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Zusammenfassung

In dieser kumulativen Dissertation wurde die Desorption /Tonisation durch neu-
trale Cluster (engl.: Desorption/Ionization induced by Neutral Clusters, kurz:
DINeC) zum einen zur Préparation diinner Filme organischer Molekiile (kurz:
DINeC-Depo) und zum anderen in Kombination mit Massenspektrometrie
(kurz: DINeC-MS) zur Analyse unterschiedlicher organischer Systeme verwendet.
Grundlage der Experimente ist dabei die fragmentationsfreie und oberflichen-
empfindliche Desorption organischer Molekiile von Oberflichen durch neutrale
SO,-Cluster.

Fiir die mittels DINeC-Depo praparierten Schichten konnte mittels DINeC-MS
gezeigt werden, dass sie aus intakt abgeschiedenen Biomolekiilen bestehen. Dabei
konnen sie aus einer oder mehreren unterschiedlichen Molekiilsorten aufgebaut
sein. Ein Vergleich mit verwandten Depositionsmethoden demonstriert, dass der
Anteil intakter Molekiile nur bei der Elektrospray-lonenstrahl-Deposition in der
gleichen Groéfenordnung liegt.

Die fragmentationsfreie Desorption ist auch fiir die Identifikation von Farbstoffen
in Textmarkertinten von entscheidender Bedeutung, da sich die verschiedenen
Farbstoffe dhnlicher Farbe oft nur durch einzelne Alkylgruppen unterscheiden,
die bei Zersetzungsprozessen oder auch unter harten Desorptionsbedingungen
abgespalten werden konnen. Des weiteren konnte die Zersetzung von Farbstoff-
molekiilen durch Warmezufuhr bzw. UV-Strahlung auf der Basis der DINeC-
Massenspektren unterschieden werden, da keine zusdtzlichen Fragmente durch
den Desorption/Ionisationsprozess induziert werden.

Die Oberflichenempfindlichkeit der Methode wurde zum einen genutzt, um die
Oberflichenzusammensetzung verschiedener ionischer Fliissigkeiten zu bestim-
men. Dabei wurde in Ubereinstimmung mit der Literatur beobachtet, dass Ka-
tionen mit langen Alkylketten sich bevorzugt an der Oberfliche anlagern; die
Tendenz nimmt mit steigender Grofe des Anions ab. In diinnen Filmen auf SiOo-
Substraten ist die Anreicherung der Kationen an der Oberfliche durch den Ein-
fluss des Substrats verstérkt.

Mittels DINeC-Depo hergestellte diinne Schichten aus organischen Molekiilen zei-
gen ebenfalls eine starke Beeinflussung durch das Substrat, allerdings mehr in
Bezug auf die chemischen Eigenschaften. Die deponierten Molekiile reagieren bei-
spielsweise mit Oberflichenadsorbaten, nachweisbar in Form von Adduktpeaks in
den Massenspektren. Weitere Reaktionen der durch DINeC-Depo abgeschiedenen
Molekiile, zum Teil ausgelost durch Wechselwirkungen mit dem Substrat, konn-
ten ebenfalls untersucht werden. So wurden Oxidationsreaktionen verschiedener
Peptide auf die Aktivierung des Substrats oder leicht oxidierbare Aminosiuren
zuriickgefiihrt. Fiir die mittels DINeC-Depo praparierten Proben wurde im All-
gemeinen eine hohere Reaktivitat beobachtet, die darauf zuriickzufiihren ist, dass
die einzelnen Molekiile auf der Oberfliche stirker isoliert vorliegen. Dies wurde
auch bei der Metallisierung von Porphyrinen durch DINeC-Depo ausgenutzt, bei
der ein Metallion aus der Oberfliche, in den Ring des deponierten Porphyrins
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eingebaut wurde.

IAY



Abstract

In this thesis, desorption/ionisation induced by neutral clusters (short: DINeC)
was on the one hand used to prepare thin films of organic molecules (short:
DINeC-Depo) and on the other hand, it was applied in combination with mass
spectrometry (short: DINeC-MS) for the analysis of different organic systems. The
experiments are based on the fragmentation-free and surface-sensitive desorption
of organic molecules from surfaces by means of neutral SO, clusters.

For thin films prepared by means of DINeC-Depo, it was shown by means of
DINeC-MS that biomolecules were transferred intact onto the substrate surface.
Films of mixed molecules were deposited when using two different types of sour-
ce molecules. A comparison with related deposition methods shows that only
electrospray ion beam deposition allows for the deposition of intact molecules in
comparable concentration.

Fragmentation-free desorption is also crucial for the identification of dyes e.g., in
highlighter inks, as the various dyes of similar colour often differ only by indivi-
dual alkyl groups which can be cleaved during decomposition processes or under
harsh desorption conditions. In addition, the decomposition of dye molecules by
heat or UV light could be distinguished in the DINeC mass spectra based on the
fragment peaks observed, as no additional fragments are induced by the desorp-
tion /ionisation process as such.

The surface sensitivity of the method was used to determine the surface compo-
sition of various ionic liquids. It was observed that cations with long alkyl chains
tend to accumulate on the surface; this tendency decreases with increasing size of
the anion. In thin films on SiO, substrates, this accumulation of cations on the
surface is enhanced by the influence of the substrate.

Thin films of organic molecules prepared via DINeC-Depo were shown to exhibit
a strong influence of the substrate but rather with respect to their chemical pro-
perties. For example, the molecules deposited via DINeC-Depo were observed to
react with surface adsorbates which were detected in the form of adduct peaks
in the mass spectra. Reactions of the molecules deposited by DINeC-Depo, to
some extend triggered by interactions with the substrate, were also studied. E.g.,
oxidation reactions of various peptides were attributed to the activation of the
substrate or amino acids which can be readily oxidized. A higher reactivity was
typically observed for samples prepared via DINeC-Depo due to the high degree
of isolation of the individual molecules on the surface. This was also exploited in
the metallisation of porphyrins, where a metal ion of the surface was incorporated
into the ring of the deposited porphyrin.
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Liste der Publikationen

Artikel T bis ITT wurden im Rahmen der kumulativen Dissertation in Fachzeit-
schriften publiziert. Die Kernaussagen der Publikationen und die Eigenleistung
der Autorin werden im folgenden dargestellt:

I

II

Cluster-induced desorption /ionization mass spectrometry of high-
lighter ink: unambiguous identification of dyes and degradation
processes based on fragmentation-free desorption

K. Bomhardt, P. Schneider, M. Rohnke, C. R. Gebhardt, and M. Diirr;
Analyst 147, 333 - 340 (2022).

In Artikel I wird die Desorption/Tonisation mittels neutraler Cluster in
Kombination mit der Massenspektrometrie verwendet, um die Zusammen-
setzung von Textmarkertinten zu untersuchen und die darin enthaltenen
Farbstoffe eindeutig zuzuordnen. Die Zersetzung dieser Farbstoffe durch
Wirmezufuhr oder UV-Licht kann aufgrund der fragmentationsfreien Na-
tur der Desorptionsmethode untersucht und in den jeweiligen Spektren
durch unterschiedliche Zersetzungsprodukte unterschieden werden. Bei Pro-
ben mit sukzessiv aufgetragener Tinte kann durch die hohe Oberflichen-
empfindlichkeit der Methode die oberste Tintenschicht identifiziert werden.

KB fiihrte die DINeC-MS Experimente durch und realisierte mit Hilfe von
MR die SIMS Messungen. Die Ergebnisse wurden von KB und MD interpre-
tiert. KB verfasste eine erste Version des Manuskripts, welches anschliefsend

mit Unterstiitzung von PS, MR, CRG und MD ergénzt und verbessert wur-
de.

Surface Properties of Ionic Liquids: A Mass Spectrometric View
Based on Soft Cluster-Induced Desorption

K. Bomhardt, P. Schneider, T. Glaser, and M. Diirr; J. Am. Soc. Mass
Spectrom. 33, 974 - 980 (2022).

In Artikel II wird die molekulare Oberflichenzusammensetzung verschie-
dener ionischer Fliissigkeiten mittels DINeC-MS untersucht. Je nach Zu-
sammensetzung der ionischen Fliissigkeit lagern sich unterschiedliche Ionen
bevorzugt an der Oberflache an. So neigen Kationen mit langen Alkylketten
in Kombination mit kleinen Anionen zur Aggregation an der Oberfliche;
diese Tendenz nimmt mit zunehmender Gréfse der Anionen ab. In diinnen
Filmen der ionischen Fliissigkeit kann die Anreicherung einer Ionensorte
an der Oberfliche durch Wechselwirkung mit der Substratoberfliche weiter
verstarkt werden.

KB fiihrte die Experimente durch und interpretierte anschliefsend die Er-
gebnisse zusammen mit PS und MD. KB verfasste eine erste Version des
Manuskripts, welches anschliefend mit Unterstiitzung von PS, TG, und MD
ergdnzt und verbessert wurde.
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ITT Soft deposition of organic molecules based on cluster-induced de-

VIII

sorption for the investigation of on-surface and surface-mediated
reactions

K. Pluschke, A. Herrmann, and M. Diirr; ACS Omega 8, 40639 - 40646
(2023).

In Artikel III wird die Deposition verschiedener organischer Molekiile
durch Desorption der Molekiile aus einem Volumenfilm mittels clusterin-
duzierter Desorption untersucht. Massenspektren und Quarzkristall-Mikro-
waagen-Messungen der Proben zeigen qualitativ und quantitativ den intak-
ten Transfer weniger Monolagen der Molekiile. Gemischte Schichten wurden
durch die Deposition mittels Desorption zweier Peptide erzeugt und das Mi-
schungsverhiltnis mittels DINeC-MS analysiert. Reaktionen der abgeschie-
denen Molekiile mit Adsorbaten der Oberflichen und Oxidationsreaktionen
eines Peptids wurden untersucht und der Einfluss der Préparationsmethode
auf die jeweiligen Prozesse diskutiert.

KP konstruierte die verwendete Kammer und fiihrte die Experimente mit
Hilfe von AH durch. Die Ergebnisse wurden von KP und MD interpretiert.
KP verfasste eine erste Version des Manuskripts, welches anschliefsend zu-
sammen mit MD und AH ergénzt und verbessert wurde.
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1 | Einleitung

Biomolekulare Oberflichenbeschichtungen werden aufgrund ihrer spezifischen
Oberflacheneigenschaften in einer Vielzahl von Anwendungen eingesetzt bzw. auf
ihre Anwendungsgebiete hin getestet [1,2]. So kann eine biomolekulare Schicht
beispielsweise die Biokompatibilitit von Implantaten erhohen [3] oder Ober-
flaichen vor Korrosion schiitzen [4]. Als diinne Schicht zwischen zwei Elektro-
den konnen Biomolekiile in Resistive Random Access Memory (RRAM) durch
Anderung des elektrischen Widerstands zur Informationsspeicherung eingesetzt
werden [5]. Ebenso werden bei der Herstellung von Biosensoren [6, 7] diinne
Schichten verschiedener Biomolekiile zur biologischen Erkennung unterschiedli-
cher Substanzen verwendet [8]. Diese Schichten kénnen durch nasschemische Ver-
fahren [9-11], aber auch durch verschiedene Arten der chemischen [12-14] oder
physikalischen [15,16] Gasphasenabscheidung erzeugt werden. Einige der Metho-
den erfordern eine erhohte Temperatur der abzuscheidenden Molekiile, was ins-
besondere bei Biomolekiilen zur Zersetzung fithren kann [17-19].

Die im Rahmen dieser Arbeit entwickelte Depositionsmethode verwendet die
Desorption/Ionisation mittels neutraler SOo-Cluster (DINeC) fiir die Abschei-
dung verschiedener (bio)organischer Molekiile auf unterschiedlichen Substraten
und wird im ersten Teil der Arbeit beschrieben. Eine schematische Darstellung
des als DINeC-Depo abgekiirzten Prozesses ist in Abb. 1.1(a) dargestellt. Die
SOy-Cluster desorbieren die Biomolekiile aus einem Volumenfilm. Dabei {iber-
tragen sie im Stoft mit der Oberfliche nicht nur die Energie fiir die Desorption
der Molekiile, sondern bilden auch eine transiente Matrix, in der die zu desorbie-
renden Molekiile gelost werden kénnen. Die desorbierten Spezies kénnen anschlie-
fsend auf einem beliebigen Substrat abgeschieden werden. Das Verfahren ist durch
den stattfindenden Losungsprozess besonders schonend fiir Biomolekiile, sodass
mehr als 98% der Molekiile intakt iibertragen werden. Je nach Dauer des De-
positionsprozesses kénnen einzelne Molekiile in Submonolagen (Abb. 1.2(a)) bis
hin zu mehreren Monolagen auf einem Substrat abgeschieden werden. Wenn die
Molekiilquelle wiahrend des Depositionsprozesses durch eine andere ersetzt wird,
kénnen gemischte Schichten hergestellt werden, wie in Abb. 1.2(b) schematisch
gezeigt. Es wird generell eine erhdhte Reaktivitit gegeniiber anderen Oberfliche-
nadsorbaten und der umgebenden Gasphase beobachtet (Abb. 1.2(c)), die darauf
zuriickgefiihrt wird, dass die Molekiile isoliert auf der Oberfliche vorliegen.

Fiir die Analyse dieser organischen Schichten und auch anderer empfindlicher
Probensysteme ist eine Technik erforderlich, die ausreichend sanft ist, um die
Oberflacheneigenschaften genau widerzuspiegeln. Auch hierfiir kann die Desorp-
tion /Tonisation mittels neutraler SO,-Cluster, jetzt in Kombination mit Massen-
spektrometrie, eingesetzt werden. Die Grundlagen fiir die massenspektrometrische
Analyse wurden bereits Anfang des letzten Jahrhunderts gelegt [20-23| und ver-
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Abbildung 1.1: Schematische Darstellung der in dieser Arbeit thema-
tisierten Teilgebiete der Praparation und Analyse organischer Schich-
ten mittels clusterinduzierter Desorption. (a) Schematische Darstellung des
DINeC-Depo Prozesses zur Abscheidung intakter Biomolekiile mittels clusterin-
duzierter Desorption von einem dicken Molekiilfilm auf ein beliebiges Substrat. (b)
Schematische Darstellung der mittels DINeC-MS untersuchten Aspekte (Ober-
flichenzusammensetzung, Substrateinfluss und Reaktionen) an unterschiedlichen
Probensystemen.

S0, @

|

7

schiedene Aspekte der Methode wurden mit Nobelpreisen gewtirdigt (1922: F.W.
Aston, 1989: W. Paul, 2002: J. B. Fenn und K. Tanaka). Insbesondere mit der
Einfithrung sanfter Ionisationsmethoden wie der Elektrospray-Ionisation |24, 25]
und der Matrixgestiitzten Laser Desorption/Tonisation [26,27] hat sich die Mas-

(a) Sub-Monolayers (b) Mixed Layers

(c) Reaction ’,‘]

Abbildung 1.2: Schematische Darstellung der durch DINeC-Depo préi-
parierten Schichten. Die Schichtdicke der durch Desorption mittels SOs-
Cluster deponierten Proben reicht von Submonolagen (a) bis zu Multilagen. Sie
kénnen aus einer oder mehreren Molekiilarten aufgebaut sein (b). Reaktionen der
deponierten Molekiile beispielsweise mit Adsorbaten der Oberfliche kénnen un-
tersucht werden (c).



senspektrometrie zu einer wichtigen Analysemethode in vielen Bereichen der che-
mischen Biologie entwickelt und wird vielfiltig in der Qualitétskontrolle [28,29],
der Medizin [30-32], der Forschung [33-35] und anderen Lebensbereichen [36,37]
eingesetzt.

In diesem Zusammenhang zeichnet sich DINeC-MS als besonders sanfte Desorp-
tionsmethode aus, mit welcher fragmentfrei die molekulare Zusammensetzung
einer Oberfliiche ohne weitere Probenpriparation bestimmt werden kann [38,39].
Die sanften Bedingungen, die durch den L&sungsprozess des Analyten im Clus-
ter entstehen, wurde anhand der Massenspektren zahlreicher fragiler Molekiile
nachgewiesen [40-46]. Ein Uberblick iiber die in dieser Arbeit mittels DINeC-MS
untersuchten organischen Systeme ist schematisch in Abb. 1.1(b) gezeigt; dabei
sind einige der untersuchten Figenschaften von Volumensproben und diinner Fil-
me gegeniibergestellt. Die sanften Desorptionsbedingungen von DINeC wurden
z.B. genutzt, um verschiedene Textmarkertinten und deren Zusammensetzung
(Artikel I) bzw. die Oberflichenzusammensetzungen von Volumensproben io-
nischer Fliissigkeiten (Artikel II) zu untersuchen. Dariiber hinaus wurde ein
Einfluss des Substrats auf die Oberflichenzusammensetzung von diinnen Filmen
dieser ionischen Fliissigkeit beobachtet. Mittels DINeC-Depo hergestellte diinne
Schichten aus organischen Molekiilen zeigten ebenfalls eine signifikante Beein-
flussung durch das Substrat (Artikel IIT). So konnte eine verstirkte Bildung
von Addukten und die Oxidation der abgeschiedenen Molekiile in Abhéngigkeit
vom Substrat beobachtet werden. Diese Reaktionen stellen einen Teil der mittels
DINeC-MS untersuchten Fragmentierungs-, Metallisierungs-, und Oxidationsre-
aktionen verschiedener diinner Filme und Volumensproben dar.






2 | Physikalische Grundlagen

In diesem Kapitel werden die physikalischen Grundlagen der in dieser Arbeit
behandelten Themen dargestellt. Zunédchst wird die verwendete Methode der
clusterinduzierten Desorption/Ionisation und ihre Verwendung in der Massen-
spektrometrie beschrieben. Anschliefsend werden die untersuchten Systeme, d.h.
organische Farbstoffe und ionische Fliissigkeiten kurz eingefiihrt.

2.1 Cluster-induzierte Desorption/Ionisation

Molekulare Cluster, die aus Schwefeldioxid-Molekiilen aufgebaut sind, kénnen fiir
die sanfte Desorption/Ionisation verschiedener organischer Molekiile eingesetzt
und damit fiir deren massenspektrometrische Analyse verwendet werden. Die zu-
grundeliegenden physikalischen Prinzipien und die experimentelle Umsetzung fiir
die MS werden im Folgenden beschrieben. Zudem erfolgt eine kurze Gegeniiber-
stellung weiterer (fragmentationsarmer) Ionisationsmethoden.

2.1.1 Desorption- und Ionisationsmechanismus

Die fiir die Desorption in dieser Arbeit verwendeten neutralen SOo-Cluster haben
eine Energiedichte von ~ 0.8 ¢V pro SOs-Molekiil [39]. Diese liegt unterhalb der
typischen Schwelle fiir Sputterprozesse von organischen Proben mittels Clusterio-
nen von ca. 1 eV [47]; es muss also ein zusétzlicher Prozess stattfinden, um Mo-
lekiile mittels dieser Cluster von einer Oberfliche zu desorbieren: Das starke per-
manente Dipolmoment von Schwefeldioxid (1.6 D [48]) sorgt dafiir, dass sich ins-
besondere polare Molekiile in diesen Clustern gut 16sen kénnen. Dadurch fungiert
der Cluster als Ubergangsmatrix fiir einen Losungsprozess der zu desorbierenden
Molekiile [38,49-51|. Dieser Prozess zeigt sich in dem in Abb. 2.1(a) gezeigten
Massenspektrum (pos. Ionen) von einer ACTH 34-39 Probe, das mittels Desorpti-
on durch die SO,-Cluster in Kombination mit einem Flugzeitmassenspektrometer
aufgenommen wurde. Es zeigt neben den Peaks, die dem intakten Biomolekiilen
zugeordnet werden konnen, eine Progression von Peaks mit Am/z = 64, die einer
Anlagerung von SO, Molekiilen an das Biomolekiil zugewiesen werden kénnen
und somit auf den Desorptionsprozess mittels Losungsprozess hindeuten [50].

Die Wechselwirkung zwischen Cluster und Adsorbat ist in Abb. 2.1(b) schema-
tisch dargestellt: (i) Der Cluster aus 10® bis 10? Schwefeldioxidmolekiilen bewegt
sich mit einer Geschwindigkeit von =~ 10° m/s auf die Oberfliche zu. (ii) In
dem auf der Oberflache zerschellenden Cluster tritt fiir einige Pikosekunden ei-
ne Temperatur von iiber tausend Kelvin auf [39]. Es findet der Lisevorgang des
Analyts im Cluster(fragment) statt. (iii) Das desorbierte Molekiil bewegt sich in
der Gasphase mit den Cluster-Riickstdnden von der Oberfliche weg. Obwohl die
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Abbildung 2.1: Desorptionsprozess von Adsorbaten durch SO,-Cluster.
(a) DINeC-Flugzeit-Massenspektren von ACTH 34-39 auf Silizium (rot: Katio-
nen, blau: Anionen). Der Peak mit der hochsten Intensitdt bei m/z = 723
wird dem intakten Biomolekiil zugeordnet. Die folgende Peakprogression mit
Am/z = 64 zeigt eine Anlagerung von SO, Molekiilen an das Biomolekiil. (b)
Schematische Darstellung des Desorptionsprozesses: (i) Der neutrale Cluster be-
wegt sich in Richtung der Oberfliche, auf der sich das Adsorbatmolekiil mit Rest-
wasser befindet. (ii) Trifft der Cluster auf die Oberfliche auf, stellt er einerseits
die Energie fiir die Desorption des Adsorbats zur Verfligung und fungiert ande-
rerseits als Ubergangsmatrix fiir die Losung des Adsorbats. (iii) Das desorbierte
Molekiil und die Clusterfragmente bewegen sich von der Oberfliche weg. Nach-
druck aus Ref. [50], mit Genehmigung von AIP Publishing.

Cluster im DINeC-Prozess beim Auftreffen auf die Oberflache kurzzeitig eine ho-
he Temperatur erreichen, werden die Molekiile durch die schnelle Abkiihlung der
Clusterfragmente beim Abdampfen weiterer SOo-Molekiile nicht fragmentiert.
Zusitzlich zu dem einfach positiv geladenen Analytion [M+H|" wird im Spektrum
in 2.1(a) auch das positiv geladene Dimer [2M+H]|" beobachtet; es treten wei-
terhin auch doppelt [M+H|*" und dreifach [M+H]** positiv geladene Tonen auf.
Der Ionisationsmechanismus beruht dabei auf einer Protonenaufnahme (pos. Io-
nen) bzw. Abgabe (neg. Ionen). Insbesondere die HT-Aufnahme wird durch SO,
aus dem Cluster, das mit dem Restwasser der Probe zu schwefliger Siure rea-
giert, begiinstigt [52,53]. Die Ionisationseffizienz fiir Peptide betrigt n < 1% [49].
Uber die Tonisation durch H*-Aufnahme/Abgabe hinaus wurde auch die Ionisa-
tion z.B. iiber e~ Abgabe im Falle von Alkalimetallen, Porphyrinen und Tris(2-
phenylpyridin)iridium(III) beobachtet [38,41,46,49].



2.1. Cluster-induzierte Desorption/Ionisation

2.1.2 Verwendung in der Massenspektrometrie

Die organischen Molekiile, die durch den Desorptionsprozess mit Hilfe von neutra-
len Clustern desorbiert und ionisiert werden, konnen mit Hilfe der Massenspektro-
metrie analysiert werden; die schonende, matrixfreie und oberflichenempfindliche
Desorptionstechnik mittels neutraler SO,-Cluster wurde bisher zur massenspek-
trometrischen Untersuchung von Porphyrinen, Peptiden, Proteinen, Lipiden, io-
nischen Fliissigkeiten, Farbstoffen und Polymeren eingesetzt [40-45]. Die dazu
verwendete Apparatur ist in Abb. 2.2 schematisch dargestellt und wird im fol-
genden ndher beschrieben.

Zur Erzeugung der Cluster wird ein Gasgemisch (Druck p = 15 bar) aus SOs (3%)
und Helium (97%) hergestellt, das durch eine gepulste Diise (Series 9 Pulse Valve,
Parker Hannifin, Cleveland, USA, Offnungsrate f = 2 Hz, effektive Offnungszeit
t = 300 ms) in eine Vakuumkammer (Basisdruck p = 107% mbar) injiziert wird.
Durch die adiabatische Expansion bilden sich Cluster einer Gréfe von 103 - 104
SOy-Molekiilen mit einer Geschwindigkeit von v & 10% m/s. Beim Auftreffen
des Clusters auf die Oberfliche erfolgt die Desorption/lonisation der Molekiile
wie im Abschnitt 2.1.1 beschrieben. Die von den Clustern desorbierten Ionen
werden durch ein elektrisches Feld zwischen Probe und Gitter in ein kommerziel-
les Quadrupol-Tonenfallen-Massenspektrometer (amaZon speed, Bruker Daltonik
GmbH & Co. KG, Bremen) iiberfiihrt. Die Zahl der eingefangenen Ionen wird in
Abhéngigkeit vom Masse-Ladungs-Verhiltnis detektiert und im Massenspektrum
aufgetragen.

Volumensproben fiir die massenspektrometrischen Experimente wurden durch

SO,/He supply
-y
Q pulsed nozzle / vacuum vessel
e
/ /cluster \ o ~ ion funnels ion trap
I '| v O~ ( nt -
H -/
‘ N SO O . )
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Abbildung 2.2: Schematischer Aufbau der DINeC-MS Apparatur. Der
Clusterstrahl wird durch adiabatische Expansion eines SO,/He-Gasgemisches
erzeugt, das iiber eine gepulste Diise in die Vakuumkammer eingelassen wird.
Der Skimmer, den der Clusterstrahl vor dem Auftreffen auf der Probe passiert,
schneidet die dufseren Bereiche des Clusterstrahls ab. Die Cluster treffen anschlie-
fsend in einem Winkel von 45° auf der Probenoberfliche auf. Nach der Desorpti-
on/Ionisation der Adsorbate werden die desorbierten Ionen iiber Transferoptiken
in die Ionenfalle iiberfiihrt. Die eingefangenen Ionen werden massenselektiv de-

tektiert. Aus Ref. [54].
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Auftropfen einer Losung auf ein Substrat (meist Silizium mit nativer Oxidschicht)
und anschliefsender Entfernung des Losungsmittels im Exsikkator hergestellt. Fiir
die Praparation von Peptid- und Farbstoffproben wurde Wasser, fiir Porphyrine
und ionische Fliissigkeiten wurde Ethanol als Losungsmittel verwendet. Tpyische
Konzentrationen und Volumina sind ¢ = 1 mM und V = 30 pL. Die Substrate
wurden vor der Verwendung im Ultraschallbad in Ethanol und Aceton gereinigt
(jeweils 15 Min.).

2.1.3 Fragmentationsarme Desorption — Vergleich unter-
schiedlicher Tonisationsmethoden

DINeC gilt als extrem sanfter Desorptionsprozess [55], welcher z.B. in Artikel I
zur eindeutigen Zuordnung von Farbstoffen in Tinte und zur Identifizierung der
jeweiligen Zersetzungsreaktionen verwendet wird. Am Beispiel des gelben Farb-
stoffs Basic Yellow 40 aus der Tinte eines gelben Textmarkers wird in Abb. 2.3
ein Vergleich der erzeugten Fragmente dreier weiterer (Desorptions-)/lonisations-
methoden gezeigt, um den unterschiedlichen Fragmentationsgrad durch die ver-
schiedenen Verfahren zu verdeutlichen. Gleichzeitig wird der mit den jeweiligen
Molekiilen verbundene Aufwand zur Préparation der Probe dargestellt.

Fiir die mit DINeC-MS (a), SIMS (b) und MALDI-MS (c) vermessenen Proben
wurde die Tinte mit dem Stift flichig auf einen Siliziumwafer aufgetragen. Fiir
DINeC-MS und SIMS Messungen wurde die Probe anschliefend in die jeweili-
ge Vakuumapparatur eingeschleust. Die MALDI-MS Proben wurden zusétzlich
mit einer Matrix aus 2,5-Dihydroxybenzoesdure beschichtet (Vergleiche Artikel I,
Supporting Information, Fig. S6). Zur Vorbereitung der ESI-MS Probe wurde
die Tinte in einer Mischung aus Acetonitril, Wasser und Ameisensiure gelost.
SIMS-Messungen wurden mit Arysp0T-Clustern (20 keV) durchgefiihrt (Verglei-
che Artikel I, Supporting Information, Fig. S7).

Der Hauptpeak der vier Spektren (roter Pfeil) bei m/z = 362 wird dem ka-
tionischen Teil des Farbstoffs Basic Yellow 40 (Vergleiche Strukturformel in
Abb. 2.4(e)) zugeordnet. Der Zersetzung des Farbstoffs zugewiesene Fragmente
bei m/z = 348, 334, 318, 161, 147 sind mit grau gestrichelten Linien gekennzeich-
net. Die Signale bei m/z = 348 und m/z = 334 werden auf die Abspaltung der
Ethylgruppen des Amins zuriickgefiihrt; der Peak bei m/z = 318 wird der Ab-
spaltung von COy aus dem Cumarin Baustein des Molekiil zugewiesen [58]. Die
mit roten Linien markierten Peaks bei m/z = 336 und m/z = 343 in den Mas-
senspektren in Abb. 2.4(a) und (d) werden anderen Inhaltsstoffen der Textmar-
kertinte zugeordnet. Der Peak im Inset des DINeC-Massenspektrums (schwarze
Linie) bei m/z = 155 ist auf eine Verunreinigung in der Anlage zuriickzufiihren.
Peaks bei geringeren Massen im Inset des Spektrums in 2.3(b) bei m/z = 161
und m/z = 147 werden Fragmenten zugeordnet, die durch eine Spaltung des
Molekiils zwischen dem Imidazoliumring und der Cumarineinheit entstehen. Das
Verhéltnis der Summe der Peaks, die fragmentierten Molekiilen zugewiesen wur-
den bezogen auf die Intensitét aller Peaks, die Molekiile zugeordnet werden, zeigt
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Abbildung 2.3: Vergleich der Massenspektren und Priparationsschritte
verschiedener Ionisationsmethoden bei der Analyse einer Textmarker-
tinte. (a)-(d) Massenspektren der Tinte eines gelben Textmarkers aufgenom-
men mittels DINeC-MS, SIMS, MALDI-MS und ESI-MS. DINeC- und SIMS-
Massenspektren sind im Inset zudem im kleineren Massenbereich dargestellt. Das
Hauptsignal (roter Pfeil) bei m/z = 362 wird dem intakten Farbstoff (Basic Yel-
low 40) zugeordnet. Grau gestrichelte Linien kennzeichnen Peaks, die Fragmenten
des Farbstoffs zugewiesen werden. Weitere Peaks im DINeC- und ESI-Spektrum,
die mit schwarzen bzw. roten Linien markiert sind, werden Verunreinigungen
bzw. weiteren Inhaltsstoffen der Textmarkertinte zugeordnet. Die Intensitéitsver-
teilung der Peaks bei m/z > 362 im MALDI-Spektrum resultiert aus zusétzlich
auftretenden protonierten Spezies (|[M-+H]™) [56,57]. Neben den Spektren ist die
jeweilige Probenpréiparation schematisch dargestellt.

in diesem Fall dass die meisten Fragmente durch den MALDI- (= 24%) bzw. den
SIMS-Prozess (~ 17%) induziert werden. Die Zersetzung des Farbstoffs durch
MALDI-MS ist wahrscheinlich auf den laserinduzierten Farbstoffabbau zuriickzu-
fithren [59, 60], der durch das Siliziumsubstrat im Vergleich zum Papiersubstrat
(Vergleiche Artikel I, Supporting Information, Fig. S6) noch gesteigert ist. Trotz
der fiir SIMS vergleichsweise milden Desorptionsbedingungen durch Argonclus-
ter zeigen die Spektren, dass bevorzugt COy von der Cumarineinheit abgespal-
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ten bzw. die Bindung zwischen den beiden Molekiileinheiten aufgebrochen wird.
Die fragmentdarmsten Spektren werden mit DINeC-MS und ESI-MS erzeugt. Fiir
beide Methoden liegt der Anteil der Intensitdt dieser Peaks, die Fragmenten zu-
geordnet werden konnen, bei < 2% und konnte auch auf Fragmente in der Tinte
zuriickzufiihren sein.

Die sanfte Natur der clusterinduzierten Desorption wird durch diesen Vergleich
mit anderen Ionisationsmethoden deutlich. Die Technik eignet sich damit un-
ter anderem zur Untersuchung von Fragmentierungsreaktionen organischer Mo-
lekiile (Vergleiche Abschnitt 3.2.2). Weiterfithrende Anwendungen kénnten z.B.
in der Medizin die Untersuchung strahleninduzierter Zersetzungsreaktionen von
(bio)organischen Molekiilen sein, die u.a. im Rahmen der Krebstherapie eine Rolle
spielen [61,62].

2.2 Untersuchte Systeme

Im Rahmen dieser Arbeit wurden organische Farbstoffe und ionische Fliissigkeiten
untersucht, die im Folgenden kurz eingefiihrt werden.

2.2.1 Organische Farbstoffe

Farbige Gegenstidnde und die in ihnen enthaltenen Pigmente oder Farbstoffe be-
gegnen uns iiberall im téglichen Leben. Der wahrgenommene Farbeindruck re-
sultiert aus der Wechselwirkung von elektromagnetischer Strahlung und Materie,
die verschiedene, oft auch gleichzeitig ablaufende Prozesse wie Absorption, Re-
flexion, Brechung, Beugung, Streuung und Fluoreszenz beinhaltet [63]. Bei den
in dieser Arbeit untersuchten organischen Farbstoffen entsteht die Farbe im We-
sentlichen durch Absorption, die durch Anregung der elektronischen Uberginge
zwischen Molekiilorbitalen hervorgerufen wird (Vergleiche Abb. 2.4(a)). Mdogliche
Uberginge sind z.B. ¢ — o, 71 — 7", n — @ und n — o*. Durch konju-
gierte m-Elektronensysteme oder auxochrome funktionelle Gruppen! kénnen die
Energieniveaus der Molekiilorbitale relativ zueinander verschoben werden. Die
Energiedifferenz der beiden elektronischen Ubergange n — 7* und 7 — 7* kann
dabei ausreichend verschoben werden, dass die Absorptionsbande in den sichtba-
ren Spektralbereich iibergeht (Vergleiche Abb. 2.4(b)).

Farbstoffe konnen nach verschiedenen Merkmalen eingeteilt werden, z.B. nach
ihrer chemischen Struktur, ihrer Herkunft (natiirlich oder synthetisch), oder dem
verwendeten Férbeverfahren [66]. Bei den in Artikel I untersuchten Farbstoffen
(Vergleiche Abb. 2.4(c)-(e)) handelt es sich um kationische Farbstoffe, die fiir die
Farbung von Stoffen mit anionischen Oberflichen wie Papier und Holz besonders
gut geeignet sind. Absorption durch 7 — 7* Ubergiinge bestimmen dabei die
Farbe der gezeigten Molekiile, allerdings spielen auch Fluoreszenzprozesse eine

! Auxochrome Gruppen sind Elektronendonatoren mit einem freien Elektronenpaar wie
Ether, Amine, Sulfide und Halogene [64].
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Abbildung 2.4: Farbstoffe. (a) Schematische Darstellung von Elektroneniiber-
giangen zwischen verschiedenen Molekiilorbitalen in Farbstoffen (x: antibindendes
Molekiilorbital, n: nichtbindendes (freies) Elektronenpaar) und (b) deren typische
Absorptionsbereiche [65]. (¢)-(e) Strukturformeln verschiedener Farbstoffe, die in
dieser Arbeit untersucht wurden.

Rolle [67,68]. Fiir die folgende Untersuchung ist weiterhin wichtig, dass die Farbe
verschiedener Werkstoffe, u.a. von Tinte, wird oft nicht durch einzelne Molekiile
erzeugt, sondern durch eine Mischung mehrerer Molekiile [69].

2.2.2 Ionische Fliissigkeiten

Tonische Fliissigkeiten (IL) sind Salze, deren Schmelzpunkt unter 100°C liegt und
die somit bei Raumtemperatur fliissig sein kénnen |70, 71]. Dies wird durch die
Delokalisierung der Ladung in den zumeist organischen Komponenten erreicht,
die nicht nur im II-Elektronensystem der organischen Kationen auftritt (Verglei-
che Abb. 2.5(a)), sondern auch in kleinen Resonanzstrukturen durch Doppel- oder
Dreifachbindungen in den Anionen, wie in Acetaten, Triflaten, Sulfaten, Dicyana-
miden und Thiocyanaten, vorkommt (Vergleiche Abb. 2.5(b)) [72,73|.

ILs werden als ,,Designer-Solvents* bezeichnet, da durch die Vielzahl der Kombi-
nationsmoglichkeiten von Kationen und Anionen die gewiinschten Eigenschaften
der Fliissigkeit gesteuert werden kdnnen. Sie zeichnen sich unter anderem durch
ihre Losungseigenschaften aus, die es ermoglichen, ein ionisches Milieu zu schaffen,
ohne die hohen Temperaturen und die damit verbundenen hohen Energiekosten
einer Salzschmelze in Kauf nehmen zu miissen. Weitere Eigenschaften von ILs sind
ihre geringe Fliichtigkeit, hohe thermische Stabilitdt und hohe Leitfahigkeit [74].
Die Anwendungsbereiche der ILs sind weit verbreitet, in vielen davon ist die Ober-
fliche der IL von Bedeutung [75,76]. Zur Untersuchung der atomaren /molekularen
Oberflicheneigenschaften ionischer Fliissigkeiten wurden bisher insbesondere
rontgenbasierte Methoden genutzt. Neben Elektronendichteprofilen aus Rontgen-
reflektometrie Messungen [77-80] gibt insbesondere auch die Photoelektronen-
spektroskopie (XPS) Informationen iiber die Zusammensetzung der Oberfldchen

11
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Abbildung 2.5: Tonische Fliissigkeiten. Chemische Strukturformeln von den
gebrauchlichsten (a) Kationen und (b) Anionen ionischer Fliissigkeiten und (c)
eine Fotografie einer ionischen Fliissigkeit auf einem Stiick Silizium-Wafer wie sie
fiir die Experimente in dieser Arbeit verwendet wurde.

von ionischen Fliissigkeiten. Durch Variation des Einfallswinkels der Rontgen-
strahlung kann die Informationstiefe bei XPS verdndert werden, was eine Unter-
scheidung der Oberflachen- und Volumeneigenschaften ermoglicht [81-85|. Mas-
senspektrometrie wurde fiir die molekulare Untersuchung der Oberflache von ILs
bisher nur in wenigen Fillen verwendet [86,87]. Allgemein variiert die Zusammen-
setzung der Oberflache ionischer Flissigkeiten mit den verschiedenen Ionen [88];
so neigen stark fluorierte Ionen und Ionen mit langen Alkylketten dazu, sich an
der Oberfliche anzureichern [89].
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3 | Ergebnisse und Diskussion

Die Desorption mittels neutraler SOo-Cluster wurde in dieser Arbeit vielfiltig zur
Praparation diinner Filme organischer Molekiile, und in Kombination mit der
Massenspektrometrie, zur Analyse von Proben, die aus organischen Molekiilen
aufgebaut sind, eingesetzt. Im ersten Teil dieses Kapitels wird die Praparations-
methode DINeC-Depo fiir die Abscheidung diinner Schichten organischer Molekii-
le vorgestellt, die in Artikel III erstmals publiziert wurde. Im zweiten Teil dieses
Kapitels wird die zerstorungsfreie und oberflichenempfindliche Desorptions-/Ton-
isationsmethode DINeC in Kombination mit der Massenspektrometrie zur Ana-
lyse der Oberflacheneigenschaften verschiedener organischer Systeme verwendet.
Die eindeutige Zuordnung von Farbstoffen in Textmarkertinte und die Untersu-
chung ihre Zersetzungsreaktionen wurden dabei in Artikel I thematisiert. Die
Oberflichenzusammensetzung ionischer Fliissigkeiten und weitere strukturelle Ei-
genschaften von ILs wurden in Artikel IT behandelt.

3.1 Praparation organischer Schichten mittels
clusterinduzierter Desorption

Die bei der Desorption mittels neutraler SO,-Cluster desorbierten Ionen wur-
den bisher ausschlieklich fiir die massenspektrometrische Analyse verschiedener
Probensysteme verwendet. Wenn die desorbierten Molekiile statt in das Massen-
spektrometer auf ein Substrat iiberfithrt werden, kénnen Filme der desorbierten
Spezies hergestellt werden (Vergleiche Abb. 1.1(a)). Quarzkristall-Mikrowaagen-
Messungen zur Dokumentation der Massenénderung des Substrats, auf dem die
Molekiile abgeschieden werden, und Massenspektren von Proben dieser Filme
wurden in Artikel III vorgestellt und zeigen qualitative und quantitative Eigen-
schaften der Schichten. In den folgenden Unterkapiteln wird die experimentelle
Durchfithrung der Deposition organischer Molekiile durch die Desorption mit-
tels neutraler SOy Cluster kurz beschrieben und die Analyse der so praparierten
Schichten mit Hilfe der DINeC-MS diskutiert. Anschliefend wird diese Abschei-
dungsmethode mit dhnlichen Techniken verglichen.

3.1.1 Apparativer Aufbau und Massenspektren

Die fiir die Depositionsexperimente verwendete Hochvakuumapparatur ist in
Abb. 3.1 dargestellt. Die SO, Cluster werden entsprechend den Clustern der
DINeC-MS-Experimente erzeugt (Vergleiche 2.1.2), wodurch sie identische Ei-
genschaften aufweisen. Der Clusterstrahl trifft unter einem Winkel von 45° zur
Oberflichennormalen auf das Target, auf dem sich der Volumenfilm der zu de-
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Abbildung 3.1: Schematischer Aufbau der DINeC-Depo-Apparatur
und Massenspektren von DINeC-Depo Proben. (a) Der Clusterstrahl wird
durch ein Gasgemisch aus SO, und Helium erzeugt, das iiber eine gepulste Diise
in die Vakuumkammer eingelassen wird. Der Skimmer, den der Clusterstrahl vor
dem Auftreffen auf der Probe passiert, schneidet die dufseren Bereiche des Clus-
terstrahls ab. Nach der Desorption der Target-Molekiile wird ein Teil der desor-
bierten Spezies auf dem Substrat abgeschieden. (b)-(d) DINeC-Massenspektren
(pos. Tonen) reiner und gemischter Proben von Angiotensin IT und Bradykinin 1-7,
erzeugt durch DINeC-Depo (Depositionsdauer gesamt tqepo = 6 h, ds = 12 mm).
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ponierenden Molekiile befindet. Die Targets konnen wiahrend des Depositionspro-
zesses mithilfe eines Manipulators ausgetauscht werden, um Mischproben herzu-
stellen. Der Desorptions-/Ionisationsmechanismus erfolgt ebenfalls analog zu den
DINeC-MS Experimenten (Vergleiche Abschnitt 2.1.1). Ein Teil der desorbierten
Molekiile trifft auf das gegeniiberliegende Substrat und wird dort abgeschieden.
Das Substrat wurde mit einer Maske (perforierte Metallplatte, Lochdurchmes-
ser d = 6 mm) bedeckt. Der Abstand zwischen Target und Substrat (dst) kann
variiert werden. Durch ein Absperrventil kann das Substrat mit einer mobilen Va-
kuumkammer zur einer beliebigen anderen Vakuumkammer (meist DINeC-MS-
Apparatur) transportiert werden, ohne die Probe der Umgebungsatmosphére aus-
zusetzen [90]. SiOg-Substrate fiir DINeC-Depo wurden zusétzlich zur Reinigung
im Ultraschallbad in Ethanol und Aceton (jeweils 15 min.) mit einem Reinigungs-
schritt entsprechend der Vorschrift ,RCA Clean Typ 2“ gereinigt [91]|. Das Target
besteht aus einem Stiick eines Siliziumwafers (2x2 ¢cm?), der mit der natiirlichen
Oxidschicht bedeckt ist. Der Volumenfilm auf der Oberfliche des Targets wird
analog zu den Volumensproben der DINeC-MS-Proben prapariert, jedoch wird
mehr Losung aufgetragen (V' = 100 puL).

In Abb. 3.1(b)-(d) sind beispielhaft die Massenspektren von reinen und gemisch-
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ten Peptidproben von Angiotensin IT und Bradykinin 1-7, die mittels DINeC-Depo
abgeschieden wurden, dargestellt. Die reinen Angiotensin II- (b) und Bradyki-
nin 1-7-Proben (Abb. 3.1(d)) zeigen Hauptpeaks bei m/z = 1046 und m/z = 757.
Diese kénnen den intakt abgeschiedenen Peptiden zugeordnet werden. Zusétzlich
auftretende Peaks in beiden Spektren in geringer Intensitéit, die Addukten [92]
oder Fragmenten [62,93] zugeordnet werden konnen, werden in Artikel IIT aus-
fiihrlich diskutiert. Fiir beide reinen Proben liegt der Anteil der Intensitdt der
Peaks, die Fragmenten zugeordnet werden konnen, bei < 3%. Dies stellt die obe-
re Grenze filir die mittels DINeC-Depo erzeugten Fragmente dar. Wahrscheinlich
ist ein Teil dieser Fragmente aber auch anderen Prozessen, z.B. OF-Reaktionen,
zuzuordnen.

Die Mischprobe, deren Spektrum in (c) gezeigt wird, wurde durch stiindlichen
Wechsel zwischen den Targets aus Angiotensin II und Bradykinin 1-7 wihrend
der sechsstiindigen Deposition hergestellt. Auch in diesem Spektrum koénnen die
Hauptpeaks bei m/z = 1046 und m/z = 757 den einzelnen Peptiden ([M-+H]|")
zugeordnet werden. Trotz vergleichbarer Intensitdt der Hauptpeaks in den Proben
der reinen Peptide spiegelt die Mischprobe nicht das Verhaltnis der Depositions-
dauer wider. Unterschiedliche Desorptions-/Ionisationseffizienzen der Peptide von
den Targets, wie sie bereits beobachtet wurden [42], oder Matrixeffekte [94-97], in
Form einer Beeinflussung der Desorptions-/Ionisationseffizienzen durch die An-
wesenheit eines anderen Molekiils, konnen fiir diese Abweichung verantwortlich
sein.

Massenspektren von weiteren DINeC-Depo Proben werden in Artikel TIT disku-
tiert, wobei weitere Eigenschaften der hergestellten Filme und des Depositions-
prozesses untersucht wurden, die zum Teil in Abschnitt 3.2 nochmals aufgegriffen
werden.

3.1.2 Vergleich mit verwandten Methoden

Wie DINeC-Depo aus DINeC-MS hervorgegangen ist [98], sind viele der Me-
thoden zur sanften Deposition von Biomolekiilen aus Techniken hervorgegangen,
die urspriinglich in der Massenspektrometrie verwendet wurden. Die Deposition
mittels Gascluster-Tonenstrahl (GCIB) geht dabei auf die Sekundérionen Massen-
spektrometrie (SIMS) mittels GCIB zuriick [99,100].

Die Depositionsmethode der matrixgestiitzten, gepulsten Laserverdampfung
(Matrix-Assisted Pulsed Laser Evaporation, MAPLE) hat Ahnlichkeiten
mit der Massenspektrometrie basierend auf der Matrixgestiitzten Laser-
Desorption/Ionisation (Matrix Assisted Laser Desorption/Ionization, MALDI)
[101, 102]. Elektrospray-lonenstrahldeposition (Electrospray Ion Beam Depo-
sition, ES-IBD) leitet sich von der in der Massenspektrometrie verwendeten
Elektrospray-lonisation (Electrospray Ionization, ESI) ab [103-105]. Abb. 3.2 ver-
gleicht diese vier Techniken hinsichtlich der nétigen Praparationsschritte.

Die in Abb. 3.2(a) dargestellten Methode der Deposition mittels DINeC wurde
beziiglich ihrer Funktionsweise und physikalischer Grundlagen in dieser Arbeit be-
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Abbildung 3.2: Schematischer Vergleich der Experimente verschiede-
ner Depositionstechniken, die auf der Grundlage massenspektrometri-
scher Verfahren entwickelt wurden. Fiir die Priparation des Targets muss
das Molekiil fiir alle gezeigten Techniken zunéchst in einem geeigneten Losungs-
mittel gelost werden. Die Targets fiir die Abscheidung mittels (a) DINeC-Depo
und (b) GCIB-Depo werden aufgetropft und getrocknet; es sind keine weiteren
Préparationsschritte erforderlich. (¢) Die Matrixmolekiile im MAPLE-Verfahren
werden vor dem Einfrieren zu den geldsten Molekiilen hinzugefiigt. Die Biomo-
lekiile werden mit einem Laser aus der gefrorenen Matrix verdampft. Im Falle
der ES-IBD (d) werden die Ionen entsprechend des ESI-Verfahrens erzeugt und
getrennt und tiber mehrere differentielle Pumpstufen auf die (oftmals im UHV
priparierten) Proben transferiert.

reits ausfiihrlich beschrieben (Vergleiche 3.1.1). In Abb. 3.2(b) ist die Deposition
mittels Desorption durch Gas-Cluster-Ionen dargestellt. Die atomaren Primério-
nen, die in SIMS-Experimenten bevorzugt fiir anorganische Proben verwendet
werden, werden fiir die Desorption empfindlicher Biomolekiile durch geladene
Edelgascluster ersetzt [106-108]. Diese kommen auch bei dieser Depositionsme-
thode zum Einsatz. Die Targets der GCIB-Deposition kénnen auf die gleiche Wei-
se hergestellt werden wie die Targets fiir die DINeC-Deposition. Die geladenen
Edelgascluster treffen typischerweise unter einem Winkel von > 45° zur Oberfla-
chennormalen auf das Target auf [109]. Die Energiedichte der Cluster liegt mit
> 1 eV/Atom {iber der typischen Energieschwelle fiir das Sputtern organischer
Proben [47]. Dadurch ist die Abloseeffizienz hoher als bei DINeC-Depo, allerdings
ist der Anteil fragmentierter Molekiile (> 40%) auch deutlich héher [110].

Fiir die Deposition mittels MAPLE (Abb. 3.2(c)) werden die gelosten Molekiile
zusammen mit einer Matrix aus leicht fliichtigen Substanzen eingefroren, um das
Target herzustellen. Dieses wird unter weiterer Kiihlung in der Vakuumkammer
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eingebaut. Zur Desorption und Ionisation wird ein Laser verwendet. Der Hauptteil
der Energie wird von der Matrix absorbiert, die dann verdampft. Die Matrixmo-
lekiile, die teilweise zusammen mit den zu deponierenden Molekiilen aufgetra-
gen werden, sind so gewihlt, dass sie bei Raumtemperatur wieder vom Substrat
desorbieren. Molekiile bis zu 1000 kDa kénnen auf diese Weise intakt iibertragen
werden; eine photokatalytische Zersetzung der Molekiile wird typischerweise nicht
beobachtet [102,111,112]. Die niedrigen Temperaturen erfordern eine aufwendige-
re Handhabung des Targets sowie eine komplexe Anlage. Ahnlichkeiten zwischen
MAPLE und DINeC-Depo zeigen sich darin, dass sowohl Matrixmolekiile als auch
das SOy der DINeC-Cluster zundchst mit auf die Oberfliche deponiert werden. In
beiden Prozessen desorbiert jedoch der Grofiteil der unerwiinschten Bestandteile
wieder.

Bei der letzten Methode, ES-IBD (Abb. 3.2(d)), wird die vorbereitete Lisung
durch eine Diise direkt in die Kammer gespriiht und die Ionen entsprechend des
ESI-Prozesses erzeugt und separiert. Abhéngig von der kinetischen Energie, mit
der die Molekiile aufgebracht werden, konnen > 87% der Molekiile intakt abge-
schieden werden [113]. Der Depositionsprozess funktioniert jedoch ausschlieklich
16sungsbasiert und der Aufbau ist aufgrund der differentiellen Pumpstufen auf-
wendiger.

Die Deposition mittels clusterinduzierter Desorption zeichnet sich somit durch
eine Kombination aus einfachem Aufbau und sehr sanfter Desorption aus. In
zukiinftigen Experimenten konnte durch die Selbstorganisation biomolekularer
Schichten [114] und die damit verbundene Ausbildung homogener Schichten die
Methode z.B. in Richtung der Herstellung von Biomembranen erweitert werden.

3.2 Analyse organischer Proben mittels DINeC-
MS

Fiir die in dieser Arbeit durchgefiihrten Analysen wurde insbesondere der Aspekt
der fragmentfreien Desorption des DINeC-Prozesses genutzt, welcher bereits
anhand des Vergleichs der verschiedenen Desorptions-/lonisationstechniken in
Abschnitt 3.1.2 und den DINeC-Massenspektren der DINeC-Depo-Proben in
Abb. 3.1 gezeigt wurde. Dabei ist zu bemerken, dass die Molekiile die zu den
Spektren von den DINeC-Depo-Proben beitragen, den Desorptionsprozess sogar
zweimal durchlaufen haben - zuerst bei der Deposition und dann noch einmal
bei der massenspektrometrischen Analyse. Trotzdem wurde eine Obergrenze von
maximal 3% fragmentierter Molekiile in den Spektren nicht iiberschritten, und in
einigen Fillen wurden sogar deutlich niedrigere Werte erreicht [98]. Ein Teil dieser
Fragmentpeaks kann dariiber hinaus seinen Ursprung auch in der Fragmentierung
auf der Oberfliche ohne Einfluss des Clusters haben.

Die sanfte Natur des clusterinduzierten Desorptionsprozesses wurde in dieser Ar-
beit nun insbesondere angewendet, um Farbstoffe in Textmarkertinten eindeutig
zu identifizieren und ihre Zersetzungsreaktionen zu untersuchen. Dariiber hinaus
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wurden weitere Reaktionen von Molekiilen auf Oberflichen, insbesondere un-
ter Verwendung von Proben, die mittels DINeC-Depo hergestellt wurden, unter-
sucht. Da DINeC-MS sich ebenfalls als besonders oberflichenempfindlich erwiesen
hat [42], kann die Methode auch zur Untersuchung von Oberflichenzusammen-
setzungen genutzt werden. In dieser Arbeit wurde dies u.a. zum ersten mal auf
die Oberflachen fliissiger Proben, ndmlich ionischer Fliissigkeiten, angewendet.

3.2.1 Oberflachenzusammensetzung

Als Beispiel fiir die oberflichenempfindliche Analyse mittels DINeC-MS wurden
in Artikel I iiber die Zusammensetzung von Textmarkertinte und die Zerset-
zungsreaktionen der Farbstoffe hinaus auch einfache Schichtsysteme auf ihre Zu-
sammensetzung hin analysiert. Dafiir wurden zwei Tinten sukzessive aufgetragen
(Vergleiche 3.3(a)) und das Schichtsystem mittels DINeC-MS untersucht. In die-
sem Experiment kann in dem jeweiligen Massenspektrum (3.3(b)) die obere Lage
entsprechend des Intensitdtsverhéltnisses eindeutig bestimmt werden. Im gezeig-
ten Beispiel ist der Hauptpeak bei m/z = 362 (gelber Pfeil) dem Kation des gel-
ben Farbstoffs (Basic Yellow 40, Vergleiche Strukturformel in Abb. 2.4(e)) der gel-
ben Tinte zuzuordnen. Da die Dicke von Tinte im Mikrometerbereich liegt [115],
kann dieses System als Schichtung zweier vergleichsweise dicker Filme betrach-
tet werden. Bei endlicher Messdauer ist daher auch nur Signal von der oberen
Farbstoffschicht zu erwarten. Dass beim Auftragen der Tinten dennoch eine Ver-
mischung stattfindet, zeigt der Peak bei m/z = 372 (blauer Pfeil), der der zuerst
aufgetragenen blauen Kugelschreiber-Tinte zugeordnet wird.

Die hohe Oberflaichenempfindlichkeit der DINeC-MS Technik wurde ebenfalls bei
der Analyse von Volumensproben ionischer Fliissigkeiten (Vergleiche 3.3(c)) in
Artikel IT genutzt. Die beispielhaften Massenspektren einer ionischen Fliissig-
keit in 3.3(d) zeigen die intakte Desorption kationischer C(CA){ bzw. anionischer
A(CA); Cluster (n =0,1,2,...), markiert durch graue Striche. Dabei ist auffillig,
dass die Intensitdt der kationischen bzw. anionischen Peaks sehr unterschiedlich
ist. Unter der Annahme, dass die Desorptions- und Ionisationseffizienz unabhén-
gig von den lonen ist, spiegelt das Intensitdtsverhaltnis direkt das Verhéltnis der
an der Oberflache vorhandenen Tonen wider.

Trigt man das Intensitédtsverhéltnis I/Tx von Kationen und Anionen als Funk-
tion des Massenverhéltnisses mc/my von Kationen und Anionen verschiedener
ionischer Fliissigkeiten auf, so zeigt sich, dass die Oberflichenzusammensetzung
mit der molekularen Zusammensetzung variiert (Vergleiche 3.3(e)). Kationen mit
langer Alkylkette in Kombination mit kleinen Anionen neigen in Ubereinstim-
mung mit der Literatur [83,89,116,117] zur Anlagerung an der Oberfliche. Diese
Tendenz nimmt ab, je grofer die Anionen sind. Wenn zusétzlich die Alkylkette
des Kations verkiirzt wird, kann eine bevorzugte Anlagerung von Anionen an der
Oberfliche beobachtet werden. Im Vergleich zu Volumensproben ist in diinnen
Filmen auf SiO, die Tendenz der Kationen, sich an der Oberfliche anzulagern,
noch ausgeprigter. Triagt man das Intensitiatsverhiltnis I¢/Ix von Kationen und

18



3.2. Analyse organischer Proben mittels DINeC-MS

R eoe

x10° x108

5 | (b) 100 l Cation (d)

.E. 5 i ! 10'

> [ | ! ; 1 I | <<(

: l¢ [M]+ R = 1f

c I

(O] .

E b . -10} Anllon 1 o1k . . s
300 400 500 O 1000 2000 0.2 05 1 2 3

m/z m/z mc/my

Abbildung 3.3: Schematische Darstellung verschiedener Probensyste-
me und zugehdrige Analyse der Oberflichenzusammensetzung. (a) Sche-
matische Darstellung des Schichtsystems zweier Tinten und (b) das entsprechende
Massenspektrum (pos. Tonen). (¢) Schematische Darstellung der Oberflichenzu-
sammensetzung der Volumensprobe einer ionischen Fliissigkeit und (d) beispiel-
hafte Massenspektren von 1-Decyl-3-methylimidazoliumtetrafluorborat (rot: pos.
Ionen, blau: neg. Ionen). Graue Striche kennzeichnen pos./neg. Cluster aus den
Ionen der Fliissigkeit. Die Intensitdt nimmt mit steigender Groke des Clusters
ab. Das Verhéltnis von positiven zu negativen Peaks und damit von Ionen an der
Oberfliche liegt bei I/Ix &~ 50. (e) Schematische Darstellung der Oberflichenzu-
sammensetzung des diinnen Films einer ionischen Fliissigkeit und (f) Intensitéts-
verhéltnis Ic/I5 der kationischen und anionischen Peaks ionischer Fliissigkeiten
aus DINeC-Massenspektren als Funktion des Massenverhiltnisses mo/my fiir die
zwei untersuchten Probenarten (lila: Volumensproben, pink: diinne Filme).

Anionen als Funktion des Massenverhéltnisses m¢/my von Kationen und Anionen
fiir diinne Filme auf (Abb. 3.3(e)), so zeigt sich fiir die Oberflichen aller unter-
suchten ionischen Fliissigkeiten ein hoheres Intensititsverhéltnis verglichen mit
den Ergebnissen von Volumensproben. Dies wird in Artikel II auf den Einfluss
des Substrates auf die Oberflichenzusammensetzung zuriickgefiihrt. Aufgrund der
geringen Dicke des Films begiinstigt die SiO5-Oberfliche mit ihren endstdndigen
Hydroxylgruppen offensichtlich die Anlagerung von Kationen an der Oberfliche.
Wie bereits in Abschnitt 2.2.2 beschrieben, sind herkémmliche Techniken zur
Analyse der Oberflichenzusammensetzung ionischer Fliissigkeiten XPS und
SIMS. Wie DINeC-MS weist XPS ebenfalls eine hohe Oberflichenempfindlich-
keiten auf. Allerdings ist die molekulare Information nur indirekt iiber die che-
mische Verschiebung der XPS-Peaks zugénglich [118]. SIMS-Experimente liefern
Informationen iiber die molekulare Struktur von Materialproben; jedoch ist die
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Oberflichenempfindlichkeit geringer als bei DINeC-MS [93] und in der Litera-
tur wurde insbesondere die Fragmentierung der Tonen der ionischen Fliissigkeit
diskutiert [119].

3.2.2 Reaktionen auf Oberflachen und in organischen Fil-
men

Das Substrat beeinflusst nicht nur die Oberflichenzusammensetzung ionischer
Fliissigkeiten, sondern spielt auch eine entscheidende Rolle bei den Depositionsex-
perimenten in Artikel ITI. So zeigen fiir diese Anwendung ungeniigend gereinigte
Substrate in den Massenspektren eine Adduktbildung der abgeschiedenen Mole-
kiile mit an der Oberfliche adsorbierten Ionen. Diese Reaktion kann gezielt fiir
Verdnderungen der Molekiile auf der Oberfliche genutzt werden. Wird beispiels-
weise eine CaCly-Losung auf einem SiOo-Substrat getrocknet und das Peptid An-
giotensin IT mittels DINeC-Depo (Depositionsdauer tgepo = 6 h, dst = 12mm) auf
der Salzoberfliche abgeschieden, so erhélt man von der Probe das in Abb. 3.4(b)
gezeigte DINeC-Massenspektrum. Der rote Pfeil bei m/z = 1046 kennzeichnet
das intakte Biomolekiil [M-+H]|", wihrend die weiteren Peaks im Spektrum bei
m/z = 1066 (|[M-HO-H + Ca]*), m/z = 1084 ([M - H + Ca|") und m/z = 1122
(M - 3H + 2Ca]") Angiotensin IT mit Calcium als Addukt zugeordnet wurden.

Die Wechselwirkung zwischen einem Adsorbat und einer abgeschiedenen Spezi-
es wurde in Artikel III weiterhin genutzt, um die Metallisierung eines Pophy-
rins in einem DINeC-Depo Experiment durchzufiihren und zu untersuchen. Wie
in Abb. 3.4(c) dargestellt, werden dabei zwei der Protonen im Porphyrin-Ring
durch ein Kupfer(IT)ion ausgetauscht. Dafiir wurde eine CuCly-Losung auf einem
SiO9-Substrat getrocknet und Tetraphenylporphyrin (TPP) durch DINeC-Depo
(Depositionsdauer tgepo = 6 h, dsy = 30 mm) auf dem Salz deponiert. Das zu
dem Versuch gehorige DINeC-Massenspektrum ist in Abb. 3.4(d) gezeigt. Der
mit dem roten Pfeil bei m/z = 615 gekennzeichnet Peak kann dem nicht rea-
gierten Edukt TPP ([M+H]|') zugeordnet werden. Peaks mit Am/z = 16 sind
mit Oxidationsreaktionen des Edukts verbunden [120]. Der mit dem orangenen
Pfeil gekennzeichneten Peak geringer Intensitit bei m/z = 675 wird einem Pro-
dukt der Reaktion von TPP mit Cu zugeordnet. Eine hohere Intensitit hat der
Peak bei m/z = 692, gekennzeichnet mit dem violetten Pfeil, der dem Produkt
einer Oxidationsreaktion des deponierten Porphyrins mit eingebundenem Kupfe-
rion, [M+O+H+Cu] ", zugeordnet wird. Diese oxidierte Spezies ist ebenfalls das
Hauptprodukt der Deposition des CuTPP auf SiOs. Weitere Einzelheiten dieser
Reaktion sind in Artikel IIT diskutiert.

Neben der bereits beschriebenen Adduktbildung durch Adsorbate auf der Ober-
fliche wurden auch Oxidationsreaktionen von Peptiden durch die Kombination
von DINeC-Depo und DINeC-MS in Artikel III untersucht. Dazu wurde das
Substrat chemisch modifiziert, um die abgeschiedenen Molekiile zu beeinflussen.
Das SiO,-Substrat wurde z.B. dem Reinigungsschritt ,RCA Clean Typ 2 [91] un-
terzogen und dabei mit Wasserstoffperoxid behandelt, was zu einer Aktivierung
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Abbildung 3.4: schematische Darstellung zu Reaktionen mittels
DINeC-Depo abgeschiedener Molekiile auf Oberflichen und zugehorige
DINeC-Massenspektren. (a) Schematische Darstellung der Reaktion zweier
Oberflachenadsorbate und (b) das zugehorige Massenspektrum der DINeC-Depo
Probe von Angiotensin IT auf CaCl,. Zusédtzlich zum Peak des intakten Mole-
kiils (roter Pfeil) treten Peaks auf, die Addukten von Angiotensin II und Ca
zugeordnet werden. (¢) Metallisierungsreaktion von Tetraphenylporphyrin durch
ein Kupferion und (d) das zugehorige Massenspektrum der DINeC-Depo-Probe
von Tetraphenylporphyrin (TPP) auf CuCl,y. Zusétzlich zum Peak des intakten
Edukts (roter Pfeil) treten Peaks auf, die einer Reaktion von TPP und Cu zuge-
ordnet werden kdnnen.

der Probenoberfliche fiihrte. Das Massenspektrum einer solchen Probe, auf die
direkt nach der Reinigung Angiotensin II-Molekiile durch DINeC-Depo (Deposi-
tionsdauer tgepo = 6 h, dst = 12 mm) abgeschieden wurden, ist in Abb. 3.5(b)
dargestellt. Der rote Pfeil bei m/z = 1046 kennzeichnet das intakte Biomolekiil
[M+H]". Die drei Peaks jeweils im Abstand Am/z = 16 vom Peak des intakten
Peptids (mit blauen Pfeilen markiert) sind Oxidationsprodukten des Peptids zu-
geordnet. Nach langer Lagerung der ,aktivierten Substrate wird diese Reaktion
nicht mehr beobachtet.

Wihrend die Oxidation von Angiotensin II durch das aktivierte Substrat er-
zielt wurde, oxidiert das Peptid Bombesin nach Deposition mittels DINeC-Depo
durch die enthaltenen leicht oxidierbaren Aminosduren Methionin und Trypto-
phan auch ohne Aktivierung des Substrats. Das zugehdrige Massenspektrum des
deponierten Biomolekiils ist in Abb. 3.5(d) dargestellt. Der mit dem roten Pfeil
bei m/z = 1619 gekennzeichnet Peak kann dem intakten Biomolekiil zugeordnet
werden. Die mit den blauen Pfeilen bei m/z = 1635, 1651, 1667, 1683 gekennzeich-
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Abbildung 3.5: Schematische Darstellung verschiedener Probensyste-
me zur Untersuchung von Reaktionen mittels DINeC-MS und zugeho-
rige Massenspektren. (a) Schematische Darstellung der Reaktion eines mittels
DINeC-Depo abgeschiedenen Molekiils mit einer Oberfliche und (b) das zugeho-
rige Massenspektrum der DINeC-Depo-Probe von Angiotensin II auf SiO,, das
durch Wasserstoffperoxid ,aktiviert“ wurde. Die Peaks, die Oxidationsreaktionen
zugeordnet werden, sind jeweils Am/z = 16 voneinander bzw. vom Peak des
intakten Molekiils getrennt. (¢) Oxidation eines durch DINeC-Depo abgeschiede-
nen Biomolekiils auf der Oberfliche durch eine oxidative Umgebung und (d) das
zugehorige Massenspektrum von Bombesin auf SiO,. (e) Struktur des Farbstoffs
Basic Violet 11 mit potentiellen Bruchstellen durch thermische (braun) oder UV-
induzierte Zersetzung (griin) und (f) das zugehorige Massenspektrum des durch
UV-Strahlung zersetzten Farbstoffs.

neten Peaks sind Oxidationsreaktionen des Molekiils zugeordnet. Die Mehrzahl
der deponierten Biomolekiile ist mindestens einmal oxidiert. Die Probe wurde
zwischen DINeC-Depo-Apparatur und DINeC-MS-Apparatur durch die Umge-
bungsatmosphére transferiert, weshalb eine verstarkte Oxidation im Vergleich zu
einem Transport im Vakuum beobachtet wird, wie in Artikel III diskutiert wird.
Neben diesen Oxidationsreaktionen der mittels DINeC-Depo aufgebrachten
Peptide wurden in Artikel I Zersetzungsreaktionen von Farbstoffmolekiilen
mittels DINeC-MS analysiert und verschiedene Zersetzungsprozesse unter-
schieden. Das Massenspektrum in Abb. 3.5(f) zeigt eine Volumensprobe des
Farbstoffs Basic Violet 11, der durch UV-Strahlung teilweise zersetzt wurde.
Der Hauptpeak bei m/z = 471 (schwarzer Pfeil) wird dem intakten Kation des
Farbstoffs zugeordnet. Es gibt noch sieben weitere Peaks im Massenspektrum,
die mit braunen und griinen Pfeilen gekennzeichnet sind. Die mit braunen
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Pfeilen gekennzeichneten Peaks bei m/z = 443 und m/z = 415 sind die
Hauptfragmente im Massenspektrum einer thermisch zersetzten Probe und
entsprechen der Abspaltung von Ethylgruppen entweder an einer der Amin- oder
der Estergruppe. Die potentiellen Bruchstellen im Molekiil sind in Abb. 3.5(e)
durch braune Linien gekennzeichnet. Mit griinen Pfeilen gekennzeichnete Peaks
bei m/z = 457,429,401, 387,359 entstehen ausschlieklich durch UV-induzierte
Zersetzung. Potentielle Bruchstellen im Molekiil sind in Abb. 3.5(f) durch griine
Linien gekennzeichnet. Es ist also moglich, anhand der Massenspektren die zu
Grunde liegende Zersetzungsmethode zu untersuchen und eindeutig zuzuordnen.
Dies konnte u.a. in forensischen Anwendungen oder zur Untersuchung komplexer
photoinduzierter bzw. photokatalytischer Prozesse zum Einsatz kommen.
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Cluster-induced desorption/ionization mass
spectrometry of highlighter ink: unambiguous
identification of dyes and degradation processes
based on fragmentation-free desorptiont
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Highlighter inks were analyzed by means of soft Desorption/lonization induced by Neutral SO, clusters
(DINeC) in combination with mass spectrometry (MS). The dye molecules of the different inks were
directly desorbed from dots of ink drawn on arbitrary substrates. Fragmentation free spectra were
observed and the dyes used in the dye mixtures of the different highlighter inks were unambiguously
identified. The soft nature of cluster-induced desorption was used to investigate the decomposition of
the dye molecules induced by either heat or UV-light. The two processes lead to different decomposition
products which are clearly distinguished in the DINeC spectra. The two different degradation processes

rsc.li/analyst

1. Introduction

The analysis of a mixture of various unknown substances can
be seen as the most general task to be solved in analytical
chemistry." Using mass spectrometry for this task, typically the
mixture has to be purified and/or extractions have to be per-
formed prior to the actual analysis."”> Depending on the appli-
cation, however, a direct analysis without pretreatment, e.g.,
transfer from a substrate into a solvent, is of advantage.

Ink which was either written or printed on paper may serve
as an illustrative example for such a complex mixture of chemi-
cal compounds to be analyzed by mass spectrometry directly
on the original substrate without further process steps.” In
particular, identification of different types of aging of the dyes
used in the ink by means of a well defined correlation between
the aging process and the associated decomposition products
is of high interest with respect to forensic applications.>®**!!
This requires a soft desorption method which does not intro-
duce additional fragments as the latter cannot be distin-
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can thus be discriminated using DINeC-MS.

guished from the products of the degradation process and
hinder the discrimination of the different processes.
Desorption/Ionization induced by Neutral SO, Clusters
(DINeC)"? is such a soft desorption method which can be com-
bined with mass spectrometry (MS) as an analytical tool to
solve this task (Fig. 1). DINeC features matrix-free, soft desorp-
tion/ionization which comes together with simple preparation
of the samples, e.g., by means of drop casting."®'* In the case
of solid samples, direct desorption from the sample surface is
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Fig. 1 Schematics of the experiment: The highlighter ink is applied via
drawing a small dot, e.g., on a SiO, substrate or a piece of paper (pho-
tography in the center, upper part of the figure). The SO, clusters
desorb and ionize the dye molecules from the drawn dot for analysis by
means of MS.
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Paper
possible’™'® without any further treatment. The method is
based on cluster-surface impact of neutral SO, clusters which
both provide the energy for the desorption and serve as a tran-
sient matrix for the molecule to dissolve in."”™'* The dissolva-
tion-promoted desorption process exhibits a low desorption
barrier;'® as a consequence, the kinetic energy of the clusters
can be low and desorption proceeds without fragmentation,
even in the case of fragile biomolecules.*® A variety of different
classes of substances, including among others, lipids, pep-
tides, proteins, dyes, and ionic liquids, were analyzed by
means of DINeC-MS.">*!

Here we apply DINeC-MS for the investigation of highligh-
ter inks with respect to chemical composition and the identifi-
cation of different types of degradation, ie., thermally acti-
vated or photoinduced decomposition. As DINeC-MS does not
induce any fragmentation during the measurement, even
subtle differences in the degradation products can be observed
and the different processes can be discriminated.

2. Experimental

Five different highlighter inks were applied on pieces of
silicon wafers (1 x 1 cm?, covered with a natural oxide layer) by
drawing a dot of ~#5 mm in diameter (photograph shown in
Fig. 1)."* The work flow is illustrated in Fig. S1 in the ESI}
where it is compared to the preparation of measurements by
means of matrix assisted laser desorption/ionization (MALDI)
and electrospray ionization (ESI). The mass spectrometric ana-
lysis of the highlighter inks via DINeC-MS was also performed
on paper substrates on which a similar dot was painted and
from which a piece of 1 x 1 em? in size was cut using a scissor
(photograph shown in Fig. 1). Similar results were obtained on
paper and silicon wafers (Fig. S2 in the ESIT), however, for
better comparability of the different samples, the experiments
described in the following were mainly performed on SiO,.
Prior to sample preparation, the Si substrates were cleaned
with acetone and ethanol in an ultrasonic bath.

The experimental set-up is described in detail elsewhere.™
In brief, the cluster beam is generated via supersonic expan-
sion of a gas mixture containing 3% SO, in He (total pressure
p = 15 bar) via a pulsed nozzle (repetition rate f = 2 Hz,
effective opening time ¢ = 0.3 ms) into the vacuum chamber
(pressure p ~ 10~° mbar). The resulting clusters are of 10° to
10* molecules in size and impinge on the surface with a vel-
ocity of ~10> m s™'.?> This converts into an energy density
below 1 eV per molecule. The desorbed molecules are trans-
ferred into a Paul-trap of a commercial ion trap mass spectro-
meter (amaZon speed from Bruker Daltonik GmbH, Bremen,
Germany) via an electric field, two ion funnels, and multipole
ion guides.

Reference measurements were performed with pure dyes
(Basic Yellow 40 and Basic Violet 11 from Aralon Color GmbH;
Basic Red 1:1 from TCI Chemicals). The reference samples
were prepared from aqueous solution (¢ = 1 x 107> mol L") of
which 30 pL were drop-cast onto a SiO, substrate. For the
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experiments on thermal and UV-induced decomposition of the
dyes, the samples were heated on a hot plate (7 = 200 °C) until
a noticeable change in color was observed. Alternatively, the
samples were irradiated with UV-light (Camag UV-lamp Dual
Wavelength 1 = 254/366 nm, 8 Watts, 10 cm distance between
source and samples, typical irradiation time 8 h).

3. Results and discussion

Mass spectra taken from five highlighter inks of different
colors are shown in Fig. 2. Clear peaks are observed in the m/z
range between 300 and 500. The three strongest peaks appear
in at least three of the five spectra, but always with different
relative intensity with respect to each other. Based on the m/z
value, they are assigned to three well-known dye molecules:
the peak at m/z = 362 is assigned to the coumarin-based fluo-
rescent dye “Basic Yellow 40” (Fig. 3(a), Mcation = 362.2 u), the
peak at m/z = 429 is assigned to the dye called “Basic Red 1:1”,
a rhodamine derivative (Rhodamine 590, Fig. 3(b), Mcation =
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Fig. 2 Positive ion mode DINeC mass spectra from (a) yellow, (b)
orange, (c) red, (d) pink, and (e) purple colored highlighter inks. Three
major peaks are observed at m/z = 362, m/z = 429, and m/z = 471 in
most of the spectra but with varying relative intensity. They are assigned
to three dye molecules shown in Fig. 3. Peak positions of all major peaks
are listed in Table S1 in the ESL{
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Fig. 3 Structural formulas of the three dye molecules identified in the
highlighter inks. (a) Basic Yellow 40 (2-(7-(diethylamino)-2-oxo-2H-1-
benzopyran-3-yl)-1,3-dimethyl-1H-benzimidazoliumchloride) (b) Basic
Red 1:1 (3,6-bis(ethylamino)-9-[2-(methoxycarbonyl)phenyl]-2,7-di-
methylxanthylium chloride) (c) Basic Violet 11 (3,6-bis(diethylamino)-9-
(2-(ethoxycarbonyl)phenyl)xanthylium chloride).

429.2 u), and the peak at m/z = 471 is associated with the dye
“Basic Violet 11”7, another rhodamine derivative (Rhodamine
3B, Fig. 3(c), Mcation = 471.3 u). The relative abundance of the
three main peaks is given in Table S2 in the ESI{ for each of
the five highlighter inks, both for measurements performed
on SiO, substrates as well as on paper. For a given ink, the
results scatter around the mean value by a few percent, the
data sets of different inks are clearly separated (Fig. S31).
Moreover, when we draw two inks on one spot, the relative
abundances of the three main peaks do not match the data of
one single ink and the measured values are given by the super-
position of the intensity ratios of the two original inks
(Table S2 and Fig. S37).

Collision induced dissociation (CID) tandem mass spec-
trometry (MS") was used to unambiguously identify the high-
lighter dye molecules. The MS" spectra from the isolated and
dissociated dye molecules from the highlighter ink mixtures
were either compared to literature values or to MS" spectra
which were obtained from reference dye samples.

The peak at m/z = 429, which we assign to Basic Red 1:1
based on the m/z value, was isolated in the spectrum taken
from the pink highlighter and the MS/MS spectrum is com-
pared to MS/MS data from literature (Fig. 4). The latter were
obtained by electrospray ionization MS/MS.*®> Both spectra
show identical peaks, which were assigned to the dye frag-
ments.”® Based on the agreement in peak position and relative
intensity of the peaks in the MS/MS spectrum, the peak at m/z
= 427 in the highlighter spectra can be clearly assigned to
Basic Red 1:1.

The major peak observed in the spectrum taken from the
yellow highlighter ink (m/z = 362), which was attributed to
Basic Yellow 40, was isolated and the MS/MS spectrum is
shown in Fig. 5. It is compared to a MS/MS spectrum of pure
Basic Yellow 40 which was obtained by means of DINeC-MS
from a reference sample. One intense fragment peak at m/z =
318 is observed. With a difference of A(m/z) = 44 to the intact
dye molecule, it results from a fragment [M-CO,]" due to de-
carboxylation of the dye molecule.>® Further fragment peaks
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Fig. 4 (a) Positive ion mode MS/MS spectrum obtained after isolation

and fragmentation of the peak at m/z = 429 in the DINeC-MS of the
pink highlighter ink. The arrow indicates the peak of the intact molecule.
(b) ESI MS/MS spectrum of Basic Red 1:1 as obtained from literature
data.?® For comparability, the spectra were scaled to the intensity of the
most intense fragment peak. Peak positions of all major peaks are listed
in Table S3 in the ESI.}
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Fig. 5 (a) Positive ion mode MS/MS spectrum obtained after isolation

and fragmentation of the peak at m/z = 362 in the DINeC-MS of the
yellow highlighter ink. The arrow indicates the peak of the intact mole-
cule. (b) Positive ion mode MS/MS spectrum obtained by means of
DINeC-MS of the dye Basic Yellow 40. For comparability, the spectra
were scaled to the intensity of the most intense fragment peak. Peak
positions of all major peaks are listed in Table S4 in the ESI.{

appear with lower intensity but show perfect agreement
between the data from the yellow ink and the Basic Yellow 40
reference sample.

MS" spectra of the peak at m/z = 471, which was isolated
from the mass spectrum of the pink highlighter ink, are
shown in Fig. 6. They are compared to MS" spectra obtained
from a Basic Violet 11 reference sample using DINeC-MS.
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Fig. 6 (a)—(d) MS” spectra in positive ion mode obtained after isolation
and fragmentation of the peak at m/z = 471 in the DINeC mass spectrum
of the pink highlighter ink. The peak in (a) is associated with the intact
molecule. (e)-(h) MS” spectra in positive ion mode obtained after
cluster-induced desorption/ionization and further fragmentation of the
Basic Violett 11 reference sample. Peak positions of all major peaks are
listed in Table S5 in the ESL{

Regardless the strength of the excitation amplitude during
CID, the dye molecule associated with the m/z = 471 peak
decomposes into one fragment with m/z = 443. Further CID
leads to a fragment with m/z = 399, which can be further
decomposed into a fragment with m/z = 355. Both, the peak
isolated from the pink highlighter ink (Fig. 6(a)-(d)) and the
major peak in the spectrum of Basic Violet 11 (Fig. 6(e)-(h))
show the same decomposition behavior, which is also reported
in literature.>>*’

Based on the MS/MS data, the main components in the
highlighter inks were identified. The five colors investigated
are composed of three different components which are mixed
in different concentration to obtain the respective color. These
results show that DINeC-MS can be used for the identification
of the applied dye mixtures without further sample treatment.
The relative signal intensity of the peaks associated with the
different dyes is of the same order of magnitude (if present at
all) within a single spectrum obtained from a sample prepared
with highlighter ink; the different dyes show also comparable
absolute signal intensity when the samples are prepared from
pure dye solution (Fig. 7(a), 8(a), and S4(a)t). If we assume a
neglectable matrix effect'> for the investigated dyes in the
polymer matrix of the highlighter ink (Fig. S2(e)f), this indi-
cates a comparable amount of substance of the different dyes
used in the highlighter inks. However, we would like to
mention that some dyes, such as Brilliant Blue FCF, which is
used in blue and green highlighter inks, show a strongly
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Fig. 7 (a) DINeC mass spectrum in positive ion mode of the dye Basic

Yellow 40. The black arrow indicates the peak at m/z = 362 which is
associated with the intact cation of the dye. (b) The spectrum from the
heated dye sample shows one main additional fragment peak indicated
by a brown arrow. Further decomposition with higher thermal load
(intensity of the main peak reduced to less than 1% of the initial value)
leads to a fragment peak at m/z = 147 (inset, 2nd brown arrow). (c) UV-
light induced decomposition of the yellow dye leads to several pro-
nounced fragment peaks in the spectrum. The peaks labeled with a blue
arrow appear after UV irradiation but not after thermal decomposition.
Peaks labeled with x are assigned to contaminations as deduced from a
comparison with a bare SiO, substrate. Peak positions of all major peaks
are listed in Table S6 in the ESI.{

reduced intensity in the presence of substances with a high
number of OH-groups, such as cellulose.

The full advantage of the soft nature of the DINeC process
is demonstrated when we apply DINeC-MS for the investi-
gation of degradation processes of dye molecules. Dye degra-
dation, either caused by thermal activation or photoexcitation,
is of importance with respect to the stability of the highlighter
ink once applied to a given substrate, e.g., paper. But also in
terms of forensic applications, the discrimination of different
degradation processes can be of great value with respect to the
evaluation of the treatment a written document was exposed
to. Only if the desorption method does not introduce fragmen-
tation by itself, the different degradation processes can be
unambiguously distinguished based on the fragments
observed in the MS spectra.

We start with the thermal decomposition of Basic Yellow
40: the mass spectrum obtained from the intact dye as well as
the one from a thermally treated sample are shown in Fig. 7(a)
and (b), respectively. In the course of thermal decomposition,
which is indicated by a reduced intensity of the peak associ-
ated with the intact molecule, a new peak at m/z = 334 appears
in the mass spectrum of the yellow dye (Fig. 7(b)). With A(m/z)
= 28, this peak can be assigned to the loss of an ethyl group of

This journal is © The Royal Society of Chemistry 2022



Analyst

the diethylamine group of the cation. Only further heating
leads to an additional peak at m/z = 147 (Fig. 7(b), inset),
which is assigned to 1,3-dimethyl-benzimidazolium. The latter
peak is also observed with high intensity in the mass spectrum
taken after illumination of the sample with UV-light (Fig. 7(c)).
UV irradiation leads to further four additional peaks of which
only one is also detected in the spectrum taken after thermal
decomposition. One of the additional peaks is found at m/z =
376, i.e., at a higher m/z value when compared to the intact
molecule thus indicating a UV-induced reaction other than
simple fragmentation. This peak was also observed with laser
desorption/ionization mass spectrometry and MALDL>*° It
might be attributed to the reaction of a methyl group from a
demethylated fragment®” with the intact dye molecule. The de-
methylated fragment is also observed in the spectrum at m/z =
348. The peaks with high intensity at m/z = 147 and m/z = 161
are associated with the fragments obtained when breaking the
bond between the imidazolium ring and the coumarin unit,
leading to the fragment 1,3-dimethyl-benzimidazolium (m/z =
147) and the demethylated protonated 7-aminocoumarine (m/z
= 161). Apparently, UV-induced degradation leads to a frag-
mentation pattern which is significantly different to the mass
spectrum obtained from the Basic Yellow 40 molecule after
thermal treatment. This is also true for increased thermal
load: the respective spectrum (Fig. 7(b), inset) shows a strongly
reduced intensity of the peak associated with the intact dye
molecule (less than 1% of the initial intensity), but the peaks
at m/z = 376, m/z = 348, and m/z = 161 do not appear; only the
peak at m/z = 147 is clearly observed. The different degradation
processes can thus be clearly distinguished by means of a frag-
mentation free desorption/ionization technique.

A very similar picture is obtained from the comparison of
thermal and UV-light induced degradation of Basic Violet 11.
In the mass spectrum of the thermally decomposed violet dye
(Fig. 8(b)), two prominent additional peaks appear at m/z = 443
and m/z = 415. The peak at m/z = 443 is also observed with low
intensity in the reference spectrum of Basic Violet 11 (Fig. 8(a))
and indicates a fragment with a missing ethyl group. It can be
associated with the carboxylic acid which forms an intermedi-
ate in the synthesis of Basic Violet 11*® and which is converted
into the dye molecule by esterification. With A(m/z) = 56, the
second fragment peak in the spectrum of the thermally
decomposed violet dye might be assigned to fragments which
lost two of the five ethyl groups of the dye molecule. Further
heating (Fig. 8(b), inset) does not lead to further dominant
fragments peaks.

In contrast, UV irradiation leads to five additional fragment
peaks at m/z = 457, 429, 401, 387, and m/z = 359 (Fig. 8(c)).
Including the two peaks which are also detected in the spec-
trum taken after thermal decomposition, the peaks follow a
progression with the peaks being separated by A(m/z) = 14.
Only the peak at the lowest m/z value, m/z = 359, is separated
by A(m/z) = 28 from the next fragment peak. The spectrum
from the sample which was decomposed with UV-light thus
reflects  UV-induced demethylation as reported in
literature.>* ' Again, the distribution of fragment peaks is sig-
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Fig. 8 (a) DINeC mass spectrum in positive ion mode of the dye Basic

Violet 11. The black arrow indicates the peak at m/z = 471 associated
with the intact cation of the dye. (b) The mass spectrum obtained from
the heated dye sample shows two fragment peaks indicated by brown
arrows. Further decomposition with higher thermal load (inset, intensity
of the main peak reduced to less than 1% of the initial value) does not
lead to further prominent fragment peaks. (c) Mass spectrum taken after
UV-light induced decomposition of the violet dye. Additional fragment
peaks are observed (labeled by blue arrows). These peaks do not
coincide with the smaller peaks which are labeled by lines in the inset in
(b). Peak positions of all major peaks are listed in Table S7 in the ESI.+

nificantly different for thermal and UV-light induced degra-
dation and the different degradation processes can be clearly
distinguished by means of DINeC-MS.

The same is true for the dye Basic Red 1:1, for which the
products of thermal decomposition and UV degradation as
analyzed by means DINeC-MS are shown in Fig. S4 in the ESL
The prominent fragment peak observed at m/z = 373 after UV
irradiation is not detected after thermal decomposition, even
when high thermal load is applied. Despite the similar basic
structure, clearly different fragment peaks are observed for
Basic Violet 11 and Basic Red 1:1 due to their different term-
inal groups.

As a further example for the application of DINeC-MS as an
extremely surface sensitive analysis technique, the investi-
gation of layers of different inks is shown in Fig. 9. We
compare the mass spectra derived from a paper colored with a
blue ball pen (Fig. 9(a)) and a yellow highlighter (Fig. 9(d))
with mass spectra from spots colored with a blue ball pen first
and then with a yellow highlighter (Fig. 9(c)) and vice versa
(Fig. 9(b)). For the blue ball pen ink, clear peaks at m/z = 358,
372, 456, and m/z = 470 were derived which are assigned to
Basic Violet 3 (including derivatives), Basic Violet 4, and Basic
Blue 26, all commonly used in ball pen ink.>* These peaks are
still dominant when we wrote with the ball pen on a spot
initially colored in yellow by highlighter ink (Fig. 9(b)). In
reverse, the peak assigned to the highlighter ink (m/z = 362) is
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Fig. 9 DINeC mass spectrum in positive ion mode measured on a
paper colored with ball pen ink (a) and yellow highlighter ink (d). The
mass spectrum shown in (b) was taken from a paper spot which was first
colored with yellow highlighter and afterwards with blue ball pen ink.
For the mass spectrum in (c), the sampled paper spot was first colored
with the ball pen and then with the highlighter. The peaks indicated with
blue arrows (m/z = 358, m/z = 372, m/z = 456, and m/z = 470) are
assigned to Basic Violet 3 (including derivatives), Basic Violet 4, and
Basic Blue 26 as typical pigments in ball pen ink. The peak labeled with a
black arrow is assigned to Basic Yellow 40 from the yellow highlighter
ink. The peak indicated by an x is assigned to contamination. The area
covered by the ball pen ink and by the highlighter ink were the same in
order to avoid additional variations in intensity due to different area size
sampled.

most prominent in the case when we draw the highlighter ink
on top of the ball pen ink, representing the standard appli-
cation. For the example shown in Fig. 9, in which it can be
clearly distinguished which pen was applied first, both the
bottom layer (e.g:, ball pen ink) and the top layer (e.g., highligh-
ter ink) covered the whole sample. The obtained spectra thus
have to be considered as the most extreme cases. In reality, typi-
cally only a smaller part of the paper is covered by the ball pen
ink but a larger area is covered by the highlighter ink. In that
case, the relative surface areas covered by one or both inks also
enter the relative intensities in the spectra; however, even in that
case differences between the relative intensities can be observed
depending on the sequence of application (compare Fig. S57).
As the main results described so far rely on the soft nature
of the cluster-induced desorption/ionization process, we want
to briefly review the main aspects of the underlying mecha-
nism, which was investigated in  detail both
experimentally'>'”'®?> and by means of molecular dynamics
(MD) simulations.'"® Most important, the desorption of
surface-adsorbed molecules proceeds via dissolvation of these
molecules in the cluster or one of the cluster fragments.'®*®
This reduces the effective desorption barrier and allows for a
relatively low energy density of the clusters. With the clusters
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being seeded in helium, an energy density of about 0.8 eV per
molecule is obtained, below the energy density threshold for
sputtering processes® but above the heat of sublimation of
SO,, which can be seen as a rough number for the energy
needed to shatter the cluster during surface impact. Shattering
and further evaporation of cluster molecules from the fragment
in which the desorbed molecules is dissolved first rapidly cools
the system and prohibits efficient energy transfer into the mole-
cular degrees of freedom.'” Second, it finally leads to the bare
molecules in the gas phase; if ionized, they can be employed for
mass spectrometry. Although the desorption of polar molecules
is additionally promoted by the stabilization of the polar mole-
cule in the polar cluster, also non-polar molecules can be
efficiently desorbed as entropy is a strong driving force for the
dissolvation of the surface-adsorbed molecules in the cluster."®
Using SO, as cluster constituents comes with a further advan-
tage: as SO, forms sulfurous acid with water present on or in
the sample, it serves as an efficient proton supply for ionization
via proton uptake in positive ion mode leading to comparably
high ionization probabilities, e.g., between 107 and 10> in the
case of oligopeptides.'” For preformed ions on the surface, the
ionization probability is even higher.**

In the following, we want to briefly discuss how these
characteristics of DINeC compare to alternative ionization
techniques which have been also used for the investigation of
dye mixtures. We concentrate on desorption based methods,
as we see one major advantage of DINeC in the most easy
sample handling when applied to written ink; non-desorption
based methods such as ESI always require additional prepa-
ration steps when applied to such samples (compare Fig. S17).

If we first stay with vacuum-based techniques, MALDI is
regarded as a soft method as well, but it also requires at least
one additional preparation step, i.e., the application of matrix
(Fig. S1f). Furthermore, measurements with highlighter ink
(Fig. S61) have shown that some fragments are generated
during the desorption process which is a major disadvantage
when it comes to the investigation of thermal or UV-induced
degradation of the dyes. In that case, it is then not clear to
what extent the fragments are caused by the degradation
process as such or by the desorption process. E.g., for the
yellow dye, both fragment peaks observed in the MALDI
spectra (m/z = 334 and m/z = 348) are also present in the
DINeC-MS after UV-irradiation but only the peak at m/z = 334
is observed after thermal degradation.

The same argument holds for secondary ion mass spec-
trometry (SIMS) measurements. For SIMS, sample treatment is
comparable to DINeC, however, substantial fragmentation is
typically observed.*>*® From our results with Ar{;,-clusters
(Fig. S7T), we conclude on a comparably low abundance of
fragments when cluster-SIMS is applied to typical dye mole-
cules of highlighter ink; the highest relative intensity of the
fragment peaks was found to be 13% with respect to the peak
associated with the intact dye molecule in the case of the
yellow dye for which literally no fragments were observed with
DINeC-MS. We would like to note that fragment peaks are also
observed in the DINeC-MS of the violet dye (approx. 5% of the
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intensity of the peak associated with the intact dye molecule,
Fig. 8). However, the intensity of these peaks increases with
increasing storage time of the dyes, indicating slow degra-
dation of the dyes even in dark and at room temperature.
ESI-MS show the same peaks with comparable intensity as in
the DINeC mass spectra (Fig. S87).

Desorption electrospray ionization (DESI) as a soft ambient
desorption/ionization technique has been also applied for the
investigation of highlighter and other inks;***” it also features
simple sample treatment. As with modern load lock tech-
niques sample transfer into vacuum does not represent a
major drawback any more, the work flow for sample prepa-
ration is similar for DESI and DINeC and we see the main
differences between the two methods in terms of the types of
experiments which can be performed: DESI can be performed
on samples not suitable for high vacuum conditions; the spray
of charged solvent droplets efficiently erodes the sample
material from the surface.”® DINeC is performed at high
vacuum conditions, which is of advantage, e.g., when it comes
to reactive samples or the investigation at cryogenic tempera-
tures. A low desorption rate ensures monolayer resolution
when applied for depth-profiling the samples;'® DINeC-MS
performs also very well in the presence of large excess of salt
in the sample.*® Both methods can be applied to a wide variety
of different molecules®®***! and exact experimental require-
ments will decide on which method is to be chosen.

For the discussed application, sensitivity or limit of detec-
tion (LOD) do not play a major role; for documents written or
labelled with highlighter ink, the amount of substance avail-
able is typically much higher than the LOD of all the methods
compared.

4. Conclusions

In conclusion, soft cluster-induced desorption/ionization was
used to identify dye molecules in various highlighter inks by
means of mass spectrometry. The method can be directly
applied to printed or written ink on paper or any other sub-
strate. Furthermore, the fragmentation-free desorption method
allows for the discrimination of different degradation pro-
cesses, e.g., thermally activated or photoinduced decompo-
sition. The clear identification of such processes can give
information on the treatment of the respective documents
which can be of interest, among others, in forensic science.
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Figure S1: Schematic illustration of the workflow required for different ionization
methods when applied for the investigation of inks written on paper substrates.
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Figure S2: Positive ion mode DINeC mass spectra obtained from samples with yellow
highlighter drawn on different substrates: (a) silicon wafer, (b) coated paper, (c)
copying paper, and (d) newsprint. (e) shows the spectrum of (a) in an extended
mass range. In addition to the peak associated with the yellow dye, three peak
progressions with the peaks separated by A(m/z) = 44 (indicated by light and dark
grey lines) and A(m/z) = 28 (black lines) are observed, which are assigned to polymer
matrix in the highlighter ink.

Table S1: Ton peaks observed in the spectra shown in Figure 2 obtained by means of
DINeC-MS

m/z Intensity [a.u.]

(a) (b) (c) (d) (e)
471.4 35401 1170803 1192156 2198989 2518462
4294 | 34588 688925 1303573 2105223 454977
362.3 | 7178677 3773461 494993 21871 7489
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Table S2: Relative peak intensities of peaks associated with the three dye molecules
of the highlighter inks investigated by means of DINeC-MS.

Color Substrate | BY40 BR1:1 BV11

Si 100 0 0
Yellow paper 100 0 0

Si 17 43 40
Red paper 11 43 46
Purple Si 0 15 85

paper 0 10 90

Si 68 12 20

Si 65 14 21

Si 78 11 11
Orange Si 68 13 19

Si 76 10 14

paper 72 11 17

average 71+4 12 +1 17+3

Si 0 49 51

Si 0 52 48

Si 0 62 38
Pink Si 0 59 41

Si 0 56 44

paper 0 52 48

average 0 +0 55 +5 45+4

Si 47 29 24

Si 27 37 36
Mix Orange + Pink | Si 32 35 33

Si 53 26 21

average 40 =11 32 +4 29+6
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Figure S3: Relative peak intensity of the peaks associated with the three dyes Basic
Yellow 40, Basic Red 1:1, and Basic Violet 11 as observed in DINeC-MS for the orange
and pink highlighter inks as well as for an orange-pink highlighter ink mixture (ratio
approx. 1:1). The values of the pure inks scatter slightly around the mean value
(compare also Tab. S2); the distribution for the pure inks and the mixture are clearly
separated.
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Table S3: Ion peaks observed in the spectra shown in Figure 4 obtained by means of
DINeC-MS

m/z Intensity
[a.u.]

429.3 115943
414.3 20460
401.3 12682
399.4 21832
365.3 15223
355.3 32017
341.3 67041
327.3 220820

Table S4: Ton peaks observed in the spectra shown in Figure 5 obtained by means of
DINeC-MS

m/z Intensity [a.u.]
(a) (b)
362.3 30399 80392
347.3 2377 3867
332.3 10306 8030
318.3 86282 40389

Table S5: Ton peaks observed in the spectra shown in Figure 6 obtained by means of
DINeC-MS

m/z Intensity [a.u.]
(2)-(d) (e)-(h)
471.4 366334 6841730
443.3 393313 5834746
399.3 377406 3045115
355.3 315823 1054573
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Table S6: Ion peaks observed in the spectra shown in Figure 7 obtained by means of

DINeC-MS

m/z Intensity [a.u.]
@ (B) (insct) ©

376.3 64801 52294 (8953) 1670345
362.3 28684768 6149794 (64273) 1316430
348.3 50053 71441 (8110) 1085953
334.3 172624 669177 (44314) 861559
306.3 Contamination
264.4 112327 69156 (37615) 70667
256.3 161211 91489 (56581) 83525
242.4 64613 20702 (22030) 32460
224.4 52082 28886 (20023) 27829
200.3 241682 96139 (36716) 136424
182.3 166165 54502 (66079) 82115
170.3 248930 187977 (70029) 169699
161.3 2624 11973 (6739) 1007542
155.3 Contamination
147.3 14421 ‘ 137040 (156510) 2628727

Table S7: Ton peaks observed in the spectra shown in Figure 8 obtained by means of

DINeC-MS
m/z Intensity [a.u.]
(a) (b) (inset) (c)

485.4 337919 236890 (17636) 203644
471.4 41780428 11294170 (312748) | 2136593
4574 1519330 251161 (24148) 607563
4434 2317717 6093131 (235756) 646205
429.3 45260 24662 (9527) 547898
415.3 173562 282014 (112150) 383407
401.3 8838 5498 (2418) 699801
387.3 14077 14498 (24115) 538323
359.3 4970 2548 (4398) 854511
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Figure S4: (a) DINeC mass spectrum in positive ion mode of the dye Basic Red 1:1.
The black arrow indicates the peak at m/z = 429 associated with intact cation of
the dye. (b) The mass spectrum obtained from the heated dye sample shows three
fragment peaks indicated by brown arrows. An additional peak at m/z =443 i.e.,
at higher m/z values when compared to the intact dye molecule, is also observed and
labelled. It is attributed to a dye molecule carrying an additional methyl group, sim-
ilar as observed for the Basic Yellow 40 sample after UV-light-induced decomposition
(Fig. 7(c)). Further decomposition with higher thermal load (intensity of the main
peak reduced to less than 2 % of the initial value) does not lead to further prominent
fragment peaks. (c) Mass spectrum taken after UV-light induced decomposition of
the red dye. An additional fragment peak is observed (labeled by a blue arrow).
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Figure S5: Positive ion mode DINeC mass spectra of (a) highlighter ink drawn on
pen ink on a paper substrate and (b) strokes of pen ink drawn on the highlighter
ink. Insets: Photographs of the respective samples. Black arrows indicate the peak
assigned to Basic Yellow 40 from the yellow highlighter ink, blue arrows indicate the
peaks assigned to the dyes used in the pen ink. If the highlighter is applied after
the pen ink (a), the intensity of the fluorescent dye shows highest signal intensitiy.
When the order of application is reversed (b), the intensity of the peaks associated
with the pen ink increase in intensity. The relative intensity of the peaks is given
by the intensity as measured for the pure and the completely covered ink/highlighter
and highlighter/ink systems (Fig. 9) weighted by the relative area covered by the
differently colored parts of the sample.
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Figure S6: Positive ion mode MALDI mass spectra from (a) yellow, (b) orange, (c)
red, (d) pink, and (e) purple colored highlighter inks from paper substrates. Three
major peaks which are assigned to the dye molecules are observed at m/z = 362,
m/z =429, and m/z = 471 in most of the spectra but with varying relative intensity.
Arrows indicate fragmentation peaks at m/z = 334 and m/z = 348 (yellow dye),
m/z = 401 and m/z = 415 (red dye), and m/z = 443 and m/z = 457 (violet
dye), which are also observed in DINeC spectra measured after dye degradation. The
measurements were performed on a Bruker timsTOF fleX time-of-flight apparatus;
2,5-dihydroxybenzoic acid (DHB) was used as matrix. DHB was dissolved in an
acetonitrile/water (90:10) mixture and sprayed (nozzle temperature 60 °C) onto the

highlighter ink written on copying paper.
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Figure ST7: Positive ion mode SIMS mass spectra from (a) yellow, (b) orange, (c)
red, (d) pink, and (e) purple colored highlighter inks applied to Si substrates. Three
major peaks are which are assigned to the dye molecules observed at m/z = 362,
m/z =429, and m/z = 471 in most of the spectra but with varying relative intensity.
Arrows indicate fragmentation peaks at m/z = 318 and m/z = 334 (yellow dye),
m/z = 415 (red dye), and m/z = 443 and m/z = 457 (violet dye), which are also
observed in DINeC spectra measured after dye degradation. The measurements were
performed with a M6 Hybrid SIMS instrument (IONToF GmbH, Miinster, Germany).
As primary ions, 20 keV Ar;s00"-clusters were used at a cycle time of 150 us resulting
in a primary ion current of I = 0.07 pA. The ion beam was rasterized with 128 x 128
pixels on an area of 100 x 100 um2. Total ion dose was 107! ions/cm? for all
measurements. The obtained mass resolution (FWHM) at m/z = 362.2 was m/Am >
3.500 for all spectra.
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Figure S8: Positive ion mode ESI mass spectra from (a) yellow, (b) orange, (c) red,
(d) pink, and (e) purple colored highlighter inks. For the measurements, which were
performed on a Bruker amaZon speed mass spectrometer (Bruker Daltonik GmbH,
Bremen, Germany), a dot of ink which was drawn on a piece of wafer, was dissolved
in a mixture of acetonitrile/water (50:50) containing 0.1 Vol% formic acid. Three
major peaks which are assigned to the dye molecules are observed at m/z = 362,
m/z =429, and m/z = 471 in most of the spectra but with varying relative intensity.
Arrows indicate fragment peaks at m/z = 334 (yellow dye), m/z = 399 (red dye),
and m/z = 443 and m/z = 457 (violet dye), which are also observed in DINeC mass
spectra measured after dye degradation. Gray lines indicate additional peaks which
are not attributed to dye fragments, they are also observed in DINeC mass spectra
of the highlighter inks. They are tentatively assigned to additional compounds of the
highlighter ink (Fig. 3, Tab. S1).
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ABSTRACT: Desorption/ionization induced by neutral clusters (DINeC) in
combination with mass spectrometry (MS) was used for the investigation of the
molecular composition of the surface of ionic liquids (IL). Based on the surface
sensitivity of DINeC-MS, accumulation of either cations or anions was
discriminated on the surface of bulk IL depending on the molecular structure
of the IL components. In particular, cations with long alkyl chains aggregate on
the surface, but this tendency is more reduced the larger the respective anion is; in
the case of larger anions and smaller cations, it can be even reversed. For thin
layers of IL, the ratio between cations and anions as detected in the mass spectra

was found to be further influenced by the substrate surface.

Bl INTRODUCTION

Ionic liquids have been intensively investigated with respect to
their bulk properties.l_3 However, as for most applications the
interaction proceeds via the surface, e.g., in the case of catalytic
reactions, ™ the surface properties are of high interest, as well.
Important information on the surfaces of ionic liquid (IL) has
been obtained, among others, by X-ray-based methods:
structural properties on the nanoscale were deduced by the
electron density profile as obtained by means of X-ray
reflection measurements.®™” X-ray photoelectron spectroscopy
(XPS), in particular, angle-resolved X-ray photoelectron
spectroscopy (ARXPS), contributed to the investigation of
the surface composition, both with respect to the main
constituents of the IL as well as with respect to (surface)
contaminations.”'*~*

In contrast, only a very limited number of studies addressed
the surface composition of ionic liquids by means of mass
spectrometry. For example, crystallization of room temperature
IL has been investigated at reduced temperatures using
secondary ion mass spectrometry (SIMS),"™'® but significant
fragmentation of the IL constituents was induced by the
primary ions in use."*”'7 With laser-desorption-based
methods, the surface sensitivity required for the investigation
of the surface composition of IL is typically not achieved.
Thus, a soft and surface-sensitive mass spectrometric technique
which directly addresses the uppermost surface region could
provide additional information with respect to the actual
surface structure and composition of the ionic liquid.

Desorption/ionization induced by neutral clusters (DINeC),
which exhibits extreme surface sensitivity,'® can be employed
as a soft mass spectrometry (MS) technique.'””** DINeC is

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications
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log(lc/1,)

based on a low-energy beam of SO, clusters'**® in which the
analyte molecules are dissolved during cluster-surface impact™
(Figure 1). This dissolvation process reduces the effective
desorption barrier,”* thus cluster-induced desorption is
operative at comparably low beam energy, leading to the
fragmentation-free nature of the desorption process.”"”**
Here, we demonstrate the application of DINeC-MS for the
investigation of the surface composition of IL. Based on their
negligible vapor pressure,”>>* ILs allow for the investigation
of liquid surfaces by means of particle-based analysis
techniques such as mass spectrometry under high vacuum
conditions. We find a strong tendency of cations with longer
alkyl chains to accumulate on the surface, in agreement with
literature.”” With increasing size of the corresponding anion,
this tendency of the cations to accumulate on the surface is
reduced; in the case of larger anions and smaller cations, the
anionic signal is dominant as the anions then accumulate on
the surface. The composition of thin layers of IL is found to be
further influenced by the surface of the substrate; structural
inhomogeneities such as the formation of islands of bulk
material are deduced from the temporal evolution of the mass
spectra and the relative intensities of cations and anions.
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Figure 1. Schematic representation of the DINeC-MS experiment on
IL. A droplet of IL is deposited on a small piece of a silicon wafer
(center). During cluster-surface impact, cations and anions are
desorbed from the surface via dissolvation in the shattering cluster
(left). The resulting mass spectra show a series of signals both in
positive and in negative ion mode, which reflects the desorption of
small clusters of ionic liquid with either one cation ([C(CA),]*; A:
anion, C: cation, n = 0, 1, 2, 3, ...) or one anion ([A(CA),]”) in
excess, respectively.

B EXPERIMENTAL SECTION

The SO, clusters used for desorption/ionization in the DINeC
experiment were generated via adiabatic expansion of a gas
mixture containing 3% SO, in He (total pressure p,.,. = 15
bar, base pressure in the vacuum chamber py,, ~ 107 mbar)
using a pulsed nozzle (repetition rate f = 2 Hz, effective
opening time ¢ = 0.3 ms).”® The clusters consist of 10° to 10*
SO, molecules; they hit the surface with a velocity of ~#10°> m/s
(mainly given by the speed of the carrier gas, i.e,, He) which
converts into an energy density of ~ 0.8 eV per molecule.””
The ions desorbed during cluster surface impact are then
transferred into a commercial jon trap mass spectrometer
(amaZon speed from Bruker Daltonik GmbH, Bremen,
Germany) via two ion funnels and multipole ion guides.*

The ionic liquids investigated in this study comprise the
cations and anions which are summarized in Figure 2; the
cations (C1 and C2) are based on imidazolium ions, and the
anions are fluorinated alkyl sulfonyl imides (A3 and A4),
tetrafluoroborate (Al), trifluoromethylsulfonate (A2), and
tris(pentafluoroethyl)trifluorophosphate (AS). The ionic
liquids C1A1 (>98%) and C1A3 (>98%) were purchased at
TCI Chemicals Deutschland GmbH, Eschborn, Germany;
C1A2 (>99%) was purchased at Iolitec — Ionic Liquids
Technologies GmbH, Heilbronn, Germany; C2AS (>99%)
was purchased at Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany. Cl1A4 was synthesized by dissolving lithium
bis(pentafluoroethanesulfonyl)imide (TCI >98%) in water
adding 30 wt % 1-decyl-3-methylimidazolium chloride (TCI
>96%). The ionic liquid was extracted with dichloromethane
and washed with water, and the solvent was removed by
evaporation.30 Chemical formulas and molecular masses of the
cations Cl and C2 as well as of the anions AIl—AS are
summarized in Table S1 in the Supporting Information.

The SiO, substrates were cleaned with acetone and ethanol
using an ultrasonic bath. For measurements on the surface of
ionic liquid bulk material, small substrates (4 X 4 mm?) were
completely covered with a droplet of the ionic liquid. Thin
films were prepared by drop-casting the IL solution (¢ = 1 mM
in ethanol, V = 5 L) on a SiO, substrate of 1 cm? in size,”'
and the solvent was evaporated under ambient conditions. All
samples were heated at 100 °C for 30 min before mounting
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Figure 2. Structural formulas of the investigated ionic liquids. The
cation C1 was combined with anions of increasing size (A1—A4). In
addition, the cation C2 was combined with the anion AS.

them in the vacuum chamber in order to evaporate water
accumulated on and in the ionic liquid.

B RESULTS AND DISCUSSION

Positive and negative ion mode spectra from the surface of a
droplet of the ionic liquid C1A3 are shown in Figure 3. Both in
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Figure 3. DINeC mass spectra in positive and negative ion mode as
obtained from the surface of a bulk sample of C1A3.

positive and in negative ion mode, four distinct peaks are
observed. The peaks are separated by A(m/z) = 503, which
corresponds to a C1A3 cation—anion unit; the peak at the
lowest m/z value (m/z = 223) in the positive ion mode
spectrum is assigned to [C]*, and the peak at the lowest m/z
value (m/z = 280) in the negative ion mode spectrum is
assigned to [A]™. All further peaks thus represent clusters of
the ionic liquid, i.e., [C(CA),]" for the cationic clusters and
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[A(CA),]” with n = 1-3 for the anionic clusters. The peak
intensity of the IL cluster peaks is always lower than that of the
peaks assigned to the bare anions and cations, respectively;
overall, it decreases with increasing m/z values.

DINeC mass spectra from the other ionic liquids of this
investigation (Figure S1 in the Supporting Information) are
very similar to the spectra of C1A3 shown in Figure 3; they all
show the peak associated with the single molecular ion
(highest intensity) and in most cases IL cluster ions with in
general decreasing peak intensity with increasing m/z value
both in positive and negative ion mode. In some cases, minor
deviations from this general trend are observed; in particular,
the intensity of the peak associated with the [A(CA), ]~ cluster
with n = 1 can be lower than the intensity of the peak
associated with the respective cluster with n = 2. The latter
observation is attributed to the existence of clusters with a
particularly large/small binding energy at a given number of
cluster constituents.>> Most important, however, the intensity
ratio between the cationic and anionic signal, Ic/I,, strongly
varies with varying composition of the IL.

In Figure 4, Ic/I, is plotted for five different ILs as a
function of the ratio of the mass of the cation and the mass of
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Figure 4. Intensity of the cationic mass peaks with respect to the
intensity of the anionic mass peaks, I/I,, as a function of the mass
ratio of cations and anions, m/m,. Data are shown for bulk IL (dots)
and thin film samples (squares). Intensity was summed over all peaks
associated with IL observed in the respective spectra; the data points
represent the average value over at least three measurements. A1—A4
were measured in combination with C1 as cation; AS was measured
with C2 as cation. Straight lines are linear fits in the double-
logarithmic plot, taking into account the data for A1—A4, ie., the
same cation ClI.

the anion, mc/my. The latter can be seen as a most simple
measure of the size and complexity of the molecular
constituents of the IL. For cation Cl, the relative cationic
signal intensity increases with decreasing size of the anion
(A4—Al); for Al, the smallest anion employed, a large excess
of cationic signal intensity is observed. On the other hand,
when the largest anion AS is combined with the small cation
C2, a strong excess of anionic signal intensity is observed.
Based on previous investigations on the desorption and
ionization efficiency of the DINeC process,">**** we interpret
the observed change in signal intensity as a direct result of the

976

surface composition of the respective IL: First, the desorption
efficiency of the DINeC process has been shown to be largely
independent of the analyte molecule."®**** Second, the
constituents of the ILs are ions; i.e., the ionization probability
is unity and does not change from sample to sample either.
Our observation then goes along the results of previous
investigations of the surface composition of IL in terms of a
change of the surface composition with different combinations
of cations and anions:>”""'*** depending on the molecular
structure of the constituents of the IL, one or the other
component may accumulate at the surface. Although we use
the mass of the cations and anions as a simple measure for
their size and complexity, we would like to point out that the
actual molecular structure, which is very different for the
different anions used in this study, will finally determine the
composition of the ionic liquid at the surface. This difference
may cause the deviations from the simple trend indicated by
the straight lines in Figure 4; furthermore, it might be the
origin for the different IL cluster progressions observed for the
different ILs (Figures 3 and S1).

As an example, the combination of C1, which contains an
alkyl chain of 10 hydrocarbon units in length, with the smallest
anion, Al, leads to a suppression of the anionic signal by 1-2
orders of magnitude. This is intuitively explained by the
formation of a dense layer of the alkyl chains at the IL/vacuum
interface with the small anions located closer to the charged
headgroup of the cations. This interpretation is in agreement
with previous studies on the influence of the alkyl chain on the
surface composition of IL;5~ %1233 the situation is illustrated in
Figure Sa. The decrease in Ic/I, with decreasing mc/m, then

(b) mm
R
C2

A5

(a)

C1

A1

Figure 5. (a) Sketch of the arrangement of the IL C1Al (cation with
long hydrocarbon chain combined with a small anion) at the IL
surface (space-filling models; white, hydrogen; dark blue, nitrogen;
gray, carbon; green, fluorine; brown, boron; yellow, sulfur; light blue,
oxygen; purple, phosphorus). The hydrocarbon chains are expected to
point toward the vacuum, and the cations aggregate closer to the
surface than the anions. (b) Space-filling models of the larger,
fluorinated anions A4 and AS and the smaller cation C2.

indicates that the density of the packing and/or the order of
the cationic layer is reduced with increasing mass and thus size
of the anions. Indeed, the size of the larger anions used
(examples shown in Figure Sb) is comparable to or larger than
the cationic counterpart in the IL investigated. For C2AS, the
effect of accumulation is clearly reversed, and the anionic signal
is predominant (Figure 4). In addition to the increased size,
substantial parts of A4 and AS consist of fluorinated groups
which are also known for their tendency to accumulate at the
surface of IL.>"'>*73

As we do not observe significant changes of the intensity
ratio with increasing measuring time, we conclude that the
surface composition is constant despite the preferential
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removal of the uppermost species. This can be explained by the
high mobility of the ions in the IL,*® which ensures continuous
resupply of the removed ions at the surface.

In addition to the surfaces of bulk ionic liquids, the surfaces
of thin films of IL were investigated, as well. In Figure 6,
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Figure 6. DINeC mass spectra in positive and negative ion mode as
obtained from the surface of a thin film sample of C1A2.

DINeC-MS, which were obtained from the surface of a thin
film of C1A2, are shown in positive and negative ion mode.
The films were prepared by drop-casting a solution of IL in
ethanol (compare the Experimental Section). Again, the most
intense peaks are assigned to the single molecular ions, [C]*
and [A]™. They come together with up to five peaks all
separated by A(m/z) = 372, corresponding to the mass of a
C1A2 cation/anion unit. They are thus associated with small
IL clusters, in close resemblance to the spectra obtained from
the surfaces of bulk IL (Figures 3 and S1).

However, in general, a higher ratio between cationic and
anionic signal intensity, Ic/I, is observed for the surfaces of
the thin films when compared to the surfaces of the respective
bulk IL (Figures 4 and S2). This is attributed to the influence
of the substrate’s surface on the film composition. Apparently,
the hydroxyl groups typically terminating the SiO, surface
favor the accumulation of the cations when compared to the
ratio on the surface of the bulk IL. One would expect such an
influence only for a thin film of a few layers in thickness.
Furthermore, for such a thin film, a decrease of signal intensity
with measuring time is expected as the film is quantitatively
removed by the cluster-induced desorption process."®

Indeed, when we record the cationic signal intensity as a
function of measuring time, it shows a fast drop to a low but
finite level during the first 30 min (Figure 7a). This initial drop
is then followed by a very slow decrease of signal intensity
during the following hours (compare Figure S3, Supporting
Information). For the anionic signal, the signal drop is much
less pronounced (Figures 7a and S3). The initial signal drop is
associated with the removal of the thin film from the substrate;
it is quantified by means of cluster-induced desorption from a
thin film of IL prepared on a quartz crystal microbalance
(QCM, Stanford Research SRS60) measuring the mass of the
film as a function of time (Figure 7b). Although the substrates
are different, a similar shape of the two curves is observed in
Figure 7ab, giving direct evidence that the signal drop in
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Figure 7. (a) Signal intensity of [C]* and [A]™ of the thin IL film
composed of C1A2. For the [C]" signal, an initial, fast drop followed
by a slower decrease in intensity is observed (compare Figure S3,
Supporting Information). For the whole time, the [A]™ signal is lower
than the [C]" signal; the drop of the [A]™ signal with increasing
measuring time is much less pronounced than the drop of the [C]*
signal (Figure S3). Inset: The two regimes are associated with the
desorption from both thin film and islands in the initial stage (left)
and removal from the islands only once the film is completely
desorbed (right). (b) Change in mass of an IL thin film sample as
directly prepared on and measured with a QCM (compare inset).

Figure 7a is related to the removal of IL material. From the
initial decrease in mass observed in Figure 7b during the first
hour, an average film thickness of 3 nm is deduced when
assuming the density of bulk IL material, also in good
agreement with a thin film of which the composition can be
influenced by the substrate surface. However, why are the
integrals of cationic and anionic signals not the same? What is
the origin of the finite signal intensity and the continuous
decrease in mass following the initial fast drop?

As a consequence of the preparation scheme, islands of bulk
material of IL are formed on the substrate in addition to the
thin film between these islands,”” in analogy to a Stranski-
Krastanov mode of thin film growth (Figure S4); the situation
is sketched in the left inset of Figure 7a. Although the main
contribution to the initial signal originates from the thin film,
which exhibits a much larger surface area exposed to the cluster
beam, a minor contribution can be attributed to the IL islands.
Once the film is completely removed by cluster-induced
desorption, the contribution of the islands to the signal
remains and drops only slowly, as these islands are slowly
reduced in size by cluster-induced desorption.”” The different
relative contributions of film and islands to the total signal are
also reflected in the ratio between cationic and anionic signal
and its change with measuring time: The initial signal is
dominated by the film contribution which apparently shows a
lower relative intensity of the anionic signal when compared to
that of the islands, which consist of bulk IL material with the
surface composition expected to be similar to the observation
on macroscopic IL droplets (Figure 4). As only a small amount
of the total material is allocated in the thin film, an unbalanced
ratio between cations and anions in the film can also be
explained in this picture.

The film/island picture is further backed by the observation
that the initial situation with respect to the ratio of the signal
intensities and the temporal evolution with measuring time can
be recovered when we heat the thin film samples after a first
measurement cycle. In Figure 8b, the signal intensity from such
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Figure 8. Signal intensity of [C]* and [A]™ as a function of time
measured from a thin IL film (C1A3) (a) directly after preparation
and (b) after the measurement shown in (a) and an additional heating
cycle up to 100 °C for 2 h. Lines are guides for the eye. The sketches
in the upper part of the figure illustrate initial desorption of the thin
film during cluster bombardment, redistribution of IL material from
the islands to the thin film upon heating the sample, and repeated
removal of the thin film by means of cluster-induced desorption.

a premeasured and heated sample is compared to the first
measurement cycle (Figure 8a). Both the I/, ratio and the
temporal evolution compare very well for the two measure-
ments. Within the picture of the coexistence of thin film and
islands on the substrate, this can be explained by the re-
formation of the thin film through thermally activated diffusion
from the islands onto the substrate. This re-formation is in part
also observed at room temperature but on a much longer time
scale, i.e, when we store the samples in vacuum for several
days.

Comparison of Figures 7a and 8a furthermore shows that
the drop of signal intensity is comparable for the two different
IL samples, although the details of island formation might
depend on the structure of the IL constituents (Figure S4a,b).
In any case, the area covered by the film is significantly larger
than the area covered by the islands, and the time constant
does not depend on the coverage (first-order desorption
kinetics). On the other hand, with an increasing amount of
substance on the sample, e.g., using a higher concentration of
IL in the solution, more material is allocated in the droplets
and the relation between the contribution of thin film and bulk
material is shifted toward the latter one (Figure S4).

When we compare the spectra for film and bulk IL (Figures
S1 and S2), we observe in most cases in total higher signal
intensity from the thin films when compared to that of the
surface of bulk material, which indicates a desorption efficiency
greater than that of the thin films. As the DINeC process relies
on the eflicient shattering of the cluster and reflection of the
cluster fragments (including the dissolved analyte) from the
sample surface, a liquid surface is expected to lead to less
efficient desorption as more of the cluster’s energy will be
dissipated in the substrate by deformation of the soft substrate
rather than redistributed within the cluster’s constituents.

Finally, we want to briefly discuss alternative desorption-
based mass spectrometry techniques and their use for the
investigation of IL in comparison to DINeC-MS. Matrix-
assisted laser desorption ionization (MALDI) is one of the
most common desorption-based MS techniques; it is known to
be very soft and is thus widely applied for the analysis of
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organic and bioorganic molecules.***” MALDI and laser
desorption ionization have been also applied to ionic liquids;*’
some IL are used as matrices for the MALDI measurements of
smaller molecules.”' However, surface sensitivity as required
for the investigation of the surface composition of IL is
typically not achieved; furthermore, the surface properties
might be influenced by the interaction between matrix and IL
in the case of MALDI. SIMS, which makes use of a keV-
primary-ion beam for the sputter and ionization process, can
be highly surface sensitive; however, the strong interaction
between the primary ions and the analyte molecules typically
leads to substantlal fragmentation and reorgamzatlon of the
sample,””~** also when applied to ionic liquids."” Desorption
electrospray ionization has been used for the detection of ionic
liquids in biological samples,** but no study on the surfaces of
pure IL has been reported so far.

H CONCLUSION

In conclusion, the surface composition of different ionic liquids
was determined by means of DINeC-based mass spectrometry,
which reveals the intact constituents of the IL surface. On
surfaces of bulk and thin film IL material, the accumulation of
either cations or anions was observed, depending on the
molecular structure of the IL constituents. In thin films
prepared via drop-casting of ionic liquid solutions, the surface
composition was found to be further influenced by the
substrate material.
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Table S1: Molecular formulas and masses of the investigated ionic liquids.

Ton | Molecular formulas | mass [Da]
C1 C14Ha7 Ny T 223.22
C2 CeHp Nyt 111.09
Al BF4~ 87.00
A3 CoFgNO4So ™ 279.92
A4 CyF10NO4S2~ 379.91
A5 CeF1sP~ 444.95
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Figure S1: From left to right, top to bottom: DINeC mass spectra in positive and
negative ion mode as obtained from the surface of a bulk sample of C1A1, C1A2,
C1A4 and C2A5.
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Figure S2: From left to right, top to bottom: DINeC mass spectra in positive and
negative ion mode as obtained from the surface of a film sample of C1A1, C1A2,
C1A4 and C2A5.
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Figure S3: Signal intensity of [C]* and [A]™ of the thin IL film composed of C1A2
as a function of measuring time as shown in Fig. 8 but plotted with a magnified
signal scale. For the both signals, an initial fast drop followed by a slower decrease
in intensity is observed. Solid lines are fits to the experimental data points. The fit
functions are composed of an exponential decay superimposed by a linear decrease.
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Figure S4: Microscopic image of C1A2 (a) and C1A3 (b) on Silicon prepared as
described in the experimental section. With increasing concentration (5x), the pro-
portion of C1A2 (c¢) and C1A3 (d) of IL islands increases.
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ABSTRACT: Desorption/ionization induced by neutral clusters (DINeC) was
employed for the soft transfer of organic and biomolecules, such as porphyrins
and peptides, from a bulk sample onto any substrate of choice. Qualitative
analysis of the deposition technique was performed by means of mass
spectrometry, demonstrating that the deposited molecules remained intact due
to the soft nature of the transfer process. Deposition rates were studied
quantitatively using a quartz crystal microbalance; layers of intact biomolecules
ranging from the submonolayer regime up to a few monolayers in thickness were
realized. Mixed layers of molecules were deposited when two different sources of

m/z

molecules were employed. The samples which were prepared based on this soft

deposition method were used for the investigation of reactions of the deposited molecules with either coadsorbates on the surface or
the surface itself. Examples include adduct formation of peptides with alkali metals on SiO,, the oxidation of peptides exposed to
oxygen, as well as the metallization of porphyrins in interaction with the substrate.

B INTRODUCTION

The preparation of thin organic films by means of physical
vapor deposition (PVD) is a well-established technique."” It is
applied, e.g., for the preparation of thin films of metal—organic
complexes, polymers, or other organic molecules, which are
used, among others, in organic solar cells, organic thin film
transistors, and organic light-emitting diodes.>™ However,
PVD is only applicable to molecules that do not decompose at
the elevated temperatures used to sublimate the molecules.””
For the deposition of larger, more complex molecules such as
biomolecules, a variety of dedicated techniques have been
established; most of these techniques originate from (soft)
ionization methods used in mass spectrometry (MS). For
example, soft landing of molecular ions such as electrospray ion
beam deposition (ES-IBD), can be used to deposit intact
molecules such as peptides, proteins, and other molecules with
layer thicknesses in the submonolayer to the nanometer
range.*”'® Matrix-assisted pulsed laser evaporation (MAPLE),
which was derived from matrix-assisted laser desorption/
ionization MS, was also applied for the deposition of larger
molecules in the 10 to 1000 kDa range."" Noble gas cluster ion
beams (GCIBs), which are typically employed for soft
secondary ion MS, were also used to sputter/deposit intact
biomolecules.'”'* Whereas ES-IBD is limited to the deposition
of molecular ions, MAPLE involves the codeposition of the
matrix molecules if not only charged molecules are selected. In
the case of the deposition induced by GCIB, a finite fraction of
fragmented molecules is still expected to be deposited.'*

© 2023 The Authors. Published by
American Chemical Society

~ ACS Publications

In this paper, we show that desorption induced by neutral
SO, clusters (DINeC), which is an extremely soft desorption
method applied in MS,"*™" can be employed as a deposition
technique as well (short: DINeC-Depo). In this application of
DINeC, the molecules are softly desorbed from a bulk sample
by the SO, clusters and deposited directly onto a substrate that
is placed opposite to the target (Figure la). The soft
desorption of the molecules relies on a dissolution-based
mechanism:">'*'? the impacting clusters do not only provide
the energy for desorption but also serve as a transient matrix in
which the desorbing molecules are dissolved."®™2° As a result,
the effective desorption barrier is reduced which enables soft
desorption with low-energy clusters.”>™"” As most of the SO,
molecules are evaporating from the desorbed molecules after
cluster-surface impact and desorption,'**° the bare molecules
can be then deposited on a target of choice; as only a minority
of the desorbed molecules are ionized,”' mainly neutral
molecules are deposited. Based on the results for DINeC-
MS, the DINeC-Depo method can be applied to a broad
variety of molecules, e.g., lipids, peptides, proteins, dyes,
polymers, and ionic liquids.”**™> The coverage of the
deposited layers ranges from isolated molecules in the
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Figure 1. Schematic depiction of the DINeC-Depo experiment: (a)
SO, clusters hit the surface and desorb the molecules that were drop-
cast on the target substrate. The desorbed molecules can be deposited
on any surface of choice. (b) Samples in the submonolayer to
multilayer regime were prepared. (c) Mixed layers were deposited by
using different target molecules. (d) Interactions of the deposited
molecules with the surface or other adsorbates were investigated.

submonolayer regime (Figure 1b) to films of the thickness of
several monolayers. The sample composition was controlled by
changing the target material during the deposition process
(Figure 1c). Samples prepared by DINeC-Depo were used to
study the interaction of the deposited molecules with the
surface of the substrate, with other adsorbates, or with gas
phase molecules to which they were exposed (Figure 1d). In
general, higher reactivity of the deposited species is observed
when compared to molecules in solution or thin films.

B EXPERIMENTAL SECTION

The deposition process was performed in a vacuum chamber
(base pressure p ~ 107® mbar), which was set up for this type
of experiment (Figure S1 in the Supporting Information). The
cluster beam, which was used for the desorption of the target
molecules, was generated via supersonic expansion of a gas
mixture containing 3% SO, in helium (pressure p = 15 bar)
using a pulsed nozzle (repetition rate f = 2 Hz, effective
opening time t = 300 ms). The clusters, consisting of 10° to
10* SO, molecules, hit the target surface at an angle of 45°
with respect to the surface normal; the clusters’ velocity v ~
10° m/s converts into an energy density of ~0.8 eV per
molecule.”® The clusters desorb the molecules from the target,
which is positioned 90 mm from the nozzle. The substrate, on
which the molecules were deposited, was mounted directly
opposite to the target at a distance of dgp = 8 to 30 mm. The
target consisted of a piece of silicon wafer (2 X 2 cm?) covered
with its natural oxide onto which an aqueous solution (¢ = 1073
mol/L, V = 100 L) was drop-cast. Prior to use, all substrates
were cleaned in ethanol and acetone in an ultrasonic bath for
1S min each. To remove metal contamination from the silicon
oxide surface, some of the substrates were additionally cleaned
with the so-called “RCA cleaning procedure type 2” reported
by the Radio Corporation of America.”’” Peptides (purity >97%)
were purchased at Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany, and porphyrins (purity >98%) were purchased at
PorphyChem SAS, Longvic, France.

During deposition, the substrate was covered with a
deposition mask (perforated metal plate, r,,, = 3 mm); the
target and sample holder were on ground potential. The
deposition rate was determined quantitatively using a quartz
crystal microbalance (QCM SR$560, QCM200-5 MHz Crystal

Oscillator, Stanford Research Systems). Sample transfer from
the deposition chamber to the vacuum chamber of the mass
spectrometer was carried out through ambient conditions
unless stated otherwise.

After deposition, the samples were analyzed by means of
DINeC-MS. For the MS measurements, the masks were
removed from the samples; the deposited molecules were
desorbed by SO, clusters in the same way as described for the
deposition procedure. In the former case, the desorbed ions
were transferred into a commercial ion trap mass spectrometer
(amaZon speed from Bruker Daltonik GmbH, Bremen
Germany), which was equipped with a custom-built DINeC
ion source; the experimental setup is described in detail
elsewhere.'

B RESULTS AND DISCUSSION

In Figure 2, the DINeC mass spectrum from an angiotensin II
sample prepared by means of DINeC-Depo (Figure 2b) is
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Figure 2. DINeC mass spectra in positive ion mode obtained
from angiotensin II (a) drop-cast on SiO, and (b) deposited by
DINeC-Depo (deposition time tye,, = 6 h, dgp = 8 mm). The main
peak at m/z = 1046 is assigned to the intact peptide. The intensity of
this peak increases with increasing deposition time from 10 min to 6 h
(inset). Further peaks occurring at m/z > 1046 are discussed in the
main text. Peak positions of all major peaks are listed in Table SI in
the Supporting Information.

compared to a mass spectrum taken from a drop-cast film of
angiotensin II (Figure 2a). In both cases, the main peak at m/z
= 1046 is assigned to the intact angiotensin II molecule, [M +
H]*. Further peaks of much lower intensity are observed in the
mass spectrum from the deposited sample at m/z = 1058,
1068, 1074, and 1084. Three of these peaks (m/z = 1058,
1068, and 1084) are also found in the drop-cast sample but
show an increased intensity in the spectrum from the deposited
sample. The peaks at m/z = 1068 and m/z = 1084 can be
assigned to the adduct formation of angiotensin II with alkali
metals ([M + Na]* and [M + K], respectively). The peaks at
m/z = 1058 and m/z = 1074 are associated with more complex
reactions such as esterification or formylation.”*** For the
former one, the MS/MS spectrum indicates a reaction
involving the terminal aspartic acid group of the molecule
(Figure S2). Peaks at m/z < 1046 are observed in even lower
intensity (<3% of the main peak for both the drop-cast and the

https://doi.org/10.1021/acsomega.3c05518
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DINeC-Depo sample, compare also the spectra with extended
mass range in Figure S3). They can be associated with specific
fragments of angiotensin II along the peptide backbone.*’
When we compare the relative intensity of these peaks (with
respect to the main peak, which is associated with the intact
molecule) in the spectra of the DINeC-Depo samples and in
the drop-cast samples, the increase in relative intensity is <2%.
This increase represents the upper limit for fragmentation
induced by the deposition process; it might also originate, at
least in part, from other processes, such as reactions on the
surface. The deposition by means of DINeC-Depo can thus be
seen to be close to fragmentation-free.

The signal intensity of the main peak at m/z = 1046 in the
spectra from the deposited samples increases with increasing
deposition time (10 min to 6 h, Figure 2b, inset). From
the saturation behavior, we conclude a closed layer of
angiotensin II molecules to be formed on the substrate after
a deposition time of =1.5 h in the given configuration.
Qualitatively similar mass spectra were measured from
angiotensin II deposited on different substrates, e.g., on gold
or HOPG substrates (Figures S4a,b in the Supporting
Information, respectively).

The amount of molecules deposited by DINeC-Depo was
quantified in a QCM experiment. Figure 3 shows the deposited

QCM
100 |
£
o
>
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o
<
ﬁ 50
©
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Angiotensin Il
0 Cuand 1 1 1 1
0 5 10 15 20
Time [10% s]

Figure 3. QCM measurement of the mass deposited during a DINeC-
Depo experiment with angiotensin II. The QCM plate was installed at
a distance of dgr = 30 mm from the target. Yellow-labeled regions
indicate that the SO, cluster beam was on. Blue open symbols: raw
data. Blue straight lines: linear fits within the respective intervals.

mass as recorded on a QCM as a function of the deposition
time. The angiotensin II molecules were deposited on the gold
electrode (1.3 cm?®) of the quartz crystal resonator, which was
installed at the position of the sample at a distance of dgp = 30
mm from the target. When the cluster beam was switched on (¢
= 1800 s), a continuous increase in the mass was observed.
When the beam was turned off again (t = 6300 s), the
deposited mass per area was m/A = 37 ng/cm2 and the
respective deposition rate was 7.6 pg/(s-cm?). In the following
period with the beam off (until t = 10,300 s), the recorded
mass remained constant. In the second and third deposition
cycles, similar deposition rates of 7.1 and 7.0 pg/(s-cm?) were
recorded, respectively; the average deposition rate in this
experiment was 7.3 + 0.3 pg/(s-cm?) which is considerably
lower when compared to the desorption rate of 2200 pg/(s:
cm?) from a drop-cast angiotensin II sample.”> We note that
the distance between the QCM-plate and the target (dgp = 30

40641

mm) was comparatively large in this experiment; with a lower
distance as used in most of the reported experiments, higher
deposition rates are achieved. Further improvement of the
geometry beyond the current setup (reduced nozzle-target
distance, optimized angle of incidence of the beam and angle
of collection) is estimated to further increase the deposition
rate by up to one order of magnitude. This should then allow
for the preparation of real multilayers including more complex
film compositions.

The signal intensity in the mass spectra from samples
deposited via DINeC-Depo changes as a function of measuring
time, as shown in Figure 4. For the main peak at m/z = 1046
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Figure 4. (a) Signal intensity of the peak at m/z = 1046 in DINeC
mass spectra from a DINeC-Depo sample (angiotensin II, taepo = 6 by
dgr = 8 mm) as a function of desorption time. The exponential decay
results from the removal of the deposited molecules from the SiO,
surface. (b—d) Positive ion mode DINeC mass spectra were measured
at different times as indicated. Peak positions of all major peaks and
their intensities are listed in Table S2 in the Supporting Information.

(IM + H]") as measured on a sample of angiotensin II
deposited on a silicon wafer for 6 h, the continuous decrease of
the signal suggests a film in the (sub-) monolayer regime. On
the other hand, from the saturation of the initial signal
intensity (Figure 2b, inset), one expects a closed film of several
molecular layers in thickness, in accordance with the QCM
measurements. We thus conclude that the amount of substance
deposited, which corresponds to approximately 3—4 mono-
layers, is not arranged in well-ordered multilayers but a rather
inhomogeneous mode of growth, including islands and clusters
of molecules on the surface, is operative. The arrangement of
the molecules on the surface might be further influenced by the
transfer through ambient conditions, although no major
difference was observed when samples that were transferred
through the ambient were compared to samples that were
transferred between the deposition and analysis chambers
without breaking the vacuum.

As some of the molecules that are desorbed via cluster-
surface impact carry additional SO, molecules as remainders of
the cluster fragments in which they were dissolved during the
desorption process,"®'” we analyzed the amount of SO, on the
surface after DINeC-Depo by means of X-ray photoelectron
spectroscopy (XPS). If at all, a sulfur content of less than one
sulfur atom per angiotensin molecule was detected on the
samples (Figure S5). Indeed, the fraction of biomolecules with
SO, adducts is typically small;">*° from our results, we further

https://doi.org/10.1021/acsomega.3c05518
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conclude that SO, from the background gas does not lead to a
substantial SO, contamination on the surface, either.

When the target substrates are exchanged during the
deposition process, mixed layers can be prepared by DINeC-
Depo. In the example shown in Figure S, a mixture of two
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Figure S. DINeC mass spectra in positive ion mode taken from (a) an
angiotensin II sample prepared by drop-casting, (b) an angiotensin I
sample prepared by DINeC-Depo, (c) a mixed sample of angiotensin
II and bradykinin 1—7 prepared by DINeC-Depo, (d) a bradykinin
1—7 sample prepared by DINeC-Depo, and (e) a bradykinin 1-7
sample prepared by drop-casting. DINeC-Depo samples were
prepared by 6 h of deposition (dgy = 12 mm); in the case of the
mixed samples, the targets were alternated every hour. The main
peaks at m/z = 1046 (a)b) and m/z = 757 (d,e) are assigned to the
intact angiotensin II and bradykinin 1—7 molecules, respectively. The
mass spectrum from the mixed sample in (c) shows both peaks. Peak
positions of all major peaks and their intensities are listed in Table S3
in the Supporting Information.

peptides, angiotensin II and bradykinin 1—7, was deposited.
The DINeC-Depo samples with pure substances were
prepared by deposition for 6 h from one single target; the
mixed sample was prepared by alternating between the two
targets every hour, adding up to a total deposition time of 6 h.
In the mass spectrum from the drop-cast angiotensin II sample
(Figure Sa), the most intense peak at m/z = 1046 is associated
with the intact biomolecule [M + H]*. The same is true for the
DINeC-Depo sample with angiotensin II only. An additional
peak at m/z = 1062 is observed in the mass spectrum (Figure
Sb), which was not observed in the angiotensin II spectra
shown previously. It is assigned to an oxidation product of the
peptide. The main peak in the mass spectrum shown in Figure
Se from the drop-cast sample of bradykinin 1-7 at m/z = 757
is assigned to the intact peptide molecule [M + HJ]".
Additional peaks of much lower intensity appear at m/z =
769, 779, 785, and 79S. The peaks at m/z = 779 and m/z =
795 are assigned to the adduct formation of bradykinin 1-7
with alkali metals ([M + Na]* and [M + K]*, respectively),

whereas the peaks at m/z = 769 and m/z = 78S are associated
with more complex reactions, in analogy to the spectrum from
angiotensin II shown in Figure 2. The mass spectrum of the
DINeC-Depo sample of bradykinin 1—7 (Figure Sd) again
shows the most intense peak at m/z = 757 ([M + HJ")
indicating the transfer of the intact molecule. In comparison to
Figure Se, one additional peak is observed at m/z = 773, which
can be assigned to an oxidation product of the peptide. The
spectrum from the mixed sample shown in Figure Sc is
dominated by the peaks at m/z = 1046 and m/z = 757, which
are assigned to the two intact biomolecules, [M1 + H]* and
[M2 + H]". They indicate that both molecules are present at
the surface in the same order of magnitude. Although the
intensity from the pure DINeC-Depo samples of bradykinin
1-7 and angiotensin II are comparable in Figure 5Sb,d, an
intensity ratio of 1:2 is observed for the mixed sample. This
deviation from the ratio expected from the ratio of the
deposition times of the single components was also observed
for other nominal ratios of molecules in the mixed layers
(Figure S6). It might be attributed to a slightly different
desorption efficiency from the targets, as observed for other
peptides as well;* alternatively, it could indicate that in the
mixed layers of molecules, the desorption/ionization efficiency
of the two molecules is different. This might be attributed, e.g.,
to a different ionization efficiency of one of the molecules in
the presence of the second (so-called “matrix effect”'~>*).

Similar to angiotensin II, in the spectra taken from the
bradykinin 1—7 samples, we find minor peaks at m/z < 757,
i.e, the peak associated with the intact bradykinin molecule.
They are assigned to specific fragments of the peptide
(compare also the spectra with an extended mass range in
Figure S7). In analogy to the angiotensin II spectra, we
analyzed the increase in the intensity of these peaks, which is
below 1% with respect to the main peak, i.e., even lower than
in the case of angiotensin II, thus further indicating the soft
nature of the desorption/deposition process. At this point, we
would like to note that angiotensin II and bradykinin 1—9 have
been also investigated by means of deposition via GCIBs.*
Although experiments with Ar clusters of comparable energy
density were performed (Ariyy, 1 eV/atom), still about 40% of
the molecules were found to be fragmented. The difference
might be explained by the very different desorption
mechanisms being operative (dissolution- versus impact-
based'*'?), the different desorption/deposition geometries,
or a combination of both of them.

As the deposited molecules are in direct contact with the
substrate, the cleanliness of the surface plays an important role
in the DINeC-Depo experiments. Positive ion mode mass
spectra from angiotensin II deposited on differently cleaned
SiO, surfaces are shown in Figure 6b,c. For comparison, the
mass spectrum from a drop-cast film of angiotensin II is shown
in Figure 6a. In the latter spectrum, the main peak at m/z =
1046 is associated with the intact peptide ([M + H]"), and
adduct and oxidation peaks exhibit an intensity of less than 5%
of the main peak. When angiotensin II was deposited on a
silicon wafer that was cleaned in an ultrasonic bath (acetone
and ethanol, 15 min each, Figure 6b), adduct peaks of higher
intensity were observed when compared to the spectrum in
Figure 6a. The peak with the highest intensity is observed at
m/z = 1084. Along with the peak at m/z = 1066, it is
assigned to the adduct formation of angiotensin II with
potassium ([M + K]* and [M — H,0 + K]*, respectively).
Sodium adducts (m/z = 1068, [M + Na]*) were also observed
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Figure 6. DINeC mass spectra in positive ion mode obtained from
angiotensin II samples deposited via DINeC-Depo [(b,c), taepo = 6 by
d¢r = 12 mm] on differently cleaned silicon substrates. The mass
spectrum from a drop-cast angiotensin II sample is shown in (a) for
comparison. In (b), the mass spectrum from a sample prepared by
DINeC-Depo on a substrate, which was cleaned in ethanol/acetone
only, is shown. Angiotensin II with adducts of potassium ions at m/z
= 1084 ([M + K]*) (inset) and m/z = 1066 ([M — H,0 + K]*) is
indicated by arrows. In (c), the mass spectrum from a sample
deposited on SiO, which was additionally cleaned according to the
RCA-2-procedure”’ is shown. The adduct peaks are suppressed, and
two peaks at m/z = 1058 and m/z = 1062 occur at higher intensities
than in the mass spectrum in (b). Peak positions of all major peaks
and their intensities are listed in Table S4 in the Supporting
Information.

in some experiments. The metal contaminations were almost
completely removed from the substrate with an additional
cleaning step according to the RCA-2-procedure (Figure 6c¢).
This results in a lower intensity of adduct peaks (<3%).
However, in the spectra of the samples prepared on these
substrates, the peaks at m/z = 1058 (compare Figure 2) and
m/z = 1062 show an increased intensity. The latter is assigned
to an oxidation product of angiotensin IL*° Both peaks are also
observed from the drop-cast sample and the samples prepared
by DINeC-Depo on substrates cleaned only in ethanol/
acetone; however, in the mass spectrum from the samples
deposited on the substrates cleaned according to the RCA-2-
procedure, they appear with an increased signal intensity of up
to ®#15% of the main peak. Additionally, a peak in the mass
range m/z < 1046 is observed at m/z = 1001, representing a
fragment of the intact peptide ((M — COOH + H]J"). The
results demonstrate that the peptides, which are in direct
contact with the clean SiO, surface, are much more prone to
further reactions, including oxidation when compared with the
molecules in solution or in a drop-cast film.

The degree of oxidation of peptides on samples prepared
using DINeC-Depo depends not only on the nature of the
substrate but also on handling of the sample after deposition
and on the peptides themselves. The peak associated with
oxidation of angiotensin II in the mass spectrum shown in
Figure 6¢ (m/z = 1062) is only low in intensity. This changed
when the molecule was deposited on a SiO, surface which was
cleaned according to the RCA-2-procedure’” and which was
installed in the vacuum chamber directly after the cleaning
process; a much stronger oxidation of the peptide was
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A |

o
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Figure 7. DINeC mass spectra in positive ion mode were obtained
from bombesin samples. The mass spectrum from the drop-cast film
(a) shows a major peak at m/z = 1619 associated with the intact
peptide, [M + H]*. The samples on which the molecules were
deposited by DINeC-Depo (fgpo = 6 h, dsy = 30 mm) were
transferred to the DINeC-MS vacuum chamber via either air (b) or
vacuum (c). The mass spectra from these samples show additional
peaks separated by Am/z = 16, which are assigned to the oxidation
products of the peptide. The peaks at m/z < 1619 are assigned to
oxidation products of the bombesin molecule from which the oxidized
side group of methionine has been cleaved off (CH,SOH, Am/z =
64°7°%). Peak positions of all major peaks and their intensities are
listed in Table SS in the Supporting Information.

by Am/z = 16 each starting from the intact peptide at m/z =
1619 ([M + H]"). The peaks are assigned to oxidation
reactions of two of the amino acids, tryptophan and
methionine, which are known to be easily oxidized.*” *
When the sample is transferred between the DINeC-Depo
chamber and the DINeC-MS chamber without breaking the
vacuum using a mobile vacuum transfer chamber,” the peak
associated with the intact molecule is observed with higher
intensity (Figure 7c) when compared to the spectrum from the
sample which was transferred through air. Apparently,
atmospheric oxygen enhances the oxidation process. None-
theless, we also observe a substantial amount of bombesin
molecules to be oxidized in the case of the sample which was
transferred through vacuum. In that case, the oxidation can be
most likely attributed to the influence of SO, from the clusters,
which, together with H,O on the sample from the residual gas
in the chamber, forms H,SO;"®** which can readily oxidize the
surface-adsorbed molecules during the analysis step as well.
Although one might think the same process to be operative
during desorption for deposition, the spectra taken from a
drop-cast sample (Figure 7a) indicate that on bulk samples the
process is much less important. In order to further reduce the
influence of the clusters but keep the advantage of the soft
desorption process by polar clusters, the use of H,O clusters
might be envisioned; however, this comes at the cost of a more
complex cluster source.

So far, we have observed adduct formation and reaction with
ambient gases on the surface. In the following, a more complex
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reaction between the surface and the molecules that were
deposited via DINeC-Depo is illustrated using porphyrins.
Bulk samples for this experiment were prepared by drop-
casting a saturated ethanolic solution (V' = 5—10 uL) on SiO,
substrates. In the mass spectrum from the drop-cast
tetraphenylporphyrin (TPP) sample (Figure 8a), the main
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Figure 8. Positive ion mode DINeC mass spectra obtained from two
different porphyrins prepared by drop-casting (ae) or DINeC
deposition [(b—d), typo = 6 h, dsr = 30 mm] on SiO,. In the mass
spectrum from the drop-cast samples, two main peaks are observed at
m/z = 615 (a) and m/z = 675 (e), which are assigned to TPP ([M +
H]*) and CuTPP ([M]*), respectively.”” The mass spectra (b—d)
from samples prepared by DINeC-Depo also show peaks
associated with the intact porphyrins, but additional peak progressions
with Am/z = 16, indicating oxidation products, are observed. The
mass spectrum in (c) from a sample that was prepared by DINeC-
Depo of TPP on CuCl, shows peaks that are assigned to TPP and
CuTPP. Peak positions of all major peaks and their intensities are
listed in Table S6 in the Supporting Information.

peak at m/z = 615 is assigned to the porphyrin molecule
ionized by proton uptake, [M + H]*. When the molecule is
deposited on silicon oxide by means of DINeC-Depo (Figure
8b), additional peaks separated by Am/z = 16 are observed,
which are associated with the oxidation products of the
porphyrin. The mass spectrum shown in Figure 8e, which was
obtained from a drop-cast sample of copper(II)-
tetraphenylporphyrin (CuTPP), features a major peak at m/z
= 675, which is assigned to the intact porphyrin [M]*.**
Figure 8d shows the mass spectrum from a sample of CuTPP
deposited by means of DINeC-Depo onto a silicon substrate.
The peak of the intact molecule is only low in intensity, but a
progression of peak groups separated by Am/z = 16 from the
most intense peak at m/z = 692 is clearly observed. Similar to
the deposition experiment with TPP, these peaks are
associated with an oxidation reaction. However, in contrast
to oxidation of TPP, the peak progression starts at Am/z = 17

from the peak assigned to the intact CuTPP. This might be
interpreted in terms of an additional uptake of a proton when
the oxygen atom is incorporated between the copper central
ion and one of the nitrogen atoms; "’ ™ the oxidation thus
goes along with a nominal shift of the ionization process from
electron abstraction to proton uptake. Besides the copper-
containing species, the peak at m/z = 615 (TPP, [M + H]")
indicates that for some of the molecules copper as the central
ion is removed and has been replaced by two protons.

Finally, TPP was deposited on a CuCl, surface, which was
prepared by drop-casting the salt solution onto the silicon
wafer before TPP was deposited via DINeC-Depo on this
substrate. The corresponding mass spectrum is shown in
Figure 8¢; major peaks are observed at m/z = 615 and m/z =
692 accompanied by the corresponding peak progressions. The
peak progression at m/z > 675 indicates the reaction of the
porphyrin molecules with the substrate with Cu(II) being
integrated into the porphyrin as the central ion; the integrated
peak intensity of the peaks associated with CuTPP accounts
for approximately 50% of the total peak intensity. Assuming
comparable desorption/ionization efficiencies for all of the
species investigated, this indicates that about S0% of the
deposited TPP molecules were reacted in this way.

B CONCLUSIONS

In conclusion, desorption/ionization induced by neutral
clusters was introduced as a soft deposition method, which
was employed to deposit fragile organic molecules on a variety
of different substrates. The process was shown to be
fragmentation-free. The amount of material that was deposited
ranges from isolated molecules in the submonolayer regime to
a few monolayers. As most of the molecules are in direct
contact with the substrates and/or the gas phase to which the
samples are exposed, reactions with the substrate and/or
adsorbates were shown to play a dominant role. Samples
prepared by means of DINeC-Depo can thus be used for the
investigation of reactions of complex (bio)molecules on
surfaces including, among others, adsorbate—adsorbate and
adsorbate—surface reactions.
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Figure S1: Schematic drawing of the chamber used for soft deposition by means of
cluster-induced desorption. The SO cluster beam is generated via supersonic expan-
sion using a pulsed nozzle. The beam hits the surface at an angle of 45° after passing
the skimmer. The clusters desorb the molecules applied on the target by means of
drop-casting; a fraction of the desorbed molecules is deposited onto a substrate which
is mounted at variable distance dgt from the target. In the experiments reported in
this paper, dst was between 8 and 30 mm. By moving the z-manipulator, the target
molecules for the deposition process can be changed. The substrate on which the
molecules were deposited can be transfered to any vacuum chamber of choice, which
in the experiment reported in this paper was a DINeC-MS chamber, either through
ambient or without breaking the vacuum using a mobile vacuum transfer chamber.
The DINeC-Depo vacuum chamber was pumped by a turbomolecular pump with a
pumping speed of S = 120 L/s.

Table S1: Ion peaks observed in the mass spectra shown in Figure 2 obtained by
means of DINeC-MS.

m/z Intensity [a.u.]
() (b)
931.5 146641 53604
1001.5 | 78944 79496
1028.5 | 42800 88868
1046.5 | 7672775 | 2999608
1058.5 | 411566 242248
1068.5 | 398403 205835
1074.5 | 93344 152983
1084.5 | 233393 269742
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Figure S2: Positive ion mode MS/MS spectra obtained from an angiotensin II DINeC-
Depo sample (tgepo = 6 h, dsT = 12 mm) after isolation and fragmentation of the
peaks at (a) m/z = 1046 and (b) m/z = 1058. The main peak at m/z = 931 (black
arrow) can be assigned to the fragment 2-8 after cleavage of the aspartic acid from
the intact peptide. The dominant presence of the peak in both spectra indicates a
reaction at the cleaved aspartic acid to be responsible for the peak at m/z = 1058.
The peaks labelled with colored arrows in (a) can be assigned to further fragments of
angiotensin II and occur also in (b) but shifted by Am/z = 12. All of these fragments
still include the aspartic acid. The peak at m/z = 943 (gray arrow), which is related
to the peak at m/z = 931 (Am/z = 12) indicates that the reaction in part also occurs
at other amino acids in angiotensin II.

S3



x10°

S0+ DINeC-Depo on Gold 1
Angiotensin |l
(a)
0 . — .
E)
590_ on HOPG |
g
o | (b)
(j) O 1“‘ I e " I
51 on SiO,
(activated)
(c) v oy
0 lll. o oaali !
950 1000 1050 1100 1150

m/z

Figure S3: DINeC mass spectra in positive ion mode obtained from angiotensin II
samples deposited via DINeC-Depo (tgepo = 6 h, dsT = 12 mm) on (a) gold, (b)
HOPG, and (c) "activated” SiO2. The activation is a result of the treatment with hy-
drogen peroxide as an ingredient of the RCA-2-procedure. The substrate was mounted
in the chamber directly after the cleaning procedure. The main peak in all three spec-
tra at m/z = 1046 is assigned to the intact peptide, [M+H]". In the mass spectra
from the gold and HOPG samples, the additional peaks are of low intensity. In the
spectrum taken from the activated substrate, four additional peak groups, which are
separated by Am/z = 16 each, are observed (arrows). They indicate oxidation of the
peptide on the activated surface.

Table S2: Ion peaks observed in the mass spectra shown in Figure 4 obtained by
means of DINeC-MS.

m/z Intensity [a.u.]

(a) (b) (c)
931.5 | 238031 105436 68233
1001.5 | 261154 137672 95376
1028.5 | 203471 401172 348672
1046.5 | 8181660 3034386 1602192
1058.5 | 663817 328500 184819
1062.5 | 155020 483691 22288
1068.5 | 53895 33184 31796
1074.5 | 495547 184674 121835
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Table S3: Ion peaks observed in the mass spectra shown in Figure 5 obtained by
means of DINeC-MS.

m/z Intensity [a.u.]

(a) (b) (c) (d) (e)
739.3 | 4984 14943 89827 307361 143958
757.3 5453 16842 1848579 | 10328425 | 8518563
769.3 1204 7566 111359 746019 159246
773.3 | 164 2554 23351 393534 16165
779.3 |0 5331 11630 25364 202303
785.3 | 15170 32524 114217 385664 108814
795.3 | 997 1558 16620 25541 268302
931.5 59334 174051 127921 13706 7459
1001.5 | 19557 337452 200791 10915 1007
1028.5 | 84259 108377 160791 6853 1106
1046.5 | 8242034 | 9489328 | 5277106 | 5787 2382
1058.5 | 106516 1492254 | 354237 5449 1062
1062.5 | 58293 1441831 | 551377 5323 1346
1068.5 | 397891 21458 36458 12644 785
1074.5 | 16185 566263 122408 4498 2004

® Bradykinin 1-7 ® Angiotensin Il

¢

1.00

0.75

0.50

Intensity ratio

0.25

0.00 . . L . L .
0.00 0.25 0.50 0.75 1.00
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Figure S4: Intensity ratio of the main peaks assigned to the intact peptides
bradykinin 1-7 and angiotensin II (m/z = 757 and m/z = 1046, respectively) of
mixed samples prepared by DINeC-Depo (tqepo = 6 h, dsr = 12 mm) measured
by DINeC-MS as a function of the fraction of the deposition time of angiotensin II,
2(ATII). Each data point represents 8-12 measurements. The intensity of the peaks
entering the intensity ratio is normalized to the average signal intensity as measured
from pure DINeC-Depo samples of bradykinin 1-7 and angiotensin II.
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Table S4: Ion peaks observed in the mass spectra shown in Figure 6 obtained by
means of DINeC-MS.

m/z Intensity [a.u.]

(a) (b) (c)
931.5 | 59334 162579 174051
1001.5 | 19557 71222 337452
1028.5 | 84259 113925 108377
1046.5 | 8242034 | 9133217 | 9489328
1058.5 | 106516 326215 1492254
1062.5 | 58293 534105 1441831
1066.5 | 18963 559870 27506
1074.5 | 16185 60488 566263
1084.5 | 111643 1954896 | 25903

Table S5: Ion peaks observed in the mass spectra shown in Figure 7 obtained by
means of DINeC-MS.

m/z Intensity [a.u.]
(a) (b) (c)
1571.8 | 17544 38267 100099

1573.8 | 89279 66162 218453
1587.8 | 17737 95937 68263

1589.8 | 9118 180989 321105
1603.8 | 24918 102779 33281
1605.8 | 30613 173109 112248

1619.8 | 3324112 | 113458 597756
1635.8 | 438719 238764 1251395
1651.8 | 150683 602683 1092171

1667.8 | 25321 741127 405189
1683.8 | 3300 281889 110161
1699.8 | 2849 90463 30136

Table S6: Ion peaks observed in the mass spectra shown in Figure 8 obtained by
means of DINeC-MS.

m/z Intensity [a.u.]

(a) (b) (c) (d) (e)
615.2 | 6865211 | 827525 2401350 | 1121330 | 1557
631.2 352561 275971 990430 283397 1038
647.2 42649 88623 295265 63370 320
663.2 18502 23267 103532 57592 278
675.2 6883 26583 304580 99017 1197107
692.2 | 8392 15172 1554755 | 656830 1987
708.2 | 16987 3023 512563 275009 8283
724.2 2510 7058 251961 101597 1935
740.2 1675 1031 149022 55612 400
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