoja.
Turklat autoriem izdevas butiski paplasinat linearitates diapazonu.

Cita autoru grupa [92] izstradaja metodi paklitaksela un docetaksela noteiksanai
plazma, izmantojot kompleksu veidosanas ar 1-oktilaminu AESH — MS apstaklos. Izmantojot
So metodi, tika sasniegtas zemas detektéSanas un kvantificéSanas robezas (0,5 un 0,9 ng/ml).
Vairaku eksperimentu rezultata autori secinaja, ka jutibas paaugstinajums saistits ar kompleksa

virsmas aktivitates palielina$anos salidzinajuma ar [M+Na]" adukta virsmas aktivitati.

1.6.2. Acetata kompleksu izmantoSana EIJ — MS

Nekovalento struktiiru veidoSanos iesp&jams sasniegt ari EIJ- rezima. Pievienojot
kustigai fazei 1% etikskabi un stradajot pie maziem konusa spriegumiem, darba [93] autori
novéroja kvantitativo kortikosteroidu molekulu asociaciju ar acetata jonu, veidojot

[M+CH3COO'] kompleksu. Darba tika demonstréta skabes pKa vertibas ietekme uz kompleksa
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intensitati. Eksperimentu rezultata autori secinaja, ka vislielaka kompleksa intensitate ir
sasniegta gadijumos, kad pievienotas skabes pKa ir lielaka. Turklat autori paradija, ka
kortikosteroidu kompleksi var veidot specifiskus fragmentus SID apstaklos. So ipasibu
izmantoja, lai izstradatu metodi kortikosteroidu noteikSanai cilvéka urina ar augstu jutibu un
selektivitati. Darba [93] paradits, ka lidzigo efektu rada ne tikai pasi kortikosteroidi, bet arl

iesp&jamie metaboliti.

1.6.3. Organisko polikatjonu izmantosana EIJ — MS

Zinams, ka organiskie polikatjoni spgj piedalities asociacija ar dazada tipa anjoniem

(sk. 1.2. vien.).

A" + Kat™" - [A + Kat]™™ (1.2)

Saja gadijuma n < m, un kompleksa kopgjais 1adin3 ir pozitivs. Darba [94] $o Tpasibu
izmantoja, lai izstradatu metodi 28 dazadu mononukleotidu noteikSanai pozitivo jonu
skengjuma. Sim noliikam autori ieguva 11 imidazolija un fosfonija grupu saturogus di —, tri —
un tetrakatjonus. Katru no §im vielam pievienoja kustigai fazei, kura saturéja mononukleotida
savienojumus. Rezultata veidojas pozitivi ladétie kompleksi ar lielam molmasam, Kkurus
nosaka, izmantojot SIR un MRM metodes. Salidzinasanas mérkim veikta mononukleotidu
noteik§ana ari bez jonu paru reagenta pievienoSanas negativo jonu skenguma (klasiskie
apstakli) SIR un MRM reZima. Ka arT bija sagaidams, klasiskajos apstaklos iegiitas detekt€Sanas
robezas savienojumu lielakai dalai, bija krietni lielakas, neka p&c jonu paru reagentu
pievienoSanas. Piem@ram, adenozinmonofosfata (AMF) gadijuma detekt€Sanas robezas,
noteiktas pirms un péc regenta pievienoSanas SIR rezima, ir attiecigi 1,5 un 0,075 ng.
Izmantojot MRM reZimu pozitivo jonu skengjuma, detekté$anas robezu vargja samazinat lidz
0,0075 ng. Papildus selektivitates un jutibas pieaugumu autoriem izdevas sasniegt, pateicoties
unikalai kompleksu fragmentacijai MRM rezima. Autori demonstréja, ka mononukleotidu
kompleksiem ar organiskiem polikatjoniem piemit augsta stabilitate, tapéc sadursmju $tina
nenotiek kompleksu lielakai dalai raksturiga disociacija uz sakuma komponentiem. Savukart,

péc kompleksa aktivacijas novérota reagenta molekulas sanu k&des atdalisanas (sk. 1.16. att.).
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1.16. att. Organiska trikatjona un AMF kompleksa fragmentacijas shéma [94]

Ka redzams no 1.16. att., SID apstaklos veidojas kompleksa fragments, kas satur par
vienu 1-butilimidazola vienibu mazak neka sakotn&ja kompleksa. Neskatoties uz to, ka autori
neizraisa hipotézes par $ada tipa ipatngjo kompleksu stabilitati un fragmentacijas virzienu, vini
atzist, ka aromatiska polikatjonu daba ir nepiecieSama, lai uzlabotu kompleksu stabilitati.
Vislabakus rezultatus izdevas sasniegt ar reagentiem, kas sastav no tri — vai tetrakatjoniem ar
mezitiléna pamatstruktiiru un vairakiem imidazolija cikliem. P&c autoru vardiem, $ai metodei
ir liels potencials organisko fosfatu noteikSanai, jo metodi var kombinét ar vielu atdaliSanas
metodem, pieméram, AESH vai kapilaro elektroforézi. Nesen $§adu pieeju autori nodemonstréja
sfingolipidu noteikSanai ar EIJ — MS [95]. Izmantojot optimali piemekl&tus dikatjonus kopa ar
AESH, autori sasniedza femtomola kartas detekté3anas robezas 14 sfingolipidiem.

Vél spilgtak organisko polikatjonu lomu demonstré to izmanto$ana neorganisko anjonu
noteik§ana. Mazu neorganisko anjonu analizes var veikt, izmantojot jonu vai jonu paru
hromatografiju ar elektrovaditsp&jas vai UV detektoru, bet sarezgitu paraugu gadijumos $Tm
metodem triikst selektivitates. Sajos gadijumos pastav iespgja kombinét dotas metodes ar EIJ

— MS, bet, lai sasniegtu labus rezultatus, nepiecieSsams atrisinat vairakas problémas, kas
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saistitas ar EIJ dabu. Mazie neorganiskie anjoni uzlad@Sanas procesa vienmér paliek
mikropilienu iek$gja dala un netiek uz virsmas. Tapéc nakas palielinat spriegumu, lai
samazinatu mikropilienu izm&ru un palielinatu anjonu atraSanas varbttibu uz pilienu virsmas.
Sprieguma palielinasanas rezultata var notikt gazes izlades process, kas palielina fona Iimeni,
samazina izsmidzinaanas stabilitati, metodes jutibu un atkartojamibu. So iemeslu dél
neorganisko anjonu analize ar EIJ — MS negativo jonu sken&juma Klust apgritinata. No otras
puses, var izmantot anjonu tieksmi veidot kompleksus ar organiskiem polikatjoniem (sk. 1.2.
vien.) un veikt analizi pozitivo jonu skengjuma, ka tas ir izdarits darba [96] perhlorata jona
noteikSanai piena, tGdeni un urina. Darba gQaita autori izmé&ginaja tetraalkilamonija,
alkilimidazolija un pirolidinija dikatjonus un secinaja, ka p&dejiem ir lielaka tiecksme veidot
kompleksus ar perhloratu. Reagentus pievienoja efluentam no jonu hromatografiskas kolonnas,
kas saturgja perhloratu. Izmantojot min&to pieeju, autori noveroja, ka perhlorata kompleksam
ar organisko dikatjonu atbilstoSa signala intensitate ir daudz lielaka, neka perhlorata signala

intensitate, ieglita negativo jonu sken&juma bez dikatjona pievienosSanas (sk. 1.17. att.).

perhlorata
komplekss
m/z 395

— 2400

A

— 1600

intensitate

perhlorats L 1200
bez reagenta
pievienosanas -
mz 99
W\’\P\l_ 800

1.17. att. Hromatogrammas, iegiitas perhlorata (100 ng/L) analizes gaita ar EIJ — MS

metodi ar un bez organiska dikatjona pievienoSanas kustigai fazei [96]

No 1.17. att. izriet, ka, pievienojot organisko dikatjonu kustigai fazei, var sasniegt
ieveérojami augstaku jutibu perhlorata analizei. Otrs svarigs novérojums saistits ar to, ka sulfata
joni, kas praktiski vienmér sastopami liela parakuma, netrauc€ perhlorata analizei, pat tad, ja
to saturs 30 reizes parsniedz perhlorata koncentraciju. Metodes detektéSanas robeza, atbilstosi
autoru veiktajiem eksperimentiem, ir 25 ng/L, kas ir loti labs rezultats.

No visa iepriek§ minéta izriet, ka kompleksu izmantosana EIJ — MS kvantitativaja

analiz€ nav guvusi plasu pielietojumu (iznemot daudzos piemérus metalu jonu noteikSanai,
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izmantojot dazadus organiskus ligandus). Tacu aprakstitie pieméri parada lielu izmantoSanas
potencialu citadi problematiskos gadijumos. Nekovalento struktiiru lietosana EIJ — MS dazreiz
dod loti labus rezultatus ievérojami 1saka laika, neka kovalento atvasinajumu izmanto$ana.
Kopuma, jasecina, ka galvenais ierobezojosais faktors metodes izmantosanai ir kompleksu
stabilitate. Tapéc ir jaizpeta pec iesp&jas dzilak kompleksu veidoSanas mehanismi un to

stabilitati noteicoSie faktori EIJ — MS apstaklos.
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2. EKSPERIMENTALA DALA

2.1. Reagenti

Acetonitrils — >99,95% tiriba, AESH — MS kvalitate, Carl Roth GmbH;
Bora trifluorida un dietilétera komplekss — tirs, destiléts, Aldrich;
2-Bromoetansulfonskabes natrija sals — 97 % tiriba, Peaxum;
Bromiidenrazskabe (40 %) — analitiski tira, Peaxum;
1,4-Butansultons - >99 % tiriba, Aldrich;

Deiteréta etikskabe — 99 % izotopu tiriba, Aldrich;

Deiteréts tidens — 99,9 % izotopu tiriba, Aldrich;

Dejonizéts fidens — AESH — MS kvalitate, Fluka;
Dihlormetans — >99,9% tiriba, TCI Chemicals;

Dietiléteris — sauss, 99% tiriba, LabScan;
1,2-Dimetilimidazols — 98 % tiriba, Alfa Aesar;

Etanols (96 %) — Carl Roth GmbH;

Heksans — GH kvalitate, 99,9 % tiriba, Fluka;

Heksilamins — 98% tiriba, Aldrich;

Hinolins — 99% tiriba, Aldrich;

4-Hlorobutanskabes etilesteris — 99%, Aldrich;
2-Hloroetanskabes etilesteris — 99%, Aldrich;

Hloroforms — 99 % tiriba, LabScan;

3-Hloropropanskabes etilesteris — 98 % tiriba, Aldrich;
Hlortdenrazskabe (36 %) — analitiski tira, Aldrich;

IRA-400 anjonits (CI" forma) — Aldrich;

Izopropanols — 99 % tiriba, AESH kvalitate, Aldrich;

Jods — Kimiski tirs, Peaxum;

Metanols — >99,9% tiriba, AESH — MS kvalitate, Aldrich;
1-Metilimidazols — >99,0% tiriba, Fluka;

5-Metilcitozina hidrohlorids — 99% tiriba, Aldrich;

Natrija borodeiterids, NaBD4 — izotopu tiriba 98%, Aldrich;
Natrija hidroksids — kimiskas analizes kvalitate, Stanlab;

Natrija tiosulfats — analitiski tirs, Peaxum,
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Natrija sulfats — beztudens, analitiski tirs, Stanlab;

Natrija sulfits — bezadens, > 98 %, Aldrich;
N,N-Dimetilformamids — destiléts, sauss;

Piperidins — 98% tiriba, Aldrich;

Piridins — 99% tiriba, Aldrich;

Pirolidins — 99% tiriba, Aldrich;

Seérskabe (95 %) — P.P.H ,, Standard”;

Skudrskabe — AESH — MS kvalitate, Fisher Scientific;
Slapeklis — 99,9 % tirs, AGA,

Slapeklskabe (>65%) — metalu noteikSanas kvalitate, Aldrich;
Sarkanais fosfors — attirits péc karsé$anas ar tideni, filtréSanas un zavésanas pie 110 °C,
Peaxum;

Sudraba nitrats — analitiski tirs, Aldrich;

Tetrahidrofurans — 99,8 % tiriba, Penta;

Tiazols — 99% tiriba, Aldrich;

Toluols — 99 % tiriba, Penta;

Trietilamins — 99% tiriba, Aldrich;

2.1.1. Analizetie cviterjonu tipa jonu Skidrumi

Analiz&jamo vielu kopgja formula ir paradita 2.1. att., bet apzZim&umu paskaidrojumi
doti 2.1. tabula.

+ -
HET @FG

n

2.1. att. Darba izmantoto savienojumu kopéja struktarformula, apziméjumi doti 2.1. tab.
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Shéma (2.1) lietoto apziméjumu atsifréjumi

Nr.
Het" n| FG | Apzim&jums teksta

L1 1,2-Dimetilimidazolijs | 2 | SOz c

2. | 1,2-Dimetilimidazolijs | 3 | SOz a

3. | 1,2-Dimetilimidazolijs | 4 | SO3 b

4. 1-Metilimidazolijs |1 | COy MelmEC
5 1-Metilimidazolijs |2 | COy MelmPC
6 | 1-Metilimidazolijs |3 | COy MelmBC
7| 1-Metilimidazolijs | 3 | SO MelmPS
8. 1-Butilimidazolijs* | 3 | SOz BulmPS
9. | 1-Heksilimidazolijs' |3 | SOs HImPS
10. | 1.oktilimidazolijs* | 3 | SO5 OImPS
11. 1-Hinolinijs 3| SOy HinPS
12. 1-Piridinijs 3| sos PyPS
13. 1-Tiazolijs 3| SOs TiaPS

2.1. Tabula

Izmantoto deiter&to savienojumu Al un A2 strukttrformulas var redz&ét 3.3. att. (63.

Ipp.).

2.2. Izmantota aparatiira

1. Analitiskie svari Precisa XB 220A, precizitate = 0,0001 g;

2. Shimadzu GC-2010 gazu hromatografiska iekarta ar Shimadzu AOC-20i automatisko

ievadiSanas sistemu;

3. Shimadzu GCMS-QP2010 kvadrupola tipa masspektrometrs ar elektronu trieciena

jonizacijas avotu,

4. Waters Micromass Quattro APl tris kvadrupolu tipa masspektrometrs, ar

elektroizsmidzinasanas jonizacijas jonu avotu;

5. Waters Alliance 2690 augsti efektivas skidrumu hromatografijas iekarta;

- —v

! Viela ir sintezéta LU Kimijas fakultates Organiskas kimijas laboratorija, attirisana veikta, izmantojot autora

1zstradatas metodes
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6. Waters 600 augsti efektivas Skidrumu hromatografijas iekarta, kas sastav no siikna
ar vadibas moduli (600 E), Rheodyne 7725i rokvadibas injektora ar 100 pl cilpu un
Waters 486 UV detektora;

7. Restek Rtx-1 Ms kapilara hromatografiska kolonna, garums 30 m, sorbenta slana
biezums 0,25 um, iek$gjais diametrs 0,25 mm;

8. Waters Atlantis HILIC Silica skidrumu hromatografijas kolonna (150%2,1 mm, 3 um
dalinu diametrs);

9. Waters X-Terra MS skidrumu hromatografijas kolonna (150x2,1 mm, 3 um dalinu
diametrs);

10. Agela Tech Venusil C18 skidrumu hromatografijas kolonna (15010 mm, 10 pm
dalinu izmers);

11. SGE 1 ml §lirce ar Luera uzgali;

12. SGE 10 pl slirce gazu hromatografijas injekcijam;

13. Hamilton 100 pl §lirce AESH injekcijam;

14. Biohit Proline automatiska pipete, 100 ul — 1 ml; klada & 2 pl;

15. Brand Transferpette S automatiska pipete, 10 — 100 pl, klada £+ 0,1 pl.

2.3. Darba gaita

2.3.1. Cviterjonu tipa jonu Skidrumu sintéze un atfiriSana

Izmantoto savienojumu sintézes ir Iidzigas, tap€c Seit apskatiti tikai reprezentativi

pieméri. Savienojumu a, b un c sintézes aprakstitas darba [97].

3-(1-Hinolinio)-propan-1-sulfonats (HinPS, 2.1. Tab.). Apalkolba (5 ml) ielej 5 mmol
hinolina un izskidina to 1 ml toluola. Apalkolba ievieto magn&tu un pievieno 5 mmol 1,3-
propansultona. Kolbu savieno ar atteces dzesinataju un reakcijas maisijumu silda 70 °C 4
dienas. Rezultata izkrit baltas nogulsnes, kuras atdala no reakcijas maisijuma, mazga ar aukstu
etanolu un zavé gaisa. legiito vielu parkristalizé no etanola un neliela iidens daudzuma. Nem
dazus kristalus un izkidina tos ACN/H,0 95:5 maisijuma. legiito $kidumu (1 pl) ievada AESH
— MS iekarta ar kolonnu nr. 8 (sk. 2.2. apaksnodalu.) Analizei izmanto $adu kustigas fazes
gradientu: 95 % ACN — 50 % ACN (10 min), 50 % ACN (15 min). Analizes gaita plismas

atrums ir 0,2 ml/min, kapilara spriegums 3,5 kV, konusa spriegums 30 V, jonu avota
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temperatiira 100 °C, desolvacijas temperatiira 400 °C. VE&lama savienojuma raksturigakie
signali ir: m/z 252 [M+H]", m/z 130. Pargjie sulfonata rindas savienojumi sintez&ti un analizé&ti

lidzigi. Talak aprakstitas reprezentativas attiriSanas metodes.

3-(1-Metil-3N-imidazolio)-propan-1-sulfonata attirisana (MelmPS, sk. 2.1. Tab.).
Apalkolba (5 ml) iesver 100 mg ieprieks sintezéta MelmPS un parkristaliz€ no acetonitrila un
etanola maisijuma (90:10 tilp. dalas). Loti 1&ni atdzes€ $kidumu, atstajot apalkolbu karstaja
vanna. P&c atdzes€sanas izkrit caurspidigas nogulsnes. Ja skidumu atdzesg atri, iegist ellu, un

attiriSana nesanak. Produkta tiribu parbauda, izmantojot ieprieks$ aprakstitos apstaklus.

3-(1-Heksil-3N-imidazolio)-propan-1-sulfonata attirisana (HImPS, sk. 2.1. Tab.).
Pudelité (4 ml) iesver 500 mg ieprieks sintezéta HIMPS un izskidina 2 ml dejonizéta tdens,
kuram pievieno dazus pilienus amonjaka tidens Skiduma lidz pH~8. Pudelites saturu parnes 15
ml centrifugé$anas mégené un pielej 3 ml hloroforma un izopropanola maisijuma (7:3 tilp.
dalas). Sakrata maisijumu un centrifugé 5 min ar 4000 apg/min. Organisko slani atdala, bet
tidens slani ekstrah& vel divas reizes. Produkta tiribu parbauda, izmantojot ieprieks aprakstitos
apstaklus. Udens slani ietvaicg ar rotacijas ietvaicétaju. Rezultata iegiist bali dzeltenu ellu, kuru

zave eksikatora virs kalija hidroksida.

3-(1-Oktil-3N-imidazolio)-propan-1-sulfonata attirisana (OImPS, sk. 2.1. Tab.).
Pudelite (2 ml) iesver 100 mg neattirita OImMPS un iz8kidina 1 ml metanola. AttiriSanu veic,
izmantojot puspreparativo AF — AESH ar UV detektoru. Piemaistjumu atdalidanai izmanto
kolonnu nr. 10 (sk. 2.2. apak$nodalu). Sistéma nr. 6 (Sk. 2.2. apaksnodalu) atkartoti ievada 100
ul parauga. Paraugu elué ar ACN/H20, kas satur 0,1 % HCOOH gradienta apstaklos: 30%
ACN - 50 % ACN (20 min), 50% ACN (25 min). Analizei lieto 3 ml/min pliismas atrumu un
detektéSanu veic 212 nm. Katras injekcijas laika savac frakciju, kas izdalas no kolonnas 5,7 —
7 min intervala. Apvieno 10 savaktas frakcijas un ietvaic€ ar rotacijas ietvaicetaju. legust
dzeltenu ellu, kuru Zave eksikatora. Iegttas vielas tiribu parbauda, ka aprakstits ieprieks.

Talak aprakstitas metodes karboksilata rindas savienojumu sintézei, izmantojot

MelmBC ka reprezentativu pieméru.

4-(1-Metil-3N-imidazolio)-butan-1-karbonskabes etilestera hlorids. Sis savienojums ir
izejviela MelmBC sintézé. Apalkolba (5 ml) ielej 90 ul (1,15 mmol) N-metilimidazola. Kolba

ievieto magnétu un pievieno 241 ul (1,72 mmol) 4-hlorobutanskabes etilestera. Kolbas saturu
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maisa ar magnétisko maisitaju 60 stundas 90 °C temperatira. Iegtst viskozu Skidrumu. Dota
skidruma 1 pl izskidina 1ml idens, ievada AESH — MS iekarta un analizg, izmantojot sekojosus
apstaklus: kolonna nr. 9 (sk. 2.2. apaks$nodalu.), kustiga faze ir 0,1 % HCOOH (H20/MeOH
95:5), pliismas atrums 0,2 ml/min, kapilara spriegums 3,5 kV, konusa spriegums 30 V, jonu
avota temperatira 120 °C, desolvacijas temperatiira 350 °C. Vélama savienojuma raksturigakie

signali: m/z 197 [M+H]*, 115, 87, 83.

4-(1-Metil-3N-imidazolio)-butan-1-karboksilats, | metode (MelmBC, sk. 2.1. Tab.).
Pie 237 mg (1,02 mmol) 4-(1-metil-3N-imidazolio)-butan-1-skabes etilestera hlorida
pakapeniski pievieno 118 mg (0,51 mmol) Ag>O (pagatavots no KNO3z un NaOH skidumiem,
7avets) un maisa ar magnétisko maisitaju 2 stundas istabas temperatiira. legiito maistjumu
centrifugé un nogulsnes dekanté. legiito Skidrumu ekstrah& ar hloroformu (2 X1 ml). legist
viskozu 8kidrumu, kura 1 pl iz8kidina 1ml tidens un ievada AESH — MS iekarta un analizg, ka

paradits iepriekS. Vélama savienojuma raksturigakie signali: m/z 169 [M+H]+, m/z §3.

4-(1-Metil-3N-imidazolio)-butan-1-karboksilats, 11 metode (MelmBC, sk. 2.1. Tab.).
Sintézi veic péc metodes [4]. Sagatavo anjonita IRA —400 OH formu. Apalkolba (5 mL) iesver
1240 mg anjonita IRA — 400 CI" forma, ielej 2 mL dejonizéta tidens un atstaj uz 24 stundam.
P&c tam anjonttu parnes Bihnera piltuve un skalo ar 50 mL metanola un 400 mL 10 % NaOH.
Ik pa laikam parbauda CI jonu klatbiitni efluenta, izmantojot BelSteina testu (AgNOs + HNOs3
Skiduma pievienoSana efluenta alikvotai). Anjonits uzskatams par parvérstu OH™ forma tad,
kad BelSteina testa rezultata vairs neveidojas AgCl nogulsnes.

leglito anjonitu pievieno 4-(1-metilimidazolija)-butan-1-karbonskabes etilestera
hloridam un kolbas saturu maisa 2 stundas. Anjonitu dekantg, palielina temperattiru lidz 60 °C
un maisijumu silda 4 stundas. P&c tam pievieno 300 uL dejonizéta tidens, un 3 reizes ekstrahé
ar 1 mL CH2Cl,. Udens fazi ietvaicg ar rotacijas ietvaicétaju un iegist viskozu, higroskopisku
skidrumu, kas péc masspektrometrijas datiem (m/z 169, [M+H]", pamatlinija) atbilst
MelmBC. legiito viskozo Skidrumu zave eksikatora virs izkarséta silikagela. Rezultata iegiist

caurspidigas pleksnes.
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2.3.2. Deitereto cviterjonu tipa jonu Skidrumu sinteze

Savienojuma a deiteréto analogu Al un A2 (sk. 3.3. att., 63. Ipp.) sintézes metodes
izstradatas darba [97], kur atrodamas katrai stadijai atbilstoSo starpproduktu sintézes procediiru

un analizu apstakli. Saisinata sintézes shéma ar atbilstosiem apstakliem atrodama 3.3. nodala.

2.4. Cviterjonu tipa jonu §kidrumu tandémmasspektrometrija

2.4.1. Optimala sprieguma vertibu piemeklésana

Attiritus CJS atskaida ar ACN/H20 70:30 maisTjumu, kuram pievienota 0,1 % HCOOH
un ievada masspektrometra, izmantojot Slirces stikni. Eksperimentus veic gan pozitivo, gan
negativo jonu sken&juma. IevadiSanas bridi uzstada kapilara spriegumu (3 kV) un pakapeniski
maina konusa spriegumu no 20 Iidz 50 V ar soli 5 V. Saja laika mainas [M+H]* (vai [M-H])
jona intensitate, kuru attélo grafiski atkariba no konusa sprieguma. No grafika izvélas konusa
sprieguma vértibu, kur [M+H]" (vai [M-H]") jona intensitate ir maksimala. Uzstada So vértibu
un maina kapilara spriegumu no 2 lidz 4,5 kV ar 0,5 kV soli un atliek uz grafika [M+H]"* (vai
[M-H]) jona intensitates mainu atkariba no kapilara sprieguma pie konstanta konusa
sprieguma. Talak izvélas kapilara spriegumu, pie kura [M+H]" (vai [M-H]’) jona intensitate ir
maksimala. Abu eksperimentu rezultata katram CJS iegast kapilara un konusa sprieguma
vertibas, kuras izmanto fragmentacijas petijjumiem. legutas konusa un kapilara sprieguma

vertibas apkopotas 2.2. tab.

2.2. Tabula
Kapilara un konusa sprieguma veértibas CJS ar dazadu C-atomu skaitu, kuras [M+H]*

un [M-H] jonu intensitates ir maksimalas

[M+H]* [M-H]
Apzim&jums
Kapilara Konusa Kapilara Konusa
spriegums (kV) | spriegums (V) | spriegums (kKV) | spriegums (V)
C 4,0 20 2,5 45
a 3,5 30 3,0 35
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2.2. Tabulas turpinajums

[M+H]* [M-H]
Apzim&jums
Kapilara Konusa Kapilara Konusa
spriegums (kV) | spriegums (V) | spriegums (kV) | spriegums (V)

b 4,0 35 2,5 45
MelmEC 3,0 30 -2 -
MelmPC 3,0 30 - -
MelmBC 3,0 30 - -
Al 3,5 30 3,0 35
A2 3,5 30 3,0 35

2.4.2. Sadursmju inducetas disociacijas eksperimenti

Attiritus CJS analizé, izmantojot tie§o ievadiSanu ar §lirci. [M+H]* un [M-H]" jonu
generé$anai izmanto kapilara un konusa spriegumus, kas ir paraditi 2.2. tabula. Visas analizes
veic elektroizsmidzinasanas jonizacijas rezima ar sekojoSiem parametriem: Skidumu
ievadiSanas atrums ir 10 pl/min, desolvacijas temperatira 250 °C, jonu avota temperatiira 120
°C, desolvacijas gazes plismas atrums ir 250 L/st., konusa gazes plismas atrums 0 L/st.,
ekstraktora spriegums 3 V, viena skengjuma laiks 0,2 s. Fragmentaciju veic sadursmju energiju
diapazona no 0 lidz 50 eV. Sadursmes veicina, ievadot §ina argonu 3,3 — 3,8x10° mbar
spiediena.

Karboksilata tipa CJS sadursmju inducétas disociacijas eksperimenti veikti ar
D20/MeOH (30:70 ) skiduma, kas paskabinats ar 0,1 % CH3COOD.

lezimétos CJS analogus analizé AESH — MS? rezima. Paraugu izskidina ACN/H20
70:30 maisijuma un 1 pl analizéjama $kiduma ievada AESH — MS iekarta. Par kustigo fazi
izmanto ACN/H20 70:30 maisijumu izokratiskajos apstaklos. Hromatografisko analizi veic,
izmantojot HILIC tipa sorbentu (kolonna nr. 8, sk. 2.2. apaksnodalu). Kustigas fazes pliismas
atrums ir 0,2 ml/min. Kapilara un konusa spriegumu vértibas atrodamas 2.2. tab., desolvacijas
temperatura ir 350 °C, jonu avota temperattra 120 °C, desolvacijas gazes plasmas atrums 400

L/st., konusa gazes plasmas atrums 50 L/st., ekstraktora spriegums 3 V un viena skengjuma

2 Sie savienojumi neveido stabilus [M-H]" jonus, tapéc $aja rezima netika pétiti
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laiks ir 0,2 s. Fragmentaciju panak analogiskos apstaklos, ka neiezimétiem savienojumiem.

legiitos masspektrus apstrada, izmantojot MassLynx 4.1 programmu.

2.4.3. Savienojuma “a” deprotonéto formu gazes fazes baziskuma kvantu kimiskie

aprekini

Lai aprékinatu dazadu savienojuma a deprotonéto formu gazes fazes baziskuma
vértibas, nepiecieSama ta geometrijas optimizacija. Saja darba savienojuma a un pozicijas 4.,
5., 6. un 7. deprotonéto [a-H] formu geometrijas optimizacija veikta, izmantojot blivuma
funkcionali B3LYP ar 6-31++g(d,p) bazu komplektu. Aprékiniem lietota Gaussian 09
programmas DO1 versija [98]. Péc geometrijas optimizacijas veikta katras dalinas saiSu
deformaciju analize, kuras rezultata ieglitas aprékiniem nepiecieSamas termodinamisku
parametru skaitliskas vertibas. Ievietojot atrastas vértibas vienadojuma 2.1 [99], atrod gazes

fazes baziskumu:

AGgro8 = Eq-n + Eq-ynpe —TSa-n — Eq — Eqnpe + TS, — 6,28 (2.1)

Kur:

AGg208 ir gazes fazes baziskums 298 K, Kcal/mol;

Ea-H — noteiktaja pozicija deprotonétas dalinas elektronu energija, Ha;

Ea-H,nPE — deprotonétas dalinas nulles punkta energija, Ha;

T — temperatiira, vienada ar 298 K

Sa un Sa.H — attiecigas dalinas kopgja entropija, cal/K-mol;

Ea — savienojuma a elektronu energija, Ha;

EaNpE — SAVienojuma a nulles punkta energija, Ha;

6,28 — konstante, kas apvieno H* translacijas entalpiju, translacijas entropiju un
A(PV)=RT, Kcal/mol.

Apréekina piemérs [a-H] dalinai, kura veidojas p&c protona atrausanas no 7. pozicijas

1,2-dimetilimidazolija gredzena:

TS,y TS
AGg 08 = ((Ea—H + Eq—nnpe) — (Eqg + Ea,NPE)) 627,51 — 10a00 + 100a0 — 6,28 =
_ (-1045,86 Ha + 1046,40 Ha) - 627,51 c2L _ 200 Kol L8k Tt
- /o0 e AT Ha L ol 1000 1000
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6,28 Kcal
mol

= 339 Kcal/mol
2.5. Kompleksu veidoSanas starp cviterjonu tipa jonu Skidrumiem un dazadiem

aminiem E1J apstaklos

2.5.1. Cviterjona funkcionalas grupas un amina struktiras ietekme uz kompleksu

veidoSanos

Darba skidumu pagatavosana. 5-Metilcitozina sakuma $kidumu ar koncentraciju 31
MM ieguva, iz§kidinot 5,0 mg 5-metilcitozina hidrohlorida 1,00 ml AESH — MS kvalitates
tident. Heksilamina, piperidina un piridina sakuma $kidumus (31 mM) sagatavoja, izSkidinot
attiecigi 4,1, 3,1 un 2,5 pL So savienojumu 1,00 ml Gidens. Katra amina darba skidumu sérija
saturéja nemainigo amina koncentraciju (6,2 M) un mainigo HinPS koncentraciju, lai molaras
attiecibas batu 1:1, 1:2, 1:5, 1:10, 1:15 un 1:20. Darba $kidumu sagatavoSanai izmantoja
acetonitrilu (1,00 mL), kas satur&ja 0,05 % (tilp.) skudrskabes.

Cviterjona funkcionalas grupas pétijjumiem sagatavoja divus Skidumus, kas satur&ja 5-
metilcitozinu (6,2 uM) ar MelmPS vai MelmBC molara attieciba 1:1. Ka skidinataju lietoja
augsgja rindkopa aprakstito maisijumu.

Instrumenta parametri. Pagatavotos skidumus analiz€, izmantojot $adus apstaklus:

Kapilara spriegums: +2,8 kV;

Konusa spriegums: 15 V;

Ekstraktora spriegums: 1 V;

Parauga Skiduma plismas atrums: 50 pL/min;
Desolvacijas gazes (N2) plismas atrums: 250 L/st;
Konusa gazes (N2) plismas atrums: 30 L/st;
Desolvacijas temperatiira: 400 °C;

Jonu avota temperatara: 100°C;

Skenésanas atrums: 0,5 s;

SkenéSanas rezZims: pilnais sken&jums.
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2.5.2. Cviterjona koncentracijas ietekme uz kompleksa absoliito intensitati

Darba skidumu sagatavosana. Eksperimentiem izmantoja cviterjonus nr. 3, 7 — 13. (sk.
2.1. tab.). Sakuma $kidumus ar koncentraciju 31 mM pagatavoja, izSkidinot noteiktu cviterjona
masu 1,00 mL @idens. Darba Skidumu sérijas saturgja 6,2 pM S-metilcitozina un tadu mainigu
cviterjona koncentraciju, lai iegiitu abu komponentu molaro koncentraciju attiecibu 1:1, 1:2,
1:5,1:10, 1:15 un 1:20. Par skidinataju izmantotS maisijums, kas aprakstits 2.5.1. apakSnodala.

Iegiitos skidumus ievada, izmantojot Slirces stikni 2.5.1. apaksnodala aprakstitajos apstak]os.

2.5.3. flcidindtdja ietekme uz kompleksa absoliito intensitati

Darba skidumu pagatavosana. Eksperimentiem izmanto vielu MelmPS (sk. 2.1. tab.).
Pec 2.5.2. apakSnodala aprakstito eksperimentu rezultatiem izvélas tadu 5-
metilcitozina/MelmPS koncentraciju attiecibu, kura tiek sasniegts [MelmPS+5-MC+H]*
kompleksa signala maksimums. Doto attiecibu izmanto darba $kidumu pagatavoSanai. Ka
skidinatajus izmanto tris dazadas sistémas, kas sastav no ACN/H.0, ACN/MeOH un
MeOH/H20 maisfjumiem. Katra maisijuma izmaina otra komponenta saturu robezas no 0 lidz
50 % (tilp.). Katra sérija iegtist Skidumus ar 100:0, 90:10, 80:20, 70:30, 60:40 un 50:50 sastavu.

Skidumu analizei izmanto 2.5.1. apak$nodala min&tos eksperimenta parametrus.

2.5.4. Kapilara, konusa un ekstraktora sprieguma piemeklesana

Eksperimentiem izmanto cviterjonus nr. 3, 7 — 13. (sk. 2.1. tab.) un 5-metilcitozina
Skidumus, kuriem atrasta vislielaka kompleksa signala intensitate 2.5.2. apaks$nodala
aprakstitajos apstaklos. Sakuma uzstada kapilara spriegumu 2 kV un maina So vertibu ar soli
0,5 kV Iidz 4,5 kV, nemainot pargjos parametrus. Atrod optimalo kapilara spriegumu. Talak
maina konusa spriegumu no 10 Iidz 50 V (10, 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 40, 50) un,

visbeidzot, ekstraktora spriegumu no 1 lidz 10 V ar soli 1 V.

2.5.5. Kompleksu stabilitates petijumi Skiduma un Qazes faze

Kompleksu asocidacijas konstansu noteikSana acetonitrila un metanold. Asociacijas

konstantes nosaka MelmPS, BulmPS, HIMPS un OImPS kompleksiem ar 5-metilcitozinu.
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Nosaukto CJS un 5-metilcitozina sakuma $kidumi ar koncentraciju 100 mM sagatavoti
atseviSki, izmantojot tideni vai metanolu ka $kidinatajus.

Katra CJS un 5-metilcitozina sakuma $kidumu alikvotas sajauktas kopa un atskaiditas
ar AESH — MS kvalitates acetonitrilu (vai AESH — MS kvalitates metanolu), lai iegiitu
ekvimolaru (CJS/5-MC) darba $kidumu sériju koncentraciju diapazona 1 — 15 puM. Darba
Skidumiem pievienota HCOOH 0,025 % (tilp.) daudzuma. Katrs no $kidumiem tika pagatavots
un analizéts tris reizes. Darba Skidumi tika ievaditi masspektrometra, lietojot mérjjuma
apstaklus, kuri aprakstiti 2.5.1. apak$nodala.

Iegtie dati apstradati, izmantojot metodi, kura protonéta 5-metilcitozina un kompleksa

intensitasu attiecibas atkaribu no koncentracijas apraksta ar 2.2. vienadojumu [82]:

Is_ye _ (1+/1+4KC) 2.2)
Icomp 2KRC '

Kur:

Is-mc — protonéta S-metilcitozina, S-metilcitozina diméra un 5-metilcitozina adukta ar
Na* intensitasu summa;

Icomp — kompleksa intensitate masspektra;

C ir 5-metilcitozina (vai CJS, jo $kidumi ir ekvimolari) koncentracija;

K — kompleksa asociacijas konstante;

R ir 5-metilcitozina un atbilstosa kompleksa detektora atsauces faktoru attieciba.

Konstrugjot Is.mc/lcomp atkaribu no koncentracijas un pielagojot dotiem punktiem 2.2.
vienadojumu, var noteikt kompleksa asociacijas konstanti. So procediiru visiem kompleksiem
izpildija, izmantojot IBM SPSS Statistics programmu (21. versija).

MelmPS kompleksu ar heksilaminu, pirolidinu un trietilaminu asociacijas konstanSu

noteikSana veikta analogiski.

CJS kompleksu ar 5-metilcitozinu pussabruksanas energijas noteiksana gazes faze.
Siem eksperimentiem izmantoti MelmPS, BulmPS, HImPS, OImPS kompleksi ar 5-
metilcitozinu. Pétamaja §kiduma CJS un S-metilcitozina koncentracija ir 20 pM. Skidums
ievadits masspektrometra, analizei izmantojot EIJ avota apstaklus, kas aprakstiti 2.5.1.
apaksnodala (sk. Instrumenta parametri). Kompleksa aktivacijai izmantota sadursmju inducéta

disociacija, kuru panak ar argonu (3x107 mbar spiediena) sadursmju energijas diapazona no 0
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lidz 16 eV ar soli 1 eV. Datu apstrades gaita konstruéta kompleksa relativas intensitates
atkariba no sadursmju energijas. Dota sakariba izmantota kompleksa pussabrukSanas energijas

(E12) aprékinasanai.

2.5.6. Kompleksu kvantu kimiskie aprekini

Aprekini veikti, izmantojot Gaussian 09 programmu (D01 versija) [98]. Protonéta 5-
metilcitozina [5-MC+H]* zemakas energijas tautoméra geometrija atrasta, veicot 4 iesp&jamo
tautoméeru struktiiru optimizaciju ar blivuma funkcionali B3LYP [100, 101] ar 6-31g(d,p) bazu
komplektu.

MelmPS un [MelmPS+H]* zemakas energijas konforméru piemeklesana veikta ar
MMFF94 [102] molekularas mehanikas algoritmu, kas ir ieklauts bezmaksas Avogadro 1.0.0
programma. P&c mingta algoritma lietoSanas, izvéleti 6 MelmPS un 4 [MelmPS+H]"
konformeri.

Katrs no seSiem MelmPS konformériem apvienots ar [5-MC+H]*, lai izveidotu
dazadas kompleksa struktiiras ar mainigu [S-MC+H]" orientaciju. Sadi iegiito kompleksu
geometrijas pakapeniski optimizétas ar MMFF94 spéka lauku, pusempirisko PM3 metodi
[103] un ab initio HF/6-31g(d) metodi. Peédgja posma izvéléts viens kompleksa konformérs ar
viszemako energiju un ta struktiira optimizéta, lietojot M06-2X funkcionali [104] ar 6-
311++g(d,p) bazu komplektu. Lai parliecinatos, ka iegiita struktiira atbilst lokalajam
minimumam, veikta saiSu deformaciju frekvencu analize. Mijiedarbibu energijas vértiba
dotajam kompleksam aprékinata, izmantojot bazu superpozicijas kliidu korekcijas metodi un
MO06-2X/6-311++g(d,p) funkcionali.

Visas iepriek$gja rindkopa minétas procediiras atkartotas Cetriem [MelmPS+H]*

kompleksiem ar 5-MC.

2.6. Cviterjonu tipa jonu Skidrumu izmantoSana DNS metileSanas ITmena

noteikSanai

2.6.1. Cviterjonu tipa savienojuma izvéle
Piemérotakais CJS tika izvélets, balstoties uz eksperimentiem, aprakstitiem 2.5.2.

apaksnodala, kuru gaita CJS un S-metilcitozina kompleksa signala intensitati masspektra

nosaka, mainot abu komponentu molaro koncentraciju attiecibu. CJ S, kas veido kompleksu ar
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vislielako absoliito intensitati masspektra, tika izvéléts ka reagents DNS metiléSanas limena

noteikSanai tela vairogdziedzera DNS parauga.

2.6.2. Metodes validacija

Lai parbauditu iegiito datu ticamibu, veikta dal&ja PIA — EIJ — MS metodes validacija®,
kas ieklauj tadus parametrus ka linearitates apgabals, LOQ, precizitate, pareiziba,
reproducéjamiba, matricas efekts un analita starpinjekciju parnese (carryover).

Lai model&tu reala parauga matricu, visiem 5-metilcitozina skidumiem validacijas gaita
tika pievienotas nukleobazes, kas raksturigas DNS paraugam. Matricas sakuma Skidumu
sagatavoja 100,0 ml polipropiléna mérkolba (lai izslégtu sarma metalu jonu klatbitni),
iz8kidinot 2,0 mg adenina, timina, citozina, guanina un uracila AESH — MS kvalitates tidenT ar
2,5 % HCOOH piedevu. 5-Metilcitozina sakuma skidumu ar koncentraciju 1,0 mM sagatavoja
analogiski. Validacijai nepiecieSami kvalitates kontroles un kalibracijas Skidumi iegiiti,
pakapeniski ats$kaidot un kombingjot abus sakuma $kidumus. Matricas komponentu (citozina,
guanina, adenina, timina un uracila) koncentracijas kvalitates kontroles un kalibracijas
skidumos ir attiecigi 180, 132, 148, 159 un 180 nM. Katrs $kidums tika pagatavots AESH —
MS kvalitates acetonitrila ar 0,0001% trifluoretikskabes piedevu un ievadits PIA — EIJ — MS
sisteéma, izmantojot iekartas darbibas apstaklus, kas aprakstiti 2.6.4. apaksnodala.

Linearitates apgabalu nosaka, izmantojot septinus 5-metilcitozina Skidumus 0 — 1000

nM koncentraciju diapazona. Metodes LOQ vértibu izrékina péc 2.3. vien.:

100

kur, ¢ ir 6 paraléli sagatavoto un analizéto tukSo paraugu (satur tikai matricas
komponentus) signala laukuma standartklida un S ir kalibracijas taisnes koeficients.
Precizitati, pareizibu, reproducg€jamibu un matricas efektu nosaka, izmantojot divus 5-
metilcitozina koncentracijas Itmenus (10 un 100 nM). Analita starpinjekciju parnesi izsaka ka
kompleksam atbilstoSa signala laukuma attiecibu tukSaja parauga pret standartu ar 5-

metilcitozina koncentraciju 200 nM, kas atbilst aug§€jai metodes noteikSanas robezai.

3 Metodes validacijas procediira ir detaliz&ti aprakstita publikacija nr. 5 (sk. Ievads, Promocijas darba
aprobacija), kuras tekstu var apskatit Pielikumos, 158. Ipp.
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2.6.3. DNS parauga hidrolize

Par modeli izmantota tela vairogdziedzera DNS, kas ir komerciali pieejama. Pirms
hidrolizes DNS izikidinaja AESH — MS kvalitates @ideni, un noteica realo DNS daudzumu
parauga, mérot UV absorbciju 260 nm ar UV spektrofotometru. Tad paraugs tika atskaidits ar
tideni un 100 pl ieguta Skiduma, kas atbilst 2,5 pg DNS, iel&ja 2 ml hromatografiskaja parauga
traucina (virsma iepriek§ deaktivéta ar HMDS). Pudelites saturu ietvaicgja slapekla pliisma
istabas temperatiira. Sausajam atlikumam pievienoja 200 pl 88 % HCOOH, novietoja pudeliti
uz elektriskas plitinas un veica hidrolizi 1,5 st. laika 140 °C temperatiira, ka tas aprakstits darba
[105]. P&c hidrolizes skudrskabe tika ietvaicéta slapekla plisma un pudelites saturam
pievienots 1 ml ACN ar 0,001% TFA piedevu. Pirms ievadi$anas, paraugs atskaidits10 reizes
ar ACN.

2.6.4. 5-Metilcitozina PIA — E1J — MS analize

Zemas dispersijas PIA — EIJ — MS sistémas shéma ir paradita 2.2. att.

5-MC

!

S T

SS

2.2. att. PIA-EIJ-MS sistéemas shéma, izmantota 5-metilcitozina noteik§anai DNS
parauga. Apzim&jumi: CJS — cviterjonu tipa jonu $kidrums, 5-MC — 5-metilcitozins, KF — kustiga
faze, S — AESH siiknis, I — seScelu rokvadibas injektors, T — T-veida savienotajs, SS — sajaukSanas

spirale, MS — masspektrometrs

Ka redzams no 2.2. att., PIA — E1J — MS sistéma sastav no AESH iekartas, kas padod
kustigo fazi ar nemainigu plismas atrumu (80 pl/min), Rheodyne elektriski vadama rokvadibas
injektora ar pastaisito PEEK cilpu (1 pl), $lirces siikna, kas nodrogina CJS pliismas atrumu 20
pl/min, T-veida savienotaja, PEEK sajaukSanas spirales (1 m x 0,125 mm i.d.) un Upchurch

poraina te€rauda mikrofiltra, kas ir pievienots masspektrometram. Paraugu ievada ar stikla §lirci
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manualaja injektora, izmantojot cilpas parpildiSanas metodi, nemot vienai injekcijai 30 pl
Skiduma. Rezultata precizi 1 pl tiek ievadits sistema un pargjie 29 pl paliek atkritumu pudele.
Kopuma paraugu ievada 6 reizes ar 20 s intervalu starp injekcijam. Analizes gaita veic signala
m/z 126.1 (atbilst 5-metilcitozinam) un m/z 330.4 (atbilst S5-metilcitozina kompleksam ar
MelmPS) monitoringu, datu savaksanai lietojot 0,1 s laika veértibu (dwell time). Pargjie EIJ
analizes apstakli ir §adi:

Kapilara spriegums: 2,8 kV;,

Konusa spriegums: 15 V;

Ekstraktora spriegums: 1 V;

Desolvacijas gazes (N2) plasmas atrums: 250 L/st;

Konusa gazes (N2) plusmas atrums: 30 L/st;

Desolvacijas temperatiira: 400 °C;

Jonu avota temperatara: 100°C.

2.6.5. DNS metileSanas limena aprekinasana
DNS metiléSanas [imeni izsaka vienadojums 2.5.

Ns_pmc 100% = Ns_pmc

5 — MCy, = >
2T ey 0.2095ny5

(2.4)

Kur:

Ns.mc ir 5-metilcitozina daudzums 2,5 pg DNS (nmol), aprékinats péc kalibracijas
taisnes vienadojuma, ievietojot vid&jo (n=6) signala laukuma vertibu;

Ncyt — kopg€jais citozina daudzums (nmol);

nne — kopg&jais nukleobazu daudzums 2,5 pg DNS (nmol);

0,2095 ir koeficients, noradits tela vairogdziedzera DNS specifikacijas lapa, kas parada
citozina molu % DNS parauga;

Aprékina piem&rs DNS paraugam ir $ads:

Cs_mc * 10 10,6 T 10
5—MCy, = 1191225 - 100% = 1202/Sg -100% = 6,7%
0,2095 - —*=-1000 L L .
Mz 0,2095 33019 1000
umol
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Saja pieméra Mng ir mononukleotidu vidéja molmasa, raksturiga DNS natrija sals

formai.
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3. REZULTATI UN TO IZVERTEJUMS

3.1. Sulfonata grupu saturoso cviterjonu tipa jonu $kidrumu sinteze

Lielaka dala $aja darba pétito savienojumu ir dazadi slapekla heterociklus saturosi
sulfonati. To iegliSanai tika izmantotas nukleofilas aizvietoSanas reakcijas, kuras ir paraditas

3.1. att.

/ toluols
S 70 °C + SO,
Het + o@ _.Hetv@nv :

Het=heterocikls
n=1,2

@N SO3 K HSC’N@N .
+ BI’/\/ B ——— Y \/\503
/N DMSO, 70 °C

HsC CH, 4 dienas HsC

c

3.1. att. Sulfonatu iegiiSanas reakcijas

Lai izslégtu kluidas, saistitas ar parauga nepietickamu tiribu, darba izmantotas vairakas
attiriSanas metodes. Kristaliskos savienojumus (visus, iznemot HIMPS un OImPS) attirTja,
izmantojot parkristalizaciju no etanola/idens un acetonitrila/etanola maisijumiem. Savukart
savienojumu HIMPS un OImPS attiriSana ar parkristalizacijas metodi nav iesp&jama, jo Sie
savienojumi istabas temperatiira ir viskozi Skidrumi. Tapéc HIMPS attirisanai izmantota
Skidrumu ekstrakcija ar sist€ému, kas sastav no tidens ar pH=8 (p&c koncentréta NH3
pievienosanas) un hloroforma/izopropanola maisijuma attieciba 7:3. AESH — MS analizes
paradija, ka, lietojot So metodi, iesp&jams iegiit HIMPS ar 99 % tiribu. OImPS attirisanai
lietota preparativa AF — AESH, jo §is savienojums un taja esosie piemaisTjumi veido ar ideni
heterogénu sistému, kas nedod iesp&ju izmantot ieprieks aprakstito ekstrakcijas metodi. AF —
AESH izmantotajos apstaklos bija iespéjams ievadit viena méginajuma 10 mg neattirita
maisijuma. Metode péc visu savakto frakciju ietvaicéSanas un produkta ZaveéSanas lauj iegiit 35
mg attirita (99 %) OImPS.

legiito savienojumu tiribas kontrolei un blakusproduktu identifikacijai izmantota

speciali izstradata HILIC — AESH — MS metode. Tai, salidzinajuma ar AF — AESH ir liela
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prieksrociba — metode ir praktiski universala jebkuram darba izmantotam CJS. AF — AESH
apstaklos no izejvielam labi atdalas tikai hidrofobakie analogi OImPS, HImPS, BulmPS un
HinPS. Visi pargjie CJS augstas polaritates del izdalas no kolonnas ar zemiem sorbcijas
faktoriem kopa ar izejvielam. Savukart, piedavata HILIC — AESH — MS metode gradienta
apstaklos lauj labi atdalit gala produktus un piemaisijumus. Galvenais §1s metodes trikums ir

1ens lidzsvaroSanas process silikagela tipa sorbentam, kuru izmanto HILIC metode.

3.2. Karboksilata grupu saturoso cviterjonu tipa jonu §kidrumu sintéze

Karboksilata saturoso CJS sintézei nepiecie$amas tris stadijas, kuras redzamas 3.2. att.

o Cl
—\ | — O
no-N N T ( o SNepy, N /N‘+
3 \/ n 3 H3C \/ O/\CH3
Cl n

1. Metode | 2. Metode

920 | 1R A 400 OH
-AgCl
|etva|c N
N
H,C™ \/ Q/U\ -C2 sOH H,C~ /\

MelmEC: n=1

MelmPC: n=2

MelmBC: n=3

3.2. att. Imidazolija alkankarboksilatu iegiiSanas metode

Lidzigu savienojumu sint€zes metodes ir aprakstitas avotos [2, 4, 106, 107], tomér to
lietoSanai bija nepiecieSams piemeklet un precizét iegliSanas apstaklus. Sint€Zu pamata ir
nukleofilas aizvieto$anas un jonu apmainas reakcijas. Produktu tiriba $ajas reakcijas ir stipri
atkariga no konversijas pakapes pirmaja stadija, kura notiek I&ni. Veicot alkiléSanu, var
paaugstinat temperattiru, bet, ka rada analizes, temperatiira, augstaka par 80 °C, veidojas
krasaini blakusprodukti.

Ka redzams no 3.2. att., otra stadija ir tipveida jonu apmainas reakcija, kur hlorida
anjonu apmaina pret hidroksida anjonu. Saja posma iesp&jams izmantot IRA-400 anjonitu OH

forma vai Ag,O. Abu metozu lietoSana dod labus rezultatus, bet priekSrociba ir IRA-400
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lietoSanai, jo anjonitam ir sp&ja adsorbét 1-metilimidazola piemaisijumu uz poliméra matricas.
Eksperimentu gaita tika konstatéts reakcijas ierobezojums, Kas saistits ar to, ka reakciju nevar
veikt metanola, jo taja praktiski kvantitativi notiek estera grupas paresterifikacija. P&dgja
stadija pec ietvaic€Sanas var iegiit bezkrasainus viskozus Skidrumus, kuri ir higroskopiski.
Iesp&jams iegit ari kristalisko formu (vismaz MelmBC gadijuma), Zav&jot $os savienojumus

cksikatora virs silikagela vai kalija hidroksida.

3.3. Ieziméto sulfonata grupu saturoso cviterjonu tipa jonu Skidrumu sintéze

Lai atvieglotu CJS masspektru interpretaciju un pamatotu $o savienojumu
fragmentacijas mehanismus, tika ieplanots iegiit divus CJS analogus, kas dazados stavoklos
satur deiterija atomus. Sie savienojumi ir 3-(1,2-dimetil-3N-imidazolio)-propan-1-sulfonata
atvasinajumi Al un A2. So savienojumu izvéle pamatojas ar to, ka: 1) lidzigu savienojumu
masspektrometrija ir vairak izpétita [108]; 2) min&to savienojumu masspektri satur dazada tipa
signalus, kas dod iesp&ju izmantot savienojumus Al un A2 ka modelus, lai pétitu homologu

fragmentaciju. Abu savienojumu iegiiSanai izmantotas reakcijas ilustré 3.3. att.

(O

Cl a,b,c,d N®
~"CooEt — " o Hi \(

K
D D

CHs
Al

b,f /j

O Scoom T H3C/N\G%N
HaC

A2

3.3. att. Ieziméto savienojumu A1 un A2 sintézes shémas, kur a: NaBD./BF3-Et,O/THF/A,
b: Na;SO3s/A, ¢: HBr/H,SO./100 °C/2st, d: 1,2-dimetilimidazols/toluols/70 °C/4 dienas, e: P/l, f:
1,2-dimetilimidazols/DMF/70 °C/4 dienas

Ka redzams, savienojumu Al un A2 iegiiSanai nepiecieSamas 4 stadijas, ja par izejvielu
izvelas 3-hloropropanskabes etilesteri. Doto metozu izstrade kopa ar vairakam detalam
aprakstita darba [97]. Produkta atbilstibu vélamam savienojumam parbauda ar AESH — MS?
metodi, kas paradija, ka deiterija atomi ievaditi propansulfonata k&de 1. vai 3. stavokli,

atbilstosi izstradatai shémai (sk. 3.4. att.).
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3.4. att. Nedeitereta (A), 3. pozicija (AL, B) un 1. pozicija (A2, C) ieziméto CJS masspektri,

iegiiti ar 20 eV sadursmju energiju

Ka redzams, deiterija atomu klatbiitnes dél Al un A2 protonéto molekulu signali
atskiras par 2 m/z vienibam (m/z 221) no nedeiteréta savienojuma a signaliem (m/z 219).
Specifisko fragmentu rasanas ar m/z 110 (A2) un m/z 112 (Al), pierada, ka deiterija atomi
Sajos savienojumos atrodas tie$i 1. un 3. pozicija. Tapéc iegilitos savienojumus var izmantot
cviterjonu tipa savienojumu fragmentacijas pétisanai SID apstaklos, kuru apliikosim talakajas

nodalas.

3.4. Cviterjonu tipa jonu Skidrumu gazes fazes pétijumi sadursmju inducétas

disociacijas apstaklos

3.4.1. Sulfonata grupu saturoSo CJS protonéto molekulu fragmentacija

Neieziméto savienojumu a, b un ¢ [M+H]" jonu MS? spektri paraditi 3.5. att.
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3.5. att. Neieziméto savienojumu a, b un ¢ SID masspektri, iegiiti ar 40 eV sadursmju

energiju

No 3.5. att. izriet, ka neatkarigi no metiléngrupu skaita starp 1,2-dimetilimidazola
gredzenu un SOz grupu, masspektros dominé fragmenti ar vienadam m/z vértibam. Savukart
atbilstoSo fragmentu relativas intensitates stipri atSkiras, kas liecina par struktiiras ietekmi uz
disociacijas procesiem. lesp&jams, tas ir skaidrojams ar iek$gjas energijas pieauguma atskirigu
sadalijumu SID gaita starp [M+H]" jonu translacijas kustibu un saiSu svarstibu Ilimeniem [109].

Iegtito masspektru interpretacija dod iesp&ju sastadit disociacijas marSrutu shému, kas

ir atrodama 3.6. att.
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3.6. att. Savienojumu a, b, ¢ un deiteréto analogu A1 un A2 SID procesu shéma pozitivo

jonu skenéjuma

Shéma redzamie procesi ir lidzigi visiem savienojumiem, tapéc ar savienojuma a
pieméru sikak apskatisim intensivako fragmentu rasanos SID apstaklos. So fragmentu relativas
intensitates atkariba no sadursmju energijas var apkopot sabrukSanas diagramma, kas ir

paradita 3.7. att.
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3.7. att. [a+H]* jona sabruksanas diagramma, kas parada nozimigako fragmentu stravas

dalu atkariba no sadursmju energijas

Attela 3.7. redzams, ka [a+H]" fragmentacija sakas jau pie 0 eV (bez paatrinosa
potenciala), kas liecina par zemu disociacijas reakcijas aktivacijas energijas barjeru. Vislielaka
relativa intensitate visa sadursmju energijas diapazona atbilst jonam ar m/z 97. Sada stabilitate
bieZi saistita ar vielas aromatisko raksturu. Lidz ar to ir pamats uzskatit, ka dotais jons ir 1,2-

dimetilimidazolija katjons ar elementu sastavu CsHgN2" (sk. 3.1. vien.).

(CR)

S—
H3C\N® > > ° H3C\N/G\>I\\IH
N B — >/
>/ _Cn+2H2(n+2)OSS

HaC

n=0,1,2 m/z 97

Dotais jons doming ari savienojuma b masspektros. Turpretim, savienojuma ¢ gadijjuma
novero ari jona ar m/z 96 veidos$anos, kas tapat satur 1,2-dimetilimidazolija fragmentu, bet
veidojas saskana ar homolitiskas $kel$anas mehanismu. Sadas atskiribas var izskaidrot ar to,
ka savienojums ¢ mazakas molmasas dél atrak sasniedz radikalu $kel$anai nepiecieSamo

icks§gjas energijas picaugumu. Rezultata ¢ gadijuma, novérojama vienlaiciga jonu ar m/z 96 un
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97 rasanas. Japiebilst, ka 1,2-dimetilimidazolija jons, sanemot energiju, kas parsniedz 30 eV,
sp¢&j disociét talak, veidojot otras paaudzes jonus ar m/z 82, 55 un dazus citus.

Otrs process, kur$ sakas jau pie 0 eV savienojumu a, b un ¢ gadijuma, ir jonu ar m/z
109, 123 un 137 veidosanas (sk. 3.2. vien.).
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Sis process ir ladina virzita $kel3anas, kas ir raksturigs visiem CJS, kuri satur
alkansulfonata virkni.

Apskatot savienojuma a fragmentacijas diagrammu (sk. 3.7. att.), var pamanit, ka
jonam ar m/z 123 atbilstosa Iikng pie 10 eV atrodas minimuma punkts. Tas var liecinat par
atSkirigu jona formu pastavéSanu gazes fazg. Deiteréta analoga A2 masspektrs pierada So

hipotézi, jo taja redzami signali ar m/z 123, 124 un 125 (sk. 3.8. att.)
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3.8. att. Stavokli 1 deiterija atomus saturosa savienojuma A2 masspektrs, iegiits ar 30 eV

%

sadursmju energiju

No $1 masspektra izriet, ka savienojuma a fragmentacija veidojas divi dazadi izobari

joni ar m/z 123, kurus iesp&jams diferencét pateicoties deiterija atomu ievadiSanai. NO
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savienojuma A2 masspektra izriet, ka jona ar m/z 125 sastava ietilpst divi deiterija atomi, kas
pierada protonéta propansultona veido$anos. Savukart, jons ar m/z 123 deiterija atomus
nesatur. Tapéc ir pamats uzskatit, ka CD> grupa neietilpst ta sastava, un piedavat molekularo
formulu C7H11N2*. Doto formulu varétu saistit ar dazadam struktioram, no kuram ticamaka butu
1,2-dimetil-3N-vinilimidazolija struktira, kas veidojas péc metansulfonskabes molekulas

eliminésanas (sk. 3.3. vien.).

H3C—N@ =\

V/Nm . H3C_N®N\/CH2 (3.3)
HsC N\ _sS Y

H
H o~~~ -CH,SO.H
o7 \\ © s CHs,

o m/z 123

Dota fragmenta rasanos var neties$i pieradit, salidzinot iezim&to savienojumu Al un A2
masspektrus. Savienojuma A2 gadijuma jonam ar m/z 123 ir neliela intensitate (ap 1 — 1,3 %).
Savienojuma Al gadijuma dotajam jonam ir japaradas ar m/z 124, jo vienam D atomam butu
jamigré uz metansulfonskabes molekulu. STjona rasanas A1l masspektros novéro ar loti zemu
intensitati (ap 0,3 %). Iesp&jams, ka jona veidosanOs samazina kinétiskais izotopu efekts,
saistits ar deiterija atoma piedaliSanos parejas stavokli. Lai parbauditu $o hipotézi, tika uznemts
tada CJS masspektrs, kura fragmentacijas gaitd veidoto protondta propansultona un

vinilimidazolija jonu m/z vértibas nozimigi atskirtos (sk. 3.9. att.).
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3.9. att. 3-(2-Metil-N-imidazolio)-propan-1-sulfonata masspektrs, kas parada vienlaicigu

vinilimidazolija un protonéta propansultona veidoSanos SID gaita
Saja gadijuma protonétajam propansultonam atbilst signals ar m/z 123, bet 2-metil-N-

vinilimidazolijam — ar m/z 109. Lidz ar to, var secinat, ka metansulfonskabes eliminéSanas

process notiek vienlaicigi ar protonéta propansultona veidosanas SID apstaklos.
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Ir pamats uzskatit, ka lidziga reakcija notiek ari savienojuma b gadijuma, kas izraisa
jona ar m/z 137 raSanos, bet savienojuma ¢ gadijuma ta nav iesp&jama metiléngrupu skaita
truakuma del.

Palielinot sadursmju energiju lidz 10 eV, var novérot dazus citus [a+H]" jona
fragmentus. Jona ar m/z 137 (m/z 139 savienojumu Al un A2 gadijuma) rasanas saistita ar

sérpaskabes eliminéSanos (sk. 3.4. vien.).
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Lidzigu procesu novéro ari savienojuma b (m/z 151) un ¢ (m/z 123) fragmentacijas
gaita. Savienojuma b gadijuma dotajam jonam ir zemaka intensitate, ko var izskaidrot ar citiem
kin&tiski un termodinamiski izdevigakiem procesiem. Ka alternativu s€rpaskabes atSkelSanas
mehanismam var piedavat pakapenisku HSOs" un H" radikalu atbrivosanas [110].

Lidz ar sérpaskabes eliminéSanos savienojuma a masspektros paradas joni ar m/z 109
un 110. To rasanas savienojumu a un b gadijuma novérojama 10 — 50 eV diapazona, kas norada
uz Tpasu stabilitati. Savienojuma Al masspektros var saskatit doto jonu signala nobidi par 2
m/z vienibam. Tas liecina, ka tajos ietilpst CD2 grupa, kas atrodas blakus slapekla atomam.
Jona ar m/z 109 veidoSanas raksturiga visiem trim homologiem, bet jons ar m/z 110 nav
raksturigs vienigi savienojumam C. Darba [97] veiktie eksperimenti deva pamatu savienojumu
a un b gadijuma jonu ar m/z 109 un 110 struktaru att€lot ar 3.5. un 3.6. shémam.
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Iesp&jams, ka ladina vai nesaparota elektrona klatbiitne izraisa $o jonu talaku cikla
paplasinasanos lidzigi benzilkatjona pargrup€Sanai par tropilija jonu [8]. Japiebilst, ka atSkiriba
no a un b, savienojums ¢ veido jonu ar m/z 109, kura iesp&jama struktiira paradita ar 3.2. vien.

Tas savukart liecina par izobaro jonu ar m/z 109 rasanos savienojuma c SID gaita.

3.4.2. Sulfonata grupu saturoSo CJS deprotonéto molekulu fragmentacija

EIJ apstaklos iesp&jams izpétit savienojumu &, b un ¢ deprotonéto dalinu kimiskas

Tpasibas gazes faze. So savienojumu [M-H] jonu MS? spektri redzami 3.10. att.
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3.10. att. Savienojumu a, b un ¢ MS? spektri, iegiiti ar 20 eV sadursmju energiju

Masspektri rada, ka SID apstaklos veidotie fragmenti ir 1idzigi. Homologu a, b, c, ka

ari ar deiteriju iezimé&to savienojumu Al un A2 fragmentu veidosanas redzama 3.11. attéla.
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3.11. att. Savienojumu a, b, ¢ un deiteréto analogu A1 un A2 deprotonéto molekulu SID

procesu shéma

Fragmentaciju var izvertét ar savienojuma a piemé&ru, nozimigako [a-H]  jona

fragmentu raditas stravas dalu grafiski att€lojot sabruksanas diagramma (sk. 3.12. att.).
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3.12. att. [a-H] jona sabruksanas diagramma, kas parada nozimigako fragmentu stravas dalu

atkariba no sadursmju energijas

Lielakai dalai jonu ir parskaita m/z vértibas, kas norada uz jona [a-H] fragmentacijas
procesa parsvara veidotam neparskaita elektronu dalinam (anjonradikaliem vai distoniskiem
joniem). Tada pati tendence novérojama ar [b-H]" un [c-H]" fragmentacijas procesa. S1ipasiba
bitiski atskir deprotongto CJS $kelsanos no atbilstoso [M+H]" jonu fragmentacijas, kas
apskatita ieprieks$eja apaksnodala.

Minéto savienojumu masspektru interpretacijas gaitd radas jautajums par protona
atrausanas vietu no CJS molekulas. CJS uzbiive norada uz vairakam vietam, kuras var notikt
deprotonéSanas. Eksperimenti ar iezimétiem savienojumiem Al un A2, paradija, ka
propansulfonata k&dé deprotonésanas nenotiek, jo abos gadijumos novéro [Al-H] un [A2-H]

jonus ar m/z 219 (sk. 3.13. att.).
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3.13. att. Teziméto CJS [A1-H] un [A2-H]" MS? spektri, iegiiti ar 20 eV sadursmju

energiju

Tas liecina, ka H-atoma atrauSana notieck no 1,2-dimetilimidazolija cikla. Lai to
pamatotu, tika veikti aprékini ar kvantu kimijas metodém protona atrausanas vietas noteikSanai

atbilstosi vienadojumam 3.7.

Saja vienadojuma paradita savienojuma a gazes fazes deprotonéianas reakcija, kuras
gaita protons tiek atrauts no pozicijam 4, 5, 6 vai 7. Rezultata veidojas [a-H] dalinas ar
atSkirigu negativa ladina izvietojumu. Katrai no $§im dalinam tika izrékinatas gazes fazes
baziskuma vértibas (AGg298) saskana ar 2.1. vienadojumu, lai noskaidrotu termodinamiski

izdevigako protona atrauSanas vietu. leglitas vertibas apkopotas 3.1. tabula.
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3.1. Tabula
Gazes fazes baziskuma (AGy, 208) Vértibas, aprékinatas dazadam [a-H] dalinam, lietojot

funkcionali B3LYP ar 6-31++g(d,p) bazu komplektu

Dalina/protona E+Enrg, Ha | S, cal/mol-K | TS, Kcal/mol | AGg,298, Kcal/mol

atrau$anas vieta

a (neitrala forma) | -1046,40 122,0 36,35
al4 -1045,84 123,4 36,78 352,8
a/5 -1045,84 126,8 37,78 353,6
alé -1045,83 125,8 37,50 360,7
al7 -1045,86 128,6 38,34 339,0

Tabulas 3.1. dati liecina par stavokli 7 esosa protona vieglaku atrau$anos no 1,2-
dimetilimidazolija cikla, jo atbilstosa AGg,298 vertiba ir viszemaka. Tas var bt saistits ar Tpasu
stabilizaciju rezonanses d&| starp deproton€to metilgrupu un imidazola iminija fragmentu.
Lidziga stabilizacija citu deproton&to dalinu gadijuma nenotiek.

Sabruksanas diagramma (sk. 3.12. att) redzams, ka [a-H] (m/z 217) doming
masspektros [1dz 20 eV. Dazus fragmentus var noverot jau pie 10 eV, bet to intensitate ir zema.
Viens no procesiem, kas lidzigs visiem trim homologiem, ir homolitiska HsC—N saites

SkelSanas. Tas rezultata veidojas joni ar m/z 202, 216 un 188 (sk. 3.8 vien.).

O ?%AV o o O

e \( N .CHO0.8
CH, : CH, CH,
n=0 m/z 188 m/z 80
n=1 m/z 202
n=2 m/z 216

Savienojuma a gadijuma dotais process notiek 1idz 20 eV, bet augstaka energija notiek
talaka sadaliSanas ar sikaku fragmentu veidoSanos.

Visus tris homologu sadaliSanas notiek veidojoties jonam ar m/z 80. Spriezot péc
savienojuma a sabruksanas diagrammas, §im jonam saglabajas ipasa stabilitate ar augsta
energija. Deiter&to analogu Al un A2 masspektros jona m/z veértiba saglabajas, kas liecina, ka

taja neietilpst 1. un 3. stavokli esosas CD> grupas. Pastav iespgja, ka tas veidojas atbilstosi 3.8.
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izteiksmei alkansulfonata grupu saturo$as kédes heterolitiskas atskelSanas rezultata. Kaut gan,
nevar izslégt varbutibu, ka dotais jons atbilst ari séra trioksida anjonradikalim, kas veidojas péc
C-SOs3" saites homolitiskas skelSanas. Lidzigi procesi raksturigi daudziem sulfonata grupu
saturoS§iem savienojumiem [57, 58]. Iesp&jams, ka notieck konkurence starp abu jonu
veidosanos un to signali ir parklajusies. So problému vartu atrisinat, izmantojot augstas
izskirSanas masspektrometrijas datus, vai ar 30/**N/*3C ieziméto CJS analizi.

Savienojuma a gadijuma novéro vél vienu procesu, kas notiek saskana ar homolitiskas
skelSanas mehanismu. Process saistits ar jona m/z 122 veido$anos sadursmju energiju intervala
no 10 Iidz 50 eV. Deiteréto analogu Al un A2 masspektros jona m/z vértiba abos gadijumos
nobidas par 2 m/z vienibam. Tas liecina par propansulfonata grupu saturosas kédes esamibu

jona ar m/z 122 sastava. Dota jona rasanos var aprakstit ar 3.9. vienadojumu.

=0

+ SO, SO;
/N /N\/\/ 3 —_— HZC‘/\/ 8 (39)
HyC \( () CHN,
CH,
m/z 217 m/z 122

Ka izriet no vielu b un ¢ masspektriem, aprakstitais process Siem savienojumiem nav
raksturigs. Savukart to masspektros paradas joni ar m/z 135 un m/z 107. Sada tipa
fragmentacijas pamatoSanai var izmantot saskanotu protona parneses mehanismu, kura
piedalas 1,2-dimetilimidazolija gredzens. Dotais mehanisms savienojumam b atspogulots 3.10.

vienadojuma.

/ﬁ,\f 0;5S

CH: ( -CsHgN,
2 m/z 135
m/z 231

Saprotams, ka jons ar m/z 107 savienojuma c fragmentacijas gaita veidojas lidziga
veida.
VEl vienu homolitiskas SkelSanas procesu ilustré jona ar m/z 94 veidosanas, kas

atrodams [a-H]" un [b-H]" SID spektros. Salidzinot iezim&to Al un A2 analogu SID
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masspektrus, var secinat, ka dotais anjonradikalis satur CD> fragmentu blakus sulfonata grupai.
Pastav varbiitiba, ka pétama dalina atbilst metansulfonskabes anjonradikalim, kas veidojas jona

ar m/z 122 sabruksanas rezultata. Doto procesu var izteikt ar 3.11. vienadojumu.

C\‘ Osog'

HzCQ\/ ————>  H,C—SO0j; (3.12)

m/z 122 m/z 94

Savienojuma b gadijuma dota jona raSanas var€tu bt saistita ar m/z 135 sadaliSanos
péc lidziga mehanisma. Savukart vielas ¢ gadijuma par $adu parvértibu nekas neliecina.
Actmredzot nepastav prekursors, kuram biitu iesp&jams $ads fragmentacijas marSruts.

Parskaita elektronu dalinas ir retak sastopamas [M-H]" jonu fragmentacijas gaita. Viena
Sada tipa fragmenta rasanas ar m/z 107 ir novérota savienojuma a SID masspektros. Dotais
jons ir stabils sadursmju energiju intervala 10 — 50 eV. Savienojuma Al SID masspektra (SK.
3.13. att.) redzams, ka dotais jons nesatur D atomus. Tas norada, ka 1,2-dimetilimidazolija
gredzenam blakus esosa metiléngrupa neietilpst $T jona sastava. Savukart A2 masspektra
novérota interesanta ipasiba, kas saistita ar minéta jona signala nobidi par 1 m/z vienibu. Tas,
iesp&jams, pierada viena CH>SOs™ grupas protona zudumu m/z 107 veido$anas gaita. Tas
pamato vinilsulfonata jona veidoSanos saskana ar iekSmolekularo mehanismu, kas paradits

savienojuma A2 pieméra 3.12. vienadojuma.

- H,C SO
CHzW (\ -CeH,DN, "2 3
D .
J “so, m/z 108

A2

Shéma parada tikai procesa biitibu, bet pastav iespgja, ka parvertiba notiek vairakos
posmos, kuru pieradisanai nepieciesami papildus eksperimenti.

No iepriek$gjas analizes izriet, ka fragmentu rasanas no CJS [M+H]* un [M-H] ar
nedaudziem izp€mumiem, notiek péc lidzigiem mehanismiem. Oglekla atomu skaits starp 1,2-
dimetilimidazolija gredzenu un sulfonata grupu btiski ietekmé fragmentu signalu intensitates

pie noteiktam sadursmju energijam. [M+H]" jonu fragmentacija parsvara virzita uz 1,2-
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dimetilimidazolija veidoSanos, kas efektivi stabilizé pozitivo ladinu. Lielaka dala fragmentu ir
parskaita elektronu dalinas. Savukart, [M-H] jonu fragmentacijas gaita novero virkni sulfonata

grupu saturo$o anjonradikalu, kas stabiliz€ negativo ladinu.

3.4.3. Karboksilata grupu saturo$o CJS kimiskas ipasibas elektroizsmidzinasanas

Jjonizacijas gaita

Karboksilata grupu saturo$ie savienojumi MelImEC, MelmPC un MelmBC (sk. 3.2.
att.) veido stabilas proton&tas molekulas EIJ pozitivo jonu skengjuma apstaklos. Savukart
negativo jonu sken&juma stabilas dalinas neveidojas, tapéc talaka diskusija veltita So
savienojumu kimiskajam 1pasibam pozitivo jonu skengjuma.

Aduktu veidoSanas pozitivo jonu skenéjuma. P&tamo savienojumu struktira ietilpst
negativi ladéta karboksilata grupa, tapec ir iesp&jama aduktu veidosanas ar sarmu metalu
joniem. ST iemesla d&l, iesp&jama arT ladétu oligoméru veidosanas. Raksturigs karboksilata

grupas saturosa savienojuma MelmPC EIJ masspektrs ir redzams 3.14. (A) att.

A
Scan ES+
100~ ¢ 155.2 1.55e7
[M+H]"
. [2M+H]'
3094
* 2M+Na]" M
IMENaY gy |EMENAL B ey
19731033 3314 M 54855
1 200 250 300 350 400 450 500 550 600 650 700 750 800
100 486.5
485.5
B 640.6
1001 Scan ES+
1009 155.2 [M+H]" " 875 5.00e6
’ 639.6 641.6
,156.2 [M+D]"
%
177.3 [M+Na]” 4885
642.6
B [2|‘\J"|+Na]+ Tk & iz 643.6
A . . . —
[M+K]* 3314 [3M-H+D+Na] 639 640 641 642 g43 e
193.3 2M+D]" | [2M+K]* 486.5 [4M-H+D+Na]"
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3.14. att. Savienojuma MeImPC EIJ masspektri, iegiiti MeOH/H,O/CH3;COOH (A) un
MeOH/D,O/CHs;COOD (B) Skidumos. Palielinajumos paradita Na® saturo$o triméru un

tetrameéru izotopu kompozicija (B)
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Ka redzams, savienojums MelmPC parsvara veido diméra dalinas [2M+H]" un nelielu
daudzumu adukta [2M+Na]*, ja EIJ spektra iegiisanai izmanto paskabinatu MeOH/H.O
Skidumu. Dim@ra rasanas saistita ar tdenraza saiSu veidoSanos Skidinataja iztvaikosSanas
rezultata, bet adukts veidojas 1adétu dalinu mijiedarbibas rezultata skiduma. Attéls 3.14. (A)
lauj parliecinaties ari par K* saturoSu aduktu veidoSanos — [2M+K]", [3M+K]* un augstaku.
Ka jau minéts (sk. 1.2.2. apak$nodalu), sarmu metalu katjoni nonak §kiduma no stikla traukiem,
kurus izmanto AESH kvalitates $kidinataju uzglabaSanai. Mazos daudzumos tie ir
nepieciesami parpalikuma ladina veidoSanai uz mikropilienu virsmas. Lidzigu aduktu
veidosanas novérota sulfonata grupu saturo§o CJS gadfjuma [108]. Konusa sprieguma
palielinasana, kas batiski ietekmé& jonu iek$&jo energiju zema spiediena regiona, maz ietekmé
nekovalenti saistitos aduktus. Tas norada uz to Tpasu stabilitati gazes faz€. Eksperimentos ar
konusa un ekstraktora spriegumiem konstatéts, ka adukti var but stabili konusa sprieguma
vértibu diapazona 30 — 150 V un ekstraktora spriegumu regiona 2 — 50 V. Sada stabilitate ir
augstaka neka vairumam kovalentu savienojumu gazes fazé. Rezultati paradija, ka adukts
[M+Na]" (sk. 3.14. (A) att.) nesadalas pat 150 V, bet [3M+Na]* un [2M+Na]"* uzrada zemaku
stabilitati. Kopuma aduktu stabilitate samazinas lidz ar m/z vértibas palielinasanos.

Aduktu pétisanas gaita deiteréta skidinataja (MeOH/D.O/CH3COOD) vidé (sk. 3.14.
(B) att.) tika novérotas dazas izmainas. Pirmkart, masspektra dominé smagakie adukti
[NM+Na]*, kur n=1, 2, 3, 4. Iesp&jams, Kka §is fakts ir saistits ar dazadu Na* jonu saturu H20 un
D20, ka ari CH3COOH un CH3COOD reagentos. Otrkart, masspektri norada uz H/D apmainas
reakcijam starp savienojumiem MelmEC, MelmPC, MelmBC un $kidinataju. Sadu procesu
klatbutni pierada gan aduktu izotopu sastavs, gan protonéto molekulu izotopu sastavs. Abos
gadijumos masspektros veidojas virkne izotopu signalu, pieméram, M+1 un M+2 signali ar
anomali augstam relativajam intensitatém, kas neatbilst normalam izotopu sadalijumam Sada
sastava molekulas (pieradits ar izotopu kalkulatora AMDIS palidzibu). Tas nozimé, ka H/D
apmainas reakcijas var piedalities CJS sastava esosie tidenraza atomi, pieméram, imidazola
gredzena protoni. Ka redzams, aduktu sastavu var ietekmét $kidinataja un piedevu izvéle.

Karboksilata grupu saturoso CJS fragmentacija pozitivo jonu skenéjuma. Raksturigi

karboksilata grupu saturo$o CJS SID masspektri ir redzami 3.15. att.
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3.15. att. MeImEC (a), MeImPC (b) un MeImBC (c¢) masspektri, iegiiti ar 30 eV SE

miz

Savienojuma MelmEC masspektra pamatsignals atbilst jonam ar m/z 95. Darbos [7, 8
un 111] paradits, ka $ada tipa jonu veidoSanas saistita ar imidazolija cikla paplasinasanos un
alkilkeédes atdaliSanos, kas veicina aromatiska pirimidinija cikla veidoSanos, kuram piemit
Tpasa stabilitate. Lidzigs process var veicinat jona m/z 96 rasanos. Saja gadijuma iesp&jams
radikalu noteikts process, jo jonam ar m/z 96 ir nepara elektronu skaits. Abu jonu rasanas ir
raksturiga ar1 augstakiem homologiem MelmPC un MelmBC, bet ar augstakam sadursmju
energijam 40 — 50 eV intervala. Atskiriba no MelmEC augstako homologu MelmPC un
MelmBC masspektros pamatsignals atbilst 1-metilimidzolija jonam ar m/z 83. So
savienojumu masspektros novérojama ari jonu ar m/z 73 un 87 veidoSanas. Pastav varbiitiba,
ka dotie joni veidojas ladina virzitas heterolitiskas N — C saites skel$anas rezultata ar 1-
metilimidazola molekulas atbrivoSanos un protonéta laktona cikla veidoSanos.

Visiem trim karboksilata tipa CJS raksturiga mazaku fragmentu veido$anas. Pieméram,
joni ar m/z 68 un m/z 81 rodas sadursmju §ina, palielinot energiju lidz 30 — 50 eV. So jonu
veidoSanas saistita ar metilgrupas atrausanos p&c radikalu mehanisma. Apkopojot ieprieks

minéto, izstradata kopgja karboksilatu fragmentacijas shéma (sk. 3.16. att.).
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3.16. att. Karboksilata grupu saturo$o CJS galveno fragmentacijas mar$rutu shéma,

iegiita E1J — SID eksperimentos

Salidzinot 3.16. att. fragmentacijas marSrutus ar augstak paraditiem sulfonata grupu
saturo$o CJS fragmentacijas marsrutiem (sk. 3.6. att.), redzams, ka funkcionala grupa praktiski
nemaina fragmentacijas virzienu un iegito jonu veidu. Viens iznémums ir sulfonatiem
raksturiga metansulfonskabes molekulas atbrivosanas (sk. 3.6. att. un 3.3. vien., veidojoties
m/z 123). Analogs etikskabes atSkelSanas process nav noveérojams karboksilatu gadijuma.
Savienojuma MelmEC gadijuma $ada tipa process nav iesp&jams, jo triikst nepiecieSamais
atomu daudzums. Savienojuma MelmPC gadijuma $1 procesa gaita bitu javeidojas jonam ar
m/z 95, kas parklatos ar metilpirimidinija jonam atbilstoSo signalu, kas ir minéts ieprieks (sk.
3.16. att.). Savukart, MelmBC gadijuma, biitu javeidojas jonam ar m/z 109, kas ir novérojams
tikai fona ITmenT un ta atbilstibu pamatot ir problematiski. Lidz ar to, var secinat, ka etikskabes
eliminé$anas process nav raksturigs karboksilata grupu saturosiem CJS. Sadas atikiribas starp
sulfonatiem un karboksilatiem var€tu izskaidrot ar karboksilata un sulfonata grupu baziskuma
atskiribam gazes fazg. Ja pienemtu, ka abi procesi notiek péc shémas, kas ir paradita 3.3. vien.,
tad protona parnese no C — H saites uz S — O saiti biitu svariga. Zinams, ka CH3COO' ir mazaks
baziskums gazes fazg€, neka CHsSOsz  [112], ka rezultata protona atrausanas ir gritaka
karboksilatu neka sulfonatu gadijuma.

Lai apstiprinatu karboksilata tipa CJS fragmentacijas marsrutus, SID eksperimenti
veikti ar deiterétiem analogiem, ieglitiem in Situ, izmantojot H/D apmainas procesus
MeOH/D,0/CH3COOD skiduma. Tipiskakie MelmEC, MelmPC un MelmBC masspektri
redzami 3.17. att.
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3.17. att. Deiteréto karboksilata CJS masspektri, iegiiti ar 30 eV SE

Ka redzams no 3.17. att., jonu signali, kas ir saistiti ar skaba protona piedaliSanos
fragmentacijas procesa, ir nobiditi par 1 m/z vienibu augstako vértibu virziena. Deiteréto un
nedeiter&to karboksilata CJS masspektru salidzinajums (sk. 3.17. un 3.15. att.) apstiprina 3.16.
att. redzamos fragmentacijas marsrutus. Deiteréto karboksilata CJS fragmentacijas marruti

apkopoti 3.18. att.

HSC-N/\@\I\/éé\COOD
n
H3C~N/\\ PR —_— @%0
o

\/ND_C H. O, MeImEC: n=0 miz 142 R
20222 MelmPC: n=1miz 156 ~CsHgN, N

D
m/z 84 MelmBC: n=2 m/z 170 N
MelmPC: n=1 m/z 74
/ \ MelmBC: n=2 m/z 88

MelmPC: n=1 m/z 83 HaC
. N
HsC. ,.CH
o J @
kN/ -CH,

3

m/z 96 m/z 81

3.18. att. Deiteréto karboksilita grupu saturofo CJS galveno fragmentacijas marirutu

shéma, iegiita E1J — SID eksperimentos
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Apkopojot ieprieks izklastito, var secinat, ka karboksilata tipa CJS fragmentacija ir
atkariga no oglekla atomu skaita starp karboksilata grupu un imidazolija gredzenu. Salidzinot
karboksilata un sulfonata tipa CJS, jasecina, ka funkcionala grupa visai maz ietekmé veidoto
jonu tipu. Atskiribas ir novérotas tikai alkanskabju (metansulfonskabes un etikskabes)
atSkelSanas procesos. Savukart krasas funkcionalas grupas noteiktas atskiribas novérotas
negativo jonu sken€juma, jo karboksilatus, atSkiriba no sulfonatiem, praktiski nav iesp&jams

deprotonét EIJ gaita.

3.5. Kompleksu veidosanas starp cviterjonu tipa jonu savienojumiem un dazadiem

aminiem elektroizsmidzinasanas jonizacijas gaita

EIJ eksperimenti ar $kidumiem, kas satur CJS un vielas ar dazadam funkcionalam
grupam, paradija, ka CJS ir ticksme veidot kompleksus ar dazadiem aminiem. Ipasi stabilu
kompleksu veidosanas novérota, petot CJS un 5-metilcitozina mijiedarbibas $kidumos. Sadiem
kompleksiem iesp&jams atrast praktisku pielietojumu, pieméram, kimiskaja analizé. Saja
apaksnodala tiks apskatitas So kompleksu IpasSibas gazes faze un faktori, kas varétu ietekmét to
stabilitati. Sakuma apliikosim dazus parametrus, kas ietekme $ada tipa kompleksu veidoSanos

Skiduma.

3.5.1. Skidinatdja tiribas ietekme uz kompleksu veidosanos

Kompleksu veidosanas starp CJS un 5-metilcitozinu (5-MC) ir stipri atkariga no
izmantoto $kidinataju kvalitates. Pirmajos eksperimentos tika izmantoti AESH Iimena tiribas
$kidinataji ar parak augstu (AESH — MS mérkiem) Na* un K* jonu koncentraciju. Tapéc,
masspektros novéroti adukti ar sastavu [CIJS+5-MC+Na]* [113]. Protams, ari $adu kompleksu
veidoSanos varétu izmantot analitiskiem meérkiem, bet kontrolét Na* un K* koncentracijas
skidumos, Tpasi biologiskas izcelsmes paraugos, praktiski nav iesp&jams. Turklat augstas
sarmu metalu jonu koncentracijas piesarno aparatiiru. Pilnigi citas Tpasibas ir [CIS+5-MC+H]*
kompleksiem, kuru rasanas ir vairak atkariga no pasu reaggjoso vielu koncentracijas, neka no
argjiem faktoriem. Min&to apsvérumu dgl, talaka darba dala veltita tikai protonu kompleksu
veidoSanai.

Visos eksperimentos, lai samazinatu Na* un K* traucgjoso efektu, izmantoti tikai AESH

— MS kvalitates skidinataji ar pazeminatu (<0,05-0,1 mg/kg) sarmu metalu jonu koncentraciju,
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ieskaitot Gideni, acetonitrilu, metanolu un skudrskabi. 5-Metilcitozina un MelmPS kompleksa

masspektrs, kas iegits AESH — MS kvalitates acetonitrila ir apskatams 3.19. att.

Scan ES+
100+ 126.2 2.54e7

[5-MCH]*

[MelmPS+Na]*

MelmPS+H]" _ .
[5-MC+[I\|a:(|a"m\A : i [5—MCH+5-|\/|C]+[|\/|eImPS+5 MCH]

' 1272 &«
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3.19. att. 5-Metilcitozina un MeImPS masspektrs, iegiits acetonitrila $kiduma. Vielu

molaro koncentraciju attieciba 1:1.

Ka redzams no masspektra, Na* saturo$a kompleksa [MelmPS+5-MC+Na]" signals
nav novérojams, ja eksperimentiem lieto AESH — MS kvalitates $kidinataju. Savukart
masspektra novéro signalu ar m/z 330, kas liecina par [MelmPS+5-MC+H]* kompleksa
pastavésanu. Lai parbauditu kompleksa veidoSanas selektivitati, tika izpétita funkcionalu grupu

ietekme uz kompleksa stabilitati.

3.5.2. Cviterjona funkcionalas grupas ietekme uz kompleksu veidoSanos

Negativi ladétas funkcionalas grupas, kuras var ievadit cviterjona struktora, ir
sulfonata, karboksilata un fosfata grupas. Nemot véra to, ka zinamas tikai pirmo divu
atvasinajumu iegtiSanas metodes, Saja darba fosfata atvasinajumi netika izmantoti.

Aizvietojot sulfonata grupu saturoso MelmPS ar MelmBC, kas satur CO2" grupu,

noveéro, ka kompleksa signals masspektra pazad (sk. 3.20. att.).
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3.20. att. 5-Metilcitozina un MeImBC $kiduma masspektrs. Vielu molaro koncentraciju

attieciba ir 1:10.

So novérojumu var izskaidrot, ja pienem, ka kompleksu veidosanas notiek $kiduma
pirms EIJ analizes. ST hipotéze tika apstiprinata, izmantojot infrasarkano spektroskopiju (sk.
3.5.6. apaks$nodalu). Ir pamats uzskatit, ka kompleksi veidojas Skiduma, pateicoties skabes —
bazes mijiedarbibam. MelmPS struktora ietilpst sulfonata grupa, kuras pKa vertibai
acetonitrila jabut ievérojami mazakai, neka MelmBC, kas satur karboksilata grupu. Abu
funkcionalo grupu pKa vértibas var aptuveni noveértét ar metansulfonskabes un etikskabes
eksperimentali noteiktam pKa vértibam, kas acetonitrila ir attiecigi 9,97 un 23,51 [114].
Rezultata, MelImBC paliek $kiduma protonéta forma, kas nedod iesp&ju veidot kompleksu ar
proton&to S5-metilcitozinu, un kompleksam atbilstosais signals spektra neparadas. Tas nozimge,
ka sulfonata rindas cviterjoni ir piemérotaki kompleksu veidoSanai ar 5-MC, neka atbilstosie

karboksilati.

3.5.3. Amina struktiiras ietekme uz kompleksu veidoSanos

Lai izpétitu dazadu aminu sp&ju veidot kompleksus ar CJS, tika izvéleti savienojumi,
kas satur amidina, pirméja, otr&ja un aromatiska heterocikliska amina struktiiras. Ka CJS $ajos
eksperimentos tika izveléts HIinPS (sk. 2.1. tab.). Eksperimentu gaita tika mainitas HinPS un

amina molaras koncentracijas attieciba acetonitrila (sk. 3.21. att.).
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3.21. att. 5-Metilcitozina, piperidina, heksilamina kompleksu ar HinPS signala intensitate

atkariba no molaro koncentraciju attiecibas.

Attela redzams, ka [HinPS+5-MC+H]* kompleksa signala intensitate pétitaja
koncentraciju diapazona ir augstaka, neka paréjo aminu kompleksu intensitates, t.i., aminu
speja veidot kompleksus ar CJS ir atkariga no aminosavienojuma veida. ST ipasiba aminiem
palielinas sekojo$aja rinda: piridins << heksilamins < piperidins < 5-metilcitozins. Japiebilst,
ka piridins dotajos apstaklos kompleksus neveidoja, tapec 3.21. att. tam atbilstoSais grafiks nav
paradits. Iegitie rezultati lauj izteikt domu, ka aminu gadijuma pKa vertibas nodroSina So
savienojumu veidoto kompleksu stabilitati ar CJS. So hipotgzi apstiprina arf literatiira atrastas

doto savienojumu pKa vértibas dazados $kidinatajos, kuras apkopotas 3.2. tab.

3.2. Tabula
Aminogrupu saturo$o savienojumu pKa, vértibas dazados Skidinatajos
Viela pKa (tdens) | pKa (metanols) pKa (acetonitrils)
[115] [116] [117,118]

5-Metilcitozins 12,4 - -

Heksilamins 10,56 11,57 18,26

Piperidins 11,22 11,07 19,29

Piridins 5,25 5,43 12,33

“dati nav pieejami
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Saja tabula redzams, ka pKa acetonitrila palielinas rinda no piridina uz piperidinu. 5-
Metilcitozina pKa acetonitrila netika atrasta, bet, pamatojoties uz pKa vértibam adeni, var
uzskatit, ka atbilstoSa tendence saglabasies ari acetonitrila. Tada veida ir skaidrojama 5-MC
kompleksa signala augsta intensitate, salidzinajuma ar citu aminu kompleksiem. lesp&jams, ka
5-MC esoso citu funkcionalo grupu klatbatne rada papildus mijiedarbibas ar CJS. Sis jautajums

aplukots velak, veicot 5-MC kompleksu kvantu aprékinus.

3.5.4. Skidinatdja ietekme

AESH plasi izmanto tadus 3kidinatajus, ka acetonitrils, metanols, @idens un to
maistjumi. Ka jau minéts 1.2.7. apaks$nodala, $kidinatajs var stipri ietekmét analita signalu E1J
gaita, tapec likas interesanti novertat ta ietekmi uz kompleksu veidosanos starp 5-MC un CJS.
Darba veikti eksperimenti ar trim $kidinataju sisttmam, kas ir acetonitrila vai metanola
maisijumi ar tideni, ka arT acetonitrila un metanola maisijums. legiitie rezultati apkopoti 3.22.

att.

Kompleksa
intensitate, X106
8
7

6

—8-ACN+H20
4 MeOH+H20
—o—ACN+MeOH
3
2
0 = S S— 2. Skidinataja
i 0,
0 10 20 30 40 50 o0 tilpumdala, %

______

sastava.

Ka redzams, augstaka [MelmPS+5-MC+H]" kompleksa signala intensitate
sasniedzama, izmantojot acetonitrila $kidumu. So novérojumu var saistit ar acetonitrila

salidzino$i zemo Vvirsmas spraigumu, ka rezultata, samazinas mikropilienu izméri, kas izraisa
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efektivaku jonu iztvaikoSanas sp&ju. Otrkart, acetonitrils praktiski neveido Gdenraza saites,
salidzinot ar abiem citiem S$kidinatajiem. Lidz ar to, tas mazak ekrané abu kompleksa
komponentu mijiedarbibas §kiduma. So apsvérumu demonstré kompleksa signala intensitasu
salidzinajums acetonitrila un metanola.

Ja vienam no organiskajiem $kidinatajiem pievieno tideni, novéro strauju kompleksa
signala intensitates samazinasanos. lesp&jams, ka $aja gadijuma palielinas tadas Skiduma
pasibas, ka blivums, virsmas spraigums, viskozitate un dielektriska konstante. Rezultata gan
desolvacijas sp&ja, gan kompleksu stabilitate krietni samazinas. Tapec, kompleksu veidoSanas
pétijumos starp 5-metilcitozinu un CJS, Gdens klatbitne nav vélama.

Diezgan interesantas ir [MelmPS+5-MC+H]" kompleksa intensitates izmainas
ACN/MeOH maisijumos. Palielinot metanola tilpuma dalu, kompleksa signals samazinas, bet
pec 10 % metanola sak atkal palielinaties. Iesp&jams, ka posma no 0 Iidz 10 % metanola,
domingjosais faktors ir abu vielu pKa Straujas izmainas. Savukart, posma no 10 Iidz 50 %
metanola, izteiktaka ir citu ipasibu ietekme. Zinams, ka dielektriska konstante [119] un virsmas
spraigums [120] samazinas, palielinoties metanola dalai $kiduma. Tapé&c ari jonu parnese no
Skiduma uz gazes fazi palielinas. legiitie rezultati parada, ka metanols batu laba alternativa
tdenim HILIC — EIJ — MS metodg, ja $ada tipa kompleksus lietotu selektivitates uzlabosanai

5-metilcitozina noteikSanas gaita.

3.5.5. Konusa, ekstraktora un kapilara sprieguma piemeklesana

Ka jau minéts 1.5.2. apaksnodala, nekovalento struktiiru stabilitati gazes fazé var
kontrol&t, izmantojot konusa un ekstraktora sprieguma vértibas. Tap&c katram kompleksam ir
jaatrod optimalais spriegums, kura signala intensitate ir maksimala. Sadu eksperimentu

rezultati [CJS+5-MC+H]" kompleksiem ir apkopoti 3.23. att.
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3.23. att. Kompleksu starp 5-MC un dazadu heterociklisku (A) un N-alkilimidazolija (B)

CJS signalu intensitates atkariba no konusa sprieguma

Ka redzams, optimalas konusa sprieguma vértibas visiem $ada tipa kompleksiem
atrodas 13 — 16 V intervala. Maksimumi nav asi, tapéc 5-metilcitozina noteik$anai var
izveleties jebkuru veértibu Saja diapazona, nezaudgjot jutibu. Japiezimé, ka stradajot ar tik
zemam konusa sprieguma vertibam (darba izmantotam instrumentam kovalento savienojumu
maksimumi parasti atrodas 20 — 50 V intervala), var sagaidit $kidinataja molekulu agregatu
veido$anas, kas traucétu kvantitativai analizei. No otras puses, So efektu kompensg ievérojama
m/z nobide, kuru sasniedz, saistot 5-MC kompleksa ar daudz lielakas masas CJS, neka
skidinataja agregatiem (parasti < 300 Da).

Parak liels ekstraktora spriegums var izraisit nekovalenta kompleksa signala
intensitates samazinaanos. Saja darba pétito struktiru gadijuma optimals ekstraktora
spriegums ir 1 V. Lielaka ekstraktora sprieguma izvéle atri samazina kompleksu veidoto
signalu intensitati. Kapilara spriegums nevar tiesi ietekmé&t kompleksa stabilitati, bet var atstat
iespaidu uz aerosola pilienu izméru. Pie lielakam kapilara sprieguma vértibam biezi novéro

stipraku signalu, bet vienlaikus palielinas ar1 fona intensitate. Tap&c signala un fona attieciba
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praktiski nemainas. Kapilara sprieguma piemekléSanas eksperimentos tika konstatéts, ka
petamo kompleksu signala intensitates maksimumi atrodas pie 3,5 kV, ja izmanto acetonitrila
$kidumu. So vértibu talakajos pétfjumos samazinja lidz 2,8 kV, lai novérstu gazes izlades

procesu varbiitibu un palielinatu atkartojamibu.

3.5.6. 5-Metilcitozina kompleksu ar cviterjonu tipa jonu Skidrumiem asocidcijas

konstansu noteikSana

Iepriek$@jas apak$nodalas paradits, ka CJS noteiktajos apstaklos spgj veidot
kompleksus ar 5-metilcitozinu un daziem alifatiskiem aminiem. Lai paraditu, ka doto
kompleksu veidosanas notiek Skiduma, 5-MC un BulmPS maisijums (1:1) metanola tika
analiz&ts ar infrasarkano spektroskopiju (IS). Salidzinot maisijuma un atsevi$ko komponentu

IS spektrus, novérotas dazas raksturigas vilnu skaitlu un caurlaidibas intensitates izmainas (sk.

3.24. att.).
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3.24. att. 5-Metilcitozina, BulmPS un abu savienojumu maisijuma IS spektri, kas iegiiti

metanola $Skiduma

5-MC un BulmPS maistjuma IS spektra interpretacija liecina par sulfonata grupai
raksturigas asimetriskds valences deformacijas vilpu skaitla vértibas nobidi par -19 cm?,

salidzinajuma ar tira BulmPS IS spektru. Amidina grupas C=N fragmenta valences
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deformacijas vilnu skaitlis nobidas par +8 cm™. Turklat notika ari sulfonata, C=N un C=0
caurlaidibas intensitasu izmainas (sk. 3.3. tab.), kas var liecinat par dipola momenta izmainam.
3.3. Tabula

Galveno 5-MC, BulmPS un to maisijuma funkcionalo grupu valences deformaciju un

caurlaidibu vértibas, iegiitas metanola skiduma

5-MC BulmPS 5-MC+BulmPS
Deformacijas veids | cm™ | %T | cm™? | %T | cm™® %T
C=0 1719 | 59 | - - 1722 46
C=N 1662 | 41 | - - 1670 45
SOs3 (sim.) - - 1038 | 46 | 1037 53
SO3 (asim.) - - 1190 | 39 | 1171 49

Dotas izmainas norada uz skiduma pastavo$am cviterjona un protonétas bazes
mijiedarbibam, ietverot ari kompleksa veidosanos. Tada veida tika pamatota kompleksu
veidoSanas norise pirms elektroizsmidzinasanas procesa.

Ka jau mingéts, masspektrometrijas metodes var izmantot kompleksu lidzsvaru pétiSanai
(sk. 1.5. apaksnodalu). Neskatoties uz masspektrometrijas metozu vienkarsibu, ladétu dalinu
intensitates nevar salidzinat sava starpa, jo EIJ gaita vielas konkure par 1adéto piliena virsmu,
kas izraisa stipru diskriminaciju. Tapéc, lai salidzinatu dazadu dalinu koncentracijas skiduma,
izmantojot intensitates vértibas no masspektra, janosaka detektora atsauces faktori Katrai
dalinai. Lai demonstrétu $o apsvérumu svarigumu, 3.19. att. (sk. 84. Ipp.) paradits ekvimolara
5-MC un MelmPS acetonitrila $kiduma masspektrs. Taja redzams, ka protonéta 5-
metilcitozina [S-MCH]*, [MelmPS+5-MC+H]* kompleksa, ka ari protonéta CJS
[MelmPS+H]" intensitates atskiras apméram 10 reizes. Skaidrs, ka $aja gadijuma intensitates
neatspogulo So paSu dalinu koncentraciju $kiduma, un $adu masspektru nevar izmantot
kompleksu stabilitates konstansu aprekinasanai. ST iemesla dél, darba izmantota metode, kas
matematiski ievéro detektora atsauces faktorus [82]. Metodes galvena prasiba ir izmantoto
Skidumu stingra ekvimolaritate. Pat mazas atkapes no ekvimolaritates sp&j izraisit kludas
asociacijas konstansu vértibas. Otrs pien€mums $aja metode ir detektora atsauces faktoru
neatkariba no vielas koncentracijas Skiduma. Neskatoties uz Siem ierobezojumiem, metode spgj
sniegt kvantitativu informaciju par kompleksa stabilitati. Eksperimentiem tika izmantoti 5-
metilcitozina kompleksi ar MelmPS, BulmPS, HImMPS un OImPS, ka art MelmPS

kompleksi ar heksilaminu, pirolidinu un trietilaminu. Vielu izvéle pamatota ar alkilkedes efekta

.....
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iegiiti izomolaro $kidumu sériju analizes gaita un tiem matematiski pielagotais vienadojums

2.2. (sk. 2.5.5 apaksSnodalu), paraditi 3.25. att.
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3.25. att. 5-Metilcitozina un BulmPS izomolaro $kidumu sérijas analizes dati, iegiiti

acetonitrila (A) un metanola (B). Eksperimentalajiem punktiem ir pielagots vienadojums 2.2.

(skat. 2.5.5. apaksnodalu)

Uz ordinatu ass atlikta ls-mc atbilst protonéta 5-metilcitozina [5-MCH]", ta diméra [5-
MCH+5-MC]* un [5-MC+Na]* adukta masspektra intensita¥u summai. Sis pienémums ir
izdarits ar mérki palielinat konstanSu noteikSanas pareizibu, jo realaja skiduma atbilstosi masas
bilancei 5-metilcitozina sakuma koncentracija tiek patéréta minéto dalinu veidoSanai. lkomp It
vienada ar kompleksam atbilstos$a signala intensitati masspektra. Iegiito konstansu veértibas un
relativas detektora atsauces faktoru vértibas 5-metilcitozina kompleksiem ar N-alkilimidazolija
CJS ir atrodamas 3.4. tabula.
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3.4. Tabula

ClJS Metanols Acetonitrils
(KatAKa) X108 | (R+AR) | R? | (KaxAK,) x10° | (R+AR) | R?
L-mol? x1072 L-mol? x1072
MelmPS 0,5+0,4 1,4+0,8 | 0,997 0,7+0,3 2,6x0,7 | 0,999
BulmPS 0,8+0,6 1,1+0,6 | 0,998 0,30+0,04 4,1+0,4 1
HImMmPS 0,9+0,6 0,8+0,4 | 0,998 1,1+0,8 1,5+0,8 | 0,996
OImPS 2,427 0,5%0,3 | 0,997 19+1,1 1,0+0,4 | 0,998

Ka redzams no tabulas, 2.2. vien. pielagoSana ir diezgan laba visos gadijumos, jo

nelinearas mazako kvadratu metodes R? vértibas ir diezgan augstas un nav mazakas par 0,996.

Tabula 3.4. sniegta informacija rada, ka abos $kidinatajos pastav S-metilcitozina un CJS

kompleksu asocidcijas konstansu vértibu atkariba no alkilkédes garuma. ST sakariba ir grafiski

attélota 3.26. att
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3.26. att. Kompleksu asociacijas konstansu atkariba no CJS alkilkédes garuma, iegiita

acetonitrila (A) un metanola (B)
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Ka redzams 3.26. (A) att., [MelmPS+5-MC+H]" kompleksa stabilitate ir augstaka,
neka [BulmPS+5-MC+H]", bet, sakot ar BulmPS, stabilitate lineari pieaug lidz OImPS. Ja
par $kidinataju izmanto metanolu, (sk. 3.26. (B) att.), petamo kompleksu K vértibas pieaug no
MelmPS Iidz HImPS, bet OImPS kompleksam novérojama atkape no kopgjas tendences.
Iesp€jams, ka stabilitates konstanSu izmainas abos $kidinatajos ir izskaidrojama ar atSkirigiem
solvatacijas mehanismiem acetonitrila un metanola. Abiem Skidinatajiem ir lidzigas
dielektriskas konstantes, bet acetonitrils, atskiriba no metanola, nespgj veidot pietiekosi stipras
tdenraza saites ar analita molekulam. Lai izskaidrotu MelmPS un OImPS kompleksu ar 5-
MC stabilitates konstanSu atkapes no kopgjas tendences attiecigajos Skidinatajos, varétu
pienemt, ka §is izmainas nosaka summari alkilkédes un sulfonata grupas solvatacijas efekti.
ArT literatiira ir atrodamas norades, ka molekularo klasteru veidoSanas starp alifatiskam
organiskajam skab&m un aromatiskam bazeém $kiduma ir atkariga no skabes molekulu agregatu
veidosanas un elektrostatiskam skabes — bazes mijiedarbibam [121]. Turklat tika paradits, ka
bilance starp Siem mijiedarbibu veidiem mainijas atkariba no $kidinataja dabas, skabes
alkilke€des garuma un amina pKa vertibam. lesp&jams, ka minétie faktori vairak vai mazak
ietekm@ arT Saja darba aprakstito kompleksu stabilitati. Zinams, ka Skiduma ir iesp&jama
kontakta tipa un ar $kidinataja molekulam atdalitu jonu paru veidoSanas [122, 123]. Kontakta
tipa jonu paru veidoSanOs parsvara nosaka jonu desolvacijas sp&ja dotaja Skidinataja [123].
Savukart, ar $kidinataja molekulam atdalito jonu paru veido$sanos nosaka diftizija un starpjonu
attalumi $ada tipa pari [123]. Realaja parauga abi minétie mehanismi ir lidzsvara un to
izpausme ir atkariga no $kidinataja un jonu uzbitives [123]. Apkopojot ieprieks aprakstito, var
secinat, ka stabilitates konstanSu vértibu atkaribu no alkilkédes garuma abos $kidinatajos varétu
izskaidrot, ja btitu zinamas solvatacijas energijas katram kompleksam.

Neskatoties uz to, ka 5-metilcitozina un N-alkilimidazolija kompleksu asociacijas
konstantes tika noteiktas gan metanola, gan acetonitrila, alkilaminu un MelmPS kompleksu
konstansu nenoteiktiba ir visai augsta. Galvenais iemesls tam ir zema kompleksiem atbilstoso
signalu intensitate pie mazam koncentracijam. Pat relativi augstas koncentracijas $o kompleksu

signals ir saméra vaj$ (sk. 3.27. att.).
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3.27. att. MeImPS un pirolidina acetonitrila Skiduma masspektrs. Abu vielu

koncentracija ir 20 pM

Izomolaro sériju analizes gaita tika novérots, ka, samazinoties MelmPS un amina
koncentracijai, sakas stipra fona signalu ietekme uz kompleksa signala intensitati. Rezultata
teorétiska 2.2. vienadojuma pielagosana eksperimentalajiem punktiem kliist neiesp&jama.
Situacija nedaudz uzlabojas, ja izmanto fona korekcijas. Pieméram, analiz&jot tukSo paraugu,
kas satur tikai acetonitrilu un skabes piedevu, var iegit fona lIimena vértibu kompleksam
atbilsto$ai m/z vértibai. So korekcijas vértibu atskaita no realaja parauga iegitas kompleksa
intensitates. Tomér ar1 $ada procedira maz palidz, jo konstan$u vértibam saglabajas augsta
standartnovirze. Veicot minéto korekciju, tika pienemts, ka fons dotaja m/z vertiba ir statisks,

bet realaja situacija fons dinamiski mainas pat vienados apstak]os.

3.5.7. 5-Metilcitozina kompleksu ar cviterjonu tipa jonu Skidrumiem stabilitate gazes

faze

Sadursmju inducéta disociacija ir metode, kuru plasi lieto nekovalento strukttru
stabilitates petiSanai gazes fazg, lai izslégtu $kidinataja solvatacijas efektu ietekmi uz stabilitati.
Sados eksperimentos var precizak noskaidrot uzbiives faktorus, kas nosaka kompleksu
stabilitati. Pétijuma gaita bija jasalidzina [CJS+5-MC+H]* kompleksu stabilitates izmainas
$kiduma un gazes fazg atkariba no alkilkeédes garuma. Par kompleksa stabilitates raditaju tika
izveleta pussabruksanas energijas vértiba Ei2 (energija, kura sabrik puse no kompleksa
kopskaita). Lai atrastu Ei, vértibas 5-metilcitozina kompleksiem ar N-alkilimidazolija CJS,
kompleksu aktivéja ar SID metodi un péc tam konstrugja kompleksa relativas intensitates

atkaribu no sadursmju energijas. Dota sakariba visiem kompleksiem ir paradita 3.28. att.
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3.28. att. 5-Metilcitozina kompleksu ar CJS sadursmju inducétas disociacijas Iiknes, no

kuram var noteikt pussabruksanas energiju

Ka redzams no 3.28. att., kompleksu stabilitate gazes faze ir lidziga, bet nav vienada.
Lai atrastu Ei vertibas katram kompleksam, var izmantot grafisko metodi, bet var ari
aproksiméet katras liknes apgabalu no 4 Iidz 7 eV ar taisnes vienadojumu un ar ta palidzibu
aprekinat E1/, vértibas. Saja darba izmantots pedgjais variants. Ar $o metodi izrékinatas E1

vertibas apkopotas 3.5. tabula.

3.5. Tabula

5-Metilcitozina kompleksu ar N-alkilimidazolija CJS pussabruksanas energijas

5-MC komplekss | E1r, €V | Taisnes R? vértiba
ar vielu: apgabala 4 — 7 eV
MelmPS 5,0 0,999
BulmPS 4,6 0,993
HImPS 4,8 0,999
OImPS 51 1

No aprekinatam Ei/, veértibam izriet, ka kompleksu stabilitate ir visai maz atkariga no
alkilkedes garuma CJS molekula. Svarigs ir novérojums, ka gazes fazé aprekinatas E1/, vértibas

mainas lidz ar cviterjona alkilkédes garumu tapat ka asociacijas konstantes acetonitrila. Abu

96



minéto vértibu izmainas atkariba no CJS alkilkédes garuma acetonitrila un gazes faze ir

att€lotas grafiski (sk. 3.29. att.).
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3.29. att. 5-Metilcitozina kompleksu ar CJS asociacijas konstanSu un pussabruk$anas

energijas vértibas, iegiitas attiecigi acetonitrila un gazes faze

Savukart, salidzinot doto raksturlielumu izmainas metanola un gazes faze, lidzigo
tendenci nenovéro. Tas liek domat, ka acetonitrils atskiritba no metanola nespgj ietekmét
tdenraza saiSu stiprumu, kas tur kompleksa komponentus kopa. Rezultata, komplekss tiek
parnests no skiduma uz gazes fazi, saglabajot sakotngjas mijiedarbibas starp 5-metilcitozinu un
CJS. Tapéc asociacijas konstantes acetonitrila mainas ar CJS alkilkedes garumu lidzigi ka Ex
vertibas gazes faz€. Savukart metanols spgj labi solvatét abus kompleksa komponentus,
veicinot ar skidinataja molekulam atdalito jonu paru veido$anos. Rezultata kompleksu
stabilitate Skiduma atSkiras no stabilitates gazes faze€, jo noteicoSa loma ir kompleksa
komponentu solvatacijas energijai.

Anomali augsto [MelmPS+5-MC+H]* kompleksa Ei, vértibu var izskaidrot ar
sekojosiem apsvérumiem. NO vienas puses, atbilstosi 1.1. vien., palielinoties vielas molmasai,
palielinas ari tas stabilitate SID apstaklos. Tas ir paradits dazadu kompleksu pieméros [124,
125]. Ja pienemtu, ka tikai Sis faktors nosaka kompleksa stabilitati, tad eksperimenta biitu
janovero lineara sakariba starp E12 un kompleksa molmasu. Tapéc var iedomaties, ka pastav
arT otrs faktors, kas ietekmé kompleksu stabilitati gazes faze. Pieméram, no literatiiras ir
zinams, ka anjonu — neitralo molekulu kompleksu stabilitate palielinas, ja anjona un neitralas
molekulas konjugétas bazes gazes fazes baziskumi ir lidzigi [126]. To pasu principu varétu
pielietot 5-metilcitozina kompleksiem ar CJS. Jo lielaka biitu 5-metilcitozina un CJS gazes

fazes baziskuma atskiriba, jo mazak stabils batu komplekss. Lai parbauditu $o hipotézi, tika
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veikta sérija kvantu kimisko aprékinu ab initio HF/6-31+g(d) liment, lai noteiktu CJS relativas
gazes fazes baziskuma vertibas attieciba pret 5-metilcitozinu. Gazes fazes baziskuma veértibas

defing, ka Gibsa energijas izmainas hipotgtiskai reakcijai (sk. 3.13. vienadojumu).

[C/JS+ H]*+5—MC - CJS+[5—MC+H]|* (3.13)

Aprekina rezultati atrodami 3.30. att.
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3.30. att. N-alkilimidazolija CJS gazes fazes baziskuma vértibas attiectba pret 5-

metilcitozinu, aprékinatas ar ab initio HF/6-31+g(d) metodi

Aprekini rada, ka viszemaka gazes fazes baziskuma vértiba attieciba pret 5-
metilcitozinu ir MelmPS. Talak AGy, vértibas sak palielinaties ar alkilkédes palielinasanos CJS
struktiira. Ja pienemtu, ka tas bitu vienigais faktors, kas ietekmé kompleksu stabilitati, tad E12
vértibam bitu jasamazinas no [MelmPS+5-MC+H]" Iidz [OImPS+5-MC+H]*. Tapéc var
secinat, ka iepriek$ apskatitais molaras masas pieauguma efekts un relativais gazes fazes
baziskums pretgji ietekmé S-metilcitozina un CJS kompleksu stabilitati. Rezultata,
[BulmPS+5-MC+H]" kompleksa stabilitate ir mazaka no visiem apskatitajiem kompleksiem,
jo gan BulmPS relativais gazes fazes baziskums, gan molara masa atrodas starp MelmPS un
OImPS.

Zinot, ka ieprieks mingtie faktori ietekmé 5-metilcitozina un CJS kompleksu stabilitati,
var paredzet tadus CJS, kuru mijiedarbibas ar 5-metilcitozinu biitu pietiekami stipras, lai tos

varetu lietot kvantitativai 5-metilcitozina saistiSanai kompleksa. Tas savukart paver iespgju
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nakotné izstradat efektivu derivatizacijas metodi ne tikai 5-metilcitozinam, bet ari citiem

lidzigiem savienojumiem.

3.5.8. 5-Metilcitozina kompleksa ar MelmPS kvantu kimiskie aprekini

Lai atrisinatu jautajumu par iesp&jamas struktiiras raSanos gazes fazg, tika veikti
mijiedarbibu energijas aprékini situacijam, kad protons atrodas uz 5-metilcitozina (komplekss
1) vai MelmPS (komplekss 2). Sakuma, izmantojot molekularas mehanikas spéka lauku
MMFF94, veikta protonéta un neitrala MelmPS konformaciju analize, abos gadijumos
izveloties konformacijas ar zemako energiju. Katrai MelmPS formai var atrast vairakas 5-
metilcitozina orientacijas apkart sulfonata grupai. Tapéc, parvietojot protonéta 5-metilcitozina
molekulu apkart neprotonétajam MelmPS (un otradi, parvietojot neprotonéta S-metilcitozina
molekulu apkart protongtajam MelmPS), var atrast virkni orientaciju ar zemaku energiju. So
orientaciju geometrijas tiek pakapeniski optimizétas, izmantojot MMFF94 spéka lauku,
pusempirisko PM3 metodi un péc tam ab initio HF/6-31g(d) metodi. Tadgjadi pakapeniski
samazina 5-metilcitozina orientaciju skaitu kompleksam 1 un kompleksam 2. P&c ab initio
HF/6-31g(d) metodes lictosanas katram kompleksam izvélas vienu stabilako strukttru, kuru
optimiz€ ar ab initio HF/6-31+g(d) un visbeidzot ar funkcionali M06-2X/6-311++g(d,p).
Pedgja metode izveleta tapec, ka taja ieklauta dispersijas mijiedarbibu korekcija. Pedgja
optimizacijas stadija krietni palielinas bazu skaits, rezultata palielinas ari laiks, kas ir
nepiecieSams aprékiniem. Tapéc aprékini veikti tikai 5-metilcitozina kompleksiem ar
MelmPS, jo Saja gadijuma aprékinu laiki ir vismazakie, salidzinot ar citu homologu
kompleksiem.

Lai aprékinatu mijiedarbibu energijas kompleksam 1 un kompleksam 2, izmantoti
aprekini ar M06-2X/6-311++g(d,p) funkcionali un bazu superpozicijas klidu korekciju.
Rezultata iegiitas divas iesp&jamas kompleksa 1 un kompleksa 2 geometrijas, kas paraditas
3.31. att.
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3.31. att. Kompleksa 1 (A) un kompleksa 2 (B) geometrijas, iegiitas péc optimizacijas ar
MO06-2X/6-311++g(d,p) funkcionali

Ka redzams no 3.31. att., kompleksa stabilitati nodroSina tidenraza saiSu veidoSanas
starp cviterjona SO3” grupu un 5-MC amidina grupu. Rezultata veidojas redzamais astonloceklu
cikls.

Mijiedarbibu energiju kompleksos 1 un 2 var definét ka starpibu starp kompleksa un

ligandu energijas veértibam gazes faze (sk. 3.14. un 3.15. vienadojumu).

AE; = Exomp1 — (ES—MCH + EMeImPS)) (3.14)
AE; = Exomp2 — (Es—mc + Emermps+n) (3.15)

Aprékinu rezultata iegist, ka kompleksa 1 mijiedarbibu energija ir lielaka (-58
kcal/mol), neka kompleksam 2 (-54 kcal/mol). Tomér, nemot véra, ka SID apstaklos komplekss
iegiist iek$€jas energijas pieaugumu, kompleksa 2 veidosanas varbiitiba pieaug, jo energijas

starpiba starp abiem kompleksiem ir maza (4 kcal/mol). Turklat eksperiments rada, ka SID
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apstaklos drizak veidojas tieSi komplekss 2, jo kompleksa fragments ir [MelmPS+H]", nevis
[5-MC+H]* (sk. 3.32. att.).
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3.32. att. Kompleksa [MelmPS+5-MC+H]* fragments, iegiits ar 10 eV sadursmju

energiju. Attéls parada pilnigu kompleksa sadalisanos un [MelmPS+H]" veidoSanos.

3.6. Cviterjonu tipa jonu Skidrumu izmantoSana DNS metiléeSanas Iimena

noteikSanai

Nemot veéra iepriek$gjos rezultatus, var nodemonstrét, ka kompleksu veidoSanos starp
5-metilcitozinu un cviterjoniem EIJ — MS gaita iesp&jams izmantot kvantitativaja analizg.
Zinams, ka 5-meticitozins ziditaju organisma veidojas DNS metiléSanas rezultata [15, 16],
tapec $1 savienojuma noteiksana ir svarigs uzdevums. Literatiira aprakstitas dazadas metodes
S5-metilcitozina noteikSanai, bet t0 pamata parsvara ir hromatografiskds metodes ar
masspektrometrisko, UV vai fluorimetrisko detektéSanu [105, 127 — 131]. Nukleobazu
atdaliSana plasi izmantotas apgrieztas fazes hromatografijas apstaklos ir sarezgits darbs. Biezi
vien nukleobazu sorbcijas palielinasanai nepiecieSams izmantot buferSkidumus, kas var
samazinat metodes jutibu un efektivitati. Beidzot, hromatografisko analizu laiks ir liels. Tapéc
Saja darba izm@ginata pieeja S-metilcitozina noteikSanai bez hromatografijas, izmantojot
kompleksu veidosanos starp 5-metilcitozinu un kustigai fazei pievienoto cviterjonu. Rezultata,
5-metilcitozina m/z vertiba tiek nobidita lielaku masu virziena atbilstosi kompleksa molmasai,
kas izmaina analita Tpasibas un metodes selektivitati. Parauga analizi veic, izmantojot pliismas
injekciju metodi (sk. 2.2. att.) kopa ar EIJ — MS detektésanu SIR rezima. Talak sikak aprakstiti

§1s pieejas izmantoSanas rezultati DNS parauga analizei.
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3.6.1. Reagenta un citu apstaklu izvele

Lai sasniegtu viszemako detekt€Sanas robezu, ir japiemekle apstakli, kuros 5-MC un
cviterjona kompleksa absoliita intensitate ir visaugstaka. Sim mérkim parbaudita dazadu
cviterjonu tieksme veidot kompleksus ar 5-MC. Katrs no 7 cviterjoniem tika sajaukts dazadas
molaro koncentraciju attiecibas ar 5-MC un iegitie $kidumi analizéti ar EIJ — MS. Sadu

eksperimentu rezultati apkopoti 3.33. att.
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3.33. att. Kompleksu intensitates atkariba no reagenta un 5-MC koncentraciju attiecibas

Salidzinot dazadu kompleksu absoliito signalu masspektra, var redzet, ka vislielaka
intensitate atbilst [MelmPS+5-MC+H]* kompleksam ar molaro koncentraciju attiecibu 10:1.
Talaka MelmPS koncentracijas palielinasSana izraisa kompleksa intensitates samazinasanos.
Lidzigi var raksturot ari pargjo cviterjonu kompleksus — katram reagentam novéro maksimuma

veidosanos ar sekojosu kritumu. Iesp&jams, ka pie lielakam koncentracijam cviterjona virsmas
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aktivitates del, sakas konkurence par mikropilienu virsmu starp visam Skiduma esoSam
dalinam. So hipotézi apstiprina ari fakts, ka cviterjoni ar mazaku virsmas aktivitati sasniedz
maksimuma punktus pie lielakam koncentracijam. Saja konteksta var savstarpgji salidzinat
MelmPS un BulmPS vai HImPS kompleksus ar 5-MC. Pirmais no tiem sasniedz maksimumu
pie attiecibas 10:1, bet pedg&jie - 5:1. Turklat cviterjoni liela koncentracija spgj veidot dimerus
un citus oligomérus [108], kas nobida 5-MC kompleksa ar CJS veido$anas lidzsvaru.

Neskatoties uz atSkirigajam kompleksa signala intensitatém, starpibas starp tam nav
lieclas. Tapéc var izvéleties praktiski jebkuru cviterjonu tipa savienojumu, iznemot b, 5-MC
kvantitativai analizei bez metodes jutibas zuduma. Tas savukart dod iesp&ju viegli mainit
selektivitati. Talakajam darba posmam par reagentu tika izvéléts MelmPS, jo §1 savienojuma
kompleksam atbilst vislielaka signala intensitate.

Eksperimentu gaita tika konstatéts, ka kompleksus ar MelmPS veido ne tikai 5-MC,
bet arT citas nukleobazes ar amidina vai guanina grupu — citozins, adenins un guanins. Tapéc,
tika nolemts palielinat reagenta koncentraciju lidz 100 uM, nemot véra $o savienojumu lielakas
koncentracijas parauga un reagenta atSkaidijumu ar kop&jo plismu (reagenta un parauga
plismas atrumu attieciba bija 1:4).

Visi pargjie apstakli, ka skidinatajs, konusa un ekstraktora spriegums, izveleti atbilstosi
apsveérumiem, kas aprakstiti 3.5. apak$nodala. Vienigais parametrs, kas tika nomainits, bija
skabes piedeva kustigai fazei. 5-Metilcitozina noteikSanai DNS parauga ka piedevu
acetonitrilam izmantota 0,001% trifluoretikskabe, nevis 0,025 % skudrskabe. lzvele pamatota
ar lielaku TFA stiprumu, kas veicina augstaku ladina nes€ju blivuma rasanos uz mikropilienu
virsmas. Tas savukart uzlabo izsmidzinasanas stabilitati un samazina augstas frekvences
signala fluktuacijas. Turklat TFA samazina 5-MC adsorbcijas sp&ju uz injektora un citu
sist€émas komponentu virsmam.

Ka jau bija minéts, par reagentu $aja darba izvélets MelmPS, kas veido kompleksu ar
visaugstako signala intensitati. Dota kompleksa veidoSanas analizei izvéletajos apstaklos ir

atspogulota 3.34. att.
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3.34. att. 5-Metilcitozina un MeImPS masspektrs, iegiits acetonitrila $kiduma ar 0,001%
TFA piedevu. Signali pie m/z 126 un 330 atbilst 5-metilcitozinam un [MelmPS+5-MC+H]*
kompleksam. MeImPS signalu (m/z 205, 227, 243 un 268) intensitates ir samazinatas 100 reizes

Lai izmantotu doto reagentu DNS parauga analizei, bija japarliecinas, ka parauga nav
komponentu ar m/z 330, kas athilst [MelmPS+5-MC+H]" kompleksam. Pret&ja gadijuma SIR
rezima var iegit klidainu rezultatu, kas saistits ar atSkirigas izcelsmes signalu parklasanos.
Tapec, pirms kvantitativas analizes hidrolizéto DNS paraugu ievadija PIA — EIJ — MS sistéma
bez MelmPS pievienosanas. Sis procediiras rezultatai m/z 330 atbilsto3ais signals netika
novérots. Tadgjadi bija pieradits, ka komponentu ar m/z 330 parauga nav, un var lietot
MelmPS kvantitativai analizei. Pretgja gadijuma biitu jamaina reagents, lai iegiitu kompleksu
ar atSkirigu m/z vertibu.

Lai rezultati butu mazak atkarigi no matricas ietekmes, kalibracijas taisnes
konstruésanai izvélas tadus 5-MC Skidumus, kuri jau satur DNS raksturigo nukleobazu
(adenins, timins, citozins, guanins un uracils) nemainigas koncentracijas katra punkta. Uracils,
kas neietilpst DNS sastava, var nonakt parauga piesarnojuma rezultata no sveSa RNS. Tapéc

art uracilu pievienoja kalibracijas $kidumiem.
3.6.2. Metodes validacija
Lai izvertétu dotas metodes rezultatus, tika veikta dalgja validacija®, kas ietver sevi

tadus parametrus ka linearitates apgabals, LOQ, precizitate, pareiziba, reproducgjamiba,

matricas efekts un analita starpinjekciju parnese (carryover).

4 Validacijas parametru noteikSanas rezultati detalizeti aprakstiti publikacija nr.5 (sk. Ievads, Promocijas darba
aprobacija), kuras teksts ir pieejams Pielikumos, 158. Ipp.
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Linearitates diapazona noteiksana veikta 5-MC koncentraciju intervala no 0 lidz 1000
nM. Iegiito punktu regresijas analize paradija, ka kompleksam atbilstoSais signala laukums ir

lineari atkarigs no 5-metilcitozina koncentracijas 1idz 200 nM (sk. 3.35. att.).

Laukums
3500 -

3000 A

2500 - y =15,2x + 92,3
R? = 0,9996

2000
1500
1000
500
0 ' . . » Cs.vcs
0 50 100 150 200 M

3.35. att. 5-Metilcitozina kompleksa ar MeImPS signala laukuma atkariba no 5-

metilcitozina koncentracijas Skiduma

Pie lielakam koncentracijam var novérot atkapi no linearitates, kas var biit aprakstita ar
kvadratisku funkciju (sk. Pielikumos atrodamo publikaciju, 158. Ipp.).

Ar 2.3. vienadojuma veiktajiem aprékiniem metodes LOQ vértibai atbilst 8 nM (1 pg
ievadits sistéma). ST vértiba ir salidzinama vai mazaka, neka pedzgja laika literatiira publicétas
AESH — MS? un GH — MS metozu attiecigas vertibas [127-131]. Nepieciesams uzsvért, ka dota
pieeja ir daudz vienkarsaka, jo analizi veic bez hromatografijas un tandémmasspektrometrijas,
kas ievérojami samazina analizes laiku un lidzeklu patérinu vienai analizei.

Validacijas procedura paradija, ka metode ir preciza, pareiza un reproducéjama pie
abam kvalitates kontroles $kidumu koncentracijam (10 un 100 nM). Nosaukto parametru
vertibas un citas detalas ir atrodamas pedgja publikacija, kuru var apskatit Pielikumos (158.
Ipp). Metodei piemit neliels matricas efekts (<1,2) un zema analita starpinjekciju parnese (0,3
%), kas atbilst 9,6 % no LOQ parauga laukuma. Rezultata var secinat, ka iegtito validacijas

parametru vértibas atbilst EMA prasibam bioanalitisko metozu validacijai®.

5> European Medicines Agency guideline on bioanalytical method validation, revision 1, corr. 2, 2011.
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3.6.3. Tela vairogdziedzera DNS analize

Lai demonstrétu metodes piclietoSanas iesp&ju S-metilcitozina noteikSanai realaja
parauga, ka pieméru izvélgjamies komerciali pieejamo tela vairogdziedzera DNS. Sakotngji
hidrolizei nemtais daudzums bija 2,5 g, atbilstos$i metodei [105], bet rezultats paradija, ka
daudz lielaks atSkaidijums vajadzigs (vismaz 100 reizes), lai neparslogotu zemas dispersijas
PIA sistemu. Tapéc talakajas analizés paraugu sagatavoja atbilstosi 2.6.3. apakSnodala
aprakstitajam. Ka alternativu var izmantot analizei nemta DNS parauga daudzuma
samazinajumu. Tas batu izdevigi gadijumos, ja DNS parauga lielums ir ierobeZots, pieméram,
mikrobiologiskos p&tijumos.

Kompleksam [MelmPS+5-MC+H]" atbilstosais signala pieraksts, ieglts DNS
hidrolizata PIA — EIJ — MS analizes gaita, redzams 3.36. att.
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3.36. att. Kompleksam (m/z 330) atbilstosa signala SIR pieraksts, iegiits péc 6 atkartoti
veiktam tela vairogdziedzera DNS hidrolizata injekcijam PIA — E1J — MS apstaklos

Ka redzams, injekcijas veiktas ar vidgju atrumu, laujot iepriek§€jam paraugam pilnigi
izdaltties no sist€mas. Pat §T saméra léna parauga ievadiSanas metode dod iesp&ju veikt ap 60
analizu stunda. Injekciju atrumu var ievérojami palielinat, tas veicot vienu p&c otras. Procesu
varétu paatrinat, pieslédzot programmejamu automatisko paraugu ievadiSanas ierici, ar kadam
ir aprikotas miisdienu AESH sistémas ar maziem iek3gjiem tilpumiem.

Divu dazadas dienas veikto DNS paraugu analiZzu rezultati paradija, ka 2,5 pg DNS
satur atbilstosi 13,2+0,4 un 13,5+£0,8 ng 5-metilcitozina. Veicot nelielu aprékinu, ievietojot
iegiitas vertibas 2.4. vien., var iegiit tela vairogdziedzera DNS metiléSanas limena vértibu, kas
ir vienada ar 6,7 un 6,8 molu % no kopgja citozina daudzuma. Dotas vértibas labi sakrit ar
literatlira atrastiem tela vairogdziedzera DNS metiléSanas Iimeniem, piem&ram, 6,5 [128] un

6,9 [132] molu %.
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legiitie rezultati parada, ka kompleksu veidoSanas starp 5-metilcitozinu un cviterjonu
tipa savienojumiem ir pielietojama realu DNS paraugu kvantitativaja analizé. Metodes
selektivitati var mainit, izv€loties lielako dalu no darba izmantotajiem cviterjoniem, Kuri
nobida 5-metilcitozina signalu lielako m/z vértibu diapazona. Cviterjonu tipa savienojumi ir
viegli sintez&jami, tapéc jebkuram gadijumam var viegli piemeklét efektivu reagentu.

Pedgja laika misu laboratorija veiktie pétijumi paradija, ka dotie cviterjoni veido
lidzigus kompleksus arT ar citiem biologiski aktiviem mazmolekulariem savienojumiem, kuri
satur amidina un guanidina grupas, ka kreatinins un metformins. Tap&c aprakstita metode ir
lietojama ari citu savienojumu noteikSanai, kuri atrodas sarezgita biologiska matrica. Darbs

Saja virziena tiek turpinats.
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SECINAJUMI

Sadursmju inducétas disociacijas pétijumi paradija, ka protonéto sulfonata un
karboksilata rindas CJS molekulu fragmentacija ir vérsta uz imidazolija ciklu saturogo
katjonu veidoganos. So jonu stabilitate saistita ar pozitiva ladina delokalizaciju
imidazolija gredzena.

Sulfonata rindas CJS EIJ gaita sp&j veidot deprotonétas molekulas, kuru fragmentacijas
virziens saistits ar sulfonata grupu saturoSo anjonu un anjonradikalu veidoSanos.
Savukart karboksilata rindas CJS lidzigos apstaklos stabilas deprotonétas dalinas
neveido.

CJS $kiduma spgj veidot kompleksus ar dazadiem aminiem. Doto kompleksu raganas
speja atkariga no CJS funkcionalas grupas un amina pKa vértibam. Turklat kompleksu
stabilitate ir stipri atkariga no vairakiem apstakliem: Gdens daudzuma kustigaja faze,
sarma metalu jonu satura un konusa sprieguma.

Kvantu aprekini paradija, ka kompleksu veidosanas starp sulfonata rindas CJS un 5-
metilcitozinu notiek sulfonata un amidina fragmentu mijiedarbibu rezultata. Starp
abiem fragmentiem pastav tidenraza saites, kas veicina cikliskas struktiiras rasanos.
Asociacijas konstansu vértibas 5-metilcitozina kompleksiem ar N-alkilimidazolija CJS
nelineari mainas lidz ar alkilkédes garumu gan acetonitrila, gan metanola. Dotie
noverojumi saistiti ar atSkirigiem solvatacijas mehanismiem $ajos $kidinatajos.
Sadursmju inducétas disociacijas eksperimenti paradija, ka kompleksu stabilitates
seciba atkariba no alkilkeédes garuma gan gazes faz€, gan acetonitrila ir lidziga.
Savukart metanola gadijuma $ada lidziba nepastav.

Kompleksu stabilitati gazes fazé var izskaidrot ar divu faktoru kombinaciju, kuri
darbojas pretgja virziena. No vienas puses, komplekss klst stabilaks, ja 5-metilcitozina
un atbilstosa CJS gazes fazes baziskuma vértibas ir tuvas. No otras puses, iek$gjas
energijas picaugums kompleksa sadursmju rezultata, ir apgriezti proporcionals
kompleksa molmasai. Abu faktoru kombinacija nosaka butil — aizvietota CIS
kompleksa ar 5-metilcitozinu zemaku stabilitati neka par€jo homologu gadijuma.
Nosaukto faktoru parzinasana, rada prieks$noteikumus tadu cviterjonu tipa jonu
Skidrumu iegtiSanai, kas varétu veidot vél stabilakus kompleksus ar 5-metilcitozinu.
Darba izstradato metodi var izmantot 5-metilcitozina noteikSanai DNS paraugos.

Kustigai fazei pievienotais CJS sp&j izmainit 5-metilcitozina noteik3anas selektivitati,
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nobidot signalu lielaku m/z vértibu virziena. Uzlabota selektivitate dod iesp&ju veikt
pliasmas injekciju analizi (flow injection analysis) ar sekojosu EIJ — MS detektésanu.
Sasniegta jutiba ir augstaka vai vienada ar AESH/MS un AESH/MS? metozu jutibu,
kas zinama no literatiiras. |zstradatas pieejas prieksrociba ir liels analizu atrums (> 50
analizes stunda) un iesp&ja to izmantot citu amidina un guanidina grupu saturoSu

savienojumu noteikSanai.
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We have implemented full mass spectrometric assay of several 3-(1-
alkyl-2-methylimidazolio)propanesulfonates, which are known as zwit-
terionic liquids (ZILs). Hydrophilic interaction liquid chromatography
(HILIC) column and different mobile phases in both 1socratic and gra-
dient elution conditions were used for separation of the compounds
present in these samples. The structures of the impurities have been
confirmed by LC-MS/MS expeniments. In addition, fragmentation path-
ways of ZILs were studied for different collision energies (050 V) in
positive electrospray ionmization (ESI) mode under collision-induced
dissociation conditions. Several new routes of fragmentation are briefly
discussed. These include possible rearrangements and imidazolium ring
expansions, which hypothetically proceed through carbocationic inter-
mediates in the gas phase. Currently these processes are studied 1n a more
detailed fashion.

Kev words: zwitterionic liquids, hydrophilic interaction liguid
chramatography, collision induced dissociation, electrospray ionization

INTRODUCTION

Zwitterionic liquids (ZILs) are organic compounds, which contain cationic
and antonie parts within one molecule. The unique characteristic of these
compounds 1s the inability of migration of cation and anion under the influence
of electric field. This structural property together with thermal stability and high
conductivity explains possible use of ZILs as the electrolytes i rechargeable
lithium batteries [1, 2].

There are two interesting problems associated with ZILs. The first of them is
related to the presence of the impurities and synthetic by-products, which can
significantly mfluence characteristics of ZILs in any area of technologies. The
second problem is more theoretical, and 1s connected with the determination of
mass spectrometric fragmentation pathways and gas phase chemustry of ZILs.

Inspired by these two problems, we have implemented full mass spectro-
metric assay of several imidazolium-based ZIL samples of a type 1. where
R'=Me. R* =n-Bu (1a). R' = Me, R* = Octyl (1b) and R = Me, R’ = Dodecyl
(1c).
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We have found that there 1s a lack of information on both chromatography
and mass spectrometry of ZILs in the literafure. Recently collision-induced
dissoeciation (CID) of several imidazolium ZILs associated with the direct
mjection experiments have been carried out i our laboratory [3]. In addition,
the fragmentation pathways of some S- and O-confainig mudazolum ionic
liquids were studied by positive Electrospray Iomzation Fourier Transform
Mass Spectrometry (ESI-FTMS) with Sustained Off-Resonance Irradiation
(SORI) [4. 5]. The known capabilities of these techniques are accurate mass
measurement and high precision. However, there are possibilifies for sup-
pression effects and ion — molecule reactions, which are typical for ESI-MS of
crude samples, if separation 15 not done before the analysis. Therefore we
decided to use high performance lhiquid chromatography (HPLC) in combination
with MS in these studies. Some chromatographic data obtained in reverse-phase
(RP) mode are published [6]. Although RP columns are more popular and show
good reproducible retention of ZILs. there 1s one drawback of this type of
stationary phases when HPLC-ESI-MS 1s performed. The mobile phases for
RPLC usually contain water as a major component, which has lower volatility
as well as higher viscosity than orgamic solvents and causes low signals of
analytes. Thus we preferred to perform separations via Hydrophilie Interaction
Liquid Chromatography (HILIC), which is believed to be partition of the
analyte between stationary aqueous layer and organic mobile phase [7] This
separation techmque gives the opportunity of using mobile phases with high
organic modifier (such as acetonitrile or methanol) content.

Here we represent owr prumary results obtamned i HILIC-ESI-MS/MS of
ZILs. The studies of the problems discussed in this report are ongoing n our
laboratory.

EXPERIMENTAL
Materials

All the compounds 1a, 1b and 1c were synthesized in the Department of
Organic Chenustry of University of Latvia by the procedures described in the
literature [8]. Acetomtrile (HPLC grade), methanol (HPLC grade) and formic
acid were obtained from Aldrich. Deionized water for mobile phases was
obtained by Milli-O technology. All the solvents were filtered through 0.45 um
filter, then degassed prior to analyses. The samples were also filtered through
Millipore 0.45 or 0.2 um filters.

HPLC-MS/MS apparatus and analyses

Separation and mass spectrometric analyses were performed using Waters
Alliance 2690 Separation Module and Waters Micromass Quatmo AFI triple
quadrupole mass spectrometer.

Samples were dissolved in methanol or acetonitrile (with addition of small
amount of water for acetomtrile-based mobile phases to increase the solubility)
to obtain approximate concenfration of 1 mg/ml. For the investigation of better
separation conditions in 1socratic mode the mobile phases chosen were me-
thanol/water (70-95% of methanol v/v), acetomtrile/water (70-95% of aceto-
nitrile v/v) and acetonitrile/water+formic acid (70-95% of acetonitrile w/v,
pH 2.3-6) at flow rate of 0.2 ml/min. The compounds of interest were separated
using Waters Atlantis HILIC Silica column (150%2.5 mm); particle size 3 pm.

123



We have performed also gradient elution analyses using acetonitrile/water
90:10 v/v as imfial mobile phase composition for all samples. For compound
1a, the initial content of acetonitrile in the mobile phase was decreased linearely
to 0% durng 25 mun, but for the compounds 1b and 1c the mitial mobile phase
composition was changed to 61:39 during 8 muin and then flow rate and mobile
phase composition were nonlinearly changed from 0.2 to 0.3 ml/min and 0% of
acetonitrile during next 12 minutes.

The analytes were detected in posifive electrospray iomization mode. The
capillary and cone voltages were set at 3 kV and 30 V respectively. The data
were aquired i the range from 50 to 400 m/z units. sean time was 300 ms and
mterscan delay was 50 ms. The MS/MS experiments were performed in CID
mode using argon as collision gas. For the compounds smdied mass spectra
were collected in the collision energy range of 0—50 eV and for the impurities at
40 eV. The data collected were averaged for every clwomatographic peak, the
signals were smoothed and background was subtracted usmng MassLynx 4.1
software.

RESULTS
Chromatographic conditions

Initial chromatographic experiments are performed using isocratic elution
conditions. Neither of methanol/water mobile phases show acceptable
chromatography due to very weak resolution of impurities and compounds of
interest, poor retention and overloading effects, which are not decreased even
when samples are diluted up to 100 times. Very sinular observations are made
m case of the analysis of non-zwitterionic type ionic liquids on RP stationary
phases [9]. Such effects are not observed when acetonitrile mobile phases are
used for the separation. These mobile phases are found to be good for the
separation, but still have a drawback of asymmetric peak shapes showing very
strong retention in HILIC mode. This strong retention can be attributed to 1o0n-
exchange befween acidic silanol groups on the surface of naked silica and the
analytes, which (as will be show later) are basic and can exist in various forms
in solution according to their pK, values. The interactions with silanol groups
are especially dominant when mobile phases with high acetonitrile content are
used. Because the higher organic modifier content induces better separation in
HILIC, we have decided to suppress these unwanted mferactions by lowering
the pH values of the mobile phases. This procedure is known to prevent the
dissociation of the silanol groups by protonation [10]. The other method of
mimmizing these effects based on adding a competitor base like TEA to the
mobile phase [11] seems poor to us, due to obvious ion suppresion in the ion
source of mass spectrometer, caused by this substance.

Lowering the pH of acetomitrile/water mobile phases improves the resolution
of peaks a little and greatly reduces the retention tumes of basic impurities.
However, the problem of peak tailing still exists.

Therefore we have decided to run the samples m a gradient mode. Almost
scouting gradient conditions allow to perform not only efficient separation of
compounds in all the samples 1a. 1b. 1c, but also to umprove the peak shapes
and decrease the analysis fime. In addition, we are able to identify one more
impurity in the sample 1la, which 1s not detectable in 1socratic conditions
possibly due to very strong retention (Fig. 1). As can be seen from Fig. 1, the
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order of retention of the analytes reflects that characteristic of the HILIC mode,
te. the more polar and basic analytes are eluted from the column slower than
less polar and basic substances. It should be noted, that the increase of the flow
rate of the mobile phase in cases of samples 1b and 1c to 0.3 ml/min during the
gradient run (see Experimental) 1s due to the stronger retention of basic
wmnpurities OMIM (1b) and DMIM (1c). when the flow rate value 1s kept to be
0.2 ml/min. Because of acceptable chromatographic performance of the gradient
conditions we have chosen this mode for further investigations.
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Fig. 1. TIC (total ion current) chromatograms of ZIL samples 1a, 1b and 1c obtained in gradient
mode using CH;CN/H,0 as a mobile phase.

Determination of impurities in ZIL samples

LC-MS/MS 15 a powerful technique for the both separation and structural
studies of the analytes, which allows us to elucidate the structures of all the
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impurities present in samples 1a, 1b and 1c. According to these studies, all the
impurities have the same nature (Fig. 1) and the differences in mass spectra are
miummal. These compounds are basic (MIM, BMIM, OMIM, DMIM), zwit-
terionic (MIMPS) and non-basic (DBMIM) derivatives of inudazole which may
form m the course of the synthesis of the target zwitterionie liquid (1a. 1b or 1c)
when the reaction conditions are poorly controlled. The mimmal differences in
the mass spectra of these compounds somewhat complicate the structural
elucidation, but 1t still can be done taking into account the molecular ions
obtained n full scan aquisition and small alkyl chamn fragments appeared during
40 eV CID experiments with Ar gas. The preferred 40 eV collision energy
seems to be optimal for these studies due to the presence of alkyl chain frag-
ments i structures of substances being obtained, the characteristic 2-methyvl-
imudazolivm 1on with m/z 83 and some of its fragments i the spectra, giving
wider mformation for the interpretation. The schemes of fragmentation of
impurities which correspond to the mass spectra grven m Fig. 1 are shown in
Scheme 1.
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Scheme I Interpretation of the main mass spectral signals of the impurities in ZIL samples.

The 1sotopic composition of MIMPS molecular 1on with m/z 205 and mass
spectra obtained at 40 eV suggest that this compound contains sulfur atom. The
base peak at this voltage appears at m/z 83, which corresponds to 2-methyl-
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mudazolum ion. The difference between m/z 205 and m/z 83 1s 122 Da. This
mdicates for possible neutral loss of sulfur-contaming fragment C;HgS0;. Sinu-
larly, other direction of fragmentation occurs, when MIMPS molecular 1on loses
fragment 82 Da, which corresponds to 2-methylimidazole molecule and the
formation of m/z 123 1on, tlus time having composition of C;H;80;. These two
processes can occur only, when alkyl chain contamming sulfir atom 1s connected
to the mmdazole rmg through nitrogen atom. The neufral loss of H;SO:
molecule (82 Da, 1sobar1c W 1tl1 -meth‘s, linudazole molecule) by the hydrogen
transfer from alkyl chain to sulfonate group can also occur leading to the alkenyl
catton with m/z 123, but direct evidence of this process does not exist until
labelling experiments are carried out. The difference between m/z 83 and 95 15
12 Da. This suggests that these fragments differ by one carbon atom. Therefore
fragment with m/z 95 might be the product of ring expansion which leads to
additional stabilization at thh collision energy. This kind of ring expansion has
been described already m hiterature i the case of functionalized mmudazolum
tonic liquds [5]. Ac::mdmg to the “N-rule” the ion with m/Zz 96 1s a radical-
cation, which possibly originates from homolytic cleavage of the alkyl cham.

The main three fragments in MIM spectrum are at m/Z 56, 67 and 82
however there are many fragments with very small intensities. which are hardly
mterpreted because of overlapping with background noise. These three main
fragments can originate from different possible resonance forms of the
tmidazole ring. The fragment with m/z 82 1s a radical-cation, which forms as a

result of H loss from 2-methylimidazolium ion (m/ 83). The ion with m/z 67

possibly forms from fragment with m/z 83 by the loss of NH; . Finally. m/z 56
fragment corresponds to the loss of HCN molecule from one of resonance forms
of fragment with m/z 83. This type of fragmentation 1s quite similar to that for
l-protonated imidazole described for ESI-CID conditions in [12].

As indicated above, the mass spectra of alkylinudazoles (BMIM. OMIM.,
DMIM and DBMIM) are similar and differ only in alkyl chain fragments, which
all have small intensities, but can be recognized. In addition, these compounds
have simular characteristic 1ons at m/z 83, 95 and 109. We suppose that the
formation of alkyl chamn fragments 15 a two stage process. The first stage 1s
random homolytic cleavage of one of C—C bonds leading to the formation of a
distomic 1on. The second stage 1s the restoring of positive charge by the loss of

H or subsequent loss of ethylene molecule. to form a new distonic ion and so
on unfil stable ion is formed (m/z 83, 95 or 109). The formation of the last 1on
(m/z 109) will be discussed in detail in the next section.

Fragmentation of ZILs in CID conditions

The results obtaimned in the fragmentation studies of ZIL compounds 1a, 1b
and lc can be represented by the breakdown graphs (Fig. 2) and also by
common fragmentation scheme (Scheme 2). It 1s clearly seen from Fig. 2 that
the tendency for the fragmentation decreases with increase of the alkyl chamn
length. Thus. the first fragments for compound la bearing the N-butyl sub-
stituent appear even at 0 eV collision energy (CE), that means that the
fragmentation starts in the ion source. The compounds 1b and 1c are less sus-
ceptible for the fragmentation. This observation could be the result of reduction
of the internal energy of ion by the rapid change of possible conformations
during the collisions with argon molecules. It 1s clear that the longer the alkyl

127



chain the more conformations it can have, therefore the observed order of the
fragmentation becomes meaningful.
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Scheme 2. Fragmentation pathways proposed for the [M+H] ions of the compounds 1a, 1b and
le (mz 261, 317 and 373).

The other observation from the breakdown graph (Fig. 2) is the type of
fragments obtained m a low CE region (0-10 V). For all the compounds 1a, 1b
and 1c these are the furst generation daughter 1ons A4 (m/z 205), B (m/z 139, 195
or 251) and C (m/z 83). Tlus suggests that there are two directions i the
fragmentation processes occurring in the low CE region. The first direction 1s
the formation of the 1on 4 by the hydrogen transfer from the allyl chain to the
nitrogen atom of the mmudazole ring, wluch results in the alkene neutral loss.
The second path 1s the formation of the 1on B by the hydrogen transfer from the
alleylsulfonate group to the nitrogen atom of the imidazole ring. Previous results
obtamed in deuterium exchange conditions show that the hydrogen transfer
occurs from the protonated sulfonate group instead of mugration of hydrogen
atom from the alkyl chamn [3]. The formation of the ion C 15 theoretically
possible either from the ion 4 or the ion B by the same two paths described
above.

Along with increasing of CE the mass spectra of ZILs become more
complicated. During this CE change, the second generation daughter ions
appear. One of the most stable 1ons at moderate CEs (10-30 eV) 1s the 1on with
mz 123, for which two structures could exist (ion D or ion E). There 1s no clear
evidence which of these structures domates, but the formation of 1ons with
mdz 179, 235 and 291 wvia the very similar loss of sulfurous acid from the mole-
cular 1ons of the compounds la, 1b and 1c proves the possibility of the
formation of the 1on E in case of the 1on A at moderate CE. On the other hand,
the formation of the ion D seems also quite possible, because of the frag-
mentation at the positively charged center (u-scission).

More complicated 1s the formation of 1on with m/z 57. At the first sight 1t
could be represented as butyl cation, which originates from direct heterolytic
cleavage of C—N bond (at least for compound la, wlhich already has butyl
substituent), but there is no clear explanation on the formation of butyl
substituent or other precursor that could cleave to give butyl cation in cases of
compounds 1b and 1c, simply because these substances have only octyl and
dodecyl substituents. However, breakdown graphs (Fig. 2) indicate the in-
creasing of TIC % of this 1on with increasing the length of the alkyl chain. For
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compound 1a, it reaches only = 1 % of TIC, but for compounds 1b and 1c 1t
constifutes approximately 10% of TIC.

The 1ons G and H also may form from several precursor ions like 4 and B.
The formation of ions of such type is quite common for the imidazolium
systems and have been already described in references [5, 6] It includes the
transfer of alkyl chain from mitrogen atom of imidazolium ring to the carbon
atom of the same ring and subsequent ring expansion to pyrimidinium type. In
addition, this ring expansion can be either homolytic or heterolytic leading to
tons H or & respectively. These 1ons are stable and exist in lugh CE region (30—
60 eV) for all compounds. Besides the high CE spectra of these two 1ons also
contam small mtensive peak of ion C daughter 1on with m/z 56 and the products
of the homolytic cleavage of the alkyl chamn, which are both discussed m the
previous section. The number of such cleavage products increases with the
mereasing the length of the alkyl chain and CE.

The most interesting fragmentation pathway of ZILs without doubts 1s the
formation of the ion I with m/Z 109. The study of the breakdown graphs
mdicates that this 1on is very stable at high CEs. moreover its stability can be
compared to that of aromatic 1ons C and G. Its structure remains unclear, but if
ton A (m/z 205) 15 considered fo be a precursor. there should occur hypothetic
methanesulfonic acid loss to obtam the 10n I One possible way of this process
should be a direct homolytic f-cleavage of the C—C bond and subsequent loss of

H . but this structure could not be stable under high CEs. because of the loss of
erther ethynyl radical or ethylene molecule and 1on with m/z 82 or m/z 81 would
form. Another possibility for the formation of the 1on I could be a rearran-
gement of the propanesulfonate skeleton, which leads to overall formation of
sulfonate ester. which again could cleave homolytically, but for the same
reasons as above, it wouldn’t be stable. The same treatment can be done for the
ton B as a precursor. However, the lack of functional groups mn this structure
makes this 1on a poor precursor, because in this case only homelvtic cleavage of
the alkyl chain 1s possible. which leads to the same intermediate as in the above
example.

For these reasons we have decided to make additional experiments with the
tons A. B and molecular ion of compound la. Our experiments have been
directed to the 1solation and subsequent fragmentation of the 1on 7. obtamed
from real compounds, which form the same molecular ions as the ions 4 and B,
and deduce whether the structure of the ion I 1s the same for these compounds.
The compounds chosen are MIMPS and BMIM — the impurities 1solated from
the sample 1a (Fig. 3). A very umportant point for this experiment 1s to obtain a
good mtensity signal of the ion 7 from MIMPS and BMIM directly in the 1on
source. in other words, to obtain cone voltage fragmentation of these com-
pounds. This can be achieved only 1f a) switable conditions are chosen (espe-
cially voltages). b) either of the compounds can produce the ion I For the
optimization of these switable conditions, mtially the cone voltage 1s held
constant while capillary voltage 1s constantly changed and the signal of the 1on I
15 recorded for MIMPS, BMIM and compound la. After optimizing the
capillary voltage at which the signal of the 1on 715 maximal for every individual
compound, this voltage 1s held constant and cone voltage 15 changed until
suitable conditions are found For our surprise. the both compounds MIMPS
and BMIM form the ion Junder these optimized conditions. At the next stage of
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Fig. 3. CID (collision-induced dissociation) spectra of m/z 100 species generated from MIMPS
{A), BMIM (B), and BMIMPS (C) [M+H]™ ions at 35 eV collision energies. Possible structures
corresponding to the fragments are given above the main peaks.

this experiment after obtaining the 1on I m the ion source it 1s directed to the
collision cell and fragmented at different CEs. The resulting mass spectra are
compared with that obtained for compound 1a (Fig. 3). This comparison indi-
cates that there are no dramatic differences i all mass spectra — these consist of
the same signals, which differ only mn relative intensities. Thus, the structure of
the ion I, obtained from precursor 1ons 4 and B, 1s the same. Therefore, it is
possible that metastable intermediates for the formation of the ion I either from
ion A or ion B are very similar in structure. It is rather complicated to postulate
the structure of these mtermediates until careful 1sotopic labelling experiments
are not carried out. Interpretation of the mass spectra obtained in these expe-
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runents gives three possible structures for three main peaks corresponding to the
fragments of the 1on J (Fig. 3). Two of these peaks according to R+dB rule
(rings plus double bonds) may belong to pyridinium type compounds and one is
pyrrole type compound. This suggests that very unusual cleavage occurs, which
results in a loss of fragment containing nitrogen atom from the 1on I’

Summarizing these observations we propose a general scheme for the
formation of the i1on I and its sequential fragmentation (Scheme 3). It can be
seen from Scheme 3 that carbocations are involved in these transformations and
whole process ends with mesylic acid loss (MsOH, CH:SO:H). It should be
noted, that these hypothetical steps occur only if every of them is sufficiently
fast, because the fragmentation is controlled kinetically rather then thermo-
dynamically. Of course, at this stage the proposed scheme 1s only a hypothesis
and the deutermum labelling experiments seem to be the next step for the
investigation of gas phase chemistry of ZILs m our laboratory.
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Scheme 3. Hypothetical scheme of the formation of the ion I (mz 109) from the precursor ion A
(the same as MINPS, m/z 205) (A) and CID fragmentation of the 1on [, leading to the fragments,
shown m Fig. 3 (B).

Note: The formation of the ion J from the ion B (the same as BMIM, m= 139) can be drawn in
the same manner, except that the molecule of ethane 1s lost in the final step mstead of MsOH.

CONCLUSIONS

The chromatographic results obtained in these studies show that acetonitrile-
based mobile phases are superior in comparison with methanol mobile phases
for the separation of basic impurities and ZILs. When operated 1 a gradient
mode, these solvents allow shorther analysis tume and improve peak shapes.
HPLC wn combination with tandem MS is capable to charactarize all the
impurities as well as to establish the fragmentation pattern of ZILs, which is
quite sinular. The main routes of fragmentation mmvolve charge-induced dis-
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sociation at low CEs and homolytic cleavage of the alkyl chamn at high CEs,
respectively. Some unusual processes may proceed at lugh CEs, which possibly
are based on gas phase carbocation chemustry and include several consecutrve
ring expansions promoted by the hydrogen transfer. However, the full fragmen-
tation pathways can be pwpmed e:rnljr after accurate mass measuring or isotopic
labelling experiments.
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CVITERJONU SKIDRUMU HROMATOGRAFIJA-MASSPEKTROMETRIJA

A Podjava, P. Mekés, A Zicmanis
KOPSAVILEKEUMS

Veiktie hromatografiskie patijumi parada. ka cviterjonu skidrumu (CJS) un
tajos esodo galveno piemaisljumu atdaliSanai acetomtrilu saturodas kustigds
fazes 1 pilemé@rotakas par eluentiem, kuros ir metanols. Lietojot eluenta
gradientu. 1r iespfjams analfzi veikt awdk. ka arf uzlabojas hromatografisko
joslu forma. AESH apvienojumd ar masspektrometriju  lauj notetkt
p1ema1~_,1jumus CJS, ki arf noskaidrot to fragment&%anis marirutus pat, ja %o
premaisyumu struktira i visa1 lIidziga. Galvenie jonu veidosanas cell ietver
ladipa mducgto disocidciju. ja sadmsmju E‘IIEI'QI_]H ir maza, un homolftisko
a]_kllkedh skelSanos, ja sadursmju energya ir augsta. Augstas sadursmju
energyas Q'ldl_]uln“{ novéro paradibas. ko nosaka karbkatjonu ipasibas gazes
faze; tas ietver secigas cikla paplasindsanas stadyas, ko veicina fOdenraza
parnese. Tomér p11111ga1 fragment®iands mehanismu noskaidrosanai
nepieciedami jonu masu méTjumu ar augstu precizitati vai eksperimenti ar
izotopus saturosiem savienojumienm.
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Positive and negative electrospray
ionization-collision-induced dissociation of
sulfur-containing zwitterionic liquids

Anton Podjava,’ Peteris Mekss and Andris Zicmanis

Department of Chemistry, University of Latvia, Riga, Latvia. E-mail: antonpodjava@gmail.com

The mass spectrometric properties of several (1,2-dimethyl-1H-imidazol-3-ium-3-yl)-alkane-1-sulfonates (alkane=ethyl, propyl and
butyl) are investigated in this study. These substances, named zwitterionic liquids (ZILs), were synthesized using classical transfor-
mations and analyzed in positive and negative electrospray ionization mode using collision-induced dissociation (0-50 eV). We have
also performed regioselective deuterium labeling of the alkyl chain of 3-(1,2-dimethyl-1H-imidazol-3-ium-3-yl)-propane-1-sulfonates.
Thus, the mass spectraof isotopically-labeled compounds were used for the confirmation of fragmentation pathways of ZILs. Briefly, the
data obtained in this study show that the fragmentation of ZILs is dependent on the alkyl chain length between the imidazolium ring and
the sulfonate group. In positive electrospray mode, the main fragments are the imidazolium ring containing even electron ions. On the

other hand, in negative electrospray mode, sulfur-containing radical-anions are dominant.

Keywords: zwitterionic liquids, electrospray ionization, collision-induced dissociation, deuterium labeling

Introduction

Zwitterionic liquids (ZILs) are organic compounds which contain
positively and negatively charged groups within one molecule
This type of compound is known to act as an excellent ion
conductive matrix'? and finds applications as sorbents for high-
performance liquid chromatography (HPLC).* Some papers**®
were devoled to the studies of gas-phase chemistry and frag-
mentation of ZILs in positive electrospray ionization [ESI+] mode.
In addition, the fragmentation of some imidazolium-based ionic
liquids containing different functional groups were investigated
by sustained off-resonance irradiation-collision induced disso-
ciation [SORI-CID) and accurate mass measuring.”®

In a previous paper,” we described possible fragmentation
pathways of 3-(1-alkyl-2-methyl-TH-imidazol-3-ium-3-
yl-propane-1-sulfonates in ESI+-CID. In this study, it was
interesting to know the influence of the alkyl chain length
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between the imidazolium ring and the sulfonate group on
the fragmentation pathways of ZILs. Thus, we have prepared
homologs A, B and C (Figure 1), which contain two, three
and four carbon atoms between the imidazolium ring and
the sulfonate group. These compeunds were investigated
under positive and negative ESI-CID conditions. Futhermore,
deuterium-labeled analogs of 3-(1,2-dimethyl- JH-imidazol-
3-ium-3-yl)-propane-1-sulfonate, which contain D atoms
in positions 1 and 3 of the propane-1-sulfonate chain
(compounds B1 and B2, Figure 1.) were prepared to simplify
the interpretation.

The results presented in this study complement mass spec-
trometric properties of sulfonates in ESI, since there are only
a few examples’ describing the fragmentation of this type of
compound.

® IM Publications LLP 2011
All rights reserved



( 378

Positive and Negative ESI-CID of Sulfur-Containing Zwitterionic Liquids

Experimental
Materials

Acetonitrile (gradient grade for HPLC], 1,3-propanesultone,
1 4-butanesultone, ethyl-3-chloropropionate, sodium boro-
deuteride, sodium sulfite and 1,2-dimethylimidazole were
obtained from SIA Labochema Latvija [local distributor of
Sigma-Aldrich products in Latvia, Riga, Latvial. Boron trif-
luoride diethyl etherate, 2-bromoethanesulfonic acid sodium
salt, hydrobromic acid solution, sulfuric acid, iodine, red
phosphorus, potassium iodide, toluene (analytical gradel and
tetrahydrofuran (analytical grade] were obtained from reliable
local distributors. Deionized water was prepared using Milli-Q
technology. All the reagents were used as received, without
further purification

Syntheses

As canbeseenfromFigure 1, homologs Aand Bwere prepared
using known procedures.”® Compound C was prepared by the
reaction of 1,2-dimethylimidazole with 2-bromoethanesul-
fonic acid sodium salt catalyzed by potassium iodide.
Isotopically-labeled compounds B1 and B2 were synthe-
sized by classical transformations using in situ generated
diborane-d, as a source of D atoms. The purity of products
was controlled by gas chromatography-mass spectrometry
(GC-MS) and HPLC-MS. The complete description of every
procedure, as well as GC-MS and HPLC-MS data, are avail-
able from the authors upon request.

Tandem mass spectrometric analyses

Mass spectrometric analyses were performed using a Waters
Alliance 2690 Separation Module and a Waters Micromass
Quattro API triple quadrupole mass spectrometer equipped
with a Z-spray source.

Unlabeled compounds A, B and C were dissolved in
acetonitrile/H,0 70:30 (v/v] and analyzed using direct syringe
pump infusion at a flow rate of 10pLmin~". During the anal-
yses in ESI+ and ESI- modes, capillary and cone voltages were
set as shown in Table 1.

The source parameters were as follows: desolvation temper-
ature was 250°C, source temperature was 120°C, desolvation
gas flow was 250 Lh™" extractor voltage was 3V and scan time
was 0.2s. The fragmentation studies were performed under
CID conditions with argon as the collision gas under the pres-
sure of 3.3-3.8x 10 mbar in a range of collision energies of
0-50eV.

The purification of products obtained in the intermediate
steps during the syntheses of compounds B1 and B2 have not
been carried out, therefore labeled compounds were analyzed
in HPLC-tandem mass spectrometry (MS/MS] mode. Both
compounds were dissolved in acetonitrile/H,0 70:30 (v/v] and
1yl of the solution was injected into an HPLC-MS system.
HPLC separations were performed on an Atlantis HILIC Silica
column (2,1x150mm, 3 pm particles] using the following
conditions: mobile phase was acetonitrile/ H,0 70:30 [v/v), flow
rate was 0.2mLmin™" and the analysis time was é6min. The

capillary and cone voltages used for the analysis are given in
Table 1. The desolvation temperature was 350°C, the desolva-
tion gas flow was 250Lh"", cone gas flow was 50L h™" with the
other parameters being the same as described for the unla-
beled compounds. All mass spectrometric data was treated
using Masslynx 4.1 software.

Results

Fragmentation of ZILs in ESI+ mode

As depicted in Figure 2, both thenumber of fragments obtained
in ESI+ CID experiments as well as their relative abundances
in the mass spectra were dependent on the alkyl chain length
The fragmentation schemes of compounds A, B, C and deuter-
ated analogs B1 and B2 are shown in Figure 3.

The main fragment formed in the CID of compounds B and
C in the range of energies studied remains the 1,2-dimethy!-
imidazolium ion at m/z 97. In previous work,* it has been
shown that the formation of an ion at m/z 97 is consistent
with the migration of a H" ion from the sulfonate group to the
imidazolium ring. In the case of compound A, the main route
of fragmentation is the formation of an ion at m/z 96, which
is a radical-cation. It is believed that it forms via homolytic
cleavage of the N-C bond. The difference in the CID behavior
of compound A from the other analogs could possibly be
explained by smaller degrees of freedom and vibrational
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Figure 1. Synthetic schemes for compounds A,B,C and

labeled analogs B1 and B2, (a) NaBD,/BF,-Et,0/THF/A, (b)
Na,S0,/A, (c] HBr/H,50,/100°C/2h, (d) 1,2-dimethylimidazole/
toluene/70°C/four days, le) P/1, and (f] 1,2-dimethylimidazole/
DMF/70°C/four days.
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Table 1. Capillary and cone voltages used for the analyses of compounds A, B and C in ESI+ and ESI- modes.

r— Compound [M+H]" _  IM-Hr

! Capillary voltage Cone voltage Capillary voltage Cone voltage

IL (kv 7] (kV) v)

i A ' 40 20 25 45

. B,B1,B2 35 30 3.0 3
Ec 4.0 35 2.5 45

states, which lead to the lower energy threshold required for
homolytic cleavages to accur.

The loss of 1,2-dimethylimidazole, which leads to the
formation of ions at m/z 109, m/z 123 and m/z 137 is common
for all analogs, A, B and C. However, possibilities exist for
other competing processes, as have been proved by CID
experiments with deuterated compounds B2 and B1. Figure
2 shows, that the mass spectrum of compound B2 contains
signals at m/z 123, m/z 124 and m/z 125. In this case, the first
signal is attributed to a possible loss of methanesulfonic acid,
which could proceed either via a concerted mechanism or via
stepwise homolytic cleavages of *CH,S0,H and H*. The ion
at m/z 124 is probably the product of the homolytic cleavage
of the C-C bond and the ion at m/z 125 corresponds to the
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neutral loss of 1,2-dimethylimidazole. It should be noted,
that the mass spectrum of compound B1 also contains a low
intensity signal corresponding to the loss of methanesul-
fonic acid (m/z 124). The authors attribute this to the kinetic
isotopic effect introduced by a D atom, which is believed to
participate in the transition state required for the elimina-
tion of methanesulfonic acid via a concerted mechanism
[Scheme 1).

It is important that the signal corresponding to the loss
of methanesulfonic acid (see Figure 2] has been cbserved
during the CID studies of the unlabeled homolog [chosen to
eliminate the possibility of the formation of isobaric ions),
which does not cantain a methyl group at position 1 of the
imidazolium ring. In this case, the signal at m/z 109 has a
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Figure 2. Typical mass spectra of compounds A, B, C, 81, BZ and the mass spectrum of the homolog, which contain the signals
corresponding to the neutral losses of 2-methylimidazole [m/z 123) and methanesulfonic acid [m/z 109). All the spectra have been

obtained at 20 eV CE.
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much higher abundance than for the labelled homologs B1
and B2. This supports the hypothesis that was mentioned
above.

According to the experiments with labeled compounds B1
and B2, the authors suppose that an identical process could
occur in the case of compound € leading to the formation
of an ion at m/z 137. Clearly, this process competes with a
1,2-dimethylimidazole loss, which leads to an ion with the
same m/z ratio. Finally, there are no competitive processes
observed for the formation of the ion at m/z 109 during the CID
studies of compound A. Therefore, this ion corresponds to the
loss of a 1,2-dimethylimidazole moiety

Another fragmentation pathway in ESI+-CID, which is
common for all compounds studied, is the loss of sulfrous
acid. This leads to the formation of ions at m/z 123, m/z 137
and m/z 151 for compounds A, B and C, respectively. However,
it was observed that the CID of compound A leads to the
formation of ions at m/z 123 and m/z 124, with the latter
being predominant. This latter ion is formed by the expul-
sion of an HSO,- species rather than an H,50,; molecule.
No such process was observed during the fragmentation
of compounds B and C. The studies of the CID processes of
labeled compounds B1 and B2 clearly show that the H atom
in position 2 of the alkylsulfonate chain is removed during the
loss of the H,50, molecule.

The mass speclra of investigated compounds containing
the m/z values clearly indicate possible rearrangements.
Such processes are involved in the formation of the ions
at m/z 109 and m/z 110. Comparison of mass spectra of
compounds B and B1 shows that the ions at m/z 109, m/z
110 [B) and m/z 111 and m/z 112 [B1] contain a 1,2-dimethyl-
imidazolium ring and the closest C atom of the alkyl chain. It
was shown during in-source CID generation and subsequent
fragmentation of the ion at m/z 137 from compound B and
m/z 139 from compounds B1 and B2, that the latler ions
are the precursors of the ions at m/z 109, m/z 110 and m/z
111 and m/z 112. Moreover, the MS/MS spectrum of the ions
at m/z 109, generated via in-source CID, show that these
species contain 1,2-dimethylpyrimidinium moiety, rather
than 1,2-dimethylimidazolium as was already mentioned in
the literature #

Fragmentation of ZILs in ESI- mode

Typical mass spectra of homologs A, B, C and labeled
compounds B1 and B2, as well as the fragmentation schemes
obtained under negative ESI-CID conditions, are shown in
Figure 4 and Figure 5. All the compounds studied form [M-H]"
ions but it is difficult to locate the H', which is lost during
the formation of negatively charged species. In this work,
it is assumed that the H* ion has been removed from the
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Figure 4. Typical mass spectra of compounds A, B, C, B1 and B2 obtained at 20eV CE.
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Figure 5. The main fragmentation pathways of compounds A, B, C, B1 and B2 in negative ESI-CID.

methyl group located at position 2 of the imidazolium ring
due to the possibility of negative charge delocalization into
the imidazolium ring. In contrast to the fragmentation of ZILs
in ESl+ mode, there is an increased amount of odd-electron
species in ESI mode. The fragments at m/z 188, m/z 202 and
m/z 216 appear after the homolytic cleavage of CH;" from
[M-HI" of compounds A, B, C, B1 and B2 [see Figure 5). These
fragments dissociate further leading to an ion at m/z 80, which
is characteristic for all described ZILs.

The homolytic cleavage of the alkylsulfonate substituent
is apparent only for compound B and its deuterated analogs
B1 and B2. As a result, the ion at m/z 122 forms during this
process. In addition, the mass spectra of compounds B, B1
and B2 show that homolytic cleavage of the propanesulfonate
chain competes with the formation of even-electron ions at m/z
121 and m/z 123 (B1 and B2]. On the other hand, the homolytic
cleavage of the alkanesulfonate chain does not occur in the
case of compounds A and C, showing some dependence on

the alkyl chain length between the imidazolium ring and the
sulfonate group. Instead, compounds A and C form even-
electron ions at m/z 107 and m/z 135.

The formation of an ion at m/z %4, which corresponds to a
methanesulfonyl anion-radical is common for compounds B
and C; however, the pathways leading to this ion are different.
Thus, in the case of compound B, the precursor of the ion at
m/z 94 is probably the ion at m/z 122, which can lose a mole-
cule of ethylene and form a methanesulfonyl anion-radical. In
contrast, the ion at m/z 135 is the precursor for the ion at m/z
94 in the case of compound C.

The formation of an ion at m/z 107, in the case of compound
B, suggests that the loss of the imidazolium ring together with
one of the C-atoms of the alkyl chain should occur. The mass
spectrum of labeled compound B1 has a signal at m/z 107,
while the mass spectrum of labeled compound B2 contains
a signal at m/z 108. This indicates that one of the deuterium
atoms is lost from CD, during the fragmentation process.
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Scheme 2. Intramolecular elimination process leading to the
formation of the ion at m/z 108 from [B2-H]"

Therefore, the ion at m/z 107 forms during the charge-induced
intramolecular elimination process initiated by the transfer of
H [D) to the methyl substituent of the 1,2-dimethylimidazolium
ring, as depicted in Scheme 2. Further investigation of the
transition states of the processes shown in this scheme are
necessary; therefore the computational studies are ongoing
n our laboratory.

Conclusions

This study showed that [1,2-dimethyl- TH-imidazol-3-ium-3-
yll-alkane-1-sulfonates, with variable numbers of C-atoms
petween the 1,2-dimethylimidazolium ring and the sulfonate
group, could be fragmented in both positive and negative
ESI-CID. The majority of ions formed in positive ESI-CID are
1.2-dimethylimidazolium-based even electron ions. Generally,
charge remote fragmentations such as loss of sulfurous or
methanesulfonic acid occur under positive ESI-CID conditions.
In contrast, the ions produced in negative ESI-CID are derived
from the alkyl chain containing the sulfonate group, which
stabilize the negative charge. In addition, anion-radical forma-
tion is common for the (1,2-dimethyl-1H-imidazol-3-ium-3-
yl-alkanesulfonates under negative ESI-CID conditions.
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CHEMICAL PROPERTIES OF ZWITTERIONIC
IMIDAZOLIUM ALKANECARBOXYLATES STUDIED
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Department of Chemistry, University of Latvia, Kri§japa Valdemia 48, Riga, Latvia
e-mail: antonpodjava@gmail.com

Gas-phase chemical properties of several (1-methylimidazol-3-io)-
alkane-1-carboxylates (alkane = ethane, propane and butane) have been
investigated in this study. These substances are synthesized using classi-
cal transformations and analyzed in positive ionization mode using
collision-induced dissociation (0-50 eV). The experiments were carried
out in both deuterated and undeuterated solvent media. The data obtained
in this study show, that carboxylate group weakly influences fragmenta-
tion of zwitterionic imidazolium carboxylates in positive electrospray
mode. On the other hand, the studied compounds exert a tendency to form
various adducts with sodium and potassium ions and to participate in
hydrogen/deuterium exchange in the gas phase.

Key words: zwitterionic imidazolium alkanecarboxylates, adduct
Jormation, collision-induced dissociation, hydrogen/deuterium exchange,
gas phase chemistry.

INTRODUCTION

Electrospray ionization in tandem with the collision-induced dissociation
(ESI-CID) has become powerful and efficient mass spectrometry technique for
qualitative and quantitative analysis of various classes of compound. The struc-
tural elucidation of unknown species in mass spectrometry is commonly based
mainly on understanding of gas-phase chemistry of a given molecule. Thus, it is
vital to study the fragmentation processes of new compound classes empha-
sizing the main routes and features.

Since the development of imidazolium sulfonates of the zwitterionic type [1]
and their application in different areas [2—4], some papers have appeared which
describe gas-phase chemistry of such compounds under ESI-CID conditions.
For example, fragmentation pathways of several N-substituted imidazolium
alkanesulfonates and cluster formation in the gas phase are described [5]. In our
previous paper, we have investigated chromatographic behavior of some
N-substituted imidazolium alkanesulfonates containing longer aliphatic chain in
hydrophilic interaction liquid chromatography (HILIC) mode as well as their
fragmentation pathways under ESI-CID conditions [6]. Other researchers have
shown that the fragments of similar compounds containing a counter ion tend to
form adducts with solvent molecules in ESI-CID conditions, when analyzed by
ion trap mass spectrometer [7]. Finally, cluster formation during electrospray
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mass spectrometric analysis of novel Brgnsted acidic ionic liquids composed of
imidazolium alkanesulfonate cation and alkananedisulfonate anion was recently
described [8].

In the recent paper, we have demonstrated some deuterium-labeled ana-
logues and we have performed CID experiments in both positive and negative
ESI mode in order to study the influence of the length of alkyl chain between
imidazolium ring and sulfonate group on the fragmentation [9]. We have
concluded that the length of the spacer has influenced fragmentation strongly
in positive as well as in negative ESL. In contrast, during this study we have
decided to prepare some zwitterionic compounds (see Fig. 1) containing car-
boxylate functional group in order to describe the influence of the negative
charge carrier group on the fragmentation process. The synthesis, electroche-
mical and some other applications of different carboxylates of zwitterionic type
have been described elsewere [10-12 and references cited therein]. However.
we were unable to find papers describing gas-phase chemistry of this type of
compounds. Therefore, we present here the fragmentation pathways and cluster
formation studies of zwitterionic imidazolium alkanecarboxylates, which have
been carried out in both deuterated and undeuterated media under ESI-CID
conditions.
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Fig. 1. Synthetic route to compounds A,B and C.

RESULTS AND DISCUSSION

Adduct formation in positive ESI mode

Compounds A, B and C have negatively charged carboxylate group within
their structure, therefore the formation of adducts with alkali metal ions and
charged oligomers is possible. As depicted in Fig. 2a, dimeric species with 2
composition of [2M+H]" (m/z 309) are predominantly formed from the acidified
methanol/water solution of compound B with a minor amount of adduct
[2M+Na]* ions (m/z 331). The former species presumably are formed by
hydrogen bonding after evaporation of solvent during droplet fission process.
but the latter species could form by a charge attraction and complexation
in solution and then transferred into gas phase. Some other adducts can alse
be observed, which contain Na* and K' ions incorporated in their structures
(Fig. 2a). These ions are common contaminants of HPLC grade solvents and
glassware used in mass spectrometry. The same spectra were obtained during
analysis of compounds A and C. Similar adducts were also found in case of
zwitterionic imidazolium alkanesulfonates [5]. We have found that despite the
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noncovalent nature, adducts containing Na* are rather stable in the gas phase.
This can be concluded from the experiments with cone and extractor voltages,
varied in a range of 30-150 V and 2-50 V, respectively, to promote an in-
source CID. The results show that the [M+Na]* adduct is the most stable for the
all compounds studied. The adduct is hardly decomposed even at 150 V cone
voltage and 50 V extractor voltage. Heavier species (sodiated and protonated
dimers and trimers) had minor stability, which decreased with increasing m/z
value of an ion.
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Fig. 2. Mass spectra obtained for compound B in MeOH/H,0/CH;COOH (a) and
MeOH/D,0/CH3;COOD (b) solutions at 40 V (cone voltage) and 10 V (extractor voltage) during
direct infusion at 10 pl/min flow rate (see experimental for other conditions). Isotopic
compositions for trimeric and tetrameric adducts with Na* ions are shown in the inserts.

Cluster formation studies in deuterated media (methanol/D,0/CH;COOD)
revealed some interesting features. As can be seen from Fig. 2b, the gas-phase
chemistry of compound B differs completely in deuterated media. Firstly, the
series of heavier adducts with sodium with a composition of [nM+Na]* (n = 1,
2, 3, 4) appear in the spectra under these conditions (m/z 331, 485, 639). Similar
spectra were observed for compounds A and C. Secondly, experiments with
different cone and extractor voltages (the same range as for non-deuterated
media) have shown that hydrogen/deuterium exchange could occur between one
of the compounds A, B or C and the solvent system. This is evident from an
isotopic composition of either of clusters, where relative intensities of M+1 and
M+2 spectral lines are abnormally high for these m/z values and even dominate
in heavier adducts (Fig. 2b, insert). This could mean that one of the hydrogen
atoms in the zwitterionic carboxylate compound could be exchanged by the
deuterium atom from the solvent, so that one, two or three D atoms are
incorporated in the structure of a cluster. The location of the H/D exchange
could be an imidazolium ring, however this phenomenon has not been studied
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yet. At the moment, it is clear that gas phase transformations of zwitterionic
imidazolium carboxylates can be driven by choosing solvent composition and
focusing voltages.

Fragmentation of zwitterionic imidazolium carboxylates
in positive ESI mode

Typical mass spectra of compounds A, B and C obtained under CID con-
ditions are shown in Fig. 3, and the corresponding fragmentation schemes are
shown in Fig. 4. The base peak in the CID spectrum of the compound A appears
at m/z 95. Our previous work [9] and other studies on several imidazolium
derivatives [13, 14, 15], have shown that the formation of this type of ions
follows the pathway of imidazolium ring expansion to pyrimidinium ring.
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Fig. 3. Typical mass spectra of compounds A, B and C obtained at 30 eV collision energy.

In addition, the similar process could lead to the formation of an ion at m/z 96
except that in this case the imidazolium ring expansion occurs via the radical
pathway. Both these processes take place in case of compounds B and C, but
only at higher collision energies (40-50 eV). In contrast to compound A, the
main fragment ion of B and C appears at n/z 83, which is also common for the
majority of zwitterionic imidazolium sulfonates studied [5, 6, 9]. This ion has
the structure of protonated 1-methylimidazole formed by charge-induced frag-
mentation. The higher length of the carbon chain in compounds B and C also
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permits another route leading to the formation of ions at m/z 73 and 87. These
ions are believed to be formed by the heterolytic N-C bond cleavage, loss of
1-methylimidazole molecule and the formation of the protonated lactone ring.
This is another process common for zwitterionic imidazolium sulfonates and
carboxylates. As shown in the previous paper [9], methanesulfonic acid loss is
specific for imidazolium zwitterionic sulfonates. In case of compound B, ion,
formed by such pathway, should interfere with the ion at m/z 95 (which forms
by another route), additionally similar ion at m/z 109 is absent in the mass
spectrum of C. Thus, we can conclude that the loss of acetic acid is not
characteristic of zwitterionic imidazolium carboxylates and other processes are
more advantageous in terms of energy. The difference between imidazolium
carboxylates and imidazolium sulfonates in terms of losses of methanesulfonic
and acetic acids could be explained by the geometry of the corresponding
transition states. Since we believe that the loss occurs in an intramolecular
fashion, the lengths and angles of the all involved bonds are critical in the
transition state. The single carbon-sulfur bond is known to be longer than the
single carbon-carbon bond. As a result, the imidazolium sulfonate can obtain
more favorite conformation to complete the loss. However, this factor could be
studied by the quantum mechanical methods.
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Fig. 4. The main fragmentation pathways of compounds A, B and C, in positive ESI-CID.

Some minor ions (m/z 68 and m/z 81) are common for all three homologs
and they are generated in the collision cell as second generation daughter ions
of m/z 83 and m/z 96 by the homolytic cleavage of methyl radical at 30-50 eV
collision energies. In general, fragmentation of zwitterionic imidazolium car-
boxylates in positive ESI mode is dependent on the length of carbon chain
between imidazolium ring and carboxylate group. The fragments generated by
CID in the most cases are similar to the fragments obtained from zwitterionic
imidazolium sulfonates, which means that the functional group has only a weak
influence on the fragmentation.

EXPERIMENTAL
Materials

Acetonitrile and methanol (both HPLC grade) were obtained from Merck,
ethyl-2-chloroethanoate (99% purity), ethyl-3-chloropropionate (98% purity),
ethyl-4-chlorobutanoate (98% purity), 1-methylimidazole (>99% purity),
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deuterium oxide (99,9 atom % D), (O-"H)-acetic (99 atom % D) acid and
Amberlite IRA-400 anion-exchange resin (chloride form) were obtained from
Sigma-Aldrich and utilized without further purification. Deionized water was
prepared using Milli-Q technology.

Syntheses

1-Methylimidazolium alkanecarboxylates A, B and C (see Fig. 1) were
prepared in a small scale using described procedures [11] with slight
modifications. The purity of products was controlled by means of high-per-
formance liquid chromatography — mass spectrometry (HPLC-MS) and HPLC
with ultraviolet (UV) detection. The representative synthetic procedure for
2-(1-methylimidazolio)-ethane-1-carboxylate is as follows (procedures for com-
pounds B and C are similar in all aspects except that the reaction temperature is
80 °C). The 4 ml vial was charged with 1-methylimidazole (180 pl) followed by
1,1 eq (180 pl) of ethyl-2-chloroethanoate. A small magnet was placed into the
vial, then the vial was closed and stirring was performed at ambient
temperature. After 48 hours, 2-(1-methylimidazolio)-ethane-1-carboxylic acid
ethyl ester chloride (see Fig. 1, 1) precipitated as a colorless glassy mass. A
small aliquot of this material was analyzed by HPLC-UV/MS, which showed
98% purity of compound 1. The conversion of an intermediate 1 to the cor-
responding zwitterionic imidazolium carboxylate A was then performed as
follows. The intermediate 1 was dissolved in methanol and the solution was
percolated through Amberlite IRA-400 anion-exchange resin (2 g) previously
converted to hydroxide form. The eluate was evaporated to dryness using a
rotary evaporator resulting to a pure solid substance A (m/z 141, [M+H]" and
m/z 163, [M+Na]*). Substances B and C obtained as viscous liquids by similar
procedure contained color impurities, which were removed by passing
methanol/water solution of B or C through a Pasteur pipette filled with an
activated carbon. The HPLC-UV/MS analyses of both compounds B (m/z 155,
[M+H]* and m/z 177, [M+Na]*) and C (m/z 169, [M+H]" and m/z 191 [M+Na]")
have shown >95% purity.

Purity estimation and tandem mass spectrometric analyses

Masspectrometric and HPLC-UV analyses were performed using Warers
Alliance 2690 Separation Module with Waters 991 photodiode array detector
and Waters Micromass Quattro API triple quadrupole masspectrometer
equipped with Z-spray source.

For purity assessment, intermediates 1-3 were dissolved in water and
analyzed under HPLC-UV/MS conditions using the reversed-phase chromato-
graphic column (Waters X-Terra MS, 2.1x150 mm, 3.5 pm) at flow rate of
0.2 ml/min in the positive electrospray mode and UV detection at 210-400 nm.
The mobile phase was composed by 5% methanol in 0.1% solution of acetic
acid in water. The purity of compounds A, B and C was monitored in a similar
manner using weak cation-exchange/reverse phase column (Grace Alltima C18u,
4.6x250 mm, 5 um) at a flow rate of 1 ml/min and post-column split ratio 1:5
(0.2 ml/min flow rate was allowed to enter the ion source).

For fragmentation studies, compounds A, B and C were dissolved in
methanol/0.1% acetic acid in water 80:20 (v/v) and analyzed using direct
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syringe pump infusion at flow rate of 10 pl/min. During fragmentation studies
in ESI+ mode, capillary and cone voltages were set as shown in Table 1.

Table I. Capillary and cone voltages used for the fragmentation studies
of compounds A, B and C in positive ESI mode

Compound ngg:;“‘gv Cone ‘\’;’ltﬂgc’ vglisé gf?v Cone V\'/Ol[agc,
A 4.0 20 2,5 45
B 35 30 30 35
¢ 4.0 35 25 a5

For cluster formation studies, compounds A, B and C were dissolved in
methanol/0.1% (O-"H)-acetic acid solution in deuterium oxide 80:20 (v/v).
Such parameters as cone voltage and extractor voltage were optimized during
the analyses.

The source parameters were as follows: desolvation temperature 250 °C,
source temperature 120 °C, desolvation gas flow 250 1/h and scan time 0.5 s.
The fragmentation studies were performed under CID conditions with argon as
collision gas under the pressure of 3.3-3.8x10™* mbar in a range of collision
energies of 0-50 eV. All mass spectrometric data were treated using MassLynx
4.1 software.

CONCLUSIONS

CID experiments have shown that the fragmentation of zwitterionic imidazo-
lium carboxylates in the positive ion mode is very similar to the fragmentation
of the corresponding sulfonates studied earlier. This means that the influence of
functional group on the fragmentation of zwitterionic imidazolium compounds
in the positive ion mode is insignificant. This study has also shown that zwit-
terionic imidazolium carboxylates form adducts of different composition with
the sodium and potassium ions and can participate in the hydrogen/deuterium
exchange in the gas phase with solvent molecules. These processes can be
controlled by the selection of appropriate focusing voltages.
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CVITERJONU TIPA IMIDAZOLIJA ALKANKARBOKSILATU
KIMISKAS TPASIBAS GAZES FAZE,

KAS PETITAS AR ELEKTROIZSMIDZINASANAS JONIZACIJU -
SADURSMJU INDUCETO DISOCIACLJU

A. Podjava, P. MekSs, A. Zicmanis, S. Krasnovs
KOPSAVILKUMS

Izpétitas dazu (1-metil-3-N-imidazolija)-alkan-1-karboksilatu (alkan = etan,

propan, butan-) kimiskas ipasibas gazes fazé. Sis vielas sintez&tas, izmantojot
klasiskas metodes, un analiz&tas pozitivas elektroizsmidzina$anas jonizacijas —
sadursmju inducétas disociacijas apstak|os (0-50 eV). Eksperimenti veikti gan
deitergta, gan nedeiteréta Skidinataja vide. leghtie dati rada, ka karboksilgrupa
maz ietekmé cviterjonu tipa imidazolija karboksilatu fragmentaciju pozitivo
jonu skengjuma. No otras puses, §iem savienojumiem ir tendence veidot
vairakus aduktus ar natrija un kalija joniem un piedalities tdenraza/deitgrija
apmainas procesos gazes faze.

Tesniegts 28.08.2012
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This paper describes non-covalent complexes between zwitterionic 3-[1-alkyl-3N-imidazolio)-propane-1-sulfonates and different
amines. Electrospray ionization (ESI] mass spectrometry and collision-induced dissociation were used to measure the stability of
such complexes in solution and in the gas phase. Generally, zwitterionic sulfonates formed more abundant complexes with protonated
5-methylcytosine (5-MCH) than with aliphatic amines. The results show that the assoclation constants and half-dissociation threshold
energies of these complexes nonlinearly depend on the alkyl chain length of the zwitterion. It is shown that the complexes with the
lowest stability exist in acetonitrile solution or in the gas phase. The factors responsible for this complicated behavior are discussed.
The structure of the complexes was investigated by quantum chemical calculations using molecular mechanics and density functional
theory. Hydrogen bonding is proposed as the main type of interaction responsible for the stability of ion-zwitterion complexes. In sum-
mary, the information obtained in this study could be used for the development of the new derivatization reagents for some compounds
containing amidinium groups, like 5-MCH, to increase selectivity of ESI-based methods.

Keywords: ion-zwitterion interactions, association constants, collision-induced dissociation, electrospray ionization, quantum chemical

calculations, 5-methylcytosine

Introduction

The process of electrospray ionization (ESI) was first realized
by the Dole group in 1968" and further developed by the Fenn
group in 19805’ to demonstrate the ability of ESI to act as an
effective ion-production method for mass spectrometry (MS).
ESI-MS has gained an enormous popularity in different areas,
i.e. proteomics and biochemistry,® in the past few decades.
The non-destructive nature of the ESI process ensures that
a variely of non-covalenl complexes originating from solu-
tion can be transferred into a gas phase and subsequently
studied by M5.* Most common examples of such non-cova-
lent complexes include the specific association of biological
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macromolecules to different ligand,’ studied by ESI-MS due
to their biochemical significance.? Attention has also been
paid to small-molecule association in solution. Numerous
papers have described the formation of complexes of different
macrocycles (crown ethers, cryptands, glymes),” cyclodex-
trins,” calixarene,” aminoacids'® and guanidinium ions'" with
various guests.

To our knowledge the association of zwitterions with cations
derived from organic bases has been rarely studied. Two
examples can be mentioned in this respect. The first one is
a theoretical study of the association between betaine and

® IM Publications LLP 2014
All rights reserved
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ammonium ion in the gas phase,” while the second is an
experimental study of the dissociation kinetics of betaine-
organic base complexes.”® These examples suggest that other
zwitterions containing different structural features should
interact with protonated bases [at least in the gas phasel.
We show in this paper that solutions containing previously
known''® zwitterionic sulfonates and some organic bases,
like the DNA methylation product 5-methyleytosine!®'” or
aliphatic amines, form non-cevalently bonded complexes
under ESI-MS conditions. The formation of these complexes is
an interesting point because it could be used for the develop-
ment of a new simple derivatization procedure for several low
molecular weight amines or amidines to improve the selectivity
of ESI-MS analyses. However, neither derivatization protocol
could be developed if the reaction product [the complex] was
unstable under the selected conditions. Thus, the stability
of such complexes should be evaluated. The present paper
describes the initial part of our group’s research on the devel-
opment of a fast ESI-MS screening method of DNA methyla-
tion. The aim is to understand the influence of the alkyl chain
and functicnal group of the zwitterion on the stability of the
complexes of 5-methyleytosine and the zwitterions in solution
and in the gas phase.

In order to describe the stability in solution, the association
constant K, has to be determined. MS and other methods™'®
can be used for this purpose. Several ES|-based approaches
are of special interest, because they account for the different
ability of the complex and its parts to be transferred from solu-
tion ta the gas phase'™?' leading to the more precise K, values.
The role of the solvent itself cannot be ignored because some-
times it completely masks some interactions preventing the
formation of the complex. Comparing the K, values obtained
in different solvents could give important information for the
right choice of a medium for the derivatization procedure.
Therefore, the K, values determined in methanol and acetoni-
trile will be given in this paper.

In contrast to solution, gas-phase stability is not influenced
by the solvent type. It has often been described by collision-

n=0 MelmPS
BulmPS
HImPS

OImPS

n=3
n=5

n=7

H;C\/\/\/NHZ

HexA

HSCMN@N\,/\/SO’- H3C/N©NWCOO-

induced dissociation [CID] and subsequent determination of
half-dissociation threshold energies?? [(E,,). The plots of
these energies vs. alkyl chain length could be compared to
the plots of K, vs. alkyl chain length. As a result, an important
question concerning the change of stability upon transfer from
solution to gas phase? could be answered. Finally, quantum
chemical calculations provide insights into the gas-phase
structure of the complexes, i.e. the location of the proton with
respect to the amino and sulfonate group in the ground state
of the complex.

Experimental
Materials
Acetonitrile ([HPLC/MS grade), methanol (HPLC/MS gradel
water [HPLC/MS grade), formic acid (HPLC/MS gradel.
5-methylcytosine hydrochloride [399% purityl, hexylamine
(99% purityl, pyrrolidine (>99% purity) and triethylamine [>9%%
purity] were purchased from SIA Labochema Latvia [local
distributor of Sigma-Aldrich products in Latvia, Riga, Latvial.
The structures of the following compounds are given in
Figure 1. 3-(1-Methyl-3N-imidazolio]-propane-1-sulfonate
(MelmPS], 3-[1-butyl-3N-imidazolio]-propane-1-sulfona
(BulmPS), 3-(1-hexyl-3N-imidazolio]-propane-1-sulfena
[HImPS), 3-[1-octyl-3N-imidazolio)-propane-1-sulfonza
[0ImPS) were synthesized following the procedure described
in Yoshizawa et al.' 4-(1-Methyl-3N-imidazolio]-butane-1-
carboxylate (MelmBC] was prepared by a two-step protocal
described in Kanagasabapathy et al.® The purity of synthe-
sized compounds was controlled by HPLC/MS.

Instrumentation

The experiments were carried out using a Waters Microm
Quattro Micra API triple quadrupole mass spectrometer
equipped with a Z-spray source. The instrumental conditions

NH,

HyC i \N"H
A
N O
H
MelmBC 5.MCH
|-|3cW
Q HiC _Ne_-CHa
H
Pyr TEA

Figure 1. Structural formulas and abbreviations for the substances used in the study.
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Figure 2. ESI mass spectra of equimolar solutions containing 1.5 x 10"*mol L™' of the zwitterionic compound and a protonated
base: MelmPS + 5-MCH (a), BulmPS + 5-MCH (b), HImPS + 5-MCH [c], 0ImPS + 5-MCH (d), MelmPS + HexA (e), MelmPS + Pyr (f),

MelmPS + TEA (g) and MeImBC + 5-MCH (h).

were optimized during the preliminary studies. All the anal-
yses were carried out in positive-ion mode. Capillary, cone and
extractor were held at 2.8kV, 15V and 1V, respectively. Source
and desolvation temperatures were set at 100°C and 400°C,
respectively. Desolvation and cone gas flow rate were sel al
250L h™"and 30L h', respectively. Solutions were delivered
using an infusion pump at a flow rate of 50uL min~'. Data
collection was carried at for least three minutes to obtain a
sufficient number of scans. Masslynx 4.1 software was used
for the data processing. CID was performed using argon under
a pressure of 1.3 x 10 mbar in a range of collision energies
from 0eV to 16eV with 1eV steps.

Determination of association constants

MelmPS, BulmPS and 5-MCH were dissolved in water at a
100 mM concentration, Stock solutions of HImPS (100 mM) and
0ImPS (50 mM) were prepared in methanol. Aliphatic amines
were dissolved in methanol or acetonitrile to the 100mM level.

5-Methylcytosine hydrochloride (or aliphatic amine] and
a zwitterionic compound were mixed together and diluted
sequentially to give final equimolar working solutions in the
range of concentrations 1-15uM containing 0.025% formic
acid. Each working solution was prepared three times and
analyzed under conditions described in the Instrumentation
section. The data obtained were processed as described in
Gabelica et al.”" Briefly, the ratio of intensities of 5-MCH and

a non-covalent complex at each concentration is described by

equation [1)%:
b wck (1 + ‘JI+AKaC5-N;||)

- 2K3RC!)-M:I'

(1

I(Inmnlan

where Iy yq, represents the sum of the intensities of 5-MCH,
its dimer and the sodium adduct also found in the spectra
[see Figure 2(a) to [d)], /5., denotes the intensity of the non-
covalent complex, Cs ycy is the molar concentration of 5-MCH,
K, designates association constant and R is the ratio of the
response factors of 5-MCH and the complex. The non-linear
least-squares fit of equation (1] to the experimentally obtained
plots of I ycu/lcompiex V8- Co.ncy Was performed using the IBM
SPSS Statistics program version 22.

Computational methods

The gas-phase structures of the lowest energy tautomers
of 5-MCH and the non-protonated form of 5-methylcytosine
were obtained after geometry optimizations at the density
functional theory (DFT) B3LYP/6-31g(d,p)?*?" level using
Gaussian 09.% Initial conformational searches of MelmPS
and [MelmPS + H]' were performed using the MMFF947’
algorithm implemented in the Avogadro 1.0.0 program. The
six lowest energy conformers of MelmPS and four lowest
energy conformers of [MelmPS + H]* were chosen. Then the
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Table 1, Values of the association constants (K], relative response factors (R] and half-dissociation threshold energies (E, ;) for the

complexes of 5-methylcytosine and different zwitterions.

Zwitterion Methanol Acetonitrile Gas phase
(K, £AK)* | (RtaRIPx107 | R? (K, £ AK,) (RtAR x107 | R? Ey2 leV)
[x10¢L mol™") (x10%L mol™)
MelmPS 0504 14408 0.997 0703 2607 0.999 50 |
BulmPS | 082046 1106 0.998 0.30 £ 0.04 41104 1 L6
"HImPS 09406 0.8+0.4 0998 | 11408 1508 0.996 48
0ImPS 24227 05403 0997 | 19211 1.0+ 0.4 0.998 51 4

495% confidence interval

5-MCH structure was added to each of the six lowest energy
conformers of MelmPS at different orientations relative to
the sulfonate group to form conformers of the first isomeric
[MelmPS + 5-MCH]" complex. The same algerithm was used
in the case of [MelmPS + H]" with the exception that 5-MC was
added forming the group of conformers of the second isomeric
complex, All these canfarmers of the two isomeric complexes
were optimized using the MMFF94 algorithm and then reop-
timized sequentially with a semiempirical PM3* and ab initio
HF/4-31g(d) method. Finally, the lowest energy structure was
chosen from each group and reoptimized using the M06-2X
functional’ at a 6-311 + + gld,p) basis set followed by the
analysis of vibrational frequencies to verify that the structures
obtained represent true minima. The dissociation energies
were calculated using the same level of theory accounting for
the basis-set superposition errar (BSSE] and zero point ener-
gies, as described by equation (2]:

E - EB,CWIplr:x - ZPECum,m‘u +ZPE + ZpE.‘ igand 2 (2]

D, Comptex Ligand 1

where the £ ¢o o 15 the BSSE-corrected dissociation energy
of a complex, the Eg comye 15 the BSSE-corrected binding
energy of the complex, and ZPE;, 100 ZPEgoa0q1 @Nd ZPE o004
; are the zero point vibrational energies of the complex and the
species forming the complex, respectively.

Results

Determination of the association constants of
the ion-zwitterion complexes in solution

Equimolar solutions of the amines and one of the zwitterions
in acidic acetonitrile were studied using ESI-MS. As can be
seen from Figure 2, represenlative mass spectra of such solu-
tions clearly indicate the formation of the complexes of the
type [zwitterion + 5-MCH]" and [MelmPS + amine + HI'. To
demonstrate that the formation of these complexes takes
place in solution, the representative mixture of 5-MCH and
BulmPS [1:1) in methanol was investigated by Fourier trans-
form infrared spectroscopy (FTIR]. Comparison of the spectra
of pure compounds and the mixture shows differences in char-
acteristic frequencies and intensities (see the Supplementary
material]. The interpretation of FTIR spectra showed that
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the frequency of sulfonate stretch shifted by 19cm ' and the
amidine C = N stretch shifted by 8cm™'. In addition, the inten-
sities of the sulfonate, C = N and C = O vibrations also changed.
This may mean that the zwitterion and the protonated base
interact in solution, Thus, ESI can be used to determine the
stabilities of these complexes. However, the peak intensities of
such complexes in the mass spectra cannot be used directly to
calculate the association constants, The reason for this is the
different ionization efficiencies of the bases, complexes and
zwitterions. In other words, the peak intensities do not repre-
sent the solution composition precisely, because each ion has
its own response factor. For this reason we performed a series
of titration experiments according to method developed by
Gabelica et al.”® Equation (1) [see the Experimental section]
was filted to the experimentally abtained plots of /g yew/lomoie
vs. Cy yen- This procedure gives the K, and relative response
factor [R] for each complex. Table 1 summarizes these data. It
is clearly seen that the R values for each complex are larger
for acetonitrile compared to methanol, indirating the influ-
ence of the solvent type. In addition, R de reases gradually
in methanol for larger zwitterions, while having a maximum
value for the BulmPS complex in acetonitrile. Despite these
differences in the behavior of individual complexes, a common
trend can be observed: the R values of the complexes decrease
for zwitterions having larger molecular weight. This is possibly
due to discrimination of sampling efficiencies for ions with
larger m/z values. A similar trend was demonstrated by Zook
and Bruins¥ for m/z values greater than 300 m/z.

The results also indicate that there is a dependence of the
K, of the complexes on the alkyl chain length of the zwit-
terion in both acetonitrile and methanol [see Table 1.1 As
can be seen from Figure 3(a), when acetonitrile was used
the series of complexes had a minimum corresponding to
[BulmPS + 5-MCHI]". On the other hand, when methanol
was utilized [see Figure 3(bl], the K, values increased from
[MelmPS + 5-MCH]" to [0ImPS + 5-MCH]*, having an inflec-
tion at [HImPS + 5-MCH]". The difference in the behavior of K,
for the two solvents can be attributed Lo the different solvation
mechanisms. Both solvents have close dielectric constants,
but the acetonitrile, in contrast to methanol, cannot form
hydrogen bonds with analytes in solution. As has been shown
by Wakisaka and co-workers,™ molecular clustering between
short-chain organic acids and aromatic bases in solution was
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Figure 3. The dependence of the association constants of [zwit-
terion + 5-MCH]* complexes on the number of carbon atoms in

the alkyl chain of the zwitterion in acetonitrile (a) and methanol
(b).

controlled by the balance between self-aggregation of the acid
and the electrostatic acid-base interactions. Moreover, the
change of this balance was influenced by the solvent, the alkyl
chain length and the pK,. The same factors could change the
solvation mechanism of the zwitterion or the complex, which,
in turn, influences the stability. For example, it is known that
the formation of contact and solvent-separated ion pairs is
possible in solution.’¥ Both mechanisms are in equilibrium
and its position depends on the structure of the solvent and
the ions.*

The influence of the functionality on the
formation of the ion-zwitterion interactions
The functional groups in both interacting species are crucial
for the formation of the complex. The ESI-MS spectra of the
solutions containing MelmPS and aliphatic amines show
low-intensity peaks corresponding to complexes of a type
[MelmPS + amine + H]' [see Figure 2(e) to (gl The K, values
for these complexes have also been obtained using equation
(1). However, the results of these experiments were unsalis-
factory because of the high contribution of background noise
to the intensity of the complexes at low concentration. Thus,
the uncertainties in the K, were very high and the results
cannot be discussed.

The influence of the 504~ group on the formation of the
complex was studied by exchanging it with a COO™ group. The
mass spectrum of an equimolar solution containing MelmBC
and 5-MCH is depicted in Figure 2(h]. It is seen that the peak
of the complex at m/z294 is absent. This suggests that either
the complex is not formed in solution or this is unstable in the
gas phase. If the complex is formed in solution, the acidity of
the S04~ and COO™ functional groups determines the extent of
binding to 5-MCH. The less acidic group should form proto-
nated species, which will be preferentially transferred into the
gas phase without any binding to 5-MCH. A rough compar-
ison of the acidity of the sulfonate and carboxylate groups
can be made on the basis of the experimental pK, values of
methanesulfonic and acetic acids in acetonitrile (9.97 and
23.51, respectively®). Taking into account this difference, it is
expected that the unprotonated SO, group of the zwitterion
preferentially forms ion pairs with 5-MCH in acetonitrile.

Collision-induced dissociation of the
ion-zwitterion complexes

CID experiments, like any gas phase methods, often give the
opportunity to study the formation of non-covalently bound
complexes without the effects of solvation. During these
experiments we were interested in how the stability of [zwit-
terion + 5-MCH]* complexes depends on the alkyl chain in
the gas phase. Figure 4 shows a typical CID mass spectrum
of the [MeImPS + 5-MCH]* complex. The same fragmentation
channels were observed for all the complexes, showing that
the [zwitterion + H]* ion is formed after the loss of 5-methyl-
cytosine. This suggests that, after activation of the complex, a

100, 205.2 3303
" (811)] ) ik
[IMelmPS+H|"| «—«—— [MelmPS+5-MCH|
=) -5-MC
c T 1 ¥ LA Al J Al 1 ¥ 1 + A ¥ T 1 Al JA Al ¥ L} L) A 1 mlz
100 120 140 180 180 200 220 240 260 280 300 320 340
Figure 4. Representative CID mass spectrum of the [5-MCH + MelmPS]* complex obtained at a 5eV collision energy showing the loss of

the 5-MC molecule and formation of the [MeImPS + H]* fragment ion.
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| Figure 5. Fragmentation decay curves of [zwitterion + 5-MCH]*
complexes used to obtain £, values for each complex.

proton transfer from 5-MCH to the zwitterion takes place. To
monitor the stability of each [zwitterion + 5-MCHI™ complex
in the gas phase we chose the so-called half-dissociation
threshold (E,,) values. These values were obtained using the
plots of the experimental normalized relative intensities of the
complexes vs. collision energy [see Figure 5). The E,j, values
for each complex are summarized in Table 1. The plot of £, vs.
the alkyl chain is represented graphically in Figure 6.

The order of the £,, values obtained for complexes during
the CID experiments can be explained taking into account
two different factors. On the one hand, the internal energy
distribution of an ion acquired during collisions is inversely
proportional to its molecular weight.¥” Thus, a heavier complex
should have an increased stability. Some studies have shown
that the species with larger alkyl chains have larger £, values
under CID conditions.?*% On the other hand, it has been
proposed that the stability of the heterodimeric non-covalent
complexeas increases when the gas-phase basicity values of
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| Figure 6. Graph showing the dependence of the association
| constants and the E1/2 values of the [zwitterion + 5-MCH]*
i complexes on the number of carbon atoms in the alkyl chain
of the zwitterion. Similar stability trends can be observed in |
solution and in the gas phase. !

the two species that form a complex are similar®**® Thus, the
larger is the basicity difference between the zwitterion and
5-methylcytosine the least stable is the complex. The basicity
of the zwitterions increases for larger alkyl chain homologues
[proved by CID experiments of the heterodimers composed
of these zwitterions, unpublished results). Thus, the stability
order caused by gas-basicity differences is opposite to the
order of stability caused by increasing the molar mass of the
complex. Therefare, it is possible that a combination of these
two factors results in the appearance of a minimum stability
complex corresponding to [BulmPS + 5-MCH]".

Comparison of gas phase and solution phase
stabilities of the ion-zwitterion complexes

As can be observed from Figure 6, the plots of £, and K, vs.
the alkyl chain length have a similar ferm. Both plots have
stability minima for the [BulmPS + 5-MCH]" complex. These
observations lead to a hypothesis that factors influencing
the stability of the complexes in the gas phase are preserved
in acetonitrile solution. In other words, acetonitrile does not
disturb the stability order of the complexes. In contrast, when
methanol is used as a solvent [Figure 3[bll, the K, is influ-
enced by various complex-solvent and ion-solvent interac-
tions, resulting in different stability trends in solution and in
the gas phase.

The structure of the ion-zwitterion
complexes

In order to obtain information about the structure of
the complexes, quantum chemical calculations were
performed. The smallest computational costs occur for
[MeImPS + 5-MCH]* complex. Taking this inta account, all the
modelling procedures were performed only vith this complex.
We were interested whether the proton is located at 5-methyl-
cytosine or the S04 group of the zwitterion. Conformational
analysis and geometry optimizations of the two isomeric
complexes with respect to the proton residence were carried
out using molecular mechanics and DFT. Optimized struc-
tures for both isomers are depicted in Figure 7. Itis clear that
both complexes are stabilized by the two hydrogen bonds
between the amidinium moiety and the S0,” oxygen atoms.
resulting in cyclic structures in both cases. The dissociation
energies of both isomeric complexes were calculated using
equation (2] (see the Experimental section]. When the proton
resides on 5-MC, the dissociation energy of the complex is
23kJmol" higher than that for the isomer of the complex with
a protonated S05” group, and hence the higher stability of the
former structure. However, the difference is not large, and
both complexes can interconvert in the ion source or the CID
experiments.

Conclusions

This paper shows that a series of 3-(1-alkyl-3N-imidazoliol-
propane-1-sulfonates interact with 5-methylcytosine and
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o)

Figure 7. The geometries of the two isomeric complexes
[MelmPS + H + 5-MC]* ;with different proton locations
optimized at the M06-2X/6-311++g(d,p) level of theory. The
dissociation energies for the structures are 243kJ mol™' (a)
and 220kJ mol™' [b). The distances of the hydrogen bonds are
given in angstroms.

aliphatic amines to form non-covalently bonded complexes
in solution, which are stable in the gas phase. Quantum
chemical calculations show that the sulfonate group of the
zwitterion forms two hydrogen bonds with the amidinium
fragment of protonated 5-methylcytosine. The stability of such
complexes depends on the alkyl chain length, functionality of
the zwitterion and the solvent. CID experiments show that a
minimum stability complex (alkyl = butyl) appears when the
alkyl chain is varied in the zwitterion. This is attributed to
the combination of two factors influencing the stability. The
first factor is the difference of gas basicities of the zwitterion
and 5-methylcytosine, while the second factor is the molar
mass-dependent internal energy of the complex. The order
of stability of the complexes observed in the gas phase was
preserved in acetonitrile solution. In contrast, when meth-
anol was used as a solvent, the stability of the complexes
changed with the increase of the alkyl chain length of the
zwitterion. This reflects different solvation mechanisms of the
complexes in methanol and acetonitrile. The formation of the
complexes can be used for the derivatization of 5-methyleyto-
sine with subsequent determination by ESI-MS. The develop-
ment of methods for the determination of DNA methylation is
ongoing.

Supplementary data

Supplementary data associated with this article can be found
in the online version al http:/dx.doi.org/10.1255/ejms.1303.
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Zwitterionic sulfonates as m/z shift
reagents for 5-methylcytosine detection
in deoxyribonucleic acids [DNA) using
flow injection analysis and electrospray
lonisation mass spectrometry
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5-Methylcytosine [5-MC] is an important epigenetic modification of DNA. Abnormally high concentrations of this substance appear
because of the hypermethylation of cytosine. Therefore, the measurement of the quantity of this compound in mammals is of great
importance. Recently, we reported that several imidazolium-based zwitterionic sulfonates form complexes with 5-MC in solution, which
can be studied by electrospray ionisation mass spectrometry [ESI-MS). It is shown in this paper that such an asseciation can be utilised
for the detection of 5-MC in a DNA sample using high-throughput a flow injection analysis ESI-MS method. A variety of the sulfonate
zwitterions have been tested as m/z shift reagents to increase the selactivity of the analysis. It is shown that either of the zwitterions
can be used without the loss of sensitivity. The performance of the method was tested in terms of linearity range, sensitivity, intra- and
between-day precision and accuracy, matrix effect and carryover. The method described is characterised by simplicity, a good limit of
quantitation [1pg injected] and low run times [at least 50 injections per hour). In addition, high-performance liquid chromatography and
tandem mass spectrometry are not required. The possibility exists to widen the scope of the method to other amidine-containing com-
pounds present in more complicated matrices.

Keywords: 5-methylcytosine, zwitterions, non-covalent complexes, selectivity, flow injection analysis, electrospray ionisation mass spectrom-
etry, DNA methylation, calf thymus DNA

Introduction

Electrospray ionisation mass s

ectrometry [ESI-MS] is a widely  ical derivatisation is usually performed to change the properties
used techniqueinqualitativeand g tive analysis.' Although  of
it is possible to develop precise and accurate procedures forthe  the

e analyte and improve the selectivity at different stages of
sis ™ Moreover, if the ¢
onis highly selective, the analysis can be performed with
with time-consuming sample prepa-  minimal sample treatment or even without separation frem

roduct forms rapidiy and its
determination of various analytes in a variety of matrices, thisis  forrnat

often achieved by d

=3

matography. In & majority of cases these steps  the matrix. In this respect, flow injection analysis {FIAL® which
ecause of the lack of method selectivity, espe-  perfectly combines with ESI-MS * becomes very attractive as a
lar weight compounds. As a result, chem-  high-throughput and low-zost method.
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Zwitterionic Sulfonate Reagents for 5-MC Detection in DNA using FIA and ESI-MS

Zwitterion

Itis known that formation of non-covalent structures, Le.
ion-molecule assaciation, is characteristic for the ES| process’
and can proceed rapidly and selectively under well-contralied
conditions. Severat studies have shown that these complexes
31" hy shifting
the m/z values of target analytes and/or swilching from nega-
tive to positive ESI mode. Thus, good selectivity and low detec-
tion limits have been achieved.

can be used efficiently in quantitalive analysis

Recently, we reporied that several zwitterions containing
a sulfanate group and an N-alkylimidazaoliv
in methanot or acetonitrite with 5-methylcytosine [5-MC)."
Quantum chemical calculations have shown that the $0;
group forms hydroegen bonds with the protonated amidine
group of 5-MC [see Scheme 1 and Table 1} Taking into
‘ nt that the determination of 5-MC is often performed to
the global DNA methylation,™ ' we were inlerested in
exploring the effect of complex formation between 5-MC and
zwitterionic sulfonates for the analysis of DNA samples. As a

m ring associate

a

it, 5-MU can be converted to a cornplex, which shifts the
mjfz value of 5-MC, changing the selectivity. Although several
methods exist for the detection of 5-MC, "5 these procedures
incorporate gas or liquid chromatography to separate the

nucieobases. The objective of this report was to demonstrate
he formation of complexes is applicable for the quanti-
> analysis of ONA samiples without chromatography by
employing FIA and ESI-MS i ected ion-recording mode.
It 15 shown in this report that our approach increases the effi-
ciency, allowing at least 50 injections per hour using optimised
low-dispersion FIA. The most re

cent resulls oblamed in our

n that under similar conditions zwit-

laboralory have sho

terionic sulfonates also form complexes with other amidines

and guanidines Like creatinine and metformin {unpublished

Table 1. The notations of the zwitterions derived from various
nitrogen-containing heterocycies.

R Zwitterion notation

1—Methyllmid_a_.zuhum i 1

Quinotinium

~3 o] e

Scheme 1. The association of sulfonate zwitterions with 5-MC. The notations for 2witterions are listed in Table 1.

resutts]. Thus, we assume that the same approach could
also be utilisad for other amidine-containing compounds of
bislogical significance to change the selectity of their detec
tion by ESI-MS.

Experimental
Materials
Acetonitrile thigh-performance tiquid chromatography [HPLC]/
MS gradel, water [HPLC/MS grade), formic acid (HPLC/MS
gradel, 0.1% trifluoroacetic acid {TFA} in water [HPLC/MS
gradel, cytosine {39%% purity] and 5-MC hydrochloride [:99%
purity) were purchased from Sigma-Aldrich. Thymine (99%
purity), adenine (>98% purity) and guanine [>%8% purityl were
obtained from Acros Organics and TCI Chemicals. Activaled
DNA from calf thymus was from Sigma-Aldrich.
The structures of the zwitterions are given in Scheme 1 and
Table 1 1g Lo the proce-
dure described in Yoshizawa ef al.”' and the purity and identity
of the compounds were confirmed by HPLC/MS,

Each zwitterion was prepared accord

Instrumentation

The experiments were carried aul using a Waters Microm
Quattro Micra APLt
equipped with a Z-spray source. The instrumental conditions

ple guadrupole mass speciromeler
were optimised during preliminary studies. All the analyses
ware carried out in positive ion mode. The capillary, cone and
extractor were held al 28KV, 15V and 1V, respectively. Source
and desolvation temperatures were 100°C and 400°C,
respectively. Desolvation and cone gas flow rate were se! at
250L 0 and 30L hT Masslynx £ 1 software was used lor data

sel at

processing.

The choice of the zwitterion

The optimisation of the reagent in terms of the absolute signal
of the complex was carried out using infusion of the solu-
tions containing 5-MC and the zwitterion with varying molar
concentration ratios. Each solution contained & constant
~oncentration of 5-MC (& pM] and the level of the zwitterion
was increased from 6uM to 120 pM, carresponding to the
molar ratios of 1:1, 1:2, 1:5, 1:10, 1:15 and 1:20. The solvent
used for these experiments was 0.05% formic acid in HPLC/
MS grade acetonitrile, Each sclution was introduced into the
MS at a flow rate of 50pL min™" and analysed under conditions

described in the previous section
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DNA hydrolysis

Before the hydrolysis the calf thymus, DNA was dissolved in
HPLC/MS grade water and the real quantity of DNA was deter-
mined by measuring the ultraviolet [UV] absorbance at 260nm
using a UV spectrophotometer. Then an aligust was diluted
with water to obtain a 25pg ml™" solutiori of DNA. Then 100 L
of this solution [2.5pg DNA] was placed in a 2mL vial [deac-
tivated previously by hexamethyldisilazane] and evaporated
to dryness using a gentle nitrogen stream. The residue was
dissolved in 200 pL of 88% formic acid and hydrolysed for 1.5h
al 140°C according to Rossella et ai ™ After the hydrolysis the
sample was evaporated again and dissolved in | mL of 0.001%
TFA solution in HPLC/MS-grade acetonitrile. Then, the sample
was diluted 10 times by HPLC/MS-grade acetonitrile and usad
for injection.

Flow injection analysis

The low dispersion FIA set-up consisted of a Waters 2495
pump corstantly delivering the mobile phase at 80pL min™,
the electrically driven Rheodyne manual injector with a 1L
homemade PEEK loop, an infusion pump delivering the zwit-
terion at a flow rate of 20ul min™!, the mixing Lee, PEEK coil
[Tm x 0.125mm inner diameter) and microfilter {Upchurch
Scientific] connected to the mass spectrometer. The sample
was injected manually with a glass syringe by a loop overfill
method using 30pL of the soltution. DOverall, s
v made for the sample with a delay of approximately 20s
between injections. The signals al m/z 126.1 (0.4 m/z span)
and m/z 330.4 [0.4 m/z span] corresponding to 5-MC and the
complex of 5-MC with zwitterion 1 [see Scheme 1} were mioni-
tored using the selected ion recording [SIR} mode. The inter-
an delay and the dwell time for each ion was 0.1 s. Other
instrument settings are listed in Instrumentation.

ix injections

Method validation

Preparation of the stock solutions

The stock solution containing adenine, cytosine, guanine,
thymine and urac:l was prepared by dissolving 2.0mg of each
nuclecbase in 100 mL of a 2.5% solution of formic acid in HPLC/
MS5-grade water and stored in a refrigerator. The stock solu
of 5-MC was obtained by dissolving 5-MC hydrochleride in the
same solvent as for nucleobases at a concentration of 1.0mM.

tion

Matrix matched calibration

The blank matrix was prepared after a 100x dilution of the
stock solution of nuclenbases with 0.001% TFA in HPLC/MS
grade acetoenitrile. To prepare the matrix matched calibra-
tion solutions, 100pL of the blank matrix were spiked with
the appropriate velume of 1.0puM or 10pM sclution of 5-MC
in HPLC/MS grade acetonitrile and diluted to 1.0 mL with
HPLC/MS-grade acetonitrile. Thus, seven calibration levels
containing 0, 10, 20, 100, 200, 500 and 1000nM of 5-MC with
a constant amount of each nucleobase (180, 132, 148, 159
and 180nM of cytosine, guanine, adening, thymine and uracil,
respectively] were obtained to investigate the range of linear

response of the [zwitterion 1+ 5-MC + HI* comnplex. The
warking solutions were injected in triplicate under conditions
described in Instrumentation and FIA.

Quantitation

The calibration curves were obtained by plotting the areas
under [zwitterion 1 + 5-MC + H]' cormplex peak versus concen-
tration of 5-MC. Weighted [x", n = -2 to + 2} and non-weighted
least-squares regression models were evaluated using the
IBM SPSS Statistics program [version 22 in order Lo obtain
the best fit.

Sensitivity

The sensitivity of the method was defined in terms of the limit
of quantitation [LOG] measured using the standard deviation of
the respanse in six blank matrix samples injected in tripticate
under conditions described in instrurnentation and FIA. The
LOQ value was calculated using the following expression:

Log=1% (1)
S
where s is the standard deviation of the response in the blank
matrix and 5 s the slepe of the regression line.

Accuracy and precision

The qualily contra! [QC] samples used lor the determination of
intra- and between-day accuracy and precision were prepared
by cambining 50 uL of 5« diluted stock solution of nucleobases
[see Matrix matched catibration) with 50ul. of a 2pM {level 1)
or 20uM [level 2] solution of 5-MC in HPLC/MS water. Fach
combined solution was processed as described for a real DNA
sample [see DNA hydrolysis] to obtain QCT and GC2 at 10nM
and 100nM of 5-MC. The intraday precision and accuracy were
determined by preparing QC1 and QC2 three times each day
and making lriplicate injections of each level To calculate
the between-day accuracy and precision, the analyses were
repeated three times in a period of two weeks. The intra- and
vetween-day precisions were expressed as the coefficient of
variation (CV]. The mean % error of back-calculated concen-
trations for QC1 and QC2 in comparison Lo the true values was
chosen as a measure of the intra- and belween-day accuracy.

Matrix effect

The influence of the matrix on the performance of the method
was studied using 5-MC solutions prepared at 10nM and
100 nM. One set of each concentration contained only 5-MC
dissolved in 0.0001% TFA in HPLC/MS-grade acetonitrile,
whereas the other was spiked by the blank matrix solution
and diluted by the same solvent. Each concentration level
{matrix free and matrix spiked] was prepared three times
and analysed under identical conditions in triplicate as
described in Instrumentation and FIA. The matrix effect [ME]
was expressed as the ratio of the areas of the [zwitterion
1+ 5-MC + H]" complex obtained in matrix-spiked and matrix-
free soluticns.

160



662

Zwitterionic &

ultonate Reagents for 5-MC Detection in DNA using FIA and ESI-MS

Carryover

The carryover associated with the injection procedure was
delermined as the ratio of the complex peak area obiained for
the blank matrix to the standard of 5-MC at 200nM injected
before the blank.

Results

The choice of the zwitterionic reagent

To achieve the highest sensitivity for 5-MC, the absolute signal
intensity of the complex should be optimised. For this purpose
we have synthesised a series of the zwitterions containing
different heterocyclic moieties and the sulfonate group (see
Scheme 1 and Table 1). The absolule signal of the [zwitte-
rion + §5-MC - complex was monitored by infusion of solu-
lions with increasing concentration ratio of the zwitterion

to 5-MC. The results of this procedure are represented by
Figure 1 for imidazolium [A} and the zwitterions containing
other heteracycles [B).

It can be seen thai the highest absotute signal of the
responds to zwitterion 1, which

comp is achieved at the

conc o of 10. Increasing the concentration of zwit-
terion 1 further did not lead to an increase of the signal of its
complex. Inversely, the decrease of the signal was obsarved.

reason for this can be attributed to competition between

complex formation and the parlicipation of the reagent in other

caused by the zwitterion at higher concentrations  The same
behaviour was observed in case of other zwitterions all havin
amaxima for the complex signat intensity.

Cornparison of the absolute signal values of the complexes
that the differences ameng the
mast any zwitterion can
be chosen as the m/z shilt reagent for 5-MC without a

leads to the conclusion

zwitterions are not large. Thus, a

dramatic loss of the sensitivity if the suppression limit 1s not
exceede

e
1

d. All the following work was carried out using zwit
terion 1 as a reagent because of the slightly higher absolute
signal of the corresponding complex. However, the choice
of the reagent in a specific application will be dictated by
the presence of the interferences in the sample matrix at a
particular m/z value. If interference is observed, the zwitie
rion can be easily changed to form the complex at a different
mlz value

The mass spectrum of the camplex formed between 5-MC
and zwitterion 1 under conditions optimised for the analysis of
gure 2. It is seen that the relative
signal intensity of the complex at m/z 330 is higher than the

e

real sample is presented ir

original signal of 5-MC [m/7 126] demaonstrating acceptable
It should be mentioned that other nucleobases
id cytosinel containing amidine moiety
mplexes with zwitterion 1. Thus, it was
decided to maintain the concentration of the reagent equal to
100pM as optimal lalso taking into account the fivefold dilu-

conversion
{adenine, guanine a
also formed t

tion of the reagent stream by the sample carrier stream after

processes like the formation of various oligomeric species  mixing).
1 * 10° A
Cormplex < zwitterion 1
i <o
64 = zwilterion 2
& 8 o = zwitterion 3
1 o . .
bt _>é X zwitterion 4
‘- = o
34 _ % ’ ;
24 X oA
1o
0 {zwitterion]/[5-MC|
0 5 10 15 20
Teamptec X 10° B
57 0
i 4 s o o s
i =) = O zwitterion 5
i 34 5 0 zwitterion 6
i L H
H g =l — zwitterion 7 {
2 i
148
0 : ; # |zwitterion)/[5-MC)]
0 5 10 15 20
Figure 1. The absolute intensities of the complexes depend on the concentration ratio of the zwitterion to 5-MC in solution. The plots
yelic zwitterions (b) to minimise overlap.

are shown separately for 1-alkylimidazolium (a) and other heterac:
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Scan ES+
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Figure 2. The mass spectrum of the solution of 5-MC (1M}, zwitterion 1 (50pM) and TFA (0.001%] in acetonitrile showing the peaks of
5-MC and the complex at m/z 126 and m/z 330, respectively. The peaks of the zwitterion are scaled down by a factor of 100 for clarity. i

Method validation

Linearity range

Full validation of the present method has not been performed
yel; however, some important parameters were delermined.
To evaluate the range of the linear response of the [zwit-
terion !+ 5-MC + HI" complex, the calibration curve was

constructed in the range 0-1000nM. The regression analysis
of the oblained curve showe

that the relationship between
the area under the peak of the complex and the corresponding
concentrations of 5-MC deviates from linearity at 200nM, and
be expressed as a quadralic funclion {see Figure 3lall

s 15 possibly attributed to the change of the eiliciency of

A

¥ =0.0042x7 + 15.7x + 436

R?=0.9898 |

- r v v  Comer |

200 400 600 800 1000 pM

| B ;
| i
: i
| i

y=15.2x+923
R? = 0.8996

2 Csancs
200 nM

0¥
0 50 100 150

Figure 3. The calibration curve obtained in the range of 5-MC
concentrations from 0nM to 1000 nM [a] and the range of linear
response from OnM to 200nM (b).
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compiex formation at levels larger than 700 nM because of the
increased relative amount of 5-MC to other nucleobases

In our apinion, if the DNA sample is processed as described
in the DNA hydrolysis saction, such high concentrations of
5-MC cannot be found even at very high methylation levels.
Thus, it was decided to evaluate the linearity in a narrower
range of concentrations corresponding to G-200nM. The fitting
of different regression models has shown that this range can
be described by a linear function with a very good coefficient
of determination [see Figure 3{b)}. In addition, the analysis
of lhe residuals for three repeated calibralion curves in this
range did not show any pattern, and thus excluded the non-
linearily. To study the hetero
and different-weighted ¥, n =
compared. As a f

edaslicily, the non-weighted

2 to + 2] linear models were

It, non-weighted le linear

wsen to adequately describe the experi-

regression was
mental points

It can be seen from Figure 3(b) that the calibration curve
hae a non-zero intercept. The injection of the blank matrix
confirmed the presence of a small peak correspending to
m/z 330 [see Figure 4). The same peak also appeared at
miz 126 when the reagent was not added, confirming the
presence of 5-MC. Taking into account the very basic nature
of 5-MC ery surprising. Attempls to

s ohservation 1s not v

eliminate this peak by various washing procedures and other

nce of

ssful. As a result, the pres
this peak was accepled based on the following considerations

{al the peak area for the blank matrix checked before and after
the runs was constant during the whole validation process;
[b] this peak is smaller than the peak corresponding to the
L0O0 sample; and {¢] the intra- and belween-day accuracy and
precision of the LOQ sample are not influenced by the pres-
ence of this peak [see Accuracy and precision)

investigations were unsuce

Sensitivity

The sensitivity of the method was studied in terms of the LOQ.
For this purpose six blank matrix samples were injected in
triplicate, and the standard deviation was determined. As a
result, the LOO fer the current method oblained using equa-
tion (1) corresponds to 8nM [1pgl of 5-MC. The LOU deter-
mined by this procedure has been confirmed by injection of
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100+

%
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Figure 4. The peaks corresponding to the [zwitterion 1 + 5-MC + H]* complex obtained after injection of the blank matrix (A) and the
LOQ sample at 8nM.

SIN:PiP=10.26
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Figure 5. The FIA/ESI/MS SIR traces corresponding to injections of 5-MC [10 nM] with the addition of acetonitrile (A) and zwitterion 1 as

a reagent (B). The signals at m/z 126 and m/z 330 were monitored for [A) and B), respectively. The values of signal-to-noise ratio are
shown near each peak.

Time

g 5-MC at this level [see Figure 4] Thus,  Table 2. The values of intra- and between-day accuracy (expressed

the standard contai
it d that the value obtained by the method  as% error) and precision [expressed as CV).

an be conclur

o athr HALCIMS.. HPLCMEME., ar gas cromararapny | °" stz - Cavdintraion ok the
’ v:-az‘ed me‘l'h is pubiiz.{!(;i I;r' ‘ihér 15‘59‘55!'\'@‘?‘1[ uflfghA descriptor acs
- 0 10nM 100nM
Day 1 Mean [n = 3] nM 9.5 95
t ensitivity ir S0, nM 0.80 | 2.9
additional experiments were accornplished to answer this CV. % 8.4 a1
queg'.‘r:,\n The fHK_:t experiment was carried oul when only Accuracy, % 95 T 95
acetonitrile was added thraugh the syringe instead of Lhe zwit- :
terion. In the second experiment a solution of the zwitterion 1 Day 2 Mean [n = 3], nM R 101
in anitrile was added by the syringe pump. All the other SD.aM 0.96 47
conditions were the same including the ¢ ntration of 5-MC, A 84 hb
which was "[]nM; The results of both experiments afe repre- Aceurac m 101
sented in Figure 5. Il can be seen that the absolute signal for -
5-MC and the background level are both higher in Lthe cases Day 3 Mean ln=3l.nM | s 94
when the zwitlerion was not added. On the other hand, the SO, nM 0.44 3.7
signal-to-background ratio increased by 1.6 times when the ‘-C\j‘ Yy 59 4.0
zwitterion was added. This leads to a slightly better sensitivity Accuracy, % 109 9
and also improves the quality of the integration process. = - -
Between day | Mean(n=3], nM 165 97
precision SD, nM 0,88 37 |
day accuracy and precision, as well as kj\- % 8.3 3.9
Acr.:uré;;y % 105 ‘ 97
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Table 3. The values of ME measured at two levels of 5-MC (10 and 100 nM}

10nM

100 nM |
Meanin=31 | Mean [n=3] peak area Matrix Mean [n =3} 1 Mean [n = 3] peak area Matrix |
| peak area for for matrix-containing effect peak area for for matrix-containing effect
- clean solution solution clean solution solution
174 27 1.1 1287 1575 12
st | n ' 15 VN 29
ov.% | 6.6 8.3 58 s

he intraday precision was in the range 5.9-8.6% and 3.0-4.6%

for the 10nM and 100nM levels, respectively. The between-
day precision was 8.3% and 3.9% fcr the former and the latter
levels, respectively. The intraday accuracies determined for
the 10nM level were in the range 95-111%. The values of the
same descriplor obtained for the 100nM level were in the
range 74-101%. Finally, the between-day accuracy was 105%
and 97% for the 10nM and 100nM levels, respectively. As a
resull, the accuracy and precision of the present method for
both levels is in the limits of 85-115% and <15%, respectively,
proposed by the European Medicines Agency (EMA] guidelines
for bicanalytical methods of validation.®

Matrix effect

The values of the absolute ME [see Table 3] obtained at 10nM
and 100nM are 1.1 and 1.2, respectively. Thus, when other
nucleobases are present in the sample, a slight comparable
enhancement of the signal of the complex is observed [ME » 1]
for both concentrations of 5-MC.

over has been evaluated by injection of the high-level
5Landard al 200nM followed by an immediate injection of the
blank matrix sample. The resulting ratio of the area found for the
blank matrix {corrected by the area of the blank m(‘cted before
the standard] to that of the standard was 0.3%. Alternatively,
this correspands te 9.6% of the LOQ sample peak area. Thus,
between-injection carryover is within the acceptable limit [<20%
of the LOQ sample

¢ area) according lo EMA L;mdehr.e:,

The analysis of calf thymus DNA
To demonstrate the applicability of the method, we chose

commercially available calf thymus DNA as a representative

sample. Initially, 2.5pg of DNA was hydrolysed according to
the method of Rossella ef af.,*” but the analysis of this sample
revealed that a larger dilution [at least 100 times) is neces-
sary to prevent overloading of the low-dispersion FIA system
As a result, the sample obtained after hydrolysis and evapo-
ration was dissolved and diluted as described in the DNA
nydrotysis section. Alternatively, the amount of DNA taken for
hydrolysis can be decreased. This can be of great importance
when the guantity of the sample is lirnited, e.g. in the field of
microbiology.

The FIA/ESI/MS SIR trace of the sample corresponding to
the signal of the complex of zwitterion 1 with 5-MC is depicted
e 4. The analysis was performed with a moderale
speed of the injections, giving the oppariunity for the analyte to
completely leave the systern. However, the speed of the anal-
ysis can be much increased if the injections follow immediately
one after another. The amount of 5-MC determined after the
two independent analyses of the DNA sample carried oul over
the two days corresponded to 13.2 + 0.4 and 13.5 + 0.8 ng in
2.5pg DNA, respectively. The experimentally found quantities
correspond to 6.7 mol% and 6. 8mol% of 5-MC to total cylo-
titerature data for call thymus DNA

in Figure

sine and are close to the
methylation levels detected by other methods, i.e. 6.5mol%™®
and 6.9 mol%.?* Therefore, the method is applicable for the
analysis of real DNA samples

Conclusion

It has been shown that the association of sulfonate zwitterions
with 5-MC can be utitised for the guantitative determination
of 5-MC in a hydrolysed DNA sample. The sulfonate zwit-

terion can shift the m/z value of the low molecular weight

6.34 798

%

9.57 10.56

00

O TR : -

6.00 7.00 8.00

T 1I|x3|iv||!l!!’\v||| Tlme
9.00

Figure 6. The FIA/ESI/MS trace showing the signal of the complex of 5-MC with zwitterion 1 [m/z 330) obtained for six sequential i

injections of calf thymus DNA sample.
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analyte containing the amidine moiety to higher m/z values
with the purpose te enhance the selectivity of the assay. A
variely of zwitterionic structures can be easily prepared and
tested in each particular case to achieve a high selectivity.
The methad developed, which is based on a combination of
FiA and ESI-MS, is highly efficient, allowing the analysis of
at least b0 samples per hour In a
of time and uses cost-effective procedu

ddition, it lessens the use
and insirumenta-
tion. The results dernonstrate that 5-MC can be determined at
low levels [LOQ = 1pgl, which allows a substantial decrease
in the armount of *hn DNA sample needed for the analysis
The sensitivity of this approach is comparable to that
methods utilising HPLC and tandem mass spectrometry. We
hypothesise that this method could also be expanded for other
amidine- (and guanidine-] containing compounds present in
more complicated matrices than for 5-MC case. Investigations
are currently ongoing
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