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Chapter 1

Deutsche Zusammenfassung

1.1 Motivation

Mit Hilfe von Beschichtungen lassen sich die Eigenschaften von Oberflichen mafgeblich
beeinflussen, was vielfdltige Anwendungen ermdoglicht. Aufgrund dieser grofsen Bedeutung
sind zahlreiche Techniken entwickelt worden um diinne Molekiilschichten auf Oberflichen
aufzubringen: von der Langmuir-Blodgett-Technik, Spincoating und Molekularstrahlepi-
taxie bis hin zu selbst-aggregierenden Monolagen. Insbesondere selbst-aggregierende
Monolagen (SAMs) haben in den letzten Jahren stark an Bedeutung gewonnen [1}-6].
SAMs koénnen mit Hilfe von verschiedenen Ankergruppen auf diversen Oberflichen wach-
sen. Die grofte Verbreitung haben SAMs, die mit einer Silangruppe auf Siliziumoxid
binden |7] und solche, die mit einer Thiolgruppe an Gold binden [8]. Diese beiden Sys-
teme dienen als Modellsysteme. Aufgrund ihrer wohldefinierten kristallinen Struktur und
der vergleichsweise einfachen Kontrolle ihrer chemischen Eigenschaften, wie Hydrophilie,
Schichtdicke ~ und  Oberflichenladung ~ haben  SAMs  neue  Anwendungs-
bereiche erschlossen. Sie finden im technischen Bereich Verwendung als Gleitmittel [9)
und werden in der Nanolithografie |10] und der molekularen Elektronik [11] eingesetzt.
Auch im medizinischen und biologischen Bereich finden SAMs Anwendung. Diese re-
ichen von weichen Unterlagen fiir auf Oberflichen immobilisierten Biomembranen [12],
tiber Plattformen fiir spezialisierte Molekiile [13] bis hin zu ihrem wichtigsten Einsatzge-
biet: der Verhinderung unspezifischer Proteinadsorption. Dies ermd&glicht es Schiffsriimpfe
gegen unerwiinschten Algenbewuchs zu schiitzen [14] oder Zellwachstum auf Implantaten
zu verhindern [15|. In Kombination mit Molekiilgruppen, die selektiv binden [16], und
mit Techniken zur Bestimmung der Oberflichenbedeckung wie Oberflachenplasmonres-
onanz [13], reflektometrische Interferenzspektroskopie [17] und Quarzmikrowégung [18],
kénnen Sensorelemente zum Nachweis von spezifischen Proteinen konstruiert werden.

Um die proteinresistenten Eigenschaften von SAMs und damit auch das Signal-Rausch-
Verhaltnis von Biosensoren zu verbessern ist es wichtig den Mechanismus der Proteinre-
sistenz zu verstehen. Auferdem kann das Verstdndnis der zugrunde liegenden Zusammen-
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hange Riickschliisse auf die Wechselwirkung von Biomolekiilen untereinander erméglichen.
Es hat sich herausgestellt, dass nicht nur die hydrophilen Eigenschaften der Endgruppe
des SAMs fiir dessen Proteinresistenz entscheidend sind, sondern auch eine neutrale
Gesamtladung sowie das Vorhandensein von polaren Gruppen und die Verfiigharkeit von
Protonendonatoren [19]. Insbesondere spielt die Einlagerung und Bindung von Wasser-
molekiilen in der Ethylenglycol-Doméne und an ihrer Grenzflache zur Wasserschicht eine
groke Rolle [20-22].

Im Mittelpunkt der vorliegenden Arbeit steht die Untersuchung des Hexaethylenglykol
terminierten Thiols HS(CH;);;(OCH,CH,)sOMe (EGgOMe) in wéssriger Umgebung (in-
situ). Es wird der Einfluss des Wassers auf das Wachstum der Monolagen, ihre Struktur,
ihr Temperaturverhalten und ihre Langzeitstabilitdt untersucht um damit Erkenntnisse
iiber die Art der Wechselwirkung mit Wassermolekiilen zu gewinnen. Besonders geeignet
ist  hierflir =~ Polarisations-Modulations-Infrarot-Reflexions-Absorptions-Spektroskopie
(PMIRRAS), es liefert strukturelle Informationen und hat im Zusammenspiel mit
geeigneten Messzellen fiir diinne Wasserschichten ein exzellentes Signal-Rausch-Verhéltnis
[22], was die Technik sensitiv fiir sehr kleine Anderungen im untersuchten System macht.

1.2 Ergebnisse

Fiir das Verstdndnis des Mechanismus der Proteinresistenz anhand des Modellsystems
EGgOMe spielt die Wechselwirkung mit Wassermolekiilen und deren Bindung im OEG
Bereich eine besondere Rolle. Ein Weg um diese Wechselwirkung mit Wasser besser zu
verstehen ist die Anderung von Parametern des SAMs wie Temperatur und Packungs-
dichte und die Beobachtung der Strukturdnderung des SAMs in Losung. Solche in-situ-
Messungen sind wesentlich komplexer als einfache Messungen an der Luft und erfordern
eine Optimierung des experimentellen Aufbaus und der Datenauswertung.

Der erste Abschnitt des Ergebnisteils behandelt die Berechnung der Signalstirke von
Infrarotspektren in Abhingigkeit der Wasserschichtdicke und deren experimentelle Uber-
priifung. Weiterhin wird gezeigt, wie PMIRRAS-Spektren normiert werden kénnen, wie
die Basislinie korrigiert werden kann und wie Molekiile auf dielektrischen Substraten mit
PMIRRAS gemessen werden kénnen. Es folgt die Beschreibung der Konformationsén-
derung von SAMs wihrend des Wachstums in Losung, der Einfluss der Wechselwirkung
mit Wasser auf die SAM-Struktur, die Langzeitstabilitdt von SAMs in Losung und an
der Luft sowie Effekte bei wiederholter Reimmersion. Abschliefend wird der Einfluss von
erhohter Temperatur auf die Struktur von SAMs untersucht.

1.2.1 Berechnung und Optimierung der PMIRRAS-Signalstarke

Mit Hilfe der Fresnel-Gleichungen ist es moglich die Reflektions- und Transmissionskoef-
fizienten beim Ubergang von elektromagnetischen Wellen zwischen zwei Medien zu berech-

vi
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nen. Mit Hilfe des Matrixformalismus von Hansen lisst sich fiir jeden Ubergang eine
Matrix erstellen [23,24]. Im Falle eines Mehrschichtsystems erhdlt man durch Multip-
likation dieser Matrizen eine Gesamtiibergangsmatrix, aus der sich Reflexion und Trans-
mission des Gesamtsystems berechnen lassen. Der Algorithmus wurde in ein Programm
in der Software IgorPro implementiert, das es ermoglicht, diese Berechnungen fiir ver-
schiedene Schichtsysteme, Winkel und Wasserschichtdicken durchzufiihren. Die Berech-
nungen wurden iiber einen Winkelbereich von 45 - 82,5° mit PMIRRAS-Messungen ex-
perimentell {berpriift. Dazu wurde die Signalintensitdt der C-O-C-Streckschwingung
eines EGgOMe Thiol-SAMs auf Gold an Luft und in einer in-situ Zelle unter Wasser
gemessen. Bis auf einen konstanten Vorfaktor stimmen die Ergebnisse von Theorie und
Experiment iiberein [23]. Dies macht das Programm zu einem wichtigen Werkzeug um
optimale Messbedingungen zu bestimmen. Um unter in-situ Bedingungen mit PMIR-
RAS gemessene Daten quantitativ miteinander vergleichen zu konnen, ist die Bestimmung
der Wasserschichtdicke iiber der Probe entscheidend. Dies ist mit Ellipsometriemessun-
gen moglich sowie mit IRRAS-Messungen und anschliefsendem Vergleich mit simulierten
IRRAS-Reflexionsspektren. Es konnte gezeigt werden, dass das im PMIRRAS-Spektrum
enthaltene Signal (3 (R, + R,)) im Spektralbereich von 4000 ¢cm™ - 2800 ¢cm™' auch
mit dem berechneten Reflexionssignal {ibereinstimmt. Somit kann direkt aus dem nor-
malen Spektrum die Schichtdicke bestimmt werden. Besonders interessant ist dies fiir
Echtzeitmessungen, die keine Zeit fiir Probenwechsel zwischen den Messungen lassen.

1.2.2 Normierung und Basislinienkorrektur fiir PMIRRAS-
Spektren

Mit einer von Buffeteau et al. [25] entwickelten Kalibrationsmethode kann man mit Hilfe
von Referenzspektren in zwei Schritten ein PMIRRAS-Signal in ein IRRAS-Signal umwan-
deln. Im ersten Schritt werden zwei Referenzspektren aufgenommen, indem hinter der
Probe ein zusatzlicher Polarisator eingesetzt wird. Dieser wird so eingestellt, dass nur
p-polarisierte bzw. s-polarisierte Strahlung passieren kann. Mittels dieser beiden Ref-
erenzspektren wird der zweite Term der Besselfunktion (J,) aus dem Spektrum entfernt.
Im zweiten Teil der Methode wird das erhaltene Spektrum mit Hilfe eines ebenfalls kor-
rigierten Spektrums vom blanken Substrat normiert. Es konnte gezeigt werden, dass die
Referenzspektren fiir verschiedene metallische Substrate nicht unterscheidbar sind und
somit nicht fiir jede Probe neu gemessen werden miissen. Dies reduziert die Anzahl
der notigen Messungen von sechs pro Spektrum auf zwei. Es muss lediglich zusétzlich
zur normalen Messung ein PMIRRAS-Spektrum vom blanken Substrat gemessen werden,
da dieses fiir den zweiten Schritt der Kalibrierung benétigt wird. Diese Methode kann
eingesetzt werden, wenn Spektren auf verschiedenen Substraten miteinander quantitativ
verglichen werden sollen. Fiir die Bestimmung der Modenpositionen bringt sie nur den
Vorteil der Basislinienkorrektur.

Diese Kalibrationsmethode ist leider nur fiir Messungen an Luft anwendbar. Fiir in-

vii
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situ Messungen wurden deshalb mit Hilfe von optischen Rechnungen (siehe Abschnitt
Bedingungen gesucht, bei denen die Signalstirke trotz Anderung der Wasserschicht-
dicke konstant bleibt. Dies kann mit einem Einfallswinkel von 70° erreicht werden. Bei
diesem Winkel bleibt die Signalstédrke fiir Wasserschichtdicken von 1 um - 2 um na-
hezu konstant [23|. Die Basislinienkorrektur erfolgt reproduzierbar und automatisiert mit
einem Programm unter IgorPro bei dem die Basislinie durch feste Stiitzpunkte interpoliert
wird. Diese Stiitzpunkte werden auferhalb der Absorptionsmoden gewéhlt und es wird
sichergestellt, dass keine Moden durch die Korrektur verdndert werden.

1.2.3 Messung von PMIRRAS-Spektren auf dielektrischen Sub-
straten

Silane sind neben Thiolen die gebrauchlichste Ankergruppe von SAMs. Am h&aufigsten
werden Siliziumoxidoberflichen mit ihnen funktionalisiert [3]. PMIRRAS beruht auf den
Auswahlregeln fiir die elektrische Feldstéarke fiir s- und p-polarisiertes Licht an leiten-
den Oberflichen. Fiir s-polarisiertes Licht verschwindet das elektrische Feld nahe der
Oberflache. Fiir p-polarisiertes Licht wird es verstiarkt. Streng genommen gilt dies nur
fiir metallische Oberflachen, was PMIRRAS-Messungen auf dielektrischen Substraten er-
schwert [26]. Wenn die Dicke der dielektrischen Schicht im Vergleich zur Ausdehnung des
evaneszenten Feldes tiber der Metalloberflache (fiir mittleres IR im Bereich von 100 nm)
klein ist, wird die Auswahlregel nicht signifikant gestért. Eine 200 nm dicke Titanschicht
wurde auf Siliziumsubstrate gesputtert, gefolgt von einer 5-10 nm dicken Siliziumoxid-
schicht. Die Rechnungen und die Experimente zeigten iibereinstimmend, dass die Sig-
nalstérke durch die diinne Siliziumoxidschicht nur geringfiigig abgeschwécht wird. Durch
die Si-O-Si-Streckschwingung des Siliziumoxids [27] in der diinnen Oberflachenschicht
wird der Bereich von 1000 cm™! bis 1250 cm™! verdeckt. Es ist jedoch moglich anhand
der Wippschwingung bei 1350 cm~! und der Deformationsschwingnug bei 1463 cm™!
PEG2000 SAMs zu identifizieren sowie anhand der Amid-I-Bande (1664 cm™!) und der
Amid-TI-Bande (1540 cm™") Proteinabsorption festzustellen. Mit Hilfe von biotinilierten
PEG-Molekiilen konnten wir feststellen, dass unspezifische Proteinadsorption verhindert
wird, Streptavidin jedoch spezifisch bindet. Dies zeigt, dass die Methode gut geeignet
ist um PMIRRAS-Spektren von Molekiilen auf dielektrischen Schichten aufzunehmen. In
Zusammenarbeit mit N. Schweizer (AK Gauklitz Institut fiir Physikalische und Theo-
retische Chemie Tiibingen) konnte auch gezeigt werden, dass die Beladung von PEG-
Biotin Molekiilen mit Streptavidin von der Kettenlénge der PEG-Molekiile abhéngig ist.
Wiéhrend PEG900 und PEG2000 in etwa eine gleiche Beladung haben, nimmt diese
fiir PEG6000 stark ab. Dieses Ergebnis wurde auch mit RifS und AFM Messungen
bestatigt [17]. Es wird angenommen, dass PEG6000-SAMs aufgrund der grofen Ket-
tenlédnge kollabieren und die Biotinmolekiile am Kettenende, quasi im Inneren des SAMs,
verborgen und fiir Streptavidin nicht zugénglich sind. Es ist auch moglich Infrarotspek-
tren diinner Molekiilschichten auf Siliziumsubstraten per Transmission zu messen. Es
stellte sich jedoch heraus, dass das Signal-Rausch-Verhéltnis fiir diese Messungen sig-

viil
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nifikant schlechter ist als fiir die vorgestellte Methode mit PMIRRAS. Die charakteristis-
chen Wipp- und Deformations-Schwingungsmoden von PEG2000 sind gerade noch iiber
dem Rauschlevel messbar. Zusétzlich muss fiir Transmissionsmessungen zur Normierung
des Spektrums das blanke Substrat gemessen werden. Jede Messung benotigt lange Warte-
und Messzeiten. Dies unterstreicht die Bedeutung der Moglichkeit PMIRRAS-Messungen
auf dielektrischen Substraten durchzufiihren.

1.2.4 Konformationsanderung von EGzOMe-SAMs wahrend ihres
Wachstums

Einen Schwerpunkt dieser Arbeit bildet die Beobachtung der Konformationsdnderung von
EGgOMe-SAMs wihrend ihres Wachstums in wéssriger Umgebung und deren Interpre-
tation. Der Anteil der OEG-Molekiile in helikaler Konformation kann anhand der C-
O-C-Streckschwingung bei 1116 cm™!, der EG-CH,-Drehschwingung bei 1244 cm™t und
der EG-Wippschwingung bei 1350 cm ™! beobachtet werden. Der Anteil der Molekiile in
all-trans-Konfiguration ist sichtbar im hochfrequenten Teil der C-O-C-Streckschwingung
bei 1144 cm ™! und im niederfrequenten Teil der EG-Wippschwingung bei 1325 cm™!. Die
CHj3-Schaukelschwingung bei 1200 ecm ™! ist unabhiingig von der Konformation und kann
somit zur Abschéitzung der Oberflichenbedeckung genutzt werden. Dieser Zusammen-
hang konnte mit SPR-Experimenten und unter Verwendung gemischter SAMs bestétigt
werden. Wiahrend dem beobachteten Zeitraum éndert sich die Konformation des SAMs
von gemischt helikal-all-trans zu iiberwiegend helikal. Die Anderung der Modenintensitét
folgt einem einfachen exponentiellen Zusammenhang. Auferdem kommt es wihrend dem
Wachstumsprozess zu einer Rotverschiebung der Modenposition und einer Verringerung
der relativen Breite der Moden. Beides deutet auf eine Verbesserung des kristallinen
Charakters hin.

Um die Anderung der Moden richtig zu interpretieren, ist es wichtig die Wechselwirkung
zwischen OEG-Bereich und Wassermolekiilen zu verstehen. Dies wird besonders deut-
lich, vergleicht man die SAM-Struktur in wéssriger Umgebung mit der SAM-Struktur
an Luft. Wahrend fiir mittlere Oberflachenbedeckungen in beiden Umgebungen eine
eher amorphe Struktur vorliegt, haben bei groferer Oberflichenbedeckung OEG-SAMs an
der Luft eine iberwiegend helikale Konformation und kristalline Struktur, wéhrend ihre
Struktur in Wasser starke amorphe Ziige aufweist. Dies deutet auf eine Wechselwirkung
mit Wassermolekiilen hin, die in den OEG-Bereich des SAMs eingedrungen sind. Dies
deckt sich mit den Beobachtungen von SFG-Untersuchungen [28,29] an OEG-SAMs. Fir
sehr hohe Oberflaichenbedeckungen hingegen unterscheiden sich die Spektren in Wasser
und an Luft kaum, was ein starkes Indix dafiir ist, dass Wasser aufgrund der dichten
Oberflichenbedeckung und hohen Kristallinitat des SAMs nicht in den OEG-Bereich ein-
dringen kann [21,30] und somit nicht mit den Ethylenglykol-Einheiten wechselwirken
kann. Vanderah et al. beobachteten, dass SAMs mit sehr langen Wachstumszeiten eine
perfekte helikale Struktur einnahmen, jedoch ihre proteinresistenten Eigenschaften ver-
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lieren [31]. Gemeinsam betrachtet legen diese Beobachtungen nahe, dass die Fahigkeit
Wassermolekiile im OEG-Bereich zu binden und die Proteinresistenz von OEG-SAMs
miteinander zusammenhingen. Wenn Wasser nicht mehr in die OEG-Einheit eindringen
kann und dort gebunden wird, verliert der SAM seine proteinresistenten Eigenschaften.

1.2.5 Langzeitstabilitat von EGzOMe-SAMs und Degradation

Die Konformation von EGgOMe-Thiol-SAMs ist sehr sensitiv gegeniiber kleinen Anderun-
gen. Deshalb ist es wichtig Parameter, die EGgOMe-SAMs beeinflussen zu identifizieren
und systematisch zu untersuchen. Ein erster Punkt hierbei ist die Reinigung der Goldsub-
strate. Esist bekannt, dass Alkan-SAMs keine morphologischen Unterschiede zeigen, wenn
man sie auf frisch aufgedampften Substraten wichst oder auf solchen, die schon mit einem
SAM bedeckt waren, mit Ozon erzeugendem UV-Licht bestrahlt und danach griindlich in
Ethanol gespiilt wurden [32]|. Die vorliegenden Arbeit zeigt, dass dies auch fiir EGgOMe-
SAMs gilt. Ein weiterer wichtiger Punkt ist die Langzeitstabilitdt von OEG-Thiol-SAMs
und die daraus folgenden Anderungen in Konformation und chemischer Zusammenset-
zung. Es wurde unterschieden zwischen Lagerung in Luft unter Einstrahlung natiirlichen
Lichts und im Dunkeln sowie im Dunkeln in einem wéssrigen Medium. Die SAMs an Luft
wurden iiber 120 Tage beobachtet. Von Langzeituntersuchungen mit langkettigen PEG-
Molekiilen ist bekannt, dass sie durch thermische Anregung (ab 50 °C) sowie durch pho-
tochemische Anregung iiber radikalische Reaktionen degenerieren [33-35]. Dabei kommt
es zur Bildung von Estern und Formiaten, bei letzteren zudem zu einer Abspaltung
von der PEG-Kette. Bei Lagerung der SAMs in Luft unter Einstrahlung natiirlichen
Lichts konnte beobachtet werden, dass die Intensitit der Moden, die eine helikale Struk-
tur zeigen ebenso wie die Intensitit der CHs-Schaukel-Schwingung, die die Existenz der
CH3-Gruppe am dufleren Ende des SAMs anzeigt, abnahmen. Wahrenddessen nahmen
die Moden die von den Ester- und Formiat-Abbauprodukten stammen zu. Beide Prozesse
folgen einem einfach exponentiellen Zusammenhang mit vergleichbaren Zeitkonstanten.
Nach dem Spiilen der Substrate mit Ethanol am Ende des Langzeit-Experiments unter
Lichteinstrahlung verringerte sich die Intensitét aller Absorptionsmoden signifikant. Dies
wird darauf zuriickgefiihrt, dass Thiolgruppen durch den UV-Anteil im Licht oxidierten
und die zugehdrigen Molekiile nur noch auf der Oberfléche physisorbiert waren [32]. Bei
Lagerung der SAMs im Dunkeln war der Abbauprozess signifikant langsamer, was darauf
hindeutet, dass Licht die mafsgebliche Rolle fiir die Aktivierung des Degradationsprozesses
bei Raumtemperatur spielt [34]. Die SAMs unter wéssrigen Bedingungen wurden 6 Tage
lang in der in-situ-Zelle beobachtet. Es wurde keine signifikante Anderung des Absorp-
tionsspektrums festgestellt. Dies ldsst auf eine noch bessere SAM-Stabilitdt schliefsen
als bei Lagerung im Dunkeln. Es wird angenommen, dass dies auf den radikalischen
Charakter der Abbaureaktion zuriickzufiihren ist. In Losung konnen Radikale leichter dif-
fundieren und somit dem System entzogen werden |1,36]. Die hohe Stabilitét steht auch
in Einklang mit experimentellen Beobachtungen, die zeigen, dass auch nach 28 Tagen in
Losung SAMs ihre proteinresistenten Eigenschaften vollstandig behalten [36]. Ein weit-
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erer wichtiger Punkt ist der Einfluss von wiederholter Trocknung und Reimmersion von
EGgOMe-SAMs. Es konnte gezeigt werden, dass sich bereits nach einem Spiilzyklus mit
Ethanol fiir 3 s und anschlieflender Trocknung die Intensitat der Moden, die die helikale
Konformation des SAMs anzeigen, signifikant verringert hat. Nach nur 10 Zyklen hat sich
das Spektrum stark verdndert und deutet auf einen iiberwiegend amorphen SAM hin.
Das Spiilen mit Wasser hat den gleichen Effekt. Langzeituntersuchungen zeigen, dass die
Strukturdnderung irreversibel ist.

1.2.6 Verhalten von EG;OMe SAMs bei erhohten Temperaturen

SAMs werden oft bei hoheren Temperaturen als Raumtemperatur eingesetzt. Eine Unter-
suchung von Anderungen in Konformation und Struktur kann Hinweise auf funktionelle
Veranderungen geben. Thiol-SAMs, deren Molekiile sich von EGgOMe hauptséchlich
durch eine zusétzliche Amidgruppe unterscheiden, die sie zusétzlich stabilisieren, wurden
von Valiokas et al. im Vakuum bei schrittweise erhohter Temperatur untersucht [37].
Wihrend sich die Molekiile im SAM bei Raumtemperatur in iiberwiegend helikaler Kon-
formation befanden, &nderte sich ihre Anordnung nach schrittweiser Temperaturerhhung
bis 70 °C zu einer iiberwiegenden all-trans-Konformation, der Prozess war vollstandig re-
versibel. Das Experiment wurde in der vorliegenden Arbeit mit EGgOMe in wéassriger
Umgebung wiederholt. Ziel war es den Einfluss von Wassermolekiilen auf den Umord-
nungsprozess zu bestimmen.

Die Temperatur wurde von 25 °C schrittweise um jeweils 5 °C erhéht. Bis zu einer
Temperatur von 40 °C kam es zu einer Anderung der Konformation von iiberwiegend
helikal zu gemischt all-trans helikal, vergleichbar mit dem Experiment von Valiokas et
al. [37]. Wahrend sich die Intensitdt der entsprechenden Absorptionsbanden &nderte,
blieben deren Position und Breite nahezu konstant. Die Konformation bei der jeweili-
gen Temperatur war stark abhéngig von der Kristallinitdt des SAMs bei Zimmertem-
peratur, die wiederum von der Oberflaichenbedeckung abhéngt. Eine Verringerung der
Temperatur auf die Ausgangstemperatur von 25 °C fithrte nicht zu einer Regenerierung
der urspriinglichen Konformation. Allerdings konnte der Ausgangszustand nach einer
Trocknung des SAMs und anschlieffender Reimmersion fast vollstdndig wieder hergestellt
werden. Das lédsst darauf schliefsen, dass keine Degeneration des SAMs stattgefunden hat.
Die Nichtreversibilitiat zeigt, dass Wassermolekiile, welche im SAM verankert sind, diesen
ohne eine treibende Kraft (wie zum Beispiel die Bindung neuer Thiole beim Wachstum)
nicht wieder verlassen. Dies ist ein weiteres Indiz fiir die starke Wechselwirkung und
Stabilisierung von Wassermolekiilen, die im OEG-Bereich des SAMs gebunden sind.

Bei Erhéhung der Temperatur iiber 40 °C kam es zu einer sprunghaften Anderung der rel-
ativen Position der Absorptionsmoden des OEG-Bereichs. Dies betraf sowohl die Moden,
die der all-trans-Konformation zugeordnet sind als auch die Moden, die mit der he-
likalen Konformation verkniipft sind. Es kam zu einer weiteren Verschiebung und zu
einem hoheren Anteil an Molekiilen in all-trans-Konformation. Je nach Kristallinitét
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des gemessenen SAMs bei 25 °C, 16ste sich bei verschiedenen Temperaturen die kristalline
Struktur auf. Die unterschiedliche Ubergangstemperatur - als Funktion der Oberflichenbe-
deckung - ist im Einklang mit Messungen des Temperaturverhaltens von Alkan-SAMs |3].
Der Prozess ist nicht reversibel. Weder durch Verringerung der Temperatur auf 25 °C noch
durch Trocknung des SAMs und anschlieffende Reimmersion lief sich der Ausgangszus-
tand des SAMs wieder herstellen. Die Beobachtungen lassen auf Degenerationseffekte
der SAM-Molekiile schlieffen. Dies stimmt mit experimentellen Ergebnissen fiir lange
PEG-Ketten iiberein. Diese degenerieren bei 50 °C [33]. Bei den Messungen in wéss-
riger Umgebung lassen sich keine Abbauprodukte nachweisen. Dies kann daran liegen,
dass sich diese vom SAM Iosen und in die Losung diffundieren. Vergleichsmessungen des
Temperaturverhaltens an Luft zeigen Absorptionsmoden, die Ester- und Formiatgrup-
pen zugeordnet werden kénnen. Die Messungen zeigen ebenfalls eine Amorphisierung
des SAMs im Anschluss an die gemischte helikale und all-trans Konformation anstelle
eines Ubergangs zu einer iiberwiegenden all-trans-Konformation. Die Unterschiede zu
den Messungen von Valiokas [37], die im Vakuum mit amidstabilisierten OEG-Molekiilen
durchgefiihrt worden sind, sind ein Zusammenspiel aus folgenden Faktoren: der gerin-
geren Stabilitdt der EGgOMe-Molekiile, der Interaktion in Losung mit Wassermolekiilen
und bei Temperaturen tiber 40 °C der Degeneration der SAM-Molekiile.

1.3 Schlussfolgerungen

Es wurde gezeigt, wie sich durch Simulationen ideale Messbedingungen bestimmen lassen.
Des Weiteren wurde ein Verfahren vorgestellt, mit dem PMIRRAS-Messungen repro-
duzierbar ausgewertet und normiert werden kénnen. Zudem wurde ein Substrat en-
twickelt, mit dessen Hilfe Molekiile mit PMIRRAS auf diinnen dielektrischen Schichten
gemessen werden konnen. Dessen praktische Anwendbarkeit wurde anhand spezifischer
Proteinabsorption mit dem PEG-Biotin-System gezeigt.

Der Schwerpunkt der Arbeit lag auf der Untersuchung von EGgOMe-Thiol-SAMs, ihrem
Wachstum in Losung sowie ihrem Temperatur- und Langzeitverhalten. Dabei stand die
Wechselwirkung der Thiolmolekiile mit den sie umgebenden Wassermolekiilen im Mit-
telpunkt. Es konnte gezeigt werden, dass das Eindringen von Wassermolekiilen in den
SAM und damit die Stéirke der gegenseitigen Wechselwirkung mit der Oberflichenbe-
deckung des SAMs in Verbindung steht. Der Zusammenhang zwischen SAM-Kristallinitét
und Proteinresistenz deutet darauf hin, dass SAMs, die so gut kristallin geordnet sind,
dass kein Wasser eindringen kann, auch nicht in der Lage sind Wasser in ihrem Inneren
zu binden und somit ihre proteinresistenten Eigenschaften verlieren. Durch Tempera-
turerhohung kann die kristalline Struktur gelockert werden und Wassermolekiile kénnen
in den OEG-Bereich eindringen. Die Bindung der Wassermolekiile ist so stark, dass sie
sich ohne treibende Kraft nicht wieder aus dem SAM lésen lassen. Durch Temperatur-
erh6hung iiber 40 °C bzw. durch den Einfluss von Licht kommt es zu einer Degeneration
von EGgOMe-SAMs. Abbauprodukte sind Ester und Formiate. Dies kann durch Anwen-
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dung bei geringeren Temperaturen und durch den Schutz vor Lichteinwirkung verhindert
werden. In wéssriger Umgebung sind OEG-SAMs besonders stabil, jedoch ist der OEG-
Bereich des SAMs empfindlich gegen mehrmalige Trocknung und Reimmersion. Diese
Erkenntnisse konnen dabei helfen den Mechanismus der Proteinresistenz von OEG-SAMs
besser zu verstehen und den Umgang mit SAMs reproduzierbarer zu machen.
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Chapter 2

Introduction and literature review

2.1 General Introduction

Customized surface properties are very important for a variety of applications. In the
last decades various techniques have been used to modulate surfaces for specific applica-
tions, including the Langmuir-Blodgett technique, spin-coating, molecular beam epitaxy
and self-assembled monolayers (SAMs). The importance of the utilization of surfaces
functionalized with SAMs increased enormously over the last years [116]. Their spon-
taneous organization into well ordered crystalline structures allows systematical changes
of the chemical properties of surfaces and therefore an enormous bandwidth of applica-
tions. SAMs have become important tools in the field of engineering as lubricants [9],
for nanolithography [10] and molecular electronics |11,138]. Additionally, they are used in
the biomedical field as tethering layers for biomembranes [12] and platform for special-
ized molecules. Most important are SAMs, which are able to passivate surfaces against
unspecific protein binding [39]. They can be used as coating for ships inhibiting alga
growth [14] and in medical applications hindering the irreversible adsorption of proteins
with surfaces. In combination with specific headgroups protein resistant SAMs are also
able to bind specifically proteins, DNA and other biomolecules, which is useful for biosen-
sors [40] based on techniques like surface plasmon resonance (SPR), quartz microbalance
(QCM) or reflectometric interference spectroscopy (RIfS).

SAMs can be distinguished by their anchoring groups. In addition to the model systems of
silane based SAMs first introduced by Sagiv |7] and thiol SAMs introduced by Nuzzo and
Allara [8], there are also anchor groups enabling the functionalization of silicon, titanium
oxide, zinc oxide, indium tin oxide and diamond with SAMs. Another way to classify
SAMs is their functional end group exhibiting the greatest impact of the SAMs surface
properties.

With their ability to customize reproducibly surface properties like hydrophilicity, surface
charge and surface softness, SAMs are ideal tools to investigate the response to biological
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samples like proteins [2], tissue |15], biomembranes [12] and DNA [13]. Knowledge about
the surface interaction in controlled systems allows to characterize the same interaction
in more complex systems, such as cell-cell interaction or antigen antibody interaction.
Moreover, surfaces can be patterned with SAMs, allowing selective placement of proteins
and cells [41]. An popular way for this patterning is nano imprinting [42].

In order to improve the biofouling properties of SAMs, the signal to noise ratio of bio-
sensing methods and the contrast of bio-pattering techniques, it is important to under-
stand the mechanisms leading to protein resistance. This mechanistic understanding may
shed light the interaction of biomolecules. Ethylene glycol SAMs have been established as
a model system for these investigations. It has turned out that the surface hydrophilicity
of the SAM is important for protein resistance, but also a neutral net charge as well as
the presence of polar groups and the availability of proton donors [19,/43|. The ability of
the SAM to bind water molecules at their surface and in their interior plays a critical role
as well. An detailed overview of the current state of research can be found in Sec.
and Sec. [2.3.3 of the literature review.

To characterize SAMs a variety of methods have been used. There are methods sensitive
to surface coverage as SPR [13|, RIfS [17], X-ray reflectivity [44] and QCM [18], which
can be used under aqueous conditions and provide information about the surface cover-
age in real time. Their drawback, however, is the lack of structural information. Also
spectroscopic methods like X-ray photoelectron spectroscopy (XPS) [45], sum frequency
generation (SFG) [28] and reflection absorption infrared spectroscopy (IRRAS) [46] have
been used extensively to characterize SAMs. However, while SFG has a weak signal to
noise ratio for measurements in solution, XPS can only applied in vacuum IRRAS is a well
suited technique for the identification of molecules and the interaction with their envi-
ronment. Due to the strong absorption of water in the fingerprint region it is challenging
to measure molecules in aqueous environment (in-situ). This problem can be overcome
by the polarisation modulation infrared reflection absorption spectroscopy (PMIRRAS)
technique in combination with a thin liquid layer in-situ cell allowing to perform in-situ
measurements with a very high signal-to-noise ratio [47].

2.2 Motivation and scope of the thesis

This thesis is focused on in-situ studies exploiting the benefits of the PMIRRAS technique.
With its help, the interaction of SAMs with water molecules can be studied under various
conditions in terms of surface coverage (during SAM growth) and temperature without
interfering with the setup during the measurement of the real-time series.

One goal of this work is the measurement of the growth of oligo(ethylene glycol) (OEG)
SAMs in solution in real time and the investigation of the influence of the surrounding sol-
vent on the SAM structure as a function of surface coverage. Furthermore, the structural
changes at elevated temperatures and the longtime stability of OEG SAMs in solution
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should be elucidated. Moreover, the influence of repeated reimmersion on the SAMs
structure should be explained and the in-situ results regarding longtime and tempera-
ture behaviour are compared with measurements in air. In order to get reliable and high
quality data an optimization of the PMIRRAS setup for real-time in-situ measurements
was performed. The focus of the methodological efforts was 1) On the development and
experimentally validation of a program to simulate the PMIRRAS signal strength and
calculating optimal experimental conditions. Moreover, on their control during the real-
time measurements. 2) On the programming of routines for reproducible handling of large
data sets and automated baseline correction. 3) On the design of suitable sample cells
enabling reproducible measurements with high quality data.

The thesis is organized in the following way: In Sec. the current research status in
terms of SAMs, protein interaction with surfaces, mechanistic views about prevention of
biofouling and waveoptics is discussed, as well as the necessity and benefits of in-situ
measurements. In Chap. a brief description of the methods used in this thesis is
presented, focusing on the PMIRRAS method, its development and the automatizing of
the related data analysis. In Chap. [ the results are presented and discussed, starting
with Sec. which deals with the optimization of the PMIRRAS setup, including the
calculation of ideal conditions for PMIRRAS measurements, especially in water. Section
covers the normalization of the spectra and Sec. measurement with PMIRRAS
on dielectric substrates. The second part of Chap. 4] focuses on measurements of OEG
SAMs. It is starting with their growth and reordering in solution and the influence of the
solvent on their structure in Sec. [£.2] Moreover, SAM degeneration effects are investigated
and compared regarding their storage in solution or in air as well as their exposure to
light and to heat (Sec. . The results and discussion part concludes with the study
of the structural and conformational behaviour of SAMs at elevated temperature in Sec.
4.5 Finally, an outlook for future experiments is given in Chap. [§ and the results are
summarized in Chap. [0

2.3 Literature review

2.3.1 Self assembling monolayers

Self assembling monolayers (SAMs) are molecules which are able to bind and order on a
surface independently from solution or gas phase. There are numerous publications, which
cannot all be reviewed here. It is referred to several reviews [1}-5]40,/48-51]. Normally
molecules forming a SAM consist of three parts, a anchor group binding to the substrate,
a linker group connecting anchor- and head group. Very common are alkane chain linkers
and a head group on top of the molecule determining the SAMs surface properties. There
are various anchor groups, suitable for different substrates and purposes. Prevalent is
also the silane group, introduced by Sagiv in 1980 [7], being used as so-called model
system. It can form covalent siloxane bonds on silicon oxide and related structures.
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Another widespread anchor group used as model system is the thiol group, forming very
stable bonds on coinage metals, such as gold, silver and copper. Introduced by Nuzzo
and Allara in 1983 [8|, thiol bonds have a lateral mobility to some degree, which helps
to form a regular surface pattern, which is systematically investigated for alkanethiols.
On Au(111), they adopt a (v/3 x v/3)R30° structure with a possible superlattice termed
“c(4x2)”, corresponding to a ~5A spacing in between the molecules and an area per

molecule of 21.64°. In siloxanes, the hexagonal structure is distorted for sterical and
mobility reasons, octadecyltrichlorosilane takes an area per molecule of 20.2A° [52].

2.3.2 Poly(ethylene-glycol) SAMs

Poly(ethylene-glycol) (PEG) SAMs can be used to render surfaces resistant against un-
specific protein adsorption. This makes them a valuable tool for biomedical applications.
In 1990, Jeon and coworkers proposed a mechanism for the repulsion of proteins from
surfaces covered with PEG [53]. They considered the free energies of steric repulsion,
hydrophobic interactions and van der Waals attraction. Proteins diffusing into the PEG
water interface are attracted by van der Waals interactions. When penetrating the PEG
chains, a repulsive force, initiated by compression of the PEG chains, is taking effect on
the proteins. Additionally, there is an attractive van der Waals interaction between the
hydrophobic substrate and the protein. For long PEG chains and a high surface cover-
age, this attractive van der Waals interactions decrease, enhancing the protein repellent
properties of the SAM.

By coupling of special head groups to PEG chains, it is possible to bind specifically
proteins. Stressing the prevention of unspecific bio fouling and specific binding, the surface
can be used for a selective binding, which is very helpful for various biomedical applications
e.g. the construction of labs on a chip, analysing liquids for specific proteins and tailored
binding of cells to surfaces. A common system uses biotin linkers binding specifically to
streptavidin [16].

2.3.3 Oligo(ethylene-glycol) SAMs

Whitesides and co-workers |54}/55] showed that not only poly (ethylene glycols) are able to
render surfaces resistant against unspecific protein adsorption but also short chained oligo
(ethylene glycols) (OEGs). They can also be used as a spacer for tethering various groups
enabling specific binding of proteins [56] or DNA [13]| and so be applicable for biosensors.
They are also useful as a supporting layer of lipid films, which are able to retain their
crystalline-liquid structure due to the soft underlayer [12], which makes them a valuable
tool in biotechnology. Due to their smaller length they have a higher surface coverage
and strongly interact with each other. Therefore, they form better defined and smoother
surfaces than poly (ethylene glycols). However, due to the short chains and highly ordered
conformation, the proposed mechanism of Jeon et al. [53]| cannot be applied to explain
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Figure 2.3.1: Schematic of the protein resistant hexa(ethylene glycol) SAM. The molecules con-
sists of an thiol anchor group, an alkane spacer and the OEG moiety. The molecules adopt on
Au substrates a helical conformation after an adequate immersion time.

their protein resistant properties. Owing to their importance, there has been extensive
work in order to understand the underlying mechanisms of the protein resistance and
the structural behaviour of OEGs. It was shown that OEGs containing three ethylene
glycol (EG) units adopt different conformations on Ag and Au substrates due to different
lattice spacing which allows control of their protein resistance . Theoretical work
suggested that a perfect helical conformation is most favourable for SAMs with 6 EG units
(compare Fig. , that small distortions, however, increase the energy of the system
only slightly [57]. By increasing the temperature it is possible to change the structure
of OEG SAMs with 6 EG units from a predominant helical conformation to an all-trans
conformation [37]. Vanderah et al. showed that the protein resistance of SAMs with
6 EG units depends on the surface coverage due to its impact on the conformation and
crystallinity of the SAM and concluded that perfect ordered helical SAMs with 6 EG units
with full surface coverage are not completely resistant against protein adsorption (see also
Ref. [21]), while such with about 80-90% surface coverage are. Generally, there are many
conflicting reports concerning the order and protein resistance of OEG SAMs, implying
that the SAMs structure is very sensitive towards different preparation conditions e.g.
regarding surfactant concentration and growth time . A deeper understanding
of the growth process may shed light on this and may lead to a higher reproducibility of
SAM growth. Another important point in understanding the structural behaviour and
protein resistant properties of OEG SAMs is their interaction with the water molecules.
In an in-situ PMIRRAS study with OEG SAMs containing 3 EG units, Skoda et al.
showed that there is a red-shift in the C-O-C stretching region of SAMs in solution with
respect to spectra in air, which indicates an interaction with water. Also sum frequency
generation (SFG) studies showed that there is a distortion of the structure of SAMs with
3 EG units [28] and 6 EG units due to the interaction with water. Wang et al.
reported that not only the upper EG units are affected but also interior ones and that
their conformational freedom is increased by the interaction with water. Wang et al.
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Figure 2.3.2: Scheme of the crystalline structure of alkane thiols on a Au(111) surface, the figure
is adapted from Ref. [3]. The thiol molecules adopt an (v/3 x v/3)R30° structure on the (111)
surface. Infrared results indicated, that there are two inequivalent thiol chain’s per unit cell.
Therefore, a c(4x2) superlattice is proposed, taking a unit cell containing 2 different pairs of
thiol molecules. as indicated in the scheme.

gave a possible explanation of this strong perturbation using density functional theory
(DFT) calculations. In air, perfect helical structures are most favourable and especially
conformers with gauche rotations of opposite directions around neighbouring EG units are
most unfavourable due to the capability forming intramolecular hydrogen bonds. Based
on the formation of intra- and intermolecular hydrogen bridged structures with water
molecules, these conformers with gauche defects are more favourable than perfect helical
structures, in an aqueous environment. This leads to amorphization if water can penetrate

the EG layer [28,29).

2.3.4 Crystalline structure of alkanethiols on Au(111)

In the following section a brief overview of the in-plane structure of alkane thiols on
Au(111) substrates is given. The Au(111) surface is the lowest energy surface and therefore
this orientation is preferred for thin evaporated Au films as the substrates used in this
work. As mentioned in Sec. , alkane thiols on Au(111) adopt a (v/3 x v/3)R30°
structure, with a ~ 5A spacing in between the thiol molecules [59-61|. Further, the
alkane molecules are in all-trans conformation and tilted by ~34° towards the surface
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Figure 2.3.3: Scheme of the mechanism of the oxidation of poly(ethylene glycols). On the left
hand side pathways for the formation of alkoxy radicals from ethylene-glycol molecules activated
by heat and light are shown and on the right hand side the reaction pathways of alkoxy radicals
to esters and formates. The scheme is taken from Morlat et al. [33].

normal [62]. Splitting of the methylene (CH,) scissors mode at 1467 cm™! in the IR
spectra of cooled down alkane SAMs suggested that there are two inequivalent chains
per unit cell. This could be confirmed by grazing incidence X-ray diffraction (GIXD)
measurements [63|, further it could be elucidated that 2 pairs of these inequivalent thiol
molecules form a c¢(4x2) superlattice, as shown in Fig. [2.3.2] For a detailed overview see
Ref. [3].

2.3.5 Oxidative Degradation of Poly(ethylene-glycols)

An important issue in the application of chemical compounds is their stability during
usage and storage. Due to their chemical structure, PEGs are very sensitive towards
oxidation. Based on their widespread application as detergents especially in nutrition
and daily chemicals, there is a great demand in the investigation of their oxidation, its
mechanism and products. It is well known that the oxidation of poly ethers involves
radical reactions [34]. They can be triggered by radiation, elevated temperature, chemicals
and mechanical stress. The major reasons for the degradation of Poly(ethylene glycols)
during application are light and heat exposure. The distribution of end products and the
exact mechanism of oxidation caused by these effectors is different, however for both the
degradation is following the subsequent scheme.

In a first step, activated by heat or light, a hydrogen radical is abstracted from a carbon
atom in a-position to an oxygen atom in the PEG molecule, leaving a radical, compare
to Fig. It further reacts with oxygen forming a peroxy radical, which is then con-
verted to a hydroperoxide. By thermal or photochemical activation, a hydroxy radical is
abstracted and an alkoxy radical is formed [33},34]. For light induced oxidation, an alter-
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native mechanism is proposed. Two peroxy radicals recombine to an unstable tetroxide
intermediate, which dissociates in two alkoxy radicals and an oxygen molecule [33].

The alkoxy radicals are mainly transformed into formates and terminal radicals by (-
scission, compare to Fig. 2.3.3] The radicals can further react to primary hydroperoxides
which decompose to formates and water. Besides (3-scission, a cage reaction of alkoxy
radicals with hydroxy radicals can occur, leading to ester functions. A third way is a cage
reaction of the alkoxy radical leading to the formation of a thermally unstable hemiacetal,
which decomposes into alcohols and carboxylic acids [33].

A quantitative examination of the composition of molecules after the degeneration reveals
the rate of oxidation and the preferred reaction pathway. It turned out that formates and
esters are the main products. Their distribution depends on how the oxidation is activated.
A photochemical activation leads to a ratio of formates and esters of 5 to 1, whereas
thermal activation yields an equal distribution [33]. A possible reason for this different
behaviour is that more hydroxy radicals are present in thermally induced oxidation, since
they are formed during the reaction from hydroperoxides to alkoxy radicals. The reaction
of these radicals lead to ester functions [33|, compare Fig.

2.3.6 Protein interaction with surfaces

A tremendous number of applications in bio related science involves interactions of pro-
teins with surfaces. Surfaces in narrower sense as in the case of biosensors detecting
specific proteins [40] , functionalized surfaces preventing biofouling [54] and implants or
in wider sense surfaces which are themselves complex compositions of biomolecules as in
case of the interaction and incorporation of proteins in cell membranes [64] or cell-cell
interactions [65]. For a dealing with those interactions it is useful to have a deeper un-
derstanding of protein structure, especially concerning the physical properties of protein
surfaces and interaction potentials. Proteins are complex biopolymers and one can dis-
tinguish four levels of order, primary, secondary, tertiary and quaternary structure. The
primary structure is the sequence of amino acids attached to each other by peptide bonds.
The amino acid building blocks can be classified by their chemical properties, they can
be rather hydrophobic nonpolar or hydrophilic polar as well as containing positive and
negatively charged groups. The secondary structure depicts the organisation of the lined
up amino acids into structures stabilized by hydrogen bonds as alpha helices, beta-sheets
or random coils. These elements are combined to the three dimensional protein tertiary
structure. Protein subunits can assemble and form the so-called quaternary structure, a
prominent example is hemoglobin consisting of four myoglobin subunits. Due to the com-
position of numerous amino acids, containing different groups concerning polarity and
charge, proteins are amphiphilic macromolecules whose properties depends strongly on
the properties of the surrounding solvent.

Protein interaction in solution can be roughly described with the Derjaguin, Landau,
Verwey and Overbeek theory (DLVO-theory), quantifying electrostatic and van der Waals
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forces. Forces induced by hydrogen bridges formed between polar molecules are important
as well, especially the ones from water molecules, which are the reason for hydrophobic
interactions.

Electrostatic forces in proteins are generated from ionizable sites in amino acids, laying
near the protein surface. In the following paragraph the electrostatic potential of a protein
seen as a charged colloid and a planar surface with a homogeneous charge is estimated [66].
With the help of the Boltzmann equation one can describe the electrostatic potential ¢
in a protein:

V2 = —p'/é (2.3.1)
Here p' is the charge distribution and €’ the dielectric permittivity in the protein. The

charge distribution p’ can be written es the sum of the charges ¢, located at the ionized
amino acids at the position xy:

Pl = Z qkd (T — 1) (2.3.2)

For an electrolyte with equally charged ions the exterior potential is described by a lin-
earized Poisson-Boltzmann equation:

V2p¢ = k¢ (2.3.3)

Here k? = 2€222p™ /e°kT, where e is the electronic charge, z the valency, k the Boltzmann
constant, T" the temperature and p™ the concentration of the electrolyte in the bulk. The
boundary condition on the planar surface is a constant charge density, giving the following
normal potential gradient ¢ in direction of the unit vector n perpendicular to the surface
in outwards direction:

L 0P°
on

For a continuous transition at the dielectric boundary in between electrolyte and protein,
the following boundary conditions have to be fulfilled:

g — —¢€

(2.3.4)

L0 L 0P°
=€
on on
With the help of these equations the potential can calculated numerically and from the
potential the free energy F' of the double layer system can be calculated:

Pl = d°, € (2.3.5)

1 1< .
F== PdA _ P* 2.3.6
2 /ap 7 *3 Zkl P (wx) (2.3.6)

The planar charged surface is represented by 0P. Finally the change in free energy can
be computed with this equation for a protein going from solution in the vicinity of the
surface.
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The second important contribution comes from the van der Waals Interactions, it is
attractive in most of the cases. Compared to the electrostatic interaction the van der
Waals interaction is very short ranged due to its arising from dipole-dipole interaction.
For two bodies with the volumes V; and Vj, the energy contribution of the Hamaker
potential is defined as [67]:

A 1
AF =12 Tdvld%

2
™ Jwvi Jva T12

Assuming the protein as a sphere and the surface as a infinite plane the change in energy
contribution AF' can be calculated to [67]:

z 2R+ z

) (2.3.7)

A R R z
A’{:1L9;)fLere/le0L7Le = - 123 |:

6 +M(2R+z

The Hamaker constant Ai93, dependent on the polarizability and the number density of
atoms in the media describes the interaction of compounds 1 and 2 in medium 3, can be
derived from the pairwise Hamaker constants Ais, A3 and Ags.

The third major contribution to the interaction forces, the hydrophobic effect, cannot
be calculated straight forward. It appears in mixtures of hydrophilic and hydrophobic
components. Water molecules are strongly interacting via hydrogen bridges. If a particle
with a polar surface is immersed in water, also hydrogen brides are formed. However, if a
body with a non-planar surface is dissolved, it is not able to form hydrogen bridges with
water molecules, resulting in an entropic cost. This cost is decreasing with the non-polar
surface exposed to water, resulting in an aggregation of the non-polar components. For
amphiphilic molecules such as proteins or lipids, it is energetic favorable to expose their
hydrophilic part to the surface towards water and cover the hydrophobic part inside [68].

The understanding of protein folding to their unique biofunctional structure is subject of
large research activity. A driving force in the folding process is the minimization of the
free energy 69|, which is determined by the forces characterized above. A major process
to lower the free energy in solution is the minimisation of hydrophobic surfaces accessible
to the solvent, thus lowering hydrophobic effects. Therefore, most of the non polar amino
acid residues are buried in the interior of the proteins, while polar and charged ones are
mainly at the surface where they interact with the aqueous surrounding via hydrogen
bonds. This separation is not complete, implying that the protein surface consists of
patches with different physico-chemical properties. The protonation state of the charged
amino acid residues is highly dependent on the pH-value of the solution, having a major
impact on the surface properties. The pH-value leading to an effective protein surface
charge of zero is called isoelectric point.

The adaption of the lowest energy state plays also an important role in protein interaction
with surfaces. If the surface provides a different environment to the proteins than the
surrounding solvent, major structural changes in the protein can occur. A good example
are hydrophobic surfaces, the interplay of electrostatic forces, van-der-Waals forces and
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hydrophobic interactions led to an attraction of the proteins to a surface followed by a
structural reorganisation with the goal of energy minimisation. Often, this reorganisation
is irreversible and the protein is not able to re-immerse in solution by rinsing with buffer,
also a loss in protein functionality can occur. Here the mechanism of protein resistant
coatings come in the focus [68]. As pointed out in Sec. [2.3.3] a key characteristic of
protein resistant coating is to provide a hydrophilic surface and interior, in a way that
the protein can remain in the structure it adapts in solution and does not recognise the
different environment in terms of polarity. In addition, the protein has to be hindered to
overcome this layer, else it may adsorb at the hydrophobic substrate. If both conditions
are fulfilled, the protein is hindered to change its structure and to adsorb on the surface,
as it is the case for PEG chains [53].

2.4 In-situ measurements — motivation and challenge

This work focuses on the characterisation of protein and SAM behaviour and their interac-
tion in an aqueous environment, called in-situ in the following sections. It is much easier
and more established to measure ultra thin organic layers in air rather than under a thick
water layer, therefore it should be elucidated why in-situ measurements are so important
and what can be learned in addition to the observations achieved from measurements in
air.

Protein surface interaction is in most of the applications the interaction of proteins in
solution with surfaces. What changes, if the solvent is out in the system? Two cases
can be distinguished. First, there are reversible changes. The molecular conformation of
polymers is strongly affected by the surrounding solvent. As mentioned in Sec]2.3] sev-
eral forces contribute to the structural and conformational behaviour of the biopolymers.
Two forces with a very high impact on structure are hydrogen bonding and hydrophobic
interactions. Both can act intramolecular and intermolecular, however their biggest con-
tribution arises from the surrounding solvent. In Sec. the transformation of a highly
crystalline SAM to a rather amorphous one by immersion in water will be shown . Second
there are irreversible changes. Molecular groups are stabilized in water, if the water is
removed molecules need to change their conformation to stabilize in other ways. In some
cases these changes are not reversible and after reimmersion in water the structure has
changed significantly. In Sec[4.2.3] it will be shown, that this is not only the case for
proteins but also for oligo ethylene glycols bound on gold.

The question remains, why the majority of published measurements of SAM behaviour is
done in air, if its that important to monitor these molecules in an aqueous environment.
A simple answer could be: in-situ measurements are difficult. To answer this question a
bit more thoroughly, a brief look is taken on infrared reflection absorption spectroscopy
(IRRAS) measurements of thin organic layers on gold. Measurements in air are quite
easy, the gold substrate is measured in reflection mode as a reference and again after im-
mersion in SAM solution and the spectrum is normalized with the reference. To perform
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in situ measurements on has to take a lot of things into account. First one has to choose
a suitable solvent to be able to monitor the spectral region of choice. Water is suited for
the fingerprint region (1000 - 1500 cm™!) but its absorption is shadowing the region of
amid modes (1500 -1700 cm™!) as well as the region of CH stretching vibrations (2900
- 3300 cm™!). For the monitoring in this spectral regions, deuterium oxide (D50) is the
appropriate solvent. Even with the right solvent one will not get a reasonable signal if
measuring through a big bulk solution since water and D,O are highly absorbing in the
infrared region. One has to simulate the layer system with the Fresnel formalism to deter-
mine the optimum layer thickness, a few microns. In order to compare mode intensities
of different experiments, one needs to obtain reproducible thick layers or measure their
thickness and calculate the corresponding attenuation of the signal. Since with IRRAS
one measures the thin layer and the bulk solution, the surface sensitive polarisation mod-
ulation infrared spectroscopy technique (PMIRRAS) is highly recommended, in order to
get a reasonable signal to noise ratio. The next problem is the baseline correction, a
quite easy procedure for IRRAS measurements on gold substrates in air, which becomes
challenging for PMIRRAS in aqueous environment. In addition to these technical prob-
lems, one has to take care for irreversible changes in the SAM structure during drying
and reimmersion discussed in Sec. [4.4.4] which can be even more challenging.

Despite of these challenges, it is worth doing measurements in aqueous environment.
However, one has to plan experiments very carefully, since they are much more complex
than measurements in air.

12



Chapter 3

Experimental methods

This chapter is intended to give an overview over the sample preparation and the main ex-
perimental techniques used in this work. A focus is on infrared spectroscopy. The chapter
is organised in the following way. First, the sample preparation of all experiments of this
work is summarized in Sec. this makes it easy to compare the procedures. In Sec.
an overview of the fundamental mathematical framework is given, which is necessary to
understand the physical background of infrared reflection absorption spectroscopy and is
also the basis of the optical calculations relating to the PMIRRAS signal in Sec. and
Sec. 4.1.1] In the following Sec. which is the main part of this chapter, the theoretical
basics of infrared spectroscopy are given, followed by a description of the experimental
setup and the PMIRRAS method. Additionally, home-built thin liquid layer sample cells,
the baseline correction and data analysis and a normalisation procedure for PMIRRAS
data are described. In the remaining part additional methods used in this work are briefly
illustrated, namely X-ray reflectivity in Sec. in-plane X-ray Diffraction in Sec. [3.5]
spectroscopic ellipsometry in Sec. and SPR in Sec.

3.1 Sample preparation

3.1.1 Angle dependence of PMIRRAS signal strength

Prime grade wafers (Si-Mat, Germany) were coated with a 5 nm layer of chromium as
an adhesion promoter and then with 100 nm of gold by thermal evaporation. Abso-
lute ethanol purissimum pro analysi was purchased from Riedel-de Haén and used as
received. 1-Mercapto-11-undecyl hexa(ethylene glycol), a molecule consisting of a thiol
anchor group, an alkane spacer with 11 carbon atoms and a headgroup consisting of 6
ethylene glycol units (EGgOMe) (see Fig. was purchased from ProChimia, Poland,
and was used as received. Monolayers were obtained by self-assembly from a 0.5 mM
solution of the thiol in ethanol (EtOH). The immersion time for self-assembly was ap-
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Figure 3.1.1: EGgOMe molecule, consisting of a thiol anchor group, an alkane linker and an
oligo (ethylene glycol) group in crystalline structure. The upper schematic shows the helical
conformation, the lower one the all-trans conformation.

proximately 20 h.

3.1.2 Measurement of specific protein binding on PEG SAMs on
dielectric substrates

3.1.2.1 Thin film deposition

Novel substrates consisted of a supporting crystalline silicon wafer (<100> surface, na-
tive oxide layer not removed) onto which titanium followed by silicon oxide layers were
direct current sputtered (Ti target, 99.995% pure, FHR Anlagenbau GmbH, Germany,
magnetron power 100 W, argon pressure 3x10™2 mbar and SiO, target, 99.995% pure,
Kurt J. Lesker Company, U.S.A., magnetron power 100 W, argon pressure 6x10~ mbar).
The vacuum system was home-built. The vacuum was not broken between the sputtering
of the two layers. Layer thicknesses were nominally 200 nm for the titanium layer and
20 nm for the silicon oxide layer, as estimated from in-situ quartz crystal micro balance
measurements. For PM-IRRAS measurements, wafers thus produced were cut into suit-
able pieces (Disco DAD-321 saw, Disco Corp., Tokyo, Japan), cleaned in an ultrasonic
bath with 5% surfactant solution (Extran MAO2 neutral, Merck, Darmstadt, Germany),
copiously rinsed with ultrapure water, cleaned in an ultrasonic bath in EtOH and dried
in an argon stream.

3.1.2.2 Wet chemistry

Selectively  protein-resistant monolayers were made from biotin-NH-CH,-CH,y
(OCH,-CH,),-NHCONH(CH,)3-Si(OEt)3 (silane-PEG-biotin, (O-CHy-CHj)n section has
Mw = 2000 Da), which was obtained by custom synthesis from Rapp Polymere GmbH
(Tiibingen, Germany) and stored under argon. Proton nuclear magnetic resonance (1H-
NMR) measurements suggested that the sample may be contaminated with biotin-NH-
CH,-CH,(O-CHy-CHs),,-NH-biotin, which is a likely byproduct of synthesis; as these
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molecules lack surface-anchoring triethoxysilane groups, they should be readily rinsed
away and should not affect the properties of the eventual self-assembled monolayer. To
form self-assembled monolayers, dry toluene (10 ml, 99.85%, extra dry, water <30 ppm,
Acros Organics, Geel, Belgium) was added to a flask containing the substrate in a glove
box under nitrogen (water < 0.1 ppm), followed by silane-PEG-biotin (1 - 3 mg), before
the flask was transferred to a Schlenk line where triethylamine (a few drops, previously
distilled under an inert atmosphere) was added also under an inert atmosphere. The flask
was sealed and heated briefly to between 80 and 150 °C, allowed to stand at room temper-
ature for 24 hours, and then incubated at 80 °C for 24 hours, then rinsed successively with
ethyl acetate, methanol and EtOH (all analytical grade) before being dried in a nitrogen
stream and stored under nitrogen (water < 0.1 ppm). Solutions for protein adsorption
experiments were made using bovine serum albumin (Sigma Aldrich, St Louis, U.S.A.),
streptavidin (from Streptomyces avidinni, lyophilized, Serva Electrophoresis, Heidelberg,
Germany), and Dulbecco’s phosphate buffered saline solution (pH 7.45, Gibco/Invitrogen,
Carlsbad, U.S.A., solid tablets made up with ultrapure water (MilliQQ Gradient A10 18.2
MWem, Millipore, Billerica, USA ). Glassware for these experiments was cleaned with
surfactant (Hellmanex II, Hellma GmbH & Co. KG, Miillheim, Germany), rinsed with
ultrapure water and then EtOH and dried in an argon stream.

3.1.3 Measurement of specific protein binding on PEG SAMs on
dielectric substrates as a function of PEG chain length

3.1.3.1 Materials

Common organic compounds and bio-chemicals were purchased either from Fluka, Neu-
Ulm/Germany, Sigma-Aldrich, Deisenhofen/Germany or Merck, Darmstadt/Germany. 3-
Glycidyloxypropyl-trimethoxysilane (GOPTS) and Diisopropylcarbodiimide (DIC) were
purchased from Fluka, Neu-Ulm/Germany. Di-amino-poly(ethylene glycol) (DAPEG)
with molecular masses 900 Da, 2000 Da, 3000 Da, and 6000 Da were purchased from
Rapp Polymere, Tiibingen/Germany. d-Biotin and (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetra
methyluronium tetrafluoroborate) (TBTU) was purchased from Sigma-Aldrich, Deisen-
hofen/Germany.

3.1.3.2 Wet chemistry

15 n. GOPTS were pipetted onto an activated dry slide and covered with another slide
(“sandwich-technique’). After silanisation for 1 h the slides were rinsed with dry acetone
and dried in a nitrogen stream. For immobilisation of diamino-poly(ethylene glycol),
10 pL of the a DAPEG /methylene chloride solution was pipetted onto a slide in the
concentration of 4 mg/mL. Subsequently, the slides were transferred into an oven where
immobilisation took place in an open-topped vessel overnight at 70 °C. Afterwards, the
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slides were rinsed with Milli-Q water and dried in a nitrogen stream. For pure PEG layers
only one length of PEG molecules was used.

3.1.4 In-situ growth, temperature behaviour and stability of OEG
SAMs

As substrates gold coated glass slides (Arrandee) were used. The slides were successively
sonicated in MilliQQ water (18.2 MW cm, Millipore) and EtOH (99.9%, Riedel de Haén),
then dried in an argon stream, treated with an ozone producing UV-light for 20 min
and rinsed with MilliQ) water. The cleaning treatment was done directly before each
experiment. For the SAM growth the in-situ cell a 1.25 mM solution of C;;EGgOMe
thiol (Prochimia, Gdansk, Poland) in MilliQ water with 0.1 M NaF was used. For the
SAMs grown in bulk solution a 0.5 mM solution of C;;EGgOMe in MilliQ water was used,
if other thiol concentrations are used it is indicated in the results part.

3.1.5 Surface Plasmon resonance measurements

Cleaned glass slides (Menzel GmbH, Braunschweig) were coated with 5 nm of titanium
as adhesion layer and 50 nm of gold by thermal evaporation. After the coating, slides
were cut into suitable pieces (Disco DAD-321 saw, Disco Corp., Tokyo, Japan), cleaned
by successively copiously rinsing with ultrapure water and EtOH and dried in an argon
stream. For the SAM growth in the SPR cell a 10 uM solution of C1;EGgOMe thiol
(Prochimia, Gdansk, Poland) in MilliQ water was used.

3.1.6 In-plane grazing incidence X-ray scattering

Prime grade wafers (Si-Mat, Germany) were coated with a 5 nm layer of chromium as
an adhesion promoter and then with 20 nm of gold by thermal evaporation. Absolute
ethanol purissimum pro analysi was purchased from Riedel-de Haén and used as received.
Monolayers were obtained by self-assembly from a 0.5 mM solution of C1;EGgOMe thiol
(Prochimia, Gdansk, Poland) in EtOH. The immersion time for self-assembly was approx-
imately 15 h.

3.2 Optical calculation and simulation

The following paragraph is intended to provide a basic understanding of the theory of wave
propagation at the interface of media with different optical properties and show, how this
can be used to simulate optical data. In order to get a quantitative understanding the
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Figure 3.2.1: Reflection and refraction at a phase boundary

wave equations are regarded, first without considering absorption effects:
AE — eoepopE =0 (3.2.1)

AH — eoepiopH =0 (3.2.2)

E and H represent the electrical field and the magnetic field, g and o the permittivity
and permeability of free space and € and p stand for the dielectric constant and the
magnetic permeability. The planar waves:

E = Eyexp [i (wt — kr)] (3.2.3)

H = Hyexp [i (wt — kr)] (3.2.4)

are solutions of the wave equations, w is the angular frequency of the wave, substituting
them into the wave equation gives a relation of the wave vector k:

w2

k? = e (3.2.5)
The refractive index n is defined as:
c ck
= - = — 3.2-6
n=—== e (3.2.6)

with ¢ and v being the velocities of electromagnetic radiation in vacuum and in media
respectively.

Considering absorption in media, one has to introduce a damping term into and
3.2.2| leading to solutions with complex values of n and k.
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If electromagnetic radiation passes through a boundary between two different media a
part of it is reflected. The angle of incidence #, equals the angle of reflection 6,, compare
to Fig. An other part is refracted due to Snell’s law:

sin(é’l) N9

AR (3.2.7)

It relates the angle of refraction 6, as a function of the angle of incidence #; and the
refractive indices in both media n; and n, compare to Fig[3.2.1] For a quantitative
understanding of the intensities of the transmitted and reflected beam, one can use Eq.
3.2.3] for the incident, reflected and refracted component of the beam. It is convenient to
resolve the electromagnetic wave in a linear polarized component with an electrical field
vector laying in the plane of incidence, called p-component (compare to Fig. [3.2.1]) and
a component with an electrical field vector orthogonal to the plane of incidence called
s-component. At the boundary between two media the tangential component of the
electrical field F and the normal component of the dielectric displacement D = ¢FE are
continuous. Using the Maxwell equations and these boundary conditions, one can derive

the Fresnel formulas:
E, ngcosf; —njcosby

r,=— = (3.2.8)

E,  njcosfy + ngycosby

Ts:&: nq cos 0y — ngy cos Oy (3.2.9)
B, ny cos 01 + nocosts

Ey 2n1 cos 64
bh=F = 3.2.10
P B mycosty+nycosb, ( )
E. 2 6
=g = e (3.2.11)

Ey  nycosb; + ngycos by

rp and ry are the amplitudes of reflection of the p- and s-component, ¢, and ¢; are the
amplitudes of transmission of the components. For absorbing materials, the refractive
indices and angles become complex. From the Fresnel coefficients the reflection and
transmission can be derived:

Ry = [ro7f? (3.2.12)
79 COS 05
TP = |t S—2 3.2.13
i = e (3:2.13)
For reasons of energy conservation:
T3P+ Ry =1 (3.2.14)

The calculations above describe the light propagation at one single phase boundary, in
experiments systems where more than two layers are used, thus a more general approach
is needed in order o calculate the optical properties of these systems. The following
section including a brief description of the matrix formalism by Hansen is taken from [23],
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note that complex values for the refractive index are used. The Fresnel equations can be
re-written for the interface between two layers j and j + 1 in the stack:

~9 ~ 9 A A
1518 — 15641 214115

= A r— £ (3.2.15)
S T I 1 S NE B IRt I S 1 S N
, o , 2¢.
i STy % (3.2.16)
&+ & &+ &
where &; = n;c050; = \/e; —e1sin?(0,) and ¢; = fz? Care has to be taken when

calculating the square root of the complex expression for &, since the resulting hyperbolic

functions are periodic and only the positive values of the real and imaginary parts must

be used for the calculation. If the thickness of layer j is denoted by d; and the complex
variables ¢, o4
ﬂ' .

G =23 B= ijj (3.2.17)

Uy

are defined for convenience, then the optical matrices for layer j for parallel (p) and
perpendicular (s) polarization take the form:

P = < cosfy -~ sinf ) (3.2.18)

J —ig;sin 3;  cos f;

M‘?:( cos _ésmﬁj) (3.2.19)

/ —i§sinf3;  cosf;

In general for an N-layer system, N — 1 matrices can be defined, since the ambient medium
is semi-infinite. For the above-mentioned four-layer system, three matrices are needed.
In order to calculate the reflectivity of the whole stack, the characteristic matrix:

N-1 meP P
e =TT mer = M, e (3.2.20
L1157 = 0l i )
has to be computed. Then the reflection coefficients for the whole stratified medium can
be expressed using the following relations:

r (mn + m12QN>qo (m21 + m22‘1N) (3.2.21)
= 2.
(M) +miaqn)qo + (mby; + mbyqn)
(mll +miyn )& — (M3 + m3én) (3.2.22)
(mn +mién)éo + (m21 + m3¢N)

The relations can be used to calculate the infrared reflection absorption intensity (see Sec.
4.1.1) and to calculate the mean square electrical field (MSEF) within a layered system.
This is especially useful at the position of the absorbing thin film. The calculations are
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done with the Hansen matrix formalism [24] [27] using the optical terms and ma-
trices[3.2.18 and [3.2.19] as well as the reflectivity coefficients [3.2.21] and [3.2.22] from above.
In the following paragraph it is shown how to calculate the electrical and magnetical fields
in the first two layers, for the complete algorithm see Ref. [27].

The first step is the calculation of the so-called column vectors, characterising the tan-
gential components of the electric and magnetic field:

s [ E% ] 147rs
o= | = a0 (5229
. HS B 14 rP

For the layer, containing the position of the chosen electrical field calculation, the following
matrices have to be determined:

_t

cos [2mv&y (2 — zp-1)] sin [270& (2 — 2-1))] }
Ni(z)=1 ., . P 3.2.25
0(2) [ 10k sin [2mv€k (2 — zp—1)]  cos [2mvé€k(z — zk—1)] ( )
cos [2mvén(z — zp—1)] - sin [2m0&L(2 — 2p-1)]
NP(z) — qr 2.2
£ { iqrsin 2nv€p(z — z_1)]  cos [2nv€p(z — zk_1)] (3:2.26)
with z,_1 = i;; dp, < z < z, = 2222 d,. Now the electrical field above the layered
system at —oo < z < 0 can be calculated:
P(2) = N7P(2)Q7" (3.2.27)
as well as inside the first layer at 0 < z < d;.
2" (2) = Ny"(2)Q7" (3.2.28)
Assigning the following elements to the vectors Q;”(z)
U."(2) ]
P(z) = k 3.2.29
26 = | e (3229)

and the value Wy (z) = nysinp U7 (2)/é, with the dielectric function é, of the corre-

sponding layer, the resulting MSEF can be expressed as:
(B2(2)) = (Ep(2)) = [UX(2)" (3.2.30
(Ep(2)) = V(=) (3.2.31
(
(

(E2(2)) = [Wi(2)[? 3.2.32

(EP(2)) = (E%,(2)) + (E%(2))° 3.2.33
The magnitudes are corresponding to the ratio of the electrical field at position z with
the incident electrical field. With the algorithm above it is possible to simulate signal
strength and electrical field for a given layer system. This can be used to choose optimized
experimental conditions. A program code in Igor Pro can be found in the appendix, a
standalone program to calculate the MSEF is also available from Vlad Zamlini [70].

)
)
)
)
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Table 3.3.1: Infrared energy range

region wavenumber (cm™!) excitations

near infrared 12800 - 4000 combination vibrations, overtones
mid infrared 4000 - 200 molecular normal modes

far infrared < 200 lattice - and backbone vibration

Table 3.3.2: Conversion between common spectroscopic units

unit formula conversion from wavenumber [cm ™!
frequency [s7!']  f=c-D f[Hz] =v[em™]-3-10"

energy [eV] E=h-c-v EleV]=rv[ecm™]/8065.5
wavelength [um] \=1/v A[pm] = 10000/ [em™!]

3.3 Infrared spectroscopy

3.3.1 Theoretical background

Molecules can be excited to vibrations by infrared light. By measuring the part of light
adsorbed by the sample one can determine the energies of excitation. Since these energies
are characteristic for each molecule and also affected by the molecules’ environment,
infrared spectroscopy is a valuable tool to elucidate molecular structure.

One can distinguish three energy ranges per definition (see Tab.. In the low wavenum-
ber region, called far infrared, one can find absorption modes due to lattice vibrations
in crystals and some backbone vibrations. In the mid infrared region, which is most
important for detecting molecules and their conformations, one can find the majority of
molecular normal modes. The near infrared region, addressing the high energy range,
contains mostly combination vibrations and overtones. This work focuses on infrared
spectroscopy in the mid infrared region.

There are different units to describe radiation energy, most common in spectroscopy is
the unit wavenumber. Since in this work all numbers are described with this unit, in Tab.
the conversion from wavenumber into frequency, energy and wavelength is given.
Note that ¢ is the velocity of light in vacuum and h is Planck’s constant.

To excite a vibration several conditions have to be fulfilled. First, the molecule needs
to be polar, resulting in a dipole moment. Second, this dipole moment has to change
during vibration, also called transition dipole moment p.;. Third, the electrical field of
the radiation exciting the molecule F needs to have a component colinear with the dipole
moment. The resulting absorption is:

~ a,uel .

ol or

E (3.3.1)
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